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The formation of homogentisate in the biosynthesis 
of tocopherol and plastoquinone in spinach chloroplasts 

Erich Fiedler, J/irgen Soll, and Gernot Schultz 
Institut ffir Tierern/ihrung, Arbeitsgruppe ftir Phytochemie, Tier/irztliche Hochschule, 
Bischofsholer Damm 15, D-3000 Hannover 1, Federal Republic of Germany 

Abstract. Homogentisate is the precursor in the 
biosynthesis of ~-tocopherol and plastoquinone-9 
in chloroplasts. It is formed of 4-hydroxyphenyl- 
pyruvate of the shikimate pathway by the 4-hy- 
droxyphenylpyruvate dioxygenase. In experiments 
with spinach the dioxygenase was shown to be lo- 
calized predominatedly in the chloroplasts. Enve- 
lope membranes exhibit the highest specific activi- 
ty, however, because of the high stromal portion 
of chloroplasts, 60-80% of the total activity is 
housed in the stroma. The incorporation of 4-hy- 
droxyphenylpyruvate into 2-methyl-6-phytyl- 
quinol as the first intermediate in the tocopherol 
synthesis by the two-step-reaction: 4-Hydroxy- 
phenylpyruvate ~ Homogentisate Phytyl-PP 2-Meth- 
yl-6-phytylquinol was demonstrated by using enve- 
lope membranes. Homogentisate originates direct- 
ly from 4-hydroxyphenylpyruvate of the shikimate 
pathway. Additionally, a bypass exists in chloro- 
plasts which forms 4-hydroxyphenylpyruvate from 
tyrosine by an L-amino-acid oxidase of the thylak- 
oids and in peroxisomes by a transaminase reac- 
tion. Former results about the dioxygenase in per- 
oxisomes were verified. 

Key words: Chloroplast  - Homogent i sa te  - 4-Hy- 
droxyphenylpyruvate dioxygenase - Plastoquinone 
- Spinacia Tocopherol. 

Introduction 

Homogentisate is well known as the aromatic pre- 
cursor in the biosynthesis of c~-tocopherol and plas- 
toquinone in the chloroplast (Whistance and 
Threlfall 1970; Hutson and Threlfall 1980; Good- 
win 1965). The envelope membranes were found 
to catalyze prenylation to the corresponding meth- 

ylprenylquinol and also the subsequent reaction 
steps (SoU et al. 1980) (Fig. 1). The homogentisate 
synthesis from 4-hydroxyphenylpyruvate has not 
been elucidated as yet though the shikimate path- 
way is active in spinach chloroplasts (Bickel et al. 
1978; Bickel and Schultz 1979; Buchholz and 
Schultz 1980). 

Considerable formation of homogentisate 
from both 4-hydroxyphenylpyruvate and tyrosine 
had only been described in peroxisomes (Bickel 
et al. 1979). The occurrence of a homogentisate- 
forming system in thylakoids of L e m n a  gibba was 
reported (L6ffelhardt and Kindl 1979). The pres- 
ent paper indicates that the stroma of spinach chlo- 
roplasts is the main site of the 4-hydroxyphenyl- 
pyruvate dioxygenase. 

Materials and methods 

Radiochemicals. L-[ring-3,5-3H] tyrosine (1889 GBq mmo1-1) 
was purchased from NEN (Dreieich, FRG). L-[ring-3,5-3H]-4 - 
hydroxyphenylpyruvate was enzymically prepared according to 
Lindblad (1971), modified as follows: 18,8 MBq L-[ring-3,5- 
3H] tyrosine, 16,7 nkat L-amino acid oxidase (Sigma Munich, 
FRG), crude dried venom from Crotalus adamanteus), and 
16,7 pkat catalase (Sigma purified powder from bovine liver) 
were incubated for 30 rain at room temperature in a total vo- 
lume of 200 pl 50 mM sodium phosphatebuffer, pH 6.5. After 
addition of 50 gg unlabeled 4-hydroxyphenylpyruvate, the mix- 
ture was layered on a 3.]0mm column Dowex 50Wx8,  
200-400 mesh (Serva, Heidelberg, FRG) equilibrated with 
0.1 M HC1. The column was eluted with ice-cold water. The 
first ] 00 pl eluate were discharged; the next 2 ml were collected, 
acidified (pH 2), and extracted four times with ice~zold dietbyl- 
ether. Then, 5~200 pl HzO were added and the ether removed. 
The radiochemical purity was >93% (Fig. 2). The yield of 
labeled product was ca 60%. 4-Hydroxyphenylpyruvate is un- 
stable and degrades to a small extent to 4-hydroxybenzaldehyde 
and 4-hydroxyphenyl acetic acid during the chromatography. 
Control experiments did not show tyrosine in the extract con- 
taining 4-hydroxyphenylpyruvate. Due to its low stability, 4- 
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Shikimate 

Pathway 

Prenyld i phosphate 
CH2COCOOH OH ~ 

+ 02.,N ~ [~CH2CO0 H ~ .  / -Tocopherol 

C O. -!~- ~ C 0 7  2- Methyl- 6- phytylquinol 

OH ~ Plastoquinone OH 

4-Hydroxyphenyl - Homogentisate 
pyruvate 

Tyrosine 

Fig. 1. The role of 4-hydroxyphenylpyruvate and homogentisate in biosynthesis of the prenylquinones ~-tocopherol and plastoquin- 
one in chloroplasts 

hydroxyphenylpyruvate had always to be prepared immediately 
before use. The specific radioactivity was 66 GBq mmol- 1. 

Isolation of purified chloroplasts. Intact chloroplasts were pre- 
pared from spinach leaves according to Nakatani and Barber 
(1977). They were further purified by centrifugation through 
gradients of 90% Percoll, essentially according to Haas et al. 
(1980). To assure free passage of tyrosine and 4-hydroxyphenyl- 
pyruvate across the envelope, the purified chloroplasts were 
osmotically shocked in hypotonic buffer solution (10 mM 4-(2- 
hydroxyethyl)-l-piperazine ethane sulfonic acid (HEPES), 
pH 7.6; 4raM MgCI2). 

Isolation of chloroplast subfractions. Purified intact chloroplasts 
were ruptured by hypotonie lysis. Envelope membranes, thyla- 
koids, and inembrane-free stroma were obtained by centrifuga- 
tion on a discontinuous sucrose gradient (Douce and Joyard 
1979). Thylakoids were washed twice prior to use. 

Isolation ofperoxisomes. Leaf peroxisomes from spinach were 
isolated as described in Buchholz et al. (1979) and were assayed 
for NADH-hydroxypyruvate reductase (EC 1.1.1.29) as a 
marker enzyme for peroxisomes (Tolbert et al. 1970). 

Reaction mixture. If not otherwise defined, the complete reac- 
tion mixture contained: 50 mM HEPES, pH 7.6; 4 mM MgC12; 
2 mM MnC12; 4 mM sodium-ascorbate; L-[ring-3,5-3H] tyro- 
sine or L-[ring-3,5-3H]-4-hydroxyphenylpyruvate (for further 
details see figures and text). The assays were incubated in the 
dark at 20 ~ C for 30-50 min. The final volume of 1 ml contained 
not less than 2 mg chlorophyll in experiments with broken chlo- 
roplasts or not less than 1 mg chloroplast subfraction protein 
or peroxisomal protein, respectively. Protein content was deter- 
mined according to Lowry et al. (1951) and chlorophyll accord- 
ing to Arnon (1949). 

Pur~'cation and identification of labeled products. Aliquots 
(200 gl) were taken at different times. The reaction was stopped 
with 750 gl of a 2:1 mixture of methanol/chloroform to obtain 
a monophasic solution. Carrier substance (700 gg per aliquot), 
identical to the expected labeled product, was added. The aque- 
ous phase was removed after 500 gl H20 had been added and 
the mixture had been thoroughly shaken. Residual labeled 
4-hydroxyphenylpyruvate was converted to the stable oxime 
by NH2OH (10-30 gmol) in a volume of 2 ml (L6ffelhardt and 
Kindl 1979). After 20 min at room temperature, the mixture 
was acidified and extracted four times with diethylether. Homo- 
gentisate is susceptible to oxidation, so it has to be immediately 
purified. It was chromatographed on silicagel/kieselguhr layers 
(Merck, Darmstadt, FRG) with benzene/methanol/acetic acid 

50~ I 

E 1"3 

0 I I l l I 

Origin HPP HPE HBA Front 

Fig. 2. Radiochemical purity of 4-hydroxyphenylpyruvate. Scan 
after thin layer chromatography of 4-hydroxyphenylpyruvate 
on silicagel (Schleicher & Schfill G 1500, Dassel, FRG) with 
benzene/methanol/acetic acid 45:8:4 as solvent system. 4-hyd- 
roxyphenylpyruvate (HPP); 4-hydroxyphenyl acetic acid 
(HPA); 4-hydroxybenzaldehyde (HBA) 

45:8:4. Its spot at R v 0.35 was eluted with dry diethylether. 
Defined oxidation with FeC13 yields p-benzoquinone acetic acid 
(Whistance and Threlfall 1970) which is much more stable. 
After chromatography on silicagel/kieselguhr layers with dich- 
lormethane/toluene/formic acid 5/4/1 as solvent system the ra- 
dioactive areas at RF 0.4 were subjected to liquid scintillation 
counting. All substances were cochromatographed with authen- 
tic samples and detected by ultraviolet quench at 254 nm. The 
structure of p-benzoquinone acetic acid was verified by nuclear 
magnetic resonance (NMR)- and mass spectrometry. 

Results 

Formation of  homogentisate from 4-hydroxyphenyl- 

pyruvate in peroxisomes and chloroplasts. E x p e r i -  

m e n t s  in  o u r  l a b o r a t o r y  ( F i e d l e r  u n p u b l i s h e d  d a t a )  

h a v e  s h o w n  t h a t  t he  f o r m a t i o n  o f  h o m o g e n t i s a t e  

is i n d e p e n d e n t  f r o m  l igh t .  A s c o r b a t e  is e s sen t i a l ,  

t he  o p t i m a l  r a n g e  is 2 - 5  r a M .  P e r o x i s o m e s  h a v e  

the i r  o w n  4 - h y d r o x y p h e n y l p y r u v a t e  d i o x y g e n a s e  

a c t i v i t y  a t  444 p k a t  h o m o g e n t i s a t e  p e r  k g  p e r o x -  

i s o m a l  p r o t e i n ,  w h i c h  w a s  1 0 - f o l d  h i g h e r  t h a n  t h a t  
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Table 1. Correlation between the distribution of 4-hydroxyphenylpyruvate dioxygenase and markers of the organelles. Chloroplasts 
and peroxisomes were isolated from the same charge of spinach (for details see text and Materials and methods) 

Chlorophyll 
g per kg protein 

NADH-hydroxypyruvate- 4-hydroxyphenyl- 
reductase pyruvate dioxygenase 

Specific activity in pkat per kg protein 

Ratio of specific activi- 
ties of 4-hydroxyphenyl- 
pyrivate dioxygenase 

NADH-hydroxypyruvate 
reductase 

Chloroplasts 56.5 42.7-106 44 1.03 -10- 6 
Peroxisomes 14 18,500.0" 106 444 0.024.10 - 6 

of chloroplasts, using 10 gM 4-hydroxyphenylpyr- 
uvate. Chloroplasts were tested for NADH-hy- 
droxypyruvate reductase as a marker enzyme for 
peroxisomes (Tolbert et al. 1970). The ratio of the 
activity of the dioxygenase to the NADH-hydroxy- 
pyruvate reductase is given in Table 1. The con- 
tamination found by peroxisomes (expressed in 
terms of activity of NADH-hydroxypyruvate re- 
ductase) was far too low to explain the dioxygenase 
activity present in chloroplasts. The ratio of plas- 
tidic protein to peroxisomal protein in leaves is 
greater than 50:l (Tolbert 1971; Beevers 1971). 
Hence, the chloroplasts play a predominant role 
in the homogentisate synthesis. More than 80% 
of the total homogentisate formation takes place 
in these organelles. 

Formation of homogentisate from tyrosine in perox- 
isomes and chloroplasts. 4-hydroxyphenylpyruvate 
can be formed from tyrosine by a transaminase 
and/or L-amino acid oxidase reaction. Perox- 
isomes were incubated with tyrosine (3.2 gM) and 
1 mM ~-ketoglutarate plus 2 mM pyridoxal phos- 
phate to test the transaminase. This resulted in a 
12-fold increase of the conversion rate from 9,4 
to 112 pkat homogentisate (formed via 4-hydroxy- 
phenylpyruvate) per kg peroxisomal protein. In 
chloroplasts 4-hydroxyphenylpyruvate formation 
is not stimulated by adding e-ketoglutarate (Bickel 
et al. 1979). Its synthesis is catalyzed by an L-ami- 
no acid oxidase. 

Localisation of L-amino acid oxidase in chloro- 
plasts. Evidence was found for a thylakoid-bound 
L-amino acid oxidase (3.6 pkat homogentisate per 
kg thylakoid protein (from tyrosine (1.85 gM) in 
a coupled reaction of oxidase plus dioxygenase). 
This enzyme could neither be demonstrated in the 
stroma nor in the envelope (data not shown). A 
thylakoid-bound L-amino acid oxidase was also 
found in Anacystis nidulans (L6ffelhardt 1977). 

Specific activity of chloroplast subfractions in homo- 
gentisate formation. 4-Hydroxyphenylpyruvate 
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Fig. 3. Formation of homogentisate from 4-hydroxyphenyl- 
pyruvate (8 gM) by chloroplast subfractions. Envelope mem- 
branes (i);  stroma phase (A) ; thylakoids (e). For further details 
see Materials and methods 

dioxygenase activity was shown in all three com- 
partments, stroma, thylakoids, and envelope. 
When stromal and membrane fractions are com- 
bined, the rate of homogentisate formation is not 
stimulated (data not shown). Envelope membranes 
exhibit the highest specific activity (Fig. 3 and 
Table 2). Because protein ratios in stroma, thylak- 
oids, and envelopes are about 50: 50:1, the chloro- 
plast capacity of homogentisate synthesis is local- 
ized to 60-80% in stroma, but the homogentisate 
formation of thylakoids and envelope membranes 
is not negligible. Both membranes possess their 
own activity. This activity cannot be attributed to 
a contamination by stroma. For criteria of purity 
of subfractions see Douce and Joyard (1977); 
Douce et al. 1973; Douce and Joyard (1979). No 
ribolose-l,5-bis-phosphate carboxylase activity 
could be detected in the envelope fraction (assay 
according to McNeil et al. 1981 ; data not shown). 
A contamination of thylakoids by envelope was 
not likely, because the homogentisate-phytyldi- 
phosphate-transferase localized only in the enve- 
lope (Soll et al. 1980) was not detectable. 
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Table 2. Formation of homogentisate in dependence on differ- 
ent 4-hydroxyphenylpyruvate concentrations in chloroplast 
subfractions. For further details see Materials and methods 

4-Hydroxyphenyl- 
pyruvate 
applied (gM) 

Homogentisate formed 
(pkat kg- 1 protein) 

Envelope Stroma Thylakoids 

1.5 5,170 306 111 

15.0 10,670 1,470 670 
150.0 158,900 44,170 8,610 

Rate of homogentisate formation in dependence on 
substrate concentration. 4-Hydroxyphenylpyruvate 
was applied in increasing concentrations (1.5 ; 15 ; 
150 gM) to all three chloroplast subfractions. The 
highest conversion rate occurred at 150 gM 4-hyd- 
roxyphenylpyruvate in the membranes as well as 
in the stroma fraction (Table 2). 

Prenylquinol synthesis from 4-hydroxyphenylpyru- 
rate by the envelope membrane. Envelope mem- 
branes are able to catalyze the enzymatic prenyla- 
tion of homogentisate with phytyldiphosphate to 
give 2-methyl-6-phytylquinol (Soll et al. 1980) as 
the first intermediate in the e-tocopherol synthesis. 
The incorporation of 4-hydroxyphenylpyruvate 
into 2-methyl-6-phytylquinol by envelope mem- 
branes could be shown according to the following 
two-step reaction: 

4-hydroxyphenylpyruvate + 02 
homogentisate + CO2 

homogentisate + phytyldiphosphate 
--* 2-methyl-6-phytylquinol + CO2 

At two different substrate concentrations (30 and 
70 gM 4-hydroxyphenylpyruvate) 36,1 and 
156,4 pkat 2-methyl-6-phytylquinol per kg enve- 
lope protein were synthesized, respectively, linear 
with time. 

Discussion 

Homogentisate formation in chloroplasts was the 
"missing link" in connecting the shikimate path- 
way and the prenyl quinone synthesis. The plas- 
tidic shikimate pathway (Bickel oral. 1978) is 
thought to act in the stroma, whereas the synthesis 
of the prenylquinones ~-tocopherol and plasto- 
quinone could exclusively be demonstrated in the 
membranes, especially the envelope (Soll et al. 
1980). The homogentisate has to be transferred 
from the stroma to the membranes. 4-Hydroxy- 
phenylpyruvate dioxygenase is present in the enve- 

lope in the highest specific activity, however, 
approx. 70% of the overall activity is found in 
the stroma. The dioxygenase might be at least a 
peripheral protein associated with the stromal face 
of the membranes. 

It seems likely that homogentisate is formed 
directly from 4-hydroxyphenylpyruvate straight 
through the shikimate pathway. 4-Hydroxyphenyl- 
pyruvate formation from tyrosine by the L-amino 
acid oxidase of the thylakoids (L6ffelhardt 1977) 
may be a bypass. The 4-hydroxyphenylpyruvate 
dioxygenase of peroxisomes studied earlier (Bickel 
et aI. 1979) and reinvestigated here may play a role 
under semi-autotrophic conditions during the 
growth process (Bickel and Schultz 1974). In this 
case 4-hydroxyphenylpyruvate is supplied from 
tyrosine by a transaminase. 

Financial support from the Deutsche Forschungsgemeinschaft 
is greatfully acknowledged. 
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