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The reaction of DFP* with trypsin 

The react ion of inhibi tors  of the  type  X - P - ( O R ) 2  with chol inesterase  and  the  proteolyt ic  e n z y m e s  

O 
c h y m o t r y p s i n  and  t ryps in  ha s  been in tens ively  s tud ied  with a view to de te rmin ing  t he  na tu r e  
of the  group wi th  which  the  inhibi tor  combines  and  which is essential  for enzymic  act ivi ty .  
I t  h a s  been found  x,2 t h a t  cer ta in  nucleophilic reagen ts  (n icot inohydroxamic ,  p ico l inohydroxamic  
acid and  thei r  methiodides)  can reverse  th is  inhibi t ion by  displacing the  ( R O ) ~ - ~ - g r o u p  f rom 

O 
the  protein.  However ,  the  observa t ion  t h a t  reac t iva t ion  is dependen t  upon  the  age of the  prepa-  
rationS, ~ has  led to the  sugges t ion  t h a t  the  inhibi t ion is a two-phase  process involv ing  an  initial 
phosphory la t ion  of one group in the  prote in  to form a complex  labile to react ivator ,  followed 
by a shif t  of the  alkyl  phosphory l  group to a second linkage, s table  to react ivator ,  according 
to the  following scheme:  

E + D F P  ~--- E - D F P - - >  E z D I P  + H F  
(unstable) 

E ~ D I P  
(stable) 

Degrada t ion  s tudies  upon  the  inact ive DIP-de r iva t ives  of chymot ryps in ,  t ryps in  and  cholin- 
es terase  have  shown in each case t h a t  the  hyd roxy l  group of se~ine is phosphory la t ed  3,4,5. In  
general  the  age of the  prepara t ion  (i.e., after  inhibition) was such  t h a t  the  shif t  m u s t  be a s s u m e d  
to have  been comple te  a t  the  ou tse t  of degradat ion .  The  evidence is, therefore,  s t rong  t h a t  serine 
is the  residue involved in s table l inkage wi th  D I P  (i.e., E 2 D I P  in the  above  scheme).  

Various  lines of evidence have  indica ted  an  i n v o l v e m e n t  of the  imidazole side cha in  of 
h is t id ine  in the  ca ta ly t ic  ac t iv i ty  of these  e n z y m e s  and  the  impl ica t ion  of imidazo le -DIP  as  the  
E 1 D I P  complex  above  is cons is ten t  wi th  the  following da ta :  

(i) The  p H  dependence  of D F P  inhibi t ion 6 indicates  t he  i nvo lvemen t  of an  ionizing group 
wi th  a p K  of 5-7. 

(2) A s t u d y  of the  react ion of D F P  wi th  free ami no  acids 7 ha s  shown t h a t  while no s table  
phosphory l a t ed  der iva t ives  were produced,  his t idine and  tyros ine  were able to ca ta lyze  t he  
hydro lys i s  of DFP ,  indicat ing t he  fo rmat ion  of uns tab le  D I P - a m i n o  acid complexes  as inter-  
media tes ;  serine was inact ive  unde r  these  condit ions.  DIP- imidazole  was  syn thes ized  unde r  
a n h y d r o u s  condi t ions  and  found  to be ex t remely  uns t ab le  in aqueous  solut ion (half- t ime a t  3 °0 C 
and  p H  7.4 = 2-7 hours).  

(3) His t id ine  der ivat ives  have  been found to accelerate t he  hydro lys i s  of p -n i t ropheny l  
ace ta te  s, an  inhibi tor  s imilar  to D F P  which inhib i t s  c h y m o t r y p s i n  by  t he  ace ty la t ion  of some  
group in the  act ive  center .  

Despi te  the  pos tu la ted  shif t  of the  diisopropyl phosphory l  group,  t he  e n z y m e  r ema ins  in- 
act ive  so t h a t  serine is e i ther  pa r t  of the  active center  or so close to it  t h a t  the  large D I P  group 
can  m a i n t a i n  inhibi t ion by  steric h indrance .  The  m a i n t e n a n c e  of the  serine group in th is  favorable  
posi t ion for phosphory la t ion  could be the  resul t  of: 

(a) The  two residues being close to each o ther  in t he  polypept ide  sequence;  
(b) The  residues being b rough t  into j ux tapos i t i on  by  thei r  presence in ad jacen t  t u r n s  of an  

a-hel ix or by  the  close apposi t ion  of two separa te  pa r t s  of an  a-hel ix (or two separa te  a-helices). 
The  s t u d y  of serine pept ides  resul t ing f rom the  degrada t ion  o f  D I P - e n z y m e s  ( chymot ryps in  

and  t rypsin)  ha s  no t  so far revealed his t idine as a cons t i t uen t  so t h a t  (a) is unlikely.  If (b) were 
t rue  t hen  it  m i g h t  be expected  t h a t  if t he  prote in  were unfolded in s t rong  urea  i m m e d i a t e l y  
following react ion wi th  DF P ,  the  shif t  of the  D I P  group m i g h t  be  interfered wi th  b y  r emova l  
of serine f rom the  i m m e d i a t e  ne ighborhood of the  imidazo le -DIP  complex.  In  th i s  case it  would  
be expected t h a t  by  ana logy  wi th  syn the t i c  DIP- imidazole ,  which  is ex t r eme ly  uns table ,  t he  
DIP- imidazole  on the  protein  would decompose  to free DIP ,  leaving the  p ro te in -bound  imidazole 
free and  t he  serine unphosphory la t ed .  

In  order to facil i tate the  detect ion of uns t ab l e  D I P - e n z y m e  der iva t ives  a new technique  
ha s  been developed whereby  the  phosphory la ted  e n z y m e  can  be rap id ly  separa ted  f rom excess 
D F P  and  its hydro lys i s  p roduc t  DIP .  Use is m a d e  of a co l umn  of Dowex-5o × 2 ca t ion  e x c h a n g e  
resin, 2oo-4oo mesh,  in the  NH4+ form. The  co lumn  (12 × o.9 cm) is packed  in a po lye thylene  
t ube  and  pre - t rea ted  wi th  o.i  31 sod ium ci t ra te  buffer  p H  3.o; an  a l iquot  of the  react ion m i x t u r e  
of the  e n z y m e  wi th  DF3~P is t hen  applied to the  top of t he  co lumn  and  forced t h r o u g h  unde r  

* The  following abbrev ia t ions  will be used  herein:  D F P  = diisopropylphosphofluoridate; 
D I P  = diisopropyl phosphory l ;  B A E E  = benzoyl -a rg inyl -e thy l  ester.  
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pressure .  U p o n  e lu t ion wi th  o . i M  acetic acid, D I P  and  D F P  are rap id ly  eluted,  being clearly 
s epa ra t ed  f rom each other ,  while t he  labelled pro te in  is re ta ined  a t  the  top  of t he  resin and  m a y  
be located by  mon i to r i ng  t he  c o l u m n  and  t h e n  cu t t i ng  t h r o u g h  c o l u m n  and  resin in t h a t  region 
and  e lu t ing  t he  labelled pro te in  by  suspens ion  of t he  resin in x N sod ium hydroxide .  Dia lys is  
expe r imen t s  were also carr ied ou t  and  the  resu l t s  ob ta ined  by  bo th  t echn iques  are s u m m a r i z e d  
in Tab le  I. 

T A B L E  I 

T H E  LABELLING OF TRYPSIN BY DFasP 

Per ce~ t/~or~/c~ 
Ezper ime~  cond~ior.s labelling wi~k u p  

I. Control  react ion of t ryps in* ,  followed by  
(a) Dialysis  aga ins t  o . o o l N  HC! 

(b) ** Dialysis  aga ins t  8 M urea  in 
o . o o 4 M  sod i um phospha te ,  p H  7.6 

2. Reac t ion  of t ryps in  as above  b u t  init ial ly 
allowed to unfold  in 8 M  urea,  p H  3.o 
followed by  reac t ion  a t  p H  7.6 in 8 M  urea.  
(a) Dialysis  aga ins t  o.ooI N HC1 
(b) Dialysis  aga ins t  8 M  urea  in 

o . oo4M s o d i u m  phospha te ,  p H  7.6 
(c) P ro te in  sepa ra ted  on Dowex-5 o as 

descr ibed in t he  t e x t  af ter  the  
following periods of reac t ion  wi th  DI~aP  

68 rain 
I547 mi n  

3. Reac t ion  wi th  DIP - t ryps i n ,  3 × recrystal l ized 
(separa ted  on Dowex-5o) 

4. Reac t ion  wi th  t ryps inogen  
(dialyzed aga ins t  o . o o l N  HCI) 

ioo  
(35,000 c . p . m . / m g  t rypsin)  

95.8 

3.6 

I.O 

0.97 
I .I  5 

0.36 

1.5 

* Reac t ion  condi t ions  were ×o-fold molar  excess  of DFa~P, o ° C, p H  7.6 for 60' unless  otherwise 
s ta ted .  Dialys is  was  for 36 hours  a t  3 ° °  C wi th  several  changes .  T ryps in  (z × crystall ized) and  
t ryps inogen  (I x crystall ized) were ob ta ined  f rom W o r t h i n g t o n  Biochemical  Corp. and  dialyzed 
e x h a u s t i v e l y  aga ins t  o .ooxN HCI to r e m o v e  salt .  

* * The  pro te in  solut ion was  m a d e  8 M  in u rea  before s t a r t i ng  t he  dialysis.  

I t  is clear t h a t  e x h a u s t i v e  dialysis  of f reshly inhibi ted D I P - t r y p s i n  in t he  presence of 8 M 
u rea  a t  30 ° C does no t  l iberate  a s ignif icant  a m o u n t  of D I P ;  es terase m e a s u r e m e n t s  conf i rm th is  
in showing  no res tora t ion  of e n z y m i c  ac t iv i ty .  This  would  nega te  the  possibi l i ty  t h a t  a s ignif icant  
por t ion  of t he  D I P  is b o u n d  in a fo rm as labile as DIP- imidazo le  af ter  6o m i n u t e s  reaction.  
I t  m i g h t  be m e n t i o n e d  t h a t  th is  period is sho r t  in compar i son  wi th  t he  t ime  dur ing  which  c h y m o -  
t ryps in  (x) a n d  chol ines terase  (2) can  be reac t iva ted .  

W h e n ,  however ,  t h e  p ro te in  is ini t ial ly unfo lded  in 8 M  urea  and  t h e n  reac ted  (still in 8 M  
urea) t he  dialysis  e x p e r i m e n t s  indicate  a negligible degree of labelling. Similarly,  ac t iv i ty  measure -  
m e n t s  m a d e  du r ing  t h e  course  of t h e  reac t ion  by  one  h u n d r e d  fold di lut ion of a l iquots  wi th  
o.oox N HC1 show t h a t  no progress ive inhibi t ion  of enzymic  ac t iv i ty  occurs,  t h u s  indica t ing t h a t  
t he  u s u a l  course of labell ing a n d  inhibi t ion  by  D F P  is i n t e r rup t ed  by  8 M urea. 

Th i s  lack of r eac t iv i ty  of DFszP  in t he  presence of 8 M  urea, coupled wi th  the  lack of es terase  
ac t iv i ty  unde r  these  condi t ions*  lends suppo r t  to the  idea of HARTLEY AND KILBY s t h a t  D F P  is, 

* W h e n  t r yps in  is unfolded  in 8 M  urea, no es terase  ac t iv i ty  can  be de tec ted  as long as the  
pro te in  r ema ins  in 8 M  urea  (i.e., t he  subs t r a t e  B A E E  i s  also m a d e  in 8 M  urea), b u t  as soon 
as t h e  u rea  solut ion of t he  pro te in  is ex tens ive ly  d i lu ted  t h e n  ac t iv i ty  is ful ly res tored °. VISWANATHA 
AND LIENER have  s t a t ed  t h a t  t ryps in  r ema ins  act ive  in 8M urea  TM b u t  on ly  on t he  basis  of un-  
d imin ished  ac t iv i ty  af ter  di lut ion.  

These  a u t h o r s  h a v e  also recen t ly  repor ted  u t h a t  d i e thy l -p -n i t ropheny l -phosphona te  reacts  
in u rea  wi th  t r yps in  a t  a s i t e  which  can  be d i s t ingu ished  f rom t h e  si te  responsible  for proteolyt ic  
ac t iv i ty ,  and  t h a t  d ie thy l  phosphory l  t ryps in  could be par t ia l ly  r eac t i va t ed  b y  t r e a t m e n t  wi th  
urea.  No exp l ana t i on  will be  offered a t  th i s  t i m e  for t he  d i sc repancy  be tween  these  resu l t s  and  
those  of t h e  p resen t  s tudy ,  in which  t he  direct  u p t a k e  of p h o s p h a t e  r a t he r  t h a n  t he  l iberat ion 
of t h e  u n b o u n d  reac t ion  p roduc t  (p-ni t rophenol)  was  used  as a cri terion for phosphory la t ion .  
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in fact,  a special  s u b s t r a t e  and  can  only  react  unde r  condi t ions  when  t he  e n z y m e  is active.  In  
suppor t  of th i s  conclusion,  t ryps inogen  was  found no t  to be labelled by  DF3zP. 

The  r ap id i ty  of separa t ion  of labelled t ryps in  and  free D F P  (and DIP)  on the  Dowex-5o 
co lumn  (5-7 minutes )  enabled  a search  to be m a d e  for an  E x D I P  complex  as pos tu la ted  above,  
b u t  none  could be de tec ted  e i ther  dur ing  t he  react ion wi th  t ryps in  in t he  presence of 8 M  urea  
nor  when  "co ld"  D I P - t r y p s i n  (3 t imes  crystallized) was t rea ted  wi th  DFs~P. In  the  first case, 
bo th  sites E 1 and  E i  would  be available,  since no subs t i t u t i on  had  occurred;  while in t he  case 
of DIP- t ryps in ,  s ince a n y  shi f t  m u s t  have  been comple ted  dur ing  the  l eng thy  prepara t ion  and  
crysta l l izat ion of t he  protein,  the  E z site would  be unoccupied  and  therefore  avai lable  for fu r the r  
phosphory la t ion .  Unde r  condit ions,  therefore,  where the  imidazole side chains  of t ryps in  are  
avai lable  b u t  where  t he  usua l  course of inhibi t ion finally resul t ing in D I P  s tab ly  bound  to serine 
is prevented ,  no labelling of t he  pro te in  is observed  even  t h o u g h  t he  analy t ica l  t echn ique  would 
ensure  t he  de tec t ion  of ve ry  labile in te rmedia tes .  Moreover,  even if the  in te rmedia te  exis ted  only  
on t he  surface  of the  e n z y m e  and  were rap id ly  decomposed  by  wate r  to form free D I P  and  enzyme,  
a DFP-ase  effect of  t ryps in  would be man i fes t  by  an increased fo rmat ion  of DIP .  Compar i son  
wi th  a control  in which  t he  s a m e  a m o u n t  of D F P  was incuba ted  in 8M urea  unde r  t he  s ame  
condi t ions  of t e m p e r a t u r e  and  p H  showed,  however,  no difference in t he  a m o u n t  of D I P  produced.  

In  s u m m a r y ,  therefore,  it  m a y  be said t h a t  no evidence has  been found to suppor t  the  
hypo thes i s  t h a t  t he  phosphory la t ion  of imidazole cons t i tu te s  the  init ial  s t age  of the  combina t ion  
of D F P  wi th  t ryps in .  

Our  t h a n k s  are due  to Miss DOROTHY KAUFFMAN for technica l  assis tance:  This  work  ha s  
been carried ou t  in par t ,  unde r  Cont rac t  No. Nonr-477-o 4 be tween  t he  Un ive r s i ty  of W a s h i n g t o n  
and  the  Office of Nava l  Research,  D e p a r t m e n t  of the  Navy .  
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Condensation of y-glutamyl peptides with thiocyanate* 
A m m o n i u m  th iocyana t e  in t he  presence of acetic anhydr ide  ha s  been used  as a reagen t  for t he  
de t e rmina t ion  of C- te rmina l  a m i n o  acids  in pro te ins  or pept ides  1-5. Us ing  th i s  react ion we found 
t h a t  pro te ins  combine  wi th  lO-2O S14CN-residues per  xo 5 g of prote in  s ~ .  The  radioact ive  S14CN - 
res idues were no t  exchanged  wi th  nonrad ioac t ive  t h iocyana t e ;  this  sugges ted  b inding  by  covalence, 
and  seemed to indicate  t he  combina t ion  of SCN-residues  wi th  t he  free a -carboxyl  groups of 
y -g lu t amyl  or ~-aspar ty l  res idues  in t he  pept ide  chain ;  th is  reac t ion  would resul t  in t he  format ion  
of t h iohydau to in  r ings  in t he  cha in :  

COOH S C - N H - C O  

f + SCN- J J 
- N H .  CH" CH~- CH 2 • C O -  - - - *  - N  CH" CHz- CH I" C O -  

Our  resul ts  did no t  exclude,  however ,  the  possibi l i ty t h a t  a - g l u t a m y l  res idues are conver ted  into 
~,-glutamyl res idues unde r  t he  drast ic  condi t ions  of t he  t r e a t m e n t  wi th  th iocyana te .  Rear range-  
m e n t s  of  th is  t ype  have  been described 9-n.  W e  examined , ,  therefore,  the  reac t ion  of a- and  ~,- 
po lyg lu tamic  acid wi th  th iocyana te .  

Rad ioac t ive  a m m o n i u m  t h i ocyana t e  was  prepared  f rom NaX4CN and  sul fur  and  recrystal l ized 
f rom e thano l  wi th  added  nonrad ioac t ive  a m m o n i u m  t h i o c y a n a t e  as carrier.  Po lyg lu t amic  acid 
p repara t ions  were mixed  wi th  t he  rad ioac t ive  th iocyana te ,  acetic anhyd r ide  and  acetic acid as 


