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PORTOR 'TICHNICAL PAS1 NOt 84
COPY NO:' 7

DATE: 9th Aueust, 1963.

M AGR, AND DI-AlKYLATION 0 ALKYL =YU., B10ONO-CHOLDUSIM ASRS

%Be COULT J.D MeJ M.MN

A stu4y has been made of the de-alkylation and &going of several alkyl
me thylphnarha,' -4noty]nhn1i nostrmsos. The rate of do-alkylation was found
to vary with the structure of the alkyl group. 'going, the conversion of
the iAitbitod onsymo into a non-roaotivatablo form, was found to differ from
do-alkylation in a number of instnnos, and showod a furthor variation with
the ozimo usud its roeativator. This difforcno is attributod either tv the
inability to definu aoing in prociso chomiotl torms, or to the involvomnt
of a two-s ftj) process.

the amount of unsymo activity rustorod by oximos was always loss than
that oxpootod from the residual undo-nlkylated onsvno.

The important factor in tho f"ailure ol' nxime' thurapy for nerve gns
poisoning is oonisidorsd to be thu I'metirn of unsyme activity that can be
restored under prriotioal conditions. Comparison of rates of helf-livv, ol'
agoing ia not conolloaod satlafuctnry.

Tho inability of oximes to rsturo an appreciable %munt of the activity
of pi acolyl mothylphosphono-,,outyloholinosteraso (GD-inhibitod onsymo) is
attributed to its rapid do-alacylation.

Possible moans of ,btnining impruvo(I ronotvntitn of inhibitod oho in-
ostorasos am indicated.

(Sgd)o T.F. Wntkins,
Supt., Cha.istry Rusoaroh Division.

(SgC). 1A.S.. fiT,

DBG/bM/GCDeputy Dircotur.
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Following the disoovery that poisoning by some inerft saass is resistant
to treatent with oum-e, considerable effort has been dsvotOd to the stuly
of the prooessos involvod in the roactivation of inribito4 ohollnostoraos,
TheSo wor roprosentod by a scrios of roactions .(1), whioh in a maore sl plito
form are I-

/0kRO 0 '0 le
an P Ox InO

t kb 0 0
I II rI

k X+ Ox

5as roarroagomont
produots.

Aged inhibitod
on'..

IV

Mor. In w ny (ChB) and Ox oxmo.

Results previouuly roprtod have shown that noitlor tho values of the
equiLibrium oonstant I (1), or of k (2), vary groatly whon tho oster group
30 is vario4. (
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rt has boon sugestod that rapid aping, The oonversion of the inhrbitod
nsyme to a non-reaotivateblo fom, is the eause of tho roesistoo of poisoning

by GD to o0.mo therapy (3). This was based on tho rinding thnt human rod ool1
snetylOhlllnostolts inhibited by GD gould be reactivated to a small extent at
p1l 9, but not at ell at phlysiloioal p inhse it was knownthat tho rate of
aoing of other onses inoreasod with dooreaso in pH, it wus Interred tha

egoing of tho GD-Inhibited onsyne was extremely rapid at pbysioloa ial pH.
this small amount of reaetivation of the OD-Liitbitod onsymo at pH 9 oan

alternatively be "ounted for by the Inoosed rate of broedown of the
phospholatod oxim, 1Z, duo to baso oatysia (2), so that reaetiviton Is
favoured Further evidemo that the aein of G-inhibitod ensym. Is rapid
was roontly obtained (i), when, in oporlsonte with bovine erythrocyto aootl-
oholimestorase, a smell amount of roaotivaton was obtal d initLall y but the
mount of tree onsyme liberated subsequently deoroased.

It soomod therefore that r'pid agoing is responsible for the rosistanoe
of GD poisonin$ to exim. therapy, but the evidence for this no indireotp being
based on moasuroments in whioh oumos wer usad to restoro tho activity of
Ouasgod, inhibited onasme. This was rogrdod as unmatisfaot ry, sineo it has
been shown that the rootion of oximo with inhibited osy.. Is a roversible
preooss (1) and that oonsoquently tho apount of onsyo ativity restored depends
on the oximeo conoentration used. A mor satisfactory demonstration of tho
rtpid ohango of the inhibitod onsy.e to a non-reactivatablo forn, preferably
without the use of oximes, was therefore oonsid*erod nooessa7r.

In the oaso of DP-inhibitod horso-sorm pseudohlinestoraso, Demis
St aL, (4) showed that agein oould be orrelatod with the loss of an Iso-
pr1W group from the di-isopropyl phosphoryl ennipe. their tehnique for
following the de-alilation proooes m not, however, suitable for studies
of the prooess where it is rapids An Improved teohnlquo has thorefore been
developed, details of which have been reported (5)s Using this teohnd:
studie# f the de-eklatlon of a series of alkyl mothylphospbono-aeeo'
oholinet rasios have been made, together with Meoing mosurments oarned
out unl&, the sam oonditions of pH and tompemtur,

(a) f

To onsme rreparation usod us loving Brythrocyte Anotyl-oholinesterase
( Lantrop Laboratories Ino.). A ohoek ws made on the purity of th two
batches used. Details of the mothod and results are yivon in tho Appendix.

The purity of the 5 P-labeold Inhibitors used in the de- alkylation
studios wns at least 95% and that of other inhibitors usod in the
ngeolu studies at loast 98 .o * All analyses wore carried out by the
Sohonina mothod (6).

SECRET
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(b) Do-alkylation Studios

All de-Alkylation moasuromhnts wore mado using the technique recently
deosribod (5)e

Agoig was amsure* by f toahniquo similar tu that used by Berry and
Davios (3).

I ml Aliquote of dilutud ensyo proparation c ntaining 100 units/al
(4 x iOr"M) waro inhibitod with 10-' M inhibitor and allowed to stand at
23PC in a therostat bath. At suitablo time intervals, samplo. wore
remoe ad a1l of t0- oxim solution a4do4e, and reactivation allowed
to proede us tim allwod for reactivation ws usually 30 mine inpt
for GD-Lhibited ensyum where 5 and I mi only were allowed for the o3ilwes
P2B and TIM respoctively (vido Intra). At the end of this perlod, I ml
of aeetylahulino solution (t00/. w/V) was added rnd! the mixture diluted
to 25 al with 0.9% saltno solution. Tho rate of acid production at pH 7.4
and 23"C was followed usins tho Iadiootor T~trigraph S32. This rate
was usod as a meosure of onrymo metivity.

(a) Doakya~

Iho kinetias uf the de-alkylation process for phoesplontWated enmes
has not previoualy been establishe4, but it we found that the data of
Berends et al. (4) for DlV-irhibitod pseudoohollnesterase folloWd first
order kinetise. The preent data show sow degree of sesttere but give
reaonable first ardor plots (Figures 1 - 5) from which rate constants
were evaluated (soe Tablo 1). Uhon the data were plotted is the form
for seooond order or autocntalytic reaotions, pronoanced curves were
obtan aod

Two batches of ensyme were used, cand although it was totnd that
neithor underwent uwpoitfio phospholation as shown by the method
developed pr.ously () a differenoo boome appaent in the do-alklation
studies. With the tirst sample, iOO/ de-alkylation of the inhibited
ensyno occurred if it was left for an extondod period, as shown by the
reoove of 006/ mothylphosphonio acid awd no ftlkyl hydrogon methyl-
phosplonato, With the sooond sample however, only 850, de-alkylation
ooeurred, iwespeotivo of how long the inhibited onhymo was allowed to
staM, and the result was the same with eah of the difforent inhibitors
used. This behaviour Is attributed to the binding of 15*/0 of phosphorus
in some unspecific way, ioe. not at the active centre, so that it does
not undergo do-alklation. Results uf expariments mrriod out with this
batch of onsyme have been corrected accordingly, a where the sa.=

SICRZT
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inhibitor was used with both batohes of ensymo the data were in Rood
a40eMent.

(b) A&

Ageing has beon shown previously to be a first order prcess
(7. 89 9). Data obtained in some cases in tho prosont study also
appoar to conform to first order kinetios, and rate constants wor
obtained gaphl elly whore posible. (Soo Tablo I and Fiuos I - 5).
In othor oasos. bowevorp the oagi proooss was found to bo loss
straihtforward as shown in Piares 6 - 8 and no evaluation of rate
oonstants was possible. It aWi bo notod further that in most oases
the amount o free enyo obtained was smwllp although a largo eoss
of ozim ws used. An itial figure for each oo was obtained by
*ztr4polating plots of the peroentage roaotivated onayme bawk to seo
tiwe Tho figures obtainod an shown in Dble 2. To obtain rate

enstants for aeino, It must be assumed that these amounts of enoyme
rootivatod ar dirootly rolated to the mount of rosidual renotivatable
onymo This point will be disoussod lator.

EM It ii MU

Time at De0-alkylation V/ Do-alliylatlon V.De-alkylation i
(brn) in asonoo of presene of oz.me)

821 20
1636 39

21. 39 25

P28 to Sive a oonoentration 5 x W'1 was addod halt an hour
bofnore the moasuromont of do-alkylation in oach oase.

SE CRE
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the results of the study of the do-alkylation of a series of alkyl
athylphosphono-aoetyloholinoternasos show that there awe lure diffeonoos
in the rates for different oompounds. Tho rosults also show that rates ot
aoing, where It has beon possiblu to nsuro thon, do not always augoe with
the rates ot do-elkylation for th samw inhibited ensm. The ailloatione
ot those findings will bo disoussod undor two heading&, via the mohanim
ot &geing and practical aspoots in rolation to oxito treatmont tor norve
gas poisoning.

(a) ame meohaniM t Aa I no

It had boon antioipatod, following the finding of the Dutch
workers (4) fur the onso of DW-inhibitod psoudoholinostorasop that
agoing, dofinod as tho chango in tho inhibited onsymo to a form that
coald no longer o reactivated with oximes oould be correlated with
do-alkylation, tho loss of an alkyl gruup from the phosphopyl moioty
attached to the onsymo. kxanintlon of those results shows this not
to be so in all coos. Tho oaroomont in thu rates Is good for the
2-.butyl oompound, asu for tho 3-othyl butyl-2 and pinaLoolyl 3xopounda
whore THO-4 wa usud us ronotivw.,. r. Mo differonoo in the rntes of the
two Processes is met marko for the oyolhAwWl derivative.

Th results for the G-iznhibited onaymo awe anomalous sinoo
unlike those for the uthor compounds, they indicate that &going is
a slower prooess than do-alklntion. This is olearly absuird# since
do-alkylatd onymo cannot be reoativatodl as was demonstrated by
Brands et ale (i.).

the pereontago of onsymo ativity restored was, however, always
loss than that which would oo oxpeoted if mna the inhibited on,e,
not shown by the other toohniquo to be do-alkylated, wore roactivatodo
This was true for all tho inhdbitol onaymes studiod, and in no case
was the figure obtained by oxtrapolition to sero time anywhore near 100 °/.
(soe Table 2).

Thuse ounsideratins oxplnin tho anomalous rates of againg for
GB-inhibitod onnymo, which %re oloarly liable to mis-intorprotation.

In some ,f tho t.thor oasos, noing is apparently a nore rapid
process than do-alkylation, nnd nlso the rato of agoing varied when
different oxiae wore used1 as woaetivatore Throe possiblo explanattions
for those findings can bo advanoods-

S CRhT
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(I) 2he usual definition of ageing, oonversion of the inhibited sn wm
into a on-reativatable form s imvalido Ageing is measured in
term of the mount of ensue activity restored by retivats
(ussully Oime.). but it doss not follow that this is a tru
seamso of reslAual reeotivatale lSibited asymo (1), Uhi will
only bo the case If elthor this rostoratlon is camplete, or if tho
mount of activity restored Is direotly proportional to the mount
of L.

Ow forer may bo aohlovod whore the going stop is either
ve y slow ooqpared with the other stops or wher, as was found
by Beremis et al. () omdo tuminates the ageig prooese With
the oompounds studied It was olear that the aotivity of all tho
Ilhibited eamue, shown by the other metho4 to be ds-alkJWated
was not rntwed, ad also It did not appear that oxims terminated
ageing. In pertioular, with the pnsoolyl compound, no roootive-
tion ws found to oour when the Inhibited onsymo was allowod to
stand with P2 or Tit for 30 minutes, tho s% time as with the
other compounds, but, if tho time was rodued to 5 sziatos and
I minute respootivoly, thon some onsy. aotivi~t was restored,
showing that aeing prooods in the presonoo of oiime at least
in this aose

IM alternative, that tho amount of activi y restored is
direc tly proportional to the amount of residual rootivatable
Inhibited onsyme is eonsidered unlikely in view of the ocv~alwto
of the situation, lestoration of aotivi doos not dpend simply
on tSe remotton of midme with the inhibited ensymo, but, as firt
shown by Wlson an Ginsburg (10) and later by Somife (il)v an
egilibrium may be sot upO s oquilibrim, for the InhLbitod
engsm and omios used in the present inestigation, Is proatly
in ftvour of indbitod ensyme and moreover, may only be set up
momenterilly owing to the oouronoo of the other rvaotions
shown In tho schem on page 1 (1).

It Is concluded, thorofore, that ngoing %s defined is not
necessarily mesured by tho amount of aotivity rostorod by
reaotivators, This providos a possiblo eiplation of the obsorved
resultsj thieh, howovr, appoar. inadequate to nooount for Oe
large difference in tho rates of aping and do-nlkylation in the
ease of the G-n Itod onsymo.

(Ui) An alterativo o.lAnamtion of the results is that a two-stag0
prooess is Involved, which .miht bo roprosontod:-

S CRI T
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10-P-h - - 9- -

I IV

Ishibitod XM. Resstant De-alkylated
ay.. 2MY. inhdbitod easy..

I IV V

Som change in the oonfomation of the Inhibitod enaoN
oow, such tat the qpproach of the udae to the phosphoWI poup
or the ateebseat of its quatormo group to the saloni a.to of
the uamuse, to t tfvosod. ml. wouli give ris to Ooa.mo
3'.51503o*, preceding do-alkylationg the extent of which would
depand on the structure of both the ouime ad the iAibiting alkyl
mtLphopbosphol- poup. It is poeible that in different oasee
otlher or both of the Inhibitod eosym.s I sad IV above onn be
ryotivotod, depending on the conditions and tho oimoe used. Th
shope of tho cuves obtained tor the amount of roactivatablo onzyme
at different times for lonarme ihibited by OS (Figure Q)s T2137
(ftuse 7) and (POW ) ae coniostnt with this posmb.lUIW
as they ea be regaded as the roslt of the oomblmtion of thOret-
Lou ecuves for the onoontrtions of' the initial reiotmnt and inter-
mdiate in a two-etoe prooses, an example of which is shown in

A change in the oonformation of tho inhibited onsyme could also
faoiltte %I fission of the alkl group on the phosphoru by
bringing it cloe.r to tho anionio site.

(III) A further possibiLity is that do-alkylation prooeeds st a faster
ate in tbo presece of oad. Tis is diffioult to toot, but
PM was added to O-inibited ohollnesteaso whioh had stood for
different intervals and atetr a further 30 minutes tho extent of
de-allation was massured. The rosults were not significantly
different from those in oaos whore the inhibited onsyno had stood
for the own total time in tho absene of P28. The experiments
are not vey conolusiv o but indioato ro effect of oximo on the
rate o de-alkylation.

it is not yet posoible to decide in favour of either oexplation (i) or
(ii) above* It is possible that both ane vdlid.

9.
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(b) Practioal Asmets

As noted above, the rste of do-alkylation of 3kyl mothylphosphono-
sootYlchsollaesterases varios with the structure of the alkyl gtoupe
Ageing# as measured by the amount of onsymo activity that san bo rostord,
may not be the saaw as do-alkylation and may very with the oxl.o usod.

The use of atos of aplnig as a criterion is misloading* It is
implied that oiploto reactivation an bo obtained at swo time, whereas
the actual amount of a tivity restorod is nashore near 1000/. as can be
seen from the extrapolated figures Civen in Tablo 2e It is even more
mieloading to quote a half-lifo fur agoing, sinoo this gives the improssion
that 50% of the iftibited onme am bo reactivated at this ti0. i
is cleurly not the ase, and it is considered that tho Important factor
is the actual amount of omaym. activity that an be rastorod.

Do-alkylation of pinacolyl mothylphosphono-oootyl oholinostoraso
(the GD-inhibitod enzyme) is rapid. Poisoning by GD is Tory rosistant
to troatmont (12), and this problem will now bo discussod.

In earlier studios (3)9 no reactivation nt pkhsiuloglal pH of
GD-inhibitod human red blood call aootylaholinstor se could bo achievod,
Wwroas soma reactivation has now boon obtained iumediatoly after inhibi-
tion by measuring the rostorod ensymo activity shortly after addition of
oximo, The earlier failure to restre any activity can bo attributod to
the oontimauW 4o-alkylation, presumably to completion, which oocurr d
during the 30 minutes allowed for ranctivation.

In the present experiments, the mximum amount of onspo activity
restored from GD-inhibited bovino Orythruoyto aoetylcholinesteraso at
pi 7Al and 250C was about 150/ of the original nativity. his was
obtained by using 5 x 1i0M 2Sv ded i minuto after inhlbition, and
measuring the onsmo activity at the optimum tim (5 ain), This ooncen-
tration of oxime is unealistioally high and it is o.msidorod that, with
the level of oxims that could be used thorpeutiorlly., the amount of
onzyme aotivJty restirod would be very s^lU.

It is loear that this inabilitt to rostoro the activity vf a signif-
iLont amount of GD-inhititoa oholinostornso, Iue to rapid de-alkylation,
is the basis of the resistance of poisuning by GD to oximo thera. The
present invostigation has not providod wr7 obvious load to an improved
thsrW for neame @ poisonig but oonsioration of the result#, and
those of earlier stwdis (1# 2) enables tho following suggostions, not
necessarily original, to bo put forwrd:-

SECRET
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(1) A less tozie resotivator than say, TNK,, Is desirable sine. higher
concentrstions could be used, so favouir4 the forward reaction
(increasing kb) to give more free enayms.

(ii) A reaetivatoro whose phosphonylated derivative undergoes rapid
breakdown, ideally with the r goneration of the reactivatos,
would be advantageous since rmoval of the phosphovylatod derive-
tivo will drive the reaction soquonoe (pae 1) to the riht, Loe.
roaotivation will be favuroed.

(III) In addition to, or in plaou of# (ii) catalysts to inoroaso the
rate of breakdown of iho phisphonylated dorivntive should be
sought, so that again roactivation wouldt be favoured. Catalysis
of this brakdown by bases and by cobaltoum ion has boon demon-
stratod (1):k

(iv) hactivators, oapable of romoving the do-alkylated phosphora$
group from the ensy.e should bo sought.

Do-alkylation of alkyl mo thylltos ph-ono-aetylohol no storaos oaors,
the rote varying with the structure of the alkyl group. Ageing Is not the
sae as do-alkylation in a mabor of instanos, and shows a fArthor variation
with the oxime used as reactivator. This is duo to either the Imcbility to
define ageing in proiso hoemical tonrms, or to tho involvment of a ,o-stage
PPOOlES

The amount of onsymo activity rostorod is always loss than that capecte.
from the rosidu.1. undo-rakylated onsyo.

To important factor in the failure f Axino therapy for nerve ew
poisoning is the fMetion of onaymo nativity that oan be restored undor
practioal oonditions. Comparisun of ratos or half-livos of agoing is
unsatisfactory.

Rapid do-nlkylation of pinnoolyl mothylphoshono-aoorlholosteraso
(GD-inhibitod onsymo) oours anl this noounts for the inability of oxzies
to ,ostoro an apprecinblo waount of its -otivity.

ACKWWDGIORT

Mass W.A. Searle and WeG. Will& Sava ounsiderablo ssistanoe with the
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of aootloholinosterase used.
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Te 22? lab.114 ishibitors used wons roJve tom SuffleU Reimmulal
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SECRET

APPENDIX TO P.T.P. 8"

lqMMJIT OF =U VMhIWtOP boV uYmROCYI ACZTYLOLIISag

An aqueous solution of the Winthrcp Bovine khthrocyte soetloholinesteras
was exmined for the prosonoc of paoudo-oholinesteramo, u, lestormse A ali-
ostoraso. ?he aotivity of tho solution towards Aoot1oholine (AoCh)D utzl-
oholine (SuCh), Phonylaootato (PhAo) and glyocryl tri-butyrato (TS) was tooted.
ho offoot of 10 I osorino on the hydzalyaos was also followod.

Results ar shown in Thble 4.

=YoLYSS OF Soi Ssm Am AY MWsP M YVI nYT0Cyo
ACr0HLV=7%~RAS3

*ldrolYsis (Pl/C03 /b.-5 sal I±ik in 10)130 min~)
6ubetaate Control Inhibited 0/o Inhibition AoCh a 100

Batch I Batoh 2 Batch IlBatoh.2 Batch lBatclh 2 Batch llBatch 2

A4h 5 69 2 1 96 98 100 100

BuI No significant hydrolysis

PhA 16 18 6 7 39 37 24 26

T3 4 4 5 5 0 0 6 6" ... ffi 611 6

7ho rusults indioate that thu proprations did not oontain any signifioant
amounts of other osteoramos.
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