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PTERINE REDUCTASE* 

B A R B A R A  E. \ V R I G H T  AND M I N N I E  L. A N D E R S O N  

Section on Enzymes o[ the Laboratory o] Cellular Physiology, National Heart Institute, National 
Institutes o/ Health, Bethesda, Md.(U.S.A .) 

INTRODUCTION 

In a previous publication evidence has been presented for the reduction of teropterin 
or folic acid to their dihydro-derivatives, in the presence of extracts of C. sticklandii, 
CoASH** and a suitable electron donor ~. Experiments concerning substrate specificity 
of the electron donor suggested that a-keto acids were the primary electron donors, 
and the enzyme system was consequently further purified using pyruvate as the 
electron donor. Using substrate levels of CoASH, pyruvate, and an oxidized pterine, 
stoiehiometry for the following reaction has been obtained: 

Teropterin + pyruvate + CoASH - - - +  TerH~ + AcSCoA + CO2 

MATERIALS AND METHODS 

Materials 
The conditions for prepar ing the sonic ext rac t  from C. stieklandii have been described 2. 
Teropter in  (diglutamyl folic acid) and Nl%formyl-folic acid were gifts f rom Dr. H. P. 

BROQUIST of Lederle Laboratories.  We are indebted to Dr. M. SILVERMAN for a sample of purified 
N10-formyl-folic acid, and to Dr. E. R. STADTMAN for a p repara t ion  of phosphotransacetylase .  

Methods 
Protein concentrat ion was  determined on the  basis of 280 111#/26o m #  absorpt ion  2. 
The enzyme was purified using an assay sys tem containing pyruva te ,  phosphate ,  phospho-  

transacetylase,  and catalytic am oun t s  of CoASH, since the lat ter  is expensive. Exper imen t s  to be 
described, however,  were carried out  wi th  subs t ra te  levels of CoASH in the absence of phospha te  
and phosphotransacetylase ,  unless specified otherwise. 

Two assays for dihydropter ines  were used: (t) measurement  at  42o m/~ of a yellow degrada- 
t ion product  formed upon the addit ion of acid and (2) decrease in absorp t ion  at 365 m/~ at  alkaline 
pH,  where FA has a peak, bu t  F A H  2 does not. The molecular ext inct ion used was the difference 
between FA and FAH~ at  365 m#  (8,000). Details of these two assays have been given previously 2. 

Acetyl-S-CoA was determined by  the hydroxamic  acid inethod4; the acetate was identified 
by I)uclaux distillation, l ' y ruva te  was quant i ta t ive ly  estirnated by following D P N H  disappearance 
in the presence of lactic acid dehydrogenase a. 14CO2 was t rapped  on the head of a pin which had 
been dipped in I ,  N NaOH.  The pin prot ruded about  5.0 mnl from the tapered end of the rubber  
s topper  placed in the top of the small tubes  (Io m m  diameter,  filled with hydrogen) used for an 
experiment .  Following incubation, the tubes  were chilled, the s toppers  removed, and a drop of 
l N H('I was allowed to roll down the side of the tube while the s topper  was quickly replaced. 
The tubes  were then incubated i o more nlinutes to t rap  residual 14COa released by the acid. The 
Na214(;O ~ was rinsed off the pin and an aliquot counted directly in a scintillation counter,  or it 
was converted to Ba 14COa, dried, and counted in a gas-flow counter.  

* A prel iminary report  of this work has been given I. 
** Abl)reviations l:s2d in this paper :  BAL, 2,3-dimercaptopropanol  CoASH, coenzyme ,\: 

I~'A, fulic acid; l'~:\H2, dihydrofolic acid; TerH~, dihydroteropter in;  t r is , t r is(hydroxynlethyl)  
aminomethane .  
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EXPERIMENTAl, 

Enzyme purification 

Data summarizing the various steps to be described are given in Table I. IOO ml 
of a C. sticklandii sonic extract diluted I :I with o.oi M tris pH 8.5, were adjusted 
to this pH by the dropwise addition of M tris, pH 8.5. 15 ml of streptomycin sulfate 
(pure base, 15o mg/ml) were added to the enzyme at o °. After chilling in an ice bath 
for IO min. the enzyme was spun in the Servall super centrifuge at 20,000 x g for 
15 rain. and the precipitate discarded. Subsequent centrifugation was always done 
in a Servall at that  speed. 

TABLE I 

ENZYME PURIFICATION 

Step Units/ Total rag Protein' 280 m~ Units mg 
ml* Units ml 260 mlt protein 

Crude sonicate 85o 85,ooo 25.o o.65 34.o 

S t rep tomycin  supe rna t an t  742 85,1oo 19.5 o.85 38.o 

Hea t  supe rna t an t  592 68,200 i i-5 0.98 51 .o 

A m m o n i u m  sulfate 3,95o 63,3oo 28.1 1.16 14o.o 

Acid supe rna t an t  2,3oo 55,020 14.9 1.4o 153.o 

Gel eluate 2,072 33,1oo IO.O 1,39 207.o 

* One unit  = the  a m o u n t  of enzyme required to produce an increase in optical densi ty (upon 
acidification) of o.oi at 420 m/z after  45 min. incubat ion at  3 80 in the presence of FA, o.21 /*mole; 
po ta s s ium phosphate ,  3 ° /~moles  at p H  6. 5 ; phosphotransacety lase ,  22 units  3 ; CoASH, 0.04/ ,mole ; 
BAL, o.2 t, mole; pyruva te ,  i . o / ,mo le .  

The supernatant solution was distributed in small tubes (about 5.o ml/tube) and 
heated in a hot water bath ~.o minutes at 5 o°. The tubes were chilled, spun, and the 
precipitate discarded. SolidAmmonium sulfate was added to the supernatant solution 
at o ° and the protein precip~'tating between 55% and 85% saturation was taken up 
in o.oi M tris, pH 8.5 and dialyzed for 3 ½ hours against M/5o tris, pH 7.4- To this 
solution (16.o ml) were added 4.8 ml of o.I M Na acetate buffer, pH 4.0. After IO rain 
in the ice bath with periodic stirring, the solution was centrifuged and the precipitate 
discarded. The supernatant solution was treated with successive additions of A1 (OH)3 
gel (25 mg)/ml) ; 4.65 ml and 7.02 ml respectively. The two gels were eluted together 
in a hand homogenizer with o.I M Na citrate pH 7.0. After centrifugation, the 
volume of the gel eluate was 16.o ml. To this final enzyme preparation ((i-fold purified) 
was added 0.05 ml of o.I M BAL. The enzyme is stable for about a month if it is not 
thawed and frozen excessively. 

As reported earlier ~, enzyme preparations using serine as the electron donor in 
the assay mixture, could utilize a variety of other electron donors. Table I I  compares 
such an enzyme preparation with the one described above which was purified using 
pyruvate as the electron donor. It  can be seen that virtually all the activity on sub- 
strates other than pyruvate and a-keto butyrate has been eliminated, and that 
activity on the latter substrate has been reduced. 
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T A B L E  I I  

ELECTRON DONORS 

A 42. roll 

,qubstrate Enzyme purified with: 
Pyruvate Serine 

P y r u v a t e  0.560 0.560 
¢t-Keto b u t v r a t e  o.31o 0.445 
Serine o.oo9 o.373 
Cyste ine  o.o72 o.273 
Methionine  o.ooo o.246 
Threonine  o.oo6 o.o37 

Conditions: l,'or the  enzyme  purif ied wi th  p y r u v a t e  as electron donor :  All subs t r a t e s  were p resen t  
a t  a concen t ra t ion  of ~.o /Lmole/o. 4 ml t o t a l  vo lume:  samples  were i ncuba t ed  4 ° rain a t  38°. The 
concen t r a t ion  of componen t s  were folic acid, 0. 5 / tmoles;  ( 'oASH,  [.3 / ,moles;  f l -mercap toe thanol ,  
2.o / ,moles;  prote in ,  o.o8 rag, po ta s s ium arseni te ,  ~o ~ M, and 2o.o / tmoles  p o t a s s i u m  succ ina te  
pH 6. 3. ( ' omparab le  ac t iv i t i e s  for these  subs t r a t e s  using an enzyme  purif ied wi th  serine as e lec t ron  
(loner ~ are given for the sake (if compar ison .  See tex t .  

Requirements and smichiometry ol the reaction 

Figure i shows that dihydropterine formation is linear over a wide range with 
increasing concentrations of enzyme, pterine, CoASH, and with increasing periods 
of incubation. Fig. z demonstrates that dihydropterine formation is also linear with 
pyruvate concentration, and that approximately 5o% of the pyruvate is utilized for 
the reaction. 
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dom' under  the following c o n d i t i o n s : S a m p l e s w e r e i n c u b a t e d  I h a t 3  S wi th  20 .0#nnf lespl~tass iunl  
s , cc ina t e ,  pH  6.3; also present  were an oxidized  pter ine ,  0. 5 /~moles; po ta s s ium arseni te ,  1o ~ M;  
protein,  0.05 m g ; f l - n l e r c a p t o e t h a n o l ,  2.o #moles ;  CoASH, 1. 3 / tmoles;  and  p y r u v a t e ,  l .o #mole s  
in a to ta l  w d a m e  of 0. 4 nil. In the case o£ the  enzyme  curve,  each sample  con ta ined  o.o 5 °o a lbumin .  
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In  the presence of excess pyruvate ,  also, about  4o-5o% of the pyruva te  disappear- 
ing is used for the formation of dihydropterine.  This can be seen in Table I I I ,  which 
presents da ta  for the s toichiometry of the reaction. I t  can be seen that  the amoun t  
of d ihydropter ine  formed is equivalent  to the p ter ine-dependent  ut i l izat ion of pyru-  
vate  and  the p te r ine-dependent  format ion of CO= and  acetyl  SCoA. The la t ter  was 
identified by  Duclaux distil lation. The fact tha t  this reaction involves the transfer 
of two electrons is addi t ional  evidence, (to tha t  already presented 2) for the formation 
of a pter ine reduced to the dihydro-level.  

TABLE III 

S T O I C H I O M E T R Y  

Compound, lcmoles 

Fired concentration, t*moles 

Presence Absence A due to presence 
o/pterine o[ pterine a/pterine 

I. 

II. 

III. 

Ter H= 0.35 - -  + 0.35 
Ac S CoA** 0.56 o 25 + 0.35 
residual pyruvate*** 0.23 0.58 - -  0.35 

FAH=, 0.24 - -  + 0.24 
Ac S CoA 0.40 o.17 + 0.23 
residual pyruvate 0.40 0.63 - -  0.23 

FAHa, 0.23 - -  + 0.23 
Ac 2S CoA 0.49 o.27 + 0.22 
taCO2 0.30 o.to + 0.20 

Condilions: The same as for Fig. i, (with i /mlole pyruvate/o. 4 ml) except that samples were 
incubated for 45 rain in the presence of o.o8 mg protein. 1-1'C pyruvate was present in Expt. III. 

* Determined by decrease in optical density at 365 m/~ at pH 11.o. 
* *  Determined by the hydroxamic acid method 4. 

*** Determined in the presence of DPNH and lactic acid dehydrogenase 5. 

Co/actors involved 

Lipoic acid and  th iamine  pyrophosphate  are f requent ly  involved in pyruva te  
oxidat ion s . I t  was, therefore, per t inent  to examine their possible role in tile system 
described here where a pterine can act as the electron acceptor. Arsenite sensi t ivi ty  
is characterist ic of systems dependent  upon lipoic acid G, and the effect of this inhibi tor  
was consequent ly  tested in the present pter ine-l inked system. Arsenite (IO-2M) has 
no effect on the p ter ine-dependent  decomposition of pyruvate .  I t  does, however, 
inhibi t  py ruva te  disappearance and acetyl-S-CoA appearance in the absence ofpterine. 

I t  can be seen from Fig. 2 and Table I I I  that  about  half of the pyruva te  disap- 
pearing is involved in (a) non-pter ine-dependent  reaction(s). This is also true of the 
acetyl-S-CoA formed. If arsenite is omitted,  however, about  8o°0 of the pyruva te  
uti l ized is involved in a non-p ter ine-dependent  reaction(s). Arsenite did not inhibi t  
the p ter ine-dependent  reaction. These results suggest that  lipoic acid is not inx-(~h cd 
in the oxidat ion of pyruva te  when pterine is the electron acceptor. 

No requirement  for th iamine  pyrot~hosphate could be detected, al though it is 
possible that  the procedures employed did not resolve the enzyme for tiffs cofactor. 
Subsequent  to a heat step and an acid step (see purification), the enzvme withstood 
dialysis for 2o h against  o.02 M sodium pyrophosphate  (pH 8.5) followed by dialysis 
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for 5 h against o.oi M phosphate, pH 7.o. A similar treatment resolved another 
bacterial enzyme completely for thiamine pyrophosphate v. Attempts to resolve this 
co-enzyme with a more strenuous acid step 8 than that employed in the purification 
(pH 4.o) resulted in inactivation of the enzyme. 

Specificity o/pterine requirement 
In order to determine whether a substituted pterine could also be reduced to the 

dihydro-derivative, Nl°-formyl-folic acid and Nl°-formyl-diglutamyl-folic acid 9 were 
investigated. Nl°-formyl-dihydrofolie acid has been described by JAENICKE AND 
GREENBERG 1° as a breakdown product of Nl°-formyl-tetrahydrofolic acid. They 
describe the formylated dihydro-compound as having one absorption maximum at 
260 mff at pH 7.0 and another low maximum between 335 mff and 34 ° mF, with a 
260 mff/34o mF ratio of about 3.4-3.6. They report the RE in 0.5 M formic acid to 
be 0.37 and in o.I M K 2 HPO~ to be 0.58 10 

Fig. 3 gives spectra at neutral and alkaline pH for Nl°-formyl-folic acid and its 
reduction product, which in all probability, is Nl°-formyl-dihydrolfolic acid. The 260 
mff/34o mff ratio of the reduced compound is between 3.4 and 3.6 - -  in this experiment 
it is 3.6. The maxima are at 260 mff and between 335 mt~ and 340 mt~, and the RE 
values in the above solvent systems are 0.40 and o.51 respectively. The molecular 
extinction for the reduced compound at 260 mt~, p H  7.0, is about 19,ooo. The maxima 
(pH 7.0) at 245 mF, for the oxidized pterine and 233 mff for the reduced compound 
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Fig. 3. The enzymic formation of N 1° formyl-dihydrofol ic  acid. Exper imenta l  conditions : pyruvate ,  
4.o #moles;  CoASH, o.o 4 ffmole; BAL, o.2 / ,mole; phosphotranaeety lase ,  22 units;  enzyme, 
o.~ mg; N]°-formyl-fol ie  acid, o. 3 #mole, and 3 ° / ,moles potass ium phospha te  at p H  6. 5. The 
samples were incubated 2 h, in order to assure complete disappearance of the oxidized pterine.  
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have not been reported previously, but we think they are genuine, and probably do 
not represent an impurity. TheD} exist in the Nl°-formyl-folic acid sample supplied by 
Lederle, as well as in two samples purified from the Lederle product by Dr. M. SILVER- 
MAN and by ourselves. They also exist in Na°-formyl-diglutamyl-folic acid which was 
isolated from C. cylindrosporum 9, and which also undergoes reduction to the dihydro- 
derivative in this system. 

D I S C U S S I O N  

A system which may be similar to this one, in extracts of Clostridium butyricum has 
been described by O'KANE, et al. n. This pyruvate oxidation does not involve lipoic 
acid, and riboflavin can act as the electron acceptor. A preliminary experiment with 
riboflavin in the present system suggests that it is reduced, but  further work is re- 
quired to determine the specificity of the enzyme system reducing pterines with 
respect to other possible electron acceptors. Since 50% of the pyruvate is oxidized 
by a non-pterine-dependent reaction, it is not yet possible to say whether the same 
enzyme system is responsible for the reduction of both the pterine and the flavin. 

Aminopterin does not inhibit pterine reductase. This is unexpected in that  all 
previously described systems in which folic acid is reduced to the tetrahydro-level 
are affected by this inhibitor 1~,~. 

S U M M A R Y  

A n  e n z y m e  s y s t e m  i n  e x t r a c t s  o f  a Clostridium h a s  b e e n  d e s c r i b e d  w h i c h  c a t a l y z e s  t h e  f o l l o w i n g  
r e a c t i o n  : 

T e r o p t e r i n  + p y r u v a t e  + C o A S H  ~ A c S  C o A  + C O  2 + T e r  H 2 

T h e  e n z y m e  a c t s  u p o n  m o n o g l u t a m y l  a n d  t r i g l u t a m y l  p t e r i n e s ,  a s  we l l  a s  o n  t h e i r  N l°-  
f o r m y l  d e r i v a t i v e s .  
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