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Summary 

Dihydropteridine reductase was found in extracts of  Crithidia fasciculata and 
was demonstrated by the fact that  the enzyme required both quinonoid- 
dihydropterin and NADH as substrates. 7,8-Dihydropterin and dihydrofolate 
failed to serve as substrates; tetrahydropterin was formed as the reaction 
product.  The molecular weight of  the enzyme was estimated to be about 
55000 by Sephadex G-100 gel filtration. NADH was more effective than 
NADPH as substrate for the enzyme. Tetrahydropterin (1.35 nmol tetrahydro- 
biopterin equivalents/g cells) was also detected in C. fasciculata. 

Introduct ion 

Crithidia fasciculata is a flagellate which requires biopterin as a growth 
factor in the culture medium and has been used for the biological assay of  
biopterin (see Ref. 1). Kidder and Nolan [3] have suggested that  tetrahy- 
drobiopterin might act as a cofactor of  dihydroorotic acid hydroxylase.  The 
role of  biopterin and which oxido reduction state(s) of  the pterin is important  
have not  yet  been unequivocally elucidated. In mammals, it is known that  
tetrahydrobiopterin acts as an electron donor  for several hydroxylases of 
aromatic amino acids, and is oxidized to quinonoid-dihydrobiopterin during 
the hydroxylat ion reaction [4]. Since the quinonoid<lihydro form of pterin is 
very labile and rapidly converted to 7,8-dihydro isomer in aqueous solution 
[5], quinonoid-dihydropterin is presumably formed only by oxidation of  tetra- 
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hydropterin in vivo. Therefore, dihydropteridine reductase which catalyzes the 
reduction of  quinonoid-dihydropterin but  not  7,8-dihydropterin to tetrahydro- 
pterin [5], has a quite characteristic function (that of  tetrahydropterin 
regeneration). We considered that there could be a close relationship between 
the redox state of pterin and its physiological role. We, therefore, looked for 
dihydropteridine reductase activity in C. fasciculata cells to examine the pres- 
ence of  the tetrahydropterin-regenerating system. 

In this paper, we report  finding dihydropteridine reductase in C. fasciculata 
and some properties of  the enzyme. Tetrahydropterin was also detected. 

Materials and Methods 

C. fasciculata (A.T.C.C. 11745) was obtained from Dr. K. Kobayashi {Tokyo 
Metropolitan University). The Crithidia cells were cultured in stock culture 
medium as described by Dewey and Kidder [1] for 6 days at 25°C. Cells were 
collected by  centrifugation and washed twice with 0.85% NaC1. 

Dihydropteridine reductase activity of C. fasciculata was assayed by the 
same method as that for the bovine liver enzyme [6]. The standard assay 
mixture (2 ml) contained 80 ~mol Tris-HC1 (pH 7.6), 100 nmol ferri-cyto- 
chrome c, 100 nmol NADH, 2 nmol 5,6,7,8-tetrahydro-6-methylpterin and the 
enzyme preparation. The reaction was carried out  at 25°C. One unit of  enzyme 
activity was defined as the amount  that  reduced 1 #mol cytochrome c per rain 
under the standard condition. The enzyme was partially purified as follows: 
2.5 g C. fasciculata cells were sonicated twice for 5 min with 3 vols. 40 mM 
potassium phosphate (pH 6.8). After this sample had been centrifuged at 
105 000 X g for 1.5 h, the supernatant was applied to a DEAE-cellulose column 
(2.0 X 15 cm) equilibrated with 40 mM potassium phosphate (pH 6.8). The 
enzyme was not  adsorbed and was eluted with the flow-through fractions. The 
active fractions (12 ml) were concentrated by use of poly(ethylene glycol) 
{molecular weight 20 000). The concentrated solution was then applied to a 
Sephadex G-25 column (2.0 X 15 cm) equilibrated with the same buffer. 
Protein fractions were collected and concentrated using a Collodion bag. 

The molecular weight of  the Crithidia dihydropteridine reductase was 
estimated by gel filtration through a Sephadex G-100 column (1.5 X 90 cm) 
equilibrated with 40 mM potassium phosphate (pH 6.8)/0.1 M KC1. The elution 
volume was determined relative to those of myoglobin {molecular weight, 
18500) ,  ~-chymotrypsin {25700),  bovine liver dihydropteridine reductase 
(50 000 [6]) and bovine serum albumin (68 000). 

The product  of  the Crithidia dihydropteridine reductase was analyzed as 
follows: the  reaction mixture (2 ml) containing 40 pmol Tris-HC1 (pH 7.0), 
approx. 8 nmol quinonoid-dihydro-6-methylpterin, 15 nmol NADH and 1.15 
units enzyme was incubated at 25°C for 3 min. The reaction was stopped by 
the addition of 0.4 ml 367o trichloroacetic acid. After removal of  precipitated 
protein by centrifugation, a 2-ml sample of  the supernatant was kept  at 25°C 
for 1.5 h to decompose residual quinonoidKiihydro-6-methylpterin. Most of  the 
quinonoid-dehydropterin,  which remained, was converted to inactive 
substance(s) during this period while tetrahydro-6-methylpterin was stable 
against this treatment.  The solution was then shaken with an equal volume of 
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diethyl ether to remove the trichloroacetic acid. The aqueous layer was assayed 
for tetrahydropterin content using authentic tetrahydro-6-methylpterin treated 
by the same procedure as the standard. 

To study the tetrahydropterin content, the cells were treated as for the 
enzyme preparation and the 105 000 X g supernatant was analyzed for tetra- 
hydropterin in the phenyalanine hydroxylation system, as cofactor activity 
using authentic tetrahydrobiopterin as standard. Tyrosine formation was mea- 
sured using [4-3H]phenylalanine according to Guroff and Abramowitz [7]. The 
reaction mixture contained 25 pmol potassium phosphate (pH 6.8), 50 mnol 
L-phenylalanine, 0.5 mg catalse, 2 /~mol dithiothreitol, excess phenylalanine 
hydroxylase (0.33 mg protein), 0.1 pCi [4-SH]phenylalanine (27 Ci/mmol), 
and sample in a final volume of 250 pl. After incubation at 25°C for 30 rain, 
the reaction was stopped by the addition of 0.1 ml 2 M HC1, then the pH of the 
solution was neutralized by 2 M NaOH (0.1 ml). To the neutralized solution, 
0.1 ml 1 M sodium acetate (pH 5.5) and 0.1 ml freshly-prepared 2% N-iodo- 
succinimide were added. The mixture was kept for 5 min at 0°C, then 50 pl 
30% trichloroacetic acid was added. The mixture (0.7 ml) was applied to a 
Dowex 50 W-X8 (H ÷) column (0.8 X 1.5 cm) and then the column was washed 
with 1 ml water. A 1-ml sample of the eluate was put into a vial and mixed 
with 10 ml scintillation fluid (0.27% (w/v) 2,5-diphenyloxazole/33% (v/v) 
Triton X-100/toluene). The radioactivity was counted using a Packard Model 
3380 liquid scintillation counter. 

Concentrations of authentic tetrahydro-6-methylpterin and tetrahydrobio- 
pterin were determined by oxidation with 2,6-dichlorophenolindophenol 
according to Kaufman [8]. The following molecular extinction coefficients 
were used: NADH and NADPH, 6200 at 340 nm; 2,6-dichlorophenolindo- 
phenol, 19500 at 604 nm [6] ; cytochrome c, 21000 (reduced minus oxidized) 
at 550 nm [9]. 

Phenylalanine hydroxylase was prepared from rat liver by the method of 
Kaufman and Fisher [10] except that the purification was performed up to the 
second (NH4)2SO4 step. Bovine liver dihydropteridine reductase was purified by 
the method of Hasegawa [6]. Ferri-cytochrome c, tetrahydrobiopterin and 
7,8<lihydro-6-methylpterin were prepared as described previously [11]. Tetra- 
hydro-6-methylpterin was purchased from Calbiochem (A grade) and 
quinonoid<lihydro-6-methylpterin was prepared from tetrahydro-6methyl- 
pterin by the method of Hasegawa [6] just before use. [4-SH]Phenylalanine (27 
Ci/mmol) was from the Radiochemical Centre (Amersham, U.K.), dithiothrei- 
tol and 2,6<lichlorophenolindophenol were Wako Pure Chemical Industries 
(Osaka, Japan), NADH (grade III) and NADPH (type I) were Sigma Chemical 
Co. (St. Louis, U.S.A.), and catalase was from Tokyo Kasei Kogyo (Tokyo, 
Japan). 

Results and Discuss ion 

The crude extract of C. fasciculata cells was analyzed for dihydropteridine 
reductase activity in the standard assay condition. The enzyme activity (tetra- 
hydropterin-dependent reduction of cytochrome c) was observed, while tetra- 
hydropterin-independent reduction of cytochrome c (i.e., 'diphorase' activity) 
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T A B L E  I 

R E Q U I R E M E N T S  FOR THE A C T I V I T Y  OF THE CRITHIDIA D I H Y D R O P T E R I D I N E  R E D U C T A S E  

The comple te  assay mixture  (2 ml )  c o n t a i n e d  80 ~ m o l  Tris-HC1 (pH 7.6),  100  n m o l  ferr i -cytochrome c0 
100  n m o l  N A D H 0 2  nmol  te ixahydro-6-methylpter in  (6MPH 4)  and the  e n z y m e  preparation.  

Assay condi t ion  C y t o c h r o m e  c reduct ion  
( n m o l / m i n )  

Complete  3.10 
- - E n z y m e  0 .30  
*~-Enzyme+ Boi led e n z y m e  0.37 
-~NADH 0 .03  
-7-~ MPH4 0 .35  

-..~'M~H4 .~ q .6MPH 2 a 3 .25 
, . _ ~ i p H 4  + ~7, 8.6MPH2 b 0 .44  
.:--~. MpH4 ~ d i h y d r o f o l a t e  c 0 .30  

~a A b o u t  2 n m o l  q u i n o n o i d - d i h y d r o - 6 - m e t h y l p t e r i n .  
b 2 n m o l  7 .8 -d ih~drb-6 -methy lp te r in .  
c 2 n m o l  d i h y d r o f o l a t e  w ~  used instead o f  t e t r a h y d r o - 6 - m e t h y l p t e r i n .  

L '. 

hiso simultaneously appeared. To confirm the existence of  Crithidia dihydro- 
~l~to~idine:: reductase ,  partial purification of  the enzyme was performed to 
~$m~e:tetrahydrupterin-independent activity. The enzyme preparation did not  
contain detectable amounts of  cofactor activity for phenylalanine hydroxylase 
uT~tny'fl~henylalanine hydroxylase activity. The hydroxylase activity was also 
undetectabie~even in the crude extract (supernatant from the ultracentrifuga- 
tion). Dihy~bpter idine  reductase of  C. fasciculata could be stored in 40 mM 
potassium phosphate  (pH 6.8) for at least a week at --80°C. The enzyme 
activity ~was~ unstable under acidic (below pH 6.5) or alkaline conditions (above 
pH 8.0) and to (NH4)2SO4 precipitation. 

With ~the preparation thus obtained, the requirement for the dihydro- 
pteridine reductase activity was examined. The results are shown in Table I. 
The :Crithidia~enzyme showed activity in the presence of  both tetrahydro- 
6'-metbylpterin ~ and NADH in the reaction mixture. The reduction of  cyto- 
chtoine c in  the absence of  the enzyme was due to the spontaneous reduction 

T A B L E  II  

C O N V E R S I O N  ~)F Q U I N O N O I D - D I H Y D R O - 6 - M E T H Y L P T E R I N  TO THE T E T R A H Y D R O  F O R M  BY 
THE CRITHIDL4 ~ N Z Y M E  

A b o u t  8 nrnol  q u ~ o n o i d - d i h y d r o - 6 - m e t h y l p t e r i n  and  15 n m o l  NADH in 2 m l  20 mM Tris-HC1 (pH 7.0) 
were  incubated  a~' 25°C for  3 rain in the presence or absence o f  the Crifhidia e n z y m e  (1 .15  units) .  The  
product  was then~:analyzecl for te trahydropter in  content  in the phenyla ianine  h y d r o x y l a t i o n  sys tem 
according to  Gurof f  and A b r a m o w i t z  [7]  with  the use of  authent ic  te trahydro-6-methylpter in  as stan- 
dard. 

Sample  Radioact iv i ty  
(cpm)  

T e t r a h y d r o p t e r i n  f o r m e d  f rom 
q u i n o n o t d - d i h y d r o - 6 - m e t h y l p t e r i n  
(nmol )  

Product  1 (+enzyme)  4 2 7 0  6.81 
P r ? d u c t  2 ( - - enzyme)  1140  0 .807  
Buffer 690  0 
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Fig.  1. E f f e c t  o f  r e d u c e d  p y r i d i n e  n u c l e o t i d e  c o n c e n t r a t i o n  on  the  Crithidia d i h y d r o p t e r i d i n e  r e duc t a se .  
T h e  assay  m i x t u r e  c o n t a i n e d  80 #tool  Tris-HC1 (pH 7.6) ,  1 0 0  n m o l  f e r r i - c y t o c h r o m e  c,  2 n m o l  t e t ra -  
h y d r o - 6 - m e t h y l p t e r i n ,  va r i ous  a m o u n t  o f  N A D H  (e)  o r  N A D P H  (A), and  the  e n z y m e  (4 .4  m u n i t s )  in  a 
f inal  v o l u m e  o f  2 m L  

Fig.  2. E f f e c t  o f  a m e t h o p t a r i n  and  a m i n o p t e r i n  on  the  Crithidia d i h y d z o p t e z i d i n e  r e d u c t a s e  ac t iv i ty .  

E f f e c t  o f  a m e t h o p t c r i n  (A)  a n d  o f  a m i n o p t e r i n  (B) on  the  Crithidia e n z y m e  were  e x a m i n e d  a n d  c o m p a r e d  
w i t h  t h a t  o f  these  i n h i b i t o r s  on  b o v i n e  l iver  d i h y d r o p t e r i d i n e  r educ t a se .  The  Crithidia e n z y m e  (2 .0  
m u n i t s ,  e )  oz 5.4 m u n i t s  o f  t h e  b o v i n e  l iver e n z y m e  (o)  was  m e a s u r e d  u n d e r  t he  s t a n d a r d  assay  c o n d i t i o n  
in  t h e  p r e s e n c e  o f  v a r i ous  c o n c e n t r a t i o n s  of  each  inh ib i to r .  

of  quinonoid-dihydro-6-methylpterin with NADH, and was usually 0.3--0.4 
nmol/min under the condition. The cytochrome c reduction in the absence of  
tetrahydro-6-methylpterin might be due to 'diaphorase' activity slightly 
contaminated in the preparation. Although dihydropteridine reductase requires 
quinonoid~lihydropterin as substrate, the quinonoid-dihydro form of the 
pterin is so labile [5] that  the pterin substrate is usually added to assay mixture 
as the tetrahydro form [6,12,13].  However, we prepared quinonoid-dihydro- 
6-methylpterin and immediately used it instead of  tetrahydro-6-methylpterin 
to confirm the nature of  the pterin substrate of  the Crithidia enzyme. 
Quinonoid~lihydro-6-methylpterin could replace tetrahydro-6-methylpterin 
and almost the same activity was detected as in the case of the tetrahydro 
form. On the contrary, an equimolar concentration of  7,8-dihydro-6-methyl- 
pterin or dihydrofolate  was not  effective. Even when a higher concentration of  
these substances (100 #M 7,8~lihydro-6-methylpterin or 79/~M dihydrofolate)  
was used, activity was not  detectable.  These results indicated that  the Crithidia 
enzyme in the  present s tudy is dihydropteridine reductase. 

This was further confirmed by  product  analysis of  the Crithidia enzyme. The 
enzyme was incubated with quinonoid-dihydro-6-methylpterin and NADH, 
then tetrahydro-6-methylpterin formed was measured. As shown in Table I!, 
about  85% of  quinonoid-dihydro-6-methylpterin was converted to te t rahydro 
form. In the control experiment carried out  in the absence of  the enzyme, 
spontaneous conversion of  quinonoid-dihydro-6-methylpterin to the tetrahydro 
form by  NADH was only about  10%. 
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The molecular weight of C. fasciculata enzyme was calculated to be 55 000 
from the gel filtration study. The enzyme was not  stable during the gel filtra- 
tion and only 15% of the activity was recovered. 

The Crithidia enzyme was suggested to be more specific to NADH than 
NADPH by the observation that  about 50% of the activity was detected when 
the activity was measured using an equimolar NADPH instead of NADH in the 
standard assay condition. The effect of concentrations of NADH and NADPH 
on the enzyme was examined and compared (Fig. 1). With use of  tetrahydro- 
6-methylpterin, the Km values of the enzyme for NADH and NADPH were 
estimated to be 2.8 and 8.8 pM, respectively. Apparent maximal velocity of  the 
enzyme was higher with the use of NADH (24.4 nmol cytochrome c reduced/ 
min per mg) than NADPH (10.9 nmol cytochrome c reduced/min per mg). The 
Crithidia dihydropteridine reductase is similar to the mammalian enzyme with 
respect to the pyridine nucleotide specificity and the molecular weight 
[6,12,123]. 

The effect of  aminopterin and amethopterin,  which have an inhibitory 
action on mammalian dihydropteridine reductase [12,13], on the Crithidia 
enzyme was examined (Fig. 2). When 2 munits of the enzyme were used, 50% 
of  the activity was inhibited by 1 mM aminopterin under the standard assay 
conditions. Amethopterin was less inhibitory than aminopterin, about 10% of 
the activity being inhibited by 1 mM amethopterin. On the other hand, 50% of 
the bovine liver dihydropterine reductase activity (5.4 munits) was inhibited 
by 25 lzM aminopterin or 35 uM amethopterin.  Though the Crithidia dihydro- 
pteridine reductase was inhibited by these inhibitors, the sensitivity of the 
Crithidia enzyme was lower than that  of the mammalian enzyme. The differ- 
ence of  the sensitivity to inhibitors between mammalian enzyme and flagellate 
or bacteria enzyme was similarly observed in the case of dihydrofolate 
reductase as tabulated by Gutteridge et al. [14]. 

T A B L E  III 

P R E S E N C E  O F  T E T R A H Y D R O P T E R I N  IN T H E  E X T R A C T S  O F  CRITHIDIA  F A S C I C U L A T A  

T e t r a h y d r o p t e r i n  c o n t e n t  in  ex trac t s  o f  C. fasciculata was  a n a l y z e d  as the  c o f a c t o r  a c t i v i t y  in  t h e  p h e n y l -  
a l an ine  h y c t r o x y l a t i o n  s y s t e m  b y  the  m e t h o d  o f  G u r o f f  and A b r a m o w i t z  [ 7 ]  w i t h  the  use  o f  a u thent i c  
t e t r a h y d r o b i o p t e z ~ n  as s t a n d a r d .  A s s a y  m i x t u r e  c o n t a i n e d  2 5  /~mol p o t a s s i u m  p h o s p h a t e  ( p H  6 .8 ) ,  5 0  
n m o l  L - p h e n y l a l a n i n e ,  0 . 5  m g  ca ta l a se ,  2 / ~ m o l  di th io thre i to l ,  e x c e s s  p h e n y l a l a n i n e  h y d r o x y l a s e  ( 0 . 3 3  m g  
p r o t e i n ) ,  0 .1  ~Ci  [ 4 - 3 H ] p h e n y l a l a n i n e  ( 2 7  C i / m m o l )  a n d  s a m p l e  ( 1 6 5  ~l) in  a f ina l  v o l u m e  o f  2 5 0  /~l. 
I n c u b a t i o n  w as  p e r f o r m e d  a t  2 5 ° C  f o r  3 0  ra in .  

S a m p l e  R a d i o a c t i v i t y  T e t r a h y d r o b i o p t e r i n  T e t r a h y d r o b i o p t e r i n  
( c p m )  e q u i v a l e n t s  in  e q u i v a l e n t s  in  

assay  m i x t u r e  1 g o f  cel ls  
( n m o l )  ( n m o l )  

Extrac t  1 a 1 4 2 0  0 . 0 4 4  0 . 8 0 0  
Extr ac t  2 b 2 3 4 0  0 . 1 1 1  1 . 3 6  
M e d i u m  ( b e f o r e  c u l t u r e )  8 0 0  n o t  d e t e c t e d  
M e d i u m  (a f t e r  c u l t u r e )  8 3 0  n o t  d e t e c t e d  
Buffer  8 3 0  0 

a Ext~ract o b t a i n e d  b y  s o n i c a t i o n  w i t h  3 vols.  4 0  m M  p o t a s s i u m  p h o s p h a t e  (pH 6 .8 ) .  
h E x t r a c t  o b t a i n e d  b y  h o m o g e n i z a t i o n  w i t h  2 vols.  buffer .  



3 4 3  

Recently,  two types of  dihydropteridine reductase, ie., NADH-specific and 
NADPH-specific enzyme, were reported to be present in bovine liver [11].  As 
we have not  separated the Crithidia enzyme into NADH-specific and NADPH- 
specific activities, it is still unclear whether both  types of  the enzyme exist in 
C. fasciculata as in the case of  bovine liver. 

The presence of  dihydropteridine reductase (tetrahydropterin-regenerating 
enzyme) in C. fasciculata as demonstrated above suggested that biopterin may 
be reduced to tetrahydro(bio)pterin presumably after incorporation into the 
cells. We then examined the tetrahydropterin content  of  C. fasciculata. 

As shown in Table III, the cofactor  activity was detected in both  extracts of  
C. fasciculata. A relatively larger amount  of  tetrahydropterin was recovered in 
the extract  obtained from the cells by  homogenization than in that  obtained by  
sonication. The culture medium, either before or after the cell culture, did no t  
contain detectable amount  of  tetrahydropterin.  

The existence of  both  dihydropteridine reductase and tetrahydropterin in 
C. fasciculata, which requires biopterin as a growth factor, suggests that  one of  
the roles of  biopterin is to act, as te t rahydro form, as an electron donor.  

Furthermore,  since Gutteridge et al. [14] reported that  biopterin and 
7,8-dihydrobiopterin (each 100 t~M) were ineffective as substrate for Crithidia 
dihydrofolate reductase, the presence of  tetrahydropterin in the flagellate sug- 
gests the interesting possibility that  an unconjugated pterin-specific 
reductase(s) is present in C. fasciculata. 

References 

1 Dewey,  V.C. and  Kidder ,  G.W. (1971)  Methods  Enzymol .  18B, 6 1 8 - - 6 2 4  
2 Reference  dele ted 
3 Kidder ,  G.W. and  Nolan,  L.L. (1973)  Biochem.  Biophys.  Res. C o m m u n .  53, 9 2 9 - - 9 3 6  
4 K a u f m a n ,  S. and  Fisher,  D.B. (1974)  in Molecular  Mechanisms of  Oxygen  Act iva t ion  (Hayaishi ,  O., 

ed.), pp.  2 8 5 - - 3 6 9 ,  Academic  Press, New York,  NY 
5 K a u f m a n ,  S. (1961)  J. Biol. Chem. 236,  8 0 4 - - 8 1 0  
6 Hasegawa,  H. (1977)  J. Biochem.  81, 169 - -177  
7 Gurof f ,  G. and  Abramowi tz ,  A. (1967)  Anal.  Biochem.  19,  5 4 8 - - 5 5 5  
8 K a u f m a n ,  S. (1959)  J. Biol. Chem. 234,  2 6 7 7 - - 2 6 8 2  
9 Massaey, V. (1959)  Biochim. Biophys.  Ata  34,  2 5 5 - - 2 5 6  

10 K a u f m a n ,  S. and  Fisher,  D.B. (1970)  J. Biol. Chem.  245,  4 7 4 5 - - 4 7 5 0  
11 Nakanishi ,  N., Hasegawa,  H. and  Watabe,  S. (1977)  J .  Biochem. 81 ,681- - -685  
12 Craine, J .E. ,  Hall, E.S. and  K a u f m a n ,  S. (1972)  J. Biol. Chem. 247,  6 0 8 2 - - 6 0 9 1  
13 Cheema,  8., Soldin,  S.J., Knapp ,  A., H o f m a n n ,  T. and  Scr imgeour ,  K.G. (1973)  Can. J. Biochem.  51, 

1 2 2 9 - - 1 2 3 9  
14 Gut te r idge ,  W.E., McCormack ,  Jr.  J .J .  and  Jaffe ,  J .J .  (1969)  Biochim. Biophys.  Acta  178 ,  4 5 3 - - 4 5 8  


