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Summary 

The thermodynamic and kinetic parameters for spontaneous and oxime reac- 
tivation of dimethyl- and diethylphosphoryl butyrylcholinesterases (acylcho- 
line acyl-hydrolase, EC 3.1.1.8) are reported. The enthalpy and entropy 
changes in both the binding (AH ° and AS °) and the dephosphorylation steps 
(AH* and AS* ) were found to be coupled, resulting in a minor variation in free 
energy changes (AG o and AG* ). While neither enthalpies nor entropies alone 
bore any relationship with the kinetic parameters K D and ka, the changes of 
free energies (AG O and AG* ) correlated linearly with the logarithmic values of 
the dissociation constants (KD) and bimolecular rate constants (kR/KD) , respec- 
tively. Compensation plots of entropies versus enthalpies gave straight lines 
with compensation temperatures of 275 K for the binding 260 K for the 
dephosphorylation. Spontaneous reactivation of dimethyl phosphoryl butyryl- 
cholinesterase was investigated at various pH values and three temperatures. It 
implicated two catalytic sites with values of pK i of 9.4 and 7.5, and heats of 
ionisation of 5.3 and 9.6 kcal. mol -~, respectively. Possible conformational 
alteration of the inhibited enzyme arising from the binding of oximes is dis- 
cussed. 

Introduction 

Cholinesterases (acylcholine acyl-hydrolases, EC 3.1.1.8) are inhibited by 
organophosphates through phosphorylation of their esteric sites: 

(RO)2POX + E ~ (RO)2POE + X-. (1) 

The inhibited enzyme may undergo spontaneous reactivation (Eqn. 2) or may 
be regenerated by nucleophilic agents called reactivators (Eqn. 3): 

E • I + H20-* E + P (2) 
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KD 
E .  I + R ~ - E .  I .  R hR--E + P ,  (3) 

where EI is the inhibited enzyme, R the reactivator, E the regenerated enzyme, 
P the product  formed, K D the dissociation constant of the E • I .  R complex, 
and kn the rate of breakdown of the complex. 

A considerable amount  of kinetic work has been done on the basis of the 
mechanism just mentioned, but  the details are still by no means understood. 
This is especially so regarding the effect  of temperature. In a number of inves- 
tigations [1--4] the activation energies for the breakdown of the complexes 
have been determined, but  it is difficult to assess the significance of the results 
either in terms of the variation of the phosphoryl  group or the structural 
aspects of  the reactivators. For the binding step only in one instance were the 
standard enthalpies and entropies determined; namely the reactivation of sarin 
inhibited acetylcholinesterases by a, (z-bis(4-hydroxyiminomethylpyridinium)- 
2-transbutene dibromide [3]. There has been little systematic s tudy of the 
variation of  such factors as temperature and pH. Such study might be expected 
to throw valuable light on the mechanism of reactivation, since it would be 
expected to yield information about  the thermodynamics of the process as well 
as the chemical nature of  the catalytic groups involved. 

In the present communication the results from thermodynamic and kinetic 
studies for the reactivation of dimethyl and diethyl phosphoryl  butyrylcholin- 
esterases by five oximes are presented. Changes of entropy and enthalpy for 
both binding and dephosphorylat ion steps are found to be coupled, resulting in 
minor variation of  the free enrgy changes. Studies of pH dependence indicate 
that the reactivation is catalyzed by two reactive sites. The bound oximes 
appear to induce a conformational change of the inhibited enzyme. 

Materials and Methods 

Partially purified horse serum butyrylcholinesterase (I.C.N. Life Scien- 
ces) was used in all experiments. Its Km and Vm values were 0.64 -+ 0.05 mM 
and 10.0 -+ 0.5 pmol/min per mg, respectively; they were determined by ptt- 
stat at pH 7.4 and 25°C under a current of  nitrogen gas, using butyrylcholine as 
substrate in the concentration range between 0 .33--3 .3  mM. The enzyme 
yielded a single peak on Sephadex G-200 (fine) gel filtration at pH 7.4 and 
25°C. 

Reactivators were commercial products with the exception of two deriva- 
tives of  pyridine aldoxime methiodide (3-PAM and 4-PAM) which were 
prepared by refluxing the respective aldoximes with methyl iodide. The reac- 
tivators were purified by repeated recrystallization from aqueous ethanol. Their 
melting points were: 2-PAM(Aldrich, 220--221°C; ref. 5, 218--220°C),  iso- 
nitrosacetophenone (NAP, Aldrich, 131--132°C, ref. 5, 124--126°C), N,N'- 
trimethylenebis(Pyridinium-4-aldoxime)dibromide (TMB-4, K&K Lab. 230-- 
232°C; ref. 6, 222°C), 3-PAM (157--158°C; ref. 5, 152--154°C), and 4-PAM 
(176--177 ° C; ref. 5, 171--173 ° C). Diethyl 4-nitrophenyl phosphate (Paraoxon, 
Koch-Light) and 1-chloro-l-diethylcarbamoyl-l-propen-2-yl-dimethyl-phosphate 
(Phosphamidon, Ciba-Geigy) were practical and analytical grades, respectively. 

The enzyme solution (12 mg/ml) was prepared in 50 mM boric acid/borate 
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buffer containing 50 mM NaC1 at pH 9.0. High pH was chosen to prevent 
ageing. The enzyme solution was incubated overnight at 4°C by 0.3 mM Phos- 
phamidon and 0.02 mM Paraoxon, respectively, resulting in 90% inhibition. 
Excess inhibitor was removed by Sephadex G-25 (coarse) gel filtration. 

The enzyme activity was determined spectrophotometrically,  using benzoyl- 
choline (Calbiochem.) as substrate at pH 7.4 and 25°C as described by Kalow 
[7] .  Benzoylcholine remained stable in the presence of small amounts of  reac- 
tivator. Change of absorbance at 240 nm was recorded on a slave recorder 
whereby a 0--0.1 absorbance range of  the DK-2 Beckman spect rophotometer  
was expanded to the full width of a 10-inch chart. The fraction of  reactivation 
was calculated on the basis of total inhibited enzyme concentration available 
for reactivation. 

The standard enthalpy ,(A/~) and the free energy (AG °) of  binding are given 
by: 

A H  o 
Constant 

2 .303RT 
log K D - 

and 

AG o = 2.303 R T  log KD, 

where K D is the dissociation constant of  the reactivator-inhibited enzyme com- 
plex. Values of  K D and kR were obtained from plots of  the reciprocals of kapp 
and the molar concentrations of the reactivator according to the equation [4] : 

1 1 KD 

kapp - ~R "{- kR(R) ' 

where kap p is the apparent first-order rate constant. The lines were calculated 
by the method of  least squares. The standard deviations (S.D.) were found 
from the equations [3] : 

S . D . ( K D )  
S.D.(AG °) = 2 .303RT 

kR 

and 

S.D. (AH °) = 2.303 R • S.D. (slope). 

Values of  standard entropy changes were calculated from the equation: 

AS o - A H  ° _ AG ° 

T 

Entropy of  activation, AH*, for the breakdown of the complex was calculated 
from the Arrhenius activation energy Ea. The energy of activation was obtained 
in the usual way by plotting the logarithms of rate constants against reciprocals 
of temperatures. Ent ropy of activation, AS*, was calculated from the equation 
[ 8 ] :  

" ~ *  E a 
4.576 - log kR -- 10.753 - - log  T + 4 .576~  ' 
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where k R is the rate constant  of breakdown of the complex. Because both AS ° 
and AS* varied little with temperature,  average values with S.D. are reported. 

Results 

The reactivators were one neutral and four quaternary oximes. The struc- 
tural difference of  the inhibited enzyme was studied with dimethyl- and diethyl- 
phosphoryl  butyrylcholinesterases, respectively. In Tables I and II are shown 
the reactivation parameters K D and k R as outlined in Eqn. 3. The results indi- 
cate that for the reactivation of  dimethylphosphoryl  butyrylcholinesterase the 
relative efficiencies of  binding ( K D )  and rates of breakdown of the complexes 
(k , )  for three monoquaternary oximes were in the order 2-PAM, 4-PAM, 
3-PAM: 1.0, 1.5, 3.1 and 1.0, 0.16, 0.095, respectively. For the reactivation of 
diethylphosphoryl  enzyme, the orders were 1.0, 0.87, 2.3 for K D and 1.0, 
0.05, 0.029 for k R. It is seen that K D r u n s  in reverse order to that of k R as  

expected,  but  change of  kR within a reactivator series is more drastic than is the 
change of KD, indicating that the orientation of the oximino group to the 
pyridinium ring appears to be a major contributing factor to k a while the 
quaternary nitrogen atom is the driving force for the binding. TMB-4, being a 
biquaternary compound,  is characterized by a lower binding capacity (KD) and 
higher intrinsic rate constant  (KR) in comparison with 2-PAM. Isonitroso- 
acetophenone is a neutral oxime; its g D value was higher due to the absence of 
quaterbary nitrogen, while kR was in the vicinity of  that  for 4-PAM (Tables I 
and II). 

The structural differences in the two inhibited enzymes arising from altering 
the alkyl group of the phosphoryl  moiety are also evident. While the affinity of 
monoquar terny oximes for the diethylphosphoryl  enzyme was stronger than 
that for its dimethyl counterpart ,  the latter was dephosphorylated at a faster 
rate than was the former (Table II). 

Effects o f  temperature on the binding and dephosphorylation 
The Arrhenius plots describing the relationship between the dissociation con- 

stants (KD) and temperatures indicated that the binding process of the reactiva- 
tion was exothermic (Fig. 1) and that there was a transition temperature in the 
range of 25--30°C for the reactivation of dimethylphosphoryl  enzyme by 
2-PAM and 3-PAM, and for diethyl phosphoryl  enzyme by 2-PAM and TMB-4 
(Table I). The standard enthalpy (AH °) and entropy (AS °) for the binding of 
the reactivators to the inhibited enzymes were found to be coupled and sensi- 
tive to the structural changes of both the reactivators and the inhibited 
enzymes. But neither AH ° nor AS ° could be correlated with the values of g D. 

Variation in free energy changes (AG °) for a series of reactivators studied, how- 
ever, was found to be a linear logarithmic function of  KD, as shown in Fig. 2. 
Since the change of  AG O for the series of  reactivators investigated was small, a 
linear relationship in a compensation plot of  AH ° versus AS ° was observed (Fig. 
3). The slope of this plot is expressed in Kelvins and is called compensation 
temperature. The value of  275 + 9 K so obtained falls into the range of  250-- 
315 K reported for similar plots for a variety of protein reactions [9]. 

The temperature effects of the dephosphorylation step operate in a similar 
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Fig. 1. T e m p e r a t u r e  d e p e n d e n c e  of  the dissociat ion cons tan t s  for  the  r eac t iva t ion  of  d i m e t h y l p h o s p h o r y l  
bu ty ry l cho l ine s t e r a se  by  2-PAM (A) and  TMB-4 (o), a n d  for  those  of  d i e thy l  p h o s p h o r y l  e n z y m e  by 
2-PAM (~) a n d  TMB-4 (o), respec t ive ly .  

Fig. 2. D e p e n d e n c e  of  the  dissociat ion cons tan t s  for  the  b ind ing  of  ox imes  to the  p h o s p h o r y l b u t y r y l c h o -  
l inesterase on At/0 a t  pH 7.4. The  values are  those  of  Table  I. Open  and  full circles re fe r  to the  values for  
the r eac t iva t ion  of  d i m e t h y l  a nd  d ie thy l  p h o s p h o r y l  e n z y m e  at  25°C,  and  the  squares  for  those  at  37°C,  
respec t ive ly .  

way. Thus the activation parameters, AH* and AS*, were found to be coupled 
but neither AH* nor AS* alone could account for the dephosphorylation rate. 
Variation in the change of  free energies (AG*) for a series of  reactivators may 
be roughly correlated with the logarithmic values of the bimolecular rate con- 
stants (kR/KD) , as shown in Fig. 4. A compensation plot of  AH* and AS* also 
yielded a straight line with a compensation temperature approximately at 
260 -+ 39 K (Fig. 3). 
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Fig. 3. C o m p e n s a t i o n  plots  using the  da ta  of Table  I for  the  b inding of  the  r eac t iva to r s  to the  p h o s p h o r y l  
bu ty ry lcho l ines t e ra se  and  Table  II  for  the  d e p h o s p h o r y l a t i o n  s tep  at  pH 7.4 and  25Oc. The  lines were  
d r a w n  acco rd ing  to  the  m e t h o d  of  least  squares,  e.u.,  kca] - degree  -1 • tool -1 . 

Fig. 4. Dependence  of  the  b imo lecu la r  ra te  cons tan t s  (kR/KD) for  the  ox ime  reac t iva t ion  on AG* at  pH 
7.4 and 25°C.  The  values are  those  of Table  lI.  
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Effects of  pH 
1. On binding. The effect  of pH was studied with the reactivation of diethyl- 

phosphoryl  butyrylcholinesterase by 2-PAM. The dependence of  pKD on pH at 
temperatures 14, 25, 30, and 37°C is shown in Fig. 5. The inflection points at 
pH 8.3, 8.6, 9.0, and 9.2, respectively, may be regarded as the apparent ionisa- 
tion constants (pKi) for the binding site of the inhibited enzyme, because the 
reactivation takes place between the protonated form of the inhibited enzyme 
and the anion of the reactivator. The ionizing group may -be ascribed to an 
ammonium group on account  of  the range of p K  i values observed. The pKi 
values increased with increase of temperature,  an effect  which is contrary to 
the normal one for ammonium group. The abnormality of  the temperature 
effect  will be discussed later. 

2. On spontaneous reactivation. The inhibited enzyme may be regenerated in a 
buffer medium and the rate of reactivation depends on the nature of the alkyl 
group of  the phosphoryl  moiety.  In the present investigation the rates of spon- 
taneous reactivation for the dimethylphosphoryl  butyrylcholinesterase at vari- 
ous pH values were measured at temperatures below 25°C in order to minimize 
the effect of ageing. The results are shown in Fig. 6. The catalytic group with 
an ionisation constant of 9.4 (based on pH at the mid-point of  the two sides of 
the curve) and the heat of ionisation (AHi) of 5.3 kcal • mo1-1 may be assigned 
to the phenolic hydroxyl  group of tyrosine (see Fig. 7). This result sub- 
stantiates the similarity of the catalytic group of this enzyme with that of 
acetylcholinesterase, being in agreement with the data reported by Hovanec 
and Lieske [10], and roughly in accord with a pKi value of 9.8 given by Reiner 
and Aldridge [11] for the latter enzyme. The catalytic group on the other side 
of  the pH profile has a pKi of 7.5 and AH i of  9.6 kcal • mol -~, which may be 
ascribed to an ammonium group. This pKi value is slightly higher than that of 
6.9 given by Reiner and Aldridge [11 ] for bovine acetylcholinesterase. 

The effect of  pH on the activation parameters is shown in Fig. 8. The free 
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Fig.  5. D e p e n d e n c e  of  t he  d i s s o c i a t i o n  c o n s t a n t s ,  KD,  o n  p H  a t  d i f f e r e n t  t e m p e r a t u r e s .  

Fig. 6. R a t e  vs. p H  prof i le  for the  s p o n t a n e o u s  r e a c t i v a t i o n  o f  d i m e t h y l p h o s p h o r y l  b u t y r y l c h o l i n e s t e r a s e .  
/z r e fe r s  t o  the  first order rate  cons tants .  
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Fig. 7. The e f f e c t  o f  t e m p e r a t u r e  on  the  apparent  ion i sa t ion  cons tant s  (PKi) o f  the  cata ly t ic  groups 
respons ible  for the  react ivat ion  o f  d i m e t h y l p h o s p h o r y l  butyry lcho l ines terase .  (a) Phenol ic  h y d r o x y l  
group,  PKi ,25°C = 9.4 (9 .6)  and A H  i = 5.3 (6 .0)  kcal  • tool -1 ; (b) s - a m m o n i u m  group,  PKi ,25°C = 7.5 
( 7 . 6 -  8 .4)  and  ~ H  i = 9.6 (10 .0 - -13 .0 )  k c a l .  m o l - 1 ;  a nd  (c) pK i for the  b inding  s i te  of  d ie thy l  phos-  
phory l  b u t y r y l c h o l i n e s t e r a s e  evaluated f r o m  the  pK D vs. pH curves o f  Fig. 5. The values  in parentheses  
refer  to  those  f o u n d  in l i teratures  (see  Ste inhardt ,  J. and Beychok ,  S. ( 1 9 6 4 )  in The  Proteins (Neurath ,  H., 
ed.) ,  Vol. 2, Chapt .  8, A c a d e m i c  Press, N e w  York) .  

Fig. 8. Free energies ,  enthalpies ,  and entrop ie s  o f  act ivat ion  in the  s p o n t a n e o u s  react ivat ion  o f  d i m e t h y l -  
p h o s p h o r y l b u t y r y l c h o l i n e s t e r a s e .  AH* (o),  - -TAS*  (~), and  AG* (e)  in kcal  • m o l - 1 .  

energies of  activation change very little with pH whereas the enthalpies and 
entropies of  activation change appreciably but compensated each other so that 
the free energies do not reflect these changes. AH* for the phenolic group was 
considerably lower than that for the ammonium group. The average value of  
AG* has been determined as 22.4 + 0.4 kcal • mo1-1 which is similar to that 
obtained for the oxime reactivation (Table II). 

Discussion 

The enthalpy-entropy compensation phenomenon has been observed in a 
considerable number of  instances in reactions of small molecules [12] as well as 
proteins [9]. Unlike the linear free-energy relationship in which the entropy 
changes remain the same [13],  the enthalpy changes in a compensation process 
are accompanied by corresponding entropy changes. While exact compensation 
between AH and AS leads to a very small effect on AG, a partial compensation 
between AH and AS is of such a nature that their influence on AG would allow 
one to interpret the effect of structural changes on rates, i.e., on AG. The reac- 
tivation process appears to fall into the latter category since variation in kinetic 
parameters, g D and kR/KD, were found to be a linear function of  AG O and 
AG*, respectively. (Figs. 2 and 4). 

The compensation phenomenon is generally explained in terms of  solute-sol- 
vent interaction [9,12].  Water, which before binding is associated with and 
stabilizes both the inhibited enzyme and the reactivator, may be displaced dur, 
ing the binding process. On the other hand, release of water from the protein 
may be on occasion followed by rehydration of the bound ligand [14].  In 
studies of  the effects of  substituents on the actii~ities of  organic acids in water, 
Hepler [15] suggested that the thermodynamic parameters AH ° and AS0 could 
be the sum of the external (hydration) and internal (chemical reaction, or ion- 
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ion interaction) contributions and the classic equation AG O = AH ° -- TAS ° may 
be expanded to: 

AG O = (AHi°int + A/-/~xt ) - -  T(~b.~°nt + A S ° x t  ). (4) 

AH~i,t may be obtained from the compensation plot according to the relation- 
ship A H  ° = AHo + T e A S  ° [14,15], where Tc refers to the compensation tem- 
perature. Thus when AS ° = 0, AH0 = AHin t = --4.36 kcal • mol-'  (Fig. 3), which 
represents the invariant, uncompensated force originating from the solute- 
solute interaction. The value so obtained is similar to that  of --4.15 kcal .  
mol -~ given for the binding of cycloalkyl te t ramethylammonium salts on 
bovine acetylcholinesterase [14]. It is seen that  ion-ion interaction (--4.36 
kcal .  mo1-1) contributes virtually all of the free energy for binding. Substi- 
tuting the values of ~/~int and the compensation temperature into Eqn. 4 one 
obtains 

AG O = --4.36 + A/-~ext -- 275AS~e~t. (5) 

Eqn. 5 allows the constants AH~t  and AS°xt to be readily evaluated. For 
example, the values of AH ° and AS ° for the binding of 2-PAM to dimethyl  
phosphoryl butyrylcholinesterase are --5.95 kcal • mol -~ and --4.90 
kcal .  degree -1. mol -x (Table I), respectively. A/-/~×t , therefore, has a value of 
--1.59 (=--5.95 + 4.36) kcal .  mol-' but  it is compensated by the term of 
T A S ° x t  which it is --275 • 4.9 i.e. --1.35 kcal • mol -~. These values correspond to 
one molecule of water being involved in the binding process, since the freezing 
of one molecule of water is characterized by a AH ° of - -1 .4  kcal • mol -~ and a 
AS ° of --5.3 kcal • degree -1 • mo1-1. It is calculated that  there were averages of 2 
and 4 molecules of water involved in the reactivation of dimethyl- and diethyl- 
phosphoryl butyrylcholinesterases at temperatures below 30°C and 24 mole- 
cules above 30°C. The number of  water molecules involved, however, bore no 
relationship to the values of K D. It is to be noted that  the thermodynamic param- 
eters for 3-PAM (No. 4) appeared abnormal in that they were higher at temper- 
atures below 25°C than those above 25°C. No explanation for this discrepancy 
could be offered. 

Since the observed entropies (AS °) were negative values, water-releasing 
ability of the oxime in the binding process will not  be reflected in the relative 
values of AH ° and AS °. The negative entropies can only be interpreted as a sign 
of rehydration of the bound reactivators. Thus 2-PAM has a net  structure- 
making effect on water when in bound state. Since reorganization of the water 
structure around the reactive site involves .bond-making and -breaking of the 
hydrogen bond, it gives rise to a question of conformational aspects of the 
inhibited enzyme. Evidence gathered from the present investigation appears to 
favor a conformational transition. Firstly there are four cases for which the 
Arrhenius plotes were non-linear when the reactivations were carried out at 
temperatures above 30°C (Fig. 1 and Table I). The existence of a transition 
temperature is generally regarded as direct evidence of conformational change 
since the macroscopic state of protein may be determined by either enthalpy or 
entropy. The entropy value is particularly interesting because of its close rela- 
tionship with the volume as well as the phase changes, and therefore is used as 
an index of the integrity of folding of proteins [9]. In Table I it is seen that  
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AS ° values vary from 3- (No. 7) to 24-fold (No. 1) in these two temperature 
zones and the magnitude of the changes is large enough to suggest a conforma- 
tional transition. Secondly, the values of pKi for the binding site of the inhib- 
ited enzyme increase with increase of  temperature (Fig. 7c) in contrast to a 
decrease as required by an ammonium group. The acidity of  the binding site is 
therefore weakened at higher temperature and the binding capacity is corre- 
spondingly reduced (Table I). The abnormality of  the temperature effect may 
very well arise from the conformational changes in the inhibited enzyme 
induced by bound or unbound 2-PAM in the binding step. The heat of  ionisa- 
tion could not  be determined precisely without  paying due consideration to the 
conformational changes. There is also indirect evidence which lends support  in 
favor of  conformation alteration. Kuhnen [16] reported that the biquaternary 
reactivators such as Toxogonin and TMB-4, have an activating or inhibitory 
effect on the enzyme acetylcholinesterase and explained the effects in terms of 
the presence of  an allosteric site in the enzyme. Conformation modification 
arising from allosteric binding of  quaternary ammonium ligands such as curare 
has been a subject of much discussion [17,18].  In a biophysical analysis of  the 
system acetylcholinesterase-tetramethylammonium ligands, Belleau and Lavoie 
[14] concluded that the muscarinic activator ligands have a strong modulating 
influence on a phase transition in "ice-like" water molecules within the area of  
the enzyme binding cleft thereby causing a conformational alteration. Oximes 
of pyridinium compounds may not  be comparable with muscarinic agents in a 
strict sense, but the similarity in being a quaternary nitrogen salt and their 
thermodynamic process, i.e., compensation phenomenon,  tempts one to form 
the same conclusion. 

We therefore conclude that the reactivation process, like many other reac- 
tions involving small molecules and proteins in water, may consist of a chemical 
part and a solvation (compensation) part processes. These two processes are 
coupled. The compensation process can only be revealed through studies of the 
temperature effects. When the reactivation is studied at one temperature, the 
solvation process is hidden. From the thermodynamic point  of  view enthalpy- 
entropy compensation may be a major physiologically important property of 
proteins in both equilibrium and rate processes. 
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