
Bioorganic & Medicinal Chemistry Letters 15 (2005) 951–955
A rate determining step change in the pre-steady state
of acetylcholinesterase inhibitions by
1,n-alkane-di-N-butylcarbamates

Gialih Lin,* Hsin-Chang Tseng, Ai-Chi Chio, Tsao-Ming Tseng and Bo-Yi Tsai

Department of Chemistry, National Chung-Hsing University, Taichung, Taiwan

Received 21 October 2004; accepted 17 December 2004

Available online 19 January 2005
Abstract—Alkane-1-N-butylcarbamate-n-ols (1–7) and 1,n-alkane-di-N-butylcarbamates (8–14) are potent pseudo-substrate inhib-
itors of acetylcholinesterase. For inhibitors 1–7, the pre-steady state �logKs values and steady state �logKi, values are linearly cor-
related with the tether length (N). However, for inhibitors 8–14, correlation of the �logKs or �logKi values against N deviates from
linearity. A discontinuity of the �logKs versus N plot, concave downwards, is indicative of a rate determining step change in the pre-
steady state of acetylcholinesterase inhibitions by inhibitors 8–14.
� 2004 Elsevier Ltd. All rights reserved.
The drugs used in Alzheimer�s disease are cholinesterase
inhibitors.1 Two forms of cholinesterase coexist ubiqui-
tously throughout the body, acetylcholinesterase
(AChE, EC 3.1.1.7) and butyrylcholinesterase (BChE,
EC 3.1.1.8), and although highly homologous, >65%,
they are products of different genes on chromosomes 7
and 3 in humans, respectively.2 The analogues of physo-
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1 R = H, n=2;
2 R = H, n=5;
3 R = H, n=8;
4 R = H, n=10;
5 R = H, n=12;
6 R = H, n=14;
7 R = H, n=16;
8 R = C(O)NHC4H9, n=2;
9 R = C(O)NHC4H9, n=5;
10 R = C(O)NHC4H9, n=8;
11 R = C(O)NHC4H9, n=10;
12 R = C(O)NHC4H9, n=12;
13 R = C(O)NHC4H9, n=14;
14 R = C(O)NHC4H9, n=16;

Figure 1. Chemical structures of tether inhibitors 1–14, physostigmine, and
stigmine, an alkaloid extracted from a tropical plant,
and rivastigmine (exelon) are all carbamate inhibitors
and have been widely studied as potential drugs for Alz-
heimer�s disease (Fig. 1).3–5 Carbamate inhibitors, such
as rivastigmine and aryl carbamates, are characterized
as �pseudo-irreversible�5 or �pseudo-pseudo-substrate�6

inhibitors of AChE (Scheme 1). Values of steady state
; e-mail: gilin@dragon.nchu.edu.tw
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Scheme 2. Kinetic scheme for the pre-steady state AChE inhibitions.

E, AChE enzyme; I, carbamate inhibitor; EI, the enzyme–carbamate

inhibitor covalent tetrahedral intermediate; E
�

I, the enzyme–carbamate

inhibitor non-covalent complex; Ks, the dissociation constant of E
�

I.

Table 1. Kinetic data and correlation results for the pre-steady and steady s

Inhibitors Ks (lM) Ki (lM) k2 (10
�3s�1)

1 2.3 ± 0.4 1.5 ± 0.2 7.5 ± 0.4

2 2.2 ± 0.2 1.4 ± 0.1 8.1 ± 0.8

3 0.88 ± 0.09 0.36 ± 0.07 7.2 ± 0.2

4 0.52 ± 0.05 0.20 ± 0.04 7.6 ± 0.1

5 0.65 ± 0.03 0.3 ± 0.1 8.1 ± 0.5

6 0.45 ± 0.04 0.20 ± 0.06 5.3 ± 0.7

7 0.37 ± 0.03 0.13 ± 0.05 6.1 ± 0.3

Correlationsc �logKs �logKi logk2

Slope 0.062 ± 0.009 0.08 ± 0.01 0.0019 ± 0.0

h 5.0 ± 0.2 5.0 ± 0.3 �2.13 ± 0.0

R 0.950 0.968 0.800

a Inhibitors 1–14 were synthesized from condensation of the correspondin

1.5 equiv of NaH in tetrahydrofuran at 25 �C for 1 day to produce 1–7 (30–
1H and 13C NMR spectra, high resolution mass spectra, and elemental an

b The enzyme inhibition reactions were determined by the Ellman assay23 a

obtained from Eq. 1 by the Hosie�s method.7 The Ks, k2, and k�2 values were

AChE (Sigma)-catalyzed hydrolysis of acetylthiocholine (0.1 mM) in the p

were followed continuously at 410 nm on a UV–vis spectrometer (Agilent 8

RX 2000).
c Correlation of �logKs, �logKi, logk2, logk�2, log(k2/k�2), and logkc with

Table 2. Kinetic data and correlation results for the pre-steady and steady s

Inhibitors Ks (lM) Ki (lM) k2 (10
�3s�1)

8 2.9 ± 0.2 0.36 ± 0.04 2.8 ± 0.1

9 1.4 ± 0.1 0.25 ± 0.02 3.4 ± 0.1

10 0.39 ± 0.02 0.15 ± 0.05 4.2 ± 0.2

11 0.37 ± 0.04 0.16 ± 0.03 4.6 ± 0.2

12 0.36 ± 0.02 0.16 ± 0.04 5.0 ± 0.3

13 0.36 ± 0.02 0.16 ± 0.02 5.4 ± 0.2

14 0.34 ± 0.02 0.17 ± 0.04 6.1 ± 0.3

Correlationsc �logKs �logKi logk2

Slope c.d.d c.d. 0.024 ± 0.001

h c.d. c.d. �2.92 ± 0.03

R c.d. c.d. 0.994

a Inhibitors 1–14 were synthesized from condensation of the correspondin

1.5 equiv of NaH in tetrahydrofuran at 25 �C for 1 day to produce 1–7 (30–
1H and 13C NMR spectra, high resolution mass spectra, and elemental an

b The enzyme inhibition reactions were determined by the Ellman assay23 a

obtained from Eq. 1 by the Hosie�s method.7 The Ks, k2, and k�2 values were

AChE (Sigma)-catalyzed hydrolysis of acetylthiocholine (0.1 mM) in the p

were followed continuously at 410 nm on a UV–vis spectrometer (Agilent 8

RX 2000).
c Correlation of �logKs, �logKi, logk2, logk�2, log(k2/k�2), and logkc with
d Discontinuity concave downwards (see Table 3).
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Scheme 1. Kinetic scheme for the steady state pseudo-substrate

inhibitions of AChE in the presence of substrate. E, AChE enzyme;

S, substrate; I, carbamate inhibitor; EI, the enzyme–carbamate

inhibitor covalent tetrahedral intermediate; EI 0, the carbamyl enzyme

intermediate; Ki, the dissociation constant of EI; kc, carbamylation

constant; P, the first product; kd, decarbamylation constant; Q, the

second product.
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inhibition constant (Ki), carbamylation rate constant
(kc), and bimolecular inhibition constant (ki) for these
�pseudo-pseudo-substrate� inhibitions are calculated
according to Eq. 1.7
tates AChE inhibitions by alkane-1-N-butylcarbamate-n-ols (1–7)a,b

k�2 (10
�3s�1) k2/k�2 kc (10

�3s�1)

5 ± 1 1.5 ± 0.3 3.1 ± 0.3

5 ± 3 2 ± 1 3.5 ± 0.3

3 ± 1 2.4 ± 0.8 3.6 ± 0.2

3.1 ± 0.8 2.5 ± 0.6 3.9 ± 0.1

4 ± 2 2 ± 1 4.1 ± 0.4

4 ± 2 1.3 ± 0.7 4.6 ± 0.5

3 ± 2 2 ± 1 4.9 ± 0.5

�logk�2 log (k2/k�2) logkc

006 0.012 ± 0.007 0.020 ± 0.006 0.08 ± 0.01

1 �2.2 ± 0.1 0.0 ± 0.1 �2.65 ± 0.02

0.612 0.792 0.986

g 1,n-alkane-diol with 1.5 equiv of n-butyl isocyanate in presence of

40% yield) and 8–14 (30–40% yield). All products were characterized by

alyses.

s described by Lin and co-workers6,22,24,25 The Ki and kc values were

obtained from Eq. 2 by the Lin�s method.8 The Electrophorus electricus

resence of 5,5 0-dithio-bis-2-nitrobenzoate (0.1 mM) and inhibitors 1–7

453) with or without a stopped-flow apparatus (Applied PhotoPhysics

the tether length (total backbone atoms) (N) (Fig. 2a).

tates AChE inhibitions by 1,n-alkane-di-N-butylcarbamates (8–14)a,b

k�2 (10
�3s�1) k2/k�2 kc (10

�3s�1)

0.35 ± 0.05 8 ± 1 3.0 ± 0.1

0.62 ± 0.07 5.5 ± 0.5 3.3 ± 0.1

1.6 ± 0.5 2.6 ± 0.9 4.0 ± 0.3

2.0 ± 0.4 2.3 ± 0.5 4.1 ± 0.4

2.2 ± 0.6 2.2 ± 0.6 4.6 ± 0.4

2.4 ± 0.3 2.3 ± 0.3 4.9 ± 0.2

3.1 ± 0.8 2.0 ± 0.5 5.3 ± 0.5

�logk�2 log(k2/k�2) logkc

0.07 ± 0.01 1.5 ± 0.2 0.0180 ± 0.0009

�4.4 ± 0.3 �0.044 ± 0.009 �2.81 ± 0.02

0.939 0.914 0.994

g 1,n-alkane-diol with 1.5 equiv of n-butyl isocyanate in presence of

40% yield) and 8–14 (30–40% yield). All products were characterized by

alyses.

s described by Lin and co-workers6,22,24,25 The Ki and kc values were

obtained from Eq. 2 by the Lin�s method.8 The Electrophorus electricus

resence of 5,5 0-dithio-bis-2-nitrobenzoate (0.1 mM) and inhibitors 1–7

453) with or without a stopped-flow apparatus (Applied PhotoPhysics

N.
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Figure 2. (a) Plot of the �logKs values for the AChE inhibitions by

tether inhibitors 1–7 against N. The standard error of the mean (SEM)

is 0.0417 for this correlation (n = 7). The slope of 0.062 for this

correlation (Table 1) indicates that these tether inhibitors are easy to

pass through the hydrophobic, narrow gorge of the enzyme, (b) Plot of

the �logKs values for the AChE inhibitions by tether inhibitors 8–14

against N. A discontinuity of the �logKs versus N plot, concave

downwards, indicates a rate determining step change in the Ks

step.10,12,13 The slope of 0.15 for short tether inhibitors 7–10 (solid

line) is much higher than that for long tether inhibitors 10–14 (0.007)

(dash line) because short tether inhibitors much depend on the

hydrophobicity of the inhibitor to pass through the hydrophobic,

narrow gorge of the enzyme16,17 (Fig. 3).

Table 3. C

butylcarba

Correlat

N

Slope

h

R
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kapp ¼ kc½I�=ðK ið1þ ½S�=KmÞ þ ½I�Þ ð1Þ
Moreover, values of pre-steady state inhibition constant
(Ks), k2, and k�2 (Scheme 2) for the pre-steady state inhi-
bitions are calculated according to Eq. 2.8
or

m

io

on
kobs ¼ k�2 þ ðk�2½I�=ðKs þ ½I�ÞÞ ð2Þ
relation results of discontinuities concave downwards for the �
ates (8–14) against N

nsa �logKi �logKi

522 =22

0.0063 ± 0.006 �0.005 ±

5.4 ± 0.1 6.94 ± 0.

0.995 0.894

of the �logKs and �logKi values against N (Fig. 2b).
Alkane-1-N-butylcarbamate-n-ols (1–7) and 1,n-alkane-
di-N-butylcarbamates (8–14) (Fig. 1) were characterized
as �pseudo-pseudo-substrate� inhibitors of AChE (Tables
1 and 2). The �logKs, logk2, logk�2, �logKi, logkc, and
logki values for AChE inhibitions by inhibitors 1–7
(Table 1) and the logkc, logk2, and logk�2, values by
inhibitors 8–14 (Table 2) were correlated with the Han-
sch hydrophobicity constant (p)9 or the tether length (N)
(Fig. 2a) but not with r* and Es against the Taft–In-
gold10–Järv11 equation (Eq. 3).
logKs and �lo

0.002

04
logðk=k0Þ ¼ q
r
 þ dEs þ wp ð3Þ
However, correlations of the �logKs, �logKi, and logki
values against N (or p) for the AChE inhibitions by
inhibitors 8–14 deviate from linearity (Tables 2 and 3).
A discontinuity of the �logKs versus N plot (Fig. 2b),
concave downwards, is indicative of a rate determining
step change.10,12,13 According to the Masson�s pro-
posal,14 the pre-steady state Ks step is further divided
into two steps, Ks1 and Ks2, therefore, rate determining
steps change in the pre-steady state Ks step in the AChE
inhibition mechanisms by inhibitors 8–14 (Fig. 3). For
long tether inhibitors 10–14, the rate determining step
is the Ks1 step, which is formation of non-covalent
pre-equilibrium protonated inhibitor6,15–enzyme com-
plex at the peripheral anionic site (PAS)14,16,21 that lo-
cates at the mouth of AChE, because long tether
inhibitors are difficult to contact with the narrow mouth
of the enzyme (PAS) (Fig. 3). However, for short tether
inhibitors 8–10, the rate determining step is the Ks2 step,
which is formation of non-covalent inhibitor–enzyme
complex at the active site14 from the complex at PAS
(Fig. 3). Thus, the slope of 0.15 in the �logKs�N-corre-
lation for short tether inhibitors 7–10 is much higher
than that for long tether inhibitors 10–14 (Fig. 2b and
Table 3) because short tether inhibitors much depend
on the hydrophobicity (N or p) of the inhibitor to pass
through the hydrophobic, narrow gorge of the en-
zyme16,17 (Fig. 3).

Overall, the AChE inhibition mechanism by tether
inhibitors 8–14 is proposed in Figure 3. The first step
(Ks1) is formation of the non-covalent protonated inhib-
itor–enzyme PAS complex.14 The second step (Ks2) is
formation of the non-covalent protonated inhibitor–en-
zyme active site complex.14 The third step (k2) is forma-
tion of the covalent enzyme–inhibitor tetrahedral
intermediate. The fourth step (kc) is formation of carb-
amyl enzyme intermediate from the tetrahedral
intermediate.
gKi values of the AChE inhibitions by 1,n-alkane-di-N-

�logKs �logKs

522 =22

0.15 ± 0.02 0.007 ± 0.001

3.2 ± 0.4 6.29 ± 0.03

0.988 0.958
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Figure 3. The proposed AChE inhibition mechanism by tether inhibitors 8–14. Numbers refer to amino acid residue positions in Torpedo californica

AChE.16 The active site of AChE contains of (a) an esteratic site (ES), (b) an oxyanion hole (OAH), (c) an anionic substrate binding site (AS), and (d)

an acyl binding site (ABS). PAS is located at the entrance (mouth) of the active site gorge.16–21 The first step (Ks1)
14 is formation of the protonated

inhibitor6,15–enzyme PAS complex and is the rate determining step for long tether inhibitors 10–14. The second step (Ks2)
14 is formation of the

protonated inhibitor–enzyme active site complex and is the rate determining step for short tether inhibitors 8–10. The third step (k2) is formation of

the inhibitor–enzyme covalent tetrahedral intermediate via the nucleophilic attack of active site S200. The fourth step (kc) is formation of the

carbamyl-enzyme intermediate from the tetrahedral intermediate.
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