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A series of spin labeled acetylcholine analogs, in which the number of methylene groups between the quat..uury nitro- 
gen and the atcohol oxygen ranged between 1-S. have been examined as inhibitors of electric eel acetylcholinesterase. 
Evidence is presented su~gwting that inhibition of acetylcholinesterase by the spin labeled ACh analogs is due to the high 
affiity of these. compounds for the enzyme, inhibition is competitive and reversible. It has been shown that complex for- 
ration is of major importance in the reaction between spin labeled ACh analogs and acetylcholinesterase. The acetyhtion 
step has been shown to occur by demonstrating that the leaving group is released as the reaction proceeds. Complex forma- 
tion has been demonstrated by means of kinetic criteria. Kinetic parameters have been measured for the five compounds. 
and correlations with alkaline hydrolysis are discussed. 

I_ Int m duction 

Two separate active sites can be distinguished on 
the active surface of acetylcholinesterase: one, an 
anionic site, is largely concerned with specificity. and 
the other, the esteratic site, is concerned with hydro- 
lytic processes [i 4]_ The principle forces of interac- 
tion between acetylcholinesterase and substrates are: 
(1) Coulombic attraction and Van der Waals’ disper- 
sion forces between the negatively charged anionic 
site and positively charged substrates; and (2) a weak 
covalent bond between the hydroxyl group of a serine 
amino acid residue at the esteratic site and the elec- 

trophllic carbonyl carbon atom of the ester. In addi- 
tion Belleau and I&asse IS] concluded that the en- 
vironment of the anionic site is hydrophobic and that 
bulky substituents on the choline nitrogen atom would 
induce nonspecific molecular perturbations of the en- 
zyme, leading to the compound under examination 
being an inhibitor. Several workers have shown that, 
apart from the small hydrophobic portions situated 
directly in the anionic center (and probably adapted 
to rhe nitrogen methyl groups of acetylcholine). there 

are more extensive hydrophobic regions beyond the 

anionic site (which adapt to bulky hydrophobic 
groups) [6--101. 

Kitz and Wilson [ 111, Main [ 121 and O’Brien [S] 
have demonstrated the importance of prior complex 
formation in the reaction of organophosphates, sul- 
fonates and carbamates with acetylcholinesterase. 

In order to better understand the nature of the ac- 
tive sites of acetylcholinesterase and acetylcholine re- 
ceptors, we have been engaged in the synthesis [I 31, 
pharmacolo,T [14] and biochemistry [IO] of a series 
of spin labeled acetylcholine analogs. The purpose of 
this report is to study the mechanism of action of a 
series of spin labeled probes. This mechanism is of in- 
terest in itself, as it bears upon the steric requirement! 
For interaction at the anionic site of acetyleholine- 
sterase and because inhibition may involve functional 
groups outside the active site. 

2. Wtterials 

Acetylcholinesterase (AChE) (Electrophonts 

electricus. EC 3.1 .I -7) was a lyophilized salt free pow 

der and contained 340 pmolar units per mg solid 
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(Sigma type VI); acetylcho~ine iodide (ACh); acetyl- 
thiochofine iodide (ATCh); and Ethnan’s reagent, 
fS,S’-dithiobis-(2-nitrobenzoic acid)], (DTNB) were 
obtained from Sigma Chemical Co., St. Louis, 
IMissouri, USA. 

Spin labeled A& analogs, in which the distance 
between the nitrogen and the alcohol oxygen was I-5 
carbon atoms, were prepared as previously reported 
1131. The compounds are: 2-[N,N-dimethyi-N- 
(2,2,6,6-tetramethylpiperidine-l-oxylamino)] methyl 
acetate iodide, (SL-I); 2-[N,NdimethyI-N-(2,2,6,6- 
tetramethyfpiperidine-l-oxylamino)] ethyl acetate 
iodide, (X-2); 2-~N,N-dimethyl-N-(2,2,6,6-tetrame- 
t~ylpi~~d~ne-I -oxylamino)] propyl acetate iodide, 
(SL-3); 2-]N,N-dimethyi-N-(2,2,6,6-tetramethylpi- 
p&dine-I -oxyfamino)] butyl acetate iodide, (SL-4); 
and 2-[N,N-dimethyl-N-(2,2,6,dtetramethylpiperi- 
dine-i -oxytamino)] pentyl acetate iodide, (SL-5). 

3. Methods 

3. I. Assuy of acetylcholinesmase uctr’viry 

Inhibition of acetylcholinesterase was examined by 
the method of Eftman et al, [I 51 by using a Varian 
Tech&on Model 635 W-Vis Spectrophotometer. 
Measurements were made at 37°C by observing ATCh 
hydrolysis at 412 nm using DTNB. In a typical experi- 
ment, the reaction mixture contained lOa M ATCh, 
10v4 M DTNB, 0.1 M NaCI, 0.02 141 MgcIZ, 0.02 M 
sodium phosphate buffer at pH 7.0 and 0.1 ~.ig enzyme 
(O-033 pimolar units) in a tinaf volume of 4.0 ml. 

3.2. Ewynuztic hydrolysis of SL-2 

Enzymatic hydrolysis of SL-2 by electric eel AChE 
was carried out by ~~cubati~g 68 units of the enzyme 
(800 times the enzyme concentration used in regular 
assay for AChE activity), with 1 firno1 of SL-2 in a 
volume of 1 ml of pH 7.4 phosphate buffer containing 
0.1 Ctmol of NaCl and 0.02 ,umol of MgCI, at 38°C. 
At various times, the reaction was stopped and the 
concentra:ion of unreacted St2 was determined as 
the ferric-acethydro~~e acid comptex [16]_ 

The choline ester was made up in distilled water at 
10 ml&i and 0.1 ml was added to 0.1 ml of 20 mM 
NaOH and diluted to a final volume of 1 ml at 38°C. 
At various time intervals, the reaction was stopped and 
the concentration of unreacted starting material was 
determined as the ferric-acethydroxamic acid complex 

El6J- 

4. Results 

The spin iabeled ACh analogs (X-1 through SL-S) 
inhibited electric eel AChE. Preliminary results indi- 
cated that the residual enzymatic activity was a func- 
tion of the concentration of the spin labeled probe 

[LO]. 
The spin labeled ACh analogs were examined by 

conventional methods to test for competitive inhibi- 
tion. Lineweaver-Burke plots for the iuhibition of 
AChE by the spin labeled ACh analogs were obtained 
(fig. 1). The results clearly demonstrate that the in- 
hibition is reversible and competitive. From the double 
reciprocal pIots. the values of Km and Ki were deter- 
mined. The reversibfe inhibition constant, Kr, for the 
inhibition of AChE by spin labeled ACh analogs were 
aIso determined by eq. (I), which is based on an equi- 
librium assumption as we11 as the Briggs-Haldzne 
modification of the Michaelis-Menten law [ 171. 

Uo]U = 1 + II]/rC,(l f [S]/iir,) - (11 

In this expression, uOfv is the ratio of the uninhibited 
to inhibited rate of hydrolysis, and K, (2.5 X iOB4M) 
was obtained from the hydrolysis of ATCh by AChE 
[ 18 ] _ Since the equation does not apply to inhibition 
in the presence of excess substrate, less than optimal 
substrate concentrations were used_ When U&J is plot- 
ted against [I]_ a linear relationship is obtained in which 
the x-axis intercept gives: 

-Ki(l + [s]/K,) - 

The effect of varying the inhi5itor concentration 
was determined at two concentraii>ns. The resultsfor 
SL-2 are shown in fig_ 2. Since the ambition varies 
with the substrate concentrat ian. the equilibrium is 
largely competitive. The Kt values at the two substrate 
concentrations agreed to within 3%. Similar results 
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Fig. 1. Lineweaver-Burke plots far the inhibition of electric 
4 AChE (38*C) by spin Iabcled ACh analogs (2.5 X 10M4M); 
hTCh concentration 10M4 M. 

were obtained for the other spin labeled ACh analogs 
and their inhibition constants are listed in table l- 
The results show that lengthening of the carbon chain 
separating the alcohol oxygen and the quaternary 
nitrogen was accompanied by an increase in anti- 
cholinesterase activity. The increase in inhibitory po- 

tency was observed only up to the propyl radical 
(SL-3). Once this cut-off point was reached, further 
lengthening of the alkyl chain (SL4) decreased anti- 
cholinesterase activity. Further increasing the al’& 

Table 1 
Inhibition coastants (IQ. dissociation constants (K,). acetyl- 
ation constants (kz). and bimolecular rate constants (ki) for 
inhibition of electric eel acetylcholinerterase with a series of 
spin labeled ncetylcholine analogs a) 

-36 -32 -28-24 -20 -I6 -12 -6 -4 0 4 8 I2 

[I] x IO5 M 

Fig. 2. Inhibition of electric eel AChE (38°C) by spin labeled 
ACh an;llo SL-2; ATCh concentrations tOea %I (0) and 
2.5 x 10- $ (0). 

chain to five carbons @L-S), did not change the Yi for 
AChE. 

!f inhibition of AChE by this series of compounds 

is due, in part to the electrophilicity of the cartJny1 
carbon atom, it might be expected that their inhibit- 
ory potency would parallel their stability towards al- 
kaline hydrolysis. Table 2 Iists the pseudo first and 
second order rate constants for the base catalyzed 
hydrolysis of spin labeled ACh analogs. The results in- 
dicate that there is no correlation between the rate of 
hydrolysis of these compounds and their inhibition of 
AChE. Thus SL-1 which caused the least inhibition of 
AChE was least hydrolyzed by the base. Also SL-3, 
which was the most potent inhibitor of this series, 
had the fastest rate of hydrolysis, followed by SL-5, 
SL-4 and SL-2. It is noteworthy that the alkaline hy- 
drolysis of SL-3 is very close to that of the substrate, 
ATCh. 

:: a=3 
CH,cOfCHIl”HCH, I- 

, 

0 
d- 

- 
Amlag n Ki 

(W 

SL-L L (256 + 0.1) X 10-3 
(3.34 f 0.2) x 1o-4 SL-2 2 

SL-3 3 (3.70 = 0.2) X 10-s 
SL-4 4 (5.93 + 0.25) x LOA 

(6.00 L 0.3) x to-4 w-5 S 

3 LItwIts wz given a~ average t S.D. 

& 
(XI) 

(L.2$ * 0.05) x Lo-3 
(1.93 t 0.07) x lo-’ 
(3.85 c_ 0.2) x 10-S 
(6.06 5 0.3) X LO-4 
(5.88 + 0.3) X LO-” 

- 
kt 

-I (min ) 

0.10 c 0.01 
0.13 2 0.02 
0.33 f 0.03 
0.25 f 0.02 
0.25 i 0.03 

ki 
(%I-’ min-’ ) 

(8.00 e 0.4) x 10 
(9.26 + 0.4).X IO* 
(8.57 c_ 0.4) x 103 
(4.13 r 0.25) x 10’ 
(4.25 + 0.3) X LO’ 



Table 2 
Pseudo-first order and second order rate constants for the alkaline hydrolysis of acetylcholine and analogs al 

Compound 

ACh 
ATCh 
SL-I 
SL-2 
SL-3 
SL-t 
SL-5 

&X 

Wn-’ ) 

0.40 t 0.05 
0.21 r 0.01 
0.08 * 0.00 
0.04 t 0.00 
0.18 t 0.01 
0.06 t 0.00 
0.10 = 0.01 

Relative kl 

100 
53 
20 
LO 
4.5 
IS 
25 

kz 

{hi-’ min-‘) 

226 * IS.0 
108 * 9.0 

4 5 0.4 
29 f 1.0 
92 * 6.0 
30+ 4.6 
48 = 4.6 

Relative k2 

100 
48 

2 
8 

41 
13 
21 

3) Results are given as average f S.D. 

In the subsequent examination of thz kinetics of 
inhibition of AChE by spin labeled ACh analogs, 
St-2 was chosen as a model compound, because it 
has the same number of carbon atoms between the 
active centers as does ACh. Fig. 3 shows that inhibi- 
tion lines intercept the axis at points beLow 100% 
activity, i.e., the enzyme is inhibited at zero time. 
This must be taken to demonstrate the presence of 
complexed erlzyme and inhibitor- At sufficiently 
high concentrations of inhibitor, the progressive in- 
hibition lines become paralleI (fig. 3) indicating satu- 
ration of the enzyme. l-his phenomenon is predicted 
by the kinetic scheme normally assumed to represent 
phosphorylation and carbamylation of AChE by 
phosphates and carbamates: 

E+I L 
I 

~ EI -% El’ T -% E+acid, (2) 

I 

ki 
1 

where E is the free enzyme, I is the inhibitor. Ef is 
the intermediate reversible complex whose formation 
is controlled by the e~u~ibrium constant, Ka 
(= k_l/kl), Et’ is the carbamylated or phosphorylated 
enzyme whose rate is governed by k, and ki (= kdJ&) 
is the rate constant governing the overall rate of jl- 
hi&&on (the bimolecular rate constant). To calculate 
acetylation constant, &, and the dissociation constant 

for enzyme inhibition complex, (KJ. one may employ 
eq. (3) relating progressive inhibition to time and in- 
hibition concentration, as derived by Main [I 2] for 
the kinetic scheme given in eq. (2) assuming that 
[I! 5 [E] and k_l 3 k2, 

Minutes 

Fig. 3. Inhibition of electric eel ACM (38% by SL-2 at con- 
centrations of lO_’ hi (0). lOA hi (0) and law3 ICI f+ 
hieasurements were made at 37°C by observiw ATCh hydro- 
lysis &ii: 412 nm in a reaction mixture contain@: 1 OA hf 
ATCh. lOA Si DTNB. U.L N NaCi. 0.02 N hfgCla. 0.02 5% 
sodium phosphate buffer at pH 7.0 and 0.1 mg enzyme 
(0.033 cr molar units) in a final volume of 4.0 ml. Ordinate is 
on log scale. 

If[I] =(1~2_303)(~~dlog V)(k2jKa)- f/&, 0) 

where [I] is the inhibitor concentration; f is the time 
of incubation; dlog V is the change, caused by inhibi- 
tion, in velocity of the reaction_ Wher. I([i] is ex- 
pressed as a function of &/dlog V, a straight line is 
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obtained in which the slope will be k,: they-axis intet- 
cept becomes -1 jKa and the x-axis intercept is l/k,. 
intersection of the axis by the extrapolated line wouId 
support the assumption of a reversible intermedhte, 
as wei as providing a means of evaluating kz, K, and 
kg- Ka in the case of reversibfe inhibitors is identical to 
Ki, the conventional expression for the reversible inhi- 
bition constant of E-1, the enzyme inhibitor complex. 

The Main El21 equation is only applicable when 
the inhibition time is short enough so that the kj 
step can be ignored- Fig_ 4 shows that in the present 
tivestigation, the reaction of SL-2 which AChE was 
judged by inhibition of the enzyme is linear over a 
short period of time (six minutes) and in every case 
the inhibition approaches an apparent equilibrium. 
Similar resufts were obtained for the other spin 
labeled ACh analogs. Fig. 5 shows representative data 
which demonstrate that the inhibition of AChE by 
SL-2 is first order. For al! compounds tested, short 
time intervals were used, so that the subsequent level- 
ing off d-s not interfere with the kinetic studies. 

Fig. 6 shows that the kinetic finding were indeed ful- 
Iy compatibfe with the Main equation- Thus one can 
evaluate Ka and &Y~_ Similar plots were obtained for all 
probes. Table 1 Iists K, (dissaciation constant), k2 
(acetylation constant) and ki (bimolecular rate con- 
stant) for each of the spin labeled ACh arulogs, along 
with the conventional expression for reversible inhibi- 
tion constant, Ki. These data show that SL-3 is the 
most effective inhibitor. 

125x10 M 

4 8 12 16 20 24 20 32 
Minutes 

Fig. 4. Progress oc inhibition of eh?ctric eeS AChE (38*C) by 
SL-2 at various concentrations, to show achievement of steady 
state. ATch concentntions 10v4 hL Assay conditions as de 
wrrtbed in f&. 3.Ord&ate is on log s&e. 

0.l 

is 
a 

3 O-25 XI O-4M 
0 ~Z5XtO--+ M 
f: 
cx 

2.50 X10-* M 

Fig. 5. Progess of’jnb~biti~n of electric eel ACbE f3S°F) by 
St;2, ATCk concentration IOWJ $1, 

The best direct evidence for the acetylation theory 
would be to prove that in the course of inhibition, 
there is indeed a leaving group, that is, the spin labeled 
choline analog. This is demonstrated by iig. 7 for 

Fig. 6. Main plot for inhibition of electric eel AChE t3S°Cl hy 
SL-2. ATCb concentration of lOA M. 
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Fig. 7. &drolysis of SL-2 by large excess of electric eel 
AChE (38°C). Half-life from graph is 58 minutes, kJ = 
0.012 mill-l . See methods for hydrolysis conditions. 

SL-2, :h-~ which the concentration of the probe is in 
iarge excess of AChE. From fig. 7, one can calculate a 
k, of OXIf rnixrl_ This value shows that k3 is the 
rate determining step, since it is about a factor of ten 
smaller than kz _ Thus the acetylation of the enzyme 
takes place at a rate determined by kZ, and further 
reaction must await regeneration of the enzyme, 
which is determined by the slow kj. 

5, Discussion 

Spin ?abefed ACh analogs inhibit AChE in a revers- 
ible manner as indicated by the characteristic time- 
independent and concentration dependent behavior 
of AChE inhibition. Lineweaver-Burke plots demon- 
strated the competitive nature of the inhibition [LO]. 

The results of progressive inhibition studies with 
spin labeled ACh analogs at high concentrations de- 
monstrate a saturation phenomenon, which may only 
be explained by the assumption that the acetylation 
step is proceeded by an inhibitor-erzyme complex. 
In order that the rate of progressive inhibition may 
reach the observed ma~mum, it must be assumed that 

a stage is reached in the incubation vessel at which 
time all available enzyme is complexed with inhibitor. 

These observations make it reasonably certain then 
that inhibition of AGE by spin iabefed ACh analogs 
follows a pathway similar to that normally assumed 
for inhibition by sulfonates [ 111, organophosphates 
[12] and carbamates [19], i.e.. compiexing is fol- 
lowed by acetylation. The third step, regeneration, 
hake5 place very slowly_ Measurements of kinetic 
parameters showed progressive and large increases ia 
affinity with ~en~henin~ of the carbon chain up to 
SL-3. The inhibition of AChE by these compounds is 
not due to the inhibition of the deacetyiation step 
(/c3) by either the spin labeled AC’h analog or the spin 
iabeled choline anaIog. This conclusion was drawn 
from the observation that the ester would be hydro- 
lyzed at Iow concentrations, which was not the situa- 
tion. Spin labeled ACh analogs must, therefore be un- 
abIe to acetylate the enzyme because of an unfavor- 
able interaction in the first stage. Since there is no cor- 
relation between the acetylating ability of these com- 
pounds and the degree of in~bition of M&E, and 
since their hydro~rbon radicals are not capable of 
my specific interactions, the increase in the inhibitory 
potency with the tengthening of the alkyt chain can 
be attributed to the improvement of the conditions of 
absorption of the spin labeled ACh analogs onto the 
anionic portion of the active center. These facts are in 
accord with the hypothesis that there are on the sur- 
face of AChE other hydrophcbic portions outside of 
the anionic center, or beyond it [S-9] _ The inhibitory 
effect of these compounds can be explained if we as- 
sume the existence of some hydrophobic fold or 
pocket on the enzyme surface onto which the bulky 
piperidinoxyl group can be absorbed in a compfimen- 
tary manner. The cut-off at X-3, implies that the cor- 
responding hydrophobic portion on the enzyme is of 
limited size. The piperidinoxyl group induces, non- 
specific molectdar perturbations which involve hydro- 
phobic bond formation [ZO] _ EPR data have shown 
that this “hydrophobic anionic site’” is on the surhce 

of the enzyme and is either planar or a curvature of 
large radius [Zl 1. 

The data described above suaest that spin Iabeled 
ACh andogs have poor (low) kz values and compen- 
sated by low Ka constants. Consequently, one would 
expect the inhibitor concentration to be close to the 
&, and therefore expect that the observed fnhibition 
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would depend markedly, on substrate concentration. 
The results support the application of the Main equa- 
tion, and show that spin labeled ACh analogs are sub- 
strates for AChE, with high affinity, low acetylation 
rates and even lower deacetylation rates. One cannot 
neglect the complex formation step; on the contrary, 
virtually all the differences in anticholinesterase ac- 
tivity among the spin labeled probes were due to dif- 
ferences in complexing ability. It is concluded that 
the inhibition of AChE by the spin ;lbeled analogs is 
due to rapid formation of the complex, Et, and stow- 
er conversion of El to El’ (with concomitant replenish- 
ment of Et from E and I). Spin labeled ACh analogs 
may, therefore, prove to be useful new tools for the 
study of the topography of the active center of the 
enzyme and receptor. The utihty of these spin labeled 
compounds as probes may be difficult, however, be- 
cause of their low dissociation constants. Bound 
labeled might be difficult to detect without large 
amounts of enzymes. 
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