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Molecular modelling of the interactions of carbamazepine and a
nicotinic receptor involved in the autosomal dominant nocturnal
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1 The normal and a mutant (S248F) human neuronal «4f2 nicotinic receptors, and their
interaction with the channel blocker carbamazepine (CBZ) have been modelled. The mutant,
responsible for the autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), has an
enhanced sensitivity to and a slower recovery from desensitization, a lower conductance, short open
times, reduced calcium permeability, and is 3 fold more sensitive to CBZ, a drug used in the
treatment of partial epilepsies.

2 Mutant channel properties are explained by the physicochemical properties of the two Phe248
side chains, including size and cation-n interaction, and their dynamic behaviour. A defective
mechanism of dehydration might be responsible for the reduced calcium influx.

3 Phe248 residues are the main component of CBZ binding sites in the mutant, while this is not
true for Ser248 in the normal receptor.

4 A higher number of blocking binding sites and a predicted higher affinity found for CBZ in the
mutant account for its differential sensitivity to CBZ.

5 Aromatic—aromatic interactions between CBZ and the two Phe248 account for the difference in
affinity, which is at least 12 times higher for the mutant, depending on the method used for
calculating K.

6 Normal vs mutant differences in K;, enhanced by the higher number of blocking binding sites in
the mutant, seem excessive compared to the differential sensitivities to CBZ experimentally found.
The negative cooperativity suggested by a predicted overlapping of blocking and non-blocking
binding sites gives an explanation, as overlapping is higher in the mutant.

7 For both types of receptors we found that the carbamyl group of the best blocking conformers of
CBZ forms hydrogen bonds with serine residues, which may explain the fundamental role of that

moiety for this molecule to act as antiepileptic drug.
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Introduction

The nicotinic acetylcholine receptor (nAChR) is one of the
best known signalling proteins. It belongs to the Ligand-
Gated Ion Channel (LGIC) superfamily of receptors (Ortells
& Lunt, 1995) which also comprises the SHT3;, GABA, and
glycine receptors. The nAChR and the SHTj; receptors are
selective for cations (and hence excitatory) whereas GABA
and glycine receptors are selective for anions (and are thus
inhibitory). They are all oligomers, most probably pentamers,
and sequence information also reveals that for any given
member of the family, the subunits (around 500 residues
long) are themselves homologous. For example, muscle nACh
receptors (including Torpedo electroplax nAChR) are com-
posed of four different subunits named «l, f1, y1, and 61,
with an al;)B1y161 stoichiometry. Neuronal variants can be
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either heteromeric receptors, composed most probably of two
o and three f subunits, or homomeric composed of five «
subunits. Each of these subunits has an N-terminal
extracellular domain which contains the ligand binding site,
four putative transmembrane regions (M1—-M4), and a short
extracellular C-terminus (Karlin, 1993). The second of the
transmembrane regions (M2) is the main contributor to the
ion channel (Bertrand ez al., 1993).

Nicotinic receptors are pharmacologically important as
they are targets of many different types of drugs such as local
(Arias, 1999) and general (Forman et al., 1995) anaesthetics,
barbiturates (Dilger et al., 1997), toxins (Choi et al., 1995),
drugs of abuse (Fryer & Lukas, 1999a), antidepressants
(Fryer & Lukas, 1999b), neuroleptics (Picard et al., 1999) and
other important drugs. The knowledge of the structure of
these receptors would be extremely important to understand
the mechanisms of action of many drugs and in the
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development of new or enhanced ones. However, the full
tertiary structure of these receptors has not been obtained as
yet; their membrane-bound nature and size have so far
frustrated all efforts either to obtain suitable crystals for high
resolution X-ray analysis, or to carry out NMR studies.
Electron microscope images of the nAChR have been
obtained at 4.6 A resolution (Miyazawa et al., 1999), but
they only show the general shape of the receptor. In the ion-
channel, well defined regions of a-helices can be seen, but not
individual amino acids. Actually, until very recently, most of
the structural information available was derived from
biochemical and mutational experiments. A new perspective
came with the elucidation of the structure of a novel
acetylcholine binding protein (ABP) by Brejc et al. (2001),
which is involved in the regulation of synaptic transmission in
snails, and is secreted through glial cells (Smit e al., 2001).
This is a soluble protein homologous to the ligand binding
domain of the LGIC superfamily. On the basis of the ABP
tertiary structure, almost every biochemical and mutational
information available for LGICs can be rationalized.
Unfortunately, this ABP lacks the transmembrane region
present in LGICs.

For these reasons, we have been building molecular models
of the transmembrane region of these receptors to have an
approximation to their three-dimensional structure at an
atomic resolution (Ortells & Lunt, 1996; Ortells ez al., 1997).
These models were in agreement with all the structural
information available (used or not used in the construction of
the models), and gave also structural explanation to several
unexpected experimental results. Another important feature
of the models is that they were able to explain with relative
accuracy the interactions between several and structurally
different channel blockers and the ion channel (Ortells &
Barrantes, 2001).

In the present work we used molecular modelling
techniques to study, on a structural basis, the involvement
of a nicotinic receptor in a genetic form of epilepsy and the
pharmacology of one of the drugs used in the treatment of
this disease. It was found that a mutation in the neuronal o4
subunit of the nicotinic receptor is responsible for the
autosomal dominant nocturnal frontal lobe epilepsy (ADN-
FLE). This was the first gene shown to be involved in a
human idiopathic disease (Steinlein ez al., 1995; 1997). After
this finding, two other mutations in LGICs were discovered
to be involved in epilepsy. The first was found in the nicotinic
P2 subunit (De Fusco et al., 2000) and is also involved in a
nocturnal front lobe epilepsy. More recently, a mutation in a
GABA, 72 subunit (Baulac et al., 2001) was found to be
directly involved in another type of human idiopathic
epilepsy (generalized epilepsy with febrile seizures plus). The
mutation of interest for the present work, the first discovered
a4 S248F, is in the second transmembrane segment M2 of
this subunit, which, as stated before, is believed to be the
main domain that shapes the pore. The mutation results in an
enhanced desensitization sensitivity and a slower recovery
from desensitization (Bertrand et al., 1998; Kuryatov et al.,
1997; Weiland et al., 1996), a lower conductance and short
open times and a reduced permeability to calcium (Kuryatov
et al., 1997), that might account for the ADNFLE
phenotype. Among the common drugs used in the treatment
of patients with partial epilepsies, carbamazepine (5H-
Dibenz[b,f]lazepine-5-carboxamide, CBZ) is one of the most

effective. 2432 receptors bearing the ADNFLE mutation are
3 fold more sensitive to the blocking properties of CBZ than
the normal (Picard er al, 1999). These authors also
demonstrated that CBZ behaves as an open channel blocker
(OCB), like the neuroleptic chlorpromazine.

S248 of the o4 subunit is part of a ring of polar amino
acids, separated by three residues towards the extracellular
side, from the so called central polar ring (Imoto et al., 1991).
The latter ring, in conjunction with the intermediate ring of
negatively charged residues (Imoto et al., 1988), are supposed
to constitute the narrowest part of the channel, and to be
involved in cation dehydration and selectivity. As phenyla-
lanines are much larger and hydrophobic than serine
residues, some observed modifications of the channel proper-
ties in the mutant receptor such as a reduced conductance or
a different cation selectivity might be expected.

Using a model of the open o452 receptor transmembrane
region, we try here to give a deeper structural explanation to
the altered channel properties and to the higher affinity to
CBZ in this ADNFLE mutant receptor. It is believed that the
general mechanism of action of CBZ as an antiepileptic drug
is by slowing the rate of recovery of voltage-activated N,"
channels from inactivation. In the case of the ¢4f2 receptor,
and as stated before, CBZ acts as an open channel blocker. If
the therapeutic properties of CBZ in this type of epilepsy are
related to this blocking capacity, then there are chances to
find better treatments if we understand the molecular basis of
the enhanced sensitivity of the mutant. In ADNFLE patients,
normal «4f2 receptors must be present, and hence, more
potent mutant blockers will interfere less with the normal
function of the former.

Methods

Molecular models of both normal and mutant a2,
receptors in their open state were constructed on the basis of
our previous modelled structures (Ortells ez al., 1997), which
proved to be successful in predicting docking sites for OCBs
(Ortells & Barrantes, 2001). A simple molecular dynamics
simulation was performed for the mutant receptor to analyse
possible variations in the channel structure. An automatic
docking procedure was employed to investigate the binding
modes of CBZ in the normal and mutant receptors.
Subsequently, theoretical estimations of CBZ affinity to both
receptors were carried out. A detailed description of the
methods employed follows.

Model construction

First, the model of the wild type 0423 receptor was built
and energy minimized. For this purpose, the starting and not
energy minimized structure of our previous homomeric o7
receptor (Ortells et al., 1997) was computationally mutated to
the o4)f23) using the Biopolymer module in the Insight II
program (InsightIl, 2000). The two «4 subunits in the
receptor were modelled with one 2 subunit in between.
Prior to energy minimization, a search for the best side-chain
conformers was made using a database of known protein
structures employing the module Biopolymer. Energy mini-
mization was performed using molecular mechanics (Keserii
& Kolossvary, 1999) in three steps using the programme
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Discover and the CVFF force field (Discover, 2000; Doucet
& Weber, 1996). First, an energy minimization was carried
out forcing the main chain atoms to remain to their original
positions with a forcing constant of 4500 kcal A~'. This was
done to avoid distorting the secondary structure and general
shape of the model. During this minimization, no Morse
functions and no cross terms were used and the steepest
descents method was employed. The structure was minimized
until the maximum derivative was less than 2.00 kcal A~'. In
a second step, the model was further minimized until the
maximum derivative was less than 0.050 kcal A*‘, with the
same forcing constant for the main chain atoms, but using
the full model, with Morse functions and cross terms, and
employing the conjugate gradients method. Finally, all the
atoms were tethered to their positions, except those belonging
to the ion channel, that were fully minimized until the
maximum derivative was less than 0.050 kcal A~' without
any restriction. This model was subsequently utilized to
simulate the S248F mutation and was further energy
minimized, as in the last described step, to relax the structure
and to eliminate possible clashes caused by the mutation.
CBZ was modelled using the Insight II programme
(InsightII, 2000). Minimization and partial charge calcula-
tions were done using the MOPAC programme as im-
plemented in Insight II and employing the semiempirical
AMI1 method. Parameters for the electronic state were lowest
electronic state, Hamiltonian spin restricted, and null total
charge. All other parameters were left with default values.

Molecular dynamics

Starting from the final minimized structure of the mutant
receptor, a molecular dynamics simulation was performed.
The Verlet leapfrog integration method, as implemented in
the Discover (2000) programme and the CVFF force field
were employed. Only those atoms belonging to the ion
channel were allowed to move. The system was equilibrated
at 300 K by 10 ps of heating, followed by a production run
of 100 ps. The time step was set to 1 fs. A cutoff distance of
8 A was used for the electrostatic interactions and a distance-
independent dielectric constant of 1 was employed.

Docking procedures

CBZ was docked on both receptors using a molecular
mechanics/grid (Luty et al., 1995) method employing the
Affinity programme (MSI, San Diego, CA, U.S.A.). The
main molecular mechanics programme employed in Affinity
is also Discover and the CVFF force field including a
desolvation term (Stouten et al., 1993).

The region corresponding to the pore of the ion channel
was defined as the binding site region. In order to make the
docking procedure faster, the system was partitioned into
‘bulk’ (represented by grids) and ‘movable’ atoms. Bulk
atoms were defined as atoms of the receptor that were not in
the defined binding site. These atoms were held rigid during
the course of the docking search and represented by a grid.
The potential energies due to the rigid atoms were calculated
only once. Movable atoms consisted of atoms in the binding
site of the receptor (the ion-channel) and ligand atoms (CBZ)
and were simulated explicitly. These atoms could move freely
except for binding site atoms close to bulk atoms, which were

restrained. These restrained atoms conformed a buffer which
separated the freely movable atoms from bulk atoms. The
grid method works only if the bulk atoms and movable
atoms are fairly well separated, and hence this buffer was
necessary to avoid inconsistencies in the calculations.

Initially, CBZ was placed arbitrarily in the ion-channel.
This complex was then energy minimized to obtain the
starting structure. This step removed bad contacts in the
initial structure and obtained a reasonable starting point for
subsequent search. The programme next moved CBZ by
random combination of translation, rotation, and torsional
changes. The random move of a ligand samples both the
orientational and conformational spaces of the ligand with
respect to the receptor. It can be considered as a first step to
roughly dock the ligand. It has the advantage that it can get
over any energy barrier on the potential energy surface.
Affinity subsequently checked the energy of the resulting
randomly moved structure. If it was within a specified energy
tolerance parameter of the previous minimized structure, it
was considered to have passed the first step and the structure
was then subjected to energy minimization, the second step
for fine-tuning the docking. The final minimized structure
was accepted or rejected based on the energy criterion and its
similarity to structures found before. The energy criterion can
be either Metropolis or energy range, and we used both in
different runs. With the Metropolis criterion, structures
whose energy was lower than that of the last accepted
structure or whose Boltzmann factor (computed using
specified Monte Carlo temperature) was greater than a
random number between 0 and 1, were accepted. If energy
range is used, structures whose energy was within the
specified energy range of the lowest energy found so far
were accepted. The Metropolis criterion is best suited for
finding a very small number of docked structures with very
low energies, while the energy range criterion is designed for
finding more and diverse structures. In checking structure
similarity, the root mean square (RMS) distances between the
current structure and structures found so far were computed
for ligand atoms. In contrast to RMS deviation, in RMS
distance the ligand molecule is not translated or rotated (i.e.,
no superimposition is done) because ligand/receptor struc-
tures with the ligand being translated or rotated are treated
as different docked structures.

The parameters we used in the docking procedures were as
follows. The grid spacing was 0.66 A, and the restrain buffer
size was of 0.5 A. The energy range was set to 10 kcal mol !,
that is, the programme was asked to accept structures within
10 kcal mol~' of the lowest energy structure found so far. We
search for a maximum of 10 different structures using the
energy range method, and for all found after 4 days of an
R10000 based SGI O2 CPU time using Metropolis.

CBZ affinity estimations

The affinity of CBZ conformers for both types of receptors
were based on two different types of estimations. The first
calculation is a molecular mechanics based energy difference.
The second is a regression based score function.

Molecular mechanics based calculation: In the first
method, free energies of binding for each conformer were
calculated as the difference between the energy of the
minimized ligand-receptor complex and the energies of the
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minimized ligand and receptor alone. These energies were
calculated using a molecular mechanics approximation
employing the programme Discover and the VCFF force
field. Estimations of the dissociation constants K; for the
different conformers were based on the equation:

AG = RT In K; (1)

which relates K; to the free energy change of the formation of
the ligand-receptor complex (AG).

There are several well known drawbacks to this sort of
approach. First we can mention the inaccuracies of the
parameters in the force fields employed. Second, these are
static calculations, and hence, do not account for entropic
factors such as those related to conformational changes in the
ligand and receptor. Hence, these calculations are not
actually referring to changes in free energy but mainly to
its enthalpic component. Third, desolvation effects are also
not considered. However, a desolvation term was used during
the docking procedure. Fourth, the energy of binding is
calculated from two very similar numbers, the energy of the
complex and the energies of the receptor and ligand
separately. Thus, small errors in these quantities can lead
to large errors in the calculated binding energies. Moreover,
if we translate these errors in terms of the dissociation
constants, a AG of binding with an error of 2 kcal mol~!
results in an error similar to 30 fold in K.

Having described its negative aspects, we must say that
molecular mechanics calculations have been used with some
degree of success in analysing relative differences in binding
affinities in related systems. Although estimations of the
absolute binding affinities are usually incorrect, these are
seldom necessary. As stated, molecular mechanics calcula-
tions do not refer to true free energies. However, parameters
developed for force fields are based on the fitting of free
energies or enthalpies. Hence, to some degree, these
parameters must be implicitly taking into account these
effects. For a detailed analysis of these kind of methods refer
to Koehler et al. (1996), and Ajay et al. (1997).

Regression based score function: the second method
employed is the described by Boéhm (1992a, b; 1994a, b;
1995; 1998). This author developed an empirical scoring
function for his de novo ligand design program LUDI, that
predicts the binding free energy AG. In this function AG is
partitioned into six terms:

AGrina =AGy + AGry > fIAR, A%) + AGion Y . fIAR, Aa)+
hb

ion
, )
AGlipoAlipco + AGrot Niot + AGaro Z j(R)

aro

where AG, represents loss of overall rotational and
translational entropy of the ligand. AGy, is the free energy
of ideal hydrogen bonded interactions and X, (fAR,Az) is a
penalty function that accounts for large deviations of the
hydrogen bond geometry from ideality. AGi,, and Zi,,
f(AR,Ac) are similar functions to those for hydrogen bonding
but for ionic interactions. AGyp, is the free energy of
lipophilic interactions, that is proportional to Aj,, the
lipophilic contact surface between the receptor and the
ligand. AG,., describes the loss of binding energy for freezing
the rotatable bonds in the ligand, being N, the number of
rotatable bonds. The last term, AG,,, accounts for specific
interaction between aromatic rings; the angular dependence

of aromatic—aromatic interactions is ignored and a simple
distance cutoff is used (f(R)=1 for R<4.5 A and f(R)=0 for
R>=45 A). The programme returns score values for each
analysed ligand, which are related to K; values in the form:
score =100 log K;. The main problem with this approach is
that it performs well with the training data set, but its
behaviour with very different ligand-receptor complexes is
unclear.

Results
Modelling of ADNFLE mutation

Our results show that replacement of Ser 248 by a Phe in the
o4 subunits greatly and directly obstructs the ion channel
(Figures la,b and 2a). The side chain of one of the expressed
mutant Phe residues (named here o4’ Phe 248) is pointing to
the centre of the channel lumen, whilst the other (named here
o4” Phe 248) is blocking the channel more laterally. In this
way, the channel pore is nearly filled with hydrophobic
moieties. The narrowest ion channel diameter in the normal
receptor is between 6.5 A and 5 A, at the level of the central
and intermediate rings (Brovtsyna et al., 1996a, b; Imoto et
al., 1988; 1991), as shown in Figure la. In the mutant the
narrowest part is moved towards the extracellular region to
the level of the mutant Phe 248 and is around 2.5 A (Figures
1b and 2a). Both phenyl ring planes of the mutated residues

Figure 1 042 ion channel models. Views of the normal (a, ¢) and
mutant (b, d) receptors are extracellular and perpendicular to the
membrane plane. Transmembrane segments M2 are schematically
represented by violet ribbons. Black dots represent the solvent
accessible surface within the ion-channel. (a, c¢) Side chains of the two
o4 Ser 248 (upper and lower) and 2" Ser 271 (right) residues are
shown in stick representation. Colour coding is atom based (C: green;
H: white; N: blue; O: red). (b, d) Side chains of the two o4 Phe 248
(upper and lower) and 2" Ser 271 (right) residues are shown in stick
representation. Colour coding as before. (¢, d) The best ranked CBZ
conformers in their docked conformations are displayed in these
panels in stick representation. Colour coding as before. Their solvent
accessible surface is also represented by dense black dots.
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Figure 2 Mutant ion channel sizes. Views of the mutant «4f52 ion
channel in the minimized conformation (a) and in a transient closed
conformation observed during a molecular dynamics simulation (b).
Both are extracellular views perpendicular to the membrane plane,
where all residues below the level of the mutant ring are not
displayed to show the actual size of the pore. Black dots represent the
solvent accessible surface within the ion-channel. Displayed side
chains in stick representation are a4 Phe 248 and 2 Ser 271.

are parallel to the major ion-channel axis. Most of the
remaining side chains remain in positions similar to the
normal receptor. A serine residue (f2” Ser 271) in the f
subunit sandwiched by the two « is also displayed in Figure
1. This residue has, on average, the highest interaction with
CBZ in the normal receptor (see below). In the mutated
receptor 2" Ser 271 changes its side chain orientation due to
the interactions with both o4’ Phe 248 and o4” Phe 248.
Molecular dynamics of the channel region showed that the
movement of the mutant phenylalanines can occlude even
more the lumen but never makes it wider. Moreover, in some
conformation the channel is totally closed (Figure 2b).

Docking of CBZ

Visual inspection of the docked CBZ molecules in both the
normal and mutant receptors (13 and 16 conformers
respectively) showed that actually only six block the channel
in the former compared to 10 in the latter. Given the docking
methodology employed, we may assume that the search of
possible and relevant binding sites was exhaustive for the
model.

Energetics and binding constants

The binding affinity values obtained from the two different
methods, for both the normal and mutant receptors, are not
directly comparable. As stated in Methods, the absolute
values of the molecular mechanics approximation are not
expected to be reliable, and hence we are only interested in the
relative values found for the normal and mutant receptors.
For the same reasons, LUDI based affinities are not
comparable to those from molecular mechanics, and although
these absolute values can be considered more realistic, we are
again only interested in their relative values. Tables 1 and 2
show the calculated binding energies and the derived K; for
the different conformers of CBZ in the normal and mutant
receptors respectively. These binding energies are based on the
difference between the total energy of the receptor-ligand
complex and the energies of the ligand and the receptor alone,
which are also shown in these tables. The blocking conformers
are ranked according to binding energies, followed by the
non-blocking conformers, ordered by their binding energies.

An identification number ID for each conformer is also given
for comparison purposes. At the end of these tables are the
energy and K, averages for blocking and non-blocking
conformers. For the mutant (Table 2), we also show the
average for the best six scored blocking conformers, to have
another comparison with all (six) blocking conformers in the
normal receptor. Comparing blocking and non-blocking
conformers, the binding energies of the latter are more
negative, and their K; values are two orders of magnitude
higher in the normal and four orders of magnitude higher in
the mutant receptor. However, if compared to the mutant best
six blocking conformers the differences in energies and K; are
also of two orders of magnitude.

Tables 3 and 4 show the LUDI scores and derived K; for
CBZ in the normal and mutant receptors respectively. For
reference purposes, the conformer ID, their corresponding
binding energies and the binding energy based rank order
(taken from Tables 1 and 2) are also given. As with Tables 1
and 2, the blocking conformers are ranked according to their
LUDI scores, followed by the non-blocking conformers,
ordered by their scores. Another information given in Tables
3 and 4 is the partitioning of the scores as described in
Methods. The absent terms (e.g. ionic interactions) have a
null score for all conformers. Contact column refers to the
percentage of the CBZ conformer surface in contact with the
ion-channel. For the hydrogen bonding scores, the number of
hydrogen bonds present for each conformer is also given. The
scores of non-blocking conformers for the normal and
mutant receptors are very similar, and their corresponding
K; of the same order. In the normal receptor, and in a similar
way with what was observed with binding energies estimated
using molecular mechanics, the average LUDI score for the
blocking conformers are lower than the average of non-
blocking conformers, with their corresponding K; one order
of magnitude lower. However, in the mutant the blocking
and non-blocking averages are similar, with K; of the same
order. Moreover, the best six blocking conformers have a
higher average score, with a K; one order of magnitude
higher with respect to the non-blocking conformers.

Comparison of CBZ blocking conformers in the normal
and mutant receptors

The average binding energy of the blocking conformers is
more negative in the mutant receptor (Tables 1 and 2). The
average difference is similar to 1.5 kcal mol~' (Table 5). This
value corresponds to a 12 fold change in the value of the
binding constant, i.e. the affinity of CBZ for the mutant
receptor is 12 times higher. Much higher differences arise
(Table 5) if the top ranked conformers in the normal and
mutant receptor are compared (nine orders of magnitude) or
when comparing the average of the best six conformers of
each receptor (similar to an 8000 fold change).

When LUDI scores for the normal and mutant receptor are
compared, a similar result is found, that is, CBZ has a higher
affinity for the mutant. Table 5 shows that the score differences
are 133, 140 and 154 for the total average, top ranked and best
six scored conformers respectively. These values correspond to
a 21, 25 and 35 fold change in binding constants in that order.
The lowest change (for the total average) is much higher than
predicted on the basis of binding energies (almost 2 fold).
However, for the top ranked and the best six, the values are
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Table 1 Binding energies and derived affinity constants for CBZ conformers in the normal «4f2 receptor

Binding
Total energy CBZ energy o4p2 energy energy
Rank 1D (kcal mol™") (kcal mol~—!) (kcal mol™!) (kcal mol™") K;
1 6 9746.1 93.1 9706.3 —53.3 7.89 10~4
2 1 9747.2 93.1 9706.3 —52.3 4.59 10~
3 8 9748.3 93.1 9706.3 —51.1 3.28 10738
4 7 9753.1 93.1 9706.3 —46.4 9.31 1073
5 9 9753.2 93.1 9706.3 —46.3 1.19 1073
6 10 9754.3 93.1 9706.3 —452 7.55 1073
NB 2 9737.5 93.1 9706.3 —61.9 3.89 1074
NB 14 9742.1 93.1 9706.3 —57.4 8.5510~%
NB 13 9743.7 93.1 9706.3 —55.7 132104
NB 12 9743.8 93.1 9706.3 —55.7 1.42 104
NB 5 9751.8 93.1 9706.3 —47.6 1.19 10~%
NB 3 9752.4 93.1 9706.3 —47.0 3.14107%
NB 4 9753.1 93.1 9706.3 —46.3 1.02 1073
Averages
Blocking —49.1 9.99 10~
Non-blocking —53.1 1.13 107
ID, conformer identification number; K;, affinity constant; NB, non-blocking.
Table 2 Binding energies and derived affinity constants for CBZ conformers in the mutant «4f2 receptor
Binding
Total energy CBZ energy odf2 energy energy
Rank ID (kcal mol ") (kcal mol~") (kcal mol~") (kcal mol~") K;
1 7 9767.5 93.1 9740.9 —66.5 1.82107%
2 15 9780.5 93.1 9740.9 —534 6.43 1074
3 8 9781.5 93.1 9740.9 —52.4 3.46 107%
4 13 9781.5 93.1 9740.9 —52.4 3.41107%
5 14 9782.3 93.1 9740.9 —51.6 1.3510738
6 11 9784.0 93.1 9740.9 —50.0 2.12 107
7 12 9784.1 93.1 9740.9 —49.9 2.51 107
8 3 9787.8 93.1 9740.9 —46.1 1.42 1073
9 2 9791.0 93.1 9740.9 —42.9 3.16 10~
10 1 9793.6 93.1 9740.9 —40.4 2431073
NB 9 9764.8 93.1 9740.9 —69.2 1.88 107!
NB 16 9775.4 93.1 9740.9 —58.6 1.05 10~
NB 5 9776.4 93.1 9740.9 —57.6 598 1074
NB 6 9781.6 93.1 9740.9 —52.4 3.6210°%
NB 10 9782.9 93.1 9740.9 —51.1 3.57 1073
NB 4 9783.1 93.1 9740.9 —50.8 5.10 10~
Averages
Blocking —50.6 8.00 10~3*
Non-blocking —56.6 3.03 10~ %
Best six blocking —54.4 1.26 1074

ID, conformer identification number; K;, affinity constant; NB, non-blocking.

much lower (Table 5). Tables 3 and 4 show that the main
contributors to these differences in affinities are the aromatic—
aromatic interactions. CBZ is mainly an aromatic molecule,
and the presence of the two Phe residues in the mutant is
responsible for this difference (see below).

CBZ —ion channel interactions

A view of the top scored CBZ conformations docked in the
normal and mutant receptors are given in Figure 1c and d
respectively (top scored according to LUDI scores). In the
normal receptor (Figure 1c) 2" Ser 271 is hydrogen bonded
to the CBZ amide oxygen (see below). In the mutant, docking
of CBZ forces «4” Phe 248 side chain to move towards the

channel wall, while p2” Ser 271 adopts a conformation
similar to the present in the normal receptor. 2 Ser 271 is
also hydrogen bonded to the oxygen of the amide moiety of
CBZ, although the conformations of CBZ docked to the
normal and mutant receptors are different. The interactions
of this conformer of CBZ with 24’ Phe 248 and o4” Phe 248
are quite strong (see details below). One phenyl group of
CBZ interacts with the o4’ Phe 248 aromatic side chain and
the other does it with the corresponding of «4” Phe 248.
What is interesting is that these aromatic—aromatic interac-
tions between each of the phenyl groups of CBZ and o4 Phe
248 residues are of a different type. Described, there are two
most favourable, isoenergetic, types of aromatic—aromatic
interactions, named off-centred parallel orientation and the
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Table 3 LUDI scores and derived affinity constants for CBZ conformers in the normal 042 receptor

Table 1 BE
LUDI HB Aro— Aro Lipophilic Contact Table 1 energy LUDI

Rank 1D score HB score score score score Rank (kcal mol™") K;

1 1 296 1 55 0 191 46 2 —52.3 1.096 10~
2 9 279 1 55 0 174 42 5 —46.3 1.622 10
3 10 269 0 0 55 164 36 6 —452 2.042 107
4 8 247 0 0 0 197 49 3 —51.1 3.388 10~%
5 7 244 1 30 0 164 43 4 —46.4 3.631 1079
6 6 231 1 55 0 126 32 1 —53.3 4.898 10~
NB 13 460 4 101 110 199 48 NB —55.7 2.512 1079
NB 2 395 0 0 165 180 41 NB —61.9 1.122 10~%
NB 12 392 0 0 110 232 51 NB —55.7 1.202 107
NB 4 351 0 0 110 191 42 NB —46.3 3.090 10~%
NB 3 336 0 0 110 176 39 NB —47.0 4.365 107
NB 5 332 0 0 110 172 46 NB —47.6 4.786 107
NB 14 315 0 0 55 210 47 NB —57.4 7.079 10~%
Averages

Blocking 261.00 32.50 9.17 169.33 41.33 2.455 1079
NB 368.71 14.43 110.00 194.29 44.86 2.055 107

Aro, aromatic; Contact, percentage of the CBZ surface in contact with the receptor; BE, binding energy; HB, hydrogen bond; 1D,
conformer identification number; K;, binding constant; NB, non-blocking.

Table 4 LUDI scores and derived affinity constants for CBZ conformers in the mutant 42 receptor

Table 2 BE
LUDI HB Aro—Aro Lipophilic Contact Table 2 energy LUDI

Rank D score HB score score score score Rank (kcal mol™") K;

1 13 436 1 55 165 166 38 4 —52.4 4.365 107
2 11 434 0 0 220 164 36 6 —50.0 4571 1079
3 7 427 0 0 165 212 49 1 —66.5 5.370 10~%
4 15 411 2 43 165 153 43 2 —53.4 7.762 1079
5 14 409 2 80 165 114 32 5 —51.6 8.128 10~%
6 3 378 0 0 110 218 45 8 —46.1 1.660 10~%*
7 2 377 0 0 165 162 41 9 —42.9 1.698 10~
8 12 364 0 0 165 149 32 7 —49.9 2.291 10
9 8 357 0 0 110 197 45 3 —524 2.692 107
10 1 352 2 99 110 93 33 10 —40.4 3.020 10~
NB 6 448 0 0 220 178 43 NB —524 3.311 107%
NB 16 402 1 55 110 187 47 NB —58.6 9.550 109
NB 4 359 0 0 110 199 48 NB —50.8 2.570 10~
NB 5 320 0 0 110 160 47 NB —57.6 6.310 10%
NB 9 313 0 0 110 153 41 NB —69.2 7.413 107%
NB 10 300 0 0 55 195 41 NB —51.1 1.000 10~
Averages

Blocking 394.50 27.70 154.00 162.80 39.40 1.135107%
NB 357.00 9.17 119.17 178.67 44.50 2.692 107
Best six 415.83 29.67 165.00 171.17 40.50 6.945 10~%

Aro, aromatic; Contact, percentage of the CBZ surface in contact with the receptor; BE, binding energy; HB, hydrogen bond; 1D,
conformer identification number; K;, binding constant; NB, non-blocking.

Table 5 Comparison of CBZ binding energies, LUDI scores and binding constants between the normal and mutant 042 receptors

Binding energy Affinity ratio LUDI Score Affinity ratio
difference (BE based) difference (LUDI based)
mut-nor K; (nor)/K (mut) mut-nor K; (nor)/K (mut)
Blocking average —1.49 12.48 133.50 21.63
Blocking top —13.14 433 10° 140.00 25.12
Best six blocking —5.32 7948.95 154.83 35.35

BE, binding energy; K;, binding constant; mut, mutant receptor; nor, normal receptor.

T-shaped packing geometry (Brocchieri & Karlin, 1994;
Kannan & Vishveshwara, 2000; Klebe & Diederich, 1993;

McGaughey et al., 1998). In the first type, also denoted as n-
stacking, the ring planes are parallel (with ring centroids not
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centred). The second type is characterized by a T-shaped
geometry, where two aromatic rings adopt an edge to face
conformation, with their ring planes orthogonal. 24" Phe 248
is involved in the first type, with its aromatic ring plane
nearly parallel to one of the phenyl ring planes of CBZ. On
the contrary, the aromatic ring of o4 Phe 248 is
perpendicular to the other phenyl ring of CBZ. In this case,
one of the C-H bond dipoles of 24’ Phe 248 is making a
hydrogen bond with a negative carbon atom of the phenyl
ring of CBZ.

To assess the interactions of CBZ conformers with the ion
channel, all the protein residues at a distance equal or lower
to 4 A to all blocking CBZ conformers are listed in Table 6
for the normal receptor, and in Table 7 for the mutant. For
each amino acid residue, we calculated their interaction
energy with all blocking conformers of CBZ, and these values
were subsequently added. The residues in Tables 6 and 7 are
ranked according to these sums, which are proportional to
both, the energy contribution and the times an amino acid is
implicated in CBZ binding.

p2" Ser 271, also shown in Figure 1d, is on average the
residue that most contributes to the binding of CBZ
conformers to the normal receptor. Second in place is a4’
Ser 248, one of the o4 expressed residues, mutated in
ADNFLE. The other residue, a4” Ser 248, is well below in
the ninth place. When these two residues are mutated to Phe,
they become the main contributors to the binding energy,
with an accumulated 33% of the total contribution of those
residues at a distance of 4 A or less. A 33% is achieved in the
normal receptor with three residues. The corresponding
mutated residue of a4’ Ser 248, a4’ Phe 248, remains in the
second place, and the other escalates from the ninth to the

first position. The main contributor in the normal receptor is
still important, but is now in the sixth place (Tables 6 and 7).
In addition to these movements in their importance as
participants in CBZ binding, many residues are involved only
in either the normal or the mutant receptor.

Blocking —non blocking CBZ interactions

In a real system, many CBZ molecules must bind with high
or low affinity to many non-blocking sites outside the ion-
channel, and these have no effect on neither ICs, measure-
ments nor on K; calculations. However, the situation is
different with those that may bind within the ion-channel.
The reason for this is that the binding sites of non-blocking
conformers superimpose partially with those with blocking
properties, and hence, they have an interfering effect on
channel blocking. Tables 8 and 9 give the patterns of
overlapping between blocking and non-blocking conformers
in the normal and mutant receptors respectively. In the
normal receptor (Table 8), the degree of overlapping is quite
low. Only conformers 6 and 7 overlap with one and two non-
blocking conformers respectively. The situation is quite
different in the mutant (Table 9), where all the blocking
conformers overlap from two to all non-blocking conformers.

Discussion

The replacement of a single residue in the «4f2 neuronal
nicotinic receptor derives in a major neurological disorder as
is ADNFLE. This mutation has profound consequences in
the ion channel properties and in the sensitivity to the open

Table 6 Energy contribution of ¢42 normal receptor residues at a distance equal or lower to 4 A

Energy
(kcal mol ")
Rank Residue Sum E%
1 B Ser 271 —14.4 15.54
2 o’ Ser 248 —9.2 9.91
3 B Leu 274 —74 8.03
4 B> Thr 267 —-5.8 6.22
5 o’ Leu 251 —35.6 6.03
6 o> Thr 244 —54 5.85
7 B Thr 267 —-5.3 5.78
8 B Ser 271 —5.1 5.55
9 o’ Ser 248 —49 5.34
10 B Leu 274 —4.0 4.36
11 o’ Thr 244 —-3.6 391
12 o Leu 251 —-32 343
13 f> Leu 274 —3.1 3.39
14 B Ser 271 —-3.0 3.21
15 o’ Ser 252 —-2.1 2.30
16 o’ Phe 256 —-2.1 2.29
17 o le 247 —-19 2.02
18 B> Thr 267 —1.8 1.91
19 B Ala 275 —1.6 1.74
20 B 1le 270 —1.5 1.64
21 o’ Val 249 —-0.5 0.54
22 B Tle 270 —-04 0.46
23 B Ala 275 —-0.2 0.19
24 B> Val 278 —-0.2 0.19
25 B Ala 275 —-0.2 0.17

Table 7 energy

Cumulated Table 7 (kcal mol™")
E% Rank sum
15.54 6 —8.6
25.45 2 —22.2
33.48 12 —4.1
39.70 28 —0.1
45.73 13 —2.8
51.58 16 —1.7
57.36 23 —0.5
62.91 10 —7.1
68.25 1 —-31.9
72.61 4 —15.7
76.52 - -
79.94 - -
83.33 5 —11.1
86.54 3 —16.6
88.84 17 —1.5
91.13 21 —0.7
93.15 - -
95.06 27 —0.1
96.81 18 —1.1
98.44 26 —0.3
98.99 - -
99.45 - -
99.64 9 —7.2
99.83 - -

100.00 11 —4.5

Energy sum, sum of interaction energies of listed residues with all blocking conformers of CBZ; E%, percentage of energy contribution
to the grand total of the energy sum. In bold, residues involved in ADNFLE mutation.
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Table 7 Energy contribution of ¢42 mutant receptor residues at a distance equal or lower to 4 A

Energy
(kcal mol ')
Rank Residue Sum E%
1 o” Phe 248 —31.9 19.69
2 o’ Phe 248 —222 13.71
3 p’ Ser 271 —16.6 10.23
4 £ Leu 274 —15.7 9.66
5 p’ Leu 274 —11.1 6.82
6 p” Ser 271 —8.6 5.28
7 p Phe 279 —8.2 5.08
8 o”” Phe 256 —8.2 5.05
9 p> Ala 275 —-7.2 4.42
10 7 Ser 271 —-7.1 4.37
11 £ Ala 275 —4.5 2.81
12 f” Leu 274 —4.1 2.54
13 o’ Leu 251 —238 1.75
14 f’ Val 278 —2.38 1.73
15 p’> Val 272 —-22 1.37
16 o”” Thr 244 —-1.7 1.02
17 o’ Ser 252 —1.5 0.91
18 p Ala 275 —1.1 0.70
19 o” Ser 252 —-0.9 0.54
20 o” Val 249 —-0.7 0.42
21 o’ Phe 256 —-0.7 0.41
22 p Thr 277 —0.6 0.37
23 p” Thr 267 —-0.5 0.32
24 [ Val 278 —-0.4 0.27
25 p’ Leu 282 —0.4 0.23
26 57 1le 270 —-0.3 0.16
27 p Thr 267 —0.1 0.09
28 f Thr 267 —0.1 0.08

Table 7 energy

Cumulated Table 7 (kcal mol ')
E% Rank sum
19.69 9 —4.9
33.39 2 —-9.2
43.62 14 —-3.0
53.28 10 —4.0
60.10 13 —3.1
65.38 1 — 144
70.46 - -
75.51 - -
79.93 23 —0.2
84.30 8 —5.1
87.10 25 —0.2
89.64 3 —7.4
91.39 5 —5.6
93.12 - -
94.50 - -
95.52 6 —54
96.43 15 —2.1
97.12 19 —1.6
97.66 - -
98.08 - -
98.49 16 —2.1
98.85 - -
99.18 7 —53
99.44 - -
99.67 - -
99.84 20 —1.5
99.92 18 —1.8

100.00 4 —5.8

Energy sum, sum of interaction energies of listed residues with all blocking conformers of CBZ; E%, percentage of energy contribution
to the grand total of the energy sum. In bold, residues involved in ADNFLE mutation.

Table 8 Overlapping patterns between CBZ blocking and
non-blocking conformers in the normal receptor

Blocking conformer ID

1 6 7 8 9 10
Non-blocking - 14 2 - _ _
conformer ID 12

ID, conformer identification number

Table 9 Overlapping patterns between CBZ blocking and
non-blocking conformers in the mutant receptor

Blocking conformer ID
7 2 3 7 8 11 12 13 14 15

4 4 4 4 4 4 9 9 4 4
5 5 5 5 5 5 10 16 5 5
Non-blocking 6 6 6 6 6 9 16 9 6
conformer ID 9 9 9 9 10 16
10 10 10 16
16 16

ID, conformer identification number
channel blocker carbamazepine. The aim of the present work
was to give structural explanations to both phenomena.
lon channel properties

Figures 1b and 2a show that the mutant phenylalanine
residues are almost blocking the ion channel. Thus, the

narrowest region of the ion channel is changed from the very
cytoplasmic ‘central’ polar ring to the mutant ring composed
of three serines and two phenylalanines. Under these
conditions the channel, upon agonist activation, will open
allowing only a reduced flow of cations because of the size of
the pore. Perhaps most of the ion flow through the channel is
produced before Phe248 side chains reach the minimized
conformations shown in Figures 1b and 2a. At this level of
the channel, only fully dehydrated ions would be allowed to
passage as the diameter size of this asymmetrical pore is
around 2.5 A. In the normal receptor, an alleged function for
this polar ring of serine residues is to partially dehydrate
incoming cations before they reach the last ‘central’ polar
ring. Crystal radius for Na® and Ca>* are 0.98 A and 0.94 A
respectively. However, the interaction of water with Ca?* is
much stronger than with Na*, thus, dehydration of the
former is more difficult. Although highly hydrophobic,
phenylalanines are also polar moieties that can strongly bind
electrostatically to cations (Dougherty, 1996; Dunbar, 2000;
Felder er al., 2001; Gallivan & Dougherty, 1999; Miklis et al.,
1998; Wouters, 2000; Zhu et al., 1999). Thus, this
noncovalent force, termed ‘cation-z interaction’ can help in
dehydration. As we stated, Na™ ions are more easily
dehydrated and hence would be allowed to flow, albeit at a
lower rate than in the normal receptor. For calcium ions it
has been shown that they react quickly with aromatic rings
when hydrated with four or five water molecules, but not
with six or seven (Rodriguez & Wilson, 2001). Therefore, if
calcium ions reach the mutated polar ring with a shell of six
or more water molecules, dehydration at this point would be
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more difficult. Considering that calcium flow is highly
reduced, this might be the case.

On the other hand, if cation-n interactions are too strong,
cations can be trapped between the aromatic rings of the two
phenylalanines adding a steric hindrance that further blocks
the channel. According to our molecular dynamics analysis,
Phe248 side chains are highly mobile and their movement
causes the channel pore to periodically change its shape and
size, making it more narrow or even totally closed (Figure
2b). Although not directly tested by molecular dynamics
because cation-z interactions are not explicitly parametrized
in the force field employed, it is expected that if any of these
conformations favours a stronger interaction with either
sodium or calcium ions, side chains will be stabilized, and the
channel blocked.

Under these hypotheses, an explanation of the differential
channel properties of the mutant ADNFLE receptor
compared to the wild type can be given. The lower
conductance might be due mainly to the reduced size of the
pore, as stated elsewhere (Kuryatov et al., 1997), but also as
a consequence of the less efficient mechanism of dehydration.
The short open times seen using patch clamp techniques
(Kuryatov et al., 1997) can be viewed as a direct consequent
of early channel closing mechanisms, either because of the
movement of phenylalanine side chains alone, or due to
cation trapping.

We believe that cation blocking is an important mechanism
in the mutant channel which may explain its desensitization
properties. Once blocked, any cation released can be replaced
by another from the pool, resulting in an early and long
lasting blockade. Hence, what is seen as an enhanced
desensitization sensitivity might be due to the stabilization
of a blocked, uncharacteristic open conformation. Eventually,
receptors will gradually change their conformations to the
true desensitized state. The channel gate in this conformation
is above (more extracellular) the level of the mutant residues
(Bertrand er al., 1992; Revah et al., 1991), thus new cations
are not allowed to replace those released from the blocking
site, giving rise to the observed slow recovery from
desensitization.

The common factor among all mutations causing ADN-
FLE seems to be a reduced influx of calcium ions (Cohen et
al., 2001), but other channel properties are different. For
example, receptors bearing the leucine insertion (776ins3) in
the M2 transmembrane segment of the x4 subunit, do have a
reduced calcium influx as in the S248F mutation (Bertrand et
al., 1998). However, a critical reduction in conductance is
neither expected nor observed, as the inserted leucine is well
above the level of the S248F mutation and a reduction in the
diameter of the narrowest part of the pore is not predicted.
Aromatic residues which, as described above, might be
causative of the enhanced desensitization sensitivity and
slower recovery from desensitization observed in the S248F
mutation, are not present. In accordance, 776ins3 containing
receptors lack these desensitization properties.

If the reduced calcium influx is the common factor among
ADNFLE mutations, all the other channel properties are
probably of secondary importance. We explained the reduced
calcium influx in the S248F mutant on the basis of the
weaker propensity to dehydration of calcium ions because in
this mutant one of the polar rings involved in this process is
altered. Hence, it is probable that all ADNFLE mutations

have an altered dehydration mechanism, which mainly affects
the strongly solvated calcium ions.

CBZ-ion channel interactions

The higher sensitivity of the mutant receptor to CBZ (Picard
et al., 1999) is in agreement with our results. The mutation
creates a new and more favourable environment for CBZ
binding, where the Phe248 side chains themselves are directly
involved and are the main contributors to the binding of this
channel blocker.

First, one factor that can be taken into consideration to
account for the differences in sensitivity to CBZ, is the
difference in the number of binding modes for this drug in
both receptors. The ion channel is a large entity compared,
for example, to the agonist binding pocket, and thus channel
blockers might be expected to have many ways to exert their
action (Ortells & Barrantes, 2001), albeit one most favoured.
As described, we found six binding modes for the normal and
10 for the mutant receptor. In this way, after entering the
channel, more CBZ orientations have chances to find a
binding site where to block the channel. In addition, after
being released from the first site, the probability to be
trapped in another one is higher.

Second, our estimations of binding affinities for CBZ are
also in agreement with the experimental results. Both types of
estimations, energy and LUDI score based, show that CBZ
has a higher affinity for the mutant. This seems to be mainly
due to the aromatic—aromatic interaction between CBZ and
the mutant Phe248 side chains. The difference in LUDI
scores between the normal and mutant receptors are
considerable, 133 units more favourable to the mutant, and
represents a 21 fold difference in affinity. As we stated, we are
assuming that we actually found all possible binding modes
for CBZ in the ion channel model, and hence we are not
dealing with a sample but with the whole population. As a
consequence, no statistical analysis of this difference should
be necessary. The same applies to the binding energy
estimations. As we stated in Methods, there is an intrinsic
possible error in the estimations of binding energies based on
molecular mechanics calculations. However, we must re-
member again that the observed energy difference, even quite
low (1.5 kcal mol~") compared to the possible error is based
not on one, but on the average of six and 10 ligand-receptor
complexes, for the normal and mutant receptors respectively.
If we consider that this binding energy difference is enhanced
(to 5 kcal mol~") when considering only the top scored or the
best six CBZ conformations on each receptor (which
represents all blocking conformations for the normal), and
also that the same trend is found using a different approach
to calculate binding affinities, it seems that the energy
difference observed is valid, at least for the model.

On the other hand, the estimated differences in binding
affinities in favour of the mutant receptor seem to be,
however, too high (in spite that ICsy and K; values are not
directly comparable). If we also consider that there are more
CBZ blocking binding sites in the mutant receptor, this
appreciation is reinforced. Picard et al. (1999), showed that
the mutant receptor is three times more sensitive to the
blocking properties of CBZ than the normal according to
1C59 measurements. However, our binding affinity estimations
suggest that the ADNFLE receptor should be at least 12
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times more sensitive to CBZ when using molecular mechanics
calculations and at least 21 times when using LUDI scores
(Table 5). Hence, it is possible that other factors, apart from
the affinity of CBZ to both receptors, are contributing to the
overall blocking capacity of CBZ in these receptors, as
measured by the ICsy. One of these factors appears to be the
interactions between blocking and non-blocking conformers
of CBZ observed in our simulations. In effect, the chances
that CBZ blocks the channel are reduced if another CBZ
molecule was already bound to a non-blocking site. As shown
in Tables 8 and 9, the probability of interactions between
blocking and non-blocking conformers are higher for the
mutant, as all the blocking sites overlap with two or more
non-blocking. On the other hand, in the normal receptor only
two conformer sites overlap with one or two non-blocking
sites. This negative cooperativity in both types of receptors
may be reflected in the Hill coefficient values obtained by
Picard et al. (1999) when fitting the dose-response inhibition
profiles of the normal and mutant receptors. For the normal
receptor they found a Hill coefficient value of 0.85+0.09 for
the peak and plateau responses. For the mutant they found
values of 0.75 and 0.8 for the peak and plateau responses
respectively (no standard errors were given). According to
our results, we expect Hill coefficients for the mutant to be
lower than those of the normal receptor. Hill values found by
Picard et al. (1999) are lower for the mutant as we expected,
but they might not be significantly different. Nevertheless, we
think that the experimental evidence supports our idea that
there are interactions between blocking and non-blocking
conformers that reduce the potential capacity of CBZ to
block the channel, and that these are stronger in the mutant.

As stated before, the average binding affinity calculated
with molecular mechanics for non-blocking conformers is
higher in the mutant. Although we expected that both
methods should give similar results, this difference is not
reflected in the average binding affinities calculated with
LUDI, which are almost the same. This discrepancy may be
attributed to a higher sensitivity of molecular mechanics
calculations to the interactions between aromatic moieties. As
described in Methods, these interactions are measured with
LUDI wusing a simple distance cutoff, i.e. only those
interactions within 4.5 A are considered. Blocking confor-
mers in the mutant are very close to the mutant residues. In
this way both methods account for these aromatic interac-
tions. As shown in Table 9, non-blocking conformers interact
to some degree with the mutant residues, as they superimpose
with blocking conformers. However, most of these interac-
tions with mutant residues are at greater distance than 4.5 A,
and hence are not accounted by LUDI. Tables 3 and 4 show
that the average aromatic—aromatic scores for the normal
and mutant receptors are almost the same, which means that
the interactions with the mutant aromatic residues are not
taken into account.

CBZ as an antiepileptic drug

CBZ is used as a primary drug for the treatment of partial
and tonic-clonic seizures. The presence of the carbamyl group
is essential for its potent antiseizure activity (McNamara,
2001). We found that in both the normal and mutant
receptors, this moiety is involved in hydrogen bonding with
serine residues in the best blocking conformers and that the

interactions between serines and CBZ contribute substantially
to the energy of binding. This may explain the importance of
the carbamyl moiety, not only in the interaction of CBZ with
the nicotinic receptor, but in a general way. Most of the
structure of CBZ is composed of aromatic rings, and these
are responsible for obstructing the channel path (as occurs
probably with other channel blockers like chlorpromazine).
However, in the mutant receptor the aromatic moieties are,
most probably, also responsible for the increased affinity of
CBZ. It was not the aim of this work to analyse possible
ways of improving the affinity of CBZ or other molecules for
the mutant, but most likely enhancing the aromatic—
aromatic interactions between the blocker and the receptor
might be a way.

In conclusion, we propose that the S248F mutation
involved in the ADNFLE has a lower conductance due to
both a reduced pore size and a less efficient mechanism of
dehydration. However, perhaps some or most of the observed
current is transiently produced before the mutant phenyl-
alanine side chains reach their most stable conformation.
Also, the altered dehydration mechanism is unable to
properly desolvate calcium ions, and as a consequence they
are not capable of crossing through the narrow channel pore.
The enhanced sensitivity and the slower recovery from
desensitization is explained as the result of an early channel
blocking by cations trapped by cation-n interactions with the
aromatic side chains of the mutant phenylalanines. The
observed short open times might be the outcome of either the
movement of phenylalanine side chains that periodically
adopt a conformation that totally closes the channel, or the
blocking of the channel by cations, as described.

The presence of Phe248 residues also directly modifies the
way CBZ binds to the ion channel. In the normal and mutant
receptors we found that several blocking and non-blocking
binding modes for CBZ can exist. The affinities of non-
blocking conformers are almost the same in both receptors,
but those of the blocking conformers are higher in the
mutant (actually much higher that what would be expected
considering the correspondingly observed ICs, values). This
higher affinity is also a direct consequence of the presence of
the two mutant residues, as it is based on the aromatic—
aromatic interactions between the phenyl rings of CBZ and
Phe248 side chains. However, we observed overlapping
between blocking and non-blocking binding sites, and this
is much higher in the mutant. This could explain both the
possible disagreement between the differences in experimental
ICso values and the predicted binding affinities between the
normal and mutant receptors, and the negative cooperativity
experimentally observed and based on the Hill coefficient
values in the dose-response curves of Picard et al. (1999).

We propose that the importance of CBZ carbamyl moiety
related to the antiepileptic activity might be due to its
capability of forming hydrogen bonds with serine (and
probably threonine) residues frequently present in ion-
channels.

A word must be stated with respect to the ion-channel
model used. We are far from claiming that it represents the
actual structure of the receptor ion-channel. However, it
seems that its structural features are accurate enough to
model not only experimental structural data, but also to be
used as a working hypothesis to study some of its functional
properties.
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