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THE EFFECTS OF REPLACING ESTER
BY AMIDE ON THE BIOLOGICAL PROPERTIES
OF COMPOUNDS RELATED TO ACETYLCHOLINE

R.B. BARLOW, J.B. BREMNER' & K.S. SOH?
The Departments of Pharmacology, Universities of Edinburgh and Bristol

1 Replacement of ester by amide in series of derivatives of diphenylacetic acid reduces the affinity
for muscarine-sensitive. acetylcholine receptors of the guinea-pig ileum from 40- to 100-fold. With
similar series of phenylacetic acid the reduction is only 2- to 4-fold. In both series changes in
the composition of the onium group produce similar changes in the affinity of amides and esters
and it appears that the stiffness of the amide bond reduces the binding of the phenyl groups at
the far end of the molecule from the onium atom.

2 Replacement of ester by amide in similar series of acetyl compounds reduces activity on the
guinea-pig ileum over 1000-fold and on the frog rectus over 50-fold. Compounds with larger onium
groups are antagonists on both preparations with log affinity constant around 3. The amides have

similar affinity for electric eel acetylcholinesterase.

3 The amides are slightly bigger than the esters in solution and slightly more hydrophlllc
4 Replacement of ester by amide in acetylcholine reduces the proportion of gauche conformer

about the C—C—bond from 100% to 39%.

5 The ability of acetylcholine to activate receptors is thought to depend on some degree of flexibility
in the —CO—O— bond, though the hydration of the bond may also be important.

Introduction

The amide analogue of acetylcholine was synthesized
by Hromatka, Kraupp & Skopalik (1953) but its
pharmacological properties do not appear to have
been reported, apart from a dose-response curve on
rat intestine which appears in an illustration (Van
Rossum, 1968) and indicates that it has about 0.01%
of the activity of acetylcholine. It might be supposed
that because the amide bond is stiffer than ester
(Pauling, 1939; 1967; Gill, 1965), the compound is
less able to fit the acetylcholine receptor, but it might
also be less able to activate it. The effects of replacing
ester by amide on affinity have therefore been
observed directly by making the series of amides (I
and II), which are antagonists, and measuring their
affinity constants for the muscarine-sensitive acetyl-
choline receptors of the guinea-pig isolated ileum.
Values for the corresponding esters are already
known (Abramson, Barlow, Mustafa & Stephenson,
1969).

The series of acetylamides (III) and esters (IV) have
been prepared and tested on the guinea-pig ileum,
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frog rectus and on acetylcholinesterase from electric
eel. It is known from the work of Holton & Ing (1949)
and Abramson (1964) that increasing the size of the
onium group in acetylcholine decreases the activity
and it was expected that some of the compounds in

- series III and IV would be partial agonists or antag-

onists, whose affinity for the receptors could be
measured. By studying series it was therefore hoped
that it would be possible to observe the effects of
replacing ester by amide on the affinity of some of
the acetyl compounds, and hence perhaps to assess
effects on efficacy.
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If the effects of replacing —O— by —NH— on
biplogical activity are due to changes in preferred
conformation, associated with the greater stiffness of
the amide bond, it might be possible to detect these
from the n.m.r. spectra and these have been obtained
and interpreted by Dr G.C.K. Roberts (National In-
stitute for Medical Research, Mill Hill). It is possible,
however, that changes in other chemical properties
are involved, such as size or lipophilic character, and
an attempt has been made to assess these from the
apparent molal volumes and chromatographic
properties of some of the compounds.

Methods
Compounds

The amides were prepared by adding the acid chlor-
ides to an excess of the amine. The reaction was
usually vigorous but was heated to ensure comple-
tion. The product was cooled, dissolved in a little
water, made strongly alkaline with NaOH, and
shaken with ether containing chloroform, (10% v/v)
to extract the free base. The extract was dried with

anhydrous magnesium sulphate and the solvent dis-
tilled off. The tertiary-amino ethylamides of diphenyl-
acetic acid were solids and were recrystallized from
combination of acetone, ethylacetate and petrol (b.p.
60-80°C). The other compounds were all distilled
under reduced pressure. The phenylacetyl derivatives

- had b.p. 130°/0.25 mm (NMe,), 160°/0:45 mm (NEt,),

160°/0.7 mm (pyrrolidino), and 143°/0.15 mm (piperi-
dino). The acetyl derivatives had b.p. 83°/0.4 mm
(NMe,), 92°/0.4 mm (NEt,), 106°/0.35 mm (pyrroli-
dino) and 116°/0.3 mm (piperidino); Hromatka et al.
(1953) recorded b.p. 117-8°/10 mm for the dimethyla-
mino compound.

The tertiary bases were quaternized by adding
methyl or ethyl iodide to their solutions in ethyl-
methylketone. The metho-salts were formed almost
immediately but the reactions with ethyl iodide were
left at least 24 h at room temperature to reach com-
pletion. When necessary the quaternary salts were
forced out of solution by the addition of ether. They
were recrystallized from combinations of ethylmethyl-
ketone, ethanol, ethyl acetate and ether and their m.ps
and analyses are shown in Table 1. Two of the deriva-
tives of phenylacetic acid, the ethyldimethylam-
monium (Me,Et) and ethylpyrrolidinium compounds,

Table 1 Analyses and melting-points

Onium Acety/ Acetyl Phenylacéty! Diphenylacetyl
group ester amide amide amide
.
NMe, 161-163° 138.8-139.5°* sinters 214.0-215.0°
46.60 (46.63) 117.2117.6° 29.93 (29.91)
melts
122.4-122.9°
. 36.40 (36.44)
NMe, Et 84-5° 98.4-99.4°* 185.9-186.5°
. 44.15 (44.35) 28.94 (28.95)
" NMekt, 65-6° 98.3-99.4° sinters 168.9-169.8
42.14 (42.28) 88-91° 28.03 (28.05)
melts
93.6-94.0
+ 33.72 (33.72)
NEt, 119.5-120.0° 136.8-137.4° 132.5-133.5° 126.5-127.5°
40.27 (40.39) 32.51 (32.51) 27.53 (27.21)
Methyl- 68.0-69.8° 93.0-95.4° 1404141 .4° 195.0-196.0°
pyrrolidinium 42.49 (42.56) 33.99 (33.91) 27.92 (28.18)
Ethyl- 61-62° 84.4-85.6° 192.7-194.2°
pyrrolidinium 40.65 (40.65) 27.31 (27.33)
Methyl- 107-8° 110.0-111.2° 133.6-134.4° 216.2-217.2°
piperidinium 40.52 (40.65) 32.82 (32.68) 27.26 (27.33)
Ethyl- 87-88° 78.7-80.5° 144.8-145.8° 174.9-176.1°
piperidinium 38.80 (38.90) 31.70 (31.54) 57.72 (567.74C)
6.45 (6.53 H)
5.66 (5.85 N)

lodide analyses are gravimetric with samples of 50—250 mg; the microanalysis (C, H, N) was made
by Mr M. West, Chemistry Department, University of Bristol. Theoretical values are shown in parentheses.
Melting-points were measured with Mettler FP instruments, coupled to a potentiometric recorder and
at a rate of heating of 0.2°C/min; values for the acetylesters are included for comparison. The asterisk
indicates that Hromatka et a/. (1953) recorded m.p. 137-8° and 95-7°C for these compounds.



could not be obtained crystalline, either as iodides
or as bromides. It was necessary to make fresh sup-
plies of the acetyl esters which were all prepared as
iodides and their melting-points are included in Table
1 for comparison with the amides, which are also
iodides.

Test preparations

The guinea-pig isolated ileum was set up at 37°C in
oxygenated Tyrode solution containing hexameth-
onium (2.76 x 10~* M) as described by Edinburgh
Staff (1970). Responses were recorded isotonically and
the load was about 0.5 gram. The activity of the
agonists was expressed as the equipotent molar ratio
relative to acetylcholine, estimated in 2 + 2 dose
assays of Latin square design. The doses were added
manually once every 2 min and allowed to act for
25 seconds. The affinity of the partial agonist, (acet-
amidoethyl)} N-methylpyrrolidinium, was estimated
by the reciprocal plot method (Barlow, Scott & Ste-
phenson, 1967) with responses to at least three doses
of the partial agonist and control responses obtained
with acetylcholine.

The affinities of the antagonists were measured as
described previously (Abramson et al., 1969; Barlow,
Franks & Pearson, 1973). Carbachol was the agonist,
allowed to act for 30 s and given once every 90
seconds. Experiments were also made at 29°C with
some of the compounds to see if there were detectable
differences in the effects of temperature on the affinity
of different compounds, as had been found by Barlow,
Berry, Glenton, Nikolaou & Soh (1976).

The frog rectus preparation was set up at room tem-
perature (17-20°C) in aerated frog-Ringer solution as
described by Edinburgh Staff (1970). Responses were
recorded isotonically and the load was about 1 gram.
Doses were made up in a 10 ml measure and poured
onto the preparation. The activities of agonists were
expressed as equipotent molar ratios relative to
acetylcholine or carbachol but the results are compli-
cated by the presence of cholinesterases in the tissue.
For most of the esters (IV) the comparison was made
with acetylcholine as standard and doses were
allowed to act for 2 min and given once every 8 min-
utes. For the triethylammonium and ethylpiperi-
dinium compounds, and for those of the amides
which were agonists, it was necessary to allow doses
to act for 5 min and to give them once every 16
minutes. Some comparisons of amides were made
with acetylcholine as standard but most were made
with carbachol, which was used as the agonist in all
experiments for measuring the affinity of partial
agonists and antagonists. In the assays of agonist ac-
tivity, duplicate responses were obtained with at least
two doses of each compound with several compounds
tested on each preparation. The affinities of the trieth-
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ylammonium and ethylpiperidinium esters, which
were partial agonists, were estimated by the addition
method (Stephenson, 1956). The affinities of the an-
tagonists were calculated from the dose-ratio pro-
duced, with the antagonists given 2 min before the
agonist, but because the compounds were so weak
they were only tested in a single concentration (5 mm).
Electric eel acetylcholinesterase was bought from
Sigma and all samples had the same batch number
(125C-8000). Stock solutions were made in 0.99%, w/v
Na(l solution (saline) and stored in the refrigerator
(4°C). All experiments with the enzyme were done at
25°.

When the reaction was followed by electrometric
titration, the stock solution of enzyme was diluted
with a mixture of 0.14 M NaCl and 0.04 M MgSO,.
Belleau, Tani & Lie (1965) used a mixture containing
0.1 M NaCl and 0.04 m MgCl,. The pH was recorded
with a Metrohm E500 meter and combined electrode
EA 121. It was kept at 7.35 by the addition of NaOH
(0.1 M or 0.02 M; free from carbonate) from an E412
Dosimat with a 1 ml burette, reading in pl, activated
by an E473 impulsomat. The solution was stirred
magnetically, protected with a soda-lime tube, and
the titration was carried out under nitrogen. The total
volume was initially 20 ml. The velocity of the reac-
tion, V, was calculated from the values of time and
alkali added, and was corrected for the small amount
of what appeared to be spontaneous hydrolysis. The
substrate concentrations, S, were corrected for the in-
crease in volume and loss due to reaction during the
period in which the rate was measured. The substrate
was tested, at least in duplicate, in four concen-
trations, in the range 0.1 to 0.5 mM and values of
K,, and V,,, were obtained by fitting the values of
Vand S to the expression V= V,,,.S/(K,, + S) by the
method of least squares. '

In experiments with the spectrophotometric
method (Ellman, Courtney, Andres & Featherstone,
1961) the reaction was performed in 0.1 M phosphate
buffer, pH 8.1. The total volume was 3.2 ml and the
concentrations of acetylthiocholine were 0.125, 0.25,
0.375 and 0.5 mM, each tested twice in any one experi-
ment, and the values of K,, and V,,,, were calculated
as above. In these experiments the very small amount
of spontaneous hydrolysis was neglected.

In experiments with inhibitors the concentrations
of substrate were increased and for each concen-
tration of inhibitor the values of rate and substrate
concentration were fitted to the hyperbola and appar-
ent values of K,, and V,,,, were obtained. If the antag-
onism is competitive the ‘apparent’ K,, in the presence
of a concentration I of inhibitor = K,, (1 + I/K;) and
Vmax should be unaltered. The ratio of the estimates
of K,, in the presence and in the absence of inhibitor
is, in fact, the dose-ratio and has been used to calcu-
late K; or the affinity constant (1/K;).
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Apparent molal volumes

These were calculated from the densities of solutions
of known composition by weight, measured with an
Anton Paar Precision Density Meter, DMA 02D, as
described previously (Lowe, MacGilp & Pritchard,
1973; Barlow & Franks, 1973). The temperature was
25.00 £+ 0.01°C.

Values of Ry,

Values of Ry (Bate-Smith & Westall, 1950) were cal-
culated from chromatography of the compounds on
Whatman No 1 paper with the solvent system
butanol-ethanol-water (5:5:2 by volume). The spots
were developed with the Dragendorff reagent (Thies
& Reuther, 1954). Between 9 and 11 samples were
run on each sheet, with any one compound tested

at Icast in duplicate.
-

Results

The results of the experiments with the phenylacetyl
and diphenylacetyl amides on the guinea-pig isolated
ileum are shown in Table 2. With the derivatives of

diphenylacetic acid the replacement of ester by amide
reduced log K by from 1.6 to 2.0 units; with the de-
rivatives of phenylacetic acid the difference was only
from 0.2 to 0.7 log units. The composition of the
onium group, however, appeared to produce similar
effects on the affinity of the amides as it did on that
of the corresponding esters, in spite of the big differ-
ence in affinity (Figure 1). This suggests that the
onium part of the molecule is binding to the receptor
in a similar way in esters and the corresponding
amides and that the difference in affinity is due to
the failure of the phenyl groups to contribute as much
to the binding of the amides as they do to that of
the esters. This effect, which could well be due to
the greater stiffness of the amide bond, will be bigger
in the compounds with two phenyl groups than in
those with one.

With 8 of the compounds tested the value of log
K at 29°C was higher than that at 37°C but with
3 it was lower, though the differences were all mar-
ginal. There is the suggestion, however, of a trend
towards a reversal of the temperature effect. with
larger onium groups, because the compounds with
apparently higher affinity at 37°C were those with

Table 2 Affinity for postganglionic acetylcholine receptors of the guinea-pig ileum

PhCH,CO- Ph,CHCO-
Onium AP Ester Amide Ester Amide
cm®/mol 37 37° 29 37 37° 29
"

NMe, 0 4533 4.290 4342 7.159 5.492 5.610
+0.028 +0.039 +0.040 +0.023

+ (6) (5) (6) (5)
NMe,Et 15 5.093 7578 5.709 5.741
+0.021 +0.017

(6) (5)
Methyl- 19 5.084 4741 7.440 5.569 5.659
pyrrolidinium +0.015 +0.038 +0.023

+ (8) (6) (6)
NMekEt, 30 5.379 4.977 5.093 7.584 5.577 5.631
$0.028 +0.023 +0.054 +0.014

(6) (5) (6) (5)
Methyl- 334 5.194 4.892 7.260 5.327 5.271
piperidinium +0.026 +0.041 +0.052

(7) (6) (5)
Ethyl- 344 5.568 7.558 5.647 5.605
pyrrolidinium +0.038 +0.023

4+ (5) (5)
NEt, 445 5.785 5.113 5.189 7.367 5.421 5.321
+0.017 +0.018 +0.045 +0.052

(5) (5) (6) (6)
Ethyl- 48 5.625 4.831 7.015 5.199 5.167
piperidinium +0.004 +0.042 +0.022

(®)

(5) (5)

Mean values of log K are shown with the standard error and number of results. Values for esters, included
for comparison, are from Abramson et a/. (1969). The onium groups are arranged in increasing size,
estimated by A¢9 the increment in apparent molal volume at infinite dilution calculated from results

of Barlow et a/. (1971).
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Figure 1 Effect of the composition of the onium
group on the affinity of esters (@) and amides (QO)
of diphenylacetic acid and of esters (A) and amides
(A) of phenylacetic acid. Values of log K for the
postganglionic muscarine-sensitive receptors of the
guinea-pig ileum at 37°C are plotted against the in-
crement in the size of the onium group, assessed
from the increase in the apparent molal volume at
infinite dilution calculated from the results of Barlow
et al. (1971). Note that the lines joining the esters
and amides of diphenylacetic acid are parallel, in
spite of the big difference in log K. The line joining
the esters of phenylacetic acid has been broken to
avoid confusion, and the results with the 6 analo-
gous amides appear also to be parallel to it, though
there are smaller differences in affinity than with
the derivatives of diphenylacetic acid. The errors
attached to the estimates are less than 0.1 log units,
i.e. about twice the size of the symbols.

the triethylammonium, methylpiperidinium and ethyl-
piperidinium groups.

The results obtained with the acetyl amides (III)
on the guinea-pig ileum are shown in Table 3,
together with values of the acetyl esters (IV). The

methylpyrrolidinium ester has also been studied by
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Cho, Jenden & Lamb (1972) and by Schwarzenfeld
& Whittaker (1977), who obtained equipotent molar
ratios of 2.6 and 3.6 respectively. There is great vari-
ation in the results obtained with the weaker com-
pounds, particularly when the equipotent molar ratio
is greater than 1000:1, but there was no convincing
evidence that any of the esters was a partial agonist.
In contrast only two of the acetyl amides were
agonists, one was a partial agonist and the rest were
antagonists. There was no detectable difference
between the affinity at 37°C and that at 29°C in the
three instances studied. The activity of the amide ana-
logue of acetylcholine on this preparation appears to
be similar to that on rat intestine (Van Rossum, 1968).

The results obtained with the frog rectus are shown
in Table 4. Schwarzenfeld & Whittaker (1977)
obtained an equipotent molar ratio of 15 for the
methylpyrrolidinium ester. The acetyl esters with
triethylammonium and ethylpiperidinium groups
were partial agonists when compared with carbachol
but this was not apparent when they were compared
with acetylcholine because the dose-response curve
for acetylcholine is greatly flattened by the effects of
the cholinesterase present in the tissue. It was possible
to obtain an equipotent molar ratio for the triethyl-
ammonium compound relative to acetylcholine
(1280 + 240, 4 estimates, comparable with 5000
reported by Holton & Ing, 1949) but this has little
meaning. Three of the amides were agonists and the
rest were all tested as antagonists, though the methyl-
piperidinium compound usually produced a detect-
able but very small contracture of the preparation.
The activity of the amide analogue relative to acetyl-
choline was much greater on this preparation than
on the guinea-pig ileum. This was only partly because
the acetylcholine is hydrolysed by cholinesterases in
the tissue. The equipotent molar ratio relative to
carbachol is not very different from that relative to
acetylcholine.

The results obtained with the acetyl esters and
acetylcholinesterase are shown in Table 5. There is
a big variation in the estimates of K,, which is prob-
ably due to the difficulty of making experiments in
a suitable range of substrate concentrations. Accord-
ing to Wilson (1971) the K,, for acetylcholine and
this enzyme is 0.092 mM, and even the most dilute
of the substrate concentrations tested (0.1 or 0.125
mM) is greater than this. With 20 ml of 0.1 mMm solu-
tion there are only 2 pmol of substrate present and
the reaction can only be followed for a very short
time, unless the amount of enzyme present is very
small. It is therefore likely that the rate with the more
dilute solutions will be under-estimated and this will
lead to an overestimate of the value of K, Although
the value of K, with the smaller amounts of enzyme,
0.13 mm, is close to that obtained by Wilson (1971),
the value with the larger amounts, 0.20 mM is much
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Table 3 Activity of acetyl esters and amides on the guinea-pig isolated ileum

+
NMe, 1
+
NMe, Et

Methylpyrrolidinium
3.94

. $0.26 (3)

NMekEt,

Methylpiperidinium
3520
+1660 (3)
Ethylpyrrolidinium
171
., 14 (3)
NEt, 4025
+388 (3)
Ethylpiperidinium
5620
11860 (3)

Ester 37°C
A B H
1 1 1
2.84 25
85
380 700
3410
217
1700
15200

Amide

37°C

1450
+396 (6)
7010
1050 (8)

3.33°
+0.03 (5)

2.95
+0.03 (3)

3.10
$0.04 (3)

2.90
+0.06 (4)

3.03
+0.02 (4)

2.92
+0.04 (3)

29°Cc

3.05
+0.06 (3)

3.1
+0.06 (3)

299
+0.06 (3)

Numbers in italics show the equipotent molar ratios for agonists relative to acetylcholine; all other values
are mean estimates of log affinity constant. The asterisk indicates that this compound was a partial agonist
and log K was obtained by the method of Barlow, Scott & Stephenson (1967). Mean values are shown
with the standard error and number of results. The column headed A indicates results of Abramson (1964),
B indicates results of Barlow, Scott & Stephenson (1963). H indicates results of Holton & Ing (1949).
The onium groups are arranged in increasing order of size as in Table 2.

Table 4 Activity of acetyl esters and amides on the frog rectus (Rana temporaria)

N
NMe,

+

NMe,Et
Methylpyrrolidinium
.

NMeEt,
Methylpiperidinium
Ethylpyrrolidinium

+

NEt,

Ethylpiperidinium

Ester

1

5.12
$0.21 (4)
837
$0.40 (4)
142
+1.7 (4)
77.5
+5.1 (4)
125
+3.7 (5)
3.297*
+0.059 (4)
3.409*
+0.038 (4)

300

5000

Amide
vs carbachol

vs ACh

514
+9.5 (5)
500
+67 (5)
252
+45 (5)

35.7
+1.3(5)
483
+46 (4)
180
+33(4)
2.624
+0.021 (4)
2587
+0.079 (6)
3.084
+0.011 (4)
2736
+0.021 (4)
3.084
+0.023 (4)

Numbers in italics show the equipotent molar ratios for agonists relative to acetylcholine or carbachol;
all other values are mean estimates of log affinity constant. The asterisk indicates a partial agonist with
log K estimated by the addition method of Stephenson (1956). Mean values are shown with the standard
error and number of results. The column headed H indicates results of Holton & Ing (1949).



bigger and is probably less reliable. Because of the
uncertainty attached to absolute values of K,, the
value for the compounds relative to acetylcholine was
calculated in each set of experiments and means of
these values are included in Table 5. The estimates
of V.., however, will not be affected by the difficulty
of measuring the rates with low substrate concen-
trations and because the highest concentrations are
much less than those associated with inhibition by
excess substrate (around 10 mm), the estimates of rela-
tive V,,,. should be very reproducible.

Increasing the size of the onium group decreases
Vax and apparently decreases K,,, although appreci-
able changes are only seen with the ethylpyrroli-
dinium, triethylammonium and ethylpiperidinium
compounds. These findings are consistent with those
obtained by Holton & Ing (1949) who observed a
decrease in the rate of hydrolysis when methyl groups
in acetylcholine were replaced by ethyl groups,
though the effect was not large.

When Ellman’s method is used the substrate is
acetylthiocholine. This has a smaller K,, and higher
Voax than acetylcholine and by electrometric titration
the mean relative K,, was found to be 0.8 and the
mean relative V,,, was 1.2. It is possible to work with
much smaller amounts of enzyme, even with the dis-
advantage of the smaller volume of solution (3.2 ml).
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The mean estimate of K,, for acetylthiocholine with
this method was 0.099 mm.

Ellman’s method cannot be used directly for the
esters but they can be tested indirectly by observing
their effects on the rate of hydrolysis of acetylthiocho-
line. Values of K; obtained in this way for the triethyl-
ammonium ester were 0.165 and 0.166 mM and for
the ethylpiperidinium ester they were 0.089 and 0.105
mM (each was tested at 0.25 and 0.5 mm). These con-

“firm the impression, obtained from the results of the

electrometric titrations, that increasing the size of the
onium group increases affinity but the effects are not
large.

The results obtained with the amides are shown
in Table 6. There is reasonable agreement between
the values obtained by electrometric titration and
those obtained by Ellman’s method even though the
pH with the former was 7.35, compared with 8.1 with
the latter. The effects of changing the onium group
on the affinity of the amides are strikingly different
from the effects on the affinity of the esters. Although
the amide analogue of acetylcholine has less than one-
tenth of its affinity, the amides with piperidinium
groups have affinity very similar to that of the corre-
sponding esters.

Although the ether oxygen atom (16) is slightly
heavier than —NH— (15) the apparent molal volume

Table 5 Hydrolysis of esters, CH,COOCH_,CH_NR, by electric eel acetylcholinesterase

Km (mM)
+
NMe, 0.20
. +0.02 (13)
NMe,Et 0.23
+0.01 (4)
Methylpyrrolidinium*
0.12
. +0.01 (4)
NMekEt, 0.22
+0.02 (4)
Methylpiperidinium
0.24
+0.03 (4)
Ethylpyrrolidinium
0.15
. +0.01 (4).
NEt, 0.14
+0.03 (4)
Ethylpiperidinium
0.17
+0.02 (4)

Values relative to acetylcholine

Km Vmax
1 1
1.01 0.88
+0.07 +0.03
0.85 (1.20) 0.81 (0.86)
+0.04 ’ +0.02
0.97 0.70
+0.11 +0.02
1.09 (1.09) 0.65 (0.69)
+0.14 +0.03
0.69 (1.21) 0.63 (0.80)
+0.08 +0.03
0.62 0.33
+0.12 +0.02
0.80 (0.33) 0.42 (0.41)
$0.15 +0.03

Results obtained by electrometric titration with 0.1 m NaOH were used to calculate K, and V,,,, and
their values relative to those for acetylcholine. Mean estimates are shown, * the standard error, with
the number of results in parentheses. The asterisk indicates that the methylpyrrolidinium compound was
tested in a separate group of experiments for which the mean K, obtained with acetylcholine was 0.14
mum. The values in parentheses are the averages of duplicates obtained with 0.02 m NaOH and much
smaller amounts of enzyme for which the mean K, for acetylcholine was 0.13 mm.

B.J.P. 62/1—D
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at infinite dilution for the amide analogue of acetyl-
choline was found to be slightly bigger, 177.5 + 0.2
cm®/mol compared with 175.7 + 0.1 cm?®/mol for
acetylcholine. The values for the triethylammonium
compounds were 222.1 + 0.2 cm3/mol for the amide
compared with 220.6 + 0.6 cm®/mol for the ester. All
the compounds were iodides and the temperature was
25°C. The difference, though small, indicates that the
ester and amide groups do not interact with water

in the same way. This is to be expected because
oxygen is more electronegative and can only act as
a hydrogen acceptor, whereas the —NH— group is
potentially a hydrogen donor. Such differences in in-
teractions with water might affect the partitioning of
the compounds and be apparent in the experiments
with paper chromatography. The R,, value is directly
proportional to the logarithm of the partition coeffi-
cient and the results (Table 7) indicate, however, that

Table 6 Affinity for acetylcholinesterase (electric eel)

Ellman’s
method

NMe, 2.808

£0.073 (2)

NMe,Et 3.023

£0.113 (2)

Methylpyrrolidinium
3.004

NMeEt, 3.393

+0.032 (2)

Methylpiperidinium
3.786

+0.008 (2)

Ethylpyrrolidinium
3.727

£0.018 (2)

NEt, 3.232

+0.045 (5)

Ethylpiperidinium
4,541

+0.038 (5)

£0.014 (2)

Amides Esters
Electrometric
titration
2.888 40
+0.119 (4)
2.967 4.0
+0.066 (8)
2.833 4.06
+0.104 (8)
4.01
3.642 3.97
+0.056 (4)
416
3.077 4.21
+0.088 (8)
410

Mean estimates of log affinity constant (1/K;) for the acetylamides are shown with the standard error
and number of results. Values for the esters have been calculated from the mean estimate of the K,
relative to acetylcholine (taken from Table 5) and assuming that log K for acetylcholine is 4.0, corresponding

to K, = 0.1 mm.

Table 7 Effects of groups on paper chromatography

CH,CH,CH,CH,CH,NMe,
CH,CH,OCH,CH,NMe,
CH,COCH,CH,CH,NMe,
HOCH,CH,CH,CH,CH,NMe,
CH,COOCH,CH_NMe,

CH,CONHCH,CH,NMe,
+
CH,CONHCH,CH, Mé

ARM

-0.36 (£0.01;7)

-0.23 (£0.02; 4)

-0.04 (+0.02; 5)

—0.03 (£0.01; 4)
0

0.05 (£0.01; 8)

-0.23 (+0.02; 2)

Values are the means (fs.e. and number of estimates) of the difference in Ry between the compound
and acetylcholine, run on the same paper, with the solvent system butanol:ethanol:water (5:5:2). A
negative sign indicates that the compound runs faster than acetylcholine i.e. is more lipophilic. All com-

pounds were iodides.



in conditions where the effects of methylene, ether
and carbonyl groups are clearly seen, the replacement
of ester by amide produces only a slight increase in
hydrophilic character. The melting points of the com-
pounds shown in Table 1 also suggest that the amides
are not very different from the esters. Except with
the trimethylammonium compounds the amides
usually have slightly higher melting points than the
corresponding esters.

The proton magnetic resonance spectrum (270
MHz) of the amide analogue of acetylcholine in
D,0 resembles that of chlorocholine. The ratio of
trans to gauche conformers around the
—NH—C—C—N— bond was calculated from
coupling constants as described by Partington,
Feeney & Burgen (1972) who estimated the propor-
tion of trans in chlorocholine to be 36%,. For the
amide analogue of acetylcholine the proportion of
trans was calculated to be 39% (+6%; G.CK.
Roberts, personal communication). This is therefore
slightly more stable than the gauche form; if they were
equally stable the ratio of trans to gauche would be
1:2 (33%). In acetylcholine the gauche form predomi-
nates and the proportion of trans conformer is very

small. If the stability of the gauche conformer depends *

primarily on electrostatic interaction between the
onium group and the ether oxygen atom in the ester
group, the replacement of —O— by the less elec-
tronegative —NH— group would be expected to de-
crease the proportion of the gauche conformer much
as has been found.

The !'3C nmr. spectrum of the amide in D,0
shows a single signal for the NH—CH,—CH,
resonance, indicating the existence of only one form,
presumably with the trans arrangement about the
—CO—NH— bond. The amount of cis form present
must be less than 5% (the limit of detection) and the
difference in stability should be greater than 1.7 kcal/
mole.

Discussion

The results obtained with the phenylacetyl and
diphenylacetyl compounds on the guinea-pig ileum
(Table 2; Figure 1) indicate that the replacement of
ester by amide can reduce up to 100-fold the affinity
of compounds in which a large part of the binding
involves groups at the far end of the molecule from
the onium atom. This is consistent with the sugges-
tion (Barlow, 1973) that the greater stiffness of the
amide bond causes the enantiomeric forms of the
amide (V) to have a higher stereospecific index than
the enantiomeric forms of hyoscyamine (1140 com-
pared with 330) even though they have much lower
affinity and break ‘Pfeiffer’s rule’ (Pfeiffer, 1956).
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However, the effects of replacing ester by amide
on affinity are different in different series and in acetyl
compounds the effects on affinity at the muscarine-
sensitive acetylcholine receptor are difficult to assess
because all the esters are agonists. Burgen, Hiley &
Young (1974) obtained a value of log K = 5.04 for
acetylcholine and receptors in the guinea-pig ileum
and Van Rossum (1968) obtained a value of 4.8 for
rat intestine. Most of the amides are partial agonists
or antagonists with log K around 3 (Table 3) so it
appears that affinity has been reduced up to about
100-fold. The change lowers the activity of acetylcho-
line and its ethyldimethylammonium analogue
1000-fold so it apparently reduces efficacy about
10-fold. This is consistent with the finding that most
of the amides are antagonists, whereas the esters are
agonists.

On the frog rectus it is possible to compare directly
the affinities of the esters and amides with triethyl-
ammonium and ethylpiperidinium groups and the
affinity is only lowered about 4-fold. There is again
a reduction of efficacy, with five of the amides becom-
ing antagonists. The results suggest that the effect on
efficacy is very similar to that on the ileum. If this
is reduced 10-fold and there is a 4-fold reduction in
affinity, the equipotent molar ratio for the trimethyl-
ammonium compound should be 40 (Table 4).

With acetylcholinesterase the amides are not sub-
strates so the effects of this structural change on ‘effi-
cacy’ are profound. If the reciprocal of K, can be
used as a measure of the affinity of the esters, as has
been assumed, the effects of the composition of the
onium group on affinity do not appear to be large.
There is only a small increase with triethylammonium
and ethylpiperidinium and a moderate decrease in
relative V,,,,. There are bigger changes in the affinity
of the amides, related to shape as well as size. The
increase is bigger, for instance, with the lop-sided
methylpiperidinium and ethylpiperidinium groups,
compared with the more spherical triethylammonium
group (Figure 2). The difference between the struc-
ture-affinity relationships of the esters and amides
suggests that the enzyme might be allosteric, with
substrates and inhibitors binding to different sites.
The inhibition is reversible but not strictly competi-
tive; the inhibitors depress V. but the Hill coeffi-
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Figure 2 Effects of the composition of the onium group on the biological properties of acetic esters
(@) and amides (Q). Values of log affinity constant are shown for the partial agonists or antagonists
and values of log equipotent molar ratios (e.p.m.r.) relative to acetylcholine are plotted against the increment
in the size of the onium group, expressed as in Figure 1. Note the break in the scales of the ordinate.
For acetylcholinesterase (AChE) the log of V. relative to acetylcholine replaces the equipotent molar
ratio. The errors in log K are less than 0.1 log units, about twice the size of the symbols; errors in
log equipotent molar ratio are about the same for the more active compounds but much larger for the
weaker ones (log e.p.m.r. > 3, see Tables 3 and 4). For the ileum the temperature was 37°C, for the
rectus it was between 17 and 20°C, and for acetylcholinesterase it was 25°C.

cients are all close to unity (Figure 3). It is not clear,
therefore, if the amides fail to act as substrates simply
because their greater IT electron delocalization makes
them less sensitive to attack by protons or if they
become bound exclusively to a regulatory site, instead
of to the active centre. The former might, in fact, con-
tribute to the latter.

If the receptors in the ileum and rectus also behave
allosterically and efficacy can be regarded as selec-
tivity (Colquhoun, 1973), the replacement of ester by
amide produces a shift towards the inactive form in
both systems, though this is not so extreme as is seen
with acetylcholinesterase. Although allosteric behav-
iour by acetylcholine receptors is still arguable, it
would explain very easily one of the most striking
features of the results, viz. why changes in the struc-
ture of the onium group which produce modest
changes in affinity (up to 10-fold, Figure 2) can
alter the equipotent molar ratio by 3 orders of magni-
tude.

In the crystal the ester group of acetylcholine is
planar (Baker, Chothia, Pauling & Petcher, 1971),
probably because of its partial double-bond character.
In the amide the group should also be planar and
the energy required for interconversion of the two
forms (cis and trans) should be bigger than with the
ester group. This is not known exactly but the !3C
n.m.r. spectra, indicating the presence of only one

conformer, suggest that the energy required is large.
The main effect on conformation of replacing ester
by amide in acetylcholine appears therefore to be the
effect on the arrangement about the —C—C— bond,
seen in the p.m.r. spectra. Is this reduction in the
proportion of gauche conformer from 1009 in acetyl-
choline to 399 in the amide sufficient to account for
the 1000-fold drop in activity on the guinea-pig
ileum? This seems unlikely. Although many mus-
carine-like compounds exist predominantly as the
gauche conformers, the potent antagonist, benziloyl-
choline is also predominantly in this form and Part-
ington, Feeney & Burgen, (1972) concluded ‘there is
no simple correlation between predominant confor-
mations and the potency of action of the drugs at
either the nicotinic or muscarinic receptor’. If, how-
ever, as they have considered, the form active at the
receptor is in some intermediate conformation, it is
possible that the thermodynamic price which must
be paid to achieve this is much greater in the amides
than in the esters because they are stiffer. This might
account for the 10-fold drop in efficacy at both types
of receptor. Unfortunately it has not been possible
to assess the relative stiffness of ester and amide.
Another possible reason for the lower activity of the
amides is the difference in the arrangement of water
molecules around the bond, suggested from the values
of ¢9. At present, however, the extent to which water
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Figure 3(a) Inhibition of electric eel acetylcholinesterase by the amide analogue of acetylcholine. Values
of 1/V (in units based on the change in absorbance with time) are plotted against 1/S (in litres/mol)
for 4 concentrations of substrate in the absence of the inhibitor and in the presence of concentrations
of 5 mm and 10 mm amide. Each concentration was tested in duplicate and the lines drawn have been
fitted by least squares to each set of eight points. In some instances the points coincide and only one
is visible. Note that the inhibition is reversible but the intercept on the ordinate increases with increasing
concentration of inhibitor, i.e. V,,,, is reduced, which is not consistent with true competition. Temperature,
25°C. (b) The same resuits presented as Hill plots. The lines were fitted by the method of least squares
and the slopes were 0.99, 1.00, and 1.00 for the controls and the reactions in the presence of 5 mm
and 10 mm amide, respectively. The estimates of K;, calculated from the intercepts on the abscissa scale,
were 1.33 and 1.86 mm, compared with 1.31 and 1.84 obtained by the reciprocal plots shown in (a).
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molecules are involved in drug-receptor interactions
is not clear.

This work was begun (by J.B.B.) in Edinburgh and con-
tinued in Bristol. We thank the Medical Research Council

References

ABRAMSON, F.B. (1964). The synthesis and pharmacologi-
cal properties of some alicyclic compounds related to
acetylcholine. Ph.D. Thesis, University of Edinburgh.

ABRAMSON, F.B, BARLOW, R.B, MUSTAFA, MG. &
STEPHENSON, R.P. (1969). Relationships between
chemical structure and affinity for acetylcholine recep-
tors, Br. J. Pharmac., 37, 207-233.

BAKER, R.W., CHOTHIA, CH., PAULING, P. & PETCHER,
T.J. (1971). Structure and activity of muscarinic stimu-
lants. Nature, Lond., 230, 439-445.

BARLOW, R.B. (1973). Effects of small changes in chemical
structure on stereospecificity. J. med. Chem., 16, 1037-8.

BARLOW, R.B, BERRY, K.J, GLENTON, P.AM., NIKO-
LAOU, NM,, & SOH, K.S. (1976). A comparison of
affinity constants for muscarine-sensitive acetylcholine
receptors in guinea-pig atrial pacemaker cells at 29°C
and in ileum at 29°C and 37°C. Br. J. Pharmac., 58,
613-620.

BARLOW, R.B. & FRANKS, F.M. (1973). A comparison of
phenylalkyl- and phenoxyalkyltrimethylammonium
‘and triethylammonium salts; their apparent molal
volumes at infinite dilution and effects on the frog

for the purchase of the Density Meter and Automatic titra-
tion equipment. We are most grateful to Dr A. Livingston
for instruction in the use of Ellman’s method and to Dr
G.CK. Roberts, National Institute for Medical Research,
for the n.m.r. spectra and their interpretation.

rectus and guinea-pig ileum preparations. Br. J. Phar-
mac., 49, 480-489.

BARLOW, R.B.,, FRANKS, F.M. & PEARSON, J.D.M. (1973).
Studies on the stereo-specificity of closely related com-
pounds which block postganglionic acetylcholine recep-
tors in the guinea-pig ileum. J. med. Chem., 16, 439-446.

BARLOW, RB., LOWE, BM., PEARSON, J.D.M., RENDALL,
H.M. & THOMPSON, G.M. (1971). Ion size and activity
at acetylcholine receptors. Mol. Pharmac., 1, 357-366.

BARLOW, R.B,, SCOTT, K.A. & STEPHENSON, R.P. (1963).
An attempt to study the effects of chemical structure
on the affinity and efficacy of compounds related to
acetylcholine. Br. J. Pharmac. Chemother., 21, 509-522.

BARLOW, RB., SCOTT, N.C. & STEPHENSON, R.P. (1967).
The affinity and efficacy of onium salts on the frog
rectus abdominis. Br. J. Pharmac., 31, 188-196.

BATE-SMITH, E. C. & WESTALL, R.G. (1950). Chromato-
graphic behaviour and chemical structure; I. Some
naturally occurring phenolic substances. Biochim. Bio-
phys. Acta., 4, 427-440.

BELLEAU, B, TANL H. & LIE, F. (1965). A correlation
between the biological activity of alkyltrimethylam-



50 R.B. BARLOW, J.B. BREMNER & K.S. SOH

monium ions and their mode of interaction with acetyl-
cholinesterase. J. Amer. Chem. Soc., 87, 2283-2285.

BURGEN, A.S.V, HILEY, CR.,, & YOUNG, JM. (1974). The
binding of 3H-propylbenzilylcholine mustard by longi-
tudinal muscle strips from guinea-pig small intestine.
Br. J. Pharmac., 50, 145-151.

CHO, AK., JENDEN, D.J. & LAMB, S.I. (1972). Rates of alka-
line hydrolysis and muscarinic activity of some amino-
acetates and their quaternary ammonium analogues. J.
med. Chem., 15, 391-394.

COLQUHOUN, D. (1973). The relation between classical
and cooperative models for drug action. In Drug Recep-
tors. ed. Rang, H.P., pp. 149-182. London: Macmillan.

EDINBURGH STAFF (1972). Pharmacological Experiments
on Isolated Preparations, 2nd edition, pp 2, 38-40,
58-62. Edinburgh: Churchill Livingstone.

ELLMAN, G.L, COURTNEY, K.D., ANDRES, V. & FEATHER-
STONE, RM. (1961). A new and rapid colorimetric
determination of acetylcholinesterase activity. Biochem.
Pharmac., 7, 88-95.

GILL, E.-W. (1965). Drug receptor interactions. In Progress
in Medicinal Chemistry, Vol. 4. ed. Ellis, G.P. & West,
G.B. pp. 39-85. London: Butterworths.

HOLTON, P, & ING, H.R. (1949). The specificity of the tri-
methylammonium group in acetylcholine. Br. J. Phar-
mac. Chemother., 4, 190-196.

HROMATKA, O, KRAUPP, O. & SKOPALIK, C. (1953). Uber
einige acyl-cholamine, Monatsh., 84, 349-364.

LOWE, BM,, MACGILP, N.A. & PRITCHARD, JM. (1973).
Conductivities and densities of aqueous solutions of
quaternary ammonium iodides containing pentyl and
ethoxyethyl groups. J. chem. Eng. Data, 18, 220-223.

PARTINGTON, P., FEENEY, J. & BURGEN, A.S.V. (1972).
The conformation of acetylcholine and related com-
pounds in aqueous solution as studied by nuclear mag-
netic resonance spectroscopy. Mol. Pharmac., 8,
269-2717.

PAULING, L. (1939). The Nature of the Chemical Bond, pp
133, 207-208; 1st ed. Ithaca: Cornell University Press;
and (1967) The Chemical Bond, pp 162-164. Ithaca:
Cornell University Press.

PFEIFFER, C.C. (1956). Opticalisomerism and pharmacolo-
gical action, a generalization. Science N.Y., 124, 29-30.

SCHWARZENFELD, I. VON, & WHITTAKER, V.P. (1977).
The pharmacological properties of the cholinergic false
transmitter, N-2-acetoxyethyl-N-methylpyrrolidinium
and its precursor, N-2-hydroxyethyl-N-methylpyrroli-

_ dinium. Br. J. Pharmac., 59, 69-74.

STEPHENSON, R.P. (1956). A modification of receptor
theory. Br. J. Pharmac. Chemother., 11, 379-393.

THIES, H. & REUTHER, R.W. (1954). Ein Reagens zum
Nachweis von Alkaloiden auf Papierchromato-
grammen. Naturwissenschaften, 41, 230-231.

VAN ROSSUM, J.M. (1968). Drug-receptor theories. In
Recent Advances in Pharmacology, 4th edition. ed. Rob-
son, J.M. & Stacey, R.S. pp. 99-133 (especially Figure
11). London: Churchill.

WILSON, LB. (1971). The possibility of conformation
changes in acetylcholinesterase. In Cholinergic Ligand
Interactions. ed. Triggle, D.J., Moran, J.F. & Barnard,
E.A. pp. 1-18. New York: Academic Press.

(Received March 23, 1977.
Revised July 19, 1977.)



