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I N'FRO DUCTI( ) N 

In previous studies (NI ( :B:ERSON ANI) WEBB 1) on tile action of folic acid analogues 
on growth and cell division of micro-organisms, attention was drawn to the fact that 
certain yeasts and bacteria which do not exhibit a nutritional requirement for the normal 
metabolite, appear to inactivate these compounds. Thus, the initial inhibition caused by 
low concentrations of these antagonists in cultures of such organisms is frequently 
followed by partial, or complete recovery. When the yeast, Camtida tropicalis, for 
example, is grown in the presence of Aminopterin (N-(p-2:4-diamino-6-pteridylmethyl- 
aminohenzoyl)-glutamic acid), at 28 °, an analogue concentration of IO -6 M is sutScient 
to produce a significant inhibition of growth during the first 24 hours. After 48 -72 hours, 
however, the amount of growth in such cultures is indistinguishahle from that attained 
in the absence of the antagonist, while at concentrations (ca. IO 4 M), initially affording 
complete inhibition, the level of growth may reach 7 ° -75 % of that of the controls. 

Recover}' from the effects of Aminopterin in ('. lropicalis cultures is associated with 
the appearance in the medium of a free pteridine, or pteridines, the nature of which has 
not been determined. Howeww, the fact that the pteridine fragments may he extracted 
froin culture filtrates at pH 7 with n-butanol suggests that inactivation of Aminopterin 
by this yeast occurs by reductive or hydrolytic, rather than by oxidative cleavage of the 
molecule. Inactivation of Aminopterin by buffered suspensions of washed C. lropicalis 
cells is accompanied by an accumulation of a diazotizable amino-compound. This may 
correspond to the p-aminobenzoylglutainic acid residue formed on cleavage of the 
antagonist molecule. In growing cultures, however, the diazotizable amine does not 
increase in amounts equivalent to the free pteridine, and it is possible that under these 
conditions the cells utilize the liberated p-aminobenzoylglutamic acid moiety. 

Apart from FoLl~.v's" observations on the possible de-ainination of Aminopterin 
by Slrefltococcus /aecalis, the nature of the recovery observed in bacterial cultures 
containing analogues of folic acid does not appear to have been investigated in any detail. 
The factors responsible for this recovery seemed to merit further study, not only because 
of the obvious significance of the process with regard to the competitiw, relationship 
between analogue and normal metabolite, but also because of the apparent similarity 
between the recovery in bacterial cultures and the inactivation of Aininopterin by 
certain mammalian and avian cells described by .|ACOBSOX:L 
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EXI'ERIMENTAI. 

3la/erials aml methods 

Orga~isms. Most of the exper iments  described were done with .qerobacler aeroge~zes, A. cloacae 
and F_scherichia col| (Strain B), al though Ylacillus megalerium, tL cereus and B. subtilis were used 
for certain supplementa ry  studies. F.. col| (Strain B) was provided by Dr. \V. J. NWKERSOX of the 
Microbiology Dept.,  Rutgers University, New l~runswick, New Jerse 3, U.S.A. ( 'ul tures of the 
remaining <>rganisms, initially obtained from the National Collection of Type Cultures (see \\'l,;m~ ~ 
for details), were available (r<un the collection ntaintained in this laboratory.  These strains were 
susceptible to growth inhibition by certain folic aci<l analogues, part icularly those containing the 
4-amino gr<mp, alth<mgh not all showed an inhibition of cell division in the presence (ff these sub- 
stances similar to tha t  observed with 1{. col| and C. lropicalis (NICKI~;RSON AND \VE|n~;I). 

('ullure media. The ( ; ram negative organisms grew well in the simple chemically-delined nutr ient  
solutions described by KOSER AND RE'rTGER 5 and MoxoD 6. Except  when stated ~therwise, the latter 
medium, sterilized by filtration through sintered glass, was used for the exper iments  with these 
organisms. The rates of growth of the ( ; ram positive bacilli in simple media such as those described 
by KNmHT ANt) l'RoO,~ff were too small for the inltibitorv effects of the folio acid analogues to be 
deterinined conveniently,  in consequence, a peptone (I),.I).H. bacteriological peptone, -' %} water 
medium, containing glucose (o.2 %} and sodium chloride (0. 5 %), was used for these bacteria, l ;nder 
these cultural  conditions complete growth exper iments  were possible over a period of | -  |4 fi. It 
should be mentioned, however, tha t  the activities of folic acid analogues are nluch reduced in complex 
media of this type (NICKERSOX AND \VEBB1). 

(;rowth conditio~Ts. Cultures containing fulic acid analogues were incubated in darkness at 37 '  
on an electrically driven rotor  inclined at 0o  to the vertical. Growth  was measured turbiditnetricalh" 
in a Hilger Spekker absorpt iometer  fitted with neutral  (I[5o8) filters and suitably adapted to carry 
the culture tubes. Concentrated solutions of the various analogues studied were prepared in the 
appropr ia te  medium immediately before use and sterilized by filtration tltrough sintered glass. / l l tra- 
violet absorpt ion measurements  on suitably diluted aliquots of such solutions before and after 
tiltration established tha t  no decrease in analogue concentrat ion occurred througlt adsorpt ion on 
the filter. Every effort was made during both the preparat ion of these sohttions and the incubation 
anti turbid |metr ic  assay of the cultures, to avoid photochemical  decomposition resulting from the 
direct, or prolonged exposure of the analogues to light. 

.\n |8  It culture of tim appropr ia te  organism, derived directly from the stuck slope, was used 
to inoculate the experimental  series. The size of the inoctdum, as (tetailed in the following sections. 
was varied according to the experimental  procedure. 

]:olic acid at~alogucs 

The following analogues were studied: . \minopter in  (N-(p-2:4 diamino-6-pter idyhnethylamino-  
benzoyl)-L-gh|tamie acid), Amino-an-Fol  (N-(p-2:4 diamino-0~pteridylmethylaminobenzoyl)-aspart ic  
acid), Dichloroaminopterin (N-f3:5 dichlor°-4 { [i( 2:4 diamino-0-pteridyl)-methylq-amino}-benzoyl~- 
ghttamic acid), Methylaminopter in (A-methopterin) (N-if4- { jnet t tyl-(2:4 diamim>0-pteridyl)-metfiyl]  
-amino}-benzoyll  -gh | tamic acid), Metfivlfolic acid. ((l-methylpteroylglutamie acid), and l) imethyl-  
folio acid (~: lo  dimethylpteroylglutamic  acid). 

l:ur brevity,  the trade or trivial names of these substances are used th roughout  this paper. 
For tho initial studies of growth inhibition and recovery the analogues were used wi thout  

purification. This was justified, since it was established by comparat ive  exper iments  with certain 
analogues (Aminopterin,  Amino-an-l:ol) before and after purification, tltat growth inhibitory activity 
was proport ional  to the antagonis t  content  of the prepara t ion and was not  modified by  the impurities. 
] 'urification of the analogues was essential for the characterization of the products  formed by the 
inactivation ~ff these compounds,  and was accomplished on columns of paper  pulp ( \Vhatman iqo. i) 
as described t)v \\'IEI_~NI), HU'FCfIIN(;~; AND \VII.I_IAMS ~. 

RESULTS 

The effect o~/olic acid analogues on bacterial growth 

Representat ive  growth curves obtained in a series of exper iments  in parallel with 
those of NICKERSON AND WEBB 1, in which sub-baeterostat ic  concentrations of the analo- 
gues were added to the culture m e d i u m  before inoculat ion,  are reproduced in Fig. I to 
i l lustrate the variations in response to Aminopter in  observed with the different bacterial 
species. Under the condit ions of these experiments  a s low recovery,  exemplif ied by 
Figs. I (a) and I (d), was observed in cultures of certain bacteria. Growth of all susceptible 
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voI.. 17 (I955) 

Fig .  i .  G r o w t h  c u r v e s  for derobacler 
aerogenes (a), Escherickia coli (b), 
a n d  Herobacter cloacae (d) in 
~'IoNoD's m e d i u m ,  a n d  t3acillus 
~m:senlericus (c) in p e p t o n e - w a t e r  
a t  3 7 ' .  G r o w t h ,  e x p r e s s e d  in  a rb i -  
t r a r y  u n i t s  ( t u r b i d i t y  r ead ings )  by 
t h e  o r d i n a t e s ,  in  t h e  a b s e n c e  of t i l e  
a n t a g o n i s t  is  s h o w n  b y  t h e  con-  
t i n u o u s  c u r v e s  ( ), a n d  in  t h e  
p r e s e n c e  of A m i n o p t e r i n  (Figs .  I (a) 
and  l(c),  1.2. I,.) 4 31, Fig.  1 (b) 
1.0" 10 4 ,~[, Fig .  I((l) 5"1o  s k l )  b y  

t he  b r o k e n  l ines  ( ....... ). 

1 N E L I I I ' : N C E  O F  T H E  A G E  O F  T I l E  P A R E N T  C U L T U R E  F U R N I S H I N G  T H F .  I N O C U L U M  O N  THF- G R O V V T H -  

INHIFH'I 'OI~ '~"  A C T I O N  Ot" A M I N O P T E R I N  O N  : l e r o l ) a c l e r  a e r o g e n c s  

S t a n d a r d  i n o c u l a  (o.o2 ml)  of t h e  p a r e n t  c u l t u r e s  (mean  p o p u l a t i o n  d e n s i t y  33 ° / t g  cel l  d r y  w e i g h t / m l ;  
o, m a x i m u m  v a r i a t i o n  ! 4 .,,) were  t r a n s f e r r e d  to  a l i q u o t s  (5 hal) of Mor<oD's m e d i u m  w i t h  a n d  w i t h o u t  

t h e  a d d i t i o n  of A m i n o p t e r i n  (44 t¢g/ml ;  t .  io  4 f i l l  G r o w t h  was  fu l lowed  t u r b i d i m e t r i c a l l y  a n d  t h e  
v a l u e s  t h u s  o b t a i n e d  were  i n t e r p r e t e d  in t e r m s  of cel l  d r y  w e i g h t  ( t g / m l )  b y  c o m p a r i s o n  w i t h  a 
s t a n d a r d  cu rve .  T h e  f igures  q u o t e d  be low for t h e  g r o w t h  r a t e s  (din/d/)  re fe r  to  t he  i n c r e a s e  in d r y  
w e i g h t  (#g)/ml c u l t u r e / h ,  and ,  in t h e  c u l t u r e s  c o n t a i n i n g  A m i n o p t e r i n ,  a re  b a s e d  on m e a s u r e m e n t s  

m a d e  d u r i n g  t h e  i n i t i a l  p h a s e  of l o g a r i t h m i c  g r o w t h  (i.e. be fo re  t h e  o n s e t  of r ecove ry ) .  

(;mtlrol cullurc~ Cultures in lheprescnceo] I • to * 31 aminoph'rin 
Age o/parent  

(h) l.en~,th o / l  ¢,~ (;r .uth rate Final  populntmn l.en~lh of [ .g Growth rah' l: inal p.puhttion 
(rain) (din dl) density (lU4 ml) (mtn) (din tit) density (H" m!) 

6(~ 195 o.~)9 335.6 275 0.24 31 q. I 
4 s 195 IiO4 31% 0 255 o.35 341.5 
42 ! S5 J .o-t 338.3 24o o-42 3.t4.5 
24 1 ~)o I .oS 32o.(~ 225 o.47 344.5 
2o 155 o.~)S 3 t 7.3 2oo o.45 349.o 
~S 90 I.o5 336.7 225 o-55 347.0 
~o 120 I.o 4 337.5 2 io  0-45 332 .5 

bacteria during the early stages of culture occurred at a greatly reduced rate, and was 
preceded by an extended lag. The rate of growth in cultures exhibit ing recovery was not 
constant,  but increased after incubation for some hours. At a constant analogue con- 
centration,  factors which influenced the magnitude  of the growth inhibition in experi-  
ments  of this type  included the age of the parent culture (Table i) and the size of the 
inoculum (Table II).  

References p. 225. 
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T A B I , E  I I  

THE DECREASE IN THE GRO\VTH INHIBITORY ACTION OF A FIXED CONCENTRATION (~. IO 5 ,1,/) 
OF AMINOPTERIN ON ,4. a('VOggllgS WITH INCREASE IN SIZE OF THE INOCULUM 

T h e  w a s h e d  cel ls  f r o m  a n  I8  h c u l t u r e  of  A .  aerogenes  in MOyOD'S m e d i u m  w e r e  r e s u s p e u d e d  in 
f r e sh  m e d i u m  a t  a i o - f o l d  c o n c e n t r a t i o n .  A l i q u o t s  of  t h i s  s u s p e n s i o n  w e r e  t h e n  m a d e  u p  to  5 .o  m l  
w i t h  a p p r o p r i a t e  v o l u m e s  of a s o l u t i o n  of  A m i n o p t e r i n  in MONOD'S m e d i u m  a n d / o r  M o N ( m ' s  m e d i u m  
a l o n e  a n d  i n c u b a t e d  a t  3 U .  G r o w t h  w a s  m e a s u r e d  t u r b i d i m e t r i c a l l y  a t  i n t e r v a l s  d u r i n g  t h e  f o l l o w i n g  
n ine  h o u r s .  V a l u e s  g i v e n  b e l o w  for  t h e  l e n g t h  of  t h e  l a g  p h a s e  a n d  t h e  g r o w t h  r a t e  in t h e  p r e s e n c e  
of S - 1 o  r, 31 . \ m i n o p t e r i n  a r e  e x p r e s s e d  re la t iw~ t o  t h e  c o r r e s p o n d i n g  v a l u e s  c a l c u l a t e d  f~r t h e  

c o n t r o l  c u l t u r e s .  

Length o/lag 
Initial cell density in aminoplerin Relative growth rate 

in the presence 
Turbidity ('ell dry weight Length o I lag o/aminoplerin 

(.5pekker readingj (/*g ml) in control culture 

o . o i 2  4.5 -'-33 ° . 3 4  
0 . 0 2 4  9 .0  1.50 o .58  
0 . 0 4 8  iS .o  1.4o 0 .73  
o. 14 2 53 .25  1.23 o .8  i 
o . 2 8 4  t o 6 . 5  1 .o5 o .93  
0 .302  147.o  I .oo 0 .99  

T A B L E  I I I  

DECREASE IN TIIF INHIBITORY ACTION OF AMINOPTERIN ( I . 9 . I O  4 .]/) ON LOG-PHASE CULTURES 
OF .4. aerogenes  WITH INCREASE IN CELL DENSITY 

C u l t u r e s  o f  .4. a c r o g e , e s  in t h e  l o g a r i t h m i c  t )hase  of  m u l t i p l i c a t i o n ,  b u t  a t  d i f f e r e n t  leve ls  of  g r o w t h  
w e r e  t r e a t e d  w i t h  a s o l u t i o n  o f  A m i n o p t e r i n  ( I . I  4 .  Io  -a  3)*) in MONOD'S m e d i u m  (t ml) .  G r o w t h  
w a s  f o l l o w e d  t u r b i d i m e t r i c a l l v  b e f o r e  a n d  a f t e r  t h e  a d d i t i o n  of  t h e  a n a l o g u e ,  a n d  f r o m  t h e  r e a d i n g s  
t h u s  o b t a i n e d  cel l  d r y  w e i g h t  v a l u e s  ( / ,g /ml )  w e r e  d e r i v e d  f r o m  a c a l i b r a t i o n  c u r v e  of  t u r b i d i t y  
a g a i n s t  d r y  w e i g h t .  T h e  g r o w t h  r a t e s ,  in  t e r m s  of  i n c r e a s e  in  d r y  w e i g h t  (/¢g) p e r  h o u r  w e r e  d e t e r m i n e d  
f r o m  t a n g e n t s  to  t h e  g r o w t h  c u r v e s  a t  t h e  level ,  o r  t i m e  i n t e r v a l s  s h o w n .  U n i f o r m  c u l t u r e s  for  
t h e s e  e x p e r i m e n t s  w e r e  o b t a i n e d  b y  t r a n s f e r r i n g  to  s t e r i l e  t u b e s  5 m l  a l i q u o t s  of  a n  ~8 h c u l t u r e  

o f  . I .  aero~enes  (I.O ml)  d i l u t e d  t o  5o  m l  w i t h  MONOD'S m e d i u m .  

(:ell mass Rate (din d o 
(l*~ ml) Growth rate (dm dt) at cell mass o I Duration 

-- alter A minopterin addition o/second la~, on addition (h) 
,d A mim)ptcrin 75 ~tg ~l I5o IIg ~l 225 l*g ml I h 3 h 

--  c o n t r o l s  60 .0  69 .9  69 .9  - - -  
24 3.5 18.4 I8-4  8.8 4.8 9 
3 ° 6 .() 17.4 17-4 12.2 5.2 7 
()3 41.(~ 5.1 IS .9  5 .6 ,5 6 
7 T 42 .6  5-5 19. 4 6 .6  5 - 6  

I ° 0 . 5  59.4 I3.1 - -  14.6  7 .6 - 
10o (7°.5 6° -5  7.9 2 2 .S 8.2 2 
253 - -  - -  34 .9  l 1 . i  - 

Recovery from the growth inhibitory effects of the folic acid analogues was dem- 
onstrated more effectively when the antagonists were added to cultures in the logarithmic 
phase of multiplication. Under these conditions the addition of active analogues was 
followed by a short period during which the cells continued to grow at an unaltered rate, 
and then by a phase of either partial or complete inhibition (Fig. 2). Finally, in cultures 
which recovered, this was followed by a second phase of logarithmic growth (Fig. 3). The 
duration of the phase of inhibition, and the rate of subsequent growth, when this occurred, 
were dependent upon the organisms (Figs. 2, 3 and 5), the population density at the time of 
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Vig. 2. T h e  effect of t he  addi t ion  of A m i n o p t e r i n  (indi- 
ca ted  by  the  ver t ica l  lines) to a final c o n c e n t r a t i o n  of 
1.9" 1o i 31 to ear ly  log-phase  cu l tu res  of .4. aerogenes 
(a), E. coli (b) and  A .  cloacae (d) in MONOD'S m e d i u m ,  
and  B.  sub(ills (c) in 2 o~ p e p t o n e - w a t e r  a t  37 °. Growth ,  
as increase  in t u r b i d i t y  (ordinates)  in t he  t r ea t ed  and  
cont ro l  cu l tu res  is s h o w n  by  the  b roken  ( . . . . . .  ) and  
c o n t i n u o u s  ( ) lines respect ivel  5 . The  add i t iona l  
cu rves  in Fig. 2(a) s h o w  the  g r o w t h  of .  I. aerogenes a t  18 ° 
( - .) in MONOD'S med ium,  and  the  etfect p roduced  
b \  the  addi t ion  of i. 5 . i o  1 31 \ m i n o p t e r i n  ( ). 

addition of the analogue (Table III) ,  
the composition of the culture me- 
dium ( see  N I ( I < E R S O N  AND WEIIB1),  

the conditions of growth (Fig. 8), 
and the concentration and structure 
of the analogue (Figs. 4 and 5), but 
were not influenced by the simulta- 
neous, or preceding additions of 
IO-a M concentrations of folic acid, 
the Leuconostoc citrovorum-factor (: 
2 - I O  -a M Leucovorin) thymine (Fig. 
3 ;  c/. NICKERSON AND WEB[~;1), OF 

5" IO-a-5" Io 4 3I  sodium format('. 
It is apparent  from Eigs. 3, 4 

and 6 that  the final s tat ionary popu- 
lation at tained in cultures after 
recovery from inhibition frequently 
exceeded that  of the controls. ;ks 
the addition of possible degradation 
products of the folio acid analogues, 
e.g. 2 : 4-diaminopteridine, 2-amin 0-4- 
hydroxypteridine-O-carboxylic acid, 
pteroic acid, p-aminobenzoylgluta-  
mic acid, p-aminobenzoic acid and 
L-glutamic acid, in the appropriate 
concentrations to cultures of .4. 
aerogenes or E. coli in MONOD'S medi- 
um failed to yield a consistent or sig- 
nificant increase in final population 
density, it appears that the stimula- 
tion of growth mentioned above 
may be due to factors such as those 
discussed b.v HINSttl , ;LWOOI) !), a n d  

which may include changes in the 
concentration of intermediate sub- 

stances and in enzvme balance during tim phase of growth inhil)ition. 
(;rowth in the second logarithmic phase of cultures recoxering from the inhibitory 

effects of a given analogue was susceptible to inhibition by further amounts  of the same 
analogue. This is illustrated by the results presented in Fig. h, which show that  a second 
addition of Aminopterin to a culture of A. aeroge~tes in the recovery phase, dnplicatm 
the effects produced by  the first addition of the analogue to a cultnre at a comparasoe 
growth level. From observations such as these, and the fact that  supernatants  frble 
cultures which had overcome the effects of Aminopterin were devoid of growth-inhibitory 
activity,  it was apparent  tha t  recovery was not associated with the growth of a cell 
population of reduced susceptibility, but  was due to a decrease in antagonist  con- 
centration, 

Reterences p. 225. 
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Factors leading to a decrease in antagonist concentration 

Ultra-violet absorption measurements on supernatants removed I h after the addi- 
tion of Aminopterin to log-phase cultures 
of A .  aerogenes at different levels of growth, 
established that insignificant changes in 
concentration were likely to result from the 
uptake of the antagonist by the cells. 

~" 06 ,,,- 
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02 

~o abe 3be 4 i f  . . . . .  io Yo ~ Jo 
Time (rains) Time (hrs) 

Fig .  3. G r o w t h  of  A .  aerogenes in ~'IONOD'S 
m e d i u m  a t  3 7 '  ( - -  ) a n d  t h e  effect  t h e r e o n  
of 1. 9 • i o  a AI A m i n o p t e r i n  ( ) a d d e d  in 
t h e  e a r l y  l o g a r i t h m i c  p h a s e  as  i n d i c a t e d  b y  t he  
h e a v y  v e r t i c a l  l ine.  T h e  fa i lu re  of t h y m i n e  
( i .  l o  a 31) to  in f luence  e i t h e r  t h e  i n h i b i t i o n ,  or  
t h e  o n s e t  of r e c o v e r y  in t h e  A m i n o p t e r i n  c u l t u r e  

is s h o w n  by  tl{e t h i r d  c u r v e  (- - -). 
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Fig .  4. ( ; r o w t h  of A . a e r o g e n e s  in M o x o l / s  
m e d i u m  a l o n e  ( ) a n d  in  t he  p r e s e n c e  of 
~ . 7 ' I °  4 M  ( ) a n d  8. 3 . l o  431  ( - - - )  
D i c l f l o r o a m i n o p t e r i n ,  a d d e d  to  t h e  c u l t u r e s  in 
t h e  e a r l y  l o g a r i t h m i c  g r o w t h  p h a s e  as  i n d i c a t e d  
b y  t he  v e r t i c a l  l ine.  T h e  s h a d e d  a n d  u n s h a d e d  
h i s t o g r a m s  s h o w  t h e  c o n t e n t s  of d i a z o t i z a b l e  
a m i n e  (in a r b i t r a r y  un i t s )  in a l i q u o t s  (2.o ml)  
r e m o v e d  f r o m  t h e  c u l t u r e  c o n t a i n i n g  8. 3 • l o  4 M 
D i c h l o r o a m i n o p t e r i n  a f t e r  r e c o v e r y  (i  32°  rain) ,  
a n d  f r o m  s i m i l a r  s o l u t i o n  of t h e  a n t a g o n i s t  in 
Moxoi> ' s  m e d i u m ,  i n c u b a t e d  for t he  s a m e  t)er iod 

as  u n i n o c u l a t e d  con t ro l .  

The determination of the diazotizable amino groups in aliquots removed at interwtls 
from cultures of A. aerogenes containing various folic acid analogues revealed that the 
onset of the period of recovery was preceded by an increase in the content of aromatic 
amine (Fig. 7. See also Figs. 4 and 8). The rate of amine formation was enhanced by 
aeration, whereas it was reduced markedly in entirelystatic cultures. The correlation 
between these findings and recovery from inhibition, is apparent from the growth 
curves (Fig. 8) for A. aerogenes in the presence of Aminopterin in aerated, rotated and 
static cultures. Both recovery and amine formation were reduced further, or almost 
completely prevented under anaerobic conditions. This was true particularly for cultures 
treated with Methylaminopterin. Thus, the amine content of anaerobic cultures of 
E. coli containing 2.2.IO -a M Methylaminopterin where no recovery was observed, 
remained constant at the initial level over a period of five days. 

The instability of both folic acid and its analogues in solution has been re-emphasized 
recently by Juices ~°. It was readily apparent however, that the formation of the di- 
azotizable amine in the bacterial cultures was not due to the spontaneous decomposition 
of the analogues, since the increase in amine content of uninoculated media containing 
these compounds was not significant in experiments of 24 h duration. Furthermore, no 
formation of diazotizable groups was detected when the washed cells from 2oo ml of a 

16 h culture of A. aerogenes were incubated for 22 h in the absence of metabolizable 

Re/erences  p. 225. 
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subs t ra tes  with a solut ion of Aininoptcr in  (~5.8 rag) in o.I5 31 phospha te  buffer, 
p H  7.4 (0o ml) .  

The amine formed in . t .  aero/em's  cul tures  to which vari<ms analogues  had 1)ten 
added  was heterogeneous in comt>osition as shown by the fact tha t  ca. 25% remained  
u n a c e t y l a t e d  af ter  t r ea tmen t  with acetic anhydr ide  according to the me thod  of ROSEN- 
THAI: AND B.\UER jl. For  this  reason the amine content  of the cul tures  (Figs. 4, 7 and  8) 
is expressed in a rb i t r a ry  uni ts  and not  in te rms of /5-aminobenzoyl  residues. 
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Fig .  5. T h e  effects  of c e r t a i n  fol ic  ac id  a n a l o g u e s  
on t he  g r o w t h  of A.  aeroge)~es. A d d i t i o n s  of 
M e t h y l f o l i c  ac id  ( ), l ) i m e t h y l f o l i c  ac id  
( - -), A m i n o - a n - ] ; o l  ( - - - )  a n d  M e t h v l -  
a m i n o p t e r i n  ( • -) were  m a d e  to  c u l t u r e s  in 
t h e  e a r l y  l o g a r i t h m i c  t)hase,  as  i n d i c a t e d  b y  t h e  
v e r t i c a l  l ine,  to  g ive  a f inal  a n a l o g u e  concei1- 
t r a t i o n  <>f 3 . 8 . ] o  4 31. T h e  g r o w t h  of thec<>nt ro l  
( u n t r e a t e d )  c u l t u r e  is showi l  l)y t i le  con t inu<ms  

l ine ( ). 
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Fig. 0. T h e  i n h i b i t i o n  of r e c o v e r y  in an  A m i n o -  
t ) ter in  t r e a t e d  c u l t u r e  of .4. aerogeJzes l)y a second  
a d d i t i o n  of t he  a n t a g o n i s t .  T h e  r e s u l t s  t ) r esen ted  
in the  f igure  s h o w  t h a t  g r o w t h  in t he  r e c o x e r v  
p h a s e  ( . . . .  ) of an  A m i n o p t e r m - t r e a t e d  c u l t u r e  
( a n t a g o n i s t  a d d e d  a t  I) is i n h i b i t e d  ( . . . . . .  ) b y  
f u r t h e r  a m o u n t s  of \ m i n o p t e r i n  ( added  a t  2), 
a n d  t h a t  t im  deg ree  of i n h i b i t i o n  is s i m i l a r  to  t h a t  
p r o d u c e d  in a m ) r m a l  c u l t u r e  ( ) o f - l .  aero- 
~,,eJzcs a t  a c o m p a r a b l e  g n ) w t h  leve l  by  the  ad  
d i t i o n  (at  3) of t he  s a m e  c o n c e n t r a t i o n  of t h e  
a n t a g o n i s t  ( ). The  m e t h o d  was  as  fo l lows:  

A c u l t u r e  of . I .aerl)ge,es  in MONOD's m e d i u m  a t  37 :  in t he  e a r \ "  l o g a r i t h m i c  p h a s e  was  d i x i d c d  
i n t o  t w o  f rac t ions .  \ t  t h e  t i m e  i n d i c a t e d  b v  t he  v e r t i c a l  l ine  i a s o l u t i o n  of A m i n o p t e r i n  in M o x o l ) ' s  
m e d i u m  w a s  a d d e d  to  oBe of t he se  f r ac t i ons  to  a fil ial  concen / r a t iCm of I.N. io  4 / l l ,  whi l e  t h e  o t h e r  
f r a c t i o n  r e c e i v e d  t h e  s a m e  v o l u m e  of MONOD'S mcd iu l l l .  ( M e a s u r e m e n t s  of the  t u r l ) i d i t v  of each  
c u l t u r e  before  a n d  a f t e r  d i l u t i o n  ena l f l ed  a c o r r e c l i o n  to  1)e m a d e  for t h e  c o n s e q u e n t  c h a n g e s  in 
cell  d e n s i t y . )  G r o w t h  was  fo l lowed in b o t h  t i le  t r e a t e d  ( - -) a l ld  con t ro l  ( ) ¢ u l t u r e .  a n d  
t h e  l a t t e r ,  a t  a t u r b i d i t y  r e a d i n g  of ca. o.4, a g a i n  d i v i d e d  i n t o  two  fractiot~s. To these  (at  3) were 
a d c h d  . \ m i n o p t e r i u  (to a c o n c e n t r a t i o n  of 2. 3 .~o ~ 31) a n d  t he  m e d i u m  a l o n e  as lmh~re. \ \ ' h e n  
r e c o v e r y  occtlrre(1 in t he  iinitia! c u l t u r e  con t a in i l gg  Amin,q>ter in  (i.e. . .) a n d  the  t u r b i d i t y  
r e a c h ( d  ca. o. 4, / h i s  was  a lso  d i v i d e d .  One  of the  txa(> f r a c t i o n s  was d i l u t e d  w i t h  t im m e d i u m  <mh' 

as c o n l r o l ,  *~hih' l h e  s econd  (al 2) r e c e i v e d  A m i n o p t e r i l /  1() a c ( m c e n t r a t i o n  of - ' .3"1°  I . l l .  

Tha t  the non-ace ty la tab le  fraction of the amine  was not  ident ical  with 4 amino-  
imidazole-5-carl>oxamide,  known to accumula te  in cu l tu res  of E. c0li conta in ing 
sul ) -bacter ios ta t ic  concentra t ions  of su lphani lamide  (STF.TTON >.NI) FOX12; RAVI,;L, EAKIN 
ANI) SHIVE la) o r  Aminop te r in  (\~rO()LLF.V AND P R I N G I . E I 4 ;  E1)WAR1)S,  SI,HPPI£R ANI) 

JOIINS()N15), was shown by  comparison of a p roduc t  isola ted trom A .  aerogencs cul tures  
according to the method  of STI';TTF.N AND ];()X 12 with an au thent ic  salnple el  the 
ca rboxamide .  F rac t iona t ion  of the neut ra l i sed  (pH 7) f i l t rate from 4 1 of an aerated,  
2 4 h cul ture  of A. aerogenes conta in ing  Io  4 3[  Aminopter in ,  was accomplished as des -  

c r i b e d  by  these au thors  af ter  first removing  inorganic phospha te  from the medium bv 
prec ip i ta t ion  as calcium phospha te  (a procedure  which also removed the cells and  excess 

Rc/crc,ccs p. ='-'5. 
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Aminopterin, but which did not lead to any loss of diazotizable amine). By this method, 
the validity of which was confirmed in control experiments by the recovery of 4-amino- 
imidazole-5-carboxamide previously added to culture filtrates of A. aerogenes, only o.8 
mg of an insoluble picrate were obtained from which 0.55 mg picric acid was recovered 
on decomposition of the salt with dilute sulphuric acid. The residual basic component 
which, in its chromatographic behaviour and ultra-violet absorption, bore no resem- 
blance to 4-aminoimidazole-5-carboxamide, gave a negative reaction with the BR.~TTOY-- 
MARSHALL 1~ r e a g e n t s ,  and apepared to be a pteridine derivative. 

~c 
y . . . . .  

t h  / / / / I f +  l 10..8 ~1. 0.8 0.4 
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Fig. 7. The accumula t ion  of diazotizable amine in an 
Alninopter in- t rea ted  culture of A. aerogenes ,  and its 
association wi th  recovery from growth-inhibi t ion.  
Growth and diazotizable amine con ten t  in an A .  aero-  
g e n e s  cul ture containing Aminopter in  (1 .9- io  4 M ,  
added as indicated by the  vertical  line) are shown by  
the  dashed line ( - - - - )  and the  black his tograms 
respectively.  The cont inuous  curve ( ) and the  
unshaded his tograms show the growth and diazotizable 
amine con ten t  of the  control  culture. Growth  [turbi- 
dity) measurements  and de terminat ions  of diazotizable 
amine (BRATTON AND ~IARSHALL lg) were made  on 
aliquots removed aseptically a t  intervals from the  
cultures growing in MONOD'S medium (5 ° ml) in 

_,5 ° m l  Er lenmeyer  flasks at  3 7 .  

0 700 200 300 400 500 1330 
Time (rains) 

Fig. 8. Growth of A .  aerogenes  in aera ted  
(1), ro ta ted  (II) and stat ic  (III) cultures 
in MoYob's  medium alone (C Series of 
cont inuous ( - - - )  curves), or con- 
ta ining Aminopter in  (I.9" lo 4 M) added  
at  the  t ime indicated by the  vertical  line 
(E series of broken ( . . . .  ) curves).  The 
h is tograms (I, II and I II) show the  con- 
ten ts  of diazotizable amine in al iquots 
(_, ml) of the three t rea ted  (E) cultures 

at 133o rains. 

Identi/icatio~z o/ the products o/ the im~ctivetion, o/ A minopterin by ,L Aerogenes 

(i) t)-Aminobenzoyl-L-glutamic acid. It was established in preliminary studies that 
p-aminobenzoylglutamie acid, a probable product of the inactivation of Aminopterin, 
was precipitated from neutral aqueous solution by Hg~ +, but not by B a ~  ~, or by picrie 
acid. In consequence, the supernatant ($2) remaining after the precipitation of the in- 
soluble picrate in the above fractionation, was extracted with ether to remove pieric 
acid and concentrated in vacuo (bath temp. 6o °) in an atmosphere of nitrogen to 5 nil. 
Inorganic salts which separated were removed, and an aliquot (o.oz ml) of the super- 
natant solution ($21), o.I ml of which gave a strong positive reaction with the BRATTON- 
MARSHALL reagents, chroinatographed on Whatman No. I paper with butanol saturated 
with water as solvent, and p-aminobenzoyl4.-glutamic acid (o.o2 ml of a o.o25 M aqueous 
solution) as reference compound. After 24 h at t8 U the presence on these ehromatograms 

R e [ e r e n c e s  p.  22 5. 



22o v. wHm V~)L. 17 (I055) 

of an acidic component ,  let.-- o.24 (<7.23-0.25), presumal) ly  identical  with p-amino-  
bcnzoxqglutanfic acid, R,, o.23 was es lab l i shed  by  spray ing  with alcoholic lnethvl  red. 

The main fraction of S2j (4.8 ml) was lnade 2 N with rest)ect to sulphuric  acid and 
hea ted  at IOO for I() h. SultYhate was ttwn removed  from the hydro lysa te  with 1)ariuin 
hx'droxidv, and  excess Imrium with carl)on dioxide.  The 1)resenee of L-glutamie acid in 
the hvdro lvsa te  was es tab l i shed  by chronmtotzraphy of an al iquot  (O.OI ml) on \Vhlttlllall 
No. I pape r  with lcrl. amvl  alcohol (42.5 ml) metham>l (2oml) o.* ,1/ ci t ra te  p H  5 
(1o ml) its the solvent  svs tem (J. ,\. (;RUNAt, unpul)l ished).  After  3o h at I S '  it n inhvdr in-  
posi t ive spot wits located <m th(' ehromat()~r;~m, the l~'r of which wits identical  with that  
of au then t i c  L-vhltamie acid (1¢1. : o.tA). 

The r ema inde r  of the hs 'drolysa tc  wits ad jus ted  tcJ pH 3 with o.I: N sulphuric  acid 
and ex t r ac t ed  four t imes with redis t i lh 'd  ethvI ace ta te  (%T()I,:ST.kl) d[ ttL17). The combined  
ex t rac t s  were washed with water  acidified with o.t  N sulphuric  acid, dried over MgSO4, 
and e v a p o r a t e d  to dryness  i,z vacm~. The residue wits taken lip ill the min imum volume 
of hot \ r a t e r  (7 o ' )  m:cessarv for complete  solution,  and an al iquot  (o.o~ ml) of this 
chr (mla tographed  on \¥ha tml tn  No. r paper  with butanol  s i t turated with water  as 
solvent .  After  ~5 h at I 7 '  }itll acidic component ,  k v  o.74 identieal  with thai  of/6 amino-  
hvnz(fie acid, was detectvd wi th m~'thvl red. 

The remainder  of the ahovc' solution was mlc lea ted  with p-aminobenzoic  acid and 
kep t  itt 4 ' .  The crys ta ls  which separa ted  were collected af ter  72 h, and  dried over 
tflmsphoric oxide t() yield <7.02 m V of pale yclh)w needles, m.p. (uncorr.) 183 -ISis" alone 
and in admix tu re  with au then t ic  f l-aminolwnzoic acid, m.p. I85-18(;.5". 

Nei ther  free fl-aminolTenzoic acid, nor L-glutamic acid were de tec ted  by the appro-  
pr ia te  ch romatograph ic  techniques  e i ther  among the comt)onellts of S,e, or in samples  
r{mloved from ,4. acro,4cm's eul tu ivs  at in terva ls  th roughout  the periods of growth 
inhihi t ion and r~wovery which followed tlw addi t ion  of Aminoptc r in  in the h)gari thndc 
phase.  Thus, inac t iva t ion  of Aminopter in  I)\' A. acrogem's is accompanied  bv the forma- 
tion of ]5- tmi ~ot)enzoyl,<httanaic acid. which (h~es n(~t tmder,<o fur ther  (h 'vradal ion 

(ii). The "/)lcridi,c c , m p o , c , l s  

An aera ted ,  24 h cul ture  of A. aero;;,',e's (4.5 1) conta in ing puri t ied Aminopte r in  
(I .IO 1:11, added  dur ing  the ea rh '  log. phase) was iMjusted to p H  7 with  I N sodium 
hydrox ide ,  and t rea ted  with ( 'a(NOa) e 4 H20 (I{)4 g; ca lcula ted  as equivalent  to the 
phostf l late  content  of the medium) dissolved in the min imum volume of water.  The pre- 
c ip i t a t ed  ealcimn phost)hatc,  which also carr ied down the cells and adsorl)ed much of the 
excess Aminopte r in ,  was c~)llected by  slu'tion and washed with water .  The prec ip i ta te  
was then suspended in <).5 N sull)huric acid and extr l tc ted three t imes with n-I)utanol. 

The addit ion of mercuric acetate (~o V) in water (ioo ml) to the l i l t rate remaining 
after removal of the calcium phosphate, yielded a yel low precipitate, which was collected 
by f i l t rat ion after ~o rains. This was washed on the f i l ter wi th  water, dissolved in 2 N 
hvdr(whlor ic acid, and the acid solution extracted wi th  ~t-butanol. 

The combi lwd ,z-1)utanol ex t rac t s  were washed twice with water  acidified with 
o.r  N stflt)huric acid, concent ra ted  i~z ~'act~o to ca. IO mI and poured  into e ther  (:~oo ml). 
The prec ip i ta te  which separa ted  was collected af ter  24 h at 4 {' and dissolved in a mix ture  
of wa te r  (2<7 ml) and 5 N alnnaonia (I i711). The resul t ing sohttion was acidified with  
5 N hx'drochloric acid ( I . t  ml) and  t ransferred immed ia t e ly  to a cohtmn (25 2 cm) of 
a lumina.  The column was dex'eh)ped first with water ,  and then with water  conta in ing  

l,'c/r*cmcs /~.._'2 5. 
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5 N ammonium hydroxide (z ml/ ioo ml). In this way tile small amount  of Aminopterin. 
identified by its yellow colour, and by its properties of absorption and non-fluorescence 
in ultra-violet light, was separated from the free pteridines. The combined etihtents 
containing the latter were evaporated to drw~ess i n  v a c u o .  The solid residue (7.S rag) thus 
obtained was boiled under reflux for 45 rain in 5 N hydrochloric acid (~5 ml) to convert 
the 2 : 4-diaminopteridine derivatives into the corresponding, more readily characterized, 
2-amino-4-hydroxy compounds (c/.  TAVLOR AND ('3 IxlS). (Control experiinents in which 
2-amino-4-hydroxypteridine- 6 - carboxylic acid and 2 - amino- 4 - hydroxy-  t~- meth vl- 
pteridine were boiled with 5 N hydrochloric acid for 45 rain, and then chronmtograt~hed 
as described later, confirmed that derivatives of 2-amino-4-hydroxypteridine bearing 
substituents in the 6- position were unaffected by the above conditions, whereas 2 : 4-di- 
amino-6:7-dimethylpteridine was conw'rted readily to 2-amino-4&ydroxy-6:7-di- 
methylpteridine.) After cooling, the acid hydrolysate was adjusted to pH 6. 7 with 
sodium hydroxide and then extracted three times with ,>butanol. The butanol extracts 
(P;a), thus separated from the aqueous phase (B0, was evaporated to dryness under 
reduced pressure. The residue was taken up in water, the solution adjusted to ca. p t t  3 
with dihlte hydrochloric acid, and transferred to a column of ahunina. The cohunn was 
developed first with water, then with dilute ammonia (see above). The components 
were thus separated into two clearly defined zones, (I and 1I, ca. 3-4 cm apart) which 
were easily located by their fluorescence in ultra-violet light. These zones were eluted 
separately. 

The residual aqueous phase (B t) at pH 3 was fractionated on an alumina cohtmn 
in tile same way. The main (III) and two subsidiary components (A and B) thus sep- 
arated were eluted and the eluates concentrated i~a v a c u o  over phosphoric oxide at room 
temperature. 

Fraction I I I  was acidified to ca.  pH 3 with dilute hydrochloric acid and stored at 4 °. 
The identity of the crystalline product (3.9 rag) which separated with 2 amino-4-hydroxy- 
pteridine-6-cart)oxylic acid was established by  the following facts: (i) on ascending 
chromatography (Whatman No I paper) in different solvents (n-butanol (7 ° ml) -5 N 
acetic acid (3 ° ml) ((loop ANI) ,|OHNSON 1") and 3% ammonium chloride ('Fscm,:scH~; 
.\ND I'~ORTF.')0a)) the product removed as one component. Tile tCv vahles of the compound 
in these solvents (o.o45 (butanol-acetic acid) and o . I I  (3°'o NH4CI)) were identical with 
those shown by the authentic substance. (ii) The ultra-violet absorption spectra of tile 
unknown in water (2max. 287, and 345 m/z), o., N hydrochloric acid (2max., 2¢~, and 
317 rot,) and o.I N sodium hydroxide (2max. 26o, and 366 m/x) were indistinguishable 
from those of 2-amino-4-hydroxypteridine-6-carboxylic acid. (iii) On fusion of the 
compound at 26o ~ in an atmosphere of nitrogen (Ts(THESCHE AND KORTI~-2°b), followed 
by paper chromatography in butanol-acetic acid, a product (Rv o.23-o,25) was obtained 
which corresponded to that  derived bv the decarboxylation of 2-amino-4-hydroxypter- 
idine4)-carboxylic acid. This product was characterized as 2-amino-4-hydroxypteridine 
by comparison of its absorption spectrum in the ultraviolet 2max. 2 7 z ,  and 34 ° m/, (in 
water), 252, and 3(72 txm (in o.I N NaOH)- - and  its Rv (o.24) on chromatography in 
butanol-acetic acid, with those on an authentic specimen. 

The remaining fractions (i .e.  I ,  II,  A and B, o.or ml) were chromatographed on 
Whatman No. z paper in both butanol-acetic acid and 3 O/,o ammonium chloride, with 
the following pteridines as reference compounds: 2-amino-4-hydroxypteridine, 2-amino- 
4-hydroxypteridine-6-carboxylic acid, 2:4-diamino-6:7-dimethylpteridine, 2-amino-4- 

l¢e/erem:es p. 225. 
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hydroxy -6 :  7-dimethylpteridine,  2-amino-4-hydroxy-O-methylpter id ine ,  2-amino- 4-  
hyd roxy-  7 - methylpteridine,  2 - amino- 4 : 6-dihydroxypter idine,  2 : 4-diaminopteridine,  
~-amino-4: 7-dihydroxypteridine-~>carlx~xylic acid and 2 amino-4-hydroxy-~i-hydroxy- 
methylpteridine.  This last compound was prepared by the Cannizzaro reaction from 
2-amino-4-hydroxypteridine-()-aldehyde (W.\I,H,;I{ ct al.'2~). The resulting mixture of the, 
6-hydroxymethyl -  and 0-carboxvlic acid derivatives was streaked across the whole 
width (IO") of sheets of Wha t m a n  No. I paper, and the reaction products separated by 
chromatography  in butanol-acetic acid. The eluted component  of R:,,, o.LL had 
ultra-violet absorl)tion spectra (2max. 285, and 347 m/t ~.min. ~57, and 313 m/~ (in 
water), 2me.x. 203, and 363 m/,, 2rain. 24 o, and 32(I m/t (in {1.I N NaOH)) identical with 
those given by \¥AI.I,1:I¢ t't ~t[. 21 for 2-amino-4-hydroxy-6-hydroxymethylpter idine.  

By chromatography  it was established that  z-anfino-4-hydroxy-(/-methylpteridine 
was not present among the comt)onents of any of the above fractions. Thus inactivation 
of Aminopterin by A. aerogem's does 1lot occur by reductive cleavage. ~-Amino- 4- 
hydroxyt)teridine-6-carl/oxylic acid was detected as a slow-moving minor component  of 
Fractions 1I and A. Another  minor component  thus separated from Fractions I and I I  
was characterized as 2-amino-4-hydroxy-~>hydroxymethylpter idine by the identi ty of 
its Rt, value (o.13) in butanol acetic acid with that  of an authentic st)ecimen. With the 
absence of 2-amino-4-hydroxy-t>methylt~teridine from Fraction I, further confirmation 
of the presence of 2-amino-4-hydroxy-6-hydroxymethylpter idine  in this fraction was 
obtained by the oxidation of an aliquot of the solution with alkaline t)ernlanganate at 
9 o~ for 3 h (I~A('I,:F.R AND [-tOUTMANe'~). After cooling, the solution was treated with 
sodium bisulphite to destroy excess permanganate,  filtered to remove manganese dioxide 
and chromatographed on an alumina cohmm (i0 I cm) as previously described. The 
two fluorescent zones (i) and 1'2) thus ohtained were elated and rechronaatographed on 
W h a t m a n  No. I paper in butanol-acetic acid, whereby each fraction was separated into 
two components,  l) 1 (Nl,.: (/.(145 , corresponding to 2-amino-4-hydroxypteridine-0- 
carboxylic acid) I),, (R v :: o . Io ;  unidentitied), F. l (R/.:  o. I3, unchanged 2-amino- 4- 
hydroxy-0dlydroxymethyl t ) ter id ine  ) and I';~ (RI.- o.37, mfidentified). 

No correlation was found between the RI: vahles of the remaining coral)orients of 
I;ractions I, II, A and B and those of the reference compounds.  I t  appeared possible, 
therefore, that  the origin of thes(' sul)stmmes, in part  at least, was to l)e found in the 
incomplete deamination of the crude t)teridine fraction. Accordingly, the isolation of the 
pteridine fragments derived from diflerent folie acid analogues, was a t tempted  by direct 
chromatograt)hy of filtrates from the treated cultures. 

Isolalio,t o~ flteridim:s by dirc~l c/aromc,,locr~flhy o~ cullurc ~i//rates 

('ultv.res of A.  aerogenc,% A. cloacae, and E. coli were incubated with Aminopterin,  
Methylaminot~terin ( I - Io  a M), or Methylfolic acid (~. IO a 3I) for z8 h, or until recovery 
was complete.  The last ment ioned analogue, al though without  growth inhibitory act iv i ty  
for the above organisms at the concentrat ion stated, was included in this survey since, 
on the assumption tha t  it would be degraded in the same way as the active analogues, 
its cleavage would give rise directly to deriwttives of e-amino-4-hydroxypteridine.  

The filtrates from these cultures, with the exceptions noted below, were streaked 
across sheets of Wha t m a n  No. a paper, and the pteridine components  separated by 
ascending chromatography  in butanol-acetic acid. Paper  strips bearing the fluorescent 
components  were cut from the chromatograms when dry, and from these the individual 
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pteridines were eluted with o.I 2][ ammonia. The eluates were evaporated to dryness 
in vacuo over phosphoric oxide, and the residue taken up in water (o.2 ml). 

From these initial chromatograms it was apparent that  Nethylaminopterin was 
unsuitable for experiments of this type, since the preparation available was grossly 
contaminated with other pteridine derivatives which fluoresced strongly in ultra-violet 
light. These were not removed completely when tile analogue, in sufficient quanti ty 
for the biological studies, was purified by chromatography on paper tmlp. 

Purified Aminopterin was degraded by A. aero2enes with the formation of three 
new pteridine components, two of which (RF --  o.2o and o.I2) were present in significant 
amounts, while tile third (Rj; = o.34 ) occurred in traces only. Each eluate of the two 
main components was treated with 5 N hydrochloric acid (4 vols.) at zoo ° for 45 rain., 
to form tile corresponding 2-amino-4-hydroxypteridine derivatives. Tile hydrolysates 
were neutralized with ammonia, evaporated in vacl, o over phosphoric oxide at room 
temperature,  dissolved in water (o.2 ml) and chromatographed on Whatman No. z 
paper with butanol-acetic acid as solvent. Two components (one main and one subsid- 
iary) were then detected on each chromatogram by their (blue) fluorescence in ultra- 
violet light. The main components (RI: o . I I  and o.o6) from each chromatogram were 
characterized as 2-amino-4-hydroxy-6-hydroxymethylpteridine and 2-amino-4-hydroxy- 
pteridine-6-carboxylic acid resp:'ctively by rechromatography in admixture with the 
authentic compounds. 

Complete destruction of Aminopterin (I.  Io a 3I) by A.  cloacae was demonstrated 
by descending chromatography in butanol-acetic acid of 72 h culture filtrates in parallel 
with the uninoculated Aminopterin-containing (KosI~R-RETXOER) medium. The degrada- 
tion of Aminopterin by this organism gave rise to only one pteridine fragment in signif- 
icant quantity. The products from the hydrolysis of the eluted compound (see above) 
were separated by chromatography in butanol-acetic acid into two main components 
(RI,, o . I I  and o.17), the first of which was tentatively identified as 2-amino-4-hydroxy- 
6-hydroxymethylpteridine (Re, in tile absence of NH4C1 , = o.12) by elution and 
rechromatography in parallel with an authentic specimen. 

From culture filtrates of E. coli containing 3{ethylfolic acid, three pteridines (M, 
( R t , - 0 . 2 4 ) ;  HM, (RI,, = o.II)  and ('A ( R e -  (>.087)) were isolated. Two of these 
substances (M and CA; the latter in lower concentration) were also present in medium 
before inoculation as contaminants of tlle methylfolic acid. R,,- values comparable with 
those of known reference compounds, were obtained by rechromatography of the 
neutralized (HC1) components eluted (o.1 M ammonia) from the initial chromatograms. 
Thus, on rechromatography, the Re values of the above components were as follows: 

CA, R ~ : -  o.065, identical with that of 2-amino-4-hydroxypteridine-6-carboxylic 
acid (applied to the chromatogram in o.1 3I  ammonium chloride). 
HM, R~, o.12, identical with that  of 2-amino-4-hydroxy-6-hydroxymethylpteridine. 
M, RF 0.29, not characterised, possibly 2-amino-4-hydroxy-6-methylp te r id ine  
(R~,.- o.3I). 

mS(;USSION 

Inactivation of the inhibitor appears to be the underlying cause of the recovery 
from growth inhibition observed in cultures of certain bacterial species containing 
analogues of folic acid. Inactivation is due to the cleavage of the analogue molecule 
with the formation of flee pteridines and p-aminobenzoylglutamic acid. The lat ter  does 
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not undergo further degradation in so far as free p-aminobenzoic acid and L-glutamic 
acid arc not encountered among the inactivation products unless these are first submitted 
to acid hydrolysis. The absence of L-glutamic acid from the products resulting from the 
inactivation of Aminopterin 1) 3" ,4. aarogcncs also prow's, for this organism at least, that 
cleawtge of the molecule of the antagonist occurs specifically at the linkage between C{9 ) 
and N i 0/, and is not accompanied by t he formation of the 4-amino analogue of pteroic acid. 

Cleawtge of Aminopterin with the production of p-aminol)enzoylglutamic acid does 
not account for all of the diazotizable :unine formed in ,t. acrogenes cultures under such 
conditions, since ca. 25% of the total amine is not acetylatable with acetic anhydride 
at room temperature. Whether this nonacetvlatable fraction corresponds to a hydroxyl- 
amine derivative formed together wittl the p-anlinobenzoylglutamic acid residue on 
cleavage of the antagonist, or is a product arising from the inhibition of certain metabolic 
reactions remains to be determined. 

The fact that recovery is enhanced by aeration, and reduced in the absence of oxygen 
suggests that inactivation is an oxidative process. This is supported by the absence 
from the degradation of pteridines containing a methyl group in the 6-position, and the 
isoIation of both hydroxymethyl  and carboxylic acid derivatives, i t  is possible that  the 
first product of the oxidative cleavage of Aminopterin or similar analogues, would be 
2:4-diaminopteridine-6-aldehyde which, through oxidation and dismutation, would 
yield a mixture of the (>hydroxymethyl- and ()-carboxylic acid derivatives, the latter 
in higher concentrations, its found experimentally. The fact that the aldehyde wits not 
detected among the ptcridine components separated by direct chromatography of 
culture filtrates is no proof of the absence of this compound, since it was noted that,  
unless special precautions were observed during chromatography, authentic 2-amino- 4- 
hydroxyt)teridinc-()-aldehyde was oxidized to the corresponding carboxylic acid. 
Attempts  to trap the possible intermediary aldehyde in cultures of .4. acr<q, encs by the 
addition of 5"Io ~ M scmicarbazide as well as Aminopterin to the nledium, or by 
treatment of culture filtrates with 2:4-dinitrot)henylhydrazine , however, were un- 
successful. In addition, such a general mechanism is rendered less likely by the finding 
that  the hydroxynlethyl compound appears to be the only main product arising from 
the inactivation of Aminopterin by A. cloacttc. 

Finally it nlay be mentinl!ed that folio acid in cultures of A.  aerogem's and l{. coli 

undergoes inactivation in the same way as its inhibitory analogues (c/. 13:~.UM<;~R'rEL 
A N D  Z,~.HN2a). 
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SUMMARY 

The recovery from growth-inhibit ion observed in cultures of certain non-exact ing bacteria 
c.ontaining analogues of folic acid is due to the inactivation of these compounds  by oxidative cleavage. 
This leads to the formation of p-aminobenzoylglutamic acid and a mixture  of free pteridines, the 
main components  of which in cultures of ,1 erobacter aeroge~es and Escherichia eoli have been identified 
as derivatives of pteridine-(>carboxylic acid and 6-hydroxymethylpter id ine .  Cleavage of the analogue 
molecule apliears to occur only at  the linkage between C(.~)and N(10)since neither p-aminobenzoic 
acid nor ~.-glutamic acid are demonstrable  among the products  of inactivation before acid-hvdroh'sis.  

RI;[SI :M I:; 

l.a disparition de l ' inhibition de croissance obserwSe dans des cultures de certaines bactdries 
p.on exigeantes contenant  des analogues de l'acide folique est due h l ' inactivation de ces substances 
par  ddgradation oxydative.  Cette ddgradation entralne la formation d'acide p-aminobenzoyl-  
g lutamique et d 'un  mdlange de ptdridines libres, dont  les pr incipaux const i tuants ,  daus les cultures 
d'Aerobacter aeroge~*es et d'Escherichia coli, ont  did identifids h des ddrivds de l'acide pteridine-6- 
carboxylique et de la 6-hydroxym~thylpter idine.  La d6gradation de la moldcule de l 'analogue se 
produi t  seulement entre le C(,) et le N(t0) puisqne ni l'acide p-aminobenzoique ni l'acide L-glutamique 
ne sont  identifiables parmi  les produi ts  d ' inact ivat ion avan t  hydrolyse acide. 

ZUS. \MMENFASSI -NG 

Die l~rhohu~g gewisser bediirfnisloser Bakter ienkul turen yon einer durch folinsS.ureanaloge 
Stoffe bewirkten \Vachs tumshemnlung  beruh t  auf der Inakt iv ierung dieser Substanzen durch 
(~xvdalive Spaltung. Diese fiihrt zu der Bildung von p-Aminobenzoylglntamins~iure nnd einer 
Mischung freier Pteridine, deren. H aup t kom ponen t en  in I fu l turen  von A erobacler aeroge~zes und 
Escherichia coli als Derivate von Pteridin-6-Carboxylsgure und 6-Hydroxymethylp ter id in  identifiziert 
wurden.  

F.ine Spal tung des Molekii!s der analogen Substanz scheint nur  an der C(~,)--N(m ) Bindung vor- 
zukommen,  da weder freie p-Aminobenzoes~ture, nocli freie L-Glutamins~ture unter  den Spalt- 
p rodukten  vor der Si iurehydro!yse  gefunden werden konr, ten. 
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