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SUMMARY
Allyl pyrophosphates (3,3-dimethylallyl, geranyl, and farnesyl pyrophosphate), which are

known intermediates in the biosynthesis of squalene from mevalonate, are also metabolized in the
liver by an alternative pathway to acids. The first step in the conversion of the allyl pyrophos-
phates into the acids (dimethylacrylic, geranoic, and farnesoic acids) is their irreversible dephos-
phorylation into {ree prenols by a microsomal phosphatase, which has its optimum pH at around
7.0. In a second step the free prenols are irreversibly dehydrogenated to the acids by liver alcohol
dehydrogenase and aldehyde dehydrogenase present in a soluble protein fraction of liver homog-

enates. This dehydrogenation proceeds best at pH 7.5 and is inhibited by sulfhydryl reagents.
The prenols are more specific substrates for liver aleohol dehydrogenase than is ethanol, but they
cannot act as substrates for yeast alcohol dehydrogenase. The formation of allyl pyrophosphates,
of free prenols, and of prenoic acids from mevalonate was also observed in vivo.

The biosynthesis of farnesoic acid! from
mevalonate-2-C'¢ in liver enzyme preparations, syn-
thesizing squalene and cholesterol, was first reported by
Dituri et al. (1), and was confirmed in this laboratory
(2, 3). Gas-liquid radiochromatographic analysis (4)
of acids isolated from enzyme incubations revealed,
however, that trans-frans-farnesoic acid was only one of
several acids formed {from mevalonate-2-C1¢ (3).
Our interest in the biological synthesis of farnesoic
acid from mevalonate was concerned with two possi-
bilities, viz. (a) that this substance might be a pre-~
cursor of squalene, as was suggested by Dituri et al. (1),
or (b) that it originated by an alternative pathway of the
metabolism of intermediates of squalene biosynthesis,
The incorporation of C'* from biosynthetically pre-~
pared C!*farnesoic acid into cholesterol, reported by
Dituri et al. (1), could not be confirmed in our labora-~
tory (3), and farnesoic acid was therefore excluded as an
intermediate in squalene biosynthesis. Since the pyro-
phosphates of dimethylallyl aleohol, of geraniol, and
of farnesol (‘“‘allyl pyrophosphates’) had been identi-

* Holder of a Wellcome Trust Fellowship and in receipt of a
grant from the Institut Interuniversitaire des Sciences Nucléaires,
Belgium.

! This substance has previously been referred to as farnesenic

acid. The present term is preferred since the acid should be con-
sidered as derived from farnesol.
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fied as intermediates in the synthesis of squalene,
both in yeast and in liver enzyme systems (5 to 9), it
seemed most probable that the acids synthesized
from mevalonate in liver enzyme preparations were in
fact products of an alternative metabolism of these
intermediates, as has already been suggested (3).

It will be shown in this paper that dimethylacrylic,
geranoic, and farnesoic acids are formed in liver enzyme
preparations from allyl pyrophosphates by a combined
action of a phosphatase, present mainly in the micro-
somes, and of two dehydrogenases.

METHODS AND MATERIALS

Enzyme Preparations. Soluble supernatants and
microsomes were prepared as described previously
(10, 11) from rat liver homogenates made according to
Bucher and MecGarrahan (12). A fraction of the
soluble supernatant, F, was a preparation similar to
that deseribed previously, and shown to synthesize
the pyrophosphates of dimethylallyl alcohol, of geraniol,
and of farnesol from pr-mevalonate-2-C*¢, or from (—)-
5-phosphomevalonate-2-C!, and ATP in the presence
of Mg+t (9). Ina few experiments, the proteins of the
soluble supernatant of rat liver homogenates were
precipitated with (NH,).SO, (909, saturation), and
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this unfractionated protein preparation (Fy’) was used
—after being dissolved in 0.02 M KHCO; and dialyzed
(11)—as a source of enzymes. In addition to the
F¥-enzymes, fractions of the soluble supernatant of
homogenates precipitable between 09, and 309,
and between 609, and 909, saturation with (NH,).SO,
(F- and Fi-preparations, respectively) were also
tested.

Suspensions of microsomes were stored at —15°,
and retained their activity for periods of at least 3
months. In one experiment, microsomes were ex-
tracted with Lubrol-W, a nonionic detergent (Imperial
Chemical Industries Ltd., England), and a Lubrol-
insoluble and a Lubrol-soluble fraction was obtained.
The usual suspension of microsomes (11) was diluted
with an equal volume of 0.1 M potassium hydrogen
phosphate buffer, pH 7.4, and a 109, aqueous solution
of Lubrol-W was added fo it in small portions up to a
final concentration of 1%. The suspension, kept at
0°, was homogenized repeatedly during 30 minutes in a
loosely fitting homogenizer; it was then centrifuged at
105,000 X g for 1 hour. The sedimented pellet
was resuspended in the 0.1 M phosphate buffer con-
taining 1 mM EDTA?; the resuspended particles and
the Lubrol-soluble supernatant were dialyzed for 3
hours against the same medium. Approximately one-
half of the microsomal proteins was rendered soluble
by the Lubrol treatment.

pr-Mevalonic Acid Lactone-2-C'%. This was pur-
chased from the Radiochemical Centre, Amersham,
Bucks, England, and was converted to the potassium
salt by hydrolysis with a small excess of KOH at 37°.
The optically active (—)5-phosphomevalonate-2-Ct4
was prepared with purified liver mevalonic kinase
according to Levy and Popjak (13).

CU“-Allyl Pyrophosphates. These were synthesized
enzymically from  (—)5-phosphomevalonate-2-C'*
(26,000 cpm/umole) and purified according to Goodman
and Popjak (9). After complete hydrolysis of a sample
of the allyl pyrophosphates by calf intestinal phos-
phatase at pH 8.6, the alcohols liberated were extracted
with petroleum ether. Gas-liquid radiochromato-
graphic analysis of these alcohols showed that they
consisted of 39, dimethylallyl alecohol, 8%, geraniol,
119, nerolidol, 749, trans-trans-farnesol, and of some
substances with retention volumes greater than that of

2 The following abbreviations are used: ATP, ADP, adenosine-
5’-tri- and diphosphate; DPN, TPN, DPNH, TPNH, di-, tri-
phosphopyridine nucleotide, oxidized and reduced; EDTA,
ethylenediamine-tetraacetate; tris, tris(hydroxymethyl)amino-
methane; PEP, phosphoenolpyruvate; GSH, reduced gluta-
thione; PCMB, p-chloromercuribenzoate; BAL, 2,3-dimercap-
topropanol; allyl-PP, allyl pyrophosphates.

49, farnesol. Thus the preparation consisted mostly
of C'*farnesyl pyrophosphate.

C"-Prenols.® These were prepared in three dif-
ferent ways from C-allyl pyrophosphates. In the
first procedure, the purified preparation of the allyl
pyrophosphates was hydrolyzed with prostatic acid
phosphatase (9) and the liberated alcohols (mostly
farnesol, see above) extracted with petroleum ether.

In the second procedure, C'4-allyl pyrophosphates
were first synthesized from pr-mevalonate-2-C!'* with
the Fi-enzymes (9) and then, without isolation, were
hydrolyzed by the addition of a suspension of miecro-
somes (0.05 ml/ml of incubation) and of 1 mM PCMB;
after 90 minutes of incubation with the microsomes at
37°, the C'prenols were extracted with petroleum
ether. The use of PCMB prevented the conversion of
the prenols to acids by the dehydrogenases present in
the Fiy-preparations (see also under Results and Dis-
cussion). Analysis of the C!“prenols by gas-liquid
radiochromatography showed them to consist of 29,
dimethylallyl alcohol, 129, geraniol, and of 739, trans-
trans-farnesol, together with a little nerolidol and some
other unidentified substances.

In a third procedure, C'4-allyl pyrophosphates were
hydrolyzed for 16 hours by acid (0.2 N HC)) at room
temperature, and the prenols extracted with petroleum
ether. It was shown previously (9) that hydrolysis
of the allyl pyrophosphates by acid causes an allylic
rearrangement, most of the farnesyl pyrophosphate
being converted into nerolidol. In the particular prep-
aration, 659, of the radioactivity was associated with
nerolidol, 209, with farnesol, and the remainder with
Cs, Cuo, and with some other alcohols.

The C!4prenols were kept (without addition of
carrier) in petroleum ether at —15°; when needed as
substrates in enzyme incubations, samples of their
solution were slowly evaporated under a stream of N,
in the incubation vessel.

Incubations. Most of the incubations (1 ml) were
done at 37° in 10-ml glass-stoppered centrifuge tubes.
For *“‘anaerobic” incubations, the tubes were flushed
with N, and immediately stoppered.

Isolation and Analysis of Incubation Products. The

¢ The terms ‘“‘prenol’’ and “prenoic acid’”’ have been proposed
by Popjdk and Cornforth (14) to denote alcohols and acids, re-
spectively, which can be clearly dissected into isoprenoid units,
—CHy—C(CH;)=CH—CH;—. According to this nomencla-
ture, which may be particularly useful in view of the increasing
number of recognized long-chain polyisoprenoid substances, 3,3~
dimethylallyl alcohol is denoted as monoprenol, geraniol as
trans-diprenol, farnesol as irans-trans-triprenol, farnesoic acid
a8 triprenoic acid, etc. The tertiary alcohols, linalool and
nerolidol (isomers of geraniol and of farnesol) may be called
tert-diprenol and fert-triprenol, respectively. Collectively they
may be referred to as prenoid substances.
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incubation mixtures were hydrolyzed at 60° for 1 hour
after addition of 1 ml of 2 N KOH in 709, ethanol.
The hydrolysis and the extraction of all enzymic
products were carried out in the centrifuge tubes. In
various experiments the following products were de-
termined: squalene, cholesterol, allyl pyrophosphates,
free prenols, and prenoic acids. All these products
can be determined in one incubation. The methods
used were essentially those described previously (9);
the outline of the whole procedure is given in Chart 1.

farnesol, and trans-frans-farnesol), in the ratios of 1/1/
1/2/2/2 (v/v) or, as the occasion required, varying
amounts of the methyl esters of unlabeled prenoic
acids (3,3-dimethylacrylic, cis-geranoic, irans-geranoic,
cis-trans-farnesoic, and trans-trans-farnesoic acids) were
used as internal standards.

Spectrophotometric Studies. The dehydrogenation of
prenols and of other alcohols by ecrystalline alcohol
dehydrogenase from liver and yeast, and by dehydro-
genases present in the Fi-enzyme preparations was

CHART 1. FrLowsHEET oF ProcEDURES USED For IsoLaTioN oF Enzymic Propucts
BrosYNTHESIZED FROM MEVALONATE-2-C14

Incubation mixture
sapcnified (1 N KOH, 60°)

extract with pet. ether

i

pet. ether extract
(squalene, sterols -+ free prenols)

chromatography on Al;O;

l

-

aqueous phase
(allyl-PP 4 prenoic acids)
acidified to pH 2
and kept at room temp. 6-12 hours,
then made alkaline, pH 10-12

I
|
pet. ether acetone-ether extract with pet. ether
eluate (1:1) eluate i
(sterols + [
free prenols) |
pet. ether extract agqueous phase
acidified, pH2
add digitonine ‘ '
|
_, extract with
1 pet. ether
precip|itate ﬁltTabe
squalene sterol free prenols Prenols from prenoic acids
digitonides allyl-PP (and other fatty acids)
I
I | R
analyzed by gas-liquid radiochromatography

For purposes of gas-liquid chromatography, the
acids were methylated with diazomethane. The
analysis and identification of prenols and of prenoic
acids by gas-liquid chromatography has been described
(4, 14), and was made with the gas-density balance
(15) or with the Argon detector (W. G. Pye & Co,,
Cambridge, England). Since the amounts of the bio-
synthetic C'%-prenols and C'‘-prenoic acids were too
small for detection by the gas-density balance, gas-
liquid radiochromatography (4, 9) was the method em-
ployed, and a mixture of unlabeled prenols (dimethyl-
allyl alcohol, linalool, geraniol, nerolidol, cis-trans-

measured by following the reduction of DPN at 340
mu and at 37° in a recording Beckman-DK2 spectro-
photometer equipped with a time drive and an elec-
trically heated cell carrier. The reactions were started
by the addition of the alcohol, the change in light ex-
tinction being recorded against a reference cuvette con-
taining all ingredients except the alcohol.

In one set of experiments, substrate specificity for
liver and yeast alcohol dehydrogenase was determined
by measuring the initial rates of DPN reduction in the
presence of various alcohols. Each cuvette contained
10 umoles of of aleohol, 0.6 umole of DPN, and 15 ug of
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alecohol dehydrogenase in a final volume of 3 ml.
In a second set, the equilibrium of DPN reduction was
studied. Here each cuvette contained DPN (1.5 u
moles) in excess of the substrate alcohols (0.05-0.15
pwmole), and 75 pg of alcohol dehydrogenase in a final
volume of 3 ml

The suspensions of crystalline alcohol dehydrogenases
(from liver or from yeast) were dissolved on the experi-
mental day in 29, bovine serum albumin. Among
the various alcohols used, farnesol and geraniol have
low solubility in water and therefore these alcohols were
suspended in 0.1 M concentration in 29, bovine serum
albumin solution; all other alcohols were added to the
reaction mixture from a 0.1 M aqueous solution.

Sources of Enzymes, Coenzymes, and Other Substances.
Crystalline horse liver alcohol dehydrogenase and crys-
talline yeast alcohol dehydrogenase were obtained
from Boehringer & S6hne, Mannheim, Germany. The
sources of all other biochemical reagents, enzymes,
coenzymes, and of various chemicals were given in
previous communications (9, 13). The origin and
purity of specimens of prenols and of the methyl esters
of prenoic acids has also been described (14). Dr.
A. Eschenmoser of the Eidgendssische Technische
Hochschule, Zurich, provided specimens of cyclized
geranoic and cyclized farnesoie acid.

RESULTS

It has already been recorded (7, 9) that incubation
of Faenzymes with prL-mevalonate-2-C'¢, ATP, and
Mg++ leads principally to the synthesis of allyl pyro-
phosphates with the simultaneous appearance of only
small amounts (5% to 159, of the allyl pyrophosphates
formed) of acidic substances. When, however, mi-
crosomes are added to an Fi-enzyme incubation in
which the allyl pyrophosphates have already been
synthesized during a preliminary incubation, a sub-
stantial part of the allylic derivatives is converted
into carboxylic acids (Table 1). The Table also shows
the appearance of C!* in free prenols, mainly in trans-
trans-farnesol according to gas-liquid radiochromato-
graphic analysis. This finding suggested that the
radioactive acids were derived from the allyl pyrophos-
phates in two steps: dephosphorylation of the allyl
pyrophosphates to free prenols, followed by dehydro-
genation of the alcohols to acids. This assumption was
borne out by the results of the experiment recorded in
Table 2, in which a purified specimen of C'-allyl
pyrophosphates (9) was incubated with microsomes
alone and with microsomes plus F-enzymes. The
microsomes caused an almost complete hydrolysis of the
allylic derivatives into free prenols; significant amounts

TABLE 1. Errect oF RAT LivER MICROSOMES ON SYNTHESIS OF
PRENOIC ACIDS FROM MEVALONATE-2-C14*

C!t Found in
Incubation .
Prenoic Free
AlYLPP | cidst Prenols
cpm cpm cpm
Without microscmes 49,700 1,400 90
Microsomes added
after 1 hour 17,600 36,400 3,615

* Each tube contained in a final volume of 5 ml, 1.0 mM prL-
mevalonate-2-C14 (total of 177,000 cpm, i.e., 88,500 counts of the
biologically active [+] mevalonate), 5 mM MgCl,; 7.5 mM
ATP; 10 mM NaF; 0.1 M phosphate buffer, pH 7.4, and Fo-
enzymes (21 mg protein/ml). Incubations under N, for 2 hours
at 37°. After 1 hour, microsomes (0.20 ml) were added to one of
the tubes.

1 Although this acidic fraction as isolated from the incubations
contained also the various normal fatty acids, none of the radio-
activity was associated with these, but only with prenoic acids.
In every experiment the prenols as well as the acids were analyzed
by gas-liquid radiochromatography.

of Cl-acids appeared only when Fi-enzymes were
also added to the incubations. It was found, further,
that the enzymes responsible for the formation of C!4-
acids were almost entirely confined to a protein fraction
of the soluble supernatant of rat liver homogenates
precipitable with (NH4):SO; between 309, and 609
saturation (Table 3).

These observations indicated, therefore, that the
following sequence of reactions could account for the
synthesis of C'4-acids from mevalonate-2-C4 in liver
enzyme preparations: synthesis of allyl pyrophosphates,
their subsequent hydrolysis by a microsomal phospha-
tase, and, finally, the dehydrogenation of the free prenols
to acids by soluble enzymes. In the remainder of this
paper detailed studies of the last two reactions are
presented.

TABLE 2. HyproLysis oF C%-ALLYL PYROPHOSPHATES BY RaT
Liver MicrosoMeEs aAnD ErrFeEct oF SoLUBLE ENzyMEs oN

PreENOLS*
C!* Found in
Addition Residual Free Prenoic
Allyl PP Prenols Acids
cpm cpm cpm
None 340 5020 440
FSo-enzymest . 220 2900 2260

* Each tube contained in 1 ml, 5,500 cpm of Ci4-allyl pyro-
phosphates (4,100 cpm, i.e., 0.053 gmole of farnesyl pyrophos-
phate), 0.05 ml microsomes, 5 mM MgCls, and 0.1 M tris-HCl
buffer, pH 7.4. Incubation in air for 1 hour at 37°.

t 15 mg protein.
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TABLE 3. ProbuctioN or PrENOIC Acips FrROM CU-ALLYL
PYROPHOSPHATES BY MICROSOMES AND SoLUBLE ENzyMmE

Fractions*
Soluble Enzymes Added C" Found in
Residual Free Prenoic

Fraction Protein Allyl-PP Prenols Acids
mg cpm cpm. cpm

7y’ 13 520 1200 1500

e 13 300 3040 320

Fio 13 920 1000 1380

¥oo 6.4 820 1880 360

* Each tube contained in 1 ml, 3,750 cpm of Ci4-allyl pyro-
phosphates (2,800 ¢pm, i.e., 0.036 umole of farnesyl pyrophos-
phate); 0.05 ml microsomes; 5 mM MgCly; 0.1 M phosphate
buffer, pH 7.4; and fractions of a 105,000 X ¢ supernatant of
liver homogenate precipitated with (NH,):80, between various
percentages of saturation. Incubation under N, for 1 hour at
37°.

Properties of the Microsomal Allyl Pyrophosphatase.
Phosphate buffer was avoided in experiments designed
to test the properties of the microsomal phosphatase
since high concentrations (0.1 M) of phosphate were
found to inhibit the enzyme.

TFor the determination of the pH optimum of this
phosphatase, Na-citrate-HCl buffers (0.1 M, pH range
5.6 to 8.1) and tris-HCI buffers (0.1 M, range 6.9 to
9.0) were used. The optimum pH was around 7.0
(Fig. 1). The activity of the enzyme decreased fairly
rapidly on the alkaline side, so that at pH 9.0 only 429,
of the maximum activity could be demonstrated;
on the acid side, however, there was some indication
of a second peak of activity developing below pH 5.6.
As the allyl pyrophosphates are unstable below pH
5.5 and cleave into inorganic pyrophosphate and prenols
(9), measurements of enzymic hydrolysis at more acid pH
values would be meaningless. The extent of the
enzymic hydrolysis of the allyl pyrophosphates was
measured by the amount of free prenols appearing,
and not by release of phosphate; we have no data to
show whether inorganic orthophosphate or pyrophos-
phate is liberated by the microsomal phosphatase.

Figure 2 illustrates the rate of hydrolysis of the allyl
pyrophosphates by microsomes at pH 7.4; 509, of
the substrate was hydrolyzed in 18 minutes, and 809,
in 1 hour.

The microsomal allyl pyrophosphatase needed no
Mg+ or other divalent metal ion for activation. The
activity of the microsomes was not altered by dialysis
for 5 hours against 0.02 M tris-HCl buffer, pH 7.4,
containing 1 mM EDTA. Even when such dialyzed
preparations were pretreated at 0° for 70 minutes with
5 mM EDTA, KCN, 8-hydroxyquinoline-5-sulfonic

acid, or with- 1,10-phenanthroline, the phosphatase
activity was still the same as that of the untreated
microsomes. In fact, with the exception of Mg+,
all the divalent ions tested (Ca*+, Nit+, Cot++, Mnt+,
Cut+, and Zn++, in order of increasing effectiveness)
were inhibitory in a concentration of 5 mM (Table 4).
A number of other substances, listed in Table 4, were
also inhibitory, the most potent ones being NaF and,
most surprisingly, crystalline bovine serum albumin,
The Fi-enzymes containing 15 mg protein per ml,
2 mM glycine plus 10 mM glucose-6-phosphate, 0.1
M sodium pyrophosphate, 10 mM ATP, 2 mM di-
methylallyl aleohol, 1 mM PCMB, and 1 mM N-ethyl
maleimide had no effect on the hydrolysis of C*-allyl
pyrophosphates.

The extraction of microsomes with Lubrol-W (see
under Methods) showed that the allyl pyrophosphatase
was firmly attached to these particles. Although the
treatment with the detergent dissolved about one-half
of the microsomal proteins, nevertheless almost all the
phosphatase activity remained in the Lubrol-insoluble
particles.

When C'-prenols (mostly C!*farnesol, see under
Methods) were incubated either with microsomes, or
with microsomes plus Fi-enzymes, under conditions
in which farnesyl pyrophosphate and mevalonate,

TABLE 4. INHIBITORS OF MICROSOMAL PHOSPHATASE*

Additions Inhibitiont
per cent
MgCl,, 5 mM 0
CaCly, 5 mM 14
NiSOy, 5 mM 27
CoCly, 5 mM 56
MnClz, 5 mM 71
Cu(NOs)s, 5§ mM 90
ZnS0,, 5 mM 93
NaF, 5 and 10 mM 59
Potassium phosphatei 17
Sodium arsenatel 17
BSA,§ 0.4 mg/ml 54
BSA,§ 2.0 mg/mi 78
BSA,§ 4.0 mg/ml 81

* Each incubation contained in 1 ml, 2,500 cpm of C!*-allyl
pyrophosphates (1,900 cpm, i.e., 0.024 umole, in farnesyl pyro-
phosphate), 0.1 M tris-HCl buffer, pH 7.4, and 0.05 ml micro-
some suspension dialyzed against 1 mM EDTA in 0.02 M tris-
HCI buffer, pH 7.4, for 5 hours at 5°. Additions and their con-
centrations were as shown. Aerobic incubations for 1 hour at
37°.

t The per cent inhibitions were calculated from a comparison
of the hydrolysis of allyl pyrophosphates found in the absence of
additions.

tpH 74,01 M.

§ Bovine serum albumin.
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F1c. 1. Relation between pH and hydrolysis of allyl pyrophos-
phates by rat liver microsomes. Each tube contained in 1 ml,
2,500 ecpm of Cl4allyl pyrophosphates (1,900 cpm, i.e., 0.024
pmole in farnesyl pyrophosphate); 5 mM MgCl,, 0.1 M buffer,
and 0.05 ml microsomes. Incubation under air at 37° for 1 hour.
Extent of hydrolysis measured by appearance of free C14-prenols.

respectively, are converted into squalene (9, 11), no
synthesis of Cl4-squalene or of C!“allyl pyrophos-
phates could be demonstrated (Table 5). The free
prenols are obviously not precursors of squalene, and
the hydrolysis of the allyl pyrophosphates by micro-
somes 1s an irreversible process.

Conversion of C'*-Prenols into Acids by Liver Soluble
Enzymes; Properties of the Enzymes. Free Cl4-prenols
were shown to be largely converted into acids in the
presence of soluble enzymes (Table 5, incubation Nos.
3-5). The extent of the transformation was independ-
ent of the presence or absence of TPNH or of ATP.
When the substrate was a prenol preparation consisting
mostly of Cltnerolidol, only about 209, of the total
counts appeared in the acidic fraction (Table 5, incu-
bation No. 6). This proportion of the counts corre-
sponded to the primary C-prenol content of the sub-
strate preparation. Clearly, only primary aleohols, as
might be expected, could act as precursors of the acids.

It was shown in further experiments, which need not
be detailed, that neither microsomes nor Mg++ were
needed for the conversion of prenols into acids, but
only the enzymes present in the Fi-protein fraction of
the liver homogenates. Phosphate or tris-HCl buffers

of the same pH were equally suitable for studying the
transformation of the alcohols into acids.

As it appeared most probable that some dehydro-
genase(s) were concerned in the conversion of the
prenols into acids, it was somewhat intriguing that
no definite need for a pyridine nucleotide could be
demonstrated at first, in spite of the fact that the Fio-
preparations were always dialyzed. As it was sus-
pected that pyridine nucleotides were too firmly bound
to the proteins to be removed by dialysis, a preparation
of Fi-enzymes (5 ml; 39 mg protein/ml) was treated
with about 1 g of Dowex-1 ion exchange resin for 15
minutes according to Tietz and Popjik (16). This
treatment depressed the conversion of C!4-prenols to
acids by 309, but the addition of DPN to the incuba-
tion completely overcame the depression and resulted in
a 129, increase in the yield of acids as compared to that
observed with untreated Fé-enzymes.

Figure 3 illustrates that the conversion of C!4-prenols
into acids by a dialyzed Fjo-preparation is fairly rapid,
about 287, and 709, of the added substrate having
been converted into acids in 2 and 15 minutes, re-
spectively. The initial rate of this conversion could be
increased to 429, in 2 minutes by the addition of DPN
(0.33 pmole), and by ensuring rapid reoxidation of any
DPNH formed by the use of pyruvate and lactic de-
hydrogenase.

100

HYDROLYSIS

0’0

O 1 A 1 J
15 30 45 60

MINUTES
Fic. 2. Rate of hydrolysis of C'%allyl pyrophosphates by rat

liver microsomes at pH 7.4. Conditions of incubations as for
Figure 1, except that tris-HCl buffer was used.
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TABLE 5. FormATION OF PRENOIC AcIDs FROM C14-PRENOLS BY
SoLuBLE ENzyMEs oF RaT LivER. FAILURE OF SYNTHESIS OF
ALLvL PYROPHOSPHATES AND OF SQUALENE FROM PRENOLS*

Incuba- Ct Found in
fi:;:)n Additions Squal- | Free | Prenoic | Allyl-

’ ene Prenols | Acids PP

cpm cpm cpm cpm

1t TPNH 1806 399 100 840

21 TPNH 0 5733 600 90

3t F°, TPNH, 0 347 6640 20
ATP

4% F°, ATP 0 651 6900 30

5t F2° 0 777 6500 20

68 F°, TPNH, 0 4158 1020 80
ATP

* Each tube contained in a final volume of 1 ml, 0.1 M K-
phosphate buffer, pH 7.4; 5 mM MgCl,; 30 mM nicotinamide;
10 mM NaF; and 0.05 ml of microsome suspension. Additions
of F’-enzymes (14 mg), of TPNH (1 umole, generated with 2
pgmoles of glucose-6-phosphate and glucose-6-phosphate dehydro-
genase), and of ATP (7.5 umoles) were made as shown. Incuba-
tions under N; for 1 hour at 37°.

t Substrate, C-allyl pyrophosphates: 3,750 cpm, of which
2,800 cpm (0.036 pmole) were in farnesyl pyrophosphate.

1 Substrate, C!%-prenols: 7,500 cpm, of which 5,600 cpm
(0.072 umole) were in trans-trans-farnesol.

§ Substrate, Ct*-prenols: 6,500 cpm, of which 4,200 ¢pm (0.054
pmole) were in nerolidol, and 1,300 ¢pm (0.017 pmole) in farnesol.
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Fic. 3. Rate of conversion of C'*-prenols into acids by rat live
soluble enzymes. Each tube contained in 1 ml, 2,200 cpm of
Ct4-prenols (1,900 cpm = 0.025 umole of farnesol + geraniol);
F-enzymes (15 mg protein); and 0.1 M phosphate buffer pH
7.4. Incubation under N at 37°.

The enzymes responsible for the conversion of pre-
nols into acids had a broad pH optimum lying between
7.2 and 8.2 (Fig. 4).

The dehydrogenation of C!4-prenols was almost
completely inhibited (979%) by 1 mM PCMB. This
inhibition was partially reversed (479,) in the presence
of a small excess of GSH (1.5 mM). Other reagents
for thiol groups, when tested in 1 mM concentration,
were found to be inhibitory to a variable extent:
N-ethyl maleimide gave a 409, iodoacetamide a 229,
and iodoacetate only a 7%, inhibition. BAL (2 mM)
was also inhibitory (36%,), and the inhibition caused by
it was augmented to 729, by 1 mM sodium arsenite,
which by itself was without effect. Silver and copper
ions (0.5 mM) stopped completely the dehydrogenation
of prenols. Much of the activity of Fi-preparations
was lost on storage at —15° for more than 1 month,
but it could be largely restored by the addition of 2 to 4
mM GSH.

Identification of the Prenotc Acids Derived from Me-
valonate or from Prenols. The C!*-prenols and prenoic
acids synthesized from mevalonate-2-C'* were identified
by gas-liquid radiochromatography (4). Popjédk and
Cornforth (14) have also reported on the behavior of
the prenols and of the prenoic acids in gas-liquid chro-
matography, which allows the identification of these
substances with confidence, provided the analyses are
made both on columns with polar and nonpolar station-
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Fic. 4. Relation between pH and conversion of C'-prenols into
acids by rat liver soluble enzymes. Each tube contained in 1 ml,
2,500 cpm of C!4-prenols, of which 2,100 cpm were in farnesol and
geraniol; Fi-enzymes (33 mg protein); and 0.1 M buffer. In-
eubation under air at 37° for 30 minutes.
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ary phases. It was recognized in this laboratory some
time ago (2, 3) that one of the main acids derived
from mevalonate-2-C!* in liver homogenates was
trans-trans-C'*-farnesoate (Fig. 6 III). The retention
volume of the methyl ester of this acid was identical
with that of the trans-frans component of synthetic
methyl farnesoate. Furthermore, it was shown* that
after catalytic hydrogenation of the above C!‘-acid,
it became inseparable by gas-liquid chromatography
from an authentic specimen of methyl 3,7,11-trimethyl-
dodecanoate, which is the saturated analogue of
methyl farnesoate. Also, reduction of the methyl
ester with LiAlH, in ether at —30° (14) gave trans-
trans-C4-farnesol.

Prenoic Acids with Retention Volumes Smaller than
That of Farnesoate. 1In order to study these compounds
more closely, a pooled specimen of C-prenoic acids
was separated by gas-liquid chromatography at 197°
into fractions emerging from the column before and
after trans-trans-farnesoate. The fraction containing
substances with the smaller retention volumes was
then analyzed by gas-liquid radiochromatography at
100° on a column with ethylene glycol-adipic acid
polyester stationary phase. By this procedure it was
possible to compare more accurately the retention
volumes of the radioactive methyl esters with those of
internal (unlabeled) standards chromatographed simul-
taneously. We have identified in this way the methyl

Boﬂ _ ‘t Composition of prenols added to liver enzymes
. %h § _'_60 [78 % tarnesol, 13%geraniol, 5% Csg ]
% 40: 8 -40 6 4clsec
£ 20H 20 Scisec e
° ol C 1 A A ! ! I ! ! S
30 40 50 60 70 80

Minutes

1

Composition of acids derived from prenols

o 80H trans-trans [ 800
S 1 farnesoat RV 53
7 Of  Rvio \JFe0 RV36 RV44
§ 400 ¢/sec
& 4of 400 s6ciaee
Y ] 42cisec
20H 00 et
1 1—A 30¢|sec | ! ! 1 ] 1 | 1 | 1 1 i

Fi1e. 5. Gas-liquid radiochromatographic analysis of C!*-prencls and acids derived from them. (a¢) Cliéprenols added to rat liver
soluble enzymes; (b) Cl4-acids derived from the Cl*-prenols after 1-hour incubation at 37°. Four-foot column with ethylene glycol-
adipic acid polyester stationary phase; 197°.

Gas-liquid radiochromatographic analysis of the
Clacids derived from mevalonate-2-C!4, from C4-
allyl pyrophosphates, or from the primary C!4-prenols
revealed identical components, and showed that in
addition to farnesoate, other radioactive acids were
also formed. Some of these had retention volumes
smaller than that of farnesoate, and several emerged
from the columns much later than farnesoate. Figure
5 is a typical record of the analysis of the C*-methyl
esters obtained by the incubation of Cl'4-prenols with
Fi-enzymes. Table 6 summarizes the gas-liquid chro-
matographic analyses of the prenoic acids in eight
experiments, and shows that no less than 13 acidie
compounds were encountered.

4 In collaboration with Mrs. M. Horning of the National Heart
Institute, National Institutes of Health, Bethesda 14, Md.

esters of C!4-3,3-dimethylacrylate (Fig. 6 I), of C-
cis-geranoate, and of C'*frans-geranoate (Fig. 6 II).
Prenoic Acids with Retention Volumes Greater than
That of Farnesoate. 1t was apparent from a balance of
the counts in the acidic fractions and of the C!4-
prenols used as substrates that the radioactive methyl
esters with a retention volume greater than that of
farnesoate could have been derived only from trans-
trans-C'4farnesol (Fig. 5). It was necessary to investi-
gate whether these compounds occurred as natural
enzymic products, or were artifacts produced during
the extraction procedure. To check the latter possi-
bility, a pool of the methyl esters of Cl4-prenoic acids
was subjected to gas-liquid chromatography, and the
fraction corresponding to methyl irans-trans-C'*farne-
soate collected. This sample of 959, pure trans-trans-
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Clifarnesoate was then treated in the wusual way,
i.e., it wassaponified with ethanolic potassium hydroxide,
then acidified with HC], extracted with petroleum ether,
and methylated again. Radiochromatography showed
that over 609, of the frans-trans-C“-farnesoate had
been transformed into a C'%-acid with a retention volume
5.78 times greater than that of the original compound.
A similar phenomenon could be observed with a mix-
ture of unlabeled trans-frans and cis-trans-farnesoate
(Table 6). These results indicated that the extraction
procedure was responsible for the conversion of far-
nesoate into compounds with a much larger retention
volume. The nature of these compounds is not
known but it is suspected that the one with retention
volume 5.78 times that of farnesoate might be the mono-
cyclic derivative (I'ig. 6 V) of farnesoic acid (17, 18).
It was also considered that these substances might be
hydroxylated derivatives of farnesoic acid; however,
attempted acetylation with acetic anhydride in pyridine
did not change the retention volume of any of the
radioactive fractions. Saponification, etc., of the
methyl esters of cis-geranoic and frans-geranoic acids
likewise resulted in a partial transformation of the

TABLE 6. Gas-Liquip CHROMATOGRAPHY OF METHYL Cl-

PrENOATES*
Retention Volume of Distribution
Prenoates of
Fraction Radioaetivity
Relative | Relative Identified as in Fractions
to to trans- Relative to
Methyl trans- trans-trans-
Stearate | Farnesoate Farnesoate
0.02 0.03 3,3-Dimethylacrylate 0.07
0.09 0.15 cis-Geranoate 0.25
0.12 0.20 trans-Geranoate 0.31
0.32 0.54 Unidentified 0.85
0.45 0.78 cis-trans-Farnesoate 0.13%
0.54 0.94 cis-Geranoate deriva- —
tive
0.59 1.00 trans-trans-Farneso- 1.00
ate
0.65 1.12 B-cyclo-Geranoate —
0.80 1.36 Unidentified 0.14%
1.30 2.21 Unidentified 0.20%
2.20 3.74 Unidentified 0.07
2.76 4.78 cis-trans-Farnesoate 0.69
derivative
3.34 5.78 trans-trans-Farneso- 1.91
ate derivative
3.60 6.12 Unidentified 0.24%
4.90 8.33 Bi-cyclo-farnesoate 0.54%

* Derived from C!‘-prenols, or from mevalonate-2-C!%. Gas-
liquid chromatography on ethylene glycol-adipic acid polyester
columns at 197°. Mean values derived from eight experiments.

t Fractions not always present.

.)\/COZH M/COZH /'\/\.J\/\J\/C OZH

{n (1 ()

COZH C02H
N
...
(IV) V) (v

Fie. 6. Prenoic acids biosynthesized from mevalonate-2-C!4
(I-111),and cyclized formsof geranoicand farnesoic acids (I V-VI).
Positions marked with closed circles are those derived from C-2 of
mevalonate.

acids into substances with retention volumes larger
than those of the original methyl esters (Table 6).
These esters had retention volumes very close to that
of methyl trans-trans-farnesoate, and the substance
derived from methyl érans-geranoate was indistinguish-
able in gas-liquid chromatography from a specimen of
B-cyclo-geranoate (Fig. 6 VI).

Table 6 shows that the origin of some acids is stiil
unidentified, but we are inclined to believe that the
principal compounds, formed enzymically, are the
mono-, di-, and triprenoic acids, and that most of the
others are probably derived from the latter two by
cyclization and isomerization during the isolation pro-
cedures.

As a further check on the origin of the C!%-acids,
derived ultimately from mevalonate-2-C'*, we have
studied the conversion of unlabeled geraniol and farne-
sol into acids by the Fi-enzymes. The specimen of
geraniol was 989, pure and contained only 29, nerol.
The preparation of ‘“farnesol’”’ contained 569, trans-
trans-farnesol, 329, cis-trans-farnesol, and 129, nero-
lidol. As our aim was to obtain maximum yields of
acids for gas-liquid chromatographic analysis, the
DPNH generated during prenol dehydrogenation (see
below) was oxidized continuously to DPN by the
addition of the substrates (ADP and PEP) for the pyru-
vic kinase-lactic dehydrogenase system, which is
present in abundance in our Fi-preparations. Two
incubations of 10 ml each were set up containing the
following: 0.1 M K-phosphate buffer, pH 7.4; Fgy-
enzymes, 19 mg protein per ml; DPN, 0.5 mM;
ADP, 1.5 mM; PEP, 1.3 mM; MgCl,, 5 mM; and
geraniol, 1.4 mM in one experiment, and ‘“farnesol,”
2 mM in the other. The incubations at 37° lasted for
85 minutes. In the first experiment practically all the
geraniol was converted into trans-geranoic acid and into
the substance thought to be g-cyclogeranoate (Iig. 6
1V), both having been identified by gas-liquid chroma-
tography.

In the experiment with ‘“farnesol’” only 17%, of the
total amount of substrate was converted into acid, but
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all of this was derived entirely from the trans-trans-
farnesol component of the substrate; the cis-trans-
farnesol and nerolidol were recovered unchanged. Gas-
liquid chromatography of the methyl esters of the
acids formed showed these to consist of irans-trans-
farnesoate and of a substance with a retention volume of
5.78 times that of methyl irans-trans-farnesoate.

The Role of Liver Alcohol Dehydrogenase and Alde-
hyde Dehydrogenase in the Origin of Prenoic Acids. It
seemed most probable to us that liver alcohol dehydro-
genase was involved in the transformation of the prenols
into acids. In order to test this idea it was necessary
to ascertain first whether the prenols could act as sub-
strates for alcohol dehydrogenase, as no information was
available on the subject. Table 7 shows that the rates

TABLE 7. SUBSTRATE SPECIFICITY OF HORSE LIVER ALCOHOL
DEHYDROGENASE *

Initial Ratet

Alcohol AEs,/10

Minutes
3-Methylbut-3-en-1-ol (isopentenol) 0.44
3,3-Dimethylallyl alcohol 0.29
Geraniol 0.40
Nerol (cis-geraniol) 0.19
trans-trans-Farnesol 0.21
cis-trans-Farnesol 0.15
Potassium mevalonate 0.00
Allyl aleohol 0.58
isoAmyl alcohol 0.24
Pentan-2-ol 0.05
Ethanol 0.37

* Each cuvette contained in 3 ml, 0.1 M NaOH-glycine buffer,
pH 9.5; crystalline horse liver alcohol dehydrogenase, 15 ug;
0.2 mM DPN; and 3.33 mM alcohol. The reaction was started
by the addition of the alcohol, and the course of DPN reduction
followed at 340 mu and at 37°, using cuvettes with 1-em light
path.

t The initial rate of DPN reduction was calculated from the
extrapolation of the linear part of the light-extinetion curve to
10 minutes. A change of 0.1 in the value of Eyy is equivalent to
the reduction of 0.048 umole of DPN under our conditions.

of dehydrogenation of isopentenol, dimethylallyl alco-
hol, geraniol, and farnesol by liver alcohol dehydro-
genase compare favorably with that of ethanol. Nerol
(cts-geraniol) and cis-trans-farnesol were dehydrogen-
ated at a slower rate than their irans-isomers. The rate
of dehydrogenation of a few other alcohols is also shown
in Table 7. As was to be expected, the tertiary
alcohols, d-linalool and nerolidol, were completely
unreactive. pL-Mevalonate (as the potassium salt)
was also inert toward the alcohol dehydrogenase.
Yeast alcohol dehydrogenase was tested for specificity
of substrates under the same conditions as the horse

liver enzyme, and although it showed the expected
activity toward ethanol (initial rate of dehydrogenation
gave a Alyy/10 minutes of 0.58), it was completely
unreactive with isopentenol, dimethylallyl alcohol,
geraniol, and farnesol.

As is well known, the rate of dehydrogenation of
ethanol with liver alcohol dehydrogenase is faster at
pH 9.5 than at pH 7.4. The initial rate of the dehydro-
genation of geraniol was the same at these two pH
values, while with dimethylallyl alcohol the initial rate
of dehydrogenation was faster at pH 7.4 than at pH
9.5 (AE;p/10 minutes = 0.47 at pH 7.4, against
AE34/10 minutes = 0.29 at pH 9.5).

In experiments designed to study the equilibria of
the dehydrogenase reaction (see under Methods),
it was found that at pH 7.4 the reduction of DPN
in the presence of ethanol was barely detectable, a
fact that was not unexpected since equilibrium is
known to be greatly in favor of aldehyde reduction (19).
In contrast, dimethylallyl alcohol and geraniol were
quite efficiently dehydrogenated (Fig. 7b). Assuming
that the amount of aleohol dehydrogenated was equal
to the amount of DPN reduced, the values for the
equilibrium constant at 37°, at pH 7.4

[K _ (aldehyde) (DPNH) (H+):|
e (alcohol) (DPN)

were 1.1 X 1012 for ethanol; 2.8 X 10— for dimeth-
ylallyl alcohol, and 4.4 X 10! for geraniol.
Spectrophotometric experiments, similar to those
described for crystalline liver alcohol dehydrogenase,
were also done with the Fi-enzymes and the various
alcohols. The Fi-enzymes were very active in
reducing DPN (but not TPN) in the presence of
prenols, and the initial rate of DPN reduction was
proportional to enzyme concentration in the range
studied (0.5 to 4 mg protein/ml). When experiments
similar to those illustrated in Figure 7b were reproduced
with Firenzymes (1.5 mg/ml), it was found that, as
with crystalline alcohol dehydrogenase, both the
initial rate and the extent of the dehydrogenation of
dimethylallyl aleohol and of geraniol were greater than
those of ethanol (Fig. 7¢). However, for each alcohol
tested (including ethanol), more DPN was reduced
than in the corresponding experiment with crystalline
alcohol dehydrogenase alone. The different levels of
the equilibrium attained during dehydrogenation of
prenols by crystalline liver alcohol dehydrogenase and
by the Fi-enzymes are clearly seen by comparing
Figures 7a and 7b. An accurate determination of the
amount of DPN produced by the alcohols with F%-
enzymes was difficult because of a slow reoxidation of
the DPNH generated. This phenomenon was more
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Fie. 7. Dehydrogenation of alcohols by horse liver alcohol de-
hydrogenase and by rat liver soluble enzymes. The curves repre-
sent the formation of DPNH as a function of time after the
addition of 0.1 umole of alcohol. Each cuvette contained in 3
ml, 0.5 mM DPN, 0.1 M phosphate buffer pH 7.4, and liver
alechol dehydrogenase (25 ug/ml) in (b); or Fi-enzymes (1.5 mg
protein/ml) in (a). Curves (1): reaction with ethanol; curves
(2): reaction with geraniol; and curves (3): reaction with
dimethylallyl aleohol.

pronounced at pH 9.5 than at pH 7.5, and was due to a
DPNH-oxidase present in the Fi-enzymes. In
one instance the course of DPN reduction in the
presence of dimethylallyl alcohol was corrected for
this DPNH oxidation by observing the rate of oxida-
tion of DPNH added to a control cuvette. It was
calculated that 0.16 umole of DPN was reduced by 0.1
pmole of dimethylallyl aleohol.

Since it is reasonable to assume that the equilibrium
position of prenol dehydrogenated by horse liver aleohol
dehydrogenase is similar to that catalyzed by rat liver
alcohol dehydrogenase, the reduction of nearly 2 moles
of DPN per mole of prenol in the Fg-preparations
strongly suggests the participation of a second dehydro-
genase. We suggest that this second enzyme is an
aldehyde dehydrogenase which catalyzes the irrevers-
ible dehydrogenation to acids of the aldehydes gen-
erated from the prenols by liver alcohol dehydrogenase.
Certainly, we could not demonstrate a reduction of 3,3-
dimethylacrylate with DPNH and Fi-enzymes. On

the other hand, when unlabeled farnesal (739, trans-
trans + 279, cis-trans isomer, 1.2 umoles) was incu-
bated at pH 7.4 with Fy-enzymes (100 mg in 4 ml)
for 1 hour at 37°, the trans-trans-isomer (but not the
cis-trans-isomer) was converted into frans-trans-far-
nesoic acid, which was identified by gas-liquid chroma-
tography.®

Synthesis of Allyl Pyrophosphates, Prenols, and
Prenoic Acids in Vivo. In order to decide whether the
prenoic acids found under the highly artificial condi-
tions of the ¢n vitro experiments had any physiological
significance, we gave 5.4 umoles (2.5 X 10% cpm)
of pr-mevalonate-2-C'* by stomach tube to a 22-g
mouse. The animal was killed 70 minutes later,
and the liver analyzed for allyl pyrophosphates, free
prenols, prenoic acids, squalene, and for cholesterol,
by the same procedures as described for the enzyme
incubations. Of the injected dose of pL-mevalonate,
2.35% (or 4.7% of the biologically active [+ ] isomer)
was found incorporated into various components of
the liver. Expressed as a percentage of total counts
found in the liver, 119, was found in sterol digitonides,
46% in squalene, 49, in allyl pyrophosphates, 169,
in free prenols, and 239, in prenoic acids. Upon gas-
liquid radiochromatography, the main component of
the prenoic acids was identified as trans-trans-far-
nesoate; trans-trans-farnesol was the main constituent
of the prenols.

DISCUSSION

Evidence has been presented that in a liver enzyme
system, mevalonate is a precursor not only of squalene
but also of certain prenoic acids. These acids are
formed by a mechanism completely different from that
of the synthesis of normal fatty acids. This mech-
anism consists of the dephosphorylation of allyl pyro-
phosphates (intermediates in squalene biosynthesis)
and subsequent dehydrogenation of the resulting
prenols by liver alcohol dehydrogenase and aldehyde
dehydrogenase into the corresponding acids. The
reason why the synthesis of prenoic acids has not been
reported from laboratories studying squalene bio-
synthesis with yeast enzymes is most probably due
to the fact that yeast alcohol dehydrogenase is totally
inactive toward prenols. A similar observation had
already been made by Bliss (20) with vitamin A.

The microsomal phosphatase, which hydrolyzes
the allyl pyrophosphates, has properties somewhat

5 The retention volume of trans-trans-farnesal is very close to
that of trans-trans-farnesol on both ethylene glycol-adipic acid
polyester columns and on Apiezon-L columns at 197°, but is

widely different from the retention volume of methyl trans-trans-
farnesoate.
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different from other phosphatases; its pH optimum
is quite different from that of serum alkaline phos-
phatase, but is close to those of three other phos-
phatases present in microsomes: glucose-6-phosphatase
(21), 5'-nucleotidase (22), and phosphatidic-acid
phosphatase (23). Whether or not the phosphatase
activity of the microsomes studied by us is specific for
the allyl pyrophosphates cannot be decided, as these
compounds are hydrolyzed by a variety of phosphatases,
such as intestinal alkaline phosphatase, prostatic acid
phosphatase, and snake venom phosphatases (9).
Contrary to the needs of some phosphatases (e.g.,
alkaline phosphatase or snake venom phosphatases),
the microsomal enzyme needs no Mg++ for activation,
and chelating agents or sulfhydryl inhibitors had no
effect on it. The inhibition of the microsomal phos-
phatase by bovine serum albumin was surprising;
the mechanism of action of the albumin is probably
indirect and may be attributed to a binding of the
allyl pyrophosphates to this protein. It was found in
experiments, not recorded here, that potassium far-
nesoate and the mono-, di-, and triprenols, in con-
centrations of 0.4 to 2 mM, could partially reverse
the inhibition caused by albumin. Possibly these
substances and the allyl pyrophosphates were com-
peting for identical binding sites on the albumin.
It is of interest to point out that the microsomes also
contain the squalene synthetase system (9) which
converts two molecules of farnesyl pyrophosphate
into squalene, but only in the presence of a reduced
pyridine nucleotide, TPNH or DPNH. In the ab-
sence of these coenzymes the squalene synthetase
system is completely ineffective, and the action of the
microsomal phosphatase comes to the fore, destroying
the substrate for the squalene synthetase, as free
prenols cannot be utilized for the synthesis of squalene.

The experimental evidence presented on the de-

-hydrogenation of prenols to acids indicates that this

occurs in two steps, with aldehydes as intermediates,
involving both an alcohol dehydrogenase and an alde-
hyde dehydrogenase. We have not examined the
possibility that the acids may arise from the prenols
by the action of the liver alcohol dehydrogenase alone,
through a dismutation of the aldehydes to acid and
alcohol (24). It does not appear, however, to be a
very likely mechanism for the formation of prenoic
acids, since spectrophotometric studies with the Fy-
enzymes showed the reduction of nearly 2 moles of
DPN by 1 mole of prenol.

It is well known that both the alcohol and aldehyde
dehydrogenases of liver contain SH-groups at their
active sites (25). The inhibition of the dehydrogenases
present in our F&-preparations by PCMB, N-ethyl-

maleimide, iodoacetamide, Ag+¥, and Cu*t+ suggests
very strongly that these two dehydrogenases are
responsible for the formation of the prenoic acids.
The failure of iodoacetate to inhibit the conversion
of prenols to acids by the Fy-preparations is in harmony
with the observation that liver alcohol dehydrogenase
is insensitive to this reagent (26). The sensitivity
of the Fi-dehydrogenases to PCMB was such that
PCMB was used in preparative incubations when
Cl4prenols were being made from C!*-allyl pyro-
phosphates in the presence of both microsomes and
F-enzymes (see under Methods). The use of PCMB
in such incubations depended also on the fact that the
microsomal phosphatase was completely insensitive to
this reagent.

Our finding, that the enzymes converting prenols
into acids are confined largely to the Fi-fraction of
the soluble supernatant of liver homogenates, is also
consistent with the properties of liver alecohol and
aldehyde dehydrogenases, which are known to be
precipitated with (NH,).80, between 55% and 75%,
and 519, and 609, saturation, respectively (25, 27).

Spectrophotometric experiments with the F&-enzymes
showed clearly that the dehydrogenation of prenols was
a DPN-linked reaction. The observation that the
C4-prenols could be converted into acids by the Fiy-
enzymes, even in the absence of added DPN, can be
readily explained by the assumption that the enzyme
preparation contained an amount of bound DPN
sufficient for the dehydrogenation of the small quantities
of C!*-prenols (0.01 to 0.03 umole) used in the experi-
ments. The DPN-oxidase present in the F-prepara-
tions would ensure, moreover, that the DPNH gener-
ated is reoxidized to DPN. Hence, for the dehydro-
genation of 0.01 to 0.03 umole of prenols, even catalytic
amounts of DPN would suffice. The firm binding of
DPN to the apo-enzyme in alcohol dehydrogenase is
well known. The above assumption is supported by
the finding that treatment of the F§3-preparation with
Dowex-1 ion exchange resin caused some inactivation,
which could be fully compensated by the addition of
DPN.

The irreversible DPN-linked dehydrogenation of
prenols to acids by Fj-enzymes is also in harmony
with our assumption that aldehyde, as well as alcohol
dehydrogenase, is involved in the process. Racker (28)
observed that acetate could not be reduced to acetalde-
hyde with DPNH and liver aldehyde dehydrogenase.
Thus the quantitative conversion of prenols to acids,
which we have observed, could be explained only by
the participation of two enzymes, since the equilibrium
of the reaction with prenols catalyzed by alcohol
dehydrogenase alone was always in favor of the alcohol.
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The presence of aldehyde dehydrogenase, on the other
hand, would drive the reaction toward complete dehy-
drogenation, '

The finding that the prenols are highly specific
substrates for liver (but not yeast) alcohol dehydro-
genase suggests to us that the physiological role of this
enzyme is connected primarily with the metabolism
of intermediates of sterol biosynthesis and of similar
natural products, and only fortuitously with dealing
with man’s social habit of consuming ethanol.

Evidence has been accumulated that the prenoic
acids are 3,3-dimethylacrylic, irans-geranoic, and
trans-trans-farnesoic acids, together with artifacts
produced from these during extraction procedures.
We have had no evidence for the presence of hydroxy
acids. The dehydrogenases converting the prenols
into acids appear to be specific for the ¢rans-isomers
of aleohols, as no formation of cis-trans-farnesoic acid
from cis-trans-farnesol could be observed. The small
amounts of the cis-isomers of Cé-geranoic acid, and
of cis-trans-C'*farnesoic acid derived from the C4-
prenols, are believed to arise through isomerization
during the extraction procedure. The transformation
of both geranoic and farnesoic acids into what we
believe to be their cyclized forms under the relatively
mild conditions of our extraction procedure appears
somewhat surprising, since the acid catalyzed cycliza-
tion of these substances usually requires much more
vigorous conditions (17, 18).

In some earlier communications from this labora-
tory (2, 3) it was stated that radioactive ‘“‘terpenoid”
acids were formed in liver homogenates, not only from
mevalonate-2-C'* but also from mevalonate-1-C4
This was a genuine observation in the sense that the
particular batch of mevalonate-1-C** gave rise to C*-
prenoic acids. One of us (Popjik) repeated these ear-
lier experiments with a new batch of mevalonate-1-Cit
and failed to find an incorporation of C! into prenoic
acids: the samples contained only a few insignificant
counts. It is suspected that the original bateh of
mevalonate-1-C* may have contained label on some
position other than the carboxyl carbon.

Synthesis of prenoic acids from mevalonate is not
restricted to the highly artificial conditions of incuba-
tions of liver homogenate or of its fractions. Un-
published observations in this Unit by K. Fletcher and
N. B. Myant showed that the same prenoic acids as
those found in homogenates occurred in liver slices
metabolizing mevalonate. KElwood et al. (29) reported
recently that for every 22 atoms of C!¢ incorporated
into cholesterol from mevalonate-2-C'* by liver slices,
1 atom of C' appeared in the fatty acid fraction.
Garattini et al. (30) have found that 2 hours after the

intraperitoneal injection of mevalonate-2-C!4 into
12-day-old rats, the radioactivity recovered in liver
fatty acids was as great as that recovered in liver
cholesterol, but the radioactive acids have not been
identified. Our experiment with the mouse showed
that the radioactivity found in liver fatty acids was
associated mainly with trans-trans-farnesoate.

The physiological role of the prenocic acids is at
present a matter of conjecture. Clearly, they represent
an alternative pathway for the metabolism of the
allyl pyrophosphates, and consequently may be
involved in the regulation of cholesterol synthesis
in two ways. The effect of the hydrolysis of the
allyl pyrophosphates to free prenols by itself is to
decrease the amount of substrate available for sterol
synthesis, A further possibility is that the prenoic
acids also exert an inhibitory action on various enzymic
reactions of cholesterol biosynthesis. Wright and
Cleland (31) were the first to observe an inhibition
of cholesterol biosynthesis from mevalonate by farnesoic
acid in liver homogenates, and this was confirmed in
our laboratory. It was also shown by Levy and
Popjak (13) that farnesoate inhibited mevalonic
kinase, and by Popjak et al. (32) that some analogues
of farnesoic acid were quite powerful inhibitors of
cholesterol synthesis from mevalonate in vitro. In
spite of these highly suggestive results it remains for
future work to determine precisely the function and
metabolism of prenoic acids in vivo.
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