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Summary: The mitochondrial enzyme 3-cis-2- molecular weight of 30 000, as determined by
trans-enoyl-CoA isomerase, responsible for the dodecylsulfate polyacrylamide gel electro-
positional and geometric isomerization of phoresis. The isomerase has a strong tendency to
B.y-unsaturated fatty acyl-CoA intermediates form a dimer. It elutes from a calibrated Sephadex
arising during g-oxidation of unsaturated long G-200 column with an apparent M; = 60000. The
chain fatty acids, has been isolated from rat liver,  basic isoelectric point, pI 9.0-9.2, is due to its
purified to homogeneity by a heat step and a high content in basic amino acids. The amino acid
combination of gel filtration and ion-exchange composition determined by the ninhydrin and

chromatographic procedures. The enzyme has a o-phthalaldehyde detection method is presented.

Reinigung und Eigenschaften der 3-cis-2-trans-Enoyl-CoA-Isomerase (. ‘Dodeceno yl-CoA-A-Isomerase)
aus Rattenlebermitochondrien

Zusammenfassung: Das mitochondriale Enzym Dodecylsulfat-Polyacrylamid-Gelelektrophorese
3-cis-2-trans-Enoyl-CoA-Isomerase, das fiir die bestimmt. Die Isomerase neigt zur Dimerisation.
Stellungs- und geometrische Isomerisierung der Sie eluiert von einer kalibrierten Sephadex

B, y-ungesittigten Fettsiure-Coenzym-A-Zwischen- G-200 Séule mit einem apparenten Molekularge-
produkte der B-Oxidation von ungesittigten lang-  wicht von 60000. Der isoelektrische Punkt
kettigen Fettsiduren verantwortlich ist, wurde aus  pl = 9.0—9.2 wird durch den hohen Gehalt an
Rattenleber isoliert und durch einen Hitzeschritt  basischen Aminosiuren bedingt. Die Aminoséuren-

und eine Kombination von Gel- und Ionenaus- zusammensetzung wurde vergleichend mit der
tausch-chromatographischen Verfahren bis zur Ninhydrin- und o-Phthalaldehyd-Methode be-
Homogenitit gereinigt. Das Molekulargewicht stimmt.

des Enzyms wurde zu 30000 mit Hilfe der

Enzymes:

Dodecenoyl-CoA A-isomerase*, dodecenoyl-CoA A3-cis— A2-trans-isomerase (EC 5.3.3.8);

3-HydroxyacylFCoA dehydrogenase, L-}hydroxyacyl—CoA:NAD"’ oxidoreductase (EC 1.1.1.35);

Enoyl-CoA hydratase, L-3-hydroxyacyl-CoA hydro-lyase (EC 4.2.1.17);

Acyl-CoA dehydrogenase, acyl-CoA: (acceptor) oxidoreductase (EC 1.3.99.3).

* This enzyme catalyzes the positional and geometric isomerization not only of substrates with 12 C-atoms, but
also of shorter and longer chain homologous with §,y-cis- and -trans double bonds. The more general term “3-cis-
2-trans-enoyl-CoA isomerase” should therefore be preferred.
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Naturally occurring mono- and poly-unsaturated
(di-, tri-, tetraenoic, etc.) fatty acids are compo-
nents of simple and complex eukaryotic lipids. In
general their double bonds have the eis configura-
tion. In poly-unsaturated fatty acids, these cis
double bonds are arranged in polyallyl rhythm
(divinylmethane rhythm, “skipped” double
bonds). The unsaturated fatty acids with the

cis double bond nearest to the carboxyl group at
odd-numbered carbon atoms, e.g. palmitoleic

16: 1% oleic 18: 1%, linoleic 18:29:12  linolenic
18:391215 and arachidonic acid 20:4581114,
yield intermediates with 3-cis double bonds,
while those at even carbon atoms, on repeated
passages through the mitochondrial §-oxidation
cycle, yield intermediates with 2-cis double bonds,

We have described the enzymatic steps by which
the respective 3-cis-enoyl-CoA intermediates are
transformed into the positional and geometric
2-trans-enoyl-CoA isomers. The 2-cis-enoyl-CoA
intermediates are hydrated to the p(—)-3-hy-
droxyacyl-CoA derivative which is subsequently
epimerized to the L(+) optical antipode. The
former positional and geometric isomerization is
catalyzed by the mitochondrial 3-¢is-2-frans-enoyl-
CoA isomerase, the latter reaction by the p(—)3-
hydroxy acyl-CoA epimerasel 131, In this paper
we describe the isolation and purification to
homogeneity of the 3-cis-2-trans-enoyl-CoA
isomerase and some properties of this mito-
chondrial enzyme. Rat liver mitochondria
served as the enzyme source.

The isomerase has a molecular weight of 30000
as determined by dodecylsulfate polyacrylamide
gel electrophoresis. It readily forms a dimeric
structure. There are no sulfhydryl groups essential
for the catalytic activity. N-Acetylcysteamine
thioesters of 3-cis-alkenoic acids, e.g. 3-cis-he-
xenoic acid, react extremely slowly with the rat
liver isomerase.

Experimental

Materials: 3-cis futty acids with chain lengths Cg to Cya
were synthesized in this Iabomlory[ 2l The coenzyme
A ester was formed either with the mixed anhydride

method with ell!ylchlomca.rbonachI or the hydroxysuc-
cinimideester method! 51, The yields ranged between 40
and 70% of theory. Similarly, N-acetyl-S-(3-cis-hexeno-
yleysteamine was prepared! ® . This thioester was ana-
lyzed by masssspectroscopy [M® 215; m/e 172 (M¥—43);
mfe 157 (M"—58)].

—43—
CH 3-CH ,-CH=CH-CH 2-CO-8-CH ,-CH-NH-CO-CH 3
- s 55—

3-Hydroxyacyl-CoA dehydrogenase, NAD® and CoA were
purchased from Boehringer Mannheim GmbH, Sephadex
G-200 and CM-Sephadex C-50 were Pharmacia products.

Methods: Rat liver cell fractionation was carried out ac-
cording to Hogeboom et al.L7], The mitochondrial
fraction (20—30 mg protein/m/) was sonicated at 75 W
for 4 min, with intermittant cooling in ice water. A
Branson sonifier with the macrotip was used.

Enzyme assays: The two assays for enzymatic activity,
{a) measuring the increase in absorbance at 263 nm and
(b) measuring the reduction of NAD™ after addition of
2-enoyl-CoA hydratase and L(+)3-hydroxyacyl-CoA
dehydrogenase and NAD" to the enzyme preparation,
have been described beforel ', Protein was determined
according to Beisenherz et al.l8l,

Conditions of column separations are given in the
legends to Figures.

Dodecylsulfate polyacrylamide gel electrophoresis was car-
ried out according to Weber and Osbornl ?land slab gel elec-
trophoresis according to Lammiil 11 in a modified hame-
made electrophoresis apparatus according to Studier! 1],
Amino acid analysis: Protein aliquats were hydrolyzed
with 6N HCI for 24, 48, 72 and 96 h at 100 °C and the
stoichiometry of serine, threonine and tyrosine deter-
mined by extrapolation of the deterioration curve. One
set of aliquots was analyzed by the use of a Beckman
amino acid analyzer model 121 M with the ninhydrin
detection technique. These analyses were kindly carried
out by Dr. K. Beyreuther. Institut fir Genetik, Universi-
tit Koln. The other set was analyzed by the use of
o-phthalaldehyde in the fluorimetric technigue in a
home built amino acid analyzer, using parts of the
Durrum kit and a Knauer fluorimeter with an 8-u/

flow cell. A single column (0.3 x 30 cm) with Durrum
DC-4A cation exchange resin resolved all amino acids
with high etficiency. Except for proline, all amino

acids could be quantitated with high reliability. The

two methods of detection agreed well, the fluorimetric
method being 40 times more sensitive than the ninhydrin
technique.
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Fig. 1. Separation of 3-cis-2-trans- 22
enoyl-CoA isomerase from rat liver
mitochondrial extract after heat

steps (Table 1) on Sephadex G-200.

Sample size: 140 mg protein. Bed e

volume: 2.5 cm ) x 65 cm. Flow
rate: 12 mi/h. Eluant: 0.05M phos-
phate buffer, pH 7.4. Volume of
fractions: 4.5 m/. Sample tested for
enzyme activity: 25 pl.

Rel. prot.conc (A ygp) —=

Yoid vol.
4

Results

Isolation and purification of 3-cis-2-trans-enoyl-
CoA isomerase: The 3-cis-2-trans-enoyl-CoA iso-
merase is located in the mitochondrial particle. The
isolation of the mitochondrial fraction by standard
procedures leads to the enrichment of the enzyme
in the initial step. The enzyme is released by
ultrasonication and then precipitated by am-
monium sulfate precipitation (50—100% satu-
ration). The precipitate is dissolved in 50mm
phosphate buffer, pH 7.4, dialysed against the
same buffer and then processed as summarized

in Table 1. The heat stability of the 3-isomerase
facilitates the enrichment of the enzyme by a
heat stepl!l. The enzymatic activity is determined
from the increase of the absorbance at A max =
263nm (e =6.2x10° [Ixmol=" x em~"']). This

70

4 5 80
Fract ng. —a=

requires the absence of enoyl-CoA-hydratase,
which is eliminated by the heat step. Therefore
up to this step the combined optical assay!!! was
used for assaying the first purification steps.

The clear enzyme solution was concentrated by
ultrafiltration and fractionated by gel filtration
(Sephadex G-200) (Fig. 1), which leads to a
four-fold increase in specific activity. The pooled
and concentrated enzyme fractions were
adsorbed to a CM-Sephadex column. The iso-
merase eluted as a rather sharp band when a
buffered NaCl gradient (0—0.4m) was applied as
eluant (Fig. 2). In the final purification step, the
dialyzed and concentrated enzyme fractions
from the CM-Sephadex chromatography were
finally passed over a Sephadex G-200 column
(Fig. 3). The enzyme protein proved to be homo-

Table 1. Isolation and purification of 3-cis-2-trans-enoyl-CoA isomerase.

Purification step Total prot. Spec. act. Total act. | Purification | Yield
Img] [U/me] 1u] factor 151
Heat step (70 °C for 2 min) 142 3.5 490 - =
Sephadex G-200 chromatography 30 13.7 412 4.0 | 84
CM-Sephadex C-50 chromatography 6.7 43.2 287 313 59
Sephadex G-200 chromatography 5.05 46.9 237 | 1.1 48
1 U= 1 umol 3-cis-dodecenoyl-CoA isomerized x mg—l x min—L
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Fig. 2. Chromatographic
separation on Sephadex CM-50
of isomerase from isomerase-
containing fractions eluted
from Sephadex G-200.
Bed volume: 1.5cm @ x40 cm.
Eluant: 0.05M phosphate
a butfer, pH 6.0; 0-0.4M
NaCl gradient, started after
270 m! prewash with buffer.
Volume of fractions: 3 mi.

Nallfm) —s—

T T T

I R R T R
Fract. no. —3=

geneous in dodecylsulfate polyacrylamide gel
electrophoresis and urea dodecylsulfate poly-
acrylamide gel electrophoresis and urea dodecyl-
sulfate polyacrylamide slab gel electrophoresis
(Fig. 4a,b).

Properties of the isomerase: The molecular weight
was determined by chromatography over a cali-
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Fig. 3. Purification of isomerase on Sephadex G-200
after ion-exchange chromatography on Sephadex CM-50.
Bed volume: 1.5 c¢cm @ x 110 cm. Eluant: 0.05M phos-
phate buffer, pH 7.4, Sample size: 5 mg protein. Volume
of fractions: 1.8 ml. Assay volume for enzyme activity:
10wl

e——=e: enzyme activity
(10-uf portions). o———o:
distribution of protein.

brated Sephadex G-75 column. The total enzyme
activity eluted in a sharp single band with an ap-
parent molecular weight of 60000 daltons, Fig. 5.
However in dodecylsulfate polyacrylamide gel

Table 2. Amino acid analysis of 100—125 pmol
isomerase was performed on a single Durrum DC 4 A
ion-exchange resin bed (0.3 x 30 cm) with fluorimetric
detection.

The analysis with ninhydrin detection was carried out
on a Beckman amino acid analyzer. 5 nmol isomerase
was required. For experimental details see Methods,

Amino Detection
acid
o-Phthalaldehyde Ninhydrin
||mol/mol isomerase| | [mol/mol isomerase]

Asp | 23 23
Thr* 14 14
Ser* 25 25
Glu 32 34
Gly | 31 31
Ala | 28 28
Val | 20 20
Met = =

Ile 15 15
Leu 27 [ 27
Tyr* 6 | 6
Phe 10 10
Lys 25 [ 24
His 7 7
Arg 11 | 11
Pro = | 13

* Extrapolated from the time-dependent deterioration
curve during HCFhydrolysis.
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Fig. 4.

a) Graphic representation of molecular weight deter-
mination of purified 3-cis-2-frans-enoyl-CoA isomerase
by sodium dodecylsulfate polyacrylamide gel electro-
phoresis. 1 = Bovine serum albumin (M; = 68 000});

2 = Ovalbumin (M = 43 000); 3 = Isomerase (M, =
30000); 4 = Chymotrypsinogen (M =25700); 5=
Cytochrome ¢ (M = 11 700).

b) Slab gel (15%) of: A = test proteins indicated on the
right; B = purified isomerase; C = isomerase-active frac-
tions after Sephadex G-200 chromatography; D = protein
solution after heat denaturation step; E = test proteins.

electrophoresis!®, a molecular weight of 30000
was determined, and only a faint protein band
with twice the molecular weight (60000) was
visible, Fig. 4a and 4b. This dissociation of the
enzyme into the two 30 000-dalton protomers

is due to the presence of sodium dodecylsulfate,
but independent of mercaptoethanol. Sulfhydryl
reagents like V-ethylmaleinimide and p-chloro-

5.2

Fract. no.—=

Fig. 5. Graphic representation of dependence of elution
volume and molecular weight of test proteins and iso-
merase.

Sephadex G-75 column, bed volume 1.5 cm @ x 110 c¢m.
Volume of fractions: 2 m/. 2 mg of each test protein was
used. Elution buffer: 0.05M phosphate buffer, pH 7.4.

1 = Aldolase (M = 158 000); 2 = Phosphorylase a (M, =
94 000); 3 = Bovine serum albumin (M = 68 000);

4 = [somerase (My = 60000); 5 = Ovalbumin (M, =

43 000); 6 =Chymotrypsinogen (M = 25 700).

mercuribenzoate did not inhibit the isomerization.
Since the enzyme is fully active in the presence of
dodecylsulfate, a dimeric or any multienzyme
structure is not required for the enzymatic func-
tion. Higher salt concentrations do not dissociate
the dimeric enzyme. The isoelectric point was
determined by isoelectric focussing in a sucrose
gradientandin polyacrylamide gels with Ampholine
(pH 2—11) as polyamine buffer. The pl of the
isomerase is 9.2-9.4.

The stoichiometry of the amino acid composition
(Table 2) was derived from amino acid analyses
using ninhydrin in the analysing system or
o-phthalaldehyde for the fluorimetric deter-
mination system. The isoelectric point at alkaline
pH indicates a predominance of basic amino acids
which is documented by the analytical data.

This key enzyme of f-oxidation of unsaturated
fatty acids is readily accessible and makes the
further characterization feasible.

These studies were supported by the Deutsche Forschungs-
gemeinschaft. We thank Mrs, M. Gorgey for her skiful
technical assistance.



1782 W. Stoffel and M. Grol Bd. 359 (1978)

Literature 6 Kass, L.R. & Brock, D.J.H. (1969) Methods
Enzymol. 14, 696—698.
I Stoffel, W., Ditzer, R. & Caesar, H. (1964) Hoppe- 7 Hogeboom, G.H., Schneider, W. C. & Palade, G.E.
Seyler’s Z. Physiol. Chem. 339, 167—181. (1948) J. Biol. Chem. 172, 619-636.
2 Stoffel, W., Caesar, H. & Ditzer, R. (1964) 8 Beisenherz, G., Boltze, H. J., Biicher, Th., Czok, R.,
Hoppe-Seyler's Z. Physiol, Chem. 339, 182-193. Garbade, K.H., Meyer-Arendt, E. & Pfleiderer, G.
3 Stoffel, W. & Caesar, H. (1965) Hoppe-Seyler’s Z. (1953) Z. Naturforschung 8b, 555-577.
Physiol. Chem. 341, 76—83. 9 Weber, K. & Osborn, M. (1969) J, Biol. Chem. 244,
4 Wieland, Th. & Bernhard, H. (1951) Liebigs Ann. 4406—4412,
Chem. 572, 190—194. 10 Limmli, U. K. (1970) Nature (London) 227,
5 AlArif, A, & Blecher, M. (1969) J. Lipid. Res, 10, 680—685.
344-345. 11 Studier, F. W. (1973) J. Mol. Biol. 79, 237—-248.

Prof. Dr. W. Stoffel and Dr. M, Grol, Institut fiir Physiologische Chemie der Universitit Koln,
Joseph-Stelzmann-Str. 52, D-5000 Kéln 41.



