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ABSTRACT

The pathway of carotene biosynthesis from isopentenyl pyrophosphate in tomato fruit plastids
has been established, except for minor details, through the conversion of radioactive sub—
strates and intermediates to acyclic and cyclic carotenes in cell—free systems.

After the pathway of carotene biosynthesis was established attention was turned to the isola—
tion and purification of enzymes of carotene biosynthesis. An enzyme that converts isopen—
tenyl pyrophosphate to phytoeme has been isolated from an acetone powder of tomato fruit
plastids and partially purified. This enzyme behaves as a complex on Biogel filtration. It
dissociates, though, into two or more components on DEAE—cellulose chromatography. One of

these synthesizes geranylgeranyl and prephytoene pyrophosphates from isopentenyl pyrophos—
phate. This enzyme has been purified to homogeneity and some of its characteristics and the
reactions it catalyzes have been determined. Since this protein yields only one band on SDS
gel electrophoresis, it is a polyfunctional peptide.

Studies on the enzymes converting phytoene to lycopene have been minimal. It is known, from
tracer studies, that one cis—trans isomerization and four dehydrogenations occur in these re-
actions. Whether five or fewer distinct enzymes occur is not known. Neither is it known
whether the enzymes for this series of reactions are separable or whether they exist in a
complex. Cofactor studies on the system converting phytoene to lycopene indicate that NADP,
FAD and Mn are required for these reactions.

Studies on the conversion of lycopene to cyclic carotenes indicate that two separate enzymes
are involved in the formation of ct—ionone and —ionone rings. This conclusion is based upon
the finding of some tomato strains which have an enzyme system that forms only —ionone ring—
containing carotenes, whereas others have an enzyme for the formation of both of these com-
pounds. It is not certain whether the introduction of a —ionone ring into y— and b—
carotenes to yield 3— and cc—carotemes requires two separate enzymes or whether this reaction
is effected by a single enzyme. Cofactor studies have shown that FAD is necessary for the
conversion of lycopene to cyclic carotenes.

INTRODUCTION

Studies on the biosynthesis of carotenes have passed through several phases over the past 20
to 30 years. These phases have been reported by Professor Goodwin in his Introductory Lec-
ture. Hence, we will not repeat them, except to indicate their relationship to studies on
the enzymatic synthesis of carotenes. Early studies established the structures and the ster-
eochemistry of many of the carotenes that we will consider in this report. At the same time,
or later, studies on the biosynthesis of carotenes were initiated. Early studies utilized
the techniques common in plant physiology and genetics. Other studies made extensive use of
inhibitors such as diphenylamine. Most of these studies were carried out with tomato fruits
or with various microorganisms. More recent studies have utilized radioactive precursors of
the carotenes; first in vivo and then in cell—free extracts. Through these studies the gen-
eral features of the pathway of carotene biosynthesis have been established.

In the report that we are presenting we will attempt to move our understanding of carotene
biosynthesis one step further. We will concern ourselves almost exclusively with the enzym—
ology of carotene biosynthesis. Through such investigations one can identify the enzyme, or
enzyme complex, that effects a particular reaction and the properties of that enzyme. In ad-
dition, when an enzyme is purified various studies on the mechanism of a reaction can be
carried out which are not possible with cruder systems. It is also possible to determine un-
equivocally whether certain compounds are intermediates in a reaction: for example, lycoper—
sene in the synthesis of phytoene. Finally, the relationship between genes for carotene
biosynthesis and specific enzyme proteins can be established.

PAAC 51/3—L
609



610 JOHN W. PORTER and SANDRA L. SPURGEON

Unfortunately, studies on the enzymatic synthesis of carotenes are in their early stages.
Therefore, many of the answers to questions on carotene biosynthesis that are attainable by
this method are still not available. There have been, though, enough surprises in early stud-
ies to indicate that this method will produce many interesting results in the future.

The studies on the enzymatic synthesis of carotenes that are to be presented in this paper
will be divided into three parts. In the first of these we will discuss the enzymatic con-
version of isopentenyl pyrophosphate to phytoene, and in the second section the conversion of
phytoene to lycopene. The last section will be concerned with the conversion of lycopene to
cyclic carotenes. Our discussions will be based first on the reactions that are effected by
enzymes obtained from tomato fruits, and then on the reactions effected by cell—free extracts
or enzymes from other plants or microorganisms. Emphasis on the latter studies will be
placed upon deviations, if any, from the tomato system.

CONVERSION OF ISOPENTENYL PYROPHOSPHATE TO PHYTOENE

A major breakthrough which has led to studies on the enzymatic synthesis of carotenes in tom-

ato fruits was achieved over ten years ago by Jungalwala and Porter (Ref. 1). These workers
demonstrated that an acetone powder could be made from tomato fruit plastids with the reten-
tion of enzyme activity for carotene biosynthesis. The enzymes could then be extracted as
soluble proteins with a buffer, as evidenced by the fact that they remained in the 100,000 x g
supernatant on ultracentrifugation. Protein in this supernatant solution could then be sub-
jected to purification procedures. It was found that an enzyme system that converted isopen—
tenyl pyrophosphate to phytoene could be precipitated with ammonium sulfate (20 to 60%) and
then subjected toBio—GelA filtration (Ref. 1 & 2). An activity of approximately 0.2 nmole of
phytoene formed, per mg of protein per hour, was observed with this preparation, Table 1.

TABLE 1 Partial purification of phytoene synthetase complex

Purification

step

Total

protein
Specific
activitya

Total

activity Purification

nmol

mg nmole/ incorpor — —fold

mg/h ated/h

Plastids 600 0.004 2.4 0
Acetone powder 235 0.012 2.8 3

extract
20—60% 104 0.11 11.4 28
(NH4)2 SO4

Bio—Gel A—1.5m 38 1.42 54.0 354

a Nanomoles of isopentenyl pyrophosphate incorporated into phytoene per
milligram of prOtein per hour.

Surprisingly, this enzyme system behaved as a complex on gel filtration (Ref. 2), Fig. 1. Its
molecular weight, as determined by gel filtration, is 200,000, Fig. 2. This enzyme system
requires Mn ions, Fig. 3, and its activity is increased 6— to 7—fold in the presence of ATP,
Fig. 4. The function of ATP in stimulating the formation of phytoene is not clear. Since
ATP is not involved in the reactions by which isopentenyl pyrophosphate is converted to phy—
toene, another function for this compound needs to be postulated. Possibly ATP may be im-
portant in maintaining the integrity of the complex, or it may act as an allosteric regulator
of the activity of this enzyme.

The reactions effected by the phytoene synthetase complex are presented in Fig. 5. This en-
zyme system appears to be a remarkable complex, inasmuch as it carries out (1) the isomeri—
zation of isopentenyl pyrophosphate to dimethylallyl pyrophosphate, (2) the condensation

reactions that yield successively geranyl, farnesyl and geranylgeranyl pyrophosphates, (3)
the condensation reaction that yields prephytoene (also called prelycopersene) pyrophosphate
and (4) the reaction that converts the latter compound to cis—phytoene.

Phytoene synthetase is an unstable complex. It may be stabilized, though, in the presence of
30% glycerol, 2 mM dithiothreitol and —20°C for at least a month. It is unstable to standard
ionic methods of purification of proteins, inasmuch as all activity for phytoene synthesis is

lost in attempts to purify this enzyme by DEAE—cellulose chromatography. Hence, the problem
of purification of phytoene synthetase to homogeneity has not been solved, and will not be
until a new method of purification such as affinity chromatography is developed.
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Fig. 1. Elution of phytoene synthetase
complex from a Bio—Gel A—l.5m (200—400mesh)
column (2.5 x 36 cm). Absorbance at 280 mm
(A—A), activity for phytoeme formation

(—i) and acid-labile formation (o—o),
(Ref. 2).

4.8 5.0 52 5.4 5.6

LOG MOLECULAR WEIGHT

Fig. 2. Molecular weight of phytoene synthetase
complex as estimated by gel filtration on a Bio—Gel
A—0.5m (200—400 mesh) column (1.2 x 30 cm). BSA,
bovine serum albumin (Ref. 2).

Fig. 3. The effect of manganese ion
concentration on phytoene synthesis
from isopentenyl pyrophosphate. No
magnesium ions and varying amounts
of manganese ions added to the in-
cubation mixture, o- --o; the con-
centration of magnesium ions kept
constant at 12.5 mM and varying a—
mounts of manganese ions added to
the incubation mixture, *—
(Ref. 2).

When phytoene synthetase is subjected to DEAE—
cellulose chromatography all activity for phytoene
synthesis is lost, but activity for the formation
of acid—labile compounds from isopentenyl pyrophos—
phate remains (Ref 3), Fig. 6. Presumably, this
activity is dissociated from phytoene synthetase,
inasmuch as the molecular weight of the acid—labile

synthesizing enzyme is 40,000, Fig. 7, as compared
with 200,000 for phytoene synthetase. The acid—
labile synthesizing system has been purified to
homogeneity, or near homogeneity (Ref. 4). A pur-
ification of approximately 60—fold was achieved,
Table 2. Evidence for the homogeneity, or near
homogeneity, of this enzyme system was obtained
through disc gel and SDS gel electrophoresis, Fig. 8. Only one band of protein was observed.
A single species of protein was also observed on isoelectric focusing (Ref. 4).

The products formed by the acid—labile synthesizing enzyme have been identified as geranylger—
anyl and prephytoene pyrophosphates by several thin—layer chromatographic systems. One separ-
ation of these compounds is shown in Fig. 9. The geranylgeraniol moiety of geranylgeranyl
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pyrophosphate has also been

the pyrophosphate compound.

identified by gas—liquid chronatography after acid cleavage of
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Fig. 5. The enzymatic reactions effected by the

enzyme complex that converts isopemtenyl pyrophos—
phate to phytoene.
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Fig. 6. Chromatography of the phytoene synthetase
complex on a DEAE—cellulose column (9.5 x 1.3 cm).
Light absorption at 280 nm (o—o) and enzyme ac-
tivity for the formation of phytoene (Li.. .z) and

acid labiles (I--I), (Ref. 2).
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Fig. 7. Determination of molecular

weight of prephytoene pyrophosphate
synthetase by gel filtration on a
Sephadex G—200 column,(Ref. 3).

Since the acid—labile synthesizing enzyme forms prphytoene pyrophosphate, it has been desig-
nated as prephytoene pyrophosphate synthetase. It is a remarkable enzyme in that it appears
to have three separate functional groups, or active sites, in one peptide of 40,000 molecular
weight. This enzyme system catalyzes all of the reactions shown in Fig. 5, except for the
conversion of prephytoene pyrophosphate to phytoene. Studies relating genes for carotene
biosynthesis to enzymes effecting the synthesis of these compounds have shown that none of
the genetic selections of tomatoes studied thus far are lacking in phytoene synthetase.

MgorMn J

FRACTION NUMBER



20W6 OJJGr. OLaUT2W8 JJGA ax uo
iqu Teob6uIJAT bALobpoabpa6 o bibpAosu bALobpoabpae abbGaL o p rraeg) 1GLG92 p.r

tOLWC Ta gf[6LGu oLaIq-ewe' pa owao tpa euaa coqu toI 1JJG auuraa cou—6UG JJJTC LGCfl] 2IT6aa flJ qJa 6uAiiia 8A26IJJ2 OL ipa tOLWTOU Ot bpAOGuG GX [U
auATaLau?T bALObpOebpaa aug a baLTGnTa6 OUG tor. pa GouAGLaTou ot jna combonuq o bpAio—
46nLoaboLa ri re r.abor.aq (Jar is) pa pGr. a a aonpj-e eAaam for. pa or.waou o GL—
COTflPIG aug T aTCO pG a GOIJJbJGx' HOLG/GL 41JT8 bop JJaa IJO AGI G6IJ uAGefl-a4Gq'GAqGu lJJGtGtOr.Ga ipa pa GIJSAUJG 8)2GU OL JJG OLUflOU O bJJ?OGIJG [U IJJGCG 8bGGTGC TGua—eAupae--u aAeaw a orruq u a r.ac-ou qrai qoac uo aGqwau iooooo x n THa1Opac1Gqa (KGt 13) I' LTaAOpac16Lra }JJAGOWACGa HaIOpaGlGLTa aug baa rciia ipa bpAo—
(rr EJJAGOUAGGC (jar EJaAopacGr.ra (KGt io) aiuoabor.a (rt Jr is) aug
br.abar.a-oua• CGTT—tLGG axr.aca JJaAG paau br.ebar.aq tLOU baa pra (jcGt copacer.-a
JJA1oGuG a?uJJGare pac paau anqGq u OJJGL aAaawa prri uo ac GXGU8JAGJA ac p.r towao

COJ4AEJIOJ4 OL IO}EI4IEJ4)i L2iJ{OHO2MWIE 10 EHLLOEJ4E BA O1HEI BABIEHB

a oua uauoiuoja o TaobGuiauAj bAr.obpoabpaje = eooo gbu

cpr.owaioHr.abpA

c14—cGrrrrIoaG 122S 1052O5 2'1cpr.omaor.abp) 1'2
DEVE—CGTTUTOCG 8.TQ 3TOTS 5a23O2Q 52Q 3T'2
CJJLoUa4oLabp?

BTO—BGT V T'2U 9 TO0Q QO'i
so o eo

VIJJWOUTUJJJ 8nflaG 15'3 3T3T1 S'Q
poiuoaiq-ssq
jaaiqqa 5F J5TJ5 20s33so —

100

aiab

w bLoGTua
gbw\pr.\wH

gbw\jrz —oq

br.oe1u aGAç ot acTATX Lnr.[U[cal[ou
L3[rCarou iocar BBGGTtTG IolaT rrure

ATGJq

tLnTI baaiga
IVBI'E S 1nL1trcalrou o br.abp?oaua bAr.obpoabpaa aupaaea pow iomao

B BD2 G] iio h o br.oaiu (HG'cfl
° rio aug 120 h ot br.oaru!
aug BDB G12' y uaa Gj pow 1GauG bAr.obpoabpaa aupaaaa ou

ETGcLobpoLGaJa o br.abpAo—

V B

0

41U
04
C.,
I—
>I—
>-

ot o's aug 0'2 LGCbGGIqAGJA (Jcat'
br.abpAoaua bAr.obpoabpaa pag jt ajnaa
CGr.au?i1Gr.au?I br.obpoabpaa aug
CACIGU o CHCTCH30H:Ho (20:20:10)'
bpoabpaae ou BTITCa G[ H [U a aoGu
ar.auAj-ar.auA1 aug br.abpAoaue bAr.o—

' IJJTu—IaAGL cpLowaor.abp2i o

________

Eumai.rc a?AIJI:pGara o caoau J3

5
DIaLVVCE Eb0Voblewl IL'l

Q Is



614 JOHN W. PORTER and SANDRA L. SPURGEON

TABLE 3 Enzymatic conversion of
[14Cjphytoene to more un-
saturated carotenes by a
soluble enzyme system ob-
tained from red tomato

fruit plastids

Carotene
Total

radioactivity

dpm

Cis—Phytofluene
Trans-Phytofluene
C—Carotene
v—Carotene
Neurosporene
Neolycopene
Lycopene

9943
990

2866
1900
2536
2788
3893

Incubation was carried out for 5
hours in the dark at 25°C under ni-
trogen. The incubation system con-
tained [14Cjphytoene, 2.39 nmoles

(250,000 dpm) as substrate, enzyme
and other cofactors as noted in
Ref. 17.

Tas-PHYTOFLUENE

CS— t—CAROTENE

-C—CAROTE(

PRONEUROSPCNE

NCUROSPORENE

PROLYCOPENE

LYCOPENE

Fig. 11. The pathways of lycopene andprolycopeneforn—
ation from cis—phytoene by cell—free extracts from
tomato fruit plastids

It has been found, too that the product of phytoene synthetase action is not the same in all
organisms. In the tomato and in many other organisms, the product is cis—phytoene. In
Neurospora crassa, Phycomyces blakesleeanus and Rhodospirillum rubrum, mainly cis-phytoene
(Ref. 14) is found. In contrast, Mycobacteria (Ref. 9), Halobacteria (Ref. 13) and Flavobac—
teria (Ref. 15 & 16) synthesize trans—phytoene.

The synthesis of cis— and trans—phytoene by different organisms has led Gregonis and Rilling
(Ref. 9) to propose a mechanism for the formation of these compounds from prephytoene pyro—
phosphate, Fig. 10. In this mechanism a pro—R or pro—S hydrogen is removed to form, respect-
ively, trans—phytoene or cis—phytoene. From the studies that have been made on phytoene syn—
thetase it appears that these extractions of hydrogens from prephytoene pyrophosphate are
effected by the enzyme in the absence of a cofactor or a prosthetic group, since no evidence

for the requirement of either has been obtained.

It appears fairly obvious that the enzymes that
form cis- and trans—phytoenes must differ sig-
nificantly in the spatial geometry of their
active sites, inasmuch as the hydrogen removed
by each has a different position relative to
the remainder of the prephytoene pyrophosphate
structure. It will be of interest, therefore,

to isolate, purify and compare the properties
of phytoene synthetases synthesizing cis-and
trans-phytoenes.

CONVERSION OF PHYTOENE TO LYCOPENE

CH2-O-®-®

PPi

HR H

R'1V\'/\ I

HR Hs

H/\Hs
An enzyme system capable of converting phytoene

Hs
to lycopene was isolated from an acetone powder IE-PHYTOENE Q-PHYTOENE
of tomato fruit plastids and then partially

purified by animonium sulfate precipitation by
Kushwaha at al. (Ref. 17). When the enyme

Fig. 10. Proposed mechanism for the en—

system was obtained from red tomato fruit plas—
zymatic synthesis of cis- and trans-phyto-
ene from prephytoene pyrophosphate (Ref. 9).tids radioactive phytoene was converted to cis—

phytofluene, trans—phytofluene, C—carotene,
neurosporene, lycopene and v—carotene, Table 3. Similar conversions, but with the added syn-
thesis of radioactive carotenes peculiar to that genetic selection were obtained with enzyme
from Hi , Hi and Golden Jubilee (tangerine variety) tomato fruit plastids. Later studies
by Qureshi et al. (Ref. 18) demonstrated the conversion of cis—['4Cjphytofluene, trans-['4CJ—
phytofluene and trans—C—[14Cjcarotenes to neurosporene and lycopene, Table 4. These conver-
sions demonstrated the sequence of reactions by which phytoene is converted to lycopene in
red tomato fruits, Fig. 11. In this set of conversions the pathway is cis—phytoene —' cis-
phytofluene -, trans—phytofluene -' trans—C—carotene -' neurosporene —' lycopene.
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Additional studies have been carried out using cell—free extracts of tangerine tomato fruit

plastids (Ref. 19). In this genetic strain, the predominant pigments which occur ar the
poly—cis—compounds, proneurosporene and prolycopene. A soluble enzyme system of plastids from
these tomato fruits incorporates radioactivity from cis—[14C]phytofluene, trans—['4CJphytoflu—
ene, and trans——[14CJcarotene into both proneurosporene and prolycopene (Ref. 19). It was
concluded from this study that the branch point in the conversion of the poly—cis—compounds is
trans—c—carotene, with the intermediate formation of cis—c—carotene. However, the possibility
of the direct conversion of cis—phytofluene to cis—c—carotene could not be eliminated.

TABLE 4 Enzymatic conversion of cis—[14Cjphytofluene, trans—[14CJ—
phytofluene, and trans—c—carotene to more unsaturated
acyclic carotenes

Carotene
Cis—['4CJ—
Phytofluene

Trans—[14CJ—
Phytofluene

Trans—c—[14CJ-.
Carotene

dpm dpm dpm

Trans-Phytofluene 8780 — —

Trans-c—Carotene 735 6220 —

Neurosporene 999 5640 6703

Lycopene 1147 14380 21810

Enzyme extracts were prepared from an acetone powder. Incubations with enzyme,
substrate and cofactors were then carried out for 8 hours in the dark at 25°C
under nitrogen. Substrate concentrations were as follows: cis-['4Cjphytoflu—
ene, 0.284 nmole (27,120 dpm) and cis—[12Cjphytofluene, 20 nmoles; trans—
['4Cphytofluene, 1.39 nmoles (132,500 dpm) and trans—['2Cjphytofluene, 20
nmoles; trans——[4CJcarotene, 1.35 nmoles (127,920 dpm) and trans—C—['2CJ—
carotene, 20 nmoles (Ref. 18).

ted in small amounts to y— and r-caro—
tenes by the same enzyme system. These
studies show that cis—c—carotene is an
intermediate in the formation of poly—
cis—carotenes. The conversion of this
compound to trans—c—carotene has also
been demonstrated. Whether cis—c—caro—
tene can be formed directly from cis—
phytofluene has not been determined.
However, this conversion appears to be
a reasonable possibility , Fig. 11.

Fig. 12. (A) Light absorption curves of cis—c—car—
otene (—) and the mixture of stereoisomers formed

by catalysis with iodine (———). (B) Light absorp-
tion curves of trans—c—carotene and the mixture of
stereoisomers formed by catalysis with iodine (———),
Ref. 20.

central cis double bond to form the trans—isomer.

In a companion study (Ref. 20) cis——carotene was isolated from tangerine tomato fruits and
purified. This compound was characterized by its light absorption spectrum before and after
iodine catalysis, Fig. 12. Radioactive cis—ç—carotene was then prepared and its conversion to

proneurosporene, prolycopene, trans—a—carotene, neurosporene and lycopene was demonstrated
with an extract of lyophilized tomato fruit plastids, Table 5. This compound is also conver—

At present the number of enzymes in-
volved in the biosynthesis of carotenes
and whether they are organized in a
complex is not known. Some observa-
tions can be made, though, on this

W4VELENGTH INnm
point on the basis of the above and
other investigations on the pathway
of carotene biosynthesis in tomatoes.
In higher plants the predominant iso-
mer of phytoene is the cis—compound.
However, c—carotene, neurosporene, ly—
copene and the cyclic carotenes are
present as trans—compounds. This
means that in an early stage in the
pathway of phytoene desaturation
there is an isomerizatiom reaction at the
Only traces of trans—phytoene have been found in tomato fruits and it is not believed that
this compound is an intermediate in the synthesis of the more unsaturated carotenes. Cis-
phytoene is instead converted to cis—phytofluene, which is then isomerized to trans—phytoflu—
ene in the red tomato. Presumably, one isomerase exists in tomato fruits which effectively
isomerizes cis—phytofluene to trans—phytofluene, Fig. 11.
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In the tangerine variety of tomatoes poly—cis—carotenes replace the trans—carotenes present in
red tomatoes. The tangerine variety of tomato also differs from the normal red variety in
carotene biosynthesis by a single gene. Unfortunately, the exact cis—trans structures of the
poly—cis—compounds, proneurosporene and prolycopene, are not presently known. This is obvi-
ously an important question to an understanding of the identity of the enzyme change that has
given rise to this genetic strain and one that needs to be answered relatively soon. Since
there is a single gene difference in the genes for carotene biosynthesis in red and tangerine
tomatoes, it appears probable that the defective gene in the tangerine variety codes for an

isonerase that very inefficiently isomerizes cis—phytofluene to trans—phytotluene. Under
these circumstances desaturation would continue at the cis—phytofluene stage with the forma-
tion of poly—cis—carotenes. This would suggest that the specificity of the dehydrogenases
is broad enough to desaturate cis— or trans—carotenes when they are present in plastids.
This point could be verified by de':ermining whether cis——carotene is converted to more un-
saturated carotenes by an extract of plastids of red tomato fruits. (See Addendum.)

TABLE 5 Enzymatic conversion of cis——['4CJcarotene to more unsaturated
carotenes by a soluble enzyme system obtained from tangerine
(tt and tv) tomato fruit plastids

Carotenes Lyophilized powder

t tv

dpm % dpm %

Trans—a—Carotene 7892 24.66 8830 25.71

Proneurosporene 1101 3.15 1190 3.71

Prolycopene 6370 19.90 7050 22.03

Neurosporene 780 2.43 867 2.70

Lycopene 1323 4.13 1423 4.44
y—Carotene 447 1.39 511 1.59

p—Carotene 602 1.88 635 1.98

Extracts were prepared from a lyophilized powder of tomato fruit plastids.
Incubation was carried out under nitrogen in the dark for 8 hours at 25°C
with 0.330 nmole cis——[14CJcarotene (32,000 dpm) and 20 nmoles nonradio—
active cis——carotene as substrate (Ref. 20).

In the conversion of phytoene to lycopene four dehydrogenation steps are required, Fig. 11.
These dehydrogenations introduce trans—double bonds. In the first of these dehydrogenations
cis—phytoene is converted to cis—phytofluene. This compound is then isomerized to trans—
phytofluene. Three successive dehydrogenations then occur with the formation of c—carotene,
neurosporene and lycopene, respectively. Whether these dehydrogenations are effected by one
or more dehydrogenases is not known. However, it seems probable that more than one dehydro—
genase exists. It is also not known whether the dehydrogenases exist as a complex, as mdi—

vidual enzymes or as a single polyfunctional protein. It seems reasonably clear, though,
that the dehydrogenases are separate from the isomerase in that different genes code for
these enzymes. It is quite possible, though, that the dehydrogenases and the isomerase exist
in an enzyme complex. Obviously, the enzymes for conversion of phytoene to lycopene need to
be isolated and purified .o establish which of the above possibilities is the correct one.

Some studies on the cofactor requirements for carotene biosynthesis have been carried out
which suggest that more than one dehydrogenase is involved in the conversion of phytoene to
lycopene. In this process it is evident that the removal of hydrogen is effected by a de—
hydrogenase and not by a mixed function oxidase, inasmuch as oxygen is not required in thR
conversion of phytoene to lycopene. In the early studies of Kushwaha et al. (Ref. 17) it was
found that the conversion of phytoene to phytofluene was dependent on NADP, whereas the re-
actions from phytofluene to' lycopene appeared to require FAD and Mn, Table 6. These re-
sults suggest the possibility that the dehydrogenase for the conversion of phytoene to phyto—
fluene might be different from the ones converting phytofluene to lycopene. In the studies
by Qureshi et al. (Ref. 18) on the conversion of cis-[14Cphytofluene to other carotenes it
was found that the omission of FAD, NADP+ or Mn resulted in diminished incorporation of
radioactivity into more unsaturated carotenes, Table 7. These results are in agreement with
those of Kushwaha et al. (Ref. 17) and they suggest the possibility of two separate types of
dehydrogenation, or possibly the involvement of NADP in the cis—trans isomerization reaction.

CONVERSION OF PHYTOENE TO LYCOPENE IN OTHER SYSTEMS

The enzymatic conversion of [14Cjphytoene to acyclic carotenes has also been demonstrated

with an ammonium sulfate precipitated spinach enzyme system (Ref. 21). In this system the
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incorporation of radioactivity into phytofluene and lycopene required both light and a boiled
extract. Neither of these is required by the tomato enzyme system. FAD was also required
for the conversion of isopentenyl pyrophosphate to lycopene and NADP was required for the
formation of phytofluene. The enzymes for the conversion of phytoene to lycopene are locatec
in the plastids, as is found with the tomato system, but the enzymes for the conversion of
isopentenyl pyrophosphate to phytoene appear to be located outside the plastids.

TABLE 6 Effect of various factors on enzymatic conversion of ['4Cjphytoene
to more unsaturated carotenes

System Phytofluene c—Carotene Lycopene

cis- trans-

dpn dpndpn dpn

Complete 2612 144 1100 8807
—FAD 2321 198 0 0
—NADP 746 58 0 0
— MnC12 2801 — 14 22
— MgC12 3046 — 0 2866
— DTT 1966 — 334 1561

Incubations were carried out for 5 hours in the dark at 25°C under nitrogen,
with 0.354 nmoles (37,050 dpm) of [4CJphytoene (Ref. 17).

TABLE 7 Effect of various factors on the enzymatic conversion of cis—['4Cj—
phytofluene to more unsaturated carotenes by a soluble enzyme system
prepared from plastids of red tomato fruits

System Trans-

Phytofluene

Trans-

c--Carotene Neurosporehe Lycopene a—Carotene p—Carotene

dpn dpn dpm dpm dpn dpm

Complete 6901 1118 501 651 374 309
— FAD 4378 452 201 352 110 93
— NADP 5872 617 312 492 332 297
— MnCl2 7298 1415 216 157 112 97

— MgC12 4882 904 207 710 370 289
— DTT 7547 1263 702 812 402 480
— Tween 80 3772 791 274 14 81 98
— FAD, NADP, 202 56 42 34 35 30

MnCl2 and MgCl2

Incubations were carried out at 25°C under nitrogen in the dark for 4 hours with cis—["C}-
phytofluene, 0.213 nmole (20,340 dpn) and cis—[12Cjphytofluene, 25 nmoles, as substrate.

Crude extracts from mutants of Phycomyces blakesleeanus have also been shown to incorporate
radioactivity from [2—14C]mevalonate into lycopeie as well as other carotenes (Ref. 22). It
has been reported, too, that these extracts carL corvert ["CJphytoene to lycopene (Ref. 23)
but the cofactor requirements for these reactions have not been determined. Whether or not
these are soluble enzymes as are found in higher plants or membrane—bound enzymes is unknown
since the extracts used were obtained by low—speed centrifugation. The enzyme system from
Phycomyces is of particular interest since there is evidence from quantitative genetic con—
plementation studies for a multienzyme complex carrying out the desaturation of phytoene to

lycopene in this organism (Ref. 24). In the Phycomyces pathway, as in higher plants, the
more unsaturated acyclic and cyclic carotenes are trans whereas phytoene is predominantly
cis. However, in Phycomyces, cis—phytoene appears to be converted to the trans—isomer before
dehydrogenation (Ref. 23). The formatiqn of lycopene from trans—phytoene would then involve
four successive dehydrogenation reactions. Because of the difference in the initial step in
the conversion of cis—phytoene to lycopene in Phycomyces and in higher plants, a comparative
study of the organization of the enzymes in the two sy3tems would be of interest.

A more extensive study on carotene biosynthesis has been carried out with a cell—free prepar-
ation from Halobacterium cutirubrum (Ref. 13). The enzymes involved in the conversion of
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phytoene to other carotenes in this system are soluble, since they are located in the 270,000

x g supernatant fraction. With this enzyme system it was shown that radioactivity was read-
ily incorporated into carotenes from trans—phytoene and trans—phytofluene, but there was
little or no conversion when cis—phytoene or cis—phytofluene were used as substrate, Table
8. This is consistent with what is known of the pathway of carotene biosynthesis in this
organism. Unlike the higher plant and Phycomyces systems discussed above, in Halobacterium

the isomer of phytoene is the trans—compound (Ref. 25) and neither cis—phytoene nor cis—
phytofluene is an intermediate in the formation of more unsaturated carotenes (Ref. 13). In
agreement with other systems which have been examined, it was found that the formation of
more unsaturated carotenes required the presence of NADP and FAD (Ref. 13). It was also
found that a high concentration of salt (4 M NaC1) was required for stability of the system
from Halobacterium, an organism that grows in an extremely halophytic environment.

TABLE 8 Enzymatic conversion of cis—['4Cjphytoene, trans—['4Cjphytoene, cis-
[14Cjphytofluene and trans—['4Cjphytofluene to more unsaturated
carotenes by a soluble system from H. cutirubrum

Labeled

products Total radioactivity in carotenes

Precursor substrate

Trans-

Phytoene

Cis-

Phytoene

Trans-
Phyto fluene

Cis-

Phytofluene

dpm dpm dpm dpm

cis-Phytoene 1193 — — —

Trans-Phytoene — 2500 — —

Cis—Phytofluene 150 1800 1100 —

Trans—Phytofluene 6538 300 — 1500

a—Carotene 5565 150 10150 100

Neurosporene 4688 50 6010 —

Lycopene 3250 35 7543 —

y—Carotene 2619 40 5800 —

—Carotene 4225 70 8125 —

The complete incubation system contained either cis—[14C]phytoene, 6.11 nmole (1.11
6 6 . 14

x 10 dpm), or trans—[ Cphytoene, 5.3 nmol (1.0 x 10 dpm) or cis—[ C]phytoflu—
ene, 4.59 nmol (8.5 x lQ dpm), or trans—['4Cjphytofluene, 5.61 nmol (1.05 x l0
dpm) as substrate. Incubations were carried out for 5 hours at 37°C under nitrogen
in the daLk (Ref. 13).

In 1975 Brown et al. reported the isolation of a cell—free preparation from a Flavobacterium
sp. (Ref. 10), which was capable of synthesizing carotenes in vitro. A 100,000 x g superna—
tant efficiently incorporated radioactivity from 2—[CJmevalonate into phytoene. With the
supernatant from a low—speed centrifugation (3000 — 5000 x g) 2—[14Cjmevalonate was also in-

corporated into phytofluene, a—carotene and its unsymmetrical isomer, neurosporene and lyco—
pene. With the same preparation, the conversion of [14Cjphytoene (l5—cis—isomer) into other
carotenoids was also demonstrated. These results suggest that the enzymes involved in the
conversion of phytoene to more unsaturated carotenes in this system are particulate rather
than soluble. This appears to be the case in Neurospora as well (Ref. 12).

It is clear from the above discussion that there are some significant variations in the en-
zyme systems effecting carotene biosynthesis in various organisms. The product formed in
most instances is a trans—carotene, such as lycopene. There is a difference, though, as to
whether cis— or trans—phytoene is formed. There is also a difference as to the step at
which the cis—compound is converted to the trans—carotene (phytoene or phytofluene). There
may also be a difference in the state of the enzyme; some are soluble, whereas others are
particulate. Finally, it appears that there may be some differences in cofactors, particu-
larly for the enzyme system from chloroplasts. These differences should prove to be inter-
esting when \they are concretely established through the isolation and purification of
individual enzymes of carotene biosynthesis.

FORMATION OF CYCLIC CAROTENES

Cell—free extracts from tomato plastids that convert phytoene to lycopene also convert phyto—
ene and lycopene to one or more of the four cyclic carotenes found in tomatoes. In red tom—
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atoes small amoumts of a—, fr. and y—carotenes are found, whereas large amounts of t—carotene
and frcarotene are found, respectively, in Hi 6 and Hi tomato selections. The reactions
involved in the formation of these compounds from lycopene are shown in Fig. 13.

The incorporation of radioactivity from lycopene—l5,15'—3H into cyclic carotenes by soluble
extracts of tomato fruit plastids was first demonstrated by Kushwaha et al. (Ref. 26). More

//%//\/y
LYCOPENE

Fig. 13. The reactions that occur in the formation of cyclic carot—
enes from lycopene by a cell—free tomato enzyme system.

recently, Papastephanou et al. (Ref. 27) determined the biosynthesis of acyclic and cyclic
carotenes from phytoene and lycopene by soluble extracts from plastids of fruit of several
genetic selections of tomatoes. A summary of their results on the conversion of radioactive
lycopene to cyclic carotenes is presented in Table 9. Extracts of red tomato fruit plastids

TABLE 9 Enzymatic conversion of radioactive lycopene to more unsaturated
carotenes by soluble enzyme systems obtained from several genetic
selections of tomatoes

Carotene Geneti c selection

Rutger'
normal

5a
red

Yellowb
flesh Tangerineb Apricotb Crimsonb

Verkerk's'b

377—2aa
(rr) (tt) (at at) (ogc ogc) (vo vo)

dpm dpm dpm dpm dpm dpm

y—Carotene 31,427 200 18,146 1,500 4,206 2,135
p—Carotene 49,154 280 1,613 600 885 5,303
6—Carotene 13,510 240 — 200 5,502 —

a—Carotene 5,069 200 — 360 726 —

a [3H]Lycopene,, 1.64 nmoles (589,200 dpm) was used as substrate and the incubation of enzyme,
substrate and cofactors was carried out for one hour in the dark at 25°C under nitrogen

(Ref. 17).

b [1'CJLycopene, 1.6 nmoles (60,000 dpm) was used as substrate and incubations were carried
out for 5 hours under nitrogen in the dark (Ref. 27).

converted lycopene to all four cyclic carotenes. Similar results were obtained with extracts
of plastids of yellow flesh (low total), apricot and crimson strains. The amounts of radioac-
tivity incorporated into the cyclic carotenes were much lower, though, mainly because the
specific activity of the substrate was much lower than that used for the red tomato plastid
extracts. In extracts of the tangerine and Verkerk strains no conversion of radioactive ly—
copene to 6- or a—carotene was observed. Data have also been obtained on the cofactor re-
quirements for the cyclization of lycopene to cyclic carotenes. A requirement for FAD for
this reaction has been reported, Table 10.

Relatively little is known about the number and characteristics of the enzymes that convert
lycopene to cyclic carotenes in tomato fruit plastids. In studies on the conversion of rad-
ioactive lycopene to cyclic carotenes, extracts from plastids of fruits of two genetic
strains catalyzed the formation of y— and —carotenes, but not 6— or a—carotenes, Table 9.
This result is consistent with the presence in tomatoes of separate enzymes for the formation
of y— and —carotenes which have —ionone rings, and 6— and a—carotenes which have an a-
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ionone ring. Another point of interest is whether the enzyme that forms the —ionone ring in
the conversion of lycopene to y—carotene can also convert y—carotene to p—carotene. Similar-
ly, can this enzyme convert b-carotene to a—carotene? Although it would probably be possible
for one enzyme to effect each of these reactions, namely, lycopene -' y—carotene, y—carotene -'

p—carotene and ó—carotene -' a—carotene, it seems more likely that separate enzymes exist for
each of these reactions.

TABLE 10 Enzymatic conversion of tritiun—labeled lycopene to cyclic
carotenes by soluble preparations of plastids from Hi
tomato fruits

Incubation system Total radioactivity in carotenes

a- - a— y-

dpn dpm dpm dpn

Complete
—FAD

Complete, boiled

624
0
0

1,730
0
0

146
0
0

15,515
0
0

[3H]Lycopene, 600,000 dpm and 1.67 nmoles, was used as substrate
(Ref. 26).

The mechanism of cyclization of lycopene
to cyclic carotenes is thought to in-
volve a proton attack at C—2 of lycopene,
followed by ring closure to yield a car—
bonium ion intermediate (Ref. 28). An
a— or —ionone ring is then formed, de-
pending on which proton is lost from the
intermediate. A scheme for the enzyma-
tic synthesis of a— or -carotenes is
given in Fig. 14. In this scheme, sep-
arate enzymes are proposed for the form-
ation of the a— and —ionone rings, with
the formation of an identical carboniun
ion intermediate for each. The products
formed by the first cyclization reaction
are y— and ö—carotenes. A second cycli—
zation would lead to the formation of —
and a—carotenes. Whether this cycliza—
tion is brought about by one enzyme that
recognizes either y— or ó—carotenes or
by enzymes that are specific for each of
these compounds is unknown.

Whether extracts of tomato plastids have

enzymes which can cyclize neurosporene
as well as lycopene cannot be deter-
mined until the individual cyclization
enzymes are isolated and purified.
Traces of a— and fr-zeacarotene do occur
in tomatoes but these compounds could
arise if the specificity of the enzymes
cyclizing lycopene is not absolute.

FORMATION OF CYCLIC CAROTENES
IN OTHER SYSTEMS

Fig. 14. Proposed mechanism for the enzymaticCell—free extracts of Phycomyces blakes-
leeanus have been prepared which incor— synthesis of cyclic carotenes from lycopene.

porate radioactivity from lycopene, y—
carotene, and neurosporene into p—carotene (Ref. 29). The relative effects of carrier —
zeacarotene and lycopene in diluting out radioactivity incorporated from ['4C]neurosporene
into p-carotene were also examined in this work. Both compounds reduced the amount of radio-
activity incorporated into fr-carotene. This result was interprete4 as evidence for two cycli-
zationpathways being operative, one involving cyclization of neurosporene to -zeacarotene

-R

H' H'

Cyclizing Enzyme (D1 yclizing Enzyme ®

] Enzyme

]EnzYme

Enzyme

]EnzYme

H+J1

frionone ring
(y—carotene)

2nd cyclizatlon

/3—carotene

o.-ionone ring
(8—carotene)

2nd cyclizotlon

d—carotene
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and then to 3—carotene, and a second involving cyclization of lycopene to y—carotene and -
carotene. The possibility that these results could be due to low substrate specificity was
also recognized, however.

Cell—free extracts from Halobacterium cutirubrurn also incorporate radioactivity from L14ci—

neurosporene, [14C]lycopene and ['4CJy—carotene into ç3—carotene (Ref. 13). In this study
L '4Cjneurosporene was not as good a precursor as either [14Cjlycopene or ["CJy-carotene.

ADDENDUM

At these meetings it was reported by Dr. Moss that the structure of prolycopene is 7,9,7",9'—
tetra—cis—lycopene. The presence of the trans central double bond in prolycopene indicates
that the isomerizatiom reaction (the conversion of cis—phytofluene to trans—phytofluene) in
the tangerine tomato is the same as that in the red tomato. Cis—ç—carotene, whose cis-trans-
structure is unknown might arise from cis—phytoflueme (if the cis—bond is at the 15,15' posi—
tion) or it might arise from trans—c—carotene (if the cis bond is at the 11 position). It
appears most likely, though, that cis—C—carotene has a central cis bond. Obviously, the
characterization of the cis—trans structure of this compound is needed. If prolycopene is
formed from trans——caroteme, this would indicate the difference between red and tangerine
tomatoes resides in the dehydrogenase that effects the terminal dehydrogenation reactions.
If so, the dehydrogenase in the tangerine tomato would introduce 7 and 7' cis double bonds
into trans—a—carotene in the conversion of this compound to prolycopene. In the process the
trans—double bonds at the 9 and 9' positions would be converted to cis bonds. Proneurospor—
ene would be an intermediate in this reaction. Obviously, a characterization of the cis—
trans structure of this compound is also needed.

Relatively large amounts of radioactivity were also found in lycopene when neurosporene was
used as substrate. These observations would suggest that cyclization proceeds from lycopene
to p-carotene in this organism.

The incorporation of L3Hlycopene into p—carotene and zeaxanthin by cell—free extracts of
Flavobacterium Rl5l9 has been reported in a short communication (Ref. 10). These same work-
ers have also reported the hydroxylation of [14CJtB—carotene to zeaxanthin in similar cell—
free preparations. This is the first report of the formation of a xanthophyll by a cell—free
system. Hence, this may be a very useful system in studies on the enzymology of xanthophyll
formation.

It is evident from data reported in this paper that a number of cell—free systems have been
developed which will effect the biosynthesis of carotenes. It is also evident that a con-
siderable number of new studies must be carried out with the enzymes of these systems if we
are to establish the mechanisms of their actions. Hopefully, many of these studies will be
carried out in the next three years.
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