
226 

Biochimica et Biophysica Acta, 612 (1980) 226--232 
© Elsevier/North-Holland Biomedical Press 

BBA 68920 

EFFECTS OF STRUCTURES OF TETRAHYDROPTERIN COFACTORS ON 
TYROSINE HYDROXYLASE 

TAKESHI KATO a, KAZUHIRO OKA a, TOSHIHARU NAGATSU a, TAKASHI 
SUGIMOTO b and SADAO MATSUURA b 

a Laboratory of  Cell Physiology, Department of  Life Chemistry, Graduate School 
Nagatsuta, Tokyo Institute of Technology, Yokohama 227, and b Department of  
Chemistry, College of General Education, Nagoya University, Nagoya 464 (Japan) 

(Received October 10th, 1979) 

Key words: Tyrosine hydroxylase; Tetrahydropterin structure; Stereoisomer 

Summary 

Two  pairs of  stereochemical isomers of new tetrahydropterin cofactors for 
tyrosine hydroxylase, i.e., 6-L-hydroxyethyl- and 6-D-hydroxyethyltetrahydro- 
pterins, and 6-L-dihydroxyethyl- and 6-D-dihydroxyethyltetrahydropterins, 
have been synthesized. By using these new stereochemical isomers as well as 
6-methyl- and 6-hydroxymethyltetrahydropterins,  the effects of the structure 
of  the 6-substituent of tetrahydropterin cofactors on tyrosine hydroxylase 
purified from the soluble fraction of bovine adrenal medulla have been 
examined. The Km value of  tyrosine with 6-L-hydroxyethyl- or 6-L-dihydroxy- 
ethyltetrahydropterin as cofactor was significantly lower than that  obtained 
with 6-D-hydroxyethyl- or 6-D-dihydroxyethyltetrahydropterin,  indicating a 
profound effect of the configuration at C-I' (the carbon of the side-chain 
nearest to the pteridine ring) on the K m values of the substrate. In addition, 
tyrosine was inhibitory at a high concentration only with L-isomers. The Km 
values for the tetrahydropterin cofactors were also found to be structure- 
dependent: 6-L(and D)-hydroxyethyltetrahydropterins or 6-methyltetrahydro- 
pterin exhibited significantly lower Km values than the 6-L(and D)-dihydroxy- 
ethyl or 6-hydroxymethyl  analogues, respectively. This result clearly shows 
that  the Km values are influenced more by the presence of  a hydroxyl  group at 
the terminal carbon of the 6-substituent than by the C-I' configuration, as long 
as the lengths of the carbon chain of the substituents are the same. 
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Introduct ion 

The 5,6,7,8-tetrahydro derivatives of  various 2-amino-4-hydroxypteridines 
(5,6,7,8-tetrahydropterins) with an alkyl or polyhydroxyalkyl  substi tuent at 
the 6-position act as a cofactor  for tyrosine hydroxylase [1--4]. The cofactor  
activities of  the pterins vary depending upon the structure of  the side-chain; and 
L-erythro-tetrahydrobiopterin, which has an L-erythro-l,2-dihydroxypropyl 
side chain and is thought to be the natural cofactor  of  tyrosine hydroxylase,  
was found to have the most  active cofactor  properties among the various 
pterins examined [1--5].  Recent ly we synthesized the four stereochemical 
isomers of  biopterin, i.e., 6-L-erythro-, 6-D-erythro-, 6-L-threo- and 6-D-threo- 
1,2-dihydroxypropylpterins [6], and examined the cofactor  activities of  the 
5,6,7,8-tetrahydro derivatives of  these stereochemical isomers for tyrosine 
hydroxylase activity [5]. The L-erythro and D-threo isomers, both of  which 
have the same configuration at C-I' (the carbon nearest to the pteridine ring) 
of  the side-chain, exhibited similar cofactor  characteristics. On the other  hand, 
the D-erythro and L-threo isomers behaved like the pseudocofactors  such 
as 6-methyl- and 6,7-dimethyltetrahydropterins,  and were less active than the 
former pairs. They have the same but  reversed C-I'  configuration compared 
to the others. These results suggest that  the cofactor  activities are controlled 
to some extent  by the configuration at C-1' of  the side-chain [5]. To test this 
possibility, we have synthesized several tetrahydropterins having a side-chain 
at the 6-position with an asymmetric carbon only at the C-I' position, and 
have examined their cofactor  characteristics for tyrosine hydroxylase.  6-L- 
l ' -Hydroxyethyl - ,  6-D-l ' -hydroxyethyl- ,  6-L-l ' ,2 ' -dihydroxyethyl  and 6-D- 
l ' ,2 ' -d ihydroxyethyl te t rahydropter ins  have been examined for this purpose. 
The examination of  the cofactor  characteristics has been extended to 6-methyl- 
and 6-hydroxymethyl te t rahydropter ins  to see the effects of  a hydroxyl  group 
at the terminal carbon of  the side-chain at the 6-position. 

Materials and Methods 

Two pairs of  the isomeric pterins, 6-L(and D)-l ' -hydroxyethylpterins and 
6-L-(and D)-l ' ,2 ' -dihydroxyethylpterins,  were synthesized by the method of 
Sugimoto and Matsuura [7]. 6-Methylpterin [8] and 6-hydroxymethylpter in  
[9] were also synthesized in our laboratory according to known methods.  The 
purity of  the pterins was confirmed by  their ultraviolet spectra, by paper 
chromatography and by permanganate oxidation to the known pterin- 
6-carboxylic acid [10].  The corresponding 5,6,7,8-tetrahydro derivative of  each 
pterin was prepared by catalytic hydrogenation in 0.1 M HC1 using platinum 
oxide as catalyst [11].  The reduction was followed by examining the ultra- 
violet absorption spectrum. After  complet ion of  the reduction, the catalyst was 
removed by filtration, and the filtrate containing tetrahydropterin was sealed 
wi thout  air and stored at --20°C in the dark. The structures of  these tetra- 
hydropterins and of  four stereochemical isomers of  te trahydrobiopterin are 
shown in Fig. 1. The molar concentrations of  these tetrahydropterins were 
estimated, based on the extinction coefficient of  18 500 M -1 • cm -1 at 264 nm 
in 2 M HC1. 
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Fig. 1. Structures of  tetrahydxopterins.  PH 4, te t rahydropter in;  BPH4, tetrahydrobiopter in.  

Tyrosine hydroxylase was purified from bovine adrenal medulla by a m m o  
nium sulfate fractionation and Sephadex G-200 column chromatography, as 
described previously [ 5]. 

Tyrosine hydroxylase activity was measured by estimating the formation of 
dihydroxyphenylalanine from L-tyrosine by a newly-established fluorimetric 
method [12].  In this method,  interfering substances for the fluorescence assay 
of dihydroxyphenylalanine are rapidly removed by a double-column procedure 
fitted together sequentially (the first column of Amberlite CG-50 and the 
second column of A1203), at 4°C. Thus, a concentration as low as 1 nmol of 
dihydroxyphenylalanine can be measured simply by using the native fluores- 
cence (excitation at 280 nm and emission at 320 nm). In some experiments, 
tyrosine hydroxylase activity was also measured by estimating the formation of 
[ '4C]dihydroxyphenylalanine from L-[U-'4C]tyrosine [13,14].  The incubation 
mixture contained 0.2 M sodium acetate buffer (to obtain the final pH of 6.0), 
1 mM FeSO4, the enzyme, 0.1 M mercaptoethanol,  1.0 mM (or at various con- 
centrations for kinetic studies) tetrahydropterin in 0.1 M HC1, 0.1 mM (or at 
various concentrations for kinetic studies) L-tyrosine (including 0.07 pCi 
L-[U-14C]tyrosine (483 Ci/mol) for radioassay). D-Tyrosine was used in 
controls for the fluorimetry and in enzyme incubation for the radioassay. The 
reaction began with the addition of  tyrosine. The K m values and maximal 
velocities (V) were determined from Lineweaver-Burk plots [15] using 
Wilkinson's program [ 16]. 
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Results 

Km value for tyrosine with each tetrahydropterin as co factor 
The Km value for tyrosine was measured in air (20.9% 02) with each tetra- 

hydropterin cofactor  at a concentrat ion of  1 mM (but  6-L-hydroxyethyl- and 
6-D-hydroxyethyltetrahydropterins at 0.6 mM) and the value was obtained 
from the Lineweaver-Burk plots (Table I). As shown in Fig. 2, 6-L-hydroxy- 
ethyl- and 6-L-dihydroxyethyltetrahydropterins,  bo th  of  which have the same 
L-configuration at the C-1' position of  the side-chain, revealed similar Michaelis- 
Menten and Lineweaver-Burk plots; tyrosine was inhibitory at concentrations 
higher than 100 pM, and the Km values for tyrosine were approx. 15 pM and 
20 ~M, respectively. In contrast, 6-D-hydroxyethyl- and 6-D-dihydroxyethyl- 
tetrahydropterins,  both  of  which have the same but  reversed D-configuration, 
were similar to each other  but  very different from the L-isomers as cofactors; 
tyrosine was not  inhibitory at high concentrations up to 400 #M, and the Km 
values for tyrosine were high at about  40 pM and 60 pM, respectively. Thus, 
6-L-hydroxyethyltetrahydropterin as cofactor  gave the lowest  Km value for 
tyrosine, followed by  6-L-dihydroxyethyl-, 6-D-hydroxyethyl- and 6-D<lihy- 
droxyethyl te t rahydropter ins  in an increasing order of  the Km values for 
tyrosine. 6-Methyl- and 6-hydroxymethyl te t rahydropter ins  were found to be 
similar to 6-D-mono- and dihydroxyethyl te t rahydropter ins  as cofactors,  and 
gave the Km values for tyrosine of  approx. 40 pM and 30 pM, respectively. 

Km value of  each tetrahydropterin as cofactor 
The K m of  each tetrahydropterin cofactor  itself was determined in the pres- 

T A B L E  I 

V A N D  K m V A L U E S  OF T E T R A H Y D R O P T E R I N S  A N D  T Y R O S I N E  W I T H  E A C H  T E T R A H Y D R O -  
P T E R I N  AS C O F A C T O R  OF T Y R O S I N E  H Y D R O X Y L A S E  

Tyros ine  h y d r o x y l a s e  ac t iv i ty  was  assayed wi th  each  t e t r a h y d r o p t e r i n  as co fac to r .  K m values  of  each  
t e t r a h y d r o p t e r i n  and  of  ty ros ine  were  d e t e r m i n e d  f r o m  Lineweaver -Bt t rk  plots  using 0.1 m M  ty ros ine  o r  1 
m M  t e t r a h y d r o p t e r i n  [o r  0.6 m M  6 -L(a nd  D ) - h y d r o x y e t h y l t e t r a h y d r o p t e r i n ]  in air  using Wflkinson 's  pro-  
g ram and  expressed  as m e a n  ± S.E. V values  w e r e  d e t e r m i n e d  f r o m  L in eweav e r -Bu rk  plots  using var ious  
c o n c e n t r a t i o n s  o f  ty ros ine  w i th  1 m M  of  each  t c t r a h y d r o p t e r i n  [o r  0 .6  m M  6-L(and  D ) - h y d r o x y e t h y l -  
t e t r a h y d r o P t e r i n ] ,  o r  using var ious  c o n c e n t r a t i o n s  of  each  t e t r a h y d r o P t e r i n  w i th  0.1 m M  tyros ine .  
D i h y d r o x y p h e n y l a l a n i n e  f o r m e d  f r o m  ty ros ine  was  assayed  f luor imet r i ca l ly  [ 1 2 ] ,  e x c e p t  the  values  in 
pa ren theses  wh ich  were  d e t e r m i n e d  b y  rad ioassay  [ 13,1 4 ] using L-[ 14 C ] t y ros ine  as subs t ra te .  

T e t r a h y d r o p t e r i n  K m for  K m for  V ( n m o l / m i n  p e r  m g  
tyros±he te t ra -  prote in)  
(/~M) hydrop te rLn  

(~M) Tyros ine  Tetra-  
h y d r o p t e r i n  

6 - L - H y d r o x y e t h y l t  e t r a h y d r o p t e r i n  
6 - D - H y d r o x y e t h y l t  e t r ahydrop te rLn  
6 - L - D i h y d r o x y e t h y l t e t r a h y d r o p t e r l n  

6 - D - D i h y d r o x y e t h y l t e t r a h y d ~ o p t e r i n  

6 - M e t h y l t e t s a h y d r o p t e r i n  

6 - H y d r o x y m e t h y l t e t r a h y d r o p t e r i n  

1 4 ±  0 .4  57_+ 5 5.5 ± 0 . 1  5 . 9 - + 0 . 4  
4 0 ±  5 89_+ 6 6 . 1 ± 0 . 2  5 .8+_0.1  
22 ± 1 218  ± 16 7.6 _+ 0.1 7.3 ± 0.1 

(25  ± 2)  (225  +_ 35)  
64 ± 12 2 3 4  ± 10 5.4 ± 0.3 4.1 _+ 0.1 

(73 ± 6)  (176 ± 39)  
3 8 ±  3 1 1 5 ±  9 13 .7  ± 0 . 3  10 .7_+0 .2  

(120  -+ 11)  
28 ± 3 230  +- 22 8.3 _+ 0 .2  9 .8  ± 0.3 

(224 ± 25)  
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Fig. 2. Lineweavez-Burk and Michealis-Menten plots illustrating the  effect of  tyrosine with: (A) 6-L-hy- 
droxyethyl-  and (B) 6-D-hydroxyethyl te t rahydropter in ,  as cofactor, on t h e  r a t e  of dLhydroxyphenyl- 
alanine format ion by tyrosine hydroxylase.  Incubat ion was done in air (20.9% oxygen) using 0.6 mM of 
each te t rahydropter in  as cofactor.  

ence of 100 ~M tyrosine as substrate in air (Fig. 2 and Table I). We previously 
reported that L-erythro- and D-threo-tetrahydrobiopterin, both of which have 
the same L-configuration at C-I' of the side-chain as 6-L-hydroxyethyl- and 
6-L-dihydroxyethyltetrahydropterins,  showed non-Michaelis-Menten kinetics 
and two Km values depending on the concentrations of the tetrahydrobiopterin 
[5]. However, either 6-L-hydroxyethyl- or 6-L-dihydroxyethylpterins showed 
classical Michaelis-Menten kinetics and gave a single Km value. 

6-L-Hydroxyethyl- and 6-D-hydroxyethyltetrahydropterins gave lower K m 
values than the corresponding dihydroxyethyl  analogues, suggesting that  the 
hydroxyl  group a t  the terminal carbon of the side-chain increased the Km value 
for the tetrahydropterin.  In accordance with this assumption, 6-methyltetra- 
hydropterin also gave a lower Km value than 6-hydroxymethyltetrahydropterin.  
However, the Km values of  pterins were not  so much different between 
6-L-hydroxyethyl- and 6-D-hydroxyethyltetrahydropterins, and between 
6-L-dihydroxyethyl- and 6-D-dihydroxyethyltetrahydropterins. 

Maximal velocity (V) of  tyrosine hydroxylase with each tetrahydropterin as 
co factor 

The apparent V values with each tetrahydropterin as cofactor at 1 mM and 
in air (20.9% 02) extrapolated to an infinite concentration of tyrosine, and that  
with 0.1 mM tyrosine and in air extrapolated to an infinite concentration of 
each tetrahydropterin cofactor, were obtained from the Lineweaver-Burk plots 
(Table I). V values were similar with 6-L-hydroxyethyl- and 6-D-hydroxyethyl- 
tetrahydropterins as cofactor. However, 6-L-dihydroxyethyltetrahydropterin 
gave a higher V value than 6-D-dihydroxyethyltetrahydropterin. 
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Discussion 

6-L-Hydroxyethyl- and 6-L-dihydroxyethyltetrahydropterins,  bo th  of  which 
have the same L-configuration at C-I' of  the side-chain as the putative natural 
cofactor  L-erythro-tetrahydrobiopterin, were found to exhibit  similar cofactor  
characteristics; tyrosine was inhibitory at high concentrations and had low K m 
values in the presence of  these cofactors. In contrast, in the presence of  6-D- 
hydroxyethyl-  and 6-D-dihydroxyethyltetrahydropterin as cofactors, tyrosine 
was not  inhibitory up to 400 #M and had higher Km values. These results agree 
with our previous findings that  among the four stereochemical isomers of  tetra- 
hydrobiopter in,  the L-erythro and D-threo isomers exhibited similar and more 
active cofactor  characteristics as compared with the D-erythro and L-threo 
isomers [5]. L-erythro and D-threo isomers have the same L-configuration at 
the C-I' position of  the side-chain, whereas D-erythro and L-threo isomers have 
the same, though reversed, C-1' configuration. The present results support  our 
previously reported conclusion that the Km values for tyrosine are controlled 
to a fair extent  by the configuration at C-1' of  the side-chain and the configura- 
tion at C-I' of  L~rythro-tetrahydrobiopterin may be favourable for the 
cofactor  activity. 

Interestingly, the present results also show the profound effect  on the cofac- 
tor  characteristics by  a hydroxyl  group at the terminal carbon of  the side chain. 
In general, as long as the lengths of  the carbon chains are the same, those tetra- 
hydropterins possessing a methyl  group at the end of  the side-chain exhibited 
much lower Km values for  the cofactor  than those having a hydroxymethy l  
group. 6-L-Dihydroxyethyl- or 6-D-dihydroxyethyltetrahydropterin,  and 
6-hydroxymethyl te t rahydropter in  had higher Km values than 6-Lhydroxyethyl-  
or 6-D-hydroxyethyltetrahydropterin,  and 6-methyltetrahydropterin,  respec- 
tively (Table I). Thus, the K~ value for tetrahydropterin is increased when a 
hydroxyl  group is introduced into the terminal methyl  group of  the side-chain. 
The same tendency was also observed with 6-L-erythro-l',2'-dihydroxypropyl- 
and 6-L-erythro-l',2',3'-trihydroxypropyltetrahydropterins, where the former 
exhibited a lower K~ value than the latter [4,5],  

Since the reduction of  the pterin to the te t rahydro derivative introduces 
another center of  asymmetry  at position 6, the chemical reduction should 
produce a mixture of  enantiomers of  diastereoisomers. Each of  such stereo- 
chemical isomers of  tetrahydropterin may have a different Km value. In fact, 
we have reported that, as to the configuration at position 6, the 'natural' 
(6R) L-erythro-tetrahydrobiopterin exhibited the same, but  more intense, 
cofactor  characteristics as those shown by a mixture of the (6R) and (6S) 
diastereoisomers produced by catalytic hydrogenation over platinum [17].  We 
have tried to separate the diastereoisomers of  6-L-dihydroxyethyl-, 
6-D-hydroxyethyl-,  6-L-dihydroxyethyl- or 6-D-dihydroxyethyltetrahydro- 
pterins by  high performance liquid chromatography by  the method  of  Bailey and 
Ayling [18],  but  none of  the diastereoisomers could be separated efficiently. 
The CD spectrum of  each reduction showed a feeble signal, indicating that the 
relative amounts  of  the diastereoisomers are nearly equal. This may suggest that  
the characteristic cofactor  properties observed in this s tudy with a mixture of  
diastereoisomers are mainly due to the diastereoisomers having the 'natural '  
configuration at position 6. 
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