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The ability of purified mitochondria isolated from S. cerevisiae to synthesize fatty acids and especially very 
long chain fatty acids (VLCFA) has been investigated. The VLCFA synthesis requires malonyl-CoA as the 
C, unit donor and NADPH as the reducing agent. Moreover the yeast mitochondrial elongase is able to 
accept either exogenous long chain fatty acyl-CoAs as substrates or elongate endogenous substrates. In the 
latter case, ATP is required for full activity. Besides this important VLCFA formation, the mitochondria 

from S. cerevisiae were also able to synthesize C,, and C,, 
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1. INTRODUCTION 

Fatty acid synthesis takes place in various cell 
compartments of the eukaryotic cells. In mam- 
malians, the cytosol is chiefly responsible for the 
fatty acid de novo synthesis, whereas the further 
steps concerning either the desaturation or the 
elongation of the fatty acids are located in the en- 
domembrane system, endoplasmic reticulum and 
Golgi apparatus. However, mitochondria are also 
able to form fatty acids by de novo synthesis [l-3] 
or by elongation of endogenous or exogenous 
precursors [3-71. It is classically admitted that the 
elongation of acyl-CoAs taking place in mitochon- 
dria requires acetyl-CoA as the preferred CZ unit 
donor, and both NADH and NADPH as the 
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reductants, while microsomal elongases are 
specific for malonyl-CoA and NADPH (review 
[7]). Consequently it is conceivable that this 
mitochondrial activity, the, physiological signifi- 
cance of which remains to be elucidated, represents 
a simple reversal of the &oxidation [8,9]. The 
validity of such an assumption, however, is based 
upon very few examples. Moreover, a careful 
analysis of the available literature shows that the 
claimed requirement for acetyl-CoA and NADH is 
in itself an over-simplification of numerous data. 
In rat liver mitochondria, Boone and Wakil [4] 
showed the existence of a de novo synthesis from 
acetyl-CoA and malonyl-CoA and an elongation 
of long chain acyl-CoAs by acetyl-CoA or malo- 
nyl-CoA. The same was true in the case of mito- 
chondria from rat brain [2]. Aeberhard and 
Menkes [2] and Boone and Wakil [4] have sug- 
gested the possibility of an involvement of malo- 
nyl-CoA decarboxylase in converting malonyl- 
CoA into acetyl-CoA, which could then serve as 
the immediate precursor of the active two-carbon 
unit used in the elongation of acyl-CoAs. More 
recently, Bourre et al. [6] and Paturneau-Jouas et 
al. [3] have shown that mitochondria from brain 
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elongate exogenously added long chain acyl-CoAs 
in the presence of acetyl-CoA, whereas in the 
absence of long chain acyl-CoAs, malonyl-CoA 
and not acetyl-CoA is the CZ unit donor. These 
results have been confirmed by Murad and Kishi- 
moto [7] in mitochondria from rat brain. In this 
paper we demonstrate for the first time, that yeast 
mitochondria are able to elongate acyl-CoAs or 
endogenous precursors, but that in no case is 
acetyl-CoA the CZ unit donor. 

2. MATERIALS AND METHODS 

2.1. Substrates and reagents 
[ I-r4C]Acetyl-CoA (46.6 Ci/mol) was obtained 

from NEN. [2-r4C]MaIonyl-CoA (55 Ci/mol) and 
[ 1-‘4C]stearoyl-CoA (56 Ci/mol) were purchased 
from Amersham. AI1 other chemical products were 
obtained from Sigma. 

2.2. Preparation of mitochondria 
Cells of the diploid wild strain Saccharomyces 

cerevisiae (yeast foam) were grown aerobically at 
28°C in a complete medium: 1% yeast extract, 
0.1% potassium phosphate, 0.12% ammonium 
sulphate (pH 4.5) supplemented with 2% lactate as 
carbon source. The cells were harvested in 
logarithmic phase. Mitochondria were isolated as 
described in [lo]. This mitochondrial fractionation 
procedure was checked by electron microscopy and 
sucrose density gradient centrifugation [ 111. 

2.3. Fatty acid synthesis measurements 
Routinely 20 to 50,ul of the preparation of 

mitochondria (20 to 5Opg of mitochondrial pro- 
teins) were incubated at 30°C in the presence of 
[2-14C]maIonyl-CoA (17 ,uM), NADPH (0.5 mM), 
NADH (0.5 mM), ATP (1 mM), MgCL (1 mM), 
DTT (2 mM) and 0.65 M mannitol, 10 mM Tris 

Table 1 

Incorporation of radioactive precursors into fatty acids by mitochondria from S. cerevisiae 

Conditions nmol/mg per h Conditions nmol/mg per h Relative activity 

[ 1 -14C]Acetyl-CoA + ATP 
[ 1 -14C]Acetyl-CoA 

[l-14C]Acetyl-CoA + 
malonyl-CoA 

[ l-14C]Acetyl-CoA + 
malonyl-CoA + ATP 

[l-14C]Acetyl-CoA + 
Crs-CoA 

[ l-14C]Acetyl-CoA + 
Czo-CoA 

[ l-14C]Acetyl-CoA + 
C18-CoA + ATP 

[l-14C]Acetyl-CoA + 
Go-CoA + ATP 

0.04 f 0.03 (3) [2-14C]malonyl-CoA + ATP 
0.02 f 0.01 (3) 

0.01 f 0.003 (3) 

0.01 f 0.001 (3) 

[2-14C]malonyl-CoA + 
acetyl-CoA 

[2-14C]malonyl-CoA + 
acetyl-CoA + ATP 

0.01 f 0.004 (3) 

0.01 f 0.003 (3) 

0.02 f 0.001 (3) 

0.02 f 0.004 (3) 

[2-14C]malonyl-CoA 
C,s-CoA 

[2-14C]malonyl-CoA 
Czo-CoA 

[2-14C]malonyl-CoA 
Crs-CoA + ATP 

[2-14C]malonyl-CoA 
Czr,-CoA + ATP 

3.63 f 2.38 (5) 
0.70 f 0.5 (5) 

3.24 + 1.64 (5) 

4.0 f 2.5 (5) 

3.98 f 2.59 (4) 

5.58 f 4.3 (4) 

5.0 -t 1.42 (4) 

8.93 zt 7.09 (3) 

1 
0.22 + 0.06 

(5) 

0.85 f 0.07 
(5) 

1.14 f 0.08 
(5) 

1 

1.41 f 0.25 
(5) 

1.28 f 0.22 
(5) 

1.92 f 0.19 
(4) 

Incubations were carried out for 1 h in the presence of protein quantities ranging from 29 to 70 pg. Acetyl-CoA, when 
present, was at a final concentration of 0.15 mg/ml. Other conditions are as described in section 2. Numbers in brackets 

represent the number of experiments 
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maleate, 0.36 mM EGTA buffer (pH 6.7) in a total 
volume of 0.1 ml. When acyl-CoAs were used as 
substrates, ATP was generally omitted and the 
concentration of each acyl-CoA was 9 PM. 
[l-14C]Acetyl-CoA, when used, was 17pM. The 
reaction was stopped by the addition of 0.1 ml of 
20% KOH in HzO/methanol (9: 1). Fatty acids 
were extracted and the label was determined as 
described [ 121. The distribution of the label among 
the fatty acids was determined by radio-GLC 
under the conditions described in [13]. 

2.4. Protein determination 
Proteins were estimated by the method of Brad- 

ford [14], using BSA (1 mg/ml) as the standard. 

3. RESULTS 

3.1. Incorporation of labeled precursors into fatty 
acids by mitochondria from S. cerevisiae 

The ability of yeast mitochondria to synthesize 
fatty acids from various substrates was in- 
vestigated and the results are reported in table 1. 
[1-r4C]Acetyl-CoA, used as the only substrate, was 
not incorporated into fatty acids and the addition 
of ATP did not increase this incorporation. The 
addition of malonyl-CoA or malonyl-CoA plus 
ATP had no effects. Moreover, when acyl-CoAs 

Table 2 

Cofactor requirements for fatty acid synthesis 

Conditions [2-‘4C]- [2-‘4C]- [2-14C]- 

Malonyl- Malonyl- Malonyl- 
CoA CoA + CoA + 

C,s-COA Cm-CoA 

Complete 100 100 100 
- ATP 26 91 57 
- NADPH 28 26 15 
- NADH 94 121 80 
- NADPH, 

- NADH 24 29 23 
- M&12 52 62 55 
t=o 2 0.3 0.2 

The complete incubation system contained [2-14C]- 
malonyl-CoA (17aM), NADPH (0.5 mM), NADH 
(0.5 mM), ATP (1 mM), MgCl2 (1 mM), DTT (2 mM). 
Incubations were carried out for 1 h with 45 pg mito- 
chondrial proteins. t = 0 means incubation times were 

zero 

160 

(Cis-CoA or CZO-CoA) were used (even in the 
presence of ATP), no significant incorporation of 
[ l-14C]acetyl-CoA into fatty acids was observed. 
All these results demonstrate that, under our con- 
ditions, acetyl-CoA is neither a primer nor a CZ 
unit donor for the fatty acid synthesis in mitochon- 
dria from S. cerevisiae. 

In contrast with the results observed for 
[l-14C]acetyl-CoA, [2-i4C]malonyl-CoA was in- 
corporated into fatty acids. The basal activity 
([2-14C]malonyl-CoA used as the only substrate) 
was stimulated -6fold when ATP or acetyl-CoA 
was added to the reaction mixture. 

In the absence of ATP, the addition of either 
Cis-CoA or Czo-CoA increased respectively the 
basal activity about 6-7-fold. Upon addition of 
ATP (1 mM), the elongation of CIB-CoA was 
slightly stimulated (-25%), while elongation of 
CZO-CoA was more greatly increased (40%). 

3.2. Cofactor requirements 
The cofactor requirements for fatty acid syn- 

thesis from labeled malonyl-CoA are shown in 
table 2. As may be observed, the presence of ATP 
(1 mM) increased, on the one hand, the incorpora- 
tion of [2-i4C]malonyl-CoA in the absence of 
primers and, on the other, stimulated the elonga- 
tion of acyl-CoAs when CZO-CoA is the primer 
used. Using CKX-CoA as the primer, the presence of 
ATP in the incubation mixture did not significant- 
ly increase the incorporation of [2-14C]malonyl- 
CoA into fatty acids. The addition of Mg2+ 
(1 mM) increased each activity about 2-fold. The 
omission of NADPH from the incubation mixture 
resulted in a drastic decrease of the fatty acid syn- 
thesis: whatever the precursor used, practically 
80% of the activity was lost. In the absence of 
NADH, activities were not severely disturbed. 
These results indicated that NADPH, and not 
NADH, is the preferred reducing reagent for the 
fatty acid synthesis in mitochondria from S. 
cerevisiae. 

3.3. Label distribution 
The label distribution among the various fatty 

acids synthesized after malonyl-CoA incorpora- 
tion was further investigated and results are 
reported in table 3. In the absence of ATP and 
long chain acyl-CoAs, the main label incorpora- 
tion was observed in stearic acid and palmitic acid, 
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Table 3 

Label distribution into fatty acids 

April 1987 

Conditions 

[2-‘4C]Ma10ny1-CoA 

% fatty acids 

Cl0 Cl2 Cl4 cl6 cl8 c20 c22 C24 

COG) (04(G) (OZ) (Z) (Z) (Z) (OZ) - 

% VLCFA 

c26 

- 
17.3 

(0.25) 

[2-r4C]Ma10ny1-CoA + ATP - - - 
(0%) (%) (::rG) (K) (&:) (Z) 

72.8 
(4.29) 

[2-‘4C]Malonyl-CoA + _ _ - 

(054:) (G) (K) (K) (Z) (Z) 
83.1 

C,a-CoA (6.53) 

[2-‘4C]Ma10nyl-CoA + - - 
(0:;;) (023;) (0%) (Ot;7) (:!5:) (::72) (::g :) 93.8 

Czo-CoA (11.3) 

The distribution of label has been determined as described in section 2. The numbers in brackets are the nmol fatty 
acids synthesized/h per mg mitochondrial proteins. Incubations were carried out for 1 h with 30rg proteins. Other 

conditions are described in section 2 

representing respectively 27.9 and 40.2% of the 
total radioactivity. Under these conditions, less 
than 0.3 nmol VLCFAs were synthesized/h per mg 
mitochondrial proteins. 

The addition of ATP-Mg’+ stimulated the syn- 
thesis of VLCFA about 16-fold, which amounted 
to about 75% of the total label, while the synthesis 
of Cr6 remained unchanged and that of Cis in- 
creased 2-fold. 

In the presence of Cis-CoA (without ATP), the 
synthesis of palmitic and stearic acids was only 
slightly modified and the synthesis of VLCFA was 
greatly stimulated (25fold). The replacement of 
CIB-CoA by Czo-CoA led to an almost complete 
disappearance of the label found in the CZO fatty 
acid, which is in good agreement with an elonga- 
tion of the exogenous CZO-CoA. 

Moreover, whatever the conditions used for the 
VLCFA synthesis, the longer the acyl chain, the 
more the VLCFAs were labeled. In any case, C26, 
with 30 to 40% of the total incorporation was the 
most labeled fatty acid. 

4. DISCUSSION 

The fatty acid biosynthesis by mitochondria 
isolated from various types of cells has been 
reported repeatedly [l-7,15]. With mitochondria 
from animals, as the source of enzyme, a unique 
feature of this synthesis is that it accepts acetyl- 

CoA as the CZ unit donor, though malonyl-CoA 
may also be used [4]. Both NADH and NADPH 
are used as reductants [2-41. 

In mitochondria isolated from higher plants fat- 
ty acid synthesis has also been described [16]; such 
synthesis requires NADPH and any one of the 
following labelled precursors: [2-‘4C]malonyl- 
CoA, [l-14C]acetyl-CoA, [l-14C]acetate, [2-14C]- 
malonate was incorporated into fatty acids. Using 
mitochondria from Euglena gracilis SM-ZK (a per- 
manent chloroplast-lacking mutant), Inui et al. 
[17] have shown a mitochondrial malonyl-CoA- 
independent fatty acid synthesis requiring NADH 
and NADP+ as cofactors [17,18]. 

The yeast mitochondria differ markedly from 
the other mitochondria so far reported: malonyl- 
CoA is the only CZ unit donor, and NADPH is re- 
quired for full activity, whereas the omission of 
NADH does not greatly change the synthesis. 

In the absence of ATP, [2-14C]malonyl-CoA is 
chiefly incorporated into Cl6 and Cl8 acids; this is 
compatible with a de novo synthesis in yeast 
mitochondria, as already hypothesized for the 
mitochondria from brain [2,3]. This possibility is 
supported by the experiments which showed that, 
in the presence of acetyl-CoA, there was a greater 
incorporation of [2-‘4C]malonyl-CoA than in its 
absence. But this hypothesis was definitely ruled 
out by the reverse experiments with [1-i4C]acetyl- 
CoA and unlabeled malonyl-CoA which resulted 
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in no fatty acid labeling at all. Moreover, since 
[ l-14C]acetyl-CoA is not incorporated into fatty 
acids, mitochondrial fatty acid synthesis is not a 
mere reversal of the &oxidation. 

It has already been observed, for example in 
mitochondria from brain, that ATP is required for 
full fatty acid synthesizing activity [2]. Its role in 
yeast mitochondrial fatty acid synthesis is not 
clear. With mitochondria from S. cerevisiae as a 
source of enzyme, the ATP addition does not 
result in a mere increase of the overall synthesis, 
but in a marked modification of the label distribu- 
tion among the fatty acids, with more than 50% of 
the label contained in C24 and C26 acids. One 
hypothesis which will be further analysed is that 
ATP allows a second elongation system to be 
operative, in addition to that already functioning 
in its absence. 

The first system (non-ATP requiring system) 
synthesizing long chain fatty acids (almost Cr6 and 
Crs) would be different from the cytosolic fatty 
acid synthetase which incorporated [ l-14C]acetyl- 
CoA into palmitic and stearic acids. 

The second system would require ATP to syn- 
thesize VLCFA. These molecules were also syn- 
thesized in the absence of ATP but in the presence 
of acyl-CoAs as primers. It was noticed that 
whatever the conditions used, when VLCFAs are 
synthesized, the first system continues to syn- 
thesize long chain fatty acids, irrespective of the in- 
corporation of [2-14C]malonyl-CoA related to the 
presence or absence of long chain acyl-CoAs in the 
incubation mixture. 

Our results demonstrate, for the first time, the 
existence of VLCFA synthesis in yeast mitochon- 
dria. This synthesis required malonyl-CoA, instead 
of acetyl-CoA. It has been assumed that .the fatty 
acid synthesis observed already in plant mitochon- 
dria could be due to a contamination of these 
organelles by plastids [ 19,201. However, the use of 
a permanent chloroplast-lacking mutant of E. 
gracilis [ 17,181 has demonstrated that plant 
mitochondria have the enzymatic machinery re- 
quired for autonomous fatty acid synthesis. This 
work shows in addition that the yeast mitochon- 
dria are also able to synthesize fatty acids, especial- 
ly VLCFA. Thus, as is the case for chloroplast and 

fatty acid synthesis, the endoplasmic reticulum can 
no longer be considered the unique site of VLCFA 
formation in plants. 
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