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ABSTRACT: The fatty acid synthase (FAS) of animal tissue is a dimer of two identical subunits, each with 
a M, of 260 000. The subunit is a single multifunctional protein having seven catalytic activities and a site 
for binding of the prosthetic group 4'-phosphopantetheine. The mRNA coding for the subunit has an 
estimated size of 10-16 kb, which is about twice the number of nucleotides needed to code for the estimated 
2300 amino acids. W e  have isolated a positive clone, XCFAS, containing FAS gene sequences by screening 
a chicken genomic library with a segment of a 3' untranslated region of goose fatty acid synthase cDNA 
clone, pGFAS3, as a hybridization probe. The D N A  insert in XCFAS hybridizes with synthetic oligo- 
nucleotide probes prepared according to the known amino acid sequence of the thioesterase component of 
the chicken liver fatty acid synthase [Yang, C.-Y., Huang, W.-Y., Chirala, S., & Wakil, S. J. (1988) 
Biochemistry (preceding paper in this issue)]. Further characterization of the D N A  insert shows that the 
XCFAS clone contains about a 4.7-kbp segment from the 3' end of the chicken FAS gene that codes for 
a portion of the thioesterase domain. Complete sequence analyses of this segment including SI nuclease 
mapping, showed that the XCFAS clone contains the entire 3' untranslated region of the chicken FAS gene 
and three exons that code for 162 amino acids of the thioesterase domain from the COOH-terminal end 
of the fatty acid synthase. Using the exon region of the genomic clone, we were able to isolate a cDNA 
clone that codes for the entire thioesterase domain of chicken liver fatty acid synthase. The cDNA clone 
is sequenced, and the deduced amino acid sequene is consistent with amino acid sequence studies of this 
domain, except the deduced sequence extends the reported COOH-terminal end of the thioesterase and 
synthase of chicken liver by four amino acids -Val-Arg-Glu-Gly. 

%e biosynthesis of long-chain fatty acids from acetyl-coA 
is catalyzed by two multienzyme complexes, acetyl-coA 
carboxylase and fatty acid synthase. Acetyl-coA carboxylase 
is involved in the carboxylation of acetyl-coA to malonyl-CoA, 
while the synthase converts acetyl-coA and malonyl-CoA into 
palmitate. The fatty acid synthase is possibly the most so- 
phisticated example of the newly discovered class of multi- 
functional enzymes. It encompasses the entire metabolic 
pathway for the synthesis of palmitic acid from acetyl-coA, 
malonyl-CoA, and NADPH according to the overall reaction 
CH3COS-COA + 7HOOCCH2COS-COA + 14NADPH + 

14H' 4 CH3(CH2)14COOH + 7 c o 2  + 8CoSH + 
14NADP' + 6 H 2 0  

The synthase of animal tissues is a dimer of two identical 
subunits, each with a M, of 260000 (Mattick et al., 1983a,b; 
Tsukamoto et al., 1983). The subunit is a multifunctional 
protein containing domains for the seven partial catalytic 
activities and a site for the prosthetic group 4'-phosphopan- 
tetheine. Previous studies showed that the component activities 
are organized in three subdomains. Domain I contains the 
NH2 terminus end of the subunit protein and the partial ac- 
tivities of P-ketoacyl synthase and the acetyl and malonyl 
transacylase. Domain I1 contains, in the order indicated, the 
partial activities of dehydratase, enoyl reductase, P-ketoacyl 
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reductase, and acyl carrier protein (ACP).I Domain I11 
connects to the ACP of domain I1 and contains the thioesterase 
component of the fatty acid synthase and its COOH terminus 
residue. In the native state the two subunits are arranged in 
a head-to-tail fashion so that two sites for palmitate synthesis 
are constructed (Wakil et al., 1983; Singh et al., 1984). 

The activity and concentration of the animal fatty acid 
synthase vary depending upon the nutritional, hormonal, and 
developmental status (Wakil et al., 1983; Fischer & Goodridge, 
1978; Joshi & Aranda, 1979; Kasturi & Joshi, 1982; Kasturi 
et al., 1984; Student et al., 1980; Weiss et al., 1980). The 
changes in the synthase activity and content under these 
various conditions are due in part to alterations in the rate of 
enzyme synthesis (Zehner et al., 1977; Fischer & Goodridge, 
1978; Joshi & Aranda, 1979; Morris et al., 1982; Goodridge 
et al., 1984; Nepokroeff et al., 1984). Such changes are ac- 
companied or preceded by corresponding changes in the levels 
of fatty acid synthase mRNA (Morris et al., 1982, 1984; 
Goodridge et al., 1984) suggesting that the regulation of 
synthase mRNA is predominantly at the level of gene tran- 
scription (Back et al., 1986). However, the precise molecular 
mechanism by which the changes in synthase protein are 
regulated is not yet known. 

In order to gain a better understanding of the structure and 
function of this multifunctional protein and its regulation, it 
is necessary to isolate and characterize its cDNA and genomic 
clones. However, the large size of the animal fatty acid 
synthase mRNA made it difficult to isolate such clones. The 

Abbreviations: FAS, fatty acid synthase; bp, base pair(s); kb, kilo- 
base(s): kbp, kilobase pair(s); SDS, sodium dodecyl sulfate; TEl and 
TE2, oligonucleotide probes: TE, thioesterase. 
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synthase mRNAs of goose uropygial gland and liver (Zehner 
et al., 1980; Morris et al., 1982; Back et al., 1986) and lac- 
tating rat mammary gland (Mattick et al., 1981) are estimated 
to be about 10-16 kb, which is about twice the number of 
nucleotides required for the 2300 amino acids needed for the 
subunit protein synthesis. The excess nucleotides present in 
the mRNA would have to be distributed between the 5’ and 
3’ untranslated regions of the molecule. In 1982 Goodridge 
and his colleagues isolated a cDNA clone, pGFAS3, for goose 
uropygial gland fatty acid synthase mRNA (Morris et al., 
1982). This clone contains a DNA insert of 1.7 kbp. However, 
this insert coded only for the 3’ untranslated region of the 
synthase mRNA. In order to obtain clones that code for the 
synthase protein, we had to isolate the thioesterase component 
of the chicken liver fatty acid synthase, determine its amino 
acid sequence, and use those sequences for the synthesis of 
oligonucleotide probes to screen genomic and cDNA libraries. 
The present paper reports the isolation and characterization 
of such clones and the verification of the amino acid sequence 
of the thioesterase (Yang et al., 1988). 

MATERIALS AND METHODS 
Materials. Restriction enzymes were purchased from New 

England Biolabs, Bethesda Research Laboratories, or Boeh- 
ringer Mannheim and were used according to each manu- 
facturer’s recommendations. [ Y - ~ ~ P I A T P  and [ c Y - ~ ~ P I ~ N T P s  
(<3000 Ci/mmol specific activity) were obtained from Am- 
ersham Corp. SI nuclease was purchased from Boehringer 
Mannheim, and DNA polymerase 1, the large-fragment type, 
was purchased from New England Biolabs. Bacterial alkaline 
phosphatase and T4 polynucleotide kinase were obtained from 
Bethesda Research Laboratories. All of the other chemicals 
used were of the highest degree of purity available. 

Screening of X Plaques for  Chicken Fatty Acid Synthase 
Sequences. The 700-bp PuuII/PuuII fragment of the goose 
pGFAS3 cDNA clone was subcloned into the pUC18 vector 
and used for screening a chicken genomic library, which was 
constructed in A1059 and provided by Dr. M. Tsai, Depart- 
ment of Cell Biology, Baylor College of Medicine. About 
30 000 pfu was screened for chicken FAS gene sequences with 
the nick-translated 700-bp PuuII/PuuII fragment of goose 
pGFAS3 cDNA as a hybridization probe. Plaques were 
transferred to nitrocellulose filters. The DNA was denatured 
and fixed onto nitrocellulose filters according to the procedure 
of Benton and Davis (1977). The filters were prehybridized 
overnight at 65 OC in 6X SSC, 50 mM Tris, pH 7.5, 1 mM 
EDTA, and 4X Denhardt’s solution. Hybridization was 
carried out by incubating the filters overnight in a solution 
containing 0.5 X lo6 cpm/mL 32P-labeled probe, 3X SSC, 25 
mM Tris, pH 7.5, 0.5 mM EDTA, and 2X Denhardt’s solu- 
tion. The filters were washed two times each in 3X SSC and 
0.2% SDS at 65 OC, in 1.5X SSC and 0.2% SDS at 65 ‘C, 
and in 2X SSC at room temperature. Each wash was for 15 
min. The positive clones were identified by autoradiography. 

Miscellaneous Procedures. The large-scale preparation of 
the X genomic clone, XCFAS DNA, was carried out according 
to the methods described by Maniatis et al. (1982). The DNA 
fragments of the XCFAS clone were subcloned into plasmid 
pUCl8. The large-scale plasmid DNA preparations were 
made from the subclones by an alkaline lysis method (Birn- 
boim & Doly, 1979) followed by two rounds of ethidium 
bromide/cesium chloride equilibrium centrifugation. 

Southern Blotting and Hybridization. DNA fragments in 
agarose gel were transferred onto a nitrocellulose filter by the 
method of Southern (1975). Prehybridization, hybridization, 
and washing conditions were similar to those that were de- 

scribed for the in situ plaque hybridization when the 32P-la- 
beled 700-bp PuuII/PuuII fragment was used as a hybrid- 
ization probe. When 5’ end-labeled oligonucleotide probes 
were used for Southern hybridization, the blots were prehy- 
bridized and hybridized as described by Reilly et al. (1982). 
Prehybridization was carried out overnight at 30 ‘C in 6X 
SSC containing 5X Denhardt’s. Hybridization was carried 
out at 30 OC in 6X SET containing 5X Denhardt’s and 0.5 
X lo6 cpm/mL 5’ end-labeled oligonucleotide probes. The 
blots were washed five times for 30 min each at 30 OC and 
three times for 10 min each at 37 OC. Autoradiography was 
established with a Du Pont Corenex intensifying screen at -70 
OC. 

R N A  Isolation. White Leghorn chickens, obtained from 
a local supplier, were starved for 3 days and fed for 2 days 
with a low-fat, high-carbohydrate diet. The livers were excised 
and immediately processed for total RNA isolation by a 
guanidine hydrochloride extraction method (Adams et al., 
1977; Deeley et al., 1977). Poly(A+)-containing RNA was 
prepared from the total RNA by chromatography on oligo- 
(dT)-cellulose (type T3, Collaborative Research) according 
to the method of Aviv and Leder (1972). 

Isolation of cDNA Clones. The plasmid pCFAS36 obtained 
from XCFAS was used as a primer to synthesize a cDNA bank 
according to the method of Gubler and Hoffman (1983). The 
detailed protocol for the plasmid-based primer extension 
method will be described elsewhere. About 600 plasmid- 
containing colonies were screened with a BglII fragment 
containing the n - 1 exon of the genomic clone XCFAS as a 
probe according to the method of Grunstein and Hogness 
(1975). Among several clones that hybridized with the probe, 
pCFAS5 was found to be the longest clone. 

DNA Sequencing. Subcloned DNA fragments were first 
sequenced and then joined together by sequencing overlapping 
fragments. The DNA fragments were dephosphorylated by 
bacterial alkaline phosphatase, and their 5’ ends were labeled 
with radioactive phosphate by use of [ Y - ~ ~ P I A T P  and T4 
polynucleotide kinase (Maxam & Gilbert, 1980). The labeled 
DNA fragments were digested with appropriate restriction 
endonucleases and analyzed on 4% or 5% polyacrylamide gels. 
The desired fragments were isolated and subjected to the 
sequencing reactions of Maxam and Gilbert (1 980) according 
to modifications described by Chirala and Wakil (1986). 
About 90% of the DNA sequence was determined on both 
strands. When the nucleotide sequences were obtained in only 
one direction, the sequence was confirmed by sequencing more 
than once. Routinely, 200-250 bp of a sequence could be read 
correctly. By running xylene cyano1 twice to the bottoni on 
a 6% acrylamide urea gel, we occasionally could read 300-400 
bp on some fragments, especially those generated by using the 
most commonly used restriction enzymes, such as EcoRI. 

S ,  Nuclease Mapping. The procedure of Berk and Sharp 
(1977) was used for mapping the 3’ end of the XCFAS clone. 
The DNA fragments were labeled at the 3’ end with the 
Klenow fragment of DNA polymerase I and cut with an ap- 
propriate restriction enzyme. Required fragments were iso- 
lated from polyacrylamide gels and used for S ,  nuclease 
mapping. 

RESULTS 
Isolation and Characterization of Chicken FAS Genomic 

Clone. A goose FAS cDNA clone, pGFAS3, has been isolated 
by Morris et al. (1982) with the procedure of differential 
hybridization and hybrid-selected translation. We have se- 
quenced this clone completely. Although the sequence is not 
confirmed (the sequences were carried out only in one direc- 
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mURe I: Southem blot analysis of chicken ACFM clone. Phage DNA containing the chicken FAS gene xquenes was digested with restriction 
enzymes. The DNA fragments were subjected to electrophoresis on a 0.86 agarose gel and transferred to a nitrocellulose filter by the standard 
Southern blotting technique (Southern, 1975). Prehybridiration/hybridization and washing procedures were carried out as dcseribed under 
Materials and Methods. A Hindlll fragments were used as markers. Blots A and B contain the EcoRI/Hindlll fragments of the ACFAS 
clone and were probed with oligonuclmtide probes TEI and TEZ. respectively. Blot C contains the BamHI. BamHI/EcoRI. EmRI, EcoRI/Hindlll. 
Hindlll. h u l l .  hull/EcoRI, Xbal, and Xbal/€coRI fragments of the ACFAS clone in lanes 1-9. respectively, and was probed with TEI. 
Blot D contains the BamHI. BamHI/EcoRI. BamHI/Xbal, BamHl/Hindlll, EcoRI, Xbal, Xbal/Hindlll, Xbal/EcoRI. Hindlll/EcoRI. 
and Hindlll fragments, in lanes 1-10, respectively, and was p r o w  with the gmse FAS cDNA fragment. 

tion; unpublished data), it clearly suggests to us that this 
cDNA does not code for a protein, but more likely, it codes 
for an untranslated region of synthase mRNA. Near its 3' 
end the cDNA has "CCTITCTT" sequences which were 
found to be moderately repeated in the chicken genome (Fish 
et al., 1985). Moreover, this cDNA clone was prepared ac- 
cording to G-C tailing protocols which resulted in the presena 
of stretches of G "and" C at the ends. In order to prevent 
nonspecific hybridization signals, a central PVuII fragment 
(700 bp) devoid of these sequences was isolated and subcloned 
into pUC18. This fragment was then isolated from pUC18, 
nick translated, and used as a probe to screen a chicken ge- 
nomic library which was constructed in the XI059 vector. 
Since we were not certain about the extent of homology be- 
tween untranslated regions for goose and chicken, we used 
moderately stringent conditions for washing the filters after 
hybridization (see Materials and Methods). About 30000 pfu 
was screcned. A positive clone containing a 13.5-kbp insert 
was isolated and designated as XCFAS. 

The DNA of XCFAS was cleaved with restriction endo- 
nucleases and subjected to Southern hybridization analyses 
using oligonucleotide probes synthesized according to known 
amino acid sequences of the thioesterase domain of the fatty 
acid synthase (Yang et al., 1988). Two such probes were 
prepared. The first, TEI,  represented amino acid sequence 
-His-Asn-Glu-Tyr-Glu-Glu-Gly- (residues 244-250 inclusive) 
of a peptide region near the COOH terminus. A second probe, 
TE2, represented amino acid sequence -AspCys-Met-Lys- 
Gln-Ile (residues 84-89 inclusive) of a peptide near the active 
serine site of the thioesterase (Yang et al., 1988). Probe TEI 
hybridized strongly to a 2.7-kbp EcoRI fragment as shown 

H 1 kb 

nGuRe 2 Restriction endonuclease mapping of the chicken ACFAS 
clone. The solid box reprsenls the region that hybridized to the TEI 
probe. The hatched box is the portion that hybridized to the goose 
FAS cDNA probe. 

in Figure I ,  blot A, while probe TE2 did not hybridize to any 
of the fragments (Figure I ,  blot B), suggesting that the clone 
XCFAS has DNA segments that code for only a portion of 
the thioesterase domain. In order to map further the thio- 
esterase d i n g  segment of the XCFAS clone, digestions with 
seveal restriction endonucleases were carried out, and the 
fragments were probed with TEI oligonucleotides. The results 
of these analyses are shown in Figure IC. Similar blots were 
also probed with the '*P-labeled 700-bp h u l l  goose pGFAS3 
cDNA probe (Figure ID). On the basis of these results, a 
restriction map for the chicken XCFAS DNA was constructed, 
and regions hybridizing with pGFAS3 and TEI were iden- 
tified. As shown in Figure 2. the XCFAS clone contains an 
insert of about 13.5 kbp. Chicken FAS gene sequences were 
located within 4.9 kbp from one end of the DNA fragment. 
The region hybridizing to the goose cDNA probe was located 
within 2.1 kbp of the EcoRI/HindIII fragment. The region 
spanning the 2.7-kbp EcoRI/EcoRI fragment contained the 
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FIGURE 3: Restriction mapping and the sequencing strategy for the chicken XCFAS clone. The top line (A) shows the FAS gene segment 
of the chicken XCFAS clone. It is divided into two fragments and subcloned to obtain pCFAS26 and pCFAS36, lines B and C, respectively. 
The restriction sites shown were those used for the DNA sequence determination. Overlapping sequences were obtained by sequencing relevant 
fragments. The arrows indicate the direction and extent of sequencing. The heavy arrows in the pCFAS36 fragment show the fragments 
used in the 3’ SI nuclease mapping. The solid boxes represent the exons. The hatched box represents the region of homology to the goose 
cDNA clone, pGFAS3. 

sequences that hybridized to the TE1 probe (Figure 2). These 
fragments (2.1 and 2.7 kbp) were isolated and subcloned into 
pUCl8. Subclones pCFAS26 and pCFAS36 containing the 
2.7-kbp EcoRIIEcoRI fragment and the 2.1-kbp EcoRI/ 
Hind111 fragment, respectively, were used for sequence 
analysis. 

Sequence Analysis of XCFAS. In order to determine the 
region and extent of coding sequences of thioesterase that the 
XCFAS clone contains, subclones pCFAS26 and pCFAS36 
were completely sequenced. The restriction map and se- 
quencing strategy are shown in Figure 3. The region of the 
XCFAS clone connecting these two subcloned fragments was 
also sequenced. All sequences were confirmed as described 
under Materials and Methods. The thioesterase coding se- 
quences were distributed in three exons interrupted by the 
introns as shown in Figures 3 and 4. The presence of the exons 
was deduced from the known amino acid sequence of thio- 
esterase (Yang et al., 1988). The exon sequences in the ge- 
nomic clone pCFAS26 are indicated by the protein sequences 
below the nucleotide sequences of Figure 5. The conserved 
consensus splice junction sequences are indicated by boldfaced 
letters as shown in Figure 5. Since the thioesterase domain 
constitutes the COOH-terminal region of the chicken liver 
fatty acid synthase (Mattick et al., 1983a,b), these exons are 
numbered n - 2, n - 1, and n, where the exon n was considered 
to be the last exon in the genome of the chicken fatty acid 
synthase. The translational reading frame of the exon n ends 
in an ochre codon, and the sequence beyond this until the 
putative poly(A+) addition sequence (see below) is considered 
to be the untranslated region present on the 3’ side of chicken 
poly(A+) mRNA. 

-+ + s+ tt4x* l-pCFAS36 -1 
+ cDNA 

1- pCFAS5 -1 
H 

0.2 kb 

FIGURE 4: Restriction mapping and the sequence strategy of the cDNA 
clone. The top line (A) shows the region of genomic clone coding 
for fatty acid synthase mRNA, showing relevant restriction sites at 
the 3’ end and exons n and n - 1 for comparison with the cDNA clone. 
The DNA insert of pCFAS36 (see Figure 3C) was cut at the EcoRI 
site and used as a primer for cDNA extension and cloning. Line B 
shows the cDNA extension in the pCFAS5 clone and the sequencing 
strategy used. 

Isolation and Characterization of a cDNA Clone Coding 
for the Thioesterase Domain of Chicken Fatty Acid Synthase. 
We have isolated a cDNA clone using the n - 1 exon as a 
probe (see Materials and Methods). Among the various 
cDNA clones isolated, pCFAS5 was found to contain the 
longest DNA insert. Restriction analyses and sequence de- 
termination of pCFAS5 revealed that the region between the 
NcoI site in the nth exon and the downstream EcoRI site of 
pCFAS36 was totally retained (Figure 4). This segment 
(NcoI-EcoRI) of the DNA was sequenced in order to ensure 
the identity of this untranslated region of pCFAS5 with that 
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1 CTG AAG CCA TCA CAA GTG TTG AAG ACA GGC CCA GGT GAG CCT CCA AAA CTG GAT TTG AAC AAC TTG CTG GTG AAT CCA GAA 
1 Leu Lys Pro Ser Gln Val Leu Lys Thr Gly Pro Gly Glu Pro Pro Lys Leu Asp Leu Asn Asn Leu Leu Val Asn Pro Glu 

- Ala Ala Pro Lys Ser Lys Asn Asp Thr Ser Leu Lys Gln Ala Gln - Asn - Ser Ile - - - - - - 
8 2  GGA CCA ACG ATT ACC CGT CTC AAT GAA GTT CAG AGC ACA GAA CGC CCT CTT TTC CTT GTT CAC CCC ATT GAG GGA TCC ATT 
28 Gly Pro Thr Ile Thr Arg Leu Asn Glu Val Gln Ser Thr Glu Arg Pro Leu Phe Leu Val H i s  Pro Ile Glu Gly Ser Ile - - - Leu - - - - Ser - - - Ser - - - - - - - - - - - - - - 

163 GCA GTC TTC TAT ACT CTT GCC TCC AAA CTT CAT ATG CCC TGC TAT GGA CTC CAG TGC ACA M A  GCT GCT CCC TTG GAC AGC 
55 Ala Val Phe Tyr The Leu Ala Ser Lys Leu H i s  Met Pro Cys Tyr Gly Leu Gln Cys Thr Lys Ala Ala Pro Leu Asp Ser 

T h r -  - H i s s e r -  - A l a -  - S e r v a l - T h r -  - - - - - G l n -  - - - - - 
TE 2 

244 ATA CAG AGC CTG GCA TCC TAT TAT ATT GAC TGT ATG AAG CAG ATA CAG CCT GAA GGA CCT TAT CGC ATT GCT GGA TAC TCT 
82 Ile Gln Ser Leu Ala Ser Tyr Tyr Ile Asp Cys Met Lys Gln Ile Gln Pro Glu Gly Pro Tyr Arg Ile Ala Gly Tyr Ser - Pro Asn - - Ala - - - - - Ile - - Val - - - - - - - Val - - - - 

325 TTT GGT GCC TGC GTA GCC TTT GAA ATG TGC TCC CAG CTG CAA GCA CAA CAA AAT GCT TCC CAT GCA CTC AAC AGT TTA TTC 
109 Phe Gly Ala Cys Val Ala Phe Glu Met Cys Ser Gln Leu Gln Ala Gln Gln Asn Ala Ser H i s  Ala Leu Asn Ser Leu Phe 

- Gly Pro Ala Pro - H i s  - Asn - - _ - - _ _ _ _ _ - - - _ - - - -  
Intron (0-2) 406 CTC TTT GAT GGG TCT CAT TCC TTT GTG GCA GCA TAC ACT Chc 

136 Leu Phe Asp Gly Ser H i s  Ser Phe Val Ala Ala Tyr Thr Gln 
- Thr Tyr - Leu - - - - _ _ _ - -  

CTTTTCTCTTTTTCAG AGC TAC AGA GCA AAG CTG ACT CAA GGA AAT GAG GCT GCA 
Ser Tyr Arg Ala Lys Leu Thr Gln Gly Asn Glu Ala Ala - - Pro - Cys - - Glu - - - - -  

CTTTTCTCTTTTTCAG AGC TAC AGA GCA AAG CTG ACT CAA GGA AAT GAG GCT GCA 
Ser Tyr Arg Ala Lys Leu Thr Gln Gly Asn Glu Ala Ala - - Pro - Cys - - Glu - - - - -  

487 TTG GAG ACA GAA GCA CTG TGT GCC TTT GTT CAG CAG TTT ACA GGC ATT GAA TAC AAT AG GIAATTCTTATATTGCA 
163 Leu Glu Thr Glu Ala Leu Cys Ala Phe Val Gln Gln Phe Thr Gly Ile Glu Tyr Asn Lys 

Ala - Ala - - Ile - Phe - Ile Lys - - Val Asp Ala - H i s  Ser - 
Intron (n-1) TTTGTCTTAACATTTCCAG TTG TTG GAG ATT CTT CTG CCC 
( 115 bp ) Leu Leu Glu Ile Leu Leu Pro 

Val - - Ala - - - 
568  TTG GAA GAT CTG GAG GCT CGT GTC AAT GCT GCT GCA GAC CTT ATA ACT CAG ATT CAT AAA AAC ATC AAC CGT GAA GCA CTC 
190 Leu Glu Asp Leu Glu Ala Arg Val Asn Ala Ala Ala Asp Leu Ile Thr Gln Ile H i s  Lys Asn Ile Asn Arg Glu Ala Leu 

- Lys Ser - - Asp - - Ala - - Val - - - - Arg Ser - Gln Ser Leu Asp - Arg Asp - 
649 AGC TTT GCT GCT GCT TCC TTT TAC CAT AAG CTG AAG GCT GCT GAC AAG TAT ATA CCA GAA TCC AAG TAT CAT GGG AAC GTG 
217 Ser Phe Ala Ala Ala Ser Phe Tyr H i s  Lys Leu Lys Ala Ala Asp Lys Tyr Ile Pro Glu Ser Lys Tyr H i s  Gly Asn Val 

- - -  - V a l -  - - T y r -  - A r g -  - - G l n - L y s - L y s A l a -  - - - - - 
TE 1 

730 ACA CTG ATG CGG GCA AAG ACT CAC AAT GAG TAT GAA GAA GGT CTG GGT GGA GAC TAC AGA CTC TCA GAG GTCAGAGTGAGATCTG 
244 Thr Leu Met Arg Ala Lys Thr H i s  Asn Glu Tyr Glu Glu Gly Leu Gly Gly Asp Tyr Arg Leu Ser Glu 

Ile - Leu - - - - Gly Gly Thr - Gly - Asp - - Ala - - Asn - - Gln 

Intron (n) TCTGTGTCTGTGCAG GTA TGC GAT GGA 
( 1234 bp ) Val Cys Asp Gly 

811  AAA GTA TCA GTC CAC ATC ATT GAA GGA GAT CAC CGC ACC TTA TTG GAG GGA GAT GGT GTT GAA TCA ATC ATT GGG ATT ATC 
271 Lys Val Ser Val H i s  Ile Ile Glu Gly Asp H i s  Arg Thr Leu Leu Glu Gly Asp Gly Val Glu Ser Ile Ile Gly Ile Ile 

- Arg - Leu - - - - Asn - - - - - - - - - - - - - - - - - -  
892 CAT GGC TCA CTG GCA GAG CCA CGT GTC AGT GTC AGA GAA GGT TAA CTTCT GCTCACTTAC TGTCAGTGGT GAAGAAAATG CCAACAACAT 
298 H i s  Gly Ser Leu Ala Glu Pro Arg Val Ser Val Arg Glu Gly - Ser - - - - - - - - - - - - 
982 

1082 
I182  
I282  
1382 
1482 
1582 
1682 
1782 
1882 
1982 
2082 
2182 
2282 
2382 
2482 
2582 
2682 
2782 
2882 
2982 
3082 
3182 
3282 

TCCTAGTTAT 
TTGTTTCCTC 
GTGTTACTGC 
AGTAGACTTC 
CAGCTGATTT 
TGATATAGTC 
TAGGTTTATT 
GTTTCGTTTT 

GACAGACCCC 
TCTCACTCAG 
GGTGCTGTGA 
TCGTGCTCTA 
CGGAGATACC 
TAAGTATTTA 
CTTACAAGGG 
TTGTTGTTTG 

CATACATGCA 

CCCTAGTGAA 
TCTGTGGAGA 
AGAATAAGTT 
TTTTTGTCTC 
TTGGAGTCTG 
GACATGCATA 
TTCCCCATCT 
GGTCAGGCGT 
TAACAGGGGA 

AAGGAACTCT 
TCATCTTTCC 
CTGTCACTGT 
TATTGTTTTG 
TGTTGTCTGT 
TTGTGTCAAA 
GAGGTTGCCC 
TTTTTTGTGG 
AGGGTCCTTG 
GATACAAGCA 
ATTGCTTCAC 
CCTCCTACCC 
TTGAGTATGC 
AGGAAACTTG 
AGGAGACCTG 
GCATCCTGTG 
GTGGCTGGGT 
TTGTTTTTTA 
ATTCTCTACT 
TAGAAATAAC 
CCCAAAAGAT 
GTAAAATGGG 
MGGAGGCAG 
CTTCATTGCA 

TCCTGTTGAA 
TAACTTTCAT 
GCACTGCTGT 
TCTTAACAGT 
GAAGAATCTG 
TCAGAGACTT 
AT T T G T T AAA 
CGTTTTGTTA 
CCATCACCCA 
GGCAGAGCTG 
CTTTGTTCCT 
TTGCTCTCCC 
ATTTTCCTCT 
CATGGGGTTC 
AATAGCAATG 
AGTTCAGGAG 
TAACTGGTTT 
CTTTTTTTTT 
ATTACCTTCT 
ATTAAGAMG 
TGAAGTGGAA 
ACTAATAGCA 
GCAGTGTGTG 
TCTACTGTGC 

CAACATCTCA 
GTGTTCTCTC 
GGGGGTTCCC 
ATTCCAAAGG 
TCTGTAGTGA 
CTTGCTTGGT 
CCAAAGTGCA 
ATTTTGATTA 
CCCTTGTGGG 
TCCCTAGGTA 
TCCCACCTCC 
ATAACCAAAG 
GGCAGTGAGA 
AATTTAAAAA 
AAGTACCAAC 
CATTCCAGTG 
TAGTTTTATA 
TTTTTAATCT 
TAATCCTCM 
AAGAACTGAG 
ACTCTGMAA 
TCTACCTCAA 
CAGGGAGGTG 
GCTATCCGTG 

TCTGCTCTGC 
TCTCCTCTTC 
CGGCGATGGT 
GTAAGTGATA 
GGTCAGAAAG 
TTTAATTTAT 
TCTATGGAAC 
GTGATTTTTC 
GAGAGAGGCG 
TGTACTTAGT 
AGTTGCTCCA 
TTCATGCAAA 
CTGGAGATCC 
TGACTGACTT 
CAGGAGGCAT 
AGAGGAACAG 
AAGTATTTCT 
GAAGAGTGTC 
GTTTCATTTG 
ATAATCCTCG 
ATTCTGATTC 
GGTCGTTGAG 
CCTTACAGCT 
CACATCCTAG 

TGCCAGAGCT 
CCTTCCTATG 
GGCTTCCTAC 
GCACTTGTTG 
AGAATTCCAT 
CGTGGGTATC 

TGGCTCCACT 
AGTGCTAAGC 
GCAAAGAATG 
CATATGACAC 

GGGAAGGCCA 
CTTTGTCTAT 
AGCTTTGGCA 
ACCAAGCCCA 
TGAGGCTTTT 
A G W G G A A  

GCTGAACTTG 
TTTCCCCACT 
GTATGMAAA 
GTGAGCAGAG 
GTAACTATAT 
ACATCCGTTT 
TAAGTTGATT 
cccccccccc 
TCAACAGATG 
GTGCTTTGCA 
GTCAGGGGGA 
ACCCCAGTGT 
AAGTTTGATG 
TTTCCAAAAT 
CTGTAAACCC 
CTGACCTAGC 
AACAACATAA 
AGAATTAAAC 

ATTTTATGTA 
GCATGATTTT 

CACATTAMT AMCAACCAG G G A C E  

3382 ~ r r m ~ m  ~"TITTC TTCXTTTTTT TTTTTTTGTT CTGTTTACCT TCTTGTTTAC TACTGGCAGC TGTAGTGAGC CCGAAAAGAG GGAAAGAATC 

FIGURE 5 :  Nucleotide and amino acid sequences of the thioesterase domain of chicken Liver fatty acid synthase. The upper numbers refer 
to the nucleotide sequence but do not include the short stretches of the intron sequences shown. The nucleotide sequence from 1 to 447 was 
derived entirely from cDNA clones, while the remaining sequence was obtained from both the genomic and cDNA clones. Intron n, intron 
n - 1, and the partial n - 2 intron (296 bp) were completely sequenced. The length of intron n - 2 is not yet known. The lower numbers refer 
to the deduced amino acid sequence. The third line represents the amino acid sequence of the thioesterase domain of rat mammary gland 
fatty acid synthase (Naggert et al., 1988) and is shown for comparison. The sequences that are identical are indicated by a dash. The active 
serine is identified by an asterisk (*). TEl  and TE2 are the two oligonucleotide probes used. The boldfaced nucleotide sequences are intron/exon 
junction sequences, and the putative polyadenylation signal. The putative polyadenylation site of synthase mRNA is underlined. 

3482 CTCTCTGCCT TGGTTGTACT GAACAGCCAG MGGAAAAAG AGTGCTTMA GCTT 
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found in the genomic DNA (XCFAS). Once the identity was 
established. the cDNA was completely sequenced. The com- 
bined sequence of the cDNA and the genomic DNA clones 
is presented in Figure 5 along with the deduced amino acid 
sequence. The nucleotide and the deduced amino acid se- 
quences agreed completely with the sequences of the exon 
regions of the XCFAS genomic clone. Exons n - 2, n - I ,  and 
n provided the sequences for amino acid residues 150-182. 
183-286, and 267-31 I ,  respectively. while the cDNA clone 
provided the remaining sequences (Figure 5 ) .  The deduced 
amino acid sequence starting from Lys at residue number 
eight, as shown in Figure 5, matched perfectly with the amino 
acid sequence of the thioesterase domain (Yang et al., 1988). 

Deferminulion of 3'End of Chicken FAS mRNA. In order 
to determine the length of the 3' untranslated region of chicken 
FAS poly(A+) mRNA. SI nuclease mapping was performed 
with various fragments from both XCFAS and the subclones 
pCFAS26 and pCFAS36. Preliminary St mapping indicated 
that the region between the exon n and the second EcoRl site 
(see Figures 2 and 3) and most of the EcoRI/HindIII 2.1-kbp 
fragment is protected by the chicken mRNA from SI nuclease 
digestion (data now shown). Thus the 3'end of FAS mRNA 
appeared to be close to the Hind111 site within a EcoRI/ 
Hind111 (2.1 kbp) fragment. 

Finer mapping of the 3' end of FAS mRNA was achieved 
by utilizing the 3' end labeled 540-bp Kpnl/HindIII and 
156-bp NsiI/huII fragments (Figure 6). Gel electrophoresis 
of S, nuclease resistant products revealed the presence of 
protected fragments of approximately 400 and 86-1 I5 bases 
long as shown in panels A and B of Figure 6, respectively. 
Approximate locations of the putative 3' end of chicken FAS 
poly(A+) mRNA are indicated in the sequence shown in 
Figure 5. This prediction was based on the size estimates of 
the truncation products with +XI74 Hue111 markers, as well 
as identification of the region by running sequencing reactions 
on the shorter template (Nsil-hull) as shown in Figure 68. 
The mRNA and DNA hybridizations were carried out at 
varying temperatures ranging from 37 to 55 "C, and there was 
no change in the pattern. 

DISCUSSION 
We have isolated and characterized a genomic clone, 

XCFAS, that contains the sequences coding for a portion of 
the thioesterase domain and the entire 3' untranslated region 
of the chicken fatty acid synthase gene. The XCFAS clone 
has an insert of about 13.5 kbp. Restriction mapping and 
Southern hybridization analyses revealed that the insert con- 
tained both coding and noncoding regions of the chicken FAS 
gene. This DNA fragment contains 4736 bp and is located 
between the EcoRl and Hind111 restriction sites of the map 
shown in Figure 2. The complete nucleotide sequence of this 
region was determined (Figure 5) .  The results showed that 
486 bp of this sequence code for 162 amino acid residues from 
the COOH terminus of the thioesterase domain of the fatty 
acid synthase as determined by amino acid sequence analyses 
(Yang et al.. 1988). This sequence is distributed in three exons, 
n - 2, n - I, and n. containing 99.252, and 135 bp, respectively. 

The synthetic oligonucleotide TEI,  which was prepared 
according to the amino acid sequences near the COOH ter- 
minus of the thioesterase (Yang et al.. 1988). hybridized to 
then - 1 exon (Figure 5).  However, the oligonucleotide TE2, 
which was prepared according to the amino acid sequences 
near the active serine of the thioesterase, did not hybridize to 
the XCFAS alone, indicating that this region of the thirsterase 
molecule was upstream of the n - 2 intron. Moreover, the size 
of intron n - 2 is not known, and the genomic clone XCFAS 
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FIGURE 6 SI endonuclease mapping of the 3' end of chicken FAS 
mRNA. In panel A, the KpnllHindl l l  fragment (540 bp) of pCF- 
AS36, labeled at the Kpnl site. was hybridized with chicken poly(A+) 
RNA at 45 and 55 OC and then incubated with loo0 units of SI 
nuclease at mom temperature for 30 min. The amount of poly(A+) 
RNA or tRNA used was 25 rrg for each reaction. The protected 
fragments were analyzed on 4% polyacrylamide-urea gels. Lane I. 
the 540-bp Kpnl/Hindl l l  fragment; lanes 2 and 4, the SI-resistant 
fragments after hybridizing with chicken poly(A+) RNA at 45 and 
55 O C ,  respectively; lanes 3 and 5. the Sl-resistant fragments after 
hybridizing with tRNA at 45 and 55 "C, respectively. In panel B, 
the 156-bp Nsil /Puull  fragment labeled at the Nsil site was used 
in SI nuclease analysis. The protected fragments were subjected to 
8% polyacrylamide-urea gel electrophoresis. Lanes I and 18. the 
Hoell l  fragments of 9x174 marker DNA; lanes 2 and 15, the 
Nsil /Puull  fragment, without hybridization or SI treatment; lanes 
3,5, and 7. the fragments hybridized with poly(A+) RNA at 37.45, 
and 55 O C ,  respectively, and treated with SI nuclease at room tem- 
perature: lanes 4.6. and 8. the fragments hybridized to tRNA at 37. 
45, and 55 "C. respectively. and treated with SI nuclease at room 
temperature; lanes 9-1 2, G. A. C, and T quenc ing  reactions of the 
3'end-labeled Nsil/Puull fragment: lanes I3 and 14, the fragments 
hybridized with poly(A+) RNA and tRNA, respectively. at 45 O C  

and treated with SI nuclease at 0 O C ;  lanes 16 and 17. the fragments 
hybridized with poly(A+) RNA and tRNA, respectively. at 45 O C  

and treated with SI nuclease at room temperature. 

ends somewhere within this intron. The existence of intron 
n - 2 was confirmed when the cDNA was sequenced. As 
shown in Figure 5, the intron-exon junction sequences at  the 
3' end of this intron as well as the 3' end of the n - 2 exon, 
conforming to the consensus splice junction sequences as 
predicted by Sharp (1981). 

From the amino acid sequence studies the COOH-terminal 
residue was reported to be serine (Yang et al.. 1988). How- 
ever, the amino acid sequences of the COOH-terminal end of 
the thioesterase deduced from nucleotide sequences of the 
coding region of the XCFAS clone gave glycine as the COOH 
terminal or four amino acid residues longer than the reported 
serine. The cDNA sequence shown in Figure 5 confirms that 
the nth exon is the last exon. The additional four amino acids 
which are also present in the cDNA sequence at  the COOH- 
terminal end of the thioesterase are also the COOH-terminal 
end of the chicken fatty acid synthase. The loss of these four 
amino acids in the purified thioesterase fragment prepared 
from chicken fatty acid synthase by chymotryptic digest 
(Mattick et al., 1983a.b) may be due to proteolysis of this 
tetrapeptide during the preparation of the synthase itself or 
its cleavage to yield the thioesterase domain. These results 
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are consistent with the earlier observations that serine and/or 
glycine are probable residues at the COOH terminus of fatty 
acid synthase (Mattick et al., 1983a,b). 

The nucleotide sequences following the translation termi- 
nation codon to the polyadenylation site account for 2422 bp. 
This DNA segment codes for the untranslated region of 
chicken FAS mRNA (Figure 5) .  Goose pGFAS3 cDNA 
hybridizes to this DNA segment, and when the nucleotide 
sequences of the two DNA segments are compared, there is 
about 90% homology. This homologous region is located 
between the EcoRI and DdeI restriction sites (Figure 3) and 
includes nucleotides 1444-291 1 (Figure 5). This high level 
of homology between these two DNA sequences is not sur- 
prising because of the relatedness of the two avian species. 
Since the goose pGFAS3 cDNA codes for FAS mRNA and 
does not contain sequences that code for fatty acid synthase 
(Morris et al., 1982), it is obvious that this region belongs to 
the untranslated portion of the chicken FAS gene. Nucleotide 
sequences upstream and downstream to the goose FAS hom- 
ology region account for 510 and 448 bp, respectively. Both 
of these regions are part of the untranslated DNA segment 
of the chicken FAS gene as evidenced by cDNA nucleotide 
sequence analyses and SI nuclease mapping. 

The complete sequence of goose pGFAS3 cDNA up to the 
polyadenylation signal sequence is found in the chicken ge- 
nomic clone with the exception of the CCTTTCTT repeat. In 
the chicken DNA the corresponding region (2700-2759 bp) 
is short and rich in “T’s” (Figure 4). Such pyrimidine-rich 
sequences were found earlier in both avian and mammalian 
genomic DNA (Birnbaum et al., 1979; Fisch et al., 1985), and 
so far, their importance is not apparent. 

In the XCFAS clone the AAGAAA sequence is found at 
the site corresponding to polyadenylation signal sequence 
AATAAA of the goose pGFAS3 cDNA clone. This AA- 
GAAA sequence does not appear to be involved in the 3’ end 
cleavage/polyadenylation of chicken FAS mRNA. It is re- 
ported that AAGAAA signals are deleterious and result in the 
generation of reduced levels of 3’ end formation (Birnstiel et 
al., 1985). However, the consensus polyadenylation signal 
sequence AATAAA is found starting at 3360 bp, which is 
within 12 bases from the putative polyadenylation site(s) 
determined by SI nuclease mapping (Figure 6). Downstream 
of the consensus polyadenylation signal sequence AATAAA, 
the 3’ end formation signal sequences “CA and G/T cluster” 
starting at 3377 bp (Lai et al., 1979; McLauchlan et al., 1985) 
are also found (Figure 5). 

Back et al. (1986) have found that chicken liver contains 
two mRNAs for fatty acid synthase, using goose cDNA as 
a probe. Our SI mapping studies have indicated that chicken 
FAS mRNA is a single species, a conclusion that is further 
supported by the presence of only one potential poly(A+) 
addition signal sequence. However, the reason for the dif- 
ferences is not apparent at this time. 

Recently, Naggert et al. (1988) reported the nucleotide 
sequence of a cDNA clone containing the coding sequence of 
the thioesterase as well as the 3’ noncoding region of the 
mRNA of rat mammary gland fatty acid synthase. Com- 
parison of the amino acid sequences of the thioesterases of the 
two species is shown in Figure 5. In the protein coding region 
of these cDNAs, there are 326-bp differences out of 933 bp 
of the nucleotide sequence. This represents a homology of 
65%. The amino acid sequences of both chicken and rat 
thioesterase domains differ at 94 positions corresponding to 
a linear homology of about 70% (Figure 5).  Closer exami- 
nation of the sequences of the two thioesterases shows that 15 

K A S T U R I  E T  A L .  

of the first 16 amino acids at the NH2 terminus are different 
and may represent the peptide linking the thioesterases to their 
corresponding acyl carrier protein (ACP) domains (unpub- 
lished data). The amino acid sequences in this region may 
not be critical as long as the spatial separation of the two 
domains is achieved and their interactions are unhindered. 
However, it is important to note that out of the 35 amino acids 
around the active serine sites of the two thioesterases only 4 
amino acids are different, suggesting the functional importance 
of this region and hence its conservation. Similarly, at the 
COOH-terminal end of the molecule there is about 90% 
homology in the sequence, including the last 12 amino acids 
which are totally conserved. These observations suggest that, 
apart from the sequences around the active site, the amino acid 
sequences at the COOH terminus may be important in the 
function of the molecule. 

In contrast, the nucleotide sequences of the untranslated 
region of the mRNA of chicken and rat synthases do not show 
any significant homology. The sequence homology in this 
region falls apart immediately after the TAA stop codon. This 
is unlike the nucleotide sequence homology seen between the 
untranslated regions in chicken and goose fatty acid synthase 
mRNAs. Thus, only the protein coding regions have main- 
tained high levels of homology, suggesting that the complex 
multifunctional fatty acid synthases are conserved through 
evolution. 
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ABSTRACT: Blood coagulation factor VI1 is a vitamin K dependent glycoprotein which in its activated form, 
factor VII,, participates in the coagulation process by activating factor X and/or factor IX in the presence 
of Ca2+ and tissue factor. Three types of potential posttranslational modifications exist in the human factor 
VII, molecule, namely, 10 y-carboxylated, N-terminally located glutamic acid residues, 1 @-hydroxylated 
aspartic acid residue, and 2 N-glycosylated asparagine residues. In the present study, the amino acid sequence 
and posttranslational modifications of recombinant factor VII, as purified from the culture medium of a 
transfected baby hamster kidney cell line have been compared to human plasma factor VII,. By use of 
HPLC, amino acid analysis, peptide mapping, and automated Edman degradations, the protein backbone 
of recombinant factor VII, was found to be identical with human factor VII,. Neither recombinant factor 
VII, nor human plasma factor VII, was found to contain P-hydroxyaspartic acid. In human plasma factor 
VII,, the 10 N-terminally located glutamic acid residues were found to be fully y-carboxylated whereas 
9 full and 1 partial y-carboxylated residues were found in the corresponding positions of the recombinant 
factor VII, molecule. Asparagine residues 145 and 322 were found to be fully N-glycosylated in human 
plasma factor VII,. In the recombinant factor VII,, asparagine residue 322 was fully glycosylated whereas 
asparagine residue 145 was only partially (approximately 66%) glycosylated. Besides minor differences 
in the sialic acid and fucose contents, the overall carbohydrate compositions were nearly identical in re- 
combinant factor VII, and human plasma factor VII,. These results show that factor VII, as produced 
in the transfected baby hamster kidney cells is very similar to human plasma factor VII, and that this cell 
line thus might represent an alternative source for human factor VII,. 

F a c t o r  VI1 is a vitamin K dependent glycoprotein which is of the blood coagulation leading to the formation of a fibrin 
synthesized by liver cells (Wion et al., 1985) and secreted into 
the blood. In its activated form (factor VII,), the protein acts 
as a serine protease that participates in the extrinsic pathway 

clot (Davie et al., 1979). Factor VI1 is synthesized and se- 
creted as a single-chain molecule (Kisiel & Davie, 1975; 
Radcliffe & Nemerson, 1975) consisting of 406 amino acid 
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