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Epithelial Cells and Proliferating Preadipocytes1

Eisaku Oikawa,*1 Hiroaki Iijima,* Takashi Suzuki,' Hironobu Sasano,' Hiroyuki Sato,*
Akihisa Kamataki,* Hiroshi Nagura,f Man-Jong Kang,' Takahiro Fujino,*
Hiroyuki Suzuki,* and Tokuo T. Yamamoto*1'

* Tohoku University Gene Research Center and ^Department of Pathology, School of Medicine, Tohoku University,
Sendai 981-8555

Received for publication, May 29, 1998

We report here the identification, characterization, and expression of a novel rat acyl-CoA
synthetase (ACS) designated as ACS5. ACS6 consists of 683 amino acids and is approxi-
mately 60% identical to the previously characterized ACSl and ACS2. ACS5 was overpro-
duced in Escherichia coli cells and then purified to near homogeneity. The purified enzyme
utilized a wide range of saturated fatty acids similar to those utilized by ACSl and ACS2,
but differed in its preference for C16-C18 unsaturated fatty acids. Northern blot analysis
revealed that ACS5 mRNA is present most abundantly in the small intestine, and to a much
lesser extent in the lung, liver, adrenal gland, adipose tissue, and kidney. In situ
hybridization of rat ileum revealed abundant accumulation of ACS5 transcripts in foveolar
epithelial cells. The hepatic level of ACS5 mRNA was significantly increased by refeeding
a fat-free high sucrose diet and reduced by fasting or refeeding a high cholesterol diet,
whereas that in the small intestine was not significantly altered by various dietary
conditions. In contrast to the absence of ACSl mRNA in undifferentiated 3T3-L1 preadipo-
cytes, ACS5 mRNA was present in proliferating 3T3-L1 preadipocytes and its level
remained unaltered during differentiation, suggesting that ACS5 may provide the acyl-CoA
utilized for the synthesis of cellular lipids in proliferating preadipocytes.

Key words: acyl-CoA synthetase, dietary regulation, intestinal epithelial cell, lipogenesis,
proliferation.

The ligation of fatty acids with coenzyme A (CoA) to
produce acyl-CoA is a key reaction in mammalian fatty acid
metabolism. This reaction, catalyzed by acyl-CoA syn-
thetase (ACS, EC 6.2.1.3), is a crucial step in mammalian
fatty acid metabolism, since mammalian fatty acid syn-
thase contains a specific thioesterase to produce a free fatty
acid as the final reaction product (1, 2). Therefore both de
novo synthesized and dietary derived fatty acids cannot be
metabolized without ACS in mammals. Acyl-CoA, the
product of ACS, is utilized in various metabolic pathways
including membrane biogenesis, energy production and fat
deposition. Consistent with the multiple utilization of acyl-
CoA, there are several ACSs in mammals.
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In previous studies, we characterized four rat ACSs,
designated as ACSl-4 (3-7). Although the four enzymes
exhibit a structural architecture common to ACSs from
various organisms, they can be classified into two sub-
families based on their structures and fatty acid prefer-
ences: one consists of ACSl (3) and ACS2 (4), and the
other of ACS3 (5) and ACS4 (6). Rat ACSl and ACS2
share approximately 65% of their amino acids (4), and
exhibit broad fatty acid specificities (7), but their tissue
distributions are completely different: ACSl is abundant in
the liver, heart, and adipose tissue (3), whereas ACS2 is
predominant in the brain (4). Between rat ACS3 and ACS4,
approximately 68% of the amino acids are identical but
they show poor amino acid identity with ACSl and ACS2
(6). ACS3 utilizes laurate, myristate, arachidonate, and
eicosapentaenoate most preferentially (5), whereas ACS4
prefers a narrow range of fatty acids including arachido-
nate, and eicosapentaenoate (6). ACS3 mRNA is expressed
highly in the brain, and to a much lesser extent in the lung,
adrenal gland, kidney, small intestine, and adipose tissue,
but is not detected in the heart or liver (5). In contrast, the
mRNA for ACS4 is expressed in steroidogenic tissues
including the adrenal gland, ovary, and testis (6).

Although these ACSs exhibit different tissue distribu-
tion, none of them is preferentially expressed in the small
intestine, where dietary lipids are hydrolyzed to free fatty
acids in the lumen and absorbed by intestinal epithelial
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cells. The absorbed free fatty acids are then converted to
acyl-CoA for the synthesis of triacylglycerol and choles-
terol esters in these cells, which enter the circulation as
chylomicrons.

In the course of cDNA cloning of these four ACSs, we
have isolated a cDNA encoding a fifth ACS. We describe
here the primary structure, fatty acid preference, tissue
expression, and regulation of this newly identified ACS,
designated as ACS5.

EXPERIMENTAL PROCEDURES

Molecular Characterization of Rat ACS5—Standard
molecular biology techniques were performed as described
by Sambrook et al. (8). A rat liver cDNA library was
constructed in the AZapII vector (Stratagene), using poly-
(A) RNA from rat liver, and screened with a 1.9 kb EcoBl/
EcoRV fragment of rat ACS1 cDNA (3) as a probe under
reduced hybridization conditions. On the screening of 1 x
10° clones, we obtained four positive clones, and one
representative clone containing the largest cDNA insert
(pACS5) was further characterized. The nucleotide se-
quences of cDNA fragments were determined by the
dideoxy chain termination method (9) using M13 primers,
T3 and T7, or specific internal primers. Sequence reactions
were carried out using Taq DNA polymerase with fluores-
cently labeled nucleotides and an Applied Biosystems
model 373A DNA sequencer.

For Northern blotting, total RNA prepared with acid-
guanidinium thiocyanate-phenol-chloroform (10) was
denatured with 1 M glyoxal and 50% dimethyl sulfoxide,
electrophoresed on a 1.5% agarose gel, and then transferred
to a nylon membrane (Zeta-Probe membrane; Bio-Rad).
For normalization as to RNA loading, a 467 bp fragment of
rat cyclophilin cDNA (11) was generated by reverse tran-
scription-polymerase chain reaction (12) with nucleotide
primers, 5'-TCAACCCCACCGTGTTCTTCGACAT-3' and
5'-GGTGATCTTCTTGCTGGTCTTGCCA-3', and used as
a probe.

Construction of an ACS5 Expression Plasmid—Over-
production of ACS5 in Escherichia coli cells was carried out
using a bacterial expression vector, pTV118N. To connect
the second codon of the rat ACS5 cDNA (pACS5) adjacent
to the initiator ATG of pTV118N, pACS5 was amplified by
polymerase chain reaction using primer 1 (5'-CTTTTTAT-
TTTTAACTTGTT-3') and primer 2 (5'-AATACGACTCA-
CTATAG-3'). The 2.3 kb PCR product was then digested
with BamHl, and the resulting 1.8 kb fragment was insert-
ed into the Ncol (blunted)/BamHI site of pTV118N. This
intermediate plasmid was then digested with Fbal and
Pstl, and ligated with a 2.1 kb Fbal/Pstl fragment of
pACS5. The resulting expression plasmid (designated as
pTV-ACS5) contains a lac promoter, an SD sequence and
the entire coding region of ACS5 cDNA, and was used to
transform E. coli cells, XLl-Blue.

Induction of the ACS Enzyme in E. coli—E. coli cells
transformed with the ACS5 expression plasmid were
grown in 1 liter of Terrific broth (1.2% Bacto Tryptone,
2.4% yeast extract, 0.4% glycerol, 90 mM potassium
phosphate, pH 7.8) (8) supplemented with ampicillin (100
^g/ml) and tetracycline (25/*g/ml) at 30'C, and then
induced by adding isopropyl-/9-D-thio-galactopyranoside
(IPTG) as described (7). After 12 h induction, the cells

were harvested and resuspended in 100 ml of buffer A [50
mM potassium phosphate, pH 7.4, 1 mM EDTA, 1 mM
dithiothreitol, and 10% (w/v) glycerol] containing 1 mM
phenylmethylsulfonyl fluoride. The resuspended cells were
lysed by sonication and then centrifuged at 10,000 Xg for
20 min at 4"C. The supernatant was taken as the crude
extract and stored at — 80'C until use.

Assay for ACS Activity—ACS activity was measured by
either the isotopic method (13) or the spectrophotometric
method (13): the latter was used only for the purified
enzyme. Protein concentrations were determined by the
Lowry method (14) with bovine serum albumin as a
standard.

Purification of ACSS—A typical purification is de-
scribed. All steps were carried out at 4"C. During the
purification, the enzymes were monitored as to ACS
activity.

The crude extract of the E. coli strain carrying pTV-
ACS5 was further centrifuged at 105,000 Xg for 90 min
and the resulting precipitate was suspended in 40 ml of
buffer B [buffer A containing 1% (w/v) Triton X-100] with
10 strokes of a Dounce homogenizer. The suspension was
gently stirred for 1 h and then centrifuged at 105,000Xg
for 1 h. The resulting supernatant was applied to a DEAE-
Sephacel (Pharmacia) column (2.5x10 cm) equilibrated
with buffer B. The column was washed with three column
volumes of the same buffer, and then eluted with a linear
concentration gradient formed from four column volumes
of buffer C [buffer A containing 0.1% (w/v) Triton X-100]
and the same volume of buffer C containing 0.5 M NaCl.
The pooled active fractions were concentrated with poly-
ethylene glycol (PEG6000) and then dialyzed against buffer
C.

In Situ Hybridization—Eeum specimens were obtained
from 3-month-old male rats (n — 3). The specimens were
immediately fixed with 4% paraformaldehyde containing
0.5% glutalaldehyde for 18 h at 4'C and then embedded in
paraffin wax. In situ hybridization was performed by use of
a manual capillary action system (MicroProbe staining
system; Fisher Scientific, Pittsburgh, PA), with modifica-
tion of the reported methods (15, 16). The sequence of the
30-base ACS5 oligonucleotide probe used for in situ
hybridization analysis was as follows: 5'-AGGTAAGACT-
GGCTGAGGTCTGTTGATCAG-3', corresponding to 90 to
120 of ACS5. A sense oligonucleotide probe was used as a
negative control. The probes were synthesized with a 3'
biotinylated tail (Brigati tail) (5'-probe-biotin-biotin-bio-
tin-TAG-TAG-biotin-biotin-biotin-3') as previously re-
ported (17). Tissue sections (3//m, applied to Probe On
Plus slides; Fisher Scientific) were hybridized with the
anti-sense or sense oligonucleotide at 45'C for 1 h, washed
twice with 2xSSC at 45'C (3 min per wash), and then
incubated with alkaline phosphatase-conjugated strepta-
vidin. After washing twice in AP Chromogen buffer™
(Research Genetics, Huntsville, AL) at room temperature,
the hybridization products were visualized using Fast Red
salt. The slides were counterstained with hematoxylin and
air dried for light microscopic examination.

Animal Treatment—Male Wistar strain rats (six/group,
caged together) weighing 200-300 g were used in the
experiments. Control rats were fed on the commercial
stock diet. Fasted rats were deprived of food for 48 h. Refed
rats were fasted for 48 h followed by free access to a high
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fat diet (10% soybean oil and 90% stock diet), a high
cholesterol diet (2% cholesterol, 0.5% cholic acid, 10%
soybean oil, and 87.5% stock diet) or a fat-free high sucrose
diet (69% sucrose, 20% casein, 4% mineral mixture, 2%
vitamin mixture, and 5% cellulose powder) for 72 h.

Cell Cu&ure—3T3-L1 mouse preadipocytes (American
Type Culture Collection) were maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
10% fetal bovine serum, sodium ascorbate (0.2 mM),
penicillin (50 u/ml), and streptomycin (50^g/ml), with a
change of the medium every 2-3 days. Differentiation of
the preadipocytes was induced by shifting the cells, after
confluence had been attained, to DMEM containing with
10% fetal bovine serum, 10 peg/'ml insulin, 1 ̂ M dex-
amethasone, and 0.5 mM methylisobutylxanthine. After
48 h, the medium was replaced with DMEM supplemented
with insulin (5 //g/ml) and 10% fetal bovine serum.

RESULTS

A cDNA encoding a new type of ACS, designated as ACS5,
was isolated from a rat liver cDNA library using rat ACSl
cDNA as a probe. Figure 1A shows the nucleotide and
deduced amino acids sequences of the cDNA, which has an
open reading frame of 2,049 bp corresponding of 683 amino
acids (Afr 76,403). The putative initial methionine was
preceded by an in-frame termination codon 81 nucleotides
upstream.

ACS5, like other mammalian ACSs, consists of five
regions: an N-terminal region, luciferase-like regions 1 and
2, a linker connecting the two luciferase-like regions, and a
C-terminal region (Fig. IB). Comparison of the amino acids
in each of the five regions revealed that ACS5 belongs to the
subfamily comprising ACSl and ACS2: approximately
60% of the amino acids are identical to those in ACSl and
ACS2.

To overproduce ACS5 in E. coli cells, a bacterial expres-
sion plasmid containing a lac promoter and the entire
coding region of the ACS5 cDNA was generated. The
enzyme in the E. coli cells transformed with the expression
plasmid was induced with isopropyl-/9-D-thio-galacto-
pyranoside and the resulting enzyme was purified to near
homogeneity. The purification procedure involved solubil-
ization of the enzyme with Triton X-100 and chromatogra-
phy on DEAE-Sephacel (Table I). The overall purification
was 39-fold, with a yield of 21.8%. The specific activity of
the purified ACS5 was 5.1 //mol/min/mg when assayed
with palmitate as a substrate. As shown on SDS-polyacryl-
amide gel electrophoresis (Fig. 2), the purified enzyme was
nearly homogenous and had an apparent molecular mass of

TABLE I. Summary of the purification of recombinant ACS5.
One liter of a culture of E. coli cells carrying pTV-ACS5 was used to
prepare the crude extract. Enzyme activity was measured by the
isotopic method using palmitate as a substrate.

Step
Total Total Specific

protein activity activity
(mg) 0/mol/min) (//mol/min/mg)

Recovery

Crude extract
140,000 Xg pellet
Triton X-100

extract
DEAE-Sephacel

2,842
184
145

15.8

369
221
174

80.6

0.13
1.2
1.2

5.1

100
59.9
47.2

21.8

atCOaAOaCAOCTaAATaTOOTOCTaAACCAACAACATCTAaCTACAAaOOOAOCCACTC - 6 1

CTCCACCCAOCaACTOTaACIOrtCTCACAaOTCiaAATTTCCTOTTOOTATTCACAAAO - 1
ATO. 111 UA11111AAC11L11U111 IIU-IACTTCCOACCCCOOCCCTOATCTOCCTC 60

C^OK^TTTOaAACOOCIATCTTCCTOTOOCTOATCAACAOACCTCAOCCAOTCTTACCT 1 2 0
2 1 L T r O T A i r L « L I « R P g P V L P

CTCATTaACTTOaACAACCAOTCTOTAOOaATTT3AOOOJU*lAOCACOaiaAOaCOCTTTC 180
4 1 L l D L D l Q 5 V O I I O O A R R O A r

CAaAAaAACAATOACCTAATCCTTTATTACTTCtCAOACOCCAAOACOTTOTATaAAOTT 24 0
6 1 Q. R i a D L I L Y Y r S D A K T L Y E V

TTCCAAAOAOaACTTOCTOTOTCTaACAATOaACCTTOCTTaoaiTACAaAAAOCCOAAC 3 0 0
S i r g R a L A V f D r f O P C L O Y R K ' P I

CAacCCTACAAaToaATATCCTACAAOCAaaTOTCTaATCaAOCAaAaTACCTOOOCTCC 360
1 0 1 Q r Y K W I S Y K Q V S D R A Z Y L O S

TatCTTTTOCATAAAOaATACAAOCCATCOCAOQACCAATTTArTOOCAICTTTaCTCAA 4 2 0

AATAOOCCAaAOTOOOTCATCTCCOAOTTAOCCIOTTACACATATTCCAtOaTAOCTOTC 4 8 0
1 4 1 O U P I W V I S I L A C Y T Y S H V A V

CCCCTOIAiaACACACTOOaAOCAOAAOCCAtCATCTATOICATCAACAOAOCTOAIATC 3 4 0
161 P L Y D T L O A I A I I Y V I S R A D I

TCC0TOOT<UTCTaT13ATACACCCCAAAAA(>CAACAATaCTaATAaAAAATOTaaAAAAa 6 0 0
i a i S V V I C D T P Q K A T H L I I » V I K

OACCTTACCCCAOOCCTaAAaACAalCAICCTCATOaACCCTTTCOAiaATaACCTOAIO 6 6 0
2 0 1 D L T P O L H T V I L H D P r D D D L M

AAACaAaaAaAaAAaTOTaaCATTaAaATOTTOTCTCTaCATaATOCTOAaAATCTAaOC 7 2 0
2 2 1 H n a i K C a i C M L S L H D A I U L O

A»>n»nmCTTCAAAAAACCAATOCCTCCaiACCCAaAOaATCTAAOTaTTATCTOTTTC 7 8 0

ACCAaTOaAACTACAaOTaACCCCAAAaOAOCTATaCTtlACCCATCAAAATATCQTTTCA 84 0
2 6 1 T B a T T Q D P K Q A H L T B Q B l V S

AACATOOCTOCTTrCCTCAAATTTCTaaAOCCTATCTTCCAOCCCACCCCCaAaaATaTO 900
2 8 1 B H A A r L K r L I P i r Q P T P C D V

ACCATATCCTACCTTCCCTTOOCCCATATOTTTOAOAOOCTTOTCCAOOOTOTCATATTT 9 6 0
3 0 1 T l i Y L P L A B M r t R L V Q O V i r

TCCTaiOOAOaCAAAATTOOOTTCTTCCAAaaAOATATCCOaTTaCTACCTaATaACATO 102 0
3 2 1 s c a a n i a r r Q O D i R L L P D D H

AAOOCTTTaAAACCCACAOTOTTTCCCACAalOCCTCOACTCCTTAACAOOOTCTATaAT 1 0 8 0
3 4 1 K A L U F T V r P T V P R L L I R V Y D

AAW«ACAAAATOAAOCCAAaACACCTTTaAAAAAOTTCTTATTOAACTTaoCTATCATC 114 0
3 6 1 K V Q a i A H T P L K H r L L B L A I I

AOCAAAITCAACaAAOTOAOAAATaOCATCATTCOOCOaAACAOTTTOTOOOACAAaCTC 1 2 0 0
3 8 1 • u r i l V R I a l l R R S S L H D K L

aiOTTTTCAAAOATCCAAAOCAOCCTOOOTOOOAAOaTTCOTCTCATaATCACTOaAOCC 12 60
4 0 1 V r S K i g S S L O a n V R L H I T S A

OCCCCTATCTCCACTCCAOTCTTOACUTTCTTCAOOOCTOCAATOOOATaCTOOaTaTTT 1 3 2 0
4 2 1 A P I S T F V L T r r R A A M a C W v r

aAJUJCTTACOOCCAAACAaAATOCACAOCTOOOroTTCCATTACATCACCTOOOOACTaO 1 3 8 0
4 4 1 I A Y O Q T I C T A O C B I T S P O D »

ACAOCAOOTCATOTTOOaACTCCOOiaTCCTOCAATTrrOTCAAOCTOaAAOATOTOaCT 1 4 4 0
4 6 1 T A S B V a T P V S C a r V K L I D V A

OACATaAACTACTTTTCAOTAAACAACaAAOOCUAOATCTOCATCAAAOOCAACAATOTO 1 3 0 0
4 8 1 D H B Y r s v a a c a c i c 1 K O S B V

TTt:AAAOOCTACCTAAAaaACCCAaAaAAaACACAOaAAaTACTOOACAAaaATaaCTOa 1 3 6 0
3 0 1 r K Q Y L J C D P K K T C i E V L D K D O l f

CrTCACACTOaaaACATCaaTCacTOOCTTCCAAATOOAACTCTaAAAATCATTaACCOO 1 6 2 0
3 2 1 L B T a O I O R V L P a O T L K I I D R

AAaAAaAATATTTTCAAATTaOCACAAaaAaAATACATCaCTCCAaAaAAaATTaAAAAT 1 6 8 0
3 4 1 K K a i r K L A Q O I Y I A P I I I I I S

aTTTATTCCAOOAOCAOACCAATATTOCAAQTTTTTOTCCATOOOOAOAOCTTACOOTCA 1 7 4 0
3 6 1 V Y * R ( R P I L Q V r V 8 a i S L R S

TTCCTOATAOOAOIOOTOOTTCCTOACCCAOAaTCACTrCCCTCATTTOCAOCCAAOATC 1 8 0 0
3 8 1 r L i a V V V P D P I S L F S T A A K I

OOOOTAAAOOaATCCTTTOAAaAACTATOCCAAAACCAOTaTOTAAAaAAAOCCATTTTA 1 8 6 0
6 0 1 O V I O S I - I I L C Q I Q C V K H A I L

OAAaATTTacAaAAAaTTaaaAAAaAAiMTaaccTTAAATCCTrraAacAoaTCAAaAac 1 9 2 0
6 2 1 I D L Q X V a K i a a L K i r c O V K S

ATC11 imaCATCCOaAOCCOTTCTCAATTaAAAACOOOCTTCTaACACCOACACTOAAA 1 9 8 0

IKCAAACOAOTOaAOCTTOCCAAOTTCTTCCAOACACAAATCAAaAaCCTCTATaAaAOC 2 0 4 0
6 6 1 A K R V E L A K r r Q T Q I . X S L Y C S

ATcaAAajUTAACTTAAaarncTaAacToaAAacaaTaaasaACiUAacaaAAACTATa 2 1 0 0
6 1 1 I E I •

TCCAOCOAACTTTTCCAOTAAATaAAOCAATCACTAAAOaACTaTCCTOAaTTOOaAOCA 2 1 6 0
AAOCAACOTOaACOAOCTCaATOTaACOCCTOCACTOCAOOCaTCTTCTaTaATOaAAOC 2 2 2 0
TCTOaATCTTTCTCCTTOaACTTCAOTCCCTOCAaiATTTTOCTOCCAaATAOCATOTOO 2 2 8 0
TOCCTCTACCTOTAAATOTCAaATCTTTOJLAATAAACTATTACAOCTCaTOCCa 2 3 3 4

B
N-term LR1 U*er LR2 C-ten

ACS5

ACS1

ACS2

ACS3

ACS4

42

39

20

16

% amino add identity
61

63

31

32

46

52

17

17

73

65

35

35

64

58

33

31

Fig. 1. Structure of rat ACS5cDNA. (A) Nucleotide and deduced
amino acid sequences of rat ACS5 cDNA. Nucleotide residues are
numbered on the right and amino acids are numbered on the left.
Nucleotide 1 is the A of the initiator AUG codon. Negative numbers
refer to the 5'-untranslated region. Two in-frame translation termi-
nation codons, at —81 and 2050, are indicated by asterisks. A
potential polyadenylation signal is underlined. (B) Comparison of the
amino acids in rat ACS5 with those in the other four known rat ACSs.
The five common regions in rat ACSs are shown in the upper portion:
N-terminal region (N-tenn), luciferase-like region 1 (LR1), linker
region (linker), luciferase-like region 2 (LR2), and C-terminal region
(C-term). Figures indicate the percentage amino acid identities
within each region of rat ACSl-4 compared with ACS5.
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70 kDa, which is close to the molecular mass calculated
from the deduced amino acid sequence of the cDNA.

Figure 3 compares the fatty acid preference of the
purified recombinant ACS5 with that of ACS1 (7), as
determined by the spectrophotometric method, using
various fatty acids. Both the purified enzymes efficiently
utilize saturated fatty acids with 12-18 carbon atoms and
unsaturated fatty acids with 16-20 carbon atoms. Among
these fatty acids, the best substrates are palmitic, pal-
mitoleic, oleic, linoleic, and linolenic acids for ACS5, and
palmitic acid for ACSl.

Northern blotting of RNA from various rat tissues
revealed hybridization to a major transcript of 2.6 kb long,
corresponding to pACS5 (Fig. 4). ACS5 transcripts are

LLJ

co

co
P

LU

z
CO
LU

co

2.6 Kb t
ACS5(//g)

1 2 4(kDa)

200-

116-
97-

6 6 -

45-

Fig. 2. SDS-polyacrylamide gel electrophoresis of the purified
recombinant ACS5.1, 2, and 4 fig of the purified recombinant ACS5
were subjected to electrophoresis on an 8% SDS-polyacrylamide gel,
and then staining with Coomassie Brilliant Blue R-250. Molecular size
markers are indicated on the left.

Fig. 4. Northern blot analysis of ACS5 mRNA in various rat
tissues. Total RNA (15 m) prepared from the indicated rat tissues
was subjected to electrophoresis on a 1.5% agarose gel, blotted onto a
nylon membrane, and then hybridized with the "P-labeled 2.4 kb
EcoBl/EcoBl fragment of pACS5. The filter was washed in 0.1 x SSC
containing 0.1% (w/v) SDS at 65'C for 30 min and then exposed to
Kodak XAR-5 film with an intensifying screen at -80'C for 48 h.
RNA loading was consistent among the lanes, as judged on ethidium
bromide staining (data not shown). The autoradiograph shown is
representative of four independent experiments which gave essen-
tially identical results.

Saturated Fatty Add

Fig. 3. Fatty acid specificity of the purified recombinant ACS6.
Enzyme activity was determined by the spectrophotometric method
with 1 /*g of the purified enzyme and the standard reaction mixture
(IS), except that various saturated and unsaturated fatty acids (final
concentration, 0.1 mM) were used. Enzyme activity is expressed as a
percentage of that obtained with palmitate as a substrate (5.1 ^mol/
min/mg). The data represent the means±SD for triplicate determi-
nations. Saturated fatty acids: 8:0, octanoicacid; 10:0, decanoic acid;
12:0, lauric acid; 14:0, myristic acid; 16:0, palmitic acid; 18:0,
stearic acid; 20:0, arachidic acid; 22:0, docosanoic acid; 24:0,
tetracosanoic acid. Unsaturated fatty acids: 16:1, palmitoleic acid;
18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid; 20:4,
arachidonic acid.

Fig. 5. In situ hybridization analysis of ACS6 transcripts in
the rat ileum. Hybridization signals were visualized in red, as a
result of the Fast Red salt, in the foveolar epithelial cells but not in the
interstitial cells (A). The negative control with the sense oligonu-
cleotide exhibited no accumulation of mRNA hybridization signals
(B). Nuclei were made visible by counterstaining with hematoxylin.
Magnification: 121X, A and B.
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Liver

C F HF HC HS

ACS5

CP

Small Intestine

C F HF HC HS

ACS5

CP

F HF HC HS

Fig. 6. Dietary effects on the hepatic and intes-
tinal ACS5 mRNA levels. Total hepatic (A) and
intestinal (B) RNA from rats (n = 6) fed the control
diet (C), fasted (F), and fed high fat (HF), high
cholesterol (HC), and fat- free high sucrose (HS) diets
were subjected to Northern blot analysis with rat
ACS5 cDNA as described in the legend to Fig. 4,
followed by autoradiography (exposed to XAR-5 film
for 27 h). Northern blot analysis with a rat cyclo-
philin (CP) cDNA probe was carried out for normali-
zation. The radioactivity in each band was quantified
using a Rio-imaging Analyzer (BAS-2000, Fuji) with
various exposure times and normalized as to the
cyclophilin signal. The values in the lower panels are
the means for six separate experiments ±SD, rela-
tive to the mRNA level in control rats (set at 100).
*p<0.01 compared to the control.

HF HC HS

1 2 3 4 5

-AC35

- C P

B
1 2 3 4 5

- ACS1

Fig. 7. Expression of ACSfi transcripts during the differentia-
tion of 3T3-L1 cells. (A) 3-day postconfluent 3T3-L1 preadipocytes
were harvested immediately prior to (lane 1), and 1 day (lane 2), 3
days (lane 3), 5 days (lane 4), and 7 days (lane 5) after differentiation.
Total RNA (10 ̂ g) was analyzed by Northern blotting with the rat
ACS5 (ACS5) and rat cyclophilin (CP) probes as described above,
followed by exposure to Kodak XAR-5 film with an intensifying
screen at — 80'C for 18 h. (B) The same membrane as in (A) was
hybridized with a 0.96-kb EcotH/EcoRV fragment of rat ACSl cDNA
(pRACSl5) and then exposed to Kodak XAR-5 film with an intensify-
ing screen at — 80'C for 12 h. The autoradiographs shown in (A) and
(B) are each representative of four independent experiments that
gave essentially identical results.

present most abundantly in the small intestine and to a
much lesser extent in the lung, liver, adrenal, adipose
tissue, and kidney in the normal adult rat (Fig. 4).

To locate cells expressing ACS5 mRNA, ire situ hybridi-
zation was carried out using tissue sections prepared from
adult rat ileum. Hybridization signals for ACS5 tran-
scripts, appearing red as a result of the Fast Red reaction,
were detected in the foveolar epithelial cells, but not in the
interstitial cells (Fig. 5A). In negative controls for mRNA
in situ hybridization using the sense oligonucleotide probe,
no significant accumulation of ACS5 mRNA hybridization
signals was detected (Fig. 5B).

A high level of hepatic ACSl mRNA was induced by
refeeding a high fat diet or a fat-free high sucrose diet after
48 h fasting (3). To determine the dietary effects on the
level of ACS5 mRNA, Northern blotting was carried out
using total RNA from the livers or small intestines of adult
male rats fed various diets. Whereas the intestinal level of
ACS5 mRNA was not altered significantly by various
dietary conditions, that in the liver was significantly
changed by fasting, or by refeeding a high cholesterol or
fat-free high sucrose diet (Fig. 6). Fasting and refeeding a
high cholesterol diet decreased the hepatic level of mRNA
by 54±17.5 and 39.2±7.8%, respectively. In contrast,
refeeding a fat-free high sucrose diet increased the hepatic
level of ACS5 mRNA approximately 2-fold.

We next determined the level of ACS5 mRNA during the
differentiation of 3T3-L1 cells. As shown in Fig. 7, ACS5
transcripts were detected in undifferentiated proliferating
adipocytes and their level was not altered during differ-
entiation. In contrast, ACSl transcripts were undetectable
in undifferentiated proliferating adipocytes and markedly
induced during differentiation.

DISCUSSION

In this study, we characterized a new ACS, designated as
ACS5, that is abundantly expressed in intestinal epithelial
cells. Although ACS5 resembles ACSl and ACS2 in struc-
ture and substrate preference as to saturated fatty acids,
the tissue distribution and regulation of its mRNA are
completely different from those of ACSl and ACS2. These
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differences may reflect the biological roles of these three
structurally similar ACSs, ACSl, ACS2, and ACS5.

In addition to the activation of fatty acids to form
acyl-CoAs, ACS plays a role in the uptake of long-chain
fatty acids, in cooperation with a fatty acid transporter
(18). The abundant expression of ACS5 mENA in intesti-
nal epithelial cells suggests that it plays a part in the uptake
of dietary derived fatty acids into these cells and their
subsequent utilization. Consistent with this hypothesis, the
purified recombinant ACS5 utilizes a wide range of saturat-
ed and unsaturated fatty acids.

Although the liver is not the major organ that expresses
ACS5 mRNA, the regulation of the hepatic ACS5 mRNA
level by various dietary conditions is noteworthy. Like that
of ACSl mRNA (3), the hepatic level of ACS5 mRNA was
increased by refeeding a fat free high sucrose diet, but
unlike that of ACSl mRNA it was not induced by refeeding
a high fat diet. It is also noteworthy that fasting and
refeeding a high cholesterol diet significantly decreased the
hepatic level of ACS5 mRNA. The induction of hepatic
ACS5 mRNA by refeeding a fat-free high sucrose diet and
reduction by fasting suggest that the plasma level of insulin
may play a part in the regulation of the hepatic level of
ACS5 mRNA: some of the lipogenic genes, including the
acetyl-CoA carboxylase and fatty acid synthase genes,
exhibit a similar pattern of dietary expression and are
regulated by insulin (reviewed in Refs. 19 and 20). In
addition, the induction of hepatic ACS5 mRNA by refeed-
ing a fat-free high sucrose diet and the down regulation by
refeeding a high cholesterol diet suggests transcriptional
regulation of the mRNA by sterol regulatory element-
binding proteins (SREBPs) (reviewed in Ref. 21). SREBPs
are membrane-membrane bound transcription factors that
mediate the synthesis of cholesterol and its uptake from
low density lipoprotein in animal cells. In addition to the
down regulation of genes involved in cholesterol metabo-
lism, they also regulate the expression of genes encoding
the enzymes for fatty acid metabolism (22, 23). Transgenic
mice overproducing a truncated form of SREBP-la exhibit
massive liver enlargement due to increased synthesis of
cholesterol and triglycerides (24). Therefore, it will be
interesting to determine if hepatic transcription of the
ACS5 gene is mediated by SREBPs and induced in trans-
genic mice overproducing a truncated form of SREBP-la,
since the metabolic fate of fatty acids is highly dependent
on the activity of ACS enzymes.

The most interesting feature of ACS5 is the presence of
its mRNA in proliferating preadipocytes. Although ACSl
mRNA is detected in a wide range of tissues, including liver
and fat cells, it is not detected in either proliferating
preadipocytes (25) or proliferating liver (26). Inhibition of
ACS by specific inhibitors, triacsins, profoundly reduces
the synthesis of cellular phospholipids, thereby blocking
the proliferation of mammalian cells (27). Therefore,
ACS5 may provide the acyl-CoA required for the synthesis
of cellular lipids during the proliferation of preadipocytes.
Further studies are required to determine the exact role of
ACS5 in lipid metabolism.

We wish to thank Dr. Ian Gleadall for critical reading of the
manuscript, and Kyoko Ogamo-Karasawa and Nami Suzuki for their
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REFERENCES

1. Burton, D.N., Haavik, A.G., and Porter, J.W. (1968) Compara-
tive studies on the rat and pigeon fatty acid synthetases. Arch.
Biochem. Biophys. 126, 141-154

2. Kumar, S. (1975) Functional deacylases of pigeon liver fatty acid
synthetase complex. J. Biol. Chem. 250, 5150-5185

3. Suzuki, H., Kawarabayasi, Y., Kondo, J., Abe, T., Nishikawa,
K., Kimura, S., Hashimoto, T., and Yamamoto, T. (1990)
Structure and regulation of rat long-chain acyl-CoA synthetase.
J. Biol. Chem. 265, 8681-8685

4. Fujino, T. and Yamamoto, T. (1992) Cloning and functional
expression of a novel long-chain acyl-CoA synthetase expressed
in brain. J. Biochem. I l l , 197-203

5. Fujino, T., Kang, M.-J., Suzuki, H., Iijima, H., and Yamamoto,
T. (1996) Molecular characterization and expression of rat
acyl-CoA synthetase 3. J. Biol. Chem. 271, 16748-16752

6. Kang, M.J., Fujino, T., Sasano, H., Minekura, H., Yabuki, N.,
Nagura, H., Iijima, H., and Yamamoto, T.T. (1997) A novel
arachidonate-preferring acyl-CoA synthetase is present in ste-
roidogenic cells of the rat adrenal, ovary, and testis. Proc. Nati.
Acad. Sci. USA 94, 2880-2884

7. Iijima, H., Fujino, T., Minekura, H., Suzuki, H., Kang, M.J., and
Yamamoto, T. (1996) Biochemical studies of two rat acyl-CoA
synthetases, ACSl and ACS2. Eur. J. Biochem. 242, 186-190

8. Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual, 2nd ed., Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY

9. Sanger, F., Nicklen, S., and Coulson, A.R. (1977) DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74, 5463-5467

10. Chomczynski, P. and Sacchi, N. (1987) Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. AnaL Biochem. 162, 156-159

11. Danielson, P.E., Forss-Petter, S., Brow, M.A., Calavetta, L.,
Douglass, J., Milner, R.J., and Sutcliffe, J.G. (1988) plB15: a
cDNA clone of the rat mRNA encoding cyclophilin. DNA 7, 261-
267

12. Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R.,
Horn, G.T., Mullis, K.B., and Erlich, H.A. (1988) Primer-direct-
ed enzymatic amplification of DNA with a thermostable DNA
polymerase. Science 239, 487-491

13. Tanaka, T., Hosaka, K., and Numa, S. (1981) Long-chain acyl-
CoA synthetase from rat liver. Methods EnzymoL 71, 334-341

14. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J.
(1951) Protein measurement with the Folin phenol reagent. J.
BioL Chem. 193, 265-275

15. lino, K., Sasano, H., Oki, Y., Andoh, N., Shin, R.W., Kitamoto,
T., Toteune, K., Takahashi, K., Suzuki, H., Nagura, H., and
Yoshimi, T. (1997) Urocortin expression in human pituitary
gland and pituitary adenoma. J. Clin. Endocrinol. Metab. 82,
3842-3850

16. Sasano, H., Uzuki, M., Sawai, T., Nagura, H., Matsunaga, G.,
Kashimoto, O., and Harada, N. (1997) Aromatase in human bone
tissue. J. Bone Miner. Res. 12, 1416-1423

17. Iezzoni, J.C., Kang, J.H., Montone, K.T., Reed, J.A., and
Brigati, D.J. (1992) Colorimetric detection of herpes simplex
virus by DNA in situ sandwich hybridization: a rapid, form-
amide-free, random oligomer-enhanced method. Nucleic Acids
Res. 20, 1149-1150

18. Schaffer, J.E. and Lodish, H.F. (1994) Expression cloning and
characterization of a novel adipocyte long chain fatty acid trans-
port protein. Cell 79, 427-436

19. Iritani, N. (1992) Nutritional and hormonal regulation of lipo-
genic-enzyme gene expression in rat liver. Eur. J. Biochem. 205,
433-442

20. Girard, J., Perdereau, D., Foufelle, F., Prip-Buus, C, and Ferre,
P. (1994) Regulation of lipogenic enzyme gene expression by
nutrients and hormones. FASEB J. 8, 36-42

21. Brown, M.S. and Goldstein, J.L. (1997) The SREBP pathway:
regulation of cholesterol metabolism by proteolysis of a mem-

J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Acyl-CoA Synthetase 5 685

brane-bound transcription factor. Cell 89, 331-340 25. Amri, E.Z., Ailhaud, G., and Griraaldi, P. (1991) Regulation of
22. Bennett, M.K., Lopez, J.M., Sanchez, H.B., and Osborne, T.F. adipose cell differentiation. II. Kinetics of induction of the aP2

(1995) Sterol regulation of fatty acid synthase promoter. Coordi- gene by fatty acids and modulation by dexamethasone. J. Lipid
nate feedback regulation of two major lipid pathways. J. Biol. Res. 32, 1457-1463
Chan. 270, 25578-25583 26. Schoonjans, K., Staels, B., Grimaldi, P., and Auwerx, J. (1993)

23. Lopez, J.M., Bennett, M.K., Sanchez, H.B., Rosenfeld, J.M., and Acyl-CoA synthetase mRNA expression is controlled by fibric-
Osborne, T.E. (1996) Sterol regulation of acetyl coenzyme A acid derivatives, feeding and liver proliferation. Eur. J. Biochem.
carboxylase: a mechanism for coordinate control of cellular lipid. 216, 615-622
Proc. Nad. Acad. Sci. USA 93, 1049-1053 27. Tomoda, H., Igarashi, K., Cyong, J.C., and Omura, S. (1991)

24. Shimano, H., Horton, J.D., Hammer, R.E., Shimomura, I., Evidence for an essential role of long chain acyl-Co A synthetase
Brown, M.S., and Goldstein, J.L. (1996) Overproduction of in animal cell proliferation. Inhibition of long chain acyl-CoA
cholesterol and fatty acids causes massive liver enlargement in synthetase by triacsins caused inhibition of Raji cell proliferation,
transgenic mice expressing truncated SREBP-la. J. Clin. Invest J. Biol. Chem. 266, 4214-4219
98, 1575-1584

Vol. 124, No. 3, 1998

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

