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Abstract

Theoretical and molecular modeling studies have been conducted for understanding the details of how 3-[(2,4-dimethoxy)benzyli-
denel-anabaseine dihydrochloride (GTS-21) and its metabolism derivatives bind with the receptor of a7 nicotinic acetylcholine dimer.
Good accordance with experimental results has been achieved. It was found that the van der Waals repulsion makes the dominant con-
tribution to the binding energy. GTS-21 and its metabolites are apparently too large for the binding sites of the a7 dimer. To improve the
effectiveness of the drug, a possible approach is to reduce its volume while maintaining the presence of the active groups. Our studies, in
combination with experimental studies, will lead to a promising basis for practical drug design against Alzheimer’s disease.

© 2005 Elsevier Inc. All rights reserved.
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Nicotine produces its actions on mammalian tissue via
interactions with a family of ligand-gated ion channels
[1-3] that modulate the effects of the alkaloid on nervous,
cardiovascular, immune, and neuromuscular system func-
tion. The neuronal nicotinic acetylcholine receptors (nAC-
hRs) are named on the basis of their subunit components,
e.g., 04p2, and are thought to have a pentameric functional
motif formed from a variety of subunits that comprise an
ion channel similar to that of the neuromuscular junction
nAChR. Two of the most abundant brain nAChRs are
the heteromeric 04p2 and homomeric o7 subtypes. The
former contributes 90% of the high-affinity binding sites
for nicotine in the rat brain [4]. The low-nicotine-affinity
o7 nAChR is recognized by its nanomolar affinity for bun-
garotoxin [5]. These two widely distributed brain nAChR
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subtypes occur in cortical and hippocampal neurons in-
volved in cognitive functions. Other brains, autonomic
ganglia, and skeletal muscle nAChRs are composed of dif-
ferent subunit combinations [6,7]. Decreases in the low-nic-
otine-affinity o7-type receptors were very small in the
postmortem brains of patients with Alzheimer’s disease
[8]. However, it has been suggested that the o7 nAChR is
an important target for f-amyloid-mediated neurotoxicity
[9]. B-Amyloid 1-42 activation of o7 receptors expressed
in the Xenopus laevis oocyte was prevented by two o7 li-
gands, the antagonist methyllycaconitine and a metabolite
of GTS-21, which is a focus of this article [10]. The o7
receptor agonists enhance cognition and auditory-gating
processes and thus are attractive drug candidates for the
treatment of senile dementias and schizophrenia [11-13].
For many proteins that are important for drug design
but are often difficult to be timely determined by means
of X-ray crystallography and NMR techniques, structural
bioinformatics can play an important complementary role
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in this regard [14-16,36,37], particularly for transmem-
brane proteins [17-19]. Although the 3D structures derived
by structural bioinformatics are not as accurate as X-ray
ones, they can provide many important insights into drug
design [20-28].

Recently, based on the crystal structure of acetylcholine-
binding protein, or AChBP (1i9b), the three-dimensional
structures of the extracellular domain (or the ligand-bind-
ing domains) of the monomer, homodimer, and homopent-
amer of the a7 nAChR were derived [17]. The interface
between two subunits, where the ligand-binding site is
located, was investigated. Furthermore, an explicit defini-
tion of the ligand-binding pocket was illustrated that might
provide useful clues for conducting various mutagenesis
studies for finding drugs against schizophrenia and Alzhei-
mer’s disease. The current study is a preliminary docking
study of GTS-21 and its derivatives with respect to the
newly available 3D structures of a7 nAChR.

Until very recently, few selective ligands were available
with which to study nAChR function beyond nicotine itself
and several other compounds such as cytisine, DHbE, mec-
amylamine, and chlorisodamine. Medicinal and natural
product chemistry efforts over the past decade have, how-
ever, expanded considerably on this limited repertoire with
the identification of a number of nicotine bioisosteres and
natural products [2], some of which have been advanced
to clinical trials. As these newer compounds are being eval-
uated in more sophisticated molecular systems, it is becom-
ing increasingly clear that a single molecule can have
multiple pharmacologies. Thus, a full agonist at one recep-
tor subtype does not necessarily predict that a compound
will be inactive or weakly active at another nAChR. Thus,
partial agonists may have full antagonist activity at some
subtypes.

GTS-21 [13,29] is a selective o7 nAChR partial agonist
in clinical development at Taiho to treat Alzheimer’s dis-
ease and schizophrenia. GTS-21 was isolated from the
nemertine worm Amphiporus lactifloreus. The compound
has been shown to improve learning performance and
memory retention in passive avoidance models in nucleus
basalis magnocellularis (NBM)-lesioned rats as well as in
active avoidance models in aged rats. It also reduced neo-
cortical cell loss in NBM-lesioned rats and cell death in-
duced by B-amyloid or glutamate in cultures of neuronal
cells.

Computational methods

In our docking studies, the ligand is flexible, i.e., the program generates
a diversified set of conformations by making random changes to the ligand
coordinates [30,31]. While the macromolecular target remains to be rigid,
which is a strategy the most docking programs adapt. It ignores the
flexibility of the side-chain while the ligand could induce some structural
re-arrangement such as hinge binding. Frequently, these changes are
minimal, but in some cases, changes in structure upon ligand binding are
integral to the function of protein, such as allosteric regulation and signal
transductions. When a new conformation of the ligand is generated, the
search for favorable binding configurations is conducted within a specified

3D docking box, using either simulated annealing or Tabu search. Both
methods seek to optimize the purely spatial contacts as well as electrostatic
interactions. The interaction energy is calculated using electrostatic and
van der Waals potential fields. In all our computations, the CHARMM?22
[32] force field parameters were used.

The docking [30,31] studies were made with respect to the a7 nAChR
dimer [17]. The dimer interface is formed by an interlocking array of
A- and B-chain elements, which consists of 31 residues, of which 17 are
from A-chain and 14 from B-chain (see Table 1 of [17]).

Results and discussions

The Hepes ligand, i.e., 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid, is a very common ligand found in
many PDB entries. It is useful to identify the binding pock-
et for the ligand as reported in [17]. The constituents of the
pocket were defined by those residues that have at least one
heavy atom (i.e., an atom other than hydrogen) with a dis-
tance 5 A [21,26] from a heavy atom of the Hepes ligand.
The pocket thus defined consists of 14 residues, of which
eight are from A-chain and six from B-chain. Those from
A-chain are Tyr-93A, Ser-148A, Trp-149A, Ser-150A,
Tyr-188A, Cys-190A, Cys-191A, and Tyr-195A; and those
from B-chain are Trp-55B, Val-108B, Val-110B, GIn-117B,
Tyr-118B, and Leu-119B. As shown in Fig. 1A, there are
two hydrogen bonds holding the Hepes ligand with the
dimer: one is between a sulfonate oxygen of the ligand

Fig. 1. A close view of the binding site of the ligands. The molecule with
the ball-stick representation is the ligand, some residues of the receptor
close to the ligand are with stick representation, where the red, gray, blue,
yellow, and light-gray colors represent oxygen, carbon, nitrogen, sulfur,
and hydrogen, respectively. Panels A-D refer to diagrams aligned from
left to right, top to bottom, corresponding to binding of Hepes, GTS-21,
2-OH-GTS-21, and 4-OH-GTS-21 with residues of the receptor, respec-
tively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this paper.)
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and H(S) of Cys-191A (2.22 A), and the other is between a
hydrogen atom linked to the same sulfonate oxygen and O
of GIn-117B (1.71 A). The latter bond is significantly short-
er than the normal hydrogen bond because of the cooper-
ative effect (enhancement) [33] of the first hydrogen bond.
Another possible hydrogen bond is between the ligand
hydroxyl hydrogen and the hydroxyl oxygen of Tyr-
188A. The distance is 2.39 A. The ligand could move quite
freely in the pocket due to its volume, because it is much
smaller than the dimension of the pocket.

Fig. 1B is a close look at the ligand GTS-21 in close con-
tact with the receptor, some residues are not shown in the
figure to achieve clear view. There are quite a few hydrogen
bonds formed between the residues in the pocket, for exam-
ple, between Leu-119B and Cys-190A and Lys-192A. Weak
hydrogen bonds could be formed between the oxygen on
two O-CHj; units and H(S) of Lys-192A and H(N) of
Leu-119B, respectively. But in the docked structure, only
one is considered to be a hydrogen with a H-O distance
of about 2.0 A, i.e., between O(CH3) of the ligand and
H(S) of Lys-192A. The GTS-21 ligand is significantly larg-
er than Hepes. In fact, it is quite hard to move it around in
the pocket. Therefore, the docking energy is dominated by
the van der Waals repulsion term.

Because of that 4-OH-GST21 and 2-OH-GTS-21 are
more polar than GTS-21, that HO is a very strong proton
donor, and that O of OH can also be a good proton accep-
tor, it should have a better chance to form hydrogen bonds
with the receptor. The most energetically favorable docking
results are shown in Fig. 1C and D, respectively. Oddly, we
do not find any hydrogen bond for 4-OH-GTS-21 although
the possibility is certainly there. For 2-OH-GTS-21 there is
a hydrogen bond between the O(H) on the ligand and H(S)
of Cys-191B(2.16 A) As shown in Table 1, 4-OH-GTS-21
has the lowest binding energy even though there are no
hydrogen bonds formed. This is because the van der Waals
repulsion dominates the interaction, which has much to do
with the volume of the ligands and that 4-OH-GTS-21 has
a smaller volume.

As it is shown in Fig. 2, 2-OH-GTS-21 finds a lower
energy position that is aligned somewhat perpendicular to
HEP inhibitor, leaving enough room to host the ligand
and reduce the van de Waals repulsion. Accordingly, for
modifying the ligand to achieve better binding, the volume
and alignment of the ligand is of important consideration.

Table 1

Docking energies of various ligands to the a7 receptor (kcal/mol)
Ligands Ulolul Ubinding Uligand
GTS-21 195.33 95.62 99.71
4-OH-GTS-21 111.87 40.81 71.06
2-OH-GTS-21 177.20 101.98 75.22
GTS-21[H"] 178.62 86.74 91.87
4-OH-GTS-21[H "] 132.84 58.29 74.55
2-OH-GTS-21[H"] 97.11 36.01 63.01

Utotal, Ubinding> and Ujigang are the total energy, binding energy, and ligand
self-energy, respectively, and Ujota1 = Upinding T Uligand-

Fig. 2. A distant view of the ligands in the binding pocket. The red and
green colors represent the chains A and B, respectively, purple and blue
refer to the 2-OH-GTS-21 and HEP, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this paper.)

Figs. 3A-C show results of the most favorable docking
conformations of GTS-21[H"], 2-OH-GTS-21[H"], and
4-OH-GTS-21[H"] together with some of its near-by resi-
dues. It is believed that a significant portion of the GTS-
21 molecules are protonated, i.e., acts as a base to react
with a proton from water and the protonated ligand binds
better with the receptor. As shown in Fig. 3A, more hydro-
gen bonds are formed for GTS-21[H"]. Also, H(N) of
Trp-149A forms hydrogen bond with both the ligand
(2.54 A) and PRO-120B (1.67 A). The length of hydrogen
bond for the latter is very short, which is due to the coop-
erative effect of hydrogen bonds [33]. The H(N) of the li-
gand forms a hydrogen bond with GIn-117B (2.30A). For
2-OH-GTS-21[H "] and 4-OH-GTS-21[H"], each has more
than two hydrogen bonds. For 2-OH-GTS-21[H"], there
are a few possible hydrogen bonds; e.g., the hydrogen
bonds between O(CH;) of the ligand and the two H(N)
of Glu-193B (2.70 and 2.81 A, respectively), those of the
hydroxyl group of the ligand with H(S) of Cys-191A
(2.86 A) and O(C) of Cys-190A (2.87 A) respectively, and
those of the proton H"(N) of the ligand with O(H) of
Ser-150A (3.49 A). For 4-OH-GTS-21[H "], two hydrogen
bonds are found: one is between O(CHj3) of the ligand
and H(S) of Cys-191A (2.43 A), and the other between
hydroxyl H(O) and GIn-117B (2.07 A). Adding a positively
charged proton to the ligand will certainly create opportu-
nity for the ligand to bind favorably with the residues of
the receptor because many residues have readily available
proton acceptors, for example, GIn-117B and Ser-150A.
The presence of the positive charge makes the hydrogen
bond stronger or promotes formation of the ‘“‘strong”
hydrogen bonds (barrierless) [33].

From Table 1, we see that 2-OH-GTS-21[H"] has the
best binding energy (lowest). However as it is shown in
Fig. 3C, it does not really have a lot of hydrogen bonds.
As it is the case of unprotonated 4-OH-GTS-21, the van
der Waals interaction is the key factor in determining the
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Fig. 3. The binding pocket of GTS-21[H "] and its derivatives. The molecule with the ball-stick representation is the ligand. Residues of the receptor close
to the ligand are with stick representation, where the red, gray, blue, yellow, and light-gray colors represent oxygen, carbon, nitrogen, sulfur, and
hydrogen, respectively. Panels A—C refer to diagrams aligned from left to right, top to bottom, corresponding to binding of GTS-21[H"], 2-OH-GTS-
21[H"], and 4-OH-GTS-21[H "] with residues of the receptor, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this paper.)

binding energy. We have made a plot of the molecular sur-
face [34,35] of the residues close to the 2-OH-GTS-21[H"]
as shown in Fig. 4A. We find that there are good matches
between the hydrophobic and hydrophilic areas between
the receptor and the ligand. We could understand why
the energy is dominated by van der Waals repulsion from
Fig. 4A: the van der Waals surface of the ligands penetrates
the molecular surface of the receptor. It indicates that the
pocket space is not large enough to allow the ligand stay
comfortably, and hence the ligands push its way to the ter-
ritory of the receptor. Fig. 4B gives a sense of the shape of
the ligand GTS-21-40H[H"] and its hydrophobicity. It
would be useful for future design of the new ligand.

In our docking studies, we choose the ligand conforma-
tion with the lowest total energy as the most favorable
binding conformation. The total energy is consists of three
parts: the electrostatic, van der walls, and ligand energies.
Among the lowest total energy conformations the energy
of many ligands is close to that of isolated molecule, i.e.,

Fig. 4. A close view of the ligand 2-OH-GTS-21[H"] embedded in the
molecular surface of the nearby residues of the receptor and 4-OH-GTS-
21[H"] molecular surface, where the surfaces were rendered with the
hydrophobicity attributes, green and blue areas represent hydrophobic
and hydrophilic measure, respectively. The ligand is colored according to
the atomic types as specified in previous figures. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this paper.)

the structure of the low energy conformations is similar
to that of the optimized free molecule, which is a close
packed structure with the pyridyl and benzyl rings being al-
most in parallel.

Based on Table 1, we can answer the question why
4-OH-GTS-21 has better affinity with the o7 receptor.
The stronger binding energy mainly comes from the contri-
bution of van der Waals interaction. According to Kem
et al. [29], the ionized form of this ligand has a much higher
affinity for the a7 receptor than the unionized form. This is
certainly supported by the current docking results, where it
is shown that the ligand forms more hydrogen bonds, and
both electrostatic and van der Waals interactions are more
favorable. In the acid environment, the percentage of
2-OH-GTS-21[H"] and 4-OH-GTS-21[H"] is larger and
the affinity increases, which also fully agrees with
experiments.

It is reported [29] that the preferred conformations of
GTS-21 and its metabolites in their neutral and monocat-
ionic forms were very similar, derived from their semiem-
pirical (PM5) quantum chemical models, as modeled in
water using the COSMO approach. In contrast with the
preferred conformation of anabaseine where the two rings
are coplanar, in the preferred conformations of the four
benzylidene compounds, the two anabaseinoid rings are
twisted with respect to each other. Protonation of
GTS-21 further increases this angle. The preferred confor-
mations of the three metabolites were not significantly dif-
ferent from those of GTS-21, except for a further twisting
(approximately —40°) of the pyridyl ring with respect to the
tetrahydropyridyl ring. A geometry optimization was made
using the CHARMM22 force field for isolated molecule. It
is found that the pyridyl ring is almost parallel to the ben-
zyl ring, two dihedral angles defined in Kem et al.s paper
being: —49.3 and —61.7°, respectively, and the N1-N2
and N1-O1 distances being 4.21 and 3.94 A, respectively,
which are quite different from the corresponding values
given by Kem et al, 1.e., —55.4 and 107.4°, as well as,
4.27 and 5.57 A. It seems to be essential for the ligand to
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Table 2
Molecular parameters of some minimum conformations

Compounds NI-N2 (A) N1-O1 (A) C1-C2-C3-C4 (°) C1-C5-C6-7 (°)
CHARMM?22 GTS-21 4.21 3.94 —49.3 —61.7
in gas phase GTS-21[H"] 4.63 3.65 —60.6 —55.4
2-OH-GTS-21[H"] 4.64 3.92 —61.5 —62.4
4-OH-GTS-21[H*] 4.62 3.62 —60.4 —55.1
Minimum free energy GTS-21 4.27 5.57 —-107.4 —55.4
conformations in GTS-21[H"] 443 6.38 —124.7 —81.4
water by PMS5 2-OH-GTS-21[H"] 4.64 6.07 —126.8 —123.1
4-OH-GTS-21[H"] 4.63 5.85 —125.9 —121.2

be in a compact form to fit into the pocket. The
CHARMM structure looks more compact than that of
Kem et al. Table 2 gives the structural information of
GTS-21 and its protonated derivatives. Further Quantum
mechanical studies for isolated molecule and in liquid/en-
zyme environment are warranted to pursue.

The current docking studies represent very extensive
computational efforts. Good accordance with experimental
results has been achieved. It is found that the van der
Waals repulsion makes the dominant contribution to the
binding energy. GTS-21 and its metabolites are apparently
too large for the binding sites of a7 dimer. To improve the
effectiveness of the drug, one should find ways to reduce its
volume while maintaining the presence of the active
groups. The results obtained through the current studies,
combined with experimental studies, may provide useful in-
sights into drug design against Alzheimer’s disease.
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