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ABSTRACT: The aspartic protease f-secretase (BACE) catalyzes
the hydrolysis of the amyloid precursor protein (APP) which leads
to amyloid-f aggregation and, ultimately, the perilous Alzheimer’s
disease. The conformational dynamics and free energy surfaces of
BACE at three steps of the catalytic cycle are studied here by explicit
solvent molecular dynamics simulations (multiple runs for a total of
2.2 ps). The overall plasticity of BACE is essentially identical for the o
three states of the substrate: the octapeptide reactant, gem-diol
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intermediate, and cleavage products. In contrast, the network of

hydrogen bonds in the active site is more stable in the complex of BACE with the gem-diol intermediate than the other two
states of the substrate. The spontaneous release of the C-terminal (P1'—P4’) fragment of the product follows a single-exponential
time dependence with a time constant of S0 ns and does not require the opening of the flap. The fast dissociation of the C-
terminal fragment is consistent with the transmembrane location and orientation of APP and its further processing by y-secretase.
On the other hand, the N-terminal (P4—P1) fragment of the product does not exit the BACE active site within the simulation
time scale of 80 ns. A unified network analysis of the complexes of BACE with the three states of the substrate provides an
estimation of the activation free energy associated with the structural rearrangements that involve only noncovalent interactions.
The estimated rearrangement barriers are not negligible (up to 3 kcal/mol) but are significantly smaller than the barrier of the

peptide bond hydrolysis reaction.

Izheimer’s disease is a fatal neurological disorder whose

hances of appearance increase very rapidly with age
beyond 65." The pathogenesis of Alzheimer’s disease is
characterized by accumulation of the 40- or 42-residue p-
amyloid (Af3) peptide which is produced by sequential cleavage
of membrane bound amyloid precursor protein (APP) by f-
and y-secretase.”> While y-secretase cleaves APP in the
transmembrane region, the action of f-secretase (termed
BACE hereafter), which is the rate-limiting process in Af
peptide formation,” takes place in the region of APP accessible
from the lumenal side of the cell membrane.**

The understanding of the catalytic action of BACE is
essential for the search of new inhibitors and, therefore, has
inspired several studies in this direction.®” It is generally
accepted that the reaction follows a general acid—base reaction
mechanism where the two catalytic Asp residues of BACE
provide and accelpt protons to facilitate the hydrolysis of the
peptide bond.'”"" The reaction progresses via a gem-diol
tetrahedral intermediate (Figure 1), the direct evidence of
which has recently been obtained for a retroviral aspartyl
protease employing X-ray crystallography at very low pH
conditions which strongly reduces its catalytic activity.'> The
information obtained from such a structural analysis method,
however, provides a static picture of the reaction concealing the
conformational dynamics of the enzyme during action.

An increasing number of studies have provided evidence on
the importance of flexibility and dynamics of proteins in
enzyme catalysis.””~'7 The time scales between the reactive
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motion along reaction coordinates and conformational
fluctuation are not separable for enzymatic reactions.'®
Therefore, the evolving conformational fluctuations in the
active site during enzyme action contribute significantly to the
chemical kinetics of catalysis.

Molecular dynamics (MD) simulations explore multiple
conformational states of proteins. However, classical MD
methods are constrained with fixed partial charges and fixed
number of bonded and nonbonded interaction terms during
time evolution, which makes them inappropriate to study
breaking and formation of covalent bonds. These limitations
can be surmounted by employing quantum mechanics and
treating electron correlation ab initio, except for the fact that
quantum mechanical calculations for systems as large as typical
enzyme—substrate complexes are prohibitively expensive.
Although, in principle, the combination of QM and MD can
be used to extract dynamics of enzyme—substrate complexes, in
practice the investigation of dynamics beyond a few hundreds
of picoseconds of QM/MD becomes very challenging due to
the expensive QM calculations, notwithstanding the fact that
many interesting phenomena take place in the longer time
scale.
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Figure 1. Putative mechanism of BACE hydrolysis reaction. The peptide bond of the substrate, catalytic Asp residues, and the catalytic water
molecule are highlighted by gray, green, and blue colors, respectively. The substrate in the reactant state (R) has the intact amide bond and in the
intermediate state (I) shows a tetrahedral gem-diol structure, while the peptide bond is cleaved in the product state (P). Asp32 is protonated in the
reactant and product states whereas Asp228 is protonated in the intermediate state.

Peptide hydrolysis catalyzed by BACE, like many other
enzymatic processes, is a complex reaction due to the many
degrees of freedom of the system. Analysis of the free energy
surface that governs the conformational dynamics in such
reactions becomes nontrivial due to the multidimensionality of
the system where finding an appropriate reaction coordinate or
even order parameters becomes increasingly difficult.'”™**
Commonly used projection based methods are well-known to
provide a simplified picture of the free energy surfaces with
incorrect barriers. Exploiting the analogy between system
kinetics and equilibrium flow-through network, a barrier
preserving projection of the free energy surface has been
developed by Krivov and Karplus where the minimum cut® in
a network is used for finding the free energy barriers and the
relative partition function arising from the minimum cut is used
as the progress coordinate to project the free energy onto.>*
This method, the so-called cut-based free energy profile
(cFEP), preserves the barriers and minima in the order they
appear during the sequence of events. The cFEP approach has
been applied to extract protein-folding pathways and
mechanisms from MD simulations,®” >’ to analyze kinetics of
peptide aggregation,” to derive thermodynamics and kinetics
of small molecule unbinding from proteins,”" and has been
extended recently to MD sampling by distributed computing.**
The success of cFEP method relies on the validity of the
underlying coarse graining where care should be taken to avoid
clustering of kinetically distant snapshots into the same node.
Furthermore, the free energy barriers in the cFEPs are typically
the lower bound of the real barriers due to possible presence of
shortcuts® between different parts of conformational space
network. Therefore, validity of coarse graining has to be
examined by varying clustering cutoff as well as by changing
selection of atoms for clustering and verifying the diffusive
nature of underlying dynamics.*

Here, we analyze the free energy surface associated with the
hydrolysis of a BACE—substrate complex using explicit solvent
MD simulations and the cFEP approach. The BACE—substrate
complex is modeled at three stages of the hydrolysis reaction
corresponding to reactant, intermediate, and product (see
Figure 1). Multiple MD runs are carried out for each of the
three states of the hydrolysis reaction, and the trajectories are
analyzed through network analysis methods.””** The simu-
lation results indicate that despite similar overall flexibility of
BACE for the three forms of the substrate the active site
network of hydrogen bonds is most stable for the gem-diol
intermediate. Moreover, spontaneous release of the C-terminal
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fragment (CTF) of the cleaved product (i.e,, P1'—P4’ residues)
is observed on a 50 ns time scale, whereas the N-terminal
fragment (NTF) (i.e, P4—P1) does not leave the active site of
BACE during this time scale.

B COMPUTATIONAL METHODS

Simulation Setup. The initial structure of the complex was
obtained from the crystal structure of BACE bound to the
OM99-2 inhibitor (Glu-Val-Asn-Leu-¢p{ CHOH-CH,]-Ala-Ala-
Glu-Phe), where ¢)[ CHOH-CH,] represents a hydroxyethylene
isostere of the peptide bond (PDB ID 1FKN).>> Chain A
together with the crystal water molecules was considered for
MD simulation. All Glu, Asp (other than catalytic Asps, see
below), Lys, and Arg side chains were modeled as charged, and
all His were kept neutral. Three disulfide bonds between the
Cys residue pairs 155—359, 217—382, and 269—319 were taken
into account for MD simulations. The Swedish variant of the
wild-type APP substrate (double mutant Lys(P2)Asn and
Met(P1)Leu with the additional mutation Asp(P1)Ala as in
OM99-2) was modeled in three forms representing the
reactant, intermediate, and product states of hydrolysis reaction.
In the reactant form of the substrate, the hydroxyethylene
isostere was replaced by a carbonyl group which results in the
peptide bond. On the other hand, the intermediate form of the
substrate was modeled by replacing the hydroxyethylene
isostere by a tetrahedral gem-diol (C—(OH),) group. The
product state of the substrate was modeled by converting the
peptide bond between the Leu(P1) and Ala(P1’) into —-COOH
and H,N— groups, respectively. In all three forms, the P4
terminal amine and P4’ carboxyl groups of the substrate were
modeled as NH;" and COO7, respectively. Of the two catalytic
aspartates, the Asp32 was protonated for the reactant and
product, while the Asp228 was protonated for the intermediate,
which is in accordance to the general mechanism of acid—base
hydrolysis reaction (see Figure 1). The catalytic water molecule
is not present in the BACE—OM99-2 complex (PDB ID
1FKN). In the reactant state this water molecule was placed in
the catalytic active site according to the position of the water
molecule present in the active site of BACE apo crystal
structure (PDB ID 1W50). The missing hydrogen atoms were
added, and the protein was immersed in a cubic water box of
side 93 A, which ensured a 12 A distance between the boundary
of water box and any solute atom. The overall charge (+12) was
neutralized by adding 12 chloride ions, and 150 mM salt
concentration was achieved by adding 60 sodium and chloride
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Table 1. Details of MD Simulations

state of the substrate no. of trajectories

reactant 9
intermediate 9
product 10

length of individual trajectories (ns)

total simulation time (ns)

61 (x2), 65, 78, 81, 84 (x4) 682
62, 69, 75, 80, 81, 84 (x4) 703
61 + (61, 64, 67)%, 81, 83, 84 (X5) 837

“The trajectories in the parentheses were started from the last snapshot of the 61 ns trajectory with different initial velocities.

ions. The simulation system contained about 23 000 water
molecules and a total of about 76 000 atoms.

The MD simulations were carried out at constant temper-
ature (300 K) and constant pressure (1 atm) using the Nosé-
Hoover Langevin thermostat and piston.***” The long-range
electrostatic interactions were treated by the particle mesh
Ewald method with a 12 A cutoff. The van der Waals
interactions were truncated at a cutoff of 12 A, and a switch
function was activated starting at 10 A.>® The SHAKE
algorithm®” was used to fix the length of the covalent bonds
involving hydrogen atoms, which allowed an integration time
step of 2 fs. Structures were saved every S ps for analysis. All
simulations were performed employing the NAMD program*
with the CHARMM?2?2 force field"' and TIP3 potential for
water molecules.*” Nine MD trajectories were calculated for
both BACE-reactant and BACE-—intermediate complexes,
while 10 trajectories were run for the BACE—product state
(see Table 1). A total of 2.2 us of MD simulation was analyzed
by the programs CHARMM,*** VMD,* and WORDOM.*

Network Analysis. The MD trajectories of the complexes
were first clustered according to structural criteria and then
analyzed by network-based methods. The distance root-mean-
square (DRMS) was chosen for clustering. The DRMS
between two MD snapshots (a and b) is defined as the square
root of the averaged squared distance deviations (d;)) between
pairs of atoms i and j, i.e, DRMS = [(1/N) Y% (ds — d})*]">.
The DRMS for n atoms, thus, takes into account the
fluctuations of N = n(n — 1)/2 distance pairs. All pairs of
non-hydrogen atoms in the BACE active site (residues 32—35,
71-73, 76, 198—199, 227—228, and 231—232) and substrate
(except Phe(P4’), which undergoes large fluctuations® and
does not interact directly with BACE) were considered for
DRMS clustering. This ensures the clustering to be sensitive
toward all interactions involving intra-BACE, intrasubstrate,
and between BACE and substrate. The leader algorithm, as
implemented in WORDOM,*® was employed for the clustering
procedure where a DRMS cutoff of 0.5 A was used (Table 2).

Table 2. Details of DRMS Clustering

state of the no. of no. of no. of population of the
substrate snapshots clusters links largest cluster

reactant 136710 1240 8804 5023

intermediate 140705 2256 25255 6251

product 167562 3590 27122 10935

all 444977 14658 104857 19203

The robustness of clustering was examined with changing atom
selection and varying DRMS cutoff (Figures S8 and S9 in
Supporting Information).

The above clustering provides a conformational space
network® where the DRMS clusters are the nodes which are
connected by edges that account for the transitions sampled
during MD simulations with a saving frequency of S ps. For
such a transition network the partition function of a node (i) is
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given by Z; = ) «;, ie, the number of times the node i is
visited, where Cij» the edge capacity from node j to node i, is
proportional to the number of direct transitions from j to i
observed along a trajectory. Detailed balance is not imposed,
and a comparison of networks with and without detailed
balance shows essentially identical cFEPs (Figure S10 in
Supporting Information). In the cFEP procedure, the transition
barrier between two nodes of the network is defined as the
surface with the minimal partition function that divides the
network into two groups (A and B) each containing one of the
two nodes of interest.”>*” In other words, the partition function
of the barrier is equal to the partition function of the cutting
surface. For each minimum-cut calculation, the nodes are
partitioned into two groups, A and B, with Z, = ) ,c4Z; and Zg
= Y .esZ, where Z, and Zy are the partition functions of the
regions A and B. The partition function of the cutting surface is
then Z,p = ZiEA,jEBCij) where ¢; is the number of transitions
between the nodes in regions, A and B. Thereby, the free
energy of the barrier can be written as G = —kgT In(Z,5/Z),
where Z is the partition function of the entire network. This
minimum-cut procedure, in principle, can be carried out for
each pair of nodes, and the corresponding free energy barrier
can be estimated. In practice, however, the nodes are sorted
according to their values of mean first passage time (MFPT)
with respect to a target node (often the most populated node),
followed by the minimum-cut calculation to obtain x = Z,/Z
and y = —kgT In(Z,5/Z) for each value of MFPT, which then
results in a one-dimensional free energy profile that features
free energy basins separated by energy barriers for escaping the
basin. The relative partition function is a progress variable that
takes into account all possible pathways from the reference
node”” (see also Figure 1 in ref 29). All nodes to the left of the
first barrier make up the first basin. Basins to the right of the
first barrier are potentially overlapping. Thus, each basin of the
cFEP profile is individually isolated by recalculating the cFEP
profile from the most populated node of the concerned basin.
To ensure that the clustering procedure preserves the diffusive
behavior of the dynamics, the cFEPs were evaluated using the
same DRMS clustering but considering every other MD
snapshot, ie, by doubling the time interval (df) between
consecutive structures (Figures S3—S5 in Supporting Informa-
tion). The clustering preserves the intrinsic diffusivity of the
simulated system (ie., the diffusivity test is successful) when
the free energy profiles constructed from the MD snapshots
saved every 2dt steps is equidistant from the profile constructed
from the data at saving intervals dt with a vertical spacing of
0.35k;T.%

B RESULTS AND DISCUSSION

Plasticity of BACE during Hydrolysis of Peptide
Substrate. BACE has a bilobar structure where the N-
terminus lobe (residue 1—150) and the C-terminus lobe
(residue 151—38S) form a substrate binding cleft which is
partially covered by a hairpin loop also known as the flap
(residue 67—77). There is a rigid framework with extended -
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Figure 2. Fluctuations and correlated motion analysis. RMSD of (a) BACE C, atoms (excluding the insertion regions) and (b) non-hydrogen atoms
of the flap (BACE residues 67—77) along BACE—reactant (red), BACE—intermediate (green), and BACE—product (blue) MD trajectories. The
RMSD is calculated with respect to the X-ray structure (PDB ID 1FKN), and the frames (separated by S ps) are from the concatenated MD
trajectories (Table 1). Note that some abrupt changes are spurious since they represent the beginning of a new trajectory. (c) Root-mean-square
fluctuation of BACE C, atoms averaged over intervals of 2 ns after excluding the first 20 ns of each MD trajectory. Same colors as in (a and b). The
flap and insertion regions (A, C, D, and F) are labeled. (d) The correlation of fluctuations of the eight substrate C,, atoms with the BACE C, atoms
is obtained from the normalized covariance matrices of the corresponding C, atom displacements and averaging over intervals of 2 ns after excluding
the first 20 ns of each MD trajectory. The correlation of the N-terminus (P4—P1) substrate residues are shown in black, while that of the C-terminus
residues (P1'=P3') are in red. The green curve represents the correlation of the terminal residue (P4’). The flap region and the two catalytic Asp

residues (Asp32 and Asp228) are indicated by vertical dashed lines.

sheets in the N-terminus lobe. The C-terminus lobe, on the
other hand, features several flexible insertions as loops or a-
helices.>® The C, RMSD time series for BACE bound to the
substrate in reactant form (as octapeptide), intermediate form
(backbone carbonyl group of Leu(P1) is replaced by a
tetrahedral gem-diol group), and product form (with peptide
bond between Leu(P1)-Ala(P1’) cleaved) show a stable BACE
structure during all MD runs (Figure 2a). The fluctuations in
the flap region also remain limited irrespective of the form of
the substrate bound to BACE, as seen from the RMSD of the
heavy atoms of the flap (Figure 2b). This observation is in
agreement with earlier simulations and experimental data where
the flap was found in closed state when an inhibitor is bound to
the BACE active site,>>*"™* whereas the apo form of BACE
exhibited an open conformation of the flap.**~>" The extent of
flap opening varies significantly among structures and among
different protease enzymes.'"** The flap RMSD is found
similar for all three states of the substrate (i.e. reactant,
intermediate, and product) and is mainly in the closed state.
The root-mean-square fluctuations (RMSF) of BACE C, atoms
(Figure 2c) reveal a stable N-terminus lobe while the C-
terminus lobe features large fluctuations associated with the
insertion regions (A, C, D, and F). The extent of correlation
between the substrate and BACE C, atoms is obtained by
calculating the normalized covariance
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between their fluctuations, where «; is Cartesian coordinate of
C, atom and the brackets represent the average over all
configurations obtained from 2 ns segments of the MD
trajectories. The values of C; are further averaged over all 2 ns
segments after excluding the first 20 ns of each trajectory. The
dynamical cross-correlation between substrate and BACE
(Figure 2d) shows that the displacement of most BACE
residues are not correlated with the substrate, reflected by the
correlation coefficients ranging mainly between —0.2 and 0.2.
Significant BACE—substrate correlation is observed only for the
BACE segments around the two catalytic Asp residues (Asp32
and Asp228) and the flap (residues 67—77) (see Figure 2d).
The terminal Phe(P4’) residue of the substrate, which is
disordered in the X-ray structure,>> shows the smallest
dynamical correlation with BACE.

From the above analysis, it emerges that the overall plasticity
of BACE is essentially identical for the three states of the
peptide substrate. This observation is further supported by the
BACE C, correlation maps which are similar irrespective of the
form of the substrate (Figure S1 in Supporting Information)
and similar distribution of number of hydrogen bonds within
BACE (Figure S2a in Supporting Information).

dx.doi.org/10.1021/bi2011948 | Biochemistry 2011, 50, 9328—9339
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Hydrogen Bond Network in the BACE Active Site. The
active site of BACE features an extended network of hydrogen
bonds connecting the substrate with several residues from both
N- and C-terminal lobes and, in particular, with the flap.*”*>*
Notably, this hydrogen bond network is most stable (i.e., most
populated) in the BACE—intermediate state (Figure 3a). Thus,
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Figure 3. Hydrogen-bond network between the substrate and the
active site of BACE. (a) Relative stability of different hydrogen bonds
between BACE and substrate during BACE—reactant (red), BACE—
intermediate (green), and BACE—product (blue) MD simulations.
Residue names in italics indicate intra-BACE hydrogen bonds. Note
that Leu(P1) indicates carbonyl, hydroxyl, and carboxy groups for the
reactant, gem-diol intermediate, and biproduct complex, respectively.
The criterion for hydrogen bond is a distance between the acceptor
atom and the hydrogen atom smaller than 2.6 A and the donor-
H---acceptor angle larger than 130° (b) Network of active site
hydrogen bonds from the representative snapshot of the most
populated node obtained from the DRMS clustering of all MD
snapshots of BACE—substrate complexes. The most populated node
originated from the BACE—intermediate state which is shown in the
figure. The carbon atoms of the substrate are shown in magenta for
clarity. Hydrogen bonds mentioned in the text are marked by dashed
lines.
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Figure 3b illustrates the hydrogen bond network using a
representative snapshot of the BACE—intermediate complex.
The side chain of Trp76 forms an intraflap hydrogen bond with
the Tyr71 side chain*” which orients itself as a proton donor to
a water molecule (observed in the crystal structure), which in
turn participates in a hydrogen bond with Ser35. Furthermore,
Ser3S donates a hydrogen bond to the carboxylate group of the
catalytic Asp32. This chain of hydrogen bonds, ie., Trp76-
Tyr71-Wat-Ser35-Asp32 (shown by red dashed lines in Figure
3b), provides a contact between the flap and the catalytic active
site. While the Trp76-Tyr71 hydrogen bond is present in about
97% of simulation time for BACE—intermediate, this hydrogen
bond is less stable in the reactant and product forms (83 and
82%, respectively, see Figure 3a). In about half of the BACE—
product snapshots, the water molecule connecting Tyr71 and
Ser35 escaped the protein matrix whereas it is very stable when
BACE is bound to reactant and intermediate (Figure 3a). For
BACE—intermediate complex, the chain of hydrogen bonds
described above is present in 95% of the simulation, while it is
only 71 and 42% when BACE is bound to reactant and product,
respectively.

When the substrate is in the reactant form, i.e, when the
peptide bond exists between P1 and P1’, Asp32 takes part in
hydrogen bond either with the carbonyl oxygen of Leu(P1) or
the catalytic water molecule in the active site. The catalytic
water molecule is engaged in 80% of the snapshots in a
hydrogen bond with the catalytic Asp228, which lies in the C-
terminus lobe of BACE. In the intermediate and product states,
Asp32 and Asp228 are involved in hydrogen bonds with the
gem-diol hydroxyl group (shown in Figure 3b) and terminal
carboxyl group of Leu(P1), respectively. The carboxyl group of
Asp228 makes a hydrogen bond with Thr231, and Thr232
stabilizes the backbone O of Val(P3). This way, the previously
described chain of hydrogen bonds is extended by an additional
hydrogen-bond chain comprising of Asp32-Leu(P1)-Asp228-
Thr231--Thr232-Val(P3) (shown by black dashed lines in
Figure 3b), where the dots indicate a connection through
protein backbone. The side chain of GIn73 (in the flap)
participates in hydrogen bond with the backbone O of Glu(P4)
as well as Asn(P2) side chain. The latter also takes part in
hydrogen bond with the side chain of Arg23S, thus making a
chain of hydrogen bonds Glu(P4)-GIn73-Asn(P2)-Arg23S
(blue dashed lines in Figure 3b). Finally, the side chain of
Glu(P4) is almost always involved in salt bridges with Arg307
and Lys321 (>90% of simulation time in all three states of the
substrate, Figure 3a).

While NTF residues of the substrate are involved in multiple
hydrogen bonds with BACE residues, fewer hydrogen bonds
exist between BACE and the CTF of the substrate (Figure S2b
in Supporting Information). The flap Thr72 side chain makes a
hydrogen bond with Ala(P1’) backbone O, while the backbone
O and N of Ala(P2’) are involved in hydrogen bond with Gly34
and Tyr198, respectively (dashed green lines in Figure 3b). The
terminal residue of the substrate Phe(P4’) does not participate
in any hydrogen bond with BACE. For the BACE—product
state, the stability of the hydrogen bonds between BACE and
the CTF of the product reduces drastically (Figure 3a) since
the latter undergoes spontaneous unbinding upon hydrolytic
cleavage (see below).

Clustering and Structural Analysis of BACE—Substrate
Interaction. The extensive network of interactions between
BACE and substrate is rich with information regarding the role
of the enzyme in the three states of the substrate during

dx.doi.org/10.1021/bi2011948 | Biochemistry 2011, 50, 9328—9339
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hydrolysis. The evolution of these interactions in the three
states of the hydrolysis reaction can reveal the conformational
rearrangements the enzyme and the substrate undergo during
the catalytic reaction. However, a thorough analysis of the
dynamics of these interactions is very challenging due to the
intrinsic multidimensionality of the problem. A possible
alternative is to make use of the network analysis by clustering
the MD snapshots and obtainin§ free energy profiles by the
barrier preserving cFEP method.””” For the present purpose,
where a structural evolution of the interaction between BACE
and substrate is sought, the variable for clustering was chosen to
be the DRMS between all atom pairs in the active site. The
DRMS not only monitors the changes between BACE and
substrate but also takes into account the intra-BACE and
intrasubstrate fluctuations, some of which could also play a role
in the enzyme activity, for example, the above-mentioned
intraflap hydrogen bond.

BACE—Reactant. The DRMS clustering involving 144
heavy atoms (10296 distance pairs) of BACE and substrate
(in the reactant state) resulted in 1240 clusters and 8804
transitions, ie., nodes and links of the conformational space
network (Table 2). The validity of the DRMS clustering was
verified by examining the diffusivity of the inherent dynamics
(the so-called diffusivity test®®), see Figure S3 in Supporting
Information. The cFEP for BACE—reactant exhibits two well-
defined large basins, called A (which consists of 40% of the
snapshots) and C (35% of the snapshots), and three small
basins B, E, and F (Figure 4a). The unstructured region in the
cFEP (0.78 < Z,/Z < 0.92), labeled D in Figure 4a, is an
inhomogeneous basin as revealed in the conformational space
network™* shown in Figure 4b. From the network diagram,
basins A and C are found connected, and basin B appears to be
a satellite basin of A. The time scale of transitions between the
basins are obtained from the MFPT values between them. The
MEFPT from basin A to basin B is quite short while the opposite
transition is a rare event (Figure 4c). Basin F, also evident from
the conformational space network, is an isolated basin. In
general, the smaller basins (B, E, and F) represent the rare
event snapshots which is reflected from the very large MFPT
values associated with the transitions from these basins to other
basins. While the off-diagonal elements of Figure 4c give the
transition time scale, the diagonal elements represent the
average MFPT value from the most populated node of a given
basin to its other nodes. This time scale is equivalent to the
relaxation time of a basin which is less than 10 ns for the two
large basins (A and C) and is much slower for the
inhomogeneous basins (B and D).

The structural characterization of the cFEP basins obtained
from the DRMS clustering that involves 10 296 distance pairs is
a difficult task. However, the individual cFEP basins can be
characterized in terms of differences in the active site by the
analysis of the chains of hydrogen bonds described earlier. The
two large basins (C and A) differ in the Trp76—Tyr71 distance,
i.e., while all snapshots in basin C exhibit a hydrogen bond
between the side chains of Trp76 and Tyr71 (top panel in
Figure S), in nearly 30% of the snapshots of basin A this
hydrogen bond is destroyed. Furthermore, the presence or
absence of the catalytic water molecule in the active site
provides a further distinction between these two large basins
(Figure S). During 80% of the simulation of BACE—reactant,
the catalytic water molecule remained in the active site. In 2 out
of 9 trajectories, this water molecule was seen to leave the
active site. The satellite basin B differs from the basin A when
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Figure 4. Network analysis of the BACE—reactant complex. (a) The
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clustering of BACE—reactant trajectories shows different basins. (b)
Conformational space network®* of the 1240 nodes obtained from the
DRMS clustering. The links represent S ps transitions between the
nodes sampled during the MD runs. The layout of the nodes was
obtained by employing the force-directed spring-embedder algorithm
as implemented in Tulip program.®® The links are colored according to
the basin(s) of the connected pairs of nodes. (c) Matrix of MFPTs
between the basins. The MFPT from basin I to basin ] is obtained by
averaging the MFPTs between i; (the most populated node of basin I)
to all n; nodes of basin J, ie., (MFPT).; = Z?Ll(l/n])(MFPT)i
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the catalytic water molecule leaves the active site and when the
hydrogen bond between Tyr198 and Ala(P2’) is lost. The
smaller basins E and F represent the structures where the
hydrogen-bond network between Tyr71-wat4-Ser35-Asp32 is
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with respect to the most populated node. Regions distinguishing
different basins are highlighted by orange ellipses. For example, the
ellipse in the top panel emphasizes the stability of the flap Tyr71-
Trp76 hydrogen bond in basin C.

lost (second panel in Figure S). The distances described above
assume different values in different cFEP basins and have been
analyzed in detail since they participate in the BACE—substrate
hydrogen bond network. Other degrees of freedom associated
with the substrate and BACE active site atoms might be
required for a complete characterization of the cFEP basins
which might be useful for the design of inhibitors that target a
particular BACE conformation (as reported for another
protease>*).

BACE—Intermediate. Employing the same procedure for
DRMS clustering as described earlier, the BACE—intermediate
snapshots yield a conformational space network of 2256 nodes
and 25 255 links (Table 2). The minimum-cut procedure across
this network, when calculated from the most populated node,
yields a cFEP with a very large basin (A) which accounts for
85% of the snapshots (Figure 6a). The remaining 15% of the
snapshots are clustered into a basin which has three regions (B,
C, and D in Figure 6a), the barriers between which appear
when the cFEP is calculated starting from one of the nodes of
these smaller basins (Figure S4 in Supporting Information).
The conformational space network shows the large basin A
(red region in Figure 6b), as a central basin with basins B, C,
and D surrounding it.

Similar to BACE—reactant, a structural characterization of
the cFEP basins has also been achieved in BACE—intermediate
state. The large and small basins can be differentiated according
to the presence or absence of hydrogen bond between the
Asp228 and Thr231 and the intrasubstrate hydrogen bond
between Glu(P4) and Asn(P2) side chains (Figure 6a). While
the carboxylate oxygen of Asp228 is stabilized by the Thr231 in
>90% of the snapshots of the large basin, the same is true for
only 35% of the snapshots of the small basins. Also, the
intrasubstrate hydrogen bond interaction is absent in the small
basins while it is present in almost half of the snapshots in the
large basin.
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Figure 6. Network analysis of the BACE—intermediate complex. (a)
Structural characterization of the cFEP basins and the cFEP from the
most populated node obtained from the DRMS clustering of BACE—
intermediate trajectories. (b) Conformational space network. The
graph layout and colors are described in the caption of Figure 4b.

Compared to the BACE-—reactant state, the BACE-—
intermediate state shows rather limited fluctuations which is
reflected in the cFEP for BACE—intermediate where only one
major basin is observed. This observation suggests that BACE
when bound to the intermediate undergoes little conforma-
tional change which is essential for an efficient hydrolysis
reaction. A highly flexible BACE—intermediate complex with
multiple accessible conformations would slow down the
hydrolysis reaction. On the other hand, when only one major
conformation is available to the BACE—intermediate complex,
the reaction is expected to progress faster by assuming optimal
position and orientation of the gem diol and BACE side chains
directly involved in hydrolysis.

BACE—Product. The NTF of the cleaved product remained
bound to the BACE active site in all the MD runs. The
structural stability of the NTF residues is due to the
intermolecular hydrogen bonds (Figure 3) and van der Waals
interactions between BACE and the hydrophobic side chains of
Val(P3) and Leu(P1). In contrast, the CTF of the cleaved
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Figure 7. Spontaneous release of the C-terminal fragment of the cleaved substrate. (a) The C-terminal fragment of the product (black lines) moves
out of the BACE active site in 8 of 10 MD runs while the N-terminal fragment (blue lines) is not released in any MD run. The N- and C-terminal
lobes of BACE are shown in green and orange, respectively, while the insertion regions are shown in maroon. The fluctuations in the flap (cyan) are
shown by overlapping 160 snapshots equally spaced along the MD trajectories. (b) Single-exponential fitting of the cumulative distribution of
unbinding of the C-terminal fragment of the cleaved product. The fitting yields a time constant of 53 ns (with y* = 0.0098).

product spontaneously left the BACE binding site and migrated
to the bulk water in 8 of the 10 MD runs (Figure 7a). The time
dependence of the spontaneous unbinding of the CTF follows
a single exponential decay with a time constant of 53 ns (Figure
7b), which suggests that unbinding is governed by a main free
energy barrier. Interestingly, the release of the CTF does not
require opening of the flap as can be seen from the limited flap
movements (Figure 7a and Figure S6 in Supporting
Information). This simulation result is in agreement with
previous coarse-grained MD simulations of HIV protease where
the product release was observed while the pair of flaps (each
from one monomer of the dimer protease) remained in the
closed form.>®

In vivo, the membrane bound BACE cleaves the membrane
anchored APP at the so-called f-site. The NTF of the cleaved
APP becomes the C-terminus of the secreted soluble
ectodomain. On the other hand, the CTF becomes the N-
terminus of the 99-residue fragment of APP that undergoes a
further hydrolysis cleavage by the y-secretase which ultimately
yields the Ap peptide. Therefore, the fast dissociation of the
CTF (tens of nanoseconds) facilitates further processing by -
secretease.
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Since the CTF of the cleaved product moves out of the
protein matrix, the DRMS clustering of BACE—product
complex was done by excluding the CTF of the cleaved
product. Thereby, the number of atoms considered in the
clustering reduces to 128 (i.e, 8128 distance pairs). The
network obtained from this clustering was used for cFEP
calculation as described earlier. The cFEP, when calculated
from the most populated node, exhibits a large basin A which
accounts for 75% of the snapshots and two small basins C and
D (Figure 8a). In addition, the cFEP region termed B (0.78 <
Z4/Z < 0.90) includes structures that form the rim of basin A
according to the conformational space network (Figure 8b).
Basin A can be structurally differentiated from the smaller
basins by the absence of the Asp228-Thr33 side chain hydrogen
bond and the presence of the hydrogen bond between Val227
and wat7. Additionally, the hydrogen-bond network Tyr71-
Wat4-Ser35-Asp32 is absent in the small basins.

Unified Network Analysis of BACE—Reactant, —Inter-
mediate, and —Product Complexes. The three forms of
the peptide substrate (i.e., reactant, intermediate, and product)
share the majority of their atoms so that it is possible to use the
same DRMS clustering and combine the three cFEP analyses

dx.doi.org/10.1021/bi2011948 | Biochemistry 2011, 50, 9328—9339
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Figure 8. Network analysis of the BACE-product complex. (a)
Structural characterization of the cFEP basins and the cFEP from the
most populated node obtained from the DRMS clustering of BACE—
product trajectories. (b) Conformational space network. The graph
layout and colors are described in the caption of Figure 4b.

into a unified description. As the CTF of the cleaved product
leaves the protein matrix in most MD runs, DRMS clustering of
the 444 977 snapshots of all MD simulations was done by
including BACE active site atoms and the atoms of the NTF of
the substrate, which amounts to 128 atoms and 8128 distance
pairs. The resulting network (14 568 nodes and 104 857 links,
Table 2) was used for cFEP calculation from the most
populated node which arises from the BACE—intermediate
state (Figure 9a). The cFEP features three well-separated
basins, named R1, I1, and P1, corresponding to each of the
three states of the substrate during the hydrolysis reaction. In
addition, the cFEP also shows three small basins (R2, R3, and
P2). The cFEP in the region 0.7 < Z,/Z < 0.8 exhibits nodes
arising from all three states due to possible overlap of nodes
after the first barrier.”” Figure 9b shows the cFEP profile when
calculated from the most populated node of the BACE—
reactant complex. The cFEP reveals forward and reverse
barriers between reactant and intermediate amounting to about
2 and 3 kcal/mol, respectively. On the other hand, the barrier
between intermediate and product is calculated to be 0.5 kcal/
mol. In the cFEP method, the free energy of a basin
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Figure 9. Network analysis of the combined sampling. (a) The cFEP
from the most populated cluster obtained from the DRMS clustering
of all BACE—substrate trajectories. Each node is colored according to
the fraction of its snapshots belonging to the reactant (red),
intermediate (green), and product (blue) states. (b) The cFEP
calculated from the most populated node of the reactant.

corresponds to its partition function which is reflected in
Figure 9b where the free energy of the intermediate state is
lower than those of the reactant and product states since the
most populated basin of the intermediate state (I1 in Figure 9a)
accounts for 85% of the intermediate state population while the
population of the reactant and product states are distributed
over multiple basins (R1 to R4, P1, and P2 in Figure 9a).
Moreover, the free energy of the states in the present cFEP
accounts for only the noncovalent interactions, and therefore, it
is expected to be influenced when the free energy associated
with the breaking and formation of covalent bonds are
included. It should be pointed out that the free energy barriers
in the cFEPs are typically the lower bound of the real barriers
due to possible presence of shortcuts® between different parts
of conformational space network. However, the effects of these
shortcuts on the cFEP barriers (in particular, the first barrier)
can be minimized with a clustering procedure that retains the
diffusive nature of the underlying dynamics.*®

Several studies have focused on the activation energy barrier
of hydrolysis reaction by protease enzymes. Employing
empirical methods for the calculation of the equilibrium
constants for the formation of tetrahedral intermediates in
solutions, it was concluded that there is very little chance of
observing the accumulation of such an intermediate in the
course of the hydrolysis of peptide by serine proteases.*® Later
on, using structural information from X-ray crystallography of
HIV protease with inhibitor, a new model of the enzymatic
mechanism was proposed where the proteolytic reaction was
viewed as a concerted process.57 On the other hand, using the
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Car—Parrinello MD method for HIV protease, the activation
energy barriers between reactant and intermediate and between
intermediate and product were determined to be 18 and 21
kcal/mol, respectively, suggesting the latter to be the rate-
determining step.*® Identical values of activation energy barrier
between reactant—intermediate and intermediate—product
states for plasmepsin II (19.6 kcal/mol) and very similar values
for HIV protease (17.2 and 16.4 kcal/mol, respectively) were
obtained by employing empirical-valence bond approach.*
Recently, with DFT methods for model system of BACE, these
barriers were estimated at 19 and 10 kcal/mol, respectively,
suggesting the formation of the intermediate to be the rate-
limiting step.®® Similar results were also obtained from DFT
calculations of model system of y-secretase.”’ On the contrary,
a recent crystallographic study proposed the collapse of the
intermediate as the rate-limiting step of hydrolysis in HIV
protease.'”

While an agreement on the reaction activation energy of the
hydrolysis reaction by protease enzymes is yet to be reached,
the barriers seen in the cFEP in the present study account for
the activation energy required by the enzyme—substrate
complex for their internal rearrangement in the three states
of BACE—substrate complex. These realignment barriers are
different from the hydrolysis reaction barriers,®® ®" since the
former involve solely noncovalent interactions while the latter
is the activation energy required to break or form appropriate
covalent bonds during the progress of the reaction, which has
earlier been studied by various methods*®*~" and lies beyond
the scope of the present work. The conformational rearrange-
ment barriers from the present study are found to be
considerably smaller than the hydrolysis reaction barrier.>* %"

B CONCLUSIONS

Alzheimer’s disease is characterized by accumulation of Af
peptides which originate from the hydrolysis of APP catalyzed
by the aspartic protease BACE.> Peptide bond hydrolysis by
aspartic proteases progresses via a general acid—base reaction
mechanism with a gem-diol intermediate.'”> Here, we have
investigated the conformational dynamics and free energy
surface of BACE during its enzymatic action on an octapeptide
substrate by modeling the BACE—substrate complex in three
states of the catalytic cycle. Multiple independent explicit
solvent MD simulations (for a total time of about 2.2 us) have
been carried out for each of the three states: the octapeptide
reactant, gem-diol intermediate, and cleavage products. The
conformational space network®® and cFEP analysis of the
trajectories”” suggest the following main conclusions. First, the
overall plasticity of BACE is essentially the same irrespective of
the state of the substrate. On the other hand, the gem-diol
intermediate shows the most stable network of hydrogen bonds
in the active site. This is in agreement with the empirical
valence bond study of substrate hydrolysis by plasmepsin II
where the enzyme was shown to stabilize the tetrahedral
intermediate by 10 kcal/mol more compared to the
stabilization of the reactant, although the anionic form of
the tetrahedral intermediate studied in ref 59 was later shown
to be less stable compared to the neutral gem-diol
intermediate,°> which is the form of the tetrahedral
intermediate considered in the present work. The recent
quantum mechanical study of the BACE—substrate model
system® considers only a few active site residues of BACE and
thereby ignores the stabilizing interactions due to the extended
network of hydrogen bonds discussed in the present work. This
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network of contacts between the substrate and BACE residues
(in the flap and active site) is likely to be essential for efficient
hydrolysis.

Second, the cFEP analysis of the BACE—reactant complex
provides evidence of multiple free energy basins which can be
discriminated by the presence or absence of a restricted set of
interactions like the intraflap hydrogen bond between the side
chains of Tyr71 and Trp76 and/or the hydrogen bond between
the catalytic aspartates and the catalytic water molecule. In
addition, the hydrogen bonds in the active site involving, in
particular, the BACE residues Ser35, Thr72, GIn73, Tyr198,
Thr232, Arg307, and Arg321 are expected to play a key role in
the substrate binding and hydrolysis reaction which should be
further explored by appropriate mutation studies. Third, the
P4—P1 residues (NTF) form more persistent hydrogen bonds
with BACE than the P1'—P4’ residues (CTF) in all three states
of the substrate. The NTF of the product did not leave the
BACE active site within the simulation time scale of about 80
ns because of favorable intermolecular hydrogen bonds and van
der Waals interactions. In contrast, the BACE—product state
simulations led to spontaneous release of the CTF of the
product with a single-exponential time dependence and a time
constant of about 50 ns. The release of the CTF did not require
the opening of the flap. The fast dissociation of the CTF of the
product is consistent with the transmembrane location and
orientation of APP and its further processing by the membrane-
bound y-secretase.

Finally, the cFEP analysis of the combined MD trajectories
provides an estimation of the free energy barriers related to
conformational rearrangements involving only noncovalent
interactions. While a barrier of 2 and 3 kcal/mol is found
between reactant and intermediate for forward and backward
processes, respectively, a smaller barrier (0.5 kcal/mol) is
obtained for the conversion of the intermediate to the product.
It should be pointed out that these rearrangement barriers are,
by definition, different from the hydrolysis reaction barrier
which is the activation energy associated with breaking or
formation of covalent bonds.’®* ' Thus, the noncovalent
rearrangement barriers are much smaller than the previously
estimated reaction barriers but are not negligible.
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