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Structurally different rat liver medium-chain acyl CoA
dehydrogenases directed by complementary DNAs differing
in their 5"-region
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Different forms of rat liver medium-chain acyl CoA dehyvdrogenase (MCUAD) (FC 13.99.3) were produced in
Escherichia coli carrving expression plasmids (pRMCADm-1 ~ 9) differing at the 5 -region of the cPINA. The proteins
expressed could be readily extracted from the cells. The protein (~ 44 kDa) directed by pRMCADmM-3 shaowed the
highest activity and was readily purified to homogeneity. The purified enzy me contained non-covatenthy bound FAD and
was similar to rat liver mitochondrial enzyme in all respects examined. The purified protein ( ~ 45 kDa) directed by
pRMCADmMm-1 did not contain FAD and showed no enzymatic activity. Therefore, the leader peptide disturbs the bindng
of FAD to the apoprotein. The purified protein ( ~ 40 kDa) directed by pPRMCADmM-6 did not contain FAD. Thus, the
deletion of the NH ,-terminal portion of the apoprotein to some extent results in its inability to combine with FAD.

Introduction

Medium-chain acyl CoA dehydrogenase (MCAD)
(also called general acvl-CoA  dehvdrogenase) (EC
1.3.99.3) is one of the mitochondrial acyl CoA dehvdro-
genases catalyzing the first step of the B-oxidation cyvele
in the catabolism of fatty acids. The enzvme is a tetra-
mer of four identical ~ 44 kDa subunits, containing
one molecule of non-covaiently bound FAD per subunit
and catalyzes the dehvdrogenation of C,-C,. acy] CoAs
with maximal activity toward the C, one. In this ep-
zvmatic reaction, electron transfer flavoprote n 1 the
obligatory natural electron acceptor which reowidizes
the reduced enzyme [1]. MCAD has been punfied two
homogeneity from pig kidnev [2]. pig liver [3]. bovine
liver [4] and rat liver [§]. Like other nucleus-encoded
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amude gel electrophoress

Correspondence K Yag Institute of Applied Bewbomein, Yan
Memonal Park, Mitahe, Gify 80341 Japan

mitochondrial proteins. the enzyme is synthesized as a
precursor having o leader peptide {6-8] The ¢cDNAs
encoding the enzvme were isolated {rom ¢cDNA libranes
of rat hiver [9.10] and partial ¢<DNAS from human liver
[11.12] and placenta {12]. Recentdy. we isolated a ¢cIINA
for MCAD of nearly full ength from human placenta
¢DNA library {13]. The molecular weights of the pre-
cursor and of the mature enzyme of rat hver were
estimated 1o be 46 600 and 43 700 daltons. respectively:
thus allowing for a leader peptide of 25 amino acd
residues equaling 2900 dalions {9). The precunor s
transferred through an energy-dependent mechamism
into mitochondria where 1t leader peptide is Cleaved by
protease-processing o produce enzymatically actne
protein {8]. The leader peptide 15 presumably indis-
pensable not onfv for importing and processing steps
involving mitochondnial membrane passage. but abso for
attainment of the three-dimensional structure of the
catalvcally inactive precursor. From X-ray diffraction
study of pig liver MCAD {14]. the flavin ring of the
coenzame seems to lie near the NH.-terminal domain of
the apoprotein. Therefore. deletion or modification of
the NH--terminal portion is ewpected o give some
information on the process of the coenzyme binding for
the enzyvme activity.
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in the present study, by deleting some portions of the
S'region of the MCAD-encoding cDNA previously 1so-
lated [10]. the enzvmatically active MCAD and the
proteins having a part of the leader peptide or lacking
the NH.-terminal region of the matire form were
svathesized in Escherichia coli. We describe here the
properties of these MCAD proteins in reiation 1o the
function of this enzyme.

Materials and Methods

Muarerials

Enzymes for DNA manipulation, plasmid pUC 19
and M13 DNA sequencing kit were purchased from
Takara Shuzo (Kvoto. Japan); E. coli JM109. from
ToYoBo (Tokvo, Japany. BioGel HTP. BioGel A-Sm
and horseradish peroxidase-conjugated goat anti-rabbit
leGG. from Bio-Rad Laboratories (Richmond., CA.
LLS.ALL isopropyl-B-p-thiogalactopyranoside  (IPTG),
from Wako Pure Chemicals (Osaka. Japan): and [a-
“P)CTP. from Amersham International (Buckingham-
shire, UK.). Anti-pig kidney MCAD antiserum was
prepared as described previously {7].

Construction of expression plasmid for rat liver MCAD

A nearly full-length ¢cDNA for rat liver MCAD con-
tained 1230 nucleotides of the coding region and 574
nucleotides of the 3'-noncoding region [10). The ¢cDNA
we isolated coincided with that of Matsubara et al. [9]
except for the lacking of the first 30 nucleotides of the
precursor. The ¢DNA was inserted into the EcoRI site
of plasmid pUC 19. Expression plasmids for MCAD
were constructed in two different wavs: (1) the recombi-
nam plusmid was cleaved with Hind HI and Saf 1.
repaired with Klenow fragment and ligated: (2) the
recombinant plasmid was cleaved with Bam HI and
Sph 1, treated with exonuclease HI at 37°C 1o delete the
S-region of the ¢cDNA and aliquots were put into the
buffer (40 mM sodium acetate (pH 4.5) containing 100
mM NaCL 2 mM ZnCl. and 10% glyceroh w0 S
intervals, The deleted plasmids were further digested
with mung bean nuclease. repaired with Klenow frag-
ment and ligated. The deletion mutants were designated
as the pPRMCADM series.

Transformation

E. coli IM109 was used as host strain for expression
of rat liver MCAD. Transformation was carried out as
described by Hanahan {15).

Colony immunoussay

E. coli IMI0Y cells transformed with pRMCADm
series were spread on LB (Luria-Bertani) agar plates
containing 200 pg /ml of ampicillin and 2.5 mM IPTG.
The plates were incubated overnight at 37°C. overlaid
with a nitrocellulose membrane (BA 85. Schieicher and

Schill, Dassel. F.R.G.) and then incubated at 37°C for
6 h. The membranes were treated with chloroform vapor
for 15 min and then incubated overnight at room tem-
perature with 30 mM Tris-HCl (pH 7.5) containing 0.15
M KCL. 20% fetal calf serum. | mM DNasc. 2 mg/ml of
Iysozyme and 10 mM MgCl,. The membranes were
immunostuned by tresting with the anti-MCAD anti-
serum fodowed by horseradish peroxidase-conjugated
goat anti-rabbit IgG as descnibed previously [7].

Growth of bacteria and preparation of cell-free exiract

E. cofi IM109 cells carrying expression plasmids were
grown aerobically at 37°C overnight in 2 ml of LB
medium containing 200 pg/m! of ampicillin and 2.5
mM IPTG. The cells were harvested by centrifugation
at 8000 x g for 10 min, washed once with 50 mM
Tris-HCl (pH 7.4) containing 0.15 M KCl and resus-
pended m 500 ¢l of 10 mM Tris-HCl (pH 7.4) contatan-
ing 1 mM EDTA. The suspension was ruptured by
multiple sonication (100 watts, 30 s, 6 times), and cell
debris we' 2 removed by centrifugation at 10000 X g for
15 min. The supernatant was used as the celi-frec ex-
tract.

Purification of rat liver MCAD produced in E. coli carry-
ing the expression plasmid

The cell-free extract (25 mb) prepared as described
above {rem the culture (1 1) was fractionated with
ammonium sulfate (20-60% saturation). The fraction
was dialyzed against buffer A (10 mM potassium phos-
phate (pH 7.4) containing 10% glycerol) and applied to
a BioGel HTP column (2.5 X 10 cm) previously equi-
librated with buffer A. The column was washed with
buffer A and eluted with a linear gradient of potassium
phosphate (10-400 mM. pH 7.4) containing 10%
glveerol. The fraction containing MCAD. which was
detected by immunoblotting using anti-pig  kidney
MCAD antiserum. was added with ammonium sulfate
to 80% saturation and the precipitate formed was dis-
solved 10 1 o} of buffer A containing 0.15 M KCI. The
sample was subjected to gel filtration on a BioGel A-5m
column (1.0 X 00 cm) previously equilibrated with buffer
A containing 0.15 M KCl. The fraction containing
MCAD was pooled and stored in an ice bath until used,

Assay of MCAD activity

MCAD activity was determined at 32°C by the
phenazine methosulfate (1.5 mM)/dichlorophenolindo-
phenol (DCIP) (0.048 mM) method [2] using n-octanoyl
CoA as substrate. One unit of the enzymatic activity
was expressed by the amount of the enzyme that re-
duced 1 pmol of DCIP per min.

Sequencing of DNA and protein
The DNA sequence of plasmids was determined by
the dideoxvnucleotide chain termination method [16]
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Fig. 1. Immunoblot analvsis of cell-free extracts obtained from posi-
tive clones, Cell-free extracts from positive clones were subjected to
4-20% SDS-PAGE. Proteins on the gel were transferred to a nitro-
celiulose membrane and the membrane was immunostained using
anti-MCAD antiserum. Number of lane represents the clone carrving
the following plasmid: 0. cione  carrving pUC 19 alone: 1.
pRMCADmMm-1; 2. pRMCADmM-2; 3 pRMCADmM-3: 4. pRMCADm-4:
5. pRMCADm-3: 6. pRMCADm-6: 7. pRMCADm-7. &,
pRMCADmM-R: 9. pRMCADmM-9.

using an M13 sequencing kit. The NH,-terminal amino
acid sequence of the purified MCATY was determined in
a gas-phase sequenator (Model 470A. Applied Biosys-
tems, Foster City, CA. U.5.A.). High-performance liquid
chromatography was carried out with a Shimadzu model
LC-4A apparatus to quantitate the phenylthiohydantoin
derivatives produced at each cycle of Edman degrada-
tion [17].

Other analvses

Immunoblot analysis was carried out using anti-pig
kidney MCAD antibody as described by Towbin et al.
[18]. Protein content was determined by the method of
Lowry et al. [19] using crystaltine bovine serum albumin
as standard.

Results
Expression of ¢DNA cncoding rar liver MCAD in E. coli

In order to obtain clones produc ag MCAD pro-
tein, E. coli IM109 cultures were 1 anstormed with

r—pRMCADm-1

————— GTCCTGTAGAAGTGCTCTCATTTTGAGTGTCGAGCACAACACACAAAACCA

puUCT9 DNA
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pRMCADM series and colony immunoassay was car-
ried out using anti-MCAD antiserum. Nine clones
Judged positive by immunoassay were isolated. Fig. 1
shows immunoblot analysis of MCAD proteins pro-
duced in E. coli carrying pRMCADm-1 ~ 9. indicating
the production of the anti-MCAD antibody-reactive
proteins with various molecular masses (from 31 to 45
kDa). The extract from pRMCADm-1-bearing bacteria
contained two smatler products (35 and 39 kDa) that
reacted with the antiserum. in addition to a 45-kDa
protein. More than 90% of the protein produced by
each clone was recovered in the 10000 X g soluble
fraction. These proteins were, however, not produced
when the clones were grown in the absence of IPTG.
The molecular weights of the proteins were relative to
the expected length of the ¢cDNA.,

Restriction maps of the ¢DNAs confirmed the se-
quences of different length in the 5'-region, correspond-
ing to the various molecular weights. Fig. 2 shows the
nucleotide sequences of the 5'-region of the cDNAs,
where the downward arrows indicate the junction site
between pUC 19 and the ¢cDNAs of pRMCADmM-1. 2.
3.4.5and 6.

Octanoyl CoA-dchydrogenating activities of cell-free
extracts from these antibody-positive clones were de-
termined. The extract of E. coli carrying pRMCADm-3
showed the highest enzymatic activity, whereas those
from extracts of E. coli carrying pRMCADm-4 and
pRMCADm-2 werce approx. 90 and 60%. respectively.
The extract of E. coli bearing pRMCADm-5 showed
only me-ginal activity and the activity in extracts from
other clones was below the detection level (data not
shown).

Purification of rat liver MCADs produced in E. coli
Among these protcins. those produced in £ coli

carrying pPRMCADm-1. 3 und 6 were purified to com-

pare the characteristics of active and inactive enzvmes.

pRMCACm-3

l——sRMCADm-Z

ValLeuArgSerValSerH:sPheGTuCysArgAlaGinHrsThriysPro

-

r-—pRMCADmAd

r PRMCADm-3

H CTCAAGCAGGAGCCGCGALTAGGGTTTAGCT CGAGT TGACGGAGCAGCAGAAAGAGTTTCAAACAATTSLTCGGAAG
SerLeulysGinGluProGlyLeuGlyPheSerPheGluleuTh~GTuG1nGinlysG uPheGinTar [TeAlaArgl ys

pRMCADMm-6

TTTGCCAGAGAGGAAATAATCLCGGTCGCCCCAGACTACGATAAAAGCGGGGAATACCCGT TCCCTCTCATCAAGAGAGLL -
PheAlaArgGluBlullel TeProvalAlaProAspTyrAsplysSerGlyGluTyrProfheProleullelysdrgdla

Fig. 2. Nucleatide sequence of §-region of expression plasmids pRMCADm-1.

. 3.4, 5 and 6. The deduced amino acid sequence is shown under

the nucleotide sequence. The downward arrows represent lhg wnction etween MUAD gene and pld 19,
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Fig. 3. SDS-PAGE (A) and immunoblot analysi :B) of samples
obtained during purification of MCAD produced in £, eoli carrying
pRMCADm-3. Lane 1. cell free extract: 2, ammonium sulfate frac-
tion: 3, BioGel HTP fraction: 4. BioGel A-5m fraction: 5. purified
MCAD from rat liver mitochondria {10}

A typical result of the purification procedure for the
protein directed by pRMCAD-3 is summarized in Table
I. From 485.6 mg protein of the cell-free extract, 3.94
mg of pure MCAD was obtained. Fig. 3 shows the
result of sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblot analysis
of samples obtained during purification. After hydroxy-
apatite column chromatography. the protein was almost
homogenous; and minor contaminating proteins were
removed by gel filtration.

The MCAD proteins of ~40 and ~ 45 kDa were
purified by the same procedure from 216 and 306 mg
total protein from E. coli harboring pPRMCADmM-6 and
-1, respectively. Their vields were 1.2 mg and 0.24 mg.
respectively.

NH.-terminal sequence of the purified MCAD produced in
E. coli carrving pRMCADm-3

Fig. 4 compares the amino acid sequence (B) of the
NH ,-terminal region of MCAD deduced from the DNA
sequence (A) with that determined by amino acid se-
quencing of the purified MCAD (C}. indicating cor-
rectness of the assumed NH,-terminal sequence.

Properties of the purified MCADs produced in E. coli
The absorption spectrum of the purified MCAD
from pRMCADmM-3-infected cells exhibited maxima at

TABLE |
Parification of rat liver MCAD produced i E. colt carrving pRMCADm-3

pUCTS DNA pRMCADm-3

—_—
(A)  ATGACCATGATTACGAGCTTGCACACAAAACCATCTCTCAAG -
(B)  MetThrMetlleThrSerLeuH1sThrlysProSerLeulys ---

(c) ThrLysProSerLeulys -

Fig. 4. Nucleotide and deduced amino acid sequences of 5 -region of
plasmid pRMCADm-3 and NH,-terminal sequence of purified
MCAD. The upward arrow represents the cleavage site between the
leader peptide and the mature enzyme [9]. A. nucleotide sequence: B
deduced amino acid sequence from DNA sequence: C. NH-terminal
sequence of the purified MCAD determined by chemical analysis.

275. 370. and 445 nm at pH 7.4 (Table II) . Fig. 5 shows
the visible absorption spectrum. which coincides with
that of MCAD purified from rat liver mitochondna.
The properties of the enzyme purified from pRMC-
ADm-3-infected cells fairly agree with those of MCAD
from rat liver mitochondria (Table I}). FAD was re-
leased by treating the purified MCAD with 5% tri-
chloroacetic acid. indicating that it is non-covalently

TABLE 11

Properties of MCAD purified from E. colt cells carrving pRMCADm-3
and of MCAD from rat liver mitochondria

MCAD from
rat fiver

MCAD produced in
E. coli /pRMCADmM-3

Property

mitochondria
Subunit (kDa) 43" 45
438 437
Spectral maxima (nm) 2757370 /445 271 /370445

Ratio of ahsorbance
maxima (275,370 /455y ©
Specific activity *
{units,/mg protein) 1.3 11.9
K, (M) 14 40
Frnen fmol DCIP /min
per mol enzvme)

13,0710 6.3/0.75/1.0

23 27.2

* From Ref. §.

" Estimated by SDS-PAGE in the present study.

* Caleulated from nucleotide sequence 10 the present study.
¢ From Ref. 9.

“ Measured at pH 7.4

! #-Octanovl CoA wits used av substrate.

Procedure Total Total Specific Yield Purification
protein acuvity activity (%) (fold)
(mg) (unuts) (units/mg)
Cell-free extract * 485.6 912 019 130 1
20-60% (NH 1,80, 3144 1328 0.42 146 22
BioGel HTP 17.6 628 157 69 18.8
BioGel A-Sm 3.94 40.6 10.30 43 542

' From 1 1 of culture (6 g of cells).
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Fig. 5. Visible absorption spectra of purified MCADs produced in
E. coli carrying pRMCADm-1, -3 and -6. The purifiecd MCAD
(0.15 mg,/ml) was dialyzed against 50 mM potassium phosphate
buffer (pH 7.4) and its spectrum was measured. 1, MCAD produced
with pRMCADm-1; 1. that with pRMCADm-3; 11, that with
pRMCADmM-6.

bound. On the other hand, the purified proteins di-
rected by pPRMCADm-1 and pRMCADm-6 did not
contain FAD as can be seen in Fig. 5 and showed no
enzymatic activity., Also, no activity was observed upon
addition of FAD.

Discussion

Precursor proteins including a leader peptide have
been reported to form an insoluble material termed
‘inclusion body’ [20] when synthesized in £. coli. On the
other hand, precursors without a leader peptide. such as
those of cytosolic proteins, are expressed in a soluble
form in the bacteria [21,22]. In the present study. the rat
liver MCAD proteins synthesized in E. coli were re-
covered in the 10000 X g soluble fraction. This is inter-
preted as indicating the deletion of amino acids (more
than 10 residues) from the leader pepude. This also
agrees with the results of Jaussi et al. [23], who reported
that the insoluble precursor of chicken mitochondrial
aspartate aminotransferase synthesized in E. coli was
converted to a soluble enzyme upon removal of the
leader peptide.

The protein synthesized in pPRMCADm-3-infected E.
coli was expected to be a hybnd protein, since the
plasmid contained information for eight extra amno
acids of the NH,-terminal region as shown in Fig. 4.
However, in the NH,-terminal sequence obtained from
the purified protein. this exira peptide was found to be
absent. This is assumed to be due to the action of
bacterial proteinases.

The protein from pRMCADm-3 was purified to ho-
mogeneily by a simple procedure using solely hydroxy-
apatite column chromatography and gel filtration. This
protein contained non-covalently bound FAD. and its
abso ption spectrum in the visible region fairly agreed
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with those of MCAD from rat liver mitochondria [2-3].
This indicates that FAD in the bacteria is readily avail-
able and binds to the apoprotein either during or after
the folding of the polypeptide chain, resulting in a
stable form. The binding of prosthetic group to
apoprotein synthesized in E. coli was also reported in
the cases of rat liver NADPH-cytochrome P-430 oxido-
reductase [24] and of rat liver aspartate aminotrans-
ferase [22].

The enzymatic properties of the purified MCAD
from pRMCADm-3-bearing bacteria were fairly similar
1o those of the enzyme from rat liver mitochondria. It
should be pointed out that activity determinations with
MCAD are subject of considerable variation duc to
difficulties inherent to the assay systems. as noted by
several authors {2.25]. The differences to be seen in
Table IL. in particular that in K, might not be signifi-
cant. However, this problem should await further inves-
tigation.

The MCAD purified from the cells carrying
pRMCADm-1 did not contain FAD and showed no
activity. even in the presence of added FAD. Since the
protein directed by pRMCADm-1 has a substantial
portion of the leader peptide, the binding of the flavin
coenzyme to the apoprotein is probably prevented by
the leader peptide.

Further, the MCAD protein purified from pRMC-
ADm-6-bearing cells did not contain any FAD and
showed no enzymatic activity, even in the presence of
FAD. The crystallographic structure of MCAD from
pig liver mitochondria made by Kim and Wu [14]
showed that this enzyme consists of three domains. The
NH,-terminal domain is composed of 6 a-helices, the
middle one is packed with B-sheets. and the C-terminal
one is composed again of 6 a-helices, and the flavin ring
lies in the crevice between the first two domains. From
the three-dimensional structure, it is apparent that the
NH,-terminal portion of the polypeptide participates in
the flavin binding. The deletion of 42 amino acid re-
sidues in the protein direci..d by pRMCADm-6 implies
the absence of the first hehx of the NH-terminal por-
tion {14]. Apparently. the absence of this region results
in the failure in forming the functional three-dimen-
sional structure of the mature enzyme, which makes the
apoenzyme unable to combine with FAD.
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