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I. Cordycepin has been shown to inhibit purine bios, 
a decreased incorporation of radioactive formate inh 
cillus subtilis. 

2. The incorporation of radioactive 5-amino-4-imi, 
:ine ring was not severely inhibited by  cordycepin. 

3. Radioautography of an alcohol-soluble extract 
~wn with cordycepin and either radioactive formate 
:umulation of any intermediates. 

4. The formation of formylglycinamide ribonucle( 
:umulate by the addition of 6-diazo-5-oxo-L-norleuc 

These results indicate that  in B. subtilis cordycep 
synthesis de novo which is prior to the formation of 

~vious studies with B. sublilis ATCC No. lO783 dm 

acleotide, which was caused t( 
-oxo-L-norleucine, was suppressed in th~ 

fin inhibits a step in purim 
glycinamide ribonucleotide 

aaonstrated an inhibition o 
t the reversal of this inhibition by  the addition of purines 1 
~wth inhibition caused by cordycepin although not a~, 
refines. This suggested an inhibition ot nucleic acid syn- 
~nce with the synthesis of purines de novo. 
a continuation of this work in which the incorporatior 
nto the purine ring of the nucleic acids of B. subtilis wa,, 
ad absence of cordycepin. In agreement with our earliel 
.re that  the synthesis of purines de novo is inhibited in th( 
d the specific enzymatic site appears to involve a reactior 
;lycinamide ribonucleotide. 

5-amino-4- imidazo leca rboxamide ;  F G A R ,  formylglycinamide 
-5-oxo-L-norleucine;  GAR,  g lyc inamide  r ibonucleot ide.  
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presence of cordycepin. 
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P r e  ~ 

growth by cordycepin and 
AICA also prevented gro 
effectively as preformed punnes. 
thesis possibly by interference 

This report presents 
of radioactive precursors into 
studied in the presence and 
findings 1 the results indicate 
presence of cordycepin, and 
prior to the formation of gl~ 
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n s n e a  proceoure-, l n e  s p e c l n c  a c t i v i t y  o I  x n e  Iln~ 

min/#mole. 
Adenine, adenosine, [8-14C]adenine, 

*C]glycine were purchased from Calbiochem. L-Glt 
na  Chemical Co. 6-Diazo-5-oxo-L-norleucine was a gii 
;ubtilis ATCC No. lO783 was obtained from the Ameri 
was used exclusively in the following studies. 

incorporation o/[14C]/ormate 

Previous studies have demonstrated the ability of 
Ln into cordycepose and adenine 1. The specific acti~ 
thesized from 14C-labeled precursors de novo is lower( 
nine, because the latter compound can be incorporate 
leic acids ~. For this reason in the experiments to be r 
added to a control vessel at a concentration equal 

ering of specific activity of the nucleic acid purine, 
;led precursor, below that  of the control could then ] 

block in the synthesis of purines de novo, and not " 
genous source of adenine provided by  cordycepin hydl 
A typical experiment was carried out as follows: Ea( 

liters of media were inoculnted with An rnl nf n xn h 

lowered in the presence of intact 
)orated intact into the purines of 

reported below, free adenine 
to that  of cordycepin. Any 

)urines in the presence of a lac- 
be interpreted as being due 
to a dilution caused by  the 

cordycepin hydrolysis. 
Each of three flasks containing 

,culated with 4 ° ml of a IO h culture of B. subtilis. After 
the log phase of growth, 20 #C of [l*C]formate (specific 
vas added to each flask. No further additions were made 
12 mmoles of adenine was added to the second culture 
epin was added to the third. After incubating for 3 h the 
y centrifugation and washed four times with cold 5 %/ 
,ashed residue was suspended in i NaOI-I and incubated 
rze the RNA. Neutralization with ]-IC1 was followed by 
:hloroacetic acid. The precipitate was solubilized in I N 
with 5 % trichloroacetic acid. This precipitate, which 
for later t reatment.  
resulting from both trichloroacetic acid precipitations 

to adsorb the nucleotides and eliminate material which 
uent paper chromatography. The solution which had been 
centrifuged and the supernatant  fluid discarded after 

lan 9 ° % of the ultraviolet (260 m/t) absorbing material 
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1.5 liters of media were inocul 
the cultures had reached the 
act ivi ty 7-12 mC/mmole) was 
to the first culture, while o.12 
and o.12 mmoles of cordycel0 
bacteria were harvested b 
trichloroacetic acid. The wa, 
at 3 °0 for 15 h to hydrol:¢ 
precipitation with 5 % trichloroac 
NaOH and reprecipitated 
contained DNA, was saved 

The supernatant  fluid 
was treated with charcoal 
would interfere with subsequent 
treated with charcoal was 
determining that  greater th~ 

URINE BIOSYNTHESIS BY CORDYC[ 

~TERIALS AND METHODS 

o f  ~IERRIOTT ~ w a s  u s e d  fo r  t h e  gr,  

om culture filtrates of the mold q 
dure 3. The compound was recryst 
S. 

ated from a culture of C. militar 
t. 5 ttC of [8-14C]adenine (8.5 tiC/; 
ilitaris and the organism was allo~ 
ioactive cordycepin was isolated 
cific activit '  of the final produc 
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)ve was heated with 7 ° % perchloric acid at IOO ° for 
reed by the addition of KOH, was removed by centrij 
e supernatant fluid, which contained the purines an~ 
omatographed on paper as previously described. 

Radioactivity was determined by duplicate platin 
t pyrimidine bases eluted from the paper chromato 
mted in a Nuclear Chicago scaler. 

Concentration of the free bases was determined b3 
alar extinction coefficientsL 

EFFECT OF CORDYCEPIN ON THE INCORPO] 
~14C]FOEMATE INTO NUCLEIC ACID PURINES AN 

eC of [l*C]formate was  added  to  each cu l tu re  a f te r  reachin 
ti t ion of e i t he r  aden ine  or co rdycep in  was  also made  a t  th is  t ime 
3 h a t  37 % Pur ine  and p y r i m i d i n e  bases  were i so la ted  and the  

AND PYRIMIDINES 

Lg the  log phase  of growth.  The 
rd, t ime  and the  cu l tu res  were incubated  

the i r  specific ac t iv i t i e s  d e t e r m i n e i  

Plus o.12 mmoles Plus o.12 m~ole$ 
Control adenine cordycepin 

640 
1900 

64o 
650 

IO20 
2060 

of the isolated bases are given in Table I. The flask con 
the maximal amount of adenine which could arise had al 

)lyzed. Although the concentration of adenine achieved ir 
',rimentally determined, it could not have been very great 
t would not have been achieved under these conditions 
ses suppression of formate incorporation which is greate 
This decrease in incorporation is consistent with the hy 
)locks purine biosynthesis de novo. The effect of cordyeepir 
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add i t i on  of e i t he r  aden ine  or cord, 
for 

R N A  
Adenine  
Guanine  
Cytosine  
Uraci l  

D N A  
Adenine  
Guan ine  

The specific activities 
taining adenine represents 
the cordycepin been hydroly 
these vessels was not experimenta 
because growth inhibition 
However, cordycepin causes 
than the adenine control. 
pothesis that  cordycepin blocks 
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:harcoalin a mixture of 95 °4, ethan 
nucleotides originally present in 

t treated with 7 ° o//o perchtoric ac 
H 7 with KOH and the resulting I~ 
in ice. Purine and pyrimidine bases 
phy on Whatman No. 3 filter p 
tem ~. The ultraviolet-absorbing b~ 
ut from the dried chromatograms 

from the trichloroacetic acid tr 
for I h. Pot 

centrifugation 
and pyrimi( 

plating of aliq 
grams. "I 

y using tt 

T A B L E  I 

INCORPORATION OF 

as described in the text. 

Counts/min/l~mole 
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ntall' 

monia .... 
eluatc 

!or I h. 
~ m o v e d  

tted by 
an iso- 
,onding 
rith hot 

scribed 
hlorate 
[ in ice. 
A,  w a s  

purine 
Ls were 

v e  ITIO- 

The 
Lcubated 
e rmined  

~n- 

all 
i n  

reat, 
ditions. 

ter  
r_ 

)in 

64o-647 



lycepin would have to be a bet ter  source of purine 
aine to account  for the results of formate incorporatJ 
incorporat ion of [8-14C]adenine and [8J4C]cordycepi 
examined. 
[8-~C]adenine was diluted with cold adenine to giw 

he previously prepared [8-~C]cordycepin. Equal  mo 
nd were added to separate cultures of B. subtilis whi 
~ h .  After  3 h incubation the bacteria were harvested 
L 5 % trichloroacetic acid (final concentration).  The 

50 % trichloroacetic acid for 30 min at IOO ° to solu 
fipitate protein 8. Trichloroacetic acid was removed 1 
~r. An  equal volume of 2 N ttC1 was added to the su 
on was heated tor I h at  IOO °. The liberated purines w 
er ch romatography  on W h a t m a n  No. 3 filter pape~ 
nic acid solvent (77 : 13 : IO, v/v). The specific ac t iv i ty '  

The adenine moie ty  of cordycepin is no bet ter  than  
leic acid purines (Table I I ) .  Therefore it seems likel 3 
t source of preformed purines, cordycepin must  also 

)rporation o/ 5-amino-4-[2-1~C]imidazolecarboxamide 

were separated by  descending 
paper using a n -bu tano l -wa te r -  

z was determined as described 

free adenine as a source of 
ty tha t  in addition to acting 

be inhibiting the synthesis 

[-[ 2-14C j 

been shown to reverse cordycepin inhibition 1. The in- 
was studied in the presence of cordycepin. If  cordycepin 

INCORPORATION OF [14C]ADENINE AND 

D R D Y C E P I N  I N T O  N U C L E I C  A C I D  P U R I N E S  

md [I4C]cordycepin was made to separate  cultures of B. subtilis 
growth.  The cells were harves ted  after  a 3-hour incubat ion period 
rated. The specific activities of the added [14C]adenine and [I*C]- 
)unts/min//zmole and 40oo counts/min//~mole respectively. 

Plus z 2 o  I~moles 
[14C]cordycepin 

915 
660 54 ° 

Biochim. Biophys. Acta, 80 (1964) 64o-647 

formic 
previously. 

nucleic 
as a 
of the purine ring de novo. 

Incor~ o[ 5-am~no- 4 
AICA has p r ev ious ly  

corporat ion of [2-~4C]AICA was 

T H E  

p'C] CORDYCm" 
The addit ion of [l 'C]adenine and 
which were in the log phase of 
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URINE BIOSYNTHESIS BY CORDYCE 

oth R N A  and DNA was similar, 
oth nucleic acids were treated coll, 
, presumably  by  "CO~ formed fron 
ng a lack of interference in the b 

and [ 8-14C ]cordycepin 

incorporation could be interprete 
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v 
separate adenine and guanine. 

The specific activities of the isolated purines are g 

THE EFFECT OF CORDYCEPIN ON THE INCORI 

5-AMINO- 4 - [2 -14C] I MIDAZOLECARBOXA] 

= of [2-*4C]AICA (3.5/*C/#mole) was  added  to  log phase  cult1 
i y c e p i n  were also added  and the  cu l tu res  were  grown for 3 1 

Adenine  
Guan ine  

difference in specific activities of purines derived fr¢ 
:ordycepin and the control is assumed to be a reflec 
dycepin to free adenine• However, these results are tl 
en [14Clformate was used as a purine precursor• The ii 
s decreased by the addition of cordycepin in excess of 
incorporation of [2-uC]AICA is greater in the presen 

~nine e n n f r n l  T h l q  o v i c t o n e o  ia enngia tont"  w i t h  ~ a l to  

615 18 I62 
556 24 152 

t from cells grown in the presence 
flection of the cleavage of some 

the inverse of those obtained 
incorporation of [t4C]formatc 

the adenine control whereas 
)resence of cordycepin than in the 

ence as consistent with a site of action of cordycepin in- 
the formation of AICA-ribonncleotide. 

ctive intermediates 

tempt was made to detect ultraviolet-absorbing interme- 
Lccumulated in the presence of cordycepin. One approach 
mediates which do not absorb ultraviolet light involves 
ae presence of both the inhibitor and a radioactive purine 
mate. Any accumulated intermediate resulting from in- 
be identified by radioautography. Preliminary evidence 
number of inhibitors has been obtained by using such a 

t in this experiment are basically those outlined by TOMISEI~ 
B. subtilis which was in the log phase of growth was 

ler cultures, each containing 2oo ml. No addition was made 
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adenine control. This evidence 
hibition which is prior to the 

Radioautography o/ radioactive 

In earlier work an attem 
diates which might have a 
for identifying early intermediate 
growing the organism in the 
precursor such as [x4Cjformate. 
hibition can subsequently 
for the site of action of a 
techniqueg, ~0. 

The methods employed in this 
et al. 9. A I liter culture of 
subdivided into three smaller cult~ 

ROTTMAN, A. J. GUARINO 

to the formation of AICA-ribo~ 
o nucleic acid purine should not 1 

each of three 5oo ml cultures o 
• No further additions were made 
40 #moles of cordycepin were adde 
e ra  3 h incubation period the cells 
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:ography was carried out on these chromatogram 
ay film with exposure time varying from five days t 

The individual areas of radioactivity on the chrom~ 
wever, there was no detectable difference between 
tures and those grown with either cordycepin or ad 
rering of intensity in all radioactive areas of the latter 
,,cific area of radioactivity on the radioautogram res 
dycepin was not observed. Similar results were obtaii 
d in place of [14C]formate. 

The total amount of radioactivity in the alcohol-sc 
s 337 ooo counts/min while the radioactivity in th 
dycepin was only 84 ooo and 95 500 counts/min resp~ 
,t cordycepin appears to be acting in a manner simi 
alled that cordycepin was exposed to B. subtilis for on] 
us experiments, the conversion to free adenine during 

An inhibition of any reaction following the incorp, 
cine should have caused an accumulation of a radi 
s was not observed it was assumed that cordycepin m 
or to the incorporation of either of these precursors• "I 
h the decreased amount of radioactivity in the alc~ 
wn with cordycepin. Further evidence that cordycep 

similar to actenlne, it should be 
only 35 min. In the light of pre 

that period must have beer 

)oration of either formate ol 
radioactive intermediate. Since 

might be inhibiting a reactior 
This assumption is consistenl 

alcohol-soluble extract of cell, 
)in was inhibiting one of the 

rune biosynthesis is given in the following experiment 

mide ribonucleotide /ormation 

;AR has been shown to be strongly inhibited by DON 
is a potent growth inhibitor of E. coli and it has beer 

Ltracellular accumulation of FGAR 1°. When bacteria are 
of this inhibitor and [14C]glycine the FGAR which ac- 

[nhibition of any reaction prior to FGAR formation wil 
amount of radioactivity incorporated into FGAR. HEN- 

echnique to examine feed-back inhibition of purine bio- 

rere made to determine the concentration of DON to bc 
• I t  was found that the lowest level of DON which stil 
n of B. subtilis growth was 5/zg/ml. 
btained by harvesting 3 liters of a culture which was in the 
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amn 4 0 m m  h i g h × 8 m m  2. 
.ioactive glycine and  any  trace of glycinamide ribor 
,,n present.  F G A R  was eluted with 15 ml of 4.0 M fl 
ate were plated and counted to obta in  the total  a m  
A R  fraction. 

The effect of cordycepin adenosine is showl 
ibited the formation of F G A R  to a greater ex tent  tl 
)wn to act as a feedback inhibi tor  in a similar system 

T H E  E F F E C T  O F  C O R D Y C E P I N  O N  F G A R  A C C U M I  

P R E S E N C E  O F  D I A Z O - O X O - N O R L E U C I  

shly harvested B. subtilis cells were resuspended in media c~ 
allowed to grow for 2 h. Adenosine and cordycepin were ad~ 

t for an additional 5 min. 3 pC of [i-l*CJglycine and 175/~g of 
'e added and the cultures were further incubated for i h. Tk 
ted by centrifugation, were extracted with 2. 5 N HC10, and ] 

Plus 14/,moles adenosine 
Plus 14 pmoles cordycepin 

containing glutamine (o,i mglml 
ded and the cultures were incub 

of diazo-oxo-L-norleucine (5 pg]ml 
The packed cells, which were har 

FGAR was isolated as describer 

42 ooo 
96o0 
4600 

from Dowex- i - fo rma te  X8 was carried out  according t( 
~1 known compounds  13. Authen t ic  F G A R  was not  avai labh 
~r t ions  of the F G A R  fractions obta ined  in these experi 
led on paper  after adsorpt ion on charcoal. The chromato 

revealed tha t  the radioactiv~ 
ts in  three different solvent  systems. Fur thermore ,  th~ 
m F G A R  fractions of the control,  the adenosine cul ture 
igrated with the same RF in each solvent  system and  wa, 
~let-absorbing material .  
)ration of [a*C]glycine into F G A R  reflects an inhibi t ion o 
ions in pur ine  biosynthesis.  
~AR to F G A R  was blocked by  cordycepin, GAR shouk 
nd would have been detected in radioautograms of th~ 
)acteria grown in the presence of [I-14C]glycme and  cordy 
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e later compound was added becal 
GAR 13. Following 2 h growth, 35 
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,moles of cordycepin was added 
Lhird. After shaking for 5 min at 3 
added to each flask. The cultures 
cells were harvested by  centrifuga 
extract  was neutral ized with KO} 
r supe rna tan t  fluid was placed on 
3 o m l  of 0.5 M formic acid 
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formic aci 

mount  of r 
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