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In Escherichia coli at least five enzyme activities required for the beta-oxidation of fatty acids are associated
with a multienzyme complex composed of two subunits in «,, conformation (A. Pramanik et al., J. Bacteriol.
137:469-473, 1979). In the present work, the DNA sequence of the genes encoding these two subunits, fadB and

JfadA, has been determined. The direction of transcription was from fadB to fadA rather than from fadA to
fadB, as suggested previously (S. K. Spratt et al., J. Bacteriol. 158:535-542, 1984). Only 10 nucleotides
separated the coding sequences for the two peptides, confirming the suggestion that these genes form an operon.
The peptides encoded by fadB and fadA were 729 amino acids and 387 amino acids, respectively, in length. The
larger and smaller peptides had predicted molecular masses of 79,678 and 40,876 Da, respectively. Recently,
the sequence of the fadA gene was published in a separate report (Yang et al., J. Biol. Chem. 265:10424-10429,
1990). In this work, most of the DNA sequence for fadA was confirmed, and 10 errors were corrected. Three
of these nucleotide changes resulted in five amino acid residue changes predicted in the carboxy terminus of the
fadA-encoded peptide. By comparison to other peptide sequences, the a subunit encoded within fadB had 31%
perfect identity with the rat peroxisomal enoyl-coenzyme A:hydratase-3-hydroxyacyl-coenzyme A dehydroge-
nase trifunctional enzyme over the entire length of the two peptides. In agreement with the work of Yang et al.,
the B subunit encoded within fadA had 35 to 45% perfect identity with five thiolase genes from different
eucaryotic sources over the entire length of the peptide.

Inducible fatty acid-oxidizing systems are characteristic of
procaryotes and eucaryotic microsomal systems. Growth of
hepatocytes or yeasts in culture in medium containing long-
chain fatty acids causes a proliferation of peroxisomes and
an induction of the enzymes required for long-chain fatty
acid oxidation (29, 31). A similar response is seen after
analysis of tissues isolated from animals fed a high-fat diet
(19, 20). Current evidence is accumulating that the induction
of fatty acid-oxidizing enzyme activities noted in peroxi-
somes is a result of increased mRNA levels (13). The best-
characterized system of inducible fatty acid oxidation is that
described for Escherichia coli, in which many structural
genes and a regulatory gene, fadR, required for the beta-
oxidation of long- and medium-chain fatty acids have been
characterized by classical and molecular genetic techniques
9, 15, 21, 23, 25, 28). Parallels between the peroxisomal and
E. coli systems can be drawn both at the level of regulation
by induction and in terms of enzyme structure. In each case,
fatty acyl-coenzyme A (CoA) thiolase activity is associated
with a single polypeptide, while at least three additional
enzyme activities required for the beta-oxidation of fatty
acids are associated with a single multifunctional polypep-
tide.

In E. coli, a multifunctional enzyme complex encoded
within the fadBA operon exhibits enoyl-CoA hydratase (EC
4.2.1.17), 3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35),
cis-A3-trans-A%-enoyl-CoA isomerase (EC 5.3.3.3), 3-hy-
droxyacyl-CoA epimerase, and 3-ketoacyl-CoA thiolase (EC
2.3.1.16) activities. The complex is composed of two sub-
units in an «,B, conformation. The two identical large
subunits (a) are approximately 78,000 Da, encoded within
the fadB gene, and the two identical small subunits (B) are
approximately 42,000 Da, encoded within the fadA gene
(25). Thiolase activity is specifically associated with the

small subunit, while the remaining four activities appear to
be associated with the large subunit (25). The enzymes of the
multienzyme complex have broad substrate specificities for
long- and medium-chain fatty acid derivatives except for the
enoyl-CoA hydratase, which appears to be specific for
medium-chain substrates (25).

In this report, the nucleotide sequence of a 4.1-kb DNA
fragment encoding the fadBA operon is presented. This work
was initially undertaken to identify the fadBA promoter
which is negatively controlled by the product of the fadR
gene. The position of the genes within the cloned DNA
confirmed previous work (28), but the direction of transcrip-
tion was shown to be from fadB to fadA rather than from
fadA to fadB. Recently, the sequence of the fadA gene was
also published by Yang et al. (35). The sequence presented
here mostly substantiates the amino acid sequence of the
thiolase gene predicted by Yang et al. (35) with the exception
of five amino acid residues in the carboxy terminus, which I
found to have been incorrectly reported.

I have found a striking degree of homology between the
protein products of the E. coli genes fadB and fadA and
several eucaryotic counterparts, suggesting that the struc-
ture and function of these proteins are highly conserved. The
E. coli system offers a powerful molecular approach by
which to dissect the enzyme activities associated with each
of these peptides.

MATERIALS AND METHODS

Strains and plasmids. E. coli JM103 [A(lac pro) thi strA
endA sbcB hsdR(F' traD36 proAB lacI°ZAM1S) (17)] was
used for the propagation of M13 derivatives. C600 (F~ thi-1
leuB6 lacY1 tonA21 supE44 \~) was used for the propagation
of the plasmids and to generate strains SR1, SR2, and SR3,
described below. Liquid cultures were grown at 37°C in 2YT
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(16 g of Bacto tryptone [Difco], 8 g of yeast extract, and 5 g
of sodium chloride per liter). When minimal medium was
required, M9 (18) medium, usually containing 25 mM dex-
trose, was used. When necessary, ampicillin was added to
100 pg/ml. BL21(DE3)(plysS) was used for the expression of
the fadBA operon transcribed by T7 RNA polymerase es-
sentially as described by Studier and Moffat (30).

Enzymes and radiochemicals. Restriction enzymes and
Sequenase were purchased from U.S. Biochemicals.
[a->>S]dATP and [>*S]methionine were purchased from New
England Nuclear Corp.

Identification of plasmid-encoded proteins. For the identi-
fication of proteins and to confirm the direction of transcrip-
tion, the T7 system of Studier and Moffat (30) was used. A
4.0-kb HindIII fragment encoding the E. coli fadR gene was
inserted into the vector pT7-5 (obtained from S. Tabor,
Department of Biological Chemistry, Harvard University,
Boston, Mass.) so that fadR was transcribed in the opposite
direction from the T7 RNA polymerase-responsive pro-
moter. The resultant plasmid was termed pCD130. pCD130
was digested with BamHI, and the 9.4-kb BamHI DNA
fragment encoding fadBA was inserted. The presence of
fadR stabilized the multicopy plasmids that also encoded
fadBA. The two possible orientations of the insert were
identified by restriction mapping. One was termed pCD140
and the other was called pCD141. These plasmids are
illustrated in Fig. 2A and B. The plasmids were transformed
into strain BL21(DE3)(plysS). T7 polymerase was induced
by IPTG (isopropylthio-p-D-galactopyranoside), and pro-
teins expressed under T7 polymerase control were identified
by [>*SImethionine incorporation (30). Proteins in cell ex-
tracts (usually from S0 nl of cell culture) were displayed on
a 12% polyacrylamide-sodium dodecyl sulfate (SDS) gel,
and [>*SImethionine-labeled proteins were detected by auto-
radiography.

Construction and enzymatic analyses of mutants carrying
insertions in the fadB coding region. The plasmid pCD141 was
digested with Ball restriction endonuclease, which cleaves
the plasmid once within the fadB coding region. A 1.3-kb
DNA fragment encoding a gene conferring kanamycin resis-
tance (Kan" cassette; purchased from Pharmacia LKB) was
ligated into the Ball site. Two plasmids were isolated,
pCD143.1, which carries the Kan" cassette in the same
direction of transcription as the T7 promoter, and pCD143.4,
which carries the Kan" cassette in the opposite direction of
transcription from the T7 promoter. These plasmids were
tested for the expression of the fadBA-encoded peptides and
the Kan® peptide by using the T7 expression system de-
scribed above.

To generate E. coli strains carrying the insertion mutations
on the chromosome, the plasmids were linearized and used
to transform a recB recC sbc strain as described by Winans
et al. (33). The mutations were then moved into strain C600
by phage P1 transduction. The C600 derivative of pCD143.1
was termed SR1, and the C600 derivative of pCD143.4 was
termed SR2. A third strain, SR3, was generated by inserting
the Kan" cassette in the Sall site of pCD140. In this con-
struction, the fadBA genes are uninterrupted but a linked
gene, ORF3, is insertionally inactivated. Location of the
Kan" cassette in SR1, SR2 and SR3 was confirmed by P1
transduction. For these experiments, strain DC529 (5) was
stabilized with APL209. The stabilized fusion strain,
\D(fadA-lacZ), was transduced with P1 vir grown on SR1
(Kan"::fadB1I), SR2 (Kan":;fadB2), or SR3(zif::Kan"). Trans-
ductants were selected on LB plates (18) containing kana-
mycin (20 pg/ml) and subsequently tested for the ability to
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grow on minimal medium containing lactose, an indicator of
the expression of ®(fadA-lacZ), or inability to grow on
minimal medium containing oleate, an indicator of a muta-
tion in fadB.

To assay the enzyme activities encoded within the fadBA
genes, C600, SR1, and SR2 were grown in 100 ml of TB (18)
containing 5 mM oleate and 0.5% Brij 58 to mid-log phase
and rinsed once with 25 ml of 0.2 M KPO, (pH 8) containing
0.5% Brij 58 and once with 25 ml of 0.2 M KPO, (pH 8)
buffer alone. The washed cells were resuspended in 3 ml of
the same buffer and lysed by passage through a French
pressure cell at 12,000 Ib/in?. The lysate was centrifuged at
40,000 rpm for 15 min in the TLSSS rotor of a Beckman
TL-100 centrifuge. Glycerol was added to 25% and dithio-
threitol was added to 2 mM. A sample was removed, heat
treated for 1 min at 70°C, and assayed immediately for
B-hydroxyacyl-CoA-dehydrogenase activity with 0.1 mM
NADH-30 pM acetoacetyl-CoA as the substrate (3). The
remaining cell extract was frozen at —20°C and assayed on
the following day for thiolase activity with 20 uM ace-
toacetyl-CoA as the substrate and for crotonase activity with
30 pM crotonyl-CoA as the substrate (3). Protein concentra-
tions were estimated by the procedure of Lowry et al. (16)
with bovine serum albumin as the standard. Results are the
average of three experiments in which samples were assayed
in triplicate.

Dideoxy sequencing. The 9.4-kb BamHI fragment encoding
fadBA (28) was digested with BgllIl, and the fragments were
cloned into BamHI-digested M13mp19. Clones were identi-
fied for each fragment in either of the two possible orienta-
tions except for one 876-bp Bg/II fragment, which was only
obtained in one orientation. For this fragment, the opposite
strand was sequenced by using the plasmid pCEM and in
vitro-synthesized oligonucleotides as primers. Nested dele-
tions were prepared for clones with inserts greater than 500
bp in length as described previously (9). For two Bg/II clones
of 513 bp in length, an Accl deletion from the Accl site of
M13mp19 to an Accl site within the clone was constructed to
facilitate sequencing beyond 300 nucleotides. The sequence
across all junctures in both directions was confirmed by
plasmid sequencing of pCEM with fadBA-specific oligonu-
cleotides as primers. All primers were synthesized on a
Pharmacia LKB Gene Assembler Plus. All reagents for
DNA synthesis were purchased from Pharmacia. For dide-
oxy sequencing, reagents were purchased as a Sequenase
V.2 kit from U.S. Biochemicals. Regions of sequence ambi-
guities due to premature termination or compressions were
resolved by the addition of Single-Stranded Binding Protein
(purchased from U.S. Biochemicals) during the labeling
reaction or by using reaction mixtures containing dITP in
place of dGTP.

Computer analysis. All sequence data were collated and
analyzed with the programs of the Genetics Users Group of
the University of Wisconsin, Madison (8).

Nucleotide sequence accession number. The fadBA se-
quence has been assigned GenBank accession no. M36149.

RESULTS

DNA sequence of the fadBA operon. Previous work had
positioned the coding region for the fadBA operon within a
9.4-kb BamHI fragment of E. coli DNA (28). In this work, I
have sequenced this DNA fragment and identified the coding
regions for two polypeptides of 729 amino acids and 387
amino acids, corresponding to the fadB and fadA genes,
respectively. The complete DNA sequence and predicted
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amino acid sequence of the two peptides are presented in
Fig. 1. The predicted molecular masses of these peptides,
79,678 and 40,876 Da, were in reasonable agreement with
estimates generated by SDS-polyacrylamide gel electropho-
resis of the isolated protein complex (2). The predicted
amino-terminal sequence for the two peptides corresponded
exactly to the results of automated Edman degradation
analysis published by Yang et al. (35): MLYKGDTLYL for
the a subunit encoded within fadB and MEQVVIVDALI for
the B subunit encoded within fadA. The positions of the two
open reading frames and the molecular masses corresponded
quite closely to those predicted by subcloning and comple-
mentation studies of the fadA and fadB gene products as
defined by Spratt et al. (28). This sequence information
substantiates the nucleotide sequence of the thiolase gene
published by Yang et al. (35), with the exception of 10
nucleotides, as presented in Fig. 1. There was a cytosine
rather than a thymidine residue at position 2636; additional
nucleotides were reported by Yang et al. after nucleotides
3634, 3637, 3648, 3691, 3701, 3706, 3708, and 3713; and a
cytosine residue was missing after nucleotide 3823. The
discrepancies at positions 3634, 3637, and 3648 change a
stretch of five amino acid residues. Yang et al. published the
amino acid sequence GLADGCVSGL; I propose that the
correct sequence is GLATMCIGL. This change accounts for
a 387-residue peptide with a calculated molecular weight of
40,876 rather than a 388-residue peptide with a calculated
molecular weight of 40,889, as predicted previously (35).

The coding sequences for the two genes were only 10
nucleotides apart rather than 109 nucleotides apart as pre-
dicted by Yang et al. (35). Each was preceded by a series of
nucleotides which showed homology to the consensus se-
quence for the E. coli ribosome-binding site (27): AGGAGA
for the 79-kDa peptide and AAGGAG for the 41-kDa pep-
tide. The predicted ribosome-binding site for the 41-kDa
peptide overlapped the termination codon for the 79-kDa
peptide. This termination codon was only 9 nucleotides from
the initiation codon for the 41-kDa peptide.

There were several interesting features of the DNA se-
quence within the predicted promoter region and the pre-
dicted region of transcription termination for this operon.
The predicted —10 region showed reasonable homology to
the consensus sequence for E. coli promoters, TATTT, with
four of six nucleotides in common. The predicted —35 region
showed little homology to the consensus sequence. This was
not surprising because the fadBA promoter is subject to
catabolite repression and therefore requires cyclic AMP
(cAMP)-catabolite gene activator protein (CAP) for full
activity (5). There were two direct repeats of the sequence
5'-GAGCGTGAT'-3 adjacent to the =35 region which are
candidates for cAMP-CAP binding. These sequences
showed partial homology to a consensus sequence for
cAMP-CAP, 5'-AANTGTGAN,TN,CA (6), where N,, indi-
cates a stretch of any nucleotides. Mutational analysis of this
region will be required to define what role, if any, these
sequences play in control of fadBA expression.

The termination codon for the fadA gene was located at
nucleotides 3686 to 3689, as illustrated in Fig. 1. A sequence
which may be sufficient for factor-independent transcription
termination was located 352 nucleotides downstream. This
region was G+C rich, with dyad symmetry, and was fol-
lowed by a series of T residues: CCCGCCTGTCA
GGGGCGGGTTTTTTT. The sequence between the termi-
nation codon and this terminator structure contained two
sets of overlapping direct repeats. The first set was 41
nucleotides long, from nucleotides 3688 to 3729 and 3787 to
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3828. The second set was 130 nucleotides long, from nucle-
otides 3751 to 3881 and 3849 to 3979. Within the same region
were eight inverted repeats. The RNA sequence predicted to
be encoded within this region of DNA sequence was ana-
lyzed by using the computer programs FOLD and SQUIG-
GLES (8). This analysis predicted that at least one highly
stable double-stranded RNA molecule would form (see Fig.
3).

Functional analysis of fadB insertion mutants. This se-
quencing work predicted that the direction of transcription is
from fadB to fadA. Furthermore, identification of the gene
products encoded within the plasmid pCD141 after induction
of transcription by T7 RNA polymerase clearly showed that
the 79- and 41-kDa peptides are transcribed in the same
direction as T7 polymerase-catalyzed transcription (see Fig.
3). pCD140 encoded a peptide of approximately 26 kDa in
the same direction of transcription as the T7 promoter but in
opposite orientation to the 79- and 41-kDa peptides. An open
reading frame (termed ORF3) corresponding to this peptide
was identified by DNA sequencing beyond the region pre-
sented in this work and will be discussed elsewhere.

To verify that the peptides predicted from the DNA
sequence analysis encoded the two subunits of the multien-
zyme complex and possessed the enzyme activities required
for beta-oxidation of fatty acids in E. coli, a kanamycin
resistance cassette was inserted into the predicted coding
region for the large subunit in plasmid pCD141. Two plas-
mids were generated from pCD141, termed pCD143.1 and
pCD143.4. These constructs differ only in the orientation of
the Kan" cassette relative to the T7 promoter (Fig. 2A). A
third plasmid, pCD144.10, was derived from pCD140 by
insertion of the Kan" cassette in the Sall site ‘within the
coding sequence for ORF3 (Fig. 2B). Each of these plasmids
was analyzed with the T7 expression system. As illustrated
in Fig. 3, the 41-kDa peptide and the 79-kDa peptide were
absent in pCD143.1 and pCD143.4. However, a new peptide
appeared with an intermediate molecular mass. This may be
a truncated peptide of the larger subunit, since termination at
the coding sequence for the Ball site would generate a
peptide of 46,350 Da. Similarly, ORF3 was no longer present
in pCD144.9 or pCD144.10.

Each of these plasmids was recombined into the E. coli
chromosome, generating strains SR1 (Kan"::fadBl), SR2
(Kan"::fadB2), and SR3 (zif::Kan"). To verify the location of
the Kan" cassette in the fadBA operon, the strain A®(fadA-
lacZ) was transduced to Kan® by using P1 vir grown on SR1,
SR2, or SR3. The recipient strain, A\®(fadA-lacZ), was
unable to grow on minimal medium containing oleate as the
sole- carbon and energy source, owing to ‘the fadA-lacZ
fusion. This phenotype was relieved by transforming the
strain with the fadBA™* plasmid pCEM (data not shown).
Transductants obtained for P1 vir grown on SR1 or SR2 were
not able to grow on oleate (0 of 118 and 0 of 122, respective-
ly), as expected for insertional inactivation of the fadBA
operon by either ®(fadA-lacZ) or the Kan" cassette. Fewer
than 2% of the transductants (3 of 118 and 3 of 122 for SR1
and SR2, respectively) retained the ability to grow on
minimal medium containing lactose, indicating that the re-
combination event with Kan™::;fadB did not inactivate the
lacZ fusion. As a control, a similar transductional analysis
was performed with P1 vir grown on SR3 (zif::Kan"). In this
case, at least 87% of the Kan" transductants (135 of 156) were
able to grow on minimal medium containing oleate after 7
days, indicating that the ®(fadA-lacZ) had been replaced by
the wild-type fadBA genes; 13% retained the ability to grow
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10 30 50 70
GATCGTCGAGAAAAACATTGAACAGCTCGCCGGAGTGAATAAGTAACGCATCCAGCTTGAAGCCGGCCAG
90 110 130
CGCATCGCGAGTCCGTTCTTGTAAGGTAGCTATATGATTTTTATAGAGCGAGGCCAGTGATTCCATTTTT
150 170 190 —_— 210
TACCCTTCTGTTTTTTTGACCTTAAGTCTCCGCATCTTAGCACATCGTTCATCCAGAGCGTGATTTCTGC
—— 230 250 270
CGAGCGTGATCAGATCGGCATTTCTTTAATCTTTTGTTTGCATATTTTTAACACAAAATACACACTTCGA
290 310 RBS 330 = 350
CTCATCTGGTACGACCAGATCACCTTGCGGATTCAGGAGACTGACATGCTTTACAAAGGCGACACCCTGT
- —— — - - M L Y K G D T L Y
370 390 410
ACCTTGACTGGCTGGAAGATGGCATTGCCGAACTGGTATTTGATGCCCCAGGTTCAGTTAATAAACTCGA
L DWULEUDTGTIA AETLVTFUDA APGT SV VNI KTLTD
430 450 470 490
CACTGCGACCGTCGCCAGCCTCGGCGAGGCCATCGGCGTGCTGGAACAGCAATCAGATCTAAAAGGGCTG
T ATVASULGEA ATIGVTULES QQSTUDTLIEKGTL
510 530 550
CTGCTGCGTTCGAACAAAGCAGCCTTTATCGTCGGTGCTGATATCACCGAATTTTTGTCCCTGTTCCTCG
L LRSNZEKAATFTIVGADTITTETFTLS ST LTFTLV
570 590 610 630
TTCCTGAAGAACAGTTAAGTCAGTGGCTGCACTTTGCCAATAGCGTGTTTAATCGCCTGGAAGATCTGCC
P EEQULSQWULUHTEFA ANSV VT EFNTZ RTLTETDTLTFP
650 670 690
GGTGCCGACCATTGCTGCCGTCAATGGCTATGCGCTGGGCGGTGGCTGCGAATGCGTGCTGGCGACCGAT
V P TIAAVNGTYA ALGG GG CETCVTELA ATD
710 730 750 770
TATCGTCTGGCGACGCCGGATCTGCGCATCGGTCTGCCGGAAACCAAACTGGGCATCATGCCTGGCTTTG
Y R L A TPDTULRTIGTULTPETU KTLGTIMMZPGTF G
790 810 830
GCGGTTCTGTACGTATGCCACGTATGCTGGGCGCTGACAGTGCGCTGGAAATCATTGCCGCCGGTAAAGA
G S VRMPRMULGA ADSALTETITIA AA AGTIKTD
850 870 890 910
TGTCGGCGCGGATCAGGCGCTGAAAATCGGTCTGGTGGATGGCGTAGTCAAAGCAGAAAAACTGGTTGAA
V GADO QA ATLZ KTIGTLVDGV VYV KA ATET KTLVE
930 950 970
GGCGCAAAGGCGGTTTTACGCCAGGCCATTAACGGCGACCTCGACTGGAAAGCAAAACGTCAGCCGAAGC
G A KAV LROQA ATILINGTDTLUDTWIZ KU ATZ KT ERTUGQTPTIKL
990 1010 1030 1050
TGGAACCACTAAAACTGAGCAAGATTGAAGCCACCATGAGCTTCACCATCGCTARAGGGATGGTCGCACA
E P L KUL S K I EATMST FTTIA AZKTGMVAQ
1070 1090 1110
ARCAGCGGGGAAACATTATCCGGCCCCCATCACCGCAGTAAARACCATTGAAGCTGCGGCCCGTTTTGGT
T A G KHYPAUPTITA AVI KTTITEA AA AR ATRTFG
1130 1150 1170 1190
CGTGAAGAAGCCTTAAACCTGGAAAACAAAAGTTTTGTCCCGCTGGCGCATACCAACGAAGCCCGCGCAC
REEA ATLNTZLENTZKT ST FVZPILAHTNTEA ATRIA AL
1210 1230 1250
TGGTCGGCATTTTCCTTAACGATCAATATGTAAAAGGCAAAGCGAAGAAACTCACCARAGACGTTGAAAC
V G I FLNUD G YV KGZE KA ATE KT KTLTI KTDTVTET'T
1270 1290 1310 1330
CCCGAAACAGGCCGCGGTGCTGGGTGCAGGCATTATGGGCGGCGGCATCGCTTACCAGTCTGCGTGGAAA
P K Q AAVILGAGTIMG G GTIA ATYU QS AWK
1350 1370 1390
GGCGTGCCGGTTGTCATGAAAGATATCAACGACAAGTCGTTAACCCTCGGCATGACCGAAGCCGCGAAAC
G VPV VMEKDINDT KT STLTTZLGMTTEA AA ATKL
1410 1430 1450 1470

TGCTGAACAAGCAGCTTGAGCGCGGCAAGATCGATGGTCTGAAACTGGCTGGCGTGATCTCCACAATCCA
L N K QL ERUGIKTIDGILI KULA AGUV VIS TTIH
1490 1510 1530
CCCAACGCTCGACTACGCCGGATTTGACCGCGTGGATATTGTGGTAGAAGCGGTTGTTGAAAACCCGAAA
P T L D Y A G F DR VDI VV EA AVVENTZPK
1550 1570 1590 1610
GTGAAAAAAGCCGTACTGGCAGAAACCGAACAAAAAGTACGCCAGGATACCGTGCTGGCGTCTAACACTT
V K KA VL AETEU QI KV RQDTUVL ASNT S
1630 1650 1670
CAACCATTCCTATCAGCGAACTGGCCAACGCGCTGGAACGCCCGGAAAACTTCTGCGGGATGCACTTCTT
T I P I S EL A NATLYEUZRUZPENTFTU CGMHTFTF
1690 1710 1730 1750
TAACCCGGTCCACCGAATGCCGTTGGTAGAAATTATTCGCGGCGAGAAAAGCTCCGACGAAACCATCGCG
N P V HRMZPULVETITIWRGTEIT KSSDTETTIA
1770 1790 1810
AAAGTTGTCGCCTGGGCGAGCAAGATGGGCAAGACGCCGATTGTGGTTARCGACTGCCCCGGCTTCTTTG
K V V A2 WA S KMGI KTU®PTIVVNDTCZPGTFTF V
1830 1850 1870 1890
TTAACCGCGTGCTGTTCCCGTATTTCGCCGGTTTCAGCCAGCTGCTGCGCGACGGCCGGGATTTCCGCAA
N RV L F P Y F A GF S QL L RDGUZ RUDTF R K

J. BACTERIOL.
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1910 1930~ 1950
GATCGACAAAGTGATGGAAAAACAGTTTGGCTGGCCGATGGGCCCGGCATATCTGCTGGACGTTGTGGGC
I DK VMEI KU QTFGWUPMGU?PA AYTULULUDVV G

1970 1990 2010 2030
ATTGATACCGCGCATCACGCTCAGGCTGTCATGGCAGCAGGCTTCCCGCAGCGGATGCAGAAAGATTACC
I DT AUHHAQAVMAAGT FZP QRMAO QI KUDYR

2050 2070 2090
GCGATGCCATCGACGCGCTGTTTGATGCCAACCGCTTTGGTCAGAAGAACGGCCTCGGTTTCTGGCGTTA
D A I DALV FDA ANUZRTEFG G QI KNGULGT FWR Y
2110 2130 2150 2170
TAAAGAAGACAGCAAAGGTAAGCCGAAGAAAGAAGAAGACGCCGCCGTTGAAGACCTGCTGGCAGAAGTG
K E D S K G K P K KEEDA AAVEUDTULTULA ATE V
2190 2210 2230
AGCCAGCCGAAGCGCGATTTCAGCGAAGAAGAGATTATCGCCCGCATGATGATCCCGATGGTCAACGAAG
S Q P K RDVF S EEETI I ARMMTIUZPMMVNTEUV
2250 2270 2290 2310
TGGTGCGCTGTCTGGAGGAAGGCATTATCGCCACTCCGGCGGAAGCGGATATGGCGCTGGTCTACGGCCT
VRCULEEGTITIATUZPA AEA ADMATLUVYG L
2330 2350 2370
GGGCTTCCCTCCGTTCCACGGCGGCGCGTTCCGCTGGCTGGACACCCTCGGTAGCGCARAATACCTCGAT
G F P P FH GG ATFU RWILUDTULG S A K Y LD

2390 2410 2430 2450
ATGGCACAGCAATATCAGCACCTCGGCCCGCTGTATGAAGTGCCGGAAGGTCTGCGTAATAAAGCGCGTC
M A Q Q Y Q HL GPULYEUVUZPEGTLI RNIKA ATRH

2470 2490 2510
ATAACGAACCGTACTATCCTCCGGTTGAGCCAGCCCGTCCGGTTGGCGACCTGAAAACGGCTTAAGGAGT
N E P Y Y P P V EPARUPVGDTULI KTA AGE
2530 2550 2570 2590
CACAATGGAACAGGTTGTCATTGTCGATGCAATTCGCACCCCGATGGGCCGTTCGAAGGGCGGTGCTTTT
M E Q V VI VDATIIRTUPMGU RSKGGA ATF
2610 2630 2650
CGTAACGTGCGTGCAGAAGATCTCTCCGCTCATTTAATGCGTAGCCTGCTGGCGCGTAACCCGGCGCTGG
R NV RAETUDTIULSAUHTILMRBRSIULLA ARNUPA ALE
2670 2690 2710 2730
AAGCGGCGGCCCTCGACGATATTTACTGGGGTTGTGTGCAGCAGACGCTGGAGCAGGGTTTTAATATCGC
A A ALDUDTIZYWSGU CVQQTULET QG GTFNTIH- A
2750 2770 2790
CCGTAACGCGGCGCTGCTGGCAGAAGTACCACACTCTGTCCCGGCGGTTACCGTTAATCGCTTGTGTGGT
R NA AL LA AEVPHSVPAVTVNIURILTC G

2810 2830 2850 2870
TCATCCATGCAGGCACTGCATGACGCAGCACGAATGATCATGACTGGCGATGCGCAGGCATGTCTGGTTG
S S M Q AL HD A ARMTIMTGUDA AG QA ATCTULUVG

2890 2910 2930
GCGGCGTGGAGCATATGGGCCATGTGCCGATGAGTCACGGCGTCGATTTTCACCCCGGCCTGAGCCGCAA
G VE HMGH UV P M S HG VDV FHZPGTUL S RN
2950 2970 2990 3010
TGTCGCCAAAGCGGCGGGCATGATGGGCTTAACGGCAGAAATGCTGGCGCGTATGCACGGTATCAGCCGT
V A KA AGMMGTULTA ATEMTLA ARMMUHEGTI SR
3030 3050 3070
GAAATGCAGGATGCCTTTGCCGCGCGGTCACACGCCCGCGCCTGGGCCGCCACGCAGTCGGCCGCATTTA
E M QDA AV F A AR S HARA AWAA AT QS A ATF K
3090 3110 3130 3150
AAAATGAAATCATCCCGACCGGTGGTCACGATGCCGACGGCGTCCTGAAGCAGTTTAATTACGACGAAGT
N E I I P T G G HD ADGV L KOQTFNYDEYV
3170 3190 3210
GATTCGCCCGGAAACCACCGTGGAAGCCCTCGCCACGCTGCGTCCGGCGTTTGATCCAGTAAACGGTATG
I R P ETTTVEATULA ATTULURUPA ATFUDUPVNGM

3230 3250 3270 3290
GTAACGGCGGGCACATCTTCTGCACTTTCCGATGGCGCAGCTGCCATGCTGGTGATGAGTGAAAGCCGCG
vV T A G T S S AL S D GAAAMTULV VM S E SR A

3310 3330 3350
CCCATGAATTAGGTCTTAAGCCGCGCGCTCGTGTGCGTTCGATGGCGGTCGTTGGTTGTGACCCATCGAT
H ELGUL KPR RARUVRSMAVV G CDUZP S TI

3370 3390 3410 3430
TATGGGTTACGGCCCGGTTCCGGCCTCGAAACTGGCGCTGAAAAAAGCGGGGCTTTCTGCCAGCGATATC
M G Y G P VP A S KL AL KI KA AGTL S A S DI

3450 3470 3490
GGCGTGTTTGAAATGAACGAAGCCTTTGCCGCGCAGATCCTGCCATGTATTAAAGATCTGGGACTAATTG
G VF EMNEA ATFA A AQTIULPOCTIIKDIULGIULTIE

3510 3530 3550 3570

AGCAGATTGACGAGAAGATCAACCTCAACGGTGGCGCGATCGCGCTGGGTCATCCGCTGGGTTGT CCGG
Q I D E KINUILNGSGA ATIM ALGUHUPULGTC S G

FIG. 1. Nucleotide sequence and derived amino acid sequence of the fadBA operon. The codon for the initiating methinine for fadB is
found at nucleotide 326. The codon for the initiating methinine for fadA is found at nucleotide 2525. The ribosome-binding sites (RBS) are
underlined. Within the sequence 5’ to the fadB gene is a direct repeat, delineated by arrows above the sequence. Two inverted repeats in the
region 5’ to the coding region for fadB and eight inverted repeats in the region 3’ to the coding sequence for fadA are delineated by arrows
below the sequence. The region 3’ to the fadA gene analyzed with the computer programs SQUIGGLE and FOLD, as illustrated in Fig. 5,
is enclosed in a box.
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3590 3610 3630
TGCGCGTATCAGCACCACGCTGCTGAATCTGATGGAACGCAAAGACGTTCAGTTTGGTCTGGCGACGATG
A R I S TTULLNULMEUZRIKDVQVF GULATM

3650 36 3690 3710
TGTATCGGTCTGGGTCAGGGTATTGCGAJGGTGTTTGAGCGGGTTTAACCACTTGCCGGATGCGGCGTGA
C I GL G QG I A T|V FET RV @ —_—
3730 3750 3770
ACGCCTTALLLWM..|.ACCGAlLLb%ACCAATGTAGGCCTGATAAGACQ;GCCA%GTCGCATCAGGCA
~— 3790 3810 3830 3850
TCATGCACCAATTGCCGGATGCGGCGTARACGCCTTATCCGGCCTACGGTTCGGACTATTTGTAGGCACG
3870 3890 ____ .3
ATAAGACGCGACAGCGTCGCATCAGGCATCATGCACCAATTGCCGGATGCGGCGTARACGCCTTATCCGG
930 3950 3970 , - 3290
CCTACGGTTCGGACTATTTGTAGGCACGATAAGACGCGACAGCGTCGCATCGGGCATGGTTTGCCAGATA
. 4010 "3030 — 4050
CGTCATAGATCTAAATGCCACTGAATAACAGTTTAGTTGCCGTTCTTCCCGCCTGTCAGGGGCGGGTTTT
4070 4090
TTTRTATCTCAGATAAATGCAAACGCATCGCCAAACAGGCGATC
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FIG. 2. Restriction maps of plasmids used for the identification and analysis of peptides encoded within the 9.4-kb fadBA BamHI fragment
of E. coli chromosomal DNA. Construction of each of the plasmids pCD141, pCD140, pCD143.1, pCD143.4, pCD144.9, and pCD144.10 is
described in Materials and Methods. The arrow originating with a large open circle indicates the T7 RNA polymerase-transcribed promoter
®,,. The direction of the Kan" cassette relative to the ®;, promoter is indicated by an arrow originating in a small solid circle. Restriction sites
for the 9.4-kb insert correspond to those in pCEM as detailed by Spratt et al. (28). (A) In pCD141, the fadBA genes, delineated by large shaded
arrows, are transcribed in the same direction as the ®,, promoter. Only the Kan" cassette (Kn") inserted into the Ball site of fadB is shown
for pCD143.1 and pCD143.4. (B) In pCD140, a third open reading frame (ORF3) is indicated by the large shaded arrow. This reading frame
is insertionally inactivated in pCD144.9 and pCD144.10, as shown.
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FIG. 3. Identification of proteins encoded within the 9.4-kb
BamHI fragment carrying the fadBA genes by the T7 expression
system of Studier and Moffat (30). Total cell extracts from 50 pl of
culture from strain BL21(DE3)(plysS) harboring the plasmid of
interest were prepared after IPTG induction and [>*S]methionine
labeling. The proteins were resolved on a 12% polyacrylamide-SDS
gel, and labeled peptides were detected by autoradiography. Lane 1,
pCD130; lane 2, pCD140; lane 3, pCD141; lane 4, pCD143.1; lane 5,
pCD143.4; lane 6, pCD144.9; and lane 7, pCD144.10. The long
arrows denote the three peptides encoded within the fadBA insert.
The short arrow denotes the presumed truncated fadB peptide. The
broken arrow denotes the product of the Kan"' cassette.
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on lactose (21 of 156), indicating that the ®(fadA-lacZ) had
been retained.

To test for insertional inactivation of the fadBA gene
products, strain SR1, strain SR2, and the parental strain
C600 were assayed for three enzyme activities associated
with the multienzyme fatty acid-oxidizing complex encoded
within fadBA. In the parental strain C600, enoyl-CoA hy-
dratase activity, 3-hydroxyacyl-CoA dehydrogenase activ-
ity, and 3-ketoacyl-CoA thiolase activity were present at
172, 6.8, and 9.6 nmol/min/mg of protein, respectively. As
expected, the fadB insertion mutants did not have detectable
levels of these enzyme activities.

Protein sequence comparisons with eucaryotic fatty acid-
oxidizing proteins. The amino acid sequences derived from
the DNA sequence are presented in Fig. 1. These predicted
peptide sequences were compared with all sequences in the
sequence files of GenBank by using the computer programs
TFASTA and BESTFIT. These comparisons identified ho-
mologies between the 41-kDa peptide and five thiolase genes
from different eucaryotic sources (1, 4, 7, 12, 26) and
between the 79-kDa peptide and the gene encoding the rat
peroxisomal enoyl-CoA:hydratase-3-hydroxyacyl-CoA de-
hydrogenase (22). The results of these comparisons are
presented graphically in Fig. 4A and B. The 79-kDa subunit
of E. coli has been shown by Schulz and co-workers to

350 387
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FIG. 4. Amino acid homologies between peptides of the E. coli multifunctional fatty acid-oxidizing complex and six eucaryotic peptides.
The percent perfect amino acid identity for each comparison of the E. coli peptide is listed on the left. Perfect amino acid homologies are
indicated by a long bar for a single amino acid; conserved amino acid residue types are indicated by a half bar; nonconserved residue types
do not have vertical bars. The position of the first amino acid for each peptide compared with the initiating methionine for fadA or fadB is
listed as a number to the left; the last amino acid included in the comparison is listed to the right. (A) Lane 1, E. coli fadA gene encoding
B-ketoacyl-CoA thiolase is graphically illustrated as a solid box. It is further divided into 10 amino acid segments as shown. The sources of
the eucaryotic thiolase peptides used for comparisons are: lane 2, rat peroxisomal 3-ketoacyl-CoA thiolase (GenBank accession number
JO2749 [12)); lane 3, Zoogloea ramigera thiolase (GenBank accession number JO2631 [26]); lane 4, human peroxisomal 3-oxoacyl-CoA
thiolase (GenBank accession number X12866 [4]); lane 5, rat 3-oxoacyl-CoA thiolase (GenBank accession number X05341 [1]); and lane 6,
Saccharomyces uvarum acetoacetyl-CoA thiolase (GenBank accession number X07976 [7]). (B) A similar comparison is graphically
illustrated for (lane 1) the product of the fadB gene and (lane 2) the rat peroxisomal enoyl-CoA:hydratase-3-hydroxyacyl-CoA dehydrogenase

(GenBank accession number KO3249 [22]).
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FIG. 5. RNA secondary structure prediction for sequences 3670 to 4022 generated by using the computer programs FOLD and
SQUIGGLES (8). This figure indicates one potential RNA structure with a calculated energy of formation of ca. —144.5 kcal.

possess four enzyme activities required for beta-oxidation
(2, 25). The amino acid sequence of this peptide had signif-
icant amino acid homologies with only one gene in GenBank
at this time, the rat peroxisomal enoyl-CoA:hydratase-3-
hydroxyacyl-CoA dehydrogenase (22). The rat peroxisomal
gene has recently been shown to have a third activity,
A%, A%-enoyl-CoA isomerase (24). Therefore, at least three
enzyme activities carried out by the E. coli multifunctional
peptide are also carried out by the peroxisomal enzyme.
Comparison of the amino acid sequence for these two
peptides showed an overall 31% identity and 54% similarity
of residues. The homology occurred over the entire length of
the peptides.

DISCUSSION

In this report I present the sequence of the E. coli fadBA
genes encoding the two subunits of the fatty acid-oxidizing
complex. This sequence information confirms and extends
the cloning work of Spratt et al. (28) and the nucleotide
sequence data for the fadA gene presented by Yang et al.
(35). There are at least two interesting structural features of
these genes. The first is that the coding sequences for the
two genes are only 10 nucleotides apart rather than 109
nucleotides apart, as suggested by Yang et al. (35). The
termination codon for the fadB gene overlaps the predicted
ribosome-binding site for the fadA gene. This supports the
suggestion that these genes form an operon. Additionally,
the proximity of the termination codon for fadB to the
initiation codon for fadA may indicate translational coupling,
such as that which occurs in the amino acid-biosynthetic
operons of E. coli (10).

The second interesting structural feature is a series of
extensive, nearly perfect, overlapping direct and inverted
repeats which are found between the termination codon of

the fadA gene and a predicted factor-independent transcrip-
tional terminator 352 nucleotides downstream. RNA struc-
tural predictions for this region generated by using the
computer programs FOLD and SQUIGGLE are presented in
Fig. 5. This figure illustrates at least one large stable RNA
hairpin. At this time it is difficult to interpret the importance
of the direct repeats or predicted RNA hairpin. Perhaps they
are important in ensuring transcription termination at the
G+ C-rich hairpin found between nucleotides 4029 and 4073,
as noted above, or in stabilizing the RNA against degrada-
tion, or both.

The derived amino acid sequence for the E. coli genes
encoding the fatty acid-oxidizing multienzyme complex
showed a high degree of similarity to the eucaryotic enzymes
which have been cloned and sequenced (1, 4, 7, 12, 22, 26).
This amino acid homology is expected to reflect an overall
similarity of structure and function for these evolutionarily
conserved peptides. The E. coli system is the best charac-
terized to date both biochemically and genetically. The
peptides encoded within the fadBA operon form a multien-
zyme complex, which has been purified (2). Yang et al. have
provided kinetic evidence for the channeling of intermedi-
ates through the complex (34). The active site for only one of
these enzyme activities, that of the thiolase, has been
identified (14). This site contains an essential cysteine resi-
due corresponding to amino acid residue 91 of the E. coli
peptide encoded within fadA, as presented here.

Amino acid homologies were found for the large subunit of
the E. coli multifunctional complex and one peroxisomal
protein. The multifunctional peroxisomal protein is similar in
structure and function to the E. coli peptide encoded within
fadB, unlike the mitochondrial enzymes, for which each
enzyme activity is associated with a unique peptide. Molec-
ular analysis of the genes encoding these proteins, particu-
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larly site-directed mutagenesis, will be valuable in evaluating
amino acid residues important for enzyme activity and may
aid in the dissection of the active site for each enzyme
activity. It will also be valuable to contrast these proteins
with their mitochondrial counterparts as clones and se-
quences of these genes also become available.

The fadBA operon is inducible by growth in medium
containing long-chain fatty acids as the sole carbon and
energy source. The expression of these genes is controlled
by repression of transcription by the product of the fadR
gene, FadR. FadR is a multifunctional regulator of fatty
acid-related pathways. This regulatory protein negatively
controls at least six genes which are required for beta-
oxidation of both saturated and unsaturated fatty acids and
the aceBAK operon, which encodes enzymes of the gloxy-
late shunt (reviewed in reference 21). FadR is also a tran-
scriptional activator of at least the fabA gene, required for
unsaturated fatty acid biosynthesis (11). In previous work, I
identified through sequence analysis a helix-turn-helix motif
within the fadR protein which may be important for DNA
binding (9). In the present work, I have identified a region
within the fadBA promoter with hyphenated dyad symmetry
which is a candidate for the fadR binding site. I am presently
characterizing FadR binding to the fadBA promoter in vitro
by using purified FadR and DNA fragments. The ultimate
goal is to understand how FadR coordinately regulates fatty
acid degradation and biosynthesis and acetate metabolism.
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