
VOL. 17 (I0551 SHORT COMMUNICATIONS, PRELIMINARY NOTES 58() 

While Nw-CHOFAH4 has been shown to occur in these reactions, it is conceivat)le tha t  it is 
interccmvertible with a more labile derivative. NI°-CHOFA is converted to NI°-CHOFAH~ by a 
reducing system. In  Table I I  l~C-fornlyl-labeled NI°-CHOFA is shown to t ransformyla te  to glycine 
to form serine. A sys tem forming reduced pyridine nucleotide is required. Transformyla t ion  for 
synthesis  of histidine and purine derivatives also is shown. 

These exper iments  have t)een repeated with labeled Nm-CHOFAH 4 and gave essentially similar 
results, lint addition of D P N H  was still necessary for serine synthesis.  Beginning either with serine 
and FAll  4 or with NI°-CHOFAH4 and D P N H  a hydroxymethylfol ic  acid compound was formed*. 
The conversion to the hydroxymethy l  level by reaction with reduced pyridine nucle(>tide can be 
coupled in this system with reduction of DI 'N  to D P N H  bv a te t rahydrofolate  compound.  Thus  
in the presence of subs t ra te  amoun t s  of formate, glycine, AT[; and DPNH,  serine synthesis  occurred 
with catalytic quant i t ies  of FAH 4 (o.ol moles/mole serine). However  when subs t ra te  amounts  of 
IrAH~ were used, only catalytic concentrat ions of D P N H  (o.o 5 moles/nlole serine) were required. 
\Vhile it is clear tha t  st stable cofactor acts in one-carbon transfer reactions a, 7 w v-,, these studies 
provide evidence tha t  NI"-CHOFAHa can function as a general t rausformyla t ing  agent, that  its 
formyl group is in equil ibrium by an oxidation-reduction system with the ~-carbon of serine through 
a hydroxymethy l  level derivative and tha t  CI: is not directly involved in this intercoT)version. 
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• On isolation this compound  was found to be oxidized to N~°-hydroxymethylfolic acid which 
was identified by comparison with the authent ic  cmnpound synthesized by two different methods.  

• * National  Research Council Fellow. Present address:  Depa r tmen t  of Biochemistry,  School of 
Medicine, \Vestern Reserve l rniversity, Cleveland, Ohio. 

On the occurrence of Nl°-formyltetrahydrofolic acid 
by enzymic formylation of tetrahydrofolic acid and on 

the mechanism of this reaction 
Pigeozl 1,~ and pig a liver extracts  catalyze an ATP*-dependent  reaction between tetrahydrofol ic  

acid and formate  to yield a product  which t ransformyla tes  directly to 5-amino-4-imidazolecarbox- 
amide-5 '-phosphoriboside 1,4 to form inosine-5 ' -phosphate in the absence of ATP. During purification 
this compound  was converted to a compound having the propert ies  of NlO-fl)rmyldihydrofolic acid 2 
and then to NlO-formylfolic acidL2,a,5,6,7. This communicat ion  provides evidence tha t  the overall  
reaction, catalyzed by an enzyme sys tem which we propose to call te t rahydrofola te  formylase, may  
be formulated as follows: 

HCOOH ~ FAH 4 + ATP - ~ C H O F A H  4 -+ ADP + H3PO 4 

The evidence tha t  C H O F A H  4 is NI°-CHOFAH4 or a closely related compound is: i. synthet ic  N I°- 
C H O F A H  4, t ransformyla tes  to imidazolecarboxamide ribotide in the absence of ATP, 2. C H O F A H  4 
can be converted quant i ta t ive ly  to the N 5 Nl°-imidazolinium derivative of formylte t rabydrofol ic  

* Abbreviat ions:  FAH4, tetrahydrofolic acid; CHOFAH~, formylte t rahydrofol ic  acid; N w- 
CHOFAH~, Nl°-formyltetrahydrofol ic  acid; NI°-CHOFAH~, Nl°-formyldihydrofolic acid; NI°- 
CHOFA, Nl°-formylfolic acid; CF, c i t rovorum factor; ATP, adenosinetr iphosphate ;  ACF, the 
N 5 NnMnlidazoliniunl derivative of formyltetrahydrofol ic  acid (anhydroci t row)rum factor, anhydro-  
leucovorin);  EDTA, ethylenediaminetetraacetate .  
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acid, 3. C H O I ; A H i  is oxidized to a compound  h a v i n g  t he  proper t ies  of NI° -CHOFAH, ,  and 4. 
C H O F A H  4 is conver ted  chemica l ly  to CI r. In  add i t ion  i t  is shown t h a t  CI" (NS-formyl te t rahydrofol ic  
acid) is not  the first p roduc t  of the  formylase  reac t ion  bu t  appears  to be der ived  from NI°-CHOF.\H4.  

Table  1 p resen t s  a ba lance  for the  overal l  t e t r a h y d r o f o l a t e  fo rmylase  reacti(m. 

"l',k 131. I~; I 

F O R M A T I O N  O F  N I ° - C I q O I V A H 4  A N I )  O R T H O P H O S P H A T E  BX2 T H E  F O R M Y L A S E  R E A C T I O N  

. Na-h  rma te -  C, Condi t ions :  o.(35 ml enzyme,  (3.o 5 /¢moles  N a  4 A T P ,  0. 7/Creoles Na-PGA, o . 8 / m m l e s  ) 14 " 

16,ooo counts / l tmole ,  3/~moles MgC1, a, o. 4 mg EI)TA,  J .25/¢moles F . \HI ,  1 o / m m l e s  KHCO~. TetaI  
vo lume  o. 5 ml. The reac t ion  was carr ied  out  under  pe t ro leum ether.  I ncuba t ion  15 minutes ,  37'-  
The reac t ion  was s topped  with J.2 nil o 0( % HC10~ and was kep t  t inder  pe t ro l eum e ther  30 min  

b e f o r e  i n e a s t l r e n l e l l t  of . \ C  1;.  

1~(7 tormale N ' "  CHOlZ4tI~* Orlhoph,',sph~'~te** 
A ddll ilms l Iecorporaled Fo rmgd Tohl l  (a-h) 

llmol~'s /¢lll¢)l(?,q lo,*tolcx [llllDlt's 

(a) Comple te  o.2o o.21 o.40 o.- i 
(1)) F A I I  4 o o o. 25 
(c} A T P  O.O1 O,() 7 O. I(> 

(d) Comple te  (zero t ime) o o.o') o. 1 8 

* Dete rmined  as ACF (after anaerobic  acidificationS, 'a) by, the  difference in opt ica l  dens i ty  a t  
36o In// be tween  a l iquo t s  t a k e n  a t  zero t ime  and af ter  incut )a t ion  and based on a change  in the 
molecu la r  ex t i nc t i on  va lue  of 22,ooo be tween  F A I l  4 an(l ACF. 

** By the  me thod  of GOMORI TM af ter  removal  of in te r fe r ing  folic acid conlpoun(ls  wi th  Dowex-5o 
(H + form ). 

*** t)ige(m l iver  was homogenized  wi th  5 vohlrnes of 0.2 5 ~11 sucrose con t a in ing  o.t % EDTA and 
cen t r i fuged  at  80,000 x g for 3 ° rain. The e x t r a c t  was frozen overn igh t ,  a l lowed to s t and  2 h a t  
room t e m p e r a t u r e  and a ny  p r e c ip i t a t e  removed.  The fract ion p r e c i p i t a t i n g  be tween o.25 to o.6o of 
s a t u r a t i o n  w i t h  a m m o n i u m  sulfa te  (pH 7.o) was d ia lyzed  aga ins t  o.ot  M KHCO a ove rn igh t  a t  4 ' .  
The enzyme  sys t em is s t ab le  to freezing and thawing .  

T A B I . E  i [  

C H E M I C A L  C O N V E R S I O N  O F  T H E  P R O D U C T  O F  T H E  T E T R A H V I ) R O F O L A T E  F O R M Y L A S E  

R E A C T I O N  T O  C I T R O V O R U M  F A C T O R  

C o n d i t i o n s :  I.o ml  pigeon l iver  e x t r a c t  (hoinogenized l iver  wi th  3 pa r t s  of o.e 5 3[  sucrose, r emove  
p a r t i c u l a t e  f rac t ions  in Spinco centr i fuge,  pass  th rough  a Dowex-l-C1 co lumn and d ia lyze  ove rn igh t  
aga ins t  o.o 5 211 KHCOa), 6 / , m o l e s  FAH~, 9 / , m o l e s  MgCI> 5 ° / i n l o i e s  KHCOa, z. 5 t tmoles  ATP, 
35 t, moles Na  phosphoglycera te ,  2.5 mg lnuscle e x t r a c t  f rac t ion °", 7 / t m o l e s  14C-formate 29,ooo 
counts/ /xmole.  Vol. 2.6 mi, temp.  38,  C, t ime  42 rain, gas phase,  IIe.  Reac t ion  is s t opped  in boi l ing 
b a t h  I rain under  He, fi l tered nnder  He, O~-free N a O H  added  to o.t  N a n d  m i x t u r e  hea ted  under  
He  for 60 rain a t  Ioo '* .  Ana lyzed  wi th  l_euc(mostic citrovorum 8o8t.  Each  t igure represen ts  the  

ave rage  of two sepa ra te  de t e rmi na t i ons .  

pg,'ml /iltrate 

C V* a c t i v i t y  before a lka l i  t r e a t m e n t  50 
CF a c t i v i t y  af ter  a lka l i  t r e a t m e n t  - , 85  
14C fo rmate  incorpora ted ,  ca l cu la t ed  as CF 208 

* 3 5 CF has been i so la ted  from such react ion m i x t u r e s  by  pape r  c h r o m a t o g r a p h y ' ,  . 

\Vhen such anae rnb ica l ly  p repared  acid f i l t ra tes  were ch ron l a tog raphed  with t 31 formic acid 
as a solvent ,  the  incorpora ted  r a d i o a c t i v i t y  was  found as a pale, blue-f luorescing compound  a t  
RF o-37, cor responding  bo th  in migra t ion  and, af ter  e lu t ion wi th  acid, in i ts  absorp t ion  spectrumS, 9 
to  ACF. Since i t  is known  t h a t  CF accounts  for only  a small  pe rcen tage  of the  formate  incorpora ted  
in these  exper iments ,  the  ACF n m s t  be der ived  from N I ° - C H O F A H ,  or at closely re la ted  compound.  
C H O F A H  4 is oxid ized  to the  more  s tab le  NIO-CHOFAH2 if oxygen  is not  excluded.  \Vhen f i l t ra tes  
of the  fo rmylase  reac t ion  sys tem are depro te in ized  by  hea t  w i t h o u t  exclus ion  of a i r  and are sub jec ted  
to ascending  pape r  c h r o m a t o g r a p h y  wi th  o.5 3 I  formic acid and  o.~ AI K2HPO4, in each so lven t  
more than  9o % of the incorpora ted  uC a c t i v i t y  is found as at b lue-f luorescing spot  cor responding  
exac t l y  wi th  the mig ra t i on  of syn the t i c  N10-CHOFAH,2 * (1@ o.37 and o.58 in the  two solvents  

• Synthes ized  by r edac t i on  of NI° -CHOF: \  H 
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respectively). Only small quant i t ies  of NI°-CHOFA are present  (/~F o-69 and o.76 respectively)*. 
Eluates  of the 14C compound,  and NI°-CHOFAH2 show the same ultraviolet  absorpt ion 9 spectrum. 
If the product  of the formylase react ion were NI°-CHOFAH4, it should be converted to N~-CHOFAH4 
(CF) th rough  an internal  rea r rangement  on heat ing anaerobically in dilute alkaliS, 9. Table I I  shows 
the results  of such an experiment .  

\Vithin the limits of this type  of exper iment  C H O F A H  4 appears  to be coinpletely converted 
to CF ~*. Since the microbiological analyses were carried out  with l (L)-citrovorum factor ra as a s tandard,  
the enzymically synthesized N1°-CHOFAHz mus t  show the 1-configuration at carbon atom 6. 
Sonm of the CF activity present  before alkali t r ea tmen t  is due to the conversion of CHOF \ H  4 to 
CF (luring heat-deproteinizat ion since NI°-CHOFAH4 undergoes such a transfornaation under  these 
condit ions at the pH of the nlixture 9. t inder  the conditions of this exper iment  (conlpare with Table I) 
there was a non-14C source of the one-carbon uni t  p resumably  because of the longer reaction t ime 
and the diniinished activity of the formylase.  

Synthet ic  Nl°-CHOFAH411 transformvlates,  directly to 5-amino-4-imidazolecarboxamide-5'-  
phosphoriboside jus t  as anhydroleucovorin  2 does. The lat ter  hydrolyzes rapidly at pH 7 t<) N m- 
CHOFAH4 'J. Under the condit ions of the forrnylase reaction the rearrangenlent  of CI: to N I°- 
CHOFAH~I,2,  a is nmch slower than  the format ion of NI°-CHOFAH4. In acetone powder  extracts  
as little as o.25 '~?, of the formate  incorporated is accounted for as CF***. Since it has been shown 
tha t  CV is converted to N~°-CfiOFAH42,3, 5 by an ATP-dependent  reactionl, 2 it follows tha t  at 
least 2 moles of inorganic phospha te  should be formed if CF were the first p roduct  of the formylat ion 
reaction: one for the energy-requir ing acylation and one for the N~-N TM conversion. 

The exper iments  outl ined here do not  preclude the presence of a labile precursor  of N I°- 
C H O F A H  4. i t  is not  suggested t ha t  tetrahydrofolic acid as such is the na tura l  carrier, bu t  t ha t  it 
represents  a convenient  model system. The results s t rengthen the concept first proposed by  GORDON 
el al. 14 tha t  Nl%derivatives are the active cofactorsa, a. Several laboratories have presented evidence 
for relatively stable one-carbon cofactors '2,'% 15,16,1L 
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* By careful anaerobic ch roma tography  NI°-CHOFAH4 was demons t ra ted  as the product  of this 
reaction in pig liver extractsa, s. 

* * CF has been isolated from such react ion mixtures  by paper  chronlatographya,  5. 
* * *  Very recently it has been reported 13 tha t  in an A-methopter in- res is tant  s train o[ S./aecalis 

folic acid is converted to a labile compound  which non-enzymically forms CF and which appears  
to have proper t ies  similar to NI°-CHOFAH4. 
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