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SECRBT

PORTON TRCHNICAL PAPER NO: 864
COPY NO: 74
DATE: 9th August, 1963,

D OULT J

A study has been made of tho de-alkylatinn and ageing of seversl alkyl
mo thylphoaphouo -anotylahnlinostorases, Tho rato of do-alkylation was found
to vary with the structuro of tho alkyl group. .going, tho oconvorsion of
the inhibitod onsyme into a non-roactivatable form, was found to diffor from
do-alkylation in a numbor of instanccs, and showed n furthor variation with
the oximo uscd ns ronotivators This difforcnoo is attributod oithor tu tho

inability {o dofinu ngoing in proecisv chomioal torms, or to the involwvenoent
of a twom=stcp procoss,

Tho anount of ongymo activity rustored by oxinmos wns nlways loss than
that oxpoctod from the rosidunl undo-nlkylnted onsvna,

The important faotor in the failure of exim: thorapy f'or nerve gas
poisoning 1s considored to be the t'ructinn of unsyme activity that ocan bo
rostored undor pruotioal conditions., Comparison of rates of helfelives of
aroing 15 not oonsldoxod satlufuctory,

Tho inability of oximes to rustoro an apprecinble amount of the notivity

of pinacolyl mothylphosphono=,outylohiolinosterase (GD-inhibd tod omyno) is
attributed to its rapid do-alkylation,

Possiblo moans of »btaining improvod roactivati.n of inhidisod chul in-
ostorasos arv indiocatod.

(S¢d)s T.F. Watkins,
Supt., Chomistry Resonrch Division,

(Sgd)e 4eS.C. HILY,

DBG/DIN/GC Doputy Dircotor.
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PORTON TECHNICAL PAPER NO:864
coPY NO:7 ‘

DATE:  9th August, 1963.

JZNTRODUCTION

Pollowing the discovery that poisoning by some nerve gaues is resistant
to treatment with oximes, considerablo effort has been devotod to the study
of the prooesscs involvod in the roactivation of inhibitod cholinostcrasos.

Thesc were roprosentod by a sorios of roactions (1), which in a moro simplifiod
fore are:~

RO ¥ RO N RO %

\ / ky NS ke N, ”
TP 4+ 0x T B+ P=Ox — P — oH
1 o I #o I
[\) kb 0 0%0, 0
I Kb 11 11X

k‘l + 0x
as roarrangoment
producta.
Agod inhibited
onsyne
v

Wore Bn @ ungyme (ChB) and Ox = oximo,

Rosul ts proviously roportod have shown that noithor tho values of tho

oquilibriun constant K (1), or of k, (2), vary groatly whon tho ostor group
RO is varicd,
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It has boon suggestod that rapid ageing, the oconvorsion of the inhibitod
%0 a non=reactivatadblo form, is tho cause of tho rosistanco of poisoning
to oximo therapy (3). This was bascd on tho finding that human rod ooll
loholinostorase inhibited by GD oould be reactivated to a small extent .t
» but not at all at physiological pll, 8inco it was known that tho rate of
ing of othor onsymes inoreased with doorease in pH, it was inforrod that
ageing of tho GD-inhibited onsyro was extremely rapid at physiologiocal pH.

This small amount of reactivation of the GD-inhibited ongymo at pH 9 ocan
alternatively bo acoounted for by tho incroased rato of broakdown of the
phosphonylated oximo, II, duo to baso catalysis (2), so that reactivation is
favourod. Jurther ovidonoo that the ageing of GD-inhidbitod ongymo is rapid
was reoently obtained (1), whon, in oxporimonts with bovino orythrooyto acotyl-
oholinestorase, a small amount of reaotivation was obtained initially, but the
amount of freo onsyme liderated sudbsequently dcorocasod.

i

§RES
©g8

It soomod thorofore that rnpid ageing is rosponsidlo for tho rosistance
of GD poisoning to oxime therapy, dut the evidence for this was indiroot, being
basod on moasurcments in whioh oximos werc usod to rostore tho activity of
"unaged” inhibitod onsymo., This was rogardod as unsatisfaotory, sinco it has
beon shown that the rvaotion of oximo with inhibited ongymo is a roversible
pricoss (1) and that consoquently tho amount of onaymo aotivity rostored dopends
on tho oximo concentration used, A muro satisfactory demonstration of tho
rupid chango of the inhibitod onsyme to a non=roactivatablo forn, proferedly
without the uso of oximes, was thorofore considerod nooessary.

In the oaso of DFP-inhibitod horso=sorum pseudochulinostorase, Beronds
ot al. (4) showed that agoing oould bo oarrelated with tho loss of an lso~
propyl group from the di-isopropyl phosphoryl engyme. Their techniguo for
following the de-alkylation process was not, howgver, suitable for studies
of the procoss where it is rapid, An improved techniquo has thorofore been
developod, details of which have been reported (5). Using this technique,
studies I the de—alkylation of a serios of alkyl mothylphosphono-acety.
cholinestoraaos have been made, together with ageing neasurexents carried
ocut unde:* the same oconditions of pH and tomperature.

EERRIMETAL
(s) Materiala

The ongynme nreparation uscd was Bovinoe Brythrooyte Asetyl-cholinesterase
(Matbrop Laborutories Inc.). A chock was made on tho purity of tho two
batohos used. Details of tho mothod and results arc givon in tho Appendix,

Tho purdty of tho 2#P-labolled ishidbitors used in tho de-alkylation
studios wns at least 95 % and that of othor !nhibitors used in the

ngojing studies at loast 98 %o. All analysos woro oarried out by tho
Schonemnnn mothod (6),
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(b) Decalkrlotion Stuiies

All de-alkylation measuromints wore made using the tochnigue rocently
desoribod (5).

(o) Agedng Studica

Agoing was monsured by a tochniquo similar tu that used by Berry and
Davios (’)o

1 ul aliquots of diluted eonsyno proparation oontaining 100 units/ml
(4 x 10 M4) woro inhibitod with 10=7 M inhibitor and allowed to stamd at
25%°C in a thormostat bathe At suitablo time intervals, samplos wore
removod and 1 ml of 10~*M oximo salution addod, and reaotivation allowed
to procecds Tha timo alluwed for reactivation was usually 30 min, exoopt
for GD~inhibitod ensyme whero 5 and 1 min only wore allowed for the oximes
P28 and TMBl respootivoly gvido infra). At tho end of this period, 1 md
of acetylchouline solution (10%, w/v) was adlod and tho mixture diluted
to 25 ml with 0,9%, salino solution. Tho rate of acid produotion at pH 7.4
and 29C was followed using tho Radiomotor Titrigraph SER2, This rate
was uso! ns a moasure of ohsymo aotivity.

BESLE
(s) Pe-alkylation

Tho kinotios uf the de~alkylation proceas for phosphonylated ensymes
has not provicusly boen established, but it wmas found that tho data of
Berends ot al, (4) for DFP-inhibitod psouducholinestorase followod first
order kinetica, The prosent data show somo degree of soatter, but give
roasonable first order plots (Pigures 1 = 5) from which rate oconatants
were ovaluated (soe Tadblo 1) Whon the data were plotted in the forms
for sooond oxder or autooatalytic reactions, pronounced curvos were
obtainod,

Two batohes of ensyme were used, and although it was found that
neithor underwent unspecifio phosphonylation as shown by the mothod
developed prev ously (5), a differenco boocame apparent in the do-alkylation
studies, With tho first sample, 100%, de~alkylation of the inhibited
engymo ooourred if it was left for an oxtondod poriod, as shown by the
recovery of 1009, mothylphosphonio noid and no alkyl hydrogon mothyl-
phosphonatee With the scoond sample howover, only 859, de-anlkylation
ocoourred, irrespective of how long the inhibitod enaymo was allowod to
astand, and the rosult was tho samo with each of tho difforent inhibitors
used, This behaviour is attributed to the binding of 15%, of phosphorus
in somo unspocifio way, i.e. not at the aotive centre, so that it doos
not undergo do-alkylation. Rasults uf oxperinents oarriod out with this
batoh of onsyme have been corrected nocurdingly, and whero the samo
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inhibitor was used with both batches of ensyme the data were in good
agreeaent,

(b) Aselng

Agoing has beon shown previously to be a first order process
(7, 8, 9)s Data obtained in some cases in tho prosont study also
appoar to oonforn to first order kinotiocs, and rate oconstants wore
obtained graphioally whore possible, (Soco Tablo 1 and Pigurvs 1 = 5).
In othor casos, howevor, tho agoing procoss was found to bo loss
straightforward as shown in Pigures 6 - 8 and no evaluation of rate
oonstants was possible. It mny do notod furthor that in moat casocs
the anount of free ensymo cbtained was small, although a largo exooss
of oximo was used. An initial figure for oach ocase was obtained by
extrapolating plots of the percentage roaoctivated ongyme back to sero
timse Tho figuros obtainod aro shown in Tndle 2, To obtain rate
oconstants for ageing, it must bo assumed that theso amounts of ensyme
roactivatod aro dirootly rolated to tho amount of rosidual reanctivatadble
onsymo, This point will bo discussod later,

Tizme of De-alkylation Y Do=-alkylation °/. De=alkylation ;h
(hr) in absonco of presonco of oxime
oxime)
8 21 20
16 3% 39
2h 39 L)

¢ P28 to givo a conoentration 5 x 10”2 M was addod half an hour
bofure the moasuromont of do~alkylation in oach ocase,

SECRET
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The results of the study of tho do—alkylation of a series of alkyl
zethylphosphono-acetyloholinesteraseos show that there are large differoncos
in the rates for different compounds, Tho rosults also show that rates of
ageing, whero it has beon possiblu to moasuro thom, do not always agroo with
the rates of do~alkylation for tho samo inhibitod engyme. Tho implications
of thoso findings will bo discussod undor two headings, vis. the mochanianm
of ageing and pmotioal aspoots in rolation to oximo troatment for norve
gas poisoning,

(a) Ihe mechaniss of agoing

It had boon antioipatod, following the finding of the Duteh
workors (4) fur tho oasc of DFI-inhibitod pscudocholinostorasc, that
agoing, dofinod as tho chango in tho inhibited onsyme to a form that
oould no longor oo roaotivatod with oxinos, oould be ocorrolatod with
do=alkylation, tho luss of an alkyl group froo tho phosphonyl moloty
attached to tho ongymo, BExaninnticn of those rosults shows this not
to bo 80 in all oasos. Tho agrocmont in thu rntos is good fopr tho
2=dutyl compound, and for tho 3mothyl butyl-2 and pinacalyl sompounds
whore TMP=l wns uscd us ronotivi.. r. T.o 4ifforonoe in the smtos of the
two prooesses is post markol fur tho oyoluohexyl dorivative,

The results for the GB=inhibited onayme are ancanlous sinoce,
unlike those for the othor oumpounds, they indiocate that ageing is
a slowor pruooss than do=alkylation, This is cloarly adbsurd, sinoo
do=-nlkylated ongymo onnnot bo reactivatod, ns wns domonstratod by
Berenda ot al, (‘t)o

The peroontngo of ensymo notivity restorud was, howovor, always
loss than that whioh would oo oxpectod if all tho inhibited ongyre,
not shown by the other tochniquo to be do-alkylated, wors roactivatod,
This was true for all tho inhiditol onaymes studied, and in no ocase
was the figuro obtainod by extrapolition to sero timo anywhore near 100 ¥,
(soe Tablo 2).

Thuso ounsiderations oxplain tho anumalous ratos of agoing for
CB~inhibitod onaymo, which aro oloarly liable to mis=intorprotation,

In somo of tho «thor ocasos, agoing is apparontly a more rapid
procoss than do-nlkylation, nand nlso tho mto of agoing varied whon

different oximos wore usol as roanctivators. Throo possiblo oxplanations
for thoso findings oan bec advancods=

SECRET
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(1) The usual definition of ageing, oonversion of the inhidited engyme

(1)

into a non-reactivatable form is invalid, Ageing is messured in
terms of the amount of enayme activity restored by reactivators
(usually oximes), but it does not follow that this is a taue
Dessure of residual resctivatable inhibited onsymo (I), This will
only bo the case if eithor this rostoration is oomplete, or if tho
uo\xmt of aotivity rostorod is directly proportional to the amount
of 1.

e forwer may bo achioved whore the agoing stop is oither
very slow compared with tho other stops or whore, as was foumd
by Berends ot al. (4) oximo torminates the agoing process., With
the compounds studied it was cloar that the acotivity of all tho
inhidbited engyme, shown by the other method to do de~alkylated
was not restored, and also it 4id not appear that oxime tormingtod
ageing. In partiocular, with the pinacolyl oompound, no roactiva-
tion was found to ooour whon the inhibited onzymo was allowod to
stand with P28 or T for 3O minutos, tho sano tinme as with the
other compounds, but, if tho time was roduced ¢to 5 minutos and
1 minuto respootivoly, thon somo onsyme aotivity was rostored,
showing that ageing proceods in the presaonoo of oxime, at loast
in this ocase,

™e alternative, that tho amount of aotivity roestorovd is
dirootly proportional to the amount of residual roactivatadble
inhibited enayme is oonsidored unlikely in view of tho oomploxity
of the situation. Restoration of aoctivity doos not dopend ainmply
on ¥he resotion of oxinme with the inhibited engymo, dut, as first
shown by Wilson and Ginsburg (10) and later by Scaife (11), an
oquilidrium may be sot up, This equilidbrium, for the inhibitod
ensymes and oximos used in the presont imwestigation, is groatly
in favour of inhibitod onayme and moreover, may only be set up
aomentarily, owing to tho ocourronoe of the other rvaotions
shown in tho schemo on page 1 (1).

It is oonoludod, thorofore, that agoing s dofined is not
necessarily measured by tho amount of aotivity restored by
reactivators, This providos a possiblo eaplanation of the obsorved
results, which, howovor, apponrs inadoquate to ncocount for the
large difference in tho rates of agoing and de=nlkylation in the
ocase of the GF-inhibitod ongymo,

An altornativo oxplanation of the rosults is that o two=-stago
process is involved, which might bo roprosontod:-

SECRET
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| ] ] ie
30-;’-‘ —— RO'.-M ol m-‘-h
! !

Inhidbitod Oxizmo Rosistant De=alkylated
BEnayme Bnsyno inhiditod ensyme
I v v

Some ohangs in the conformation of the inhiditod engymo may
ooour, such that tho approach of tho oxime to the phosphonyl group
or the attachment of its quatornary group to tho anionio site of
the engyme, is mot favoured, This woull give rise to “"oxime
rosistance®, preceding de-alkylation, the extent of which would
deponsd on the struoture of both the oxime and the inhidbiting alkyl
methylphosphonyl= groupe It is posaidlo that in different casce
eithar or both of the inhibitod enzymos I and IV above oan de
reaotivatod, depending on the conditions and tho oxime used., The
shapes of tho ourves obtainod for the anount of roaotivatablo onzyme
at different times for inhidbited by GB (Pigure 6), T2137
(Pigure 7) and GPF (Pigure &) are comsistont with this possidility
as they can de regarded as tho rosult of the combimation of theoret-
d0al ourves for the ounoontrations of the initial ronotant and inter—
-omtosu a two~stago prooess, an example of whioh is shown in
,“m [ ]

A change in the conformation cf tho inhibited ongyme ocould also
facilitate 8'1 fission of tho alkyl group on the phusphorus by
bringing it closer to tho anionio site,

(111) A further possibility is that do-alkylation procceds at a fastor
mbe in tho presence of oxime. This is difficult ¢to tost, but
P28 was added % GP-inhidbited cholinestorase which had stood for
different intervals and aftor a furthor 30 uinutes tho oxtont of
do-alkylation was moasured. Tho rosul ts were not significantly
dilferont from those in cascs whoro tho inhibited ongyno had stood
for the same total timo in tho absenco of P28, Tho experiments
are not very conolusivo, but indicato no effect of oxime on the
rate of de-alkylation,

It 1s not yet possiblo to decide in favour of oither oxplamation (1) or
(11) aboves It is possible that both aro walid,
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() Prectical Aspects

As noted adove, the rato of do=alkylation of alkyl methylphosphono=
acetylohiclinesterases varios with tho struoture of the alkyl group,
Ageing, as measured by tho anmount of onsymo sotivity that oan bo restored,
may not bo tho same as do—-alkylation and nay vary with the oximo usod,

The uso of ratos of agoing as a oritorion is misloading. It is
impliod that oumpleio reaotivation oan bo obtainod at soro timo, whoreas
tho aotual amount of activity rostorod is noshore noar 100 %, as oan beo
seen from the extrapolatod figures givon in Thblo 2, It is ovon pore
nisle to quote a half-lifo fur agoing, sinoco this givos tho inmprossion
that 50 %, of the inhibited ongyme oan bo roaotivatod at this timo, This
is oloarly not tho caso, and it is oonsidorod that tho inportant faotor
is tho aotunl amount of ongyne aotivity that ean bo rostorod,

Do=alkylation of pinacalyl wothylphosphono—acotyl cholinostoraso
(tho GD-inhibitod ensymo) is rapid, Poiscning by GD is vory rosistant
to troatmont (12), and this prublom will now bo discusaod,

In oarlior studies (3), no roaotivation nt physiulogiocal H of
GD-inhibitod human red bloud coll acotylchulinustorase oould bo achieved,
whoroas somo roaotivation has now boon odbtained immediatoly aftor inhidbi-
tion by measuring tho rostorod ensyno aotivity shortly aftor addition of
oxino, Tho earlier failuro to restury any aotivity can bo attributed to
the contimiing de-alkylation, presumably to completion, which coourrod
during the 30 minutes allowed for renctivation,

In the prosont oxperiments, tho maximum amount of ongymo aotivity
restorod from GD=inhibited bovino orythruoyto acetylohclinesterase at
M 7.h and 25°C was about 159%, of tho original aotivity, This was
obtainod by using 5 x 1073 ) P2S, addod 1 minuto aftor inhibition, and
moasuring tho onsymo aotivity at tho optimun timo (5 ain)e This oconocen=
tration of oxime is unroalistionlly high and it is o.nsidoroed that, with
the lovel uf oxime that oould bo used thormjpeutiorlly, the amount of
engyme aotivity resturod would he vory small,

It is oloar that this inabllity to rostoro the aotivity of a signif-
loant amount of GD-inhititod cholinostornso, lue to mapid de~alkylation,
is tho basis of tho resistance of polsuning by GD to oxime thorapy. The
prosent invoastigation has not providod any obvicus load to an improved
therapy for nervo gns poioon!.ng, but oonsidoration of tho results, and
those of earlior stuldes (1, 2) onablos tho following suggosticns, not
noocssarily original, to bo put forward:-
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(1) A less toxio resctivator than say, ™M@, is desirable sinoce higher
noontntiom oould be used, so favouring the forward rnot:l.on
(inoreasing kb to givo more froo ensyme,

(11) A reactivator, whoso phosphonylatod derivative undergoes repid
breakdown, ideally with tho rogonoration of the reactivator,
would bo advantagoous sinoo romoval of the phosphonylatod derive-
tivo will drivo the reaotion soquonce (page 1) to tho right, i.e,
roaotivation will do favourod,

(411) In addition to, or in placo of, (i4) catalysts to inoroaso tho
rato of breakdown of tho phosphonylated dorivative should be
sought, so that again roaotivation would bo favoured, Catalysis
of this bnukdm by bases and by oobaltous ion has boon domon-
stratod (1 o

(iv) Ronotivators, oapablo of romoving tho do-alkylated phosphonyl
group from the ongyme should bo sought,

SICHRIOG

Do=alkylation of alkyl mothylphosphono=acotylohulinostorasos ocoowrs,
the rato varying with tho struoturc of the alkyl group, Agoing is not the
sane as do-alkylation in a nusbor of instancos, and shows a furthor variation
with tho oximo usod as reactivator, This is duo to oithor the imadbility to
define ageing in prooiso chomiocal torms, or to tho involvomont of a two-stage
proooss.

Tho amount of ongymo activity rostorod is always loss than that oxpected
from tho residunl undo-nlkylatod onzyno.

The important footor in tho fallure .f uxine therapy for norvo gaos
poisoning is tho frnotion of ongyne nctivity that oan bo rustorod undor
preotiocal oonditions, Cumparisun of ratos or half-livos of agoing is
unsatisfaotory.

Raj:4d do=-nlkylaticn of pinacclyl mothylphosphono=aootylaholinostoraso

(GD=1nhibitod onaymo) veours nnd this ncoounts for the inability of oximes
t0 - oaturo an appreointlo amcunt of its totivity,

Miss W.A. Soarle and W.C. Wills gavo ocnsiderablo assistance with the
do-alkylation measuremonts. J.P. Rutlani assossol tho purity of tho samplos
of aocotyloholinosternse usod,
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SspCr2?

The ?*P labelled inhiditors used were received from Suffield Experimental
:hﬁon. c:nuh, or prepared by R, Brown and P, Rich froo intermediatos supplied
y Suffield,

Valuable disoussions with Dr, G, Read®, in ocllaboration with shom this
investigation was commenced, are acknowledged.

(8gd). T.F. Watkins,
8Supt,, Chemistry Roscarch Division,

(8gd). A.8.G. ML,

PRC/DII/6¢ Deputy Direotor.

®* Univorsity of Bxstor. Vacation Consultant at C.D.B.E.,
July = August 1962.
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SECRET

An aqueous solution of the Winthrop Bovine Rrythrooyto acetyloholinesterase

was examined for the prusonco of psoudo-cholinesterase, arylestorasc and ali-

os toreso,

The aotivity of tho solution towards Acotylcholino (AcCh), Butyryl~

cholino (BuCh), Phonylacotato (PhAo) and glyooryl tri-butyrato (TB) was tostod.
Tho offoot of 10™° N osorino on tho hydralysos was also followod,

Rosults arv shown in Table ULe

Hydrolysis (u1/C0O /0.5 ml (dilu. 1 in 10)/30 min)

Lubs trate Control Inhibited 9%, Inhibition | AoCh= 100
Batch 1 | Batoh 2|Batoh 1;Batoh 2|Batoh 1|Batoh 2|Batoh 1|Batch 2

AoCh [N 69 2 1 96 98 100 100

BuCh No significant hydralysis

PhAo 16 18 6 7 39 3 2 %

™ IN b 5 5 0 0 6 6

Tho rysults indicato that thu proparations did not contain any signifiocant
amounts of other cstomsocs,
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