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Abstract—Haloxysterols A-D (1-4), new C-24 alkylated sterols, have been isolated from the chloroform soluble fraction of Halox-
ylon recurvum, along with five known sterols 5-9, which are reported for the first time from this species. Their structures were deter-
mined by means of 1D- and 2D-NMR techniques. Compounds 1-9 inhibited cholinesterase enzymes in a concentration-dependent
manner with K; values ranging between 0.85-25.5 and 1.0-19.0 puM against acetylcholinesterase (AChE; EC 3.1.1.7) and butyrylch-
olinesterase (BChE; EC 3.1.1.8) enzymes, respectively. Lineweaver—Burk, Dixon plots and their secondary replots indicated that
compounds 1-9 are non-competitive inhibitors of both AChE and BChE enzymes.

© 2005 Elsevier Ltd. All rights reserved.

Haloxylon recurvum Bunge ex Boiss belongs to the fam-
ily Chenopodiaceae which comprises of 100 genera and
1200 species.! In Pakistan, this family is represented by
35 genera. Only five species of Haloxylon are found in
Pakistan.? H. recurvum is a perennial shrub with gla-
brous leaves. It is widely distributed in Turkey, Syria,
Iraq, Iran, Afghanistan, Kashmir, India, and Central
Asia.® The plant is traditionally reported to be applied
externally on insect stings. The ash of the plant is used
for internal ulcers, while a decoction of the whole is used
for the treatment of a variety of neural disorders.*> No
phytochemical work has so far been reported on this
species. The methanolic extract of H. recurvum® showed
strong toxicity in brine shrimp lethality test. On further
pharmacological screening it showed strong inhibition
against cholinesterase enzyme. This prompted us to car-
ry out bioassay directed isolation studies on this plant.
We now report the isolation” and structure elucidation
of four new sterols named as haloxysterols A-D (1-
4).811 along with sterols 5-9,'>1¢ reported for the first
time from this species.

The discovery of cholinesterase inhibitors has been a
challenging area of pharmaceutical research due to the
involvement of cholinesterase enzymes in Alzheimer’s
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disease and other related dementias. AChE is a key com-
ponent of cholinergic brain synapses and neuromuscular
junctions. The major biological role of the enzyme is the
termination of impulse transmission by rapid hydrolysis
of the cationic neurotransmitter acetylcholine.!”
According to the cholinergic hypothesis, the memory
impairment in the patients with senile dementia of A/z-
heimer’s type results from a deficiency in cholinergic
function in the brain.!® Hence, the most promising ther-
apeutic strategy for activating central cholinergic func-
tions has been the use of cholinomimetic agents. The
aim of AChE inhibitors is to boost the endogenous lev-
els of acetylcholine in the brains of Alzheimer’s disease
patients and thereby, to increase cholinergic neurotrans-
mission. The role of BChE in normal aging and brain
diseases is still elusive. BChE has been found in signifi-
cantly higher quantities in Alzheimer’s plaques than in
normal age-related non-demented brains.!”

We have previously reported a number of new natural
inhibitors of cholinesterase enzymes, isolated from
medicinally important plants.?>?! Continuing our efforts
to discover new inhibitors of therapeutically significant
enzymes through high-throughput screening assays, we
found sterols 1-9 with efficacious cholinesterase inhibi-
tory potential.

The MeOH extract of Haloxylon recurvum was divided
into n-hexane, chloroform, ethyl acetate, n-butanol,
and water soluble fractions. The chloroform soluble
fraction, which showed major inhibitory activity against
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cholinesterase enzymes, was further subjected to chro-
matographic techniques to afford four new sterols
named as haloxysterols A-D (1-4), along with five
known sterols, namely 5o,8a-epidioxy-(24S)-ethyl-
cholesta-6,9(11),22(E)-triene-3B-0l  (5),'% (24.S)-ethyl-
cholesta-7,9(11),22(E)-triene-3p-ol (6),'? lawsaritol (7),'4
24-ethyl-cholest-7-ene-3,5,6-triol  (8),'> and 24-ethyl-
cholest-6-ene-3,5-diol (9),'¢ respectively, reported for
the first time from this species.

Haloxysterols A-D (1-4) gave positive Salkowski and
Lieberman. Burchard tests for sterols. Their IR spectra
showed the presence of hydroxyl and olefinic functional-
ities, except for haloxysterol D (4) which did not show
unsaturation. A hydroxyl group could be assigned to
the usual C-3 position on biogenetic analogy, 'H-'H
COSY, HMBC correlations and comparison of NMR
spectral data with those of known sterols. Its stereo-
chemistry was assigned B and equatorial based on larger
coupling constant of oxymethine proton at C-3. An eth-
yl group was invariably observed at C-24 [§ 0.84-0.87
(3H, d, J=6.78-7.2 Hz, H-29) and ¢ 1.24-1.29 (2H, m
H-28)]. The ‘R’ configuration could be assigned to it in
haloxysterols A-D based on comparison of *C NMR
chemical shift of the side chain with stigmasterol and
schleicherastatin 1 (see Fig. 1).2>%°

Haloxysterol A (1) was obtained as colorless crystals,
mp 171-172 °C, [oc]]z)o —63.5 (¢ 1.0, CHCl;). The HRE-
IMS showed molecular ion peak at mi/z 446.3785 consis-
tent with the molecular formula C,9Hs0O5. The intense
peak at m/z 289.2151 (C;9H»90,) was due to the loss
of C;oH 9O side chain indicating the presence of two
hydroxyl and one olefinic bonds in the steroidal nucleus
and an oxygen atom in the side chain. The diagnostic
fragment at m/z 57.0325 (C5sHsO) was characteristic of
A>-3-0l type of sterols.>> The '"H NMR spectrum showed
the proton of the trisubstituted double bond at ¢ 5.34
(br d, J=5.1 Hz). The oxymethine protons were ob-
served at ¢ 3.99, 3.84, and 3.45, respectively. The most
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Figure 1. Structures of haloxysterols A (1), B (2), C (3), and D (4).

downfield oxymethine proton at § 3.99 showed connec-
tivity to four neighboring protons in the "H-'H COSY
spectrum and hence could be assigned to C-3. Two of
these protons at ¢ 1.87 and 1.76 further showed connec-
tivity to another oxymethine proton at § 3.84 thereby
allowing us to assign both these protons to C-2 and
the hydroxyl group to C-1. The o and axial configura-
tion was assigned to the latter on the basis of smaller
coupling constant (J = 2.6 and 4.9 Hz) of H-1pB. The rel-
ative positions of double bond and hydroxyl groups
were further confirmed by selective decoupling experi-
ments and HMBC correlations (Fig. 2). The position
of the remaining hydroxyl group in the side chain could
be confirmed at C-22 by a comparison of chemical shifts
of the side chain with those of related sterols.?>?* In
"H-'H correlated spectroscopy, the oxymethine proton
at 0 3.45 showed connectivity with three other protons
including H-20 at ¢ 1.7. The HMBC correlations
(Fig. 2) of the side chain also confirmed the position
of the hydroxyl group at C-22. Its a-configuration could
be assigned on the basis of NOEs between protons of C-
17, C-20, and C-22. The '>C NMR spectrum and
HMBC correlations were in exact agreement with the
assigned structure of haloxysterol A (1) as (24R)-ethyl-
cholest-5-ene-1a,33,220(22 R)-triol.

Haloxysterol B (02) was obtained as colorless crystals mp
158-159 °C, [o]3) —55 (¢ 0.75, CHCl3). The HREIMS
showed molecular ion peak at m/z 444.3638 consistent
with the molecular formula C,9gH4305. The IR, mass,
and '"H NMR spectra were very similar to those of hal-
oxysterol A, except for the presence of an additional
disubstituted double bond in the steroidal nucleus. Both
the proton and '>*C NMR chemical shifts of rings C and
D were similar to 1, hence both the double bonds must
be present in rings A and B. Since the conjugation of
these double bonds was evident from the UV spectrum
showing A,,.x at 232, 240, and 248 nm, the possible loci
were at C-4 and C-6. These relative positions could be
confirmed through 'H-'H COSY correlations; H-3
showing connectivity to C-4 olefinic protons at § 5.75,
C-7 olefinic proton at § 5.57 showing connectivity to
both C-6 olefinic proton at ¢ 5.80 and H-8 at ¢ 2.09.
The '*C NMR spectrum and HMBC correlations
(Fig. 2) were in agreement with the assigned structure
of haloxysterol B (2) as (24 R)-cthyl-cholesta-4,6-diene-
1o, 3B,220/(22 R)-triol.

Haloxysterol C (3) crystallized from methanol, mp
195 °C, [oc}f)s —75 (¢ 0.26, MeOH). Its HREIMS showed
molecular ion peak at m/z 426.3471 consistent with the
molecular formula C,ygH460,, showing the presence of
seven degrees of unsaturation. The UV spectrum
showed absorption maximum at 238 nm which is char-
acteristic for A*-3-oxo-steroidal skeleton,2® while IR
spectrum showed absorption bands at 3390, 1686, and
1610 cm™! indicating the presence of hydroxyl, o,p-un-
saturated cyclic ketone, and the double bond, respective-
ly. The '"H NMR spectrum showed the presence of
characteristic singlet for the olefinic proton at 6 5.17
indicative of A*-unsaturation.?’” Broad-band '*C NMR
spectrum including DEPT experiments indicated 29 sig-
nals including six methyl, nine methylene, nine methine,
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and five quaternary carbons. The downfield signal at
199.6 was due to A™-3 one system. Two downfield signals
at 0 123.7 and 171.6 were assigned to C-4 and C-5,
respectively. Further comparison of the data with those
of haloxysterol A (1) revealed similarity of the side
chain. The position of the other double bond in the
steroidal nucleus was assigned 9(11) based on the mass
fragments at m/z 174 and 188,%® and the characteristic
chemical shift of C-18 protons.?’ In HMBC experiments
(Fig. 2), the proton at position 4 of the steroidal nucleus
showed 2J correlations with C-2, C-10, and C-6, while
the H-11 showed the same HMBC correlations as ob-
served earlier in the case of haloxysterol A. On the basis
of these evidences, compound (3) was assigned the struc-
ture 22 oa-hydroxy-(24R)-ethyl-cholesta-4,9(11)dien-3
one.

Haloxysterol D (4) crystallized from methanol as color-
less crystals, mp 250-251 °C, [oc]zD5 —35.5 (¢ 0.73,
MeOH). It showed pseudomolecular ion peaks at m/z
481 [M+H]" and 479 [M—H]" in the positive and nega-
tive mode FABMS, respectively. The HREIMS showed
[M—H,O]" peak at m/z 462.3735 corresponding to the
composition C,y9Hs004. The mass spectrum further
showed fragments at m/z 323.2222 (C;9H3;04) [M —side
chain]", 322.2143 (C,9H3,0,) [M—side chain—H]", and
305.2037 (CoH»503) [M—side chain—H-O]". The peaks
at mf/z 282.1825 (C16H26O4), 264.1705 (C16H2403),
246.0915 (C1sH2,0;), and 228.1522 (C6H,00) were de-
rived by a typical ring-D Fission with proton migration
and stepwise H,O losses.!> It was, therefore, evident that
the four oxygen functions in the molecule were located
on the rings A, B, and C, while the remaining oxygen
function was present in the side chain.

A—
—— 0

Figure 2. Important HMBC correlations of haloxysterols A-D (1-4).

Decoupling experiments clarified the relation among the
C-1 to C-4 protons and confirmed an o-OH located at
C-1. Irradiation of the symmetrical multiplets at ¢
4.14-4.29, attributable to H-3, simplified simultancously
the H,-2 signals at 1.78-1.82 and the H,-4 signals at
2.04-2.14. Both the C-2 and C-4 methylene signals
showed large coupling constants 14 and 12.5 Hz, respec-
tively, with H-3a, which indicated a vicinal diaxial cou-
pling. Thus, the H-3 was assigned the o and axial
configuration. Irradiation of the triplet at 6 3.81 (1H,
J=4.0 Hz) caused simplification of the H,-2 signals
showing the presence of another hydroxyl at C-1 in o
and axial orientation.

In general, the C-3 protons of 3-hydroxy-A/B trans-
steroids resonate at 3.58 (axial) and 4.15 ppm (equatori-
al).’° Its downfield multiplet at 4.08 ppm is characteristic
of 3B-hydroxysterols bearing a 5a-hydroxyl group.3' The
most downfield signal at ¢ 4.29 revealed that the H-3a
must be subjected to a double 1, 3 diaxial interaction with
two axial hydroxyl groups at C-1 and C-5, establishing the
1o-OH and 50-OH configuration.

In the "H NMR spectrum of (4) in pyridine-ds, the 18
and 19 angular methyl resonances occurred at § 0.75
and 1.57 ppm, respectively. On comparison of the spec-
tra that had been determined in CDCl; and pyridine-ds,
a large pyridine-induced deshielding was observed for
Me-19, thus indicating the presence of a hydroxyl group
near Me-19 but remote from Me-18. The 6f position is
the only position to accord with this demand, and thus
the third secondary hydroxyl group must be located at
the 6 position. In addition, the small values of coupling
constants (J = 1 and 3.5 Hz) indicated the presence of an
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equatorial hydrogen at C-6 (o orientation). The config-
uration of C-20 and C-22 (S and R, respectively) was
suggested by the NOEs from H-21 to H-12a, H-17, H-
18, and OH-22; from H-20 to H-18; and from H-22 to
H-160. and H-20. The utility of the '*C NMR chemi-
cal-shift difference of C-20 has been reported to differen-
tiate (22R)- and (22S5)-hydroxysterols, when the
observed chemical shifts of C-20 were 6 42.6 and 40.3,
respectively.?> Application of this chemical shift rule
for 4 (the chemical shift at § 42.9 for C-20) supported
the ‘R’ configuration of C-22 described above (Tables
1 and 2). Thus, haloxysterol D (4) was assigned the
structure 24 R-ethyl-cholesta-1a,3[3,50,63,22a-pentanol.

Compounds 1-9 were studied for their cholinesterase
inhibitory potential®>=° and all of them were found to
inhibit AChE and BChE enzymes in a concentration-
dependent manner with K; values ranging from 0.85 to
25.5 uM and 1.0 to 19.0 uM against AChE and BChE,
respectively. The K; values were calculated in three ways;
first, the slopes of each line in the Lineweaver—Burk
plot were plotted against different concentrations of
compounds, second the 1/Vyaxapp Was calculated by
plotting different fixed concentrations of substrates
(ATCh or BTCh) versus AV in the presence of different
fixed concentrations of compounds in the respective
assays of AChE or BChE. Then K; was calculated by
plotting different concentrations of inhibitor versus
1/Vmaxapp- Ki is the intercept on the x-axis. In the third

Table 1. '"H NMR Data of compounds 1-3 (CDCl;) and 4 (Py-ds)

method, K; was directly measured from the Dixon plot
as an intercept on the x-axis. Determination of the inhi-
bition type is important to understand the mechanism of
enzyme action and the inhibitor binding sites. Linewe-
aver—-Burk, Dixon plots, and their replots indicated the
non-competitive type of inhibition of compounds 1-9
against AChE and BChE enzymes, as there was a de-
crease in Vi, without affecting the affinity (K, values)
of the AChE or BChE towards the substrates (ATCh or
BTCh), respectively. In other words, these inhibitors
and substrate (ATCh or BTCh) bind randomly and
independently at the different sites of AChE or BChE,
respectively. The similar binding mode of compounds
1-9 is not surprising because all of them have almost
similar structures with minor differences only in the
basic skeleton of the compounds. It also indicated that
the observed inhibition depends only on the concentra-
tion of inhibitors and dissociation constant (K;). The
ICs, K;, values and the type of inhibition are listed in
Table 3. The graphical presentation of steady-state inhi-
bition data of compound 5 for AChE and BChE has
been presented in Figure 3.

The inhibitory potential (K;=7.6+0.01 uM) of
compound 1 can be the cumulative effect of hydrogen
bonding and n-m stacking interactions. The hydroxyl
moieties present can be involved in hydrogen bonding
with the amino acid residues of the active site of the
AChHE. Similarly, double bond present in ring B can

Position 1 2

3 4

1 3.84 (dd, 2.6, 4.9) 3.88 (dd, 2.4, 4.8)
2 2.21 (m), 1.85 (m) 2.21 (m), 1.85 (m)
3 3.99 (m) 421 (m)

4 2.38 (dd, 12.5, 5.1) 5.75(d, 4.1)
2.25 (dd, 12.5, 11.6)
5 _ _
6 5.34 (br d, 5.1) 5.80 (br d, 10.2)
7 1.65 (m) 5.57 (dd, 10.2, 2.6)
8 1.78 (m) 1.79 (m)
9 1.35 (m) 1.34 (m)

10 — —

11 1.71 (m), 2.78 (m) 1.66 (m), 2.70 (m)

12 1.02 (m), 2.01 (m) 1.04 (m), 2.01 (m)

13 - -

14 1.13 (m) 1.1 (m)

15 1.55 (m) 1.59 (m)

16 1.38 (m) 1.27 (m) 1.35 (m) 1.25 (m)

17 1.19 (m) 1.18 (m)

18 0.71 (5) 0.75 (5)

19 111 (s) L.11 (s)

20 1.73 (m) 1.73 (m)

21 0.94 (d, 6.8) 1.00 (d, 6.0)

22 3.45 (ddd, 10.8, 3.4,1.7) 3.76 (ddd, 10.6, 3.2, 1.5)

23 1.04 (dd, 13.5,10.5), 1.27 (m) 1.04 (dd, 13.5, 10.5) 1.27 (m)

24 1.38 (m) 1.38 (m)

25 1.78 (m) 1.78 (m)

26 0.90 (d, 6.8) 1.04 (d, 6.8)

27 0.90 (d, 6.8) 1.04 (d, 6.8)

28 1.27 (m), 1.39 (m) 1.27 (m), 1.39 (m)

29 0.88 (1, 7.2) 0.84 (t, 7.0)

2.04 (m) 1.71 (m)
2.55 (m) 2.15 (m)

5.17 (s)

1.55 (m) 1.20 (m)
1.66 (m) 1.20 (m)
1.79 (m)

1.34 (m)

5.53 (br d, 6.4)
1.04 (m) 2.01 (m)
1.11 (m)

1.59 (m)

1.35 (m) 1.25 (m)
1.18 (m)

0.68 (s)

0.86 (s)

1.73 (m)

1.08 (d, 6.2)

3.76 (m)

1.04 (m) 1.27 (m)
1.38 (m)

1.78 (m)

0.99 (d, 6.8)

0.99 (d, 6.8)

1.27 (m)

1.39 (m)

0.88 (t, 7.0)

3.99 (dd, 1.8, 4.2)
2.21 (m) 1.85 (m)
4.85 (m)

2.38 (dd, 12.5, 5.1)
2.25(dd, 12.5, 11.6)
4.15 (dd, 1, 3.5)
1.65 (m)

1.78 (m)

1.35 (m)

1.71 (m), 2.78 (m)
1.02 (m), 2.01 (m)
1.13 (m)

1.55 (m)

1.38 (m) 1.27 (m)
1.19 (m)

0.75 (s)

1.57 (s)

1.73 (m)

1.0 (d, 6.0)

3.73 (m)

1.04 (dd, 13.5,10.5), 1.27 (m)
1.35 (m)

1.75 (m)

1.04 (d, 6.5)

1.04 (d, 6.5)

1.26 (m), 1.38 (m)

0.99 (t, 6.9)

The coupling constants are given in Hz.
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Table 2. '"H NMR data of compounds 1-3 (CDCl3) and 4 (Py-ds)

Position 1 2 3 4
1 75.9 74.0 35.7 75.9
2 39.1 389 38.9 39.1
3 65.6 67.9 199.6 66.8
4 42.5 118.1 123.7 42.5
5 140.0 140.0 171.6 79.1
6 124.1 132.8 329 76.8
7 39.5 136.2 32.1 39.5
8 32.0 36.4 36.0 32.0
9 50.4 42.5 146.2 50.4
10 37.1 40.9 39.5 37.1
11 21.5 21.4 118.5 21.5
12 40.8 41.1 42.1 40.8
13 43.0 41.8 42.8 43.0
14 56.9 55.5 54.6 56.9
15 25.8 25.2 24.8 25.8
16 29.5 29.9 28.8 29.5
17 56.6 57.6 56.9 56.6
18 12.2 12.8 12.9 12.2
19 19.4 17.9 19.3 194
20 42.4 43.0 39.9 424
21 12.8 12.6 12.6 12.8
22 72.0 72.1 73.0 72.1
23 29.7 29.8 29.5 29.7
24 41.6 41.9 42.0 41.6
25 28.9 28.9 28.6 28.9
26 17.8 18.0 18.0 17.8
27 20.5 19.9 19.5 20.5
28 23.5 234 22.9 23.5
29 11.9 11.9 12.2 11.9

have n—n stacking interactions with amino acid residues
in the active center of AChE. The hydrogen bonding
and n—= stacking interactions seem to be the main stabi-
lizing factors of AChE-1 compound complex, increasing
the affinity of the compound 1 toward the AChE. The
compound 2 displayed (K;=0.85% 0.001 uM) highest
inhibitory potential the rationale may stem from the fact
that the compound 2 has one extra double bond in the
ring A, the double bonds can be involved in the m—n
stacking interactions, and that these interactions are
energetically very favorable to make the AChE-2 com-

plex stable and consequently the high potency of the
compound 2. The oxygen of carbonyl moiety of com-
pound 3 (K; = 1.1 £ 0.05 uM) can make a strong hydro-
gen bond with the amino acid residues in the active site,
additional m—mr stacking interactions of compound 3
with the active site amino acid residues of AChE, and
operational m-m stacking interactions can further
strengthen the AChE-3 complex. Compound 5 dis-
played least inhibitory potential (K;=25.57% 0.01 uM)
among the series of sterols reported in this article which
may be due to the oxygen bridging that can shield the n—
7 stacking interaction of the amino acid residues in the
active center of AChE, the only driving force in the 5-
AChE complex seems to be the hydrogen bonding.
Potency decreased (Compound 6, K; = 20.6 = 0.02 uM)
with the decrease of -OH groups and olefinic double
bonds. There is, slight increase in the activity with the
availability of hydroxyl group and olefinic double bond
(Compound 7, K;=16.1%0.01 pM). Increase in the
number of hydroxyl groups further increased the activi-
ty (Compound 8, K; = 12.6 + 0.04 uM). A sharp increase
in the inhibitory potential occurred when both hydrogen
bonding and w7 stacking interaction were operative
(Compound 9, K; =4.0 £ 0.09 uM).

In case of BChE inhibition, the potential of compound 1
(K;=4.510.02 uM) to inhibit BChE might be due to
the presence of hydroxyl group in ring A. The inhibitory
potential enhanced with the increase of olifinic double
bond as in the case of compound 2 (K; = 2.5 + 0.04 uM).
The potency of compound 3 (K;=18.0% 0.04 uM)
decreased rapidly with the decrease of hydroxyl groups.
Again potency increased sharply with the increase in
the number of hydroxyl groups (compound 4,
K;=22%0.02 uM) as compared to compound 3 with
the decrease of hydroxyl groups. There is a decrease in
the potency of compound 5 (K; = 5.0 = 0.01 uM) where
there is no hydroxyl group on the ring A or B. The
potency gradually increased when there is an increase
of hydroxyl groups in compound 6 (K; = 4.6 £ 0.06 uM).
Decrease in the number of hydroxyl moieties and olefin-
ic bonds reduced the potency in the case of compound 7
(K;=3.720.05uM) and compound 9 (K;=4.21=

Table 3. Kinetic parameters of inhibition of AChE and BChE in the presence of compounds 1-9

Compounds AChE BChE
ICso £ SEM® [uM]  K® = SEM [uM]  Type of inhibition  ICso = SEM [uM] K; = SEM [uM]  Type of inhibition

1 8.3£0.02 7.6 £0.01 NC 4.7£0.01 4.510.02 NC
2 0.89 +0.002 0.85 +0.001 NC 2.3+0.01 2.5+0.04 NC
3 1.0 £ 0.08 1.1+0.05 NC 17.8 £0.05 18.0 £ 0.04 NC
4 17.2£0.01 17.0 £0.02 NC 2.5+0.02 22+ 0.02 NC
5 26.4£0.03 25.5%0.01 NC 6.9 +£0.02 5.0£0.01 NC
6 19.2 £ 0.04 20.6 £ 0.02 NC 4.5+0.02 4.6+ 0.03 NC
7 152 %£0.05 16.1 £0.01 NC 3.9£0.06 3.7%0.05 NC
8 13.7£0.02 12.6 £ 0.04 NC 2.0 +£0.05 2.5+0.02 NC
9 3.5%£0.03 4.0+ 0.09 NC 3.5%£0.01 4.210.06 NC
Galanthamine® 0.5 +0.001 0.44 0.0 MT 8.5%0.00 8.0 £0.01 NC

NC, non-competitive; MT, mixed type.
#Standard means error of 3 assays.

® Dissociation constant or inhibition constant (determined from non-linear regression analysis by Dixon plot and secondary Lineweaver—Burk plot at

various concentrations of compounds 1-9).
¢Standard inhibitor of AChE and BChE.
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Figure 3. Steady-state inhibition AChE and BChE by compound 5. (A) The Lineweaver-Burk plot of reciprocal of initial velocities versus reciprocal
of four fixed ATCh concentrations in the absence (M) and presence of 10.0 uM (), 20.0 uM (@), and 40 uM (A) of compound 5. (B) The Dixon plot
of reciprocal of the initial velocities versus various concentrations of compound 5 at fixed ATCh concentrations, (H) 0.4 mM, (V) 0.2 mM, (@)
0.133 mM, and (A) 0.1 mM. (C) The secondary replot of the Lineweaver—Burk plot, 1/Vnaxapp Or Slope versus various concentrations of compound
5. (D) The Lineweaver-Burk plot of reciprocal of initial velocities versus reciprocal of four fixed BTCh concentrations in the absence (M) and
presence of 2.5 uM (V), 5.0 uM (@), and 7.5 uM (A) of compound 5. (E) The Dixon plot of reciprocal of the initial velocities versus various
concentrations of compound 5 at fixed BTCh concentrations, (l) 0.2 mM, (V) 0.1 mM, (@) 0.066 mM, and (A) 0.05 mM. (F) The secondary replot
of the Lineweaver—Burk plot, 1/Vaxapp OF Slope versus various concentrations of compound 5.

0.06 uM). A slight increase in the potency occurred with
the increase of hydroxyl groups and olefinic bonds in
compound 8 (K; = 2.5 0.02 uM).

The above discussion

revealed that the activity
pattern of compounds 1-9 against AChE and BChE

depends both on the —~OH and olefinic bonds. These

functionalities

seem to play a key role

in the

inhibitory potential of these compounds probably by
making hydrogen bonds and m—m stacking interac-
tions with the amino acid residues of the active cen-
ter of the enzymes.
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Cholinesterase inhibition assay: The AChE and BChE
inhibiting activities were measured by the spectrophoto-
metric method developed by Ellman et al. 1962. Electric-
eel AChE (EC 3.1.1.7), horse-serum BChE (E.C 3.1.1.8),
acetylthiocholine iodide, butyrylthiocholine chloride, 5, 5'-
dithiobis [2-nitrobenzoic acid] (DTNB), and galanthamine
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were purchased from Sigma (St. Louis, MO, USA). All
other chemicals were of analytical grade. Standard oper-
ational assay protocol has been described previously. All
the kinetic experiments were performed in 96-well micro-
titer plates by using SpectraMax 340 (Molecular Devices,
CA, USA). The rate of the enzymatic reaction was
measured by the following equation.

Change in absorbance/ min
13,600

Determination of kinetic parameters. The concentration of
compounds that inhibited the hydrolysis of substrates
(acetylthiocholine and butyrylthiocholine) by 50% (ICsg)
was determined by monitoring the effect of various concen-
trations of the compound in the assays on the inhibition
values. The ICs (inhibitor concn that inhibits 50% activity
of AChE and BChE) values were then calculated using the
EZ-Fit Enzyme Kinetics program (Perrella Scientific Inc.,
Amherst, USA). Dissociation constant/inhibition constant
(K;) was determined by the interpretation of Dixon plot,
Lineweaver—Burk plot and their secondary replots using
initial velocities obtained over a substrate concentration
range between 0.1 and 0.4 mM for acetylthiocholine iodide
(ATCh) and 0.05 and 0.2mM for butyrylthiocholine
chloride (BTCh). The dependency of Vi.x/Km and Vi

on inhibitor [I] is given by:
Vmax Km Ki
Vo Ko = (u)
K+ [I]

Non-linear regression equations were used to determine
the values of Kj, K, and V. in the Lineweaver—Burk

Rate(mol/L/ min) =

34.

35.

36.

37.

39.

and Dixon plots. The K; value [dissociation constant/in-
hibition constant of AChE-inhibitor or BChE-inhibitor
complex into free AChE or BChE and inhibitor was
determined graphically by Dixon and Lineweaver—-Burk
plots; first, 1/Vmaxapp Was calculated at each intersection
point of lines of every inhibitor concentration on the y-
axis of the Lineweaver—Burk plot and then replotted
against various concentrations of inhibitors. Second,
the slope of each line of inhibitor concentration on
Lineweaver—Burk plot was plotted against inhibitor con-
centrations. Then replotting slope versus various con-
centrations of inhibitor, K; is the intercept on x-axis.
Statistical analysis. Graphs were plotted using GraFit
program. Values of the correlation coefficients, slopes,
intercepts, and their standard errors were obtained by the
linear regression analysis using the same program. The
correlation of all the lines of all graphs was found to be
>0.99. Each point in the constructed graphs represents the
mean of three experiments.
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