
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 29 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Phosphorus, Sulfur, and Silicon and the Related Elements
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713618290

Comparative Study of Nucleophilic am) Enzymic Reactions of 2-Propyl
Methylphosphonate Derivatives
Ildiko M. Kovacha; Andrew J. Benneta

a University of Kansas, Center for Biomedical Research, Lawrence, Kansas, USA

To cite this Article Kovach, Ildiko M. and Bennet, Andrew J.(1990) 'Comparative Study of Nucleophilic am) Enzymic
Reactions of 2-Propyl Methylphosphonate Derivatives', Phosphorus, Sulfur, and Silicon and the Related Elements, 51: 1,
51 — 56
To link to this Article: DOI: 10.1080/10426509008040680
URL: http://dx.doi.org/10.1080/10426509008040680

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713618290
http://dx.doi.org/10.1080/10426509008040680
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Phosphorus. Sulfur. and Silicon, 1990, Vols. 51/52. pp. 51-56 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1990 Gordon and Breach Science Publishers, Inc. 
Printed in the United Kingdom 

COMPARATIVE STUDY OF NUCLEOPHILIC AM) ENZYMIC REACTIONS OF 
2-PROPYL METHYLPHOSPHONATE DERIVATIVES 

I ld iko  M. Kovach and Andrew J. Bennet 
University of Kansas, Center f o r  Biomedical Research, 
2099 Constant Avenue, Lawrence, Kansas 66045 USA 

Abstract  Solvent isotope e f f e c t s  have been measured f o r  t he  

reac t ions  of 4-nitrophenyl 2-propyl methylphosphonate (IMN) with 

ace ty lchol ines te rase  (AChE), chymotrypsin, imidazole base,  

hydroxide ion,  phosphate dianion,  and water, and f o r  the  

reac t ions  of 2-propyl methyl phosphonofluoridate ( sa r in )  with 

AChE. Kinet ics  and s t r u c t u r a l  fea tures  of the dea lkyla t ion  of 

AChE and chymotrypsin adducts were a l s o  s tudied.  

INTRODUCTION 

The o v e r a l l  ob jec t ive  of t h i s  pro jec t  is a complete under- 

standing of the molecular o r ig in  of a l l  phases of the  i n h i b i t i o n  of 

s e r ine  hydrolase enzymes by organophosphorus (OP) compounds. This 

inves t iga t ion ,  unl ike previous ones, holds t h e  premise t h a t  some 

unique in t e rac t ions  e x i s t  i n  numerous OP-serine hydrolase adducts 

t h a t  s t a b i l i z e  these intermediates  and tha t  t h e i r  hydrolysis  off  the  

enzymes is hampered by some in te r fe rence  with the  normal acid-base 

c a t a l y t i c  funct ion of these enzymes (1). 

The molecular o r ig in  of i nac t iva t ion  of s e r i n e  hydrolase enzymes 

by phosphonate esters w a s  inves t iga ted  i n  t h i s  laboratory a few years  

ago (2-3). To fu r the r  probe the ac t ive - s i t e  c h a r a c t e r i s t i c s  of AChE, 

l a t e l y  we have undertaken a comparative study of AChE, chymotrypsin, 

t ryps in ,  and se lec ted  nucleophiles with two s t r u c t u r a l  analogs the  

f luoro  and 4-nitrophenyl esters of 2-propyl methylphosphonic acid.  

The dealkylat ion of the inact ivated enzymes has a l s o  been s tudied by 

conventional and computational techniques. 

RESULTS 

Wcleophi l ic  Reactions and Enzyme Inac t iva t ion .  The second order  

r a t e  constants  f o r  t he  reac t ions  of e l e c t r i c  ee l  AChE, bovine 
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chymotrypain, imidazole base, hydroxide ion,  phosphate dianion, and 

water with IMN and s a r i n  are reported i n  Tables I and 11, respec- 

t i ve ly .  The solvent  isotope e f f e c t  f o r  each reac t ion  has a l s o  been 

measured and is reported i n  the  last column of each tab le .  

Table I. Second-order rate constants  a t  25OC and solvent  i so tope  
e f f e c t s  f o r  enzymic and nucleophi l ic  reac t ions  of 4 a i t r o p h e n y l  
2-propyl methylphosphonate. 

Enzyme o r  
nuc leophi le  

AChEa 8130 f 380(S) 50(R)b 1.29 f 0.06 (25.0) 
Chymotry psi& 14.2 f 1 (Sgd 2.1 f 0.2(R) 1.24 f 0.20 (25.0) 
Imidazole 2 x 10- 1.40 f 0.07 (73.0) 
Hydroxide ion  0.27 f 0.01 0.94 f 0.02 (25.0) 

Water (1 2 0.4) 10-7 1.70 f 0.72 (25.0) 
Phosphate dianion 2.65 10-5d 1.11 (54.7) 

aRef. 2b; pH 7.6, 0.05 M phosphate buf fer ,  5% CH30H. 
bEstimate from Ref. 4. 
cpH 7.6, 0.05 M phosphate buf fer ,  measured with excess enzyme; time 
course da ta  f i t t e d  t o  the  biexponent ia l  rate law; t he  solvent  
isotope e f f e c t  is the  same f o r  the enantiomere within experimental 
e r ro r .  

dExtrapolated from temperature dependence; Ref. 5. Estimated 
precis ion 230%. 

Table 11. Second-order rate constants  and solvent  i so tope  e f f e c t s  a t  
25OC fo r  enzymic and nucleophi l ic  reac t ions  of 2-propyl methylphos- 
phonofluoridate. 

k2H0H 

kp, M-1 8-1 k2DOD Enzyme o r  nucleophile 

AChEa (4.61 f 0.18) x lO5(S) 50(R)b 1.27 f 0.08 

Imidazole (5.47 f 0.05) x 10' 
Hydroxide iond 60 

Chymo t ry  psinc 3674s) 50(R) -- --- 

apH 7.6, 0.05 M phosphate buf fer ,  1% CH30H, determined i n  the  

bEstimate from Ref. 4. 
CRef. 6. 
dRef .  7. 

presence of 8 mM phenyl ace t a t e ,  competit ively.  
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Dcalkylation of 2-propyl methylphosphonyl-Am. The reac t ion  has 

been followed a t  25'C, pH 6.5, i n  0.05 M phosphate bu f fe r  i n  H20 and 

D20 by drawing a l iquots ,  r eac t iva t ing  with TMB4 f o r  30 min and then 

assaying with the  Ellman method (2) f o r  remaining AChE a c t i v i t y .  The 

f i r s t -o rde r  r a t e  constant i n  H20 is (7.0 f 0.2) x 10-3, s-l and the  

solvent  isotope e f f e c t  is 1.20 f 0.06. The analogous adduct of 

chymotrypsin has been s tudied by 3lP NMR i n  a preliminary experiment. 

The r a t e  of dealkylat ion a t  pH 8.0 i n  0.0% phosphate buf fer  w a s  very 

s imi l a r  t o  the  va lue  above f o r  AChE. Molecular modeling of the  

corresponding t ryps in  adduct was done with the  use of FXODO and the  

s t ruc tu re  was optimized with molecular mechanics program YETI. 

DISCUSSION 

Nucleophiles. The imidazole-catalyzed hydrolysis  of IMN shows a 

solvent  isotope e f f e c t  of 1.4 f 0.07, which is more similar t o  the 

reac t ions  of phosphate dianion than t o  the  much l a rge r  solvent  

isotope e f f e c t s  of 2.6 - 2.9 f o r  the  reac t ions  of o ther  more r eac t ive  

phosphonate de r iva t ives  with imidazole ( 5 ) .  A nucleophi l ic  reac t ion  

between IMN and imidazole seems surpr i s ing  and is incons is ten t  with 

our previous experience with analogs (5). The r e l a t i v e l y  small 
solvent  i so tope  e f f e c t s  observed f o r  the  reac t ions  of IMN with 

imidazole and water (1.7 f 0.7) can be r a t iona l i zed  with the  assump- 

t i on  of p a r a l l e l  routes:  p ro t eo ly t i c  and nucleophi l ic  occurring. 

The solvent  isotope e f f e c t  f o r  hydroxide a t t a c k  on IMN is only 

s l i g h t l y  inverse,  0.94 f 0.02, and cons is ten t  with an  ea r ly  t r ans i -  

t i o n  s t a t e  i n  which there  is a s i g n i f i c a n t  hydrate s h e l l  around the  

inc ip i en t  nucleophile ( 4 % 0.5). The ove ra l l  f r ac t iona t ion  f a c t o r  

f o r  hydroxide ion ca lcu la ted  from exchange e q u i l i b r i a  (8) is i n  the  

range of 0.41 - 0.50. These o r ig ina t e  from one covalent ly  bonded 

hydrogen and probably from hydrogen bonds, one from each of t he  th ree  

water so lva te  molecules from the  f i r s t  hydration s h e l l .  

Probably imidazole p a r t i a l l y  and phosphate dianion,  water and 

hydroxide ion f u l l y  follow a nucleophi l ic  pathway with IMN. This 

d i f fe rence  i n  the mode of reac t ion  with imidazole between IMN and 

more e l ec t roph i l i c  analogs is l i k e l y  t o  be a consequence of a much 

smaller  change i n  the charge a t  P between reac tan t  and t r a n s i t i o n  

s t a t e s  for  IMN. The reac tan t  s t a t e  of IMN is l i k e l y  t o  be  less 

P.S. -~ D 
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pos i t ive  a t  P than f o r  soman and o ther  more e l ec t roph i l i c  phosphonate 

e s t e r s  ( 9 )  and our data  support  the  content ion that negat ive charge 

does not  accumulate s ign i f i can t ly  a t  P e i the r .  

R u p e e .  The solvent  isotope e f f e c t s  f o r  the  inac t iva t ion  of t he  two 

enzymes a re  similar t o  w h a t  we observed e a r l i e r  f o r  s t r u c t u r a l  ana- 

logs of the two compounds with AChE. In s p i t e  of t he  apparently more 

r e s t r i c t i v e  s p e c i f i c i t y  requirements i n  AChE c a t a l y s i s  and inh ib i t i on  

(10-11) than i n  se r ine  protease c a t a l y s i s ,  major f ea tu res  of the  en- 

zymic mechanism a r e  shared by the  two groups of enzymes (12). Small 

phosphonate e s t e r s  use pro teo ly t ic  c a t a l y s i s  provided by the  enzyme 

a s  unnatural  acy l  subs t ra tes  do. The mechanism involves a one proton 

t r ans fe r ,  presumably the  imidazole base catalyzed removal of the 

proton from the  c a t a l y t i c  s e r ine ,  i n  t he  ra te - l imi t ing  s t e p  f o r  

s e r ine  proteases (3). Although it  is more complex f o r  AChE, a more 

sophis t icated enzyme, here ,  too,  t h e  one proton t r ans fe r  with the  a i d  

of a s imi l a r  general  acid-base c a t a l y t i c  apparatus t o  the  s e r i n e  

proteases  is t he  key t o  the  c a t a l y t i c  e f f ic iency .  I n  a recent  

communication (2b), we  reported on the  concurrence of t he  formation 

of the  new bond t o  P and the  extensive breakage of the  bond t o  the  

4-nitrophenyl leaving group i n  IMN a s  indicated by a s i zab le  (1.06 f 

0.03) 180-(phenol) isotope e f f ec t .  For both compounds with AChE and 

for  IMN with chymotrypsin, the  concurrence of an i so top ica l ly  s i l e n t  

s t e p  with general-base c a t a l y s i s  of the  removal of the  proton from 

the ac t ive-s i te  Se t  only p a r t i a l l y  rate l imi t ing  can account f o r  the  

small  solvent  isotope e f f ec t .  

The s t e reose l ec t iv i ty  of phosphonylation of t h e  ac t ive-s i te  Ser 

has long been recognized fo r  compounds with the  general  s t r u c t u r e  

CH30RP(O)X, where X is a good leaving group (4,6). Our da ta  f o r  

chymotrypsin inac t iva t ion  by IMN f a l l  i n  t he  range of r a t e  r a t i o s ,  

kS/kR, of 7 t o  20 reported f o r  s e r ine  proteases  ( 6 ) .  The correspon- 

ding r a t i o s  for  AChE inac t iva t ion  a r e  much higher (10 t o  1000) (4). 
Removal of the 2-propyl group from 2-propyl methylphosphonyl AChE 

occurs with an isotope e f f e c t  of 1.2 2 0.06 ind ica t ive  of preprotona- 

t i o n  of the  isopropyl group before  water a t tack .  

Rationale for a Proposed Mechanism of Serine Flydrolase Inh ib i t i on  by 
Organophosphorus Compounds (see scheme i n  Ref. 1). Similar ly  t o  the  
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evolu t ionar i ly  an t i c ipa t ed  a c y l  t r a n s f e r ,  c h a r a c t e r i s t i c s  of t he  

enzymes, i .e.,  s p e c i f i c i t y  and recogni t ion,  dominate t h e  i n i t i a l  

s t eps  of phosphonylation (2-3). Later developments i n  i n h i b i t i o n  

involving covalent rearrangements and t r ans i en t  spec ies  are probably 

marked by the c h a r a c t e r i s t i c s  of P, and appear t o  be analogous i n  the  

d i f f e r e n t  enzymes. The major d i f f e rences  between acy la t ion  and 

phosphorylation must o r ig ina t e  from the  d i f f e rences  i n  valence.  

Phosphorus chemistry provides a g rea t e r  d i v e r s i t y  of s t r u c t u r a l  

arrangements along the  r eac t ion  coordinate  than does carbon 

chemistry. Consequently, t he  types of i n t e rac t ions  with components 

of the  ac t ive  s i t e  of s e r ine  hydrolases must be d i f f e r e n t  between the  

phosphoryl adducts and a c y l  intermediates .  To t h e  ex ten t  that these  

components a r e  similar i n  the  var ious enzymes, t he  c h a r a c t e r i s t i c s  of 

OP i n h i b i t i o n  should a l s o  be similar. Unt i l  t he  s t r u c t u r a l  d e t a i l s  

of AChE become ava i l ab le  from X-ray d i f f r a c t i o n a l  da ta ,  t he  b e s t  

assumption seems t o  be t h a t  t he  key ac t ive - s i t e  res idues  a r e  the  same 

o r  very similar t o  se r ine  proteases .  This no t ion  is p a r t i a l l y  

supported by the  da t a  on the  primary s t r u c t u r e  of some AChEs ( 1 3 ) .  

One major d i f fe rence  between the  mechanisms of acy la t ion  and 

phosphorylation of s e r ine  hydrolases might be t h e  a v a i l a b i l i t y  of 

general  acid c a t a l y s i s  of leaving group departure  i n  the  former and 

lack  of i t  i n  the  l a t t e r  case.  This seems t o  be a consequence of t he  

anchoring of t he  C-0- o r  P-0 fragment i n  the  oxyanion hole  which 

imposes fu r the r  r e s t r a i n t s  on the  r e s t  of t he  molecules. In  con t r a s t  

t o  carbonyl compounds, OP compounds have t h e i r  leaving groups prob- 

ab ly  out of p lace  f o r  optimal H-bonding i n t e r a c t i o n  with the  general  

ac id  ca t a lys t .  Evidently only those compounds wi th  good leaving 

groups r eac t  e f f i c i e n t l y  (1). Fixat ion of t he  PI0 group, however, 

may a l so  r e s u l t  i n  an add i t iona l  and de t r imenta l  H-bond between an 

electron-r ich l igand of t he  P i f  i t  g e t s  wi th in  the  proper d i s t ance  

from the  HNc2 of the  His-57. This t h i r d  s t a b i l i z i n g  H-bond becomes 

even more counterproductive when i t  promotes departure  of t he  l igand 

from the  c e n t r a l  P whereby a negat ive ly  charged adduct is created:  

t h i s  is ca l l ed  aging (10.11). Calculat ions (14) using molecular 

mechanics f o r  t he  r e l a t i v e  energies  of t he  ac t ive - s i t e  components of 

t ryps in  adducts with and without pos i t i ve  charge on His-57 show t h a t  
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a t  l e a s t  a -13 kcallmol s t a b i l i z a t i o n  of the  aged adduct can be 

gained i f  the  proton remains on His-57 and i n t e r a c t s  with the  

phosphonate hemiester anion. Molecular modeling shows t h a t  the  

isopropyl group i n  the  ''up'' pos i t i on  ages i n  the  t ryps in  adduct. 
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