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Numerous investigations have led to the point at which re- 
fined enzyme systems may be used to study the biosynthesis of 
saturated fatty acids (2, 3). The biosynthesis of unsaturated 
fatty acids has not been so thoroughly elucidated. Formation of 
unsaturated fatty acids has been observed experimentally in viva 
(4-9) and in vitro (10, 11) but several of these studies showed that 
incorporated radioactivity was distributed in the fatty acids in 
proportions quite different from the naturally occurring fatty 
acid composition. Whenever differences were found, the propor- 
tion of unsaturated fatty acids was low. 

Early experiments with slices, homogenates, and cell-free 
preparations from avocado mesocarp produced variable amounts 
of oleic and saturated fatty acid. It was, therefore, not feasible 
to compare the avocado system with that in a strain of Sac- 
charomyces ceretisiae, which converted saturated fatty acids to 
unsaturated fatty acids by reactions requiring reduced triphos- 
phopyridine nucleotide and oxygen (11). 

This report described conditions under which oleic acid is the 
principal acid formed from acetate by particulate preparations 
from avocado mesocarp. It is shown that oxygen is an absolute 
requirement for oleate biosynthesis in avocado. 

EXPERIMENTAL PROCEDURE 

nlaterial and dIethods-Avocados of the Fuerte variety were 
customarily used, but MacArthur and Haas variety also were 
used on occasion as a source of slices, homogenates, and cell-free 
preparations. In the preparation of the particulate fraction, 
the mesocarp of one avocado, about 200 g, was ground in a 
chilled mortar with 250 ml of ice-cold 0.25 M sucrose. The 
homogenate was pressed through cheesecloth, and the filtrate 
was centrifuged at 2000 x g for 10 minutes in a refrigerated 
centrifuge. The aqueous layer was drawn from between the 
sedimented debris and the floating layer of fat and centrifuged 
again at 15,000 x g. The supernatant was decanted, and the 
pellet (2 to 5 ml) was resuspended in 0.25 M sucrose (5 to 10 ml). 
This suspension was used as the source of the fatty acid-synthe- 
sizing enzymes. The suspension contained 8 to 10 mg of protein 
per ml as determined by the Nessler method. 

* For Paper XIII, see (1). 
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The cofactor requirements for the incorporation of acetate into 
lipid by avocado particulate preparations have been established 
(10,12). For the experiments described in this paper, with 
exceptions noted in the relevant tables and figures, the following 
amounts of cofactors were used: ATP, 10 pmoles; KHCO,, 30 
pmoles; lVInC12, 2 pmoles; GSH, 1 bmole; glucose-&P, 500 
mpmoles; TPNf, 65 mpmoles; CoA, 50 mpmoles. Other condi- 
tions and components of the reaction mixture are as indicated in 
tables and figures. Reactions were conducted in 12-ml centrifuge 
tubes with glass stoppers, which were held in a water bath at 31” 
without shaking. After the desired reaction period, usually 1 
hour, 0.1 ml of 2 N HCl was added to the 1.5 ml reaction mixture, 
and the lipid was estracted in the centrifuge tube, according to 
the method of Bligh and Dyer (13). 

The chloroform solution of lipid was withdrawn, and an 
aliquot was counted to determine the amount of incorporation of 
acetate into lipid. The remainder of the sample was saponified 
by refluxing with 5 ml of 5% ethanolic potassium hydroxide for 
15 minutes. Extraction of the alkaline solution with chloroform 
showed that the incorporation of acetate into nonsaponifiable 
lipid did not exceed 5%, and because the nonsaponifiable lipid 
did not interfere with the separation of fatty acids, this step was 
subsequently omitted. In the routine procedure, the saponifica- 
tion mixture was acidified with 2 ml of 6 N HCl and extracted 
with chloroform. Without special measures being taken, the 
recovery of radioactivity in this step was 90 to 95%. 

The fatty acids were chromatographed on filter paper im- 
pregnated with silicone (Dow Corning 200). With 85% acetic 
acid as the developing solvent, palmitic and oleic acids were 
coincident (14). With acetic acid-formic acid-hydrogen perox- 
ide, 6: 1: 1, as the developing solvent, the unsaturated fatt.y 
acids were osidized, and the products ran close to the solvent 
front (15). Comparison of chromatograms run in these two 
solvents permitted the identification of palmitic, stearic, and 
oleic acids, which were the principal acids labeled. 

Organic acids were assayed by the procedure of Hatch and 
Stumpf.’ After estraction of lipid from the reaction mixture, 
the acid aqueous phase was evaporated to 0.1 to 0.2 ml, then 10 
ml of acetone added. The precipitated salt was sedimented by 
centrifugation and the acetone solution decanted. An aliquot 
was dried on a planchet and counted. The remainder was 
reduced to a suitable volume for chromatography with pentanol 
saturated with 5 M formic acid (16) and ethanol-ammonia-water, 
80:4:16 (17) as developing solvents. 

1 M. D. Hatch and P. K. Stumpf, unpublished experiments. 
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Lipid before saponification was separated by reversed phase 
paper chromatography and by chromatography on columns of 
silicic acid (14, 18). 

Oleic acid was oxidized by the method of von Rudloff (19). 
The oxidation products were separated by the method of Isher- 
wood and Hanes (20). 

Radioactivity was counted with a Packard scintillation 
counter or a Nuclear-Chicago thin window gas flow counter. 
Chromatograms were counted in a Nuclear-Chicago strip counter, 
and the percentage composition was determined by measuring 
the areas of the peaks planimetrically. 

RESULTS 

Intracellular Location of Fatty Acid Synthesis-Because of 
numerous reports that the enzymes catalyzing fatty acid synthe- 
sis are soluble (21, 22), the localization of fatty acid synthesis in 
avocado mesocarp was re-examined. The data in Table I show 
that the activity was associated with a particulate fraction 
sedimenting between 2,000 and 15,000 X g. This association 
was true for preparations made either in sucrose or phosphate- 
bicarbonate. The supernatant is inactive alone, and when 
combined with the particles is actually inhibitory. The acetate 
incorporated into fatty acids was found in triglycerides (60 to 
70%) and phospholipid (30 to 40%) ; only occasionally was 
labeled free fatty acid detected. When some particles were 
sedimented between 2,000 and 6,000 X g and others between 
6,000 and 15,000 x g, most of the particles and most of the 
activity was in the heavier fraction. Both fractions, however, 
synthesized 45 to 50 y0 palmitic and the remainder oleic acid. In 
addition to catalyzing the synthesis of fatty acids and glycerides, 
the enzymes of the particulate fraction catalyze the interconver- 
sion of intermediates of the tricarboxylic acid cycle, and P-oxida- 
tion of long chain fatty acids. 

In early experiments with acetate-1-C14, the results of which are 
shown in Table II, a surprising distribution of the incorporated 
label was found. The labeled acids were predominantly satu- 
rated. Stearic acid which is found only in trace amounts in avo- 
cado, was well represented. Oleic acid, which forms about 70% 
of avocado fatty acids, seldom accounted for more than 30% of 
the incorporated activity. Furthermore, the amount of labeling 
in oleic acid was unpredictable from experiment to experiment. 
The unusual distribution was apparently not an artifact brought 
about in the isolation of the particles, because tissue slices and 
homogenates showed the same anomalies. Before experiments 
on the mechanism of oleate biosynthesis were performed, it was 
desirable to establish experimental conditions under which 
oleate was the principal acid labeled. These conditions were 
arrived at empirically. 

Position of Double Bond in Octadecenoic Acid-After incuba- 
tion of the particulate preparation with acetate-1-C14, the labeling 
of an octadecenoic acid was evident from the gas chromato- 
graphic and paper chromatographic separation of the reaction 
products. These methods did not, however, distinguish the 
position of the double bond. It was, therefore, shown that the 
product was A9-octadecenoic acid by cleaving the labeled acid 
with permanganate-periodate and tentatively identifying the 
reaction products as azelaic and pelargonic acids. A sample of 
biosynthesized radioactive fatty acids (59,000 d.p.m.) containing 
39% oleic acid as determined by paper chromatography (14, 15), 

TABLE I 

Localization of acetate incorporating ability 

Reaction mixtures contained: phosphate buffer, pH 8.0, 50 
pmoles; acetate-l-Cl4 (800,000 d.p.m.), 250 mpmoles; cofactors as 
in material and methods; particle suspension and supernatant as 
indicated; final reaction volume, 3.0 ml; reaction period, 2 hours. 

Experiment Acetate 
incorporated 

1. Grinding in 0.25 M sucrose 

mpmoles 

Particle suspension, 1 ml. 1.34 
Supernatant, 1 ml.. . . . . 0.05 
Particles, 1 ml + supernatant, 1 ml. 0.68 

2. Grinding in 0.1 M phosphate-bicarbonate pH 8.0 
Particle suspension, 1 ml.. 3.74 
Supernatant, 1 ml 0.02 
Particles, 1 ml + supernatant, 1 ml. . 2.97 

TABLE II 

Distribution of radioactivity incorporated by avocado preparations 
from acetate-l -Cl4 

Reaction mixtures for Experiments 1 to 3 contained: of phos- 
phate buffer, pH 8.0,100 pmoles; acetate-l-C14, (1.6 X lo6 d.p.m.), 
500 mqoles; double the quantities of cofactors in material and 
methods; and l-g slices of avocado mesocarp or an equivalent 
amount of homogenate. The slices were cut from a cylinder of 
avocado mesocarp taken with a 5-mm cork borer. Reaction 
mixtures for Experiments 4 and 5 contained 50 rmoles phosphate 
buffer, pH 8.0, 50 pmoles; acetate-1-W (800,000 d.p.m.), 250 
mpmoles; cofactors as in material and methods; particles suspen- 
sion, 0.5 ml; final volume, 1.5 ml. Methyl esters were prepared 
from extracted lipid by interesterification with 5yo HCl in metha- 
nol, and separated by gas chromatography. Effluent esters were 
trapped in chloroform on glass wool in a glass bulb. They were 
eluted with chloroform into a scintillation counter vial, the sol- 
vent was evapor’ated, and scintillation mixture was added. 
Radioactivity was measured in a Packard scintillation counter. 
Recovery of radioactivity was about 60%. 

Material 

1. Slice.................... 
2. Slices................... 

Homogenate 
3. Homogenate. 
4. Particles. . . . . 
5. Particles.. 

Normal fatty acid compo- 
sitiont. 

Acetate 
mrporated 

- 
I 

WZ/.l?dt?S % % 
20.0 48.5 10.5 
25.0 38 13 
36.5 27 14.5 

4.3 54.5 22 
39.0 68.5 6 
36.0 42 21.5 

Distribution of label* 

‘almitate 

12 0 

- 

- 

- 

Oleate 

% 
31.5 
45 
54 
17.5 
12.9 
23 

74 

* Some label in acids of chain length less than 16, and in linole- 
ate. 

t Also palmitoleic 2%; linoleic 12%. 

chromatographed in two systems. With propanol-ammonia 
(7 :3) as the developing solvent (20), 10% of the radioactivity 
cochromatographed with azeleate, and the remainder with the 
monocarboxylic acids (pelargonate, palmitate, stearate). With 

was oxidized (19). The oxidation products (38,000 d.p.m.) were 85 ‘% acetic acid as the developing solvent (14), 30% of the radio- 
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FIG. 1. a. Effect of pH on the incorporation of acetate into lipid. 
b. Effect of pH on distribution of label. Reaction mixtures con- 
tained: Tris-HCl, 100 rmoles, or phosphate buffer, 500 rmoles; 
acetate-l-V4 (400,000 d.p.m.) 50 mpmoles; particle suspension, 
0.3 ml; other cofactors and conditions as in “Material and Meth- 
ods;” final volume, 1.5 ml. 

TABLE III 

Efect of temperature on incorporation of acetate into jr@, acids 
Reaction mixtures contained: Tris-HCl, pH 7.8, 100 pmoles; 

acetate-l-W (800,000 d.p.m.), 250 mpmoles; particle suspension, 
0.3 ml; other cofactors and conditions as in material and methods; 
final volume, 1.5 ml. 

Experiment Temperature 

1 2” 
13” 
25” 
31” 
39.5” 

2 23” 
31” 
40” 
46” 

- 

Acetate 
incorporated 

Distribution of label 
- 

-- 
P&&ate stearate 

% % 

0.08 

0.29 
2.49 
4.94 
8.11 

72.5 27.5 0 
48 34 18 
38 24 38 

3.77 77.5 22.5 
a.84 52.5 28.5 

19.98 32.5 37.5 
20.80 32.5 29.5 

I- 

i 

Oleate 

% 

0 
19 
30 
38 

activity chromatographed with pelargonic and azelaic acids, 
which are not separated in this solvent, and the remainder with 
palmitate and stearate. Beside demonstrating that the un- 
saturated product was A9-octadecanoic acid, these results 
showed synthesis de nova of the long chain fatty acid rather than 
addition of a C2 unit to a pre-existing carbon chain. 

Eflect of pH-The incorporation of acetate into lipid by avo- 
cado particles had a pH optimum about 8. At final concentra- 
tions of 0.067 M, results in phosphate and Tris buffers were in 
good agreement, but variation in phosphate concentration 
changed the amount of incorporation; at higher concentrations 
of phosphate, incorporation was inhibited (Fig. 1). Tris is in- 
hibitory in the avian liver system (22), and has also been found 
to inhibit fatty acid synthesis catalyzed by extracts of acetone 
powder of avocado mitochondria.2 The effect of changing the 
concentration of phosphate in experiments with avocado mito- 
chondria may be related to effects on mitochondrial swelling 

2 E. J. Barron and P. K. Stumpf, unpublished experiments. 

(23). The incorporation of acetate into oleate was favored at 
the optimal pH, and declined rapidly as the pH was raised. 
The decline in oleate was compensated by an increase in the 
percentages of palmitate and stearate (Fig. 1). 

Effect of Temperature-Incorporation of acetate into lipid 
increased as the temperature was raised. At 46”, there was 
indication that some heat inactivation had taken place as there 
was only a slight increase at that temperature over the incorpora- 
tion at 40” (Table III). Saponification of the lipid and separa- 
tion of the fatty acids showed that the incorporation into oleate 
was favored at the higher temperatures. Time course of acetate 
incorporation was followed at two temperatures (Fig. 2). This 
data established no precursor-product relationship among the 
different fatty acids, although it is noticeable that oleate produc- 
tion declined at later times, and this decline was matched by an 
increase in the rate of synthesis of the saturated fatty acids, 
particularly stearate. 

Efects of Variations in Concentrations of Acetate, Bicarbonate, 
and Sucrose-Variation in acetate concentration and bicarbonate 
concentration influenced the amount of radioactive lipid formed, 
but did not affect the composition of the radioactive fatty acids. 
Sucrose concentration changes had no effect either on incorpora- 
tion of acetate into total lipid or on distribution of incorporated 
activity. 

Efect of Varying Particle Concentration-Variation in the 
amount of particle suspension added to the reaction mixture 
consistently resulted in inhibition of lipid synthesis at higher 
particle concentrations (Fig. 3). The distribution of radio- 
activity in the fatty acids also was affected by variations in 
particle concentration; as particle concentration increased, the 
proportion and amount of oleate declined sharply (Fig. 3). 
These observations suggested that the particle suspension might 
contain a regulatory factor which inhibited lipid synthesis in 
general and oleate synthesis in particular. 

minutes 

4 

t 

l -•\* 01eots t ‘, g2k--.- i 

0 20 40 20 40 60 
minutes 

FIG. 2. Time course of acetate incorporation at different temper- 
atures. Reaction mixturescontained Tris-HCl, pH 7.8,lOO rmoles, 
and acetate-l-Cl4 (400,000 d.p.m.), 59 mrmoles. Other cofactors 
and conditions as indicated in “Methods and Materials,” except 
for variation in temperature and duration of reaction; final vol- 
ume, 1.5 ml. 

 at U
N

IV
 O

F
 C

A
LIF

O
R

N
IA

 R
IV

E
R

S
, on F

ebruary 9, 2013
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


October 1961 J. B. Mu& and P. K. Stumpf 2605 

TABLE V 
Effect of triglyceride and free fatty acid on incorporation of acetate 

Inhibition by Free Fatty Acids-An emulsion was made of lipid 
extracted from a particulate preparation from avocado mesocarp. 
Incorporation of acetate into lipid by a freshly prepared suspen- 
sion of particles was inhibited by the emulsion, the degree of 
inhibition being proportional to the amount of emulsion added. 
The crude lipid was separated into neutral lipid and phospholipid 
(18), and these fractions were tested for inhibitory activity. 
‘Table IV shows that the inhibitory activity was in the neutral 
lipid fraction. The glycerides were then separated from free 
fatty acids by extraction with chloroform from an alkaline 
aqueous phase. The aqueous phase was acidified, and the free 
fatty acids were extracted. Comparison of the inhibitory action 
of these fractions showed that the free fatty acids strongly 

Reaction mixtures as in Table IV. - 

-- 
Additions* Amount of addition cetate incorporated 

mjmoles 

7.0 
5.4 
5.0 
4.5 
4.1 

6.8 
4.9 
4.6 
2.9 
2.1 

None........... 
Triglyceride. 
Triglyceride. 
Triglyceride. 
Triglyceride 

490 
980 

1960 
2940 

72 
144 
288 
432 

None. 
Free fatty acid. 
Free fatty acid. 
Free fatty acid. 
Free fatty acid. 

0) E 
‘i 

1.2- .‘. 

:: 0.8 - 
: / 

:04; e ./, l , I , , , 
0 0.1 0.2 0.3 0.4 0.5 0.6 

* A molecular weight of 926 was assumed for triglyceride, and 
280 for free fatty acid. 

I 8 I 

0.1 0.2 0.3 0.4 05 0.6 
ml particle suspension 

FIG. 3. a. Effect of particle concentration on incorporation o 
acetate into lipid. b. Effect of particle concentration on distribu 
tion of label in fatty acids. Reaction mixtures as in Fig. 2 except 
for variation in particle concentration. pal, palmitate; ale, 
oleate; ste, stearate. 

I-- 

mpmoles fatty acid 

FIG. 4. Inhibition of acetate incorporation by free fatty acids. 
Reaction mixtures contained: phosphate buffer, pH 8.0,50 pmoles; 
acetate-1-CY4, 250 mrmoles; particle suspension, 0.3 ml; cofactors 
and conditions as in “Material and Methods;” final volume, 1.5 
ml. Acids added as potassium salts. 

TABLE IV 
Effect of neutral lipid and phospholipid on incorporation of acetate 

Reaction mixtures contained: phosphate buffer, pH 8.3, 50 
pmoles; acetate-l-C4 (800,000 d.p.m.), 250 mpmoles; particle 
suspension, 0.3 ml; amounts of lipids in emulsion as indicated; 
other cofactors and conditions as in materials and methods; 
final volume, 1.5 ml. 

inhibited incorporation of acetate into long chain fatty acids 
(Table V). When the free fatty acid fraction was compared 
with authentic fatty acids, it corresponded most closely to oleic 
acid (Fig. 4). Oleate was used for further study on the inhibitory 
effect. Although oleate strongly inhibited incorporation of 
acetate into fatty acids, it did not affect the distribution of the 
incorporated activity. 

Inhibition by oleate was alleviated but not completely reversed 
by albumin, which is a known scavenger for free fatty acids. 
The site of inhibition by oleate is suggested by the parallel 
inhibition of incorporation of acetate into lipid and organic 
acids (Table VI). Since both of these incorporations require the 
intermediate participation of acetyl-CoA, it appeared that 
oleate interfered with its formation. Inasmuch as it is known 
that the particulate preparation incorporates long chain fatty 
acids into glycerides by reactions requiring ATP and CoA, the 
most likely explanation of the effect of fatty acids is that they 
efficiently compete for ATP and CoA with acetate. According 
to this interpretation, it should be possible to reverse the effect 
of oleate on incornoration of acetate into lipid by increasing the 

Additions Amount of lipid Acetate incorporated 
- 

mg mpnoles 

8.5 
6.9 
5.2 
4.6 
4.6 

8.6 
8.6 

11.2 
12:l 
13.5 

None ..................... 
Neutral lipid. ............ 
Neutral lipid. ............ 
Neutral lipid, ............ 
Neutral lipid. ............ 

None ...................... 
Phospholipid 
Phospholipid .............. 
Phospholipid .............. 
Phospholipid .............. 

0.39 
0.78 
1.56 
2.34 

0.12 
0.23 
0.46 
0.69 
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TABLE VI 
Inhibition by oleate of acetate incorporation into 

lipid and organic acids 
Reaction mixture contained: Tris-HCl, pH 7.8, 100 pmoles; 

acetate-l-Cl4 (800,000 d.p.m.), 100 mpmoles; particle suspension, 
0.3 ml; cofactors and conditions as in material and methods; 
and potassium oleate as indicated; final volume, 1.5 ml. 

obtained after spinning down the particulate fraction, not only 
inhibited incorporation of acetate into total lipid, but also 
inhibited incorporation into oleate particularly. Although the 
supernatant showed no activity in lipid synthesis, it was active in 
the formation of organic acids (Table VII). By adding varying 
amounts of the supernatant to a constant amount of particles in 
a reaction mixture the effect of increased particle concentration 
could be simulated (Table VIII). Boiling the supernatant re- 
moved its inhibitory effect on gross incorporation, but did not 
completely remove its inhibition of oleate biosynthesis. Wash- 
ing the particle suspension by resuspension in 0.25 M sucrose and 
resedimentation was tried as a means of removing the soluble 
enzymes that contaminated the unwashed pellet. The washed 
particles showed a more linear relationship of incorporation and 
particle concentration, but the washed particles still showed the 

Acetate incorporated 

Lipid Organic acids 

Oleate added 

mpmoles mpmoles 

0 5.85 7.60 
73 2.45 3.40 

156 2.25 2.65 
234 1.80 2.50 
312 1.45 2.10 
390 1.10 2.55 TABLE VII 

Znhibition of oleate biosynthesis by supernatant fraction 

Reaction mixtures contained: Tris-HCl, pH 7.8, 100 pmoles; 
acetate-l-W (400,000 d.p.m.), 100 mhmoles; other cofactors and 
conditions as materials and methods; final volume, 1.5 ml. Par- 
ticles were sedimented between 2,000 and 15,000 X g; “micro- 
somes” were sedimented between 15,000 and 140,000 X g; super- 
natant represents soluble proteins remaining after sedimentation 
of “microsomes.” 

I I I I 4 

I 

/ 
oleole 

. 
. 

/I 

- - 
i 
- 

-- 

4cetate incorporated Distribution of label 

Addition -I- 
Pal- 

nitate 

% 
34 

tearatc 

% 
3 

35 23 
36 52 

xeate 

% 
63 

42 
12 

! ( 0;:;;; Lipid 

mpmoles 

6.55 1.70 
0.75 0.25 
7.55 0.05 
5.95 2.10 
5.15 1.05 
7.50 0.35 

I 

1. Particles, 0.2 ml. ...... 
2 “Microsomes ” 0.2 ml. 
3: Supernatant,‘O.i! ml. .. 
4. Item 1 + item 2. ..... 
5. Item 1 + item 3. ..... 
6. Item 2 + item 3. ..... 5 - 

!  
0 2 4 6 6 

pmoles ATP 

TABLE VIII 

Effect of supernatant on incorporation and distribution of acetate 

FIG. 5. Oleate inhibition at different ATP concentrations. Re- Reaction mixtures as in Table VII except for additions. Par- 

action mixtures as in Table VII except for variation in ATP con- titles prepared as in material and methods. Supernatant, re- 

centration and addition of potassium oleate. 120 mflmoles, as maining after sedimentation of particles. 
indicated. 

Distribution of label 

g$, stearat 
-__ 
% % 
30 0 

29 6 

35 12 

57 19 

50 30 

)leate 

% 
70 

65 

53 

24 

20 

concentration of ATP. Attempts have been made to do this but 
results have not given a definite answer. Fig. 5 shows the effect 
of various ATP concentrations in the presence and absence of 
oleate. It is evident that there are endogenous ATP-consuming 
reactions from the fact that the response curve does not extrap- 
olate to zero incorporation for zero ATP. A further difficulty 
is the high ATP concentrations required to saturate the system. 
However, the increase in ATP concentration from 6 to 8 pmoles 
per reaction gives approximately the same response in acetate 
incorporation whether oleate is present or not. This is an indi- 
cation that the oleate effect is reversed by higher ATP concentra- 
tions. 

Inhibition by Supernutant-The inhibitory effect of fatty acids 
had not explained the preferential effect of inhibition of oleate 
biosynthesis when particle concentration was raised. Another 
possibility was suggested by the observation that the supernatant 

Acetate 
incorporated 

57 
-L 

43 0 

n 
- 

Particles, 0.2 ml. . 
Particles, 0.2 ml + supernatant 

0.05 ml.. 
Particles, 0.2 ml + supernatant, 

0.10 ml.. . . . . . . . 
Particles, 0.2 ml + supernatant, 

0.15 ml.. . . . . . . . . . 
Particles, 0.2 ml + supernatant, 

0.20 ml.. . . . 
Supernatant, 0.2 ml. . . 
Boiled supernatant, 0.2 ml.. 
Boiled supernatant, 0.2 ml + par- 

ticles, 0.2 ml. . . . . . 

ntpmoles 

2.25 

1.85 

1.65 

1.35 

0.95 
0 
0 

2.10 
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decline in proportion of labeled oleate at the higher particle 
concentrations. 

E$ect of Aeration-The possibility remained that some co- 
factor or endogenous substrate was being exhausted at the higher 
particle concentrations. Because the enzymic activity of the 
supernatant fraction appeared to be in catalyzing tricarboxylic 
acid cycle activity, it seemed likely that oxygen was being 
consumed. Reactions were therefore run at two different 
particle concentrations with and without aeration. The results 
(Table IX) showed that aeration maintained oleate synthesis 
even at high particle concentrations. There is a tendency for 
aeration to reduce gross incorporation probably by surface 
inactivation of the enzymes. 

Absolute Oxygen Requirement for Oleate Biosynthesis-The 
experiences described above made it possible to choose conditions 
of pH, temperature, and particle concentration which would 
produce appreciable label in oleate when radioactive acetate was 
supplied to avocado particles. With this system the effect of 
anaerobiosis on the biosynthesis of oleate was tested. The 
experiments were carried out in Thunberg tubes which were 
evacuated and the atmosphere replaced either with air or helium. 
The results (Table X) clearly proved that oxygen is an absolute 
requirement for oleate biosynthesis, 

Effect of Cyanide and -Gde-Incorporation of acetate into 
long chain fatty acids was inhibited only to a slight extent by 
cyanide (2 X 10e3 M) and azide (2 X 1O-3 M). This slight 
inhibition was not associated with decrease of oleate formation. 
It seems that the requirement for oxygen in the biosynthesis of 
oleate, therefore, does not involve a pathway of electron transport 
such as the cytochrome system. Attempts to substitute for 
oxygen with artificial electron acceptors have been thwarted by 
the inhibitory effects of the electron acceptors. 

Metabolism of Long Chain Fatty Acids-Several of the esperi- 
ments reported above and particularly those demonstrating the 
osygen requirement suggest a precursor-product relationship of 
stearate and oleate. Palmitate and stearate were tested as 
substrates for a hypothetical desaturating enzyme. Both acids 
were readily activated as indicated by their rapid incorporation 
into phospholipid and triglyceride, but saponification and 
separation of the fatty acids showed that no detectable trans- 
formations had taken place. Experiments with decanoic acid also 
resulted in a rapid ATP- and CoA-dependent incorporation of 
label into glycerides. In this case also, saponification and iden- 
tification of the labeled fatty acids indicated that the decanoic 

TABLE IX 

Effect of aeration on distribution of incorporated acetate in long 

chain fatty acids 

Reaction mixtures as in Table VII except as indicated in this 
table. Aeration by slowly bubbling air through the reaction 
mixture. 

I I Distribution of label 

nQmioles % 

Particles, 0.2 ml . 6.5 30 
Particles, aerated, 0.2 ml.. 1.5 27 
Particles, 0.5 ml. 8.0 45 
Particles, aerated, 0.5 ml. 4.6 29 

jtearate ATtF;hei- Oleate 
~_____ 

% % % 

5 0 65 
0 0 73 

28 4 23 
0 0 71 

TABLE X 

Eg’,ct of oxygen on distribution of incorporated acetate in long 
chain fatty acids 

Reaction mixtures contained: Tris-HCl, pH 7.8, 100 pmoles; 
acetate-l-C” (800,000 d.p.m.), 250 mpmoles; cofactors as in ma- 
terial and methods; particle suspension, 0.3 ml; final volume, 
1.5 ml; reaction time 1 hour at 40”. Reactions run in Thunberg 
tubes. The tubes were evacuated, and the atmosphere was re- 
placed either with air or with helium. 

Distribution of label 
Acetate 

incorporated 
Palmitate stearate Oleate 

m#moles % % % 
Air. 11.9 53 1 46 
Air. 10.4 48.5 5 46.5 

Helium...... 11.8 61 39 0 
Helium.. . 10.9 66.5 33.5 0 

TABLE XI 

Incorporation of acetate into organzc acids and fatty acids 

Reaction mixtures as in Table VII (particle suspension, 0.2 
ml). 

Lipid 
Palmitate 
Stearate.......... 
Oleate. 

Organic acids*, 
Citrate. . . 
Malate. 
Succinate 

Acetate 
incorporated 

P&jl??%Ol~S 

1.70 

6.55 

- 

I 

% 

34 
3 

64 

70 
8 

12 

* Other compounds tentatively identified: a-ketoglutarate 5%, 
glutamate 5%. 

acid had been incorporat.ed into complex lipids without chain 
lengthening. 

Inlerrelationship of Organic and Fatty Acid Metabolism---Table 
VI showed that there was considerable incorporation of acetate 
into water-soluble acids. Incorporation into this fraction usually 
exceeded the incorporation into lipid. The composition of the 
radioactive organic acids was variable, but citrate was always 
predominant. Some typical results are presented in Table XI. 
Predictably, malonate inhibited incorporation of acetate into the 
organic acid fraction, but of the acids formed, succinate formed a 
higher proportion than in the absence of malonate. Citric acid 
also inhibited the incorporation of acetate into organic acids. 
These two acids also had a striking effect on incorporation of 
acetate into lipid. Citrate stimulated at lower concentrations 
but inhibited when the concentration was raised. Citrate always 
lowered the proportion of incorporated radioactivity found in 
oleate. Malonate slightly inhibited the incorporation of acetate 
into fatty acids, but always increased the incorporation into 
oleate (Table XII). 
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TABLE XII 
Eflect of citrate and malonate on acetate incorporation 

into organic acids and fatty acids 

Reaction mixtures as in Table VII except as indicated in this 
table (particle suspension, 0.2 ml). 

No additions. 
Citrate. 
Citrate. 
Citrate 
Citrate 

No additions. 
Malonate 
Malonate 
Malonate. I - 

5 
10 
20 
30 

5 
10 
30 

Acetate 
incorporated Distribution of label 

-I- 
lrganic 

I I 
Lipid Pal- 

acids mitate 

6.45 8.55 30 
3.15 10.8 31 
2.80 11.4 28 
2.10 9.45 29 
2.10 7.45 27 

% 
30 
51 
54 
47 
48 

6.60 8.20 26 33 
6.25 8.50 23 12 
5.35 8.15 24 14 
3.70 7.10 21 9 

tearate mchi- 
date ( 

I- % 
0 
4 
3 
2 
2 

0 
0 
0 
0 

xeate 

% 
40 
14 
15 
22 
23 

41 
65 
62 
70 

DISCUSSION 

The intracellular localization of fatty acid synthesis is still 
subject for discussion and experimentation, although perhaps not 
in that order. Work in Gurin’s laboratory indicated that fatty 
acid synthesis by rat liver took place in the mitochondria (24). 
It was possible to solubilize the enzymes by grinding liver tissue 
in phosphate buffer rather than sucrose (25), or by lysing the 
mitochondria in water (26). On the other hand, the enzymes in 
rabbit mammary gland were always found in the soluble fraction 
(21). Most of the work done by Wakil et al. (22) has been with a 
soluble system, but they have recently rediscovered mitochon- 
drial synthesis of fatty acids (27). Abraham et al. (28) have a 
fatty acid-synthesizing system which requires the cooperative 
efforts of microsomes and a soluble fraction. Although it has 
previously been reported that in avocado, fatty acid synthesis is a 
property of a particulate fraction (lo), the variability in syn- 
thesizing systems briefly noted above prompted a re-examination. 

The particulate fraction in which fatty acid-synthesizing 
activity has been found is sedimented at centrifugal forces 
considered to sediment mitochondria. The particles have 
enzymic activities usually associated with mitochondria, such as 
the ability to interconvert intermediates of the tricarboxylic acid 
cycle, and the ability to oxidize long chain fatty acids. It has 
not been excluded that the fatty acid-synthesizing activity of the 
particles may be due to enzymes adsorbed on the mitochondria or 
to aggregated microsomes. It is to be noted that the particulate 
fraction, in forming glycerides, can readily trap fatty acids that 
are formed. This property may be of importance in facilitating 
fatty acid synthesis by removing the reaction product. But it 
may equally well be a handicap in the attempts to observe inter- 
conversions of fatty acids. Fatty acids that are added to the 
reaction mixture are rapidly incorporated into triglycerides, and 
as such have no opportunity for chain elongation or desaturation. 
It is apparently necessary to prepare, from avocado particles, 
enzymes which will synthesize free fatty acids including oleic 
acid. Extracts of acetone powders of avocado particles do make 
free fatty acids, but it has now been definitely shown that these 
acids are entirely saturated.2 

The enzyme systems for the formation of unsaturated fatty 
acids have been described by Bloomfield and Bloch (11)) who were 

able to show a requirement for TPNH and oxygen. The 
soluble system of Bernhard et al. (29) also converted stearic acid 
to oleic acid, but cofactor requirements were not elucidated. 
Other reports of desaturation in vitro of long chain fatty acids 
must be questioned because of the unspecific method of assay by 
reduction of methylene blue (30, 31). Although the avocado 
system is complicated, the results obtained with it, showing that 
oleate biosynthesis is absolutely dependent on oxygen and is 
insensitive to cyanide and azide, are similar to those obtained 
with enzyme preparations from Xaccharomyces cerevisiae (11). 

We arrived empirically at our results on the experimental 
conditions necessary for the incorporation of acetate into oleate. 
With the exception of the pH effect, the conditions all illustrate 
the oxygen requirement for oleate biosynthesis. Low particle 
concentrations reduce the demand for oxygen in extraneous 
reactions, and the effect of higher temperatures may be explained 
as raising the rate of oxygen diffusion in the unshaken reaction 
mixtures. It is probable that the practice of flushing reaction 
vessels with nitrogen, presumably to prevent fatty acid oxidation, 
has been responsible for the low labeling of oleate in some 
experiments (10, 32). 

Inhibition of fatty acid biosynthesis by free fatty acids has been 
observed by Langdon (33). We agree that the requirement of 
free fatty acid for ATP and Cob is the fundamental effect, but 
utilization of ATP is probably more important than utilization 
of CoA. In the avocado system, because activated long chain 
fatty acids are incorporated into glycerides, CoA is released. 
There is no such return of ATP. 

This information on fatty acid synthesis may be considered in 
conjunction with information on the effect of fatty acids on 
phosphorylation and swelling of mitochondria. Sacktor (34) 
observed that decline of P:O ratio on aging of mitochondria 
could be prevented by the presence of bovine serum albumin. 
Recently, this observation has been extended by showing that 
the decline in P :0 ratio can be reproduced by addition of oleate 
to mitochondria, and both effects can be reversed by albumin (35). 
Scholefield (36) and Pressman and Lardy (37) observed that 
fatty acids uncoupled oxidative phosphorylation. Somewhat 
later, Lehninger and Remmert (38) showed that a factor, 
eneymically released from mitochondria, stimulated swelling of 
the mitochondria and uncoupled oxidative phosphorylation. 
The effects of the factor could be duplicated by oleate. It was 
shown that mitochondrial swelling caused by various agents 
including oleate, could be reversed by ATP, magnesium ions, and 
albumin (39). 

In these three cases, mitochondrial swelling, phosphorylation, 
and fatty acid synthesis, the basic effect of free fatty acids may be 
the consumption of ATP as they are activated. Apparently, the 
lipids of the mitochondria are attacked by lipolytic enzymes, and 
ATP is necessary to repair them. Turnover of ATP is, there- 
fore, accelerated by free fatty acids and in some cases the in- 
creased rate may be responsible for stimulation of ATP-P32 
exchange (40). 

Langdon (33) finds that even albumin-bound fatty acids 
inhibit fatty acid synthesis to some extent. Inasmuch as it is 
known that crystalline samples of serum albumin contain fatty 
acids (41, 42), it is not surprising that in the study on fatty acid 
synthesis, albumin in the absence of added oleic acid caused some 
inhibition. It also provides an explanation for the incomplete 
reversal of oleate inhibition of fatty acid synthesis, and the in- 
complete reversal of the effect of oleate on P:O ratio (35). 

There are several reports of stimulation of fatty acid synthesis 
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by citrate, isocitrate, and malonate. The stimulatory effect of 
citrate could not be replaced by TPNH, or by TPNH-generating 
systems (43). It was concluded that the effect of citrate was by 
virtue of its supplying carbon dioxide necessary of the formation 
of malonyl-CoA (44). It is probable that stimulation by 
malonate was due to decarboxylation similarly producing carbon 
dioxide (45). However, malonate and citrate have affected 
fatty acid synthesis by the avocado system in the presence of 
saturating levels of bicarbonate. They undoubtedly influence 
tricarboxylic acid cycle activity. In the avocado system, acetate 
may be utilized either to form fatty acids or organic acids. 
Citrate may block entry of acetate into the tricarboxylic acid 
cycle, thus making more acetate available for fatty acid synthesis. 
It has a second effect of lowering the proportion of oleate formed, 
presumably because oxygen is depleted in the oxidation of the 
added citrate. Malonate also inhibits the tricarboxylic acid 
cycle activity, but the potential increase in fatty acid synthesis is 
counteracted by the formation of malonyl-CoA, which dilutes the 
radioactive malonyl-CoA formed from radioactive acetate. In 
the presence of malonate, the proportion of labeled oleate in- 
creased because of the inhibition of oxygen consuming reactions 
associated with the tricarboxylic acid cycle. 

It is interesting that malonate and citrate, normal products of 
acetate metabolism by avocado particles, can affect fatty acid 
synthesis in the ways described. In the absence of hormonal 
control, fatty acid synthesis may be controlled indirectly by these 
two acids. 

SUMMARY 

1. Fatty acids are synthesized from acetate by a particulate 
preparation from avocado mesocarp, sedimenting between 2,000 
and 15,000 x g. The preparation also incorporates acetate into 
citric, succinic, malic, a-ketoglutaric, and malonic acids. 

2. The fatty acids are in the form of triglycerides and phos- 
pholipids. 

3. The pH optimum for acetate incorporation is 8. The 
proportion of incorporated acetate in oleate declines markedly 
above this pH. 

4. The formation of oleate is absolutely dependent on oxygen. 
Conditions that tend to increase the availability of oxygen favor 
the formation of oleate. These conditions include higher 
temperatures (up to 46”)) and the use of dilute suspensions of the 
particles. 

5. Free fatty acids, particularly oleate, inhibit incorporation of 
acetate into fatty acids. Incorporation into acids of the tri- 
carboxylic acid cycle is also inhibited. The inhibition is probably 
due to the utilization of adenosine triphosphate. 

6. Malonate and citrate inhibited incorporation of acetate into 
acids of the tricarboxylic acid cycle. Malonate increased the 
proportion of label found in oleate, whereas citrate lowered the 
proportion. 

7. When decanoate, palmitate, and stearate were supplied to 
the particulate fraction, they were incorporated unchanged into 
triglyceride and phospholipid. There was no desaturation or 
chain elongation of these acids. 
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