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Mammalian Long-Chain Acyl-CoA
Synthetases
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Acyl-CoA synthetase enzymes are essential for de novo lipid
synthesis, fatty acid catabolism, and remodeling of mem-
branes. Activation of fatty acids requires a two-step reaction
catalyzed by these enzymes. In the first step, an acyl-AMP
intermediate is formed from ATP. AMP is then exchanged with
CoA to produce the activated acyl-CoA. The release of AMP in
this reaction defines the superfamily of AMP-forming enzymes.
The length of the carbon chain of the fatty acid species defines
the substrate specificity for the different acyl-CoA synthetases
(ACS). On this basis, five sub-families of ACS have been
characterized. The purpose of this review is to report on the
large family of mammalian long-chain acyl-CoA synthetases
(ACSL), which activate fatty acids with chain lengths of 12 to 20
carbon atoms. Five genes and several isoforms generated by
alternative splicing have been identified and limited information
is available on their localization. The structure of these
membrane proteins has not been solved for the mammalian
ACSLs but homology to a bacterial form, whose structure has
been determined, points at specific structural features that are
important for these enzymes across species. The bacterial form
acts as a dimer and has a conserved short motif, called the
fatty acid Gate domain, that seems to determine substrate
specificity. We will discuss the characterization and identifica-
tion of the different spliced isoforms, draw attention to the
inconsistencies and errors in their annotations, and their
cellular localizations. These membrane proteins act on mem-
brane-bound substrates probably as homo- and as hetero-
dimer complexes but have often been expressed as single
recombinant isoforms, apparently purified as monomers and
tested in Triton X-100 micelles. We will argue that such studies
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have failed to provide an accurate assessment of the activity
and of the distinct function of these enzymes in mammalian
cells. Exp Biol Med 233:507-521, 2008
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Introduction

In mammals, long-chain acyl-CoA synthetases
(ACSL) are necessary for fatty acid degradation, phospho-
lipid remodeling, and the production of long acyl-CoA
esters that regulate various physiological processes. Acyl-
CoA synthetases can be divided into five sub-families
based on the chain length of their preferred acyl groups:
acyl-CoA synthetase short-chain (ACSS), C2 to C4;
medium-chain (ACSM), C4 to C12; long-chain (ACSL),
C12 to C20; bubblegum (ACSBG), C14 to C24; very long-
chain, annotated as solute carrier family 27A (SLC27A),
C18 to C26. The five long-chain acyl-CoA synthetase
(ACSL) genes are annotated as members 1, 3, 4, 5, and 6
(ACSLI to ACSL6) and all are represented by many spliced
transcript variants. The cDNAs of ACSL2 were found to
correspond to the same gene as ACSLI; consequently
ACSL2 was deleted from the databases. As many as five
different isoforms per gene have been isolated in this
family. This review will focus on their identification and
will present the current information on the cellular and
organelle distribution of these membranes proteins. In
addition, we will also discuss the difficulty of defining
their functions and to what extent their in vitro enzymatic
characterization in a detergent environment has contributed
to a better understanding of their function. These
membrane-bound enzymes act on non-polar hydrophobic
substrates (fatty acids) and their products (acyl-CoAs) are
water-soluble and are powerful detergents.
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The ACSL Genes and Their Isoforms

Alternative Spliced Elements: Overview. In
mammals, five ACSL genes have been identified, and to
date, each gene has as many as five different spliced
variants. Most variations are defined by differences in the
5'-UTR regions, the first encoding exon, alternative coding-
exons, and two exchangeable motifs located in the
proximity to the ATP-binding site: the so-called fatty acid
Gate-domain (1) (Table 1).

ACSL3, ACSL4, ACSLS, and ACSL6 have two in-frame
AUG-translational initiators that produce isoforms of
different lengths. A longer product is initiated at the first
AUG codon, AUGI, and a shorter product is initiated at the
downstream AUG2. Such isoforms are reported for ACSL3
in rat, ACSL4 in human and mouse, ACSL5 in human and
ACSL6 in human, mouse and rat (Figs. 1A and 2A). As
predicted by signal peptide analysis, these variations could
result in different cellular localization (Fig. 3). ACSLI is the
only member of this family not known to produce isoforms
with a different N-terminus.

ACSL4, ACSLS, and ACSL6 generate isoforms of
different length by alternative splicing affecting the first
encoding exon, whereas rat ACSL3 generates two products
by alternative usage of two in-frame AUGs present in the
same mRNA (2) (Fig. 1A). ACSL4 was proposed to
generate a brain-specific spliced variant by splicing the first
of the two putative AUG-encoding exons, but the two
AUGs are in fact encoded by the same exon (Fig. 1A).
Thus, an alternative 3’ acceptor splice site must be present
in between the two AUG-initiators to account for the
production of the two isoforms. ACSL5 and ACSL6 are to
date the only two members that are represented by variants
produced by alternative splicing of two AUG-encoding
exons (Fig. 1A). Unlike human and mouse ACSL6, rat
ACSL6 appeared to be unique in producing only the shorter
isoform and having only one AUG-encoding exon in its
gene. Recently though, we identified the missing exon,
AUGI, and cloned a cDNA containing the two AUG-exons
representing the full-length isoform (see ACSL6 section).
Thus, the significant number of biochemical studies reported
previously for rat ACSL6 were performed with an isoform
lacking 22 residues and a predicted signal peptide.

ACSLI and ACSL6 are the only members represented
by isoforms with different Gate-domains. For these two
members, the two motifs are encoded by two mutually-
exclusive exons. Only one of the two exons is present in
members 3, 4 and 5. All three of the predicted spliced
variants, representing the three possible spliced events, have
been identified in human: the two isoforms with one of the
two exons and the isoform lacking both exons (Figs. 1B and
2B).

Distinctive Attributes of the Five ACSL Iso-
forms. The nomenclature of the mammalian long-chain
acyl-CoA synthetase genes has recently been revised but not
all variants were included in that report, such as the spliced

variant 1 of mouse Acs/3 and Acsl4, and variant 3 of human
ACSL6 (3). Moreover, some mistakes were introduced, i.e.,
the accession number for the protein of rat ACSL6 was
mistaken for its cDNA. This erroneous accession number
has been used in at least one study done subsequently to the
revision of the nomenclature (4). Unfortunately, after
successive annotation updates and the exclusion of spliced
variants of mouse, the nomenclature is no longer uniform
between human and mouse, and should be revised. A
number of ESTs have been identified for rat ACSL but many
forms are represented by only one spliced variant. An
updated list is shown in Table 1.

ACSL1. Two features are of interest. First, the rodent
protein is one residue longer (699 amino acids) than the
human protein (698 amino acids) (Fig. 4). This extra residue
is a threonine, T70, downstream from another threonine
residue (a serine in human), and encoded by an identical
codon, ACC. This duplication event does not occur at a
spliced site and does not appear to be a sequencing error
since it is supported by several cDNAs from various
sources. Other reported mammalian ACSL/ orthologs lack
this codon and are similar to the human forms. Worthy of
note, an antibody against rat ACSL1 was obtained with a
peptide overlapping this region.

Second, alternative splicing of an exon pair in the
proximity to the ATP-binding site results in the production
of isoforms with a different so-called ‘fatty acid Gate-
domain’ (Figs. 1B and 2B). Based on the structure of the
ACSL bacterial homologue (5), this domain is probably
involved in controlling access of the fatty acid substrate to
the catalytic site of the enzyme (1). In the bacterial form, it
also defines the specificity of the enzyme toward the fatty
acid substrate. These domains are coded by the F-exon and
the Y-exon (see discussion of ACSL6 below). These two
exons are mutually exclusive and cannot co-exist in the
same mRNA, but both can be removed. In human, three
spliced isoforms have been isolated representing the two
types of Gate-domains plus the isoform in which both
domains were removed (Table 1).

ACSL3. The only known spliced variants differ in the
un-translated region at the 5" end of the mRNA (Table 1).
Two products of slightly different lengths have been detected
for rat ACSL3 cDNA (2). No such forms have been reported
in other mammals. The shorter product of rat ACSL3 lacks
the first 11 residues due to alternative translation initiation of
two in-frame AUGs. The two putative translational codon
initiators are encoded by the same exon and the same mRNA
produced both isoforms (Fig. 1A). Thus, these two products
are likely not unique to rat ACSL3 and can be expected to be
present in other mammals.

ACSL4. One, two and three spliced isoforms have
been identified in rat, human, and mouse, respectively
(Table 1). Mouse variant 1 corresponds to human variant 2
and mouse variant 3 corresponds to human variant 1 (Fig.
2A and Fig. 5). Mouse variant 2 corresponds to the single
variant identified in rat. Mouse variant 2 and variant 3
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Table 1. The Mammalian ACSLs?
Gene Characteristics . _ .
Alternative Spliced transcript variant
elements Isoforms Length (aa) Human Mouse Rat
Y-exon 698 v DQO083029
ACSL1 F.Y-exon F-exon 698/699° v2 NM_001995.2 NM_007981.3 NM_012820.1
no F,Y-exon 672 v3 DQ083028
ACSL3 5'-UTRs 720 vl NM_004457.3 vl NM_028817.2 NM 057107.1
720 v2 NM_203372.1 v2 NM_001033606.1 - )
ACSL4 5-UTRs / AUG2 670 vl NM_004458.1 v3 NM_001033600.1
AUGs 670 v2 NM_019477.3 NM_053623.1
AUGH1 711 v2 NM_022977.1 vl NM_207625.2
ACSL5 5'-UTRs / AUGH1 739 vl NM_016234.3
AUGs AUG2 683 v2 NM_203379.1
683 v3 NM_203380.1 NM_027976.2 NM_053607.1
AUG1 / Y-exon 722 vl NM_015256.2 v2 NM_001033597.1 EF490998°
5'-UTRs / AUG1 / F-exon 722 v2 NM_001009185.1 vi NM_144823.4
AUGs / AUG2 / Y-exon 697 v4 NM_001033599.1 vi NM_130739.1
ACSL6 exon8 / AUG2 / F-exon 697 v3 NM_001033598.1 v2 AY625254.1
F Y-exon AUG2 / no F,Y-exon 622 v3 BC047453.1
’ AUG? / AF-exon d v4 DQO083030
AUG2 /Ex.8 / F-exon 712 v5 DQO083031

2 GenBank accession numbers of the various spliced variants of the five ACSL members. Alternative elements are 5'-UTRs, translational codon
initiators (AUG1, AUG2), alternative exon (exon 8 of ACSL6), exclusive exon pair encoding the Y-Gate and the F-Gate domain (Y-exon,
F-exon). Isoforms without Gate-domain are indicated as no F,Y-exon and isoform with truncated F-Gate domain as AF-exon. Length of the

product of each spliced variant is indicated (aa, amino acid).

b ACSL 1 form of rodent is one residue longer than the form of other mammals (see text and Fig. 4).

¢ Partial cDNA sequence (see text and Fig. 7).
9 The full-length sequence of variant 4 of ACSL6 is not known.

encode the same short isoform and differ by only 3 three
bases at a spliced site in the first encoding exon (Fig. 5). As
stated previously, this exon contains two in-frame AUGs.
AUGT is the initiator codon for the long isoform 1 and can
be removed by the usage of an alternatively spliced acceptor
site present in this exon between the two AUGs (Fig. 1A).
The downstream in-frame AUG2 is used for the shorter
isoform. The three nucleotides, AAG, missing in variant 3,
indicate the presence of a second alternatively spliced
acceptor site, AAGAAG/AAA, which is located three
nucleotides downstream of the site used in variant 2,
AAG/AAGAAA (Fig. 5). The alternative splicing event of
mouse variant 3 is identical to the one occurring for human
variant 1, whereas the splicing site of mouse variant 2 is
identical to the one producing the rat variant. This suggests
that the equivalent of the three mouse variants might also
exist in human and rat, and have yet to be identified. The
amino-terminal extension of the longer isoform has been
proposed to represent a brain-specific isoform and is
speculated to carry a leader transit peptide that directs the
specific localization of this isoform (6). Mutations and
deletions in ACSL4 have been established in nonspecific X-
linked mental retardation syndrome (6-8) but another study
reported this linkage to its neighboring gene, PAK3 (9).
Similarly, a chromosomal translocation [t(5;12)(q31;p13)]
resulting in the fusion of the ETV6 gene to ACSL6 has been

identified in myelodysplastic syndrome and acute myelog-
enous leukemia (10) but a positional effect on the
expression of closely located genes (perhaps /L-3) may be
responsible for the development of those hematologic
malignancies (11).

ACSL5. Different spliced isoforms are generated by
the alternative use of two AUG-encoding exons and the two
shorter forms differ by 5'-UTR sequences (Table 1, Figs.
1A and 2A). The longer isoform of human ACSLS5 (variant
1), which has not been identified in rodent, is the longest
ACSL isoform known to date.

ACSL6. Five spliced variants representing five differ-
ent isoforms have been identified in human (1), four in
mouse (12), and two in rat (4) (Table 1). Human variant 5
contains an exon not found in any of the other isoforms (1).
All other products only differ in two regions: the amino-
terminus and a short motif in proximity to the ATP-binding
site (Figs. 1B and 2B). The 25 residues of the extended N-
terminus in the long isoforms are removed by alternative
splicing of the AUGlIl-encoding exon. The translation
initiation of the shorter forms occurs at the downstream
AUG?2 of the next exon (Figs. 1A and 2A). A mutually
exclusive exon pair encoding two versions of the fatty acid
Gate-domain, Y-exon and F-exon, can be alternatively
spliced or skipped completely (no F- nor Y-exon) (Figs. 1B
and 2B). Similar to ACSL1, the ACSL6 isoform lacking the
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A.
Acst3 —— UTR —{AUGT —] F—
mRNA [ [ AuGt |
I—-— Met1----met2-----
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ACSL4 ———TTUTR — AUGI _ AUGZ ] —
mRNA (long) [ [ AUGH AUG2 |
I——-Meﬂ
mRANA (short) [ [ _aug2]

|—- Met2
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B.
gggt; ! P-loop || F-Gate |~ Y-Gate |~ Jr——

variant 1 | P-loop | Y-Gate | |
variant 2 [ P-loop [ F-Gate | [
variant 3 | P-loop | |

Figure 1. Representation of the spliced events affecting initiation of
translation (A) and the fatty acid Gate domains (B). (A) Cartoon
showing the exon-intron organization of the 5’-end of the ACSL
genes, corresponding spliced variants (MRNA) and their products.
The long isoforms start at the first AUG codon (AUG1, Met1) and the
short isoform at the second AUG codon (AUG2, Met2). Note that two
isoforms of ACSL3 are generated from the same mRNA. No variation
has been reported for ACSL1. (B) Representation of the exclusive-
exon pair encoding the two versions of the fatty acid Gate-domains
(F- and Y-Gate) downstream of the exon encoding the ATP-binding
site (P-loop). ACSL3, ACSL4, and ACSL5 genes lack the F-exon and
encoded only the Y-Gate-domain version.

F- and Y-exon (variant 3) has only been isolated in human.
Variant 3 also lacks the AUG1-encoding exon and contains
a unique 5'-UTR not found in other forms. Only in mouse,
variants representing the 4 possible combinations of these
exons, AUG1 with Y- or F-exon and AUG2 with Y- or F-
exon, have been identified (12) (Table 1 and Fig. 2).

In human, the first cDNA representing ACSL6 was
isolated from red blood cell precursors, NM_015256.1. It
was originally reported to encode a short isoform that lacked
the AUG1-encoding exon (13). However, sequence errors,
short deletions and insertions of bases seemed to have
occurred during the isolation of this clone, particularly at the
5'-end. As no product could be translated, it was concluded
that this region was a 5'-UTR sequence and that the second
AUG, AUG2, was the codon initiator. However, this

predicted 5'-UTR does not match the genomic sequence.
Rather, it matches the first coding exon (Fig. 6). The
corrected ACSL6 variant 1, NM_015256.2, now includes
AUGI. It appears that for similar reasons, the reported
ortholog from Bos faurus is also probably erroneously
translated from AUG2. The product (AAI11156.1) starts at
AUG?2 because the cDNA containing the AUG1-encoding
exon also contains an in-frame stop codon TAA
(BC111155). It is likely that a sequence error accounts for
the predicted initiation at the second AUG. As already
mentioned, the only two known spliced variants (Y- or F-
exon) of rat represent the shorter version (Table 1, Figs. 2A
and 7A).

In rat, the AUG1-encoding exon is not annotated in the
gene. However, both a BLAT search of the rat genome with
the mouse peptide sequence and a BLAST2seq search on
the contig containing the rat ACSL6 gene with the human
AUGI1-exon identified the missing AUGl-exon and the
missing residues (Fig. 7B). This sequence is located =~ 16-
kbp upstream of the AUG2 exon and contains an in-frame
AUG. This organization is similar to the human and mouse
genes, in which the AUGIl-exon is ~18 and =~ 16-kbp
upstream of the AUG2-exon, respectively. To confirm this,
we isolated and cloned a cDNA from rat brain total RNA
containing the two correctly spliced AUG1-AUG2 exons,
which represents the longer isoform (Fig. 7B and C). Thus,
the two rat ACSL6 isoforms cloned, expressed, partially
purified, and studied in vitro represent isoforms truncated of
their amino-terminus (4). Similar to rat ACSL3 described
above, it appears that rat ACSL6 is not unique and does not
differ from other orthologues. It is possible that the limited
number of ESTs, an unfinished genome sequence, and a
limited analysis contributed to the premature conclusions
that rat ACSL6 was unique (4).

Challenges in the Current Annotation System

The current annotation system for the spliced variants of
the five members of the long chain ACSL family poses
challenges for researchers. The current system is non-
uniform across species and the annotation information
available in the Reference Sequence (RefSeq) collection,
maintained by the National Center for Biological Informa-
tion, can be confusing. When a new spliced variant of a gene
is accepted for inclusion in the database, RefSeq must decide
whether to create a new entry or update an existing entry.
Often the decision is made to upgrade the version of an
existing entry rather than create a new unique accession
number. Of particular concern is the incessant modification
of the 5" UTR and putative alternative AUG-encoding exons
predicted by homology to the 5’ end of cDNA sequences
found in databases. These modifications disregard the fact
that those cDNAs may contain differences elsewhere, and
would thus represent different spliced variants. Another
additional source of confusion in using the public domain
databases is that the defined amino acid sequence of a protein
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A. Amino-terminus

HUMAN 1I0 .'ZIO 3ID 4|D SIO EID 'TID BID BIO
ACSL1 <v1 MOAHELFRYFRMPELVDFRQYVRTLPTNTLMGFGAFAALTTFWYATR
v2 MOAHELFRYFRMPELVDFROQYVRTLPTNTLMGFGAFAALTTFWYATR
ACSL3 —wvlv2 MNNHVSSKPSTMKLKHTINPILLYFIHFLISLYTILTYIPFYFFSESRQEKSNRIKAKPVNSK
ACSL4<V1 MAKRIKAKPTSDK
MEKLKLNVLTIILLPVHLLITIYSALIFIPWYFLTNAKKKNAMAKRIKAKPTSDK
ACSL5 vl MDALKPPCLWRNHERGKKDRDSCGREKNSEPGSPHSLEALRDAAPSQGLNFLLLFTKMLFIFNFLFSPLPTPALICILTFGAAIFLWLITR
2v3 MLFIFNFLFSPLPTPALICILTFGAAIFLWLITR
vl MLTFFLVSGGSLWLFVEFVLSLLEKMQTQEILRILRLPELGDLGQFFRSLSATTLVSMGALAAILAYWFTHR
ACSLE év'z MLTFFLVSGGSLWLFVEFVLSLLEKMQTQEILRILRLPELGDLGQFFRSLSATTLVSMGALAAILAYWFTHR
3 MOQTQEILRILRLPELGDLGQFFRSLSATTL------=-==-========
v5 MOTQEILRILRLPELGDLGQFFRSLSATTLVSMGALAAILAYWFTHR
MOUSE 10 20 30 40 50 60 70 80 90
Acsll MEVHELFRYFRMPELIDIRQYVRTLPTNTLMGFGAFAALTTFWYATRPKALKPPCDLSMQSVEIA
Acsl3 —vlv2 MNNHVSSTPSTMKLKQTINPILLYFIHFIISLYTILTYIPFYFLCE--SKQEKPNQIKAKPVSSK

Acsl4 d;v!
Acsl5

v4

B. Fatty acid Gate-domains

MNLKLNVLTIILLPVHLLITIYSALIFIPWYFLTNAKKKNAMAKRIKAKPTSDK

MAKRIKAKPTSDK

MLFIFNFLFSPLPTPALICLLTFGTAIFLWLINRPQPVLPLIDLDNQSVGIE
vl MLTFFLVSGGSLWLFAEIALSLLEKMOTQEILRILRLPELSDLGQFFRSLSATTLVSVGALAAVLAYWLTHRPKALQPPCNLLKQSEEVE
Acslé v2 MLTFFLVSGGSLWLFAEIALSLLEKMQTQEILRILRLPELSDLGQFFRSLSATTLVSVGALAAVLAYWLTHRPKALQPPCNLLKQSEEVE
v3 MOTQEILRILRLPELSDLGQFFRSLSATTLVSVGALAAVLAYWLTHRPKALQPPCNLLKQSEEVE
MOTQEILRILRLPELSDLGQFFRSLSATTLVSVGALAAVLAYWLTHRPKALQPPCNLLKQSEEVE

/ NP_976251.1

/ NP_976314.1

HUMAN Accession Numbers
vl KALPLSASUTHISY LPLAHIYEQLLK DQ083029
ACSL1<V2 NTVNPCPDDUTLIS FLFPLAHMFERVVE NP_001986.2
-------------------------- DQ083028
ACSL3 —vilv2 RIPELGEEIVYIGY L} NP_004448.2
aAcsLs <72 RIPGLGPKUTYIGYLFL NP_004449.1
<v2 RIPGLGPKLTYIGYL NP_075266.1
acsws <V HAYEPTPDUVAISY L NP _057318.2
v2v3 HAYEPTPDIVAISYL NP_976313.1
vl SQWAPTCANVHISY L NP_056071.2
v2 KVIFPRQDUVLISFLPL NP 001009185.1
ACSLEEYE  crcvscsscssscomasssasascsass AAH47453.1
4 e DOVLISFLPLAHMFERVIQ DQ083030
v5 KVIFPRQDOVLISF LPLANMFERVIQ DQ083031
MOUSE
Acsll SAFIASTDDVLISF LPLAEMFETVVE NP_032007.2
Acsl3 —vlv2 RLGE- - -EDVYIGY LVLAHVLELSAE NP 083093.2

Acsl4d <:;‘v3

Acsls PIFQPTSDUVTISY
vl KVIFPRQDDVLISF
v2 SQWAPTCADVHFSY

Poals <v3 KVIFPRQDIVLISF
v4 SQWAPTCADVHFSY

GLGP---KDTYIGY LPLANVLELTAE
GLGP---KDTYIGYL HVLELTAE

NP_997508.1
NP_062350.3
NP_082252.1
NP_659072.3

/ NP_001028778.1

/ NP_001028772.1

NP_001028769.1
NP_001028770.1
NP_001028771.1

Figure 2. Residue alignments of the amino-terminus (A) and fatty acid Gate-domains (B) of all known human and mouse ACSL isoforms. The
spliced variant annotation is shown on the left and the GenBank accession numbers are indicated in panel B. A color version of this figure is

available in the online journal.

(NP_), annotated as the product of a transcript (NM_), is not
necessarily the translated product of that cDNA (see as an
example mouse ACSL6). As indicated below, this shuffling
of sequences of the acyl-CoA synthetase family has resulted
in a non-uniform annotation of the various spliced variants of
each gene across different animal species.

Particularly the annotation of mouse Acsl6 variants is
problematic. The RefSeq annotation currently identifies the
product of the original spliced variant 1, isoform 1 (AUGI,
Y-exon), as the product of a different variant encoding
isoform 2 (AUGI, F-exon) (Fig. 8). In other words, during

an update of the sequence of variant 1, NM_144823, from
version 0.1 to version 0.4, RefSeq mistakenly substituted
isoform 1 for isoform 2 as being the product of variant 1
(Fig. 8C) (see legend of Fig. 8 for further details). Because
different ESTs corresponding to different isoforms were
successively and inappropriately used as reference cDNA to
update the entry NM_144823 from version 0.1 to 0.4, the
same accession number, NM_144823, actually represents 3
different isoforms. Each isoform is currently annotated with
its own accession number but they are also the product of
NM_144823 version 0.1, 0.2 and 0.4. Perhaps not
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Figure 4. Residue alignment of the amino-terminus of the ACSL1 forms of various species. The alignment was performed with CLUSTALW and
shows the presence of an extra residue (Threonine), indicated with an arrow, in the rodent forms. The peptide used to raise a rat ACSL1
antibody is shown underlined (21). GenBank accession numbers were: human, NP_001986.2; Pan troglodytes, XP_517555.1; Sus scrofa,
AAT79534; Gallus gallus, NP_001012596; Danio rerio, NP_001027007.1; mouse, NP_032007.2; rat, NP_036952.1. A color version of this

figure is available in the online journal.

surprisingly, RefSeq is still annotating only one of the two
known spliced variants of rat ACSL6. In summary, isoform
1 of mouse corresponds to isoform 2 of human, and mouse
isoform 2 correspond to isoform 1 of human, and only one
isoform is annotated for rat. It is conceivable that other
errors exist in the annotations for other variants in the
database. If other errors do indeed exist, results of the
update strategy of RefSeq may need to be critically
evaluated for accuracy, and a systematic check to evaluate
if a translated product of manipulated nucleotide sequences
corresponds to the intended correction may be warranted.

Topology and Localization

ACSL proteins are predicted to be membrane proteins
but only limited information is available on their topology
and actual localization in the cell. Although they are usually
identified to be associated with membranes, some have been
detected in the cytosol of cells. The specific functions of
most of the isoforms, and how their structures determine
their locations and activities are largely unknown. Studying
their roles associated with specific cell organelle function
may shed light on their localization and provide a better
understanding how different isoforms of these proteins
contribute specifically to the diverse metabolic pathways.
Free fatty acid, the substrate of these enzymes, can cross
(plasma) membranes, but its product, acyl-CoA, is unable to
do so. Hence, esterification of free fatty acids by ACSL
results in trapping the non-membrane permeant acyl-CoA
inside the cells. ACSL1 and ACSL6 are associated with the
plasma membrane; they are the only two members that can
produce spliced isoforms with two different fatty acid-Gate
domains. Although, the specific functions of these two fatty
acid-Gate domain versions are not known, they might be
needed in the plasma membrane of cells where fatty acid
uptake takes place. ACSL1 has been found to interact with

the fatty acid transporter FATP1 in adipocytes, and they
constitute the first described enzyme pair involved in a
vectorial acylation system in mammals (14).

Topology Prediction. ACSL members 3, 4, 5, and 6
are expressed as isoforms of different lengths. The long and
short isoforms are predicted to differ by leader sequences
that may act as signal peptides cleaved in the mature form
(Fig. 3). In other words, the amino-terminus of the different
proteins might target the various isoforms to different
membranes. The long isoforms of ACSL4 and ACSL6 are
predicted to carry a leader peptide whereas it is predicted for
the shorter isoform of ACSL3 and ACSLS.

For ACSL3, the 11 residues missing in the short
isoform, upstream of the second AUG, are strongly
predicted not to be part of a signal peptide whereas the
following residues do appear to be.

The long isoform of ACSL4 has been proposed to be a
brain-specific form and the leader sequence has been
speculated to target this form specifically to this tissue (6).

ACSL5 is present on the cytosolic side of the
mitochondrial membrane, thus a secretory peptide is
probably needed to cross the mitochondrial membrane.
Removal of the first encoding exon in the shorter form of
ACSLS5 results in exposure of an otherwise buried signal
peptide.

For ACSL6, the shorter isoform lacks the predicted
leader signal but is still predicted to carry one trans-
membrane spanning segment at its amino-terminus. How-
ever, a recombinant form truncated of this motif was still
found to be associated with the membrane fraction when
expressed in Escherichia coli (unpublished data). Thus, it is
still unclear if ACSL6 is inserted into the membrane or if, as
in the case of ACSL4 (15), it is only associated to
membranes. The E. coli ACSL enzyme, FadD (16), is
loosely bound to the membrane (17-19), and a complex

—

Figure 3. In silico analysis of the amino-terminus of the human ACSL isoforms. Prediction analysis of signal sequence was performed with
SignalP on the long (left) and short (right) isoforms. The plots represent the probability of each residue to not be a part of the mature product
(display as the signal peptide score, green curve), the probably of the presence of a site for signal peptidase (cleavage site score, red bar) and
the predicted start of the mature product based on these two parameters (predicted, blue curve). ACSL1 encoded three isoforms that are
identical in their N-terminus and are not predicted to carry a signal peptide. The residue alignments of the two isoforms are shown above the
graphs with the putative signal peptide indicated in a box. A bar indicates the signal peptide position on the graphs.
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Figure 5. Spliced variants of human (A), mouse (B), and rat (C) ACSL4. Spliced sites occurring between the two codon initiators of translation,
boxed ATG, are indicated by an arrow. Note that only a partial sequence of the exon is shown, indicated with a dashed line. Genbank accession
numbers are given in Table 1. A color version of this figure is available in the online journal.

topology has been described for a mouse very-long chain
ACS member (20). This enzyme is inserted into the
membrane by two transmembrane spanning segments
present at the N-terminus but is also associated and bound
to the cytosolic side of the lipid layer through hydrophobic
regions of the protein, not requiring the N-terminus (20).

Evidence for Subcellular Localization. Detec-
tion by Antibody and by Mass Spectrometry. A
summary of the reported localization of the different ACSL
proteins and the techniques used is presented in Table 2.
The five ACSL members can be divided into two groups
based on sequence homology and gene organization:
ACSLI/ACSL5/ACSL6 and ACSL3/ACSLA4 (1). Interestingly,
only members 1, 5, and 6 have been reported to be present
in the plasma membrane while such is not the case for
members 3 and 4.

ACSL1 was proposed to be an integral membrane
protein based on the failure to remove it from membrane by
extensive washing (21). However, ACSLI, as evidenced by
immunodetection and mass spectrometry, was found in the
cytosol of liver tissues (Table 2). ACSLI seems to be
present in both the plasma membrane and mitochondria of
specialized cells such as adipocytes (21). In these cells the

EXON 2 (AUG1) M L T F F
CCCCGCTGACCGCJATG|

cloned v1 e e it eaes A..o .. .T.G.

EXON 3 (AUG2)

E F v L S L L E K
AG TTT GTC CTC TCA CTT CTG GAG AAG
cloned v1 ce s sae eee ses sea see see aes

protein is also found in intracellular structures formed by
accumulation of triacylglycerol (lipid droplets), and in
GLUT4-loaded transit vesicles (22, 23). The localization of
ACSL1 in the lipid bilayer of mitochondria seems a
controversial issue, as ACSL1 was detected in mitochondria
membranes with one antibody (21) but not with another
(24). The antibody raised against a peptide unique to
ACSLI identified a protein of the correct predicted mass of
78 kDa in the mitochondrial membrane (21). The binding of
this antibody was competed by the peptide used to generate
it, which provides evidence of the specificity of the
detection. ACSL1 was detected in mitochondria fractions
of different tissues, shown to be free of other cellular
contaminants by a battery of selective markers, by several
proteomic studies (25-28). The antibody that failed to detect
ACSLI in mitochondria (24), also failed to detect a purified
recombinant ACSL1 form (24). This antibody was raised
against a peptide spanning residues 1 to 19 and the
recombinant protein was made with a FLAG peptide fused
to residue 3 of ACSLI1. Although removal of 2 of the 19
residues might account for the failure of detection, this
antibody has not been established to recognize the full-
length ACSLI protein. It is unclear which protein(s) cross-

L v S G G [ L w L F v

CTG A-C-C TTC TTC CTC GTG TCG GGG GGC TCC CTC TGG CTA TTC GTA G

e s e aes o ar s e

s e e

M| @ T © E I L R I L R
ATG| CAG ACA CAG GAG ATC CTG AGG ATA CTG CGA

M|l ¢ T @ E I L R I L R

Figure 6. Sequence alignment of human ACSL6 gene and cloned variant 1. Alignment showing the missing bases and mismatches in the first
encoding exon (exon 2) of the original cDNA of ACSL6, isolated from K562 cells (13). Missing bases are indicated with dashes (-) and matching
bases with dots (.). This exon was interpreted as a UTR and the cloned cDNA was annotated as encoding a short isoform initiated at the ATG
present in exon 3. Note that only a partial sequence of exons is shown. The predicted translated product of the full-length isoform is shown
above the exon sequence with the two in-frame codon initiators boxed (ATG) and the product of the cloned variant is indicated below the

sequence of the isolated cDNA.
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A. Amino acids alignment

AUG1 exon

Human (+1)MLTFFLVSGGSLWL
Mouse (+1)MLTFFLVSGGSLWLF
Rat (-9

AUG2 exon
FVLSLLEKMQTQEILRILRLPELGDLGQFFRSLSATTLVSMGALAAILAYWFTHRPKALQPPCNLLMQSEEVE(90)
IALSLLEKMQTQEILRILRLPELSDLGQFFRSLSATTLVSVGALAAVLAYWLTHRPKALQPPCNLLKQSEEVE(90)
IALSLLEKMQTQEILRILRLPELSDLGQFFRSLSATTLVSMGALAAILAYWLTHRPKALQPPCNLLMQSEEVE(74)
. kA bk dkhrhkhrhhh & khkhkkkhkhkhkhrkhrhkhrhhdk : khkkkk : *hkkk : hkkhkhkhkhkhkhkhdhkdd Fhhkthd

B. Rat AUGl exon (Chrl0g22: 39718637-39718787)

Genome GGGCTAAAAATACCCGGCGACEGCEGCAGCGGCAGTAGCTCTGGGACTGCAGEGETTGCGGACCTAGGAAGCAGTGC
brain cDNA GGGCTAAAAATACCCGGCGGCGECEECAGCGECAGTEECTCTEGEGCTGCEEGATTGCEEEGCCTEGEGAAGCAGTEC AUG1-exon
X
Genome GGCCCGEGCTGEECCCEGCTCACCGACA TACTGACCTTCTTCTTGGTGTCGGGGEGTTCCCTCTGGCTGTTTGCCG
brain cDNA GGCCCGGGCTGGGCCCGCTCACCGACATECTGACCTTCTTCTTGGTGTCGGEGGEGETTCCCTCTGGCTGTTTGCCG
L T F F L V 8 G G 8 L W L F A

Genome AGATTGCCCTGTCACTTCTGGAGAAG GACCCAGGAGATCCTGAGGATCCTGCGGCTGCCCGAGCTATCGG
brain cDNA AGATTGCCCTGTCACTTCTGGAGAAGH AGACCCAGGAGATCCTGAGGATCCTGCGGCTGCCCGAGCTATCGG

E I A L 8 L L E K T Q E I L R I L R L P E L 8 AUG2-exon
Genome ACTTGGGCCAGTTTTTCCGCAGCCTCTCAGCCACCACCCTTGTGAGTATGGGTGCACTGGCTGCCATCCTTGCAT
brain c¢cDNA ACTTGGGCCAGTTTTTCCGCAGCCTCTCAGCCACCACCCTTGTGAGTATGGEGTGCACTGGCTGCCATCCTTGCAT

D L @ Q F F R 8L 8 A TTIULV S M G A L A A TI L A
Genome ACTGGCTCACTCACCGGCCAAAGGCCTTGCAACCACCATGCAACCTCCTGATGCAGTCGGAAG
brain c¢DNA ACTGGCTCACTCACCGGCCAAAGGCCTTGCAACCACCATGCAACCTCCTGATGCAGTCGGAAG

Y WL T HU&R P K AL QP P C NL L M Q S E

C. Full-length products

AUG1 exon
Human MLTFFLVSGGSLWLFV
Mouse MLTFFLVSGGSLWLFA
Rat MLTFFLVSGGSLWLFA
Dog MLTFFLVSGGSLWLFA

khkkhkhkhkdkdkdkhhhhdhdk

Figure 7. Identification of the full-length rat ACSL6 isoform. (A) Residue alignment of the long products of human and rodent ACSL6 isoforms.
Rat ACSL6 lacks the first encoding exon (AUG1 exon). (B) Identification of the first encoding exon of rat ACSL6. The alignment shows the
nucleotide sequence of rat chromosome 10, position 22 39718637 to 39718787, compared with the sequence of an isolated cDNA obtained by
reverse transcription-PCR of total RNA isolated from rat brain. The sequence was deposited at GenBank under GenBank accession number
EF490998. (C) Residue alignment showing conservation of the first encoding exon in mammalian ACSL6 orthologues. A color version of this

figure is available in the online journal.

reacted with this antibody, as the apparent molecular mass
was significantly different from its predicted mass, as
identified by the specific ACSL1 antibody (21). Thus,
failure of detection of ACSL1 in mitochondria by this
antibody seems inconclusive (see below).

ACSL3 and ACSL4 were detected in lipase-activated
lipid droplets but not in un-induced droplets (22). ACSL4
might be the only form of ACSL in peroxisomes and the
ability to extract rat ACSL4 from the microsomal
membranes by extensive washing suggests that this protein
is not an integral membrane protein (15).

ACSLS5 and ACSL6 were detected in the plasma
membrane (13, 24, 29) and were reported to be enriched in
cholesterol rich domains also identified as “lipid rafts” (30).

Detection by Enzyme Activity. It was postulated
that the reported detection of ACSL1 in mitochondria (21)
was the result of improper purification of the mitochondria
fraction (24), and that ACSLS5 is the only acyl-CoA
synthetase for long-chain fatty acids present in the
mitochondria (24). However, inhibition of the long-chain
acyl-CoA synthetase activity in the mitochondrial mem-
brane by triacsin C indicated that ACSL5 cannot be the only
member present in this organelle. Triacsin C inhibits the
activity of ACSL1, ACSL3, and ACSL4 in a concentration-

dependent manner (31). ACSLS5 and 6 are resistant to this
compound (4, 24). The ACSL activity of mitochondria is
inhibited by triacsin C, and therefore, a significant amount
of the mitochondrial ACSL activity must be a form that is
sensitive to this compound: ACSL1, ACSL3 and ACSLA4.
The presence of ACSL4 was ruled out by the use of a
different drug (thiazolidinedione), specific for this enzyme
(24). As only five forms of ACSL are present in mammals
and much evidence supports the presence of ACSLI in the
mitochondrial membrane, it is more likely that ACSLI1
activity was the one inhibited in mitochondria rather than
the activity of “a hitherto unidentified” sixth form as
suggested (24). Therefore, a revision of the model
hypothesizing the specific physiological function of the five
ACSL members in the different membranes of a living cell
that assumes the absence of ACSL1 from the mitochondrial
membrane may be warranted (32).

Structure and Activity

No conclusive structural information is available for
any of the mammalian acyl-CoA synthetases. The first and
currently only known structure of a long-chain acyl-CoA
synthetase is that of a homologue of a hyperthermophilic
bacterium (5). Using this as a template to predict the
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A. cDNA [ Product v. 0.1

+1 75
cDNA ATGCTGACCTTCTTCTTGGTGTCGGGEGGGTTCTCTCTGGCTGTTTGCCGAGATTGCTCTCTCACTTCTGGAGAAG
Unannotated (¥ L T F F L V 8 G G S L W L F A E I A L S L L E K)

76 150
cDNA ATGCAGACCCAGGAGATCCTGAGGATCCTGCGGCTGCCCGAGCTATCGGACTTGGEGCCAGTTTTTCCGCAGCCTC

Product)yv @ T @ E I L R I L R L P E L S D L G Q F F R S L(z5

B. Product v. 0.1 v. 0.3

version 0.1 (295) ADFSGFLKV“:;SQWAPTCADVHFSYLPLAI{HF‘ERMVQSVW (335)

(320) ADFE ("I-LKVI‘EKVIFPRQDDVLI"FLPLAHMFERVIQ IVVY (360)

version 0.3

C. Update history

isoform 1 (295) Am-‘sGx~'LKVTESQWAPTCADVEFSYLpLA}mr-'aRuvoww (335)

(320) ADF“GFLKVTEKVIFPRQDDVLI SFLPLAHMFERVIQSWY (360)

(320) ADFSGFLKV"I‘EKVIFPRQDDVLISFLPLM{MFERVIQSWY (360)

(320) ADFS GE-'LKV'IhSQWAPTCADVHF.‘JYLPLA]!ME-‘I:.RMVQ.E-VVY (360)

un-annotated isoform 2

updated isoform 1

annotated isoform 2

Figure 8. Erroneous translation (A), update (B), and annotation (C) of mouse Acsl6 isoform 1. (A) Sequence of cDNA and product of version
0.1. The first 25 codons present in the annotated transcript (NM_144823.1) were mistakenly not translated and the annotated product
(NP_659072.1) was initiated at the second ATG. (B) Residue alignment of the fatty acid Gate-domain of version 0.1 and the updated version,
0.3, of the Acsl6 product, NP_659072. Version 0.1 (NP_659072.1) lacked the first 25 residues (697 aa in length, residues shown +295 to +335)
and contained the Y-Gate domain, whereas version 0.3 (NP_659072.3) was initiated at the first ATG (722 aa in length, residues shown +320 to
-+360) but contained the F-Gate domain version. (C) Residue alignment of the fatty acid Gate-domains of the two isoforms before and after the
update. The original isoform 1 (NP_659072.1) and isoform 2 (AAO38689.1) represent the two versions of the Gate-domain, Y-Gate and F-Gate,
respectively, which was mistakenly switched to the F-Gate (NP_659072.3) and Y-Gate (NP_001028769.1) during the update. RefSeq mistakes
occurred during the correction of another mistake of the RefSeq annotated product of NM_144823.1. The first annotated product NP_659072.1
(AUG2, Y-exon) was erroneously translated from the second AUG and lacked the first 25 residues predicted by the nucleotide sequence of
NM_144823 version 0.1 (AUG1, Y-exon) (panel A). Instead of correcting the wrongly translated product of NM_144823 version 0.1,
NP_659072.1, and updating the product to version 0.2 (AUG1, Y-exon), RefSeq chose to update the cDNA sequence to version 0.2. It did so by
truncating the AUG1-exon present in NM_144823.1, using an EST lacking the first AUG, and whose translated product would match the wrong
product NP_659072.1. Then, version 0.2 of the cDNA and 0.1 of the product were both updated to version 0.3 and 0.2, respectively, using a third
different EST. This EST contains AUG1, as in version 0.1, but also contains the F-exon instead of the Y-exon. Hence, version 0.2 of the product
represented a different isoform (AUG1, F-exon). Moreover, the third cDNA also contained 5 base mismatches (two residues), hence a fourth
EST was used to perform another update of both the cDNA and the product sequence, to version 0.4 and 0.3 respectively (panel B). Genbank
accession numbers are given in Table 1. A color version of this figure is available in the online journal.

structure of the mammalian homologue provides a wealth of
information.

The bacterial form of the enzyme acts as a dimeric
complex of two identical subunits, each forming a catalytic
site (5). The E. coli FadD and human ACSL6 homologues
have also been shown to form homodimers (1, 17). The
bacterial protein contains a domain implicated in substrate
specificity: the fatty acid Gate domain. The sequence of this
domain is conserved in mammalian ACSL forms, although
with some difference, and as mentioned before, member 1
and 6 generate different spliced isoforms carrying two
slightly different domains and one truncated isoform (1).
We have proposed that the difference between the two Gate
versions lies in a single aromatic residue, which defines the
“gating residue” of the Gate domain (1). In the bacterial
homologue, a Tryptophan is positioned between the fatty
acid channel and the ATP-binding site, in the catalytic
region of the enzyme. This aromatic residue blocks entry of
the fatty acid until ATP binds to the nearby P-loop. Upon

binding, the Tryptophan rotates and gives access to the
hydrophilic carboxyl moiety of the fatty acid to the active
site. The fatty acid is first activated by esterification to AMP
and release of pyrophosphate, followed by exchange with
Co-enzyme A, and liberation of the acyl-CoA ester on the
cytosolic side of the enzyme. In mammals, this tryptophan is
absent and the gating residue appears to be a tyrosine for all
isoforms of ACSL3, ACSL4, and ACSLS5 and for spliced
isoform 1 of ACSL1 and ACSL6. The gating residue is a
phenylalanine for variant 2 of ACSL1 and ACSL6 (Table 1,
Figs. 1B and 2B). The effects of a switch of these two Gate
domains on the activity, selectivity and function of the
enzyme are currently unknown.

Conversion of Non-Polar to Powerful Detergent
Molecules at the Water-Lipid Interface. Regardless of
their location, all ACSL isoforms act on a lipophilic
substrate (fatty acid) at the water membrane interface and
generate a product (acyl-CoA) that is used by other
membrane bound enzymes such as the acyl-CoA:lysophos-
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Table 3.

In Vitro Substrate Preferences of Purified ACSL Members?

Fatty acids preference

ACSLA1
ACSL3
ACSL4
ACSL5
ACSL6

16:0 @ 16:1 @ 18:1 @ 18:2 > 14:0 @ 18:0 @ 18:3 ¢ 20:4 > 20:5 > 20:0 ¢ 22:0 ¢ 22:6 o 24:0
14:0 @ 20:4 @ 20:5 > 16:1 @ 18:1 @ 18:2 ¢ 18:3 > 16:0 @ 18:0 >> 20:0 ¢ 22:0 o 22:6

20:4 ¢ 20:5 > 16:0 ¢ 18:0 ¢ 18:2 > 16:1 @ 18:3 ¢ 22:6 > 14:0 @ 18:1 ¢ 20:0 > 22:2

16:0 @ 16:1 @ 18:1 @ 18:2 ¢ 18:3 > 20:4 > 14:0 ¢ 18:0 > 20:0 ¢ 22:0 ¢ 24:0

16:0 @ 18:1 @ 20:4 ¢ 20:5 > 14:0 ¢ 22:6 > 16:1 @ 18:0 @ 18:2 ¢ 18:3 > 20:0 ¢ 22:0 ¢ 24:0

2 Preference of rat ACSL members for fatty acids of different chain length and degree of un-saturation. Compilation of data from (43—46). A less
than and a more than two-fold difference in activity in presence of different fatty acids is indicated by the signs > and >>, respectively.

pholipid-acyltransferases (LPLAT). Therefore, the activity
of these enzymes will be affected by both lipid-lipid, lipid-
protein and protein-protein interactions at the membrane
water interface (19, 33). A number of studies of the activity
of the different forms of this family of enzymes have been
reported, but we argue that the majority of such data should
be evaluated very carefully. At best, these reports indicate
the activity of such proteins in an artificial environment of
lipids and detergents with a composition and organization
very different from their native environment. Enzyme
kinetics collected under these conditions will not necessarily
report on the kinetics of these enzymes in vivo. This
challenge is not unique for this set of proteins and will apply
to many studies of membrane proteins. Studies of ACSL
activity are particularly complicated because their substrate
is a component of the lipid layer and their product is a lipid
detergent by nature.

Challenges of Sample Preparation. Measure-
ments and detection of long-chain acyl-CoA synthetase
activity in vivo have been obtained in many cells and tissues
but definition of enzyme kinetics of a single form requires
its isolation, purification, and reconstitution. In addition to
technical concerns, the non-uniform and changing annota-
tion of the many isoforms makes it often unclear which
protein was analyzed. For example, the first published
sequence of human ACSL6 represented the spliced tran-
script of variant 1 but the cDNA that was cloned and
expressed in E. coli represented spliced variant 2 (13). The
activity assays were in fact performed with isoform 2 and
not with isoform 1. A general concern with these proteins
when over-expressed in E. coli is their tendency for
aggregation, formation of inclusion bodies, a high degree
of proteolysis, and destabilization of the dimeric complexes
during purification. Despite the indications that the
mammalian enzymes may act as a dimer, none of the
activity reports have taken this into account. The detergent
Triton X-100 has been a compound of choice to dissolve
these proteins. This detergent has been shown to have
significant effects on the activity of many membrane
proteins, and has been shown to be a poor surrogate for
the natural environment of membrane proteins. The ACSL
enzymes are no exception and Triton X-100 has been shown
to differentially affect the activity of all forms (4, 34). Even
at low concentrations (3 mM) ACSL4 lost its activity,

whereas the activity of ACSL5 was increased 600% (34).
Unexpectedly, the most sensitive form, ACSL4, was
solubilized from the membrane in the presence of 1%
Triton X-100 (=~ 16 mM; 5 times higher than the inhibitory
concentration) during its purification for enzymatic charac-
terization (34). These data indicate that the lipid environ-
ment generated by the detergents affects the enzyme
kinetics. Despite these concerns, which seem to preclude a
direct comparison of the activity of various forms in the
presence of various amounts of Triton X-100, kinetics have
been reported under these variable conditions (4, 34).

Challenges in Measuring the Activity of the
ACSL Enzymes. Three techniques have been used to
determine the activity of these enzymes. Detection of the
product acyl-CoA by HPLC, isotopic measurement using
14C/H-labelled fatty acid (35) or *H-labelled Co-enzyme A
(36) in the formation of acyl-CoA, and spectrophotometric
measurement of the utilization of Co-enzyme A (37-40).
The later measurements are indirect and can be achieved by
various coupled-assays: oxidation of NADH, of the formed
acyl-CoA, or by the effect on added sulthydryl-binding
reagents. These activity measurements cannot be performed
in complex unpurified preparations due to interference by
other compounds, including CoA- and NADH-utilizing
enzymes, and acyl-CoA hydrolases. The different ap-
proaches have their specific pitfalls and comparison of the
kinetics of different forms of ACSL obtained under different
conditions and with different techniques is unfortunately
questionable. In all cases, the measured activities are only
relative and are specific for a given experimental condition.
Unless rigorous controls are in place and activity of the
different isoforms are measured under identical conditions,
their usefulness in the description of their enzymatic
characteristics is limited.

The first mammalian long-chain acyl-CoA synthetase
was isolated from rat liver in 1990, currently annotated as
ACSLI1 (41). The first form isolated from brain tissue was
ACSL6 but was mistakenly identified as a PI 4-kinase
(phosphatidylinositol 4-kinase) (42). ACSL6 was also the
first to be found to ‘form insoluble aggregates’ and to
require Triton X-100 for its extraction. Yamamoto and
collaborators have identified and characterized all five
ACSL members (43-46). They also purified them to
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homogeneity and established the substrate preference of
each forms (Table 3).

Since then, how much has been learned? The activity of
these enzymes is strongly dependent on their lipid environ-
ment. The presence of lipids enhance their activity and the
lipid composition of the membranes in which the enzymes
are measured has been reported to affect their activity (19,
33). Rescue of acyl-CoA synthetase mutants by the
mammalian forms were performed in both E. coli and S.
cerevisiae strains. In E. coli, only ACSL5 rescued a fadD
mutant. On the other hand, ACSL5 was the only form that
failed to do so in the yeast mutant (33, 47). It is unclear what
one can learn about the specific function of the five ACSL
forms from those studies, besides the fact that those
enzymes behave differently in the membrane(s) of E. coli
and yeast.

Other studies have attempted to define specific
functions for spliced isoforms. These studies assessed
activity of partially purified enzymes expressed in E. coli
and solubilized in Triton X-100, and present a number of
inconsistencies. Different enzymes appeared to lose their
activity during the purification process and the degree of
activity loss was different for each isoform. While some
show a moderate increase in specific activity after
purification, 30-fold compared to a crude protein extract,
others were reported to be increased only 3-fold (ACSL6
variant 1, see below) (4, 34). Human and rat ACSL6 forms
show high degrees of proteolysis when expressed in E. coli,
which can be detected using an antibody reacting against the
tag used for their affinity purification (1). The effect of those
truncated products on the activity of the full-length products
is unknown. Moreover, the level of contamination of the
various purified enzymes by those products as well as
inactivated enzyme fractions precludes correct estimation of
the specific activity, as these calculations are normalized to
the amount of protein(s) present in the sample tested.

Such concerns can be illustrated by the reported kinetic
data for these enzymes such as the apparent Km for ATP as
measured for isoform 1 and 2 of rat ACSL6. These two
spliced isoforms differ in a motif located near the ATP-
binding site, the fatty acid Gate-domain. The isoform with
the lowest affinity for ATP was also the enzyme preparation
only enriched 3-fold compared to the more highly enriched
isoforms (4). The level of contamination by E. coli ATPases
of the partially purified enzymes was not taken into account,
and the kinetic parameters of the enzymes for coenzyme A
and various fatty acids substrates were assessed under
limiting conditions for ATP (4). Of particular concern is the
fact that, in contrast to what would be expected, the kinetic
constants obtained in several studies were not constant. The
values differ between experiments and sample preparations.
As an example, purified ACSL4 strongly prefers long and
poly-unsaturated fatty acids over palmitate with an apparent
Km of 15 pM for arachidonic acid and 100 uM for palmitate
(45). However, others have reported that partially purified
ACSLA4 showed a similar affinity to arachidonic acid (Km =

10 uM) and to palmitate (Km = 5.4 uM) (4, 34). This
discrepancy strongly suggests that activity measurements do
not necessarily reflect real enzymatic kinetics and appa-
rently, not even the substrate preference of the different
forms can be conclusively determined.

Whereas biochemical dissection on the role of specific
residues and/or motifs can be assessed by testing their
activity in Triton X-100 micelles little information is gained
with respect to the physiological functions of the ACSL
proteins. Importantly, it is not known how many spliced
isoforms of each of the ACSL members are present in
tissues and membranes in which one form has been
detected, and how they may affect the activity of each other.

In red blood cells, there are 4 different spliced isoforms
of member 6, v1-v2-v4, and v5 (1). ACSL6 appears to form
dimeric complexes, as established for the bacterial homo-
logues (5, 17). The assumption that both homo and hetero
dimers can be formed leads to a population of 10 potentially
active species (V1/v1; v1/v2; vI/vd; v1/v5; v2Iv2; v2/[v4; v2/
vS; va/v4; v4/vS; v5/vS). To our knowledge, only one study
has addressed this issue. Li and collaborators have isolated
three spliced isoforms of Acsbgl, a member of the fifth
family of mammalian acyl-CoA synthetase, with long/very-
long chain ACS activity (48). One of the two shorter
isoforms is truncated of the Gate-domain. This isoform has
no detectable acyl-CoA synthetase activity, which confirms
the role of this domain in the catalytic activity of ACS
enzymes. This inactive short isoform, however, inhibited the
activity of the long isoform when co-expressed in COS-1
cells. This result is the first evidence that in vivo long-chain
ACS proteins can act as oligomeric complexes, probably as
dimers. It also provides the first indication of the regulatory
function of inactive spliced isoforms identified for many
members of the long-chain and very-long chain family in
mammals. Thus, there is a strong need for in vivo studies of
the activity of the ACSL enzymes and extreme caution
appears warranted when attempting to interpret results of the
expression of a single isoform.

Conclusion

In the last 20 years, major progress has been made in
the identification and characterization of members of the
acyl-CoA synthetase family of enzymes. These proteins
play an essential role in lipid synthesis, fatty acid
catabolism, and remodeling of membranes. The current
knowledge, as reviewed here, of the large family of
mammalian long-chain acyl-CoA synthetases (ACSL),
which activate fatty acids with chain lengths of 12 to 20
carbon atoms, indicates that many questions still remain to
be answered to better understand their localization and
specific modes of action in different sites of the cell. Given
the many different (spliced) isoforms it is essential that a
uniform nomenclature and description be available for
researchers studying these proteins. Failure to do so will
lead to confusion as is indicated. It can be anticipated that
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the structure of the mammalian forms of these proteins will
be solved in the next few years. This in turn may shed light
on their action as homo- or heterodimers at the membrane
interface, and their interaction with other proteins as well as
with the lipid bilayer. However, as is the case with other
proteins that act on membranes at the water lipid interface,
accurate assessment of their activity will be a major
challenge. These proteins use fatty acids as substrate and
generate a product that potentially can alter the membrane
environment. Hence, enzyme kinetics will be difficult to
assess properly. In addition, expression in model systems
and purification/reconstitution will inevitably render an
artificial environment, very different compared to their
cellular environment. This will affect their activity and make
comparison with their action in their natural environment
difficult to interpret. Many questions remain with respect to
the cellular localization and specific biological function of
the different forms of these enzymes. Such functions will
become more into focus as we extend our knowledge on the
structure function relationship of these enzymes as well as
their interaction with membrane lipids and other acyl-CoA
requiring enzymes such as the acyl-CoA lysophospholipid
acyltransferases. It is reasonable to assume that different
forms of these enzymes exert tissue specific functions by
generating specific fatty acyl-CoA thioesters that play a role
in anabolic or catabolic reactions. Tissue and species
specific modulation of cellular metabolism seems needed
to regulate function of organs such as the adrenal glands, the
brain, and reproductive organs (48). New approaches to
evaluate the activity of these proteins in well-defined
membranes that closely resemble their natural environment
are needed.
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