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Evidence obtained during the last few years has
shown that fatty acid synthesis in a variety of
mammalian tissues (1-4) as well as in yeast
(5, 6) and bacteria (7, 8) is not simply the re-
verse of fatty acid oxidation. This is borne out
by the finding that oxidative processes seem to be
confined to the mitochondrial portion of the cell,
whereas fatty acid synthesis apparently occurs in
extramitochondrial compartments.' The depend-
ence of the synthetic mechanism upon formation
and participation of malonyl-CoA and TPNH
provides further evidence for separate synthetic
and oxidative pathways (3, 6, 10).

Recent reports from this laboratory have dealt
with fatty acid synthesis from acetate in fractions
prepared from homogenates of rat liver (11, 12).
It was shown that the stimulation of fatty acid
synthesis by addition of citrate far exceeded that
obtained by addition of glucose-6-phosphate, even
though the TPNH generated from these two com-
pounds was of the same order (13). This find-
ing, which indicates that citrate oxidation stimu-
lates lipogenesis by a mechanism other than, and
in addition to, that involving TPNH generation,
offers no support for the view that TPNH gen-
eration (14) via the hexose monophosphate oxi-
dative pathway limits lipogenesis from acetate in
rat liver. Another outcome of these earlier stud-
ies was the demonstration that microsomes, al-
though themselves unable to convert acetate to
fatty acids, possess the capacity to stimulate lipo-
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1 Wakil, McLain and Warshaw (9) have reported syn-
thesis of fatty acids from acetyl-CoA in a system isolated
from pigeon and rat liver mitochondria. Since bicarbo-
nate was not required for this synthesis, it would appear
that fatty acid formation in mitochondria proceeds along
a pathway that differs from that in extramitochondrial
compartments of the cell.

genesis by the particle-free, supernatant fraction
of rat liver (15).
The conversion of acetate to fatty acids has been

studied in normal human subjects by Lipsky,
Haavik, Hopper and McDivitt (16) and in di-
abetic human subjects by Hennes and Shreeve
(17) and Hennes and Redding (18). These in-
vestigations were confined to measurements of
C'4-fatty acids in plasma after the administration
of C14-labeled acetate. Lipogenesis has also been
demonstrated in several isolated human tissues,
such as placenta (19) and aorta (20). However,
most of the details on the mechanism of fatty acid
synthesis have been obtained from studies with
liver homogenates prepared from lower animals:
rat (11), pigeon (3), pig (21), and chicken (22).
In order to study the pathway of fatty acid syn-
thesis in a human tissue, we used biopsy specimens
of human liver. Experiments were also carried
out with rat liver to provide a reference system
uncomplicated by pathological states.

EXPERIMENTAL

Patietts and their treatment

Pertinent information on the 10 human subjects from
whom liver biopsies were obtained is recorded in Table I.
With the exception of GB, who was at the University of
California Hospital, San Francisco, all patients were op-
erated at the San Francisco General Hospital.
The last oral feeding was given about 15 hours before

surgery. Preoperative medications included meperidine,
atropine, and a barbiturate. The anesthetic was nitrous
oxide-oxygen. Liver biopsies were taken immediately
after opening of the abdominal cavity and before the
definitive surgery. The amounts of liver excised varied
from 2 to 6 g.
The rats used in this study were males of the Long-

Evans strain, weighing from 250 to 300 g, which had been
raised on an adequate stock diet (Diablo Labration).
The excised liver samples were placed in chilled beak-

ers. In the case of 5 human and 4 rat livers, 250 mg of
slices were first prepared and the remainder was then
weighed and minced. All other livers were minced
directly.
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TABLE I

Observations on patients from whom liver biopsy samples were taken

Liver
Nutritional

Patient Age Sex status Clinical diagnosis Function tests* Histology

GBt 72 9 Normal Islet cell adenoma BSP 4%; A/G 3.9/3.0 Unremarkable portal areas, hepatic
g %; alk. pase. 5.0 U; cords, and central veins; hepatic cells
prothrombin time 81% contained considerable glycogen

JB 53 d' Poor, chronic Duodenal ulcer BSP 4%; A/G 2.6/2.8 Slight increase in connective tissue in
alcoholic g %; II 4.0 portal areas; hepatic cells normal

RRt 70 9 Obese, but recent Carcinoma of the BSP 15%; CF negative; Periportal proliferation of fibrous con-
weight loss stomach A/G 3.1/4.4 g % nective tissue; bile duct proliferation;

hepatic cells unremarkable
SA 58 9 Moderately obese Cholelithiasis and BSP 13%; A/G 3.6/4.0 Modest focal fatty change

chronic cholecystitis g %; TT 3 U; alk. pase.
8.1 U

TC 23 9 Normal Cholelithiasis and BSP 4%; TT 3 U; alk. Normal
chronic cholecystitis pase. 3.8 U; total bili-

rubin 0.6 mg%; CF neg-
ative

SH 57 ae Undernourished Duodenal ulcer BSP 44%; TT 1 U; A/G Portal fibrosis and inflammation;
3.0/3.2 g %; total bili- focal collapse and hepatocellular
rubin 1.4 mg %; CF damage consistent with viral hepatitis
2 +; alk. pase. 3.0 U

MIt 63 9 Obese, but recent Carcinoma of the BSP 25%; A/G 2.5/4.9 Focal centrolobular congestion with
weight loss gall bladder g %; CF 3+; TT 5 U; minimal increase in fibrous tissue in

alk. pase. 8.2 U portal areas
AK 74 6' Normal, chronic Chronic cholecystitis BSP 8%; A/G 3.0/4.0 Mild portal fibrosis, chronic peri-

alcoholic g %; II 9.0; total bil- cholangitis, or both
irubin 2.8 mg %; TT
1 U; CF negative; alk.
pase. 5.2 U

JT 38 Normal, chronic Chronic cholecystitis BSP 36%; A/G 4.0/4.1 Minimal fatty infiltration; hepatic
alcoholic g %; alk. pase. 5.6 U; architecture otherwise unremarkable

II 9.0; TT 1 U; CF
negative

EB 46 i' Normal, chronic Duodenal ulcer BSP 17%; A/G 3.8/3.1 Normal
alcoholic g %; TT 1 U; CF nega-

tive; alk. pase. 3.3 U;
II 6.0; prothrombin
time 73%

* Abbreviations: BSP, sulfobromophthalein; A/G, albumin-globulin; alk. pase., alkaline phosphatase; II, icterus index; CF, cephalin floccula-
tion; and TT, thymol turbidity.

t These patients received a glucose infusion the night before operation.

Preparation and fractionation of homogenates
The minced liver was homogenized with 3 vol of iso-

tonic sucrose (0.25 M) by three rapid strokes, in a
motor-driven homogenizer of the Potter-Elvehjem type,
with a Teflon pestle of 0.5 mm tolerance. Nuclei and
cellular debris were removed by centrifugation at 800 G 2
for 15 minutes. Mitochondria were removed by centri-
fugation at 8,700 G for 15 minutes in the Spinco model L
ultracentrifuge. The microsomes were sedimented by
additional centrifugation at 100,000 G for 45 minutes, and
the resultant clear supernatant fraction underlying a fatty
layer was carefully removed with a pipet.3 This super-
natant fraction contained 11 to 18 mg per ml (human
liver) and 15 to 20 mg per ml (rat liver) of soluble
protein. The microsomal pellet was gently rehomog-
enized, by hand, in the tissue grinder described above,
with 0.25 M sucrose (1 ml per g of original wet weight

2 All values for centrifugal force are given as the
average force in the center of the tube.

3 Fatty acids added to medium as sodium palmitate or
albumin palmitate inhibit fatty acid synthesis from acetate
(Reference 23 and unpublished observations from this
laboratory).

liver). The microsomal suspension so prepared from
both human and rat liver contained 33 to 60 mg protein
per ml.

Preparation of slices

Slices approximately 0.4 mm thick were prepared with
the McIlwain-Buddle tissue chopper (24). The slices
were blotted on filter paper, and immediately thereafter
250-mg portions were incubated as described below. All
preparative procedures were carried out in a cold room
maintained at 2 to 40 C.

Incubation procedures
Homogenate experiments. All incubations were begun

within 3 hours after the tissues were excised. The
experiment was initiated by delivery of 0.4 ml of the
particle-free supernatant fraction and varying amounts
of the microsomal suspension into tubes which contained
0.5 ml of the incubation medium. This incubation me-
dium contained, except where otherwise noted, 60 umoles
of glycylglycine-KOH buffer at pH 7.5, 15 /Amoles of
reduced glutathione (K+ salt), 18 ,moles of MgCI2, 0.25
,umole of MnCl2, 2.5 ,umoles of KHCOS, 1.25 jumoles of
potassium acetate-l-C' (2.5 X 105 cpm), 12 ,umoles of
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ATP (K+ salt), 0.03 tsmole of CoA, 0.125 Amole of TPN,
and 18.8 jumoles of potassium citrate. Air was the gas
phase. The incubation was conducted with mechanical
agitation, at 37' C, and was terminated at the end of 2
hours by addition of 1 ml of a 30 per cent KOH solution.

Slice experiments. The slices were incubated for 2
hours with 2 ml of Krebs-Henseleit bicarbonate buffer
(pH 7.3 to 7.4) containing 2.5 /Amoles potassium acetate-
1-C" (5 X 101 cpm), with mechanical agitation, at 370 C.
The gas phase was 95 per cent 02 and 5 per cent CO2.
The centerwell flasks used for the incubation have been
described (25).

Substrates and cofactors. Acetate-l-C1 was prepared,
by the conventional Grignard reaction, from C`02 and
methylmagnesium iodide, and isolated as the potassium
salt (26). Coenzyme A, TPN, and ATP were obtained
from Pabst Laboratories; disodium glucose-6-phosphate,
a-keto-glutarate, and cis-aconitate from the California
Corporation for Biochemical Research; dl-isocitric acid
lactone and isocitric dehydrogenase from Sigma Chemical
Company; glycylglycine, avidin, and D-biotin from Nu-
tritional Biochemical Corporation; reduced glutathione
from Schwarz Laboratories; and glucose-6-phosphate de-
hydrogenase from C. F. Boehringer and Sons, Germany.
Monopotassium salt of L,(+)-isocitric acid was isolated
from Bryophyllum calycinum (27).

d,l-Isocitric lactone was converted to the salt with
KOH, and neutralized with HCl before use (28). The
L,(+)-isocitrate was also converted to the tripotassium
salt before being added to the medium.

Analytical procedures

C14O assay. One minute before termination of the
slice experiments, 0.5 ml of a solution containing 1 vol
of 1 M Hyamine 4 hydroxide in methyl alcohol and 3 vol
of toluene was injected through the rubber serum cap
into the center well of the incubation flask. Enzymatic
reactions were stopped by injection of 0.5 ml of a 6 N
HPO4 solution into the main compartment of the vessel
containing the slices and incubation medium. The flask
was then mechanically agitated at room temperature for
30 minutes to insure complete absorption of the respira-
tory CO2 by the Hyamine mixture in the center well.
The recovery of C`02 from a C'-bicarbonate solution
was quantitative with this technique.
The Hyamine-C"02 mixture and the toluene washes

were quantitatively transferred by suction to a scintilla-
tion vial, 48 mg of 2,5-phenyloxazole (PPO) was added,
and the volume in the vials was made up to 20 ml with
toluene. The C"02 was assayed in a Packard automatic
Tri-Carb liquid scintillation spectrometer to within ±3
per cent. Control experiments showed that the amount
of methanol present in these samples produced a 10 per
cent quenching effect when compared with samples
counted in pure toluene solution.

4 Hyamine-lOX is the trade name for para-diisobutyl
cresoxy ethoxy ethyl dimethyl benzyl ammonium hydrox-
ide, purchased from the Rohm and Haas Company.

C"'-fatty acid assay. The slices contained in the main
compartment of the center-well flask were washed with
copious amounts of water, and the washed slices were
saponified overnight with 2 ml of 30 per cent KOH, in
a tube under reflux. The saponification mixture was
chilled in an ice bath, 5 ml of hexane was then added,
and the mixture was acidified with 2 ml of concentrated
HCl. The tube was closed with a rubber stopper, and
the entire contents vigorously shaken. The two phases
were separated by centrifugation, and the hexane layer
was removed with a pipet. This hexane extraction was
repeated, and the two extracts were combined. One-ml
aliquots from the 10 ml of hexane solution were assayed
for C1' activity with 24 mg of PPO in 10 ml of toluene,
as described above. No quenching by this amount of
hexane was observed.
The C"'-fatty acids produced in the homogenate experi-

ments were isolated and assayed as previously described
(29). The complete extraction of the C"-fatty acids
from these mixtures has been demonstrated in a previous
report from this laboratory (29).
Assay for nonsaponifiable C". Cholesterol from the

slice experiments was isolated as the digitonide (30)
without the addition of carrier, dissolved in methanol, and
assayed for C" as described above. The isolation of the
nonsaponifiable fraction from hexane extracts in the ho-
mogenate experiments and the assay of its C" activity
have been described (29).

Aliquots of the incubation media were oxidized in
center-well flasks by the persulfate combustion method
(31), and the C"02 was trapped in a KOH solution.
The potassium hydroxide-bicarbonate solution was trans-
ferred to other center-well flasks and acidified at room
temperature. The C"02 evolved was trapped in the
Hyamine-methanol-toluene solution, and was assayed for
C14 activity as described above. This procedure provided
an accurate determination of the C" activity in the in-
cubation medium at the start of the experiment.

Protein was determined by the biuret method described
by Gornall, Bardawill and David (32).

RESULTS

Conversion of the C14 of acetate-l-C14 to fatty
acids 5 was studied in both slice and homogenate
fractions prepared from each of five human and
four rat livers (Table II). An experiment with
a human and a rat liver was performed at the
same time. Fatty acid synthesis per milligram
of supernatant protein in the composite system
(supernatant plus microsomes) was 3 to 4 times
higher than that observed with slices. (We have
assumed that 250 mg of slices is equivalent to 0.75

5 The fatty acids synthesized from acetate by the human
livers studied here were analyzed by gas chromatographic
techniques and found to be predominantly myristic and
palmitic. Smaller amounts of lauric, stearic, and other
longer chain acids were also present.
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FIG. 1. EFFECT OF ADDITION OF VARYING AMOUNTS OF A MICROSOMAL SUSPENSION TO THE

PARTICLE-FREE SUPERNATANT FRACTION, BOTH PREPARED FROM THE SAME HUMAN LIVERS, ON

FATTY ACID SYNTHESIS FROM ACETATE. RI = particle-free supernatant fraction alone; 1 = 0.025
ml of microsomal suspension added to the particle-free supernatant fraction; 2 = 0.05 ml of
microsomal suspension added; 3 = 0.10 ml of
microsomal suspension added.

TABLE II

Comparison of fatty acid synthesis from acetate-i-C14 by
liver slices and by homogenate fractions *

Liver preparation Human [Sit Rat [4]

Slice 7.3 i 4.0 6.3 i 2.6
Supernatant 8.1 i 4.1 12.3 i 3.9
Mitochondria 0 0
Microsomes 0 0
Supernatant + microsomes 23.1 ±- 3.1 24.0 i 5.8

* Experimental conditions are described in the text.
Values recorded are averages and their standard errors,
and are expressed as mgmoles of acetate-i-C'4 converted to
fatty acids per mg protein contained in the particle-free
supernatant fraction. In order to compare fatty acid
synthesis in the slice and homogenate system, it was as-
sumed that the volume of supernatant solution obtained
from 1 g of tissue was equal to the volume of homogenizing
solution (3 ml). One ml of the particle-free supernatant
fraction contained about 15 mg of protein. Thus, 250
mg of slices would be equivalent to 0.75 ml of the particle-
free supernatant fraction containing about 12 mg of solu-
ble protein. The figures in brackets give the number of
experiments with different livers.

t Liver from Patients SH, MI, AK, JT, and EB.

ml of the particle-free supernatant fraction.) The
higher synthesis of fatty acids from acetate by the
homogenate fractions might reflect the fact that
oxidizing enzymes present in the slice were re-
moved from the homogenate system, thus per-
mitting a more efficient utilization of acetyl-CoA
for fatty acid synthesis.

Although the particles (microsomes or mito-
chondria) alone are not capable of converting

microsomal suspension added; 4 = 0.30 ml of

acetate to fatty acids (11), the addition of micro-
somes to the particle-free supernatant fraction
augmented the amount of C14-fatty acid synthesis
observed with the supernatant fraction alone
(Table II). In general, the addition of mito-
chondria depressed the synthesis.
The results of experiments in which varying

amounts of microsomal protein were added to
the particle-free supernatants obtained from hu-
man and rat liver homogenates are shown in
Figures 1 and 2. Since the ratio of supernatant
protein to microsomal protein required for max-

Rat Designation
FIG. 2. EFFECT OF ADDITION OF VARYING AMOUNTS OF

A MICROSOMAL SUSPENSION TO THE PARTICLE-FREE SUPER-
NATANT FRACTION, BOTH PREPARED FROM THE SAME RAT
LIVER, ON FATTY ACID SYNTHESIS FROM ACETATE. For
meaning of symbols see Figure 1.
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TABLE III

Effect of TPNH-generating substrates on fatty acid synthesis from acetate-i-C'4 by supernatant and
microsomal fractions obtained from homogenates of human and rat liver *

Acetate converted to fatty acids in the presence of added: Ratio

5 pmoles of
glucose-6- 18.8 jsmoles of

Nonet phosphate citrate
Liver (A) (B) (C) B/A C/A

mitmoles mlAmoles m/.moles
Human 1.5 0.11 [8]§ 1.7 i 0.32 [8] 26.1 4 1.2 [9] 1.1 17
Rat 0.8 i 0.03 [5] 1.5 ± 0.11 [5] 23.6 4- 4.8 [7] 1.9 30

* For experimental details see text. Microsomal levels that yielded maximum synthesis were used. Average values
and their standard errors are given.

t No citrate was added to the medium.
I Glucose-6-phosphate was substituted for citrate in the medium.
§ Number of experiments with different livers is given in brackets.

imum synthesis varied from preparation to prepa-
ration, such a concentration study was carried out
in most experiments. In both human and rat
liver homogenate experiments, microsomal stimu-
lation was highest when about 0.025 to 0.10 ml
of the microsomal suspension was added to 0.4
ml of the supernatant fraction. Additional
amounts of the microsomal suspension caused in-
hibition. It would appear that, when fatty acid
synthesizing activity in the supernatant fraction is
high, less of the microsomal suspension is re-
quired to stimulate maximum conversion of ace-
tate to fatty acids. This suggests that occasionally
there may be a release of microsomal protein
into the supernatant fraction.

It has been established by many workers that
TPNH is an essential cofactor for the synthesis
of fatty acid by cell-free systems (1-3). Table
III shows the results of experiments in which

TABLE IV

Effect of tricarboxylic acids on conversion of C14 of acetate-
1-C'4 to fatty acids by supernatant plus microsomal frac-
tions obtained from human and rat liver homogenates *

Acetate converted to fatty
acids per mg supernatant

protein
Additions to incubation

medium Experiment 1 Experiment 2

Compound Amount AK Rat EB Rat

JAmoles mj.moles mgsmoles
None (no citrate) 0.84 0.43 1.3 0.60
Glucose-6-phosphatet 5 0.84 0.73 1.4 0.80
Citrate 18.8 15.0 23.4 25.6 12.1
cis-Aconitatet 18.8 11.4 19.8 14.7 10.3
Ls(+)-isocitratet 18.8 15.9 18.9 16.4 9.0
dl-Isocitratet * 18.8 19.7 15.1 14.2 8.4

* For experimental details see text. Microsomal suspension (0.05
ml) was added to each incubation mixture.

t Each compound was used in place of citrate in the incubation
medium.

either glucose-6-phosphate or citrate was used as
the sole TPNH-generating substrate in experi-
ments with human and rat liver homogenate frac-
tions (supernatant plus microsomes). When
neither glucose-6-phosphate nor citrate was
added, there was little fatty acid synthesis. Al-
though glucose-6-phosphate6 is capable of pro-
ducing TPNH (12, 14), its addition did not stim-
ulate lipogenesis to any appreciable degree. On
the other hand, the addition of citrate to the
incubation medium caused a pronounced increase
in this synthesis. The last column of Table III
shows that the stimulation by citrate was 17-fold
in the experiments with human liver and 30-fold
in those with the rat liver system.
The particle-free supernatant fractions from

both human and rat liver homogenates contain
aconitase in addition to isocitric dehydrogenase
(unpublished observations). It therefore became
of interest to test the stimulating effect of other
tricarboxylic acids related to citrate. The data
presented in Table IV show that cis-aconitate,
L5 ( + ) -isocitrate, and d,l-isocitrate adequately ful-
filled the citrate requirement for fatty acid syn-
thesis in both human and rat liver homogenate
fractions.

Because glucose-6-phosphate did not stimulate
lipogenesis from acetate in human or rat liver
systems, it might be concluded that the amount
of glucose-6-phosphate dehydrogenase (G-6-PD)
present in these systems was limiting the pro-

6 Previous experiments with the rat liver system have
shown that glucose-6-phosphate in concentrations from
8 x 10^ to 1.6 X 10V M will not stimulate fatty acid syn-
thesis (11).
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TABLE V

Attempts to replace citrate requirement for fatty acid synthesis from acetate by the composite
system (supernatant plus microsomes) prepared from human livers *

Additions to the incubation medium Fatty acid
synthesis

Glucose-6- Glucose-6- a-Ketoglu- (expressed as
phosphate phosphate KHCOs tarate (20 Citrate Isocitric de- % of citrate

Expt. (5 jmoles) dehydrogenaset (15 jumoles) Amoles) (18.8 pmoles) hydrogenase4 effect)

A None None None None None None 4.5
B + None None None None None 6.0
C + + None None None None 8.3
D + + + None None None 4.0
E None None + + None None 17
F + + + + None None 22
G None None None None + None 100
H + None None None + None 105
I + + None None + None 105
J + + None None + + 102
K + + + + + None 81

* The experiments were carried out with homogenate fractions prepared from the livers of Patients AK and EB.
The assay system contained all substrates and cofactors described in Methods, with the exception of citrate. Additional
compounds and purified enzymes were added as shown. (+) indicates addition to the incubation medium; 0.05 ml of
microsomal suspension was added to each incubation mixture. The average C14-fatty acid recovery observed in the
presence of citrate (experiment G) was arbitrarily assigned a value of 100, and other results are shown in relation to that
value.

t The amount of enzyme added will produce 13.8 mgmoles TPNH/min with glucose-6-phosphate as substrate.
t The amount of enzyme added will produce 33.2 mjumoles TPNH/min with isocitrate as substrate.

duction of TPNH. However, when G-6-PD was

added to the human liver homogenate composite
system (supernatant plus microsomes) in amounts
that will produce 1.7 Mmoles of TPNH7 per 2-
hour incubation period, there was no additional
fatty acid synthesis from acetate-i-C'4. (Com-
pare experiments B and C in Table V.) The
failure to observe stimulation with both glucose-
6-phosphate and G-6-PD suggests that this en-

zyme, which is concerned with TPNH produc-
tion from hexose phosphate, is not limiting fatty
acid synthesis in the human liver system.

Similarly, if the activity of enzymes concerned
with citrate oxidation and TPNH generation
were limiting, we might expect increased fatty
acid synthesis by addition of isocitric dehydro-
genase to the system. But experiment J of
Table V shows that the addition of isocitric de-
hydrogenase (in amounts that will produce 4.0
bumoles of TPNH in 2 hours) did not increase
synthesis of fatty acids from acetate over that
observed in the absence of added enzyme (experi-
ment G).

Since tricarboxylic acids (isocitrate and cis-
aconitate) other than citrate augmented fatty acid
yields from acetate, experiments were carried out

7 The extinction coefficient of TPNH at 340 m/y is
6.22 X 10 cm' per mole (33).

in which the dicarboxylic acid product of the
isocitric dehydrogenase reaction, namely, a-keto-
glutarate, was substituted- for citrate. Experi-
ments E and F in Table V show that the extent
of synthesis observed with a-ketoglutarate was
somewhat higher than that observed in the ab-
sence of a-ketoglutarate or in the presence of
glucose-6-phosphate. But the extent of synthesis
with a-ketoglutarate did not approach that ob-
served when citrate was added to the system.
The data in Tables IV and V emphasize that

TABLE VI

Effect of avidin and D-biotin on conversion of C14 of acetate-
1-C'4 to fatty acids by human and rat liver homogenates *

Acetate converted to fatty acids
per mg supernatant protein

Avidin
(0.2 mg)

No Avidin D-biotin
Liver addition (0.2 mg) (0.05 mg)

m11moles mlmoles
Rat 40.3 2.6 37.2
Rat 40.4 0.8 40.4

Human (RR) 23.0 2.4 21.0
Human (JB) 39.6 1.7 22.0
Human (MI) 29.4 0.8 23.4
Human (SH) 29.0 1.2 27.7

* For experimental details see text. Microsomal sus-
pension (0.05 ml) was added to each incubation mixture.
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TABLE VII

Effect of changing incubation conditions on conversion of C14
of acetate-l-C'4 to fatty acids by supernatant plus micro-
somal fractions obtained from human and rat liver

homogenates *

Conditions of
Conditions of Gibson and
present study associates (34)

Super- Super-
natant natant

Super- micro- Super- micro-
Liver natant somes natant somes

Rat 2.4 12.6 13.1 12.2
Rat 9.8 23.4 12.2 6.9

Human (SA) 20.5 45.9 12.8 15.0
Human (AK) 4.5 17.0 4.2 5.8

* For experimental details see text. Microsomal levels that yielded
maximum synthesis were used. Results are expressed as mismoles of
acetate converted to fatty acids per mg supernatant protein.

citrate or a tricarboxylic acid metabolically de-
rived from it is obligatory for fatty acid syn-
thesis from acetate in the human (as well as in the
rat) supernatant plus microsomal system.
The dependence of fatty acid synthesis in cell-

free systems upon the presence of bicarbonate was
first demonstrated by Klein in yeast (5), and
subsequently in cell-free systems prepared from
a variety of animal tissues (34, 35). D-Biotin has
been shown to be involved in this bicarbonate

effect (6, 36). Avidin, a protein obtained from
egg white, has long been known to bind biotin and
render the vitamin ineffective (37). The addi-
tion of avidin (Table VI) produced a 90 per cent
inhibition of fatty acid synthesis from acetate in
the human liver system, and this inhibition was
completely reversed by addition of excess D-bio-
tin. Thus, these results demonstrate a CO2-de-
pendence for fatty acid synthesis from acetate in
the human liver composite system (supernatant
plus microsomes).

According to Wakil, Porter and Gibson (3,
10), fatty acid synthesis in the malonyl-CoA
pathway is confined to the supernatant fraction
of liver homogenates. Since the cofactor and
incubation conditions described by these workers
differed from those used here, a comparative
study was carried out with the same homogenate-
in the different media (Table VII). The highest
synthesis in our system was obtained by addition
of microsomes, whereas in the medium of Gibson,
Titchener and Wakil (34), no significant stimu-
latory effect by microsomes was noted. It is of
interest that the supernatant plus microsomal
system incubated under our conditions yielded
more fatty acids from acetate than did the super-

0° ATP, M%++ (Mn'++) 0

1) CH3-C-OH + CoASH - > CH3-C-S-CoA
activation enzyme

0
if2) CH3-C-S-CoA + Co2

ATP, Mg++ (Mn++), Biotin n°
I CH2-C-S-CoA

carboxylation enzyme COOH

0 0

3) 0H3-C-S-OoA + 0H2--S-CoA - (condensation product) + 0oA - SH + C*02
C*01O condensation

O

4) (condensation product) + 2 TPNH + 2H+-H[cH3c2-CH2- -] + 2 TPN+ + H20
reductases

SUMMATION

0 0

CH3-C-S-CoA + 7 CH2-C -S-CoA + 14 TPNH + 14 H+CH3-CH2-(CH214 TPN +72+7 CoA-SH +720
COOH C =0

S

CoA

FIG. 3. PATHWAYS OF CARBON IN FATTY ACID SYNTHESIS.
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TABLE VIII

Conversion of the C14 of acetate-i-C'4 to GO2, fatty acids
and cholesterol by slices of human and rat liver *

Added C14 recovered as:

Liver slices C02 Fatty acids Cholesterol

Human [5]t 12.4 i 0.3 4.0 4 1.2 0.5 ± 0.2
Rat [4] 31.4 i 1.8 3.3 4t 1.4 0.7 i 0.12

* For experimental details see text. Average values and
their standard errors are given.

t Numbers in brackets indicate number of experiments
with different livers. Livers were obtained from Patients
SH, MI, AK, JT, and EB

natant fraction incubated under the conditions of
Gibson and colleagues (34).
The human liver homogenate system incubated

under our specific conditions did not incorporate
acetate into nonsaponifiable lipids. The conver-
sion of the C14 of acetate-i-C14 to CO2, fatty
acids, and cholesterol by liver slices is recorded in
Table VIII.

DISCUSSION

The complete synthesis of a long chain fatty
acid from acetate in nonmitochondrial systems is
the result of a series of reactions (Figure 3) in
which the initial step involves activation of the
acetate to acetyl-CoA. The activation enzyme
has been found in the particle-free supernatant
fraction obtained from tissue homogenates (34).
Early observations with liver slices demonstrated
the superiority of a bicarbonate incubation me-
dium for the synthesis of fatty acids (38), and the
more recent studies with liver homogenate frac-
tions have left no doubt that bicarbonate is an
active participant in the reaction sequence (10,
11). Although an absolute requirement during
the reaction, bicarbonate is not incorporated into
the final free fatty acid molecule (6, 39). The
catalytic role of bicarbonate in these reactions has
been clarified by Wakil (40), Brady (41), and
Lynen (6). Malonyl-CoA (reaction 2, Figure
2) has been isolated as a product of the carbox-
ylation of acetyl-CoA (6, 40) and its participation
in fatty acid synthesis has been demonstrated (6,
40, 42). It has been suggested that 1 mole of
acetyl-CoA and 7 moles of malonyl-CoA are re-
quired to form 1 mole of palmitic acid (10, 42,
43), but the specific structure of the condensation
products is at present unknown (44, 45). It is

clear, however, that simultaneous condensation
and decarboxylation (removal of the free carboxyl
group of malonyl-CoA) are involved, and that
these reactions occur before the two reductions
that produce a saturated 4-carbon acyl-CoA de-
rivative (46, 47). For every 2-carbon elongation
of the chain, 2 moles of hydrogen are needed.
Experiments with pyridine nucleotides indicate
that TPNH and, to a lesser extent, DPNH can
serve as effective hydrogen donors for these
reductive steps (29, 48). A summary of these
reactions is presented in the last line of Figure 3.

Although mitochondrial have been shown to
synthesize fatty acids from acetyl-CoA, the pri-
mary function of this particle appears to be con-
cerned with oxidative phosphorylation (49) and
fatty acid degradation (50). Therefore, a system
devoid of mitochondria would have the advantage
of synthesis without concomitant degradative
competition. In 1957 Klein (5) described the
preparation from yeast of a fatty acid-synthesizing
system in which small particles were required for
optimal synthesis. Subsequently, we demon-
strated that microsomes stimulated lipogenesis in
the particle-free supernatant fraction obtained
from rat liver homogenates (12, 15). This
microsomal stimulation has been recently con-
firmed by Fletcher and Myant (51) in rat liver
preparations.

Because of the above considerations, we used
the system composed of the supernatant fraction
plus microsomes in order to study the mechanism
of fatty acid synthesis in human liver and to eval-
uate the role of peripheral enzymatic reactions
upon that synthesis. The enzymatic activities
that are not an integral part of the fatty acid
synthetic pathway (Figure 3) are retained in
such a crude system-an advantage, because the
conversion of acetate to fatty acids is dependent
upon the products of peripheral reactions that
yield TPNH and CO2. The requirement for
TPNH (shown in reaction 4, Figure 3) can be
satisfied by the presence of glucose-6-phosphate
dehydrogenase and gluconic acid-6-phosphate de-
hydrogenase, isocitric dehydrogenase, or malic en-
zyme, and their corresponding substrates. The
required CO2 (reaction 2) might be supplied by
oxidation of a number of substrates, among which
are isocitrate, gluconic acid-6-phosphate, and
malate.
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In previous experiments with rat liver homoge-
nates (11) we used a medium fortified with
cofactors and substrates that yielded a degree of
fatty acid synthesis from acetate greater than
those observed with liver slices. This same
medium was used in the present investigations
with human liver. Although it cannot be stated
with certainty that the cofactors and substrate
levels used in our experiments with the human
liver system are optimal, they were, nevertheless,
sufficient to provide synthesis higher than that ob-
served with slices.
A microsomal stimulation of fatty acid synthesis

from acetate is now also demonstrated in the
case of a human liver homogenate system. There
appears to be a specific amount of microsomal
protein that is optimal for fatty acid synthesis in
the human liver system. Addition of larger
amounts of microsomes invariably resulted in in-
hibition of synthesist The failure of others (2,
10) to observe microsomal stimulation might be
explained by the addition of excessive amounts
of microsomes. Since, under our incubation con-
ditions, fatty acid synthesis in the composite
supernatant plus microsomal system was gen-
erally higher than that observed with the incuba-
tion conditions of Gibson and co-workers (34),
with or without microsomes, the effect of the
microsomes cannot be explained solely on the
basis of release of an inhibition.
Over 90 per cent of the C'4-labeled fatty acids

synthesized by the composite (supernatant plus
microsomes) human and rat liver systems was
found in microsomes isolated from the incubation
mixture. This finding led us to consider the
possibility that microsomal stimulation of fatty
acid synthesis resulted from binding of the newly
synthesized fatty acids to these particles. Since
we also found that when mitochondria (which
do not stimulate fatty acid synthesis in our sys-
tem) are introduced into the mixture, a great pro-
portion of the fatty acid activity is also bound
to them, the stimulatory effect of microsomes is
not due solely to removal of fatty acids from the
medium (unpublished observation).

8 Adenosine triphosphatase was found in microsomal
preparations (unpublished observations). Since ATP is
required for fatty acid synthesis from acetate, the intro-
duction of excessive levels of adenosine triphosphatase
might explain this inhibition.

The enzymatic nature of the stimulation by
microsomes is indicated by the following observa-
tions: 1) the presence of an active alpha-beta un-
saturated acyl-CoA reducing enzyme (which
might catalyze the final reductive step) in the
microsomes (15); 2) the abolition of the stimula-
tory effect by denaturation of the protein in the
particle (12); and 3) the failure of exhaustive
dialysis of the microsomal suspension to decrease
the stimulation. It is not at present clear whether
the microsomal effect is due to the presence of
enzymes directly involved in conversion of acetate
to fatty acids or whether it is linked to an en-
zymic effect of the microsomes upon reactions
peripheral to fatty acid synthesis.

Utilization of citrate plays a central role in
fatty acid synthesis in both the human and rat
systems (14). Other metabolizable tricarboxylic
acids produced similar effects. The stimulatory
effects of these compounds may be a consequence
of the aconitase activity present in the particle-
free supernatant fractions of the human and rat
liver homogenates, which converts these acids to
citrate, or of the action of isocitric dehydrogenase,
which produces a-ketoglutarate, bicarbonate, and
TPNH. As previously noted for rat liver (11)
and lactating rat mammary gland (29) prepara-
tions, a-ketoglutarate plus bicarbonate in the
presence of TPNH will not completely substitute
for citrate in the human liver system.
As already pointed out, TPNH is required for

fatty acid synthesis (1, 10, 14, 29). Although
citrate oxidation produces TPNH, its production
cannot be the sole factor involved in the citrate
effect inasmuch as another TPNH-generating
substrate, glucose-6-phosphate, could not be sub-
stituted for citrate. The unique role of citrate
is further emphasized by the fact that the addition
of glucose-6-phosphate plus G-6-PD plus the
product of the isocitric dehydrogenase reaction (a-
ketoglutarate and bicarbonate) was not so effec-
tive in stimulating the conversion of acetate car-
bon to fatty acids as was citrate.
From the conversion of glucose-6-phosphate-1-

C14 and citrate-6-C14 to C1402 by the supernatant
plus microsomal system in human liver, we have
calculated (unpublished observations) the pro-
duction of TPNH from these two substrates
under conditions that favor fatty acid synthesis
from acetate. The amount of TPNH produced
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by the human liver homogenate system from
either substrate is greatly in excess of that the-
oretically required for the reductive steps involved
in the amounts of fatty acid synthesized. There-
fore, availability of TPNH from either substrate
(glucose-6-phosphate or citrate) cannot be a
limiting factor in fatty acid synthesis by the
human liver system.

SUMMARY

1. Homogenates of human liver were separated
into mitochondrial, microsomal, and particle-free
supernatant fractions. These fractions were in-
cubated in a medium fortified with cofactors and
oxidizable substrates, and their capacities to syn-
thesize fatty acids from acetate were studied.

2. A stimulatory effect of microsomes upon the
conversion of acetate carbon to fatty acids by
the particle-free, supernatant fraction isolated
from human liver was demonstrated. Addition
of microsomes beyond a certain level resulted,
however, in inhibition of the fatty acid synthesis.

3. The addition of either citrate, isocitrate, or
aconitate, in addition to TPNH, was an obliga-
tory requirement in order to obtain high levels
of fatty acid synthesis in the human composite
system (supernatant fraction plus microsomes).
Glucose-6-phosphate failed to serve as a substitute
for this citrate requirement, as also did a com-
bination of glucose-6-phosphate, glucose-6-phos-
phate dehydrogenase, CO, and a-ketoglutarate.

4. As shown previously in rat liver, TPNH
generation does not limit fatty acid synthesis
from acetate by the human liver composite system.

5. The participation of CO, in the conversion
of acetate carbon to fatty acids by human liver is
suggested by the demonstration of an avidin in-
hibition which was reversed by the addition of
biotin.
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