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SUMMARY

Time equilibrium constant for time reaction of diethylpimosphofluoridate with acetyl-

cholinesterase was evaluated by measuring the second-omder rate constant foi- the inimibi-

tion of time enzyme ant! time second-om-der rate constant for time restoration of enzymmme

activity, stai-ting witlm inimibited enzyimme ammd using fluoride as a reactivator. The value
at pH 7.0, 25� in ternms of total concentiations of reactants is 2.3 X 10g.

The equilibriuimi constant. for the imydrolysis of the dietim !pimospimoi-yl enzymmme is esti-

nmatet! to be 2 X 1&� in terms of total concentrations of reactants at pH 7.0; if dietimyl-

phospimoric acid is written in its acidic fornm, time equilibriunm commstant is 0.5. This last
value is typical of low enem-gy bonds. Assunming that a diethylplmospimorylserine side

chain is fornmed, the energy change in the reaction at. time active site imas time mmom-mal value

for time bonds involved.

INTRODUCTION

Dietimylphospimofluom-idate inhibits acetyl-

choiinesterase by reaction w’ith time enzynme
to form a kinetically stable diethylphos-

phoryi enzyme derivative. Time site whicim

is phosphory!atec! is believed to be time same

as time site which is acylatcd during tile

course of enzynmic imydrolysis (1-3).
Time pimosphorylation reaction is revei-s-

ibie, in principle, and is demonstrated to

be reversible by the ieaction (Eq. 1) of
the pimospimoryl enzyimme witim fluoride ion to

produce an active enzyme:

EtO 0
\II ki

P - F + H-E

/
EtU

EtO 0

- E + I1� + F
k, /

Et()

wimere II-E is time enzvnmc

Fluoride ion was previously shown to

be a reactivator of samimm ( iso�)mopyi nmetimyl

phosphonofluoridate) -inhibited itcetylcimo-

iinesterase (4) . Its reactivity in depimos-

phorylating time inhibit4x! enzyme is con-
sonant with its imigh nucleophiiicity toward

pimosplmorus (5, 6).

The equilibriumn constant. foi- this reac-
tion can be evaluated by nmeasuring the
kinetic constants k1 and k2. If, in addition,

the equilibrium constant for time hydrolysis
of time inhibitor is known, time equilibriuimm

constant for time hydrolysis of the diethyl-

pimospimoryl enzynme can be calculated. This
iast quantity is related to the kind of
cimemical group timat is pimospimorylated in

the enzyme and to time secondary inter-

actioims of time diethylpimosphoryl group with

time emmzynme l)rotcin.

� 1mm this ialer we describe the application

of this method to time evulnatiomm of the two

equill)iiulm constants. W’e find that the
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equilibrium of Eq. 1 lies far to time right

and that the dietimylpimosphoryl enzymmme is

a “low energy” compound with respect to

imydrolysis.

M ETHODS

Enzyme. Acetylcimolincsteiase fi-oni dee-

tric tissue (electropimorus electricus) was

partially purified by column cimromatog-
raphy (7). TIme pi-epaiation hat! a specific

activity of about. 100 mnmoles of acetyl-
cimoline hydrolyzed per hour per immilligram
of protein. Time enzyme activity was

mimeasured at 25#{176}and pH 7.00, in 0.1 �i

NaCl, 0.02 �i sodium phosphate, 1 X 10�
M EDTA, and 0.01% gelatin witim 3 X 10�
M acetylcimoline, using the hydroxamic acid

mimethod (8). A 0.1-mi sample of enzyme

solutions was added to 1 ml of acetylcholine
solution, and the reaction was stopped 2-8

nmin later by adding 2 ml of alkaline

hydroxylamine.

Inhibition. Portions of 10� N enzyme
solution were incubated at 25#{176}and pH 7.0

with and witimout dietlmylphosphofluoridate
in the previously described buffer, and en-

zyme activities in 0.1-mi samples were

measured after various time intervals. Ten
m-uns were made at five different concentra-

tions of inhibitor in the range 2.6 X 10�
to 2.2X108M.

The inhibitor was dissolved in 0.01 M

sodium acetate buffer at pH 5.0 to make

a 1 X 1Q� r��z stock solution and stored in
ice. Portions were diluted with 1)11 7.0
buffer just before being used.

Since the inhibitor was ten times less
concentrated in time enzyme assay solutioim

timan in the solution producing inhibition

and since over 90% of the enzyme was

combined with substrate in this solution,
no inhibition occurred during the measure-

imment of enzyme activity.

Reactivation. Solutions of dietimylphos-

pimoryl enzynme were prepared by incubating

portions of 6 X 10� N enzyme solution with
2.5X106M, 1.8X106M, and 9X10�M
diethylphospimofluoridate in buffer for 1-1.5
hr. The enzynme was completely inhibited
in the first two cases and 90% inhibited in

the last.

Portions of time inimibited enzyme solu-

tions were diluted 50 timmmes with buffer

and with buffer containing 1 X 1Q� M to

8 X 10� M sodium fluoride.

After various times at 25#{176},samples were
witimdrawn and the enzyme activity was

mmmeasured. No significant recovery of en-

zynme activity occurred in controls without

fluoride.

RESULTS

The inhibition reactions followed pseudo-

flrst-ortler kinetics. Since the measured
first-order constants were proportional to

time concentration of inhibitor, the reaction
is binmolecular. Measurements were mmiade

at five inhibitor concentrations in the range

2.6 X 1O� to 2.2 X 10� M, and the average

bimolecular rate constant, k,, was 2.3 ±

0.1 X 10� 1/mole-mm (Table 1). Some

TABLE 1

Inhibition of acetylcholinesterase

by diethylphosphofiuoridale

Concentration

of inhibitor

(M)

t112

(mm)

k,

(1/mole- mm

x 10�)

2.16X106 1.45 2.2
2.16 1.45 2.2
1.56 2.1 2.1
1.56 2.0 2.2
1.07 2.8 2.3

1.07 2.6 2.5

1.07 2.8 2.3

1.07 3.0 2.2

0.52 5.7 2.3

0.265 9.6 2.7

typical curves are simown in Fig. 1.

Time reactivation reactions were more

complicated in that recovery of enzymic

activity was not complete in most cases

(Table 2).

The semilogarithmic plots of inhibited

enzyme versus time were not straight, but

curved to the right and approached a limit

corresponding to between 72 and 100% re-

covery. Straight lines were obtained by

plotting log (Eoo-E)/Eoo versus time,
where E is the concentration of active
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Fic. 1. Ilihil)itiOfl of acetylcholincsterase by

di.ethy!phosp/tof!uoridate at 25#{176}, ph 7.0

Data are plot t (‘(1 in semilog form in accordance

with the I)s�’udo-first-order rate eqiia t ion . The con-

centrations of inhibitor are front left to right.

filled, circles, 2.16 x 10� � 1.07 x 10 � �i, 0.52 X

10-” M, 0.265 X IO� �t. The open circles art data

for 2.16 x 10� M inhibitor in the I)r(’s(’Imce of

1 X 1O� M fluoride, showing that fluoride inhibits

the react ion of diet hvlphosphofluoridate with

acetylcholinesterase. Fluoride also inhibits the

catalytic act ivitv of this enzyme.

T.�BLE 2

The reactiration of inhibited enzywe by fluoride

In experiment 1, 2.5 X 10� M diethylphospho-

fluoridate was used to inhibit time enzyme; in experi-

ment 2, 1.9 X 106 M; in experiment 3, 9 X 10-i M.

The values of k were calculated from k11,,, using the

relationship � = (E1/E,�)k. It is not certain
whether k�1� or k are the right values for the second-

()r(ler rate constant, hut for our I)IirI)s(’s the (lifer-
ence is ununportant.

C,
/‘

Expt.

imo.
Coiic.

F
(If

Recovery

(If enzyme

activity

kapp
(1/mole .

mm)

k2
(1/mole -

mm)

1 2 X 1(0 72 14.0) 10.1

2 4 ><

2.5 X

2X

I X

10

It)
1()�
10)

92

S5

S2
75

10.5

11.5

12.1
12.6

9.7

9.S

9.9

9.5

3 S X
4 X

2.5 x

10)

lo)�
i0�

10))

100
9()

9.1

9.6
S.9

9.1

9.6
8.0

enzyimme and E� is the concentration of

active enzyme imltimntely attained (Fig. 2)
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1:16. 2. R((iCt oat ion of diet/i yl/)hospho/lIIorl-

/ate-iii/i il)it(’(/ (lC(’t y!C/tO!i?(C.st(1(l5( by fluoride

The Ia) 21 ire for exl)eriilient 2, 2.5 ).( 10� �i

fluoride ion (Table 2) plotted as in Fig. 1. The

original (111t2L are shown by filled circles ; only

about 85�% of the activity was recovered. The

values of the fiaction of inhil)ited enzynme, cal-

(Ulat(’(I 00 the basis that only 85’�� of the initial

enzyme can he recovere(1, are shown by the op(’n

circles. No reactivation (w(’urre(1 in the absence

of fluoride.

The al)Parent pseudo-fiist-order rate

constammts obtained in timis way were con-

verted to time binmoleculam mate constant

by dividimmg theimm by time concentration
of fluoritle. The valimes for this apparent

constant univ show a trelm(1, aithougim the

variation is not certainly l)eyond our cx-

periimmental em-i-or.
Wimetimer timese values am-c to be “cor-

rected” (Iepelmds upon the i-eason for incom-

plete reco�’eiy . If time mecovery is incom-
plete because time final enzyme activities
correspolm(1 to equilibrium between the

diluted inimibitor, fluom-ide, and enzynie, the
appam-ent constants am-c given by (E�/E�)

k2 wimere E1 is time total enzyme concentra-
tioim and k�. is time i-cal binmolecular rate

constant. Equilibi-iunm is a distinct pos-
sil)ilitv because after dilution into the
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fluoride solution time concentration of
tliethyl phosphofluoride is calculated as

1.7X 108, 3.8X 10”, and 5X 108M.

These concentratioims would be more than
high enough to account for the inconmplete

recoveries, and the recoveries do appear to

be more complete wimen less inimibitor is

used, except that fluoride inhibits time phos-
pimorylation reaction. Moreover, soimme hy-

droiysis of the inhibitor occurs during the
1-1.5 hr period used to inhibit the enzyme.
\\Timen these effects are taken into account
it appears that time inhibitor concentration

umight be only � to ‘/2 as large as needed
to account for time incomplete recoveries.

Despite this unceitainty, we have tabulated

the values of the bimolecular rate constant
calculated on the assumnption that incom-

ilete restoration of enzyme activity is due
to equi!ibriunm. The difference in time value

of k2 is not sigmmificant for our purposes,

and we have used time “round” value 10
liters per mole per nminute in calculating the
equilibrium constant. The rate constants
reported here are for total concentrations

of reactants, without regard to the various

prototropic forms and without regard to
Th. Therefore, the values of the rate con-
stants are appropriate only for pH 7.0.

The equilibriuni constant for the reaction
of diethylphosphofluoridate with acetyl-

cimolinesterase, given by the ratio of the
rate constants for the forward and reverse

reactions is:

[(EtO),POEI1(F’i - 2 3 X 10

[(EtO)2POFJ(HE)1 -

This constant is for an equilibrium expi-es-

sion not containing H� and in terms of
total concentrations (subscript t) and is

therefore appropriate only for pH 7.0 The
reader is reminded that an equilibrium cx-

l)ression written to contain total concentra-
tions applies only to one pH, but an equi-
librium expression written to contain only

one prototropic form applies to all pH
values. Although arbitrary, the selection
of the prototropic form deternmines the

value of the equilibrium constant. Even if
timis constant were multiplied by 10�� to
obtain a new constant corresponding to an

equilibrium expression containing H� as

written in Eq. 1, and even though there is

little undissociated hydrofluoric acid above

pH 5, this new constant might still be pH
dependent because the acidic groups in the
free and diethylphospimoryl enzymes might

have different dissociation constants. How-

ever, since these differences are probably

not excessively large, a rough measure of
the equilibrium at other pH values might
be obtained in this way.

DISCUSSION

The equilibrium constant for time hy-
drolysis of diethylpimosphofluoridate (Eq.
2)

is not known but time constant for the hy-

drolysis of fluorophospimoric acid (Eq. 3)

H00 H00

\II K� \Il
P-F+H20� P-OH+HF

/ /
HO HO

was found to be 3, in terimms of time acidic

species and including water as written
above (9, 10). The value of K1 should be

about the same as K2, perhaps slightly
larger, since diethylphosphoric is slightly

more acidic than phosphoric acid. We are

interested in the equilibrium constant for
reaction 2 in terms of total concentrations

at pH 7.0. Assuming that time equilibrium
constants for reactions 2 and 3 are the
same and using 4.2 X 102 as the ionization

constant of diethylpimospimoric acid and
3.5 X 10� as the ionization constant for
hydrofluoric acid, time calculated equilib-
rium constant for reaction 2 using total

concentrations at pH 7.0 is

3 �‘l 4.2 X 102\(i 3.5 X 10�

+ 10� )\� + i0�

= 5 X 10�

Sul)tracting Eq. 1 fi-ommi Eq. 2 yields time
equation for the hydrolysis of time diethyl-
phosphoryl enzyme (Eq. 4):



EtO 0

P - E + H2O
/

EtO

EtO U

P - OH + H-E (4)
/

EtO
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Time value of time equilibmiuimm commstalmt foi

this reaction is given by time ratio of time
equilibmiumn coimstants foi reactions 2 ant!
1, 5 X 10/2.3 x lo� �i: 2 X 10�. Timis value

comm-(’sj)omm(ls to total concentm-atioims of re-
actants at pH 7.0.

If dietimylpimospimomic acid is to be �viit-
teim in its acidic foi-nm in time equilibiium

exl)l-ession, time value 2 X 10� imas to be

divided by (1 + [Ka/(H�) j ) wimere (H�)

:= 10� ant! K,1, time ionization constant of

time acit!, is 4.2 X 10�2. Time resulting value

is 0.5; AF#{176}= 0.42 kcal/mmmo!e. Timis value

still applies only to pH 7.0 because tile

enzymime foimmms mmmust l)e �vritteim as total con-
centmations. Howevem, since it is unlikely

timat aimy ionizatioim constant in time enzyme
is enormmmously altemed, time value is probai)ly

til)Propliate for other 1)H values witlmin a

i)H range w’imei-e time enzynme structure does
not cimange. This last value is typical of
“low energy” plmospimate bonds. Time equi-
librium constant for a-glycerO�)imOS�)hate is
0.33 ( 1 1 ) and for O-pimosphoi-vlethanol-

aimmine is 0.56 (12).

In commm�)aIing time equi!ibriuimm comistant

fom- time imydiolysis of time dietimylpimospimoryl
enzymmie with niotlel commmpoulmds, �s-e assummme

that time secont!ary interaction of time
(lietimyl pimospimoryl group with time enzynme

proteimm is not lai-ge. Time structures of sub-
strates and inimibitors affoi-d no indication
timat a dietimylpimospimoryi group would in-
tem-act extensively w’itim this enzyimme and
diethylpimospimate does not inhibit (revers-
ibly) this enzymmme. In fui-ther examining

this question we found tlmat dietimylplmos-

phoryl choline proc!uces sommiewimat less in-
hibition (revemsible) than cimoline but we

did not pursue timese studies in detail. Time
assunmption timat little intei-action occurs

between time dietlmy!phosphoryl group and
time enzyme appeal-s to be reasonable. In
making timis comparison we fum-timei- assummme

timat time fm-ce eImergy of hytirolysis of a
single ligand in a phospimate triestem- is not

�‘eiy different fioin the free eneigy of by-

(!lOlysis of a immOflO(’5tCI when time reaetioims
are m�-m-itten in teimmms of time acidic species.

Since we mmmade essentially time same as-
suimmption with respect to time imydrolysis of

diethylphosphofluori date, errors from this
source tent! to cancel in the coimmpai-ison.

Time commmparisomm indicates that a low energy
bond is involved and that. time free energy

of hytlrolysis is consistent witim time phos-
�)Imorylation of a imydm-oxyi gm-oup in a serine

side cimain. This result is consistent with

time isolation of serine phosplmate from time

imydrolyzate of inhibited enzymes ( 13-1 7 t,

ant! wit.lm time conclusion derived tlmei-efrom

timat tile hydroxyi gioup of a scm-inc side

cimain is time catalytic nucieophile of time

active site. Since time (liethylplmospimol-v!

enzyme can be readily reactivated, it mnust

still retain time sammme stiuctum-e as the native
enzyimme or at least a structuie that readily

reverts to time native sti-ucture wimen time

inimibitet! enzyme is depimosplmoi-ylated. Time

higim reactivity of time diethylphospimoryl

enzyme and time specificity involved in
its reaction w-itim nucleophilic agents in-

dicate timat time diethylphosphom-yi enzyme
is analogous to the acetyi enzyme, an eim-
zyme derivative wimicim is an intermediate

in the catalytic process caiiied out by the

enzyme. In otimer �voit1s, time dietimyipimos-

Ph0rYl enzyme is a catalytic entity. If time
group whicim is pimospimorylated in timis immo-

lecular species is a serine side chain, it is

clearly a very special serine side chain, for
its chemical reactivity is vastly different
frommm otimer serine sit!e chains or frommi

simplem- serine derivatives. Under these cir-

cumstances one simould surely wonder if

time value of time bond energy nmigimt not he

very different fronm time values for simpler

pimosphate esters. Yet our i-esults indicate

timat the free energy change in the hy-
drolysis of time dietimy!phospimoryi enzyme,

a reaction involving time catalytic func-
tional group of the active site, has the
normal value for time bonds involved. The

conclusion tlmat the free energies of imy-

drolysis of catalytic emmzyimme intermediates

imave the nom-mal values foi- a serine side
chain imas also been i-eaeimed in cases in-

volving acyl derivatives of chymmmotrypsin

and pimosphoryl alkaline pimosphatase (12,
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18, 19). it was previously suggested on time

basis of time timeory of substrate inhibition,

that time acetyl derivative of acetylcimolin-
esterase had a snmall free emmergy of imy-

drolysis (20).
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