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Two protein subunits (42,000 and 78,000 daltons) encoded by the fadAB genes form a multifunctional
enzyme complex containing thiolase, 3-hydroxyacyl-coenzyme A dehydrogenase, crotonase, epimerase,
and isomerase activities (S. Pawar and H. Schulz, J. Biol. Chem. 256:3894-3899, 1981). In an attempt to
characterize the structural organization and regulatory properties of these genes, a 5.2-kilobase pair
fragment containing the fadAB genes has been isolated. Plasmids containing this fragment (i) complement
mutations in the fadAB genes; (ii) overproduce by 10- to 50-fold thiolase, 3-hydroxyacyl-coenzyme A
dehydrogenase and crotonase; and (iii) specify a 42,000- and a 78,000-dalton protein. ThefadA gene, which
encodes the 42,000-dalton protein, has been localized within the original clone to a 3.3-kilobase pair
fragment. Thiolase activity, which is encoded by the 42,000-dalton protein, was not observed in the absence
of the 78,000-dalton protein, suggesting that an intact complex is required for function. Transposon Tn5
insertional mutagenesis of the cloned fadAB genes has demonstrated that both fadA and fadB are
transcribed as a single transcriptional unit with the direction of transcription from fadA to fadB. The
molecular cloning and characterization of the fadAB region confirm the original genetic contention that the
genes encoding the proteins for the multifunctional complex form an operon.

Growth of Escherichia coli on various fatty acids requires
the enzymes of the fatty acid-degradative (fad) system (Fig.
1). The genes coding for the fad enzymes are located at no
fewer than four distinct loci on the E. coli chromosome and
form a regulon (12, 21, 31). The synthesis of at least fivefad
enzymes is coordinately induced when long-chain fatty acids
(C12 to C18) are present in the growth media (12, 21, 31). At
present, all of the available evidence suggests that the
product of the fadR gene, a diffusible repressor protein,
negatively controls the expression of thefad regulon (21, 28,
29).
Two of the induced proteins in thefad system are associat-

ed with a multienzyme complex which has a molecular mass
of 260,000 daltons (2, 20, 23, 24). Five fad enzyme activities,
3-ketoacyl-coenzyme A thiolase (thiolase), enoyl-coenzyme
A hydratase (crotonase), 3-hydroxyacyl-coenzyme A dehy-
drogenase (HOADH), cis-_Q3-trans-_A2-enoyl-coenzyme A
isomerase (isomerase), and 3-hydroxyacyl-coenzyme A
epimerase (epimerase) are associated with this multienzyme
complex (2, 23, 24). Schulz and co-workers have purified the
complex and found it to have ct2 P2 subunit structure (ot,
78,000 daltons; 13, 42,000 daltons) (2, 23, 24). Through
biochemical characterization of the multienzyme complex
from an E. coli B strain, Schulz and co-workers have
determined that thiolase activity is associated with the
42,000-dalton subunit, and the remaining four enzyme activi-
ties are associated with the larger 78,000-dalton subunit (2,
23, 24).

Overath et al. (21, 22) have suggested that the genes for
the enzymes thiolase, HOADH, crotonase, and possibly
epimerase and isomerase form an operon. Evidence for the
fadAB operon was based on the high coordinate induction of
thiolase, HOADH, and crotonase as well as on the mapping
properties of mutants deficient in (i) all five enzymes (fad-S
or fadAB) (ii) thiolase (fadA), and (iii) HOADH (fadB) (21,
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22). However, genetic evidence that these genes are orga-
nized in an operon has not been previously shown.
To investigate the structural organization and the regula-

tion of the fadAB genes, we have cloned the fadAB genes
directly from the E. coli chromosome onto a multicopy
plasmid. The approximate location and orientation of the
fadA and fadB genes were determined by subcloning and
TnS mutagenesis. Our studies support the contention of
Overath that the fadAB genes are part of an operon, and
suggest that the direction of transcription is from fadA to
fadB. ThefadA andfadB gene products have been identified
by maxicell analysis, and evidence is presented which sug-
gests that the fadA gene product is nonfunctional in the
absence of the fadB gene product. In strains containing the
fadAB plasmid, the epzymes thiolase, crotonase, and
HOADH are amplified 10- to 50-fold.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The E.

coli K-12 bacterial strains and plasmids used in this study are
listed in Tables 1 and 2, respectively.
The bacteria were grown in either medium E (18) or LB

broth (18) and routinely incubated in a New Brunswick
Gyrotory water bath shaker at 37°C. Carbon sources and
supplements were sterilized separately and added to culture
medium before inoculation. All organic acids were added as
neutralized salts. Acetate was provided at a 50 mM final
concentration. Where indicated, Trypticase peptone (BBL
Microbiology Systems) was provided at 1.0% final concen-
tration. Fatty acids were suspended in 10% Brij 58, neutral-
ized with KOH, sterilized, and added at a final concentration
of 5 mM. Bacterial growth was monitored at 540 nm in a
Klett-Summerson colorimeter.

Construction of fadA, fadB, and fadAB mutants. fadAB
mutants were obtained by localized mutagenesis of strain
LS5405 (metE) by transduction to Met' Tcr (tetracycline
resistance) with a P1 vir phage stock grown on a random pool
of strain K-12 Tor colonies, each individually resistant to
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FIG. 1. The cyclic pathway of fatty acid degradation. Principal enzymes of the pathway are listed on the right, along with the respective

structural genes of the fad regulon. Acetyl-coenzyme A is further metabolized in the tricarboxylic acid cycle.

tetracycline due to the insertion of the transposable element
TnJO into a different region of the chromosome. Strains
containing transposon insertions in the fadA or fadB gene
were isolated by ampicillin enrichment (18) with oleate as the
sole carbon source. Surviving cells were plated on media
containing acetate as the sole carbon source and were

screened for growth on oleate. Isolate LS5786 was unable to
grow on oleate and was genetically and biochemically char-
acterized as containing a TnJO insertion which eliminated
thiolase activity and reduced crotonase and HOAD)H activi-
ties. A P1 vir phage stock grown on strain LS5786 was used
to transduce LE392 to Tcr. Both Met' Fad- and Met- Fad-
transductants were obtained. One Met- Tcr Fad- isolate,
designated LS6747, was genetically and biochemically char-
acterized as afadAB::TnJO insertion mutant. Strain LS6747
was used to obtain a deletion within the fadAB region. A
deletion in the fadAB locus created by the spontaneous
excision of the TnJO transposon of LS6747 (fadAB::TnJO)
was obtained by selecting for tetracycline sensitivity as

described by Maloy and Nunn (15) and screening the Tcs
isolates for the inability to utilize the fatty acid oleate as a

sole carbon source. An Ole- Tcs isolate, strain LS6748,
which could not revert to Ole+ or Tcr, was considered a

deletion. Strain LS6748 lacked thiolase and had significantly
reduced levels of crotonase and HOADH. A recA derivative
of strain LS6748, strain LS6749, was the fadAB strain we

used for cloning and subcloning the fadAB genes because it
could be transformed 1,000-fold better than a recA derivative
of the Ymel fadAB strain, Kl.

Strain LS6577 is a fadAB mutant obtained by localized
mutagenesis with hydroxylamine hydrochloride as described
by Hong and Ames (9). Briefly, a fad-S mutant (polar
mutation in the putative fadAB operon [21]) was transduced
to Fad' Tcr with a P1 vir phage stock grown on a random

pool of strain K-12 Tcr colonies. A Fad' Tcr isolate,
designated LS6524 (zif::TnJOfadA+B+), was obtained, and a
phage stock was prepared from it. This phage stock was then
exposed to 1 M hydroxylamine hydrochloride as described
by Hong and Ames (9). The hydroxylamine hydrochloride-
mutagenized phage stock was used to transduce strain
RS3010 (fadR) to Tcr. This transduction mixture was plated
on fatty acid indicator plates (29). Fad- Tcr colonies were
isolated. One such isolate, designated LS6577, was further
purified and characterized as afadAB mutant, and the defect
was mapped at 85 min on the recalibrated E. coli K-12
linkage map (1).
The zif::TnJO of strain LS6524 (92% cotransducible with

fadA+B+) was moved into strains containing fadA30,
fadB64, andfadAB mutations. P1 vir phage stocks of the Tcr
Ole- derivatives of these strains were used to transduce the
host restriction minus strain LE392 to Tcr Ole-. Tcr Ole-
isolates from the individual crosses were isolated and desig-
nated LS6595 (zif: :TnJOfadA), LS6596 (zif: :TnJOfadB), and
LS6745 (zif::TnJOfadAB). Fad enzyme activities were mea-
sured in these strains to confirm that the correct enzyme
defects were present.
When recombination-deficient mutants were required,

they were constructed as described by Simons et al. (28).
Isolation and manipulation of DNA. Isolation and purifica-

tion of plasmid DNA was by the cleared lysate-polyethylene
glycol precipitation method of Humphreys et al. (10). Super-
coiled plasmid DNA was isolated by dye-buoyant density
centrifugation in a cesium chloride gradient containing ethi-
dium bromide (25). Preparation of plasmid DNA from small
cultures was performed by the method described by Holmes
and Quigley (8). Total chromosomal DNA from bacterial
strains was prepared by the method described by Marmur
(17).
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TABLE 1. Bacterial strains

Strain Relevant genotype' or Reference or sourceproperties

LE392 hsdR galK trpR metB Cold Spring Harbor
lac Y

RS3010 fadR Simons et al. (28)
Kl fad-5 P. Overath via CGSCb
K19 fadE62 P. Overath via CGSC
K27 fadD88 P. Overath via CGSC
OldA30 fadA30 P. Overath via CGSC
OldB64 fadB64 P. Overath via CGSC
NK5304 srlA::TnJO recA Nancy Kleckner strain
LS5405 thi-J metE68 relA This study

fadR: :TnS
LS5786 thi-J metE68 relA This study

fadR: :TnS
fadAB: :TnJO

LS6491 metE68 relA fadR::Tn5 This study
fadAB

LS6524 zif::TnJO' This study
LS6577 zif: :TnIO fadR fadAB This study
LS6595 hsdR galK trpR metB This study

lac Y zif::TnIO fadA30
LS6596 hsdR galK trpR metB This study

lac Y zif: :TnlO fadB64
LS6745 hsdR galK trpR metB This study

lac Yfad-5
LS6747 hsdR galK trpR metB This study

lacYfadAB: :TnlO
LS6748 hsdR galK trpR metB This study

lac YfadAB
LS6749 hsdR galK trpR metB This study

lacYfadAB recA
LS7049 fadL Maloy et al. (14)

a The nomenclature for genetic symbols follows that of Bachmann
and Low (1), and the nomenclature for transpositional insertions
follows that of Kleckner et al. (11).

b CGSC strains were obtained from B. Bachmann at the E. coli
Stock Genetic Center, Yale University, New Haven, Conn.

c The zif::TnJO insertion is linked 95% in P1 vir transductions to
the fadAB locus.

Digestion of DNA with restriction endonucleases was
generally carried out under the conditions specified by the
vendor (Bethesda Research Laboratories). Digestion reac-
tions were terminated by heating from 5 to 10 min at 65°C.
Restriction fragments were analyzed by electrophoresis in
agarose slab gels prepared in TEA buffer (50 mM Tris, 20
mM sodium acetate, 2 mM disodium EDTA [pH 8.05] [7]).
Recombinant plasmids were constructed in vitro by liga-

tion of endonuclease-generated fragments with T4 DNA
ligase (Bethesda Research Laboratories) at 14 to 16°C in 66
mM Tris-hydrochloride (pH 7.6), 6.6 mM MgCl2, 10 mM
dithiothreitol, and 0.5 mM ATP for 16 to 24 h. DNA
concentrations were varied, depending on the desired out-
come, in accordance with the consideration of Dugaiczyk et
al. (5).

E. coli cells were prepared for transformation with plas-
mid DNA by the method described by Mandel and Higa (16).
Fadt transformants were screened on medium E minimal
agar plates supplemented with 5 mM oleate and ampicillin
(100 ,ug/ml). Fad' transformants appeared in 3 to 4 days at
370C.

Construction of pCEM-derivative plasmids. Derivatives of
plasmid pCEM were constructed by the following method.
The plasmid vector (pBR322, pACYC177, pKO11, or pUC9)
and pCEM were individually digested with restriction en-

zymes, mixed, and then ligated in vitro and T4 DNA ligase.
The resulting mixture was used to transform strain LS6749
(fadAB). Transformants were obtained by selection for the
appropriate antibiotic resistance marker. Hybrid plasmid
DNA was isolated, digested with the enzyme previously
used, and analyzed as described above.
pCBP was constructed by inserting the BamHI-PstI frag-

ment of pCEM into the ampicillin resistance gene of
pACYC177. The BamHI-SalI fragment ofpCEM was insert-
ed into the tetracycline resistance gene (tet) of pBR322
resulting in plasmid pCBS. The introduction of a PstI-SalI
fragment of pCBP into pKOll yielded pK52. Plasmid pKSC
contained the SalI-ClaI fragment of pCBP in the tet gene of
pBR322. Plasmid pKPC was constructed by inserting the
ClaI fragment of pCBP into pBR322.
The BglII1-BglII4, Bg1111-BglII3, BglII1-BglII2, BglII2-

BglII3, and BglII3-BglII4 fragments were obtained by BglII
limit digests of pCEM, and subsequent insertions of these
fragments into the BamHI site of pUC9 yielded plasmids
pKl, pK2, pK3, pK5, and pK6, respectively. The orienta-
tion of the BglII1-BlgII4 and BglII1-BglII3 fragments were the
same relative to the pUC9 sequences, with the B4 site of pKl
and the B3 site of pK2 proximal to the lac promoter region of
pUC9. pK4 was constructed by inserting the PstI-BglIIl
fragment of pCEM into pUC9.
Preparation of cell extracts and enzyme assays. Bacteria

were harvested from mid-log-phase cultures (ca. 6.0 x 108
cells per ml), washed three times with ice-cold 100 mM
potassium phosphate (pH 7.0), and suspended in 1/40 vol-
ume of the same buffer. The cells were disrupted at 4°C in an
Aminco French pressure cell at 15,000 lb/in2. The lysate was
centrifuged at 15,000 x g for 15 min at 4°C. Protein content
of the extract was determined by the Lowry procedure (13)
with bovine serum albumin as the standard.
The fad enzymes were assayed as previously described

(19). Enzyme reactions were monitored in a Beckman re-
cording spectrophotometer at room temperature. All values
are the average of at least two determinations.

Isolation of fad4B::TnS insertion mutants. Cultures of
strain LS6749 (fadAB) carrying the recombinant plasmid
pK52 (fadA+B+) were grown to late exponential phase in LB
broth and were infected with XcI857 b221 Pam9O2::TnS at a
multiplicity of 10 phage per cell. After incubation for 60 min

TABLE 2. Plasmids

Plasmid Relevant genotype or Reference
properties' or source

pBR322 Apr Tcr 3
pACYC177 Apr Kmr 4
pUC9 Apr 30
pKOll Apr galK 6
pCEM Apr Kmr Ole+ This study
pCBP Kmr Olet This study
pCBS Apr Ole+ This study
pK52 Apr Ole+ This study
pKSC Apr fadAB This study
pKPC Apr fadAB This study
pKl Apr fadA+B+ This study
pK2, pK3, pK4, pK5 Apr fadAB This study
pK6 AprfadAB This study
pK52::Tn5-1 Apr Kmr fadAB-1::Tn5 This study
pK52::TnS-2 Apr KmrfadAB-2::Tn5 This study
pK52::Tn5-3 Apr Kmr fadAB-3::TnS This study

a Apr, Ampicillin resistant; Tcr, tetracycline resistant; Kmr, kana-
mycin resistant.
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at room temperature, the infected cells were spread on LB
plates containing kanamycin to select for TnS transposition.
Kanamycin-resistant (Kmr) colonies (10,000) were pooled
and diluted in 30 ml of LB and incubated for 18 h at 37°C.
Plasmid DNA was isolated by the small-scale technique and
used to transform the kanamycin-sensitive strain LS6749
(fadAB) to Kmr. pK52 fadAB::Tn5 insertion mutants were

identified by their failure to grow on oleate and by the
inability to complement fadA, fadB, and fadAB mutants.
The site of insertion of Tn5 in pK52 was determined by the

distances of restriction sites from the unique and asymmetric
Sall and SmaI sites within Tn5 (26).

Maxicells and electrophoresis of proteins. The procedure
described previously by Sancar et al. (27) for labeling
plasmid-encoded proteins with [35S]methionine was used
with the exception that the strain containing the plasmids
was LS6749.

Radioactive labeled polypeptides were analyzed by sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis on

gradient gels (7.5 to 15% acrylamide [wt/vol] and 0.2 to 0.4%
N,N-methylenebisacrylamide [wt/vol]) with appropriate mo-

lecular weight standards in the range of 12,500 to 116,000 to
determine molecular weights.

Chemicals. Antibiotics and other chemicals were obtained
from Sigma Chemical Co. The various restriction endonucle-
ases and bacteriophage T4 DNA ligase used in this study
were obtained from Bethesda Research Laboratories with
the exception of BglII, which was purchased from P-L
Biochemicals.

RESULTS

Cloning offadAB from the E. coli chromosome. To obtain
hybrid plasmids containing the fadAB genes, a BamHI
genomic digest of E. coli K-12 DNA and BamHI-cleaved
pACYC177 were mixed, ligated, and then used to transform
strain LS6749 (fadAB) to ampicillin resistance (Apr). Ampi-
cillin-resistant transformants having the Fad' phenotype
were screened for by their ability to grow on the long-chain
unsaturated fatty acid oleate. From a pool of 5,000 Apr
transformants, 5 Fad' transformants were obtained and
later found to contain hybrid plasmids with common restric-
tion sites. One Fad' Apr transformant was found to carry a

13.4-kilobase pair (kb) plasmid. This plasmid, designated
pCEM, transformed the original fad-S (fadAB) mutant of
Overath and several independently isolated fadAB mutants

TABLE 3. fad enzyme activities in E. coli strains containing different fadAB plasmids
Sp actb

Growth Genes com-
Plasmida conditions Strain (genotype) plemented by Palmitoyl Thiolase HOADH Crotonase

dehydrogenase

None Uninducedc LE392 (wild type) Of 0.4 26 66
Inducedd LE392 (wild type) 1 5.5 183 333
Uninducedc LS6749 (fadAB) 0 0 0 0
Inducedd LS6749 (fadAB) 1 0 17 16

pACYC177 Uninducedc LS6749 (fadAB) None 0 0 0 0
Inducedd LS6749 (fadAB) 1.4 0 28 5

pBR322 Inducede LS6745 (fadAB) None ND9 0 0 0
LS6595 (fadA) ND 0 280 1,680
LS6596 (fadB) ND 50 0 992
LE392 (wild type) ND 14 304 1,613

pCEM Uninducedc LE392 (wild type) fadAB 0 39 277 2,605
Inducedd LE392 (wild type) 1 197 1,689 7,062
Uninducedc LS6749 (fadAB) 0 33 468 2,187
Inducedd LS6749 (fadAB) 1 270 4,223 8,024
Inducede LS6745 (fadAB) ND 340 1,034 4,232

pCBP Inducede LS6745 (fadAB) fadAB ND 295 775 4,777

pCBS LS6745 (fadAB) fadAB ND 926 3,014 9,021

pK52 LS6745 (fadAB) fadAB ND 308 1,745 7,004

pKl LS6745 (fadAB) fadA ND 0 0 0
LS6595 (fadA) ND 12 ND ND
LS6596 (fadB) ND ND 0 ND

pK2 LS6745 (fadAB) None ND 0 0 0
LS6595 (fadA) ND 10 ND ND
LS6546 (fadB) ND ND 0 ND

a See text and Fig. 3 for construction of hybrid plasmids.
b Specific activities are expressed in nanomoles/minute per milligram of protein.
c Uninduced growth conditions: EB medium (18) supplemented with 1% Trypticase peptone.
d Induced growth conditions: EB medium supplemented with 1% Trpticase peptone and 5 mM oleate.
e Induced growth conditions: EB medium supplemented with 5 mM oleate and 50 mM potassium acetate.
f A measurement of zero implies activity of <0.05.
f ND, Not determined.
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FIG. 2. (A) Physical maps of recombinant plasmids carrying
portions of the fadAB chromosomal region. At the top is a map of
plasmid pCEM whose vector is pACYC177. The orientations of the
BgiII1-BglII4 and BglII1-BglII3 fragments in pKl and pK2, respec-
tively, are the same relative to the pUC9 sequences. PI, Pstl; PvI,
PvuI; BI, BamHI; SI, Sall; Bq, BgllII; CI, ClaI; SmI, SmaI. (B) Tn5
insertion map. TnS insertion sites in plasmid pK52 that prevent the
expression of the 42,000- and 78,000-dalton proteins. The triangle
represents the site of Tn5 insertion. pK52::TnS-1 (0.8), pK52::Tn5-2
(1.6), and pK52::Tn5-3 (1.9). (The numbers in parentheses represent
the distance between the Tn5 insertions and the Sall site.)

(LS5786, LS6491, LS6577, LS6745, LS6748, and LS6749) to
Apr Fad' with high efficiency and was presumed to carry the
fadAB genes. However, pCEM failed to complement fadE,
fadL, and fadD mutations, indicating that the plasmid did
not have a pleiotropic effect on other genes of the fad
regulon.
To confirm the presence of the genes encoding the en-

zymes thiolase, crotonase, and HOADH, the activities of
these three enzymes were measured in a fadAB mutant
(LS6749) containing plasmid pCEM. As shown in Table 3,
the three enzyme activities were restored whenever pCEM

was present in a fadAB mutant. Strains containing pCEM
(LE392 and LS6749) overproduced the three activities (Ta-
ble 3) by 10 to 50-fold when compared with the parental

Plasmid strain LE392. BecausefadAB strains containing pCEM were
Vector able to grow on or degrade the long-chain unsaturated fatty
pACYC177 acid oleate, we expected that the plasmid should also encode

the enzymes epimerase and isomerase, two additional en-
zymes required for the complete oxidation of monosaturated

pBR322 and polyunsaturated fatty acids. H. Schulz (personal com-
munication) found that epimerase and isomerase activities

pKO01 were also present and amplified in afadAB strain (LS6749)
containing pCEM, confirming that the plasmid not only

pBR322 encoded thiolase, HOADH, and crotonase but also epimer-
ase and isomerase. Furthermore, these enzyme activities

pBR322 were inducible (Table 3), suggesting that the fadAB genes
present on the plasmid are regulated by the same mecha-

pUC9 nism(s) which controls the expression of thefad regulon (21,
28, 29). The activity of the fad enzyme acyl-coenzyme A

PUC9 dehydrogenase, whose gene,fadE, is not linked to thefadAB
pUC9 genes, was not affected by the presence of pCEM (Table 3).

The activity of the acyl-coenzyme A synthetase, the product
pUC9 of the unlinked fadD gene, was also not affected by the

presence of pCEM (data not shown).
pUC9 Restriction map of pCEM. As a first step toward establish-

ing the gene organization of pCEM, a restriction map was

pUC9 constructed. The single HindIII, SmaI, and PstI cleavage
sites on pACYC177 were used as reference points for the

pUC9 location of other restriction sites. The plasmid pCEM was
13.4 kb of which 9.4 kb is E. coli chromosomal DNA inserted
into the BamHI site of pACYC177. The cloned region
contained single unique cleavage sites for PstI, Sall, ClaI,
and SmaI; four BglII sites; and no sites for AvaI, HindIII,
EcoRI, SStI, and SStII (Fig. 2A).

Subcloning thefadAB genes. To develop a physical map of
thefadAB region, various restriction endonuclease-generat-
ed fragments were subcloned into pACYC177, pBR322,

PstI pKO11, and pUC9. The genotypes of the derivative plasmids
were determined by complementation of thefadA,fadB, and
fadAB defects. Among the pCEM-derivative plasmids, only

Tn 5 pCBP, pCBS, and pK52 complemented the fadAB defect in
strain LS6745 (Table 4). Plasmid pK52 contained the small-
est subcloned restriction fragment (PstI-SalI) which comple-

TABLE 4. Genetic complementation of various plasmids with
strains carrying the fadA30, fadB64, or AfadAB mutationa

Complementation with strain:
Insert Vector LS6595 LS6596 LS6745

(fadA30) (fadB64) (fadAB)

pCEM 9.4 pACYC177 + + +
pCBS 7.1 pBR322 + + +
pCBP 7.0 pACYC177 + + +
pK52 5.2 pKOll + + +
pKSC 1.2 pBR322 - - -
pKPC 3.8 pBR322 - - -
pKl 3.3 pUC9 + - -
pK2 2.7 pUC9 - - -
pK3 1.98 pUC9 - - -
pK4 1.25 pUC9 - - -
pK5 0.8 pUC9 - - -
pK6 0.5 pUC9 - - -

a Mutant strains were transformed with plasmid DNA, and trans-
formants were selected at 37°C on minimal media supplemented
with 5 mM oleate and ampicillin (100 ,ug/ml). Complementation was
determined after 3 to 4 days of incubation.
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mented the fadAB defect. Further evidence attesting to the
presence of the fadAB genes on the PstI-SalI fragment was
obtained from enzymological studies which showed elevated
levels of thiolase, crotonase, and HOADH activites in an
fadAB strain containing either plasmids pCBP, pCBS, or
pK52 (Table 3).

Subclones containing restriction fragments smaller than
the 5.2-kb PstI-SalI fragment (pKPC, pKSC, pKl to pK6)
failed to complement the fadAB and fadB mutations (Table
4). However, plasmid pKl complemented the fadA defect
but not thefadB andfadAB defects, suggesting that thefadA
gene resides in the 3.3-kb BglII1-BgIII4 fragment. Enzymolo-
gical studies showed that pKl restores wild-type levels of
thiolase activity to afadA but not to afadAB strain (Table 3).
When the 5.2-kb PstI-SalI fragment was cleaved at the
internal ClaI site, resulting subclones pKSC and pKPC
failed to complement the fadA defect (Table 4) or restore
thiolase activity to a fadA mutant (data not shown). These
findings suggest that the ClaI site resides within the fadA
gene. It should also be noted that comparable results were
obtained with these plasmids in recA- derivatives of these
fadA, fadB, and fadAB strains (data not shown).

Since the above studies indicate that plasmid pKl carried
the fadA gene and plasmid pK52 encoded for both fadA and
fadB, the results showing that pKl conferred thiolase activi-
ty to fadA but not fadAB strains (Table 3) suggest that the
fadA gene product may not be functional in the absence of
the fadB gene product(s).

Surprisingly, plasmid pK2 failed to complement the fadA
defect but did restore thiolase activity to a fadA strain
(Tables 3 and 4). These results suggest that the 0.5-kb BglII3-
BglII4 fragment contains an essential portion of the fadA
gene required for complementation.

Identification of the fadAB gene products. The maxicell
procedure (27) was used to detect plasmid-encoded proteins
from pCEM-derivative plasmids and to correlate these prod-
ucts with specific functions. Two polypeptides with molecu-
lar masses of 42,000 and 78,000 daltons were consistently
expressed from the plasmids pCBP and pK52 in strain
LS6749 (Fig. 3A). A 42,000-dalton protein was expressed

A B
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FIG. 3. Autoradiogram of [35S]methionine-labeled plasmid-en-
coded proteins in maxicells. Maxicells were prepared and plasmid-
encoded proteins were analyzed on 7.5 to 15% sodium dodecyl
sulfate gradient polyacrylamide gels. (A) Individual lanes represent
labeled samples as follows: 1, pACYC177; 2, pCBP; 3, pK52; and 4,
pK52::Tn5-1. (B) Individual lanes represent labeled samples as

follows: 1, strain LS6749 containing no plasmids; 2, pUC9; 3, pK1;
and 4, pK2. When the proteins of pK52::TnS-2 and pKS2::Tn5-3
were analyzed, comparable results to those with pK52::TnS-1 were

obtained (data not shown). The strain used for maxicell analysis was
LS6749. The protein products are expressed in kilodaltons.

from the fadA+ plasmid pKl (Fig. 3B). This is consistent
with earlier findings of Schulz and co-workers (2, 23, 24)
which indicated that thiolase activity is associated with a
42,000-dalton protein. The 50,000- to 60,000-dalton protein
bands which were consistently observed in irradiated strains
with and without plasmids (Fig. 3A and B) appear to be host-
encoded proteins (Fig. 3B, lane 1).
The plasmid pK2 expressed a 37,000-dalton protein (Fig.

3B, lane 4). We suspect that this protein may be a truncated
42,000-dalton protein, and this may explain why pK2 failed
to complement the fadA defect (Table 4). To date, we have
not isolated a restriction fragment which only complements
the fadB defect.

Insertional inactivation of the fadAB genes. To further
define the structural organization of the genes encoding the
42,000- and 78,000-dalton proteins, plasmid pK52 was muta-
genized with the transposon Tn5. Mutagenesis with the Kmr
transposon TnS can destroy gene function by (i) insertional
inactivation of a gene(s) and (ii) prevention of the expression
of a gene(s) distal to the site of the insertion (26). Derivatives
of pK52 carrying random Tn5 insertions were screened for
their ability to complement fadA,fadB, and fadAB mutants.
Three TnS insertions that inactivated the fadAB were clus-
tered in a 1.3-kb region situated between BglII2-BglII4 (Fig.
2B). The position and orientation of the TnS insertion were
determined by restriction endonuclease digestion with SalI,
BglII, and ClaI.
fadA, fadB, and fadAB strains carrying TnS insertions in

thefadAB genes of plasmid pK52 do not grow on oleate and
also lack thiolase, crotonase, and HOADH enzyme activities
(data not shown). Furthermore, the 42,000-dalton and
78,000-dalton proteins were not expressed from these plas-
mids (Fig. 3A, lane 4; pK52::Tn5-1). The fact that all
fadAB::TnS insertion mutants failed to grow on oleate and
did not produce the two proteins and the fact that the original
site of insertion was within the fadA gene suggest that both
proteins are produced from the same transciptional unit. The
polar inactivation of the TnS insertion mutants indicates that
the direction of transcription of the unit is fromfadA tofadB.

DISCUSSION

We have cloned thefadAB genes onto a multicopy plasmid
as a first attempt to understand more precisely the structural
and regulatory properties of the putative fadAB operon
initially described by Overath et al., (21, 22). By a combina-
tion of subcloning, complementation analysis, enzymology,
and gene product labeling, a 5.2-kb PstI-SalI fragment was
shown to contain the fadAB genes. Plasmids bearing these
genes were found to encode the genetic information for the
42,000- and 78,000-dalton protein subunits of a multienzyme
complex which has thiolase, HOADH, and crotonase activi-
ties. Since plasmids bearing the 5.2-kb PstI-SalI fragment
also restore isomerase and epimerase to fadAB mutants
(Schulz, personal communication) our studies strongly
support the contention of Schulz et al. (2, 23, 24) that the
multienzyme complex, consisting of two 42,000- and two
78,000-dalton subunits, has five fad enzyme activities.
The fadA coding region has been localized to a 3.3-kb

BglII1-BglII4 fragment. This conclusion is supported by the
fact that this fragment expresses a 42,000-dalton protein and
restores thiolase activity to afadA mutant (Fig. 3B and Table
3). These findings are consistent with the studies of Schulz
and co-workers (2, 23, 24), which suggest that the 42,000-
dalton protein subunit has the thiolase activity. We have not
obtained a fragment which encodes solely the fadB gene.
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FIG. 4. Structural organization and (
the fadAB region. The relative location
andfadB genes and the direction of tran
endpoints of these genes are not precise
by a broken line. The protein product
[KD]) specified by the genes are give
Restriction sites PstI, BglII, ClaI, and St
the restriction fragments is also given.
scale.

However, since the PstI-SaIl fral
contains both fadA and fadiB and si
3.3-kb BglII1-BglII4 fragment, the fi
the overlapping PstI-BglII2 fragmen
can provide continuous coding seqt

a prevent the expression offadB because of the strong polar
effects characteristic of transposon insertion mutations (26).

{7KD} The fact that a single TnS insertion in fadA prevents the
expression of the fadB gene product (78,000-dalton protein)
suggests that fadA and fadB are transcribed as a single

I transcriptional unit. Therefore, we believe that the relative
location and orientation of the fadA and fadB genes on the
5.2-kb insert are as illustrated in Fig. 4. If fadA and fadB
form an operon and iffadB is distal to the promoter as our
studies suggest, our inability to date to obtain restriction
fragments which complement only the fadB defect may be
explained by the separation of the fadB gene from its

fad B promoter.
It is interesting that fadAB strains containing the plasmid

Pst I pKl synthesize the 42,000-dalton I subunit (Fig. 3B) but do
1.98 1.25 not have thiolase activity (Table 3). One explanation for this

t finding is that the fadA gene product, the P subunit, may not
BglI be functional in the absence of the fadB gene product, the

78,000-dalton protein (a subunit). Some support for this
direction of transcription of belief comes from studies which show that fadA mutants
(shaded areas) of the fadA carrying plasmids (pCBP or pK52) express both the 78,000-
iscription are indicated. The and 42,000-dalton proteins and have amplified levels of
ly defined and are indicated thiolase activity, whereas those containing the fadA+ plas-
;s (expressed in klodaltons mid (pK1) express the 42,000-dalton protein and have wild-
al1 are indicated. The size o. type levels of thiolase activity (Table 3). It appears that, in
This figure is not drawn to the latter case, the fadA mutant, containing plasmid (pK1)

and high levels of the 42,000-dalton protein, may be restrict-
ed from expressing amplified levels of thiolase activity
because it has only haploid levels of the fadB gene product.

gment of plasmid pK52 Additional support for this contention comes from studies
ince fadA lies within the showing that wild-type strains harboring the plasmids pKl or
adB gene must lie within pK2 or both have comparable levels of thiolase activity to
tsince no other fragment wild-type strains which either contain no plasmid or the
aences with the capacity plasmid vector pUC9 (Nunn, unpublished data).

(2.1 kb) to encode the fadB gene product. Further evidence
supporting this suggestion comes from our studies which
show that TnS insertions infadA prevent the expression of
fadB.

All fragments smaller than the 3.3-kb BglII1-BglII4 frag-
ment failed to complement either fadA, fadB, or fadAB
mutations. However plasmid pK2, containing a 2.7-kb pair
BglII1-Bg1II3 fragment, did restore thiolase activity to afadA
mutant (Table 3). Plasmid pK2 was constructed by inserting
the 2.7-kb pair BglII1-BgII3 fragment ofpCEM into BamHI-
cut pUC9. The vector pUC9 contains the transcriptional and
translational start sequences from the lacZ gene upstream of
the EcoRI site (30). Genes inserted in correct translational
frame may be expressed as a fusion product under the
control of the lac promoter (Halfman et al., unpublished
data). We suspect that a portion of the fadA gene in pK2 is
inserted in a correct translational frame yielding a fusion
product of 37,000 daltons consisting of the lacZ amino
terminus fused to a truncated version of the fadA gene
product. Nevertheless, these results indicate that a portion
of the 0.5-kb BgIII3-BglII4 fragment contains coding se-
quences which are required for complementation of thefadA
defect.
Our results support the suggestions of Overath et al. (21,

22) and Shultz et al. (2, 23, 24) that thefadAB genes form an
operon. In this study, we present evidence which suggests
that the fadAB genes are transcribed as a single transcrip-
tional unit and the direction of transcription is fromfadA to
fadB. Tn5 insertions in the fadA gene resulted in the loss of
both the 42,000 and 78,000 subunits (Fig. 3A), accounting for
the loss of activities for thiolase, HOADH, and crotonase
(data not shown). A Tn5 insertion in fadA is thought to
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