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Abstract

Two acetylcholinesterase (AChE) inhibitors structurally related to Tacrine, 6-methoxytacrine (1a)
and 9-heptylamino-6-methoxytacrine (1b), and their interaction with Electrophorus Electricus AChE
were investigated.

The complete assignment of the 'H and '>*C NMR spectra of 1a and 1b was performed by mono-
dimensional and homo- and hetero-correlated two-dimensional NMR experiments. This study was
undertaken to elucidate the interaction modes between AChE and 1a and 1b in solution, using
NMR. The interaction between the two inhibitors and AChE was studied by the analysis of the
motional parameters non-selective and selective spin-lattice relaxation times, thereby allowing the
motional state of 1a and 1b, both free and bound with AChE, to be defined. The relaxation data
pointed out the ligands molecular moiety most involved in the binding with AChE. The relevant
ligand/enzyme interaction constants were also evaluated for both compounds and resulted to be
859 and 5412 M~! for 1a and1b, respectively.
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1. Introduction

Alzheimer disease (AD), the most common form of dementia in the elderly, accounts
for 50-60% of all dementia cases in the over 65 population. It leads to a progressive
impairment in memory and cognitive abilities, and eventually to death. The cerebral
regions associated with the highest and more complex functions, i.e., the cortex and hip-
pocampus, are the most affected by AD degeneration.

To date, the only weapons against AD have been symptomatic treatments mostly based
on the cholinergic approach, in particular on the inhibition of the acetylcholinesterase
(AChE) activity [1,2] and on psycopharmacological agents used for the treatment of
psychiatric aspects of the disease [3]. Over the last decade, drugs acting as inhibitors of
the AChE, such as Tacrine, Rivastigmine Galantamine [4,5] and Donepezil [6] and the
N-methyl-p-aspartate receptor antagonist Memantine [7], have been used to moderate
the effects of cerebral degeneration. The biological aim of AChE inhibitors is to prevent
the binding or the hydrolysis of the neurotransmitter acetylcholine, thus improving neuro-
nal transmission. The inhibitors are likely to act according to a competitive mechanism,
either by occupying the catalytic site or covalently reacting with the catalytic serine.
Otherwise, as in the case of small molecules such as propidium [8], they can have an
inhibiting function by interacting with a peripheral binding site situated on the catalytic
gorge entrance.

Besides the cholinergic strategy, different therapeutic approaches are being intensively
studied to find novel pharmacological agents for AD. Insights into the molecular basis
of the degeneration have addressed the search for small molecules or peptides interfering
in the amyloid formation or aggregation [7], and the employment of anti-inflammatory
drugs [9], metal chelators [10], and antioxidants [11,12].

Recently, the finding of new AChE inhibitors has become anew the central target in
developing drugs for the treatment of AD, as the latest studies have reported that patients
treated with cholinesterase inhibitors did not show the widespread cortical atrophic chang-
es associated with AD, providing empirical evidence of neuro-protection by cholinesterase
inhibitors [13]. Despite being far as yet from an optimal pharmacological profile, AChE
inhibitors are at present the only drugs used for the clinical treatment of AD.

So, this class of compounds has been the object of a renewed research effort. The nov-
elty, with respect to the first generation of AChE inhibitors, is that multi-potent inhibitors
simultaneously exhibiting several pharmacological properties are now used for a clinically
effective approach. Indeed, it has been demonstrated that the achievement of potent inhib-
itors of the AChE catalytic site may not represent a significant improvement, unless there
is a concomitant inhibition of the peripheral anionic site (PAS), which is associated with
the neurotoxic AD cascade through AChE-induced Af aggregation [11]. Thus, those
ligands which are able to interact simultaneously both with active and peripheral sites
may eventually bring several advantages over the known inhibitors.

In this view, hybrid compounds with different properties were synthesized to obtain
multi-potent anti-AD drugs [14-17] and recently, “‘chimeric”’ compounds were obtained
from the reaction of Tacrine with carbamate compounds [18].
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Fig. 1. Molecular structures of 6-methoxytacrine (1a) and 9-heptylamino-6-methoxytacrine (1b).

Potent Tacrine derivatives were synthesized by our group [19]. These derivatives
showed an acute toxicity lower than Tacrine and a higher selectivity for AChE over
BuChE, while Tacrine showed a relevant reverse selectivity profile. Consequently, these
compounds seem to represent a good starting point for the synthesis of new multi-potent
drugs.

The renewed interest in the development of novel Tacrine-based AChE inhibitors
prompted us to undertake a study aimed at elucidating their mechanism of interaction
with AChE in solution.

NMR is one of the most suitable techniques able to study ligand—-macromolecules com-
plexes and has been widely used for the study of the association equilibria in biological
systems [20-22].

Nevertheless, only few studies concerning AChE-inhibitor interactions in solution are
present [23-26], while several X-ray and molecular modelling applications have been car-
ried out [27-33].

As a consequence, in this paper we have investigated the interaction of two Tacrine
derivatives, 6-methoxytacrine (1a) and 9-heptylamino-6-methoxytacrine (1b), with acetyl-
cholinesterase from Electrophorus Electricus (electric eel) by NMR spectroscopy (Fig. 1).

2. Materials and methods

The two Tacrine derivatives (1a,1b) were synthesized as previously reported [19]. AChE
from Electrophorus Electricus (Tipe V-S from Sigma) was dialyzed, lyophilized, dissolved
in phosphate saline buffer (PBS, pH 7.24) and used without further purification. Stock
enzyme buffered solutions containing 1.7 mg/ml were prepared daily and AChE activity
was evaluated by Ellman’s method [34]. Stock enzyme buffered solution (0.25 ml) was add-
ed to 0.25 ml of inhibitors solutions at appropriate concentration. Ligand solutions were
prepared in deuterium oxide-d, 99.96% (Sigma) buffered at pH 7.24 (phosphate saline
buffer) and carefully deoxygenated with a few freezing vacuum pumping thawing cycles
immediately followed by sealing off the NMR tube.

NMR spectra of ligands were also performed in DMSO-dg (Sigma).

All NMR experiments were carried out on a Bruker Avance 400 spectrometer operating
at 400.062 MHz for proton and at 100.577 MHz for '3C.

Relaxation experiments were carried out on a 300 MHz Varian Mercury and 200 MHz
Varian Gemini spectrometers operating at 299.99 MHz and 199.776 MHz for proton,
respectively, at the controlled temperature of 300 + 1 K. Measurements conditions: Varian
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Mercury 300 MHz: 90° pulse length, 18 ps; 12 different t values from 1ms to 25s;
repetition rate, 25 s; Varian Gemini 200 MHz: 90° pulse length, 15 ps; 12 different 7 values
from 1 ms to 25 s; repetition rate, 25 s.

Chemical shifts were referenced to internal [dy] 3-(trimethylsilyl) 3,3,2,2-tetradeutero-
propionic acid Na salt (ds-TSP).

2D-COSY spectra were obtained on Bruker Avance 400 spectrometer by using the
pulse sequence available in the routine of the instrument at 300 K using 512 t1 increments
with 2K data points and 32 scans each. Partial suppression of the residual HDO signal was
accomplished by pre-saturation during the 1.5 s relaxation delay. The data were processed
with a non-shifted sine-bell window in both dimensions. Spectral width was 8012 Hz in
both dimensions.

HMQC experiment was performed using 512 tl increments with 2K data points and
32 scans. Two zero-fillings were applied in the fl1 dimension and a n/3 shifted squared
sine-bell function was used in both dimensions.

Proton spin-lattice relaxation rates were measured with inversion recovery pulse
sequences and calculated by exponential regression analysis of the recovery curves of
longitudinal magnetization components.

Single- and double-selective proton spin-lattice relaxation rates were measured with
inversion recovery pulse sequences implemented with DANTE or double-DANTE
sequences [35,36]. All relaxation rates were calculated in the initial rate approximation
[37].

3. Results and discussion
3.1. Peaks assignments

Up to date, most spectra of these compounds present in the literature have been carried
out in organic solvents. For this reason, 'H spectra were first performed in DMSO, and
later on, in view of the ligand/enzyme study, spectra of the drugs were obtained in a phos-
phate buffer solution. As expected, the chemical shifts varied as the solvent varied, and
they did also as a function of the concentration, with a consequent overlapping and some
inversions of the signals, in particular of the aromatic protons.

That is likely to account for the chemical shift values we found, which are different from
those of other works reported in the literature [38,39]. This behaviour was exhibited by
both 1a and 1b.

Tables 1 and 2 report the 'H chemical shifts of 1a and 1b, respectively, and their assign-
ments. The latter were made on the basis of chemical shift values, comparison with model
compounds, spectral multiplicities, and signal area values. The unequivocal assignments
were performed by 2D NMR COSY experiments. As for the aromatic part of the two
compounds, the correlation pattern is the same for both. Correlations between doublets
at 7.21 ppm and 8.29 ppm (8.06 ppm for 1a) allow the assignment of H-7 and H-8, respec-
tively. The singlet at 7.10 ppm (7.01 ppm for 1a) is assigned to H-5.

3.1.1. Alicyclic part

la: Correlations between triplet at 2.52 ppm and multiplet at 1.91 ppm and between
multiplet at 1.91 ppm and triplet at 2.91 ppm allow H-1 (2.52 ppm), H-2 (1.91 ppm),
H-3 (1.91 ppm) and H-4 (2.91 ppm) to be unequivocally assigned.
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Table 1
'H chemical shifts and assignments of 1a 0.3 mM in phosphate buffer (PBS 0.13 M, pH 7.24) and DMSO,
T=300+1K

Position 0 (ppm) (PBS) J (ppm) (DMSO)
H-8 8.06 8.00

H-5 7.01 6.99

H-7 7.21 6.88

NH, 6.19

MeO 3.96 3.80

H-4 291 2.76

H-1 2.52 2.48

H-2, H-3 1.91 1.77

Table 2

'H chemical shifts and assignments of 1b 0.3 mM in phosphate buffer (PBS 0.13 M, pH 7.24) and DMSO,
T=300+1K

Position J (ppm) (PBS) J (ppm) (DMSO)
H-8 8.29 7.99
H-5 7.10 7.08
H-7 7.21 6.95
NH 5.25
MeO 3.98 3.82
H-1 391 3.35
H-4 2.93 2.85
H-1 2.59 2.65
H-2, H-3 1.89 1.79
H-2’ 1.77 1.52
H-3' 1.37 1.20
H-4 1.28 1.20
H-5', H-¢/ 1.23 1.20
H-7 0.81 0.81

1b: Correlations between triplet at 2.59 ppm and multiplet at 1.89 ppm and between
multiplet at 1.89 ppm and triplet at 2.93 ppm allow H-1 (2.59 ppm), H-2 (1.89 ppm), H-
3 (1.89 ppm) and H-4 (2.93 ppm) to be unequivocally assigned. Moreover, correlations
between triplet at 0.81 ppm and multiplet at 1.23 ppm, between multiplet at 1.23 ppm
and multiplet at 1.28 ppm, between multiplet at 1.28 ppm and triplet at 1.37 ppm, between
triplet at 1.37 ppm and triplet at 1.77 and between triplet at 1.77 and triplet at 3.91 ppm
allow the assignments of H-7’ (0.81 ppm), H-6, H-5' (1.23 ppm), H-4' (1.28 ppm), H-3’
(1.37 ppm), H-2' (1.77 ppm) and H-1' (3.91 ppm).

The structure was confirmed by *C NMR spectra performed in DMSO for each com-
pound and in D,O phosphate buffer. The unequivocal assignments of '*C resonances were
obtained by hetero-correlated *C—'"H 2D NMR experiments (HMQC).

The relevant chemical shifts are reported in Tables 3 and 4.

3.1.2. Aliphatic chain
The HMQC spectrum showed cross-peaks between H-1//C-1’ (6 3.91/49.2), H-2//C-2’
(6 1.77/31.4), H-3’/C-3’ (6 1.37/28.0), H-4'/C-4’ (6 1.28/29.9), H-5'/C-5" (§ 1.23/32.9),
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Table 3

13C chemical shifts and assignments of 1a 10 mM in PBS and DMSO
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Position o (ppm) (PBS) d (ppm) (DMSO)
C-1 233 23.6
C-2 223 227
C-3 21.9 22.8
C-4 28.9 33.7
C-4a 156.0 157.7
C-5 99.5 114.6
C-6 163.9 159.1
C-7 118.7 106.7
C-8 125.1 123.3
C-8a 117.3 107.7
C-9 152.3 148.3
C-9a 110.2 111.9
C-10a 140.2 148.2
MeO 57.7 55.1
Table 4

13C chemical shifts and assignments of 1b 10 mM in PBS and DMSO

Position o (ppm) (PBS) o (ppm) (DMSO)
C-1 24.6 24.8
C-2 23.0 225
C-3 22.0 22.0
C-4 29.5 28.4
C-4a 157.1 158.0
C-5 99.8 106.8
C-6 163.9 159.2
C-7 117.6 115.5
C-8 127.9 124.5
C-8a 112.3 114.9
C-9 151.0 150.7
C-9a 110.8 114.0
C-10a 141.9 148.8
MeO 57.7 55.0
C-1’ 49.2 48.1
Cc-2 314 314
C-3 28.0 26.2
Cc-4/ 29.9 30.8
C-5 329 33.6
C-6/ 23.8 23.0
C-7 15.2 14.0

H-6'/C-6' (6 1.23/23.8) and H-7'/C-7" (6 0.81/15.2). Consequently, we can assign C-2’ at
31.4 ppm, C-3’ at 28.0 ppm, C-4’ at 29.9 ppm, C-5" at 32.9 ppm, C-6’ at 23.8 ppm and C-7’

at 15.2 ppm.

3.1.3. Aromatic ring

The following correlations are present: 6 8.29/127.9, 6 7.21/117.6, § 7.10/99.8, allowing

the assignments of C-8, C-7 and C-5, respectively.
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3.1.4. Aliphatic ring

The following correlations were evidenced: § 2.59/24.6 (H-1/C-1), 6 1.89/23.0 (H-2/C-
2), § 1.89/22.0 (H-3/C-3) and ¢ 2.93/29.5 (H-4/C-4).

The OCHj; carbon signal was univocally assigned on the basis of the correlation
between § 3.98/57.7.

The long-range proton-carbon spectrum (optimized for two- and three-bond couplings)
shows correlations between protons and carbons that are separated by two or three bonds.
Correlations between the proton signal of H-8 at 8.29 ppm with the carbon signals at
141.9 ppm, 151.0 ppm and 163.9 ppm allow assignments of C-10a, C-9 and C-6, respec-
tively, the latter one being confirmed by the correlation with MeO protons at 3.98 ppm.
The proton signal of H-7 at 7.21 ppm correlates with the carbon signal at 112.3 ppm
allowing the assignment of C-8a. Therefore, the C-9a at 110.8 ppm signal can be unequiv-
ocally assigned.

The carbon shifts of 1a (Table 3) were assigned by the same one- and two-dimensional
homo- and hetero-nuclear NMR techniques as used for 1b.

3.2. Motional parameters

The investigation of 1a and 1b interactions with AChE in phosphate buffer was carried
out by first considering the structural parameter chemical shift. Ligand solutions at differ-
ent concentrations and ligand—AChE solutions at different molar ratios were studied.

Chemical shifts of 1a and 1b protons in the presence of AChE and at several ligand-
AChE molar ratios showed very small differences.

Such a behaviour is expected in ligand—macromolecules diamagnetic complexes, where
the effects on chemical shift are very small under fast exchange conditions, even in the
presence of a high binding constant [40].

The macromolecule (~260 kD), although present in a very small quantity, can strongly
affect the motional behaviour of the ligand [25,26]. Indeed the data obtained by NMR
motional parameters, such as the spin-lattice relaxation rates (R, = 1/T}), give more infor-
mation, with the relaxation mechanism for any proton H; being mainly provided by the
dipole—dipole interactions with protons nearby, such that

R}\IS:ZPU+ZUI'/‘+P:

J# J#i

where RS = 1/T1 p;; and o;; are the direct- and cross-relaxation rates relative to the H,~
H; dipolar interaction, respectively, and p; accounts for possible contributions from other
relaxation mechanisms. Such a rate is labelled NS (non-selective) in order to emphasize
that all proton resonances are excited by the same irradiation field, so that all spin popu-
lations are perturbed from their equilibrium values. Relaxation rates are related to the cor-
relation time for molecular reorientation 7., an intrinsic motional parameter of any proton
nucleus. The motional properties of molecular moieties can be properly described by the
correlation times measured on the basis of the spin-lattice relaxation times (7)) ratio at
different magnetic fields [41], using the equation

TS (1) _ RS (@) _ (5+8032) - (1 + S0i + dofrd)
TS(2)  BS(@n) (51 8wi2) - (1+ 5032 + dotd)

(1)
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where w; and w, are the proton Larmor frequencies at certain magnetic fields. Hence, 1.
for any proton can be evaluated when knowing the 7}* values at two different frequencies.

The experimental spin—lattice relaxation ratios and 7. values as evaluated using Eq. (1)
for 1a and 1b alone and in interaction with AChE (AChE:ligand ratio 1:100), both in
phosphate buffer, are reported in Tables 5 and 6.

Data indicate that in the presence of AChE both compounds show a more marked rota-
tional slowing down of the aromatic moiety with respect to the alicyclic portion, and for
compound 1b also with respect to the aliphatic chain. In the aliphatic chain of 1b a signif-
icant slowing down of the rotational motion is only exhibited by CHj3 in position 7’. Such
a behaviour may be ascribed to hydrophobic interactions with aromatic amino-acids cov-
ering the gorge, analogously with other compounds [16]. The comparison between the t
values of the nuclei of the methoxy-heptyl derivative, the methoxy derivative and the
Tacrine previously studied [42], seems to indicate a quite different AChE effect on com-
pound 1b than on Tacrine and compound 1la (Fig. 2). At. for CH; (7') is quite large
and indicative of a strong re-orientational slowing down. The value is comparable with

Table 5
1a protons correlation times () in absence (a) and in presence (p) of AChE (AChE:1a ratio 1:100), measured on
the basis of the equation in the text (concentration of 1la = 0.3 mM)

Position (1) 7(a) (s) S (o) 7. (p) (s)
7N (en) (@) r:”%z) )

H-8 1.33 18.9x 107! 1.58 31.4x 1071
H-7 1.44 22.7x 1071 1.51 2721071
H-5 1.30 17.6x 107! 1.56 29.7x 1071
H-4 1.12 10.6x 107! 1.22 14.7x 107!
H-1 1.37 20.6x 107! 1.42 224x107 1
H-2/H-3 1.00 1.0x 107! 1.04 6.8x 107!
MeO 1.05 6.9x 107! 1.14 11.7x 107"

Errors on 1. values are less than 0.2 x 107" (s).

Table 6
1b protons correlation times (z.) in absence («) and in presence (p) of AChE (AChE:1b ratio 1:100), measured on
the basis of the equation in the text (concentration of 1b = 0.3 mM)

4l NS NS

Position ;i“séz:i; (a) T (a) (s) %‘SEZ:I; ») 7. (p) (s)

H-8 1.31 182x 1071 1.61 32.8x 107!
H-7 1.41 223x 1071 1.58 31.4x 1071
H-5 1.28 17.1x 1071 1.49 26.1x 1071
H-4 1.14 11.7x 1071 1.24 15.7x 107!
H-1 1.37 20.6x 1071 1.44 22.7x 1071
H-2/H-3 1.08 8.6x 107! 1.09 9.4x 107!
MeO 1.04 6.8x 107! 1.15 11.8x 107!
H-1/ 1.19 13.7x 1071 1.23 15.6x 107!
H-2' 1.14 11.7x 1071 1.19 13.7x 107!
H-3' 1.12 10.6x 107! 1.15 11.8x 107!
H-4' 1.09 9.4x107 " 1.13 11.6x 107!
H-5'/H-6' 1.09 9.4x107 ! 1.20 13.8x 107
H-7' 1.09 9.4x 107! 1.34 19.8x 1071

Errors on 1. values are less than 0.2 x 107! (s).



M. Delfini et al. | Bioorganic Chemistry 35 (2007) 243-257 251

H7' F
H5'/He'
H4'
H2/H3 E
H2/H3'
H1'
MeO
H2/H3
H1

Hydrogen

H7 F
H8

- T LN LB B B B | rrvuoygrT T T rrrr

|

I

0 2 4 6 8 10 12 14
At (10™'s)

Fig. 2. Changes in the correlation times for each hydrogen of 1a and 1b.

Azs for 7, 8 nuclei, the most involved in the interaction. Moreover, a chain length of 6 or 7
CH, groups seems to allow a good interaction with PAS AChE [26,43].

The motional correlation time can be also evaluated on the basis of the selective relax-
ation rates.

It is also possible to excite only one proton resonance, while leaving the rest of the spin
system at equilibrium. It has been shown [35] that the spin—lattice relaxation rate measured
in these conditions is given by the equation

Risel = ZPU +p;
7

where Sel label means selective. As stated above, upon addition of AChE up to a pro-
tein:ligand ratio = 0.05, all chemical shifts were almost unaffected. Even in the presence
of the protein at low molar ratios, 1a and 1b are expected to fast exchange between the
free and the bound environments. Such exchange has been shown to yield a certain
enhancement of selective proton spin-lattice relaxation rates, R (1/T5*') being much
more affected than RNS, as expected [35,40]. Selective relaxation times of 1a and 1b pro-
tons measured in the absence and presence of AChE are reported in Table 7. The obtained
values confirm that protons of the aromatic moiety are the more affected by the
interaction.

RY (s7') is the double-selective relaxation rate measured for H; upon selective excitation
of H; and H;:
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Table 7
Selective relaxation times of 1a and 1b protons measured in the absence and presence of AChE

Proton 1a selective 7y (s) 1a + AChE selective 77 (s)  1b selective 7 (s)  1b + AChE selective T} (s)

H-8 2.648 1.104 0.672 0.088
H-7 2.348 1.995 2.747 1.266
H-5 2.023 1.751 1.279 0.822
H-4 0.745 0.677 0.708 0.643
H-2,H-3 0.697 0.650 0.369 0.351
H-1 0.727 0.657 0.807 0.726
MeO 0.850 0.580 0.799 0.679
H-7' — — 2.132 1.445

Errors on the relaxation times are less than 3%.

l - Glj+zpzj+pt
i#j

The correlation time is related to the dipolar interaction energy between protons at fixed
distances, ¢”, as measured by double-selective relaxation rates according to the equation

(40]

N ij N

o = R RS€1 Ly ? Lz ) (2)
10 I" 1+ w2 (‘L‘g) ¢

where R (s™') is the double-selective relaxation rate measured for H; upon selective exci-
tation of H; and H,, R is the select1ve relaxation rate measured for H,, y is the proton
magnetogyric ratio ( 26,753 rads—' G™1), w is the proton Larmor frequency, 7 is the re-
duced Planck’s constant (= 4/2n = 1.0545887 x 107" erg s rad™}), r; is the H;—H; vector,
and 77 is the motional correlation time characterizing reorientation of the H~H; vector.

The cross-relaxation rates measured in the absence and in the presence of AChE
([ligand] = 0.3 mM; AChE:ligand ratio = 1:100), provide a means of improving the
characterization of the binding interaction.

In the fast exchange conditions the equation

ijo ij ij
Oobs = PrreeOfree + Pbound Pbound

made it possible to evaluate ¢” in the bound state (ay,,).
The p fractions of the ligand in each environment can be approximated by
Poound = [protein]/[ligand], prec = 1 — Poound = 1. It follows that

ij _ _ ij ij
O obs O-free Ao’ = Poound Pbound

The cross-relaxation rate in 1a and 1b becomes negative

la: O—t7r§e = free =0. 014S71 obs = O—igs = —0.052 871
Ib: O-free = O-free =0. 028S71 obs = O-iizs = —0.305 87l

thus indicating that the moleculdr motion is quite different in the absence and presence of
AChE The negative value of ;. suggests a lower mobility of the H-7 H-8 fragment. The

ol becomes negative as a consequence of the binding, thereby indicating that the corre-
sponding inter-nuclear vector is modulated by relatively slow reorientation motions.
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Among the obtained values, those for proton pairs of the aliphatic cycle cannot be easily
interpreted because the ¢” is contributed by the geminal interaction and by the vicinal
interactions. Even for CH; (7') protons, the ¢ values cannot be easily interpreted since they
are affected by vicinal interactions. Consequently, the combined data of 7, obtained by T}
at two-fields ratio and ¢ demonstrate that fragment C7-H C8-H is the molecular moiety
most involved in the binding with AChE.

Therefore, the oy, calculated for the H7-H8 proton pair can be further handled for
evaluating the motional correlation time of the two inhibitors in the binding pocket by
considering r; g = 0.243 nm.

Calculations (see Eq. (2)) provide, at 7= 300 K, 775 =24 ns for 1a and 77,3 =120 ns
for 1b, thus indicating that both inhibitors are differently bound to the protein. The nature
of the fragment involved in the interaction suggests that it is an interaction of the n—m type
between the ligand aromatic part and the aromatic amino acids covering the gorge, in
agreement with what observed for Tacrine both via X-rays [27] and through molecular
modelling and docking [31]. In our compounds, interaction involves mainly the C7-H
C8-H fragment.

The definition of the molecular residue more involved in binding and the characteriza-
tion of its motional parameters can be used for the evaluation of the corresponding bind-
ing constant.

Since

RSel

obs

o Sel bound
- pfreeRfree +p boundRsel

and Pfree = 1 — Pbound ~ 1 it follows that

RSel _ RSel _ ARSel :pboundRsel

obs free bound

As already noticed elsewhere [35,40,44], the fact that ARS® is titratable by the ligand con-
centration at a fixed value of protein concentration demonstrates that the observed phe-
nomena arise from binding to the protein with a consequent slowing down of molecular
motions and are independent of viscosity. The occurrence of dipole—dipole interactions
with protein protons is expected to contribute the relaxation rate enhancement. In the lim-
it of 1:1 interaction at low [protein]/[ligand] ratios the following equation can be obtained
(45]

1 { L, [L]} 1
ARS | Kin RY'Po
Sel

where [L] is the ligand concentration, P, is the total concentration of the protein and R} is
the selective rate in the bound environment. Titration of ARS® for affected protons allows
evaluating the apparent dissociation constant by extrapolating data to 1/ARS = 0 where
[L]= —Kin. As a consequence, a plot of 1/ ARI.Sel vs. the ligand concentration extrapolates
at zero at [L]= 1/K,,;. Selective spin-lattice relaxation times (7;) of 1a and 1b H-8 in the
absence and presence of AChE are reported in Tables 8 and 9, respectively, allowing the
calculation of Kj, (Figs. 3 and 4).

The calculated values (K, =859 M~! + 18 for 1a and K, = 5412+ 27 M~ for 1b)
suggest that the two inhibitors are differently bound by AChE, 1b being much more tightly
bound than 1a.

As a consequence, the larger the AR, the faster the corresponding selective relaxation
rate in the bound state. Such a rate is determined by reduced molecular motions
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Table 8
Selective spin-lattice relaxation times (7)) of 1a H-8 in the absence and presence of AChE
1a concentration (mM) 1a selective 7 (s) 1a + AChE selective 7 (s) AR (s7h 1/AR (s)
0.2 2.620 1.045 0.575 1.739
0.3 2.648 1.104 0.528 1.894
0.4 2.748 1.156 0.501 1.996
0.5 2.686 1.189 0.469 2.132
Errors on the relaxation times are less than 3%.
Table 9
Selective spin—lattice relaxation times (7)) of 1b H-8 in the absence and presence of AChE
1b concentration (mM) 1b selective T (s) 1b + AChE selective T} (s) AR (s7h 1/AR (s)
0.3 0.672 0.088 9.901 0.101
0.6 0.672 0.128 6.329 0.158
0.7 0.663 0.145 5.376 0.186
0.8 0.675 0.156 4.926 0.203
Errors on the relaxation times are less than 3%.
2,2 -
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Fig. 3. Behaviour of 1/ARs, of 1a H-8 proton as a function of concentration. The AChE concentration is 3 uM.

accompanied by dipole- dipole interactions with protein protons. To note that the nuclei
of aromatic moieties of 1a and 1b are the most affected in both molecules, indicating a dif-
ferent binding energy.

Different interaction constants are obtained. The heptyl derivative shows a constant
higher than the N-unsubstituted methoxy derivative and confirms data concerning com-
pounds substituted on 9-amino groups, which resulted stronger AChE inhibitors than
the corresponding unsubstituted ones [43]. The NMR data appear to be in good agreement
with the pharmacological data ICs,. In fact 1b shows an ICs, value almost comparable
with Tacrine and lower than N-unsubstituted methoxy.
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Fig. 4. Behaviour of 1/ARs of 1b H-8 proton as a function of concentration. The AChE concentration is 3 pM.

In recent Tacrine—~AChE interaction studies, the ICs, values have been related to bind-
ing free energy AGying [46,47] and to inhibition free energy AGj,;,, the latter representing
the absolute free energy of inhibition in protein solvent environment. A good correlation
has been evidenced according to which lower values of AGy;,q correspond to lower values
of ICsq. The interaction constant values obtained by NMR data confirm this trend. Actu-
ally, 1a exhibits a lower constant and a higher ICs, than 1b. Furthermore, the two inhib-
itors show a different kinetic behaviour. The kinetic constant values for Tacrine and 1a
indicate a mixed competitive-uncompetitive inhibition mechanism [34]. On the contrary,
1b shows a significant different inhibitory pattern with respect to Tacrine, with similar
inhibition constant but a (1/Kync) much lower value, specific of a competitive inhibition
pattern.

6-Methoxytacrine showed an affinity for AChE comparable to that of Tacrine and
exhibited an identical inhibitory pattern. In fact, the introduction of the methoxy group
in position 6 of the aminoacridine ring, which is functional to increase the electron density
on the nitrogen in position 9, did not display remarkable effects on the inhibitory power.

On the other hand, the presence of an heptyl chain on the nitrogen in position 9 trig-
gered a drastic change in the inhibitory pattern and an increase in affinity, confirming
the key role of this moiety in modulating the interaction with the enzyme. Our results sug-
gest that the heptyl chain of 1b may reach the PAS where it undergoes interaction by the
terminal methyl group. This hypothesis is supported by a previous study, where Tacrine
derivatives bearing in N-9 position an ®-phenyl alkyl chain were examined [48]. In that
case a spacing of 6-7 methylene groups between THA and the phenyl ring was associated
with the maximal effect on AChE catalytic function. The increased hydrophobicity of
these alkyl derivatives joined with an optimized molecular shape leads to a simultaneous
interaction with the catalytic and the peripheral anionic sites.

In conclusion, the study of the interactions of the two Tacrine derivatives with AChE
from Electrophorus Electricus in solution by NMR techniques allowed the identification
of the specific groups of the ligands interacting with the enzyme, and the evaluation of the
interaction constant for both compounds.
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The aromatic portion of both molecules was the most involved in binding, because the
correlation times of protons 7 and 8 resulted to be mostly slowed down in the presence of
the enzyme. Compound 1b displayed a further interaction with the enzyme by its
hydrophobic tail, by that showing a higher affinity than 1a.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at
doi:10.1016/j.bioorg.2007.01.001.
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