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â-Secretase (BACE) is a critical enzyme in the production of â-amyloid, a protein that has
been implicated as a potential cause of Alzheimer’s disease (AD). There are two aspartic acid
residues (Asp 32 and Asp 228) present in the catalytic region of BACE that can adopt multiple
protonation states. The protonation state and precise location of the protons for these two
residues, particularly in the presence of an inhibitor, are subjects of great interest since they
have a direct bearing on the mechanism of aspartyl proteases and efforts to model â-secretase.
We have carried out full liner-scaling quantum mechanical (QM) calculations that include
Poisson-Boltzmann solvation in order to identify the preferred protonation state and proton
location in the presence and absence of an inhibitor. These calculations favor the monoproto-
nated state in the presence of ligand, and di-deprotonated state in the absence of ligand. Further
the proton in the monoprotonated state is located on the inner oxygen of Asp 228. These results
have implications for the catalytic mechanism of BACE and related aspartyl proteases. They
also provide a reference state for the protein in structure-based modeling studies of this
therapeutically important target.

Introduction

â-Secretase (BACE) cleaves the amyloid precursor
protein (APP) into two fragments, APPsâ and C99. C99
is further cleaved by γ-secretase to form the 40 or 42
residue â-amyloid peptide (Aâ).1-3 Aâ is the primary
constituent of amyloid plaques found in the brain of
Alzheimer’s disease (AD) victims.4 Thus, inhibition of
â-secretase has been implicated as a promising thera-
peutic target in the treatment of AD.5 Tang, Ghosh, and
co-workers have reported a number of potent peptidic
transition state inhibitors,6 a common strategy for
aspartyl proteases,7 along with crystal structures for two
inhibitors (OM99-2, OM00-3) bound to the enzyme.6 The
first crystal structure revealed an active site that is
located in a cleft between the C and N terminal lobes
and is capped with a flexible hairpin loop (“flap”). Two
catalytically important aspartates (Asp 32, Asp 228) lie
in the center of the active site cleft. Mutational studies
on HIV-1 protease, a member of the aspartyl protease
family, have shown a complete loss in activity with the
removal of either carboxyl.8 It is presumed that Asp 32
and Asp 228 are likewise critical for catalytic activity
in BACE. The position of the hydroxyl transition state
mimic in the crystal structure indicates a network of
hydrogen bonding interactions with the catalytic aspar-
tates. Although the crystal structure provides a wealth
of structural information, the protonation state or
precise location of the protons on the ionizable groups
cannot be determined by X-ray crystallography, at least
at the resolution commonly employed. The protonation
state is of significant interest since it is a key factor in
the mechanism of aspartyl proteases, such as BACE,
and may play an important role in modeling the binding
affinities of putative inhibitors. The catalytic mecha-
nism of the aspartyl protease family has been a subject

of great scientific interest for decades, and has recently
assumed greater importance because of the significance
of aspartyl protease inhibitors therapeutically.

One of the most extensively studied enzymes in the
aspartyl protease family is HIV-1 protease (HIV-1 PR).
HIV-1 PR crystallizes as a homodimer with an active
site containing two catalytically important aspartates
(Asp 25, Asp 25′) that form a symmetric dyad. It has
been proposed that the catalytic aspartates have an
overall -1 charge, i.e., one aspartate is protonated and
the other is deprotonated.9,10 Further, a bound water
molecule is involved in most proposed mechanisms for
proteolysis.11 This arrangement is common to all known
aspartyl proteases. A number of mechanisms have been
proposed for the proteolytic cleavage of peptides by
aspartyl proteases. These mechanisms are based on
X-ray crystal structures, kinetics, and general physical
organic principles. In general, most mechanisms that
have been put forward are based on the general acid-
general base theory, and suggest formation of a tetra-
hedral intermediate as a key step in the cleavage of the
peptide bond. One of the critical issues in any proper
description of the mechanism is the identification of the
protonation states of the catalytic aspartates, and the
location of the protons. To this end, many experimental
approaches have been employed. These include analysis
of crystal structures with bound ligands (natural sub-
strates and transition state analogues),12-21 pH rate
behavior,9,10 solvent kinetic isotope effects,22,23 and 13C
NMR labeling studies.24 In addition theoretical/compu-
tational methods have also been employed to study this
problem. These computational studies have mostly
consisted of classical force field calculations with various
sampling approaches ranging from simple energy mini-
mization to more complex molecular dynamics or Monte
Carlo simulations.25-37 A few studies have used quan-
tum methods, which would presumably be better able
to address this problem that inherently involves bond
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breaking/making. However, in order to make these
calculations tractable, severe approximations have been
made to reduce the size of the molecular system.

The experimental and theoretical studies of the as-
partate protonation states have not yielded a consensus
on either the protonation state or the precise location
of the protons. Using estimates of the pKa of aspartates
and glutamates with a bound nonpeptidomimetic sub-
strate, Yamazaki et al. suggested that the neutral
diprotonated state was preferred in the presence of
inhibitor.38 A Monoprotonated form with Asp 32 charged
and Asp 228 protonated on the outer oxygen has been
proposed by Coates et al. on the basis of high-resolution
crystal structures and neutron diffraction studies of
endothiapepsin complexes.19,20 Kinetic isotope studies
on BACE using OM99 and statine inhibitors23 show a
preference for the monoprotonated form in the presence
of the inhibitors. This work has been used to propose
the formation of a short strong hydrogen bond (SSHB)
on inhibitor binding. The di-deprotonated form has been
reported to be favored in the presence of a reduced
amide transition state isostere.9,39 Using ab initio mo-
lecular dynamics simulations Piana et al. suggested the
monoprotonated form with a low barrier hydrogen bond
(LBHB).33 Extending the LBHB proposal, Northrop
suggested that synchronous intermolecular cyclic proton
transfers explain the mechanism of proteolysis rather
than a conventional stepwise mechanism.40 In a more
recent computational study of pepstatin, Piana et al.
estimated the relative energies of all the protomers of
both mono- and diprotonated forms using density func-
tional theory.34 The inner oxygen of Asp 228 was
identified as the preferred proton location for the
monoprotonated state in the presence of an inhibitor.
However, ab initio molecular dynamics studies and the
computed 13C NMR data led the authors to conclude
that the diprotonated form is preferred in the presence
of the inhibitor. A recent molecular dynamics study
suggested the monoprotonated state with the outer
oxygen of Asp 32 being protonated.41 Thus a variety of
possible protonation states have been observed experi-
mentally as well as computationally. Given the some-
what contradictory experimental and computational
studies outlined above, it is clear that the preferred
protonation state and proton locations for aspartyl
proteases such as BACE are far from being settled.

We have undertaken a quantum mechanical study of
the protonation state, and preferred locations for the
catalytic protons in BACE. The use of a semiempirical
quantum method in this study allows us to explicitly
include effects that are neglected in classical simulations
such as polarization and charge transfer. In addition, a
quantum treatment should provide improved electro-
statics over fixed point-charges, including solvation
effects, and makes it possible to study bond breaking/
making processes directly. The semiempirical linear-
scaling quantum method42 employed in this study is fast
enough to enable electronic structure calculations for
large biomolecules, such as the active site of BACE.
Three individual scenarios are probed: where the total
charge of the catalytic aspartates is neutral (diproto-
nated), anionic (monoprotonated), or dianionic (di-
deprotonated). In each case all possible positions

(Schemes 1 and 2) for the protons have been examined
using linear-scaling quantum mechanical calculations.
The preferred protonation state was determined using
propionic acid as a reference acid. Propionic acid was
chosen because it has a pKa similar to that of aspartic
acid, and allows us to construct a series of homodesmic
reactions.

Computational Details
Linear Scaling Quantum Approach. The DIVCON soft-

ware package, a linear-scaling quantum mechanical program,
was used to perform both single point and energy minimization
calculations.42 The ability to describe large biological macro-
molecules using quantum mechanics has been made possible
by recent developments in reducing the scaling (relative to the
number of atoms) of quantum mechanical calculations. DIV-
CON is based on the divide and conquer (DC) paradigm first
described by Yang et al.43 Other approaches based on density
matrix minimization (DMM)44-47 and localized molecular
orbitals (LMO)48,49 have also been utilized to achieve linear
scaling. Briefly, the divide and conquer approach involves

Scheme 1. Monoprotonated Tautomers of the Catalytic
Aspartates of BACE Considered in This Studya

a Nomenclature: 228o ) proton present on the outer oxygen of
Asp 228.

Scheme 2. Proton Locations Considered for the
Diprotonated and Di-deprotonated Forma

a Nomenclature: 32i228o ) proton present on the inner oxygen
of Asp 32 and outer oxygen of Asp 228. t32 ) Substrate hydroxyl
points toward Asp 32.
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dividing the molecular system of interest into small overlap-
ping subsystems. The subsystems are described in a layered
manner containing a core region and surrounding buffers. In
general, each core is made up of all atoms of an individual
residue, and the inner buffer is constituted by the atoms of
all residues that fall within a predefined buffer radius from
every atom of the core region except those of the core. All
residues that fall within the outer radius cutoff but do not
belong to either the core or inner buffer constitute the outer
buffer region. The process is repeated until the entire molec-
ular system is subdivided. To speed up the calculations, the
density matrices for the local subsystems are first computed
and then combined to give the global density matrix. The
inclusion of buffer zones primarily addresses truncation effects
on the formation of the global density matrix. All calculations
were performed using the AM1 Hamiltonian. Solvation was
included using the Delphi Poisson-Boltzmann (PB) pro-
gram50,51 combined with AM1/CM2 classical charges.52,53 For
a detailed description of the DIVCON program and the divide
and conquer linear-scaling quantum approach please refer to
Merz et al.54,55

Protein Preparation. The BACE crystal structure coor-
dinates with bound OM99-2 was the starting point for these
calculations.6,56 A hydroxyethylene model substrate was con-
structed by deleting all residues from the crystal structure of
OM99-2 except the two residues flanking either side of the
transition state mimic. The side chains of the remaining
residues were then mutated into alanine, and the ends were
capped with methyl groups. All waters, as defined in the
crystal structure, were retained. The PPREP module available
from Schrodinger57 was used to define the protonation states
of all ionizable residues. Atoms outside a cavity of 17 Å from
the ligand were neutralized for the full protein calculations.
The positions of the hydrogens were then constructed using
the hydrogen atom placement utility in MAESTRO (a com-
mercial modeling package provided by Schrodinger Inc.).57 All
of the heavy atoms were held fixed while the hydrogen atoms
of the prepared protein along with the methyl group caps were
minimized using the OPLS-AA force field58 as implemented
in Maestro. A gradient convergence criterion of 0.05 was used.
This was followed by a refinement protocol where a series of
restrained, partial minimizations were performed using pro-
gressively weaker restraints on heavy atoms until the average
RMSD of the non-hydrogen atoms reached a default value of
0.3 Å. The converged structure was taken as the starting point
for construction of all combinations of the proton positions.
The complete system consisted of 6040 atoms. The catalytic
aspartates and the transition state mimic hydroxyl were
minimized using the OPLS-AA parameters, and the resultant
structure was used to perform single point calculations using
DIVCON. Computation of single point energy (1SCF) for the
6040 atoms using the AM1 Hamiltonian required approxi-
mately 20 h of CPU time on an SGI Octane-2 (RS12000). Thus
minimization, especially when run in a serial mode, would be
quite expensive. In order to make this problem more tractable,
a truncated protein system was used for this study.

The truncated system was constructed by deleting all
residues that fell outside a 15 Å cutoff of any atom of the ligand
(Figure 1a,b). The dangling terminals were capped with methyl
groups. All of the deleted residues were already neutralized
by the protein preparation described above. Crystallographic
waters that were present within 6 Å of the ligand were
retained, and the rest were deleted. A total of 4 waters were
retained (total number of atoms ) 1477). In order to assess
the effect of truncation on the computed relative energies, the
monoprotonated state was studied using both the full enzyme
and the truncated protein structure. The relative energies of
different monoprotonated states for the complete and the
truncated enzyme were found to be very close, i.e., the average
relative error over the four states is 0.77 kcal/mol. On the basis
of this comparison, the truncated version was employed for
all further studies.

QM Minimization. The system was minimized at the AM1
level using the LBGFS algorithm in DIVCON. DIVCON was

used to selectively optimize the residues Asp 32, Asp 228, and
hydroxyl of the substrate, while all remaining protein atoms
were held fixed. The recommended cutoffs of 4.5 Å and 2 Å
for the dual buffer were utilized in this study (details provided
in the linear scaling quantum approach section). A total of 95
subsystems were defined inclusive of the waters and the bound
ligand. Optimization criteria with the maximum component
of gradient GTEST ) 0.5 kcal/(mol Å) was utilized during
minimization.55 A total of 75-125 steps were required to obtain
converged minimized structures, depending on the system
considered. The minimized structures were used as input for
single point calculations that included a Poisson-Boltzmann
solvation term. The PB calculations had an inside dielectric
of 1 and outside dielectric of 80. CM2 charges52,53 were used
in the PB calculations. Work published by Schroeder et al.59

showed that AM1 is capable of reproducing proton transfer
energies, such as those being evaluated in this study. Their
work supports using AM1 with PB solvation to evaluate the
protonation states in BACE.

Reaction Scheme. In order to determine the preferred
protonation state, the three most probable protonation states
were compared energetically. These are monoprotonated (charge
) -1), diprotonated (charge ) 0), and di-deprotonated (charge
) -2). The three states differ in the net charge and hence
cannot be reliably compared directly. To facilitate comparison,
a series of homodesmic reactions were constructed using
propionic acid as a reference compound.60 Propionic acid was
chosen because of its size and pKa similarities to aspartic acid
(aspartic acid pKa ) 3.8-4.4, propionic acid ) 4.8). One
representative structure (only the lowest energy conformer)

Figure 1. (a) A ribbon representation of the crystal structure
of BACE. The region in yellow defines the 15 Å cutoff used to
truncate the protein in this study. (b) A ribbon representation
of the region close to the active site. The catalytic aspartates
and the hydroxyethylene based model inhibitor are repre-
sented using ball and stick drawings. Of the represented
catalytic aspartates the deprotonated form is Asp 32 and the
protonated form is Asp 228.
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was used for each of the three protonation states. A represen-
tation of the comparison scheme is presented in Scheme 3. The
calculated relative energies for the model reactions were used
to identify the preferred protonation state.

Results

Monoprotonated Aspartates. The side chains of
the aspartic dyad and the hydroxyl of the bound
substrate were minimized for all possible tautomers
(Scheme 1) of the monoprotonated state. The computed
relative energies (Table 1) indicate that protonation of
the inner oxygen of Asp 228 is preferred over all other
proton locations. Placement of the proton on either
oxygen of Asp 32 was found to be higher in energy, with
the outer oxygen of Asp 32 being most unfavorable. The
optimized geometry for 228i and selected interactions
between the catalytic aspartates and other active site
residues are highlighted in Figure 2. For 228i, the
interatomic distance between the proton located on the
inner oxygen of Asp 228 and the inner oxygen of Asp
32 (inner O32-O228 distance of 2.51 Å) was 1.91 Å.

The calculations described above were carried out
with the model inhibitor bound to the protein active site.
It is certainly possible that the ligand influences the

preferred proton location, as well as overall protonation
state. The role of the ligand in influencing proton
location was examined by repeating these calculations
for the apo-enzyme (i.e., without the ligand). The
relative energies in Table 1 show that presence or
absence of ligand has no effect on proton location. This
is true in the gas phase and with aqueous solvation
(Table 1). Any solvation effects may be mitigated by the
extensive hydrogen bond network that surrounds the
catalytic aspartates in the active site.

Diprotonated Aspartates. Two specific combina-
tions were explored for the diprotonated state (Scheme
2). Of the two combinations, the lower energy conformer
had the inner oxygen of Asp 228 and the outer oxygen
of Asp 32 protonated. A snapshot of the minimized
geometry is shown in Figure 3. Inspection of the struc-
ture revealed a strong network of hydrogen bonds
between the substrate hydroxyl and the catalytic as-
partates. A similar network has been reported for other
aspartyl proteases.34 Hydrogen bond distances for O32i-
O228i of 2.7 Å and angles for O228i-H‚‚‚O32i of 133.0° are
measured between the inner oxygens of Asp 32 and Asp
228. The substrate hydroxyl interacts with Asp 228 with
an O228o-OOH distance of 2.9 Å and OOH-H‚‚‚O228o angle

Scheme 3. Reaction Scheme Used for Comparison of Protonation Statesa

a I represents di-deprotonated state, II represents monoprotonated state, and III represents diprotonated state.

Table 1. Relative Energies (kcal/mol) for the Monoprotonated, Diprotonated, and Di-deprotonated States

substrate bound free enzyme

gas phase solvated (aq) gas phase solvated (aq)

monoprotonated
228i 0 0 0 0
228o 16.7 13.9 21.9 9.8
32i 23.4 30.5 21.2 30.4
32o 31.7 40.7 32.0 33.3

diprotonated
228i32o 0 0 0 0
228o32i 18.5 16.9 20.7 10.6

di-deprotonated
t228 7.5 0.5 4.8 0
t32 0 0 0 13.2

Figure 2. A snapshot of key residues in the active site of the
monoprotonated form (228i) taken from the AM1 optimized
geometry.

Figure 3. A snapshot of key residues in the active site of the
diprotonated form (228i32o) taken from the AM1 optimized
geometry.
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of 127.0°. This is compared to a O32o-OOH distance of
3.1 Å and OOH-H‚‚‚O32o angle of 146.0° for Asp 32. The
dihedral measured between the aspartyl oxygens of
-56.0° (Table 2) shows a considerable deviation from
coplanarity and is close to that observed in the crystal
structure (-75°).6

The proton positions of the catalytic aspartates are
supported by interactions between the hydroxyl of Ser
35 and the outer oxygen of Asp 32 d(O35-O32o) of 2.98
Å, and between the hydroxyl of Thr 231 and the outer
oxygen of Asp 228 d(O228o-O231) of 3.00 Å. It has been
proposed that additional interactions with the back-
bone amides of Gly 34 and Gly 230 also contribute
to enforcing a coplanar arrangement of the catalytic
aspartates. Hydrogen bonding interactions with
d(NH231‚‚‚O228i) ) 2.92 Å and d(NH34‚‚‚O32i) ) 3.5 are
observed in the computed structures.

Inclusion of solvation had no effect on the location of
the protons. Hence the preferred combination of proton
locations is predicted to be 228i32o in the gas phase as
well as solution. Again the influence of the ligand on
the location of the protons was examined by repeating
the calculations without the ligand. As was true for the
monoprotonated state, the ligand has no effect on the
preferred proton locations.

Di-deprotonated Aspartates. Since there are no
protons on the catalytic aspartates, the conformation
of the hydroxyl and resulting direction of the hydrogen
bond between the hydroxyl and charged aspartates de-
fines the two structures sampled for the di-deprotonated
state (t228 and t32). This is shown in Scheme 2. In the
gas phase, the conformer where the hydroxyl hydrogen
is pointed toward Asp 32 was found to be most favor-
able. Geometry optimization of the di-deprotonated states
was performed from the initial construct derived by
deleting a proton from the energy minimized structure
of monoprotonated 228i. This starting structure moves
spontaneously out of the coplanar arrangement with
respect to the catalytic aspartates, and in general
agreement with the crystal structure of the BACE/
OM99 complex. This compares with the more twisted
aspartate conformations that were observed for other
protonation states, and the experimental structure. For
example the computed dihedral angles (O32o-O32i-
O228i-O228o) for the monoprotonated state are -46.4°
and -56.0° for the 32i and 32o structures, respectively.
Interestingly, inspection of the structures shows that
very little change occurs in the position and orientation
of Asp 32, but there is a large change in Asp 228. In
the published crystal structure there is very little room
between the flap and Asp 32, while Asp 228 is more
exposed to solvent. The different spatial arrangement
and environment for the two catalytic aspartates may
explain the observed selective motion of Asp 228.

Solvation attenuates the relative energies of the two
hydroxyl rotamers significantly. On inclusion of PB

water the two rotamers become energetically equivalent.
A snapshot of the active site of the minimized structure
for t32 is shown in Figure 4. The large difference in the
relative energies for the gas and solution phase esti-
mates may be understood from the positions of the
catalytic Asp’s (Figure 5). In the t228 case, a bifurcated
hydrogen bond is formed between Asp 228 and the
hydroxyls of the ligand and Ser 231. However, in the
case of t32, the charges on the two aspartyls are fully
solvated through hydrogen bonding interactions thus
providing a preference in the gas phase calculations.

Relative Stability. The relative stabilities of the
three protonation states were compared using propionic
acid as the reference state. A net charge of -2 was
maintained for all three steps in the homodesmic
reactions. Only the minimium energy conformations for
the individual states were compared. The relative
energies of the three possible protonation states are
given in Table 3. Clearly the monoprotonated form is
preferred over the di-deprotonated form with a differ-
ence in relative energy of ∼30 kcal/mol. By comparison,
the diprotonated state is destabilized only by 3.5 kcal/
mol. Thus the calculations suggest that the monopro-
tonated state (charge ) -1) is preferred for BACE. This
is consistent with most previous literature on the
catalytic mechanism of aspartyl proteases. The influence
of the ligand on protonation state was probed by
comparing the preferences in the ligand free case. The
di-deprotonated state (charge ) -2) was the most stable
protonation state when the ligand was absent. The
monoprotonated state is 13.2 kcal/mol higher in energy,
and the diprotonated form is 21.1 kcal/mol higher in
energy. Thus we predict that the apo-protein (with no
ligand bound) should be di-deprotonated (charge ) -2),
but the aspartates should adopt the monoprotonated
state (charge ) -1) upon ligand binding. This has
interesting implications for the basic mechanism of

Table 2. Dihedral Angles (deg) between the Oxygens of the Catalytic Aspartates

state dihedral measure (deg) (O32o-O32i-O228i-O228o)

monoprotonated 228i 228o 32i 32o
-27 -30 -46 -56

diprotonated 228i32o
-56.0

di-deprotonated t228 t32
-56.0 -46.0

Figure 4. A snapshot of key residues in the active site of the
di-deprotonated form (t32) taken from the AM1 optimized
geometry.
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aspartyl proteases, and for efforts to model protein-
ligand binding affinities in BACE.61

Discussion

Protonation State. The homodesmic reactions in-
dicate that the most stable protonation state, at neutral
pH and in the presence of a ligand, is the monoproto-
nated (charge ) -1) state. This is consistent with
several of the experimental studies for BACE and other
aspartyl proteases. It should be noted, however, that
the diprotonated (charge ) 0) state is only computed to
be 3.5 kcal/mol higher in energy, and might be accessible
at lower pH. This is a significant consideration since
the enzyme is most active under acidic conditions. It
also means that care should be exercised when compar-
ing the calculations with experimental studies to take
into account the pH of the experiment.

One of the most interesting conclusions from this
work is the prediction that the protonation state changes
depending on the presence of a ligand. When the
inhibitor is removed, the most stable protonation state
is the di-deprotonated (charge ) -2) state. Other
calculations have shown a ligand dependence on the
protonation state. For example, an ab initio molecular
dynamics study of the HIV-1 protease and pepstatin
complex by Piana et al.34 concluded that the diproto-
nated form was preferred when the ligand is bound and

the monoprotonated state is preferred when the ligand
is absent.33 While their work is consistent with ours in
predicting a change in protonation state upon binding,
the protonation states predicted by the ab initio molec-
ular dynamics study do not agree with our results. This
may be because the ab initio calculations used a severely
approximated protein structure (i.e., only included the
catalytic aspartates (25, 25′) and glycine (26, 26′)) and
neglected solvent). There is precedence for the di-
deprotonated state in the apo-enzyme. Wang and Koll-
man proposed the di-deprotonated state for HIV pro-
tease in the absence of any ligand35 on the basis of an
extensive molecular dynamics simulation. However, this
is a difficult problem to address using a classical valence
force field since bonds are being made and broken, and
there are large changes in the total charge of the system.

Location of the Proton. The coplanar arrangement
of the carboxyl oxygens in the catalytic Asp’s has been
used as a measure for the preferred proton location. In
our study this effect is greatest on protonating the inner
oxygen of Asp 228. The coplanarity between the catalytic
aspartates was measured through the dihedral formed
between the oxygens of the dyad. For the preferred
conformation a dihedral of ∼-27° was measured com-
pared to ∼-75° obtained from the crystal structure. If
structural similarity between the optimized geometry
and the crystal geometry was used to predict the proton
location, the Asp 32o form would be the most preferred
as the measured dihedral of ∼-56° compares closest to
that observed for the crystal structure.

Mechanistic Significance. The identification of the
monoprotonated form as the preferred protonation state
in the presence of a transition state inhibitor supports
the chemical mechanism where one catalytic aspartate

Figure 5. Comparison of the active site residue positioning of di-deprotonated form t32 and t228 taken from AM1 minimized
geometries. The figure shows a large deviation in Asp 228 orientation depending upon the direction of the hydroxyl hydrogen.

Scheme 4. Schematic Representation of the General Acid-Base Mechanism for Proteolysis by Aspartyl Proteases

Table 3. Relative Energies in kcal/mol for the Reaction
Scheme Outlined in Scheme 3

state substrate bound free enzyme

I 30.7 0.0
II 0.0 13.2
III 3.5 21.1
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acts as a general acid and the other acts as a general
base. Upon forming the tetrahedral intermediate, the
proton locations are reversed (Scheme 4). If we assume
that the transition state mimic binds in the same
manner as the tetrahedral intermediate, then Asp 228
would be protonated and Asp 32 deprotonated. Previous
studies using neutron diffraction studies on endothia-
pepsin complexed with a hydroxyethylene inhibitor
provided evidence for the monoprotonated state.19 Sub-
sequent collapse of the tetrahedral intermediate and
regeneration of the native enzyme state completes the
mechanism. Our calculations provide further evidence
that the monoprotonated state is most likely the cata-
lytically active state, and the state of the enzyme in the
tetrahedral intermediate. They also indicate that the
di-deprotonated state (charge ) -2) is most stable in
the apo-enzyme.

Conclusions
This is the first quantum mechanical modeling study

of the protonation state and proton locations for the
catalytic aspartates in any aspartyl protease, where the
protein active site was included explicitly. These calcu-
lations give the monoprotonated form with the proton
located on the inner oxygen of Asp 228 as the most
stable protonation state in the presence of bound ligand.
This is likely also the state present on the formation of
the tetrahedral intermediate during proteolysis, and is
consistent with proposed catalytic mechanisms for other
aspartyl proteases. Given the small energy difference
between the monoprotonated and diprotonated states,
the preferred state might be expected to change depend-
ing on the nature of the ligand and the pH. At low pH
the diprotonated (charge ) 0) state would become more
energetically accessible. When the inhibitor is absent,
our calculations find that the di-deprotonated (-2) state
is preferred by a wide margin. Thus the protonation
state is predicted to change upon ligand binding, with
one of the catalytic aspartates (Asp 228) abstracting a
proton from the surrounding aqueous environment. This
may represent a key step in proteolysis.

These results have significant implications for drug
discovery, since they provide an assessment of the
protonation state in BACE that can be used to model
prospective inhibitors. As such this work provides a
starting point for structure-based drug design efforts
aimed at designing new, more potent, ligands for this
therapeutically important enzyme target. They also
highlight the expanding role of quantum methods in
biology and medicinal chemistry. The ability to study
protein catalytic sites using quantum mechanics pro-
vides for inclusion of all electronic effects such as
polarization and charge transfer explicitly, and should
be a fundamentally more rigorous description of the
enzyme environment. Further, quantum methods allow
straightforward calculation of reactions that involve
bond making and breaking, something that is difficult
with classical valence force-field models.
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