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The results of this thesis may be dividad into
thres parts, First, an attempt was made to gain some
insight indo the stereochemical properties of the Michaelis
complex betueen Aaetyléholim {ACh) and Acotylcholinesterase
(+ChE) through the application of secondary deuterium
isotopo effects, Four deuterated acetylcholine iscmers
were synthesized and their Michacliz constants deteymined,
The posgibility of the operation of deuteriun isotape
effocts on the binding of certain inhibitors was also
sxploved, I% was verified that AChE cannot catalyze the
hydrolysis of acetal linkages, '

Segcond, & detalled siudy of the nature and
magnitude of the intevaciion of the acotste methyl group
of acetylcholine with ACKE was undertaken. This vas made
posaible by the availability in our loboratories of 8 wide
variety of quaternary salts of the 1-3, dioxolane series,

Changes in tho goometey and the absolute configuration of
the varlous substituents on the 2ing of thess Anhibitors
led %9 somo intoresting conclusions with vegard 4o the

stergospacificity of the onzyme. The thooreticsl studies
of Lisnel Stiem on London disporsion forces wos of value

in quantitatively evaluating the magnitude of the Jovess
exczted by the enzyme on the sster mothyl aroup of the
substrate,
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Finally, the work of Cohn and Edsall on the
quantitaiive estimation of hydrophobic interactions
sarved as a basis for the interprotation of structure
sctivity relationship amongst ACHE inhibitors,




e shall fixrst weview the available data on the
structure of the active sites of acetylcholinesterase (AChE)
and its mode of action with substrates and inhibitors. The
lterm active sites rofers to those regions of the enzyme
surface where the substrate is localized and activated during
enzyaatic action. MNo attempt will be made to include
information on the enzyme per gse, or its suhatxatesvana
inhibitors which does not divectly contribute to an undere
standing of the structure of the active site or its reactivity,

lon of ALhE with SUDST

AChE, the predominent acetyleholine (ACh) decompesing
enzyme of nervous itissue and erythrocytes, is distinguished
from other esterases by a number of chazacteristice, The

moot essential is its substrate specificity, Its matuwal
substzate 48 ACh, and thie ester is aplit according to
equation (1).

Clig o )
4 8l ACHE ]
Clige j@(*)wﬂﬂg.cﬁaacm% b Hyo T B & CHywCel™ +
Cilg CHa
c%e{e(*iawaucmg»m (1)
Chig

propionylcholine 4o split at & lowoyr wate, amd
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butyrylcholine is hardly split at allj in fact it strongly
inhibits the enzyme,l!

AChE has been isolated for purposes of biologlcal
invastigations mainly from the electric organs of certain
marine organiems and from erythrocytes. The isclation methods
have been recently described in o revisw by Angustimmz
which should be extended to include the procedure of Claire

» o~V q €

Lowler.? In the sams roview metheds for the estimation of
the enzymatic activity have been summarized,

It was generany agresd that the interaction of
ACKE with the substrate can be adequately describad by the
familiariarmulation proposed by ilchaeliselanten

ko
EH + S £ EHS —> EH ¢+ products (2)
ky ks

where EH is the freo enzyme and EHS §s the enzymeegubstrate
addition complex. It is now recognized that during the
nydeoiysis of ACh, an acetylated enzyme is foxmed from EHS
leading to the libezation of choline. The seotylated
onzyme {5 subsequently splii by waler to give acetlc acid
and free enzyme., The remarkable efficiency of the enzymatic
attzck of ACh is veflected im the very high turnover number
of the enzyms. The T.ddi. is dofined as the nuaber of substrate
{ACh) molecules reacting per minute per active site.

in ozder to find the T.N. of eel AChE, Michel and

Krop? ostimated the number of active sites per mg. of ACKE
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fluoridate (Dsmp). Agsuming that every active site reacts
irreversibly with one molecule of D,F,P,, the amount of 32p
per mg. of completely inhibited enzyme preparstion will gtve
the nunber of active sites per mg. They calculated a T.H,

of 4,9 x 10° molecules ACK/sin/active aite (pﬂ 7.4, temp, 389,
lonic strength 0,14), It should be npoted that the optimum

pH for hhe enzyme {s 8.4,

It is also genexally accepted that two functional
groups at the active site of the enzyme are esssential in
bringing about the hydrolysis of the substrate; the
esteratic site whore the oster bond 18 activated, and the
anionic sive, consisting of one or more negative groups
which interact through fonic bonds with the catlonic nitrogen
of the chelino vesidue, It is clear also thot Van der Wasls
forces are operative.

In the following sections we shall deal consecutively
with the main factors which detormine the enzymeesubstrate
interaction,

These factors can be summarized as follows and will
bo discussed separately:

2, The concentration of the subgtrate;

be The structure of the substiratey

Ce Tho effect of pHg

G. The offect of the prosence of inorganic ionss

e, The offect of the teapoarsiuze.
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#hen the initlal rescticn velocity (V) for the
hydrolyeis of ACh by ACHhE 1s plotted agalnst the concentipe
tion of the substrate (S) s curve is obtaimed (Fig.l, p.5)
which deviates from the typical zectangular hyperbola of
enzyme zoactions cheying Michasliiseienton kinetics (Flg.2,
PeSle

it can be geen In Fig,l thet stayrting at low substzate
concenirations, the initial reaction velocity ’ncreases until
an optimal concentration of substrate is reached,. It has
been foun that this concentration lies ol approximaiely
3 x 10%%3 ACh, At higher concentrations the reactisn &s
inhibited to produce a Shelleghapad® cuzve,

The phencmenon was fizst noticed by Alles and Hawes®
for rod coll ACKE and was oxplained by assuming that an
inactive complex wae formoed consisting of ono mole of cnzyme
and two oy more moles of gubstrate. The formation of this
complex by ACh st high substrate concenizations is yeadily
axplained by sssuming thot at high substrste cencentzetions
gach of two sites on the onzyue active surface shizecis &
substrate molesule, It is undorstandable $hat in this
complex the substrate would not be in a faverable gsteric
position for activation of tho estory bond, zesulting in a
doczease »f enzynic activiiy. ‘oro recently, howsver, Kaupks
and Laidlez® have shown thot substrzate inhibitfon follows a
differont mochoniom, Thelr rosults show that subsirvats
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Fig. 1 A schematic substrate ccncentration curve
showing inhibition by substrate. -

»/V max

(S)

Fig. 2 Hyperbolic form of typical substrate
concentration curve,
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ishibition is due not to the formation of a complex in which
two substrate molecules are attached tu the enzyme, but to
the attachment of a substrate mwlecule to the acetyl enzyme
with blocking of the deacetylation progess.

1t can be shown fm the steadyw~stote equationa
thet 4f an inhibitor blecks deacetylation, the squaze of the
concentration of substrate, [3] cpt., corresponding to
the maximum veiocity, should vary lineerly with [I); &F
it dees not, [S] opt. itself should vary linsarly with 11,

St e St YNiGe LIS TTACE JRLAPSLTION

It has beon mentionsd that the simplest way of
ropresenting the action of ACHE acconding to the classical
ichaoliselenten theory (Equation 2) is unsatisfactory
because it does not account for the formation of an acetyl
enzyme intermediate,

ey

k
& B !
E.Ho8, — Ewacyl » aleohel —> EH ¢ acid + alecohol {3)

Hos
Equation 3 doscelbes the phenomeonon in & more
gatisfaectory manner, This is net in contradiciion with the
formmlation of equatien 2, but it implles that the kg tern
in the equation is complicoted bhecause It is compuseqd of at

least two veaction velocity constants (kg ond kg).

Ageording ¢ {2}, the reactlon is First oxdey with
zespect {0 onzyme concentration and the velocity v = KqlEHS),
I% is alge fivst ozder with regazd to substwste at low
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substrate concentration as expected from {2) and accounts
for the left hond paxt of the cuTve M,Fimz.. A% higher
substrate concentxations &t should bacome zero oxder, 2s

1t doon in Flg.2, but in fact it follows the patiern showm
in Fig.l, and this 1is dus to inhibiticn by high concentras
tions of substrate, The cubstrate concentratlion cuxve is
relleshoped but the curve has a flat saxioum thet corrssponds
to a fairly wide Tange of substrate concentrations, Thares
fore, also in this case, Zero order kineties prevail over a
considerabla range. Howsver, the maximum activity com no
1onger be Tepresented by Vg™ ks(Biy) as it is in classical
Hichseliselienten kinetics, where (EH) mﬂmnts the
cmcmt:aum of the initial enzyme pmaent and vm,, the
mimal valqciw.

The substrate inhibition of AChE can be reprasented
ss follows, sssuming the possfbility of the formation, in
addition to the normal Michielis complex E.H.S., of on
inactive complex ENHSs {super cemplex) consisting of one
enzyns and two subskbate molecules,

EJL,8, ¢+ § = E.H.Sy (diss, constant Kp)  (4)

(EHSy) = (EHS) (3)
Ky

The roaction velocity under conditions of substrate
inhibition ie given by equation 5.
Vo O
- B 18) + (81 (5)
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For the steady state SiEgfLS.) = 0 of eqistion (2)
where the rate of foraation and remevel of EHS are oqual
(EH)(S) &y = kp (EHS) + ky(EHS) (6)

For the concentration of free ontyme (ﬁﬁ}

(en) = (en,) « (Eu5) ..&%{&

Assuning that (EH,) << (S), the expression (S)
in the formula is mot corrected for enzymeshound substrate
and is taken to be squal to the total substrate concenivas
tion, Substitution of (EH) in (6) and rearvengement gives

{%‘}&& @Ilﬁi’@” ~
' "g'g?av%ﬁfi)é%a

substitution of *ﬁ% = ﬁ&; and %‘E& = K, (ichoelige

Henten constant) ylelds

Kp .
Formuls {7) describos the belleghaped cunve as
repragented in Fig.l. It is obtained when (S) or log (5)
45 plotted against ve In the latter case the Fbell® is
symmetrical around an axis corvesponding 4o the optimal
gubstraote concentration, Forsmls (7) reduces to (8) when
Ko is very large or {3) vory small,
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Fig. 3

Determination of Ky and Vpax in the case
of substrate inhibition.




{8}

" This 4¢ the familiar Michaells exprassion for &
ractongular hyperbolay here Ky = (8] 2t half maximsl -
walocity. Uaing this owpression, Ky and Vgyy may be easily
computad, ¢4y from a LinewsavereBurk plot of 1/v against
1/(S) (F2a.3, p.$)s for thls purpotie, the Mnear seguent of
the cmxve in Fi@.ﬁ corzesponding to low wim of [$] should
be used. Beaama of mmsmto sammm, m m&mz |
Wlwit? emm eupaxmmuv never mnv zraaehw |
vm, as mav be goan fm m m f&m.

| m%mschumafmmmmmzm |
m fren oquation (2)s It is nol equal %o uyuxg i

the dimuatma congtant of the Michaelis tomplex, It
would be of considersble intersst to know this disssciation
constant becauge it sould provide valuzble information on .
the noture of the ACR=AChE Micheelfe complex. Fortunately
the Ky computed in this aimple way can cezve & usetul

puspose gince It has boon shown thad for many meymgssub

systens i = Kz ¢ kg simplifies into K, = knfky, becauso

groquently ko> kae {&a&&l@zvh

Ezv smdving variwa md&fzeatim of the substrale,
mp.ﬁmmnta for the f‘azmum of m pnzyRs substratos
complox tRy be ascertained fo gome degred.
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In a homologous series of choline esters, ACh is
the best substrate, followed: eimry by proploayl choline,
Augustinsson! reported on the pSesctivity relationship
for the choline esters, mzwm tmﬂ-pmtayl choline.
Whittaker® studied the relation bekwmen the leagth of the
acetyl chain and the speed of wmzvm. It is interesting
that no inhibition by high sa!amu concentrations wes
observed for dimsthylaminoethyl acetate &s shown by Wilson%;
the pS activity curve of these substrstas does not hawve a
*bell shape®. Eergmanhend Shimontl® reported that the same
applies to nonechargead aliphatic ssters amongst which 1s
the carben analogue of ACh, g ,S=dimethyibutyl scetstell,
This ester is notable for its rapid hydrolyais by AChE,
showing that binding with an anionic site 1s not an
absolute requiresment for proper binding of the subsirate
at the active site. In the case of theae compounds the
absence of substrate inhibition is reedily expleined on
account of the lack of & cationic entity in the miw:.zsi
a chazged group is necussary for the foymation of an
inactive addition complex (EMS,).

Carboxyl scid anhydrides? are hydrolysed by AChE
and thus have a bearing on the concepi of an acyl snzyme
intormediate during catalysis, G&ubetituted phenyl esters
are also hydrolysedl2, The interesting hydrolysis of
thioleacetic acid to hydrogen sulphide and acetic acid
should be noted!3,

4



Augustinsson and Tascshen™® have shown thet only
the Deform of stetylesemsbhy) choline is sttacked by ACHE,
According to Amman and Heyerl®, ACHE from briin tissue of
verious specles hydrolyses prefercatfially the Leconfigurae
tion of the choline ester of mandelic scid (possessing an
asyaetrical Cestom i tho acid residue). Bergmann et silf
found that for the Inhibiticn of ACHE by asdac acids the
Leconfiguration was requived, Susprisingly little werk
has been done on the atmupccumw #% the mtvm

me:;muum of t!u smmtc Wiﬁ.ﬂﬂ?“ e

‘Wilson? found very good agressent between the
disfarence in disscciation constants of ACKE with athyl
acetate, isoamyl acetate, and ACK and the amcud w

enexgy differences obtaineble from estimates of m Yan der
dsals contributions to the forces of attraction exerted by
the methyl gzoups and the couloubic interactions batween the
positive nitzegen and the anlonic gite of the endyms, These
studies also showed that thae substrate; acetic ankydride and
dithiolscatic acld (which lock a cationiz entity) hawve a K,
which 1s of tho ssme order 8s that of ACh, This result
underscozes the loportance of the slectzophilic carbon in
the intersction of substrates with the estevetic site,
toreaver, tilson” demonstrated thot the Sntroduction of 2
fourth methyl group iate the trimsthylasmoniun fom did pot
influonce the binding constant with AChE, On the othey hand,
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the differeace in K, between dimethylaminoethyl scetate

and ACh suggests that the interactions ere of 3 complicated
nature, This, coupled with the faot that dimgthylaminvethyl
scetate dous not lead to substrate inhidition, prompted
Wilson to conclude tantatively that when substrate inhibition
oscurs, deformation of the ACKE moletule would take plate,
Friess and Balbridgel? studied the substrate properties of

- the giswisomer of Zetrimwthyleanine-cyclopentancl acetate

- and its corvedponding sixemenbored snslogue., They found
that these esters are better substrates than ACh and
concluded that the dietance betwesn the anlonic and the
 esteratic site on the ACKE surface amounts to approximataly
-2-.-.&“5, whazsds the meen separation distance Detwsen the N
and the O=atom in the NeCHywClisGethain of ACh wes caleulated
to be 2,3°% fn the bound molecule. In this comnection it

1s interssting to recsll the conslusion of Bernhaxd!® that
ACh appears to be 1,0°% tos shorty this conclusion was based
on slectrogtatic enaxgy calculations on the assumption
{unjustified, howsver) that the excellent inhibitor physce
etignuine provides & veracious reflection of the enzyms
surface, Whittoker'® pointed out that 1€ en inhibitor itke
neostigeine with & longer carbonylenitrogen distance end an
affintty for AChE 10% times greater than ACh wes taken as
sssumning an wnstrained configuration the calculated difference
in binding onergies would reflect an appreciable degree of
deformation in the bound substrate,
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Fig. 4 Hydrolysis of ACh.by AChE as a function of pH.
Substrate ACh 5 x 1073M,




buring the catalytie sction of ACKE the pi of the
medium cun affect the eniyme, the substrate or both, As
far 88 the substrates sre concexned, the sain vols of the
P will be to influence the degwee of dissoctstion of the
lonizing groups, espectslly the nittegen aton of the tertisry
amines, Whon tholine is mxm, the aimem is pronent
| mmmwfammtm«mmmmwmm
is essentially pHeindependent. Thus when ACh 1s the sube
strate,20 the varfations in pH cught to efftet cham only
in thn enzyme (Fig.4, pdﬂ).

‘v?ii*“m‘ sugganted et the belieshiped cuzve
could be dus to the influsnce of the fonization state of
a basic and an acidic group in ACDE; the fonization
constents were estimeted to be pky 10,3 and pKy 6,8
respactively, |

‘The value of 6,5 for the piS, 1s generally taken 8s
evidence for the participation of an imidazole residue in
the catalytic process. The S «carboxylic group of aspaﬂk
acld or the 7 -carboxylic group of glutamic acid may be
fnvolved in supplying o functional group at the anionic
slte, It should be noted, however, thot the pK*s of these
groups {3.6% and 4.25, respectively) differ considerably
from 10,3, In this connection Bergmann ot 3122 pave
vantured the opinlon that protonated imidazole at the
eatezatic site may influence the dissociation of the
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cazboxylic group at the snionic eite. In connection with
their hypothesis that two negotive sites mey be present on
the susfacs, borgnann ot al have further suggested that the
anionic site may contain an  eglutamyle sgiutamyl couplet
situstsd nsar the setaratic site, The pﬁkm- of the
chemical notuze of the anlonic site remalns unsolved,

Hogt studles have boen concerxnad with the activation
of AChE by divalent cations. Unfortunately, anly very few
experiments have bsen performed on purifisd preparxations
oven thoush this is necessary to obtain unoquivacal results,
Nachmansohn23 showed sctivation of sel ACKE by Bs*%, Ca°7,
Hg** and Ma*t, the offictency incressing in this oxder.

Activity after dilution

| | o hr. | 21 hr, | 60 hz.
7.4 | 0,016 100 100 Yoo*
7.4 | © 15 50 7%
8,2 © 0.014 18 79 91

Diluted solution stored at 3«4°, The tests were
cun 2t 25.12 & 0,02° with a substrate concantretion of
(3.34 % 10°3) and phosphate buffer (1.2 x 10°2u),

%rhe absoiute activity in this standard run with
Mgt present was found to have drapped only 1% from that
observed at O hours,
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The above data summarizes the resulte of Friess
et 8128, A curious effect 1s shown in the activity of AChE
after dilution, The rise in activity in the absence of
added metal ions, coupled with the activating effect of
versene, suggests that the original preparation contained
an inhibitory metal, which gradually dissociated away
after dilutfon. According to Dixon and Webb2® this probably
means that the effect of Mg** in raising the activity to a
constant value is due to a displacement of the inhibitor
and not due to direct activation,

The activation by ugivalent inorganic cations
(Na*, K* and Li*) is probably nonespecific and due only to
an increase in ionic strength. Compared with divalent ions,
higher concentrations are usually required to obtain equiw
valent activation, Moreover, the effect of the divalent
ions is additive with respect to that of the monovalent
ones, Summarizing the available evidente, it appears that
ACKE 1s not a metallowonzyme and that the activation by Ha*,
K¥, Lit, Mg** and Ca** lons observed in the presence of
the usyal substrate concentration is highly dependent on
the experimental conditions.

wilgon and Cabih?® applying equation (8) determined
the K, of eel AChE for various substrates and found that it
varied little over the temperature range 18° to 309,
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Investigation of the dependence of ka on temperature
was also very instructive, It had been shown earlier
(equation (3)) that the complete mechanism of action for
AChE (disregarding inhibition by high subatrate concentrae
tion) may be written as follows:

k; H0
EH + § — EHS —> Ewacyl + alcohol —— EH + acid (9)
kg ke | kg
ks

According to this equation ky, which wes defined
earlier by the equation v‘n k;_;(EHS), includes at least two
reactions with velocity constants kq and ks, Wilsen and
Cabib2® tried to ostablish which part of the overall velocity
constant k3 could be ascribed to k4 8nd %0 ky, at various -
temperatures. Using data from the variation of v against
[s], plots of log kg versus 1/t were obtained. The slope
of the curve which is a strafght line allows an estimate of
the activation energy E. They thus obtained a curve with a
downward slope for ACh, whereas for other acetylated
substrates of lower affinitles (larger K,) straight lines
wore observed (Fig,5, p.19). Therefore in the latter case
it is likely that the energy of activation is determined by
one velocity constant which may be either kg or kg at all
temperatures, All the ace' ylated substrates used must give
an identical acetyl snzyme intermediate and must hove
correspondingly an identical kg. The difference in the
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Fig. © Arrhenius plot of log K versus T~} for the
acetylcholinesterase-catalysed reactions of various
substrates. The dotted line is drawn as an estimated
asymptote to the curve for substrate I and represents
log Kg. Substrates used::

I) Acetylcholine

II) Dimethylaminoethylacetate

III) Methylaminoethylacetate

IV) Aminoethylacetate

from Wilson and Cabib
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slopes observed with different acetylated substrates must
therefore be due to variations in k,, the rate constant for
the formation of the acetyl enzyme complex. |

The non=linesr cuxve for ACh is likely to be due
to varying contributions of kj and kg depending on tempera=
ture. Cohen?? concluded thet for sluggish substrates
(high K,) ks 1s rate limiting; whoress for good substrate
(small numerical values of K,) like ACh, ks is rate limiting
at high temperature, and kg rate limiting at low temporatures
(F19.%, p.19).

T%e Interaction of AChE with Inhibitors

Inhibitors of AChE may be divided inte reversible
and izreversible fInhibitors, We shall use the term revarsible
to indicate that the enzmniahibitor complex dissoclates
fraeely upon the application of dialynis or otherwise, thus
showing thet there eoxists an equilibrium beiween free
inhibitor and enzyme, With irreversible inhibitors, no such
equilibrium can be established and the enzyme activity doos
not (2t least not readily) return on mere dialysis. The
distinction betwson reversible and izreversible inhibitoxs
is by no means absolute, There can be a continuous
transition from roversible inhibltors to irreversible
inhibitors.
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The reversible inhibitors may be divided into
competitive and nonecompetitive inmhibitors., In the case
of a competitive inhibitor, the substrate and the inhibitor
simply compete for the onzyme active sites or merely hinder
each otherfs attachment to seperate sites. The formatlon
of the enzyme=subsirate complex will be hampered, but its
hydrolysis will be unsltored. Thus, the maximal velocity
{using excess substrate) will be equal to Vmax both in the
inhibited and uninhidbited cases but K%, the apparent
#ichaells constant will increase with respect to K.

In the cass of nonecompetitive inhibitien»it is
agsumed that ssparate sites on the AChE molocule accommodate
the substrate and the inhibitoxr and they de aot influente
each other's interaction with the enzyme molecule, ﬂéwav«r,
the rate of hydrolysis will be decressed, becsuse the enzyme
molecules which have combinsd with inhibitors are not as
available for the hydrolysis step. In othex words, the
meximal velocity in the presence of inhibitor, V'nay, will
be less than Vpay for the uninhibited enzyme, but K'y
{i.0., the substrate concentration at half Vgg,) will be

equal to Kp.

Competitive Jphibition

Compotitive inhibitlon is the most interesting
interaction in the present context; in this case substrate
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and inhibitor compete foxr one and the same active site on
the AChE molecule., The following reactions take placa:

e R NN
EH + § = EHS —> EH s products {10)
ke Ho

WA

ky ¢ k
with Ky = wfed
ky

{ EHS + 8 & EHSp with dissociztion constant Ko, and "
EH + I & EHI with dissociation constant K; end snhibitor 1],
The most convenient equations are obteined when v, the
velocity for the inhibited enzyme is related to v¢, the
velocity in the presence of inhibitor, wevfind for vs

o o Vaax (8)

. . {11)
Ky ¢ {3) + (8)°
Ko

In the presence cf inhibitor the rate of hydrolysis
will depand entizely on the fraction E.H.S, of the total
svailable (EH,) that is formed:

¥ o B, : (12)
me (Eﬁ)t

ow  (eHy) = mH + SEHMNS) . (EHNS)Z , (EHMI) (13)

Koy Kef'p Ky
After substitution cof {(13) in (12) yielding
Yo = S EEES)

Vmx ey e ix%); L 482, LEY
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Fig. 6 Schematic plot of V/V' against (I) for
competitive inhibition w1th (S) constant.

, D in=0
! N
e
V max
- o '
Km Km (S)

Fig. 7  Schematic plot of 1/V' against 1/(S) for
competitive inhibition. The reciprocal of the apparent
Michaelis constant K'm = Ky [1 + (I )]

is found at the 1ntercept of the curve with the 1/(S)
axis and is dependent on (I).

The reciprocal of Vpax is found at the
intercept of the curve with the 1/V' axis and is
independent of (I),
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and substitution af'-(% by "l%lm freaction (10}]
we arzive at
Vaax (8) (i4) and

W e e
5 % g}
viol Ki[l@%f»%l

When substrate inhibition is negloctdd,

A2
I O ‘ 15)
T s ‘
“m

{Fig.6,7, p.23}.

wi

(1%)

'ﬁic

With known values for Ky, Ko and (S), Ki may be
calculated, The graph may also be used to read the value
for {I] at v/vt = 2, f,0., the (I)gp, or the concentration
of inhibitor producing 50X inhibitfon of the rate. The plgg
simply equals = lag Iap.

Only fully nonecompetitive inhibition will be
treated, where the interactions of the substrate and of
the inhibitor with AChE do not mutually $nfluence each
other's affinity for the enzyme. It 45 also assumod that
only the EHS complax is active, The enzymessubsiratow
inhibitor-complex EHIS and the enzyme~double + substratoe
inhibitor~complex EHIS, are supposed to be 88 lnactive as EHI,
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From EH + I 2 EHI, with dissociation constamt Kg,
1t follows that:

(EH) = (EMD) Ky
(EHI) (1)

(eti) = Albey = (EHe)

Since we are dealing with nonecompetitive inhibition,
all enzyme initially present (EH)y (including EH and EHI)
is also in equilibrium with the substrate. IlHowever, only
(EH)y =~ (EHI) = gy o (EHy) will Do available for the
formation of an active, hydrolysable EHS complex, The
reaction velocity in the absence of inhibiter ic estimated
using [equation {11)].

v = Viax(S)

xm‘»(s)i9j§£2

and

When Vi, is the saximal velocity in the presence
of inhibitors, it will be xeluted to the Vpa. in the same
way that the available enzyme (EHp-EHI) is related to (EHp).

Thence,

Vimax = Vm&&*-'————-j' .
Ky + (1

Viax: 45 X

= . gp— &
Kg ¢ (8) + _(%12 Ky + (1)
2

and vt (17)




Ki (1)

Fig. 8 Schematic plot of V/V' against (I)
for non-competitive inhibition. .

Ki is found at the intercept of the
curve with the (I) axis, The slope of the
curvesindependent of (S).
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The ratio of the resction velocities is

¥, - —%3) =14 -%i— (18)

It follows from the above equations that for every
concentration of inhibitor, v/v' is independent of the
substrate concentration. V', is smaller than Vp,, for
the uninhibited enzyme, but K, i3 unchengad. Compeiitive
inhibition can be distinguished exporimentally from none
competitive inhibition only when the equilibrium substratee
inggi_bitormemm is established with sufficlent speed (Fig,.B,
PeE0).

II, he Structure ofaﬁwmg.‘lte

itars in

W ¢

(1) In General:

Revexsible, fully competitive iphibitors may react
with the anionje site, the sestoratic site or both,
Reprusentative for the first class of inhibitors of AChE
are the alkylated ammonium ions, From the Ky values of
monow, die and trimothylammeniun derivatives, Wilson®
concluded that the Couloxb interaction Is asugmented by
dispersion forces st a rate of a change in AT of 1.2 Keal,
per mole per methyl group; the addition of the thixd methyi
group did not increase the affinity of the N* for AChE,

Bergmann and Shimoni?® ghowed that there is a
linear rolationship between the plgy and the number (n)
of carbon atoms of a homologous serles of monoquaternary
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ammonium salte of the general formulas
| (Cig) goi¥* = (CHp ) oGty
A change in A F per methylene group of 300 cal/mole was
calculated at 20° for AChE.,

| Bergmann et 2116, comparing the inhibitery
proparties of amldes, dipeptidss, ssters, ketones snd
nitriles found thai compounds pocseesing an slectrophilic
C atom interact with a basic group of the esteratic site
and thuas cause compotitive inhibition, A fair _;wramum
exists between electrophilic character and inhibitoxy
power in the nicotinic acld series where R in the fa%ﬁula'

NXN=COR
P

1s substituted. The order of increasing electrophilycocy of
the carbon atom for substituents (R) 2s: O~ NHa{0ET{

NMeg £ He, but the last three are nearly eawl; the ovder
for inhibition ifs: O~ HHy< REL, He LOEL,

Isomers of the quaternary amine salt muscaxrine
snd their acetyl dexivatives, have been studied by Friess
ot 3129. They are weak to moderate inhibitors of the
in vitro acaty).'chnunesteraaanacetylcholine system. Some
valuable comparisons of intrinsic inhiblitory strengths can
be drawn from the data in Table I (p.29,30), Recalling that
comparative inhibitory strengths are inversely related to
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Table 1
Inhibition of AChE~-ACh by Muscarine Congeners

X . Competitive Inhibition
o) K; x 10% M/1
CH CH5N(CH3),
, ' Ane
: 0O '
H
éM)x = H, y = OH. DL Muscarine Chloride 6.3
EM)x = OH, y = H, DL -epi Muscarine Chloride 3.0
(AcM)x = H, y = OAc. DL acetyl Muscarine
Iodide 2.3
(AcEM)x = OAc, 'y = H. DL acetyl epi )
Muscarine Iodide li4
X

@
CHyN(CH3),

An@

CHs

(AM)x = OH, y = H. DL allo Muscarine Iodide 7.8

(EAM)x = H, y = OH, DL epi-allo Muscarine
Chloride 10.1

(AcAM)x = OAc, y = H, DL acetyl allo ‘
' Muscarine Iodide 2.7

(AcEAM)x = H, y = OAc. DL acetyl epi-allo
Muscarine Iodide 3.9

The abbreviations M, EM, AM, and EAM accompanying
the structural formulaes refer in sequence to the
normal muscarine, epi, allo, and epi-allo configurations
of the substituents with respect to the ring, with each
compound prepared as the DL modification.
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Table 1 (cont'd)

0 ' ’ Competitive Inhibition
@ - . « Ki x 10 m/1
q CHN(CH3), .
; An®
! 0 .
b | |
~a = CH3, b = H, DL Muscaréne Iodide 2.5
a = H, b = CHz. DL allo-Muscaréne Iodide 1.6

@ .
CH,;N(GCE)H?,).3 ~
An

x = OH, y = H, DL(cis) 4-5 dehydro
Muscarine Iodide . 3.4
x = H, y = OH, DL(trans) 4-5 dehydro
Muscarine Iodide 1.9

@
CHZ- N(CH3 )3

Ane

DL 4-5 Muscarone Iodide ' 10,9
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the K; values, the sequence in efficiency is as follows:
for the OH Serfes, EM > i > AM > EAM with K, values in the
ralative ratios of 1:2.1#2.6:3.4; for the CAc Series,

AceEM > AceM > AgeAM > Ac=EAH with K, values in the relative
ratfos 1:1.7:2.0:2.9.

It is saeen that in both serles the response of
AChE to stereochemical configuration of the inhibitor is
quite precisely graded, and further that the relative
sequences of efficiencies is a function of the orientation
of the substituents. A siriking parallel exisis between
the two sexries.

Further, the effect of acetylation of a given
muscarine fsomer is seen to cause an ahrupt'alevation of
inhibitory power by an average factor of about 2,6; the
K4 ratios (and accordingly the reciprocal of the strength -
ratios) in the four OHeOAc pairs, WAcwM, EM/AceEM, AM/AceAM,
and EAM/AceEAM are, respectively, 2.8, 2.2, 2.9 and 2,6,

An effect of a gis and/or a trans configuration is
alsc established by comparing muiscarine with muscarone or
4«5 dehydromuscarine., In both series the ¢ls arrangement
provides the best inhibitors.

Oxidizing the 4«5 dehydromuscarine to 4«5 dehydroe
muscarone results in a significant decrease in inhibitory

powersY,



Since our research projact is concerned mainly
with reversible inhibitors, the irreversible inhibitors
will be mentioned only briefly,.

dany raversible inhibitors heve an irreversible
character as 3 result of very siow dissociation of tho
enzyme~inhibitor complex, In the case of irreversible
inhibitors, howevar, there is no true dissociabisie
enzyne~inhibitor complex at all, but a chemical reaétion
takes place to form a compound from which the inhibitor
is never recovered in unaltered, active form,.even though
the active enzyme may be set free by reactivation,

The most important group of irreversible antieChE
agents is formed by the oxganophosphorus compounds. Thege
compounds act by phosphorylation of enzymes leading to
irreversible inhibition, For several enzymes the reaction
is stoichiometric and may be described as follows:

EH+ P «X —E=pP+H ¢ X

The reaction is accompanied by proton releaseSl,
Michel and Krop?, using 32p lsbelled diisopropyl phospheres
fluoridate (DF32p), showed that im the case of AChE the
phosphorus atom is tightly bound tc the enzyme. The chemical
nature of the interaction of enzymes with organophosphorus
inhibitors is revealed by the high values (approx. 10 to 18
Keal/mole) found for the activation eneray.

Wilson and Bemgmannaz postulated that phosphoryla«
tion of AChE by inhibitors would be the countexpart of
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acylation of the enzyme by substrates, the difference being
that in the latter case substrate hydrolysis would follow
wvhareas the phosphorylated eazgﬁe*s@uld he stskla, Both
phosphorylation and acylatien would be localized at the
same estoratic site as shown by the strong protection
afforded by substrate against attack by organophosphorous
agents, A nusber of phosphoryl-AChE complexes are subject
to spontaneous hydrolysis in aqueous medium, This reaction
is accelerated in the presence of nucleophilic agents,
called reactivators, such as choline, imidazole, pyridine,
and particularly hydroxylamine. The reaction {s accompanied
by recuperation of the enzymatic activity33,

ode of lInteraction of ACh and Inhibitors
¥ith the Active Site of AChE

The active surface has two functionally and
spatially separated subsites: an ®anionic® site and am
“sgtoratic® site. The former atiracts the cationic group
of the substrate by Coulombic and Van der Waals? forces.,
The esteratic site hus an acidic (Ac) and a basic or
nucleephilic group {Ba), The nucleophilic group eventually
forms a covalent bond with the electrophilic carbon ¢f the
carbonyl group.

The fellowing mechanism has been proposed for the
hydrolytic processlf:
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CHp 0
ou ¢ Mo INe—on,
/ i\ i,o/;
CHs L _CHs . K A o
Anionic Site Ac Ba Anionic Site | < A
Esteratic Site
CHy CH,
o/ C— (CHa)e-—CHa\l\lle
/N | / i\
CHz A CHj ~N__CHsz & CHsz
- Ac Ba - .
B
0-C3H;
Q=P
M\ l N\ _
Ac Ba C
CHs
@I /CHQ o)
N .CHz/ : \//P"‘C“s
/1N J
CH3z - CH3 4 N
Ac Ba D

Fig. 9 Schematic representation of the interaction of ACh
and inhibitors with the active site of AChE. The active site
is composed of one or two anionic sites and the esteratic
site containing an acidic group (Ac) and a basic group (Ba).
In the figure are demonstrated the interactions of AChE with
ACh (A) and with decamethonium (B). The structure of AChE
after its reaction with dipropyl phosphofluoridate and 2-tri-
methyl ammonium ethyl methylphosphorofluoridate lodide are
represented in C and D respectively.



- 38 -

0 HeBa . Bal+)
i AN («) Il (=)
HeRa+ ReCeOR' —2 a'%-tlzuo = (I:-o *! 4+ R'OH
R R
(A) (B)
? Ba(*) | H—Ba(*l o
HeO: 4 ‘f""’(.) — 1pecol™) ;:> HeBa + ReCeOH
R A
(B) (C)

The alcohol 13 eliminated from the enzyme substrate complex
by an electronic shift and as & result of the first phase,
an acetylated enzyme is formed, This reacts with Hy0 to
form acetate, thus regenerating the enzyme,

The active site 1is not necessarily a part of the
molecule which when isolated would be capable of simulating
the propertics of the complete enxyme; its configuration as
occurring within the intact native protein molecule depends,
apart from its amino acid composition and sequence on the
secondazy and tertiary structure of the latter. It is this
subtle configuration that is required for complete enzymatic

R R

activity.

This is lost when isolatlion withndraws the active
site from the influence of those forces that prevail in the
intact native molecule.

F19.9, p. 34 gives a representation of the intere
action of ACh and inhibitors with the active site of ACRE34,



From studies «f hydrelysis catalysed by aenzyme,
saveral {mportant conciusions have emerged. Cne of these,
coming partlculafly from pH studies, is that both an acid
(AeH) and a basic (=B) group are in soms way involved in

. the reaction. A second conclusion is that there are two

reaction intermadiates, an additicn {Michaelis) complex
(ES) and an acylated enzyme (ES?), so that the process may
be xepresented ass
ky ko kg
E+S & ES — ES'+ Py — E+ Py
ko

The site that becomes acylated has bsen a matter
af soms controversy, both imidazole and serine baing
possibilities,

Laidier and Krupka3® carried out a series of
investigations on AChE based on the affacts of pH changes
and of varicus inhibitors. On the basis of a kinetic
analysis they arrived at certain conclusions raelating to
the detailed configuration of the active centre of the
enzyme and to the way im which the substrate and inhibitors
{nteract with the various components of the active centre,

By woring with two substrates, for one of which
ko > kg and for the othexr ky> Ka, it has proved possible

to separate effects on E3 from those on ES3t, Procesding
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in this way, so far as pH changes were concerned, Laidler
and Krupka found that the basic group on the free enzyme
had a pK of 6.5 and the acid group one of 9.3. In the
#ichaells complex ES the basic group was no longer able to
add on a proton at pH 6.5, but in the acyl enzyme ES? the
proton could be added on at about this pH, The group of
pK 6.5 was believed to be the imidazole group, snd Lajdler
concluded thst this group interacts with the carbonyl
groép of the substrate in the Michaelils complex, but does
not in the acyl enzyme. There must therefore have been

a transfer of the carbonyl group %o another group,
prosumsbly serine, during the process ES — ES!,

. ﬁ%»
< > c@~£§;<: :? ¢o
/N\ OH c

CHy CH,

1 i1

Laidler and Krupks also concluded thai whea aene
competitive inhibitors (type 1) became attached to the free
enzyme they did so at the anionic site and at the acid {A=H)
site, a hydrogen bond being formed between the hydrogen of
the acid site and the oxygen a2tom on the inhibitor. The
presence of the substrate prevented a similar attachment in
ES, but since in ES' the acyl group of the subetrate had
become transferred to serine a twoepoint attachment of the

inhibitor wes now possible, Since deacetylation was now
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blocked, the hydrogen atom of the acid site must have
been required for this precess,

1n competitive inhibitors {type xz) the attachment
0 the free entyme was at the anionic site and at the
imidazole nitrogen, which formed an electrostatic bond
with the C=O dipole of the inhibitor. Again, no attachment
to ES was possible, For ES' Laldler concluded that
attachment was only 2t the anlonic sitej the acyl group
on the serine prevented attachment at the imidazole
aitrogen, Since the inhibitor did not intoract with the
hydrogen atom of the acid site there was no inhibition
of acevylation.

As mentioned in the general introduction, Wilson
stressed the possibility of a change in the hybridization
of the carbonyl cazbon in the Michaelis complexs it would
be transformed into the tetrahedral configuration, Of
considorable interest in this connecticn is an old Lite:ature
report by H, Erlenmeyer and Lobeck30 who observed the operae
tion of an isotope effect when ACh was labelled with deuteriun
in the acetate methyl group. These authors claimed that this
deuterated ACh 1a 30% less active as a chollnomimetic,
Beta~deuterium isotope effects have been revicwed
extensively, e.g, by Bigeleisen3®, Shiner37+40 and Helander3?,
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so that only & general outline of the most pertinent

examples will be given. A secondary deutezrium isotope

rate effect i defined as an effect on the rate of

reaction caused by the substitution of deutexium for a
hydrogen that is not being transferred in the rate controlling
atep, ot of the important isotope rate effects indicate
that there exists some intramolecular intersction bétween

the reaction site and the site of isotopic substitution.

This interaction is witnessed by energy changes in the
transition state of the apeclce imvolved in the zeaction.

Shiner?! observed betaedeuterium isotope effects
in solvolyses of tertiary alkyl chloride (xef, Table 2,

P.40). The substitution of deuterium for betaehydrogens
leads to lower rates of reaction. It 1s believed?? that
the ratesdetermining step of the reaction involves breaking
of the chlorine carbon bond into the fonic fragments,
chloride and carbonium ions,

In the transition state, the slectron deficlent
reaction site is betiter stabilized through hyperconjugation
by electron release from a beta C«H than 1t is fyom a beta
C«D bond,
L L

1)

|
H c1s€

(1)

The opposite effect may also be observed: a sube
stance which 16 electron deficient with respect to the
transition state should show 2 secondary isotope effect in
the opposite direction to the one operative in Sy solvolyses,
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%mzﬂﬁ Rﬁ = 11.4 £ 0,15 » 10023_ mleul “col
> 4
Da®00C2Hy Rp = 12,7 £ 0,18 x 10°21 mole*! sec™!

R /R = 0.896 & 0,017
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Bander43 measured the alkaline hydrolysis of
ethyl acetate (cf. Table 3, p.4l). An incresse in rate
weg observed with deuterated ethyl acetate. The hydrolysis
of otﬁyl acetate is believed to proceed through the rate
determining formation of a tetrahedral intermediate., This
assumption provided a further incentive for the application
of secondary beta deuteriunm isotope effects to the
hydrolysis of acetylcholine especially since Wilsen
postulated that a tetrahedral structure would be involved
in the Michaelis complex. | |

The specisl role played by the acetate methyl
group of acetylcholine stimulated our interest in the
quantitative determination of Van dex Waals forces between
a methyl group and hydrocarbon chains.

Dispersion forces arise even between neutral none
polar molecules and ard due to the average interaction of
an instantaneocus electric moment on one melecule, brought
about by charge density fluctuations, and the moment it
induces in the other molecule, Such forces will be effective
between all groups of lipid cheracter and protein chainms,
but they will be specially important in the interaction of
non=polar groups since tihey are the only forces which can
contzibute positively to adsorbtion,
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Lionel Salem®® considered in great detail the
London=Van dexr Waals forces between lipid chains, and in
particular between the long hydrecarbon tails of fatty
acids, triglycerides, and phospholipids. Salem obtained
an expression for the dispersion energy of interastion
bastween two parallel and opposed hydrocarbon chains
balonging to two different lipid moleculss {of. Fig.ld,
p.64) 38 a function of their mutual length L and of the
distance D separating them, The dispersion wnergy hetwien
the two systems was found to be lccallymadaitive?®. The
total interaction energy could be calculsted by adding up
the forces between palirs of atome and dbonds,

This concept is f1llustrated?® in the model shown
in Fig.10, p. 64, A cenvenient basic unit is aﬂ§~éﬁ group
centered in the middle of the 0« bonds each w

carbon atom beiongs to two uniis, 8o that the unit is equi-

valent to a CHy group. 3Salam srrived at the general
expression (5) which ylelds the total dizpaersion force
between two CH, groups:

% A 3 N fas
u “‘*4~l%5 (5)
9i%Pciy, cHp B L1105

A 13 a constant in atomic units and is sbiained by edding
the nine offective bondebond dispersicn intaxastions

between two singly opposed CHy units (ref. Fig. 20, p.04),
eHy CHp = Yoo oc!Be20 2.ul) + 4 g (37,94 au)

+ 4 WCHHGH(43o80 Bl ) {vef,Table 4,p.45) A = 96,94 a,u,
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The total dispersion energy wdisp CHyCH, botween two
singly-opposed CHy units {N=1) was equal to 0.4 kiloczlories
per mole et D = B9A, Henmce the total energy is proportional
to the number of units in sach of the interacting molecules,
and alsc proportional to the inverse fifth power of the
intermolecular distence. One may therefore expect rathex
laxge forces of attraction botween long hydrocsrbon chains,
and &lgo & very sensitive variation of these forces with
distance; even when the molecules arxe in clogse contuct,
Eg. if twe chains, previously S angstvoms spart, come
1 engstrom closer, the total sitraction would be tripled,
Table 5, p. 4% gives the dispersion energiss
between the hydrocarbon tails of neighbourfing fatty acids
in monomolecular films., The feature to be noted §s the '
large difference in the attractive snorgy betwosn a staaric
aciéAmoiééuii 2nd &n isostearic acid molecule, 7he prasence
of the Jemmethyl group in iscateaxic acld reduces the total
attraction by & facter of 3, This is an outstanding example
of the great sensitivity to distonce of diapersi@n forces,
Thess forces sre therefore highly distance=specifici thay
can increase from neglicibla values to large values if a
rinor structurasl change enables the two molecules to come
into closer contact,



Sonds C»H Com C C=C
3p3 opd gp3 sp2 sp2

CeH 12,20 9,985 27.27

s

CeC 4,985 8,200 22.20

gp3 spd

* (Coefficient of d*® in atomic unite; 211 coefficlents
are nagative; the number Iin the table refers to the inter=
action of the twe bonds in the corresponding row and celm%)_.

Formula CMName  D{A) N | ‘ﬁaﬁsi Keal/mole)
CH,e»{Ci, ), .«CO0H Steaxic 4.8 «18 -84
Ha~iiiahe Acid ' )
CHy e {CHa o 4 »CO0H Hexatriacon= 4,8 =36 »16,8
’3 % 34 tanoic Acid '
CpCiin(Clp)14#C00H  Isostearde 6.0 18" 2,8
Cig

™ i

* The slight decrease in effective chaineleongth due to the
1so»ca3 group is naglected”.




A factor affecting the forces of interuction
between enzymes and substrates and which appears to have
been sntirely lanored in the past, consists in hydrophobic
interactions between nonepolar residues and the solvent
water., It is generally agseed that nonepolar groups cause
local disturbances of the hydrodynanic propexrtles of watex
with the result that the first few layers of water molecules
in closest contact with the hydrophobic group are more
polarized and more tightly bound to each other. As a
consequence, the entropy of the solvent water deareaaeg
and if a mechanism is made available for the transfer of
the nonepclar group to a non-acuecus medium, an increate
in the entropy of water will result., It follows that the
transier of & non~polar group from water to & hydraphobic
anvironment will benefit from a8 considerable driving force
and since enzymes can provide nonepolar xegions of binding
or adsorption, it is clear that hydrophobic interactions
alone will favor at times the adsoxrption of small molecules
carrying suitable substituents, It ¢an be eeen here that
no positive contribution of Van der Waals forces to binding
can be operative if the transfer process is visualized as
a8 dissolution of a nonepolar group into a nonepolar region
of a proteln.

uantitative evaluations of hydrophobic interactions
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beatween hydrocarbon residues and water have been made by
Cohn and Edsall4d8 who worked out a slmple technique based
on solubllity measursments., In order that the activity
coefficients of the moleculss approach unity as such ag
possible, sompoumis of vary low solubility in u;sur and
nonepolar solvents wers sslacted, The aminowacids proved
suitable for such studies,

Rahtive &lnbilitlea ia %&ter md in Orgaaic Solvents

The dnuainatim of nlat:bn solubilities in
water end in other solvents provides data for determining
the free enszgy of transfer of a solute from one medium to
snother. An fdeal sxpariment ig considered, :lniwluch water
and the wrgenic solvent under consideration are separated
by & semiwpermeable mambrane, lmpermeable %o both solvents
but parasabls ta the 2oluts, shish is prssent at infinite
dilution, At eguilibrium, the activity of the solute, a,
in both phagses must be ldentical. Denoting A1ts mole frace
tion in the squesus phase ‘b«,r Ng, and 1in the organic solvent
by ¥ , and the corvesponding activity cosfficients by £
and fA respactively, we hava:

a = fly = 7 ()

Since an infinitely dilute solution of the solute in water
is taken as the standaxd state, fy = 1 by definition, and

fa = N/ (2)

How let us look at a saturated solution of the
solute in water {at mole fraction Ny), and in the organic

it
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solvent {at mole fraction K,). If the same solid phase
is in equSlibrium with both saturated solutions, then the
activity of the solute in both saturated solutions, a,,
must be the same as its activity in the solid phase,

ag = Nyfylsat.) = Npfa(sat.) (3)

Amino acids are relatively insoluble in all
organic solvents, s0 insoluble that we may generally
assume that the activity coefficient i3 indepandent of
the mole fraction of amino acid in such solvents; that s,
that f, in equation 2 equals f,(sat.) in oquation 3. Thus
" the activity coeffilcient of an amino acid in any organic
solvent is given by its solublility ratio in water and that
solvent, multiplied by its activity coefficient in the
saturated aqueous solution.

. ~Mura ‘
£ = l;nf} (eat) fwleat) (4)

The free energy of transfer of the amino scid from 2
dilute aqueous solution (at mole fraction Ny) to the
solvent A (at mole fraction N,) is given by the relation:

FA-FOmRTMfw-’wRTlng% (s)
The values of iw(sat) in water are generally not widely
different from unity., In the following <iscussion, theree
fore, we shall frequently speak of the solubility ratilos
as if they gave directly the activity coefficient of the

anmino acid in the organic solvent, although strictly this
is true only as a Tirst approximstion. {The noneideality



» 49 «

of our golutions of Inhibiters will play an important
role in the interpretation of resulis obtained).

Effect of the Cﬂg Groups of Solutes cn Solubility thios

The solubility in water of the monocamincemonoe
cazgoxyllc acids, from glyeine to leucine and norleucine,
decrocses with increasing mumber of CHp groups in the
hydrocarbon chain,

If solubility ratios in water and organic solvents
are considered, the effect of the Cﬁa group is perfectly
regular. The influence of sach CHp group in the transfer
from woter to ethanol appears to be the same for the alphae
amino acids or for their davivatives, This may be
demonstrated on the basis of such date as those in Table 6,
£.80 by subtoscling log Hp/ Ny (where iy is the golubility
in mole fraction in ethznol) for glycine from that for
alanine snd for alphasaminobutyric scid, The differences
pey Cl%z group are fniearly the same, not only for these
substances, but for other amino sclds of the same family
that have been sdequately studied as well as for derivatives
of the amino scids and for their isomers, such 2¢ the alphaw
hydroxyamides, glycolamide and lactamide, The increment in
log N,/B, per CH, group is always positive, and is approxie
mately equal to 0.49. In other words each CHy group in side
chains terminating in @ methyl group mey be thought of as
increasing solubility in ethensl relative to that in water
thresefold, In additien, it could be shown thct the nsture
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Substance £ and k  {loggN,MN)y (log N oM | “AﬂN

- Influence of CHy group

Glycmmuma "3&39]- '2.856 '50.54
- Glycinesalphae «3,.391 «2,375 40,50

aninobutyric acid

Slye 3,391 1,414 10,49

amZuocaproic acld

valina‘-‘lwcme "2 » 158 ol 0622 “‘0-54

Data taken fyom Cohn end BdealldB,
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Group of Solute Organilc Solvent log NN, AF

( 3 ¥
EHy Hothanol 0,46 600
Ethanol C.49 668
Butanol 0,53 723
Heptanol 0.53 723
Acetone 0.49 668

<+

Change in free encrgy with change in solvent in
calories par mole,
Data takenm from Cohn and Edsall4d?®,
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of the nonwagueous solvent 13 without significant effect

on the frce enoxgy of transfer of CHy groups (ef, Table 7,
p.51).




SRR

FOREWORD 0 EXPERIMERPAL FART

To gain some insight into the stereochamuicel
propertiss of the Michaelia complex between : ACh, and | AChE,
through the application of seeondary deuterium isotope
effects, four deuterated ACh ifazomers were asyanthesized.
and thelsr Michaelis conatants detormined,

A detalled study of the interacticn of the acetate
methyl group of ACh with AChE wae undertaken. Thies was made
posclblae by the avallability in our laboratorles of a wide
variety of quaternary sslis of the l«3 dioxelane serice.
This slse led to the asynthesis of formyl choline and te
solubllity atudies.



- 853 «

EXPERIMENTAL

g)e Synthesis and Configuration of Quaternary
A58 2N NG 1.3 0R31ian6 Sories :

The quaternaxy salts in their d.l form wers
synthesized by Dr, Bernard Belleau and Dr, D,J, Triggle®O,
L(&) ami D(o)-eisnzmthyldl« L&lmthylamsﬁmmec hyl
,Mioxolm 1edlda ware obtained by Dr, Bernard Belleau
and Dr, J. Puranen®l,

Synthesis of c¢is 2 mthy}.%q hydroxymethyl 1«3
dioxclane, It wss obtained using the method of B. Bellsau
and Triggle®? but substitu:lng deuterium gas for hydrogen .

gas, D0 for HO, CD3OD for CHyOH and NagCOz for NaHOOz 4n
the synthetic procedure, '

Q L %mﬂﬁg‘%(%)% was prepared according to the
é method of H, Exlenmeyer and H. Lobeck™®,
o , o B
CDgO00D ———> CDRC00L —————5 (a)
(Cﬂg}gﬂ
CDaCOOCH,CHpBr ——— 3 uaammﬂzcngs(crta);;s:- (b)
£roceduze:
a) Acotyleds Chloride. 0.77 g ({012 Eq) deuterated

acetlc acid was treated with slight axcess == 1,75 g (.015 Eq)ee

of thionyl chloride. The deuterated acetylechloride distilled
at 47-51%,
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b) 2-Bromosthyl Acetatesds. A solution of .97 ¢
(0.012 Eq) acetyledy chloride in dry ether was treated
with an ether solution of 1,6 g (0,013 Eq) of ethylene
bromohydrin and 0.95 g (0,012 Eq) of pyridine, Water was
addeds the ether layer was washed with dilute sulfuric
acid and with 2 solution of sodium carbonate and dried
over sodium sulphate, After the removal of ether the
2-bromoethyl acetate~dg was distilled. b.p. 81.82°,

¢) Acetyleds=choline bromide, According to the
procedure of Fourneau and Page™¥, 2 g {0.012 Eq) 2~bromo-
ethyl acetate~dg wds treated with a solution of trimethyls
amine in dry benzene in a prassure bottle at 100%C. The

reaction was completed after 4 hours and the resulting
acatyledgecholine bromide was twice recrystallized from
absolute athanol, Yield 2,35 ¢ {0.0l0 Eq), 87, mlp, 143
144°C,

9 »
91 cgacoeegzgggu(cna)sz. method of V, du Vigneaud®d,

HOCHCHN & »

CDqBr ﬁ2> HOCHCHAN (CDg ) gBT
Expceduxe:

a) 5 g of mathyl=Cdy lodide was added {exothermic

reaction) to a teast tube containing 3,75 g of ethenolamine
and cooled in an iceesalt bath., The mixture was kept at
room temperature with occasional shaking for 60 hours,

The contents of the testetube were then dissolved in 25 ml
of 0.2 M sedium hydroxide and to the solution was added
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275 ml of a saturated agueous solution of ammonium
reineckate {ammonium salt of Reinecke's acid, tetxathio-
cyanodiemmonochromic acid), NH,[Cr(NHy)a(sC)4l.HO. The
mixture was cooled overnight to offect complete precipitae
tion of dgecholine reineckate. It was collected and dried;
the dgecholine salt weighed 5,75 g {35% yield).

The salt was decomposed with Amberlite IRA 401 =
Eromide form, The refneckate was abgsorbed on 3 columh of
the resin and eluted with water. The claay filtrate was
then evaporated to dryness at 35-40° in vacuo, The rasidue
wag extracted with zbsolute alcchol, the solutlon was
filtered and again concentrsted to dryness, The dgecholine
bromide weighed 1,725 g.

HoCH _O(Gmga; Ez;o-:» .s;(c%)ﬁcwwa

b) The dgecholine bromidedd was refluxed with 25 al

of aceti¢ anhydride under an atmosphere of nitrogen, Aftar’
removal of the excess anhydride, the yileld was 6.2?5 g (86%)
of slightly colored product, m.p., 1431440 {sintering at
140°%), Recrystallization from ethanoleether gave & pure
product melting at 143-144°C,

3" CHy000CH;ODHi(Clig) gBE:

Bxg ‘CHaC
CBRUO0D —> GDO00BT ———— Br CHyCHy
(P} er

(a)
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LiALH,
CDaG00CH CHy _fm_x—a ?02‘552'0“
Br
(b)
W H
Br (Cig)gH
CHyOOOCL  ———> ChgQ00CHCDBr  —>—>
® ®
(e) CHaCOOCHACOAN(Cliz )aBr
a) Ethyl dpebromoacetates was prepared by the method

of Answer and Berniardid®?, To a aixture of 5 g of deutorated
acetic acid and 0,5 g of red phosphorous was added gradually
60 g of dry bromine with cooling, The mixture was heated
under reflux for 15 hours on a water bath, then trmtad
slowly with 2«3 times the calculated amount of absalute
ethanol, The mixture was diluted with water, snd the product
was extracted into ethar, which was washed with a godium
bicarbonate solutlon, dried and fractionally distilled to
give ethyl dowbromoacetate, b.p.p; 80-31°, Vield 4.6 g (89%),
Ce=D stretching band in IR at 2160 ca™t, |

b) Ethylene doebromohydzin: 4.6 g of ethyl dy=bromo=
acetate was added to 3 aixture of 1 g of lithium aluminum
hydride and 5,3 g of aluninum trichloride in 50 al of dry
ether. 7The mixtm was refluxed for 2 hours. The resulting

mixture was decomposed with watexr, the salts filtered off,
the ether evaporated and the ethylene dowbromchydrin purified
by vacuum distillation: b.p, 85«5%, Yield 20 ¢ (85%)., Infrae
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red CeD stretch at 2160 cu®l,
¢c) The acetyledsecholine was prepered as described
above &n the case of acetyledgwcholine,

4" ciymoonyoyi(cig)yps ¢

., Brp  CHgCHZO )
CH3OOCH —> CHpCUOBr —————> BrCHpCOOCHCH,

@ 1,

(a)

Br (CHg )l
CHy000C L > CHyC00CDLEHBE —

(c) %mw(%)sﬂr

Exocedure:
Prepared as above (3') but substituting acetic acid

by dg~acetic acid and LIALD, by LiAlH,,

N(CH3)a
HOCOCHCHoBx __ﬁg__) x-mocv.gcagm(cag}:,ssr

(b)

q
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B, il mater 11.5 g of 985 formic acld was
placed in 8 flaﬁkﬁccntainiag 31 g of ethylene hmawohydrin
and 150 @l of dry benzene, The mixture was zofluxed for
five hours using a Dean«Stark water txap to entrain the
*%:pz ag 1%t 43 procduced. The benzene was evaporated and
the product dried over 50¥ sodium sulfate and then purified
by distillation. Yield, 20 g. Ethyl bromoformate: b.p. Tow
76°/90m, Carbonyl band st 1710 ca -1,

b) Epxmy) Cheline Bromide: was obtained in the cone
ventional mennor 25 follows: 20 g athyl bromoformate was
reected with an excess of trimethylamine in dry benzenz in
a pregsurs bottle at 100°C for four hours, Yiéld 25 g {96%)
of formyl choline bromide, m.p. 147=149%C, Carbonyl band
at 1700 ca*} (mull).

The product was purified by recrystallizing twice
from absolute ethanol. 7The finmal purity of the product was
dsterained through ite seponification equivalent (93% of

The procadure for measuring rates consisted in the

.g theoretical valua) and 8 microsdetermination for ionic
bromlnes Calculated:s Bx™, 37.67%; Found: Br~, 37.82%,
Hathads

§§ Im Ynchniques fnr ﬁha Determination of Inhibitor

:g ons 2k Sygtom ACHhE AD)

slectrometric titration method described previously by Stein
and Laidlex®8 (1989), use boing made of a pHestat manufactured

S R

o
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by Ole Dich of Copenhagen., The measurements were caxried
out at 24.5% & 0,03°C with 25 ml of the reaction mixture
containing 0.04 ¥ MCly and 0.05 4 NaCl, in addition to the
enzyme and substrate, Duzring the course of the reaction 2
slow stream of QUgwfrse nitrogen was passed over the
gsurface of the solution in oxder to minimize the ¢ffects
of COp sbsorption. In a'dés.uon. the reaction vessel was
topped with a teflon head especially fitted to accommodate
the slectrodes, syringe, plpette and nitrogen inlet tube,
This arrangement was found to eliminate the offects of COp.
golution at pH 7.4, '
The acetylcholinesterase was obtained fxom &
comnerclal source (Mutritional Biochemicals), the souxce
being bovine erythrocytes, A dilute solution of the
enzyme in isotonic solution at pH 7.4 and poseessing a
specific activity of spproximately 3 intarnatienzl units
was prepaved [1 enzyme unit being defined as the enzymic
activity which under ths cenditiona in the present case,
(25.19C, pH 7.4) can decompose 1 micromole of acetylcholine
per minute per mi of enzyme solutfofil. The solutlon was
kept at 0% 1in iceewatex and a 200 ;(11 aliquot was taken for
gach run, The acetylcholine bromide wase a pure preparation
supplied by Eesimann iodak Lid.
The hydrolysis of ACh was studied at pH 7.4,
The substrate concantretions varfed fzom 1.3 x 10™ to
1.3 x 10™34; the ¢itrating solution of scdium hydroxide
was 0,020 N, Before each sat of runs, blanks were run 8O
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that a correction could be made for Oy absorption and
for sonwonzymatic hydrolysisg those offects weve not
significant at the pH valuc »f 7.4.

2- Asgay foy Aceteldohvde
The procsdure was a medification of Colowick
and Kaphn”asmy. |
a) Reagents
Isotonic solutiony 0.04 4 in ¥gClp and 0,05 M
in Nagl, |
D,N.P. Reagents 0,1% by weight of dinitrophenyle
hydrazine dissolved in 2N HCi.
Enzyse Solutiont s Supplisd by NBC,
Acetaldehyde: reagent grade; a dilute szolution
containing a known weight by volume was made to approximately
5 % 108y,
b) Incubation with AChE
20,0 mg samples of clpe2epethylededimethylaminos
aethyle=l,3=dioxolane nethiodide were dissolved in 5.0 ce
ot laotonic solution at pH 7.4, 7o one solution was added
504 1 of enzyma solution (using 3 microegsyringe) containing

pproximately 10 unlts of eazyme activity. The solutions

were incubated at 25.0°C in a constant temperaturs sath,
After time 7, 2 0.1 co aliquot was taken out
snd made alkaline to pH 10 with Q.2 g KolOg., The aliguot
was steam distilled in & mlcro~Kjeldahl apparatus until
approximately % c¢ of distillate wes collected,
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¢) Extraction of Azetaldehyde

To the 5 ml portion of distillate was added 1 ml
of D.N.P, reagent, The resulting solution was extracted
with 8 ml of CCly (shaking time of 5 minutes). The CCl,
extract was washad four times with 2 ml portione of water,
The extracts wezre dried over HaoS0,.
d) Colorimeteic Assay:

The CCl, extract was decanted and transferred %o
a cuvette, The optical density was read on 2 Eausch and
Lomb Spectronic Model 20 at 420 my using matched cuvelies,
Enzyme blanks and standsxds wers carried through the same
procedure, The concentration of acetaldehyde was read
directly from o standaxd curve.{ref. Fig.ld, p.W).

3«

uytomatic

wrils

Electrometric Determination of
\ Formyicholineg Byomiae o

& 3 = 2

-

a) Principles

Bromide ion in dilute acetic acid solution is
potentiometrically titrated with AgNO,, uaing 2 $ilvar
alectrode as an indicater., The titration is automatically
stopped at the endepoint by means of 2 magretlic valve
opexated by am Ole Dich titrator,

b} Reagents:

0,02000 M AgDqs  3.3978 g of AgNOy {A.R,)
dissolvad in 1} litze of distilled water, The reagent 1ig
gtabla for a few months 1f sdored in an amber glass boitle.

90,1000 4 NaBr standaxd solution: 1,0291 gram
dried NaBr {A.R.) dissolved in 100 ml of distilled water.
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Acotic acid solution: 50% by volume in water,

¢) Determination of the EndePoint Potentfals

200 pl of standard NeBr solution was added to
approximately 25 ml of B0X acetic acld, The endepoint
occurs around 100 millivolts, It can be determined
accurately by plotting milifvolis against micyoliters of
reagent added. The steepest pari of the curve will give

the end»polint,

AR excess of pure solute was added to a glven
volume of solvent and the solute-solvent mixture allowed
to reach equilidbrium overnight with constant shaking. The
saturated solution was then decanted, centrifuged and
transferted o a smell volumeiric flask., The densily of
the solution was detexmined on & semi-micro balance. The
amount of solute disgolved in grams per ¢c of solvent wes
establigshed by comparing the density of the saturated
solution with that of pure sclvent,
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Fig, 11 Plot of v against v/(s) according to the method of
Eadie for acetylcholine with bovine acetylcholinesterase,
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RESULTS AND DISCUSSION

Sscondary Deuterdum Isotops Effscts and ACKE
The detexmination of betasdeuterium laotops
effects on the zate of ACh hydrolysis did not provids
useful information., The HMichaslis constants {K,.) obtalned
are listed in Table 8, p, 63. Amdllustzation of the
graphical method for sbtaining the K, valuss is given in
Fig.ll, p.65. Due to the rather small varfixtions in the
values obtained (%10%) and the inherent expsxrimental arxor
associated with thogse vaiues {2083, no definite svidence of
betaedeuterium lactope offects on the rate of hydselysis
on the binding of acetylcholine could be conclusively
demonstyated. Pharmacological tests perfoxmed by
Dr. M, Pindeil and his staff at Bristsl Laboratories,
Syracuse, N.Y, failed to detect any isotoplc effecis on
cholinexrgic receptors (the artertsl blood pressure fall
of the dog and on the contraction of guineiepiqg ileum).
This cdmpletely disproves the findings of H, ErlenmeyerS’
who zeported a 30¥ reduction in the potency of acetyl dy
choline bromide on leech muscle with respect to scetylcholine.
Similarly, sui?stitution of Gy for CHy at Jp of
inhibitor IXI (Fig.l7, p,.73) in the 1-3 dioxolane gexles
gave no significant difference in its affinity for the
enzyme, The affinity constants of both deutorated and none
deuterated inhibitors (XVIII and IIl) may be comoared in
Fig. 17, p.73. The determination of the Ign for the
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inhibitors is fllustrated in Fig,.12, p.67.

To prove that sur inhibitors interacted with the
same active site of AChE 28 doss ACh we tasted the 13
dioxolanes for thelir mode of inhibition., F1g.13, p.68
shows that typical competitive inhibition characterizes
this inhibitor, In fact all the inhibltors studied were
found to sct compatitively,

The possibility was also axamined that the
hydrolysis products of the inhibitors aight act thenselves
ag inhibitors (Fig.ld4, p.69). A micro colorimeiric
mathod for the determination of acetaldehyde wes uged
(p.58). A graph relating optical density with the concene
tration of scetaldehyde i3 given in Fig.l%, p.70. Mo
ensymic hydrolysis of the inhibitors could be demonstrated.
The corrasponding diol, the expected hydrolysis product,
had only & weak inhibStory activity (Igg = 10728),

The preceding results ssem to Iindicate that ACh
moy not undergo any change in the hybridizatlicn of 1ts
carbonyl group when forming an addition complex with AChE,
It should be kept in mind however that the expsrimental
limitations praclude any definite conclusions on this
point. A change in hybridization would rasult in a2 positive
deuterium isotope affect at least on binding (see Intxoe
duetion, p.38). These results must however be interpreted
with caution since the abaence of secondary lsotope effaecis
could be due to the inheorsnt limitations of the experimental
tochnique, A smoll but nevertheless significent isotope
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effect might be operative but would not be detectable
by the prasent methodology.

Substitution of the deuterium at the Cp position
of inhibitor III (sref., F1g9.:7, p.73) gives no s:.gaiﬁeént
change in its inhibition conatant, This is to be oxpected
since a CDq group is very similar in size to a CHy group
and only changes in Van der Waals interacticne can be
expscted, thus making it unlikely that & secondary isotope
effoct could be detected.

Tha Role of thé¢ Acetate Methyl Grouwp of Acetyleholine
on the Michaeiis Complex Formetion

The nature and magnitude of the intevaction of
the acetate methyl group of ACh with ACKE could be estimated
throuwgh the use of a varlety of quaternary salts of the le3
diogolane series, A list and the styuctures of these
compounds are given in Fig,17, p.73. A detailed study of
the effect of stercochemistry on affinity for AChE was
cantied out.

Examination of Fig.l7 reveals thet within that
series of inhibitors, optimal activity is associated with
the L{+)<absolute configuration snd with 2 ciserelotive

configuration about the 2,4« positiocns of the dioxolane
ring., The sbsence of a cis~methyl group in the 2e«position
13 detrimental to activity 23 can be agen through a
comparison of gompounds I and I1X. The conclusion emerges
from these studies that the enzymets active sites display
an absolute stercochemical preference for the asymmetrlc
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arrangement shown in IV (Fig.18, p.74), On the basis of
these resulis, an interpretation relating the conformation
of enzyme~bound ACh with the structure of IV (Fig.18) may
be proposed. .

First, it must be noted that the absolute
configuration about carbon 4 of IV (Fig.l8) is the same
as in Deacetyl beta-methylcholine (XIV) (Fig.18, p.74)
which in contrast to its Leenantiomorph, is a substrate
for AChB, Therefore, the L2 isomer of IV must intexact
with the same active sites normally binding XIV since
carbon 5 of IV ought not to Interfere als¢ with binding.

Of special significance is the marked stersoe
specificity also displayed by the snzyme towards carbon 2,
a position which has no asquivalance in the substrate XIV
but which hes its equivalence in Wilsen's representation69
of the enzyme-bound substrate, It should be noted that in
such & complex XV, the carbonyl carben of XIV {8 now
tetrahedral and hence must be aaymmetric, It follows that
the methyl group in complex XV must be accommodated In a
stareospecific manner and It seems probable that the
orientation of thea methyl group in inhibitor iV would
reproduce the proferred orientation of the methyl group in
the complex XV, It can be readily seazn that the inhibitor
IV and the postulated complex XV bear a rather intriguing
steroochemical relationship which allows the conclusion
that IV may induce in the enzyme 2 conformational change
similar to that induced by the substrate and this through
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the agency of identical sdsorption forces, That this

may be so is evidenced by the fact that the affinity of IV
for the enzyme is of a magnitude compavable to that of ACh
(xvil, Fig.16, p.72). If this interpretation is correct,
then it would be the first time that the absolute configurae
tion of a presumed enzyme~bound tetrahedral intermediate can
be inferred.

More convincing evidance supporting this theory csn
be derived from the fact that the role of the mathyl group
in IV porallels that of the same group in the substrate.

Thus formylcholine XVI which is a substrate {znalogous to
fnhititor 1) has & lowsr affinity for AChE than acatylcholine
XVIZ (Fig.18, p.72) (which has iis equivalent in inhibitor
IV), It can be seen (Fig.16) that the effect of the mathyl
group on affinity is the same in the substxate and the q..ill

corresponding inhibitor serfes. [It would seem thevefore
that the methyl group of IV Interacts with the same actlive
sites noxmally imavolved iIn the binding of the acetate
mathyl group of the substrate],

Bacause no chapges in the hybridfzation of ¢arben 2
of 1 and IV occurs in the addition complexas with the entyne,
the absolute contribution of the methyl group of IV to
binding can ba calculsted. The free anergy of binding of
the Cgemethyl group was rfound 10 be »1,3% Keal/aethyl group
(raf. Fig.17, p.73}. Since the same sites are probably
involvad in the binding of the same mathyl group in the
suhstrate, (the inhibidors being competltive and steres-
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slectronically very similar to the substrate) it Is likely
that this also repzesents the value for the interaction of
the acetate methyl group of ACh with the enzyme, It is of
gpeclal interest thet this value of «1.3% Keal/methyl
group compares quite closely with the value of 1,Z Keal/
wethyl group deduced by R®ilson for the contribution of
sach of the first two methyl groups attached to the nitrogen
of the substrate or various inhibitors. The nature of the
interaciion of the Nemethyl groups with the onryme is
thought tc fnvolve London diﬁpﬁrsion forcesdO,

# geod estimate of the London dispexsion forces
contributing to the binding of the Cg-m

thyl group of IV

onto the enzyme can be obtained usim Sslemts trsatment?’,

Ueing twe extendsd chains of & GTOUPS 88 & meURL
for the calculation of the London dispersion forces acting i

across a distence of 5 g@ thie author arrived at & value
af 0.4 Keal/mole for the force of interaction betwesn two
CHs units {ref., Fig.l0, p.64). Aesuming a hydrop’oblc

region made of the hydrocarbon side chains of various

aminc acids as boing responsible for the imbedding of the
methyl group, it should be possible te quentitatively
evaluate the magnitude of the forces contributing to auch
pinding. Considering the methyl group of IV as composed
of approximately 1.5 CHo units enrobed by o chaeln of three
methylene groups equally interacting with the methyl gzoup,
(Fig.l9, p.79) the total interaction smnexgy can be
pstimated as 0.6 Keal/methyl group. This value would
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account for about hzlf the observed epergy of iInteraciion
of the Co methyl group of ACh with AChE, This appsrent
discrepancy will be explained later when hydrophoble
interactions are considared,

Van der Waalsforces are propordional to the
polarirzability of the bonds in the interacting molecules,
Eqe CHClg bofls higher than methanse, This allows the
prediction that an increase in tho polarlzability of the
bonds in the 2-mothyl substituent of IV {Fig.18, p.74)
ought to increase affinity for the emeyme, For instance,
changing CeH bonds for C«Cl bonds should lead to stronger
Lonn dispersion intorastions with non polar gide chains
aince the C-Cl bond is aore polazizable than the C+H bond,
Exanination of Fig.l7 reveals in fact, that substitution
of the Co-methyl growp of IV by & Cly group as in XI1
tnersases affinity foxr the enzyme by a factor of 4, These
resulis appear to support the above interprotatlon of the

vole of London dispexsion forces in the binding of the
anthyl group of the subsizrste and inhibitors by AChE,
(see below Tor an alternative intarpretation).

It was already shown above that Van der Wials
forgas account Tor Av, half of the interaction enerqy of
the G, nethyl gz:oﬁp for the enzyme, In orxder to account
for the other half (0,7 %eal), solubility studies with the

imhibitors ware carzied out, Solublility data are sssembled
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in Table 9, p.8l. The fres energy change involved in
transferring an inhibitor from an aquecus to a nonesqueous
medium (equivalent to the hydrophobic part of the enzyme
surface) was determined,(Table 10, p.83), The results
indicate a contribution of 800 cal/CHy for the transfer
of a methyl group from an aqueous to a nonsaqueous medium,
These results are in close agreement with the results of
Cohn and Edsall who used amino acids as models (ref. Table B,
Pad5).

An altermative or complamentary explanation of
the high affinity of inhibitor XII (Fig.17, p.73) for AChE
may 1ie in the high transfer energy associated with the
presence of a CClg group (ref. Table 10, p.83), The none
ideality of the solutions obtained with cur highly soluble
inhibitors (activity coefficients < 1} is undoubtedly a
complicating factor in cur estimates of transfer energles.

An analysis of these additional results allows
us to estimato the relative contribution of hydrophobic
forces and Van der Weals attractive snorgies to the enzyme's
affinity for the Cy substituent in fnhibitor IV (see
Table 11, p.84). Inhibitor I (Fig,l7. p.73) was taken as
the standsxd, The giged,l compound lII favers both transfer
to the enzyme and the operation of positive Van deox Wsals
attractions. The methyl aroup of its geometrical isomer,
the transed,l VI, still favors transfar but no longex fiis
in the same specific wdy on the enzyme surface,

Of special interest is the affect of two methyl




) as Ay
Suhsmgm (log Ny/Myis (log Ny/ig)y T SR

i and AR
Influence of CHy group

1 III ‘0070 ‘0.0? 0.63

1 Vi «Q, 70 «0,10 0.60

1 X1 «0,70 .44 0.26

Influsnce of 0013 group
I X131 «Q,70 C.93 1.63
%11% 0,70 1,02 1.72

L o}

0,55
“6182

«0,3%

-2,28
"’2__03‘

The formulae corvesponding to compound numbers are
{1liustrated in Fig.l7, p.73.

AF
(calculated)
Kealoxle
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!5[) Attraction Ene:-giea t0 the Enxymic Aff
1«3 Dioxolane Inhibitors Qa Substituonts

BRG Van der bas

inity of the

Ichiblitor Apparent Interaction Enerqy Transfer Van der Waal
+aFy  [(aFg)g=(aF4) 1" g.?smy__ : T
Kealorie Kealoxde Healorie
I ~4.568, ~ [o] 0 B ¢
111 ©5,923  fe1.388] =808 =600
Vi 3,996 [«.428] =, 400 0
XI 3,520 [+0.,048] o 0
X1I 6,761 [«2.193] «2.300 0
XIix -5,631 [«1,063] «1100 0

* I was taken as standard
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groups at <o, @ gituation which is unfavourable to binding.
On the basis of the operation of hydrophbblc forces alone,
one would have predicted a higher affinity of this compound
than with either the ¢je or trana-monomethyl imhibitors.
In fact, ite affinity falls short of the expectable value
by sbout one Kcal. An explanation for this discrepancy was
found in the abnormally low free anergy of transfer of this
{nhibitor. This must be due to the fact that the methyl
groups at Co are geminal, Such branching creates an
unfavourable snerav of interaction with the hydrotarbon
portion of the entyme because a close approach of the
inhibitor to this region is forbidden, An interesting
11lustration of this effect is found in the interactions
between isostearic acid molscules, Introduction of
branching decreases markedly the attraction energy between
ths molecules (ref, Introduction, p.43).

Finally, with the CClj compounds the Increased
affinity can be accounted for solely on the basis of
the high tranafer energy of a trichloromsthyl group (ref.,
Table 10, p.83). The txans 1somer also favors transfer to
the hydrophobic reglon of the enzyme but in this case the
resulting interaction would deviate from ideality 1in a
way Telated to the case of the Co=dimethyl inhibitor
discussed above,




D, Conclusion

The above investigations have brought to light
the follewing new facts concerning the mechanism of complex
formation batween ACh, related inhibitors and AChE: a) AChE
appesrs to be insensitive to the substitution of deuterium
atoms for hydrogens in ACh and in the Cpemethyl group of
inhibitoyr IV. Howaver, the possibility remains that Wilson's
representation of the Michaells complex between ACh and AChE

mav be adequates b) Tha enzyme displave e 2 high dagrss
absolute and relative sterecspescificity towards i,3edioxolane
inhibitors which bear a close resemblance to ACh itself,
Because the mode of interaction between the Coemethyl group
of the inhibitor IV is the same as that between the

acetate methyl of ACh and the enzyme, it is concluded that
the inhibitor IV reproduces gsome of the key geometrical
features of enzymeebound ACh, The absolute conformation of
the latter can be deduced to be patterned aftex the geometry
of inhibitor IV and it may also be that the uniqueness of

the fit produced by this inhibitor is related to a greater
tendency for the enzyme to actommodate the tetrahadral
arrangement rather than the trigonal geametry for the ACh
carbonyl, This would lend some support to the Wilson
representation of the Michaelis complex; however, the

isotope effect results unfortunately do not allow definite
conclusions on this poin%, ¢) Variation of affinity constants

for the enzyme in the 1,3=diownlane series can be generally
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explained on the basis of variations in the relative contrie
bution of hydrophobic forces to binding, It was shown that
the contribution of these forces to binding can sexve to
explain structuveeactivity relationships especlally when
taken in conjunction with the effect of London dispersion
forces.



1. Chemical synthess ofsllcis 2 methyl Dyede
tri{methylamnoniun~l,3«dioxolane iodide.

2. Determination of the Michaelis constants (Ky)
of four deuterated acstylcheline lsomers,

3. Determination of the Michaells constant (Km)
ne Loamenel ahn? doaa

we & vourbm&mvt

4. Dotermination of thelinhibition‘dbnatants (K;)

and mode of inhibition (competitive) for the 1l,3-dioxolane
series.

Se An estimation of the naturs and magnitude of
the interaction of the acetate methyl group of acetylcholine
with acetylcholinesterasse,

€. The determinaticn of the role played by hydroe
phobic forces in the transfer of an inhibitoer to the
active surface of an enzyme,
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