
Introduction

Tertiary N-haloethylamines are able to cyclize to the
corresponding aziridinium ion according to Fig. 1. (8,18)
Aziridinium compounds thus formed are easily attached by
nucleophiles resulting in a ring-opening and form a cova-
lent bond by alkylating some groups of biological structures
(enzymes, receptors) according to Fig. 2, where A- is a nucleo-
philic site of biological structure (17,20).

The positively charged aziridinium ion may be attracted
to the anionic site of the enzyme acetylcholinesterase
(AChE; EC 3.1.1.7) and may act as an active-site-directed ir-
reversible inhibitor of this enzyme (11,14). The aziridinium
compounds possibly alkylate the carboxyl group of the
anionic site of AChE, causing almost total inhibition.

The purpose of our work was to study the inhibitory
activity of the DSP-4 (N-(o-brombenzyl)-N-ethyl-2-chlor-
ethylamine) and of two other derivatives OS-21 (N-benzyl-
N-ethyl-2-chloroethylamine) and OS-23 (N-fenylethyl-N-
ethyl-2-chloroethylamine) (Fig. 3) toward AChE in vitro.
The influence of the THA (tacrine, 9–amino-1,2,3,4-tetra-
hydroacridine), which bounds to the hydrophobic site at the
periphery of the AChE(5,6,11), on AChE inhibition by these
aziridines was also studied. Later studies have found that
DSP-4 is an important compound for studying noradrener-
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Fig. 1: Cyclization of tertiary N-haloethylamines.

Fig. 2: Alkylation of the nucleophilic site of the biological
structures.

Fig. 3: Structures of the tested compounds.



gic mechanisms in the CNS (Central Nervous System) as
well as in the in the periphery (7,16).

Thanks to the fact that adrenergic as well as cholinergic
hypofunctions were observed after intracerebral applica-
tion of DSP-4 to the rat (1), we have studied the influence
of this compound on rat brain AChE.

Materials and methods

DSP-4 was prepared as described by Ross et al. (15),
compounds OS-21 and OS-23 were prepared using the same
synthetic approach. Their chemical structures are shown in
Fig. 3. THA was prepared as reported earlier (4). Triton X-
100 was a product of Koch-Light Lab. The other chemicals
used were purchased from Lachema (Brno, Czech
Republic) in analytical purity.

Rat brain AChE was taken as the source of the enzyme.
The enzyme was solubilized by 1% (v/v) Triton X-100 by
the procedure described earlier (13). The enzymatic activi-
ty varied around 0.5 µmol of acetylcholine hydrolyzed per
min per ml at 25°C and pH 8.0. The activity of the AChE
was measured using the modified titrimetrical method
(9,10) with the Radiometer titrator RTS 822 (Radiometer,
Denmark) in the pH-stat. Acetylcholine iodide (ACh) was
used as the substrate. The acetic acid released was titrated
by 0.05 M NaOH and the measurement was carried out at
the pH 8.0 and 25 °C. A correction for the spontaneous
hydrolysis of the substrate was made.

The solutions of the aziridinium chlorides were pre-
pared immediately before the experiments by dissolving
a weighted samples of tertiary N-chloroethylamines in 0.1 M
phosphate buffer (pH 7.4). The AChE alkylation reactions
were carried out in the same buffer at 25 °C and the re-
action was followed by measuring the decrease in the ini-
tial rate of the enzymatic AChE hydrolysis. At the
appropriate time intervals the samples were taken from the
incubation mixture, diluted 20-fold into the enzyme assay
medium (0.15 M NaCl) and remaining AChE activities
were estimated (vi). These experiments were also carried
out in the presence of THA as a ligand of hydrophobic site
of AChE.

The rate of cyclization of the chloralkylamines to qua-
ternary aziridinium derivatives was determined in water-
methanol (1:1, v/v) mixture at pH 7.4 by determination of
the chloride ion formed by potentiometric titration (15).

The apparent first order rate constants of AChE alkyla-
tion by quaternary aziridinium salts (kapp) were calculated
from the slope –kapp/2.303 of the plot log 100 (if-i) vs. time
of exposure duration, where i is the fractional inhibition cal-
culated as i = 1 – (vi/v) and if is the final level of inhibition
achieved at 24 hrs (19). The second-order rate constant
(k2) was calculated as k2 = kapp/cI, where cI is the molar con-
centration of aziridinium compound. The best fit to the ex-
perimental data points was calculated by linear regression
analysis. All values of constants are means ± confidence
range for P 0.95.

Results

Cyclization rates expressed as half-life periods of the ter-
tiary N-chlorethylamines, t0.5, are very quick (Tab. 1) and at
37 °C the formation of aziridinium salts are completed to 5
min.

AChE incubation with 0.001 to 1.0 mM solutions of all
three aziridinium compounds results in a progressive and ir-
reversible decrease in the enzyme activity. In spite of the
large excess of the aziridinium ion, however, the inhibition
was not complete and was dependent on the initial con-
centration of the aziridinium ion. The kinetic data for the
AChE alkylation reaction with the aziridinium salt OS-23
as example are shown in Fig.4. All three aziridinium com-
pounds caused a time- and concentration-dependent inhibi-
tion of AChE activity. The addition of THA substantially
protected against the loss of AChE activity that occurred in
the presence of aziridinium ions alones. In the absence as
well as in the presence of THA, the decrease of the enzyme
activity followed the first-order kinetic (Fig.4). The rate
constants obtained are listed in the Tab. 2, as well as the if
values.

A complete analysis of the kinetic mechanism of the
alkylation by aziridinium compound and protection by
THA was carried out in the case of DSP-4. For this com-
pound, the kapp values were measured at different concen-
trations of both alkylating and protecting ligands (Tab. 2)
and after that were plotted as dependence of 1/kapp on 1/cI
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Compound t1/2 (min)
DSP-4 1
OS-21 0.5
OS-23 0.5

Tab. 1: Half-life periods of cyclization.

Fig. 4: Kinetics of AChE alkylation with OS-23 alone and
in the presence of THA.



as shown in Fig. 5. This can be summarized by the reaction
scheme in Fig. 6. E is the free enzyme, I is the alkylating
agent, EI the reversible enzyme-aziridinium complex, and
EI’ the alkylated enzyme. The KD for DSP-4 estimated from
these kinetic data is (1.25 ± 0.46) x 10–5 mol-1l-1 and the ka
is (3.85 ± 1.02) x 10-2 min-1. In the presence of THA the KD
is (8.35 ± 2.46) x 10-5 mol-1l-1 and constant ka is the same as
in the absence of this ligand. It is seen that THA protects
the enzyme against DSP-4 in such a way that decreased the

affinity of aziridinium compound to the enzyme, whereas
the rate of transformation of reversible complex EI to alky-
lated enzyme EI’ is the same. Overall bimolecular rate con-
stant (k2) calculated as k2=ka/KD were 3080 mol-1l-1min-1 in
the absence of THA and 461 mol-1l-1min-1 in its presence.
The ratio of both constants is 6.68.

Discussion

The present results showed that DSP-4 as well as two
other derivatives of this compound are able to alkylate the
AChE. The aziridines are compounds which resemble the
enzyme’s natural substrate acetylcholine but contain a res-
pective functional group which can form a covalent adduct
with the AChE after the molecule has reached the active
site and may be classified as irreversible active-site-directed
inhibitors (2). Our study indicates that association of aziri-
dinium compounds with the enzyme is a relatively slow se-
cond-order reaction.

From the comparison of the second-order rate con-
stants of alkylation of all three tested compounds, it is clear
that DSP-4 inactivates AChE the most quickly. Debro-
mation of DSP-4 (compound OS-21) decreased the rate of
AChE alkylation more than 10–fold. Yet more decrease of
k2 value was observed at compound OS-23, which is a ho-
mologue of OS-21.

Pretreatment of the AChE by THA, hydrophobic-site-di-
rected reversible inhibitor of the AChE (5,6), decreased the
rate of alkylation by all three aziridinium compounds. Our
results showed that the ternary complex EIT between the
enzyme (E), aziridinium inhibitor (I) and THA (T) is
formed. THA binds to the hydrophobic site of AChE while
aziridinium compounds binds to the anion site of the en-
zyme (12). THA protects the enzyme against alkylation by
aziridinium compounds by allosteric mechanism. It is pro-
bable that also other hydrophobic-site-directed inhibitors of
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Fig. 6: Scheme of the reaction of the enzyme with the al-
kylating agent.

Fig. 5: Dependence of 1/kapp on 1/cI.

Compound I (µM) T (µM) kapp (min-1) k2 (M
-1min-1) if

OS-21 alone 100 0 (1.52±0.16)10-2 152.0±16 0.89
500 0 (7.31±0.86)10-2 146.2±17 0.95
1000 0 (1.64±0.18)10-1 164.0±18 0.96

OS-21+THA 100 0.5 (1.73±0.22)10-3 17.3±2.2 0.52
DSP-4 alone 1 0 (2.50±0.21)10-3 2500±210 0.48

5 0 (1.07±0.17)10-2 2140±340 0.85
10 0 (1.26±0.15)10-2 1266±144 0.87
50 0 (2.09±0.16)10-2 418±32 0.90
100 0 (4.53±0.32)10-2 453±32 0.93

DSP-4+THA 10 0.5 (2.43±0.20)10-3 243±20 0.48
50 0.5 (4.63±0.26)10-3 93±5.2 0.49
100 0.5 (9.80±0.62)10-3 98±6.2 0.46

OS-23 alone 100 0 (5.85±0.42)10-3 58.5±4.2 0.76
OS-23+THA 100 0.5 (1.34±0.23)10-3 13.4±2.8 0.51

Tab. 2: Kinetic constants of alkylation of AChE by quaternary aziridinium compounds alone (I) and in the presence of
tacrine (T).



AChE protect this enzyme against alkylation by aziridinium
ions. On the contrary, Palumaa and Järv showed that the
presence of alkylboronic acids, which are known to be es-
teratic-site-directed reversible inhibitors of the AChE (3),
accelerated the alkylation of AChE by aziridinium ions.

References

1. Abe K, Horiuchi M, Yoshimura K. Potentiation by DSP-4 of EEG slowing and
memory impairment in basal forebrain-lesioned rats. Eur J Pharmacol
1997;321:149–55.

2. Baker BR. Design of active-site-directed irreversible enzyme inhibitors, NewYork,
Wiley, 1967.

3. Belleau B, Tani H. A novel irreversible inhibitor of acetylcholinesterase specifi-
cally directed at the anionic binding site: structure-activity relationships. Mol
Pharmacol 1966;2:411–22.

4. Bielavský J. Analogues of 9–amino-1,2,3,4-tetrahydroacridine. Collect Czech
Chem Commun 1977;42:2802–8.

5. Dawson RM. Reversibility of the inhibition of acetylcholinesterase by tacrine.
Neurosci Lett 1989;100:227–30.

6. Giacobini E. Cholinesterase inhibitors for Alzheimer’s disease therapy: from tac-
rine to future applications. Neurochem Int 1998;32:413–9.

7. Harro J, Häidkind R, Harro M et al. Chronic mild unpredictable stress after nor-
adrenergic denervation: attenuation of behavioural and biochemical effects of
DSP-4 treatment. Eur Neuropsychopharmacol 1999;10:5–16.

8. Huh N, Thompson CM. Enantioenriched N-(2-chloroalkyl)-3–acetoxypiperidines
as potential cholinotoxic agents, synthesis and preliminary evidence for spirocyc-
lic aziridinium formation. Tetrahedron 1995;51:5935–50.

9. Kuča K, Kassa J. A comparison of the ability of a new bispyridinium oxime – 1-
(4-hydroxyiminomethylpyridinium)-4-(4-carbamoylpyridinium)butane dibromide
and currently used oximes to reactivate nerve agent-inhibited rat brain acetylcho-
linesterase by in vitro methods. J Enzyme Inhib Med Chem 2003;18:529–35.

10. Kuča K, Patočka J. Reactivation of cyclosarin-inhibited rat brain acetylcholin-
esterase by pyridinium-oximes. J Enzyme Inhib Med Chem 2004;19:39–43.

11. Liu J, Ho W, Lee NT, Carlier PR, Pang Y, Han Z. Bis(7)-tacrine, a novel acetyl-
cholinesterase inhibitor, reverses AF64A-induced deficits in navigational memo-
ry in rats. Neurosci Lett 2000;282:165–8.

12. Palumaa P, Järv J. Alkylboronic acids accelerate affinity labelling of acetylcholin-
esterase with N,N-dimethyl-2–phenylaziridinium ion. Biochim Biophys Acta
1984;748:35–9.

13. Patočka J, Bajgar J. Inhibition of acetylcholinesterase and butyrylcholinesterase
by O-isopropyl-S-(2-diisopropylamionoethyl)-methylthiophosphonate. Collect
Czech Chem Commun 1973;41:3940–3.

14. Ricci A, Mancini M, Strocchi P, Bongrani S, Bronzetti E. Deficits in cholinergic
neurotransmission markers induced by ethylcholine mustard aziridinium
(AF64A) in the rat hippocampus: sensitivity to treatment with the monoamine
oxidase-B inhibitor L-deprenyl. Drugs Exp Clin Res 1992;18:163–71.

15. Ross SB, Johansson JG, Lindborg B, Dahlbom R. Tertiary N-(2–bromobenzyl)-
N-haloalkylamines with adrenergic blocking action. Acta Pharm Suec
1973;10:29–42.

16. Schuerger RJ, Balaban CD. N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
(DSP-4) has differential efficacy for causing central noradrenergic lesions in two
different rat strains: comparison between Long-Evans and Sprague-Dawley rats.
J Neurosci Methods 1995;58:95–101.

17. Sepp A, Järv J. Alkylation of acetylcholinesterase anionic centre with aziridinium
ion accelerates the enzyme acylation step. Biochim Biophys Acta 1991;
1077:407–12.

18. Volkova RI, Kochetova LM. Inhibition of cholinesterases by aziridinium deri-
vatives of polymethylene bischloroethylamines. Bioorg Khim 1983;9:926–35.

19. Webb JL. Enzyme and metabolic inhibitors Vol. 1, New York, Academic Press,
1963.

20. Weis C, Kreienkamp HJ, Raba R, Pedak A, Aaviksaar A, Hucho F. Anionic sub-
sites of the acetylcholinesterase from Torpedo californica: affinity labelling with the
cationic reagent N,N-dimethyl-2–phenyl-aziridinium. EMBO J 1990;9:3885–8.

Submitted November 2004.
Accepted June 2005.

Ing. Kamil Kuča,
Faculty of Military Health Sciences,

Department of Toxicology,
Třebešská 1575, 500 01 Hradec Králové,

Czech Republic.
e-mail: kucakam@pmfhk.cz

148


