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The Stereospecific Biosynthesis of Phytoene and Polyunsaturated
Carotenes

By R.J.H. WILLIAMS,* G. BRITTON,* JOSEPHINE M. CHARLTONYt AND
T. W. GOODWIN*
Department of Biochemistry and Agricultural Biochemzistry,
University College of Wales, Aberystwyth

(Received 28 December 1966)

1. The incorporation of [2-14C,(5R)-5-3H;]mevalonic acid and [2-14C,5-3H]-
mevalonic acid into phytoene, phytofluene, {-carotene, neurosporene, «-, 8-, y-
and 8-carotene and lycopene by slices of fruit from two tomato mutants (delta and
tangerine) and into «- and B-carotene by bean leaves has been studied. 2. In the
formation of phytoene, all the pro-R-hydrogen atoms from C-5 of mevalonic acid
are retained whereas two pro-S-hydrogen atoms are lost. 3. Possible mechanisms
for the condensation of two molecules of all-trans-geranylgeranyl pyrophosphate
are outlined. 4. In each dehydrogenation step from phytoene to the fully unsat-
urated carotenes, one pro-R-hydrogen atom from C-5 of mevalonic acid is lost,
indicating that the sequential dehydrogenation is stereospecific and in the same

sense at each step.

In the biosynthesis of terpenoids, the isomeriza-
tion of isopentenyl pyrophosphate to dimethylallyl
pyrophosphate involves the expulsion of a proton

* Present address: Department of Biochemistry, Univer-
sity of Liverpool.

1 Present address: Institute of Ophthalmology, Univer-
sity of Oxford.

from what was originally C-4 of MVA} (Scheme 1).
The condensation of a second molecule of iso-
pentenyl pyrophosphate with dimethylallyl pyro-
phosphate to form geranylgeranyl pyrophosphate
(C10) also involves loss of a proton from C-4 of
MVA (Scheme 2). Subsequent chain elongation to
farnesyl pyrophosphate (the C;5 precursor of
squalene) and geranylgeranyl pyrophosphate (the
C2o precursor of phytoene) (Wells, Schelbe & Porter,
1964) involves the further loss of protons from the
same source. Phytoene is the first C40 compound
in the biosynthetic sequence leading to the fully
unsaturated carotenes, such as «-, 8-, y- and
8-carotene and lycopene (see Goodwin, 1965).

As there are two hydrogen atoms attached to
C-4 of MVA, the question arose as to whether there

} Abbreviation: MVA, mevalonic acid.
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was stereospecific enzymic removal of one hydrogen
atom, and, if so, which.

Cornforth and Popjék and their colleagues
(Cornforth, Cornforth, Donninger & Popjék, 1966;
Popjék & Cornforth, 1966) elegantly demonstrated
with the use of (3RS)-[2-14C,(4R)-4-3H;]MVA and
(3RS)-[2-14C,(4S)-4-3H;JMVA, that, in the forma-
tion of squalene, all the eliminations of hydrogen
from C-4 (of MVA) have the same stereospecificity ;
the pro-R-hydrogen atom is retained and the pro-
S-hydrogen atom is lost [in the Cahn & Ingold (1951)
nomenclature, as extended by Hanson (1966) to
naming the paired ligands g and g at a tetrahedral
atom Xggij]l. With the same substrates, kindly
provided by Dr Cornforth and Dr Popjék, we
showed that, in the formation of phytoene by a
number of organisms, the stereospecificity of the
removal of hydrogen from C-4 of MVA is the same
as in squalene biosynthesis (Goodwin & Williams,
1965a,b, 1966; Williams, Britton & Goodwin,
1966a).

Further consideration of carotenoid biosynthesis
(Scheme 3) indicates that in the formation of
phytoene two hydrogen atoms are lost from the
two central carbon atoms, which originate from
C-5 of MVA.

Further, one hydrogen atom from C-5 of MVA is
lost at each step during the conversion of phytoene
into the fully unsaturated carotenes, exemplified
by lycopene in Scheme 3 ; the carbon atoms involved
are marked with an asterisk. C-5 of MVA carries
two hydrogen atoms, as does C-4 of MVA, so the
problem of whether or not the removal of hydrogen
in phytoene formation from geranylgeranyl pyro-
phosphate and the removal of hydrogen from
phytoene are stereospecific processes, and, if so, in
what sense, also arises. (The exact point in the
sequence at which cyclization takes place to form
a-, B-, y- and 3-carotene is not relevant to the
present problem, since the cyclization reaction does
not involve hydrogen atoms from C-5 of MVA, and
therefore should not affect the 3H/14C ratios.)

To study these problems we have synthesized
(3RS)-[2-14C,(5R)-5-3H;]MVA and (3RS)-[2-14C,
5-8H3]MVA and followed their incorporation into
phytoene, a number of intermediates between
phytoene and lycopene and a number of cyclic
carotenes in the fruit of two tomato mutants, delta
and tangerine, and in bean leaves.

A preliminary account of some of this work has
already appeared (Williams, Britton & Goodwin,
1966b).

EXPERIMENTAL

Preparation of (3RS)-[2-14C,(5R)-5-3H;]mevalonic acid.
The method of Donninger & Popjik (1966) in which
mevaldate is reduced enzymically with mevaldate reductase
in the presence of 3H-labelled NADH was used, with the
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modification that the 3H-labelled NADH was prepared
chemically and not enzymically. The NAD+ was reduced
with NaB3H; (Chaykin & Meissner, 1964; Chaykin,
Chakraverty, King & Watson, 1966). These workers have
shown that the reduction gives a mixture of [1,2-3H]-,
[1,4-3H;]- and [1,6-3H3]-NADH, but that alcohol reductase
utilizes only the 1,4-isomer in stereospecifically transferring
3H from the ‘A’ side of the reduced nicotinamide residue to
acetaldehyde to produce stereospecifically labelled ethanol.
Mevaldate reductase exhibits the same stereospecificity
(Donninger & Popjik, 1966). Potassium mevaldate was
prepared from NN’-dibenzylethylenediammonium bis-
(3RS)-3-hydroxy-5,5-dimethoxy-3-methylpentanoate by
the method of Knauss, Brodie & Porter (1962); the starting
material was prepared by the procedure of Shunk et al.
(1957).

Mevaldate reductase (mevaldate-NAD oxidoreductase)
was prepared from pig liver (Schlesinger & Coon, 1961).

(3RS)-[(5R)-5-3H1]MV A was obtained from an incubation
mixture consisting of 3H-labelled NADH (500 umoles con-
taining approx. 150 umoles of [1,4-3H]NADH) in water
(8ml.), potassium mevaldate (400 umoles) in water (5ml.)
and enzyme (72mg. of protein/ml.) in 10mm-tris-HCI
buffer, pH8-0 (8ml.), the whole being made up to 35ml. with
40mm-phosphate buffer, pH 6-0. The mixture was incubated
for 1hr. at 27+ 1° when the oxidation of NADH, determined
by AEs340, had become negligible. The mixture was then
adjusted to pH1 with 58-HCl and the solution saturated
with (NH4)2SO4 to diminish the solubility of the MVA
lactone, before extraction with ether (ten times) and chloro-
form (five times). The aqueous residue was then extracted
with boiling chloroform for 24hr. The combined extracts
were filtered and evaporated to dryness under reduced
pressure, and the residue, dissolved in chloroform (10ml.),
was chromatographed on a Celite—0-5N-H2SO4 column
(16cm. x 1-2cm. ; 10g. of support and 8ml. of 0-5N-H2S0y4)
with chloroform saturated with 0-5N-H2SO4 as developer
(Cornforth, Hunter & Popjék, 1953). Fractions (25ml.) were
collected and a small sample was chromatographed on
paper in ethanol-aq. NHs-water (16:2:3, by vol.) as
developing solvent. The radioactive MVA was located by
means of a Desaga radioactive plate scanner by comparison
of its position with that of authentic [2-14CJMVA used as a
marker. The fractions found to contain MV A were combined
and reduced in volume to 10ml. The product (30 umoles;
specific activity approx. 90 uc/umole) was characterized by
taking a small known sample, diluting it with unlabelled
carrier MVA (50 mg.) and converting it into the benzhydryl-
amide (Cornforth, Cornforth, Popjak & Youhotsky-Gore,
1958) and recrystallizing to constant m.p. (97-98°) and
specific activity (0-004 nc/umole).

(3RS)-[2-14C,(5R)-5-3H;]MVA was prepared by mixing
the (3RS)-[(5R)-5-8H;]MVA lactone (1mc) with (3RS)-
[2-14C]MV A lactone, of specific activity 5:03 uc/umole (The
Radiochemical Centre, Amersham, Bucks.) (100uc), in
benzene solution to give a 3H/14C ratio approx. 10:1. This
product was also characterized by its benzhydrylamide.
The specific activity of the final product was 32:15uc of
3H/umole and 3-22uc of 14C/umole.

Preparation of (3RS)-[2-14C,5-3Hz]mevalonic  acid.
[5-3H2]MVA was synthesized by reduction of mevaldate
with NaB3H4. To a solution of potassium mevaldate (see
above) (200umoles) in water (3ml.) was added NaBH,
(2mg.) followed by a cold aqueous solution (2ml.) of
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NaB3H, (100mc; specific activity 721 mc/m-mole). After

% I 30min. a further 5mg. of unlabelled NaBH; was added to
& = 3 2 complete the reduction. After standing for 1hr. the solution
was adjusted to pH1 with 5N-HCl and extracted with
o o w ether (16 x 10ml.) and chloroform (5 x 10ml.). The extract
g2 & s @ was evaporated to dryness under reduced pressure and the
38 3 3 = product characterized by its i.r. spectrum (identical with
, that of MVA lactone), chromatographic properties and by
58 2 preparation, after addition of carrier, of its benzhydryl-
& % & amide, which was recrystallized to constant m.p. (97-98°)
and specific activity (0-0009uc/umole). The undiluted
g o 2 3 3 [6-3H2]MVA (150 umoles) had a specific activity of 4puc/
3 g= == pmole. The possibility that the borohydride reduction
might show some stereoselectivity and lead to a product
g o B & o~ with a preponderance of either the (5R)-[5-3H;]- or (58)-
28 " 8§ ™ [5-8H; ]-isomer was cousidered but the results of the present
) : and other experiments give no indication of any significant
S © stereoselectivity.
g gg - Tomato strains. The seeds of the two mutant strains,
§ v delta and tangerine, were gifts from Dr G. Mackinney
) - (University of California, Berkeley, Calif., U.S.A.) and Dr
g 5| S5 3 = M. L. Tomes (Purdue University, Lafayette, Ind., U.S.A.).
B ~ They were germinated and grown in the greenhouse.
§ B g w Normal tomatoes were bought from a local shop.
] & O:é 8 Incubation. Ripe fruit were used and thin slices taken
‘S R @ from the central portions were immediately floated on a
S N medium containing 0-1M-tris~-HCl (Sigma 7-9) buffer,
£ 8 S % g 3 pH7:2-7-4, and the appropriate MVA species, in a Petri
< 2 |N&83 . . PR
£ gl dish, enclosed in cellophan to minimize external contamina-
Sl &% - tion. Incubations were continued for 30-60hr.
§ $88 2 Extraction and separation of pigments. The unsaponi-
§ T A é‘ fiable material was prepared by our usual method (Goodwin,
8 é g 1955) and dissolved in a small volume of light petroleum
) g8 § (b.p. 40-60°) (free from aromatic hydrocarbons) and stored
§ AR at —20°; the precipitated sterol was removed before
-3 E chromatography on an MgO—Celite (1:1, w/w) column with
§ 4 g é 3 19, (v/v) acetone in light petroleum (b.p. 60-80°). The first
§ RIS fraction was collected in the eluate, and the remainder
E : 8 o v formed discrete zones, which were separated mechanically
ES g @ ® 3 from the extruded column, eluted and purified by rechrom-
§ 33 atography and identified as indicated in Table 1. Not all
3 R the pigments listed were observed in every strain of tomato.
3 gég 2 The quantitative distribution of carotenes in the three
< CE&a - strains grown under our conditions is given in Table 2.
o~ © These results are generally in agreement with those of
K g‘ g 3 & =2 Tomes (1963), but we noted two additional pigments in
< g8 T = ° each of the mutant strains. In the delta tomato, a-zeacaro-
3 - tene and e-carotene were tentatively identified, and in the
3; g 202 Y tangerine tomato a cis-{-carotene and an isomer of phyto-
| &% C fluene (probably a di-cis-phytofluene) were detected.
Table 2 indicates the importance of the availability of
°.q 2 % % 8 S @ these mutants to our studies: they synthesize far more of
E 8 %g 2E 3 8 3 the intermediates between phytoene and the fully unsat-
E urated carotenes than do normal tomatoes. They have also
hes 28 8 been useful for our studies on the cyclization reactions
KEa o3 2 involved in the production of «-, 8-, y- and §-carotene and
on the formation of the poly-cis-carotene prolycopene
g5 2 2 g ](R]1 e{] H. ]g’i]liams, G. Britton & T. W. Goodwin, unpub-
2B SRR is] work).

It is essential that the polyenes are radiochemically as
well as chromatographically pure. An experiment was
carried out in which the polyenes extracted from delta-
tomato slices incubated with [2-14CJMVA (potassium salt)
were separated as indicated in Table 1 and then subjected

Ordinary
delta
tangerine

Tomato
strain
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to further purification on Kieselgel G plates in one of two
solvent systems: (a) light petroleum containing varying
amounts of benzene; (b) light petroleum containing varying
amounts of acetone. The purified fractions from each
system were assayed spectrophotometrically and then for
radioactivity; specific activities could thus be calculated.
The solvent systems used are summarized in Table 3.
Fractions more polar than {-carotene were rechromato-
graphed on an alumina column (Brockmann grade III;
Woelm) and eluted with 0-2-0-8%, (v/v) ether in light
petroleum, before the final purification by thin-layer
chromatography. This procedure rendered the fractions
free from sterols. The specific activities of the polyenes so
obtained (Table 4) indicate that the specific activities of
the pigments purified in two different ways were very

Table 3. Solvent systems used for purifying polyenes
by thin-layer chromatography on Kieselgel QG

Systems
Concn. of benzene Conen. of acetone

(% in light (% in light
Polyene petroleum) petroleum)
Phytoene 5 2
Phytofluene 6 3
{-Carotene 10 —
a-Zeacarotene 6 3
3-Carotene 25 8
y-Carotene 32 10
e-Carotene 5 2
«-Carotene 6 3
B-Carotene 6 3
Lycopene 50 10

R.J. H. WILLIAMS AND OTHERS
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similar, and within the limits of accuracy of the experiment.

Bean-leaf preparations. Dwarf-French-bean seedlings
were germinated for 7 days at 27+1° in the light. The
leaves (about 20/experiment) were harvested, the main
veins were removed and the laminar tissue was thinly
sliced into conical flasks containing the labelled MVA in
1-5ml. of tris—-HCI buffer, pH7-4. The flask was incubated
with shaking at 26+ 1° in the light for 6hr. and in the dark
for a further 12hr. The polyenes, squalene, a-carotene and
B-carotene were extracted, separated and purified as
described above for tomato fruit.

Measurement of radioactivity. Samples were assayed for
14C and SH in a Packard Tri-Carb series 314E liquid-
scintillation spectrometer, fitted with a Packard model
500D automatic control and automatic sample changer
(Packard Instrument Co., La Grange, Ill., U.S.A.). Samples
were transferred to counting vials and, after removal of the
solvent, were redissolved in toluene (5ml.), decolorized, if
necessary, in sunlight, and the scintillator [6 ml. of a toluene
solution of 10g. of 2,5-diphenyloxazole and 0-60g. of 1,4-bis-
(4-methyl-5-phenyloxazol-2-yl)benzene/l.] was added. The
3H and 14C radioactivities were calculated by use of the
equation of Okita, Kahara, Richardson & Le Roy (1957).
The results from the bean-leaf experiments were processed
in an IBM 1620 computer with a programme prepared by
Miss S. G. Lutkins and Mr H. H. Rees. The efficiency of
counting was checked with standard solutions and the
virtual absence of quenching demonstrated. Each sample
was assayed three to five times on four separate occasions,
from which the final average count and standard error of
the mean were calculated.

RESULTS AND DISCUSSION

Three experiments were carried out on tomatoes
with (3RS)-[2-14C,(5R)-5-3H;]MVA, two on the

Table 4. Radioactivity and specific activity of polyenes from delta tomatoes incubated with
[2-14C]mevalonic acid

Tomato slices (79-0g. wet wt.) were incubated with 2 uc of (3RS)-[2-14C]MV A for 36 hr. ; pigments were extracted
and separated as described in the Experimental section and purified in two thin-layer systems. For details of

solvent systems see Table 3.

Thin-layer chromatography on Kieselgel G

—

Benzene-light petroleum Acetone-light petroleum
Total activity Specific activity Total activity Specific activity
(disintegrations/ (disintegrations/ (disintegrations/ (disintegrations/
Polyene min.) min./ug.) min.) min.[ug.)
Phytoene 2880 22-2 2110 24-1
Phytofluene 122 41 144 39
{-Carotenet 105 184 — —
a-Zeacarotenet 45 15:0 —_ —
§-Carotene 1660 7-6 1260 78
y-Carotene 435 93 323 9-6
e-Carotenet — — 60 25-1
«-Carotene 339 339 1133 36-3
B-Carotene 1139 16-2 1026 15-9
Lycopene 614 10-7 547 114

1 Insufficient material for two purifications.
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Table 5. General conditions of experiments for incorporation of (3RS)-[2-14C,(5R)-5-3H;]-

Tomato
strain

delta (I)
delta (II)
tangerine

773

mevalonic acid into tomato polyenes

Wt. of
unsaponifiable
Incubation material Radioactivity added (uc)
period Wet wt. isolated — A —
(br.) ®) (mg.) 140 *H

32 86 771 40 40-0

64 80 94-1 4-0 400

495 100 1425 6-0 60-0

Table 6. Comparison of incorporation of (3RS)-[2-14C,(5R)-5-3H1mevalonic acid into squalene

and carotenoid polyenes by slices of tangerine tomatoes

For general details of the experiment see Table 5. The 3H/14C atomic ratios are based on the ratio 6:6 for
squalene. Standard errors of the means of counting are given in parentheses.

Substance

MVA
Squalene
Phytoene
{-Carotene
B-Carotene
Lycopene

Radioactivity
(disintegrations/min.) Mean 3H/14C
b A \ radioactivity Mean 3H/14C

3H 14C ratio atomic ratio

41476 3924 10:57 —_

312260 26485 11-79 6:6

4001 330 12:12 828 (+0-08):8
5622 594 9-47 6-43 (+0-045):8
8346 1440 5-78 3:92 (+0-02):8
8079 1578 512 3:50 (+0-01):8

Table 7. Comparison of incorporation of (3RS)-[2-14C,(5R)-5-3H; Imevalonic acid inio squalene
and carotenoid polyenes by slices of delta tomatoes

For general details of the experiment see Table 5. The 3H/14C atomic ratios are based on the ratio 8:8 for
phytoene. Standard errors of the means of counting are given in parentheses.

Substance

Expt. I
MVA
Squalene
Phytoene
§-Carotene
y-Carotene
a-Carotene
B-Carotene
Lycopene

Expt. II
MVA
Squalene
Phytoene
8-Carotene
y-Carotene
a-Carotene
B-Carotene
Lycopene

Radioactivity

(disintegrations/min.)
sH 14¢
41830 4061
281220 24600
24380 2056
28665 4330
2486 370
4334 673
14985 2345
5643 890
41570 4040
60720 5280
126940 10500
102680 16750
6573 1050
8818 1420
15475 2460
25320 4546

Mean 3H/14C
< radioactivity Mean 3H/14C

ratio atomic ratio

10-30

1143 6:6

11-86 8:8
6-62 446 (+0-09):8
6-72 4-54 (+0-05):8
644 4-36 (+0-11):8
6-39 4-30 (+:0-06):8
6-34 4-23 (+0-13):8

10-29

11-50 6:6

12-09 8:8
613 4-05 (+0-02):8
6-26 4-16 (+0-02):8
6-21 4-11 (+0-03):8
6-29 4-16 (+0-01):8
557 370 (+0-03):8
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Table 8. Comparison of incorporation of [2-14C,5-3Hz]mevalonic acid into squalene and
carotenoid polyenes by slices of tangerine tomatoes

Tomato slices (70g. wet wt.) were incubated for 50hr. with [2-14C,5-3H2]MVA (4-80 uc of 14C, 52-80 10 of 3H).
The 3H/14C atomic ratios are based on the ratio 11:6 for squalene. Standard errors of the means of counting are
given in parentheses.

Radioactivity
(disintegrations/min.) Mean 3H/14C

‘ A \ radioactivity Mean 3H/14C
Substance SH 14C ratio atomic ratio
MVA 43000 3760 11-43
Squalene 352950 33550 10-52 11:6
Phytoene 132090 12870 10-26 14-31 (+0-09):8
B-Carotene 14710 1960 7-50 10-46 (+0-24):8
Lycopene 32030 4490 7-13 994 (+0-24):8
Prolycopene 5010 684 7-32 10-20 (1 0-26):8

Table 9. Incorporation of (3RS)-[2-14C,(5R)-5-3H,mevalonic acid into squalene and «- and
B-carotene by bean-leaf slices

Bean-leaf slices (0-38g. dry wt.) were incubated for 18hr. at 26° with [2-14C,(5R)-5-3H;]MVA (6-0 uc of 14C,
60 uic of 3H). The 3H/14C atomic ratios are based on the ratio 6:6 for squalene.

Radioactivity
(disintegrations/min.) Mean 3H/14C
b A N radioactivity Mean 3H/14C
Substance 3SH 140 ratio atomic ratio
Squalene 225350 18800 11-89 6:6
a-Carotene 47770 7910 604 4-06:8
B-Carotene 17550 2810 6-25 4-21:8

Table 10. Incorporation of (3RS)-[2-14C,5-3Hzlmevalonic acid into squalene and «- and
B-carotene by bean-leaf slices

Bean-leaf slices (0-38g. dry wt.) were incubated for 18hr. at 26° with [2-14C,5-3H;]MVA (4-8 uc of 14C,
52-8 uc of 3H). The 3H/14C atomic ratio are based on the ratio 11:6 for squalene.

1967

Radioactivity
(disintegrations/min.) Mean 3H/14C
— A ~ radioactivity Mean 3H/14C
Substance 3H 140 ratio atomic ratio
Squalene 49940 4740 10-48 11:6
a-Carotene 68050 9610 7-18 10-06:8
B-Carotene 34350 4680 7-30 10-20:8

delta strain and one on the tangerine strain. The
general data for the experiments are given in Table
5, and the radioactivity results in Tables 6 and 7.
The results of an experiment with [2-14C,5-3H2]MVA
and slices of the tangerine tomato are given in
Table 8. It will be seen from the results with the
tangerine tomato that the 3H/14C ratio of the phyto-
ene formed from (3RS)-[2-14C,(5R)-5-3H;]MVA is
the same as that of squalene, i.e. no pro-R-hydrogen
atom is lost from the centre of the molecule during
the formation of phytoene (in this section ‘pro-R’-
and ‘pro-S’-hydrogen atoms refer to the hydrogen
atoms at C-5 of MVA). The same result was

obtained with the delta tomato (Table 7). Experi-
ments with MVA labelled non-stereospecifically
with 3H at C-5 confirm this conclusion and indicate
that two pro-S-hydrogen atoms are lost. In the
formation of squalene from six mevalonic acid
residues with a total of 12 hydrogen atoms from
C-5, one pro-S-hydrogen atom is lost (Donninger &
Popjék, 1966), i.e. the 3H/14C atomic ratio with
[2-14C,5-3H2]MVA as substrate is 11:6 in squalene
(Popjék, Goodman, Cornforth, Cornforth & Ryhage,
1961). Since the observed ratio of radioactivity in
squalene represents an atomic ratio 11:6 then the
observed ratio in phytoene should be 14:8, if two
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pro-S-hydrogen atoms are lost from the centre.
The observed value is 14-3:8 (Table 8). The ratios
observed with {-carotene, 8-carotene and lycopene
in the tangerine tomatoes (Table 6) indicate
that the removal of hydrogen from what was
C-5 of MVA during the stepwise conversion of
phytoene (Scheme 3) into the fully unsaturated
polyenes is stereospecific and in the same sense in
each case. The pro-R-hydrogen atom is lost and
the pro-S-hydrogen atom retained (see Scheme 3).
No values were available for phytofluene or neuro-
sporene; the former gave aberrant results, which
may be due to the fact that it is highly fluorescent,
and there was insufficient of the latter for reliable
measurements of radioactivity. The loss of four
pro-R-hydrogen atoms originating from C-5 of
MVA is also demonstrated in the conversion of
phytoene into -, 8-, y- and 8-carotene and lycopene
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in the delta tomatoes (Table 7). This conclusion
was again confirmed by the experiment with
[2-14C,5-8H2]MVA ; the loss of four pro-R-hydrogen
atoms when phytoene is converted into the fully
unsaturated carotenes should result in & change of
3H/14C ratio from 14:8 to 10:8. The results (Table
8) show that all the ratios are within the range
10-06-10-46:8. The results with a- and B-carotene
were confirmed in experiments with bean leaves
(Tables 9 and 10). In these experiments the
compound taken as & reference was squalene; it
was known from the tomato experiments to have
the same 3H/14C ratio as phytoene, and green
tissues accumulate insignificant amounts of
phytoene.

The ratios observed for prolycopene biosyn-
thesized in fangerine tomatoes from [2-14C,(5R)-5-
3H;JMVA and [2-14C,5-3H2]MVA (and also [2-14C,-
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Scheme 4.
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(4R)-4-3H;]MVA ; R. J. H. Williams, G. Britton &
T. W. Goodwin, unpublished work) are the same
as those for lycopene. These results show that the
stereochemistry of the biosynthesis of the poly-cis-
prolycopene is the same as that of all-trans-lycopene.

Mechanism of formation of phytoene. In their
elegant work on the stereospecific biosynthesis of
squalene, Popjék and Cornforth have discussed a
number of possible mechanisms for the condensa-
tion of two molecules of farnesyl pyrophosphate to
form squalene. Two of these mechanisms can, with
minor modifications, explain the stereospecific
biosynthesis of phytoene, the central double bond
of which appears to have the cis-configuration
(Rabourn & Quackenbush, 1956; Davis, Jackman,
Siddons & Weedon, 1966; Jungalwala & Porter,

R.J. H. WILLIAMS AND OTHERS

1967

1965). In Scheme 4 (based on Cornforth et al.
1966) the geranylgeranyl residues are connected via
a sulphonium ylide, & mechanism that requires the
presence of a thio ether grouping (e.g. & methionine
residue) at the active centre of phytoene synthetase.
This thio ether group displaces the pyrophosphate
from a molecule of geranylgeranyl pyrophosphate,
by an S,2 substitution reaction involving inversion
of configuration at C-1 of the geranylgeranyl group,
to give a sulphonium ion. The hydrogen atoms at
C-1, situated between a double, bond and S+, now
have a tendency to ionize with the formation of an
ylide. This alkylates a second molecule of geranyl-
geranyl pyrophosphate (again with inversion at C-1)
to give a lycopersyl-sulphonium ion (lycopersene is
the C40 homologue of squalene). Now, instead of

H T T
A 4 CHs }ll H 'EO-POSH.POSH,,
CHs — K AN O\ oo~ CHe
ScLel \ R—C—CAT Sc=c
RT N H () / NH H R
S PR
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Scheme 5.
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a nucleophilic displacement of the —S—-enzyme by
H- from the ‘B’ side of NADPH, which occurs in
squalene formation, the incipient positive charge
on the carbon atom from which the —S—enzyme is
lost is neutralized by loss of a proton from the
adjacent methylene group, thus introducing the
central double bond of phytoene.

Scheme 5 (based on Popjék et al. 1961) is essen-
tially the alkylation of a double bond and resembles
the chain-elongation process in the earlier stages of
terpenoid biosynthesis. The first step is an aniono-
tropic rearrangement of a geranylgeranyl group to
yield a geranyl-linaloyl derivative. Alkylation, with
inversion, of a second molecule of geranylgeranyl
pyrophosphate, occurs, with the pyrophosphate
group of the first molecule stabilizing the resulting
electron deficiency at C-2. Normal ¢rans-elimina-
tion then regenerates the double bond. In the final
stage, the pyrophosphate group is removed, but,
instead of the intermediate undergoing reduction
with NADPH as in the formation of squalene, the
positive charge that builds up as the pyrophosphate
departs is neutralized by the loss of a proton by a
cis-1,4-elimination with migration of the 7 electrons
of the double bond, to yield phytoene. Theoretical
considerations indicate that both pro-R-hydrogen
atoms at the centre of the molecule would be
retained only if the configuration of the central
double bond formed is cis. As indicated above, the
central double bond of natural phytoene appears
to be cts. No experiments have yet been reported
on phytoene biosynthesis to test either of these
hypotheses, but it has been noted that, in the
formation of phytoene in broken chloroplasts
prepared by non-aqueous technique, NAD+ or
NADP+ is not required (Charlton, Treharne &
Goodwin, 1966). This would fit in with the view
that a proton rather than H- is the final unit
eliminated.

In the squalene field, Scheme 5 is not consistent
with the observation by Xrishna, Whitlock,
Feldbruegge & Porter (1966) that nerolidyl pyro-
phosphate (replaces geranyl-linaloyl pyrophosphate
in Scheme 5 when squalene is under consideration)
inhibits squalene synthetase, whereas their observa-
tion that the enzyme is inhibited by thiol inhibitors
supports Scheme 4. On the other hand the report
of Rilling (1966), in which he considers that an
intermediate in squalene biosynthesis is a pyro-
phosphate ester of a C3o alcohol with a cyclopropane
ring, may require a major rethinking on the type
of mechanism involved.
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