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Abstract—BACE-1 is a flexible enzyme with experimentally determined motion in the flap region, the catalytic aspartates, and the
10s loop. Four in-house crystallographically determined complexes of tertiary carbinamine inhibitors revealed 10s loop motion in
the S; pocket. These X-ray structures were used to correlate K; values, which span over five orders of magnitude, with the calculated
interaction energy, using the Merck Molecular Force Field for a series of 19 tertiary carbinamine inhibitors.

© 2006 Elsevier Ltd. All rights reserved.

B-Secretase (BACE-1), a transmembrane, aspartyl pro-
tease, is a promising therapeutic target for the treatment
of Alzheimer’s Disease (AD) since it is recognized as the
rate-limiting step in the production of AP40-42.' The
AP monomers and oligomers produced through
BACE-1 cleavage of APP have been implicated as a
causative factor in neuronal degeneration. One of the
major challenges for the development of a viable thera-
peutic agent is the need for a low molecular weight com-
pound which can cross the blood—brain barrier. This is a
formidable challenge in the BACE-1 inhibitor program
due to_ the large, open, hydrophilic active site
(>1000 A% and the requirement of CNS inhibition.

Publicly available crystal structures of inhibitors binding
to BACE-1 have demonstrated that this enzyme is inher-
ently flexible?* and computational chemists have tried
to capture this movement through the application of
molecular dynamics and essential dynamic analysis.*
Additionally, there are numerous reports where compu-
tational chemists have attempted to predict the biologi-
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cal activity of various BACE-1 inhibitors.>!°

Accounting for varied protein flexibility in a scoring
function is a challenge due to the difficulty in reliably
predicting entropic costs, water motion, and concerted
protein-ligand movement, particularly when one is
rank-ordering many compounds in a drug discovery
program to prioritize compounds for synthesis. The goal
of the present study is to account for this flexibility while
more accurately predicting binding of inhibitors in a
high throughput manner.

We recently described the discovery of tertiary carbin-
amines as novel aspartyl protease inhibitors, and were
interested in modeling and scoring variants with differ-
ent S3 groups (pdb code: 2IRZ).!!

Examination of the X-ray co-crystal structure of 1 in the
BACE-1 active site revealed a unique geometric shape of
the primary tertiary carbinamine transition state isostere
with the catalytic aspartates.!! The catalytic aspartic
acids, D32 and D228, adopt an orthogonal orientation
relative to one another which creates an optimal trigonal
hydrogen bonding network between the primary amine
and G230, D32, and D228.!' The benzyl occupies the
S; pocket and the methanesulfonyl makes hydrogen
bonding interactions with T232, T233, and R235 in
S,.!112 The amide carbonyl oxygen is within hydrogen
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Figure 1. Representative tertiary carbinamine derived inhibitor, com-
pound 1. Key sidechain residues are colored in gray.

bonding distance to the T232 hydroxyl sidechain and the
amide NH hydrogen bonds to G230. Finally, the o-
methyl group gears the fluorophenyl moiety to occupy
the S; pocket (Fig. 1).

In addition to the unique conformation of the catalytic
aspartates, multiple X-ray structures of bound tertiary
carbinamines revealed the 10s loop could reside in an
‘up’ conformation or in a ‘down’ conformation.'® This
motion is also seen in the published literature.'*

Figure 2 depicts the 10s loop in both an up and down
conformation. In the 10s loop up conformation, the hea-
vy atom distance between the T232 hydroxyl side-chain
and S10 backbone carbonyl oxygen is 9 A. In the 10s
loop down conformation this distance is 2.7 A.

The observation that the 10s loop could reside in at least
two distinct conformations led us to hypothesize that
the movement was modulated by the ligand and could
be described as an induced effect. Scoring ligands with

A

Figure 2. Two poses of the BACE-1 structure are superposed. The 10s
up conformation is colored in green and the 10s down conformation is
colored in orange. Residues S10 and T232 are depicted and colored by
atom type. The 10s loop is circled and the flap is shown for reference.
BACE-1 complexed with compound 1 reveals the 10s up conforma-
tion, whereas the 10s down structure was obtained from the 1fkn
structure.> The figure was created in PyMol.'?

varying substituents accessing S; in one fixed active site
could be wrought with errors. How would we choose
which 10s loop conformation to use for scoring and to
ultimately prioritize compounds for synthesis?

A plot of the MMFFs Ej, ., versus the inverse log of the
biological K; (pK;) is depicted in Figure 3.'®!7 The lower
(or more negative) Ej,.- value correlates with a higher
(or more potent) pK; value. For instance, an Ej,, value
of —70 kcal/mol is indicative of a molecule with a bind-
ing constant in the nanomolar range, whereas a value of
—60 kcal/mol suggests data in the micromolar range.

Based on the strong correlation between the computed
E;er values and experimentally determined K; numbers,
(R*=0.89), we evaluated the inhibitor structural ele-
ments present in the most preferred inhibitor-protein
poses to establish a set of criteria to develop a guide
for predicting the configuration of the 10s loop when
bound to a ligand. Apo BACE-1 depicts the 10s loop
in an up configuration where the distance from the
S10 carbonyl oxygen to the T232 hydroxyl oxygen is
6.8 A3 If the S; substituent is large, the 10s loop will re-
main up to accommodate the steric bulk (compound 1,
K;=42.4nM, Table 1). If the S; substituent is small,
but the linker atoms between the central scaffold and
the S; substituent interact with the T232 hydroxyl, then
the 10s loop will remain up and activity is compromised
(compound 2, K;=16.5uM, Table 1). The carbonyl
oxygen in this linker region is within hydrogen bonding
distance to the T232 hydroxyl hydrogen. Hence, we be-
lieve that the carbonyl oxygen accepts a hydrogen bond
from the T232 hydroxyl hydrogen. In such a case, the
T232 hydroxyl may not hydrogen bond to the S10 back-
bone carbonyl oxygen. If such a hydrogen bonding
interaction could occur, the carbonyl oxygen from S10
would displace a crystallographically determined water
molecule which resides in the S; pocket. If one reversed
the amide, or introduced an aniline nitrogen, the hydro-
gen on the aniline nitrogen could donate a hydrogen
bond to the T232 hydroxyl oxygen allowing the hydro-
gen of the hydroxyl group to engage in hydrogen bond-
ing interactions with S10 thereby keeping the 10s loop
‘down.’

An alternative linker is exemplified in compound 3,

Table 1. Here, the cis double bond contains no polar atom
thereby eliminating the ability to establish a hydrogen
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Figure 3. Graph showing the correlation between the biological pK;
value and the computed Ej,, using MMFFs.
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Table 1. Structure, biological activity, and calculated interaction energy of three tertiary carbinamines differing in the S; region

Compound Structure K; (nM) pKi Interaction energy (kcal/mol)
%
Sy
N %
F
H
1 N o N* 424 7.4 —66.4
: | 4
0 N\N/>+
o
S
N o
2 16,500 4.8 —52.1
3 51.9 7.3 —66.1

bonding interaction with the T232 sidechain. In addition,
the S; cyclopropyl group is small. This affords a unique
opportunity for the 10s loop to come down.

A 2D representation of compound 3 in the BACE-1 ac-
tive site is depicted in Figure 4. Here, one can see that
the inhibitor has no hydrogen bonding capabilities with
T232. Further, the small S; group affords the T232
hydroxyl to hydrogen bond with the S10 carbonyl allow-
ing the 10s loop to be in a down configuration.

This is reflected in the K; value of compound 3,
K;=51.9nM and the E;,, value is —66.1 kcal/mol. If
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Figure 4. Proposed binding pose of compound 3 depicting the
resultant impact on T232-S10 hydrogen bonding capabilities.

the 10s loop were up, the biological activity is predicted
to be much higher (i.e., uM range) due to the size of the
S; group and its inability to make optimal van der
Waals interactions. This conjecture is quantified when
we scored compound 3 in the 10s up active site. The
E;ier of —58.5 kcal/mol is indicative of a micromolar K;.

This 10s loop motion has been observed in other BACE-
1 transition state isosteres such as the hydroxyethyl-
amine'® and aminoethylene series!® leading us to believe
the 10s loop movement is not dictated based on ligand
interactions with the catalytic aspartic acids. Rather,
the orientation of the linker region on the tri-substituted
central aryl ring and its concomitant interaction with
T232 modulates the 10s loop via an induced fit.

Nineteen ligands which differed primarily in the S; re-
gion were selected whose activity spanned many orders
of magnitude. Because we knew that the 10s loop was
flexible, four protein crystal structures were chosen
exhibiting 10s up and down conformations. The 19 ter-
tiary carbinamine ligands were scored in these four,
fixed BACE-1 active sites. In four cases, the cognate
was known eliminating the necessity for conformational
searching within those active sites. In the other 15 cases
where the ligand:protein complex (cognate) was not
known, multiple conformations of the ligand were gen-
erated and each was scored in the four poses of the pro-
tein. All ligands occupied the non-prime side of the
BACE-1 active site, spanning the S;, S,, and S3 pockets.
Thus, we held the tertiary carbinamine, oxadiazole, and
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S benzyl fixed, and generated conformations only of the
S, and S; groups. We generated 10-30 conformations
using a distance geometry method.??! The exact num-
ber of conformations computed depended on the num-
ber of chiral atoms and rotatable bonds. The entire
protein structure was kept, crystallographic waters were
removed, and all amino acid charges reflected neutral
pH. The charge on D32 was anionic and D228 was
neutral.??

The resultant interaction energy (Ejyr), Which is a mea-
sure of the ligand:protein interaction and represents the
enthalpy of binding, was then used as a ‘score’ based on
minimizing each pose in the entire BACE-1 active site
using a distance-dependent dielectric constant of
two.%2324 No solvation was utilized in the calculations.
For each ligand, there were four scores resulting from
scoring studies in four protein poses. We first visually
inspected all minimized poses to ensure known, key
inhibitor:protein binding contacts were still evident.
Then, we took the lowest, most negative Ej,, as the
score only if the intramolecular energy, Ej, ., a measure
of the conformational strain, was also the lowest or
within a few kcals/mol of the lowest energy conformer
based on this analysis. If this was not the case, we chose
the next lowest Ej .- pose. Both the Ej. and Ejyer
energetic values were determined using the MMFFs
forcefield.'®

Merely scoring each ligand in one protein pose would
not have yielded an optimal correlation. The R? correla-
tion for the compounds scored in a representative 10s
down active site was 0.01 and the R’ correlation for
the compounds scored in a 10s up active site is 0.32
(Table 2). This underscores the importance of including
multiple active sites. The result makes intuitive sense as
large S; pieces on the ligand would not be accommodat-
ed in a 10s down protein pose. On the other hand, a
small S3 ligand group could be physically accommodat-
ed in a 10s up protein pose; however, the van der Waals
contact with the protein would be insufficient for tight
binding to occur.

This would explain why the R? correlation was better for
scoring all 19 compounds in one 10s up active site rather
than scoring all compounds in the 10s down active site.
Regardless, the use of four 10s loop poses was required
for an optimal correlation. However, we found that a
minimum of two protein poses representing one 10s up
(pdb code: 2IRZ) and one 10s down (pdb code:
2NTR) protein structure is required. In such a case, uti-
lizing two divergent poses yielded a R” correlation of
0.84. Finally, both van der Waals and electrostatics
are contributing to the overall interaction. Utilizing
merely the van der Waals components, a R? correlation
of 0.71 is obtained; however, using only the electrostat-

Table 2. R? values correlating pK; with Ej,., scores within different
BACE-1 active sites

Multiple sites 10s up 10s down

R 0.89 0.32 0.01

ics component yields a R* correlation of 0.59. This sup-
port the hypothesis that the dominant component for
activity is modulated with an appropriately ‘sized’ group
in S3.

The use of in-house X-ray crystallography was central to
the success of correlating a score with the biologically
determined K; values in the tertiary carbinamine series
of BACE-1 inhibitors. We have found that through
the incorporation of multiple protein structures which
differ in 10s loop conformations, one can predict the
biological activity of a series of tertiary carbinamine
BACE-1 inhibitors using the Ej,., as determined with
the MMFFs force field. The more negative a score, the
more likely the molecule will be potent in the primary
in vitro BACE-1 assay. We believe 10s loop motion is
governed by the choice of ligand atoms: non-interacting
hydrogen bond acceptors in the linker region combined
with small S3 groups will likely result in a 10s loop down
conformation. More sophisticated computational tools
have been used by us and others to predict biological
activity; however, we have found this simple scoring
protocol to be an efficient means of rank-ordering
compounds for synthesis, particularly when one is com-
putationally scanning a pocket for the incorporation of
reagents to occupy a specific portion of the BACE-1
active site.
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