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ABSTRACT: f3-Secretase is one of the aspartic proteases involved in the formation of amyloid plaques in Alzheimer’s disease
patients. Our previous results using a combination of surface plasmon resonance experiments with molecular modeling calculations
suggested that the Asp dyad in f3-secretase bound to hydroxylethylene containing inhibitors adopts a neutral charged state. In this
work, we show that the Asp dyad diprotonated state reproduced the binding ranking of a set of these inhibitors better than alternative

protonation states.

B INTRODUCTION

Alzheimer’s disease (AD) is a widespread, neurodegenerative,
dementia-inducing disorder, characterlzed by the formation of
amyloid plaques in the brain.' The genesis of this construct is
catalyzed by a tandem of two proteases identified as - and y-
secretases."” It is known that the former enzyme (also referred to
as BACE-1 and Memapsin 2) participates in the rate-limiting step
of the hydrolytic process that leads to the APP fragments,' > a
fact that has converted [3-secretase into a major target for drugs
against Alzheimer’s disease.”**

There are several issues related to the computer-aided design
of novel ligands that could enhance the success of in silico high
throughput screening protocols but that have not been fully
addressed yet. One of the most vital ones is the protonation state
of the many buried acidic residues found in this protein, including
the active site Asp dyad, which lends to this enzyme an optimal
catalytic activity at low pH.?

There have been many attempts to predict the charged state of
the active site Asp dyad by computational methods.®® The results
of those calculations support the hypothesis that the most favored
Asp dyad charge state is the one that has only one of the Asp
residues protonated. Nevertheless, quantum mechanical (QM)
based calculations have left open the possibility that the Asp dyad
might be neutral at the acidic optimal pH of the protein.®

Recently, we have determined the effect of the pH on the
affinities of a set of inhibitors with a variety of chemical motifs to
the ectodomain BACE-1 reglon by a surface plasmon resonance
(SPR) biosensor based assay.'” To understand the molecular
interactions that underlie the diverse optimum pH for the
binding of the various inhibitors as observed experimentally,
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we calculated the titration curves for a set of BACE-1 ligand
complexes.'® One of our most striking results of that work relates
to the protonation state of peptidic inhibitors with hydroxylethy-
lene (HE) based isosteres. For these inhibitors, our calculations
predicted that the Asp dyad will be diprotonated at low pH, as
opposed to all previous studies that pointed to a monoproto-
nated Asp dyad state.'’

To further investigate this issue, in this work we have assembled
a set of transition state analogue peptidic inhibitors with HE
isosteres (see Table 1), some of which have been already synthe-
sized and tested by other authors, while others have been produced
and assayed by our group. Using molecular mechanics based
protocols we show that the diprotonated state reproduced the
binding ranking of our set of peptidic inhibitors better than the
ones based on either of the monoprotoned Asp dyad bearing
enzymes proposed by prev10us studies,”® a result that provides
further support to our enzyme’s charge assignment when bound to
this type of transition state analogue inhibitors. Finally, we discuss
the proposed Asp dyad protonation state in relation to the possible
existence of low barrier hydrogen bonds (LBHBs) in these systems.

B RESULTS AND DISCUSSION

Chemistry. The 0-amino acid isosters of inhibitors 3 and 4
were prepared as shown in Scheme 1, through a methodology
that allows the introduction of a variety of side chain groups at
P1/P1’ using as a key intermediate the oxiranelactone 9, easily
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Table 1. Inhibitors Studied in This Work and Their Experi-
mental BACE-1 Inhibitory Activity
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prepared from p-glucono-1,5-lactone (7). Thus p-glucono-1,5-

lactone (7) was transformed into lactone 8 by following a
procedure described in the literature,"" and this lactone, 8, when
treated in basic media with potassium carbonate in acetone, gave
quantitatively the expected oxiranelactone 9.

Key intermediate lactone 9 was first alkylated at C-6 when
treated with isopropylmagnesium chloride to give compound 10
in 50% yield. The hydroxyl group in 10 was then transformed
into the corresponding mesylate by treatment with methanesul-
fonyl chloride, followed by reaction with sodium azide to give
azidolactone 11 in 89% yield. Alkylation of lactone 11 at C-2
position with LDA and subsequent addition of acetone afforded,
in a 67% yield, compound 12a, with all the functionality needed
for the final isoster. To transform compound 12a into the O-
amino acid isoster 14a, compound 12a was reduced at the azido
position with hydrogen, using a mixture of palladium/carbon as
catalyst, and the resulting amine treated in the reaction mixture
with tert-butoxycarbonyl anhydride to give compound 13a in
95% vyield. Elimination of the alcohol group in 13a when
submitted to reaction with methyl chlorooxoacetate and triphe-
nyltin hydride, using AIBN as starting radical reaction reactive,
gave the expected compound 13c in 70% yield. Finally com-
pound 13¢ was transformed into the isoster 14a in a 76% yield by
following a previously described procedure.'”

The isoster 14b was prepared by an easier version of the
protocol that afforded compound 14a because alkylation at
position C-2 of the lactone can be done directly. Thus, the

Scheme 1. Total Synthesis of 5-Amino Acid Isosters 14a and
14b*
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“Reagents and conditions: (a) asin ref 11; (b) K,CO3, acetone, rt, 20 h;
(¢) iPrMgCl, Li,CuCl,, THF, —78 °C, 30 min; (d) MsCl, pyridine, 0 °C,
S b; () NaNs, DMF, 80 °C, 12 h; (f) LDA, THF, —78 °C, 1 h; (g)
acetone for 12a and Mel for 12b; (h) H, (1 atm), Pd—C (10%),
(Boc),0, AcOEt, 1t, 5 h; (i) CICOCO,Me, DMAP, Et;N, THE, 0 °C, 1
h and then HPh;Sn, AIBN, toluene, 110 °C, 3 h; (j) LiOH (1 M), DME,
rt, 12 h; (k) CITBDMS, imidazole, DMF, rt, 15 h; (1) MeOH, rt, 2 h.

intermediate lactone 11 was alkylated at C-2 position by treating
it with LDA followed by methyl iodide to give 12b in 70% yield.
Azide 12b was then reduced to amine with hydrogen, using
palladium/carbon as catalyst, and the amine protected in the
reaction medium with tert-butoxycarbonyl anhydride to give 13b
in 95% yield. Finally compound 13b was transformed into the
isoster 14b in 82% yield following a described procedure.'?

The above synthetic procedure for preparing the d-amino acid
isosters presents two advantages over previous approaches
described in the literature. In the first place, the protocols
presented here improve previous synthetic routes for the prepara-
tion of the oxirane intermediate 9 starting from a sugar.13 Second,
our synthetic strategy affords the insertion of any alkyl group at
position C-S in the lactone, a feature that will enable the synthesis
ofisosteres with a variety of side chain fragments beyond those that
could be obtained from commercially available ot-aminoacids."*

Binding Affinity Prediction. Table 1 lists the peptidic in-
hibitors studied here and their BACE-1 inhibitory activity
expressed as ICso and/or K; values whenever available. This
table also displays the partition into fragments for inhibitor 1
(OM99-2) following the rules of Schechter and Berger.15 Having
as a reference inhibitor 1, compound 4 introduces an Ala — Val
replacement in P1’. Studies on the substrate subsite specificity of
BACE-1 by the group of J. Tang'® indicate that the S1” site is ill
suited for bulky chains like those in Trp, Phe, or Val, the one that
is found in the inhibitor 4. Perusal of the ICs, values indicates
that its presence increases the ICs value (as compared to 1) by
9-fold, in agreement with the predictions of the substrate
fragment specificity.'®

On the other hand, the ligand 3 introduces three aminoacid
substitutions in the N-terminal segment of 1: the Asn — Asp at
P2, the Val — Ile at P3, and the Glu — Gln at P4. The substrate
specificity studies predict that while Val — Ile replacement at P3
should increase the enzyme affinity, the Asn — Asp at P2 and the
Glu — Gln at P4 modifications will decrease it."® In accordance
with this line of thought, inhibitor 3 has a lower BACE-1
inhibitory activity (higher ICs value) than 1, indicating that
the substitution at P3 does not compensate for the detrimental
effect of the modifications at P2 and P4.
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Finally, inhibitors 5 and 6 were originally the result of a second
iteration drug design cycle aimed at reducing the size and
molecular weight of BACE-1 inhibitors like 1 and 2 (OM00-3),
based on the realization that in spite of the large size of this
protein, the active site of BACE-1 is smaller than that of other
aspartic protease enzymes.' While the parent compounds
extended from fragment P4 to P4/, the analogues S and 6 cover
a shorter span from either P4 to P3 in 6, or from P3 to P3' in 5.1t
was found that in agreement with the design premises, some of
the shorter compounds were very potent BACE-1 inhibitors."”

As seen in Table 1, the experimental data obtained in this work
using an in vitro peptide cleavage FRET assay, together with the
data extracted from the literature,'®'” point toward the following
BACE-1 inhibitory activity:

2>1~6>3>4>8§

One of the main aims of this work is to compare the ligand
binding affinities generated by a diprotonated BACE-1 Asp dyad
proposed in our recent work'® with that of monoprotonated
states proposed by other groups.679 For this sake, we carried out
a very careful and involved docking by homology, having as a
template the X-ray structure of the complex between BACE-1
and inhibitor 1 (pdb code 1FKN ).'® Once the starting docked
structures were obtained, we proceeded to calculate the pK,
values for all titratable residues by the protocol of Spassov and
Yan'? at pH 4.5, a value close to the optimal pH of the enzyme
(see Supporting Information (SI) for details). These calculations
produce titration curves that depict the degree of protonation for
each ionogenic residue at every pH value. Our pK, calculations
indicate that the catalytic Asp dyad of all BACE-1/inhibitor
complexes studied here will be neutral. To illustrate this issue, we
display the titration curves for the Asp dyad residues (see Figure
S1, SI) elicited by the presence of 1 and the shortest inhibitors $
and 6. As seen from this figure, both Asp residues have an almost
constant protonation fraction close to 1, even at pH values
around 7, indicating that the Asp dyad will remain neutral in the
acidic medium optimum for the enzymatic activity. Moreover,
the protonation fraction pH dependence graphs indicate that the
Asp 32 has a higher pK,, value than Asp 228 and hence will remain
protonated at higher pH.

To include the alternative monoprotonated states, we selected
additional starting structures with single charged Asp dyads,
predicted by previous studies.”® To assess the effect of the
monoprotonated Asp dyad on the charge state of the remainder
titratable residues, we fixed the Asp dyad in a monoprotonated
state (with the Asp 228 charged) and proceeded to recalculate
the pK, values of the remainder titratable residues, using the
protocol described above, and in detail in the SI. The specific Asp
dyad charge assignment for this calculation was based on the
ionization proclivity (see Figure S1, SI). Our results indicate that
the pK,, values of the other residues do not vary, implying that in
this protocol the Asp dyad charge has a marginal effect on the
titration of the other ionogenic residues (results not shown). The
resulting structures with the protonation states that included
monoprotonated and diprotonated catalytic dyads were used in
our molecular mechanics (MM)/molecular dynamics (MD)
protocol, aimed at generating binding poses for each protonation
state. The final production stage of the MD protocol was used to
calculate the binding affinity scoring function for each of the
inhibitors listed in Table 1 (see SI for details).

Table 2 lists the binding scoring function values for the three
Asp dyad protonation states studied here. The first column

Table 2. Binding Affinities Scoring Function Values Calcu-
lated for the Docked Poses with the Catalytic BACE-1 Asp
Dyad in Three Different Protonation States”

AspH32/ AspH32/ Asp(—)32/ AspH32/

inhibitor ~ AspH228”  Asp(—)228°  AspH228°  Asp(—)228°
1(0M99-2) —955+21 —892+17 —91.8+28 —809+10
2 (OM00-3) —99.1+15 —91.6+20 —848+17 —77.7415
3 —957+14 —980+£20 —90.14+23 —98.4%26
4 —952412 —9704+26 —101.9+24 —93.9+28
5 ~750+14 —766+20 —768+20 —77.0+21
6 —962+22 —946+17 —957+11 —91.4+20

“ Energies are in kcal/mol.  The ionizable residues charge states were
calculated according to the protocol described in the SL “ The ionizable
residues, other than those in the Asp dyad, were assigned following their
pK, values in solution at pH 7.

contains the scoring function values for the charge distributions
calculated in this work, which include a neutral Asp dyad. The
other columns list the scoring function for the enzyme with the
Asp dyad in the monoprotonated states supported by previous
calculations.®”? To assess the effect of the rest of the ionogenic
residues, we carried out two simulations for the case where the
Asp 32 is protonated. In the first one, we used the predicted pK,
values of the titratable residues other than the Asp dyad, and in
the second one, we left those residues with their individual charge
assignment in solution at pH 7.

Perusal of Table 2 indicates that the predictions based on the
Asp dyad for the two possible monoprotonated states are
unsuccessful in correctly ranking these ligands. For instance, the
ranking prediction based on the protonated Asp 228 points to 4 as
the top binder, while 2 is estimated to be one of the worst, contrary
to the experimental observations. The binding affinities calculated
with protonated Asp 32, predict that 1 is one of the worst binders,
while 4 one of the best, at variance with the experimental results,
regardless of the charge state of the rest of the titrable residues. As
seen from this table, only the calculations carried out with an Asp
dyad in the doubly protonated state came closer to rank properly
the inhibitors studied here. For instance, calculations carried with
a neutral Asp dyad are the only ones to identify 2 as the inhibitor
with the highest affinity and 4 as next to worst binder, in
agreement with the experimental results (see Table 1).

All previous calculations started from the premise that the Asp
dyad is monoprotonated, but they disagreed on which Asp
residue the proton resides.” The earliest attempt to assign a
charge to the catalytic dyad was based on MD simulations of the
X-ray structure of the 3-secretase complexed with inhibitor 1 in
solution.” Their results indicate that a neutral Asp32 and ionized
Asp228 combination is the only option that maintains the
intricate network of hydrogen bonds around the Asp dyad
observed in the X-ray structure.” This outcome is in agreement
with our recent results'® for the 1/BACE-1 complex around a
neutral pH, the one used for the determining its structure by
X-ray crystallography.

Nevertheless, as pointed out above, our calculations suggest
that the dyad is totally neutralized at the pH at which the FRET
based enzyme inhibition assays have been carried out and at
which the enzyme presents its highest activity (pH 4.5). Other
calculations carried out on the 1/BACE-1 complex, like the linear
scaling quantum approach,® supported a monoprotonated state
Asp dyad with a neutralized Asp 228 and a charged Asp 32, also in
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disagreement with the conclusions based on our binding affinity
predictions. Nevertheless, the authors of this QM study found
out that a diprotonated state could be accessible at optimal
enzyme pH given the rather small energy difference found with
the monoprotonated state.® The only other study that evaluated
the protonation state for the Asp dyad from the calculated
titration curves is the one carried out by Polgar and Keserii.’
From these curves, they surmised that the Asp dyad should be
monoprotonated, with the proton located at Asp 32. Never-
theless, perusal of their titration curves indicate that the proton-
ation fraction at pH 4.5 (close to the enzyme’s optimal pH) is
well above 0.5 for both Asp residues, indicating that the Asp dyad
should be diprotonated at that relevant pH value.

There have been a large number of studies on the Asp dyad
protonation state of other aspartic proteases. The results are not
unambiguous, but they support the idea that the dyad charge will
depend on the nature of the inhibitor and of the aspartic protease
studied. For instance, NMR studies combined with Poisson—
Boltzmann calculations carried out on the HIV-1 PR, an aspartic
protease that is the target for many AIDS drugs, support the
premise that there are some HIV-1 PR inhibitors (cyclic ureas)
that elicit a diprotonated Asp dyad, while others, like KNI-272,
produce a monoprotonated Asp dyad.’® Our recent results
performed on a chemically diverse set of BACE-1 inhibitors also
support the ligand dependence of the Asp dyad protonation
state.'

One of the most stringent experimental tests on the Asp dyad
protonation state proposals will be a neutron diffraction struc-
tural determination for some of the BACE-1 inhibitor complexes
studied here. Previously, neutron diffraction combined with
X-ray studies in endothiapepsin (a fungal aspartic protease)
bound to a gem-diol inhibitor implied the possible existence of
low barrier hydrogen bonds (LBHB), characterized by short
distances between one of the inhibitors hydroxyl groups and the
oxygens of the Asp dyad (~2.50 A).”' There has been some
debate about which kind of experimental observables or com-
puted variables should be used to unambiguously identify a
LBHB, and some authors have even disputed its very existence.**
Nevertheless, the compact hydrogen bonds (HBs), which sup-
port the existence of LBHBs, have been observed in several
X-ray structures of ligand bound aspartic proteases, besides
endothiapepsin, like in HIV-1 PR* and BACE-1 bound to
peptidic inhibitors,"® suggesting that LBHBs may be a common
feature for some aspartic protease—inhibitor complexes. It has
been posited that in LBHBs, the proton that mediates the HB
could undergo tunnelling, from the energy well located next to
hydroxyl oxygen to the one next to the carboxylate oxygen.”' In
such a system, the proton could be found at both positions (see
Figure 1B), resulting in the dispersion of the negative charge of
the Asp residue. It may be argued that the tunneling in the LBHB
populates the Asp dyad diprotonated state, and hence it may be
claimed that among the three active site charge distributions
studied here (two monopronated and one diprotonated states),
the latter could be a compromise molecular mechanics repre-
sentation of the entities implied by LBHB (Figure 1). The
improved ranking provided by including a neutral Asp dyad over
the alternative monoprotonated states (shown in this work)
could be a result of a better representation of the LBHB in
molecular mechanics simulations. There has been an increased
body of work aimed at identifying and characterizing LBHBs in
enzymes since they were proposed among others by the group of
Frey.”* In the case of aspartic proteases, quantum mechanical

HO, o HO,
5

_.0
o 0 _<§H ) 5} _<0—H Di
- &y -
)\ o
A B C

Figure 1. (A) and (C) represent two of the three possible protonation
states (mono- and diprotonated) for the Asp dyad, while (B) schema-
tically represents a LBHB, showing the possible proton positions
enclosed by red and blue circles.

(QM) or quantum mechanical/molecular mechanics (QM/
MM) studies have been applied to the unbound enzymes of
this family*® and enzymes bound to phosphinate and phospha-
nate containing inhibitors.”® Nevertheless, no calculations of this
kind have been applied to aspartic proteases bound to HE
peptidomimetic transition state analogue inhibitors. At present,
we are involved in the development of quantum mechanical
protocols that would overcome some of the shortcomings of this
kind of calculations, like the representation of the quantum
region. The results of our QM calculations will be presented
elsewhere.

Bl CONCLUSIONS

To further validate the Asp dyad protonation state in BACE-1
bound to HE transition state analogues, found in our
laboratory,'® we have compared the binding ranking predictions
for a set of HE peptidomimetic inhibitors based on alternative
Asp dyad protonation states by a molecular mechanics method
developed in our group. Some of the inhibitors studied were
synthesized in our laboratory by a protocol that can afford many
isostere variants at P1/P1’. Our calculations indicate that Asp
dyad neutral state reproduces better the binding ranking that the
Asp dyad charged alternatives. The results are discussed in the
light of possible LBHB between the Asp dyad components and
the HE isostere hydroxyl group.

B EXPERIMENTAL SECTION

Synthesis of Inhibitors. Inhibitors 4 and 3 were prepared from
the corresponding d-amino acids isosters 14a and 14b at the Serveis
Cientificotécnics Universitat de Barcelona (Spain) by a Boc/Bzl strategy
following standard protocols. The purity was greater than 95% as judged
by HPLC. See SI for details.

B ASSOCIATED CONTENT

© Ssupporting Information. Experimental procedures for
the synthesis of isosters 14a and 14b and inhibitors 3 and 4 as
well as IC;q evaluation. Detailed docking and affinity prediction
protocols. This material is available free of charge via the Internet
at http://pubs.acs.org..
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