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The equilibrium comustanfs for the nt’actions of diethyl phosphiofluonidate alud eel acetyl-

cht )lin(’st(’nast’, bovine red cell act’t-ylcluolinesterase, htirse serum butyrylcholinestena-se, and
bovine a-chymotrypsin w(’rt’ mt’asured. The values obtained went’ 2.3 X l0�, 3 x i0�,
6.4 X 106, and 6 X 108, nt’sp(’ctively, in terms of analytical conc(’mutnafions at pH 7.0 and

23#{176},wit-h wat(’n activity as unity. Thit’st’ were conv(’nted to equilibrium constants for the
hydrolysis of the diefhylphosphionyl-t’nzyme derivative: 3.2 X l0”�, 4 X 10�, 2 X 108, and

2 X 106, r(’spectively. Thest’ values t’muable out’ to calculat(’ the equilibrium constant for the
neacti(IIi (if fhut’st’ t’nzvmes �vithu amiv chit’thyl l)hi0sPhutitt’ esf(’n whiost’ equilibrium comistant for

hydrolysis is known. if flue raft’ (‘timistamut ftin inhibifion is also knowmu, the na-to’ comusfamut for

neactivafitin of the inhibited enzyme �‘ari be calculated. These calculations w(’re niade for
diet huyl /)-Iiif nol)hit’nvl phiosphitite and f hue (‘OIuj ugate react ivaf on p -nitrtiphut’nol timid checked

exl)t’nimt’nf ally for flit’ eel t’nzvme.

I NTROI)UCTION

(1t’rtain typc’s (if organophiosphuorus com-

l)oUri(is contairumig got id leaving groups are

remarkably pot(’rut- ilihilbitons of acet-ylcho-

linestenase alid other senimuc’stenases. As such

they have commamuded flue attention of en-

zym ilogists and phuannuacologists. These

conul)t)unds have foumud hmif(’d use in niedi-

(‘inc (treatment of glaucoma) alid in war

(nerve gases) but have been widl(’ly used as
ilis(’(’ficid(’s. The rt’acti(in illustrated in
Scht’rne 1 ui-it h diet hvl phit isphit ifluoniclate
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(DEFP)2 is intrinsically reversible, although
in some �ases it niav be carried out in an

esst’nfia-lly unidi r(’(’tional niamuner, either in

flue forward dint’cfion, as imihibifiomi, or in
the reverse direction, as reactivation.

0 0
DO 1 k� ED

�P-F+f� )P-EtF

DO ‘-\ 00 /‘

#{247}uIJO. ECH IDEFP) \ /+ H20. ECH DEP- enzyme)

\\
IEIO)2POOH + 5- + F

SCHEME 1

Fluoride was first clenuonstnatt’d to be a
rt’activaton by Ht’ilbromumi (1 ), and flue equi-

libnium constamit for inluibifitimi, K (DEFP),
was evaluated as 2.3 X l0� by Wilsomu and

696

2 The abbreviations used are : 1)IFP, diethyl

phosphofluoridate ; l)EP-, diethylphtlsphoryl-.
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5 The P-F bond is unusually stal)le (3) , btit

fluoride l)ellztV(’S mit trniallv as a leavi iig grt iup ( -I )

Rio (2) fronu measured values of k . =

2.3 X 10� M�1 miii and Ic� = 10 �r’ min’

for enzyme from electric eel, using K(DEFP)
= k 1/kr . These values are for analytical

concentrations at pH 7.0.
The value of t.lue equilibrium constant for

the hydrolysis (ECH) (if the diethyiphutis-

phoryl-enzyme w-ould be helpful in nuder-
standing this class of reactions as wt’ll as

the enzyme active site. In cases when other

data are available the ECH for DEP-en-
zyme, ECH(DEP-t’nzyme), can be used for

predicting rate constants or for evaluating

other equilibrium (‘omistants. It is appearent
from Scheme 1 that if the ECH for the
phosphofluonidate, ECH (DEFP), \\�o��e

known, it would be possible to calculate the

ECH for DEP-acetyicholinesterase :�

ECH (DEP-acetyleholinesterase)

= ECH (1)EFP) x (2.3 X 10�)’

In an attempt to evaluate ECH (DEP-
acetylcholint’sterase) \Vilsomu and Rio as-
sumed that thie ECH (I)EFP) written in

terms of the undissociated acids was approxi-

mately the same as ECH for fluonophosphionic

acid, which was known. This assumption has

since proved to be sunj)nisingly amid very
greatly in error. The measured value ECH
(DEFP) written in t(’nms of flue umidisso-

ciated acids (wafer = unit activity) is

8.3 X 10�, arid imu tennis of analytical con-

centnatiomis4 at- 1)H 7.0, 1 .2 X biD (:3).

Using this latter value, we can evaluate

ECH (DEP-acetylcholiruestt’nase)
= 3.2 X l0��

for enzyme fronu electric et’l in terms of

analytical concemitnations at pH 7.0.
In comparing the imuhibition rilu(l nt’ac-

tivation d)f other nt’lateci emizynies it would

be valuable to know fhieir connes�)on(liIig

ECH values. \Ve havc’ un(l(’ntaken to make

these det ermimiat ions, which we report in

this paper.

Imu using ECH (I)EP-acetylcholinestenase)
to calculate flue value (if kr for p-nit rophenol

as a rea(’fivat(in, we (Ihtainedl a surprising

3 The j)rtiduct- of t he equilihritiin (�iiist ants

around OIlY cycle , zi5 iii scheme 1 , is equal to 1.

4 Equilibriuni constants written in lernus of

analyt ical ((Incent rat ioiis are p1 I-dependent.

resulf . The t’t tnj ugate i nhuibiton for p-rut r i-

ph(’mit)l is dit’f hvl /)-flit r iphit’nyl j)hosphatt’
( panaoxtin), tiIl(l ifs ratt’ t’tiristanf for iii-

hibition of eel t’nzvnie is knoivmu ; it is ctiimi-

cidentallv the same as for flit, pht)sphio-

fluoridate, k� = 2.3 X 102 i!ii-l miii �. Tht

ECH for ptinatix�n is alsti kntiwn, 6.7 X 1014
(analytical (‘(imicentrations at j)H 7.0) (3).
rrh we can ealculatt’

k - ECH (I)EP-acet-ylcholituesterase) . kr ECH (panaoxori) I

5.2X10’#{176} , 5 -1 . --1

= :-i;i�--��_i-ol4 2.�3 X 10 = 18 31 Dliii

‘This kr valut’ is givt’n in analytical collct’mltna-

tions. Since at j)H 7.0 soniewhuat less than

half flue p-mtr(Iphen(il is i(IfliZ(’d (pK8

7.1), flue kr value for the /)-nitrophierloiate

anion is greaf(’n than 40 �r’ nuiri’. This
value is remarkably high : it is 4 tinues
hight’n than thu(’ value for fluonide. Vet

fluoride is necogmiized as a ltit’nf ruucleophil(’

toward phosphorus. D r1nlit� nelativt’ values ftir

/)-nif r(iphenolate �IUOIl arid fiut inicle ‘ ‘ought “

decidedly to be the ofht’n way around. I’�on
exit flul)l(’, fluoride react s wit hi is ipropyl met hi -

ylphosphonofiuonidaf (� (saniri ) wit hu a rat t’

constamut (if about 40 �r’ min’, calculated

from the rate of raceluuizatitin tif tine of the

isoniers (if sanin (3). (in the ofluer han(i, the

rate ctinstanf for flit’ reaction of p-nit-no-

l)1it1�)lttft’ ttIil(iIl uvifhi sanin is only about 1
:ii�’ nun’. \Vhut’rt’ver t’oriu��anisomis (��jr� be
niade, fluonidt’ is a disfiiictlv better iiui-

c’letiphiile t(i\var(i Pli(ISl)ilates atid Phios-

pluonaf (‘5 f himuri p-nit rt iphit’miol ; yt’f t )ur t’ttl -

culations shitiiv just flit’ (ij)posift’ �vifhi nespt’t’t

to DEP-act’tvlcholitiestt’rase. It therefore

ap�)t’aned iliul)(im’f nut t t i (Itt (‘millie k� (ji-

nitrol )lit’li(il ) ex� i(’ni nit’iitmullv.

\I.-iTEIIIALS .-i Ni) iIETIIODS

i)1FI� w.as svnf hit’sizt’ti fronu tiit’hiltino-

1)h051 )lltit t’ at’t’tirditig fti Saulidit’ns tumid! Stacey
( 6). Pantutixtiri was svnfln’sized frorii the

clulonitie as dt’stniht’d h� _�iidnt’��s ci ci.

(7) as nutidifit’d by Gitishiung et ci. (8).

p-Nitnophienol ��-:ts Pllnhiased frtim 1.,tst -

Intumi ( )ngariit’ (.‘hit’nuit’als and nt’t’rystallizt’ti



6.2 X i02 nun-’ = 27 M1 huh1
k. = 2.3 X 10-3M

(p-NITROPHENOL)� x103

Fl ( . 1 . React iva/ ion of DEP-ace/ijich olin es/erase

(eel) with p-iii/rophenol

k1,, is I he pseiidti-hrst -order rate t’oiist ant
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fnonu dilute HC1. Bt’mizoyl-L-tvnosint’ t-’thyl

est en, but vrvlt hit ichtlimut’, arud acet ylt-hoi -

choline w(’ne purchased fnt mu Calbiochem.

Butvrylchiolinesterase (horse serum) , a-chy-

mot nypsin (b Ivin(’) , arid act’f ylcholinest erase

( (‘(�l ) went’ punchias( ‘d from \Vorthingtotu.
Bovint’ enyt hurt icvtt’ act’f ylcht lhru(’stt’na-st’ was

purchased from Sigma. All (.)then reagents
\\�(�i(, analyti(’al grade fntim vanit )liS sources.

Water was double-distilled.

The (‘nzvmati(’ IlctiVifies I if acetylcho-

hnt’stenast’ a-mid butynvlchoiinestenase were
dt’tenmined a(’cordirug to Eliman et al. (9)
in 0.03 M rFnisH(�l j)H 8.0. a-Chymotnypsin

activity ui-as detenmillt’d according to Hum-

IIu(’l (10). Inhibition of flit’ t’nzvmes amid

reactivatiomi wer(’ carried tiut iii Tnis buffer

mit pH 7.0 and 25#{176},using a range of ctilicen-

fnafi(Ins of DEFP amid panatixtiIi for imuhibi-
f-ion and a range of ctinc(’ntratit)ris of fluonidt’

mid p-nitn(iphemlol for reactivation. Ftin neac-
tivat lomu , t’omit’enf rat ed t’nzv mt’ was (‘t)m -

P1�’��’1Y inhibited with minimal concent rat ions
(if DEFP or I)ara(iX�ii amid diluted t’xten-

sivt’ly (40-400-fold) for rt’activation.

RESULTS

It(’activafit)Il of D1’FP-inhibifed t’t’l en-
zvm(’ ( 1)EP-acet vI(’hiohimiest ernst’) by p-muit no-

I)hi(’ri�1 was readily tibserved. Ho�vt’ven, our
results wt’ne riot highly rt’pnoducible, in that
t lit’ t’xfenfs of nt’activafit in ibtaint’d after
u-h t’xtt’nsive period of tinie varied from SO

fti 100 � � iii eight nueasurt’nut’mits, amid (iluly

70 ‘ nt’at’tivatiomi ��as tibtaimit’d in tint’ cast’.

\Vt’ used fivt’ difft’reiif tt mt-cut-nations. 1 mu
pltlttimig the (ltltti for flit’ pnognt’ssive ne-
(‘tiverv of enzvm(’ activity as a pseudo-first-

order neac’tion wt’ ust’d flit’ final extent of

r(’activatiomi tti t’alculafe flit’ fraction of ac-

fivify rt’(’tivert’d at ami�’ time. Straight- lines
wt’rt’ tibtaint’d in semil(Iganifhinhic’ I)lofs of

flit’ data norma-hizt’(l in this way, amid up-

1)arent pst’udti-firsf -order rate ct ilistalifs were
t’valuaft’d. Tti tibtaimi kr , fh(’s(’ Ct)Iisfttlits �Ii

turn �vt’rt’ dividt’d by flit’ factor 1 j)ius the
ratiti .if ntinreactivaft’d activity tti neac-

tivated activity. 1’(ir 80 � � nt-activation this

fat’tor iS 1 .25. This treafruuent is i�noi�er for
cast’s in ‘.vluichi flit’ reao’fain reaches amu

t’quiiibnium shutirt (if tt)nij)lt’fit)n (which is

IltIf (11.11’ (‘tist’) tin �vlieii flit’ imihuibitt’d en-

zyme dt’tenionatt’s. At any raft’ thue correc-

tion is not large for our l)UnI)OS(’S, and our
duplicate rneasurenients arid evaluations of
kr at each comucentrafion (one triplicate)

agreed within about I 0 ,�.

The pseudo-first-tinder comust-ants were not

proptirtional to the reactivaton concentration

( R) but were consistent with the postulate

that /)-nitnophenol forms a reversible com-

l)lt’X with the inhibited t’nzvme,

Et0)2P(O)E � � (Et0�2P(0)E

EIO)2PIO)O_./j�__NO2 + E

SCHEME 2

yi(’hding flit’ rate etiliatitiri

k
k(,I)� � �

k�. = k� + k’(RY’

whiert’ f ho’ st ‘ctind-orden rat ‘ const ant is

k. =

The data l)lottt’d as k�, vs. (R)’ yielded a
straight lint’ (Fig. I ) with the follt.wving

values for k and K ,�

z
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(EtO)2P(0)OR + ��()t�iNO2

This value agrees with the calculated value

� of 18 xr� min’, since a factor of 1 .5 is not
� unreasonable for the summation of errors in

- all the experimental numbers that go into
� the calculation and comparison.

The data for inhibition of the different
enzymes by diethyl phosphofluonidate and
for reactivation of the inhibited enzyme by

fluoride are presented in Table 1. The in-
hibition experiments appeared to offer no
difficulty. Good straight lines were obtained
in semiloganithmic 1)10tS for pseudo-first-
order reaction rates. These pseudo-first-order

rate constants were proportional to the con-
centration of inhibitor, indicating a second-
order reaction, and second-order rate con-
constants, k1 , were evaluated.

Reactivation rate measurements were
again troublesome, in that 87-96 � neac-
tivation was obtained with bovine erythno-
cyte acetylcholinestenase, and 65-81 %
(mostly above 70 #{176}�) , with horse serum

butynyicholinesterase. Chymotnypsin neac-
tivation was tt)o slow to follow to completion,
since only about 20 � reactivation was ob-

tamed in 2 days wit-h 0.5 M fluoride, and

35 % in 100 hr. The chymotrypsin reactiva-
tion constant was calculated on the assump-

tion that 100 � recovery would be obtained.

In general the reactivation rate constants
should be regarded as only approximate.

DISCUS SION

Examination of Table 1 shows that there
are large differences in the rates of reaction
and the equilibrium constants for the dif-
fenent enzymes. The values of ECH (DEP-
enzyme) vary by a factor of 20,000, which is
of course the same variation as in the equilib-
nium constant for the reaction wit-h DEFP.

Since eel enzyme and chymotnypsin have
nearly the same amino acid sequence about
the active senine, as do all seninestenases
that have been examined (14), it is clean
that the enormous differences in ECH (DEP-
enzyme), K (DEFP), and K (paraoxon) are
a consequence of differences in the three-
dimensional structure of the prot(’in in the
region of the active site. The differences in
ECH (DEP-enzvme) and K(inhibitor) must

reflect differences in the interaction of f-he
diet-hylphosphoryl group w-ith the enzyme

and differences in the solvation emiengy of

introducing this group into the nuicnt.ien-

vironment of the active site.

It is also evident from Table 1 that al-

though f-he equilibrium constants ftir the
reaction of DEFP, K(DEFP), with the

enzymes vary w-idely, they all lie fan to the
night (i.e. , toward completion). We might
inquire whether this should be expected.

Howeven, it will be better to t’xanuimue this

question by first changing the form (If the
question. If we know- the ECH for any
inhibitor of the form

0

EtO\

�P-X

EtO”

where X is any leaving group, we can cal-
culate the equilibrium comistant for the
inhibition reaction. Thus

K (panaoxomu)

= K (DFFP) ECH (panaoxon)
� ECH (DEFP)

= K (DEFP) ?:��
= K (DEFP) x .56

These values have beemu listed iii Table 1.
These equilibria alsti lit’ far tti the right amid

involve the transfer of a diethyiphtisphuorvl

group from p-nitnt)pht’nol to the hydntixyl
group of the active senine nesidu(’. \Ve might
�vomiden whether this reaction should go �o

completely. It would therefore be irutt’n(’sting

if we could arrive at some esfimaf(’ of what

the equilibrium constant would be if flue
senine residue were not pant of the active
site. We have very little guidance in this

quest-. We might t’xpect an approxinuate

relationship t)f the form

log K = a

for the transfer of a diethylphosphoryl

group from p-nitnophemuol to an anitin with a
different 1iK,,

(Et())2P(O)()�N02 + R()
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Such a relationship holds for acetate esters
(15), and such a relationship has been pro-

posed by Bromilow et al. (16) for dialkyl
phosphate esters wit-h a = 1.16. This value
Of a predicts f-hat the inhibitory reaction of

paraoxon and enzyme would have only a
small analytical equilibrium constant of

about 10 at pH 7.0. Probably this value of
a is not valid for such an extreme case as ami
alkoxide anion of senine. In fact, measure-

ments with diethylphosphorylcholine in-

dicate that a would have to exceed 1 .33. We
have therefore calculated the equilibrium

constant for the reaction in which 0H
(pK� � 16) replaces R0 in the above
equation:

(Et0)2P(0)0�N02 + 0H �-�L

(EtO)2P(0)OH + 0�N02

This value is obtained by dividing the

I)nOduct of the ionization constant of p-nitno-
phenol (10�) and the ECH of panaoxon

written in terms of acidic species (7.4 X 108)

by the ion product of water (10��). The
result- is 7 X 10”. This result would require
a to be about 1.75 rather than 1.16. If we

use this value of a and take the Pha of the
active serine as 13, we get 3 X 10’� for the
transfer of a diet-hylphosphoryl group from
p-nitrophenol to a senine alkoxide anion.
This latter value translates to 6 X 10� in
terms of analytical concentrations at 1)11
7.0, which is similar to the measured values
for acet.ylcholinesterase. This calculatiomu is
tot) uncertain a basis on which to make any

firm conclusion, but it does indicate f-hat the
intrinsic properties of senine may be suf-
ficient to account for the large values of K

(DEFP) and K (paraoxon). We are, of

course, left with the problem of why these

values are so diffenemit for the different
eiuzymes.

\Ve do hiave sonue imiformafitin on flue
reversible interaction if a diet hvlphosphorvl

gnoup �vithi the active sit-c of the eli enzyme,
which suggests that f-his group is riot- well
accommodated. Thue diethylphosphuonyl esters
of choline, ethuanolamine, and the correspond-
ing thiols are somewhat less readily bound

as reversible inhibitors than are flue alcohols

and thiols. Since the hydnoxyl group of

choline clot’s not contribute appreciably to

binding (judged by flue fact that ethytni-

methylammoniunu ion and Pnol)yltrimethyl-
a-mnuonium 11)Ii reversibly inhibit the eel

enzyme about as well as choline), it would

appear that- the diethylphosphuoryl group
is miot well accommodated amid at best con-

tributes little toward bindimig.

On the ofluer hand, it is true that diiso-
pnopyl I)hosI)hofluonidafe and ianaoxomu are
reversibly btiund by cholinestenases (1 7-i 9),
but still it does not appear thuat interactiomu

of the diethuylphosphoryl group with the
protein contributes very much toward sta-

bilizing DEP-acetyichohinesterase. However,
it would appear that such interactions must
be involved in the stability of the other

DEP-enzymes. This discussion is consistent
with the result-s of spin labeling studies of
aeetylcholinesterase, but ynylchohimiestenase,
and chymotnypsin, in which it was shown
that the nifroxide radical incorporated into
flue I)hOsPhOryl group of the inhibited en-
zymes is relatively free to notate in the
choliiuesterases but is not free to rotate in

chymotnypsin (20, 21).
The measured value for kr nn,

27 �r’ min�, for eel acetyicholinesterase, is

in agreememut with the predicted value of 18
3l-� mimu’ for tlue eel DEP-enzyme. Our
measurements also sluowed that a reversible
Coflul)lt’X is formed between p-nit nophenol

and flue DEP-enzyme. The greaten nucleo-
phili(’itV of p-nitnopherit)l over fluoride in
reactivating the eel enzynue is not general
(Table I ). The calculated values for k�

(p-nitrophenol) are very Itiw, much smaller
than flue measured values for fluoride for two
ti)f the enzymes. The high miucleophilicify of

p-nifnoplueliol tis ti neactivaton of flue eel

emuzvme is j)robIIbl� a consequence of the

binding (if this substance by the DEP-

enzyme. If thue binding should be at least

�iantia-lly in a productive mode, i.e. , one in
whuichi flue uuucleophuilic oxygen is near and

directed toward the pht)sphitirus afonu tif the
DEP-enzynue, fht’n flue high reactivity
woulti be eXl)lained. It is reasomuable to

assumuie that- this is thud’ case.
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