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Les  pr6cul tures  on t  t ou jou r s  6t6 r6alis6es en  a6robiose. Les  cellules dest in6es ~ l ' ensemence-  
m e n t  de la cu l ture  on t  6t6 pr61ev6es q u a n d  la pr6cul ture  se t r o u v a i t  en  phase  exponent ie l le  de 
croissance  et  q u a n d  la densi t6 opt ique  cor respondai t  ~ env i ron  I00 uni t6s  du pho tom~t re  de 
Coleman (ce qui  cor respond A envi ron  2.104 cellules/ml).  

Les  cu l tures  adrobies on t  6t6 r6alis6es dans  des r6cipients e d ' u n e  capaci t6 de 2 litres et 
contenaf~t 200 ml  de mil ieu c o n s t a m m e n t  agit6 ~. ra ison de 130 osci l lat ions minu tes .  

Les  cu l tures  ana~robies  on t  6t6 r6alis6es dans  des r6cipients  en t i~ rement  en verre  P y r e x  
(Fig. 4) c o n t e n a n t  200 ml  de milieu.  L ' a t m o s p h ~ r e  es t  const i tu6e  
pa r  de r a z o t e  h a u t e m e n t  purifi6 (azote R con t enan t  moins  de 
o.oo5 % d 'oxyg~ne) .  L ' a i r  a 6t6 61imin~ de l 'apparei l  par  un  
ba rbo tage  d ' azo te  R sous  une  press ion de 8 cm de Hg,  45 m i n  
a v a n t  et  45 min  apr~s l ' en semencemen t .  E n  r u e  d ' a s sure r  sa 
cons t an t e  homog6n6it6,  la cul ture  a 6t6 agitde A ra ison de 13o 
oscil lat ions m i n u t e s  d u r a n t  rou te  l ' incubat ion .  L a  courbe de 
croissanee de la levure  a 6t6 ~tablie grace ~ des  mesures  n6ph6- 
lom6tr iques  fai tes  avec le pho tom~t re  de Coleman,  ~t l 'a ide du 
t u b e  T du r6cipient  de cul ture.  S 

Fig. 4- R6cipient  util is6 pour  les cu l tures  ana6robies.  T = t ube  
p e r m e t t a n t  d 'ef fectuer  des  mesu res  n6ph61om~triques directes;  
S = soupape  au  mercure  p e r m e t t a n t  le d6gagemen t  du  gaz 

carbonique  de fe rmenta t ion .  

E n  tel ou tel po in t  de la p6riode de croissance,  les cellules de levure  on t  6t6 r6coltdes par  
cen t r i fuga t ion  e t  lavage  dans  NaC1 ~ 0. 9 %, g une  t e m p 6 r a t u r e  vois ine de o °, s ans  q u ' a u c u n e  
p recau t ion  sp6ciale air 6t6 prise pour  m e t t r e  les cellules de levure  ~ l 'abr i  d ' u n  con t ac t  avec  
l 'oxyg~ne.  

L '6 tude  spectrale  du culot  de cen t r i fuga t ion  de levure, A l '6 ta t  r6duit ,  a 6t6 fai te  soi t  £ la 
t e m p d r a t u r e  ordinaire  soit  A la t e m p 6 r a t u r e  de l 'azote  l iquide s u i v a n t  la t e chn ique  p r6c6demment  
d¢crite 6,7. 
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Requ  le 26 jui l let  1957 

Oxygen transfer to AMP in the enzymic synthesis 
of the hydroxamate of tryptophan*, * *  

T h e  enzymic  syn thes i s  of a m i n o  acid h y d r o x a m a t e s  f rom amino  acids and  h y d r o x y l a m i n e  is 
coupled to  t he  c leavage of A T P  into AM P  and  p y r o p h o s p h a t e  1-3, and  i t  h a s  been a s s u m e d  t h a t  
a m i n o  acyl  adeny la t e s  are in t e rmed ia te s  in these  react ions.  A l though  the  fo rma t ion  of these  
c o m p o u n d s  b y  t he  e n z y m e  s y s t e m s  ha s  no t  ye t  been demons t r a t ed ,  amino  acid adeny la t e s  are 
conver t ed  to A T P  b y  these  enzymes  4, s R esu l t s  are  p resen ted  in th i s  paper  showing  t h e  direct  
t r ans fe r  of oxygen  f rom t he  ca rboxyl  group of t r y p t o p h a n  to  t he  p h o s p h a t e  of A M P  in the  
f o r m a t i o n  of t he  h y d r o x a m a t e  of t r y p t o p h a n  by  the  purif ied panc reas  e n z y m e  of D h v m  et al. 3 
Sugges t ive  p re l iminary  resu l t s  had  been ob ta ined  wi th  a less purified liver enzyme  sys t em.  These  
resu l t s  suppor t  t he  concept  of an  in t e rmed ia t e  in which  t he  ca rboxyl  g roup-o f  t he  amino  acid 
is l inked to  t he  AMP moie ty  of A T P  t h r o u g h  its p h o s p h a t e  group 6. 

* Suppor t ed  in pa r t  by  g ran t s  f rom the  Atomic  E n e r g y  Commiss ion  and  Hill F o u n d a t i o n  a t  
Minneso ta ,  and  by  U.S.  Publ ic  Hea l t h  Service G r a n t  R G  4637 a t  Massachuse t t s  General  Hospi ta l .  

** This  is publ ica t ion  908 of t he  Cancer  Commiss ion  of H a r v a r d  Univers i ty .  
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T A B L E  I 

180 ANALYSES OF PHOSPHATE FRACTIONS 

A t o m %  excess x*O 

Phosphate oxygen 
Tryptophan 

used From 
From A M P  pyrophosphate 

O.OO O.OO* O.OO* 

I . O 9  0 .25  * * O.OO* 

* Observed  46/44 ra t ios  were very  close to the  
value  of 0.00405 for non- isotopic  phospha te .  

** Observed  m a s s  46/44 ra t ios  of dupl ica te  samples  
were nea r  0.0052. The  a t o m  % excess  was calculated 
wi th  cons idera t ion  of carrier  added,  smal l  a m o u n t s  
of non-labeled,  n o n - A M P  p h o s p h a t e  in the  fraction,  
and  small  a m o u n t s  of non-labeled t r y p t o p h a n  added  
wi th  t he  enzyme .  

The  resul ts  of isotopic ana lyses  of t he  p h o s p h a t e  f rac t ion formed when  180-labeled t r y p t o p h a n  
was  conver ted  to its h y d r o x a m a t e ,  coupled to A T P  cleavage,  are shown  in Table  I. The  values  
are averages  of dupl ica te  analyses ,  which  agreed closely. The  tr ials  wi th  non-labeled t r y p t o p h a n  
unde r  identical  condi t ions  serve  as controls  for t he  180 ana lyses ;  such  controls  gua rd  aga ins t  
possible ana ly t ica l  error f rom c o n t a m i n a n t s  w h e n  r a the r  smal l  a m o u n t s  of p h o s p h a t e  are used.  

The  da t a  show clearly t h a t  excess 180 f rom t he  a m i n o  acid carboxyl  appeared  only in the  
inorganic  p h o s p h a t e  derived f rom the  AMP.  The  a m o u n t  found,  o.25 a t o m  % excess,  was  s l ight ly 
less t h a n  the  va lue  of 0.27 a t o m  % excess expec ted  if one  oxygen  f rom the  a m i n o  acid carboxyl  
had  appeared  in each A M P  molecule formed.  The  difference is grea ter  t h a n  the  expected  ana ly t ica l  
error and  m i g h t  reflect a smal l  a m o u n t  of hydro ly t i c  c leavage of some  in te rmedia te ,  s l ight  
exchanges  of oxygen  dur ing  the  isolation, or poss ib ly  o ther  expe r imen t a l  errors. The  resul ts  
w a r r a n t  the  conclusion t h a t  the  ma jo r  and  p robab ly  t he  only  react ion p a t h w a y  was one which  
would accoun t  for a t ransfer  of one oxygen  f rom t he  amino  acid carboxyl  to the  p h o s p h a t e  
group of AMP.  

The  mos t  plausible  exp lana t ion  of the  resul ts  is t he  par t ic ipa t ion  of an  in t e rmed ia t e  involving 
a C - O - P  l inkage be tween the  acyl  carbon of the  a m i n o  acid and  the  p h o s p h a t e  of the  AMP,  wi th  
the  oxygen  be ing  furn ished  by  the  ami no  acid. The  resul ts  are obvious ly  in h a r m o n y  w i th  the  
fo rmat ion  of an  a m i n o  acyl  adeny la t e  t h r o u g h  a d i sp lacemen t  of p y r o p h o s p h a t e  f rom A T P  by  
a ca rboxyl  oxygen,  followed by  d i sp lacement  of t he  A M P  moie ty  t h r o u g h  react ion of hydroxy l -  
amine  wi th  the  acyl  carbon.  A type  of react ion sequence  ruled ou t  by  the  f indings is one in which  
a cofactor  or group to  which  p y r o p h o s p h a t e  was  a t t a c h e d  reacted  wi th  the  amino  acid wi th  
d i sp lacement  of the  py rophospha te ,  followed by  react ion wi th  hyd roxy lamine ,  and  t h e n  regenera-  
t ion of the  original p y r o p h o s p h a t e  c o m p o u n d  by  p h o s p h a t e  t r ans fe r  f rom ATP.  I n  such  a sequence  
oxygen  f rom the  ami no  acid carboxyl  would be expec ted  to  appear  in the  p y r o p h o s p h a t e  even 
t h o u g h  an  a m i n o  acyl  p y r o p h o s p h a t e  was  no t  an  in te rmedia te  in t he  react ion.  

A t  least  two categories  of syn theses  coupled to  A T P  cleavage m a y  be recognized.  In  one, 
oxygen  f rom a subs t r a t e  will appear  in the  inorganic  o r t h o p h o s p h a t e  formed;  n a m e l y  in the  
syn thes i s  of g lu t amine  TM, succinyl  coenzyme A 8, A M P  f rom inos ine-5 ' -phospha te  TM, citrull ine 11, 
and  a 3 -phosphoglycery l -enzyme 8,13. In  the  second category,  subs t r a t e  oxygen  will appear  in 
the  p h o s p h a t e  of AMP;  n a m e l y  in the  syn thes i s  of acetyl  coenzyme  A T, pan to then i c  acid 13, and  
the  h y d r o x a m a t e  f rom t l y p t o p h a n  (this paper).  Syn theses  wi th  oxygen  t rans fe r  to A D P  or to  
p y r o p h o s p h a t e  have  no t  been found  and  m a y  no t  exist .  Incorpora t ion  of wa te r  oxygen  into in-  
organic p h o s p h a t e  occurs  in S-adenosy lmeth ion ine  syn thes i s  coupled wi th  c leavage of inorganic  
p h o s p h a t e  and  p y r o p h o s p h a t e  f rom A T P  14 ; the  source of the  oxygen  for p y r o p h o s p h a t e  fo rma t ion  
has  no t  been repor ted .  

Experimental 
Preparation and analysis o/180-labeled tryptophan, o.oi  mole L- t ryp tophan ,  2.0 ml  H~lsO ( >  i .  4 
a t o m  % excess), and  o.27 ml  conc. HzSO 4 were hea t ed  in a sealed t ube  a t  125 ° for 64 h. W a t e r  
was  added  to a vol. of 15 ml, the  sample  neu t ra l ized  to p H  7 wi th  a m m o n i a ,  and  the  precipi ta ted  
t r y p t o p h a n  collected. The  p roduc t  was  reprec ip i ta ted  following charcoal  decolorization,  washed,  
and  dried in vacuo over P , O  5. The  p roduc t  was  qua l i t a t ive ly  and  q u a n t i t a t i v e l y  ident ical  to  
a u t h e n t i c  L - t ryp tophan  as t es ted  by  the  color reac t ion  of SPins AND CItAMBERS 15. Analys i s  by  
paper  ch roma tog raphy ,  us ing  a bu tano l  : acetic acid : wa te r  (4: i : 5) so lven t  wi th  n inhyd r in  develop-  
m e n t  of the  c h r o m a t o g r a m  is gave  t he  character is t ic  grey  spots  wi th  an  R F identical  to t h a t  of  
a u t h e n t i c  L- t ryp tophan ,  No o ther  spo t s  appea red  on t he  c h r o m a t o g r a m .  

For  de t e rmina t ion  of the  180 content ,  25.6 m g  t ryp tophan-180  was  hea ted  wi th  o.15 ml  
2o % HCI in a sealed tube  a t  13 o° for 33 h. The  con ten t s  of the  tube  were lyophil ized wi th  collection 
of the  H ,O-HC1  distil late.  The  dist i l late was neut ra l ized  wi th  solid t r i s ( h y d r o x y m e t h y l ) a m i n o -  
m e t h a n e  (to avoid H , O  addit ion) to bromocresol  green,  and  aga in  lyophilized. The  water  was  
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collected a n d  i ts  l sO c o n t e n t  de t e rmined  us ing  t h e  su l f i te -b icarbonate  procedure  described 
p rev ious ly  it .  

Em'yme incubations. Approx .  2o m g  enzyme ,  ob ta ined  by  the  first four  purif icat ion s teps  
descr ibed in Table  IV of t h e  pape r  by  DAVlE et al. s, h a v i n g  a specific ac t iv i ty  of  3o un i t s  were used.  
Th i s  a m o u n t  of  e n z y m e  was  enough  to  conve r t  6oo/*moles  t r y p t o p h a n  to  t r y p t o p h a n  h y d r o x a m a t e  
in i h u n d e r  t he  u sua l  expe r i men t a l  condi t ions  s. I n  view of t he  special purpose  of t he  exper iment ,  
such  a large excess  of  e n z y m e  was  used  in order  to b r ing  t h e  reac t ion  to comple t ion .  The  e n z y m e  
was  i n c u b a t e d  for 6o m i n  a t  37 ° and  p H  7.8, in a to ta l  v o l u m e  of IO ml  con ta in ing  t he  following 
add i t ions :  t r y p t o p h a n  or t ryp tophan- iSO,  i o o / , m o l e s ;  ATP,  IOO/,moles;  NHzOH,  io ,ooo/*moles ;  
t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e ,  i ooo /~moles; MgCll,  i oo / ,moles;  crys ta l l ine  yea s t  pyro-  
phospha t a se ,  ioo  /~g. The  a m o u n t  of h y d r o x a m a t e  fo rmed  cor responded  wi th in  t he  l imit  of 
e x p e r i m e n t a l  error  ( +  5 %) to t he  a m o u n t  of t r y p t o p h a n  added,  which  indica ted  t h a t  the  A T P  
was  comple te ly  c leaved.  T he  reac t ion  was  t e r m i n a t e d  b y  add i t ion  of HC104 and  HC1, t he  pro te in  
prec ip i ta te  removed ,  t he  samples  b r o u g h t  to a p p r o x i m a t e l y  p H  4 wi th  K O H ,  frozen and  shipped 
f rom Bos ton  to  Minneapol is  for xsO analyses .  

Determination o~ xsO content o/ the phosphate/factions. Reac t ion  m i x t u r e s  were ad jus t ed  to  
p H  8.2 w i th  K O H ,  al lowed to  s t and  several  hour s  in the  cold, and  the  prec ip i ta ted  KCIO 4 removed  
by  cent r i fuga t ion .  D e t e r m i n a t i o n s  of A M P  by  abso rp t ions  a t  259 m/~ a n d  of inorganic  P were 
per formed,  and  the  samples  separa ted  into two por t ions  for dupl ica te  analyses .  A 4-fold excess  
of b a r i u m  ace ta te  was  added  as a o.9 M solution,  a n d  t h e  samples  were refr igerated.  The  precip- 
i t a t e s  were collected and  freed of b a r i u m  b y  Dowex-5o (H+), t h e n  hydro lyzed  wi th  N HC1 a t  IOO° 
for IO rain to  spli t  a n y  residual  py rophospha t e .  The  inorganic  phospha te ,  der ived f rom the  pyro-  
p h o s p h a t e  or iginal ly  c leaved f rom t he  A T P  in t h e  enzymic  react ion,  was  prec ip i ta ted  as  
M g N H 4 P O  4. 

The  s u p e r n a t a n t  solut ion f rom the  first b a r i u m  prec ip i ta t ions  was  t r ea ted  wi th  4 vol. 95 % 
e thano l  and  refr igerated for prec ip i ta t ion  of t he  AMP.  The  b a r i u m  was  r emoved  as  B a S e  4 by  
careful  t r e a t m e n t  w i t h  H ISO 4. T he  s u p e r n a t a n t  so lu t ion  was  a d j u s t e d  to a b o u t  o. 25 M N H s - N H 4  + 
a t  p H  9.3 and  a n  excess  of Mg ++ was  added.  The  A M P  was  hydro lyzed  over  a severa l -hour  period 
b y  add i t ion  of alkal ine p h o s p h a t a s e  s. The  prec ip i ta ted  M g N H 4 P O  4 was  r emoved  by  cent r i fugat ion,  
t r ea ted  w i th  5 % tr ichloroacet ic  acid, a n d  recent r i fuged  to r emove  prec ip i ta ted  protein.  After  
de t e rmin ing  inorganic  P,  carrier  p h o s p h a t e  was  added,  and  t he  P reprec ip i ta ted  as MgNH4PO 4. 
D e t e r m i n a t i o n s  of t he  a m o u n t  of xso in t he  M g N H 4 P O  4 samples  were m a d e  as previous ly  
descr ibed 12. 
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