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STUDIES ON THE MEC™ANISM OF FATTY ACID SYNTHESIS

VI. SPECTROPHOTOMETRIC ASSAY AND STOICHIOMETRY OF
FATTY ACID SYNTHESIS

SALIH ). WAKIL, EDWARD B. TITCHENER axp DAVID M. GIBSOX
Institute for Enzyuie Research, Univevsity of Wisconsin, Madison, Wise (U.5.4.)

{Received Qctober 4th, 1953)

SUMMARY

A spectrophotometric assay for the synthesis of long-chain fatty acids from acetyl
Cos which depends upon the oxidation of TPNH has been described. The oxidation
of TPNH rcquires all the components of the system and correlates very well with
the incorporation of radioactivity from [1-14%Clacetyl CoA to palmitate.
The stoichiometry of the fatty acid synthesis has been studied and the results
for the synthesis of palmitic acid may be expressed by the following equation:
Ryg and Rgg

8 AcCoA + 16 ATP 4 16 TPNil . ————— > palmitic acid + 16 ADP + 16 Py + 16 TPN + 8 CoA
HCO,, Mnt+

The following abbreviations were used : AcCod, acetyl coenzyime A; CoA, coenzyme A; TPN
and TPNH, oxidized and reduced triphosphopyridine nucleotide; DPN and DPNH, oxidized and
reduced diphosphopyridine; ATP, adenosine triphosphate; ADP, adenosine diphosphate; Py,
orthophosphate; and Rygand Rag, the two enzyme preparations referred to in ref. 4,
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INTRODUCTION

In previous communications of this series!~® we have reported a synthesis of long-
chain fatty acids from acetyl CoA which is catalyzed by two highly purified enzyme
fractions from avian livers {Rjg and Rag), and which requires the presence of ATP,
Mn++, HCOg~ and TPNH. There is very little or no synthesis in the absence of any
one of these cofactors. Radio-labelled bicarbonate is not incorporated into the fatty
acids and a catalytic role for this compound was thercfore postulated® . Evidence
was also nresented which indicates that the synthesis of fatty acids in this system
does not require the enzymes of the fatty acid oxidation sequence in contrast to
the system reported recently by SEUBERT ef al.f,

In order to understand the mechanism of the svnthesis in this system, it is
essential to know the stoichiometric relationships between the various reactants and
products of the reactions. The availability of highly purified enzyme fractions made
it possible to obtain such information. Furthermore, since TPNH is the sole electron
donor for the reductien of the carbonyl group during the synthesis of the fatty acids,
the disappearance of TPNH as measured at 340 mu provides an exact and convenient
measure of the synthesis of long-chain acids®. Thus the present communication deals
with the description of a spectrophotometric assay method for fatty acid synthesis
and with the chemical stoichiometry for the over-all svnthesis of long-chain acids
from acetyl CoA,

METHODS AND MATERIALS

The enzyme fractions (Rig and Rgg) were prepared as described previously!-1. Ex-
traction of the fatty acids, identification of palmitate, degradation and radioactivity
measurements werce carried out by methods described in our carty communications
of this series!>2: 4.7,

The adenine nucleotides were analyzed by ion-exchange chromatography on
Dowex-1 €l by a modificd procedure of Coun axp CARTERY. Orthophosphate was

assayed by the Lowry-LoPEz procedure?. Free CoA was determined by an unpublished
procedure of WaKIL axn HUnscHER.

RESULTS

Spectrophotasnatric assay of fatty acid synthesis

The conversion of acetyl CoA to the long-chain fatty acids requires in addition
to the two enzyme fractions (Kigz and Rgg) the presence of ATP, Mn++, HCO,~ and
TPNH. The disappecarance of TPNH during fatty acid synthesis provides an exact
measure of fatty acid synthesis and can be conveniently followed by spectrophoto-
metric measurement at 340 mp. The assay system contains: 25 umoles of potassium
phosphate buffer of pH 6.5; 1 pmele of ATP; 0.3 pmoles of Mnt+; 0.03 to 0.1 pmoles
of AcCoA; 0.03 to 0.06 pmoles of TPNH; and H,0 to a final volume of 0.5 ml. The
reaction s usually started by the addition of the two enzyme fractions (0.5 to 2.0 mg
total protein). Fluoride ion (2.0 pmoles of KI7 per assay mixture) may be added to
the reaction mixture to minimize the destruction of ATP by phosphatases.

Tig. 1 shows a typical result that can be obtained by plotting the reduction
Lefevences p. 233
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in absorption at 340 mg versis iime. This result was obtained only when all the
components were added?3, while very little or no change in absorption at 340 ma
takes place in the absence of any one of the required cofactors (¢f. Fig. 1). The rate
of oxidation of TPNH runs parallel with the rate of incorporation of T1-13CJAcCoA
into the long-chain fatty acids as determined bv the pentane extraction of the fatty
acids from the reaction mixture as reported carlierl-i,

The ratc of oxidation of TPNH as a function of the concentration of Rz and
Ry is shown in Figs. 2 and 3. No oxidation of TPNEH takes piace in the absence
of cither one of the two enzyme fractions. The results also show that the initial rate
of oxidation of TPNH is proportional to the concentration of whichever enzyme
fraction is rate limiting. This rate of oxidation of TPNH is used as a measure for
the enzymic activity of cach fraction. '
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Fig. 1. Oxidation of TPNIL Each cuvette con-
tained the following reagents {(except when
omitted as indicated): 25 pmoles of potasaium
phosphate buffer (pH b.35); 1.0 pmole of ATI":
0.3 pumole of MnCly; 4.0 pmoles of IKHUO,;
0.05 umole of [1-UC acetyl CaA: and o.08

Lasmg

[Fig. 2. Each cuvette cantains the samereaction

mixture asin Fig. 1 except that .6 mg of Re,

was used and variable amounnts of K were
added as indicated.

pmole of TPXH in a final volume of o.50 mh

The reaction was started by the addition of 0.7 mg ot Ry and vy mg of Ra.. The temperatore

was maintained at 3% . At the end of 5 min o032 pmole of acety] Cov was incorporated into
fatty acis.

Evidence has been presented earlier! to show that the two enzyme fractions Ry,
and Reg are free from acetic thiokinase!":!!. This can be again demonstrated in the
spectrophotometric assay. When AcCoA was hydrolyzed by alkali, there was no
oxidation of TPNH (¢f. Fig. 1). However, on the addition of acetic thiokinaze!* TPNH
is oxidized as shown in Tag. 4 -tk a corresponding aowand of fatiy acid synthesized
as measured by the amount of [1-4CjAcCoA converted to fatty acid. This experiment
demonstrates conclusively that AcCoA is the snbstrate of or starting point for fatty
acid synthesis,

As was staterd previously?#, DPNH can substitute for TPNH in fatty acid
synthesis. This can be demonstrated in the spectrophotometric assay (o Fig. 3),
alth.ough the rtate of oxidation of DPNH is slower than that of TPNH. This could
not be interpreted to be due to the presence of DPNH-TPN transhydrogenasc!?,
because under such conditions we could not assay for transhvdrogenase in the two
enzyme preparations. This lack of specificity distinguishes the avian liver system
from the mammary gland system of HeiE axn Popj{x®, in which only DPNH is
required for fatty acid synthesis, and TPNH cannot sabstitute for DPNH, and also
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Fig. 3. The same conditions were used as in
Fig. 7 except that 0.57 mg of R, was used and Bl AcCoA
variable amounts of Rgg as indicated.

Fig. 4. Absence of acetic thiokinase in the Rig and Reg fraction. The curve represented by solid
points (—® - @&-) was obtained by mixing acetyl CoA (o.x pmole) with alkali to pH 13 and
incubating for 1o min at 38°. The mixture was neutralized to pH 6.5. The same treatment was made
on the experiment represented by the open points (~O—O~). The acetyl CoA in the experiment
represented by {—® —-©-) curve was not hydrolyzed. To the above cuvettes the fallowing were
added: 25 pmales potassium phosphate (pH 6.5), 1.0 gmole ATP, o.3 gmole Mnt+, 4.0 gmaoles
KHCO,; and 0.1 ymole of TPNH. Tha reaction was started by the addition of 0.7 mg of Rjg and
0.45 mg of Rgg. 0.2 mg of acetate-activating enzyme (ATIK) was added where indicated. The
final volume was 0.5 ml and the temperature was maintained at 38°.
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Fig. 5. Kach cuvette contains the same reaction Fig. 6. The cuvette contained the iollowing
mixture as in Fig. 1 except that o.08 ymole of  reagents: 50 ymoles potassium phosphate (pH
DPXNLIL was substituted for TPNHL. 6.3), z.0 pmoles ATP, o.6 gmole MnCl,, 8.0
fimoles of KHCQ,, 0.08 ymole of TPNR, 1.0 mg

of Rygand 0.6 mg of Reg. At Arrow 1, 7.0 mumolesof [1-%C i AcCoA (12,000 counts/min} were added,
and the reaction was followed by measuring the aptical density at 340 ma. At Arrow 2z, 0.2 ml
of the reaction mixture was withdrawn for apalysis of the long-chain fatty acids, and again
7.0 mumoles of [1-1¥C1AcCoA were added. 0.2 ml of the reaction mixture was withdrawn at
Arrow 3 as above and again 7.0 mpmoles of acetvl CoA were added. (Sec text for the results.)

from the mitochondrial system described recently by SEUBERT of 4l.8 in which both
TPNH aiid DPNH are required for the synthesis of fatty acids from AcCoA and

hexanoyl CoA. The relationship between our system and the above two systems will
be discussed in a later section.

Stoichiomelry of the fatty acid synthesis

In the presence of the aforementinned component Hf the fatty acid synthesizing
system, the quantitative conversion of limited amounts of acetyl CoA to fatty acids
References p. 233.
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TABLE 1
STOICHIOMETRY OF FATTY ACID SYNTHESIS FROM AcCoA

The following reaction mixture wifs used in each of the above experiments: oo gmoles of histidine
buffer (pH 6.5}; 4 pmoles of ATP, o.12 gmole of MnCl,; 0.62 gimole of [1-UC acety] CoA (120,000
counts/min}; 8 pmales of KF; 4.0 mg of Riz and 3.0 myg of Rae. In the first experiment 1.0 gmole
of TPNH was added, and in the second experiment 1o gmoles of isacitrate and o,1 ymolc of
TIPN were added. The final volume was 2.0 mi. The following controls were run simultaneously:
without ATP, without TPNH (or without isocitrate and TPX*), without AcCoA and without
‘incubation, The reaction was started by the addition of the (nzvmes, and all the tubes were
incubated for 30 mi1 a1 387, At the end of this time, 0.3 ml of the reaction mixture was withdrawn
for the determination of long-chain fatty acids!, and to the remainder was added o.op mi of
60 9%, HC10D,, The mixture was centrifuged in the colds and the clear supernatant was saved and
reneutralized to'pH 7.0 with KOH. Samples of the resulting solution were taken for the various
analvtical procedures. All values were corrected for the blank without AcCoA.

Experiment

. - TPNH ATP

ey AcCod®  TPNH ATP ADP i Cod Helod - Aelus
—0.410 —o.867 -—o0.800 -+ 0,)% + ¢.go -+ 0,358 2.10 217

2 —o0.462 -—n 833 4 o801 + G0l —+ o.50 1.81

* AcCoA was determined by the amount of radioactivity incorpurated inte the higher fatty
acidsl.

** TI'NH was measured spectrophotometrically at 340 mp.

is achieved {o/. Fig. 6). As demonstrated in Fig. 6, the addition of 7.0 mpmoles of
{1-1Clacetyl CoA at Arrow 1 results in an immediate oxidation of TPNH. Aliquots
were withdrawn at Arrow 2z and were analyzed for the fatty acids. Alimost a quanti-
tative conversion of the acetyl CoA to the long-chain fatty acids appears to take
place. 14.5 mumoles of TPNH and 7.0 mumoles of acetyl CoA disappeared during
this synthesis. The experiment was repeated by the addition of the same amount of
acetyl CoA at Arrow 2. Again, in the presence of excess cofactors the complete cong
version of the added acetyl CoA to the fatty acids took place. This quantitative
conversion is consistent with the fact that it is difficult to identify any intcrmediates
of shorter chain acids during the synthesis.

With the aid of this reconstructed system it was possible to ascertain the overall
stoichiometiry of the synthesis of long-chain acids from acetyl CoA. The results in
Table I show that with the incorporation of one mole of acetyl CoA into palmitate
(palmitate is estimated in these expceriments to represent about 80°) of the fotal
faity acids) there is a phosphorolysis of two moles of ATP to ADP and inorganic
phosphate with a concomitant oxidation of two moles of TPNH and the formation
of T mole of free CoA. Thus, the synthesis of fatty acids (palmitate) from acetyl CoA
may be represented by the following cquation:”

Mo+, HCO,
8 AcCoA + 16 TPNH 2 16 AT —— - palmitate -+ 16’ TPN" — 16 ADP & 16D + 3CoA
’{]g and ]tgg

The exact role of ATP and the nature of the intermediates in the overall synthesis
are not known. ATP is not used in this system for the regeneration of AcCoA as
shown by the absence of acetic thiokinase in the Rjz and Ray fractions? (¢f. Fig. 4).

* Theoretically there should Le 14 moles »f TPNH consumed per 8 muoles of AcCoA since
the last carbonyl group of ActCoA, which constitute the carboxyl group of palmitic acid is not
reduced. In the case of AFD the exact proportion is not as vet clear, but fur the overall expression
the above equation is preferred.
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It is reasonable, therefore, to postulate o iole for ATP in some process other than
formation of AcCoA, possibly the activation of HCOy~ {or one of its equilibrium
species, vy, CO, or HyCOy) or the activation of a component on the enzyme, It is
of interest to mention here that one of the protein fractions (Rg) contains a significant
amount of biotin® The possible relationship between ATP, HCO,~ and protein bound
biotin has to await further information.

The phosphotolysis of ATP appears to be dependent upon the presence of all
the components of the system, In the absence of any one of the key components of
the svstem (AcCoA, HCO,~ or TPNH) no significant amounts of ADP are formed
as compared to the complete system. The same results are obtained when TPNH
was replaced by isocitrate, catalytic amounts of TPN+ and isocitric dehydrogenase.
Thus it is important ic have the complete system turning over in order to accumulate
significant and measurable amounts of ADP in the reaction mixture. The limits of
the present analytical methods used prevent us from measuring minute amounts of
ADP which may be formed in the incomplete system and which may be stoichiometric
with an enzyme-bound moiety.

DISCUSSION

BRADY AND GURIN'DD studied the breakdown and synthesis of fatty acids first in
normal and diabetic liver slices and later in cell-free enzymes and concluded that
once or more scparate and distinct chemical reactions distinguish fatty acid synthesis
from fatty acid oxidation, This hypothesis was set aside during the period when the
mechanism of fatty -d oxidation was being elucidated™ 7, Since all the reactions
of the fatry acid oxidation sequence are reversible, the assumption was immediately
made that synthesis is accomplished by the reversal of the reactions of f-oxidation.
This hypothesis received a wide and carly acceptance, It was not until recently that
experimental evidence bearing on the requirements for the synthesis of the various
long-chain acids from acetyl CoA and shorter acyl CoA became available, LaNchon1®
discovered an enzyme which catalyzes the reduction of crotonyl CoA to butyryl CoA
by TPNH. SEvLERT & of.® studiced this reaction extensively, purified the enzyme from
pig liver mitochondria and showed that it has a wide range of specificity for the
e f-unsaturated acyl derivatives (C; to C,,) of CoA. A combination of this enzyme,
thiolase, 8-hydroxyvacyl dechydrogenase and enoyl hydrase in presence of TPNH and
DPNH was used by SEUBERT of al. to demonstrate the formation of longer-chain
fatty acids from a mixture of acetyl CoA and hexanoyl CoA. The varions enzymes
of the SEUBERT system arc derived from mitochondrial®-1?, in contrast to the enzyntos
of the present avian Hver system, which is non-mitochondrial in origin?®,

Odr own studies!=5 on the mechanism of fatty acid synthesis in the avian liver
system have not given any encouragement to the view that synthesis is a reversal
of the $-oxidation cnzyme sequence. The system described above shows cofactor
requirements completely different from the expected requirements for the reversal
of B-oxidation and clearly must entail some new mechanism for the multiple conden-
sations of acetyl units. The minimum requirement seems to be two enzyme fractions
(Ryp and Rag) and AcCoA, ATP, Mn++, HCO,;~ and TPNH. Recently we have pre-
sented evidence for the presence and participation of biotin in the synthesis of fatty
acids by this system. Altogethor the data presented above and clsewhere, namely,
fefevences poo233.
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(1) the phosphorolysis of ATP, (2) the requirement for bicarbonate, (3) the presence
and participation of biotin and (4) the absence of the key enzymes of the g-oxidation
sequence? (thiolase and TPNH-a,8-unsaturated acyl CoA reducing enzymes®) indicate
that our system is a different and new system for fatty acid synthesis. Furthermore,
during the synthesis there is no evidence for the accumulation of short-chain fatty
acids such as C,, C,, etc., and compounds as butyryl CoA, hexanoyl CoA or actanoyl
CoA are not incorporated into the long-chain fatty acids during active synthesis from:
AcCoA nor do these compounds trap any radicactivity from [1-1Clacetyl CoA. Thus
the active acyl intermediates which we presume are formed during the svnthesis of
long-chain fatty acids cannot be fatty acyl COA derivatives. Recently Warir? has
presented evidence to show that the first step in fatty acid synthesis is the carboxy -

“lation of acetyl CoA to malonyl CoA catalyzed by the biotin-contuining K. fraction
in presence of ATP and Mn++, The subsequent successive condensation and redactive
steps of malonyl CoA are catalyzed by Rgg in presence of TPNH.
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