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ABSTRACT Acetyl-coenzyme A carboxylase (Ac-CoA car-
boxylase; EC 6.4.1.2) catalyzes the rate-limiting reaction in
long-chain fatty acid biosynthesis. To investigate the mecha-
nism of genetic control of expression of Ac-CoA carboxylase
and the relationship between its structure and function, cDNA
clones for Ac-CoA carboxylase were isolated. The complete
coding sequence contains 7035 bases; it encodes a polypeptide
chain of 2345 amino acids having a Mr of 265,220. The
sequences of several CNBr peptides of Ac-CoA carboxylase
were localized within the predicted protein sequence as were
those peptides that contain the sites for phosphorylation. The
deduced protein contains one putative site for biotinylation in
the NH2-terminal half. The "conserved" biotinylation site
peptide, Met-Lys-Met, is preceded by valine, whereas alanine
is found in a similar position in all other known biotin-
containing proteins. The primary sequences of Ac-CoA car-
boxylase and carbamoyl phosphate synthetase exhibit substan-
tial identity.

Extensive studies have been performed in order to under-
stand the mechanisms that regulate acetyl-coenzyme A
carboxylase (Ac-CoA carboxylase; EC 6.4.1.2), the rate-
limiting enzyme in the biogenesis of long-chain fatty acids.
Although many aspects of the short-term allosteric and
covalent modification regulatory mechanisms have been
elucidated (1-3), the relationship between structure and
function at the molecular level remained obscure because the
primary structure of the enzyme was unknown. Ac-CoA
carboxylase is an unusually large enzyme; the protomer
consists of two identical subunits whose Mr is about 260,000
(4, 5). The correspondingly large size of the mRNA, about 10
kilobases (kb), and the small amount ofmRNA in the cells (6)
have presented some formidable experimental difficulties in
bringing the molecular biology approach to bear on the
problem of Ac-CoA carboxylase.

Recently, we have been able to isolate several cDNA
clones from a Agtll expression library directing the synthesis
of a recombinant protein that reacts with anti-Ac-CoA
carboxylase serum (7). We have now isolated and sequenced
cDNA clones corresponding to the entire Ac-CoA carbox-
ylase coding region.

In this communication, we present the nucleotide se-
quencet and discuss some characteristics of the deduced
primary amino acid sequence of Ac-CoA carboxylase.

MATERIALS AND METHODS
Materials. The Klenow fragment of Escherichia coli DNA

polymerase I was from Boehringer Mannheim. T4 DNA
polymerase, terminal transferase, and T4 DNA ligase were
from International Biotechnologies (New Haven, CT). The
nick-translation kit was from Amersham. Restriction endo-

nucleases were from Bethesda Research Laboratories. 32p-
labeled nucleotides were from ICN. All other chemicals were
analytical reagent grade. Oligonucleotides were synthesized
in an Applied Biosystems (Foster City, CA) 380A DNA
synthesizer.

Isolation of Clones and Labeling Probes. All cDNA clones
have been isolated from the Agtll library whose construction
has been described (7). Initially, the 5' and 3' ends of
AKHR18 and ADH3 were used to obtain overlapping clones.
Probe DNA fragments were labeled with 32P by nick-
translation using a commercial kit (8). Immobilization of
phage DNA on nitrocellulose paper and hybridization con-
ditions were the same as described by Berent et al. (9).
DNA Sequencing. DNA inserts were routinely subcloned

into pUC19 and then subcloned into M13mpl9 by using
standard techniques (10). DNA was sequenced in both
directions by the dideoxy chain-termination method (11)
using the original M13 subclones and their deletion deriva-
tives generated according to Dale et al. (12). In some cases
it was necessary to employ specific oligonucleotides as
primers in the Sanger's reaction (13) or to use the Maxam-
Gilbert chemical cleavage method of DNA sequencing (14).
Ac-CoA Carboxylase Gene Copy Number Determination.

Gene copy number was determined by the method of Back et
al. (15). High molecular weight genomic DNA was isolated
from rat mammary glands as described by Nathans and
Hogness (16), digested with high concentrations of restriction
endonucleases, and subjected to Southern blot analysis (10)
using 32P-labeled riboprobes. Digestion of the genomic DNA
with EcoRI gave rise to a 3.0-kilobase-pair (kbp) DNA
fragment that is recognized by the first 194 bases of clone
ADHN-132. This unique hybridization signal was used to
determine the gene copy number per haploid chromosome
set. The amount of DNA that was used in the Southern blot
analysis was quantitated by using 33258-Hoechst fluoro-
chrome as described by Cesarone et al. (17). The DNA that
was used for the construction of the standard curve for gene
copy titration was an extensively purified pGEM3 plasmid
subclone (pCX321) that releases a 3.3-kbp cDNA fragment
upon EcoRI digestion. This cDNA contains one copy of the
194 bp of the 5' end ofADHN-132. Two picograms ofpCX321
and 1.35 mg of rat genomic DNA should produce equivalent
signals upon hybridization if the number of Ac-CoA carbox-
ylase gene copies per haploid chromosome set is one (18).
After hybridization and exposure, films were analyzed by
using an LKB automated densitometer.

RESULTS AND DISCUSSION
Coding and Deduced Amino Acid Sequences of Ac-CoA

Carboxylase. The initial screening of the Agtll library with
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FIG. 1. Summary diagram ofcDNA clones. Representative clones whose sequences were determined are shown with BamHI (B) and EcoRI
(E) restriction sites.

anti-Ac-CoA carboxylase serum identified several clones
that contain sequences for Ac-CoA carboxylase. Two of
these positive clones, ADHR3 and AKHR18, have been
extensively characterized (7). To isolate additional overlap-
ping clones, cDNA fragments obtained from ADHR3 and
AKHR18 were initially utilized as probes for screening the
Agtll library and then subsequently identified clones were
similarly used.

Fig. 1 shows how the various clones cover the entire coding
sequence ofAc-CoA carboxylase mRNA. The restriction map
of these clones is shown in Fig. 1. Whenever there were any
EcoRI sites in the cDNA insert, such as ADHR3, the nucle-
otide sequence around them was confirmed by sequencing the
M13 subclones that were obtained by using restriction en-
zymes other than EcoRI. This procedure prevented the omis-
sion of small fragments that might have occurred between two
internal EcoRI sites. Analysis of sequence data from all of the
clones established only one open reading frame potentially
large enough to code for Ac-CoA carboxylase; it is flanked by
several in-frame stop codons. Translation from the first avail-
able methionine in this open reading frame defines the coding
region ofAc-CoA carboxylase mRNA, which consists of 7038
bases including the termination signal, TAG (Fig. 2). This
region encodes a protein of 2345 amino acids with a Mr of
265,220. The amino acid composition (Table 1) of the deduced
protein is in good agreement with that obtained from the
purified enzyme from rat liver (22). Previously, the Mr of
Ac-CoA carboxylase from rat liver (4) and mammary gland (5)
was reported to be about 260,000.
Due to the size of the open reading frame for Ac-CoA

carboxylase, it was desirable to confirm our sequence data by
independent additional experimental techniques. Four peptides
from CNBr digests of rat liver Ac-CoA carboxylase were
isolated by high-performance liquid chromatography. NH2-
terminal amino acid sequences were determined for each
peptide and were compared to the amino acid sequence de-
duced from our overlapping cDNA clones. As shown in Fig. 2,
the amino acid sequence of peptide Y-20 was found to be
identical to the deduced sequence located between residues 628
and 651; similarly, peptide Y-15 corresponds to residues 921-
938, peptide Y-12 corresponds to residues 1306-1318, and
peptide Y-4 corresponds to residues 1570-1581, as indicated. In
addition, four peptide sequences that contain seven phospho-
rylation sites of Ac-CoA carboxylase (19-21) are also found in
this deduced amino acid sequence (Fig. 2). Between the 5'
untranslated sequence, which contains several in-frame stop
codons and the phosphopeptide T4, there is one in-frame codon
for methionine. Therefore, this ATG must be the translation
initiation codon; it is shown as such in Fig. 2.

An important feature of every biotin-containing enzyme is
the presence of a canonical biotin binding site sequence,
Met-Bct-Met, in which Bct represents the biotin prosthetic
group covalently attached to the e-NH2 group of a lysine
residue in the polypeptide chain (23). Only one such sequence
occurring at residues 784-786 was found in our predicted
Ac-CoA carboxylase sequence (Fig. 2). Comparison of the
amino acid sequence around this putative biotin binding site
with those reported for other biotin-containing enzymes (23)
indicates that this may be the biotin binding site for rat
Ac-CoA carboxylase. Unequivocal proof that the lysine in
the Val-Met-Lys-Met sequence represents the biotin binding
site requires additional investigation.
One of the interesting findings in the deduced Ac-CoA

carboxylase amino acid sequence is a strong homology with
yeast (24) and rat carbamoyl phosphate synthetase (25).
Analysis using the FASTP program (26) indicates that Ac-
CoA carboxylase (residues 273-469) and yeast carbamoyl
phosphate synthetase (residues 152-349) show statistically

Table 1. Ac-CoA carboxylase amino acid composition
% of amino
acid per mol
of enzyme

Amino acid 1* 2t

Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

6.5
6.1
4.5
5.5
1.2
4.4
6.9
6.1
2.6
6.1
9.2
4.8
3.2
4.1
4.6
6.6
4.6
1.2
3.4
8.2

6.5
6.0

9.2
1.5

11.9
6.2
2.9
5.5
9.1
5.0
3.1
4.1
4.9
6.1
4.9
1.5
3.4
8.1

*Predicted composition from cDNA sequence of Ac-CoA carboxyl-
ase from rat mammary gland.
tRat liver Ac-CoA carboxylase (22).
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ATGGATGAACCATCTCCGTTGvGCCAAACCCTGGAGCTGAACCAGCACTCCCGATTCATAATTGGGTCCGTGTCTGAAGACAACTCAGAAGATGAGATCAGTAACCTGGTAAGCTGGAC
MetAspGluProSerProLeuAlaLysThrLeuGluLeuAsnGln~i sS rArSPheI11 leGlySerValSorGluAspAsnSerGluAspGluI1eSerAsnLeuVaILysLeuAsp 40

T-4
CTAGAGGAGAAGGAGGGCTCCCTGTCA~CCAOCCTCTGTCAGCTCAGATAiCACTTTCTGATTTGGGAATCTCTGCCTTAeCAGGAiTGGTTTGGCCTTTCACATGAGGTCCAGCATGTCCGGC
L*uGluGluLysGluGlyS-rLouSerProAlaSsrValSerSerAspThrLouScr/ispLouGlyI leSorAlaLouGI~spGlyLeuAlaPho~i sMetAr SerSerMetSerG1.r 80

TTGCAtCCTAGTAAACAAGGTCGAGACAGAAAGAAATAG/iCTCTCAACGAuGATTTCACTGTGGCTTCGCCAGCAGAATTTGTTACTCGTTTTGoGGGAATAAGTGATTGAGAAGGTT
LuisLouValLyGnGlyArsp__rLysLIleAspSerGnArgAspPhThrValAlaSorProAlaGluPh*ValThrArgPheGlyGlyAsnLysValI leGluLysVa1 120

Th
CTTATCGCCAACATGGTATTGCAGCAGTGAMATGCATGCGATCTATCCGGCGGTGGTCTTATGAATGTTCCGCAATGAACGTGCCATCCGGTTTGTTGTCATGGTTACACCCGAAGAC
LouIleAlaAsnAsnGlyI leAlAlaValLyaCysMetArgSerIleArgArSTrpSerTyrGluMetPheArgAsnGluAr&AlaI leArgPheValValMetValThrProGluAsp 160

CTTAAAGCCAATGCAGAATACATTAAGATG'GCGGATCACTATGTTCCAGTGCCTGGAGGAGCAACACAACATTATGCAATGTGGAATTGATTCTTGATATTGCGAAGGATACCT
LeuLysAlaAsnJlaGluTyrIleLysMetAlaAspHisTyrVaIlProVaProoilyGlyAlasnAsnAsnAsnTyrAlaAsnVa1GluL uI 1eLeuAspI1eAlaLysArgI lePro 200

GTeCAiGGCAGTGTGGGCTGGCTGGGGTCATGCCTCCGAGAACCCCAAGCTCCCCGGAGCTACTCTTAAATGG;CATTGCTTTCATGGGCCCTCCGAGTCAGGCCATGTGG;GCGTTGGGG
ValGl~nlaValTrpAlaGlyTrpGlyHisAlaSerGluAsnProLysLeuProGluLeuLouLeuLysAsnGlyI leAlaPheMetGlyProProSerGlnAlaMetTrpAlaLeuGly 240

GATAAGATTGCATCGTCTATTGTGGCTCAAACTGCAiGGTALTCCCCACTCTTCCCTGGAGTGGCAGTGGTCTTCGAGTGGATTGGCAAGAAAATGATTTTTCGAAACGCATCTTAAATGTT
AspLysIieAlaSerSerIleVal.AaGLnThrAlaGlyI leProThrLeuProTrpSerGlySerGlyL uArgVaLAspTrpGlnGluAsnAspPheSerLysArgI leLeuAsnVa1 280

CCACAGGATCTGTATGAGAAAGGCTATGTGAAGGATGTGGATGATGGACTGAAGGCAGCCGAGGAGGTTGGCTATCC/AGTGATGATCAAGGCCTCAGAGGGAGGAGGAGGGAAGGGAATC
ProGlnAspLeuTyrGluLysGlyTyrValLysAspValAspAspGlyLouLysAlaAlaGluGluValGlyTyrProValMletI leLysAlaSerGluGlyGlyGlyGlyLysGlyI le 320

AiGAAAGTTAACATGCAGATGACTTCCCTAACCTCTTCAGACAGGTTCAAGCTGAAGTCCCTGGATCACCTATATTTGTAATGAGAiTTAGCAAAACAGTCTCGTCATCTGGAGGTCCAG
ArgLysValAnAsnAlaAspAspPh*ProAsnLeuPheArgGlnValGlnAlaGluValProGlySerProlIlPheValMetArgLeuA1aLysGlnSerArgHi sLeuGluValGIn 360

ATTCTGGCGGATCAGTATGGCAATGCAATTTCTTTGTTTGGTCGTGACTGCTCTGTACMACGCAGGCATCAGAAGATCATTGAAGAAGCTCCTGCTGCTATTGCTACCCCAGCAGTATTT
I leLeuAla~spGlnTyrGlyAsnAlaI leSerLeuPh.GlyAr&AspCysSerValGlnArArgHi sGlnLysIleIleGluGluAlaProAlaAlaI leAlaThrProAlaValPhe 400

GAACACATGGAACAGTGTGCTGTAACTTGCCAAAATGGTTGGTTATGTGAGCGCTGGGACTGTGGAATACTTGTACAGCCAGGACGGAAGCTTCTACTTCTTGGAACTGAACCCTCGG
GluHi sMet~luG~nCysAlaValLysLouAlaLysMetValGlyTyrValSerJ~laGlyThtValGluTyrteuTyrSerGLnAspGlySerPheTyrPhoLeuGluLeu~usnProArg 440°
CTACAGGTTGAACATCCTTGTACAGAGATGGTGGCTGATGTCAATCTTCCTGCA~GCCAGCTCCAGATTGCCATGGGGATCCCTCTATTTAGGATCAAGGATATTCGTATGATGTATGGG
LeuGInValGluHi sProCysThrGluMetValAlaAspValAsnLeuProAlaAlaGLnLeuGlnI leAlaMetGlyI leProLeuPbeArgI leLysAspI leArgMetMetTyrGly 480

GTATCTCCTTGG;GGTGATGCTCCCATTGATTTTGAAAAiTTCTGCTCATGTTCCTTGCCCAAGGGGCCATGTGATTGCTGCTCGGATCACCAGTGAAACCCAGATGAGGGGTTTAAGCCC
ValSerProTrpGlyAspAlaProIeAspPheGluAsnSerAlaHisValProCysProArgGly~i sValleAlaAlaArgI leThrSerGluAsnPro6spGluGlyPheLysPro 520

AGCTCTGGAACAGTTCAGGAACTTAATTTTCGCAGCAATAAGATGTTTGGGGTTATTTCAGTGTTGCTGCTGCTGGGGACTTCATGAATTTGCTGATTCTCAGTTCGGTCACTGCTTT
SerSerGlyThrValGlnGluLeuAsnPheArgSerAsnLysAsnValTrpGlyTyrPheSerValAlaAlaAlaGlyGlyLeuHi sGluPheAlaAspSerGlnPheGlyHisCysPhe 560

TCCTGG;GGAGAAAACAsGAGAAGAGCAATTTCAAATAeTGGTGGTGGCATTGAAGGAGCTGTCTA~TTCGGGGTGACTTTCGAACTAeCAGTAGAATACCTCATCAAGCTGCTGGAGACAGAA
SerTrpGlyGluAsnArgGluGluAlaI leSerAsnMetValVa1lAaLeuLysGluLeuSerIleArgGlyAspPhoArgThrThrValGluTyrLeuI leLysLeuLeuGluThrGlu 600

AGCTTTCAGTTGAACAGAATCGACACTGGCTGGCTGGACAGACTGATTGCAGAGAAAGTGCAGGCAGAGCGTCCTGACACCATGTTGGGAGTTGTGTGTGG;GGCTCTTCATGTGGCAGAT
SerPheGLnLeuAsnArg I leAspThrGlyTrpLeuAspArgLeuIleAlaGluLysValGLnAlaGluAr8ProAspThrMetLeuGlyValValCysGlyAlaLeuHi sValAlaAsp 640

Y-20
GTGAACCTGAtGAAATAGCA~TCTCTAACTTCCTTCACTCCTTAGAGAGGGGTCAAGTCCTTCCTGCTCACACACTTCTGAACACAGTAGATGTTGAACTTATCTATGAAGGAATCAATAT
VaLsnLuArsnSerIleSerAnPhLuisSerLyuGluArgGryG6nVa8L0uProAlar68sThrLuLeuAnThrValAspValGluLeuI0leTyrGluGlyIleLys~yr680
GTACTTAAGGTGACTCGGCAGTCTCCCAMCTCCTAsCGTGGTGATAATGAACGGTCGTGTGTGGAAGTGGACGTGCACCGGCTGAGTGATGGTOGA/CTGCTCTTGTCCTACGATGGCAGC
ValLeuLysValThrArgGInSerProAsnSerTyrValVaI leMetAsnGlySerCysValGluValAspValHisArgLeuSerAspGlyGlyLeuLeuLeuSerTyrAspGlySer 720

AGTTACAsCCACATACATGAAGGAGGAGOTAGACAGATACCGAATCACAATTGGCAATAAACCTGTGTGTTTGAGAAGGAAATGACCCGTCTGTAATGCGCTCCCCGTCTGCTSGGGMAG
SerTyrThrThrTyrMetLysGluGluValAspArgTyrArgIleThrI leGlyAsnLysThrCysValPheGluLysGluAsnAspProSerValMetArsSerProSerAlaGlyLys 760

TTAATCCAGTATATTGTGGAAGATGGAGGCCATGTGTTTGCTGGCCAGTGCTAT -CAGAGA~TTGAGGTAATGAAGATGGTAATGACTTTGACAGCTGTAGAATCTGGCTGCATCCATTAT
Lou loGlnTyr leValGluAspGlyGlyisValPheAla(lyGlnCysTyrJaGluIlGluValMetLsMetValMetThrLeuThrAlaValGluSerGlyCyI leHfi sTyr 800

Bio
GTCAAGCGACCTGGAGCAGCACTTGACCCAGGCTGTGTGATAGCCAAATGCAGCTGGACAiATCCCAGTAAAGTTCAACAGGCTGAGCTTCACACGGGCAGTCTGCCCCAGATCCAGAGC
ValLysAr&ProGlyAlaAlaL*uAspProGlyCysValI leAlaLysMetGLnLuAspAsnProSe rLysValGlnGnAlaGluLeuHisThrGlySerLeuProGlnI*leGinSer 840

ACAGCTCTCCGAGGCGAAGCTCCATCGAGTTTTCCAC~TAGTCCTGGATAACCTGGTCAATGTGATGAATGGATACTGCCTTCCAGACCCTTTCTTCAGCAGCAAGGTAAGGACTGG
ThrAlaLeuArgGlyGluLysLeuHi sArgValPheHisTyrValLeuAspAsnLeuValAsnValMetAsnGlyTyrCysLeuProAspProPhePheSerSerLysValLysAspTrp 880

GTAGAACGGTTAMTGAAGACTCTGAGAGACCCCTCCCTGCCTCTTCTAGAATTGCAGGATATCATGACCAGTGTCTCTGGCCGGATCCCCCTCAACGTGGAGAMGTCTATTAAGAGGAA
ValGluArgLeuMetLysThrLeuArgAspProSerLeuProLeuLeuGluLeuGlnAspI leMetThrSerValSerGlyArgI leProLeuAsnValGluLysSerI leLysLysGlu 920

ATGGCTCAGTATGCTAGCAACATCACATCGGTCCTGTGTCAGTTTCCCAGCCAGCAGATTGCCAACATCCTAGATAGTCATGCAGCTAiCACTGAACCGGAAATCGGAGCGGGAAGTCTTC
MetAIaGInTyrAlaSerAsnI leThrSerValLeuCysGlnPheProSerGLnGnlI leAlsasnI 1eLeuAspSerHi sAlaAlaThrLeuAsnArgLysSerGluArgGluValPhe 960

TTC-ATGAACACCCAGAGCATTGTCCAGCTGGTGCAGAGGTACCGAAGTGGCATCCGTGGCCACATGAAGGCTGTGGTGATGGATCTGCTCCGGCAGTACCTGCGGGTGGAGACACAGTTT
PhoMetAsnThrGlnSerI leValGlnLeuValGlnrg~rTyrAr8SerGlyI leArgGly~isMetLysAlaValValMetAspLeuLouArgGLn~yrLouArgValGluThrGlnPhe 10 00

CAGAATGGCCA~CTACGACAAATGTGTATTCGCCCTTCGGGAAGAGAAC^AAAGTGACATGAACACCGTACTGAACTACATCTTCTCCCACGCCCAGGTCACCAAGAAGATCTCCTGGTG
GlnAsnGlypisTyrAspLysCysValPheAlaLeuArgGiuGluAsnLvsSerAspMetAsnThrValLeuAsnTyrI lePheSerHisAlaGlnValThrLysLysAsnLeuLeuVal 1040

ACAATGCTTATTGATCAGTTGTGTGGCCGGGACCCTACACTTACTGATGAGCTGCTAAACATCCTCACAGAGCTAACTCAGCTCAGCAAAACCACCAACGCCAAAGTGGCACTGCGGGCT
ThrMetLeulleAspGlnLeuCysGlyArgAspProThrLeuThrAspGluLeuLeuAsnI leLeuThrGluLeuThrGlnLeuSerLysThrThrAsnAlaLysValAlaLeuAr&Ala 1080

CGCCAGGTTCTTATTGCCTCCCATTTGCCATCGTACGACGTTCGCCATAACCAAGTAGAGTCCATCTTCTTATCAGCCATCGACATGTATGGACACCAGTTTTGCATTGAGAACCTGCAG
ArgGlnValLoulleAlaSer~i sLeuProSerTyrAspValArgHi sAsnGlnValGluSerI lePheLeuSerAlaI leAspMetTyrGly~i sG~nPheCys IleGluAsnLeuGln 1120

AAACTCATCCTATCAGAAACATCTATTTTCGATGTCCTCCCAAACTT'iTTTTA~CCACAGCAACCAGGTGGTGAiGGATGGCGGCTCTGGAGGTATATGTTCGAAGAGCTTATAiTCGCCTAT
LysLeuIleLeuSerGluThrSerl lePheAspValLeuProAsnPhePheTyrHi sSerAsnGlnValVaLArgMetAlaAaLeuGluValTyrVa1ArLAr5AlaTyrI leAlaTyr 1160

GAGCTCMACAGTGTACAGCATCGCCAGCTTAAGGACAACACCTGTGTGGTrAGAATTTCAGTTCATGCTGCCCACATCTCATCCAAACAGAGGGAACATCCCCACGCTAAACAGAATGTCC
GluLeuAsnSerValG~nHisArgGlnLouLysAspAsnThrCysValValGluPheGlnPheMetLeuProThrSerHi sProAsnArgGlyAsnI leProThrL*uAsnArgMetSer 1200

TTTGCCTCCAACCTCAACCACTACGGCATGACTCATGTAGCTAGTGTCAGCGATGTTCTGTTGGACAACGCCTTCACACCACCTTGTCAACGCATGGGCGGGATGGTCTC-TTTCCGGACC
PheAlaSerAsnLouAsnHi sTyrGlyrMetThrHi sValAlaSerValSerAspValLeuLouAspAsnAlaPheThrProProCysGlnArgJMetGlyGlyMetValSerPh eAr8Thr 124 0

TTTGAAGATTTCGTCAGGATCTTTGATGAAGTAATGGGCTGCTTCTGCGACTCCCCACCCCAAAGCCCCA~CATTCCCAGAGTCCGGTCACACTTCACTCTATGATGAGGACAAGGTCCCC
PheGluAspPheValArglI ePheAspGluValMetGlyCysPheCysAspSerProProGlnSerProThrPheProGluSerGlyHi sThrSerLeuTyrAspGluAspLysValPro 1280

AG;GGACGAACCAATACATATTCTGAATGTGGCTATCAAGACTGATGGCGATATTGAGGAtTGAtCAGGCTTGCAGCTATGTTCAGA~GAGTTCACCCAACAGAATAAAGCTACTCTGGTTGAG
Ar&AspGluProI 1eHi s IleLeuAsnValAlaI 1eLysThrAspGlyAspI leGlusspAsporgLeuAlaAlaMetPheArgGluPheThrGlnGlnAsnLysAlaThrLeuValG~lu 1320

Y-1'2

CATGGA/TC=WGACTTACGTTCCTAGTTGCiCAAAAGG;ATTTCAGAAAsCAGTCAACTGTGAGGTGGATCAGAGATTTCATAGAGAATTCCCCAATTTTTCACASTTCCGAGCAAMG;
EliaGlyllorgAiLouThrPh*LeuValAlaGlnLy'&AsPh*ArgLysGlnValAanCyaGluValAapGln~rgPhoElisArgGluPhoProLysPhoPheThrPheAr&AlaArg 1360

GATAAGTTITGAGTGCT A~ATCGACATCTGGAGCCTGCTCTGGCTTTCCAiGTTAGAGCTGAACCGGATGAGATTTTGAiCCTTACTGCCAsTTCCATGCGCTAATCAAGATG
AspLysPheGluGluAspArgIleTyrAr&NisLuuGluProAlLouAlaPhSGlDLouGluLCuAsnArZMStArZAsnPhCAspLCuThrAlaI leProCysAlaAsnliisLysMet 1400

CAiCCTGTACCTTa;GGCTGCTAABGTOGAGTAiGGCACAGAAGTGACTGACTACAGGTTCTTTGTTCGTGCGATCATCAGGCACTCTGATCTGGTCACGAAGGAAGCTTCTTTTGAATAT
B~isLouTyrrLouGlyAlaAlaLysValGluValGlyThrGluValThrAspTyrArSPhoPhoValAr&Al&Il@lleAr8%isSerAspLouValThrLysGluAlaSer~h GluTyr 14 40

CTACAAATGJUWAGAGCGACTGCTCCTGGAAGCCATGGATGAATTGGAAGTTGCTTTCAATACACAAATGSTTCCACAGACTGTAACCATATATTCCTCAACTTTGTOCCCACAGTC
LeuGlnAsnGluGly~luArgLouLouLouGlu~ulaMet.AspGluLouGluVallaPheAsnAsn~hrAsnVaLArgThrAspCysAsnBis*IloPhoLouAsnPhoValProThrV&1 1480

ATCATGGACCCATCAAGATAATCTGT GCGGAzA GCAMTOGTAA ATXMCCXOCTGTGGAATTTGGTCCTCCAGGCAG AACTG AAAATCACATTCGCCTGACAACA
IleMetspProSerLyaIlloGluGluSerValArgSorMetValMatAr&Ty~rGlyStrArgLouTrpLyaLouArgValLeuGlnilaGluLouLysI leAsnIlArgLouThrThr 15S20
ACTGGAAAAGCGATTCCCATMTCTTCCTGACAACATCTGC CTCTACTT GGCTCAGCCTGTAT AAGGAGTGACTGACTCCAGGACAGCACAGATCATGTTTCAGC;CGTAT
ThrGlyLysAlaI leProIle~gLeuPhoLouThr~isnGluSerGlyTyrTyrLou~spI leSerLouTyrLysGluVa~lThrAspSerArgThrAlaGlnatloMetPh Gln~laTyr 15S60
GGAGACAGGGCCACTGCATGG AATGTTM ATCATACTCCGTATGTGACCAAAGACCTTCTTC AATCAAGAGGTTrTCAGGCACAGTCCTTCG;GAACAACGTATATATATGATATC
GlyAspLysGlnGlyPro'LouBi*GlylMetLeuIlesnThrProTyrValThrLys~pLouLeuGlnSorLy&ArgPheGlnAlaGlnSerLouGlyThrThrTyr IlTyrAspIl1 1600

CCAGAGATGTTTCGGCAGTCGCTCATCAAGCTCTGGGAGTCCATGTCCACTCAGCATTTCTTCCTTCACCCCCTTTGCCTTCCGACATACTGACGTATACTGAACTGGTGTTGGATGAT
ProGluMetPhe~r&GlnSerLeuI leLyaLouTrpGluSerMetSerThrGlnAlaPh*LeuProSerProProLeuProSerAspI leLouThrTyrThrGluLeuValLeuAspAsp 1640

FIG. 2. (Figure continues on the opposite page.)
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CAAGCCCTGCTAGAAATCAGGACAGATtCT C =~~ TGGA TGCGGAAGOCTAACTATATCCAGATGX-ICCGAGATGTC-bA TTGTC-lUATCG
GlnGlyrGlnLouVal~li sMetAanArgLouProGlyrGlysnGluIl GlyfftVa~l~lTrpLy&MatSerLeuLysSerProGluTyrProAspGlyAr&AspValI leValellGly 1680

AATGAiCATTACATATCGGATTGGCTCCTTTGGG;CCTCAGGAGATTTGCTGTTTCTCAGAGCTTCTGAACTTGCCAGAGCAGAAGGCATCCCACGCAiTCTACGTAGCAGCCAACAGTGGA
AsnAspIlThrTyrArgIleGlySer~h GlyProGlnGlusspLouL*,-jhiLeuArgblaSerGluLeuAlaArg^laGluGlyI leProJ~6I leTyrValJlaAla~anSerGly 1720

GCTAGAATTGGACTGGCAGAAGAATCCGTCAiTATGTTCCACGTGG;CCTGGGT/AGCTCTGAsGGATCCTTACAAGGGATACAAGTATTTATATCTGACAiCCCCAGGAiTTATAAAGAGTG
AlaArgI l GlyL*uAlaGluGluIledrgHi sMetPho~lisValAlaTrpValAspSerGlusspProTyrLysGlyTyrLysTyrLouTyrLeuThrProGlnAspTyrLystrgVal 1760

AGTGCTCTCAATTCTGTCCACTGTGAACATGTGGAAGATGAAGGAGAATCCAGGTACAAGATAACAGACATTATCGGGAAAGAAGAGGACTTGGAGCAGAGAACCTTCGGGGTTCTGGA
SerAlaLouAsnSerValE~isCysGluli sValGluAsp(;luGlyGluSerArgTyrLysI leThrAspI leIleGlyLysGluGluGlyLeuGlyAlaGluAsnLeuArgGlySerGly 1800

AiTGATTGCTGGGGAATCCTCATTGGCTTATGATGAiGATCAiTCACCATCAGCCTGGTTACATGCCGGGCCATTGGTATTGGGGCTTACCTTGTCCGGCTGGGACAAGACCAiTCCAGGTT
Mot$ leAlaGlyGluSerSerLouAlaTyrAspGlu$ leIleThrIleSerLeuValThrCysArblaI leGlyI leGlyAlaTyrLeuVaLArgLouGlyGlnArSThrI leGinVal 1840

GAGA:TCTCACTTAATTCTAACAGGAiGCCGGTGCCCTCAACAAAGTCCTTGGTCOGGAAGTAiTACACCTCCAAATCAGCTTGGGGGCATCCAiGATAMTGCACAACACGGAGTTACC
GluAsnSerHisLouIleLeuThrGlyAlaGlyAlaLeuAsnLysValLouGlyArSGluValTyrThrSerAsnAsnGInLLuGlyGlyI leGlnIleMetHisAsnAsnGlyValThr 1880

CATTGCACTGTTTGTGATGACTTTGAGGGAGTGTTCACGTCTTACACTGG;CTGTCATACATGCCTAAGACGTGCACAGTTCA£G TTCCTCTCCTGAATTCCMAGGATCCTATAGATAGA
lli sCysThrValCysAsp~spPheGluGlyVa lPhoThrValLeu~i sTrpLeuSerTyrMetProLysAsnVal~i5SerSerValProLeuLuAsnSerLysAspPro I leAspArs 1920

ATCATCGAGTTTGTTCCCACAAAGCCCCCGTATGATCCTCGGTGGATGCTWGAGACCGCCTCACCCACAA= OCATGGTTGAiGTGGATTTTTTGATTATGGCTCTTTCTCA
I leIlGluPhoValProThrLysAlaProTyrAspProAr8TrpMetLouAlaGlyAr&Pro~i sProThrGlnLysGlyGlnTrpLeuSerGly~hoPhe/ispTyrGlySerPheSer 1960

GAAATCATGCAGCCCTGGGCGCAGACCGTGGTAGTTGGCAGAGCCAGGTTGGa;GGGATACCTGTGGGAGTAGTTGCTGTAGAAACCCGAACCGTGGAGCTCAGTGTACCAGCTGAiTCCT
GluIleMetGlrsProTrpAlaGlnThrValValValGlyArgblaAr&LouGlyGlrI leProValGlyValValAlaValGluThrAr&ThrValGluLouSerValProAlasspPro 2000

GCAAACCTGGATTCTGAAGCCAAGATAATCCAGAGCCGGCAGTTTGGTTTCCAGACCTGCATTThAGACCTATCAAGCTATCAAGGACTTACCGTGAAGGGCTACCTCTAATG
AladsnLouAspSerGluAlaLysIle~llGlnGlnAlaGlyGlnValTrpPhoProAspSer/ilaPh*LysThrTyrGln~dlaI leLysAspPhe~snArgGluGlyLouProLeuMet 204 0

GTCTTTGCCAACTGGAGAGGC rCTGGTGG;GATGAAGTATGTATGACCAGGTGCTCAAGTTTGGTGCTTATATTGTGGATGGCTTGCGGGAATGTTCCCAGCCTGTGATGGTCTAC
ValPhoila-snTrp~rgGly~hnetrGlyGlyMetLysAspM tTyrAspGlnValLouLysPheGlyAlaTyrIleValAspGlyLourgGluCysStrGlnProVal~otValTyr 2080
AiTTCCCCCAsCAGGCTGAGCTTCGGGGTGGTTCTTGGGTTGTGATCGACCCAACTCAATCCTCGGCCTGGAGATGTATGCTGACCGGGAAGCAGGGGATCCGTTCTGGAACCAiGA
Il*ProProGlnAlaGluLouAr&GlyGlySerTrp~aValveIledspProThrI lonProArgRisMotGluMetTyrAla- sp/irgGluSorAr&GlySerValLouGluProGlu 2120

GGGACGTAGAAATCAAATTCCGCAAAAGATCTGGTGAAACATGCGTCGCGTAGAU:CCCGTCTACATCCGCTTGGCTG/AGCGACTGGGCACCCCAGAGCTAAGCCCCACTGlAGCGG
GlyThrValGluIleLysPheAr6LysLyzAspLeuValLysThrMetAr6ArgVal~spProValTyrIleAr&LeuAlaGlu/irgLouGlyThrProGluLouSerProThrGluArg 2160

AAGGAGCTGGAGAGCAAGTTGAAGGAGCGGGAGGAGTTCCTAATTCCCATTTACCATCAiGGTAGCTGTGCAGTTTGCTGACTTGCACGACACCiCCAGGCCGGATGCAGGAsGAGGGTGTC
LysGluLouGluSerLysLouLysGluArgGluGluPhoLouI leProI leTyr~isGlsnVaLdlaValGlnPhetblalispLou~i sAspThrProGly/irgMetGlnGluLysGlyVal
A~TTAATGATATCTTAGAzTTGGAAAAATcCCGCACCTTCTTCTACTGGCGACTGAGGCGTCTCCTGCTGMGAAGCCTGGTCAGAGAAMATCCACAGTGCCAAcCCTGuGCTGAiCCGAT
Il.AsnAspIleLeuAspTrpLysThrSerArgThrPhOPheTYrTrpAr&LeuArSAZSLOULouLuuGluAspLeuValLysLysLysI leliisSerAlaAsnProGluLeuThrAsp

GGCCAGATCCAGGCCATGTTGAGACGCTGGTTTGTGGAAGTGGAAGGCACGTGAAG<CTTACGTCTGGGACAMTAMTAGGATCTGGTGGMATGG;CTGGAGAAGCALGCTGACAGAGGAA
GlyGlnIl GlnJ~laM*tLouAr&ArgTrpPhoValGluValGl uGlyThrValLyzAlalyrValTrpAspAsnAsnLysAspLeuValGluTrpLouGluLysGlnL*uThrGluGlu
GATG;GTGTCCGCTCTGTGATAGA;GGACATCAAATACATCACGGGACTATGTCCTCAMGCGATCCGCAGCTTGGTGCAGGCCAATCCAGAMGTTGCCATGGACTCCATCGTCCAC
AspGLyVaL~rgSerValIl GluGlu~snI leLysTyrIleSerArkspT~yrV&lLeuLy&GlnIl Ar6SorLeuValGlnlAlasnProGluValAlaM*tAspSerI leVati s

ATGACCCAGCACATCTCCCCCACTCAGCGAGCAGAGGTTGTMGGATCCTTTCCACTATGGACTCCCCTTCTACGTAG
MetThrGlnEisIleSerProThrGlnArgAlaGluValValArgIleLeuSerThrMetAspSerProSerThrEnd

2200

2240

2280

2320

2346

FIG. 2. Complete coding sequence for Ac-CoA carboxylase. All clones were sequenced on both strands. Positions of the amino acid
sequences of the peptides isolated from the purified Ac-CoA carboxylase as well as the putative biotin binding site are underlined. T4, Tb, TC1,
and TC2 represent phosphopeptides whose sequences were determined (19-21); Bio, biotin binding site; Y-12, Y-15, and Y-20, purified peptides
from CNBr digest of Ac-CoA carboxylase.

significant homology (Z, = 9.39 and Z0p, = 24.66). Carba-
moyl phosphate synthetase catalyzes the reaction

0
11

2NH+ + HCO + ATP ;± H2N-C-O + ADP,

whereas Ac-CoA carboxylase, in the absence of Ac-CoA,
catalyzes the half-reaction

E-biotin + HCO + ATP ;±
0

E-biotin-C--0 + ADP + Pi

(where E = enzyme). Thus, it is reasonable to postulate that
the homologous regions of these enzymes are involved in
binding HCO- and ATP. Previously, chicken Ac-CoA car-
boxylase and the biotin carboxylase component of E. coli
Ac-CoA carboxylase (2) were shown to catalyze the follow-
ing reaction in the presence of biotin:

Rat ACC (1958-1987)

PC-S rat (330-359)

PC-6 human (40-70)

PCS (309-338)

YCS (309-338)

0 0

H2N-C--0P 3 + ADP i± H2N-C-0 + ATP.

This reaction was used as a model for studying the mecha-
nism of reaction of biotin in Ac-CoA carboxylase (27).
The a-subunit ofpropionyl-CoA carboxylase is the subunit to

which biotin binds (28). At least in the bacterial enzyme, it has
been shown that the a-subunit alone can carry out the carboxy-
lation reaction but not the overall reaction unless the p-subunit
is added, indicating that the p-subunit may contain the acyl-
CoA binding site (29). A comparison between the primary
amino acid sequence ofAc-CoA carboxylase and the p-subunit
of human propionyl-CoA carboxylase (28) through the FASTP
program identified some homology between Ac-CoA carbox-
ylase (residues 1959-1990) and the p-subunit (residues 40-70).
When this region of the amino acid sequence was compared to
the known "adenosine recognition loop" of citrate synthetase
(30-31), a possible CoA binding site could be identified, as

shown in Fig. 3. However, at this time we have no experimental
proof that this region is the adenosine recognition loop.

S F S E I M Q P W A Q T VI G R A R L G G I P V G V V A V

F| E I|M|PN YA M N G R TVG N

F F E I P N Y A K N I I:I G FJJ M N G R TV G IV G N

R D Y I W N T L N S G R V V P G Y G H A V L R K T D P R Y T

M K Y L W D T L NAG R V V P G Y G H A V L R K T D P R Y T

FIG. 3. Alignment of homologous sequences among CoA binding proteins. Numbers in parentheses indicate the amino acid starting position
in each protein. PCS, porcine citrate synthetase (31); YCS, yeast citrate synthetase (31); PC-P rat, propionyl-CoA carboxylase }-subunit (32);
PC-,8 human, the P-subunit of human propionyl-CoA carboxylase (28); ACC, Ac-CoA carboxylase.

Biochemistry: Lo'pez-Casillas et al.



5788 Biochemistry: L6pez-Casillas et al.

5

cn4

z

CC3
0

CD2

z

_

a

I12 3 4

b
2

AS
2 3 4

10. OF GENE / HAPLOI D

FIG. 4. Titration of gene copy number. Plasmid pCX321 and
genomic DNA from rat liver were digested with EcoRI. After
digestion, different amounts ofDNA were separated by 1% agarose
gel electrophoresis and subjected to Southern blot analysis (10). The
Inset shows 0.7 pg (a, lane 1), 1.4 pg (a, lane 2), 2.8 pg (a, lane 3),
5.6 pg (a, lane 4), and 11.2 pg (a, lane 5) of pCX321 and 1.35 Ag of
digested genomic DNA from two animals (b, lanes 1 and 2). The open
circles labeled A and B correspond to b, lanes 1 and 2, respectively.
The value for the open circle labeled C was obtained in a separate
experiment. The intensity of the hybridization signal was measured
against the background of a lane without any DNA.

Ac-CoA Carboxylase Gene Copy Number. Sequencing a
cDNA as large as that for Ac-CoA carboxylase requires
identification of many clones whose sequences overlap so
that the overall sequence can be constructed. The analysis of
newly detected clones would be greatly simplified if the
protein under study had only one gene copy per haploid
chromosome set. To determine the gene copy number, we

established a unique restriction pattern for the Ac-CoA
carboxylase-encoding region of rat genomic DNA. The
EcoRI digest of high molecular weight genomic DNA was

analyzed by using the first 194 bases to the 5' end of
ADHN-132 in Southern blots of the genomic DNA. Only one

restriction fragment, 3 kb, was hybridized (Fig. 4 Inset b).
Similar results were obtained with Alu I and HindIII (results
not shown). The uniqueness of fragment recognition with
such a small probe for three different restriction enzymes
strongly suggests the existence of only one copy of the
probed gene per haploid chromosome set.
To provide further verification that there is only one

Ac-CoA carboxylase gene copy per haploid chromosome set,
we titrated the 3.0-kbp EcoRI genomic fragment by using the
first 194 bases of ADHN-132 as a probe. We have compared
the intensity of the hybridization signals for Ac-CoA carbox-
ylase in genomicDNA digested with EcoRI to that ofa known
standard. The averaging of three independent determinations
(A-C in Fig. 4) gave a value of 1.17 copies per haploid
chromosome set. These studies indicate that there is one
Ac-CoA carboxylase gene per haploid chromosome set in the
rat liver genome.

In summary, we have determined the primary amino acid
sequence of rat Ac-CoA carboxylase as deduced from the
nucleotide sequence of cDNA clones encompassing the
entire coding region ofAc-CoA carboxylase mRNA. Such an
amino acid sequence correctly predicts the known molecular
weight of the enzyme protomer. There is exact agreement
between the deduced amino acid sequence and several
isolated CNBr peptides ofAc-CoA carboxylase. In addition,

there is good agreement between the determined and deduced
amino acid compositions. The primary amino acid sequence
appears to contain one putative biotin binding site.
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