Sonderdruck aus
Hoppe-Seyler’s Zeitschrift fiir Physiologische Chemie
Walter de Gruyter & Co., Berlin 30

HoprpPE-SEYLER'S Z. PHYsIOL. CHEM.
Bd. 351, S. 1545— 1554, Dezember 1970

Enzymatic Studies on the Mechanism of the Retroconversion of
C,,-Polyenoic Fatty Acids to their Cy-Homologues

WILHELM STOFFEL, WOLFGANG ECKER, HATEM Assap and HOWARD SPRECHER

Institut fiir Physiologische Chemie der Universitit Kéln*

(Received 19 October 1970)

Summary: The retroconversion of specifically
labelled Cjg-, Caoo- and Cae-polyenoic fatty acids
(18:2912;  20:211,14; 20:38,11,14; 20:45.8,11,14,
22:310,13,16; 22:47,10,13,16) to their (n-2) bishomo-
logues has been studied in vive and in vitro. Only
the docosapolyenoic acids were retroconverted to
the corresponding eicosapolyenoic acids. The
partial degradation was demonstrated in experi-
ments in vivo and in vitro with rat liver subcellular
fractions.

The Caz-polyenoic acids and their chain shortened
Cap-derivatives were found to be distributed in the
experiments in vivo in all cell fractions, mito-
chondria, microsomes and supernatant as well.
However studies in vitro proved that only the
mitochondrial fraction is capable of catalyzing the
retroconversion of the Cas-polyenoic fatty acids
to their Csg-homologues. Therefore the chain
shortening reaction is not due to a reversed chain

elongation but to a partial [-oxidation. Further
proof for a f-oxidation process was obtained by
using submitochondrial fractions which were
characterized by their marker enzymes and three
B-oxidation enzymic activities: Enoyl-CoA hy-
dratase, 3-hydroxyacyl-CoA dehydrogenase and
ABcis.A2trans_enoy]-CoA isomerase. These enzymes,
together with the enzymes involved in the retro-
conversion reactions of the docosapolyenoic acid,
are localized on the inner mitochondrial mem-
brane. The chain shortening reactions in the mito-
chondria proceed unidirectionally. Exchange re-
action with acetyl-CoA and malonyl-CoA did not
take place.

Dihydroxyacetone phosphate and glycerol 3-phos-
phate were potential acceptor molecules for the
substrate, the docosapolyenoic acid and the pro-
duct, the eicosapolyenoic fatty acid.
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Enzymes:

Acyl-CoA synthetase, acid: CoA ligase (AMP) (EC 6.2.1.3) (= thiokinase)

Cytochrome oxidase, ferrocytochrome c: oxygen oxidoreductase (EC 1.9.3.1)

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

Aseis. A2trans_Enoyl-CoA isomerase (EC 5.3.3.7 not yet listed)

Glucose-6-phosphatase, p-glucose-6-phosphatc phosphohydrolase (EC 3.1.3.9)

3-Hydroxyacyl-CoA dehydrogenase, L-3-hydroxyacyl-CoA:NAD oxidoreductase (EC 1.1.1.35)
3-Hydroxybutyryl-CoA epimerase, 3-hydroxybutyryl-CoA 3-epimerase (EC 5.1.2.3) (= p(—) 3-hydroxy-acyl-CoA

3-epimerase)

Malate dehydrogenase, L-malate: NAD oxidoreductase (EC 1.1.1.37)
Monoamine oxidase, monoamine:oxygen oxidoreductase (deaminating) (EC 1.4.3.4)
Phospholipase C, phosphatidylcholine cholinephosphohydrolase (EC 3.1.4.3).
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Zusammenfassung: Enzymatische Untersuchungen
zum Mechanismus der Riickverwandlung von Cas-
Polyenfettsiuren in ihre Cag-Homologe. Die Riick-
verwandlung von spezifisch markierten Cig-, Cog-
und Cop-Polyenfettsiuren (18:29.12,  20:211,14
20:3%:11,14, 20:45,8,11.14, 27:310,13,16_ 37 :47.10,13,15)
zu thren um 2 C-Atome verkiirzten Bishomologen
wurde in vivo und in vitro untersucht. Nur die
Docosapolyenfettsiuren wurden zu den ent-
sprechenden Eicosapolyensiuren abgebaut. Dieser
partielle Abbau konnte in vivo und im In-vitro-
Experiment mit subzelluliren Fraktionen der
Rattenleber gezeigt werden.

Im In-vivo-Versuch wurden die Csa-Polyensiuren
und ihre kettenverkiirzten Cgg-Derivate in allen
Zellfraktionen verteilt aufgefunden. Die Versuche
in vitro beweisen jedoch, dali nur die mitochon-
driale Fraktion in der Lage ist, die Kettenverkiir-
zung zu katalysieren. Die Kettenverkiirzung ist
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daher nicht eine Umkehr der am endoplasmati-
schen Reticulum ablaufenden Kettenverlingerung,
sondern eine partielle -Oxidation, Ein weiterer
Beweis flir einen B-OxidationsprozeB stellten Ver-
suche mit submitochondrialen Fraktionen dar, die
durch ihre Leitenzyme und die folgenden Enzym-
aktivititen der B-Oxidation charakierisiert wurden:
Enoyl-CoA-Hydratase, 3-Hydroxyacyl-CoA-De-
hydrogenase, AB3¢iS-AZtrans Enovl-CoA-Tsomerase.
Diese Enzyme zusammen mit den fiir die Ketten-
verkiirzung verantwortlichen sind auf der inneren
Mitochondrienmembran lokalisiert, Die Ketten-
verkiirzung im Mitochondrion verlduft unidirek-
tional. Ein Austausch in Gegenwart von Acetyl-
und Malonyl-CoA konnte nicht beobachtet werden.
Dihydroxyacetonphosphat und Glycerin-3-phos-
phat sind Akzeptormolekiile fiir das Substrat, die
Daocosapolyenfettsdure und das Produkt, die ent-
sprechende Eicosapolyenséure.

The biosynthesis of polyunsaturated fatty acids in
the mammalian cell has been studied extensively!-5,
Both the chain elongation and desaturation reac-
tions have been achieved in experiments in virro
using subcellular fractions of rat liver. The enzyme
systems involved are localized in the membranes
of the endoplasmic reticulum. Substrates of the
chain elongating enzymes are the long chain acyl-
CoA  derivatives and malonyl-CoA. NADPH
serves as the donor of the reduction equivalents
required. The coenzyme A derivative of the long
chain fatty acids is also the substrate for the
microsomal desaturase system and molecular
oxygen is required for the introduction of the eis-
double bonds in the carboxy terminal part of the
substrate.

An acetyl-CoA dependent chain elongating system
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localized in the mitochondria of rat liver, rabbit
and beef heart has been described” 13, Its biological
importance for the biosynthesis of Cap- and Cos-
polyenoic fatty acids compared with the very
active microsomal system is guestionable, particu-
larly in view of the chain length of the fatty acids
synthesized and also in comparison with the very
active microsomal malonyl-CoA requiring system,
It has been suggested, that the mitochondrial chain
elongation is operative in a reversed one or two
step f-oxidation sequerce.

The E-oxidation of mono- and polyunsaturated
fatty acids has also been unravelled by experiments
in vitro, Two additional mitochondrial enzymes,
the A3cis _Atrans.enoyl-CoA  isomerase and
D(-)3-hydroxyacyl-CoA epimerase, participate in
the mechanism by which the cis-olefinic bonds at
even and odd numbered carbon atoms of poly-
unsaturated fatty acids are transformed into inter-

8 A. F. WHEREAT, M. W. OrisHiMO, J. NELSON and
St. J. Puiceies, 1. biol. Chemistry 244, 6498 [1969].
9J. V. Danten and J. W. PorTER, Arch. Biochem.
Biophysics 127, 207 [1968].

10 E. M. Wir-PEETERs, Biochim. biophysica Acta
[Amsterdam] 176, 453 [1969],

11 C. F. HOwWARD, jr. J. biol. Chemistry 245, 462 [1970].
12 W. E. DoNALDSON, E. M. WiT-PeeTers and H. R.
ScHoLTE, Biochim, biophysica Acta [Amsterdam] 202,
35 [1970].

13 W, Skusert, Naturwissenschaften 57, 443 [1970].
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mediates of the P-oxidation sequence of normal
saturated fatty acidsl:14:15,

Furthermore our studies with [PH;XC]Jlinoleic
(18:2912) and [3H;“Clarachidonic acid (20:4
3,8,1L14) indicated, that these acids are either
incorporated unchanged into complex phospho-
lipids retaining the original isotope ratio or com-
pletely degraded to acetyl-CoA and further to COs.
A partial degradation and exchange of one or two
Ca-units of these two most abundant polyunsat-
urated fatty acids could not be observed by this
sensitive isotope method!®.

As long as 30 years ago NunN and SMEDLEY-
McLean!? who studied the metabolism of docosa-
hexaenoic acid (22:6%.7:10,13,16,19) in fat deficient
rats observed, that the level of ecicosapentaenoic
acid (20:5%:8:1L14.17) in the ester lipids increased.
VERDINO ef al.!8 in analogy found that docosapen-
taenoic acid (22:54.7.10.13,16) is transformed by a
combined chain shortening and hydrogenation
into arachidonic acid (20:4%-8.1L14) ScHLENK et al.
19,20 gnd Kunau2! confirmed these results by
using labelled 22:5%7.10.13.16 in their feeding
experiments. SPRECHER?? observed an increase of
20:44.7.10.13 when 22:46.9.12,15 was fed to fat
deficient rats and of 20:45,8.11,14 and of 20:38,11,14
when 22:310:13,16 was administered.

In the present paper the results of studies are
reported which were carried out in order to gain
an insight into the following systems: a) the meta-
bolic fate of double labelled linoleic, arachidonic,
eicosatrienoic (20:38:11.14) docosatrienoic (22:3
10,13,16) and docosatetraenoic acid (22:47.10,13,16}
which were studied in comparative experiments
in vive; b) the compartment of the liver cell,
in which the chain shortening occurs, was to be

14 W, STOFFEL, R. Ditzer and H. CAEsAR, this journal
339, 167 [1964].

15 W. StorreL and H. CAESAR. this journal 341, 76
[1965].

16\, StorreL and H.-G. SCHIEFER, this journal 341, 84
[1965].

17 L. C. A. Nun~ and I. SMeDLEY-McLEAN, Biochem. J.
32, 2181 [1938].

18 B, Verpino, M, L. BrLank, O. 8. PrRivert and W. O.
LUNDBERG, J. Nutrition 83, 234 [1964].

W H. ScHLENK, J. L. GELLERMAN and D. M. SanD,
Biochim. biophysica Acta [Amsterdam] 137, 420 [1967].
20 H. ScHLENK, D. M. Sanp and J. L. GELLERMAN,
ibid 187, 201 [1969].
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22 H. SPRECHER, Biochim. biophysica Acta [Amster-
dam] 152, 519 [1968].
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determined. The answer to this question would
promt experiments, providing an answer as to
whether: ¢) the partial degradation of the docosa-
polyenoic acids is due to a reversal of the chain
elongarion reactions or due to a partial -oxidation.
This should be ascertained from experiments
in vitro.

Results
1. Chemical synthesis of substrates

In order to determine whether the polyenoic fatty
acid under investigation has been degraded by a
Ca-unit, either in the studies in vivo or in vitro,
we labelled the substrates at carbon atom 3 with
1C and, if desirable, with 1C at position 3 and
3H at the double bonds by partial stereospecific
hydrogenation of the corresponding acetylenic
precursors with 3H (ref. 1:23:24), The 3-14C labelled
fatty acids were synthesized in the following way:
the shorter bis-homologous [I-14C]polyenoic acid
was synthesized according to procedures established
in this laboratory. The methyl ester was reduced
to the corresponding polyen-1-ol with LiAlH4, the
alcohol tosylated, transformed into the iodide and
condensed with diethyl malonate in butanol25,26,
Decarboxylation yielded the 3-14C labelled product.
The following substrates were synthesized accord-
ing to this general procedure: [3-14C]linoleic acid
from [1-4]hexadec-7,10-dienocic acid, [3-14C]-
eicosa-11,14-dienoic acid from [1-14C]linoleic acid,
[3-14CJeicosa-8,11,14-trienoic acid from [1-19]y-
linolenic acid and [3-4C]docosa-10,13,16-trienoic
and [3-14C]docosa-7,10,13,16-tetraenoic acid from
[1-14Cleicosa-8,11,14-trienoic acid and [1-14C]ara-
chidonic acid respectively.

2. Studies in vivo with [3-14C]18:29:12, [3-14C)20:2
1,14 (3040720381014, [BH]20:45-81L14 [314C]-
22:310,13,16 g [3-14C; 3 Hg]22:47:10,13,16

We included in these comparative studies in vive
the two substrates of our former experiments,
namely 18:29:12 and 20:45.8.1L.14 and extended the
substrates to the 20:38:1L.14 and 22:310.13,16 3p4
20:47.10,13,16 acids. All these polyenoic fatty acids
belong to the linoleic acid family. In the experi-

23 W. StoFreL, Liebigs Ann. Chem. 673, 26 [1964].

21 W, StoFFeL, J. Am. Oil Chemists’ Soc. 42, 583 [1965].
25 W, BLEIBERG and H. ULRICH, Ber. dtsch. chem. Ges,
64, 2504 [1931].

20 E. KLeNnk and H. MOHRHAUER, this journal 320,
218 [1960].
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ments in vive the ammonium salt of the polyenoic
acid was injected intravenously into adult rats and
the livers of the experimental animals were isolated
after 6 to 8 h. The total lipid extracts of the livers
from the experiments with 18:29.12 20:211,14
20:38,1L14 and 20:4%81L14 were immediately
saponified, the fatty acids separated and their
radioactivity determined by radio gas chromato-
graphy. If chain shortening of the 3-1C labelled
Cig~ and Cop-polyenoic fatty acids by one Cs-unit
were to occur 18:29:12 would change to [1-1C]-
16:27.10 20:21L14 (o 18:29.12  2(:38,11.14 o [8:3
6,9,12 and 20:458,11,14 o 18:43.6,9.12 or 18:36.9,12
after hydrogenation of the £, y-double bond,

The results of these experiments however revealed
that the substrate fatty acids remained either
unchanged, were elongated and incorperated into
the complex lipids or completely degraded as
measured by the respiratory 4C0s. Parts of the
18:29.12, 20:211,14 and 20:38,11,14 a¢ids were trans-
formed into arachidonic acid. The sensitive isotope
method confirmed and extended our previous
results, which showed that no partial degradation
of Cyg-and Csp-polyenoic acids by chain shortening
was detectable. On the other hand considerable
chain shortening of 22:310,13,16 and 22:47,10,13,16
was observed, Table 1. After these screening experi-
ments thelivers of the experimental animals, to which
the Cog-polyenoic acids had been administered,
were homogenized and fractionated into the
mitochondrial, microsomal and supernatant frac-
tions by established methods?7?, The lipid extracts
of these fractions were separated on silicic acid
columns, as described previously2®, into three
fractions namely the neutral lipid fraction, which
also contained the free fatty acids, the phosphatidyl
ethanofamine and phosphatidylcholine fractions.
These fractions were transesterified and the methyl
esters separated on silver nitrate impregnated
silica gel H layers (solvent system: heptane/ethyl
acetate 7:3) according to the number of double
bonds, Table 2.

These tables clearly indicate, that the substrate
fatty acids and shortened fatty acids were ran-
domly distributed in the complex lipids of each
cell fraction and in the cell fractions themselves
and that no compartimentalization of the chain
shortening process could be observed. The very

27 G. H. HoGEBoom, Methods in Enzymol. 1, 16 [1955].

28 W, StorreL and A. ScHEID, this journal 348, 205
[1967].
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Table 1. Distribution of radioactivity in fatty acids of
total lipid extract after intravenous application of
3.14C  labelled 18:29:12, 20:21.14  20:38,11,14
20:45.8.11,1422-310,15,16 and 22:47.10,18.16 4cids.

Fatty % of total radioactivity in

acid 16:2 18:2 18:3 20:2 20:3 20:4 22:3 22:4
admin-

istered

18:2 — 100 — — - — — —
20:2 — 0.1 — 264 20.5 409 — —
20:3 — - 01 — 2011 479 — =
20:4 - —. = =00
22:3 = — = = 18.7 54.3 154
22:4 — - = — 441 2SRt

even distrubition into phosphatidylcholine and
phosphatidylethanolamine of mitochondria and
microsomes become apparent in the following
experiment in which the [3-14C; 3Hg]22:47.10.13.16
acid was administered together with [1-4C]16:0
acid. Phosphatidylcholines and phosphatidyletha-
nolamines of mitochondria and microsomes were
hydrolyzed with phosphilipase C from B.cereus
and the corresponding diacylglycerides separated,
according to the number of the double bonds,
on silver nitrate impregnated silica gel-H plates.
The tetraene fraction was isolated and the ratios
of 16:0/20:4 and 16:0/(20:4 — 22:4) and 20:4/
22:4 determined, Table 3.

These studies in vive were then followed by those
involving different cell fractions of rat liver. The
localization of the partial degradation of the Cas-
polyenoic fatty acids in one of the cell compart-
ments should indicate whether the retroconversion
of the Cas-acid to the Cog-polyenoic homologue is
a reversal of the chain elongation process and
which one would expect to occur in the micro-
somal fraction or by a single passage through the
f-oxidation sequence with the loss of one acetyl-
CoA. These reactions should occur in the mito-
chondrial fraction. Therefore we studied mainly
the microsomal (105000 <g sediment) and the
mitochondrial fraction (10000 xg sediment)".
Bceth fractions are known to contain the acyl-CoA
s i.'hetase for long chain fatty acids. The am-
monium salts of the polyenoic acids, coenzyme A
and ATP were used together with the cofactors
given in the legend of Table 4.

The conversion rate by the mitochondrial fraction
remained unchanged after purification by density
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2. Distribution of radioactivity in fatty acids of lipid classes isolated from the different subcellular fractions
after intravenous administration of [3-14C]22:310.13,16 gpid,

Fractions*

Total radioactivity

% of extracted

% of radioactivity in

[dpm] radioactivity 20:3 20:4 22:3+422:4
Mitochondria
a) Inner membrane 531 000 20.8
neutral lipids
(FFA, MG, DG, TG) 31 22 47
PC 33 67 0.1
PE 44 46 10
b) Marrix 4 700 0.2
pC 45 39 16
¢) Outer membranes 4 300 0.2
PC 34 42 24
Microsomes 418 000 16.9
neutral lipids
FFA 87 10 3
TG 42 17 41
DG 65 7 28
PC 58 29 13
PE 44 33 23
105 000 * g supernatant 184 200 8.4
neutral lipids
FFA 14 29 57
TG 315 8.5 60
DG 30 6 604
MG 14 24 63
PC 47 21 32
PE 37 19 44
650+ g sediment 1 336 000 53.9

* FFA = free fatty acids: MG, DG. TG = mono-, di- and triglycerides; PC = phosphatidylcholing; PE = Phosphatidylethanolamine.

Table 3. Distribution of 16:0 and 22:4 in diglycerides of phasphaudvlcholmes and phosphatidylethanol-
ion of [1-4C]16:0 and [3-14C; 3Hj)

amines of mitochondria and microsomes after i

22:47.10.13.16 acids,

Phosphatidylcholine

Phosphatidylethanolamine

Mitochondria Microsomes Mitochondria Microsomes
PC DG total DG total DG total DG
(tetracne
fract.)
16:0/20:4 1.24 0.68 1.28 0.64 1.40 0.98 1.49 1.04
16:0/(20:4 + 22:4) 0.93 0.56 1.05 0.50 0.97 0.60 0.90 0.60
20:4/22:4 4.66 4.61 4.53 3.43 2.24 1.56 1.52 1.28
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Table 4. Conversion of [3-14C]22:310.13,16 gnd [3-14C;
3Hg]22:47:10,13.16 {5 20:38.1L,14 and 20:458:11,.14 acids
by rat liver subcellular fractions. Each incubation
mixture contained in a total volume of 2.0 mi: 0.5 pmol
[3,1-[(:-]22_-310&3.11‘. or [3_1-1C:11HE] 22:47,10,18,16.
NH,, 0.5 pmol CoASH, 1 umol NAD®, 10 pmol
ATP, 10 gmol MgCls, 200 pmol phosphate buffer
(0.1m, pH 7.4) and 10 mg protein of each fraction, and
was incubated for 1 h at 379C.

Cell fractions 9420: 381,14 0400 45i8,22,14

formed formed
500 » g supernatant 18 21
10000 % g supernatant 12 9
Mitochondria complete 26.3 26
Mr’roch?{tdrier complete 35 a4
i carnitin (3 pmol)
Mitochondria — ATP g 1.4
Mitochondria — CoA 20 12
Mitochondria — NAD® 36 31
Mitochondria sonicated 1.8 53
for 60 szc
Microsomes 0.5 6

gradient centrifugation (sucrose gradient between
0.5 and 2.0m), whereas the apparent conversion
catalyzed by the microsomal fraction decreased
below 49 after this purification step. Ultrasonica-
tion (four 15-sec intervals at 20 mec, 5 Watts) led
to a considerable loss of the enzymatic activity to
approximately one fourth to one third of the
control.

These results proved that the chain shortening of
the docosapolyenoic acid occurs only in the mito-
chondria. The residual enzymatic activity in the
microsomal fraction must have been due to small
mitochondrial contaminations because further
purification of the microsomal fraction by density
gradient centrifugation decreased this activity.

We then tried to localize the enzymes responsible
for the retroconversion within the mitochondrial
compartments and fractionated the mitochondria
into outer and inner membranes and the matrix
enzymes according to Sorrocasa et al2%3 and
SCHNAITMAN et @l.31:32, The purity of the submito-
chondrial fractions was checked by means of the

28 G. L. SorTocasa, B. KUYLENSTIERNA, L. ERNSTER
and A. BerGsTRAND, Methods in Enzymol. 10, 448
[1967].

30 G, L. Sorrocasa, B. KUYLENSTIERNA, L. ERNSTER
and A. BergsTRAND, J. Cell Biol. 32, 415 [1967].

31 C, A. ScuNAiTmMaN and J. W, GreeNAWALT, J. Cell
Biol. 35, Ann. meet. 122 A [1967].
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marker enzymes and in addition the fractions were
tested for the f-oxidation enzymes enoyl-CoA
hydratase (crotonase), 3-hydroxvacyl-CoA de-
hydrogenase and the A3¢iS.A2transenoyl-CoA iso-
merase,

The distributions of the activities of the marker
enzymes and f-oxidation enzymes in rat liver sub-
mitochondrial fractions are summarized in Table 5.
These fractions were used for the incubations
in vitro. The substrate was now [3-34C; 3H]22:4
7,10,13.16.coenzyme A ester prepared enzymatically
according to KornpERG and PrRICER?3, The results
are summarized in Table 6. The inner membrane-
matrix fraction of the SCHNAITMAN preparation?!
was further fractionated by osmotic shock and
sedimentation of the inner membrane by ultra-
centrifugation at 144000 x g for 1 h.

The results given in Table 6 clearly indicate, that
the enzymatic activity respensible for the retro-
conversion of 22:4710.1316.CoA to 20:43.8.11.14
(arachidonic acid) is associated with the inner
mitochondrial membrane.

In subsequent experiments we studied the influence
of two possible accepror melecules for the product
of the partial degradation, glycerophosphate and
dihydroxyacetone phosphate. The results of these
experiments are given in Table 7.

The radicactive products were identified by two
dimensional radio thin-layer chromatography
(solvent system 1. chloroform/methanol/25%,
aqueous methylamine 65:25:8, 2. chloroform/
methanol/acetic acid/water 25:15:4:2).

The experiments in vive using doubly labelled 18:2
and 20:4 gave no indication of an exchange of
carboxyl terminal Csz-units since the 3H/C-ratio
remained completely unchanged. Docosapolyenoic
fatty acids which are largely retroconverted to
eicosapolyenoic acids might, however, exhibit such
an exchange. We therefore carried out the partial
degradation i vitro with [PH]docosa-7,10,13,16-te-
traenoic acid in the presence of [1-14Clacetyl-CoA
or {2-¥Cimalonyl-CoA and the mitochondrial
fraction under the general conditions of the incuba-
tion. If an exchange of C-1 and C-2 was to occur
the 22:4 should be doubly labelled. Neither in the
presence of acetyl- nor malonyl-CoA C-radio-
activity was found in the Caz- or Cag-tetraenoic
fatty acids.

32 C. A. SCHNAITMAN, V. G. Ervin and J. W, GREENA-
waLT, J. Cell Biol. 32, 719 [1967].

3 A. KornperG and W. E. Pricer, jo. L bigl. Chem-
istry 204, 329 [1953].
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s of marker enzymes in rat liver submitochondrial fractions. Specific activities are given in pmol substrate converted per min.

i

Table 5. Distribution of acti

. 351 (1970)

Enoyl-CoA hydratase

ABeis A trans_Engyl-
CoA isomerase

Monoamine oxidase

Malate delydrogenase  Cytochrom ¢ oxidase

I 3-hydroxyacyl-CoA

dehydrogenase

Fraction

[%] [spec. act.] [%] [spec. act.] [%21 [spec. act.] [%] [spee. act.] [%]

[spec. act.]
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(=1
o

0.017

100

4.5

1.09 100 1.58

100

0.28

Whole mitochondria

(=3
(=}

1 0.017

21

9.3

162

2.55

193

2,10

174

0.48

Inner membrane/matrix

b=l
~

0.013

143

6.3

207

3.27

2.00

245

0.68

Inner membrane

1663

0.29

L4

[t

0.16

0.59

36

Q.10

Ouiter membrane

38

0.36 33 0.60

0.02

Matrix

Table 6. Retroconversion of labelled 22:47:10.13.16.
coenzyme A ester by rat liver submitochondrial frac-
tions. Each incubation contained in a total volume of
7.5 ml: 0.1 pmol [3-14C; 3H;g]22:4710:1%16.CoA, 0.1
pmol NAD®, 1 mg bovine serum albumin, 250 pmol
phosphate buffer pH 7.4, 2 mg protein, 0.5 emol ATP
and 9.5 pmol Mg2? as indicated, Tncubated for 90 min
at 37°C.

Arachidonic acid formed

Protein fraction + ATP/Mg2®  — ATP/Mg?®
[nmol]  [%] [nmol] [%]
Whole mitochondria 51 100 45.4 100
Quter membrane 6.9 13.5 5.4 11.9
Inner membrane 55.1 108 54.0 119
-+ matrix
Inner membrane 57.8 113 60.1 132
Matrix 4.1 8 - =2

Table 7. Partial degradation of Cas-polyenoic acid in
the presence of dihydroxyacetone phosphate and gly-
cero-3-phosphate.

Acceptor*  ATP/Mg2? Radioactive % of partial

product degradation
DAP + PA 41.1
DAP = FFA 45.7
3-GP - PA 43.1
3-GpP — FFA 39.5
| FFA 332
- — FFA 39.4

* PA — phosphatidic acid, DAP = dihydroxy acetone phosphate,
3-GP = glycerol-3-phosphate, FFA = free fatty acid. Conditions
of the incubations were the same as given under Table 6 except
when | gmol DAP or 1 wmol 3-GP were added.

Experimental

3H and 14C labelled 18:29.12, 20:211L,1, 20:3811,14,
20:45,8.11,14 22:310,13,16 gnd 22:47.10,13.16 acids were
synthesized in this laboratory according to procedures
described previously®h24,

The coenzyme A ester of 22:4710110 was prepaved
enzymatically according to KornperG and PRICER?,
crotonyl-CoA chemically according to SIMON and
SHEMIN®® and A%°s- dodecenoyl-CoA by a modi-
fication of the method of Gorpman and VAGELos™,

34 A KoORNBERG and W. E. PRICER, jr., J. biol. Chem-
istry 204, 345 [1953].

3 E I, Svox and D. SuemiN, J. Amer. chem. Soc.
75, 2520 [1953].

36 P, GoLpMan and P. R. VAGELOs, I, biol. Chemistry
236, 2620 [1961].



1552

For the experiments in vivo the fatty acids were
administered intravenously as NHas-salts,

Mitochondria from rat liver were prepared by homo-
genization of the minced defatted liver with a POTTER-
ELVEIHEM homogenizer in 0.25M sucrose solution.
Nuclei and cell debris were spun down at 6350 <g and
the mitochondria at 9500 < g for 10 min. The mito-
chondria were washed twice with isotonic sucrose. The
microsomal fraction was obtained by centrifugation at
105000 x g for 1 h. The subfractions of mitochondria
were prepared according to Sorrocasa et al.2%™ and
SCHNATTMAN et al. 3132 The marker enzymes were
determined by the following methods: malate dehydro-
genase according to Roopyn et al.37, moncamine oxi-
dase according to Tapor et al®8, and cytochrome ¢
oxidase according to CoopersTEIN and L AZEROWS?.
Enoyl-CoA hydratase. 3-hydroxyacyl-CoA dehydro-
genase and A3cis-AZtransenoyl-CoA  isomerase were
determined in the combined optical test as described
before!?,

The inner membrane-matrix fraction of the SCHNAITMAN
preparation was further fractionated by storing at 20C
in 0.01m phosphate buffer pH 7.4 for 1 h and sedi-
mentation of the inner membrane at 144000 g for
1h.

Gas chromatographic analyses were carried out by a
standard procedure on 200-cm columns with 15%;
ethylene glycol succinate polyester on kieselguhr.
Radioactive components were trappad in 10 m/ scintil-
lator solution [2,5-diphenyloxazol/1,4-bis(4-methyl-5-
phenyl-2-oxazolyl)benzene] in toluene and counted in a
liquid scintillation spectrometer Packard Model 3214.
For thin-layer chromatography 0.3- to 1.0-mm silica
gel H layers were used. For separation according to the
degree of unsaturation argentation thin-layer chrom-
atography using silica gel H impregnated with 209
silver nitrate was applied.

The components were visualized either with 0.02%]
2,7-dichlorofiuorescein in ethanol under UV-light, by
charring with 50% sodium bichromate/sulfuric acid
at 180°C or with ZiNzapzE reagent for phospholipids.
Thin-layer plates with radioactive components were
scanned with either the Packard scanner model 7201
or the Berthold scanner I1.

Protein was determined with the Lowry method*, and
phosphorus according to BARTLETT!! and modified®s.

7 D. B. Roopyn, J. W. Sutmie and T. S. WoRrk,
Biochem. J. 83, 29 [1962].

38 C, W. Tapor, H. Tasor and §. M. ROSENTHAL,
Methods in Enzymol. 2, 39¢ [1955].

39 8, J. CooprersTEIN and A. Lazerow, J. biol. Chem-
istry 189, 665 [1951].

40 0. H. LowRry, N. J. RosEBROUGH, A. L. FARR and
R. J. RanpALL, J. biol. Chemistry 193, 265 [1951].

41 G. R. BARTLETT, J, biol. Chemistry 234, 466 [1959].
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Discussion

Previous experiments in this laboratory with Cjg-
and Cag-polyenoic fatty acids labelled specifically
at carbon atom 3 with 11C and 3H in the hydro-
carbon chain had demonstrated that these acids
retained their isotope ratio so far as the sensitivity
of the method used could ascertain and further-
more that no homologous acids shortened by two
carbon atoms could be isolated, These results
were confirmed in these studies with 18:2%12 and
20:4%-81L14 and extended to 20:21L1 and
20; 381514 acids. These acids are either degraded
completely, retain their structure or are desaturated
to arachidonic acid and are incorporated into the
ester lipids.

As indicated in the introduction the chain shorten-
ing of Cae-polyenoic acids has been observed over
many years. All these observations were made in
feeding experiments mainly with 22:64.7,10.13.16,19
and 22:5710,13,16,19 aecids, Our studies in wvivo
reported in the first part of this paper, in which
specifically labelled 22:310.13.16 and 22:47,10.13,16
acids were used as substrates. confirm these data.
Two mechanisms for the retroconversion of the
Cas- to the Cag-polyenoic acids could be envisaged
from theoretical reasoning:

1. The release of a Cs-unit from the carboxyl end
of the Csz-polyenoic acid could be due to a
reversal of the chain elongation sequence. These
reactions are confined predominantly to the enzyme
system located on the endoplasmic reticulum.

2. The chain shortening could be the result of one
passage of the Cae-polyenoic acid through the -
oxidation sequence. This process should take place
in the mitochondrion.

We first hoped to decide from the distribution of
the Cas-substrate polyenoic acid and its corre-
sponding degradation product. the Czo-polyenoic
acid, in which compartment of the cell the partici-
pating enzymes reside. However, no particular
distribution of the Cag-acids in any of the subcellular
fractions could be observed. A rapid exchange of
the labelled fatty acids, incorporated mainly into
the phospholipids, throughout all subcellular
compartments had taken place. Our observation is
in agreement with a recent report by Wirtz and
ZILVERSMIT?2,

2K, W, A, Wirtz and D. B. ZiLversmit, J. biol.
Chemistry 243, 3596 [1968].



Bd. 351 (1970)

Our studies in vivo were then extended to experi-
ments /n vitro. We observed that the microsomal
fraction of rat liver showed no enzymic activity
leading to a chain shortening of either 22:310.13.16
or 22:47:10,13,16 a¢ids. Therefore the reverse of the
chain elongation process could be excluded.

However, since the whole mitochondrial fraction
was able to degrade the Cga-substrates to their
Cog-homologues we further subfractionated the
mitochondria in order to prove weather a partial
f-oxidation does indeed occur with a high chain
length specificity. The procedure of SorTOCASA
et al.2%30 and of ScHNAITMAN ef 3132 were ap-
plied to the subfractionation of the mitochondria
in outer and inner membrane and matrix. The
enzyme(s) involved in the chain length specific
reactions of this partial degradation is (are)
sensitive to even short interval ultrasonication.
ATP-Mg2® has a protective effect. Also freezing
and thawing leads to the complete loss of enzymic
activity. The SorTtocasa procedure involves a
sonication step. Therefore we preferred the method
of ScHNarTman which in our hands also yielded
preparations with much higher uniform activities
of the marker enzymes in the matrix, inner and
outer membrane fractions of the mitochondrion.
We further separated the inner membrane-matrix
fraction by rupture of the inner membrane in a
hyposmotic solution (0.0lm phosphate buffer
pH 7.4) and centrifugation of the inner membrane.
However the malate dehydrogenase activity still
partly associated with the inner membrane may
be due to an incomplete separation of the “matrix
protein” from the inner membrane. The incubat-
ions of 22:47%10.13,16 and these mitochondrial
subfractions clearly showed that the enzymes, which
catalyze the retroconversion are not only associated
with the inner membrane-matrix fraction of the
SCHNAITMAN preparation but with the inner mem-
brane itself. They are furthermore closely associated
with the enzyme activities of the f-oxidation which
we tested here as marker enzymes, namely enoyl-
CoA hydratase, 3-hydroxyacyl-CoA dehydrogen-
ase and A3SS_A2trans engy]. CoA isomerase. The
chain shortening process is dependent on NAD®,
Carnitine, which is required for the passage of the
mitochondrial membrane can be omitted when the
inner mitochondrial membrane fraction is used as
enzyme source and the coenzyme A ester as
substrate. This experimental evidence indicates
that the breakdown of the Css- to their respective
Cyp-polyenoic acids proceeds at the site of and
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via the {-oxidation enzymes, The mechanism
suggested by VERDINO et all8 who postulated a
reaction involving HsOg2 can be excluded. In
addition there must be an enzyme or a regulatory
mechanism which pulls off the Cgp-intermediate
from the multienzyme complex of the #-oxidation.
The final answer to this question cannot be offered
at this moment. We tested the possibility that an
acceptor molecule for the Cog-fatty acid might act
as a regulatory factor. Dihydroxyacetone phos-
phate?3 and glycerol 3-phosphate® are acceptor
molecules in the biosynthesis of complex lipids,
When these compounds are present in the in vitro
system, no 22:47.10.13.18 and 20:45.8.1L14 zeids
can be isolated as free fatty acids but both are
bound in phosphatidic acid in the same ratio as
when they are formed without these acceptors.
There is neither a preference for the reaction
product in the acylation reaction nor an increase
in the chain shortening as compared to the control
experiments. Therefore the regulation in this
partial B-oxidation is not via an acyl transferase
for the Cy-polyenoic fatty acids. In our experi-
ments /n vitro we were able to carry out the partial
degradation of the coenzyme A esters of Cos-
polyenoic acids to their respective Cgy-homologues
in a yield equal to or better than those observed
in the whole animal experiments (60—70%,), when
the inner membrane or inner membrane-matrix of
the mitochondria was used as the enzyme source.
We also studied the possibility of a measurable
exchange of carbon atoms | and 2 of docosa-
7,10,13,16-tetraenoic acid and arachidonic acid in
the mitochondria. The two 3H-labelled acids were
incubated with whole mitochondria in the pres-
ence of either [1-14CJacetyl-CoA or [2-14C]malo-
nyl-CoA, ATP, CoA, NADH and carnitine. An
exchange would lead to a doubly labelled reaction
product. However no extension of arachidonic
acid to docosatetraenoic acid and no exchange of
the terminal two C atoms of docosatetraenoic acid
occurred whereas the retroconversion of 22:4 to
20:4 was catalyzed with a yield of between 30
and 50%,. These results suggest that the partial
degradation in the mitochondria proceeds only in
one direction. Since our studies revealed that the
partial degradation of the docosapolyenoic acids
to eicosapolyenoic acids occurs only in the mito-
chondria, and furthermore a rapid exchange of

43 A, K. Hasra and B. W. AGRANOFF, J. biol. Chemis-
try 243, 1617 [1968].
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the fatty acids and lipids between the intra- and
extramitochondrial compartment became evident
from our studies in vivo, a chain elongation of the
eicosapolyenoic acid derived from the docosapoly-
enoic acid may be catalyzed by the microsomal
malonyl-CoA dependent chain elongation system.
The analogous reaction has been demonstrated
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previously with an adrenal microsomal prepara-
tion3,

The support by the DEUTSCHE FORSCHUNGSGEMEIN-
sCHAFT and FoNDs DER CHEMISCHEN INDUSTRIE is grate-
fully acknowledged. H. SprecHER participated in this
work during his sabbatical year.



