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Reactivation of phosphorylated acetocholinesterase by 
pyridine-2-aldoxime methiodide 

Pyr id ine-2-a ldoxime meth iod ide  (P-2-AM) is the  mos t  act ive  react ivator ,  in vitro, of phos -  
phory la t ed  ace tochol ines terase  found  so far. Recen t ly  it  has  also been shown  t h a t  th is  ox ime  
reac t iva tes  d ie thy lphosphory l -ace tocho l ines te rase  in vivo (KF.wITZ l ; HOBBIGER 2, S ; RUTLAND 4) and  
t h a t  it acts  as an  an t ido te  aga ins t  poisoning by  cer ta in  o rganophospha tes ,  especial ly when  used 
in combina t ion  wi th  a t rop ine  (AsKEw, DAVIS AND GREENS; KEWITZ AND •VILSON6; KEWITZ, 
WILSON AND NACHMANSONN?; HOBBIGERZ,a). Since condi t ions  in vivo and  in vitro are not  a lways  
identical ,  a more  detai led s t u d y  of the  reac t iva t ion  of phosphory la t ed  ace tochol ines terases  by  
P-2-AM in concen t ra t ions  which can be obta ined  in vivo was unde r t aken .  

Samples  of hepar inised h u m a n  blood were incuba ted  for 15 min  a t  37 ° C wi th  e i ther  IO -6 M 
t e t r ae thy l  p y r o p h o s p h a t e  or lo -5 M diisopropyl  f luorophosphonate .  To r emove  the  free organo-  
phospha tes ,  which  would interfere with the  reac t iva t ion  process (HoBBIGERS), the  blood samples  
were t hen  incuba ted  for ano the r  15 min  wi th  rabbi t  p l a sma  (final concent ra t ion ,  1o%);  the  
red cells were t hen  separa ted  from the  p l a s m a  by  cont r i fugat ion  and  washed  4 t imes  with 0.9 % 
NaCI. At least  9o % of the  ace tochol ines terase  in the  red cell p repara t ions  ob ta ined  by th is  
t echn ique  is p resen t  in a phosphory la t ed  form which is enzymica l ly  inactive.  The  r e a c t i v a t i o n o f  the  
phosphory la t ed  ace tochol ines terase  was s tudied  in the  W a r b u r g  a p p a r a t u s  a t  37 ° C in a m e d i u m  
of o.o25 M N a H C O  a and  an  a t mosphe re  of 95 % N~ and  5 % COy  Reac t iva t ion  was allowed to 
proceed in the  s idearm of the  m a n o m e t r i c  vessels (fluid volume,  0. 3 ml ;  red cell dilution,  1:9) 
and  e n z y m e  ac t iv i ty  was  de te rmined  by measu r ing  the  vo lume  of CO~ produced be tween 5 and  
35 min  af ter  addi t ion  of t he  con ten t s  of the  s idearm to the  ma in  c o m p a r t m e n t  of the  m a n o m e t r i c  
vessel which held 2. 7 ml acetylchol ine chloride (final concent ra t ion ,  o.o[ M) in o.o25 M .NaHCO a. 

Diethylphosphoryl-acetocholinesterase 

The  ra te  of reac t iva t ion  of d ie thy lphosphorTl -ace tochol ines te rase  by  P-2-AM is i ndependen t  of 
the  concen t ra t ion  of the  phosphory la t ed  e n z y m e  and  for a tenfold range  of concen t ra t ions  of the  
ox ime  the  t ime  required for 5 ° % reac t iva t ion  of the  phosphory l a t ed  enzyme  is inversely propor-  
t ional  to the  concen t ra t ion  of the  ox ime  (Fig. z). This  indicates  t h a t  the  ra te  de t e rmin ing  s tep  in 
the  reac t iva t ion  process is the  ra te  of associa t ion  of the  ox ime  wi th  the  phosphory l a t ed  e n z y m e  
and  a n y  complex  which  m i g h t  be formed between the  ox ime  and  the  phospho ry l a t ed  e n z y m e  
can only  be of a t r ans i en t  na ture .  These  findings m i g h t  not  be appl icable  to h igher  concen t r a t ions  
of the  ox ime  (the effect of which canno t  be s tud ied  wi th  suffÉcient accuracy  by the  W a r b u r g  
technique)  or  to expe r imen t s  which are carried ou t  a t  lower t empera tu re s .  E x p e r i m e n t s  in which 
e n z y m e  act ivi t ies  were recorded a t  2. 5 min intervals ,  s t a r t i ng  2.5 min  af ter  addi t ion  of the  con t en t s  
of the  s idearms  to the  ma in  c o m p a r t m e n t s  of the  manome t r i c  vessels, showed t h a t  enzyme  
reac t iva t ion  is fully ar res ted when  the  oxime concen t ra t ion  falls below an  effective level as the  
resul t  of di lut ion.  
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Fig. I. ff is 4 for d ie thy lphosphory l -ace to -  
chol ines terase  (curve a) and  5 for di- 
i sopropylphosphoryl-acetochol inesterase 
(curve b). Reac t iva t ion  is expressed in 
% of the  m a x i m u m  reac t iva t ion  ob ta ined  
on incuba t ion  wi th  5 .xo  -3 M P-2-AM. 
The  ac t iv i ty  of all blood samples  which  
were reac t iva ted  wi th  5" zo-S M P - , - A M  
was corrected for inhibi t ion by P-z-AM 
(on average  7O,/o) and  correct ions were 
also applied for residual  reac t iva t ion  (re- 
su l t ing  from insufficient dilution) du r ing  

m e a s u r e m e n t  of e n z y m e  ac t iv i ty .  

Reac t iva t i on  by iP-2-AM is no t  add i t ive  wi th  the  reac t iva t ion  by choline (Table I) and  we 
can,  therefore,  a s s u m e  t h a t  P-2-AM approaches  the  phosphory l a t ed  e n z y m e  via  the  anionic  
si te  of the  la t ter ;  it is possible t h a t  in teract ion of the  q u a t e r n a r y  a m m o n i u m  s t ruc tu re  of the  
ox ime  wi th  the  anionic si te  p romotes  the  ac t iv i ty  of P-z-AM; this  has  been sugges ted  by  WILSON 9 
for o ther  r eac t iva to r s  which  possess  a cat ionic centre.  
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0.025 31 NaltCO;~ loo ioo 
0.025 31 NaHCO s -- o.l  M Na(' t  63 ~7 
0.0- 5 31 N a H C O  s -- o. i ,~I K('I 59 So 
0.02.5 M NaHCO s ~- o.o 5 M MgCI 2 37 -t'~ 
0.025 M NaHCO 3 -:- o. t  31 NaC1 ~ o.I 31 KCI 4 s 7 ° 
0.025 M N a H ( ' O  3 [ o.T M NaC1 + o.i 31 KCI -- o.o 5 31.MgCI 2 26 44 
0.025 31 NaHCO s q- O.l 31 chol ine chlor ide  8(7" ~ 
0.0- 5 31 Na I ICO z -t-- o.I 31 ace tv lcho l ine  chlor ide 3,s 01 

Reac t i va t i on  ob ta ined  af ter  6o min incuba t ion  of P-e-AM wi th  the  p h o s p h o r y l a t e d  enzyme  was 
used as measure  of the  effect of different  media  on reac t iva t ion .  Changes  in the effectiveness of 
P-~-AM were ca lcu la ted  from the  slope ob ta ined  by  p lo t t i ng  the  log. of the concn, of P-e-AM 
aga ins t  ° o r eac t i va t i on  and  all figures in co lumns  r and  z represen t  the effectiveness of P-e-AM 
in °, o of i ts  effect iveness in o.o25 M NaHCO s. Resu l t s  g iven in co lumns  ~ and  2 were ob ta ined  
using t.5" to -5 M and 2. to -4 M P-z-AM respect ive ly .  

* o. i 31 chol ine i tself  produces  5o % r e a c t i va t i on  in 90 rain and if its effect were add i t i ve  wi th  
t h a t  of P-2-AbI a 1.45 fold increase in the  po tency  of P-z-AM should  be observed.  

The r a t e  of r eac t i va t i on  of the phos pho r y l a t e d  enzyme  by  a given concen t ra t ion  of P-2-AM 
is de t e rmined  by  the  m e d i u m  in which r eac t i va t i on  is carr ied out.  Na(' l ,  KCI and MgCI 2 reduce 
the effect iveness of P-2-AM (Table I). C o m p a r a t i v e  s tudies  of t i le  effects of P-z-AM on phos- 
pho ry l a t ed  ace tochol ines te rases  ob ta ined  from different  species will  only be useful if the  exper i -  
men t s  are  carr ied  out  in the  same medium.  Since P- - -AM m i g h t  possess c o m p l e x i n g  p roper t i e s  
the  reduc t ion  in the effect iveness of I '-2-AM by Mg ~+ could a t  least  be p a r t l y  due to a reduc t ion  
in the  effective concen t ra t ion  of ti le oxime.  

Acetylchol ine ,  ano the r  possible source of in terference in vivo, also reduces the effect iveness 
o f  P-e-AM (Table I). The resul ts  wi th  Na(' l ,  KCI and ace ty lchol ine  and previous  f indings wi th  
t r i m e t h y l a m i n e  (HoI~mGERS) suppor t  the i n t e rp re t a t i on  t h a t  P-2-AM in te rac t s  w i th  the anionic  
si te of the phospho ry l a t e d  enzyme  dur ing  reac t iva t ion .  I t  is possible t h a t  NaCl, KC1, chol ine and 
ace ty lcho l ine  also interfere  to  some e x t e n t  wi th  the r eac t iva t ion  process in vivo, bu t  it will be 
difficult to assess th i s  from the  ra tes  of r eac t i va t i on  ob ta ined  a t  different  s i tes  since the con- 
cen t r a t ions  of these subs tances  and  ions in the  v ic in i ty  of chol ines terase  are unknown.  

E t h a n o l  which  has  p rev ious ly  been shown to reduce the effectiveness of the combined  t rea t -  
men t  wi th  a t rop ine  and P-2-AM in o rganophospha t e  poisoning ( H O B B I G E R  3) has no effect (m the 
r eac t iva t ion  in vitro if used in concen t ra t ions  up to 5 % v/v.  

Diisopropylphosphoryl-acetocholi~testerasc 
The r a t e -de t e rmin ing  s tep in the r eac t iva t ion  of diisopropylphosphoryl-acetocholiimsterase by 
I~-2-:\M also appea r s  to be the ra te  of associa t ion  of the ox ime wi th  the  phospho ry l a t ed  enzyme  
(Fig. l). NaCI, KC1, chol ine and ace ty lchol ine  re ta rd  the  r eac t iva t ion  (Table I), bu t  their  effect 
is less marked  t h a n  in the case of d ie thy lphosphory l -ace tocho l ines te rase .  If  a t t a c h m e n t  of the  
ox ime  to the  anionic  si te p lays  a pa r t  in the r eac t i va t i on  process it must ,  therefore,  be less i m p o r t a n t  
t han  wi th  d ie thy lphosphory l -ace tocho l ines te rase .  

I t  is in te res t ing  in this  connect ion t h a t  \VILsoN, GINSBURG A N D  M F I S L I C H  1° who s tudied  
the r eac t iva t ion  of d i e thy lphosphory l -  and diisopropylphosphoryl-acetocholinesterase bv nicot in-  
h y d r o x a m i c  acid me th iod ide  and i ts  t e r t i a r y  base, also concluded from their  resul ts  t h a t  the 
anionic  site is not funct ional  in diisopropylpt~osphoryl-acetocholinesterase. 
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Models of a-keratin structure 

In  s imple  po lymers  it is genera l ly  accepted  t h a t  t h e  dens i ty  predic ted  f rom a plausible  model  
s t r u c t u r e  m u s t  be g rea te r  t h a n  the  observed  macroscopic  dens i ty ,  s ince a cer ta in  p ropor t ion  of 
non-crys ta l l ine  ma te r i a l  is a lways  present .  Despi te  thei r  considerable  molecu la r  and  histological  
complex i ty ,  i t  has  long been a s s u m e d  t h a t  t he  s ame  cri ter ion can  be appl ied to a -kera t ins .  If th i s  
a s s u m p t i o n  is correct,  t h e n  the  ave rage  volume,  ~, occupied by an  a m i n o  ac id  res idue in a sa t i s -  
f ac to ry  model  s t r u c t u r e  should  be less t h a n  t h a t  ca lcu la ted  from the  macroscopic  dens i ty ,  d, 

and  m e a n  res idue  weight ,  ,'~, by m e a n s  of the  express ion  ~ = 1.66 M--]d, where  F is expressed  
in A 8 a n d  d in g - c m  -s.  

As the  macroscopic  dens i ty  of  na t i ve  a -ke ra t i n s  increases  wi th  c rys ta l l in i ty  1, it  is clear t h a t  
the  more  c rys ta l l ine  the  spec imen  for which  b is de t e rmined  the  more  s t r i ngen t  the  dens i ty  
cr i ter ion becomes.  The  m o s t  c rys ta l l ine  a -ke ra t in  s t r u c t u r e s  recognised so far  are  t he  quill  t ips  
of  va r ious  porcupines ,  b u t  the  ca lcu la t ion  of ~ for these  s t r uc tu r e s  has  been hampe red  in t he  
p a s t  by  the  lack of precise ana ly t i ca l  or  dens i ty  da ta .  

On  the  basis  of  X- ray  diffract ion s tudies ,  we have  selected the  descaled quill  t ip  f rom the  
Nor th  Amer ican  porcup ine  (Erethizon sp.) as the  m o s t  su i tab le  sub jec t  for m e a s u r e m e n t  and  
h a v e  de t e rmined  bo th  i ts  a m i n o  acid compos i t ion  and  dens i ty .  The  ana lys i s  was carr ied ou t  by  
ion exchange  c h r o m a t o g r a p h y  on c o l u m n s  of Dowex 5o-X8 z us ing  the  n i n h y d r i n  r eagen t  descr ibed 
by  MOORE AND STEIN s. Prol ine  was de t e rmi ned  by  the  m e t h o d  of CHINARD 4 af te r  p re l imina ry  
ion exchange  c h r o m a t o g r a p h y  6 and  cys t ine  was  e s t i ma t ed  by  a m p e r o m e t r i c  t i t ra t ion .  The  resul ts  
of the  ana lys i s  are  p resen ted  in Table  I. The  dens i ty  was de te rmined  by  f lotat ion in a m i x t u r e  
of  o-dichlorobenzene and  bromobenzene ,  a f te r  d ry i ng  a t  ioo ° C in vacuo for 3 h. A va lue  of 1.317 
was ob ta ined .  

T A B L E  I 

AMINO ACID COMPOSITION OF PORCUPINE QUILL TIPS (Erethigon sp.) 

A mino acid No. o/ Nitrogen as °o ol total nitrogen g amino actd/tom 
Observations Mean S.E. zo~ g quill tips 

Alanine  2 4.26 0.36 4.62 
Amide  2 8.99 o.7 ° 1.75 
Arginine  2 18.82 0.42 9.97 
Aspar t ic  acid 3 5.3 ° o.29 8.58 
Cys t ine  i 6.77 --- 9.92 
Glu tamic  acid 3 9.52 0.56 17.05 
Glycine 3 6.72 0.24 6.I4  
His t id ine  2 1.32 0.33 0.83 
Isoleucine 3 2.34 0.24 3-74 
Leucine  3 5.78 o. 20 9.23 
Lys ine  2 4.o9 o. 15 3.64 
Pheny l a l a n i ne  3 2. I o o. 12 4.22 
Proline 2 4. i o o.o2 5.74 
Serine 3 6.53 o. z 2 8.35 
Threon ine  3 3.59 o.22 .5.23 
Tyros ine  2 3.o7 o.oo 6.76 
Valine -' 4. i i o.o 7 5.86 


