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Abstract β-Secretase (BACE) is a very promising target in
the search for a treatment for Alzheimer’s disease using a
protein–ligand inhibition approach. Given the many pub-
lished X-ray structures of BACE protein, structure-based
drug design has been used extensively to support new in-
hibitor discovery programs. Due to the high flexibility and
large catalytic site of this protein, sampling of the huge
conformational space of the binding site is the big challenge
to overcome and is the main limitation of the most widely
used docking programs. Incorrect treatment of these pitfalls
can introduce bias into ligand docking and could affect the
results. This is especially the case with the WY-25105
compound reported by the Wyeth Corporation as a BACE
ligand that did not fit into any of the known crystal struc-
tures. In the present retrospective study, a set of available X-
ray enzyme structures was selected and molecular dynamics
simulations were conducted to generate more diverse repre-
sentative BACE protein conformations. These conforma-
tions were then used for a docking study of the WY-25105
compound. The results confirmed the need to use an ensem-
ble of structures in protein–ligand docking for identification
of new binding modes in structure-based drug design of
BACE inhibitors.
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Introduction

The membrane-associated aspartyl protease β-secretase
(BACE) is involved in the early steps of amyloid precursor
protein (APP) cleavage and is one of the most pharmaco-
logically important and intensely investigated targets in the
pathogenesis of Alzheimer’s disease (AD) [1–8]. The cleav-
age of APP initiated by BACE generates the β-amyloid
peptide of 40 or 42 amino acids. The aggregation of this
peptide in the brain is believed to lead to the development of
AD [9]. Inhibition of this enzyme by small molecules
(BACE inhibitors) is expected to prevent the build up of
β-amyloid plaques [2–6, 10]. The first inhibitors identified,
e.g., OM99-2, were peptidomimetics imitating the peptide
chain to be cleaved [11]. However, due mostly to poor
metabolic stability, high molecular weight and production
costs, peptide-based inhibitors were replaced by smaller
heterocyclic molecules and low-molecular-weight core
structures (fragments) that initially interact weakly with the
target molecule but could be optimized into higher affinity
ligands [4, 5, 12, 13]. With the advancement in high-
throughput screening of large compound collections and
the availability of X-ray structures of the protein, more and
more structure-based studies have been conducted to find
even more desirable small molecules that could pass the
blood–brain barrier [14, 15]. Several X-ray structures
containing compounds blocking the BACE active site have
been published, all showing an interesting common feature:
the presence of a flap closed down on the inhibitor in the
protease [15–20]. These constitute a reliable source of data
for a protein–ligand docking approach, a structure-based
method used widely in drug discovery that has been suc-
cessful with several protein families [21–24]. However, it is
now clear that a flexible receptor is one of the most chal-
lenging problems for docking and scoring functions, besides
others limitations like the presence of water, tautomers, and
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protomer treatments. Thus, most popular protein-ligand
docking programs available today do not correlate well with
measured activities and do not predict the binding free
energies of the correct binding poses [23–25].

Despite much effort in the research community to devel-
op new improved and accurate scoring functions, the per-
formance of existing functions depends strongly on energy
function, free energy perturbation and, most importantly, on
the target structure under investigation. The impact of the
target structure is due mainly to the lack of incorporation of
receptor flexibility and its rearrangements in the prediction
of both ligand binding poses and binding scores [23, 25,
26]. Furthermore, the three-dimensional (3D) structure used
to perform the protein–ligand docking study could introduce
bias into the quality and accuracy of the results [27, 28]. It
has also been demonstrated that the lack of the correct
protein conformation greatly affects the accuracy of most
popular scoring functions currently available in the literature
[29]. This is why it is important to pay attention to the
structural flexibility of the receptor when searching for
new small molecular inhibitors of BACE. Such structural
flexibility is especially suited to help address the challenges
presented by its large catalytic site and low specificity for
small molecules. The use of experimentally determined and
computationally generated multiple receptor conformations
may significantly improve performance of both docking
poses and scoring [25, 27, 28, 30].

Initial structural studies on BACE showed that the overall
structure was not very different from other aspartic proteases
but that a large conformational change is seen upon sub-
strate or inhibitor binding [31]. The presence of a flap
(residues 68–74) closing down on the target peptide chain
led to the idea that this could be exploited to create speci-
ficity for designed inhibitors [32–34]. Thus, the flexibility of
this part of the active site became the subject of many
modeling studies, examining flap behavior during molecular
dynamic (MD) simulations, normal mode analyses or essen-
tial dynamic analysis [34–37]. In addition, the 10s-loop

(residue 9–14) was also expected to exhibit some mobility
and could be a second site for ligand binding, making
BACE a challenging protein target.

Several other studies have used structure-based theoreti-
cal methods in order to develop BACE inhibitors [38–40].
In 2006, Wyeth reported their hit compound WY-25105
containing an acylguanidine moiety that can form an unusu-
al binding mode involving the two catalytic Asp residues
(Asp32 and ASP228), with a flap fully open BACE1 active
site (Fig. 1a) [41]. Such large opening of the flap had been
observed previously in other protease X-ray structures like
renin, but never in BACE. Surprisingly, the flap opening
was very wide and not even the most open apo X-ray
structure of the β-secretase protein (PDB code: 1SGZ)
allows the acylguanidine compound to be docked [34,
41–43]. Binding of this inhibitor was also made possible
due to rotation of the flap at Tyr71, accessing a conforma-
tion seen only in the BACE apo structure 1SGZ. This
conformation was considered unstable or even an artifact
of the crystal structure (F) [28, 34, 43, 44]. According to all
these observations, the challenge detailed in this work was
to use multiple receptor conformations of the BACE protein,
generated by MD simulations, to find a conformation that
allows docking of the acylguanidine WY-25105 compound
in a specific way; similar to the binding mode as shown on
the presented poster to guide design of new BACE inhibi-
tors [41, 45, 46]. This study was carried out before the X-ray
structure was published in the RCSB Protein Data Bank
(PDB) with code 2QU2, but the outcome will be compared
to it [47].

Methods

MD simulations

To obtain the most diverse flap conformation ensemble, and
to see whether different initial conformations could lead,

Fig. 1 a Wyeth compound
WY-25105. Its binding mode
between the catalytic aspartic
acids Asp32 and Asp228 and the
acylguanidine moiety in the
X-ray structure was reported by
Cole et al. [41]. b Results of
WY-25105 docking in one of
the conformations of 1SGZ
generated by molecular
dynamics (MD) simulations
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through MD simulations, to a suitable flap opening for
docking, two crystal structures (open and closed flap) were
downloaded from the PDB database: the apo structure of
BACE 1SGZ and a closed flap holo protein conformation
2B8L (Fig. 2) [18, 43]. From both structures, chain A was
selected, crystallographic water molecules kept, and inhibi-
tor removed. The protonation state of the proteins was
prepared using Maestro Protein Prep [48]. Several studies
have investigated the protonation state of catalytic aspartate
(Asp32 and Aps 228) and shown that they could adopt both
protonated or deprotonated configuration but this depended
on the nature of the ligand involved [49, 50]. In our study,
the aspartyl dyad (Asp32 and Asp228) was left deprotonated
because Rajamani et al. [51, 52] suggested that the apo form
of the protein is in the deprotonated state, and the
acylguanidine compound, as shown in the published poster,
clearly interacted with deprotonated Asp. VMD software
was used for Charmm27 psf file generation of the apo pro-
teins and system solvation. NAMD was used for all MD
simulations and molecular mechanic calculations on a 24
processor SGI Origin 300 cluster [53–55].

In order to equilibrate the solvated proteins, while
retaining the initial X-ray structure conformation as much
as possible, we developed the following system preparation
process: (1) Run a short 500 steps steepest descent minimi-
zation, all atoms free to move, in order to relax the crystal-
lographic structure; (2) The system was then neutralized
with Na+ or Cl− ions and solvated within a TIP3P water
box of 12 Å around the protein followed by 6,000 steps of
MD simulation to heat the box and 10,000 steps of volume
equilibration, the protein being kept rigid; (3) Once all
cavities of BACE seemed to be correctly solvated, in par-
ticular the active site, all TIP3P water molecules beyond 6 Å
were removed and the whole remaining system was solvated
again with an additional 11 Å box of water (final count of
TIP3P residues about 15,500); (4) Four successive 4,000-
step minimizations were run on the system, first with back-
bone fixed and side chains restraints, then with both de-
creasing restraints and eventually all protein atoms free; (5)
Heating to 300 K with a small constraint on the backbone

for 6,000 steps and final volume equilibration for 60,000
steps at 300 K. This entire preparation sequence was coded
in our in-house program MolDys, which allows one to
prepare any proteins within the force field values trying to
disturb the initial X-ray conformation as little as possible.
Simulation length for trajectories production was 10 ns for
2B8L and 6 ns for 1SGZ. For all MD simulations, the
temperature was controlled with Langevin dynamic, pres-
sure with the Nose-Hoover method, and long-range electro-
statics were treated with a particle mesh Ewald grid with a
timestep of 2 fs and multiple timestep parameters [56, 57].

Docking

Molecular docking to study binding of the WY-25105 mol-
ecule to the BACE conformations extracted from MD sim-
ulation was performed using version 3.1 of the Gold
program [58]. The binding pocket for each conformation
was defined around the catalytic site, between the two Asps
and the flap. Docking was performed with default settings
mode. For each conformation, a unique pose that had the
highest Gold Score was selected for further analysis of
binding mode.

Results

Simulations

All trajectories were checked by RMSD analysis and atomic
fluctuations (Fig. 3). The overall conformation of the two
initial structures was quite stable in the simulations. Most of
the differences were observed between the flexible loops
and the flap on the top of the active site. Atomic fluctuations
showed that the behavior of the two proteins was relatively
similar.

Two major parameters were checked carefully during the
simulations: (1) the flap opening, by measuring the distance
between Cα of Asp32 and Cα of Tyr71 (Fig. 4), and (2) the
orientation of the Tyr71 with Chi1 vs Chi2 plots (Fig. 5).

Tyr7

Trp7

Asp228Asp3

BACE: 2B8L & 1SGZFig. 2 Left Superimposition of
β-secretase (BACE) 2B8L
(green) and 1SGZ (brown)
crystal structures. Right
Comparison of the localization
and orientation of key catalytic
residues (Asp32, Asp228,
Trp76 and Tyr 71)
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The 10s loop fluctuation was also measured but is not reported
here as it is not involved directly in binding our ligand of
interest. The trajectories have shown that, irrespective of the
initial conformation, both structures have sampled a large con-
formational space of the flap over the active site in a reduced

timescale, just as previously observed [34, 59]. For 2B8L, the
flap adopted a swing motion, as already observed in other
simulations, leading to a wider active site. The Tyr71–Asp32
Cα distance varies from 11 to 15 Å, corresponding to the
breaking of the well-known Tyr71–Trp76 H-bond [34, 37].
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Fig. 3 a Atomic fluctuations
[root mean square fluctuations
(RMSF)] of BACE backbone
atoms during full MD
simulations. The flap region is
noted. b X-ray structure 2B8L
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However, when this H-bond was broken, Tyr71 had more
freedom to move, and kept a similar orientation exchanging
between two major conformations (Fig. 5). For the 1SGZ
simulation, the flap opened an even wider active site, starting

from 14 Å to 19 Å during the first 6 ns. Tyr71 kept the initial
conformation with very small variations. This supports the idea
that this original orientationmay not be a crystallization artifact,
but may be linked to the widest opening of the active site [34,

OH

Cα

chi2

chi1

Fig. 5 Chi1/Chi2 representation of 2B8L (left) and 1SGZ (right) during the entire MD simulation. For 2B8L, color coding indicates evolution
during the simulation

Fig. 6 a Interaction of compound WY-25105 with residues at 4 Å that
constitute the binding site in the selected conformation #2775 from the
MD simulation. b Superimposition of conformations taken directly
from the docking (green) and the crystal structures 1SGZ (brown)

and 2B8L (gray). The large opening of the flap in the simulation-
extracted #2775 conformation and the orientation of Tyr 71 gave the
best docking result and was found to agree well with the experimental
X-ray structure
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60]. Taken together, these two simulations (though quite short
in time) suggest that the “H-bond lock” between Trp76 and
Tyr71 needs to be broken to open the flap, and, when the flap is
at its maximum, Tyr71 may change its orientation.

Docking

Flap opening graphs and Tyr71 orientation plots showed
that many new conformations were available to search for
a new structure capable of docking the acylguanidine WY-
25105 compound. A selection of 400 conformational snap-
shots was made from 1SGZ simulation, as in the 2B8L
simulation in which Tyr71 has not taken the expected ori-
entation, but was quite close. As no clustering tool capable
of managing such large structures was in our hands at that
time, selection was made by selecting one conformation
every 15 ps to be sure to catch rare events that could appear
during the MD simulation.

Structures selected for docking were extracted from the
simulation and converted to pdb format. All water mole-
cules and ions were removed. Protonation states were kept
as for the simulation; in particular, the aspartyl dyad was left
deprotonated. Gold docking software with default parame-
ters was used to dock the acylguanidine WY-25105 com-
pound, asking for one unique solution for each protein
structure [59]. In order to make an initial guess to compare
the 400 docking pose results, the WY-25105 molecule was
placed manually into the 1SGZ active site, without consid-
ering steric clashes, in order to reproduce as much as possi-
ble the observed pose in the published poster as the X-ray
structure was not available at that time (Fig. 1b) [41, 59].
This virtual pose was then used to calculate the RMSD of
the ligand with all docking results. Careful visual inspection
of the 25 closest docked compounds was conducted and a
final result was selected: protein conformation #2775
seemed to be in excellent agreement with the published
results. This binding mode of compound WY-25105 is
shown with residues located at maximum 4 Å in Fig. 6.
Superimposition of the conformation taken directly from the
docking and crystal structures 1SGZ and 2B8L helps to

highlight the large opening of the flap in the simulation-
extracted #2775 conformation, in particular the orientation
of Tyr 71.

By the time this work was finished, the article corre-
sponding to the poster of Cole et al. [41, 59] was published
and the X-ray structure deposited in the PDB (2QU2).
Interestingly, the overall RMSD between the X-ray structure
and the simulation-extracted #2775 conformation was
1.63 Å on all heavy atoms. When considering only residues
within a 10 Å radius around the inhibitor, this value went
down to 1.46 Å (Fig. 7) showing a very similar active site
conformation around WY-25105. The docked complex
(simulation-extracted protein and WY-25105 compound)
was further minimized using Macromodel, with implicit
solvation and 2,500 conjugated gradient steps with the
OPLS2001 force field. The 10 Å radius RMSD fell to
1.39 Å. Excellent agreement was found for most active site
residues between this minimized #2775 conformation and
the X-ray structure, from Tyr71, Asp32 and Asp228 and the
residues constituting the S1 and S2’ pockets (Fig. 7).

Conclusions

In the present work, we generated multiple receptor conforma-
tions from BACE crystal structures, then carried out flexible
docking of compound WY-25105 for the most representative
conformations. We have shown that this strategy allows sam-
pling a larger conformational space than normally available,
which improves docking as well as facilitating exploration of
unusual binding modes. The following important prerequisites
are necessary to conduct this work:

– Sufficient information concerning the final experimen-
tal structure is needed: in the present case the confor-
mations of Tyr71, Asp32 and Asp228 and the inhibitor
structure were used as restraints to generate the adapted
conformation and select the final docking pose.

– While multiple receptor conformations may improve
docking prediction, too many additional conformations

Fig. 7 Active site of BACE
with the 2QU2 X-ray structure
in green. The selected
conformation #2775 from the
MD simulation is in orange and
the docked ligand is in blue.
Left Conformation taken
directly from the docking, right
conformation of the MD-
docked complex minimized
with Macromodel
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increase the chance of false positives in the case of
docking of a large compound collection.

– The final important point is the selection of the
starting structure used for the MD simulation. It
should be representative of most of the binding site
conformations and not an artifact of an incorrect pose
prediction or false positive in virtual screening. In the
case of BACE, several studies have shown that the
overall structure of the protein does not change during
MD simulations and also that the flap can open and
close in a short timescale. Thus, careful choice of the
initial X-ray structure is a major prerequisite, as
strong residue reorientation cannot occur during a
single simulation, as seen for 2B8L.

In conclusion, the present retrospective study with short
timescale simulations clearly demonstrates that MD and
docking calculations are able to discriminate the selectiv-
ity of the investigated protein and provide significant
contributions to underlying structural determinants of this
selectivity. This gives an overview of how great a contri-
bution the inclusion of receptor flexibility in MD could
make to improving protein–ligand docking. However,
even if sufficient to catch an adequate conformation for
our docking purposes, this 10-ns simulation seems insuf-
ficient to fully open the flap of the 2B8L structure. It has
been shown that the chi1/chi2 of Tyr 71 of 2B8L did not
sample the space covered by the 1SGZ flap. Finally, the
authors recommend the following multiple receptor con-
formation in protein–ligand docking calculations with re-
cent advances in high-performance MD simulation,
quantum mechanics simulation, mixed mode Monte
Carlo/stochastic dynamics simulations and with the ability
to generate very long continuous trajectories (microsecond
to millisecond timescale) as a powerful tool to mimics
receptor flexibility [61, 62]. This could be used alone, in
parallel, or in combination with other computational
modeling approaches (e.g., soft-receptor docking,
induced-fit docking, grid-based protein-ligand docking)
to attempt to incorporate different types of motions into
the docking procedure [28, 46, 63].
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