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SUMMARY

A 2-chloroethylamine derivative [N-(2-chloroethyl)-4-piperidinyl
diphenylacetate (4-DAMP mustard)] of the selective muscarinic
antagonist N,N-dimethyi-4-piperidinyl diphenylacetate (4-DAMP)
was synthesized, and its conversion to an aziridinium ion and
interaction with muscarinic receptors was investigated. When
dissolved in aqueous solution at pH 7.4 and 37°, 4-DAMP
mustard released an equivalent amount of chloride. The release
of chloride was consistent with a first-order process having a
half-time of 5.7 min. The aziridinium ion reached a peak concen-
tration at 32 min, corresponding to 75% of the initial concentra-
tion of 4-DAMP mustard. When homogenates of rat brain, heart,
and submaxillary gland were incubated with 4-DAMP mustard (9
nm) for 1 hr, washed extensively, and then assayed for musca-
rinic receptor binding properties, a 56% decrease in the binding
capacity of N-[*H]Jmethylscopolamine in the heart and brain and
a 71% decrease in the gland were observed, without a significant
change in the dissociation constants. The affinity of 4-DAMP
mustard and its transformation products for muscarinic receptors

was determined in competitive binding experiments with N-[°H]
methyiscopolamine, and the results show that the aziridinium ion
of 4-DAMP mustard was the most potent form, compared with
the parent 2-chloroethylamine (4-DAMP mustard) and the alco-
holic hydrolysis product. The rates of receptor alkylation by 4-
DAMP mustard were measured in the rat heart and gland.
Virtually no alkylation (<1%) occurred in the heart at a 4-DAMP
mustard concentration of 1.6 nm, after 30 min, whereas aimost
50% alkylation was observed in the gland under the same
conditions. Almost complete alkylation of receptors in the gland
could be achieved at a 4-DAMP mustard concentration of 200
nwM, after 1 hr. Treatment of the isolated rat ileum with 4-DAMP
mustard caused an irreversible blockade of contractions elicited
by the muscarinic agonist oxotremorine-M, and this blockade
persisted after extensive washing. The results presented here
show that 4-DAMP mustard forms an aziridinium ion that binds
irreversibly to muscarinic receptors and exhibits selectivity for
M,;, compared with M, muscarinic receptors.

Nitrogen mustard compounds (2-halo-ethylamines) sponta-
neously form reactive aziridinium ion derivatives at neutral
pH. This reactive moiety has been the functional basis of many
irreversible alkylating agents. Previously, several irreversible
muscarinic agonists and antagonists, including benzilycholine
mustard (1) and its homologues (2), acetylcholine mustard (3),
and the nitrogen mustard analogues of oxotremorine, BM 123
and BM 130 (4), have been made by substituting a 2-haloalkyl
group on the basic nitrogen atom of the compound, and these
agents have been useful in investigating drug-receptor inter-
actions.
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funds contributed by the American Heart Association, Chapters.

! Recipient of a United States Public Health Service Research Career Devel-
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and Stroke.

To date, the muscarinic class of receptors has been divided
into three subtypes, based on their pharmacological properties
(M,-M;); however, five genes for the receptor have been cloned
(m,-m;) (5). Based on the binding properties of the expressed
recombinant muscarinic receptors and the distribution of their
mRNA, it appears that the molecularly defined receptor sub-
types m;, m;, and mj represent the pharmacologically defined
M,, M;, and M; subtypes, respectively (6-9). Because this
heterogeneity of the muscarinic receptors could potentially
complicate studies, selective irreversible alkylating compounds
would be valuable in characterizing receptors in certain tissues
containing a mixed population of subtypes.

Recently, a nitrogen mustard analogue of the reversible mus-
carinic antagonist 4-DAMP was synthesized (see Fig. 1) and
reported to exhibit pharmacological selectivity similar to that
of 4-DAMP in isolated tissues (10). 4-DAMP has been shown

ABBREVIATIONS: 4-DAMP, N,N-dimethyl-4-piperidiny! diphenylacetate; 4-DAMP mustard, N-(2-chioroethyi)-4-piperidiny! diphenylacetate; TLC, thin
layer chromatography; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’,N’-tetraa-
cetic acid; NMS, N-methylscopolamine; KRB, Kreb's Ringer bicarbonate; Boc, N-tert-butoxycarbonyl.
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Fig. 1. Comparison of the structures of 4-DAMP mustard (l), its aziridi-
nium ion (I, its alcoholic hydrolysis product (i), and 4-DAMP (IV). The
rate constants for formation and decay of the aziridinium ion are denoted
by k. and ka, respectively.

to have high affinity for the M; muscarinic subtype, as well as
the M, type (11, 12). This paper describes an alternative
synthesis of 4-DAMP mustard, its conversion to an aziridinium
ion, and its muscarinic receptor-binding properties in rat brain,
heart, and submaxillary gland. We conclude, from these results,
that 4-DAMP mustard forms an aziridinium ion that binds
irreversibly to muscarinic receptors, exhibits preferential al-
kylation of the M; muscarinic subtype over the M,, and is an
ideal irreversibly alkylating agent.

Materials and Methods

Synthesis of 4-DAMP mustard. N-Boc-4-piperidinol was synthe-
sized from di-tert-butyl-dicarbonate and 4-piperidinol using a method
analogous to that described by Jacobson and co-workers (13) for the
synthesis of t-Boc derivatives of pyrrolidine. Di-tert-butyl dicarbonate
(23 ml; 0.100 mol) was slowly added to a solution of 4-piperidinol (10.23
g 0.101 mol) in 44 ml of methanol, at 0°. The solution was warmed to
25° and stirred at room temperature for 1 hr, after which the reaction
was complete, as judged by TLC (chloroform/methanol, 1:1). Nearly
all of the volatile material was removed under reduced pressure, to
yield N-Boc-4-piperidinol as a yellow oil. The acid chloride of diphen-
ylacetic acid was synthesized by refluxing a solution of diphenylacetic
acid (21.43 g; 0.101 mol) in 70 ml of thionylchloride (0.96 mol) for 30
min. After removal of excess thionylchloride by distillation and reduced
pressure, the resulting diphenylacetylchloride was slowly added to a
stirred solution containing all of the N-Boc-4-piperidinol described
above, 60 ml of chloroform, and 30 ml of pyridine, at 0°. The mixture
was stirred at room temperature for 1 hr and refluxed for 30 min.
Additional chloroform was added to the mixture, and the N-Boc-4-
piperidinyl diphenylacetate product was extracted into the chloroform
with 1 M K;CO;. The chloroform and some of the pyridine were removed
under reduced pressure. The Boc group was cleaved from the ester by
adding an excess of trifluoroacetic acid (60 ml) to a stirred solution of
the N-Boc-4-piperidinyl diphenylacetate in 20 ml of chloroform, at 0°.
The mixture was allowed to warm to room temperature and was stirred
for 1 hr, after which deblocking was complete, as judged by TLC
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(chloroform/methanol, 1:1). The reaction mixture was made basic with
1 M K;CO;, and the 4-piperidinyl diphenylacetate was extracted into
chloroform. Chloroform and residual pyridine were removed under
reduced pressure, to yield 30 g of crude 4-piperidinyl diphenylacetate.
This material was dissolved in methanol, and a slight excess of HC]
was added. All volatile material was removed under reduced pressure,
and the hydrochloride salt was recrystallized twice from 2-butanone-
ether, to yield 18.9 g (57% yield) of 4-piperidinyl diphenylacetate - HCI.

N-2-Hydroxyethyl-4-piperidinyl diphenylacetate was synthesized
from 4-piperidinyl diphenylacetate and iodoethanol. The hydrochloride
salt of 4-piperidinyl diphenylacetate (6.0 g; 18.1 mmol) was dissolved
in water and extracted into chloroform with 1 M K;CO;. The chloroform
was removed under reduced pressure. The resulting oil was dissolved
in 116 ml of anhydrous ethanol, 31.8 g (185 mmol) of iodoethanol was
added, and the mixture was allowed to reflux for 3 hr. TLC analysis
(methanol) showed a relatively small amount of residual starting ester
(R; = 0.10), N-2-hydroxyethyl-4-piperidinyl diphenylacetate (R, =
0.43), and a more polar product (R, = 0.75) likely to be the N,N-
diethanol quaternary salt of 4-piperidinyl diphenylacetate. The volatile
material was removed under reduced pressure, and the residual oil was
partially dissolved in ether. The polar contaminant was extracted into
water with 1 M K;CO,, and the ether phase, containing N-2-hydroxy-
ethyl-4-piperdinyl diphenylacetate, was dried with anhydrous MgSO,.
This mixture was then filtered into a solution of anhydrous ether
containing an excess of oxalate. The resulting precipitate was partially
dissolved in water, and N-2-hydroxyethyl-4-piperidinyl diphenylace-
tate was extracted into chloroform with 1 M K,COs. The chloroform
was removed under reduced pressure, and the residual oil, containing
a mixture of N-2-hydroxyethyl-4-piperidinyl diphenylacetate and re-
sidual 4-piperidinyl diphenylacetate, was purified by column chroma-
tography, using silica gel and methanol as the solvent, to yield 2.93 g
(8.63 mmol; 48% yield) of N-2-hydroxyethyl-4-piperidinyl diphenyla-
cetic acid as a clear oil.

The hydrochloride salt of 4-DAMP mustard was synthesized by
chlorinating N-2-hydroxyethyl-4-piperidinyl diphenylacetate with 10-
fold excess thionylchloride, essentially as described by Barlow et al.
(10). This product had a melting point (136-137°) the same as that
(136°) reported by Barlow et al. (10). The oxalate salt of 4-DAMP
mustard was prepared by dissolving the hydrochloride salt in ice-cold
water and rapidly extracting the free base into ice-cold ether with 1 M
K;CO;. The ether extract was filtered through anhydrous MgSO,, into
a solution of oxalic acid in anhydrous ether. The resulting white
precipitate had a melting point of 128.5-129.5°. The elemental com-
position of this material was determined by Galbraith Laboratories
(Knoxville, TN) to be C, 61.22%; H, 5.94%; N, 2.99%; O, 22.47%; and
Cl, 8.01%, which is in close agreement with the theoretical values for
4-DAMP mustard-oxalate (C, 61.7%; H, 5.90%; N, 3.13%; O, 21.4%;
Cl, 7.92%). The oxalate salt of 4-DAMP mustard was recrystalized
from methanol/ether.

Measurements of formation and decay of the aziridinium ion.
The oxalate salt of 4-DAMP mustard was used in experiments where
chloride release and the aziridinium ion were measured. A solution of
4-DAMP mustard (1 mM) was prepared by first dissolving the mustard
in a volume of acetone equivalent to 40% of the final volume and then
diluting the solution to final volume with 10 mM sodium-potassium
phosphate buffer (pH 7.4). In experiments where the effect of pH on
chloride release was investigated, a solution of 4-DAMP mustard was
prepared in the same manner, except that a 10 mM citrate buffer was
used. This buffer was titrated to the indicated pH values with Tris
base.

The aziridinium ion was measured using the method described by
Gill and Rang (1). Aliquots (5 ml) of the solution of 4-DAMP mustard
(1.0 mM) were removed at various times, and cyclization was stopped
by the addition of 1 ml of 0.2 M acetic acid. An aliquot (1.0 ml) of a
solution of sodium thiosulfate (10 mm) was added, and the solution
was allowed to stand for 20 min. Residual thiosulfate was estimated by
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titration with a standardized solution of potassium triiodide (10 mM),
using a starch solution as the indicator.

Chloride ion was measured at various times during cyclization, using
the method of Volhard (14).

The rate constants for formation and decay of the aziridinium ion
were estimated by nonlinear regression analysis, as described previously
(4). The rate constant for formation of the aziridinium ion (k;) was
estimated from the chloride release data by fitting the data to the
following equation, by nonlinear regression analysis:

y=PXx (1—-e™t) (1)

In this equation, y denotes the chloride released, P denotes the starting
amount of 4-DAMP mustard, and ¢ denotes time. The measurements
of the aziridinium ion concentration (a) as a function of time were
fitted to the following equation by nonlinear regression analysis, to
estimate the rate constants for both formation (k;) and decay (k,) of
the aziridinium ion:

ki

k: — ki

The pK, of 4-DAMP mustard was estimated by measuring chloride
release at various pH values and fitting the data to an equation similar
to eq. 1, to obtain estimates of the apparent rate constant for formation
of the aziridinium ion (k). These k., values were fitted to the
following equation

a=Px X (e™Mt — eMt) (2)

ki
kuww = T 00K ®3)
in which k&, is the rate constant for chloride release from the free base
and K, is the acid dissociation constant of 4-DAMP mustard.

Tissue preparation. All tissues were obtained from male Sprague-
Dawley rats weighing 200-275 g. Rats were euthanized with ether vapor
in closed bell jars for 15-25 minutes, and forebrain (telencephalon and
diencephalon), heart, and submaxillary glands were removed and placed
in 0.9% saline. Tissues were homogenized with a Polytron (Brinkman
Instruments, Westbury, NY) at setting 5, in 20 volumes of buffer
containing 30 mm Na/HEPES, pH 7.5, 100 mM NaCl, and 0.5 mM
EGTA. Homogenates were centrifuged at 30,000 X g for 10 min,
supernatants were discarded, and pellets were resuspended to a concen-
tration of 25 mg (heart and submaxillary gland) or 50 mg (brain) of
original wet weight of tissue per milliliter of buffer.

In order to determine the irreversible effects of 4-DAMP mustard
on the dissociation constant (K,) and binding capacity (Bp.,) of [*H]
NMS for muscarinic receptors, tissues were first treated with 4-DAMP
mustard and then assayed for ligand binding. Aliquots of homogenates
were pipetted into plastic tubes and preincubated at 37° for 10 min. A
solution of 4-DAMP mustard that had been incubated at 37° for 30
min, to allow formation of the aziridinium ion, was added at a final
concentration of 9 nM, with respect to the parent mustard, and tissues
were incubated further for various times. Control homogenates were
prepared in the same manner, except for exposure to 4-DAMP mustard
during the incubation period. Sodium thiosulfate (0.01 M) was added
to the tubes to stop the reaction, and the incubation was continued for
10 more minutes before centrifugation at 30,000 X g for 10 min. Tissues
were washed extensively three times, to remove thiosulfate, excess 4-
DAMP mustard, and its transformation products, by centrifugation at
30,000 x g for 10 min, followed by resuspension in 30 ml of HEPES
buffer. The resulting pellet was frozen immediately.

In experiments where the rates of alkylation by 4-DAMP mustard
were measured, the reaction between homogenates and 4-DAMP mus-
tard was stopped immediately by the addition of 0.1 mM atropine and
0.01 M sodium thiosulfate, and pellets were washed four times as
described above.

Binding assays. The binding of the specific muscarinic antagonist
[*H]NMS (73.1 Ci/mmol; DuPont-New England Nuclear, Boston, MA)
was measured as described previously (15). Homogenates were incu-

bated at 25° with various concentrations of [*H]NMS, for 30 min (brain
and heart) or 60 min (submaxillary gland), in a final volume of 1 ml.
All assays were run in triplicate. Membrane-bound radioactivity was
trapped by vacuum filtration, using a cell harvester (Brandel, Gaith-
ersburg, MD), on glass fiber filters (GF/B Whatman Inc, Clifton NJ)
that had been presoaked with 0.1% polyethylenimine HCIl, pH 7.0.
Filters were washed with four 4-ml aliquots of ice-cold 0.9% saline.
Binding in the presence of 10 uM atropine was defined as nonspecific.

In competitive binding experiments, a single concentration of [*H]
NMS (0.5 nM) was used, and various concentrations of nonlabeled
drugs, including 4-DAMP, 4-DAMP mustard, and its transformation
products, were included in the binding assays during the incubation
period. The K, and B,., of [P(HJNMS in the various tissues were
calculated as described previously (15).

The observed rate constant (kq,) of the aziridinium ion of 4-DAMP
mustard for alkylation of muscarinic receptors was estimated by incu-
bating tissue homogenates with a given concentration of 4-DAMP
mustard for various times, washing the tissue, and then measuring the
binding of [*H]NMS at a single concentration (0.5 nM). The resulting
data were fitted to the following equation by nonlinear regression
analysis:

B = et

in which B denotes the fractional specific binding of PH]NMS and ¢
denotes time.

Isolated ileum. The whole ileum was mounted longitudinally in an
organ bath containing KRB buffer (124 mM NaCl, 5 mM KCl, 1.3 mM
MgCl,, 26 mM NaHCO,, 1.2 mM KH,PO,, 1.8 mm CaCl;, 10 mM
glucose), at 37°, that was aerated continually with 0,/CO, (19:1).
Isometric contractions were measured with a force displacement trans-
ducer and polygraph. The ileum was equilibrated for 40 min at a resting
tension of 0.5 g. Three test doses of oxotremorine-M were added to
ensure reproducibility of the preparation. To calculate an ECs, value
for oxotremorine-M, five to seven concentrations of the compound
(spaced geometrically every 0.33 log units) were added cumulatively to
the bath, and contractile responses were measured. Tissues were then
incubated with the aziridinium ion of 4-DAMP mustard for 90 min.
KRB buffer and drug solutions were changed every 30 min during the
incubation period. The tissue was then washed two times with fresh
KRB buffer and incubated for an additional 15 min with 0.01 M Na,SO,,
to inactivate the aziridinium ion. The tissue was again washed twice
and was rested for 15 min before a second dose-response experiment
was performed. Washing procedures were repeated, and a third dose-
response assay was performed after 1 hr.

Results

Formation and decomposition of the aziridinium ion.
4-DAMP mustard goes through two sequential reactions in
aqueous solution at neutral pH, as outlined in Fig. 1. The first
of these is the formation of the cyclic aziridinium ion, and the
second is the hydrolysis of the aziridinium ion to the alcohol.
The first reaction occurs with the simultaneous release of an
equivalent amount of chloride, which provides a convenient
means to follow this reaction. Fig. 2 shows the release of
chloride from a solution of 4-DAMP mustard (1.0 mM) at pH
7.4. The release of chloride at 37° and 22° resembled a first-
order process, having half-times of 5.77 and 23.1 min, respec-
tively. The rate of release of chloride at 0° was very slow; after
24 hr only 60% of the total amount of chloride was released.
Table 1 lists the estimates of the rate constants for formation
of the aziridinium ion from the chloride release data.

We also directly measured the concentration of the aziridi-
nium ion at various times. These data provided a means of
estimating both the rate of formation and the rate of decay of
the aziridinium ion. Fig. 3 shows the concentration of the
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Fig. 2. Chloride release from 4-DAMP mustard in aqueous solution (pH
7.4) at 37° (O), 25° (@), and 0° (W). Data represent the means of two
separate experiments. The theoretical curves represent the least squares
fit of the data to eq. 1.
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TABLE 1

Rate constants for the formation (k,) and decay (k) of the
aziridinium ion
Values were estimated from the data in Figs. 2 and 3.

AZeidinium ion
Chioride release, k;
ky k2
m-‘ m-l ”m-l

25° 0.030 + 0.002 0.034 + 0.001 0.002 £ 0.0001
37° 0.122 £ 0.013 0.093 + 0.011 0.008 + 0.003
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Fig. 3. Formation and decay of the aziridinium ion of 4-DAMP mustard
in aqueous solution (pH 7.4) at 37° (O) and 25° (@). Data points at 37°
are mean values from three experiments, and data at 25° represent the
means of two separate experiments. The theoretical curves represent
the least squares fit of the data to eq. 2.

aziridinium ion in a solution of 4-DAMP mustard (1.0 mM) at
pH 7.4. The aziridinium ion reached a maximal concentration
(75%) after 32 min at 37° and after 90 min (73%) at 22°. Table
1 gives the rate constants for the formation and decay of the
aziridinium ion, as estimated from the data in Fig. 3. It can be
seen that there is general agreement (within 2-fold) between
the estimates of the rate constant for cyclization measured
from the chloride release data and from the aziridinium ion
data.

The rate of formation of the aziridinium ion was dependent
on pH, as shown in Fig. 4. At low pH cyclization was very slow,
whereas at high pH the rate of cyclization approached a maxi-
mal plateau. The data are generally consistent with the hy-
pothesis that the rate of cyclization is proportional to the
relative amount of 4-DAMP mustard in the unprotonated state.
This model predicts that the observed rate constant for cycli-
zation should increase as a mass action-like function of the pH,
with the half-maximal rate occurring at a pH equivalent to the
pK, of 4-DAMP mustard. Using nonlinear regression analysis,

4-DAMP Mustard 721

Percent theoretical amount

0 100 200
Time (min)

Fig. 4. Effects of pH on the rate of chioride release from 4-DAMP
mustard. Chloride release was determined at pH 4 (W), 5 (A), 6 (@), 7
(O), and 8 (A). Data points represent the means of two separate experi-
ments, and the variability between measurements was always <5%. The
theoretical curves represent the least squares fit of the data to eq. 1.

we fitted eq. 3 to the data and obtained an estimate of 5.96 for
the pK, of 4-DAMP mustard. This value is similar to that
reported for other 2-chloroethylamines (16). It can be estimated
that at pH 7.4, 96.5% of 4-DAMP mustard is in the unproton-
ated state, which accounts, in part, for its low solubility at
neutral pH.

Muscarinic receptor binding activity. When homoge-
nates of forebrain, heart, and submaxillary gland were exposed
to 4-DAMP mustard, an irreversible inhibition of [PH]NMS
binding was observed. Tissues were incubated with the aziri-
dinium ion of 4-DAMP mustard (9 nM) for 1 hr, washed
extensively, and then assayed for the specific binding of [*H]
NMS at various concentrations of the radioligand. Control
homogenates were prepared identically, except for exposure to
the mustard, and in protection experiments 10~ M atropine
was allowed to equilibrate with the preparation for 10 min
before the addition of the 4-DAMP mustard (Fig. 5). The results
were examined by nonlinear regression analysis, to determine
the effect of incubation with the aziridinium ion on the disso-
ciation constants and binding capacities of [P(H]NMS in the
three tissues. Control binding was consistent with a single-site
model, with dissociation constants of 0.64, 1.02, and 0.95 nM
for the forebrain, heart, and submaxillary gland, respectively.
Pretreatment with the aziridinium ion resulted in a 56% reduc-
tion in the binding capacities of the brain and heart and a 71%
reduction in that of the gland, without significantly affecting
the K,. As described below, it was possible to achieve an even
more selective alkylation of muscarinic receptors in the sub-
maxillary gland, compared with the heart, by using more favor-
able concentrations of tissue and 4-DAMP mustard. Our esti-
mates of the dissociation constants of [P’H]NMS are approxi-
mately 2-fold greater than those typically measured for [°H]
NMS in previous studies, using a buffer system similar to that
used here (17). We have no adequate explanation for this
difference.

Experiments were performed to assess the effects of tissue
concentration and temperature on the rate of alkylation of
muscarinic receptors by 4-DAMP mustard. In these experi-
ments, brain homogenates were incubated with the aziridinium
ion of 4-DAMP mustard (94 nM) for various times, washed
extensively, and then assayed for [P(HJNMS binding at a single
concentration of 0.5 nM. The results in Fig. 6 show that the
alkylation of muscarinic receptors by the aziridinium ion of 4-
DAMP mustard resembles a simple first-order process, as in-
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Fig. 5. Effects of 4-DAMP mustard pretreatment on [*HINMS binding in
rat forebrain (A), heart (B), andsubmaxularygland(C) Specific binding
of [*H]NMS was measured in homogenates that had been incubated for
60 min at 37° with the aziridinium ion of 4-DAMP mustard (10~ m) and
washed extensively (O). In protection experiments, atropine (10~ M) was
incubated with the homogenates for 10 min before the addition of the
aziridinium ion (A). ®, Control homogenates. Data points represent the
mean binding value of three experiments, each done in triplicate. The
theoretical curves represent the least squares fit of the data to a one-
site model.

dicated by the linear plot of the logarithm of the number of
unalkylated receptors versus time. Fig. 6 also shows that the
half-time of receptor alkylation was approximately 13.5 min at
tissue concentrations between 5 and 10 mg (original wet tissue
weight)/ml and 25 min at a concentration of 25 mg/ml. These
results suggest that high tissue concentrations (>10 mg/ml)

8

Specifically bound [3H]NMS (%)
=

—

T

60

(=]

2 Time (min)

Fig. 6. Effect of tissue concentration and sodium thiosulfate (0.01 M) on
the rate of alkylation of [PHJNMS binding sites by 4-DAMP mustard.

of rat forebrain were incubated with the aziridinium ion of
4-DAMP mustard (1077 m) at 37° for various times, at tissue concentra-
tions of 5 mg/mi (@), 10 mg/mi (O), and 25 mg/ml ([J). Some homogenates
were incubated with 4-DAMP mustard that had been treated with thio-
sulfate (A). Tissues were washed extensively and then assayed for
specific binding of [PH]NMS at 37°. The concentration of [*HINMS was
0.5 nm. Data points represent the mean binding value of three experi-
ments, each done in triplicate.
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Fig. 7. Effects of temperature on the rate of alkylation of [PH]NMS binding
sites by 4-DAMP mustard. Brain homogenates were pretreated with the
aziridinium ion of 4-DAMP mustard (107 M) for the indicated times, at
temperatures of 0° (W), 22° (O), and 37° (@), washed extensively, and
then assayed for specific binding of [*'HJNMS. The concentration of [*H]
NMS was 0.5 nm. Data points represent the mean binding value of three
experiments, each done in tripcate.

may deplete the aziridinium ion concentration. No alkylation
of muscarinic receptors by 4-DAMP mustard (94 nM) was
observed when a solution of the aziridinium ion was treated
with sodium thiosulfate (10 mM) for 10 min at 37° before
addition to the brain homogenate (Fig. 6).

The rate of receptor alkylation by 4-DAMP mustard was
temperature sensitive. Brain homogenates were pretreated with
the aziridinium ion of 4-DAMP mustard (94 nM) for various
times and at varying temperatures. Tissues were washed exten-
sively and assayed for specific [’H]NMS binding as described
above. A maximal rate of alkylation occured at 37°, whereas no
significant alkylation was observed at 0° (Fig. 7). Slight alkyl-
ation occured at higher concentrations of 4-DAMP mustard at
0°, with a maximum of 18% alkylation after 1 hr at a concen-
tration of 94 uM (data not shown). The half-times for alkylation
at 37° and 25° were 16.5 and 60.3 min, respectively.

At neutral pH, a solution of 4-DAMP mustard contains a
mixture of compounds with potentially different pharmacolog-
ical properties. The dissociation constants of 4-DAMP mustard
and its transformation products for muscarinic receptors were
determined by measuring their ability to inhibit [*H]NMS
binding competitively. Due to the negligible rate at which the
aziridinium ion of 4-DAMP mustard inactivated muscarinic
binding sites at low temperatures, the affinity of this species
could be estimated by using standard competitive binding tech-
niques at 0°. A solution of $-DAMP mustard was preincubated
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at 37° for 30 min, to allow formation of the aziridinium ion,
and various concentrations of this solution were added to the
competitive binding assay at 0°. Previous reports have shown
that equilibrium in brain homogenates was reached after 1 hr
at 0° (15); thus, brain as well as heart and gland preparations
were incubated for a 1-hr period. Fig. 8 shows that the aziridi-
nium ion had a 2-fold lower affinity in brain, heart, and
submaxillary gland (9.9, 70, and 10.5 nM, respectively), com-
pared with the reversible muscarinic antagonist 4-DAMP (4.97,
37.6, and 5.14 nM for the brain, heart, and gland, respectively).
The affinity values for the former are based on the assumption
that the aziridinium ion represents approximately 70% of the
initial concentration of the parent mustard (see above). The
affinities of the parent mustard and alcoholic hydrolysis prod-
uct were also determined at 0° (Fig. 8). The parent compound

Specifically bound [3HINMS (%)

Specifically bound [3H]NMS (%)

Specifically bound [3H]NMS (%)

8 7 6 -5 4
Log [drug]

Fig. 8. Competitive inhibition of [*H]JNMS binding in rat forebrain (A),
heart (B), and submaxilary giand (C) by 4-DAMP (O), 4-DAMP mustard
(4), its aziridinium ion (@), and its alcoholic hydrolysis product (A). Specific
binding of [PH]NMS was measured at 0° in the presence of the indicated
concentrations of the various compounds. The concentration of [*H]NMS
was 0.5 nm. All experiments were run three times, each done in triplicate.

4-DAMP Mustard 723

(4-DAMP mustard) was 30-50-fold less potent than the aziri-
dinium ion, with K, values of 0.36, 1.82, and 0.52 uM for the
brain, heart, and submaxillary glands, respectively. The alco-
holic hydrolysis product had higher affinity in the three tissues,
with K, values of 80, 469, and 46 nM, respectively.

Kinetic analysis. The simplest scheme for the interaction
of the aziridinium ion of 4-DAMP mustard (D) with the mus-
carinic receptor (R) is the following:

D+RXDR4DR

in which the aziridinium ion rapidly forms a reversible complex
with the muscarinic receptor (DR), which converts to a covalent
complex (D-R) at a relatively slower rate. This model predicts
that the rate of alkylation of muscarinic receptors by 4-DAMP
mustard should increase as a mass action-like function of the
aziridinium ion concentration. Also, the observed rate constant
for alkylation (k..) should approach a maximum value equiv-
alent to k, at high concentrations of the aziridinium ion, and
the half-maximal rate of alkylation should occur at an aziridi-
nium ion concentration equivalent to the dissociation constant
(K4) of the reversible complex (DR). Thus, the overall rate of
alkylation depends on both the affinity of the aziridinium ion
for the muscarinic receptor and the rate constant for alkylation.

To estimate the kinetic parameters of 4-DAMP mustard in
the heart and submaxillary gland, the rate of alkylation was
measured at various concentrations of the aziridinium ion.
Homogenates of the heart and submaxillary gland were incu-
bated with increasing concentrations of the aziridinium ion of
4-DAMP mustard, washed extensively, and assayed for [*H]
NMS binding. The results in Fig. 9 show that the loss of [°*H]
NMS binding sites in the gland (Fig. 9A) and heart (Fig. 9B)
in the presence of the aziridinium ion resembled a single first-
order process up to about 90% receptor aklylation but that
some deviation from the first-order model was noted at 60 min
in the presence of the highest concentrations of 4-DAMP
mustard (0.2 and 1 uM). The observed rate constants (k..) for
alkylation were calculated from the data as described in Ma-
terials and Methods, and these values are plotted, in Fig. 10,
versus the concentration of the aziridinium ion. It can be seen
that the k., increases as a mass action-like function of the
aziridinium ion concentration in both the heart and submaxil-
lary gland and that the potency of 4-DAMP mustard is about
6.3-fold greater in the gland. Nonlinear regression analysis of
the data in Fig. 10, according to the Michaelis-Menten equa-
tion, yielded similar maximal rate constants for alkylation (k)
in the gland (0.090 min™') and heart (0.116 min~!) and a 6.3-
fold lower K, value in the gland (7.2 nM), compared with the
heart (46 nM). These kinetic K, values are in general agreement
with those measured in competition experiments with [*H]
NMS at 0° (see Table 2).

In order to achieve a more selective alkylation of muscarinic
receptors in the submaxillary gland, the kinetic experiments
were repeated in the presence of the cardioselective muscarinic
antagonist AF-DX 116 (1.0 uM) (see Fig. 9, C and D). The
results in Fig. 10 show that, in terms of potency, the aziridinium
ion exhibits about 24-fold greater selectivity for muscarinic
receptors in the submaxillary gland, compared with the heart,
in the presence of 1.0 uM AF-DX 116. In the presence of AF-
DX 116, the observed K, values of the aziridinium ion were 41
and 980 nM in the gland and heart, respectively. The results in
Fig. 10 provide no evidence for an effect of AF-DX 116 on the
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Fig. 9. Kinetics of the alkylation of [*H]NMS binding sites by 4-DAMP mustard (A and B), and the effect of AF-DX 116 on these rates (C and D), in
the rat submaxillary gland (A and C) and heart (B and D). Homogenates of rat gland and heart were incubated at 37° with 4-DAMP mustard for the
indicated times, at concentrations of 1.6 nm (A), 8 nm (@), 40 nm (O), 200 nm (@), and 1 um (A). AF-DX 116 (1 um) was added to the appropriate
tubes 10 min before the addition of 4-DAMP mustard. Homogenates were then washed extensively and assayed for specific binding of [*HJNMS at
a single concentration of 0.5 nm. Each point represents the mean binding values of five experiments, each done in triplicate.

0.1

Rate Constant (min-1)

0
-9 -8 -7 -6
Log [4-DAMP mustard]
Fig. 10. Plot of the observed rate constants versus the logarithm of
concentrations of 4-DAMP mustard in the submaxillary gland (circles)
and heart (triangles), alone (open symbols) and in the presence of AF-

DX 116 (closed symbols). The observed rate constants were determined
from the data in Fig. 9.

maximal rate constant for alkylation (k) in either the gland or
heart.

The kinetic analysis shown in Fig. 10 predicts that it should
be possible to alkylate muscarinic receptors in the gland selec-
tively, using a relatively low concentration of the aziridinium

TABLE 2

Dissociation constants of 4-DAMP, 4-DAMP mustard, and its
transformation products in rat forebrain, heart, and submaxillary
gland

Values (mean + standard error) were estimated from the data shown in Fig. 8 and
are expressed in pKp units (—log Kp).

Ko
4-DAMP 830+ 005 743+006 829005
4-DAMP mustard 6.44 +0.12 576+0.05 6.26+0.19
Aziridinium ion 809+0.17 7.21+004 8.04+0.13
(7.34)* (8.14)*
Alcoholic hydrolysis 710+ 0.16 6.09+031 7.31+0.13
product

* Values obtained from kinetic analysis shown in Fig. 10.

ion for a long time. Accordingly, Fig. 11 shows that, at a
concentration of 1.6 nM, the aziridinium ion caused virtually
no alkylation of muscarinic receptors in the heart, after 30 min,
but eliminated 48% of the receptors in the gland. In the
presence of 1.0 uM AF-DX 116, the aziridinium ion (40 nM)
caused 86% alkylation of muscarinic receptors in the gland
after 1 hr but only 7% alkylation of receptors in the heart.
Isolated rat ileum. Treatment of the isolated rat ileum with
4-DAMP mustard caused an irreversible blockade of contrac-
tions elicited by the muscarinic agonist oxotremorine-M, and
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Fig. 11. Selected conditions of receptor alkylation by 4-DAMP mustard
alone in the submaxillary gland (ll) and heart (O) and in the presence of

AF-DX 116 (@, gland; @, heart). The percentages of receptor alkylation
were calculated from the data in Fig. 9. Incubation times were 30 and
60 min at concentrations of 1.6 and 40 nm, respectively.

201
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Fig. 12. Effects of 4-DAMP mustard on the dose-response curve of
oxotremorine-M in the isolated rat ileum. Oxotremorine-M-mediated con-
tractions were first measured in control rat ilea (®). Then the ilea were
incubated with 4-DAMP mustard (10~ m) for 90 min and washed exten-
sively, and additional curves were run immediately (O)
and after 90 min (A). Data points represent the means of three experi-
ments.

this blockade persisted after extensive washing. Oxotremorine-
M contracted the ileum with an ECs, value of approximately
0.15 uM. Treatment with 4-DAMP mustard (9 nM, for 90 min)
caused a 27-fold rightward shift of the concentration-effect
curve, with an accompanying slight decrease in the maximal
contraction (Fig. 12). This 27-fold shift in the oxotremorine-M
concentration-effect curve was still maintained 90 min later
(Fig. 12), indicating that the inhibitory effect of 4-DAMP
mustard was irreversible and that 4-DAMP mustard could not
be washed off the receptor.

Discussion

In experiments where forebrain, heart, and submaxillary
gland were incubated with 4-DAMP mustard, a decrease in
maximal binding of [*H]NMS, without an accompanying
change in K,, was observed. This action was prevented by the
addition of atropine during the incubation, which is consistent
with the postulate that the aziridinium ion alkylates the rec-
ognition site of the muscarinic receptor. Previous reports on
nitrogen mustard analogues of oxotremorine and benzilylcho-
line have shown that the pharmacological activity of these
compounds can be attributed to their aziridinium ions (1, 3).
Observations in this paper support the assumption that the
aziridinium ion is also mainly responsible for the muscarinic
antagonist actions of 4-DAMP mustard. Incubation of the

4-DAMP Mustard 725

aziridinium ion with thiosulfate prevented alkylation of the
receptor. It is known that thiosulfate reacts covalently with
aziridinium ions to inactivate them; thus, these results imply
that the aziridinium ion is necessary for alkylation of the
recognition site. In addition, the affinity of the aziridinium ion,
measured at 0° without covalent bond formation at the recog-
nition site, was higher than both that of the parent mustard
and that of the alcoholic hydrolysis product, indicating that
this cyclized species is the most potent form, therefore account-
ing for the antimuscarinic activity. For a variety of other
tertiary amine muscarinic antagonists, it has been demon-
strated that the antimuscarinic activity resides in the proton-
ated species (18-21). Consequently, the inactivity of the parent
mustard might seem to be due to its weak base strength (pK,
= 5.96), resulting in a low degree of ionization (3.5%) at
physiological pH. However, we have found that the ICs value
of the parent mustard is unaffected when the pH is reduced to
5.5 (data not shown), indicating that both the ionized and
unionized forms are inactive. Thus, the inactivity of the parent
mustard cannot be attributed to its weak base strength.

Although other nitrogen mustard derivatives, such as benzil-
ylcholine mustard, acetylcholine mustard, and the oxotremo-
rine nitrogen mustard derivatives, have been made, 4-DAMP
mustard offers advantages over these as irreversible alkylators.
Receptor alkylation by the aforementioned derivatives begins
as a first-order process but reaches a plateau at submaximal
levels (70%) (15, 16). Alternatively, 4-DAMP mustard can
cause almost complete alkylation (97%) of muscarinic recep-
tors, according to a single first-order process. 4-DAMP mustard
also remains covalently bound to the receptor longer than do
other nitrogen mustard compounds, such as benzilylcholine
mustard. In the isolated ileum, 4-DAMP mustard caused a
blockade of contractions that persisted after 90 min and exten-
sive washing. In contrast, there is some recovery after 1 hr from
the blockade produced by BCM, using similar washout condi-
tions, in the isolated guinea pig ileum (22).

Another advantage to 4-DAMP mustard is its apparent se-
lectivity. Because 4-DAMP mustard was derived from the se-
lective antagonist 4-DAMP, it might be expected that this
nitrogen mustard analogue would retain some of the selectivity
exhibited by 4-DAMP itself. The tissues used in these experi-
ments have different compositions of muscarinic receptor su-
bypes. The rat forebrain contains mainly the M, subtype, based
on its high affinity for pirenzepine, but also contains receptors
of the M; and M, subtypes (23, 24). The M, muscarinic recep-
tors, characterized by their high affinity for AF-DX 116, ac-
count for most, if not all, of the binding sites in the mammalian
heart (25, 26). The submaxillary gland has primarily M, sub-
type receptors, with a small population of the M, subtype, and
both of these receptors have high affinity for 4-DAMP (11, 27,
28). These tissues provide the basis for exploring muscarinic
subtype selectivity. In competitive binding experiments at 0°,
the aziridinium ion of 4-DAMP mustard showed a selectivity
profile similar to that of 4-DAMP, M; = M, > M..

Kinetic analysis shows that the overall rate of receptor
alkylation by 4-DAMP mustard depends on the concentration
of 4-DAMP mustard, its affinity for the receptor, and its rate
constant of alkylation. Once it occupies the muscarinic recep-
tor, the aziridinium ion alkylates M, and M; receptors at
approximately the same rate, as indicated by the similar values
for the rate constants for alkylation (k;) at these two sites.
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Accordingly, similar rates of alkylation were observed in the
submaxillary gland and heart when high concentrations of 4-
DAMP mustard were used. However, selective alkylation of the
M; muscarinic receptor was achieved using low concentrations
of 4-DAMP mustard for relatively long periods of time. In the
presence of AF-DX 116, 4-DAMP mustard shows enhanced
selectivity towards the M; subtype. This can be useful, because
AF-DX 116 is a reversible M, antagonist that can be washed
off the receptor, leaving the M; receptors irreversibly blocked.

Previous pharmacological experiments on isolated tissues
have shown that 4-DAMP mustard prevents responses elicited
by M; muscarinic receptors selectively (10). Barlow et al. (10)
reported much higher dose ratios for the blockade of Ms,-
mediated contractions in the guinea pig ileum than for M,-
mediated cardiac responses. In their experiments, the overall
observed blockade of M;-mediated contractions was a combi-
nation of irreversible and reversible binding of 4-DAMP mus-
tard to the muscarinic receptor. When expressed as a dose ratio,
the irreversible component of blockade in the guinea pig ileum,
after 90-min treatment with 4-DAMP mustard (10 nM) at 37°,
varied between 14- and 90-fold. Our results showed that pre-
treatment of the rat ileum with the same concentration of 4-
DAMP mustard caused a 27-fold shift in the oxotremorine-M
dose-response curve. Thus, there is general agreement between
our observations and those reported by Barlow et al. (10).

The results from our kinetic experiments in the heart and
gland allow us to predict the irreversible effects of 4-DAMP
mustard on various tissues, by determining the fraction of
receptors occupied by 4-DAMP mustard at a given concentra-
tion. Based on the percentage of occupancy, dose ratios for
antagonist effects can be calculated using the relationship
described by Paton (29):

(dose ratio — 1) X 100
dose ratio

% of occupancy =

Using the kinetic parameters measured in the submaxillary
gland, we predict that, at a concentration of 10 nM, 4-DAMP
mustard would cause a 52-fold blockade of M;-mediated con-
tractions in the isolated ileum after 90 min. This correlates
with our observed dose ratio (27-fold) and those reported by
Barlow et al. (10). Barlow and co-workers also showed that 4-
DAMP mustard (10 nM, for 90 min) caused only a 2-fold shift
of carbachol-mediated inhibition of contraction in the isolated
guinea pig atria at 30° (10). At 37°, we predict a dose ratio of 4
for cardiac responses. These values are in good agreement,
considering that greater blockade by 4-DAMP mustard occurs
at 37° than at 30° (10) and that the rate of alkylation of
muscarinic receptors decreases 3.7-fold as the temperature de-
creases from 37° to 25° (see Fig. 7).
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