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Abstract-A number of previous studies of the involvement of 2-methyl-6-phytyl-1,4&enzoquinol in the biosynthesis 
of a-tccopherol have failed to take account of the fact that this quinol and its quinone have very similar 
chromatographic properties to those of 2-methyl-3-phytyl-1,4-benzoquinol and 2-methyl-3-phytyl-l&benzoquinone 
respectively. It has now been shown that the two quinones can be separated from each other either by multidevelopment 
TLC or by HPLC and that the claims made earlier with regard to the biosynthesis and metabolism of 2-methyl+ 
phytyl-Wbenzoquinol in chloroplasts are correct. In particular, it has been established that this quinol is the only 
methyl phytylbenzoquinol formed from homogentisate and phytyl pyrophosphate in chloroplast preparations. It has 
also been shown for the first time that lettuce chloroplasts are able to synthesize 3H-labelled a- and y-tocopherols from 
[methylene-3H] homogentisate. 

INTRODUCTION 

Schultz and his co-workers [l-4] have presented con- 
siderable experimental data which at first sight seem to 
show that, in spinach chloroplasts, the synthesis of a- 
tocopherol from homogentisate is carried out by the 
chloroplast envelope and proceeds by the pathway out- 
lined in Scheme 1. It is now clear, however, that they failed 
to show unequivocally that the isomeric forms of the 
products of the first three reactions are indeed the ones 
depicted in the scheme. Their failure to characterize the 
products properly is entirely attributable to the fact that 
they believed that the three isomeric forms of phytylto- 
luquinone (3-5)t could be separated by adsorptive TLC 
1139 whereas, in practice, 2-methyl-6-phytyl-1,4- 
benzoquinone (4) cochromatographs with 2-methyl-3- 
phytyl-1,4-benzoquinone (5) in the systems quoted [S]. 
The use of the incorrect chromatographic data by the 
German group meant that in the characterizations of the 
quinols (as the corresponding quinones) and tocopherols, 
they failed to differentiate between 2-methyl&phytyl- 
and 2-methyl-3-phytyl-l,4-benzoquinone (4 and S), be- 
tween 2,3_dimethyl-S-phytyl-l+benzoquinone (6)and its 
isomer 2,5-dimethyl-3-phytyl-l+benzoquinone (8) and 
between y-tocopherol (y-T, 20) and 5,7_dimethyltocol(21) 
in their studies on the phytylation of homogentlsate [3,4] 
and the methylation of what, unbeknown to them, was a 
mixture of 2-methyld-phytyl- and 2-methyl-3-phytyl-1,4- 
benzoquinol [ 1,2]. 

In our own investigations into the biosynthesis of 

*Present address: Department of Botany, University of 
Reading, Reading RG6 2AS, UK. 

tUnless stated otherwe the phytyl side chain is m the tram 
configuration. 

tocopherols, we have shown that lettuce chloroplasts are 
able to synthesize 2,3_dimethyl-5-phytyl-1,Cbenzoquinol 
(2) from homogentisate via the formation of 2-methy% 
phytyl-l&benzoquinol (1) [6]. However, we obtained no 
evidence for the involvement of these compounds in the 
biosynthesis of lettuce tocopherols. The presence of the 
label in 1 (isolated as its quinone, 4) was established by the 
demonstration that the S-[“H]tocopherol (6-T, 18) ob- 
tained on chemical cycliition (Scheme 2) of a mixture of 
HPLC ‘pure’ ‘H-labelled and unlabelled (carrier) 4 had 
the same specific radioactivity as the starting mixture. In 
retrospect, however, it appears that the unlabelled carrier 
quinone could have contained some 15% 2-methyl-3- 
phytyl-1,~benzoquinone (5) and that the specific radioac- 
tivity of the 6-E3H]T should have shown an 18 y0 increase 
in specific radioactivity, unless, of course, the ‘H-labelled 
4 contained some 15 % ‘H-labelled 5. 

In this paper we report on (a) the spectroscopic 
properties and the HPLC and TLC separation of the three 
phytyltoluquinones (3-5) and (b) the re-examination of 
the products formed from homogentisate and phytyl 
pyrophosphate and from each of the isomers of phytylto- 
luquinol and S-adenosylmethlonine (SAM) by chloro- 
plasts of lettuce and spinach. It must be stressed that 
although labelled quinones were isolated in the biogenetic 
studies the true Intermediates are the corresponding 
quinols from which the quinones are formed by oxidation 
in the course of the extraction procedures. 

RESULTS 

While studying the biosynthesis of a newly reported 
putative intermediate in the formation of 2-methyl& 
phytyl-l+benzoquinol (1) from homogentlsate and 
phytyl pyrophosphate [7], we observed that on HPLC of 
a synthetic phytyltoluquinone mixture on a regenerated, 
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Scheme 1. Proposed pathway for the biosynthesis of a-tocopherol from homogentisate in spmach chloroplasts [ 11. 

R’ R’ R’ 

Me H H 3 
H Me H 4 

H H Me 5 

Me Me H 6 

Me H Me 7 

H Me Me 8 

Me Me Me 9 

QUlllOlW ( 

2 - Methyl - 5 - phytyl - I, 4 - benzoqumone 

2 - Methyl -6- phytyl - I, 4 - benzoqumone 

2 - Methyl -3- phytyl -I,4 - benzoqumone 

2, 3 - DImethyl- 5 - phytyl - I,4 - benzoqumone 

2.6 - Dunethyl - 3 - phytyl - I, 4 - benzoqumone 

2,s - Dmxthyl - 3 - phytyl - I,4 - benzoqumone 

2, 3,s - TrImethyl - 6 - phytyl benzoqumone 
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Scheme 2. Structures, nomenclature and abbrevurtlons. 

prepacked column of LiChrosorb Si 60 5 pm (Merck) 2- 
methyl&phytyl-1,bbenzoquinone (4) was well resolved 
from 2-methyl-3-phytyl-1,4-benzoquinone (5) (e.g. Fig. 1). 
In addition, it was found that the two isomers were easily 
separated from each other by triple development TLC on 
silica gel developed with etther dlisopropyl ether-petrol 
(40-60”, 1:9) or dlbutyl ether-petrol (40-60”, 1:9) 
(Table 1). The percentage composition of the phytylto- 
luquinone mixture was 3,36; cw3, 12; 4, 33; cu-4, 12; 5,6; 
cisd, 2. 

Characterization of the three isomeric forms of 
phytyltoluqumone 

HPLC- and UV [log E (A,,, cyclohexane) ca 4.25]-pure 
samples of the trans isomers of 2-methyld-phytyl- and 2- 
methyl-5-phytyl-l+benzoquinone (4 and 3) and an 85 % 
pure sample of the rrans isomer of 2-methyl-3-phytyl-1,4- 
benzoqumone (5) were isolated as yellow oils from a crude 
mtxture of cis and trans isomers of the three qumones 
(Experimental) by triple development TLC. The isolation 
of substantial amounts of good quality samples of the 

three quinones was aided greatly by the use of a TLC 
applicator. However, despite repeated TLC it was not 
possible to remove a UV-absorbing impurity (R, 41 min, 
system 5, Table 2) from the sample of 2-methyl-3-phytyl- 
1 ,4-benzoquinone (5). 

The mass spectra of the three trans isomers were 
identtcal and contained the expected peaks at m/z 400 
(11%) [Ml+ and 175 (46%) ([C11H1102]+, pyrylium 
ion) [S, 91. The UV spectra, however, showed small but 
distinct differences with regard to the shapes and I, 
values of the absorption bands (Table 1). The ‘HNMR 
spectra (Table 2) contained the expected signals for 
compounds of this type. The spectra of 3 and 4, the two 
isomers which each have a ring proton ortho to the phytyl 
side chain, were very similar. In both spectra, each of the 
two ring protons and the nuclear C-methyl group gave rise 
to a multiplet signal (Table 2). The spectrum of 5, however, 
differed markedly from those of its two isomers (Table 2). 
Thus the two ring protons, which are now ortho to each 
other, gave rise to a single singlet signal, as did the nuclear 
C-methyl group which 1s now ortho to the side chain. In 
addition, the signals due to H-4’ and H-2’ were shifted 
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Fig. 1. Radio-HPLC of 3H-labelled phytyl-substituted quin- 
ones. A portion (23 x lo3 dpm) of the 3H-labelled quinone 
fractton recovered from TLC of the lipld extract of the incubaton 
mixture contauung spmach chloroplasts, [“H]homogentisate 
and phytyl pyrophosphate (Table 4) was taken up in 30 ~1 of 
cyclohexane contammg synthetic 6 and a mixture of phytyl- 
toluquinones supplemented with 5 and 20 ~1 subjected to radio- 
HPLC (system 5, Table 3). In the example chosen some 95 % of 
the radioactwlty mjected onto the column was recovered in 2- 
methyl-bphytyl- and 2,3-dlmethyl-S-phytyl-l&benzoqumone 
(4and 6). 1, ~-6; 2,6; 3,7; 4, S; 5, czs-3; 6,3; 7, CIS-5; 8, cw4; 9,s; 10, 

4; 11, contaminant In 5 

Table 1 UV spectral propertles and TLC separation of 
phytyltoluqumones 

Rrt 

Silica gel triple de- 
veloped with dtbutyl 
ether-petrol (W) 

Qumone max shoulder P* (1.9) 

3 253 261 (sh/peak) 5.3 CIS 0.76 

4 254 260 5.5 

5$ 249 259 4.8 

tram 0.71 
CIS 068 
trans 0.63 
CIS 0.62 
Vans 0.58 

*P, Persistence (Lmax/R222nm 1 
tAlthough not quite as good, a slmdar separation of the 

cls/trans isomers was obtamed with dusopropyl ether-petrol 
(40-60”) (1.9). Compound 4 was not separated from S on s~hca 
gel triple developed with C,Hs, C,H,-petrol (4WW) (2:3), 
C,H6XHC13 (1 1) or Et@--petrol (40-60”) (1: 9) 

$UV data obtamed on an HPLC punfied sample. 

upfield whilst those due to Hz-l’ and the 3’-methyl group 
were shifted downfield. 

Final confirmation of the substitution patterns of the 
qumones was provided by the demonstrations that on 
cyclization followed by catalytic hydrogenation each 

Table 2. ‘H NMR data for the phytyltoluqumones (250 
MHz, CDCI,, TMS as int. standard) 

H* 
Integral 
value? 3 4 5 

R,R=H 2 6.58 m 6.54 m 6.71 s 
651m 6.48 m 

2 1 5.14r 5.14 t 4.93 t 
1’ 2 311d 313d 3.21 d 
R=Me 3 203d 2.06 d 204s 
4 2 201 t 2.01 t 1.96 t 
3’-Me 3 154s 1.54 s 1.73 s 

Rest of 
side cham 

>CH- 3 1.43 s 1.43 s 1.54 s 
<Hz- 16 125m 1.25 m 126m 
-Me 12 0.86 d 0.86 d 0.87 d 

*The numbermg of the side chain IS given m Scheme 2. 
tThe Integral values for 3 and 4 were as expected, as 

were those for 5 after allowance was made for the -CH2- 
and Me absorptions of the lmpurlty In the sample. 

quinone gave the expected chromanol (UV, TLC and 
colour reactions, and HPLC). 

Chromatographic properties of qurnones and chromanols 

Apart from the data given in our previous publication 
[6], there has been no comprehensive summary of the 
HPLC and TLC properties of these compounds, other 
than the brief and, m parts, inaccurate summary of the 
relative mobilities on TLC of the marker compounds used 
for the purification and identification of labelled inter- 
mediates in their incubation mtxtures [l]. This deficiency 
in the literature is here rectified in Table 3. 

Biosynthetic studtes 

Experimenrs wvh [methylene-‘H]homogentisate. A 
series of incubations were carried out in which chloroplast 
preparations of lettuce or spinach were incubated with 
[3H]homogentisate in the presence or absence of either 
isopentenyl pyrophosphate (IPP) or phytyl pyrophos- 
phate (Table 4). The lipid extracts from the various 
mcubatlon mixtures were examined by radio-TLC 
(system 1, Table 3) and by radio-HPLC (systems 4-6, 
Table 3) of either the quinone (R, 0.35-0.60) and chro- 
manol (R, 0.10-0.35) zones obtained from TLC (system 1, 
Table 3) of the lipid extracts or the 2,3,5-trimethyl& 
phytyl-l+benzoquinone, plastoquinone-9, f,Idimethyl- 
5-phytyl- 1 +benzoquinone (6), 2-demethylplasto- 
quinone-9 to 2-methyl-3-phytyl-l&benzoquinone (J), a- 
T and y-T zones from TLC. To facilitate the analysis of 
TLC fractions containing both nonaprenyl- and phytyl- 
substituted quinones, the fractions were subjected to 
radio-HPLC in system 4 (Table 3) and the 2-methyl& 
phytyl- and 2-methyl-3-phytyl-l+benzoquinones (4 and 
5), which were not well resolved from each other, collected 
as a single fraction and subjected to radio-HPLC in 
system 5 (Table 3). In agreement with a previous study 
[6] most of the radioactivity in the lipid extracts was 
distributed between compounds which on TLC co- 
chromatographed with plastoquinone-9, 2- 



Table 3. TLC and HPLC properttes of qumones, quinols and tocopherols 

Compound 

Rf R, (mm) 

Parathn- 
impregnated LiChrosorb St60 5 p (125 x 4 mm, 

Silica gel sdica gel G [8] Merck)5 ODS Hype& 5 p (150 x 4.6 mm)7 

‘A Droxane m tsooctane 

C,H,* Et@-petrol Me&C&HZ0 0.06 0.02511 1 MeCN-H,O** MeOH-Hz0 
(System 1) (1 .9)t (System 2) (9: I)$ (System 3) (System 4) (System 5) (System 6) (System 7) (4 : 1) (System 8) 

PQ-9 
Trimethylphytyl- 
benxoqumone 
6 
2’,3’dthydro-6 
7 
2-DPQ-9 
8 
3 
4 
5 
K-T 

5,7-Dtmethyltocol 
Trtmethylphytyl- 
benxoqumol 
PQH,-9 

Y-T 
&T 
Qumol of 6 
6-T 
DPQH2-9 
Qumols oE 7 

8 
3 
4 
5 

068 0.44 0.02 21 71 - 29.5 - 

0.64 
0.63 
0.63 
0.56 
0.56 
0.55 
0.55 
0.50 
0.49 
0.39 
0.32 

0.48 0.12 
0.42 0.20 
- - 

0.43 0.25 
0.35 0.04 
0.41 0.26 
0.40 0.33 
0.37 0.35 
0.35 0.38 
0.15 0.56 
- 0.62 

14 

(Fit; 1) 
25 

27 
28 
36 
34 

- 
9 

Runs wtth c-6 
12 
41 
13 
18 
14 
14 

- 
15.5 
- 

15.5 
- 

15.5 
12 
12 
12 
14 
12 

- 
11.2 

- 

11.2 
- 

11.2 
7.6 
7.6 
7.6 
8.8 
7.6 

- 
- 
- 
- 
- 
- 
12 
14.5 

0.32 
0.32 
0.25 
0.25 
0.24 
0.17 
017 
0.16 
0.15 
0.14 
013 
0.13 

0.89 
0.79 
0.72 
0.72 
0.93 
0.83 
0.89 
0.93 
0.93 
0.95 
0.95 
0.95 

12 
12 
24.5 
22.5 
24.5 
40.5 

- 
22.5 
12 
12 
6.5 
- 

- - 
7.6 
7.6 
3.5 

- 
- 

- 
- - 
- - 

- - 
- - - 
- - - - 
- - - 

*Rhodamine 6G-impregnated sdica gel H (Merck) [S] 
t Sdica gel HF, TLC-ready-fad (Schletcher and Schhll). The order of mtgratton of some of the compounds differs markedly from those reported m ref. [i]. 
SCornpounds visuabxed by spraying with rhodamrne 6G m Me,CO. 
51.1 ml/mm. 
IiRegenerated column. 
12 ml/mitt. 
**M&N-H,0 4: 1, 5 mm; 4: 1 +9:1,5min;9:1,5mm;9:1+MeCN,5min;MeCN,toend. 
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Table 4. IncorporatIon of radioactIvIty from [“H]homogentlsate mto quinones and tocopherols 
m chloroplast suspensions 

Radioactlvity (10e3 x dpm)* 

Supplements 4 6 y-T a-T 2-DPQ-9t PQ-9t 

Experiment 1. Lettuce chloroplasts 
None 
IPP 
Phytyl pyrophosphate 

Experiment 2. Spmach chloroplasts 
None 
IPP 
Phytyl pyrophosphate 

Experiment 3. Lettuce chloroplasts 
None 
SAM 
SAM, IPP 

4.3 11.2 0 0 0 0.4 
10.1 15.5 Tr(?) 0 10.5 5.6 
21.2 42.8 Tr(?) 0 0 0.6 

33 1.2 0 0 0 0.3 
234 34.1 Tr(?) 0 6.2 11.4 
61 6 41.9 Tr(?) 0 0 0.9 

7.0 20 0 0 0.1 0 
0 21 2 8.3 0.8 0 03 
0 37 1 132 3.3 0 10.2 

In experiments 1 and 2 each incubation tmxture (total vol. 1 ml) contained: suspension buffer, 
pH 7.6, chloroplast preparation (0.5 mgchlorophyll), 10 pmol MgCI,, [‘H]homogentisate (2 &I) 
and either 0.5 ymol LIJPP or 0.1 ~01 (NH,), phytyl pyrophosphate. The rmxtures were 
Incubated m 10 ml test tubes with constant shakmg and dlumination (1350 ~mol/m*/sec) at 20” for 
30 mm. In expenment 3 each mcubatlon mixture (total vol. 3 ml) contamed: suspension buffer, pH 
7.6, chloroplast preparation (0.3 mg chlorophyll), 10 pmol MgCI,, [3H]homogentlsate (2 ~CI), 
+ 1 prnol Li,IPP and 0 5 pmol SAM. The mixtures were Incubated m 25 ml comcal Basks under 
the conditions Just described.. To provide enough “H-labelled materlal for characterlzatlon 
studies, each mcubatton was performed in duplicate or tnphcate. The results obtained for the 
rephcates which were analysed were essentially the same as those recorded m the table. 

*Experiments 1 and 2: 488 x 103dpm = synthesis of 1 pmol of product/hr/mg chlorophyll; 
Experiment 3: 293 x 10” dpm = 1 pmol of product/hr/mg chlorophyll. 

t 2-DPQ-9, 2-demethylplastoqumone-9; PQ-9, plastoqumone-9 

demethylplastoquinone-9, 2,3-dimethyl-S-phytyl-1,4- 
benzoquinone (6) and 2-methyl-6-phytyl-1,4- 
benzoquinone (4) (plus 5). More importantly, however, 
radio-HPLC analysis supported the previous claims [3,4, 
6] that the only labelled phytylquinones produced in the 
various reaction mixtures were 2-methyld-phytyl- and 
2,3-dimethyl-%phytyl-1,Cbenzoquinone (4 and 6) (e.g. 
Fig. 1). HPLC-purified 3H-labelled 4 also cochromato- 
graphed with the single mass peak given by an isomeric 
tmxture of phytylquinones (3-S) on reversed-phase 
HPLC (system 6, Table 3) and, after reduction (sodium 
borohydride), with 2-methyl-6-phytyl-l+benzoquinol 
(1) (system 7, Table 3). In addition, on TLC of the 
products obtained on cyclization (Scheme 2) of a mixture 
of the radtoactive quinone and an isomeric mixture of 
synthetic phytyltoluquinones the radioactivity migrated 
with the chromenol of 4 (11). The identity of the 
radioactive 6 was confirmed by reversed-phase HPLC, by 
reduction to the corresponding quinol and by cyclization 
and reduction to form y-T(20). 

The addition of SAM, as expected [6], resulted in the 
accumulation of 6 at the expense of 4 (Table 4). It also led 
to the appearance of 3H-labe.lled y- and a-T (20 and 23) in 
some experiments. The identities of y- and a-T, chro- 
manols which on TLC and adsorptive HPLC have the 
same chromatographlc properties as 2,3_dimethyl-5- 
phytyl-1,4_benzoquinol (2) and plastoquinol-9 respect- 
ively (Table 3), were established by reversed-phase HPLC 
followed by ordinary phase HPLC of the tocopherol 
fractions recovered from TLC. In the reversed-phase 

system (system 7, Table 3) used the y-T was well resolved 
from 2 and any 6 formed by oxidation of 2 on elution of 
the gel with ether and a-T was well resolved from 
plastoquinol-9 and plastoquinone-9. In fact very little 
radioactivity was associated with quinols showing that 
they had been oxldtzed almost completely to quinones in 
the course of the extraction of the lipids from the 
incubation medium. Adsorptive HPLC (system 6, Table 3) 
established that the dimethyltocol was y-T and not B- (22) 
or 5,7-dimethyl tocol (21). 

Experiments with phytyltoluquinols. Spinach chloro- 
plasts were prepared and incubated with [Me- 14C]SAM 
and samples of each of the phytyltoluquinols (prepared 
from our purest samples of phytylquinones) and two 
analogues of 2-methyl-6-phytyl-1,4_benzoquinol under 
the same conditions as those employed by Sol1 and 
Schultz [l], except that the quinol-forming reaction 
mixtures were not purified before use. The incubation 
mixtures were examined by procedures similar to those 
just described under (a) (Table 5). 

It was found that 3H-labelled 2,3-dimethyl-S-phytyl- 
1,4-benzoquinone (a), y-T(20) and a-T(23) were ac- 
cumulated in the incubation mixture supplemented with 
2-methyld-phytyl-1,4_benzoquinol(l). Compound 6 was 
also accumulated in the reaction mixture supplemented 
with the quinol of 3 whilst small amounts of 7 were 
formed in the incubation supplemented with the quinol of 
5. The incubations containing cis and 2’,3’-dihydro forms 
of 1 produced cis- and 2’,3’-dihydro-6 respectively. 

All of the extracts contained “C-labelled compounds 
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Table 5. Incorporation of radloactivtty from [Me-‘*C]SAM into 
&methyl-substituted quinones and tocopherols m spinach chloroplast 

suspension supplemented with quinols 

Radloactivity (lo-” x dpm)* 

Qumol 
(0.5 mM) Unknown? 6 y-T a-T 

Control 4.9 0 0 0 
1 5.9 27.9 7.1 0.9 
3 6.1 3.9 0 0 
4 8.7 1.8 (7) 0 0 
CiS-1 8.6 3.8 (cis-6) 0 0 
2’,3’-chhydro-1 10.8 7.5 (2’,3’-chhydro-6) 0 0 

Each mcubation mature (total vol. 1 ml) contained 0.91 ml of spinach 
chloroplast suspension (1.8 mg chlorophyll/ml), pH 7.6, 50 pl of [Me- 
%]SAM.HZSO* (1 &I), 50 $0.2 M NaHCO, and either 20 pl of EtOH 
containing a crystal of NaBH, or 20 pl of EtOH containing 0.5 pmol quinol 
plus reacted and unreacted NaBH4. The additions were made m the order 
described. The mixtures were incubated in 10 ml test tubes with constant 
shaking and dlurnmation (1350 pmol/m*/sec) at 20” for 30 min. 

* 109 x 10’ dpm = synthesis of 1 nmol of 6 or y-T/hr/mg chlorophyll or 0.5 
nmol of a-T/hr/mg chlorophyll. 

tSee text for TLC and HPLC properties. 

which on TLC (system 1, Table 3) migrated with the same 
R, values as 7 and 8. On radio-HPLC (system 5, 
Table 3), the “C-activlty was eluted as two major peaks 
(R, 10 and 12) just prior to the mass peak of cis-4 and a 
minor peak (R, 20 mm) just after the mass peak of trans-4. 
Sol1 and Schultz [l] made no reference to the presence of 
these compounds m then incubation mixtures, although 
Professor Schultz (personal communication) has reported 
that they were present. 

DISCUSSION 

It has been shown that 2-methyl-6-phytyl-1,4- 
benzoquinone (4) can be separated from 2-methyl-3- 
phytyl-l$&enzoquinone (5) either by multidevelopment 
TLC or by HPLC (Tables 1 and 3). The successful 
separation of these two quinones from each other by 
HPLC on a commercial column which for some two years 
from new had failed to resolve the two isomers from each 
other appears to be attributable to an improvement in the 
resolving power of the column brought about in the 
course of its regeneration. 

The results of the two types of biogenetic experiment 
(Tables 4 and 5 and Fig. 1) reported in this paper have 
confirmed the claims of previous workers [l-4,6]. In 
particular, they show that 2-methyl-6-phytyl-1,4- 
benzoquinol (1) is the only detectable product of the 
phytylation of homogentisate in chloroplast preparations 
of lettuce and spinach and that 2,3-dlmethyl-5-phytyl-1,4- 
benzoquinol(2) is the first detectable methylation product 
of 1. They also show that although 2 is the only possible 
product which can be formed by the sequential operation 
of the first two enzymes on the pathway outlined in 
Scheme 1, the C-methylase whilst most actrve with 1 can 
convert 2-methyl-5-phytyl-1,Cbenzoquinol to 2, 2- 
methyl-3-phytyl- 1 ,4-benzoquinol to 2,6-dlmethyl-3- 
phytyl-l&benzoquinoI, cis-1 to cis-2 and 2’,3’-dihydro-1 
to 2’, 3’-dihydro-2. The formation of 2 from 2-methyl-5 

phytyl-1,4-benzoquinol is perhaps somewhat surprising, 
since all of the other conversions involve C-methylation of 
the nuclear C-atom paru to the side chain. 

It was also shown for the first time that lettuce 
chloroplasts are able to form ‘H-labelled a- and y-T from 
[“H]homogentisate and SAM. In support of a precursor- 
product relatlonship between 2 and y- and a-T, it was 
confirmed that spinach chloroplasts supplemented with 1 
and [Me- 14C] SAM are able to form y- and a-T in 
addition to 2. It must be stressed, however, that whilst the 
synthesis of 2 from homogentisate and phytyl pyrophos- 
phate via 1 appears to be beyond doubt as a result of a 
pulse chase experiment [6] and the expertments reported 
in this paper, the formation of a- and y-T from 2 still 
awaits unequivocal confirmation. On balance, however, 
all the available data are consistent with the pathway 
outlined in Scheme 1. 

EXPERIMENTAL 

Radiochemicals. S-Adenosyl-L-[Me-%]methiomne (6OgCi/ 
pmol) and [rnethyZene-3H] homogentisate (0.88 Ci/pmol) were 
purchased from The Rachochemical Centre, Amersham, Bucks, 
UK The [“H]homogentisate was purified before use by TLC [6]. 

Chemcals. The qumones and chromanols used in this study 
were either synthesized [6] or obtained from the sources listed in 
ref. [6] Ll,IPP and phytyl pyrophosphate (NH,), were syn- 
theslzed by the methods described m refs. [6] and [lo] respect- 
Ively. All orgamc solvents were redistilled before use. 

Separation of CIS- and trans-phyryltoluquinones. A sample 
(140 mg) of a crude rmxture of cis- and tram-phytyltoluquinones 
(3-5) prepared by condensation of phytol with toluquinol m 
dloxane m the presence of BF,-etherate [6] was subjected to TLC 
on rhodamme 6G-Impregnated 0.5mm sihca gel H plates de- 
veloped with Et@-petrol (2.23). To ensure that discrete and 
straight bands were obtamed the samples were applied to the gel 
by means of a commercial TLC applicator in this and all 
subsequent TLC separations of the phytyltoluquinones After 
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development, the phytyltoluquinones (50 mg) were recovered 
from the gel with Et,0 and rechromatographed on EtsO-washed 
(by development) rhodamine 6G-impregnated silica gel H plates 
which were triple developed with either diisopropyl ether-petrol 
(40-60”) (2: 23) or Bu,CTpetrol (40-60°) (2: 23). After develop 
ment (R, values, Table l), S,4 plus small amounts of c&5,3 plus 
some cis-4 and cis-3 were recovered from the plate with Et,0 and 
rechromatographed in the same system to give samples of each of 
the three tram tsomers (3, 7.5 mg; 4, 4.7 mg; 5, 3 mg) of 
phytyltoluquinone and cis-3 (2 mg). In the case of 3, the front of 
the band was taken in order to obtain a sample free from cis-4. 
The TLC, HPLC, UV, MS and ‘H NMR properties of the three 
tram isomers of phytyltoluquinone are given in the Results 
section and m Tables l-3. CIS-4 was obtained by TLC of an old 
sample of 4 in which some 12% of the truns isomer had 
isomer&d to the CIS isomer as a result of prolonged storage and 
periodic exposure to light. 

Preparatton 0/2’,3’-dihydro-4. Thus compound (UV 1, 255 
nm (cyclohexane); MS m/z 402[M]+) was prepared by catalytic 
hydrogenatton of4 under the same conditions as those used in the 
preparation of 2’,3’-dthydro-6 [8]. 

Comerston of @nones to chromenols and chromanols. The 
quinone (or mixture of qumones) was converted into its chro- 
menol by refluxing m C,H,N[9]. The chromenol (or mixture of 
chromenols) was then converted into its chromanol (mono- 
methyltocol or diiethytocol) by catalyts hydrogenation 
(Pt02-H,O) [S]. The TLC proper&s (R, and colour reaction on 
spraymg with 0.2 % (w/v) Fast Blue in EtOH followed by aq. 5 % 
(w/v) KOH of the three monomethyl chromenols and chro- 
manols (10-12, 17-19) on sihca gel H developed with 
Et&-petrol (4: 1) were as follows: 11, 0.29, brown; 10, 0.33, 
orange-brown; 12,0.38, red; 18, (&tocopherol) 0.29, brown; 17, 
0.34, orange-brown; 19,0.39, red. The TLC and HPLC properties 
of the dimethyltocols (20-22) are gwen in Table 3. 

Biological material. Lettuce (Luctuca satlva L. var Bizet or 
Ostmata) plants and spinach (Spinucio oleracea L. hybrid 102) 
seedlings were grown from seed at the Botanic Gardens, 
University of Hull. 

Isolation of chloroplasrs. Lettuce chloroplasts were prepared 
from lettuce plants by the method outlined in ref. [6], with the 
modification that the penod of homogenization was reduced 
from 90 set to 2 x 10 sec. Spinach chloroplasts were prepared 
from 7- to IO-day-old seedlings by the method of ref. [l l] as 
modified by ref. [ 121. 

Incubarron mrxtvres. The various incubation mixtures used in 
these studies are given m Tables 4 and 5. In the incubations 
contammg phytyltoluquinols, the phytyltoluquinol was formed 
by reduction of the appropriate amount of phytyltoluqumone in 
20~1 of EtOH with a small crystal of NaBH4. The reactton 
mixture was used without purification and was the last addttion 
made to the incubation mixture 

Anulysrs ojmcubatron mixtures. The lipids were extracted from 
the incubation mixtures wtth Me&O from which they were then 
partittoned into petrol [l]. In the cases of the incubations 
containing [Me-i*C]SAM 50 pg each of a- and y-T and 4 pg of 6 

were added to the Me,CO extract. The petrol soluble lipids along 
with the appropriate marker compounds were then subjected to 
TLC on either rhodanune 6G-impregnated silica gel H or sibca 
gel HF2s4+s6e developed with C6Hs. After development, the 
plates were examined under a UV (254 nm) lamp to locate the 
positions of the marker quinones and either the quinone (R, 
0.30-0.60~ and tocopherol (R, 0.19-Q3O)-containing areas or the 
individual quinone- and tocopherol-containing bands from the 
plate eluted with Et,O. The Et,0 extracts, after addition of 
appropriate amounts of authentic samples of quinones (l-4 rg) 
and, if appropriate, chromanols (10-20 pg), were then subjected 
to HPLC m one or more of the systems listed in Table 3. The 
efRuent from the column was monitored at either 254 nm m the 
case of qumones or 280nm in the case of tocopherols. The 
e&rent from the momtor was collected at intervals of 1 min 
between mass peaks and 30 set over the mass peaks and the 
individual fractions assayed for radioactivity in a liquid scintil- 
lation counter [6]. In the case of the fractions collected on 
reversed-phase HPLC the solvent was removed prior to 
radioassay. 

The recovery of radioactivity from HPLC was usually in excess 
of 95 y0 of the amount inJected onto the column. The chemical 
conversions of mixtures of ‘%Z- or 3H-labelled and unlabelled 
quinones to their correspondmg chromenols and chromanols 
were carried out by the methods outlined above. 
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