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Summary Several human genes with a high degree of homology to rat very long-chain acyI-CoA synthetase
(rVLCS) and mouse fatty acid transport protein (mFATP) were identified. Full-length cDNA clones were obtained for
three genes, and predicted amino acid sequences were generated. Initial characterization indicated that one gene was
most likely hVLCS, the human ortholog of rVLCS. The other two (hVLCS-H1 and hVLCS-H2) were more closely
related to rVLCS than to mFATP. Phylogenetic analysis of amino acid sequences confirmed that hVLCS-H1 and
hVLCS-H2 were evolutionarily closer to VLCSs than FATPs. Alignment of predicted amino acid sequences of human,
rat and mouse VLCSs and FATPs revealed the existence of two highly conserved motifs. While one motif is also
present in long-chain acyI-CoA synthetases, the other serves to distinguish the VLCS/FATP family from the long-chain
synthetase family. Elucidation of the biochemical functions of all VLCS/FATP family members should provide new
insights into cellular fatty acid metabolism.

INTRODUCTION

Fatty acids are activated to their coenzyme A (CoA)
thioesters for entry into the mctabolic stream.: Enzymes
catalyzing fatty acid activation have been classified by
their chain length specificities into short-, medium-, longand very long-chain acyl-CoA synthetases. ~ Short-chain
acyl-CoA synthetases activate acetate, propionate and
butyrate, and medium-chain enzymes activate fatty acids
containing 6-10 carbon. 2-4 Long-chain acyl-CoA synthetases (LCS) are capable of activating the primary fatty
acids of dietary origin, palmitic acid and oleic acid, and
are the best characterized of this group. However, the
optimal substrate chain length for LCS is 12-14 carbons. 5,6Very long-chain fatty acids (YLCFA) containing 22
or more carbons are also activated in cells and tissues, z-~°
Correspondence to: P. A. Watkins, Kennedy Kreger Institute, 707 N.
Broadway, Baltimore, MD 21205, USA. Tel.: +1 410 502 9493; Fax: +1 410
502 8279; E-mail: watkins@kennedykrieger.org

This work was supported by NIH grants HD10981, NS10533 and HD24061.

Because LCS is relatively inactive with these substrates,
the existence of very long-chain acyl-CoA synthetase
(VLCS) was postulated.
VLCS activity is found in microsomal and peroxisomal
fractions of liver, brain and other tissues; no VLCS activity
is associated with mitochondria. 7,~ In contrast, LCS activity is present in all three organeUes.6 Rat VLCS (rVLCS) was
purified from liver peroxisomes in 1996.1~ While its chain
length specificity was not studied in detail, the purified
enzyme activated the long-chain fatty acid, palmitate
(C16:0) at a rate 1.5-fold higher than lignoceric acid
(C24:0), a VLCFA. Immunoblot analysis of subcellular
fractions with antibody raised against purified VLCS verified that the protein was not detectable in mitochondria. '2
Immunoreactive VLCS was found in microsomes as well
as peroxisomes, in agreement with enzyme activity measurements. Shortly after its purification, rVLCS cDNA was
cloned and sequenced) 2 Comparison of the predicted
amino acid sequence of rVLCS to other known proteins
revealed that it was most closely related to fatty acid
transport protein (FATP), a plasma membrane protein) 3
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Homology of rVLCS to the three known rat LCSs was
weaker.
The biological importance of VLCS is underscored by
the existence of human diseases in which VLCFA accumulate. In both the peroxisome biogenesis disorders
(PBD, which include the clinical phenotypes Zellweger
syndrome, neonatal adrenoleukodystrophy, and infantile
Refsum disease) and X-linked adrenoleukodystrophy (XALl)), VLCFAaccumulate as a result of a decreased rate of
catabolism) 4,1sExamination of cells from PBD and X-ALD
patients revealed that VLCFA [~-oxidation takes place in
peroxisomes and not mitochondria.TM This finding is in
concert with the observation that VLCS activity is associated with peroxisomes but not mitochondria,z,a While
failure of peroxisomes to form normally is the underlying
cause of VLCFA accumulation in PBD patients, X-ALD
patients were found to have decreased peroxisomal VLCS
activity?.~°Therefore, it was of interest to characterize the
human VLCS in order to investigate the biochemical
defect in X-ALD. We report here that in addition to the
human ortholog OaVLCS) of rVLCS, humans contain at
least five related genes. We have cloned cDNAs encoding
hVLCS and two homologs, and have begun to characterize their properties.
EXPERIMENTAL PROCEDURES
Identification of human homologs of rVLCS

To search for human proteins homologous to rVLCS,
the BLAST algorithm ~7 was used to probe the NCBI expressed seauence tag (EST) database. Initially, the query
sequence was either full or partial rVLCS amino acid
sequence. Human ESTs with homology to rVLCS were
identified and these EST sequences were used as query
in a second round of BLAST searching. A total of 72
ESTs were identified by this method. Overlapping EST
sequences were identified, aligned and assembled into
contigs using the Sequencher program (ver. 2.1, Gene
Codes Corp., inc.).
Cloning of three human VLCS homologs

Full-length cDNA clones of three human genes encoding
proteins homologous to rVLCS were obtained. Details of
the cloning procedures will be published elsewhere (S. J.
Steinberg et al., manuscripts in preparation). In brief, the
starting point for each cloning was the EST clone containing the longest open reading frame. These ESTs generally
contained the stop codon and some 3'-untranslated
region. To obtain the remaining unknown 5'-sequence,
one or more additional techniques were employed,
including polymerase chain reaction, phage library
screening and 5'-rapid amplification of cDNA ends.

Sequence analysis

Multiple alignment of amino acid sequences and calculation of percent amino acid identity and similarity were
done using the ClustalW program 18or the pileup program
of the GCG software package (Madison, WI). Hydropathy
analysis was done using the algorithm of Kyte and
Doolittle ~9(window size = 19 amino acids) using the DNA
Strider program (vet. 1.2). Sequences were analyzed for
signal sequences using the SignalP prediction server2°
(ud: http://www.cbs.dtu.dldservices/SignalP/). The phylogenetic tree was generated using the Phylogenetic
Analysis Using Parsimony program (PAUP version
4.0.0d64, kindly provided by Dr David Swofford,
Smithsonian institution).
RESULTS
Human homologs of rVLCS

Homology probing of the human EST database revealed
the existence of several genes that were homologous to
rVLCS. Over 70 different human ESTs were identified that
were subsequently assembled into six distinct contigs.
These contigs varied in length, and none were considered
to be long enough to contain complete open reading
frames. Comparison of the predicted amino acid
sequences of each contig to the corresponding region of
rVLCS indicated that one had a very high degree of
homology and, therefore, was most likely the human
ortholog, hVLCS. Comparison of predicted amino acid
sequences to that of mouse FATP (mFATP) indicated that
another of the contigs likely represented hFATP. Of the
remaining four proteins predicted from contigs, three
were more homologous to VLCS, while one was more
homologous to FATE
Cloning and characteristics of hVLCS and two
homologs, hVLCS-H1 and hVLCS-H2

In order to investigate the biochemical properties of
hVLCS and its homologs, we obtained full-length cDNA
clones encoding three distinct proteins, rVLCS cDNA contains an open reading frame encoding 620 amino acids ~2
and mFATP cDNA encodes a protein of 646 amino acids. 13
Therefore, we expected that the corresponding human
proteins would be of similar length. Full-length cDNA
encoding the human protein predicted to be the ortholog
of rVLCSwas cloned. This cDNA also had an open reading
frame encoding 620 amino acids. As shown in Table 1,
hVLCS and rVLCS share 82.4% amino acid identity and
93.7% similarity when conservative substitutions are
considered. In contrast, hVLCS and mFATP are only
41.0% identical and 57.7% similar.
We then determined which contig represented the
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hVLCS-H1

Table I Amino acid sequence homology of hVLCS, hVLCS-H1,
hVLCS-H2 and related mammalian proteins

rVLCS
hVLCS-H1
hVLCS-H2

mVLCSR
m FAT P

hVLCS

hVLC~H1

hVLCS-H2

82.4/93.7
50.9/74.0
45.3169.4
45.0/70.2
41.0•57.7

48.8/73.2
-43.7/67.2
42.5•68.8
38.4161.7

45.0/68.5
43.7/67.2
-71.4/87.1
39.9•58.7

The predicted amino acid sequences of hVLCS, hVLCS-H1,
hVLCS-H2, rVLCS, mVLCSR and mFATP were aligned using the
ClustalW multiple sequence alignment program TM and the % identity
(left of slash) and % similarity (right of slash) were calculated.

human gene next most homologous to rVLCS. Its fulllength cDNA was cloned and designated hVLCS-homolog
1 (hVLCS-H1). hVLCS-H1 cDNA contains an open reading
frame encoding 619 amino acids. This homolog is 50.9 %
identical and 74.0% similar to hVLCS at the amino acid
level (Table 1). Its homology to rVLCS is only slightly
lower, with 48.8% identity and 73.2% similarity (Table 1).
The homology of hVLCS-H 1 to mFATP was lower, with
38.4% amino acid identity and 61.7% similarity.
A third human cDNA homologous to rVLCS, designated
hVLCS-homolog 2 (hVLCS-H2), was also cloned. The open
reading frame was somewhat longer, encoding 690 amino
acids. The predicted amino acid sequence was found to
be 45.0-45.3% identical and 68.5-69.4% similar to rVLCS
and hVLCS (over 620 amino acid residues; Table 1). The
degree of homology of hVLCS-H2 to hVLCS-H1 was not
significantly different, with 43.7% identity and 67.2%
similarity. Again, the homology to mFATP was weaker
(39.9% identity and 58.7% similarity; Table 1). hVLCS-H2
is very closely related to the recently described 689 amino
acid mVLCSR (mouse VLCS-related protein); 2~ these proteins are 71.4% identical and 87.1% similar (Table 1).
To further probe the relationship between the proteins
encoded by the three cloned human cDNAs and known
rat and mouse genes, a phylogenetic tree was generated.
Eight full-length protein sequences were multiply aligned
and converted to a phylogenetic tree using parsimony
analysis. An exhaustive search evaluated all 10 395 possible trees constructed from the 8 taxa and revealed a tree
with the shortest branch length (Fig. 1). This tree, depicted
as an unrooted phylogram, shows the relationships
among the eight proteins consistent with the individual
protein comparisons of Table 1. The branch lengths from
hVLCS-H1 are closer to the VLCS than to hVLCS-H2 or
mFATP. But since hVLCS-H1 is distinct from the three
VLCS proteins, the hVLCS-H1 gene may be paralogous
(derived from an ancestral duplication event) rather
than orthologous (derived from a speciation event) to the
VLCS group. Furthermore, hVLCS-H2 and its likely
ortholog, mVLCSR, are more related to the VLCS than to
the FATPs.
© 1999 Harcourt Brace & Co. Ltd
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Fig. 1 Phylogenetic tree of VLCS/FATP proteins. Phylogenetic
relationships were estimated from an alignment of the amino acid
sequences. An exhaustive search using the PAUP program (see
Experimental Procedures) revealed the single most parsimonious
tree with the shortest total branch lengths. The branch lengths
reflect inferred evolutionary distance and are related to the number
of amino acid changes in each branch.

Potential targeting signals in hVLCS, hVLCS-H1 and
hVLCS-H2

Because VLCS activity is associated with both peroxisomes and the endoplasmic reticulum, amino acid
sequences of hVLCS, hVLCS-H1 and hVLCS-H2 were
examined for potential targeting signals. Both rVLCS and
hVLCS end in the carboxy-terminal tripeptide -LKL,which
is similar to the consensus peroxisome targeting signal 1
(PTS 1), -SKL.22 The carboxy-terminus of hVLCS-H1 ends
in a related sequence, -IKL. While these sequences are
all similar, neither -LKL nor -IKL have previously been
demonstrated to be functional variants of the consensus
PTS 1 signal in mammals. The tripeptide -WRL, which is
not likely to be a functional PTS 1, was found at the
carboxy-terminus of hVLCS-H2. PTS 2, a targeting signal
that resides near the amino terminus of a small number of
peroxisome proteins, 23 was not found in any of the three
human proteins. Hydropathy analysis using the algorithm of Kyte and Doolittle ~9 suggested that all three
proteins had potential signal sequences at their amino
termini for targeting to the endoplasmic reticulum
(Fig. 2). Analysis of these sequences using the SignalP
prediction server 2° revealed that they fulfiUed some but
not all criteria for signal sequences.

Prostaglandins, Leukotrienes and Essential Fatty Acids (1999) 60(5&6), 323-328

326

Watkins et al.

100 200 300 400 500 600
/,[,,I,,T,,,I,,,,I,,,,I,,,T,,,i,,,I,,,,I,,,,I,,,,i,,,T ~

-2d
F -2
IIIIhlIIIHHhlnhlJlhlllJlnillllJJtmhllilliHhln
"'l..l,.q..T,.II..l.,,l..l.,q,,,,I,,,,l..
2

2-

,v,cs..,

o

q

0

-~ ~iAl I

-1 -2 -

-1
- -2

HIdmJhmhmlJmh.dmdmd.id.Hhmllulh

,,,,li,.I,..l....l,,,,l,,,,I,,,q,mlmil,,,,I,,,,l,mil
lil.i
3

3-

0

&

_~d

|.ilh.lhmhHd,HIH.h,dH,hHd,.hHihHduuhHl"-2
100

200

300

400

500

600

A m i n o acid

Fig. 2 Hydropathy analysis of human VLCS homologs. The
predicted amino acid sequences of hVLCS, hVLCS-H1 and hVI_CSH2 were analyzed using the algorithm of Kyte and Dootittle with a
window size of 19. Hydrophobic regions of proteins have positive
values on the abscissa, while hydrophilic regions have negative
values.

Motifs conserved b e t w e e n the V L C S and F A T P protein
families

Alignment of the amino acid sequences of hVLCS, hVLCSH1, hVLCS-H2 and other mammalian VLCSs and FATPs
revealed two motifs that were very highly conserved

(Fig. 3). The first is a 10 amino acid sequence corresponding to amino acids 224-233 of hVLCS. This motif is found
not only in the VLCS/FATP family, but also in all LCSs and
in several other enzymes whose reaction mechanisms
proceed via adenylated intermediates. 24 The second motif
consists of 22 residues and corresponds to amino acids
476-497 of hVLCS. In contrast to motif 1, motif 2 is
unique to the VLCS/FATP family. Out of 22 amino acids,
17 are invariant in the mammalian VLCS/FATP family.
The corresponding region of LCSs contains 23 amino
acids. However, only five residues are present in human
LCS, and only four of these (shown in bold in Fig. 3) are
invariant among all known LCSs. Thus, motif 2 serves to
distinguish the VLCS/FATP family from other acyl-CoA
synthetases. Analysis of the VLCS/FATP proteins with the
Identify software program (ud:http://dna.Stanford.EDU/
identify/) revealed an adenylate kinase signature present
within motif 2 (GDX[HLMV]R, where X is any amino acid
and [FIIA4V] is any of these five amino acid residues).
While the VLCS/FATP proteins do not share significant
overall amino acid identity to the adenylate kinases, the
presence of this limited homology is consistent with the
hypothesis that motif 2 forms part of a catalytic site.
DISCUSSION

Despite nearly a century of biochemical investigation,
many aspects of fatty acid metabolism are still incompletely understood. Many new enzymes and other proteins involved have been identified over the last few
years. The discoveries of some, e.g. very long-chain acylCoA dehydrogenase 25 and the adrenoleukodystrophy
protein, 26 were unexpected. Others, e.g. VLCS and FATP,
were predicted to exist but purification and cloning were
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Fig. 3 Conserved motifs in the VLCS/FATP protein family. Two highly conserved motifs define the
VLCS/FATP family and the second of these distinguishes this family from the LCS family. Motifs 1 and 2
correspond to amino acids 224-233 and 476-497, respectively, of hVLCS. Sequences of related proteins
from human, mouse and rat are shown. These include the originally described VLCS from rat
peroxisomes (rVLCS) and its orthologs hVLCS and mVLCS, the two human homologs of hVLCS
described in this article (hVLCS-H1 and hVLCS-H2), the mouse VLCS-related protein (mVLCSR;
orthologous to hVLCS-H2) and mouse and rat FATPs (mFATP and rFATP). The comparable region of a
representative human LCS (hLCS; HUMLCACS) is also shown. Identical amino acid residues are
shaded. Residues conserved between both the VLCS/FATP family and the LCS family are in bold
typeface. Sources of sequences are shown on the right. *S. J. Steinberg et al., manuscripts submitted.
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only recently achieved. 12.13As sequencing of human and
other genomes progresses, still more proteins involved in
fatty acid metabolism are almost certain to be discovered.
As reported here, we have cloned the human ortholog of
rVLCS and two additional homologs. While it was presumed that hVLCS was present in human tissues, the
existence of hVLCS-H 1 and hVLCS-H2 was not predicted.
The biochemical functions of hVLCS, hVLCS-H1 and
hVLCS-H2 are currently under investigation. Preliminary
results indicate that like the rat enzyme, hVLCS is capable
of activating both VLCFA and long-chain fatty acids (S. J.
Steinberg et al., manuscript in preparation). Thus far, we
have not been able to demonstrate unequivocally that
either hVLCS-H 1 or hVLCS-H2 have significant acyl-CoA
synthetase activity. Since only a limited number of substrates have been examined, it would be premature to
conclude that these homologs are not acyl-CoA synthetases. Moreover, hVLCS-H1 or hVLCS-H2 might require
the presence of one or more other proteins, e.g. the
adrenoleukodystrophy protein (ALDP), to exhibit VLCS
activity. While the relationship between ALDP and VLCS
activity has not been clearly defined, it has been shown
that when ALDP is defective, peroxisomal VLCS activity is
diminished 9,~° The prospect that either hVLCS-H1 or
hVLCS-H2 requires ALDP for expression of VLCS activity
is currently under investigation.
We must also consider the possibility that hVLCS-H1
and hVLCS-H2 have other functions in cellular fatty
acid metabolism. One such function is to facilitate fatty
acid transport into cells or across organelle membranes.
Facilitating transport into cells is improbable because preliminary experiments suggest that, unlike FATP, neither
protein is located in the plasma membrane (S. J. Steinberg
et al., manuscript in preparation). Further characterization of these proteins based upon subceUular localization
and tissue expression patterns may provide additional
clues as to their biochemical functions.
Although the precise functions of hVLCS-H 1 and -H2
have not yet been defined, it is almost certain that they
are involved in fatty acid metabolism. They are closely
related to human, rat and mouse VLCSs, and only slightly
more distantly related to rat and mouse FATPs. They contain a motif (motif 1) common to all known acyl-CoA
synthetases. Furthermore, they contain an amino acid
sequence (motif 2) that we propose is the signature motif
of the VLCS/FATP protein family. Motif 2 was also found
in the predicted amino acid sequences of two of the three
human EST contigs for which full-length cDNA has not
yet been cloned (P. A. Watkins, unpublished observations); not enough information is available to determine
whether this motif is in the third contig. The elucidation
of the functions of all the human VLCS homologs should
provide exciting new insights into cellular fatty acid
metabolism.
© 1999 Harcourt Brace & Co. Ltd
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