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In this work, we present 10 ns molecular dynamics simulations of the homotetramer of the ABAD
enzyme, as well as of the structural units, dimer and monomer, that assemble to form the tetramer, in
the presence and absence of a NAD-inhibitor adduct. The aim was to compare the stability of the different
structures and to study the effects of the inhibitor binding on the flexibility of the enzyme structure. The
results indicate that the tetramer, dimer and monomer show a comparable stability and that tetramer-
ization stabilizes some regions of the protein that when exposed to the solvent in dimer and monomer
become more flexible. Binding of the cofactor and inhibitor stabilizes the protein, the main effect being
a stabilization of the substrate binding loop. In the absence of the ligand, this region was found to have a
much higher flexibility and to adopt an open conformation. An interesting result emerging from this work
is the conformational flexibility exhibited by the azepane and benzene rings of the inhibitor moiety of the
adduct, which appears to be influenced by the mobility of the substrate binding loop. This highlights the
importance of integrate the flexibility of the substrate binding loop into de novo design of inhibitors of

ABAD.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The enzyme amyloid-beta (AB) binding alcohol dehydrogenase
(ABAD), also knows as 17B-hydroxysteroid dehydrogenase type
10 (HSD10), is a mitochondrial enzyme which catalyzes the NAD-
dependent reversible oxidation and/or reduction of alcohol groups
in a wide variety of substrates, comprising linear alcohols, steroids,
branched fatty acids, 2-methyl-3-hydroxylbutyryl-coA and B-
hydroxybutyrate.! This broad substrate specificity of ABAD enables
it to participate in several metabolic processes within the mito-
chondria, namely, the oxidation of fatty acids,? degradation of iso-
leucine,> sex steroids metabolism*® and oxidation of steroid
modulators of GABA,4 receptors.®

ABAD is a member of the short-chain dehydrogenase reductase
(SDR) family. It forms a homotetramer (Fig. 1a) from two dimers,
each assembled by back-to-back association of two subunits.”8
Each monomer contains a Rossman fold dinucleotide-binding mo-
tif and the Ser/Lys/Tyr catalytic triad characteristic of the SDR en-
zymes. The most novel aspects of the structure of ABAD arise from
the insertion of two loop regions (called insertion-1 and insertion-
2) relative to other members of SDR family, which extend from
opposite ends of each monomer.

* Corresponding author. Tel.: +351 226082806; fax: +351 226082959.
E-mail address: mjramos@fc.up.pt (M.]. Ramos).
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This enzyme has attracted considerable interest because of its
ability to interact with the AB peptide. Several studies® !* suggest
this interaction provides a link between A B toxicity and the mito-
chondrial dysfunction seen in Alzheimer’s disease (AD). By inter-
acting with ABAD, AB inhibits the normal enzymatic activity of
ABAD,'° promotes oxidative stress'""'? and induces a signal cas-
cade that lead to apoptosis.!'!? Structural studies!!!* about this
interaction have demonstrated that Ap inhibits the ABAD enzy-
matic activity by inducing a conformational change in ABAD struc-
ture which inhibits binding of NAD* to the enzyme. The crystal
structure of ABAD-AB complex'! reveals the highly distorted ABAD
structure, upon AB-binding, but provides no molecular details of
the interface between ABAD and AP due to the lack of electron den-
sity of AB and of the region of ABAD that binds Af. This is perhaps
due to the difficulty in obtaining homogeneous, crystalline A pro-
tein, even as part of a complex with a better behaved protein.
Alternatively, this may simply be due to mobility/disorder in the
AB-binding region of ABAD, for example. The disordering of the
insertion-1 loop, also know as loop Lp, raised the possibility that
this region could be the binding site for AB. Subsequent site direc-
ted mutagenesis studies'! confirmed that Ly loop plays a critical
role in AB-binding. A synthesized peptide encompassing the resi-
dues from this loop inhibited ABAD-AP interaction and when
added to cultured neurons of transgenic mice overexpressing
ABAD and AB, oxidative stress and apoptosis were inhibited.!!
Overall, this data indicates that the ABAD-AP interaction is a
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Figure 1. (a) Tetrameric structure of ABAD in complex with the NAD-inhibitor adduct (pdb: 1U7T). The ligand is represented in ball-and-stick. (b) Structure of the AG18051
(1-azepan-1-yl-2-phenyl-2-(4-thioxo-1,4-dihydro-pyrazolo[3,4-d]pyrimidin-5-yl)-ethanone) inhibitor. (c) Structure of the adduct formed between the inhibitor AG18051
and the cofactor NAD*. The N2 atom of the inhibitor is covalently linked to the C4N atom of the nicotinamide ring of NAD".

potential target for drug development for treatment of AD. In this
way, the search for inhibitors of the ABAD-AR interaction has al-
ready started and a class of benzothiazole ureas have been recently
identified.'®

An inhibitor against human ABAD was also developed.® This
pyrazolo-thionopyrimidine-based inhibitor (Fig. 1b) is the only
known inhibitor of the enzyme and was developed as part of a
structure-based drug design project, with the aim to be used in
the research of ABADs roles both in normal cellular conditions
and in AD pathogenesis. The crystal structure of the ABAD in com-
plex with the cofactor and the inhibitor revealed that the N2 atom
of the inhibitor reacts with the C4N atom of NAD", leading to for-
mation of a tightly bound NAD-inhibitor adduct (Fig. 1a and c).
In this work, we have performed molecular dynamics simulations
of the tetramer, dimer and monomer of the ABAD, in the presence
and absence of this ligand. The aim was to compare the stability of
the different structures and to study the effects of the inhibitor
binding on the flexibility of the enzyme structure. The information
gleaned from these studies might be useful for the rational design
of novel inhibitors of ABAD.

2. Results
2.1. Protein structural features

To assess the stability of the ABAD structures during the MD
simulations, the backbone RMSD values with respect to the initial
structures were calculated along the 10 ns trajectories and are
shown in Figure 2. From this figure, we can be seen that the RMSDs
of the complexed structures are low and remain stable after an ini-
tial period of equilibration. The RMSD of the complexed tetramer
remains around 1.2 A after the first 2.5 ns while the RMSD of the
complexed dimer remains around 1.4 A after the first 1 ns. In both
cases, the individual monomers exhibit similar stabilities. The
RMSD of the complexed monomer was also very stable, oscillating
around 1.4 A during the simulation time. These results indicate
that the complexed structures show a comparable stability during
the explored timescale of 10 ns. In comparison with the complexed
structures, the uncomplexed structures display higher deviations
during the simulation time. Visual inspection of the simulations re-

vealed that this is mainly due to an increase in the flexibility of the
substrate binding loop in the absence of the ligand. After the 6 ns,
the flexibility of this region began to increase more pronouncedly
in three monomers of the uncomplexed tetramer, leading their
RMSDs to increase up to 2.5 A in the last 2 ns of the simulation
time. At about 2 ns, the RMSDs of the dimer and individual mono-
mers jump ~1 A, also due to a large increase in the mobility of their
substrate binding loops. The increase in the RMSD of uncomplexed
monomer between 5 and 7 ns is also derived from an increase in
the flexibility of the substrate binding loop.

In Figure 3 is shown the superposition of one monomer of the
ABAD crystal structure with the average structures, over the last
2 ns, of one monomer of the tetrameric and dimeric structures
and of the isolated monomeric structures. From this figure it is pos-
sible to see that in the absence of the ligand, the substrate binding
loop moves away, opening up the substrate binding cavity. This
outward movement of the substrate binding loop lead to an expan-
sion of the protein and hence, to changes in the gyration radius. As
can be seen in Figure 4, the gyration radius is very stable for the
complexed structures. However, in case of the uncomplexed struc-
tures, the radius of gyration increases when the RMSD increases
due to motion of the substrate binding loop.

The secondary structure was also monitored along the MD tra-
jectories. In all the structures the secondary structure elements
were well maintained (data not shown). The short oEF helix
(residues 157-160) and two 3-10 right-handed helices (residues
187-189, 204-208), one of them located in the substrate binding
loop, were an exception, demonstrating a lower stability.

In order to obtain a more detailed description of the flexibility
of the different structures, the RMS fluctuations of the backbone
atoms were calculated over the last 2 ns and are shown in Figure
5. In this figure, the experimental values (average of the monomers
of the crystal structure) derived from the crystallographic B-factors
are also shown and the positions of important regions of ABAD are
indicated. Although the magnitude of the experimental values is
generally higher than the magnitude of values calculated from
the MD simulations, there is a relatively good agreement in the
fluctuation pattern, especially with the complexed structures.
Comparison of RMS fluctuations between complexed and uncom-
plexed structures, shows that there is an overall increase in protein
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Figure 2. Backbone RMSD as a function of time (with respect to the initial
structure) for the MD simulations of tetrameric (a), dimeric (b) and monomeric (c)
structures. In dark blue is the RMSD for the uncomplexed structures and in black is
the RMSD for the complexed ones. In light blue is the RMSD for the individual
monomers of the uncomplexed tetrameric and dimeric structures. In grey is the
RMSD for the individual monomers of the complexed tetrameric and dimeric
structures.

flexibility in the absence of the ligand and confirms that the largest
change in flexibility occurs in the substrate binding loop. In case of
the tetramer, the other regions showing a clear increase in flexibil-
ity in the absence of the ligand are mainly located in the N-termi-
nal part of the enzyme and make part of the cofactor binding
cavity. In comparison with the tetrameric structures, the mono-
meric and dimeric structures display an increase in the flexibility
of the C-terminal residues immediately after the substrate binding
loop region in protein sequence. In the tetramer most of these res-
idues are buried in the interface between the two dimers and

hence, are quite rigid. The monomeric structures also exhibit an in-
crease in the flexibility of residues 156-166 from the substrate
binding cavity and this is because these residues, which normally
lie in the dimer interface, became solvent exposed in monomer.
Another region that has a higher flexibility in monomeric struc-
tures is the insertion-1 loop and the motion of this loop is shown
in Figure 3. Again, this is related with the fact of many residues
of the insertion-1, which normally lie at the dimer interface, be-
come completely exposed to the solvent in the monomer and
hence see their mobility increased.

2.2. Conformational changes in the inhibitor

Figure 6 shows the RMSD of the NAD-inhibitor adduct along the
10 ns trajectories. From this figure it is possible to see that the li-
gands bound to tetramer and dimer exhibit jumps of ~1 A or high-
er in their RMSDs at different simulation times, suggesting the
existence of conformational changes. In case of the tetramer these
conformational changes start to occur only after the first 1 ns while
for one of the ligands bound to the dimer they start at the very
beginning of the simulation. In contrast, the RMSD of the ligand
bound to the monomer is more stable, fluctuating around 1 A dur-
ing the entire simulation time.

Visual inspection of the trajectories revealed that the jumps in
the RMSDs of the ligands are associated with changes in the con-
formation of the inhibitor part of the adduct, namely, at level of
the azepane and benzene rings. This is illustrated in Figure 7 which
shows the crystal structure of one monomer with the bound ad-
duct superposed with average structures, calculated for each 1 ns
of the trajectory, of one monomer of the complexed tetramer.
Interestingly, the conformational flexibility of the azepane and
benzene rings appears to be related with the flexibility of the sub-
strate binding loop. From Figure 7 it is possible to see that, except-
ing the average structure over the first 1 ns, the other structures
show a small movement of the substrate binding loop away the
binding cavity, creating space around the benzene ring. This space
is then used by this ring to rotate around the C-C8 single bond
(Fig. 1c) in order to achieve a conformation that keeps the hydro-
phobic interactions with the substrate binding loop, namely, with
Leu209. The azepane ring is very flexible, easily changing its con-
formation through a bending motion and/or rotation around the
N-C1 single bond (Fig. 1c). When it completely changes its orien-
tation toward the part of the active site, that is, more accessible
to the solvent, the hydrophobic contacts with Leu217, Leu209
and Val213 from the substrate binding loop are lost.

It is also interesting to note that, in case of the isolated mono-
mer, this conformational flexibility of the benzene and azepane
rings is not observed during the explored timescale, as shown in
Figure 7c. This may be explained by the smaller outward move-
ment of the substrate binding loop in this structure relatively to
those observed in the other structures (see Fig. 3). However, it is
possible that these conformational changes could be observed for
the monomer by extending the simulation time, as in case of the
tetramer, they started to occur later for one of the bound ligands
(ligand showed in green in Fig. 6).

2.3. Hydrogen bonds protein-ligand

The hydrogen bonds between the protein and the ligand were
monitored during the MD simulations and Table 1 summarizes
those with occupancies above 50%. From this table it is possible
to see that the dimer and monomer show similar occupancies for
the hydrogen bonds with the adduct to those found for the tetra-
mer (Table 1), indicating that, despite some differences in the
stability of these structures, the conformations of residues from
the binding cavity are similar. Of the hydrogen bonds listed in
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Figure 3. Superposition of one monomer of the ABAD crystal structure 1U7T (blue) with the average structures over the last 2 ns of one monomer of the complexed (yellow)
and uncomplexed (red) tetramer (a) and dimer (b) and of the complexed (yellow) and uncomplexed (red) isolated monomer (c). SBL, substrate binding loop.
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Figure 4. Radius of gyration as a function of simulation time for the complexed
(black) and uncomplexed (blue) tetramer, dimer and monomer.

Table 1, one is mediated by the inhibitor moiety of the adduct (be-
tween carbonyl oxygen atom and GIn165) and the others are med-
iated by the cofactor moiety. The conformation of NAD" is not
altered with adduct formation beyond movement of the C4 N atom
out of the plane of the nicotinamide ring,® and hence, many of the
hydrogen bonds with NAD", characteristic of the SDR family, are
observed with a high occupancy. The Asp41, whose positioning
in the cofactor binding pocket is responsible for the discrimination
for NADH over NADPH, makes hydrogen bonds with both hydroxyl
groups of the adenine ribose. Residues Val65 and Asp64 interact
with the adenine moiety while Phe201 stabilizes the nicotinamide
ring by making hydrogen bonds with the carboxamide group. Res-
idue Thr203 makes a strong hydrogen bond with one phosphoryl
oxygen. Residues Cys91, Ala92, Lys172 and Tyr168 interact with
the nicotinamide ribose. The interaction between the Lys172 and
the 3’-OH group of the nicotinamide ribose has an important role
in orientating the coenzyme to allow only pro-(S)-hydride transfer,

a feature common to SDR enzymes. The hydrogen bond between
the hydroxyl group of Tyr168, the proton donor in catalysis, and
the 2'-OH group of the nicotinamide ribose, brings the tyrosine
in close proximity to this ring, which is the site of hydride transfer.
In the crystal structure, the inhibitor forms a second hydrogen
bond, through its N1 atom, with the hydroxyl group of Tyr168.
Based on this interaction, Tyr168 was proposed to mediate the ad-
duct formation, by extracting a proton from the N1 atom of the
inhibitor in a similar way when it extracts a proton from the hy-
droxyl group of a bound substrate. The N2 atom of the AG18051
may acquire a negative charge through charge delocalization and
then nucleophilically attack the C4N position of the NAD" nicotin-
amide ring to form a covalent bond. The hydrogen bond between
the hydroxyl group of Tyr168 and the N1 atom of the inhibitor
showed however a very small occupancy (less than 30%). This sug-
gests that in the mechanistic context the hydrogen bond between
Tyr168 and the N1 atom is important only in the pre-catalytic
complex, where the pyrazole ring may have another orientation
because it is not yet bound to the nicotinamide ring of NAD.

2.4. Binding energy protein-ligand

To compare the affinities of the ligand to the tetramer, dimer
and monomer, relative binding energy difference between the li-
gand bound to the monomer and the ligands bound to the tetramer
and dimer were calculated with the MM-PBSA method. The last
2 ns of the trajectories were used in the calculations and the results
are summarized in Table 2. Analysis to this table reveals that there
is an asymmetry in the binding energies obtained for the ligands
bound to the tetramer and to the dimer. In both structures, one
of the ligands has a higher (i.e., more negative) binding affinity,
similar to that obtained for the ligand bound to the monomer. In
case of the tetramer, the binding energies differ in a maximal value
of 5.30 kcal/mol and in case of the dimer they differ in 6.44 kcal/
mol. Given the larger size of the adduct, this asymmetry may be
considered relatively small. It appears to be not directly related
with the different conformations assumed by the inhibitor part
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Figure 5. RMS fluctuations of backbone (evaluated for the last 2 ns) for the
tetramer (a), dimer (b) and monomer (c). The RMS fluctuations for complexed
monomers are in black and for the uncomplexed monomers are in blue. The
experimental RMS fluctuations, derived from the crystallographic B-factors are
shown in dashed line. ACBM, adenine cofactor binding motif; SBC, substrate binding
cavity; SBL, substrate binding loop.

of the ligand as in the last 2 ns the ligands bound to the dimer ex-
hibit a similar trend in their RMSDs. Also, the calculation of the rel-
ative binding energies considering the first 1 ns of the simulation, a
period where the conformations of the ligands bound to the tetra-
mer and monomer are very similar and similar to that of the crystal
structure, also reveal an asymmetry in the binding energies of the
ligands bound to the tetramer (values of relative binding energy
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Figure 6. (a) RMSD as a function of time for the ligand bound to the monomer
(grey) and for the ligands bound to the tetramer (black, red, yellow and green) and
dimer (dark and light blue).

Figure 7. (a) Superposition of one monomer with bound adduct of the crystal
structure of ABAD 1U7T with the average structures over each 1 ns of one of the
monomers of the complexed tetramer. The crystal structure is colored by atom, the
average structure over the first 1 ns is in dark blue and the other average structures
are in brown. (b) Another view of the ligand shown in (a). (c) Average structures
over each 1 ns of the ligand bound to the isolated monomer.
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Table 1

Hydrogen bonds between the NAD-inhibitor adduct and ABAD structures with >50% occupancies during the simulation time

A. T. Marques et al./Bioorg. Med. Chem. 16 (2008) 9511-9518

Protein Adduct® Occupancy (%)
Tetramer Dimer Monomer
1 2 3 4 1 2
Acceptor Donor
Asp41-0D2 03B 99.98 99.42 99.94 67.98 99.81 99.62 99.87
Asp41-0D1 02B 99.99 99.97 99.96 99.92 99.99 99.93 100.00
Asp41-0D1 03B 65.84 60.44 66.08 87.63 69.95 57.19 <50
Asp64-0D2 N6A 68.67 58.8 59.68 66.54 63.53 50.06 50.40
Cys91-0 O3M 73.13 <50 80.53 54.63 57.43 <50 61.71
Ala92-0 O3M 62.40 82.68 53.66 65.05 82.86 87.91 72.22
Donor Acceptor
Val65-N N1A 99.90 99.98 99.90 99.94 99.95 99.97 99.89
GIn165-NE2 (6] 85.09 91.37 89.29 96.34 93.69 99.68 98.09
Tyr168-OH 02M 82.06 86.60 80.94 65.13 86.52 <50 99.59
Lys172-NZ O3M 97.64 94.76 90.80 81.87 99.14 92.68 98.92
Lys172-NZ 02M 86.92 92.54 84.95 95.16 82.72 91.21 75.61
Phe201-NH O7N 99.78 99.82 99.48 99.78 98.83 98.34 90.05
Thr203-0G1 O1N 99.85 98.62 99.59 97.99 98.55 75.30 73.27
¢ The localization of these atoms in the adduct structure is shown in Figure 1c.

Table 2
Relative binding free energy components of the ligands bound to the tetramer and dimer relative to the ligand bound to the isolated monomer (kcal/mol)

Structure AAEe AAEqw AAGsp AAGpg AAGpinding
Tetramer
Monomer1 136 £0.49 5.73+0.71 0.52 +0.02 0.21 +0.49 7.40 + 0.60
Monomer2 —-2.12+0.46 9.74+£0.71 0.48 +0.02 —2.74+0.44 5.36 + 0.60
Monomer3 —5.46+0.48 1.10 £ 0.65 0.19 £ 0.02 7.52 + 0.46 3.34+£0.57
Monomer4 -9.92 +0.52 6.45 + 0.69 0.38 +0.02 5.18 +0.50 2.10 £ 0.59
Dimer
Monomer1 —4.18 £ 0.53 5.55+0.68 0.30 +0.02 4.76 £ 0.46 6.44 + 0.94
Monomer2 5.74 +0.50 2.50+0.71 0.14 £ 0.02 —8.06 £ 0.49 0.33£0.94

vary between 0.77 and —2.95 kcal/mol). This could result from the
existence of cooperativity between the binding sites in tetramer.
However, at least in case of the substrates allopregnanolone
and allotetrahydrodeoxycorticosterone no cooperativity was
observed.®

3. Discussion

In this work, we report 10 ns MD simulations of the ABAD tet-
ramer as well as of the structural units (monomer and dimer) that
assemble to form the tetramer. The crystal structure of ABAD in
complex with a NAD-inhibitor adduct was used to obtain the start-
ing structures and the simulations were performed both in the
presence and absence of the ligand. The aim was to compare the
stability of dimer and monomer with that of tetramer and to study
the effects of the inhibitor binding on the flexibility of the enzyme
structure. Overall, the results indicate that the dimer and monomer
show a comparable stability with that of tetramer. Some regions of
the protein are however more stabilized upon tetramerization gi-
ven that when exposed to the solvent in dimer and monomer they
become more flexible. These regions include the insertion-1 loop,
the C-terminal residues located in the interface between the two
dimers in the tetramer, and some residues of the binding cavity
normally located in the dimer interface. Binding of the cofactor
and inhibitor stabilizes the structures, namely the substrate bind-
ing loop. In the absence of the ligand, this region showed a much
higher flexibility and a movement away from the binding cavity.
A mobile substrate binding loop is present in other members of
the SDR family and is reported to undergo conformational changes
upon substrate binding. This region has been shown to adopt dif-
ferent conformations in SDR enzymes, depending on the pres-

ence/absence of the cofactor or substrate.'®"'® In case of ABAD,
insights into conformational changes in the substrate binding loop
upon substrate binding were obtained from the comparison of the
crystal structures of the rat ABAD as a binary complex with NADH,
as a ternary complex with NAD" and acetoacetate, and as a ternary
complex with NAD* and 17p-estradiol. The substrate binding loop
is disordered in the first crystal structure, keeps disordering in the
presence of 17B-estradiol but becomes ordered in the presence of
acetoacetate. A structure of the ABAD apoenzyme is not yet avail-
able and hence, the mechanism of loop closure in this enzyme can-
not be completely delineated. Our MD simulation of the
uncomplexed tetramer (i.e., apoenzyme) shows a conformational
transition of the substrate binding loop from a closed to an open
conformation. Despite the disordering of the substrate binding
loop in all subunits of the binary complex with NAD", one of the
subunits with bound NAD" of the ternary complex with 17p-estra-
diol and NAD" displayed the substrate binding loop in a ordered
and closed conformation. Taken together, this data seems to sug-
gest that the substrate binding loop may be in the open conforma-
tion in the ABAD apoenzyme and that loop closure may be induced
by NAD* binding alone.

An interesting result emerging from this work is the conforma-
tional flexibility exhibited by the azepane and benzene rings of the
inhibitor moiety of the adduct, which appears to be related with
the mobility of the substrate binding loop. During the simulation
of the complexed structures, the substrate binding loop moves to
a more open conformation, leading to the weakening or loss of
the hydrophobic interactions with the azepane and benzene rings
of the inhibitor. The azepane ring sample many conformations,
while the benzene ring reorientates inside the more spacious bind-
ing cavity in order to keep the hydrophobic interactions with the
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loop. These results highlight the importance of integrate the flexi-
bility of the substrate binding loop into de novo design of inhibi-
tors of ABAD.

In structure-based drug design studies, where generally many
ligands are tested and ranked according to their binding energies,
the use of a small part of a large protein system may allow to save
considerable computational time. In this sense, the used of a
monomer of ABAD in this type of studies is tempting. Our MD sim-
ulations revealed that the tetramer and monomer exhibit similar
stability, similar protein-adduct hydrogen bonding pattern and rel-
atively similar protein-ligand binding energies. However, the sub-
strate binding loop is not so flexible in the monomer and because
of this the conformational changes in the inhibitor were not ob-
served during the explored timescale. Taken together, these results
suggest that the isolated monomer may be used as a simplified
model of ABAD but with some limitations.

4. Materials and methods
4.1. Model setup

The X-ray crystallographic structure of ABAD complexed with
the NAD-AG18051 adduct (Protein Data Bank entry 1U7T)!! was
used to obtain the starting structures for the MD simulations. In
this structure the inhibitor is bound only in three of the four mono-
mers, as the fourth monomer is involved in a crystal packing inter-
action which leads to a narrowing of the binding cleft, precluding
inhibitor binding. Thus, the fourth monomer was replaced by one
of the others in order to obtain the complete tetramer. The first
six amino acids of each monomer were not resolved in the crystal
due to the absence of electron density. The incomplete side-chains
of twelve amino acids were reconstructed with the Biopolymer
module of Insightll software.!® Standard physiological protonation
states were attributed to all amino acids (deprotonated Glu and
Asp, protonated Lys and Arg, remaining amino acids neutral).

The structure of the complexed dimer and monomer were ob-
tained through deletion of one of the dimers and of three mono-
mers in the tetramer structure, respectively. The structures of the
uncomplexed tetramer, dimer and monomer were obtained
through deletion of the ligand(s). All the six structures of ABAD
were subjected to molecular dynamics.

4.2. Molecular dynamics

All simulations were done with the AMBER 8.0%° software and
the Cornell force field?! was used for the protein. The antechamber
program, in combination with the general amber force field,?> was
used to generate parameters for the ligand. The atomic point
charges of the ligand were determined using the restrained elec-
trostatic potential (RESP) procedure,?® based on HF/6-31 calcula-
tions conducted with Gaussian03 program.?* After addition of
hydrogen atoms with the program Xleap, the structures were
charge neutralized and then solvated by a truncated octahedron
of TIP3P waters with a minimum of 16 A (monomeric structures)
or 20 A (dimeric and tetrameric structures) water layer between
the octahedron edges and the nearest solute atoms. The structures
were energy minimized in three consecutive rounds, each of which
consisting in 5000 steps (2000 of steepest-descent and 3000 of
conjugate gradient). Positional restraints on the heavy atoms and
protein main-chain atoms (C,, C, N) were applied in the first and
second rounds, respectively. In the third round the whole system
was minimized. After full relaxation, the structures were heated
up from 0 K to 300 K in 50 ps. Finally, 10 ns of MD simulations at
300K and 1 atm were carried out. Bond lengths involving hydro-
gens were constrained using the SHAKE algorithm,?® and the equa-

tions of motion were integrated with a 2-fs time step. The
nonbonded cutoff distance was 10 A and the Particle Mesh Ewald
(PME) method?® was used to calculate the full electrostatic energy
of the periodic simulation cell in an infinite lattice of repeating
images. The temperature of the system was regulated using the
Langevin thermostat.?’

4.3. Analysis

The Ptraj module of Amber 8.0?° and the VMD?® program were
used for all the analyses. The gyration radius and the root mean-
square deviation (RMSD) of the backbone atoms from the initial
structure were calculated for the different trajectories. For each
trajectory, the average structure was calculated after mass
weighted backbone RMS fit of every frame to the first frame in
the trajectory to remove translational and rotational motion. Root
mean-square (RMS) fluctuations of the C, atoms were calculated
for the last 2 ns of the MD trajectories after removal of transla-
tional and rotational motion of the ABAD structures. The hydrogen
bonds were computed according to the following criteria: (1) the
distance between proton donor (X) and acceptor (Y) atoms was less
than or equal to 3.5 A, (2) the angle X-H...Y was greater than or
equal to 120°.

The relative binding energy difference between the ligand
bound to the monomer and the ligands bound to the tetramer
and dimer was calculated as:

AAGbinding = AGisolated monomer — AGmonomer in tetramer/dimer (1)

The MM-PBSA method,?® implemented in AMBERS, was used to
estimate the binding free energies of the ligand to the different
ABAD structures. In the MM-PBSA approach, the binding free en-
ergy of a ligand is calculated as the difference between the free
energies of the complex and the separate monomers (protein and
free ligand):

(Gprotein + Gligand) (2)

The free energy of each species (complex, protein and ligand) is
calculated by summing the internal energy (bond, angle and dihe-
dral), the electrostatic and the van der Waals interactions, the free
energy of polar solvation, the free energy of nonpolar solvation,
and the entropic contribution for the molecule free energy:

AGbinding = Gcomplex -

Gmolecule = Eint + Eele + Evdw + GPB + GSA -TS (3)

The last 2 ns were used to calculate these energy terms. The
Sander program was used to calculate the first three terms in Eq.
(3), which represent the molecular mechanics energy. The nonpo-
lar contribution to the solvation free energy was estimated from
the equation: Gsp = PSASA + b, where SA is the solvent-accessible
surface area calculated with the Molsurf program. The empirically
determined parameters 7 and b are 0.00542 kcal mol~! A=2 and
0.92 kcal mol~, respectively.3® The polar contribution to the solva-
tion free energy was calculated by solving the Poisson-Boltzmann
equation with the program Delphi.>! The interior dielectric con-
stant was set to 4 as the experimental value of dielectric constant
for proteins is ~4. The exterior dielectric constant was set to 80.0.
The entropy contribution for the binding energy is expected to be
very similar for the ligand in complex with the monomer, dimer
and tetramer and hence, to cancel out when computing the
AAGpinding.
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