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Disturbances in fatty acid metabolism are involved in the correcting for body mass index, significantly lower triglycer-
etiology of insulin resistance and the related dyslipidemia, ide concentrations, systolic blood pressure, insulin concen-
hypertension, and procoagulant state. The fatty acid trans- trations, and homeostasis model assessment index compared
port proteins (FATPs) are implicated in facilitated cellular with common homozygotes. A three-dimensional model of the
uptake of nonesterified fatty acids (NEFAs), thus potentially FATP4 protein based on structural and functional similarity
regulating NEFA concentrations and metabolism. The aim of with adenylate-forming enzymes revealed that the variable
this study was to investigate polymorphic loci in the FATP4 residue 209 is exposed in a region potentially involved in protein-
gene with respect to associations with fasting and postpran- protein interactions. Furthermore, the model indicated functional
dial lipid and lipoprotein variables and markers of insulin regions with respect to NEFA transport and acyl-coenzyme A syn-
resistance in 608 healthy, middle-aged Swedish men and to thase activity and membrane association.

evaluate possible mechanisms behind any associations These findings propose FATP4 as a candidate gene for the
observed. insulin resistance syndrome and provide a structural basis for

Heterozygotes for a Gly209Ser polymorphism (Ser allele understanding FATP function in NEFA transport and
frequency 0.05) had significantly lower body mass index and, metabolism. (J Clin Endocrinol Metab 89: 392-399, 2004)

NCREASED CONCENTRATIONS OF plasma nonesteri- etal muscle, and has been observed in adipose tissue (8). The
fied fatty acids (NEFAs) are one of the hallmarks of = human FATP4 gene consists of 12 coding exons spanning
obesity and insulin resistance (reviewed in Ref. 1), as are ~ more than 17 kb of genomic DNA on chromosome 9q34,
increased fasting and postprandial triglyceridemia, low  giving rise to a 71-kDa protein, containing an AMP-binding
high-density lipoprotein (HDL) cholesterol concentrations, ~ motif (also called phosphate-binding loop or p-loop) con-
and increased formation of small, dense low-density lipopro- ~ served in FATP1-6, acyl-coenzyme A (acyl-CoA) synthases
tein (LDL) particles along with hypertension and a proco-  and other members of the adenylate-forming enzyme su-
agulant state. Cellular fatty acid (FA) uptake is believed tobe ~ perfamily (9, 10). The AMP-binding motif has been sug-
facilitated by a number of membrane-associated proteins,  gested to convey acyl-CoA synthase activity to FATPs and
including plasma membrane FA binding protein (FABP pm)  homologous proteins (9, 11, 12) as part of their proposed role
(2), FA translocase (FAT/CD36) (3), and FA transport pro- in NEFA metabolism. The importance of FATP4 function in
teins (FATPs) (4). The importance of facilitated transmem-  long-chain fatty acid uptake by enterocytes, in which FATP4

brane FA transport in both lipid and carbohydrate metabo-  is the most abundant FATP, has been demonstrated in vitro
lism have been demonstrated in animal models (5, 6). (13).
FATP4 belongs to a highly homologous and evolutionary We have previously shown that the rare allele of an in-

conserved gene family with six members (FATP1-6) inman,  tronic polymorphism in the FATP1 gene was associated with
each with a distinct expression pattern (7). FATP4 expression ~ increased postprandial triglyceridemia and a shift toward a
is most prominent in central nervous tissue, intermediate in ~ smaller, more dense LDL phenotype (14). The aims of this

intestine, heart, liver, and pancreas, is relatively low in skel- study were to investigate variation within the FATP4 gene
_ with respect to associations with fasting and postprandial
Abbreviations: acyl-CoA, Acyl-coenzyme A; apo, apolipoprotein; lipid and lipoprotein variables and markers of insulin resis-

BMI, body mass index; FA, fatty acid; FACS, fatty acyl-CoA synthase;  tance in healthy, middle-aged Swedish men and to evaluate

FATP, fatty acid transport protein; HDL, high-density lipoprotein; . . - A
HOMA, homeostasis model assessment; LDL, low-density lipoprotein; possible mechanisms behind any associations observed.

NEFA, nonesterified fatty acid; OFTT, oral fat tolerance test; SBP, systolic
blood pressure; seACS, Salmonella enterica acetyl-CoA synthase; S, Sved- Subjects and Methods
berg floatation rate; SNP, single-nucleotide polymorphism; TG, triglyc-

eride; VLDL, very low-density lipoprotein. Subjects

JCEM is published monthly by The Endocrine Society (http://www. A total of 608 50-yr-old men living in the county of Stockholm were
endo-society.org), the foremost professional society serving the en- selected at random from a registry of permanent residents (15). Exclu-
docrine community. sion criteria were non-Caucasian descent, chronic disease, history of
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cardiovascular disease, familial hypercholesterolemia, alcohol abuse,
psychiatric disorders, and participation in other ongoing studies. Sam-
ples were collected after an overnight fast. Studies were approved by the
Karolinska Hospital local ethics committee, and all subjects gave their
informed consent.

Oral fat tolerance test

A subset of 105 consecutive individuals from the cohort with the
apolipoprotein (apo) E3/E3 genotype underwent an oral fat tolerance
test (OFTT) of the mixed-meal type (total energy content, 1000 kcal; 60%
energy from fat) (15). Blood samples were drawn before and up to 6 h
after food intake.

Biochemical analyses

Triglyceride (TG) and cholesterol concentrations in plasma and major
lipoproteins were determined enzymatically (15). Very low-density li-
poprotein (VLDL), LDL, and HDL were isolated from fasting plasma by
a combination of preparative ultracentrifugation and precipitation of
apoB-containing lipoproteins (15). Fasting and postprandial TG-rich
lipoproteins; Svedberg floatation rate [S; > 400; S 60—400; and S, 20-60]
were subfractionated by cumulative density ultracentrifugation (15).
ApoB48 and apoB100 concentrations in isolated lipoprotein subfractions
were determined by SDS-PAGE, staining with Coomassie G-250, and
subsequent scanning (15). Blood glucose, plasma NEFA, insulin, and
proinsulin concentrations were measured with standard methods (15).

Sequencing

PCR was used to amplify regions surrounding reported single-
nucleotide polymorphisms (SNPs) in the FATP4 gene, namely a C/T
polymorphism at position —856 of the putative proximal promoter re-
gion, a G/A polymorphism at position 625 in exon 3 (Gly209Ser), a C/T
polymorphism at position 1542 in exon 10, and a G/A polymorphism
at position 149 of intron 11. For the proximal promoter region, the
primers 5'-CCTGGATGTCAGAAGAGTGAACTG-3' and 5'-TGCTGG-
TAGAGAACATGAGGTCTG-3" were used in 1.5 mm MgCl, with 2 U
AmpliTaq Gold (Applied Biosystems, Piscataway, NJ). Hot-start touch-
down thermocycling was performed with 25 final cycles of 94 C for 45
sec, 53 C for 30 sec, and 72 C for 90 sec. For the exon 3 fragment, the
primers 5'-GTGAGGTCCATGCCAGCCTG-3" and 5'-CACCTGT-
GAAGCCCTTGTCAG-3' were used in 2.0 mm MgCl, with 1 U of Ampli-
Taq Gold. Hot-start touch-down thermocycling was performed with 25
final cycles of 30-sec steps at 94 C, 56 C, and 72 C. For the exon 10 C/T
and intron 11 G/A polymorphisms, the primers 5'-GACGCAGGGTA-
CACCTGGTGACAG-3' and 5'-CCTTGTCCTAGGCCAGCCTC-
TCTC-3" were used in 1.5 mm MgCl, with 2 U Taq DNA polymerase
(Promega, Madison, WI) using touch-down thermocycling with 30 final
cycles of 94 C for 30 sec, 56 C for 30 sec, and 72 C for 60 sec. Purified
PCR products were sequenced with the primers 5'-CCAGACT-
TCGCTCGTTCTCGCATG-3', 5'-TTGTCAGGGCAACTGGGAAG-3’,
5'-CCTTGTGGTCAAACAAATCCTTGG-3', and 5'-GCTCAGGTCTT-
GGAGAAGGAACTG-3' for the proximal promoter, exon 3, exon 10, and
intron 11 polymorphisms, respectively, using the DYEnamic ET termi-
nator cycle sequencing premix kit (Amersham Pharmacia Biotech, Pis-
cataway, NJ). Sequencing reactions were run on an ABI 377 automated
DNA sequencer and the results analyzed with the ABI Prism software
(Amersham Pharmacia Biotech).

Genetic analysis

Fragments surrounding the reported FATP4 exon 3 G/ A (Gly209Ser)
and intron 11 G/ A polymorphisms and a fragment surrounding a novel
intron 11 4T /3T polymorphism that was detected by sequencing were
PCR amplified for subsequent analysis by pyrosequencing (16). For the
exon 3 polymorphism, fragments were amplified as above using 6 pmol
of each primer 5'-biotin-GTGAGGTCCATGCCAGCCTG-3" and 5'-
CACCTGTGAAGCCCTTGTCAG-3'. Fragments surrounding the intron
11 G/A and 4T/3T polymorphisms were amplified with 5 pmol of each
primer 5'-biotin-GGCTGTTACTTGACCTCTGCACAC-3" and 5'-
GCGCTGTGCCTGGCACCTAATATG-3' in 1.5 mm MgCl, and 5 pmol
of each primer 5’-biotin-GGCTGTTACTTGACCTCTGCACAC-3" and
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5'-GCCTCTCTCCTGCTCTAAAACTCC-3' in 1.75 mm MgCl,, respec-
tively, with 1 U Tag DNA polymerase (Promega) using touch-down
thermocycling with 20 final cycles of 30-sec steps at 94 C, 56 C, and 72
C. Samples were prepared and analyzed on a PSQ96 instrument using
the SNP reagent kit in accordance with the manufacturer’s recommen-
dations (Pyrosequencing AB, Uppsala, Sweden), with 15 pmol of py-
rosequencing primer (5'-GTGCTTGGAGGCACCGCAC-3’, 5'-CAAT-
GTGTGTCTTCTCTGCCAGCC-3" and 5-CTGCTCTAAAACTCCAA-
GAAGGCAAA-3' for the exon 3 G/A, intron 11 G/A, and intron 11
4T /3T polymorphisms, respectively). ApoE genotyping was performed
using PCR and restriction enzyme digestion (17).

Protein structure modeling

Modeling template protein structures were identified by the thread-
ing algorithm 3D-PSSM (18) using the FATP4 cDNA (GenBank accession
no. NP_005085) as search query. The final model was derived using
Modeller4 (19), in which the 3D-PSSM-derived alignment was adjusted
to relieve local energetic stress and to optimize the alignment in regions
of low similarity. Results were visualized with the RasMol (20) or Mol-
Mol (21) software. A consensus of several methods was used to predict
FATP4 membrane topology (PSIPRED, PRED-TMR, HMMTOP,
TMHMM, TMBASE, www.hgmp.mrc.ac.uk/GenomeWeb/prot-trans-
membrane.html) and secondary structure (22), respectively. Sequence
conservation within the FATP family was visualized in the structural
model by ConSurf (23). Sequence alignments were also performed with
the BLAST and ClustalW algorithms.

Statistical analysis

The Statview (SAS Institute Inc., Cary, NC) software was used to
perform ANOVA and repeated-measures ANOVA. Fisher’s protected
least significant difference tests were used for post hoc analysis. Skewed
data were logarithmically transformed before analysis. Homeostasis
model assessment (HOMA) index was calculated as the product of
fasting insulin and glucose concentrations divided by 22.5 (24). Linkage
disequilibrium calculations were performed with the Associate software
2.35 (J. Ott, Rockefeller University, New York, NY). Statistical signifi-
cance was assigned to a value of P < 0.05.

Results
Prevalence of polymorphisms

In a cohort of 608 healthy 50-yr-old Swedish men, fre-
quencies of the rare alleles were 0.05 for both the FATP4 exon
3 G/A (Gly209Ser) and intron 11 G/A polymorphisms re-
ported in the National Center for Biotechnology Information
SNP database (Table 1). Notably, Ser209 is reported as wild-
type in murine FATP4 (7, 25). A T/C polymorphism at po-
sition —856 in the FATP4 putative proximal promoter region
and a C/T polymorphism at position 1542 in exon 10 re-
ported in the NCBI SNP database were not found after direct
sequencing of 48 alleles. A novel 4T/3T polymorphism at
position 249 in intron 11, identified when screening for the
intron 11 G/A polymorphism, exhibited a frequency of 0.10
for the rare 3T allele (Table 1). No obvious impact on any
consensus transcription factor binding site was judged to be
conveyed by either the intron 11 G/A polymorphism or the
intron 11 4T/3T polymorphism (Ref. 26; http://www.
cbre.jp/research/db/TFSEARCH.html). A novel G/ A poly-
morphism at position —908 identified when screening for the
—856 T/C polymorphism showed a frequency of only 0.01
for the rare allele and was not observed to significantly alter
any consensus transcription factor binding site (Ref. 26;
http:/ /www.cbrc.jp/research/db/TFSEARCH.html) and
was therefore not investigated further. The Gly209Ser and
intron 11 4T/3T polymorphic loci were in strong linkage
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7| =) ~ disequilibrium, whereas the intron 11 G/ A locus was not in
e8| 7 S S strong linkage disequilibrium with either of the other two
= - o loci (Table 1). All genotyping assays gave identical results,
& § 2 = compared with those from direct sequencing of a limited
number of individuals. Sequencing FATP4 exon 3, codon 194
8 8 o ~ was found to read CTG (Leu) in all of a total of 88 alleles, in
€ 2| 8 accordance with the GenBank genomic clone AC006312, and
a é’g . - . not CCG (Pro) as in the GenBank FATP4 mRNA AF055899.
gl o Clinical characteristics
é : % For each of the three polymorphisms, the number of rare
El homozygotes was low, especially in the OFIT subset, and
e %, N 8 certain parameters exhibited considerable variability within
o © - the rare homozygote groups. Therefore, comparisons of com-
£ . o) mon homozygotes and heterozygotes were focused on (us-
?0 i A=t < g ing post hoc tests), and little weight was attached to obser-
= 2|28 7 vations regarding rare homozygotes [for example, the high
8 =75 A~ mean insulin concentration in Ser209 homozygotes, which is
g hard to interpret due to the very small sample size (n = 3)
: 2| 4 3 ! and large variability of this parameter in these individuals;
g 28 S S Table 2].
si % 22 0 . Heterozygotes for the Gly209Ser polymorphism had sig-
B |2 &|© 2 i nificantly lower body mass index (BMI) than common ho-
Z |8 mozygotes (Table 2). Systolic blood pressure (SBP), plasma
s |E| = }ﬂ 0 = TG, VLDL-TG and insulin concentrations, and HOMA index
£ éé were also significantly lower in Gly/Ser heterozygotes com-
5 St g 2 = pared with common homozygotes, as shown by ANOVA
o 3B and/or post hoc analysis, the latter corrected for BMI (Table
E & g g S 2). Diastolic blood pressure tended to be lower in carriers of
i the Ser209 allele (data not shown).
= o, 3 P The phenotypic modulation associated with the intron 11
g © - 4T /3T polymorphism was similar to that of the Gly209Ser
g = polymorphism regarding some variables (BMI, SBP, and TG
E = RS concentrations; Table 2), as expected, due to the almost com-
= é é ‘i 3 p plete linkage disequilibrium between these two polymorphic
g o, |5 - A, g loci. However, when analyzing the intron 11 4T/3T poly-
4 gg - 2. morphism in Gly209 homozygotes only, BMI was the only
& £3 8 EE variable that remained significantly different between geno-
fm: i < ° 3 Ee types (4T/4T,26.2 = 0.15 kg/m* n = 475; 4T /3T, 25.0 + 0.39;
':: £3| 7 E % n = 62; P < 0.01). Heterozygotes for the intron 11 G/A
g = = A 8?2 polymorphism had significantly lower LDL cholesterol con-
@ 2g centrations than common homozygotes (Table 2).
g 2| & 19 8| TE In a subset of 107 subjects with the apoE3/E3 genotype
5 28 @ S S| HE who underwent an OFTT allele frequencies were similar to
E § = . o ol =g those in the cohort as a whole (Table 1). Plasma TG concen-
o 8| &| B P 2 8E trations at each time point (measured every hour 0—6 h after
= %’ Té § food intake) tended to be lower in carriers of the rare allele
< 3 o § of the Gly209Ser polymorphism (Fig. 1) as well as the intronic
g E i - El=) polymorphisms (data not shown). Similarly, for all three
:.’: L& Tg polymorphisms, heterozygotes exhibited a tendency toward
E =E 2 . w| S B lower NEFA concentrations, chylomicron/chylomicron rem-
g £5 > < P :if nant (S¢ > 400) apoB48, and VLDL-I (S;60-400) and VLDL-II
3 S % © ! (S¢ 20-60) apoB100 concentrations measured at 0, 3, and 6 h
> = g1 o © _i; % after food intake, compared with common homozygotes
P s 12 S| 354 (data not shown). No significant differences between het-
a © Ti E erozygotes and common homozygotes in the postprandial
= _ = E E lipid or lipoprotein response pattern, as judged by repeated-
ﬁ % ag ) E NI measures ANOVA, were observed for any of the three
3 g O- polymorphisms.
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¢ Significant difference between heterozygotes and common homozygotes according to Fisher’s post hoc test (P < 0.05). Because BMI differed significantly according to Gly209Ser

and intron 11 4T/3T genotype, post hoc tests were corrected for BMI when analyzing all other variables for these two polymorphisms.

Data + SEM. Skewed data logarithmically transformed prior to analysis. ANOVA P values stated. NS, Not significant.

® Correction for BMI could not be performed due to significant interaction between genotype and BMI.
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Fia. 1. Plasma TG concentrations during an OFTT in healthy 50-
yr-old men with the apoE3/E3 genotype, according to FATP4
Gly209Ser genotype. No significant differences according to genotype
were observed. Gly/Gly (O; n = 98), Gly/Ser (®; n = 8), Ser/Ser (A;n =
1). Mean values * SEM.

Structural evaluation

To investigate structural-functional aspects of FATP4, in-
cluding potential effects of the Gly209Ser substitution on
FATP4 function, a structural model of the FATP4 protein
structure was generated. The FATP4 protein was judged to
adopt the fold of the adenylate-forming enzyme superfamily
because several members of this family were picked up by
both BLAST searches of the Protein Data Bank (PDB) and by
the threading algorithm 3D-PSSM (18) using the FATP4 se-
quence as search query. The resultant candidate structural
templates identified for FATP4 were the PDB entries 1PG4
(Salmonella enterica acetyl-CoA synthase) (seACS) (27), IMD9
(Bacillus subtilis 2,3-dihydroxybenzoate-AMP ligase) (10),
and 1BA3 [Photinus pyralis luciferase (28), represented by
1LCI (29) in 3D-PSSM]. Despite low overall sequence iden-
tities (15-20%), the AMP-binding motif was nearly identical,
as were a number of strictly invariant residues within the
superfamily of adenylate-forming enzymes (29) (Fig. 2).
seACS was chosen as template for modeling of the FATP4
structure because it scored highest, both with respect to
sequence similarity and structural conservation (>95% cer-
tainty in 3D-PSSM).

The model suggested an overall FATP4 protein structure
consisting of a large N-terminal domain and a smaller C-
terminal domain. At their interface, the AMP-binding motif
was located in a cleft, similarly to its position in the catalytic
cleft of the adenylate-forming enzymes (27) (Fig. 3). Catalytic
activity of this FATP4 region is suggested because directed
mutagenesis of residues within the AMP-binding motif of
both FATP1 and the yeast FATP homolog Fatlp was shown
to severely impair azido-ATP binding, FA transport, and
acyl-CoA synthase activity (9, 11, 12) (Fig. 3). Furthermore,
FATP4 residues Asp488 and Argb03, distant in sequence
from the AMP-binding motif but folded toward it (Fig. 3), are
identical with AMP-binding residues in the active site of
adenylate-forming enzymes (Fig. 2) (10, 27). These residues
are conserved throughout the FATP family (Fig. 2) and were
also shown to be critical for Fatlp acyl-CoA synthase and FA
transport activity (12). The entire cleft region between the
two domains showed high surface conservation within the
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seACS TFWGEQGKILDWITPYQKVKNTSFAPGNVSIKWYEDGTLNLAANCLDRHLOENGDRTAIT 96
FATP4 | RFIRVFIKTIRRDIFGGLVLLKV- - - - KAKVRQCLQERRTV-PILFASTVRRHPDKTALT 94
* * * * kk ok
seACS WEGDDTSQSKHISYRELHRDVCRFANTLLDLGIKKGDVVAIYMPMVPEARVAMLACARIG 156
FATP4 FEG- - - - TDTHWIFRQLDEYSSSVANFLQARGLASGDVAAT FMENRNEFVGLWLGMAKLG 150
* & * * & *k K * *kkk Kk * * * * *

seACS AVHSVIFGGFSPEAVAGCIIDSSSRLVITADEGVRAGRSIPLKKNVDDALKNPNVTSVEH 216

FATP4 VEAALINTNLRRDALLHCLTTSRARALVFG------~~~~-- SEMASAICEV--HASLDP 196
* * * * * *

seACS VIVLKRTGSDIDWQEGRDLWNRDLIEKASPEHQPEAMN——AEDPLFILYTS@STGKPEg: 274

FATP4 SLSLFCSGSWEPGAVPPSTEHLDPLLKDAPKHLPSCPDKGFTDKLFYIYTSGTTGLPRAA 256

* * & + * * * k& * kK khkkk Kk k&
seACS LHTTGGYLVYAATTFKYVFDYHPGDIYWCTADVGWVTGHSYLLYGPLACGATTLMFEGVP 334
FATP4 IVVHSRYYRMAALV-YYGFRMRPNDIVYDCLPLYHSAGNIVGIGQCLLHGMTVVIRKK-- 313
* * % LI L * * LI
seACsS NWPTPARMCQVVDKHQVNILYTAPTAIRALMAEGDKAIEGTDRSSLRILGSVGEPINP-- 392
FATP4 - - ESASRFWDDCIKYNCTIVQY IGELCRYLLNQPPREAENQHQVRMALGNASGSPSGPTE 371
* * * L * * ok *
seACsS - - -EAWEWYWKKIGKEKCPVVDTWWQTETGGFMITPLPGA- IELKAGSATRPFFGVQPAL 448
FATP4 PAASTYPRWLSSTG- - - PECNCSLGNFISQVGACGFNSRILSFVYPIRLVRVNEDTMELT 428
* *

seACS VDNEGH- - PQEGATEGNLVITDSWPGQAR - - - TLFGDHERFEQTYF - - - STFKNMYFSGH 500

FATP4 RGPDGVCIPCOPGEPGQLVGRI IQKDPLRRFDGYLNQGANNKK I AKDYFKKGDQAYLT 488
* * * k% * * *i

seACsS GARRDEDGYYWITGEVDDVLNVSEHRLGTAEI SALVAHPKIAEAAVVGIPHAIKGQAIY 560

FATP4 VLVMDELGYLYFRDRTGDTFRWKGENVSTTEVEGTLSRLLDMADVAVYGVEVPGTEGRAG 548
*k  kk :l: * * * kK * * * k&

seACS AYVTLNHGEEPSPELYAEVRNWVRKEIGPLATPDVLHWTDSLPKTRSGKIMRRILRKIAA 620

FATP4 MAAVASPTGNCDLERFAQV- - - LEKELPLYARPTFLRLLPELHKTGTYKFQKTELRKEAE 605

* * % *k * & * * kK * *k kK
seACS GDtsnl1GDTSTLADPGVVEKLLEEKQA 647
FATP4 DPATVKTRCSIYIEKGRYVPLDQEAYS| 632

* * * *

Fia. 2. Alignment of the seACS and FATP4 sequences used for the generation of the FATP4 structural model (PDB entry 1PG4 and GenBank
accession no. NP_005085 with Leul94, respectively). The FATP4 residues 1-39 and 633—641 were not conserved in seACS and were therefore
omitted from the model (indicated with |). Disordered residues in the 1PG4 structure are in lowercase letters. Invariant positions in the alignment
are indicated with an asterisk. The boxed residues represent invariant (dark gray) and homologous (>50% identical; light gray) positions in
an alignment of 38 adenylate-forming enzymes (29). Underlined residues represent invariant positions in an alignment of FATP1-6 (GenBank
accession nos. CAC07591, NP_003636, NP_077306, NP_005085 with Leul94, NP_036386, NP_054750, respectively). The variable FATP4
residue 209 is in boldface and indicated with an arrow. The consensus AMP-binding motif is underlined with a double line. FATP4 residues
corresponding to those shown critical for Fatlp function by directed mutagenesis are indicated (boldface and underlined with a double line:
Ser247 corresponding to Fatlp Ser258, in AMP-binding motif; Asp488 and Arg503 corresponding to Fatlp Asp508 and Arg523, also implicated
in AMP binding; bold-face: Tyr499, Phe508, Ser516 corresponding to Fatlp Tyr519, Phe528, and Ser536).

FATP family (Fig. 3), indicating its importance for FATP
function. Together, these observations suggest a catalytic
region that is structurally and functionally conserved be-
tween the FATP and adenylate-forming enzyme families.

The FATP4 model revealed a large positively charged
surface (Fig. 3), surface-continuous but sequence-discontin-
uous, indicative of association to a phospholipid-containing
membrane. The amino-terminal approximately 40 residues
of FATP4 not represented in the model (Fig. 2) were pre-
dicted to form a trans-membrane helix that could anchor the
protein to the membrane (Fig. 3). Thus, the present model is
consistent with a cytosolic, membrane-bound protein with
an extracellular N terminus, as experimentally shown for
FATP1 (30).

The variable residue 209 was located in an exposed loop
connecting two B-strands, in a region of the protein predicted
to face the cytosol. A Gly-to-Ser mutation could well influ-
ence the loop structure due to structural limitations of adopt-
able backbone angles. Although flanked by sequence
stretches similar with seACS, the exposed residues sur-
rounding FATP4 residue 209 exhibited relatively high vari-
ability within the FATP family as well as within the struc-
turally conserved adenylate-forming enzyme family (Figs. 2

and 3) (10), suggesting that these residues may convey
protein-specific properties. Furthermore, the variable resi-
due 209 was flanked by proline residues (SWEPG/SAVPP),
which is typical of short interactive protein segments (31),
and other hydrophobic residues. Taken together, this could
well indicate that these residues are involved in protein-
specific interactions.

Discussion

We found that a G/A polymorphism in exon 3 of the
FATP4 gene, giving rise to a Gly209Ser substitution with
potential structural-functional implications, is significantly
associated with several features of the insulin resistance syn-
drome. Classically, Syndrome X was defined by Reaven (32)
as a clustering of insulin resistance (as manifested by im-
paired insulin-stimulated glucose uptake, glucose intoler-
ance, and hyperinsulinemia) with increased VLDL-TG con-
centrations, decreased HDL cholesterol concentrations, and
hypertension. In this study, the rare Ser209 allele was sig-
nificantly associated with lower HOMA index, suggesting an
improved insulin sensitivity in carriers of the Ser209 allele
(33), and other phenotypes associated with this allele were
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representation. The N-terminal domain is colored in turquoise, the C-terminal domain in blue. The N-terminal and C-terminal ends of the model are indicated
(FATPA4 residues 40 and 632, respectively). The variable residue 209 is in ball-and-stick representation and colored in yellow. The consensus AMP-binding
motifis colored red. Residues corresponding to those shown critical for Fat1p function by directed mutagenesis are in ball-and-stick representation and colored
in red (Ser247 corresponding to Fatlp Ser258; in AMP-binding motif, Asp488 and Arg503 corresponding to Fatlp Asp508 and Arg523; also implicated in
AMP-binding) or green (Tyr499, Phe508, Ser516 corresponding to Fat1p Tyr519, Phe528, and Ser536). FACS signature motif residues conserved in FATP4
(residues 486-503) are colored in yellow. B, Presentation of surface electrostatics. Positively charged residues are shown in blue, negative in red. The large
continuous positive (blue) surface (left column), also extending slightly to the other side (right column), is suggested to be oriented toward a negatively charged
membrane surface, with a predicted ¢rans-membrane helix protruding from the N terminus of the model. C, Surface conservation within the FATP family
by visualization of a ClustalW alignment of FATP1-6 on the FATP4 model. Degree of conservation is color coded according to a gradient from blue (variable)
over white to red (conserved).
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consistent with improved insulin sensitivity (lower fasting
insulin and TG concentrations and lower SBP) independent
of significant variations in BMI. Furthermore, carriers of the
Ser209 allele exhibited tendencies toward lower fasting
NEFA concentrations, reduced measures of postprandial li-
pemia, and higher HDL cholesterol concentrations (Table 2),
also consistent with improved insulin sensitivity.

An intron 11 4T /3T polymorphism exhibited phenotypic
associations resembling those of the Gly209Ser polymor-
phism, and an intron 11 G/ A polymorphism was associated
with LDL cholesterol concentrations. When analyzing the
intron 11 4T /3T polymorphism in Gly209 homozygotes only,
most of the significant associations were lost, indicating that
the phenotype associated with the intron 11 4T/3T poly-
morphism was to a large extent dependent on the strong
linkage disequilibrium between the intron 11 3T and Ser209
alleles. This is supported by the potential functionality of the
Gly209Ser substitution, as indicated by the structural eval-
uation of this amino acid change and by the fact that there
was no clear implication of either of the intronic polymor-
phisms in differential transcriptional regulation. However,
influence of the intronic polymorphisms on co- or posttran-
scriptional processes cannot be ruled out.

The striking phenotypic differences associated with the
Gly209Ser polymorphism may readily be explained by vari-
ations in NEFA uptake and metabolism and more specifically
by variations in FATP4 activity. NEFA concentrations are
strongly related to insulin sensitivity, in that high NEFA
concentrations are associated with reduced peripheral insu-
lin-stimulated glucose uptake and increased hepatic glucose
output (1). This might be explained by high NEFA concen-
trations metabolically influencing glucose homeostasis (1,
34), NEFA-mediated transcriptional regulation (35), and
physical-chemical effects of NEFAs. The observed variations
in both fasting and postprandial TG concentrations could be
explained by differences in peripheral TG clearance and/or
hepatic VLDL-TG secretion. The relatively more insulin-
resistant phenotypes associated with the common Gly209
allele may include impaired insulin-mediated inhibition of
VLDL secretion and adipose tissue hormone-sensitive lipase
activity, and impaired insulin-stimulated activation of pe-
ripheral lipoprotein lipase. Furthermore, high local NEFA
concentrations per se may impair lipoprotein lipase activity,
and high circulating NEFA concentrations may increase
hepatic VLDL-TG synthesis and secretion. An insulin
resistance-related hypertensive phenotype may be caused by
high concentrations of TGs or NEFAs inducing endothelial
dysfunction by interfering with endothelial nitric oxide syn-
thase activity (36, 37). FATP4 expression levels in isolated
enterocytes are strongly correlated with uptake of long-chain
FAs (13), suggesting that the observations in the postprandial
test could be explained by differences in gastrointestinal
absorption of FAs. However, because the majority of the
observations in this study concern fasting variables, we as-
sume that the primary effects associated with the polymor-
phisms studied also involve tissues other than gastrointes-
tinal, such as adipose tissue, skeletal muscle, or liver.

In the proposed FATP4 structural model, the variable res-
idue 209 was located in an exposed hydrophobic loop struc-
ture flanked by proline residues, suggested to convey
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protein-specific interactive properties. The candidate struc-
tural template B. subtilis 2,3-dihydroxybenzoate-AMP ligase
and several other adenylate-forming enzymes are part of
multienzyme complexes (10), indicating that the FATP4
structure also may comprise regions for potential protein-
protein interaction. Such interactions could involve cytosolic
tissue-specific FA binding proteins (FABPs) (38), acyl-CoA
synthases, or CD36, the latter two having been shown to
colocalize with FATPs at the plasma membrane (39, 40).
Interestingly, residues 191-475 of murine FATP1 have been
shown to direct formation of functional FATP1 homodimers
(41). Thus, the phenotypic modulation associated with the
Gly209Ser substitution might be due to allelic differences in
protein-protein interactions required either for the formation
of functional FATP4 dimers or for interaction of FATP4 with
other proteins involved in cellular FA handling.

The current study suggests a structural and functional
classification of FATP4, and thereby other FATPs, as
membrane-associated members of the adenylate-forming en-
zyme superfamily (including acyl-CoA synthases). Despite
low overall sequence similarities, functionally critical regions
in this superfamily were very similar in FATP4, both at the
levels of sequence and structure (Figs. 2 and 3). A substantial
amount of experimental data regarding intrinsic FATP acyl-
CoA synthase activity, and the importance of the AMP-bind-
ing motif for FATP function (9, 11, 12, 25), is in excellent
agreement with this classification.

The functionality of the proposed FATP4 catalytic cleft is
supported by the fact that conserved residues, implicated in
AMP binding in FATP4 (Figs. 2 and 3), were shown impor-
tant for azido-ATP binding, acyl-CoA synthase activity, and
FA transport activity in FATP1 and the yeast FATP homolog
Fatlp by directed mutagenesis (9, 11, 12), as described above.
Furthermore, other mutations that severely affected Fatlp
function (12) (corresponding to FATP4 Tyr499, Phe508, and
Ser516) map to the cleft region (Fig. 3), as does a conserved
fatty acyl-CoA synthase (FACS) signature motif proposed to
contribute to the FA binding site in the Escherichia coli FACS
(42, 43) (Fig. 3). Interestingly, certain of the above Fatlp
mutations selectively affected either acyl-CoA synthase ac-
tivity or FA import (12). The proximity of the proposed
catalytic region and membrane-binding surface suggests that
they might be functionally linked in the context of FA bind-
ing. Of note, the interdomain orientation of adenylate-form-
ing enzymes has been proposed to be significantly altered
during their two-step catalytic reaction (adenylation and
thioesterification by acyl-CoA synthases) (27). This suggests
that the interface between the two domains could be impor-
tant for such a reorientation as a functional feature in FATP-
mediated acyl-CoA formation and FA transport.

In summary, we conclude that alterations in NEFA uptake
and/or metabolism may underlie the phenotypes observed
in this study and that these alterations may be caused by
Gly209Ser genotype-associated variations in FATP4 activity
in metabolically relevant tissues. Furthermore, we propose a
model of FATP4 structure, including identification of regions
with specific functionality, that will prove useful in further
studies to evaluate the physiological and pathological role(s)
of the FATPs.
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