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The synthesis of long chain fatty acids from
acetate in mammalian, extramitochondrial ("solu-
ble") systems requires three enzymatic steps: 1)
the activation of acetate to form acetyl-coenzyme
A (acetyl-CoA), 2) the carboxylation of acetyl-
CoA by the enzyme acetyl-CoA carboxylase to
form malonyl-coenzyme A (malonyl-CoA), and
3) the subsequent complex series of serial conden-
sations of malonyl-CoA to the elongating acyl-CoA
compound [the intermediates may be bound to
acyl carrier protein rather than CoA ( 1 )] by the
enzyme palmitate synthetase to form the resultant
long chain fatty acid, shown in Table I.

The synthesis of long chain fatty acids from
acetyl-CoA has been studied extensively in enzyme
systems from a number of sources, including rat,
beef, and human adipose tissue (2-4), avian and
mammalian liver (5-7), rat lactating mammary
gland (8, 9), rat brain (10), yeast (11), plants
(12), insects (13, 14), and bacteria (15). The
formation of acetyl-CoA from acetate, although
less extensively studied as an initial step in fatty
acid biosynthesis, has been demonstrated in mam-
malian liver (16), heart (17, 18), brain (19),
and adipose tissue (20). In the human, fatty acid
synthesis has been shown to occur by the malonyl-
CoA pathway in adipose tissue (4) and possibly
in liver (21).

The human erythrocyte contains a significant
quantity of long chain fatty acids, largely in the
form of complex structural lipids (22-24). Both
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immature mammalian and nucleated avian eryth-
rocytes have been shown to possess the ability to
synthesize long chain fatty acids from acetate,
but this ability is apparently lost in the mature
mammalian red cell (25-28).

The present study was undertaken to extend the
information available on the mechanism of fatty
acid synthesis in this readily accessible tissue and
to define the metabolic lesion responsible for the
reported inability of these cells to synthesize long
chain fatty acids.

Methods

Preparation of substrate. The following substrates,
cofactors, and enzymes were purchased commercially:
ATP,1 TPN,1 TPNH,1 DPNH,l glucose-6-phosphate
dehydrogenase,1 coenzyme A,2 acetic acid-l-14C-anhydride,s
bicarbonate->C,3 and malonic acid-2-14C.2 Acetyl-CoA
and acetyl-1-14C-CoA were synthesized by the method of
Simon and Shemin (29) and malonyl-CoA and malonyl-
2-14C-CoA by the method of Trams and Brady (30).

Preparation of enzymes. Hemolysates were prepared
from heparinized blood from normal, nonfasting, adult
volunteers without regard to diet. All operations were
carried out at 0 to 4° C. The erythrocytes were sepa-

TABLE I

Pathway of fatty acid biosynthesis

Additional substrates
Enzymes Pathway and cofactors

Acetate

Acetyl-CoA synthetase { ATP, Mg++, CoASH

Acetyl-CoA

Acetyl-CoA carboxylase { ATP, C02, Mn++

Malonyl-CoA

Palmitate synthetase j Acetyl-CoA, TPNH

Palmitate

1 Sigma Chemical Co., St. Louis, Mo.
2 Pabst Laboratories, Milwaukee, Wis.
8 New England Nuclear Corp., Boston, Mass.
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rated by the dextran flotation technique (31). The su-

pernatant was removed by aspiration and discarded.
The erythrocytes were washed three times with cold iso-
tonic saline (the final preparation contained always less
than 1 leukocyte per 10,000 cells and often less than 1
per 100,000 cells). Hemolysis was accomplished by the
addition of 2 parts of cold distilled water after which the
hemolysate was buffered to 0.1 mole per L with an ap-

propriate buffer (see below) and made 0.01 mole per L
with respect to 2-mercaptoethanol. The preparation was

centrifuged, either at 31,000 X g for 15 minutes, after
which it was used, or at 105,000 X g for 1 hour. The
latter preparation, in the experiments so designated, was

further purified by ammonium sulfate precipitation (at
a saturation of 40%o) and 2-hour dialysis against 0.05 M
buffer and 0.01 M 2-mercaptoethanol. Enzymatic ac-

tivity was expressed per milligram protein or milligram
hemoglobin. Protein was measured by the method of
Warburg and Christian (32). Hemoglobin was meas-

ured as cyanmethemoglobin (33).
Preparation of enzymes from liver and adipose tissue

was carried out as previously described (2).
Enzyme assays. Acetyl-CoA carboxylase was assayed

as previously described, both by fixation of bicarbonate-
4C with acetyl-CoA to form malonyl-P'C-CoA and by

the hexane-extracted radioactive long chain fatty acids
synthesized from acetyl-1-'4C-CoA in the presence of
ATP, MnCl2, KHCO3, and citrate (2, 3). The assay
of palmitate synthetase has also been described else-
where (2). For the carboxylase assays the hemolysates
were buffered with either Tris-HC1 or imidazole-HCl,
pH 7.0. For the assay of palmitate synthetase, either
KHPO4, pH 6.5, or imidazole-HCl, pH 6.8, was used as

a buffer.
Preliminary identification of the radioactive products

of the reaction as long chain fatty acids was carried out

TABLE II

Requirements of palmitate synthetase in
human erythrocytes*

Radioac-
tivity in

Component omitted fatty acids

cPm

None 15,256
Malonyl-CoA 93
Acetyl-CoA 547
TPNH 135
TPNH (plus DPNH) 6,407
TPNH(plus TPNHgenerator) 31,395
None (boiled enzyme) 197

* The complete system contained 100 Moles of potas-
sium phosphate buffer (pH 6.5), 4 Mmoles of DPNHor
TPNH (or 4 /Amoles of TPN, 4jumoles of glucose-6-phos-
phate, and 3 enzyme U of glucose-6-phosphate dehydro-
genase), 0.5 pmoles of malonyl-CoA, 0.25 Mmole of
acetyl-1-_4C-CoA (specific activity, 10 gsc per pmole), and
0.4 ml of enzyme (containing 84 mg of hemoglobin).
Malonyl-2-'4C-CoA was used to test the acetyl-CoA re-
quirement. Final volume was 2 ml. Incubation was
carried out at 37° C for 90 minutes. _1

TABLE III

Fatty acid synthesis from acetyl-CoA
in different tissues*

Malonyl-CoA

Omitted, and
acetyl-CoA
carboxylase

cofactors
Added Omitted added

pgmoles converted/mg pretein or/
mg hemoglobin

Human erythrocytes 5.12 0 0
Rat liver 44.7 0.56 83.6
Rat adipose tissue 119.0 0 434.0

* Erythrocyte assays were carried out as in Table I. Rat liver and
adipose tissue preparations were the supernatant solutions from
10,000 Xg centrifugations and contained 79 and 8.7 mg of protein, res-
pectively. The acetyl-CoA carboxylase cofactors included 40 smoles of
KHCO3, 6 pmoles of ATP, 2 Amoles of MnCl2, and 30 jmoles of potas-
sium citrate. The results shown are from a typical series of parallel
experiments.

by saponification, followed by alkaline and acidic ex-
tractions with hexane, the acidic extract then being con-
centrated by evaporation and counted in a Packard liquid
scintillation counter, as previously described (2). More
precise definitions for the reaction products of the
erythrocyte incubations were carried out, as noted be-
low, by the use of thin layer and gas liquid chroma-
tography.

Acetyl-CoA synthetase was assayed as described by
Stacey, Latimer, and Tove (34). The incubation mix-
ture contained 20 jumoles of Tris-HCl buffer (pH 8.2),
2 Moles of ATP, 0.1 gmole of coenzyme A, 1 Mmole of
MgCl2, 3 /Amoles of 2-mercaptoethanol, 1 /Amole of po-
tassium fluoride, 0.1 Mmole of sodium acetate-l-"C (spe-
cific activity, 20 ,uc per Mmole), and from 0.01 to 0.10 ml
of hemolysate buffered with either Tris-HCl, pH 8.2, or
imidazole-HCl, pH 7.6. The final volume was 0.2 ml.
The reaction was run at 370 C for 30 minutes and stopped
by the addition of 0.05 ml of 20% trichloroacetic acid.
After brief centrifugation, 0.025 ml of the reaction mix-
ture was applied to a 1- X 3-cm strip of Whatman 1
filter paper, which was then steamed for 30 minutes,
dried, and placed directly into a counting vial containing
10 ml of phosphor 4 and counted in a Packard liquid
scintillation counter.

Results

Palmitate synthetase. Both hemolysates and
partially purified enzyme preparations catalyzed
the conversion of acetyl-1-14C-CoA or malonyl-2-
14C-CoA into hexane-extractable fatty acids (Ta-
ble II). The total palmitate synthetase activity
that could be recovered from mature erythrocytes

4 The counting solution contained 4 g of 2,5-diphenyl-
oxazole and 50 mg of p-bis (5-phenyloxazolyl) 1-benzene
per L of toluene and was purchased from Pilot Chemicals,
Waltham, Mass.
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was much less than that of mammalian liver or
adipose tissue (Table III). However, since hemo-
globin comprises about 98% of the total erythrocyte
protein, the specific activity of this enzyme becomes
comparable to these other tissues if related to the
nonhemoglobin protein contained in the hemoly-
sates. In 13 donors palmitate synthetase activity
of stroma-free hemolysates ranged from 1.17 to
8.10 Mu&moles of acetyl-CoA converted to fatty
acids per mg hemoglobin per 60 minutes-. A satis-
factory linear relationship between fatty acid syn-
thesis and enzyme concentration was obtained
(Figure 1). The ammonium sulfate precipitation
step resulted in an approximately tenfold puri-
fication. Only feeble and inconsistent enzyme ac-
tivity was present in the unwashed centrifuged
stromal fraction. When stored at 40 C in 0.01 M
2-mercaptoethanol, about 50%o of the original ac-
tivity was lost in 5 days; without 2-mercaptoetha-
nol, approximately 90%o of the activity was gone
in 48 hours.

The requirements for this enzyme are similar
to those described for other mammalian systems
(1-9). The results of a typical experiment are
shown in Table II. Malonyl-CoA and TPNH
were required absolutely. DPNHcould partially
fufill the requirement of a hydrogen donor.
Whether DPNHwas providing protons directly,
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FIG. 1. ENZYMECONCENTRATIONCURVEFOR PALMITATE

SYNTHETASEIN HUMANERYTHROCYTES. The conditions
of the assay are as described in Table I. The ammonium
sulfate precipitated enzyme contained 159 mg of hemo-
globin per ml.
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LACK OF RELATIONSHIP BETWEENPALMITATE
SYNTHETASEACTIVITY ANDDONORLEUKOCYTECOUNT. The
stroma-free hemolysates were assayed as described in
Table I. The correlation coefficient (r = 0.016) was not
significant by Student's t test. The mean (and stand-
ard error of the mean) for palmitate synthetase was
3.82 + 0.56 Xumoles of acetyl-CoA converted to fatty
acids per mg hemoglobin per 60 minutes.

or acting through a diaphorase to reduce TPN in
these crude preparations, was not clear. Interest-
ingly, a TPNHgenerating system usually proved
more effective than TPNH(Table II). Nicotina-
mide, or DPNH, in addition to TPNH, had no
significant additional effect. Omission of 2-mer-
captoethanol from the incubation medium did not
alter the amount of fatty acids synthesized but, as
noted above, did influence the stability of the en-
zyme. The requirement for acetyl-CoA was pres-
ent, but not absolute, due possibly to a contamina-
tion with the enzyme malonyl-CoA decarboxylase
(that would yield acetyl CoA). The enzyme was
inhibited by exposure to a sulfhydryl inhibitor
[p-hydroxymercuri-benzoate (PHMB) or iodo-
acetate] at a concentration of 0.2 mmole per L,
and the inhibition with PHMBcould be reversed
by the addition of 2-mercaptoethanol.

From 90 to 95%o of the total radioactivity ex-
tracted into hexane could be recovered on thin
layer chromatogram (silica gel G plates 5; solvent
system of 65%o diethyl ether, 34%o hexane, 1%o

5 Brinkman Instruments, Great Neck, L. I., N. Y.
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FIG. 3. ENZYMECONCENTRATIONCURVEFORACEI

CoA SYNTHETASEIN HUMANERYTHROCYTES.

glacial acetic acid; running time, 40 minute
the area corresponding to C12 through C1E
chain fatty acids. Negligible radioactivity
found elsewhere on the chromatograms even

the nonsaponifiable lipid fraction was nc

moved by prior alkaline hexane extraction.
sis by gas liquid chromatography revealee
18% of the recovered radioactivity was in th
peak, 73 % in the C16 peak, and 4% in tho
peak (5%o was found in an unidentified peak

The calculated ratio of malonyl-CoA to <
CoA incorporated into fatty acids was found
6.2, suggesting that the stoichiometry of the
tion in this tissue is similar to other tissues s

(2, 6, 11), that is, the condensation of 7 me
malonyl-CoA with 1 -mole of acetyl-CoA (a
moles of TPNH) to form palmitate.

The possibility was considered that leuk
may have contributed to the fatty acid syr
observed in these experiments. Howevet
seemed unlikely for several reasons: 1) thei
no apparent relationship between the leu
count of the donor and the observed enzyma
tivity (Figure 2); 2) contamination of th4
washed erythrocyte suspension was minima
Methods); 3) human leukocytes showed c

6 Kindly done by Dr. J. Franks, Department of
cine, Harvard Medical School-, and Medical <
(Gastrointestinal Unit), Massachusetts General H
Boston, Mass.

erable resistance to lysis in distilled water, and it
00tp seems unlikely that many of the few remaining leu-

kocytes were ruptured by the brief exposure to a

hypotonic solution during preparation of the he-
molysates; and 4) palmitate synthetase activity
thus far has proven difficult to demonstrate in ex-

tracts of human leukocytes ruptured by ultrasonic
vibration, pressure-homogenization, or agitation in
0.25 Msucrose.

Acetyl-CoA carboxylase. This enzyme activity
was absent, or virtually absent, by both methods
of assay. No bicarbonate-14C fixation into ma-

lonyl-CoA occurred when hemolysates or partially
purified enzyme preparations were assayed under
conditions where acetyl-CoA carboxylase activity

0.150 was easily demonstrable in rat liver and adipose
tissue preparations. Furthermore, no acetyl-1-

rYL- 14C-CoA was incorporated by erythrocyte prepara-

tions in the absence of added malonyl-CoA even

when supplied with TPNHand the necessary co-

es) in factors and substrates for the carboxylase step
3 long (Table III). The possibility that very small
r was amounts of malonyl-CoA were formed and then im-
when mediately decarboxylated by the enzyme malonyl-

)t re- CoA decarboxylase cannot be rigorously excluded,
knaly- but the amount of malonyl-CoA decarboxylase as

I that assayed (Table II) is not great. The presence

e C14 of an inhibitor of the carboxylase enzyme in ma-

e C18 ture erythrocytes was also considered. However,
) .6 partially purified acetyl-CoA carboxylase from rat
icetyl- liver was not inhibited by hemolysates, rendering
l to be this possibility unlikely. The enzyme acetyl-CoA

reac- carboxylase would therefore appear to be absent,
tudied or virtually absent, from this tissue.
)les of
md 14

:ocytes
athesis
r, this
re was

kocyte
Ltic ac-

e final
(see

-onsid-

f Medi-
5ervices
lospital,

TABLE IV

Requirements for acetyl-CoA synthetase
in human erythrocytes*

Radioac-
tivity

Component omitted fixed

cPm
None 2,996
ATP 62
Coenzyme A 80
MgCl2 443
MgCl2 (plus MnCI2) 4,584
2-Mercaptoethanol 4,524
KF 1,558
None (boiled enzyme) 84

* The complete system contained 0.1 ml of hemolysate
(7.5 mg of hemoglobin) with other additions as described
in the text. An equimolar amount of MgCI2 was sub-
stituted for MnCl2.
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Acetyl-CoA synthetase. Both the crude and the
stroma-f-ree hemolysates were able to catalyze the
fixation of radioactive acetate as acetyl-CoA. The
acetyl-CoA synthetase activity of stroma-free he-
molysates from 12 donors ranged from 45 to 286
pp~moles of acetate fixed per mghemoglobin per 30
minutes. A satisfactory linear relationship was
found between the amount of acetate fixed and the
concentration of hemolysate (Figure 3). The re-
quirements of the reaction were similar to those
of other mammalian acetyl-CoA synthesizing en-
zyme systems (15-19), and the results of a typical
experiment are shown in Table IV. The require-
ments for ATP and coenzyme A were absolute,
and for a divalent cation nearly so (manganese and
magnesium were interchangeable). The ATP re-
quirement could not be replaced by uridine, cyti-
dine, or guanidine triphosphates.

The addition of potassium fluoride enhanced,
but was not essential for the reaction, and the
omission of 2-mercaptoethanol had a similar effect
(Table IV). Both ammonium and potassium ions
were found to stimulate the reaction, whereas
lithium, and less consistently sodium ions, caused
inhibition of the reaction at similar concentrations
(0.01 M).
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FIG. 4. LACK OF RELATIONSHIP BETWEENACETYL-CoA
SYNTHETASEACTIVITY ANDDONORLEUKOCYTECOUNT. The
correlation coefficient (r = 0.13) was not significant by
Student's t test. The mean (and standard error of the
mean) for acetyl-CoA synthetase was 128 - 19 tmoles
of acetate fixed per mg hemoglobin per 30 minutes.
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Acetate was the only short chain fatty acid cata-
lyzed by this enzyme system. Small amounts of
propionate-1-14C, but no butyrate-1-14C, hexano-
ate-1-14C, or octanoate-l-14C were fixed.

A significant contribution by contaminating leu-
kocytes to the activity of this enzyme seems un-
likely for the same reasons as described above for
palmitate synthetase. There was no correlation
between the leukocyte count of the donor and the
acetyl-CoA synthetase activity found in the washed
erythrocyte hemolysate (Figure 4).

Acetate-1-14C incorporation into fatty acids.
The demonstration of both acetyl-CoA synthetase
and palmitate synthetase suggested that the over-
all synthesis of fatty acids from acetate could be
accomplished if the deficient acetyl-CoA carboxy-
lase step were bypassed by the addition of malonyl-
CoA. However, initial attempts to show this con-
version were unsuccessful until the large difference
in pH optima for the two reactions was appreci-
ated (Figure 5). As described in Table V, the
experiment was carried out in two stages: first the
incubation media were buffered at pH 8.2 to al-
low maximal acetyl-CoA synthetase activity, after
which the pH was lowered, and the cofactors and
substrates were added for the second reaction,
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TABLE V

Incorporation of acetate into fatty acids*

Radioac-
tivity in

Component omitted fatty acids

cPm
None 3,680
ATP 21
Coenzyme A 206
MgC12 451
Malonyl-CoA 11

* The incubation was carried out in two stages. The
first part was carried out with 0.1 ml of hemolysate (con-
taining 10 mgof hemoglobin) at 370 C for 45 minutes under
conditions as described in the text for the acetyl-CoA syn-
thetase assay. The second part contained 25 pmoles of
potassium phosphate buffer (pH 5.5), 0.6 /Amole of mal-
onyl-CoA, 10 Mmoles of glucose-6-phosphate, 2 jEmoles of
TPN, 3 enzyme U of glucose-6-phosphate dehydrogenase,
2.5 /moles of 2-mercaptoethanol, and 0.3 ml of partially
purified (erythrocyte) palmitate synthetase. The final
volume was 0.88 ml. The second incubation was stopped
after 60 minutes.

palmitate synthetase. Under these conditions the
incorporation of acetate into fatty acids could be
repeatedly demonstrated. Here again, despite the
addition of acetyl-CoA carboxylase cofactors, the
requirement for malonyl-CoA was virtually ab-
solute. These experiments also gave added va-
lidity to the assumption that a major part of the
radioactive acetate fixed was as acetyl-1-_4C-CoA.

Discussion

The results of the present investigation indi-
cate a close similarity between the fatty acid syn-
thesizing system of human red cells and other
mammalian tissues. All are in the particle-free
("soluble") portion of the cell, apparently synthe-
size long chain fatty acids with malonyl-CoA as
the key intermediate, have similar substrate and
cofactor requirements, have the same stoichiom-
etry, and are inhibited by sulfhydryl inhibitors.
That red cells should employ this pathway is not
surprising in view of the similar mesenchymal ori-
gins of the hemic and a number of other fatty acid
synthesizing mammalian tissues, notably adipose
tissue. The studies of Wasserman suggest that
with an adequate stimulus, adipose tissue in cer-
tain regions of the body may exert hematopoietic
activity, and, conversely, certain hematopoietic tis-
sues may be transformed into fat cells and resume
the function of lipid synthesis and storage (35).

The finding of palmitate synthetase in mature
erythrocyte extracts provides inferential evidence

that fatty acid synthesis occurs by the malonyl-
CoA pathway in younger precursors of the red
cell series. A deficiency of acetyl-CoA carboxy-
lase would explain the reported inability of the
mature cell to synthesize fatty acids from acetate
(25, 26, 28). The possibility that malonyl-CoA
decarboxylase was decarboxylating the malonyl-
CoA (to form acetyl-CoA) as fast as it was syn-
thesized seems unlikely because of the relatively
small amounts of this enzyme demonstrable.

Several investigators have reported that mature
human erythrocytes retain the ability to carry out
de novo synthesis of fatty acids and other lipids
from acetate or glucose (36-41). Such conclu-
sions are at variance with our study and those of
other workers (25, 26, 28), some of whom have
suggested that these systems may have been con-
taminated with leukocytes and platelets. The ma-
ture human erythrocyte, although incapable of de
novo fatty acid biosynthesis, apparently retains
the ability to incorporate preformed fatty acids
into membrane lipids (42, 43).

The site of the block in fatty acid biosynthesis
described in this study reinforces the pivotal role
of the enzyme acetyl-CoA carboxylase in the regu-
lation of fatty acid biosynthesis. This enzyme is
apparently rate limiting in adipose tissue and liver
(2, 3, 7). In addition, alterations in fatty acid
synthesis can be ascribed to parallel changes in
carboxylase activity in a number of situations:
1) the stimulation by tricarboxylic acid cycle inter-
mediates, most notably citrate and isocitrate (44-
46); 2) the stimulation by preincubation with
mitochondria (47); 3) the diminution in enzy-
matic activity secondary to starvation, fat feeding,
and diabetes mellitus (7, 48-50); and 4) the in-
hibition by coenzyme A esters of long chain fatty
acids (51).

The results of the present study are therefore
in keeping with the growing body of evidence im-
plicating the level of acetyl-CoA carboxylase ac-
tivity as playing a critical role in the control of
fatty acid biosynthesis.

Summary
Long chain fatty acid synthesis from acetate has

been studied in cell-free preparations of human
erythrocytes. The pathway seems to be the same
as in other mammalian systems studied and uses
malonyl-coenzyme A as a key intermediate. En-
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zyme systems with the characteristics of palmitate
synthetase and acetyl-coenzyme A synthetase were

identified; their properties were similar to those
of other mammalian tissues. However, no acetyl-
coenzyme A carboxylase activity was demonstra-
ble, which would explain the reported inability of
mature erythrocytes to synthesize long chain fatty
acids from acetate. This finding also supports the
concept that this enzyme plays a pivotal role in
the regulation of fatty acid biosynthesis.

The results of this study would indicate that
fatty acid biosynthesis occurs by the so-called mal-
onyl-coenzyme A pathway at an early stage of red
cell development, and that the loss of this synthetic
activity may be due to the loss during maturation
of the en*me acetyl-CoA carboxylase.
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