International Journal of

UANTUM

WWW.Q-CHEM.ORG

FULL PAPER

HEMISTRY

Molecular Insight into the Interaction Mechanisms of
Amino-2H-Imidazole Derivatives With BACE1 Protease: A

QM/MM and QTAIM Study

Esteban Gabriel Vega-Hissi, ' Rodrigo Tosso,® Ricardo Daniel Enriz,™

and Lucas Joel Gutierrez*!

In this study, we described quantitatively the interactions
between two new amino-2H-imidazole inhibitors ((R)-1t and
(S)-1m) and BACE1 using a hybrid quantum mechanics-
molecular mechanical (QM/MM) method together with a quan-
tum theory of atoms In Molecules (QTAIM) analysis. Our com-
putational calculations revealed that the binding affinity of
these compounds is mostly related to the amino-2H-imidazole
core, which interact tightly with the aspartate dyad of the
active site. The interactions were stronger when the inhibitors
presented a bulky substituent with a hydrogen bond acceptor

Introduction

Alzheimer’s disease (AD), the most common cause of dementia
in the elderly, is a devastating ailment that affects millions of
people worldwide."®' This neurodegenerative disorder pro-
gresses as a general decline in brain function, initially affecting
one’s cognitive abilities and memories and eventually resulting
in incapacitation and death. As the recognition of their central
role in APP processing, secretases have been identified as a
possible target for therapeutic intervention of AD. a-Secretase
has not been targeted because its APP cleavage site is located
in the A region and does not lead to the formation of Af
deposits. However, both f- and y-secretases have been sug-
gested as targets to inhibit A formation and thereby stop the
progression of AD.*

The first step in the processing of APP to generate Af is
cleavage by the aspartyl protease f-secretase, or BACET. This
step is followed by y-secretase cleavage, resulting in Af pep-
tides of different lengths. One form of the degradation prod-
uct, Af,, is thought to be particularly pathogenic.”® Analyzing
in detail the pathological mechanism of AD, BACE1 emerges
as an attractive molecular target for AD treatment. Regarding
this, the development and optimization of BACET inhibitors to
lower the concentration of Af in the brain may prevent or
cure AD.

In the last decade, many compounds have been synthesized
to inhibit the proteolytic activity of BACE1.”~®! Recently, Ghosh
and Osswald have reported a review about BACE1 inhibitors
for the treatment of AD.'® However, despite extensive
research, the identification of a potent BACE1 inhibitor, effica-
cious in man, has proven to be a challenge.""™"® Two main
structural kinds of BACE1 inhibitors may be found in the
bibliography: transition state isosteres of the peptide

Wiley Online Library

]

motif pointing toward Trp76, such as the 3,5-dimethyl-4-
methoxyphenyl group of compound (S)-1m. Furthermore, the
QTAIM analysis revealed that many hydrophobic interactions
complement cooperatively the hydrogen bond which is not
present when compound (R)-1t is bound to the enzyme. The
combined QM/MM-QTAIM analysis allows identifying the inter-
actions that account for the activity difference between com-
pounds, even at a nanomolar range.
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substrate"*">! and cyclic structures with an amidine or guani-

dine moiety, that interacts with the aspartate catalytic dyad of
BACE1."2% Two new inhibitors that belong to the cyclic
structures group have been recently reported (Fig. 1).

These compounds possess a very interesting pharmacologi-
cal profile for AD treatment. Among other properties, they
have shown: (i) high BACE1 inhibitory activity in an enzymatic
assay, (ii) significant BACE1 inhibitory activity in cell assays,
(iii) a good cell permeability, and iv) good selectivity versus
hERG channel. Moreover, compound (5)-1Tm has produced
time-dependent decreases of Af4o and Af,, levels in plasma,
brain, and CSF in an animal study. Gravenfors et al. have syn-
thesized and cocrystallized these two compounds within the
BACE1 active site!® These authors have modified the
amidine-containing core structure to investigate changes in
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Figure 1. Molecular structure of the two studied amino-2H-imidazole inhibi-
tors. a) Compound (R)-1t: Rs: 5-(prop-1-ynyl) pyridin-3-yl; R,: cyclopropyl. b)
Compound (S)-1m: Rs: pyrimidin-5-yl; R,: 3,5-dimethyl-4-methoxyphenyl.

enzyme inhibition and different physicochemical properties
related to its biological activity. According to the crystal
structure, compounds (R)-1t and (5)-1m have displayed a sim-
ilar binding mode within the active site of BACE1. Therefore,
it is not possible to explain the stronger inhibitory effect of
(S)-1m only from the experimental data available. Clearly, the
description at molecular level of the different interactions
that stabilize and destabilize the formation of both molecular
complexes is critical to understand the different biological
behavior observed. Furthermore, such information might be
useful for the development of new inhibitors with higher
potency.

Therefore, to provide a proper description of the intermolec-
ular interactions, it is necessary to consider their nature. In
that sense, it is clear that hydrogen bonds are by far the most
important specific interactions in biological recognition proc-
esses. However, other interactions ranging from strongly elec-
trostatic ones to strongly dispersive ones, such as the
dihydrogen bonds, halogen bonds, stacking interactions, dis-
persion interactions, and X—H ---7 interactions, have been the
subject of extensive investigations.?"! As the noncovalent
interactions generally are weaker than the covalent ones, it is
evident that they are more difficult to be properly described.
However, recent advances in computational calculation of the
electron charge density have made possible the proper
description of the three-dimensional network of bonding and
nonbonding interactions in different biological systems?>~2°
in the context of the quantum theory of atoms in molecules
(QTAIM).2” Thus, it is now possible to study more accurately
the effects of substitutes ligands (bearing small structural
modifications) when they interact with their biological
receptor.

The main aim of this work is to describe quantitatively the
interactions between inhibitors (R)-1t and (S)-1m and BACE1
from a theoretical point of view. Thus, we have used a hybrid
quantum mechanics-molecular mechanical (QM/MM) method
in combination with a QTAIM analysis to investigate in detail
the binding of this class of inhibitors to the BACE1.
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Methods and Computational Details
Molecular model building scheme

The structural models used in this study were obtained from
the X-ray crystal structures of the BACE1-(R)-1t and BACE1-(S)-
Tm complexes (protein database codes 4B1C and 4B1D,
respectively). The missing loops were built by structural super-
position between our model and selected crystal coordinates
using Chimera software.”®! Residues 158-169 were built from
the crystal coordinates of one of the most highly resolved
complete structure of BACE1 published so far, protein data-
base code: 1SGZ.** Due to the long distance from the recog-
nition surface and its inherent flexibility, the conformations
adopted by this loop during our simulations do not influence
the binding mode. In agreement with the accepted reaction
mechanism for pepsin-like enzymes, the catalytic residues,
Asp32 and Asp228, were modeled in a protonated and depro-
tonated state, respectively.?°=*! Other ionizable groups were
assumed as its ionization state at pH 7.0.

Molecular dynamics simulations and MM-GBSA analysis

Molecular dynamics simulations (MD) and subsequent struc-
tural analysis were done with the Amber12 package.*® The
all-atom force field ff99SB"”! was used to describe the com-
plexes whereas the waters were represented by the TIP3P
model. Each model was soaked in a truncated octahedral peri-
odic box of TIP3P water molecules. The distance between the
edges of the water box and the closest atom of the solutes
was at least 10 A. Sodium ions were added to neutralize the
charge of the system. The entire system was subjected to
energy minimization.

In the next place, each system was then heated in the NVT
ensemble from 0 to 300 K in 500 ps and equilibrated at an iso-
thermal isobaric (NPT) ensemble for another 500 ps. A Lange-
vin thermostat™® was used for temperature coupling with a
collision frequency of 1.0 ps~'.The particle mesh Ewald (PME)
method was used to treat the long-range electrostatic interac-
tions in a periodic boundary condition.*® The SHAKE method
was used to constrain hydrogen atoms. The time step for all
MD is 2 fs, with a direct-space, nonbonded cutoff of 8 A.
Finally, the production was carried out at the NPT ensemble
running three independent simulations with length limited to
20 ns, accounting for a total simulation length of 60 ns for
each system. The only difference between replicates was the
initial velocity assignments at the beginning of the dynamics.

MM-GBSA™® binding free energy (AGying) resulting from the
formation a RL complex between a ligand (L) and a receptor
(R) was calculated as:

AGpind=AEym +AGso-TAS (1)
AEMM :AEinternal +AEeIectrostatic +AEvdw (2)
AGso=AGgg +AGsp 3)

where AEym, AGg,, and -TAS are the changes of the gas
phase MM energy, the solvation free energy, and the
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conformational entropy upon binding, respectively. AEum
includes AFiemal (bond, angle, and dihedral energies),
AEqlectrostatic (€lectrostatic), and AE,q,, (van der Waals) energies.
AGg,), is the sum of electrostatic solvation energy (polar con-
tribution), AGgg, and the nonelectrostatic solvation component
(nonpolar contribution), AGsa. Polar contribution is calculated
using the GB model, while the nonpolar energy is estimated
by solvent accessible surface area (SASA). It should be noted
that although the employment of the SASA term gave good
results in this work, is under intensive debates and alternative
methods to calculate the nonpolar energy contribution can be
found in the literature.*’**" The conformational entropy
change -TAS is usually computed by normal-mode analysis,
but in this study the entropy contributions were not calculated
due to the computational cost involved in such calculations.

QM/MM analysis

Partitioning strategy and ONIOM setup. A two-layer ONIOM
(QM/MM) method has been used.*# The compounds, (R)-1t or
(S)-1m, and the side chains of the residues that have at least
one heavy atom within 4 A from the ligand molecule (first
shell residues) were incorporated into the high-level QM layer.
The chosen cutoff value has resulted from a compromise
between computational cost and efficiency, as has been dis-
cussed elsewhere.*>*®" Moreover, the partitioning scheme
used was designed to obtain an appropriate low-value in the
substituent value test (S-value).**’ The remainder of the sys-
tem was incorporated into the low-level MM layer. Only the
geometry of the QM layer was fully optimized. Computations
were carried out at the ONIOM (B3LYP/6-31G(d):Amber)EE and
ONIOM (B3LYP-D/6-31G(d):Amber)EE levels,*’ % where EE rep-
resents the electronic embedding scheme. Electronic embed-
ding incorporates the partial charges of the MM layer into the
quantum mechanical Hamiltonian, providing a better descrip-
tion of the electrostatic interaction between the QM and MM
layers (as it is treated at the QM level) and allowing the QM
wavefunction to be polarized.*” The MM parameters absent
in the standard AMBER force field®" were included from the
generalized amber force field (GAFF).>%

Quantum mechanics binding energy calculations. The binding
energy (AEpinging) between the inhibitor and the binding site
residues (QM layer including backbone atoms of the binding
site residues) of both, BACE1-(R)-1t and BACE1-(S)-1m com-
plexes, was computed as single-point energy calculations at
the B3LYP/6-31G(d) and B3LYP-D/6-31G(d) levels of theory,

according to the following equation:©*

AEbinding = Ecomplex - Einh _EBindingSite +BSSE (4)

where Ecomplexs Einhy @Nd Egingingsite are the energies of the
inhibitor bound to the binding site residues, the isolated inhib-
itor, and the residues of the binding site, respectively. The
BSSE term accounts for the basis set superposition error cor-
rections.”**>) The geometries of both systems were obtained
from the ONIOM optimization. All of these calculations were
carried out with Gaussian 09 suite of programs.©®
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Atoms in molecules theory

The wave functions of the inhibitors bound to the binding site
residues (QM layer including backbone atoms of the binding
site residues), generated at the B3LYP-D/6-31G(d) level of
theory, were subjected to a QTAIM analysis®®”’ using Multiwfn
software.*” This type of calculations have been used in recent
works because it ensures a reasonable compromise between
the wave function quality required to obtain reliable values of
the derivatives of p,) and the computer power available, due
to the extension of the system in study (423 and 430 atoms of
BACE1-(R)-1t and BACE1-(S)-1m complexes,
respectively).?%232>!

Results and Discussions
Validation of the optimized structures and binding energies

The agreement of the structures obtained from the QM/MM
geometric optimizations for the complexes (R)-1t/BACE 1 and
(S)-Tm/BACE1 with their respective crystal structures reported
by Gravenfors et al® was evaluated through a superimposi-
tion analysis.

Figure 2 clearly shows that the optimization process leads
to subtle changes in the orientation and position of the two
inhibitors regarding the crystal structures. The differences
between the ONIOM (B3LYP/6-31G(d):Amber)EE optimized and
experimental structures (including all atoms) have been quan-
tized as the root-mean-square deviations (RMSD) using the
program Chimera, with values of 0.121 and 0.137 A for the
complexes of compounds (R)-1t and (S)-1m, respectively. The
RMSD values of the geometries optimized taking into account
Grimme’s dispersion correction®” yielded values of 0.581 and
0.653 A for the complexes of compounds (R)-1t and (S)-1m,
respectively.

The binding energies of compounds (R)-1t and (S)-1Tm
bound to BACE1 active site were calculated by using three dif-
ferent approaches: MM-GBSA, B3LYP/6-31G(d), and B3LYP-D/6-
31G(d). The binding energy gaps obtained for the inhibitors
were: 3.27, 9.00, and 19.27 kcal/mol from MM-GBSA, B3LYP/6-
31G(d), and B3LYP-D/6-31G(d), respectively. These results indi-
cate that compound (5)-Tm can bind to the protease more
strongly than (R)-1t. Although the three approaches used here
are qualitatively in agreement with the experimental results,
B3LYP-D/6-31G(d) displayed the highest binding energy gap.
Thus, it is encouraging that the ranking of the experimental
binding energies is consistent with our theoretical calculations
which suggest that the structures obtained from the ONIOM
scheme are reliable. Therefore, the RMSD values along with
the binding energy analysis indicate that the ONIOM optimiza-
tion scheme generates adequate structures to be used as
starting point for a more accurate theoretical analysis. The
incorporation of Grimme’s dispersion correction®® leads to a
more proper description of the binding affinity between these
inhibitors and BACE1 and therefore B3LYP-D/6-31G(d) calcula-
tions were used in the rest of the study.

It should be noted that the 1Cs5o values obtained from exper-
imental data are very close, and it is very difficult to explain
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Figure 2. Spatial superimposition of the inhibitors interacting with the active site of BACE1. a) BACE1-(R)-1t complex and b) BACE1-(5)-Tm complex. The X-
ray structure is shown in green sticks and the QW/MM (B3LYP-D/6-31G(d)) optimized structure is shown in purple sticks.

the cause of such small differences in activity through stand-
ard theoretical calculations.”® In fact, the analysis based only
on the crystallographic structures leads to think that the
higher activity of (S)-1m is only due to a hydrogen bond inter-
action with Trp76.1%! However, it is clear that such small differ-
ences might be explained only from a more exhaustive
electronic density analysis of both complexes. There are many
works discussing this interesting problem in the literature. Our
own studies have demonstrated the importance to include
QTAIM analysis to solve these intricacies.?>?*>2>2?¢! Thus, in the
next step of our study we performed a QTAIM study of these
complexes using B3LYP-D/6-31G(d) calculations.

Analysis to the binding contribution of the different
substituents of (S)-1m and (R)-1t

To acquire a quantitative and more detailed insight into the
binding mechanism of compounds (R)-1t and (S)-1m to BACET1,
the interactions were analyzed by QTAIM theory at the B3LYP-

D/6-31G(d) level of theory. Figure 3 suggests that the interac-
tion spectra of the two inhibitors with BACE1 are closely related
and reflects that their binding modes are similar. It can be also
seen that the sum of the intermolecular interactions p, values
is higher in BACE1-(5)-Tm complex (0.4315 a.u.) than in the
BACE1-(R)-1t complex (0.4045 a.u.), which indicates that the
enzyme presents more affinity for the inhibitor (S)-1m.

As can be clearly seen in Figure 3, the core fragment of
both compounds presents the highest binding affinity to the
enzyme and the strongest interactions that involve the resi-
dues Asp32 and Asp228. These amino acids play a key role in
the proteolytic activity, and both have been previously
reported as important anchoring residues in the interaction of
BACE1 with potent inhibitors.*® The amino-2H-imidazole ring
of the core presents four hydrogen bond interactions correctly
oriented in terms of the length and angle (N2g)1t/(s)-1m-
HD2asp32,  H32m)t/ts)-1m " OD2asp22s,  HO2r)11/(5)-1m" " OD T asp32s
N6g)-1t/(5)-1m"*OD 1 asp22s, Fig. 4), which represent approximately
the 38% and 44% of the sum of p) intermolecular interactions
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Figure 3. Sum of the values of charge density (3" p) at the bond critical points (considering only the intermolecular interactions) in a) BACE1-(R)-1t and b)
BACE1-(S)-1m. These values were partitioned into three contributions: interactions involving residues of the R, fragment (green); involving residues of the

R; fragment (blue); and interactions involving the region of core (red).
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a)

Figure 4. Molecular graph of the noncovalent interactions between the key catalytic residues (Asp32 and Asp228) of BACE1 with a) (R)-1t (yellow sticks)
and b) (5)-1m (cyan sticks). The elements of the electron density topology are shown. The bond paths connecting the nuclei are represented in pink sticks
and the bond critical points are shown as red spheres. Additional information of each bond critical point can be found in Tables S1 and S2 of Supporting

Information.

values of the complexes of compounds (R)-1t and (S)-1m,
respectively. In addition, these high values of p, might be
indicative of a charge transfer H-bond. These results indicate
that the inhibitory potency of these compounds is mostly
related to the core-1 region, which agrees with the experimen-
tal information.[®!

Another residue located at the catalytic site of BACET inter-
acting with the core of these inhibitors is Gly230, which acts
as both H-acceptor (H13g.1¢/(s)-1mOcly230  and  H73).
1m*Oaly230) and H-donor (N6gp).1¢/(s)-im -HA3Giy230; Fig. 5).
Interestingly, these H-bonds have also been reported for other
inhibitors of BACE1.?Y In addition, Gly230 presents a weak
O---N interaction (N6g)-1t/(s:-1m**-Ogly230)-

The edge-to-face (T-shaped) configuration of the aromatic
rings of the amino acids Phe108, Trp231 and the core phenyl
moiety of both inhibitors allows the formation of multiple

Gly230

hydrophobic attractive contacts:  C11)1¢/5)-1m--HH21p115,
H11 gy HZ27p11s, H10®pw(s)-1m"CD1phetos,  H9my-1e
HE1phe10s (Fig. 6). The common interaction motif of the latter
residues toward these inhibitors has also been previously
reported in other compounds such as 5-substituted isophtha-
lamides®®®? and AZD3839.%%! Moreover, Phe108 establishes a
hydrogen bond with the phenyl group of (R)-1t (H10s)-
1t-*Ophetog) @nd two hydrogen bonds with the same group of
(5)-1m (H10¢s).1m***Ophetos and H11(s).m -+*Ophertos)-

Despite these important contacts, the inhibitors are further
stabilized by establishing interactions with other residues of the
active site wall. The specific contacts depend on the orientation
of the different substituents of the aminoimidazole core toward
the different subpockets of BACE1.%*%%! The R, substituent of
both inhibitors lies within the S2'sp subpocket and several dif-
ferences in the binding mode might be observed in Figures 7a

b) l

Gly230

Figure 5. Molecular graph showing the noncovalent interactions between the residue Gly230 of BACE1 with a) (R)-1t and b) (S)-1m.
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Phe108

Figure 6. Molecular graph of the noncovalent interactions between residues Phe108 and Trp115 of BACE1 with (R)-1t (a) and (S)-1m (b).

and 7b. The 3,5-dimethyl-4-methoxyphenyl group (substituent
R, in (5)-1m) makes more favorable interactions than the cyclo-
propyl group (R, group of (R)-1t), and therefore, binds tighter
to BACE1. This might explain, at least in part, the higher inhibi-
tory activity of (5)-1m with respect to (R)-1t.°

The cyclopropyl group of compound (R)-1t is mainly
involved in hydrophobic interactions with Tyr71 as has been
proposed in the crystal structure according to the distance
between these groups (Fig. 7a).”’ Moreover, as can be seen in
this figure, there are two weak hydrogen bond interactions of
the type CH:---O between R, and the amino acids Tyr71 and
Asp32 (H161(g)-1¢-"OHry71 and H162().1¢---OD2agp32, respec-
tively) that stabilize the complex. The small size of this substit-
uent allows the surrounding residues of the protein to adopt a
proper orientation to establish an intramolecular hydrogen
bond between Trp76 and Tyr71, as was previously reported.’®

On the contrary, many contacts comprising the residues
Ser35, Asn37, Ala39, Val69, Trp76, Phe108, 1le118, and Arg128

“lle118

stabilize the bulky 3,5-dimethyl-4-methoxyphenyl group of
compound (5)-1m. These interactions are tabulated in Table S2
of Supporting Information. The most prominent one is the
moderate hydrogen bond interaction with Trp76 (021s).
1m-HET1p76, 0.0145 p() a.u.), which is thought to be responsi-
ble for its high potency and is missing in the complex of com-
pound (R)-1t (compare Figs. 7a and 7b).*%® However, it
should be considered that the remaining hydrophobic interac-
tions must complement the hydrogen bond in a cooperative
way. In fact, groups like R, of compound (S)-1m, capable of
hydrogen bonding with Trp76 (along with the cooperation of
multiple hydrophobic interactions) have been previously used
in the design of new and potent inhibitors.©*%”!

Regarding the Rs substituents of compounds (R)-1t and (S)-
1m, both posses a common portion that is involved in hydro-
phobic interactions with the same residues (lle110, Leu30, and
Gly230) of the ST and S3 subpockets of BACE1. However, the
alkyl moiety, only present in (R)-1t, extends deeply into the S3

Figure 7. Molecular graph of the noncovalent interactions between the R, substituent of a) (R)-1t and b) (S)-1m with the SP2’ subpocket of BACE1. The
remainder interactions are tabulated in Tables S1 and S2 of Supporting Information.
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Thr231

lle110

Figure 8. Molecular graph of the noncovalent interactions between the Rs substituent of a) (R)-1t and b) (S)-1m with the S3 subpocket of BACET. For

clarity, only most prominent interactions are shown.

subpocket (S3sp), making multiple favorable contacts with
Ser10, Gly230, Thr231, Thr232, and Ala335 (Fig. 8, Supporting
Information Tables S1 and S2). It should be noted that the
overall value of pg, is 0.0622 a.u., which enhances the binding
affinity of this inhibitor to this subpocket. Although the R;
substituent of compound (R)-1t confers additional stability, its
lipophilic chemical nature improves the chance of increased
undesirable effect on the hERG channel.’®¢”!

In contrast, the small pyrimidin-5-yl group (Rs substituent of
(S)-1m), which reaches only the entrance of the S3sp, is involved
in a few weak interactions (Leu30, lle110, Gly230, and Thr232,
the sum of pg, is 0.0378 a.u.) and do not provide further stabili-
zation (Fig. 8, Supporting Information Tables S1 and S2).

Conclusions

BACET continues to be an attractive drug design target for the
treatment of AD. Unfortunately the emergence of an effective
BACET inhibitor drug has not yet materialized due to a num-
ber of challenging issues. BACE1 inhibitors need to have
access to the CNS compartment because this molecular target
is located in the brain. Therefore, inhibitors are required to
have low molecular weight and other characteristics to achieve
effective blood-brain-barrier penetration. In addition, inhibitors
need to have high selectivity over other aspartic acid pro-
teases such as BACE2 and cathepsin D, which show high active
site homology with BACE1.

The results obtained in this study allowed us to draw inter-
esting conclusions about two different aspects. On the one
hand, we evaluated in detail the different molecular interactions
that stabilize and destabilize the formation of the enzyme-
inhibitor complexes. This led to a better understanding of the
different behavior of these two inhibitors of BACE1. This is inter-
esting from the point of view of medicinal chemistry, particu-
larly considering the contributions that can be made about a
possible pharmacophoric pattern for these ligands. To design
new inhibitors of BACE1 is very useful to understand the molec-
ular aspects governing enzyme-ligand interactions.

Wiley Online Library

Conversely, these results are also interesting from the meth-
odological point of view as they show that from relatively sim-
ple molecular modeling techniques it is possible to explain the
behavior of two inhibitors with a similar affinity for the
enzyme. In this sense, it is important to point out the accuracy
of the combined QM/MM-QTAIM analysis that identifies the
interactions accounting for the activity difference between
compounds, even at a nanomolar range. It should be noted
that the inclusion of Grimme’s dispersion correction is impor-
tant when dispersion interactions account for the activity dif-
ference between ligands.

Our computational calculations, performed at the molecular
level of two amino-2H-imidazoles, revealed that the core is the
largest fragment responsible for the inhibitory activity, sup-
porting the conclusion of Ginman et al, who suggested that
the core is the region that needs to be early optimized in the
lead generation phase to define a framework for future modifi-
cations.®”? The activity difference between these two com-
pounds is mainly due to the different contribution of the R,
group to the binding affinity. The interactions of the inhibitors
within S2'sp are stronger when the R, substituent is bulky and
presents a hydrogen bond acceptor motif pointing toward
Trp76, such as the 3,5-dimethyl-4-methoxyphenyl group of
compound (S)-Tm. Furthermore, the QTAIM analysis allowed us
to identify that the preference of BACE1 toward (S)-1m is due
to hydrophobic interactions with residues Asn37, Val69, lle118,
and Arg128 which complement cooperatively the hydrogen
bond that is missing in the (R)-1t complex. Although the R;
group confers certain additional stability, especially for BACE1-
(R)-1t, the introduction of a more lipophilic substituent (more
permeable) becomes a compromise between permeability and
hERG affinity.

It is important to be cautious with this type of study as
while these techniques have been used with good perform-
ance in other biological systems, the approach used in this
work is only suitable for this type of biological systems. How-
ever, we consider our results useful for the interactions analy-
sis and to provide details on the structure-affinity relationship
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of these complexes for the pharmacophoric discernment and
development of new inhibitors. Addressing the cause of the
affinity difference between known drugs might lead to define
the essential interactions that need to be present for the
future development of new more potent inhibitors.
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