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Abstract
The implication of nicotinic acetylcholine receptors (nAChR) in Alzheimer’s disease
pathogenesis has led to the proposal of a new approach in AD therapeutic strategies. By using nAchR
modulators to increase the availability of receptors for acetylcholine, the loss of forebrain cholinergic
neurons can be overcome and the cognitive functions can be improved. In this direction, due to its
affinity to nAChR, nicotine provides a strong scaffold for developing AD drugs. Using a set of in-silico
tools, all the A. nicotinovoras pAOl metabolic intermediates from nicotine to the end-product nicotineblue (NB) have been tested for their ability to bind nAChR. The round of computational localized
docking experiments using the AchBP structure (PDB ID lUW6) as receptor indicated that the best
ligand is 6-hydroxi-L-nicotine, with theoretical binding energy of -6.66 (-6.17 for nicotine). Moreover,
6HNic also has improved antioxidant properties, which also might increase its potential as
neuroprotective drug with applications in Alzheimer’s disease therapy.

Keywords: 6-hydroxy-l-nicotine, Arthrobacter nicorinovorans, nAChBP, Alzheimer’s
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Introduction
It is estimated that 24 million people worldwide have dementia of the Alzheimer type
(C. BALLARD & al. [1]) and that Alzheimer’s disease (AD) alone contributes 11,2 % of
years lived with disability in people aged 60 years and older; more than other age-related
diseases (stroke, musculoskeletal disorders, cardio-vascular disease and all forms of cancer
C.P. (FERRI & al. [2]). Characterized by a progressive deterioration of the cognitive and noncognitive functions (M.L. DAVIGLUS & al. [3]), AD is associated with three cardinal
changes in the brain (A.M PALMER [4]): (i) the formation of extra- and intracellular plaques
of β-amyloid peptide, (ii) the formation of intracellular tangles of hyperphosphorylated form
of tau protein and (iii) loss of forebrain cholinergic neurons and a pronounced fall in
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acetylcholine levels (D.S. AULD & al. [5]). The search for neuroprotective therapeutics for
AD has been long time dominated mainly by the amyloid and the tau hypothesis, but both
approaches failed to provide any efficient strategies (A.M. PALMER, [4]). The implication of
nicotinic acetylcholine receptors (nAChR) in AD pathogenesis (H.R. PARRI & al. [6]) has led
to the proposal of a new approach. By using nAchR modulators to increase the availability of
receptors for acetylcholine, the loss of forebrain cholinergic neurons can be overcome, and
thereby the cognitive and non-cognitive functions can be improved.
Nicotine is a well-known agonist of nAchR. Its effectiveness as a cognition-enhancing
agent has been explained on one side by its ability to bind and modulate nAchRs and on the
other side due to its anti-oxidant effects on the central nervous system at low concentrations
(M.B. NEWMAN & al. [7]). Nevertheless, the nicotine's short half-time in the blood (about 2
hours), its proven negative effects on the lungs (S.S. HECHT & al. [8]), its linkage to
cigarettes and the negative publicity associated with smoking (BUCCAFUSCO [9]), nicotine
did not impose itself as a feasible therapeutic agent for AD.
Nicotine does stand up nevertheless as a powerful scaffold for developing new AD
therapeutic agents in form of nicotine derivatives. The difficulty resides, firstly, in the
identification of molecules which have the beneficial effects of nicotine, but elude its side
effects (D. POGOCKI & al. [10]) and, secondly, in providing simple and reliable methods for
production and isolation of the identified compounds.
In this context, the Arthrobacter nicotinovorans pAO1 strain, with its ability to
metabolize nicotine, offers a wide range readily isolated of nicotine-derivatives with unexplored
biotechnological potential. The nicotine catabolic pathway is placed on the 165 kB pAO1
megaplasmid and has been extensively characterized (BRANDSCH, [11]), all the intermediates
from nicotine to the end-product a 4,5,4’,5’-tetrahydroxy-3,3’-diazadiphenoquinone(2,2’)(nicotine-blue) (M MIHASAN & al. [12] being described. Moreover, all the enzymes
involved in this degradation pathway have been purified and characterized. The current work
focuses on the evaluation of the Arthrobacter nicotinovorans nicotine-intermediates potential to
bind nAchRs by using a round of in-silico localized docking experiments in an attempt to select
the best candidate for further in-vitro and in-vivo tests.

Material and methods
Tridimensional structures. The acetylcholine binding protein (AchBP) deposited at the
Protein Data Bank with the ID 1uw6 was used as the base molecule to develop the receptor.
The file containing the AchBP molecule was edited with UCSF Chimera (E.F. PETTERSEN
& al. [13]). All ligands structures were from PubChem (table 1) and transformed into a format
suitable for docking using FROG v.1.01 – free on-line drug conformation generation (T.B.
LEITE & al. [14]).
Table 1. Ligand structures used in this study:
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Ligand

PubChem CID

L-Nicotine
D-Nicotine (pseudo-nicotine)
6-Hydroxy-L-Nicotine (6HNic)
6-Hydroxy-D-Nicotine (6HDNic)
2,6-Dihydroxy-N-methylmyosmine
2,6-Dihydroxypyridine
2,3,5-Trihydroxypiridine

89594
89594
439383
439886
9543125
69371
440020
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Docking software. In silico docking was performed using Autodock 4 (G.M. MORRIS & al.,
[15]). All steps required for docking (molecular surface generation, sphere box and energy
grid generation) as well as evaluation of docking results were achieved using ADT 1.5.4
(G.M. MORRIS & al., [16]) using the default parameters.
Docking parameters. The receptor was kept rigid and all ligands were flexible. All nonpeptidic bonds within the ligand molecules were allowed to rotate. The targeted region for
docking was a cube of aprox. 150 Å3 centered on Tyr143 from the subunit A of AchBP. The
structure superposition and Root Mean Square deviation (RMSD) calculations were
performed using Swiss-PdbViewer v.4.04 (N. GUEX & M.C. PEITSCH, [17]).
QSAR evaluation. The molecular descriptors and fingerprints of the ligands were calculated
with the PaDEL-descriptor software (YAP, [18]). The anti-oxidant properties were evaluated
using the QSAR equation provided by V. RASTIJA and M. MEDIC-SARIC, [19].

Results and discussions
The receptor's structure and the ligand binding site. The nAChR is a large (290 kDa)
glyco-protein, assembled from a ring of five homologous subunits, each subunit comprising
of three domains: a small intracellular domain, a trans-membrane domain making the pore
and a large N-terminal extracellular ligand- binding domain (N. UNWIN [20]). NAChRs exist
in a wide range of diverse subtypes composed of unique combinations from a family of at
least seventeen (α1 – α10, β1 – β4, γ, δ, ε) similar, but genetically- distinct, subunits (J. WU &
R.J. LUKAS [21]). There are five nicotine binding sites per nAChR molecule, each of them
located in this last N-terminal domain, at the interface of two different subunits. Using such a
large and highly variable molecule for in vitro and especially for in silico studies is rather
difficult. For this, the acetylcholine binding protein AchBP (PDB ID 1UW6), a homolog of
the ligand binding domain of nicotinic receptors and their family members is preferred. The
AchBP is a homomeric water-soluble protein produced in the glia cells of Lymnaea stagnalis
with has pharmacological properties similar to the homomeric α7 subtype of the nAChRs
(relatively weak affinity for acetylcholine and high affinity for nicotine (S.B. HANSEN & al.,
[22]). Because of the high sequence similarity (15%–28% identity) to all ligand-gated ion
channels (P.E. CELIE & al., [23]) the crystal structure of AChBP is the established model for
the extracellular domain of the pentameric AChR (T.K. SIXMA & A.B. SMIT, [24])
The AChBP have been co-crystallized with bound nicotine and all the specific roles of
amino-acid residues forming the binding cavity and interacting with this ligand have been
described P.E. CELIE & al., [23]). As in the case of nAChRs, each AChBP homo-pentameric
molecule has five equivalent ligand binding sites located at the interface between subunits,
with the ligands completely buried within the protein. This makes this molecule the perfect
test subject for selecting nicotine derivatives with improved affinity towards nAChR. In order
to simplify the docking process and to make the screening more computational feasible, only
one binding site was selected and used. A cube of aprox. 150 Å3 centered on Tyr143 from the
subunit A of AchBP containing all the residues involved in ligand binding (figure 1) was the
targeted region used for in silico docking experiments .
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Figure 1. The cube of aprox. 150 Å3 used as target region for docking and the localization of the AChBP binding
residues within this region. The portion of AChBP molecule used as receptor is represented as cartoons (chain A
– dark grey, chain B – light gray) and the binding residues as stiks.

In-silico docking results. In order to consider a compound as a possible therapeutic agent for
AD, it must have some nicotine-like effects, especially when it comes to nAChR binding and
anti-oxidant properties. The potential of the Arthrobacter nicotinovorans nicotineintermediates to bind nAchRs was evaluated in round of in silico localized docking
experiments. First, L-nicotine was docked into the binding site and compared with its
experimentally observed orientation described by P.E. CELIE & al., [23]). The very god fit
between the computationally obtained orientation of L-nicotine with the experimentally
determined one (RMSD of 0.2 Å for 12 superimposed atoms of the ligand, table 1) indicate
that the docking method used is reliable. The ligand with the best affinity for the AChBP
binding site was found to be 6HNic (Table 2), the first intermediate of the pathway.
Table 2. Docking results for the best three binding poses of the tested ligands.

Ligand
L-Nicotine
D-Nicotine
6-Hydroxy-L-Nicotine (6HNic)
6-Hydroxy-D-Nicotine (6HDNic)
2,6-Dihydroxy-N-methylmyosmine
8336

Binding
Energy
-6.17
-6.17
-6.12
-6.42
-6.21
-6.12
-6.66
-6.61
-6.57
-6.51
-6.45
-6.13
-5.23
-5.04

Ligand Efficiency
-0.51
-0.51
-0.51
-0.54
-0.52
-0.51
-0.51
-0.51
-0.51
-0.5
-0.5
-0.47
-0.37
-0.36

RMSD
(Å)
0.2
0.25
0.29
0.58
0.62
0.69
0.19
0.21
0.25
0.75
0.79
0.76
1.26
1.29
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2,6-Dihydroxypyridine
2,3,5-Trihydroxypiridine*

-4.85
-5.23
-5.04
-4.85
nd

-0.35
-0.37
-0.36
-0.35
nd

1.35
1.29
1.36
1.35
nd

*could not be docked into the binding site

The resulted theoretical binding pose of 6HNic was very similar to the one
experimentally observed for nicotine with a RMSD of 0.19 Å for 12 atoms of the ligand
(Figure 2). Not only that this compound would fit into the binding pocket, but due to an extra
H bond formed between the hydroxyl group of the 6HNic and Tyr185, the interaction energy
calculated by AutoDockTools for 6HNic indicate that this compound would be more tightly
bound compared to nicotine (theoretical binding energy of -6.17 for nicotine compared to a
binding energy of -6.66 for 6HNic).

Figure 2. The best theoretical binding poses of tested ligands in the AChBP binding site as depicted by in-silico
docking experiments. The portion of AChBP molecule used as receptor is represented as cartoons, the residues
described as involved in nicotine binding are represented as sticks and the ligands as molecular surface. (A - LNicotine, B - D-Nicotine, C - 6HNic, D - 6HDNic, E - 2,6-Dihydroxy-N-methylmyosmine, F - 2,6Dihydroxypyridine

The anti-oxidant properties of 6HNic. The implications of the extra hydroxyl group in
terms of 6HNic properties seem to go beyond the improved AchBP affinity. First, the OH
makes this compound more soluble (L. MALPHETTES & al. [25]). Second, the anti-oxidant
properties of 6HNic as calculated using the quantum chemical QSAR equation of V.
RASTIJA and M. MEDIC-SARIC, [19] are improved compared with nicotine (for 6HNic the
calculated IC50=43.06 compared to IC50=54.54 for nicotine, table 3).
Table 3. Molecular descriptors and IC50 values as depicted by quantum chemical QSAR calculations.
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Ligand

MW
(Da)

Molar
refractivity

Van der
Waals
volume

E-State

PA4

IC50

L-Nicotine/D-Nicotine

178.110

48.55

179.67

0.5524

695.51

54.54

6HNic/6HDNic

162.115

48.69

159.98

0.5496

351.60

43.09

2,6-Dihydroxy-Nmethylmyosmine

176.094

50.16

166.14

0.6214

556.74

46.52

Further discussions. Based on this theoretical data, from all the nicotine derivatives part of the
Arthrobacter nicotinovorans catabolic pathway, 6HNic proved to be the strongest candidate for
improving cognitive functions by means of modulating nAChR activity of and by decreasing
oxidative stress in the brain. From an biotechnological point of view this is extremely
convenient as the compound is formed directly from nicotine by an hydroxylation reaction
catalyzed by the enzyme nicotine:acceptor oxidoreductase (hydroxylating) (E.C. 1.5.99.4, also
known as nicotine dehydrogenase, NDH) (BRANDSCH, [11]). Still, obtaining 6HNic
compound by a in vitro enzymatic reaction might have some its challenges as NDH is
heteromeric protein composed of three subunits and containing the rare molybdenum
pyranopterin dinucleotide cofactor (I. BONIN & al. [26]). For this reason, active NDH cannot
be purified using common over-expression techniques and in E. coli as host. Advances in this
direction have been made, the developing of pART range of plasmid vectors allowing now the
expression of recombinant proteins in the native host A. nicotinovorans (C. SANDU & al. [27]).
This pilot computational study was aimed to A. nicotinovorans nicotine derivatives for
the best drug candidate and we manage to identify 6HNic as compound with high potential in
AD therapy. Moreover, chemically synthesized 6HNic have been tested in vivo on normal
Whistar rats and proved to have surprising positive effects on short term memory and
oxidative brain status (L. HRITCU & al. [28]). Nevertheless, several open questions do
emerge regarding the feasibility of using 6HNic as an alternative AD therapy: is 6HNic able
to cross the blood brain barrier and with what yield? Does 6HNic still retain the systemic
toxicity of nicotine? Taking into account that nAchRs exist in various pentameric subtypes (J.
WU & R.J. LUKAS [21]), what is specificity of this compound in regard to nAchR subunits
and what is the relevance of this specificity for Alzheimer's disease?

Conclusions
By using a array of computational methods, a screening was performed and 6HNic
was identified as a better ligand for nAchR compared to nicotine. Also, its calculated IC50
value indicates that 6HNic might improve the cognitive functions not only by modulating the
nAChR but also by decreasing the brain oxidative stress. Thereby, 6HNic is potent compound
with possible applications in AD therapy.
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