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dehydrogenases directed by complementary DNAs differing 

in their 5'-region 
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Differenl forms of ral Iher medium-chain ac)l ( oA  deh.~dn~ena~e (MCAD) (EC 13.99.3t ,ere produced in 
I:'.~cheriehia coil carr) ing e,~pression plasmi& [pRMCADm-I - 9) diflering al the 5"-region of the cl)NA. 1he prolein~ 
expressed could be readil) extracled from the cells. The protein ( -  44 kDa) directed b) pRMCAI)m-3 stul~ed the 
highest actifil) and was readil) purified Io homolceneil). The purified enz)nu, conlained mtn-co~alentl) bound I:AI) and 
was similar Io rat liver milnehondrial enz)me in all re~pecls examined. The purified protein I - 45 kDa) direcled b) 
pRMCADm-I did nol conlain FAD and showed no enzymatic aclivi~. Therefore. lhe leader peptide di~urb~ lhe bindnl~ 
of FAD to the apoprolein. The purified prolein ( ~ 40 kDa) directed b) pRMCADm-6 did not c~mtain FAD. Thu~, lhe 
deletion of the NHz-lerminal portion of lhe apoprolein to some exlenl resulls in ils inabili~ to combine ~ilh FAD. 

Introduction 

Medium-chain ac}l CoA dehydrogenase ( M ( A D t  
{also called general acyI-CoA deh,vdrogenasel (E(" 
1.3.99.3) is one of the mitochondrial acd  ( o A  dehydro- 
genases catalyzing the first step of the fl-oxidalion c' ,de 
in the catabolism of fatLv acids. The enzyme is a tetra- 
mer of four identical ~ 44 kDa t, ubunils, containing 
one molecule of non-covaientl} bound FAD per subunil 
and catalyzes the dehydrogenation of Ca-('~: ac}l ( h A s  
~'ith maximal activity tov, ard the ('~ one. In thi., en- 
zymatic reaction, electron transfer fla~.uprole n i,> the 
~bligator,', natural  electron acceptor ,.~hich reoqdize, 
the reduced enz3me [1]. MCAD ha, been purified t(, 
homogeneity from pig kidney [21. pig li~er [31. bovine 
liver [4] and rat It;or [5]. Like other nucleus-encysted 

&bhr,aiatwn. M ( ' M )  mcdlum-cMm a~',l (o.~ deh~dr,gcna-< d ( 
1.3.99.3): IPTG.  l,.,)pr(.Dl-,8-1~-ihl%Aact-p}raru,.tde: pRM(: .~.Drn 

pL ' (  19 c~,nlammg ral h:er M(,xf l  mul.mI ,.11%-L DCIP. d!ch{,~r,~. 
ph~nohndophcnd: S[)S-P.~(iL *,d~um dod¢~.~,l ~ulfate F,h-m'f i -  
amlde gel electrnphoro,. 

(,,m>pondent:e K Y:lgL In.Hule uf Apphcd Bl,~h:rm-m,. 5.~gt 
Mcn3un,al Park. % t A e  f ; d u  q]54}1 JaFm 

mitochondr ia l  proteins, the enz,.me i,~ s~nthe,,ized a~ a 
precur~,or ha~ing a leader peptide [6 ~l. The cDNAs 
encoding the enz',me v, ere imlated iram eDNA libraries 
of rat Iiwr [9.101 and partial eDNA, from human li,,er 
[11.12] and placenta [12]. Reeenlh, ae  isolated a cl)NA 
fo r  ,ML'a~D of nearh full length from human pJacema 
eDNA libra¢. 113]. Ih¢  molecular weights of the pre- 
cursor and of the malure enzyme of rat liver were 
e~limated to be 466(10 and 43 7(1~) dalton,, respectively.: 
thus allo~,~ing for a leader peptide d 25 amino acid 
re, idues equaling 2900 dahons [9]. ] he  precursor is 
Iran~,ferred through an energ,~-dependent n3L~'hanism 
into mit~hondria  ~ her~.' it,, leader peplide i ,  dealed  b~. 
protca,e-pn~e,,,ing t,, prodticc enz~rnatic.dh acme 
protein [8]. The leader peptide r, presumabl,, indis- 
pensable not onh for mlporhng and proces,,mg ,,te D 
in'.oMng mih~'hondriaI membrane pa,,sage, but ab.o for 
atlainment or the three-dimensional structure of lhe 
catal,.licalh, inactlw precursor From X-ra,~ diffraction 
stud; d pig liwr M ( M )  [14]. the flaun ring of the 
coenz., me seem, t ,  lie near tile Ni t - - t e rm ina l  domain of 
the apoprotein. Therefore. deletion or modification of 
the NH.qerminal portion b, expected to give some 
informal|on on the pn~e,,s of the coenzsme binding for 
the enzxme aJcti~ir,. 
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Different forms of rat Iher medium-chain ac~1 CoA deh~drol:ena!>e C\1CAD) (IT IJ.9(3) "ere produced in
En'herichia cofi carrying expression p1asmids (pRMCADm-\ - 9) differing at the S'-region of the cIlNA. The protein,
expressed could be readil~ extracted from the cells, The protein (- 44 kDa) direeted b~ pR'\1C\Dm-] ..ho\\~'(\ the
highest acti\i~ and \\a, readily purified to homogenei~, The purified enz~rne eontaioc'(\ non..cO\alentl~ bound FAI> and
"-as similar to rat Ih'er mitochondrial enz~me in all respects examined. TIle purified protein ( - 45 kl>a) directed b~

pRMCADm-t did not contain FAD and showed no enz~matic acti\-i~. Therefore. the leader peptide disturbs the bindn~

of FAD to the apoprotein. The purified protein (- 40 kDa) directed b~ pRMCADm-6 did not contain FAD. Thus, the
deletion of the NH z-terminal portion of the apoprotein to some extent results in its inabili~ to combine with FAD.

Introduction

Medium..chain acyl CoA dehydrogena,e (\KADI
(a"o called general acyl-CoA dehydrogena,el (Ee
1.3.99.3) is onc of the mitochondrial acyl (oA dehydro..
genases catalyzing the firs! step of the {J-oxidatiofl cycle
in the catabolism of fally acids. The enzyme is a tetra­
mer of four identical - 44 kDa suhunit" containing
one molecule of non ..wvaientlv hound FAD per suhunl\
and catalyzes the dehydrogenation of C ..C ,: acyl CoAs
with maximal activity toward the C, onc. In thi, en ..
zvmatic reaction. electron tran,fer Oa\oprotp n " the
obligatory natural electron acceptor "hich reoxidize'
the reduced enzyme [1]. \KAD ha, heen punfled ((.
homogeneity from pig kidney [21. pig liver [31. hovine
liver [4] and rat Ii\er [5]- Like other nudeus-encoded
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mitochondrial protein,. the enzyme" <'\nthe"!zed a, a
preeur,or having a Itader peptide 16-~1_ The cDNAs
encodir.g the enzyme \\ere Isolal<:d from cDNA Iihrane,
of rat Il\er [9.101 and partial cD1\A' from human li\er
[11.121 and placenta [121. Recenth_ \\e i,olated a e!);-';A
for \1CAD of nearlv full length fnlm human piacema
cD\A Iihrar\ (DI_ The ml1lel'ular welg.ht> l1f the pre..
(ur,or and of the mature enl\me of rat liver "ere
e,t1matcd l<l he 4t> 600 and 4:; 70(J dalton•. re,pectl\eh:
th"" allo" ing for a leader peptide of 25 amino acid
residue, equaling 2900 dalton, (91. The precursor '"
tralbferred through an energ\ ..depenJent 11l~',:ham'l1l

into mito(hondna "here It> It.ider peptide i, dea\Cd ,,\
prntca,e-prl..e"lng tu produce enl\ mallc.lIl\ adl\e
protein IXI- The leader peptide " pre\ulnclhly ind",..
pen,ahle nnt only for nnportmg and processmg ,tcps
invohing mllochondnal memhrane pa"age. hut also for
al1ainment of the three..dimen,ional \tructure of the
catal\ticallv inactm~ precursor From X.. ra\ diffraction
,tud\ of piE- li\er \1eA!) (14). the na\in ring of the
coenl\ me ,eern' td lIe nC<H lhe 1\H :-tcrmlllal domain of
the :1poprotein. Therefore. deletion or modifIcatIOn of
the 1\ H:"lerminal portion j, e\peeled 10 gl\e ,ome
informatlon on the pr,>ce" of the cc>enz\me hinding f('r
the enz\ me .Ktl\lty_
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in the prc~ent ~tud?.. b?, deleting some portions of the 
5'+region of the MCAt)-encoding eDNA previous[ 3 iso- 
lated 110]. the cnzxmaticallx active MCAI) and the 
proteim, having a part of the leader peptide or lacking 
the NH~-termimfl region of the ma~,,re form were 
~vnthesized in Escherichia ~oh. We describe here the 
properties of these MCAD proteins in relation to the 
ftlnction o1 this enzyme. 

Materials and Meth{HIs 

3h/wria/.~ 
Enzymes h}r DNA manipulation, plasmid pUC lq 

and MI3 DNA sequencing kit were purchased front 
Takara Shuzo (K?,oto. Japan): E. coil JMI09. from 
ToYoBo (Tokyo, Japank BioGel ItTP. BioGc! A-5m 
and horseradish pcroxidase-conjugated goat anti-rabbit 
IgG. front Bio-Rad Laboratories (Richmond. CA. 
L!.S.A.): isopropyl-fl-t)-thiogalactopyranoside (IPTGI, 
from Wako Pure Chemicals (Osaka. J.'tpan): and [t~- 
~-'P]dCtP. from Amersh,'tm International (Buckingham- 
shire. U.K.). Anti-pig kidney MCAD antiserum was 
prepared as described previously 17]. 

('omtrucrion of expression pktsmid for rat liver MCA D 
A nearly full-length eDNA for rat liver MCAD con- 

tained 1230 nucleotides of the coding region and 574 
nucleotides of the 3'-noncoding region [10]. The eDNA 
~e isolated coincided with that of Matsubara et al. [tl] 
except for the lacking of the first 30 nucleotides of the 
precursor. The eDNA was inserted into the EcoRl site 
of plasmid pUC 19. Expression plasmids for MCAD 
were constructed m two different ~ays: (1) the recombi- 
nant plasmid ',,,'as cleaved v, ith Hind I11 and ,St// 1. 
repaired with Klemwv fragment and ligated: (2) the 
recombinant plasmid was cleaved with Barn HI and 
Sph 1, treated with exonuclease Ill at 37°C to delete the 
5"-region of the eDNA and aliquots were put into the 
buff or t40 mM sodium acetate (pH 4.5) containing 100 
mM NaCI. 2 mM ZnC1- and 10~ glycerol~ r~, s s 
intervals. rite deleted piasmids were further digested 
with mung bean nuclease, repaired witb Klenow flag- 
mcnt and ligated. l h e  deletion mutants were designated 
us the pRMCADm series. 

Tra,l.@)rolati,~t 
E. coh JMI09 was used as host strain for expression 

of rat liver MCAD. Transformation was carried out as 
described by Hanahan 115]. 

('O[Otli' illltllllnO~l.vSl{l' 
E. col/ JMI09 cell~ tr.'msfonned with pRMCM)m 

series were spread on LB (Luria-Bertani) agar plates 
containing 200 #g/nil  of ampicillin and 2.5 mM IPTG. 
The plates were incubated overnight at 37°C. overlaid 
with a nitrocellulose membrane (BA 85, Schleicher and 

Schiill. Dassel. F.R.G.) and then incubated at 37°C for 
6 h, The membranes were treated with chloroform vapor 
for 15 rain and then incubated overnight at room tem- 
perature with 5(1 mM Tris-HCI (pH 7.5) containing 0.15 
M KCI. 20~ fetal calf serum. I mM DNase, 2 mg/ml  of 
l.,,sozyme and 10 mM MgCI:. The membranes were 
immunostained by treating with the anIi-MCAD anti- 
serum fotlowed by horseradish peroxidase-conjugated 
goat anti-rabbit igG as described previously [71. 

Growth of bacteria and pr~Tamtion of cell~free evtract 
E. coil JMI09 cells carrying expression plasmids were 

grown aerobically at 37°C overnight in 2 ml of I_B 
medium containing 200 #g /ml  of ampicillin and 2.5 
mM IP'FG. The cells were harvested by centrifugation 
at 8000 x g for 10 rain. washed once with 50 mM 
Tris-ttCI (pll  7.4) containing 0.15 M KCI and resus- 
pended m 500 ~tl of 10 mM Tris-HCI (pH 7.4) contain- 
ing 1 mM EI)TA. The suspension was ruptured by 
multiple sonication (1(~1 watts, 30 s, 6 times), and cell 
debris we: ~ removed by centrifugation at 10000 × g for 
15 rain. The supernatant was used as the cell-free ex- 
tract. 

Purificamm of rat liver M('A D produced in E, colt carrv- 
iJ~,g the eapre.~ion plasmid 

] h e  cell-free extract (25 nil) prepared as described 
above from the culture (I I) was fractionated with 
ammopium 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 (25 × 10 cm) previously equi- 
librated with buffer A. The colmnn was washed with 
buffer A and eluted with a linear gradient of potassium 
phosphate (10 400 raM, pH 7.4) containing 10% 
glycerol. The fraction comaining MCAD. which was 
detected by inmmnoblotting using anti-pig kidney 
MCAD antiserum, was added with ammonium sulfate 
to 80~ saturation and the precipitate formed was dis- 
s~lved in 1 :,-! of buffer A containing 0.15 M KCI. The 
sample was subjected to get filtration on a BioGel A-5m 
column (1.0 x 90 cm) previously equilibrated with buffer 
A containing 0.15 M KCI. The fraction containing 
M('AD was pooled and stored in an ice bath until used. 

Ass m' o] MCA D a~'tivily 
MCAD activity was determined at 32°C by the 

phenazine methosulfate (I.5 mM)/dichlorophenolindo- 
phenol (DCIPI (0.(148 raM) 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 I ttmo] of DCIP per rain. 

Seqm,ncing of DNA and protein 
The DNA sequence of plasmids was determined by 

the dideoxynucleotide chain termination method 116] 

in th~ pr~'L'nt ,lUll\. h\ dcl~lln['. S"I11~ p"rtion, "I' till'
~'.r~gl,'n "r lh~ '\ICAD-~n~"ding ~DNA pre\'iou,l\ iso­
bled 1101. lh~ enl\maticall\ acti\'e MCAD and the
pmtein, having a part of the leader peptide or lackmg
the' N H2-terl11inal region of the malo're form \\we
,,·nthe,il.~u in Escherichia ,oil. We descrihe hen: the
pr"perti~s "I' these MCAD pmleins in reiatinl1 to the
funuion of this el1Zvl11e.

Materials and Methods

.HaTerials
Enzymes for DNA manipulatinn. plasmid pUC 19

anu MlJ DNA sequen~ing kit were purchased from
Takara Shuzo (Kyoto. Japan); F coli Hvll09. fmm
ToY"Bo (Tob'". Japan); BioGe! HTI'. BioGc! A-5m
and horsaadish peroxidase-conjugated goat anl!-rahhit
Ig(;. from Rio-Rad Lahoratorks (Richmond. CA.
L!'s'A.): Isopmpy!-{3·D-thiogalactopyrannside (I PTG J.
frt1m Wako Pure Chemicals (Osaka. Japan): and 1n­
;'PjdCTP. fmm Amersham International (Buckingham­
shire. U.K.). Anti-pig kidney MCAD antiserum \\a,
prepared as des(Tihed pre\iously [7].

CO/1,\IrtKrioll of expressioll plasmid for rat lil'('r MCAD
A nearly full-length cDNA for rat liver MCAD con­

tained 1230 nudeotides of the coding region and 574
nudeotides of the 3'-noncoding region [10]. The cDNA
wc isolated coincided wi th that of Matsuhara et al. l'l)
except for the lacking of the first 30 nucleotides of the
preCUrS(lT. The d)NA was imerted into the EcoRI site
of plasmid pUC 19. Expression plasmids for MCAD
were constrUl:ted in two different ways: (l) the recomhi­
nam plasmid was cleaved with Hilld 111 and Sal l.
repaired with Klcnow fragment and ligated; (2) the
r~,omhinant plasmid was cleaved with Bam HI and
Sl'h I. treated with exonuclease III at 37"C to delete the
~'-region of the cDNA and alilluots were put into th~

huff"r 140 mM sodium acetate (pH 4.5) containing 100
mM NaCI. 2 mM ZnCl~ and 10% glycerol) 'It ~ s
intervals. The dclckd phlsmiJs were further digested
with mung bean nuclease. repaired with Klenow frag­
ment and ligakd. The deletion mutants wer~ design~lted

as th~ pRMCADm series.

Tra'lsjimml/;"I/
E wit JMI09 was used as host strain for expression

of rat liver MCAD. Transformation was carried out as
desnihed by Hanahan [15J.

C%n\' immwlIIa-,sm'
E. coli JMI09 celli transformed with pRMCADm

,cries were spread on LB (Luria-Bertani) agar plates
containing 200 I1g/ml of ampicillin and 2.5 mM II'TG.
The plates were ini:ubated overnight at 37°('. overlaid
with a l1itro~ellulose memhrane (BA K5. Schkicher and

Schiil!. Dasse!. F.R.G.) and then incubated at :17°(' for
(, h. The memhranes were treated with ~hloroform vapor
for 15 min and then incuhated overnight at room tem­
perature with 50 mM Tris-HCI (pH 7.5) containing 0.15
M KCI. 20't fetal calf serum. I mM DNase. 2 mg!ml of
lysozyme and 10 mM MgCI 2. The memhran~s were
immunostained by tre:lling with the anti-MCAD anti­
serum fotlowed hy horseradish peroxidase-conjugated
goat anti-rabbit IgG as described previously 17].

Growth of hac/aia and prepal'lltion of eel/free extract
E. mli JM109 ,ells carrying e.\pression plasmids were

grown aerobically at 37°C overnight in 2 ml of LB
m~dium containing 200 I'g/ml of ampieillin and 2.5
mM II'TG. The cells were harvested by centrifugation
at 1'000 X g for 10 min. washed ()nce with 50 mM
Tris-HCI (pI! 7.4) containing 0.15 M KC! and resus­
pended in 500 111 of 10 mM Tris-HCI (pH 7.4) contain­
ing 1 mM EDTA. The su,pension was ruptured hy
multiple soni,ation (lOO watts. 30 s. 6 times). and cell
dehris \w': removed hy i:entrifugation at 10000 x g for
15 min. The supernatant was used as the cell-frec ex­
tracl.

Purifim/iOlI of rat h,'('/' MeA D prod/Ked in E. coli mrr\,­
lug rhe eXl'reHioll pla-'lIIid

The cell-free extract (25 ml) prepared as desnibed
ahove fn.m the ,ulture (I I) was fractionated with
ammonium sulfate (20-607. saturation). The fraction
was dialYl.ed against huffer A (10 mM potassium phos­
phate (pH 7.4) containing IOW glycerol) and applied to
a BioGeI HTI' column (25 x 10 cm) previously equi­
librated with huffer A. The column was washed with
hufl'er A and eluted with a linear gradient of potassium
phosphate (10-400 mM. pH 7.4) containing 10%
glycerol. The fraction containing MCAD. which was
dete,ted hy immunohlotting using anti-pig kidney
MCAD antiserum. was added with ammonium sulfate
to KO e;, saturation and thc precipitate formed was dis­
s"lvl'(1 in I :"\ of huffer A containing 0.15 M KCI. The
sample was ,;uhjected to gel filtration on a BioGeI A-5m
column (1.0 x 90 cm) previously equilihrated with huffer
A containing 0.15 M KCI. The fraction eontaining
MCAD was pooled and stnrl'd in an ice hath until used.

A"a." of MCAD m-ril'ity
M('AD activity was determined at 32°C hy the

phenazine methosulfate (1.5 mM)/dichloTOphenolindo­
phenol (DClPl (0.041' mM) method [2J using Il-octanoyl
('oA as suhstrate. One unit of the enl.ymatic activity
was expressed hy the amount of the enzyme that re­
du,ed 1 pmol of DClP per min.

Seql/cnclIlg of DNA and prolein
The DNA sequence of plasmids was determined by

the dideoxynucleotide chain termination method [16]
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Fig. I. Immunoblot analysis ,~[ celt-tree extracts obtained from posi- 
tive clones. Cell-free extracts from p~sitive clone', ~ere subjected to 
4-20~;~ SI)S-PAGE. Proteins on the gel were transferred to a nitro- 
cellulose lnelllbralle and the membrane ~as immunoMained using 
anti-MCAD antiserum Number of lane represents the clone carrying 
Ihe f,nllo~ing pla,;mid: [). c~one c;'~rryin g pUC I t ) alofte: l. 
pRMCADm-1; 2. pRMUADm-2: I. pRMCAI)rn-3: 4, pRMCADm-4: 
5. pRM('AI)m-5: ft. pRMCADm-6: 7. pRM('ADm-7: 8, 

pRM('ADm-~: 9. pR,M('ADm-~. 

using an MI3 sequencing kit. The Nlt~-terminal amino 
acid sequence of the purified MCAI) was determined in 
a gas-phase sequenator (Model 470A, Applied Biosys- 
tems, Foster City, CA. U.S.A.). High-performance liquid 
chromatography was carried out with a Shimadzu model 
LC-4A apparatus to quantitate the phertyhhiohydanloin 
derivatives produced at each cycle of Edman degrada- 
tion [171. 

Other analyses 
Immunoblot analysis was carried out using anti-pig 

kidney MCAD antibody as described by Towbin et al. 
[181. Protein content was dcternfined by the method of 
Lowry et al. [tg I using crystalline bovine serum albumin 
as standard. 

Results 

Expre.~Yirm nf eDNA cm'odmg rat lieer %4CA D m E, coil 
In order to obtain clones produc :~g MCAD pro- 

rein, E. coh JMI09 cultures were t anslormed with 

287 

pRM(, 'ADm series and colony immunoassay was car- 
ried out using ant i-MCAD antiserum. Nine clones 
judged positive h', immunoassav ~erc isolated. Fig. I 
shows immunohlc, t an~tlvsis of MCAD proteins pro- 
duced in E. coil carrying pRMCADm-1 - 9, indicating 
the production of the ant i-MCAD antibody-reactive 
proteins with various molecular masses (from 31 to 45 
kDa). The extract from pRMCADm-l-bear ing bacteria 
contained two smaller products (35 and 39 kl)a) 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 |he 10000 × g soluble 
fraction. These proteins were. hewever, not produced 
when the clones were grown in the absence of IPTG. 
The molectflar weights of the proteins were relati~,e to 
the expected length of the eDNA. 

Restriction maps of the cDNAs confirmed the se- 
quences of different length in the 5'-region, correspond- 
ing to the various molecular weigl, s. Fig. 2 shows the 
nucleotide sequences of the 5'-region of the cDNAs, 
where the downward arrows indicate the junction site 
between pU(" 19 and the cDNAs of pRMCADm-I ,  2, 
3, 4, 5 and 6. 

Octanoyl CoA-dchydrogeuating activities of cell-free 
extracts from these antibody-positive clones were de- 
termined. The extract of E. cob carrying pRMCADm-3 
sho~ed the highest enzymatic activity, whereas those 
from extracts of E. cob carrying pRMCADm-4  and 
pRMCADm-2  were approx, g0 and 60%, respectively. 
"Fhe extract of ~: coil bearing pRMCADm-5 showed 
only m~'-ginal activity and the ~ctivity in extracts from 
other clones was below the detection level (data no| 
shown). 

Pl,ificartmt of mt lirer MCA Ds produced m E. cMi 
Among these proteins, tho~,e produced in E. ~oh 

carrying pRMCADm-1,  I and 6 ~ere purified to com- 
pare the characteristics of active and inactive enzymes. 

- - p U C i 9  DNA 
upRMCAOm-~ ~-cRMCADm-2 ~-pRMCACm-3 
GTCCTGTAGAAGTGCTCTCATTTTGAGTGTCGAGCACAACACACAAAACCA 
VaILeuArgSerVaISe~H~sPheGluCysArgAlaGlnH~sThrLysPro 

~---pRMCADm-4 F pRMCADm 5 
TCTCTCAAGCAGGAGCCGGGACTAGGGTTTAGCTTCGAGTTGACGGAGCAGCAGAAAGAGTTTC~AACAATTGCTCGGAAG 
Se~LeuLys~lnGluProG~yLeuG~y~heSerP~eG~uLeu~h~GluGlnG~LysGlupheG~nThrIleA~aArgLys 

FpRMCADm-6 
TTTGCCAGAGAGGAAATAATCCCGGTCGCCCCAGACTACGATAAA~GCGGGGAATACCCGTTCCCTCTCATCAAGAGAGCC 
pheA~aArgG~uGluI~e~epr~Va~A~aproAsDTy~A~pLysSerG~yG~uTyrPr~hepr~eu~eLysArgA~a '' 

Fig. 2. Nucle~)~.idc sequence of 5"-regkm of expre:,~ion plasmids pRM('AI)ul-1, 2. 3.4. 5 and 6. ihe deduced ;.mno ~lcid ~equcnce i~. ~,hov, n under 
tile nucleotide ,~eqnence. The do~nv.ard arrow's represent the lunclion bct',~cen Mr,M) gene and pl:(" 19. 

kOa

-66. ,

- -31.0

1 2 3 4 0

Fig. L ImmuI1l1hlot analysi~ Jf cell-free c.\tral..'ts ohtaim:d from posiT
live dones. Ccll-fn.~c \:xtra..:ts from positi\'e dOllt'S were suhj~clcd. ll'

4-20 rf SDS~PAGE. Proteins ~m the gd were transferred to a ni1m­

cellulose mcmhranl' and the memhrane Wl}S immunnMained u\ing.
anti~MCAD umiserum. Numher of lant: represenb the \,,'lllJ1C (arrying
the f~)lh}\\-il1g plasmid: O. (lilnC c~lfr~ving rue 19 alone; L

pRMt'ADm·l; 2. pRMCADm·2; 1. pRMCADm·3; 4. pRMCADm-4;

5. pRMCADm·5; 6. pRMCADrll·6; 7. pRMCADm-7; K.

pR\lCADm·X; 9. pRMCADm·q.

using an MI3 sequen<:ing kit. The NH 2-terminal amino
a<:id sequen<:e of the purified MCAn was determined in
a gas-phase sequenator (Model 4701\. Applied Biosys­
terns. Foster City. CA. U.S.A.). High-performan<:e liquid
<:hromatography was carried out with a Shimadzu model
LC-4A apparatus to quantitate the phenylthiohydantoin
derivatives produced at each cycle of Edman degrada­
tion [17].

Olher l/l1u/rses
Immunohlot analysis wa, <:arried out using anti-pig

kidney MCAD antihody as descrihed hy Towhin et al.
IJR). Protein content was determined hy the method of
Lowry et al.1J9J using crystalline hovine serum alhumin
as standard.

Results

Expressiol/ of cDNA Olcodillg /'(1/ lil'er HCA D 111 E. coli
In order to ohtain dones prodUl: ;1g MCAD pro­

tein, E. m/I JM 109 <:ultures were l anstorrned with

2R7

pRMCADm serie, and <:olonv immunoassay was car­
ried out using anti-MCAD antlscrum. Nine dnnes
judged po,itive hv immunoassav were isolated. Fig. 1
shows immunohlot analysis of MCAD pWleins PW­
duced in E coli carrying pRMCADm-1 - 9. indicating
the production of the anti-MCAD antihody-reactive
proteins with various molecular masses (fwm 31 to 45
kDa). The extract from pRMCADm-I-bearing hacteria
wntained two smaller 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 done was recovered in the 10000 x I: soluhle
fraction. These proteins wcre. howevcr. not produced
whcn the dones were grown in the ahsence of IPTG.
The molecular weights <If the protein, were relative to

the expected length of the <:DNA.
Restriction maps of the <:DNAs confirmed the se­

quences of different length in the 5'-region. mrrespond­
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
hetween pUC 19 and the cDNAs of pRMCADm-1. 2.
3. 4. 5 and 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 enl.ymatic activity. whereas those
from extracts of E. coli carrying pRMCADm-4 and
pRMCADm-2 were approx. 90 and 60%. respectively.
The extract of E. coli hearing pRMCADm-5 showed
only m:"giml activity and the a<:tivity in extract, from
other clones was helnw the detection level (data n<'t
shown).

PlIriji'tullOlI of nil lil'fr MCAD.v produced ill E. coli
Among these proteins. those Vfoduccd in E coli

carrying pRMCADm- 1.1 and 6 were purified to com­
pare the <:haracteristics of a<:tive and inactive enzymes.

jPRMCAOm-1 rpRMCAOm-2 rpRMCACm-3

---- pUCi9 DNA --- GTCCTGTAGAAGTGCTCTCATTTTGAGTGTCGAGCACAACACACAAAACCA
Va IleuArgSe rVa ISerHl sPheG I uCysArgA , aG 1"H, sThrlysPcD

rPRMCAOm-4 r pRMCADm-5

TCTCTCAAGC AGGAGCCGGGAC TAGGGTTT AGCT;C GAGT TGACGGAGCAGCAGAAAGAGTTT C~AAC AA TT GC TCGGAAG
Se"LeuLysG i nGl UPf'oG 1yLeuG lyPheS~rPheG 1uLeu Th"Gl uG 1nG 1nLysG 1uPhp.G 1nTrlr I leA 1aArgLys

jPRMCADm-6

iT TGCCAGAGAGGAAATAATCCCGGTCGCCCC AGACTAC GATAAAAGCGGGGAATACCCGT TCC CTC TCAT CAAGAGAGCC
PheA1aArgG IuGi uIl er IeProVd lA la'roAso'"ycAspLysSerG lyG IuTyrProPheDroleu r Iel;sArgA , a·"

Fig. 2. NlIdeoliol.: ~e4ucnLc (If 5'·region (If c\pre~~ion p13 ...mids pRMCADm-L 2. ). 4. 5 and h. lht deduced amino drid ~oL.·4tll.·m.'c i... ~h()wn under
Ih~ nUi:1coliJc ~equ('nl'e. The downward arww.. rcprr:.. t:nl Ih.: JUI1(lilm :lI..:l\\cl:n \-tt 'AD gcne and pt:(. l~.
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Fig. 3. SDS-PAGE (A) and immunoblot analsxi B) of ~,amples 
obtained during purification of MCAD produced in t-. (~lJ carrying 
pRMCADrn-3, Lane l. cell free extract: 2, ammonium sulfate frac- 
tion: 3. BioGel HTP fraction: 4, BioGel A-Sin 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 M C A D  was obtained.  Fig. 3 shows the 
result of sodium dodecyl sulfatc polyacrylamide  gel 

electrophoresis (SDS-PAGE) and immunoblo t  analysis  
of samples obtained during purification. After hydroxy- 
apati te  column chromatography,  the protein was a lmost  
homogenous;  and minor con tamina t ing  proteins  were 
removed by gel filtration. 

The M C A D  proteins of ~ 40 and - 4 5  kDa were 

purified by the same procedure from 216 and 306 mg 
total  protein from E. colt harbor ing p R M C A D m - 6  and 
-1, respectively. Their yields were 1.2 mg and 0.24 rag, 

respectively. 

NH:-termi,al  sequence o / the  purified MCA D produced m 
E. ¢oli carrring p R M C A  Din-3 

Fig. 4 compares the amino  acid sequence (B) of the 
NH ~-terminal region of M C A D  deduced from the D N A  

sequence (A) with that determined by amino  acid se- 
quencing of the purified M C A D  (C}, indicat ing cor- 
rectness of the assumed NH:- te rmina l  sequence. 

Properties o / t he  purified MCA Ds produced in £ colt 
The absorption spectrum of the purified M C A D  

from pRMCADm-3- infec ted  cells exhibited maxima at 

pUCI9 DNA pRMCADm-3 

i 
(A) ATGA C CATGAT TACGAGCTTG CAC ACAAAACCATCI'CTCAAG , -  

(B) MetThrMet I leThrSerLeuH1 sThrLvsProSerLeuLys .., 

( C ) ThrLysProSerLeuLys -.  

t 
Fig. 4. Nucleotide and deduced amino acid sequences of 5'-region of 
phi, mid pRMCADm-3 and NH2-terminal sequence of purified 
MCAD. The upward arrow represents the cleavage site belween the 
leader peptide and the mature enzyme [9]. A, nucleotide sequence: B. 
deduced amine acid sequence from DNA sequence: C. NH2-terminal 

sequence of the purified MCAD determined by chemical analysis. 

275, 370. and 445 nm at pH 7.4 (Table ! i ) .  Fig. 5 shows 
the visible absorpt ion spectrum, which coincides with 
that  of M C A D  purif ied from rat liver mitochondria .  

The propert ies  of the enzyme purif ied from p R M C -  
ADm-3- infec ted  cells fairly agree with those of M C A D  
from rat liver mi tochondr ia  (] 'able II). FAD was re- 
leased by t rea t ing the purif ied M C A D  with 5% tri- 
chloroacet ic  acid. indica t ing  that it is non-covalent ly  

TABLE 11 

Propertwv of M('A O purified/rom E, colt cell.~ trtrr~'tpl,~ pR~ICA Din-3 
and q[ M('A D from rat lirer tailor h~mdrm 

Property MCAD pr~Muced in MCAD from 
E. co#/pRMCADm-3 rat liver 

mitcx.hondria "~ 

Suhunit IkDa) 43 i, 45 
43.g • 43.7 ,r 

Spectral maxima (nm) 275/370/445 271/370/445 
Ratio of absorhance 

maxima (275/370,/435) ~ 11.3/0.7/1 () 6.3/O75/I.0 
Specific activity 

(units/rag protein) IO.3 11,9 
K,~, (,uM) 1.4 4.0 
I].,,, (tool DCIP/min 

per tool cnz~.me) 32.3 27.2 

"' From Ref. 5. 
h Estimated by SDS-PAGE in the present stud~,. 

Calculated from nucleotide ,,equence in the present study. 
'~ From Rcf. 9, 
~' Measured at pll 7.4 
f n-Ochlnoy[ CoA ",~as u~cd a~ ~,lll3Mral¢ 

1-ABLE l 

Purih,'atum o~ rat lwer M( A D prodmcd .1 E. Loh carrying, pRM( A Din.3 

Prt~edure Total Total Specific Yield Purification 
protein activity activity (C~l (fold) 
(rag) (unit~) (units/mg) 

Cell-free extract "~ 485.6 91 2 0.19 100 1 
20-60~ (NHa):S( h 3144 I32.8 0.42 146 2.2 
BloGel HrP 17,6 b2.8 3.57 69 18.~ 
BioGel A-Sin 3.94 40.6 10.30 45 54.2 

" From I I of cuhurc (6 g of cell~). 

I
(A) ATGACCATGATTACGAGCTTGCACACAAAACCATCTCTCAAG

(6) MetThcMetI 1eThcSecLeuHl sThcLysPcoSerLeuLys ..

(C) ThrLysProSerLeuLys

t

kDa

92.5­

66.0­

45.0- ---_.

pUC19 DNA pRMCADm-3

TABI.E 11

Propf!rtit'S uf AfC4D furified from E coli fells carrymg pR.f\4CADm-3
111ld of ,"tCA D from rar lir'er mitochondria

.L From Rd. 5.
1'1 Estimatcu hy SDS-PAGE in th~ present ~tudy.

, Cakulatt::d from nudcotiue ....equcnct' In the prt'sent ~tudy.

cl Fwm RcI'. 9,

MeJsured at pI! 7.4

f n-Oi,:t'll1o~'1 CoA '\'a~ u:-cd il" ~L1h~tratc

Fig. 4. !\uclenlidc and deduced amino acid sequenc~s of S'-region of
pJa,mld pRMCADm-3 and NH,-terminal sequence of purified

\1CAD. The upward arrow r~presents the cleavage site hetwecn the
leader peptide and the mature enzyme (91. A. nuclc()tid~ sequenl.'e: B.
deduced amino acid sequence from DNA seljuence: C. NH:!-terminal

,cquence of the purified MCAD determined by chemical analysis.

~.'/075/1.0

27.2

11.9
4.0

45

43.7 "
271/.170/445

10..1

lA

.12.3

1U/0.7/10

43 "
43.H'

275/3711/445

\K,\D produced in MCAD from

E. ('Oh /pRMCADm-3 rat liver
mitochondria .1

Suhun'! IkDa)

Properly

Spl.'dral maxima (Hill)

Ratio of 3h~orhance

maslma (275/370/455)'
Spccifil.' ucti\'ity f

(un;ls/l11.g protein)

A", II'M)
Ji

nlel
\ (mol DCIP/min

per mol cntymc)

275. 370. and 445 nm at pH 7.4 (Table 11) . Fig. 5 shows
the visible absorption spectrum. which coincides with
that of MeAD purified from rat liver mitochondria.
The properties of the enzyme purified from pRMC­
ADm-3-infected cells fairly agree with those of MCAD
from rat liver mitochondria (Table 11). FAD was re­
leased by treating the purified MCAD with 5% tri­
chloroacetic acid. indicating that it is non-covalently

21.5-

31.0-

NH:-Iermilw! sequence of Ihe purified MC4 D produced ill
E. <oli mrrl'il1g 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
qucncing of the purified MCAD (C). indicating cor­
rectness of the assumed NH,-terminal sequence.

Properties of /he purified MCADs produced ill E. coli
The absorption spectrum of the purified MCAD

from pRMCADm-3-infected cells exhibited mJxima at

1 2

Fig. 1 SDS-PAGE (A) and immunoblot anal)" Il) of ,ampies
ohta;ned during purification of MeAD produced in F. ('O!i carrying
pRMCADm-3, Lane 1. cell fr~e extrncr: 2, ammonium sulfatc frac­
li(1n: 3, BioGcl HT? fraction: 4. BioGeI A-Srn fraction; 5. purified

MCAD from rat liver mitochondria {I 01·

A typical result of the purification pmcedure for the
protein directed by pRMCAD-3 is summari7.ed in Table
I. From 4l;S.6 mg protein of the cell-free extract. 3.94
mg of pure MCAD was obtained. Fig. 3 shows the
resuh of sodium dodecyl sulfate polyacrylamide gel
electropr.oresis (SOS-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 pRMCADm-6 and
-J. respcctively. Their yields were 1.2 mg and 0.24 mg.
respectively.

TABLE I

PlIri!wation of m( /in'/' ~fCAD prodUCt'd III r. colt carrnll~ pRAfCAlJm

Procedure Total
proteIn
(mg)

Total
attivlty
(unihl

Specific
.H:ti\'ity
(unlb/mg)

Yield
('?)

PurifiCltion
(fold)

Cell· free extract .1

20-60'; (NH 4 J,SO.
UloGel HTP
BlOGeI A-Srn

4R5.6

3144
17.~

3.94

91,2
1.12.S
~2.H

40.6

019
0.42
3.57

HUO

lOO
146
69
45

2.2
IH.H
54.2

,I From 1 I of cul1urc (6 g oi ecl!:;),
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Fig. 5. Visible absorption spectra of purified MCADs produced in 
E. cob carrying pRM('ADm-1, -3 and -6. The purified MCAD 
(0.15 mg/mll '~,as dialyzed against 511 mM potassium phosphate 
buffer (pH 7.4) and its spectrum was measured I, MCAD pr~nluced 
with pRMCADm-I: II. that with pRMCADm-3; I11. that with 

pRMCADm-6. 

bound. On the other hand, the purified proteins di- 
rected by pRMCADm-I 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. 

D i s c u s s i o n  

Precursor proteins including a leader peptide have 
been reported to form an insoluble material termed 
"inclusion body" [20] when synthesized in E. colt. 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. coil were re- 
covered in the 10000 × g soluble fraction. This is inter- 
preted as indicating the deletion of amino acids (more 
than 10 residues) from the leader peptide. 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. coil was 
cenverted to a soluble enzyme upon removal of the 
leader peptide. 

The protein synthesized in pRMCADm-3-infected E. 
eoli was expected to be a hybrid protein, since the 
plasmid contained information for eight extra amino 
acids of the NH~-terminal region as shown in Fig. 4. 
However, in the NH,-terminal sequence obtained from 
the purified protein, this extra 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- 
mogeneity by a simple procedure using solely hydroxy- 
apatite column chromatography and gel filtration. This 
protein contained non-covalently bound FAD, and its 
absopt ion spectrum in the visible region fairly agreed 

with those of MCAD from rat liver mitocbondria [2-5]. 
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. coil was also reported in 
the cases of rat liver NADPH-cytochrome P-450 oxido- 
reductase [24] and of rat liver aspartate aminotrans- 
ferase I221. 

The enzymatic properties of the purified MCAD 
from pRMCADm-3-bearing bacteria were fairly similar 
to those of the enzyme from rat liver mitoehondria. It 
should be pointed out that activity determinations with 
MCAD are subject of considerable variation due to 
difficulties inherent to the assay systems, as noted by 
several authors 12,25]. The differences to be seen in 
Table II. in particular that in K m, might not be signifi- 
cant. However, this problem should await further inves- 
tigation. 

The MCAD purified from the cells carrying 
pRMCADm-! 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 ~eader 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 c~stallographic structure of MCAD from 
pig liver mitochondria made by Kim and Wu [141 
showed that this enzyme consist~ of three domains. The 
NHz-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, av, d the flavin ring 
lies in the crevice between the first two domains. From 
the three-dimensional structure, it is apparent that the 
NH2-terminal portion of the polypeplide participates in 
the flavin binding. The deletion of 42 amino acid re- 
sidues in the protein direc:_d by pRMCADm-6 implies 
the absence of the Grst hehx of the NHz-terminal por- 
tion I14]. 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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Fig. 5. Visible ahsorption spectra of purified MCADs produced in
E. "oh carrying pRMCADm-l, -3 and -6. The purified MCAD

(0.15 mg/ml) was dialyted against 5U mM potassium phosphate
huffer (pH 7.4) and its spectrum was measured. I. MeAD produced

with pRMCADm-1; 11. that with pRMCA1Jm-3: Ill. that with

pRMCADm·6.

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

Discussion

Precursor proteins induding a leader peptide have
been reported to form an insoluble material termed
'inclusion body' [20) when synthesized in E. ("oli. On the
other hand. precursors wilhout a leader peptid.:. 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 F.. 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 peptide. This also
agrees with the results of Jaussi et al. [23], who reported
that the insoluble precursor of ~hicken mitochondrial
aspartate aminotransferase synthesized in E. coli was
ccnverted to a soluhle enzyme upon removal of the
leader peptide.

The protein synthesized in pRMCADm-3-infecteJ E.
coli was expected to be a hybrid protein, since the
plasmid contained information for eight extra amino
acids of the NH 2-terminal region as shown in Fig. 4.
However, in the NH 2-terminal sequence ohtained from
the purified protein, this extra 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
mogeneity by a simple procedure using solely hydroxy­
apatite column chromatography and gel Wtration. 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 [2-51.
This indi~ates that FAD in the hacteria i, readily avail­
ahle 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-450 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
to those of the enzyme from rat liver mitochondria. It
should be pointed out that activity determinations with
MCAD are subject of considerable varialion due to
difficulties inherent to the assay systems. as noted by
several authors [2.25]. The differences to be seen in
Table 11. in particular that in Km' might not be signifi­
cant. However. this problem should await further inves­
tigation.

The MCAD purified from the cells carryir.g
pRMCADm-l did not contain FAD and showed no
activity. even in the presence of added FAD. Since the
protein directed by pRMCADm-l has a substantial
portion of the !eader 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 wnsists of three domains. The
NH:-lerminal 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, ar.d 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 parl1C1pates in
the flavin binding. The deletion of 42 ammo acid re­
sldues in the protein direC:.d by pRMCADm-6 implies
the absence of the f;rst hehx of the NH:-terminal por­
tion [14]. Apparenlly. the ahsence 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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