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The novel pathways of oleic acid formation from cis-vaccenic (cis-I 1-octadecenoic) acid and of cis-vaccenic acid formation from oleic acid by en- 
zymatic positional isomerization have been proposed in higher plants, based on stable-isotope experiments using [2,2-Z&]cis-vaccenate or 
[2,2-ZH,]oleate as an immediate precursor. A pulp homogenate and also pulp slices prepared from developing kaki (Diospyros kakt> fruit could 
catalyze these hitherto unknown isomerizations. This suggests the presence of a new type of isomerase responsible for the double-bond shifting 

reaction without cis-tram isomerization in the middle of fatty acid carbon chains. 
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I. INTRODUCTION 

Our previous study [l] first proved the pathways of 
cis-vaccenic [2,3] (c&l 1-octadecenoic) acid biosyn- 
thesis by chain elongation of palmitoleic (cis-9-hexa- 
decenoic) acid in higher plants. In that study [l], unex- 
pected data were obtained: oleic acid labeled with two 
deuterium atoms attached at a carbon atom between the 
double bond and the carboxyl group was synthesized 
along with the labeled cis-vaccenate by incubation with 
[2,2-2Hz]palmitoleate and kaki (Diospyros kakz] pulp 
homogenate. In view of the present knowledge, the 
mechanism of incorporating two deuterium atoms from 
the substrate ([2,2-‘H2]palmitoleate) into oleate cannot 
be explained. 

The present study aims to elucidate this mechanism, 
and results in the proposal of novel pathways for oleic 
and cis-vaccenic acid biosynthesis by enzymatic double- 
bond shifting in kaki pulp. 

2. MATERIALS AND METHODS 

Oleic and cis-vaccenic acids, ATP, NADPH and CoA were obtain- 
ed from commercial sources. The [2,2-=Hz]fatty acids were prepared 
according to the methods given in [4,5]. 

Kaki fruit samples grown in the experimental farm of Kyoto Prefec- 
tural University were harvested in October 1988 (just before matura- 
tion). A kaki fruit (ca 150 g) was peeled and divided into pulp and seed 
parts. 
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A piece of kaki pulp (10 g) was cut off and homogenized with 10 
ml of 0.4 M phosphate buffer (pH 6.5) in a Waring blender for 3 min 
at 0°C. The homogenate was filtered through cotton cloth and used 
immediately for stable-isotope experiments. Protein was determined 
by the method of Lowry et al. [6]. A typical assay medium contained 
0.4 M phosphate buffer (pH 6.5), 0.2 mM ammonium [2,2-*Hz]cis- 
vaccenate or [2,2-*Hz]oleate, 1.2 mM ATP, 0.4 mM NADPH, 0.4 
mM CoA and the filtered homogenate (1 ml, corresponding to 3-4 mg 
protein) in a total volume of 2.5 ml. After incubation at 30°C for 20 
min, the reaction was stopped by the addition of 2 M HCI, and a 
known amount of pentadecanoic acid was added as an internal stan- 
dard. 

For another assay system, slices of kaki pulp (ca 7 mm cubes, 2 g 
in total) were added to a solution (5 ml) containing 0.2 M phosphate 
buffer (pH 6.5) and 0.4 mM ammonium [2,2-‘H2]cis-vaccenate or 
[2,2-‘Hz]oleate. After incubation at 30°C for 180 min, the reaction 
was stopped in the same manner as described above. 

The extraction of lipids, the preparation of fatty acid methyl esters 
and the quantitative analysis of each fatty acid were carried out by the 
same methods as those in [l]. The carbon atom carrying the two 
deuterium atoms in the newly synthesized oleic or cis-vaccenic acid 
was checked by capillary gas chromatography-mass spectrometry ac- 
cording to the method given in [5]. After methylthiolation of the fatty 
acid methyl esters [7], the resulting dimethyl disulfide adducts were 
analyzed by gas chromatography-mass spectrometry with a packed 
column to determine their structures and to estimate their isotope con- 
tents under the same conditions as those in our previous work [l]. 

3. RESULTS AND DISCUSSION 

Fig. 1 shows the pathways of monounsaturated fatty 
acid synthesis in higher plants. A combination of fatty 
acid &oxidation and de novo synthesis to explain the 
unexpected data in our previous study [l] (cf. section 1) 
can be ruled out as follows. If the labeled substrate 
([2,2-2H2]palmitoleate) was P-oxidized, only one 
molecule among the resulting acetyl-CoA molecules 
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Fig. 1. Biosynthesis of monounsaturated fatty acids in higher plants. 
a, de novo synthesis; b, chain elongation; c, desaturation; d, 
isomerization. The novel pathways (d) are proposed based on the data 

in Table I and the considerations given in the text. 

from one molecule of the substrate must contain one 
deuterium atom. Therefore, it was practically impossi- 
ble that the dideuterated oleate with the specific label- 
ing pattern (cf. section 1) was formed by de nova syn- 
thesis from the deuterated acetyl-CoAs, each contain- 
ing one deuterium atom. 

Consequently, we assumed that the labeled cis- 
vaccenate originating from [2,2-2H2]palmitoleate 
changed directly into oleate through unknown en- 
zymatic reactions. 

To test this hypothesis, the kaki pulp homogenate 
was incubated with ammonium [2,2-2Hz]cis-vaccenate 
or [2,2-‘H2]oleate under conditions similar to those in 
our previous work [l]. As shown in Table I, dideuter- 
ated oleate was biosynthesized from [2,2-2H&is, 
vaccenate, and similarly labeled cis-vaccenate was also 
formed from [2,2-‘Ht]oleate. Only the native 
homogenate from fresh pulp had the catalytic activity 
for this isomerization, and the presence of exogenous 
cofactors in the reaction mixture slightly stimulated this 
isomerization between the labeled octadecenoates. No 
exchange between the labeled octadecenoates was 
observed in the absence of the raw pulp homogenate or 
the labeled substrate. These results suggested that cis- 
vaccenate was converted into oleate by the action of an 
unknown enzyme system existing in the pulp 
homogenate, and that the same system or another dif- 
ferent system was responsible for the reverse reaction, 
converting oleate into cis-vaccenate. 

For another assay system, the kaki pulp slices were 
incubated with [2,2-2H&3-vaccenate or [2,2-2Hz]ole- 
ate (Table I). The experiments showed that cis- 
vaccenate markedly changed into oleate even in the 
absence of cofactors. This in vivo evidence further sup- 
ports the above findings that the isomerization between 
c&vaccenate and oleate occurs actually in kaki pulp. 
The hitherto unknown isomerization cannot be ascribed 
to microbial contamination (data not shown). This will 
be discussed in detail in our next paper. 

Table I 

Enzymatic isomerization between [2,2-‘H&is-vaccenate and [2,2-‘Hz]oleate with kaki pulp homogenate and slices 

Substrate 
and assay system 

(2,2-ZH~]18:I(9)1[2,2-*H~]lS:l(ll) 
after incubation 

[2,2-2Hz]Fatty acid formed 

Labeled 18: l(9) Labeled I&1(1 1) 

% in totai nmoP Vo in total nmoP 
18:1(g) 18:1(11) 

Experiment with homogenate: 
[2,2-2Hz]18:1(1 1) 
Complete 
( + homogenate, ATP, NADPH, CoA) 
ATP, NADPH, CoA 
Homogenate 
Homogenate + boiled homogenate 
Homogenate + SSAb 
Substrate 
f2,2-*Hz] 18: l(9) 
Complete 
(+ homogenate, ATP, NADPH, CoA) 
ATP, NADPH, COG 
Homogenate 
Homogenate + boiled homogenate 
Homogenate + BSA” 
Substrate 

12.2187.8 
10.4/89.6 

O/100 
O/f00 
o/100 

94.8/5.2 
98.4/1.6 
100/O 
100/O 
100/O 

11.6 1.0 
10.3 0.6 
0 
0 
0 
0 

4.2 2.3 
1.2 0.4 
0 
0 
0 
0 

Experiment with slices: 
[2,2-2H&8:1(11) 73.9/26.1 56.2 
[2,2-‘H2]18: l(9) 94.0/6.0 

Each value is an average of duplicate assays. Incubation conditions are given in section 2. 
a nmol/mg protein after 20-min incubation. b Bovine serum albumin. ’ Not determined. 

ndc 
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The structural elucidations of the biosynthesized fat- 
ty acids labeled with deuterium atoms (Table I) were ac- 
complished by means of several chromatographic, spec- 
trometric and chemical methods which had been used in 
the confirmation of the presence of cis-vaccenic acid in 
the pulp lipids of mango (Mangifera indica) [7] and 
other varieties of commonly available fruits (including 
kaki) [8]. In addition, the position of the carbon to 
which two deuterium atoms were attached in the oc- 
tadecenoate molecule could be specified by capillary gas 
chromatography-mass spectrometry according to the 
shift of the McLafferty rearrangement ion (m/z 74 to 
m/z 76) [5]. 

The pathway of cis-vaccenic acid biosynthesis in 
microorganisms was proved to be an anaerobic 
pathway by Bloch and his coworkers [ 121. On the other 
hand, cis-vaccenic acid was aerobically synthesized by 
chain elongation of palmitoleate derived from 
palmitate in animals [ 131, and by a similar route in 
higher plants [I]. None of the literature [ 12-191 referred 
to the conversion of the newly synthesized cis-vaccenate 
or oleate into another octadecenoate, keeping the cis 
configuration of the double bond, as shown in Fig. 1. 

As a possible explanation for the data in Table I, 
someone may suppose that a biohydrogenation, as 
reported in microorganisms [9,10], occurs even in 
higher plants to yield stearate from an octadecenoate, 
which is then desaturated to give other octadecenoate 
isomer by the action of a A9- or Al I-desaturase (cf Fig. 
1). However, the occurrence of biohydrogenation and 
the existence of a Al 1 -desaturase in higher plants have 
not yet been pointed out. Furthermore, the presence of 
[2,2-‘Hzlstearate in this study or [2,2-‘H2lpalmitate and 
[4,4-2Hz]stearate in the previous study [l] could not be 
observed in the reaction mixtures. Additional ex- 
periments with ammonium [2,2-‘Hz]cis-6-, bans-g- and 
trans- 1 I-octadecenoates as substrates were carried out 
under the same conditions as those in Table I. The 
results showed no formation of labeled oleate or cis- 
vaccenate from these deuterated octadecenoate isomers 
(data not shown). These findings suggest that the 
double-bond shifting of the octadecenoates by 
biohydrogenation and subsequent desaturation is im- 
probable in kaki pulp. 

It may be necessary to reexamine the well- 
investigated metabolism of cis-vaccenic and oleic acids 
in microorganisms and also in animals, in view of the 
double-bond shifting reaction reported in this study. In 
higher plants, we have obtained preliminary data on the 
same pathways (Fig. 1) being present in various 
developing fruit pulps and seed tissues. The generally 
accepted theory on the formation of common oleic acid 
will be modified with annotation as follows: oleic acid 
is synthesized from stearate, and in some higher plants, 
also from cis-vaccenate. 
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