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Summary

The aspartic protease pB-secretase (BACE) cleaves the
amyloid precursor protein into a 42 residue pB-peptide,
which is the principal biochemical marker of Alzhei-
mer’s disease. Multiple explicit-water molecular dy-
namics simulations of the apo and inhibitor bound
structures of BACE indicate that both open- and
closed-flap conformations are accessible at room
temperature and should be taken into account for in-
hibitor design. Correlated motion is observed within
each of the two lobes of BACE, as well as for the in-
terfacial region. A self-inhibited conformation with the
side chain of Tyr71 occupying the S, pocket is pres-
ent in some of the unbound simulations. The revers-
ible loss of the side chain hydrogen bond between
the catalytic Asp32 and Ser35, due to the concomitant
reorientation of the Ser35 hydroxyl group and a water
molecule conserved in pepsin-like enzymes, provides
further evidence for the suggestion that Ser35 assists
in proton acceptance and release by Asp32 during ca-
talysis.

Introduction

Human B-secretase (BACE, also called memapsin-2 or
ASP-2) is a membrane-associated, pepsin-like aspartic
protease that cleaves the amyloid precursor protein to
generate the 42 residue amyloid-B peptide (AB). Since
ApB is the principal biochemical marker of Alzheimer’s
disease, BACE is a pharmacologically important en-
zyme target (Ghosh et al., 2002; Roggo, 2002; Citron,
2004; Cumming et al., 2004). Unlike retroviral aspartic
proteases, whose active enzyme is a dimer of two iden-
tical subunits (Wlodawer et al., 1989; Navia et al., 1989),
eukaryotic aspartic proteases are characterized by a
bilobal structure made up of two segments of a single
polypeptide chain. Two adjacent aspartates, one from
each lobe (monomer in retroviral proteases), constitute
the catalytic dyad. The structures of the free and inhibi-
tor bound pepsin-like protease are similar, but they
often differ in the conformation of a 3 hairpin, or flap,
capping the central part of the substrate binding site.
In the presence of inhibitor, the flap is generally in a
closed conformation and tightly covers the inhibitor.
The open conformation of the flap allows entrance of
the substrate and presumably removal of hydrolytic
products during the catalytic turnover (Andreeva and
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Rumsh, 2001). However, the extent of flap opening var-
ies significantly among structures and among different
enzymes. In fact, in the majority of the available apo
structures of eukaryotic aspartic proteases (e.g., hu-
man cathepsin D, PDB code [Berman et al., 2000] 1lya;
renin, 2ren; pepsin, 1psn; porcine pepsin, 4pep; sac-
charopepsin, 1fmu; and endothiapepsin, 2ape), the flap
is either in the closed conformation or the opening is
not sufficiently wide to allow substrate entrance and
product exit. In contrast, the opening can be as large
as 7 A at the tip of the two flaps of the human immuno-
deficiency virus type 1 (HIV-1) protease in the absence
of inhibitor (Wlodawer and Gustchina, 2000).

Tang and coworkers have solved the structure of
BACE in complex with the peptidic inhibitors OM99-2
and OMO00-3 at a resolution of 1.9 A and 2.1 A, respec-
tively (Hong et al., 2000, 2002). BACE shares common
structural motifs with other pepsin-like aspartic prote-
ases, but contains several flexible insertion segments
(Figure 1A). Because of the strong pharmaceutical in-
terest in designing compounds that block the action
of BACE, efforts in structure-based drug design have
produced several structures of BACE complexed with
molecules of varying sizes and chemical composition
(Coburn et al., 2004; Patel et al., 2004; Stachel et al.,
2004; Turner et al., 2005; Ghosh et al., 2005). In these
structures, the flap (residues 67-77) adopts the closed
conformation, and several of its residues directly in-
teract with the bound inhibitor.

Open-flap conformations in free BACE were ob-
served in two X-ray structures recently resolved to 2 A
(APO1 from hereon) (Hong and Tang, 2004) and 1.75 A
(APO2) (Patel et al., 2004). Despite the overall similarity
between the free and inhibitor bound structures (the
backbone root mean square deviation [rmsd] is 0.6—
0.7 A [Hong and Tang, 2004; Patel et al., 2004]), the tip
of the flap has a Co displacement with respect to the
OM99-2 structure of 4.5 A and 7 A in APO1 and APO2,
respectively. Furthermore, the side chain of the com-
pletely conserved residue Tyr71 (Tyr75 in pepsin num-
bering) near the flap tip has an unusual orientation in
APO1 and acts as a donor for a hydrogen bond with
the carbonyl oxygen of Lys107 outside the substrate
binding site. Usually, Tyr71 is involved in a chain of hy-
drogen bonds with several residues in the substrate
binding pocket (Andreeva and Rumsh, 2001), thus fix-
ing the flap in a closed conformation upon inhibitor or
substrate binding. Unusual Tyr71 orientations were pre-
viously observed in the uncomplexed chymosin (Gilli-
land et al., 1990) and the trigonal crystal form of saccha-
ropepsin (Gustchina et al., 2002), where the Tyr71 side
chain occupies the S; pocket in a self-inhibitory mode
(Andreeva et al., 1992). Tyr71 was also suggested to
play a role in the capture and cleavage of substrates
(Tang and Koelsch, 1995). Another interesting differ-
ence between the two apo structures of BACE involves
a short loop (residues 9-14, also called the “10s loop”
[Patel et al., 2004]) located between two strands at the
base of the S; subpocket (see Figure 1B for subsite
locations). This loop is in a closed conformation in
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Figure 1. Structure of BACE

(A) Ribbon diagram of BACE in complex with the inhibitor OM99-2
(PDB code 1fkn) (Hong et al., 2000), which was removed for clarity.
The N-terminal lobe (residues 1-150) and the C-terminal lobe (resi-
dues 151-385) are cyan and orange, respectively. The flap (residues
67-77) is in red; insertion segments (Hong et al., 2000) A-F and G
are in purple and green, respectively. The catalytic aspartates and
the two flap residues involved in a hydrogen bond are labeled and
shown in sticks.

(B) The BACE binding site with the inhibitor OM99-2. The coordi-
nates of the inhibitor from the crystal structure and after 20 ns of
the om99-b simulation are shown with thick and thin lines, respec-
tively. It is interesting to note that the P;'-P,’ C-terminal residues
(Glu-Phe) show the highest displacement, which is consistent with
their high B factors (Hong et al., 2000).

APO1, while it adopts a significantly more open confor-
mation (a maximal C,, displacement of 4.5 A from the
OMZ99-2 structure) in APO2. Note that the S; subpocket
is more open in BACE (and in renin, a pepsin-like aspar-
tic protease involved in the regulation of blood pres-
sure) than in other single-chain aspartic proteases (Pa-
tel et al., 2004). The discovery of potent renin inhibitors
that exploit this region (Wood et al., 2003; Rahuel et
al., 2000) underscores the importance of investigating
structural plasticity in protease binding sites.

The role of individual amino acids and water mole-
cules neighboring the catalytic aspartates (Asp32/
Asp228 in BACE) of pepsin-like enzymes is not clearly
understood. A study based on the analysis of 82 crystal
structures suggested that the different hydrogen bond-

ing patterns of the two active aspartates with the adja-
cent residues are responsible for their optimal activity
at low pH (Andreeva and Rumsh, 2001). Furthermore,
two completely conserved water molecules were ob-
served. The first water is located between the carboxyl
groups of the catalytic aspartates and was proposed
to act as a nucleophile. The second conserved water
molecule is involved in a hydrogen bond with the hy-
droxyl group of Tyr71, and this bond bridges the chain
of hydrogen bonded residues between the flap and the
catalytic aspartates upon ligand binding (Andreeva and
Rumsh, 2001; Prasad and Suguna, 2002).

Receptor rearrangement upon ligand binding as the
main complicating factor in structure-based ligand de-
sign is a widely appreciated problem (Teague, 2003;
Cavasotto and Abagyan, 2004). Detailed structural
analysis and generation of a statistically significant en-
semble of protein conformations starting from the avail-
able X-ray structure(s) is an important strategy for
structure-based design. This approach has been tested
on HIV-1 protease and has yielded promising results
(Meagher and Carlson, 2004). A number of molecular
dynamics (MD) simulation studies on the structural
fluctuations of retroviral aspartic proteases have been
published (Harte et al., 1990, 1992; Zhu et al., 2003;
Levy and Caflisch, 2003; Levy et al., 2004; Perryman et
al., 2004; Kovalskyy et al., 2004; Wittayanarakul et al.,
2005; Meagher and Carlson, 2005), but the flexibility of
free BACE has not yet been investigated by computa-
tional approaches.

In this study, twelve 300 K explicit-water MD simula-
tions of BACE in the absence and presence of the in-
hibitor OM99-2 (total simulation time of ~0.3 ps) were
performed to investigate the plasticity of the binding
site residues as well as the flap opening and the ac-
companying side chain reorientations. The simulations
illustrate the dynamic properties of the binding site and
provide structural insights into the role of individual
active site residues and water molecules in catalysis.
Moreover, the analysis of the trajectories suggests that
the flap lacks a predominant conformation, an observa-
tion that has implications for inhibitor design.

Results and Discussion

Overview of the Simulations

To reduce statistical artifacts due to the choice of the
starting conformation, several explicit solvent MD sim-
ulations were run by using the structure complexed
with the peptidic inhibitor OM99-2 (Hong et al., 2000)
and the two apo structures (Hong and Tang, 2004; Patel
et al., 2004). Moreover, multiple trajectories with dif-
ferent initial atomic velocities were performed to im-
prove conformational sampling (Caves et al., 1998). The
names of the different runs are listed and explained in
Table 1. Excluding the flexible insertion segments, the
average C,-rmsd from the corresponding X-ray struc-
tures ranges between 1.3 A and 1.8 A (Table 1) for the
last 10 ns of the simulations, while the range for all C,
atoms is between 1.7 A and 3.4 A. The overall confor-
mation (Figure 2A) and secondary structural elements
are stable in all simulations.
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Table 1. The Simulation Systems

Starting Structure OM99-2 (1fkn)

APO1 (1sgz)  APO2 (1w50)

Inhibitor Bound Removed absent absent
Crystal waters included removed removed included included included included
Sim. name? om99-b om99-b* om99-u* om99-u om99-Cu apo-ul apo-u2
Sim. length® (ns) 33 22,20 23, 20, 20 27, 27 31 32,23 21
C,-rmsd® (A) 1.5 1.8,1.5 1.7,1.8,1.8 1.8,1.6 1.8 1.3,1.3 1.7

Coordinates of inhibitor bound (1fkn [Hong et al., 2000]) and free (1sgz [Hong and Tang, 2004] and 1w50 [Patel et al., 2004]) structures were
downloaded from the Protein Data Bank (Berman et al., 2000). OM99 and om99, as well as APO and apo, refer to the crystal structure and

the name of the simulation, respectively.

2|ndividual trajectories differing only in the random assignment of the initial velocities are specified with A, B, or C in the text, e.g., om99-uA
and om99-uB. Asp32 was protonated at the inner oxygen, except for om99-Cu, in which both Asp32 and Asp228 were deprotonated (Rajamani

and Reynolds, 2004) (see text).
®Multiple trajectories are separated by commas.

¢C,-rmsd from the starting X-ray coordinates averaged over the last 10 ns of each simulation, excluding insertion segments. Multiple

trajectories are separated by commas.

Motion in the Substrate Binding Site

On the basis of kinetic studies, multiple conformations
of the active site region have been postulated for pep-
sin (Marcinkeviciene et al., 2002) and BACE (Toulokho-
nova et al., 2003). The heavy-atom rmsd of the 32 resi-
dues in the binding site is plotted in Figure 2B. While
the heavy-atom rmsd does not exceed 1.6 A in the
bound simulation (black), its magnitude and fluctuation
in the free simulations indicate major conformational
changes, as previously observed in HIV-1 protease
(Zoete et al., 2002). The rmsd of the heavy atoms of the
binding site averaged over the last 10 ns is 2.4, 2.1, 2.2,
2.1, and 2.6 (+0.2) A for om99-uA, om99-uB, apo-uiA,
apo-u1B, and apo-u2, respectively, and these devia-
tions are larger than the corresponding value of 1.5 =
0.1 A in om99-b. As an example, the flap opens signifi-
cantly after about 6 ns in om99-uA, and even more than
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Figure 2. Structural Deviation in the MD Trajectories

(A) C,-rmsd measured from the corresponding X-ray starting struc-
ture excluding insertion segments.

(B) Heavy-atom rmsd of the 32 binding site residues, i.e., those
residues with at least one heavy atom within 5.0 A of any heavy
atom of the inhibitor OM99-2 in the 1fkn crystal structure (10-13,
30, 32, 34, 35, 69-73, 75, 108, 110, 118, 126, 128, 198, 223, 224,
226, 228, 230-233, 235, 307, 325, and 329). Dotted lines represent
rmsd measured from the 1fkn crystal structure.

the aperture observed in the recent crystallographic
structure of the native enzyme (Patel et al., 2004). Over-
all, the analysis of the trajectories suggests that the
substrate binding site, particularly the tip of the flap,
sampled large regions of conformational spaces in the
free simulations, irrespective of the starting coordi-
nates. On the other hand, the flap remained “closed”
in the three bound simulations, and both the hydrogen
bonding and van der Waals interactions between BACE
and the OM99-2 inhibitor were maintained. In fact, the
inhibitor, and in particular its P,~P,’ segment, is tightly
bound to the protein by up to 13 hydrogen bonds and
more than 20 carbon-carbon contacts with a distance
of less than 4 A during the bound simulations (Figure
1B). Interestingly, the two C-terminal residues of the in-
hibitor show the largest fluctuations during the bound
simulations, in agreement with their high average B fac-
tors (56.7 A for P;'-Glu and 71.9 A for P,’-Phe as com-
pared to 27.4, 22.6, 21.5, 23.7, 24.7, and 29.7 A for resi-
dues P,—P’, respectively [Hong et al., 2000]).

Motion in the Insertion Segments

Sub-ns motions were observed in the homodimeric
aspartic protease of HIV-1 (Freedberg et al., 2002). Dis-
ordered regions were also observed in the X-ray struc-
tures of BACE (Patel et al., 2004). Despite the small de-
viations in the segments that are common to other
aspartic proteases, almost all of the insertion segments
(Figure 1A), particularly A (residues 158-167) and F (res-
idues 311-318), experienced substantial displacement
from their starting conformation. The observed flexibil-
ity is consistent with the X-ray data. In fact, segment A
contains a short helix (residues 161-169) in the struc-
tures solved by Hong and colleagues (Hong et al., 2000,
2002; Hong and Tang, 2004; Turner et al., 2005), but it
is not present in the liganded and unliganded structures
reported by Patel et al. (Patel et al., 2004). In the simula-
tions, besides the helix-to-loop interconversion, seg-
ment A as a whole underwent a large displacement
away from the active site (e.g., up to 20 A in om99-uB,
Figure 3A). The displacement was concomitant to the
loss of hydrogen bonds involving the carbonyl oxygen
of Leu161 and the GIn163 side chain in segment A with
side chains of Lys9 and GIn12 in the 10s loop. The con-
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Figure 3. Backbone Flexibility

(A) Structure of OM99-2 (purple), APO2 (green), and a snapshot at
19 ns of simulation om99-uB (orange), showing the displacement
of segment A, loop F, and the 10s loop (residues 9-14). Residues
in the 10s loop involved in hydrogen bonding with residues in seg-
ment A are in sticks. Part of the protein is shown in gray ribbons.
Segments A and F were excluded from the C, superposition. Inset,
snapshots (gray lines) of the 10s loop at 100 ps resolution. The
view in the inset is slightly rotated with respect to the orientation
in (A).

(B) Temperature factors of C, atoms in A2 computed from the root
mean square fluctuations (rmsf) as B = 81?/3 rmsf? and averaged
(excluding the first 10 ns) over intervals of 1 ns (solid lines) and 10
ns (dotted lines). In the upper panel, the combined averages from
the inhibitor-free simulations containing the crystal waters (om99-u
in red, and apo-ul plus apo-u2 in green) are compared with the
experimental B factors in the free BACE X-ray structure of APO2
(Patel et al., 2004) (brown). Note that segment A is disordered and
therefore not observed in the APO2 X-ray structure. The flap (resi-
dues 67-77) and all insertion segments are labeled. In the lower
panel, B factors from the inhibitor bound simulation (om99-b in vio-
let) are compared with the B factors reported in the OM99-2 X-ray
structure (Hong et al., 2000) (orange).

(C) Time evolution of some of the hydrogen bonds of Lys9. Lines in
some of the plots are out of range and not visible. The snapshots
on the right show the pattern of hydrogen bonds at 0.1 ns (top) and
17.5 ns (bottom) of simulation om99-uB.

formational change of the 10s loop is not as large, lying
between the OM99-2 and APO2 X-ray structures (Fig-
ure 3A, inset). Loop F is also spatially close to the 10s
loop and is disordered in all of the X-ray structures

(Hong et al., 2000, 2002; Hong and Tang, 2004; Turner
et al., 2005; Patel et al., 2004), as is the case in the
simulations (Figure 3A). The mobility of the insertion
segments A and F could have functional significance,
as their outward movement opens the S; subpocket.
The crystallographic B factors and the corresponding
values derived from the root mean square fluctuations
(rmsf) averaged over intervals of 1 ns (excluding the
first 10 ns) are compared in Figure 3B. The solvent-
exposed insertion segments A, D (residues 270-273),
and F in the C-terminal lobe (residues 151-385) of the
enzyme are very flexible. Their mobility is in accord with
the distribution of temperature factors in the apo struc-
ture (Patel et al., 2004). At a longer time interval of 10
ns (dotted lines), the motion of the flap, segment A,
loop F, and residues 87-92 increased significantly. It is
important to note that the MD simulation results show
that the higher flexibility of the C-terminal lobe is intrin-
sic to the BACE structure and is not due to fewer crys-
tal contacts with symmetry-related molecules as sug-
gested previously (Patel et al., 2004).

The fluctuations observed in the simulations of un-
complexed BACE started from the inhibitor bound or
the apo X-ray structures are very similar (Figure 3B,
green and red in the upper panel). Furthermore, simula-
tions with and without ligand also exhibit similar flexi-
bilities, the only major difference being the lack of fluc-
tuations in the flap (residues 67-77) during the bound
simulations. The motion of the flap in the free enzyme
is due to the loss of interactions with both the inhibitor
and other parts of the protein (e.g., Tyr71-Trp76 hy-
drogen bond, see below). As pointed out earlier, the
loss of hydrogen bonds of segment A with the 10s loop
in the active site pocket is related to the outward mo-
tion of segment A (Figure 3A), which affects the nearby
loops F and D. The backbone carbonyl of Leu161 in
segment A competes with Asp310 near the N terminus
of loop F for a hydrogen bond with the side chain of
Lys9 in the 10s loop (Figure 3C). Indeed, in the simula-
tions, the Lys9-Asp310 side chain hydrogen bond is
more stable than the Lys9-Leu161 hydrogen bond, in
agreement with the APO2 X-ray structure in which A
was entirely missing and the 10s loop was displaced
by 4.5 A with respect to OM99-2. Only in om99-uA is
the hydrogen bond between the carbonyl of Leul61
and the Lys9 side chain stable (Figure 3C); here, seg-
ment A also retains the conformation of the starting
structure. Furthermore, the backbone carbonyl of Gly158
(segment A) is close to the phenolic OH of Tyr320 (near
the C terminus of segment F) in the APO1 and OM99-2
X-ray structures, but not in the simulations and APO2
(Figure 3C, right). Despite the uncertainties that can
arise from experimental conditions such as crystal pack-
ing and disorder contributions, the very good overall
agreement between crystallographic and calculated B
factors indicates that the relative flexibility of the dif-
ferent parts of the protein is correctly captured in the
simulations.

Intralobe Concerted Motion

To investigate concerted motion in BACE, the crosscor-
relation coefficient between the displacement of each
pair of residues was calculated following a previous
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Figure 4. Correlated Motion in BACE

The crosscorrelation coefficient C; between the displacement of
C, atoms i and j is calculated as C; = <AFAF>/(<Ar?><Ar?>)e
where AF, is the displacement from the average position of C, atom
i, and () represents an average over a simulation segment (Harte
et al., 1990). Data were obtained by averaging the C;; over 170 seg-
ments of 0.1 ns each. The last 17 ns of the trajectories om99-b
(top) and om99-uA (bottom) were used for this plot, and very similar
patterns are observed for other trajectories (see text). In each plot,
the upper and lower triangles show correlated and anticorrelated
displacement, respectively. The black solid lines emphasize the in-
terfacial region.

analysis of HIV-1 protease dynamics (Harte et al., 1992;
Zoete et al.,, 2002). Backbone motion is correlated
within each lobe of BACE (Figure 4). Moreover, part of
the interfacial region, i.e., residues 151-180, moves in
concert with the rest of the protein, which is essential
to preserve integrity of the active site. On the other
hand, the insertion segments do not show a positively
correlated motion with the rest of the structure. The in-
hibitor bound and free simulations display a similar pat-
tern of concerted motion, except for the higher correla-
tion in the former, which can be explained by the
increased rigidity of the enzyme due to the presence of
a tightly bound peptide in the binding site between the
two lobes. In other words, the inhibitor acts as an in-
terlobe “communicator,” which is not possible for the
water molecules occupying the binding site in the free
enzyme. In fact, the segments with higher correlation in
the bound with respect to the free simulations are the

catalytic dyad, 10s loop, and the flap (Figure 4). As pre-
viously found for HIV-1 protease (Harte et al., 1992),
correlated motion is higher at longer timescales, but
the pattern is essentially identical (not shown). The pre-
sent analysis, and in particular the intralobe concerted
motion, is consistent with a comparative study of the
X-ray structures of native endothiapepsin and 15 en-
dothiapepsin-inhibitor complexes, which suggested
that there are few interactions between the two parts
of this enzyme and, therefore, they can undergo dis-
placement “as separate rigid bodies” (Sali et al., 1992).
On the other hand, it is difficult to directly compare with
the correlated motion in HIV-1 protease because of the
short simulation lengths used for previous analyses
(Harte et al., 1992; Zoete et al., 2002).

Flap Opening in the Free Simulations

In the inhibitor bound conformation, the active site cleft
of eukaryotic aspartic proteases is covered by a long 8
hairpin, and the phenolic OH of the flap residue Tyr71
is involved in a hydrogen bond with the side chain NH
of Trp76 (Tyr75 and Trp39, respectively, in pepsin num-
bering). The flap-open conformation is characterized by
a displacement of the flap away from the catalytic
aspartates and the absence of the Tyr71-Trp76 hy-
drogen bond (Patel et al., 2004). The flap-open confor-
mation has been observed in penicillopepsin (3app),
the monoclinic crystal form of saccharopepsin (1fmx),
and BACE (1sgz and 1w50). Moreover, extensive exper-
imental and computational studies on HIV-1 protease
have shown that both open- and closed-flap conforma-
tions are accessible to the retroviral enzyme (Harte et
al., 1990, 1992; Collins et al., 1995; Ishima et al., 1999;
Freedberg et al., 2002; Katoh et al., 2003; Levy and
Caflisch, 2003; Levy et al., 2004; Clemente et al., 2004;
Perryman et al., 2004).

While in the simulations with the peptidic inhibitor
(om99-b and om99-b*) the Tyr71-Trp76 side chain hy-
drogen bond was stable, and the flap remained tightly
closed with a minor motion at the tip (Figure 3B), a wide
range of flap positions were observed in the simula-
tions without the inhibitor. Structural clustering (see Ex-
perimental Procedures) based on the C, atoms of the
residues near the flap tip (69-75) was used to quantify
the most populated conformations. Clustering of the
combined snapshots (excluding the first 10 ns) from the
two trajectories of om99-u yielded two major clusters,
each populated at ~48%, representing the flap-open
(blue) and flap-closed (orange) configurations (Figure
5, top left). The same procedure applied to the three
trajectories started from the apo structures produced a
cluster with 84% population of closed-like conforma-
tions (Figure 5, top right, blue) and a minor cluster
(~10%) containing the open-flap conformations (or-
ange). Thus, both the open- and closed-flap conforma-
tions of BACE are accessible within a 10 ns timescale.
The simulation results suggest that the potential energy
surface of free BACE is characterized by many local
minima with small energetic differences, some of which
are sampled by molecular dynamics at 300 K.

Although the presence or loss of the Tyr71-Trp76
hydrogen bond is observed in both the open- and closed-
flap conformations (Figure 5), the open-flap conforma-
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tion has a longer life time (within the simulation time-
scales of 20-30 ns) when the Tyr71-Trp76 hydrogen
bond is irreversibly broken (om99-uA). The open-flap
conformation is not significantly populated when the
hydrogen bond is formed (om99-uB). Furthermore, dur-
ing the displacement of the flap from the open- to the
closed-form observed in simulation apo-u2, the Tyr71-
Trp76 hydrogen bond formed at 14 ns. Therefore, the
open-flap conformation with the Tyr71-Trp76 hydrogen
bond as well as the closed-flap conformation without
the hydrogen bond appear to be transient. Ligand de-
sign based on representative structures with open flap
without the Tyr71-Trp76 hydrogen bond may lead to
novel BACE inhibitors. A precedent exists in the bind-
ing of a 3,4-disubstituted piperidine to renin, where loss
of the flap hydrogen bond and side chain displace-
ments were observed by X-ray crystallography (Oefner
et al., 1999).

The curling of the flap tip (Figure 5) correlates with
changes in the angle between the C, atoms of the flap
tip residues Tyr71, Thr72, and GIn73 (not shown), as
was previously observed in HIV-1 protease (Perryman
et al., 2004). The separation between the bottleneck
residues Thr72 at one side and Arg235, Ser328, and
Thr329 at the other side of the active site cleft was pre-
viously used as a criterion for flap opening (Hong and
Tang, 2004). Here, three variables are defined for a de-
tailed description of the motion and orientation of the
flap (Figure 6A): Z monitors the distance of the flap tip
from the catalytic aspartic acid residues, X measures
the gap between the flap tip and the loop facing it from
the C-lobe, and Y measures the distance between the
side chains of the bottleneck residues. The variable Y,

of Tyr71 and the indole nitrogen of Trp76 is
plotted for four of the trajectories used in the
clustering (see Figure 7 for apo-u2, which is
not shown here). The red dashed-line at
35 A represents a hydrogen bond cutoff.
(Bottom) The snapshots selected from the in-
hibitor-free simulations show that the Tyr71-
Trp76 side chain hydrogen bond can be
present (left) or absent (right) in the open-
flap conformation. In the latter case, the
Tyr71 side chain can assume multiple orien-
tations.

20 25 30
Time [ns]

though similar to X, considers side chain orientations
and provides the narrowest point of flap opening (e.g.,
3.5 A and 4 A in the X-ray structure OM99-2 and during
the om99-b simulation, respectively [Table 2]). It is clear
from the scatter plots in Figure 6 that there is a sub-
stantial difference in flap motion (and opening) between
the inhibitor bound (Figure 6B) and free simulations
(Figures 6C and 6D). Each of the free trajectories sam-
pled both the open and closed conformations irrespec-
tive of the starting structure or the active site protonation.
However, details of the flap motion varied, consistent with
the different levels of opening observed in the X-ray
structures APO1 and APO2. Relative to the starting co-
ordinate, the flap in both om99-u simulations moved
higher up (larger Z) and farther away from the loop op-
posite it (larger X). Also, the juxtaposed bottleneck resi-
dues moved farther apart (larger Y). In apo-ut, the scat-
ter plots (Figure 6D) are inverse-bell shaped, indicating
that no further closure of the bottleneck beyond the
closure observed in OM99-2 is possible, yet the flap tip
can move toward the S; pocket (lower Z). Such dis-
placement of the flap tip is most pronounced in the sim-
ulations with both of the catalytic aspartates charged
(om99-Cu) and in the runs without the crystal waters
(om99-u*). The latter observation might be related to
the lack of a water molecule in the position of the con-
served W2 (see below) at the beginning of the om99-u*
runs. The same observation provides evidence that it is
more appropriate to keep the water molecules of the
crystal structure in MD simulations because equilibra-
tion of water molecules into binding site pockets is not
complete within a 20 ns timescale.

The extent of flap opening differs not only between
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B Figure 6. Structure of the Active Site of
BACE

(A) Residues important for function and flap

T JR— opening are represented by a stick model,
omY9-b i labeled by the sequence number, and col-
] ored in red (acidic), blue (basic), green (po-
1 7] I Z b lar), and gray (Trp76). The following (mini-
8- Q i ] ‘ & i 2] mum) distances are emphasized by dotted
8 12 16 20 8 12 16 20 lines: Z, between the Co of the flap tip resi-
due Thr72 and the Cp of one of the catalytic

aspartates; X, between the C, atoms of

Thr72 at one side and Thr329 on the other
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> 8 x 12 flap opening, and both side chains interact

with inhibitors.
(B-D) Scatter plots of X and Y versus Z. The
black, red, and green dots indicate simula-
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i :__' ek it | :712— 2 ns, respectively.
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two simulations with different starting structures (e.g., Hong and Tang reported that an opening of the bot-
between om99-u and apo-ul), but also between two tleneck by 6.5 A is sufficient for the active site entrance
simulations started from the same structure (e.g., be- of the 8 residue peptidic inhibitor OM00-3 (Hong and
tween om99-uA and om99-uB or between apo-u1A and Tang, 2004). The simulations show that in solution there
apo-u1B). Note that the latter pairs differ only in the is a wide range of flap positions in free BACE that al-
assignment of random values for the initial velocities lows active site entrance of small-to-large substrates.
and that multiple trajectories were performed to im- The availability of several alternative configurations of
prove sampling (Caves et al., 1998). The combined av- the binding site could also allow for different substrates
erages of the data from the same set of simulations to bind, providing a possible explanation for the broad
resulted in values similar to those measured on the specificity of BACE (Gruninger-Leitch et al., 2002).
X-ray structures. The values of the variables X, Y, and Whether the motion of the flap tip into the active site
Z over the last 10 ns of the two om99-u simulations are (as measured by Z in om99-Cu and om99-u*) has a
in excellent agreement with the crystallographic apo functional role is yet to be determined.
structures (Table 2). For apo-ul and apo-u2, the
average values of X, Y, and Z are between those of the Self-Inhibition and Orientation of the Flap Tyrosine
apo and inhibitor bound X-ray structures. Moreover, The orientation of the Tyr71 side chain was monitored
the histograms of Z and Y in Figure 7A show that the along the simulations by using the angle 6 between the
peaks are sharp and narrow in the bound simulations vectors Tyr71 Cz — Tyr71 OH and Tyr71 OH — Gly34 O
(dashed lines), but are wide and shallow in the free sim- (Figure 8A). Thus, 0 is large (small) for Tyr71 orientations
ulations. pointing toward (away from) the S; pocket. In the bound
Table 2. Flap Displacement
Simulation X-Ray Structure
om99-b om99-b* om99-u* om99-u om99-Cu apo-ut apo-u2 OM99-2 APO1 APO2
<Z> 12003 127x08 106=11 141:23 10.1:04 12.6 + 2.6 12727 116 15.5 16.7
<X> 9.0+ 0.7 94+15 9.1 +1.0 125 1.7 128+ 0.9 11.1+£1.3 9.6+1.9 8.8 11.0 12.2
<Y> 43+09 40x06 48+1.0 8.0+ 3.0 7.0+1.2 6.6 +1.6 6.0 1.7 3.5 71 7.7
<D> 99:22 10516 11111 112x12 93:08 11222 9.1:15 9.6 2.9 7.4

Time-averaged distances and standard deviations over the last 10 ns. All values are in Angstroms. In the case of multiple trajectories, the
last 10 ns of each was used to obtain a combined average. See the legend of Figure 6 for the definition of Z, X and Y. D is the distance
between Tyr171(OH) and Lys107(0). () represents the time average. The last three columns contain values of Z, X, Y and D measured on
crystal structures.
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Figure 7. Histograms of Distances between Selected Residues
around the Active Site

(A-C) The y axis represents the percentage of snapshots saved
during the last 10 ns of individual simulations. Data for the free
and om99-b inhibitor bound simulations are plotted with solid and
dashed (only top) lines, respectively. (A) The distance between Co
of Thr72 and Cp of Asp32 and the minimum distance between the
side chain heavy atoms of Thr72 and Arg235 are shown in black
and red (same as Z and Y in Figure 6A), respectively. The dotted
vertical lines are for guiding the eye to the peak of Z and Y in
om99-b. (B) The distance between the hydroxyl oxygen of Tyr71
and the indole nitrogen of Trp76 in green (d in Figure 5), and the
carboxyl oxygen of Asp32 in blue. (C) Minimum distance between
the functional groups of Asp32 and Ser35 in magenta, between
Asp32 and Asp228 in cyan, and between Asp228 and Thr231 in
orange.

simulations, 6 remained around 60°, while it signifi-
cantly increased in the unbound simulations upon rup-
ture of the Tyr71-Trp76 hydrogen bond (om99-u) or the
hydrogen bond between Tyr71 OH and the CO of
Lys107 (apo-ul, Figure 8B). Thus, the side chain of
Tyr71 in the free simulations generally points toward the
S, substrate binding pocket. Furthermore, in the con-
formations in which the flap tip is also oriented toward
the S; pocket (i.e., those with smaller values of variable
Z, such as in apo-u1, in om99-Cu, and, to some extent,
in apo-u2), the Tyr71 side chain is involved in a direct
hydrogen bond with the side chain carboxyls of Asp32
(Figures 7B and 8) or with the backbone carbonyl of
Gly34 in a self-inhibitory mode. Note, however, that the
Tyr71-Asp32 hydrogen bond was reversible and weak
in simulations apo-u2 and apo-u1B. Hence, the self-
inhibited form is not the dominant conformation when
the catalytic dyad is monoprotonated. Moreover, apo-u2
evolved to the closed-flap conformation with eventual
formation of the Tyr71-Trp76 hydrogen bond. The
Tyr71-Asp32 interaction is strongest in om99-Cu, since
the hydroxyl of Tyr71 was further stabilized by the
stronger negative potential in the active site. This result
supports the monoprotonation of the active aspartates
and is consistent with the reduced activity of BACE
around neutral pH (Vassar et al., 1999; Griininger-Leitch
et al., 2002).

B closed flap
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Figure 8. Orientation of Tyr71 and Self-Inhibition

(A) Tyr71, Trp76, Gly34, Asp32, and Asp228 (sticks) and the flap
(tubes) in the OM99-2 and APO1 X-ray structures (color codes are
as in Figure 5). Blue and orange represent the center of the two
most populated clusters in om99-u (left) and apo-u1 (right). Here,
conformations were clustered by using the backbone rmsd of resi-
dues 20 A around Asp32 081 and a cutoff of 1.2 A. The angle ¢
(see text) is emphasized with green and brown solid lines and is
labeled for some of the conformations. The minimum distance be-
tween the hydroxyl oxygen of Tyr71 and either carboxyl oxygen of
Asp32 is also shown for one of the two most populated clusters
(black dotted lines).

(B) A scatter plot of ¢ against the variable Y (see text).

The self-inhibited conformation observed in the sim-
ulations is similar to the X-ray structures of the wild-
type (Gilliland et al., 1990; Newman et al., 1991) and the
Val111Phe variant (Strop et al., 1990) of free chymosin,
as well as the trigonal crystal form of free saccharopep-
sin (Gustchina et al., 2002). In these structures, Tyr75
(pepsin numbering) is in either a direct or a water-medi-
ated hydrogen bonding arrangement with the carbonyl
oxygen of Gly217 (corresponding to Gly34 in BACE).
Despite suggestions of some functional role, such as
having a negative impact on activity (Gustchina et al.,
2002), the importance of self-inhibition in catalysis is
not known. Based on the calculated pK,s (see Experi-
mental Procedures), both Asp32 and Asp228 are likely
to be charged at neutral pH. Thus, the deprotonation of
the aspartates in simulation om99-Cu roughly repre-
sents the active site charge distribution around neutral
pH. Therefore, although insufficient statistics precludes
a definitive claim, the om99-Cu simulation results indi-
cate that self-inhibition by the displacement of the
Tyr71 side chain into the S; pocket impairs the enzy-
matic activity at neutral pH. This is consistent with the
fact that aspartic proteases often employ conforma-
tional changes to modulate their intrinsic activity. In Ca-
thepsin D, a 10 residue N-terminal segment relocates
into the active site so that an interaction of a lysine
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Figure 9. Hydrogen Bond Donor and Accep-
tor Role Swapping between W2 and Ser35
during the Free Simulations

Diamonds represent snapshots from om99-
uA (in 100 ps resolution) in which the Ser35

Wi i 1 hydroxyl acts as a donor to W2. Snapshots
I '.‘ i before (left) and after (right) the switch in the
/ donor/acceptor roles of W2 are shown. A

third water molecule (W3) near W2 stabilizes
o Asn37. Hydrogen bonds are shown by dot-
ted lines, amino acids are shown by sticks,
and water molecules are shown by ball-
and-sticks.

0 5 10 15

Time [ns]

20

residue at position 7 with the catalytic aspartates
blocks proteolytic activity at neutral pH (Lee et al.,
1998). A very recent crystallographic study on allergen
Bla g 2, a Zn binding aspartic protease that lacks sub-
stantial proteolytic activity, revealed that the enzyme is
self-inhibited by direct contacts between a phenylala-
nine side chain in the flap (corresponding to Tyr71 in
BACE) and the catalytic residues (Gustchina et al.,
2005).

As mentioned above, the side chain of Tyr71 is in-
volved in an unusual hydrogen bond with the carbonyl
oxygen of Lys107 in the APO1 structure (Hong and
Tang, 2004). This hydrogen bond was not observed in
simulations from OM99-2 or APO2, and it broke early (5
and 10 ns) in the two simulations started from APO1
itself (Table 2). Thus, the conformation of the Tyr71 side
chain in APO1 is not consistent with other structural
data (Patel et al., 2004) and the present simulation re-
sults. One possible explanation may be that the cata-
lytic pocket of APO1 was occupied by impurities that
probably forced the side chain of Tyr71 to point outside
of the substrate binding site. In fact, upon superposi-
tion of the electron density maps onto the APO1 atomic
coordinates (pdb code 1sgz, structure factors kindly
provided by Dr. L. Hong), a weak electron density is
visible in the active site. Hence, it is likely that the hy-
drogen bond between Tyr71 and the CO of Lys107 is
present only sporadically in the free enzyme.

Interactions in the Active Site
Two conserved water molecules in the active site of
aspartic proteases play a crucial role in function and
stability (Andreeva and Rumsh, 2001; Prasad and Su-
guna, 2002). The catalytic water (W1) bridges the two
catalytic aspartates and is involved in the nucleophilic
attack. The minimum distance between the carboxyl
oxygens of the catalytic Asp dyad averaged over the
last 10 ns is ~2.5-3.5 A and ~4.5 A in the bound and
unbound simulations, respectively (Figure 7C). These
distances indicate that hydrogen bonding between
Asp32 and Asp228 is possible in the presence of a sub-
strate (i.e., in a flap-closed conformation), but that it is
mediated by W1 after flap opening.

Another water molecule (W2) stabilizes the flap-

closed conformation by participating in a network of
hydrogen-bonded residues Trp76-Tyr71-W2-Ser35-Asp32
(Figure 9, left). In the bound simulations, the Tyr71 hy-
droxyl acts as an acceptor for the NH of Trp76 and do-
nates to W2. As a consequence, W2 is oriented such
that it acts as a donor to the Asn37 backbone carbonyl
and the Ser35 side chain hydroxyl. Thus, the hydroxyl
of Ser35 is polarized to act as a donor to the anti-lone
pair of the outer oxygen atom of Asp32. Moreover, the
Asn37 NH and the side chain CO are involved in hy-
drogen bonds with another water molecule (W3). Inter-
estingly, the Asp32-Ser35 hydrogen bond was not
stable in the free simulations (Figures 7C and 9), con-
sistent with the observation that in all of the X-ray
structures lacking the Tyr71-Trp76 hydrogen bond, the
distance between the carboxyl group of Asp32 and the
hydroxyl functionality of Ser35 is larger than in the pres-
ence of the Tyr71-Trp76 hydrogen bond (Andreeva and
Rumsh, 2001). It is important to note that the rupture
of the hydrogen bond between Ser35 and Asp32 takes
place concomitantly with the W2 reorientation so that
W2 can act as an acceptor for the Ser35 hydroxyl while
still donating to the backbone carbonyl of Asn37 (Fig-
ure 9). Such a spontaneous reorientation is also in ac-
cord with the thorough structural analysis of Andreeva
and Rumsh who postulated that W2 and Ser35, which
are conserved in all pepsin-like enzymes, swap their
donor and acceptor roles during the catalytic cycle (An-
dreeva and Rumsh, 2001). Most importantly, the Asp32-
Ser35 interaction was intact in the simulation where
both the active aspartates were charged (om99-Cu), in-
dicating that the hydrogen bond switch described
above is designed for function at low pH, as proposed
(Andreeva and Rumsh, 2001).

In contrast to the Asp32-Ser35 interaction, the hy-
drogen bond between the Asp228 carboxyl and the
Thr231 hydroxyl is very stable in all simulations (Figure
7C). Hence, the simulation results support the reaction
mechanism proposed by Andreeva and Rumsh and in
particular the role of residues around the active site,
i.e., Thr231 protects the Asp228 carboxyl from proton-
ation at acidic pH and Ser35 assists in proton accep-
tance and release by Asp32 during the catalytic cycle
(see Figure 6 of Andreeva and Rumsh, 2001).
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Conclusions

Multiple explicit-solvent MD simulations of free and in-
hibitor bound BACE were performed, with particular
emphasis on the substrate binding site, to investigate
its flexibility. The MD trajectories were analyzed and
compared with most of the available crystallographic
data on BACE, and a good agreement was found for
both overall stability and thermal fluctuations. Three
main results emerge from the simulations and comple-
ment the static picture derived from the experimental
data. First, in the absence of inhibitor, the flap (residues
67-77) covering part of the substrate binding site is
very flexible and can switch from the closed- to the
open-conformation or vice versa on a 10 ns timescale
at room temperature. The potential energy surface of
BACE consists of multiple local minima in the neighbor-
hood of the native structure that differ little in energy
and are separated by low-energy barriers (Elber and
Karplus, 1990). The intraflap Tyr71-Trp76 side chain hy-
drogen bond is observed in both the open- and closed-
flap conformations, but it is more stable in the latter.
Furthermore, the unusual hydrogen bond observed in
one X-ray structure of free BACE (Hong and Tang, 2004)
between the Tyr71 hydroxyl group and the backbone
carbonyl of Lys107 is not stable. These simulation re-
sults suggest that BACE inhibitor design should make
use of both the closed-flap conformation in the pres-
ence of the Tyr71-Trp76 side chain hydrogen bond and
the open-flap conformation with multiple orientations
of the Tyr71 side chain. This detailed information is use-
ful for structure-based, computer-aided design, which
is likely to play an important role in the discovery of
BACE inhibitors (Huang et al., 2005). In fact, not a single
BACE inhibitor was found in a library containing more
than 1,800 renin inhibitors (Griininger-Leitch et al.,
2002), despite the fact that both BACE and renin are
pepsin-like enzymes. Moreover, only a single molecule
(1,3,5-trisubstituted benzene) emerged as a BACE in-
hibitor from a multimillion compound library submitted
to a high-throughput in vitro screening campaign (Co-
burn et al., 2004). On the other hand, using high-
throughput docking of a composite library of about half
a milion compounds and continuum electrostatic cal-
culations (Huang and Caflisch, 2004), we have recently
identified 12 phenylurea derivatives (out of 72 com-
pounds tested experimentally) that inhibit BACE in at
least 1 of 2 different mammalian cell-based assays at
concentrations lower than 10 .M (Huang et al., 2005).
We plan to continue our in silico screening based on
docking by using the present trajectories in a pharma-
cophore-type approach based on multiple BACE con-
formations. The utility of such an approach, and in par-
ticular the improved performance upon incorporation of
protein flexibility, has been shown for HIV-1 protease
by others (Meagher and Carlson, 2004).

Second, the Tyr71 side chain can be involved in a
hydrogen bond with the catalytic Asp32 or the carbonyl
oxygen of Gly34, which results in self-inhibition, espe-
cially at neutral pH, at which both catalytic aspartates
are likely to be charged. This observation is consistent
with a pH optimum of about 4 for BACE activity and
poor activity at pH values above 6 (Griininger-Leitch et
al., 2002).

Third, the simulation results provide further evidence
for the role, proposed previously by others (Andreeva
and Rumsh, 2001), of the conserved water molecules
and residues involved in hydrogen bonds with the
aspartates of the catalytic dyad. In particular, the fast
(i.e., sub-ns) reorientation of the Ser35 hydroxyl group
and the rigidity of the Thr231 side chain indicate that
the former assists Asp32 in proton acceptance and re-
lease during catalysis, while the latter protects the
Asp228 carboxyl from protonation at acidic pH.

Experimental Procedures

Preparation of BACE
Coordinates of BACE in complex with the inhibitor OM99-2 (Glu-
Val-Asn-Leu-¢p[CHOH-CH2]-Ala-Ala-Glu-Phe, where ¢[CHOH-CH2]
is a hydroxyethylene isostere of the peptide bond) were down-
loaded from the pdb database (Berman et al., 2000) (PDB entry
1fkn [Hong et al., 2000]). Simulations were performed by using the
A chain with and without the crystal waters and in the presence
and absence of the inhibitor (Table 1). While this work was in pro-
gress, an X-ray structure of BACE without bound inhibitor (APO1)
was published (PDB entry 1sgz [Hong and Tang, 2004]). The unique
orientation of the Tyr71 side chain (see Introduction) prompted us
to perform two simulations with APO1 as a starting structure (Table
1). Furthermore, yet another structure of free BACE was published
recently (APO2, pdb code 1w50) (Patel et al., 2004). A simulation
from APO2 was performed to improve statistics (Table 1).
Particular attention was given to the ionization state of the cleav-
age site, which contains the aspartyl dyad (Asp32/Asp228). At opti-
mal pH for enzymatic activity (~ 3.5-4.5), the aspartyl dyad is most
probably monoprotonated in the uncomplexed enzyme as well as
in the complex with the peptidomimetic inhibitors with a hydroxy-
ethylene isostere of the peptide bond. In this study, the pK, values
for the charged groups were calculated by using the finite-differ-
ence Poisson-Boltzmann method as in a previous work (Gorfe et
al., 2002). Asp32 was protonated based on the computed pK, on
the OM99-2 X-ray structure (the estimated pK,s were 4.6 and 0.2
for Asp32 and Asp228, respectively). The protonation of Asp32 was
also suggested by a previous MD and docking study (Park and Lee,
2003). A recent quantum mechanical study suggested dideproto-
nated and monoprotonated states for the free and complexed
forms of BACE, respectively (Rajamani and Reynolds, 2004). How-
ever, dideprotonation is in contradiction with the accepted reaction
mechanism of pepsin-like enzymes (Suguna et al., 1987; Davies,
1990), which requires that one of the aspartic residues be proton-
ated. To check the behavior of the simulations in the dideproton-
ated state of the unligated enzyme, a simulation was run in which
both Asp32 and Asp228 were charged (Table 1).

Molecular Dynamics Simulations
The protein was solvated in a water box of appropriate dimensions
so that the minimum distance between any protein atom and the
side of the box is 13 A, resulting in ~15,535 water molecules and
a total number of atoms of ~52,000. The water molecules were
equilibrated around the rigid protein for 0.2 ns. The isothermal iso-
baric ensemble with Berendsen temperature control (a coupling
constant of 0.4 ps) and Nose-Hoover pressure control (Hoover,
1985), full particle-mesh Ewald electrostatic (Essmann et al., 1995),
a 12 A cutoff for vdwW interactions, and a time step of 2 fs were
used in all simulations. The simulation systems contained 11 (or 12
in om99-Cu) Na ions to compensate for the net negative charge of
BACE. The simulations were performed by the program NAMD2
(Kalé et al., 1999) with the CHARMM22 (MacKerell et al., 1998) force
field and TIP3 water parameters, and the trajectories were analyzed
by the programs CHARMM (Brooks et al., 1983), VMD (Humphrey
et al.,, 1996), and an in-house trajectory analysis tool (WORDOM,
M. Seeber et al., personal communication). The leader algorithm
(Hartigan, 1975; Settanni et al., 2005) was used for structural clus-
tering based on the rmsd of selected atoms.

Names of the simulations are listed in Table 1. Individual trajecto-
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ries are suffixed with A, B, or C (e.g., om99-uA, om99-uB, apo-ulA,
apo-u1B, etc.).
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