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Abstract

The role of water in protein-ligand binding has been an intensely studied topic in recent years; 

however, how ligand protonation state change perturbs water has not been considered. Here we 

show that water dynamics and interactions can be controlled by the protonation state of ligand 

using continuous constant pH molecular dynamics simulations of two closely related model 

systems, β-secretase 1 and 2 (BACE1 and BACE2), in complex with a small-molecule inhibitor. 

Simulations revealed that, upon binding, the inhibitor pyrimidine ring remains deprotonated in 

BACE1 but becomes protonated in BACE2. Pyrimidine protonation results in water displacement, 

rigidification of the binding pocket, and shift in the ligand binding mode from water-mediated to 

direct hydrogen bonding. These findings not only support but also rationalize the most recent 

structure-selectivity data in BACE1 drug design. Binding-induced protonation state changes arc 

likely common; our work offers a glimpse at how modeling protein-ligand binding while allowing 

ligand titration can further advance the understanding of water and structure-based drug design.
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Over the past decade, experiments, theories, and simulations have refined our view of water. 

Hydrophobic effects, once thought to be exclusively driven by a change in the entropy of 

water, can also have an entropy origin,1,2 and ordered water molecules at the protein-ligand 

binding site may increase or decrease the binding free energy. 3,4 In recent years, binding-

induced protonation state changes of proteins have been discussed; 5–9 however, a similar 

topic for small-molecule ligands has not gained much attention. Furthermore, how a change 

in the ligand protonation state can impact the water and their involvement in protein-ligand 

binding has not been investigated. Here we use continuous constant pH molecular dynamics 

(CpHMD) simulations to illustrate how a binding-induced change in the ligand protonation 

state perturbs water, protein dynamics, and hydrogen bonding.

As model systems, we consider, β-secretase 1 (BACE1) and its paralog β-secretase 2 

(BACE2). BACE1 cleaves the amyloid precursor protein (APP) at the extracellular site to 

generate the β-amyloid peptide; as such it has been intensely pursued as a pharmaceutical 

target for Alzheimer’s disease. In vitro experiments showed that the APP cleavage activity of 

BACE1 occurs in the pH range 3.5–5.5.13,14 BACE2 has been shown to cleave APP with a 

similar bell-shaped pH profile;14–16 however, its biological functions are not fully 

understood, BACE2 is highly expressed in pigment cells, and deletion of the gene in mice 

and zebrafish results in a lack of pigmentation,17 Thus, BACE2 is considered an off-target in 

BACE1 drug design.18

BACE1 and BACE2 share similar sequences (71% similarity) and structures (Fig. 1a). The 

active site contains a dyad of aspartic acids, Asp32 (Asp48 in BACE2) and Asp228 (Asp241 

in BACE2), which respectively act as the catalytic acid and base in the peptide cleavage 

reaction. All small-molecule BACE1 inhibitors contain an aspartyl binding motif19 (ABM, 

the endo-and exo-cyclic amino groups shown in Fig. 1b), which forms hydrogen bonds with 

the aspartyl dyad. Lying over the catalytic dyad is an 11-residue β-hairpin loop, commonly 

known as the flap, which is an important structural feature in BACE-1 related proteases (Fig. 

1a). The flap of BACE1 has been shown, both experimentally and computationally, to 
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undergo pH-dependent motion relative to the active site.13‘20‘21 Located next to the catalytic 

dyad and on the opposite side from the active site is the S3 subpocket, another conserved 

feature among BACE1-related proteases (Fig. 1b). Some highly potent BACE1 inhibitors 

reach into the S3 subpocket to form direct interactions, for example, the Merck compound 

MK8698.22 Analysis of crystal structures suggested that direct interactions with the S3 

subpocket release four coordinated waters and cause the pocket to narrow. 18,23 

Displacement of ordered waters to the bulk increases entropy and therefore can improve 

binding affinity.8,18 However, a recent study by Johannson et al, suggested that the resulting 

improved affinity comes at a cost of lowering selectivity over BACE2.18 Based on the 

analysis of BACE1 cocrystal structures and activity data, they found that compounds that 

reach into the S3 subpoeket and displace water show little or no selectivity over BACE2, 

while those preserving the binding-site water show greatly improved selectivity.18 Thus, the 

S3 subpoeket water appears to be a key player in tuning the balance between potency and 

selectivity.

Intrigued by the above finding, we set out to understand the moderate selectivity of a small-

molecule BACE1 inhibitor LY2811376 developed by Eli Lilly,12 using CpHMD simulations 

with pH repliea-exehange. By simultaneously evolving conformational dynamics and 

protonation states at a specified pH and allowing different pH replicas to swap 

configurations in a Monte-Carlo fashion (see a recent review24), pH-EEX CpHMD is ideally 

suited for studying BACE1 and related systems that display pH-dependent dynamics and 

functions.13,20 Using this method, we previously characterized the pH-dependent interaction 

of LY2811376 with the catalytic dyad in BACE1.8,9 Here we examine the dynamics of 

waters and interactions in the S3 subpoeket of both BACE1 and BACE2 in complex with 

LY2811376, We found that the inhibitor displaces a larger number of waters, causes the S3 

subpoeket to narrow in BACE2, The effect on water and protein dynamics is related to the 

binding-induced protonation of the inhibitor pyrimidine ring, which allows the formation of 

a direct hydrogen bond with the protein. These data illustrate how a change in the ligand 

protonation state can perturb binding-site water and modulate protein-ligand binding.

CpHMD simulations were conducted for apo BACE2 and holo BACE2 in complex with 

LY2811376. A pH replica-exchange sampling protocol was used, which included 20/24 pH 

replicas in the pH range 1.3–8/−1–8 for the apo/holo protein. The aggregate simulation time 

for each system was about 600 ns (see Supporting Information for convergence analysis). 

The trajectories for the apo and holo BACE1 were taken from our previous simulations. 8 

LY2811376 binds BACE1 and BACE2 in similar modes. The ABM occupies the shallow 

S1′ subpoeket and forms two hydrogen bonds with the catalytic aspartates (Fig. 1b), while 

the pyrimidine ring occupies the S3 subpoeket, and is flanked by the two loop regions 

Ser10–Glyl3 and Gly230-Thr232 (Fig. 1b). Simulations of the apo proteins showed that the 

S3 subpocket is filled with five water molecules in both BACE1 and BACE2 (Fig. 2a), 

consistent with the similar pocket widths in apo BACE1 and BACE2 (Fig. 2d, dashed lines). 

One water molecule was mobile and exchanged with the bulk; however, four water 

molecules remained in similar locations throughout the simulations (Fig. 2b). These water 

molecules were captured by crystal structures10–12,26 and have been noted as important in 

several experimental studies.18,19,26

Henderson et al. Page 3

J Phys Chem Lett. Author manuscript; available in PMC 2019 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Water 1, which was present in both the apo and holo simulations, forms hydrogen bonds 

with Val31 and Tyr14 in BACE1 and corresponding residues in BACE2. Water 3 and 4 were 

displaced in the simulations of the holo proteins. Water 2 is most interesting. It remains in 

holo BACE1 and bridges the hydrogen bonds between the inhibitor’s pyrimidine nitrogen 

and Ser229 (Fig. 3a); however, it is displaced in holo BACE2. To quantify the water 

dynamics upon ligand binding, we calculated the total number of displaced water in the S3 

subpoeket as a function of pH. In the enzyme active pH range (3.5–5.5), nearly two water 

molecules are released in BACE1, while one or two more are released in BACE2 (Fig. 2c). 

This data is consistent with the qualitative picture (Fig. 2b), which shows that while water 3 

and 4 are displaced in both proteins, water 2 is displaced only in BACE2. Interestingly, the 

difference in the water displacement is correlated with the change in the pocket width, 

defined as the center-of-mass distance between the aforementioned two loop regions. The 

probability distribution of the pocket width remains unchanged when the inhibitor binds 

BACE1; however it becomes narrower and the peak shifts to a smaller value for BACE2 

binding (Fig. 2d). This data indicates that, upon binding, the S3 subpoeket in BACE1 

remains open and flexible, while it narrows and rigidities in BACE2.

Johansson et al. observed that a significant difference between the selective and nonse-

lective compounds is that the former do not perturb the S3 water in BACE1, keeping the 

pocket in an open state,18 However, no observation was made regarding BACE2, due to the 

lack of cocrystal structures. Considering that LY2811376 is ten fold selective for BACE1 

over BACE2, our data is consistent with the above observation; however, our data further 

suggests that the mechanism for selectivity is the increased perturbation of the S3 water in 

BACE2 compared to BACE1.

Several past studies of BACE1 co-crystal structures noted that inhibitors that occupy the S3 

subpoeket form a water-mediated hydrogen bond with a serine.18,19,26 Consistent with the 

crystal structures, our simulations showed that the pyrimidinyl nitrogen can accept hydrogen 

bonds from two nearby water molecules, which are in turn hydrogen bonded with either the 

sidechain hydroxyl or the backbone carbonyl of Ser229 in the S3 subpocket of BACE1 (Fig. 

3a). Importantly, the water-bridged hydrogen bonds only appear above pH ~3.5, and the 

occupancy increases to a maximum at pH ~5.5, coinciding with the active pH range of the 

enzyme (Fig. 3b, blue). In this pH range, the pyrimidinyl nitrogen becomes increasingly 

deprotonated with pH (Fig. 3c, blue). Surprisingly, below the active pH range, the protonated 

pyrimidinyl nitrogen can donate a hydrogen bond to the hydroxyl oxygen of Thr232, which 

is near Ser229 (Fig. 3d, blue). We now turn to BACE2. In the active pH range, there is no 

water-mediated hydrogen bond between the pyrimidine and BACE2 (Fig. 3b, red), as the 

pyrimidinyl nitrogen is fully protonated (Fig. 3c, red) and forms a direct hydrogen bond with 

the threonine equivalent to Thr232 in BACE1 (Fig. 3d, red).

The pyrimidine ring has a solution (model) pKa of 3.7; as such it is deprotonated at the pH 

(4.5) of peak enzyme activity,13 which is also the typical pH used in the BACE1 binding 

assays,18,27 However, our simulations revealed that in association with BACE1 the 

pyrimidine ring has a similar pKa (4.2) as the solution value, but in association with BACE2, 

the pKa is shifted up bv 2.7 units to 6.4 (Fig. 3c), Thus, at pH 4.5, the inhibitor remains at 

least partially deprotonated upon binding BACE1 but becomes protonated upon binding 
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BACE2. The difference in protonation state is reflected in the different mechanism of 

hydrogen bonding, i.e. water-mediated in BACE1 versus direct hydrogen bonding in 

BACE2. Johansson et al, suggested that the formation of water-mediated hydrogen bonds in 

BACE1 is important for selectivity,18 but why it leads to selectivity against BACE2 was not 

explained. Our data demonstrate that a selective compound may become protonated in 

BACE2 and lose the ability to accept water-bridged hydrogen bonds in the S3 subpoeket. 

Thus, the loss of water-mediated interactions in BACE2 may be a key contributor to 

selectivity.

The effect of the binding-induced ligand protonation state change on water network has not 

been investigated until now. Our data revealed that protonation of the pyrimidine ring, an 

important and frequently used building block in small-molecule drug design, increases the 

number of displaced water, rigidities the binding pocket, and shifts the ligand binding mode 

from water-mediated to direct hydrogen bonding. While a more detailed study is warranted 

in the future, the current work offers a glimpse at how modeling protein-ligand binding 

coupled to ligand titration can further advance the understanding of water and structure-

based drug design.

Methods and Protocols.

The initial structure of apo BACE2 was taken from the PDB data bank (PDB ID: 3ZKQ11). 

A few missing residues (remote from the ligand binding site) were added using SWISS-

MODEL.28 Since BACE1 and BACE2 structures are highly similar, following our previous 

work,9 the inhibitor LY2811376 was manually docked to BACE2 by aligning the crystal 

structure of apo BACE2 with the crystal structure of BACE1 in complex with the same 

inhibitor (PDB ID: 4YBI12). The docking pose was validated by monitoring the replica-

exchange trajectories. Missing hydrogens were added, assuming doubly protonated 

histidines and otherwise standard protonation states for all sidechains, using the HBUILD 

facility in CHAEMM.29 An in-house CHAEMM script was used to add dummy hydrogens 

to the sidechains of Asp and Glu in preparation for the CpHMD titration. The structures 

were then solvated in truncated octahedron water boxes with at least 10 Å between the 

protein and the box edges. Water molecules within 2.6 Å from the protein heavy atoms were 

removed. The total number of atoms in the solvated systems was about 55,000. The 

inclusion of explicit ions is not required for system neutralization in the hybrid-solvent 

CpHMD simulations, as the fluctuating system net charge cannot be compensated by a fixed 

number of ions. In lieu of explicit counterions, the particle-mesh Ewald calculation includes 

a neutralizing plasma to maintain charge neutrality. To account for salt effects on the pica 

pKa’s, an ionic strength of 0.05 M was used in the generalized Born calculations for the 

hybrid-solvent CpHMD, consistent with our previous work on BACE1 and related systems.
8,9

All simulations were performed using the CHAEMM package (version e36a6).29 The 

hybrid-solvent CpHMD was invoked through the PHMD module. 30 The pH replica-

exchange protocol was invoked through the EEPSTE module.30 The proteins were 

represented by the CHAEMM22/CMAP all-atom force field,31,32 and water was represented 

by the CHAEMM modified TIP3P model.29 The parameters for LY2811376 were optimized 
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previously by us. 8 The systems underwent energy minimization, 120 ps heating, and 280 ps 

equilibration with hybrid-solvent CpHMD turned on and pH set to 7. In the production run, 

the pH replica-exchange protocol30 was additionally used (see below for more details). All 

settings in the CpHMD simulations were program defaults and can be found in our earlier 

work30 and CHAEMM documentation (http://www.eharmm.org). The SHAKE algorithm33 

was applied to bonds involving hydrogen atoms. Simulations were run under an NPT 

ensemble at a temperature of 300 K maintained by the Nose-Hoover thermostat and a 

pressure of 1 atm maintained by the Langevin piston pressure-coupling algorithm (see 

CHAEMM documentation, http://www.charmm.org) For the van der Waals calculations a 

switching function of 10 to 12 Å was used. A real-space cutoff of 12 Å and a sixth-order 

interpolation with approximately 1-Å grid were applied in the electrostatics calculations 

with the smooth particle-mesh Ewald method.34

In the CpHMD simulations, all Asp, Glu, and His sidechains were allowed to titrate, while 

Lys and Arg were kept in the protonated states. The latter can be justified, as the model 

pKa’s are outside of the simulation pH range and structural analysis ruled out possible pKa 

shifts to the simulation pH range. The simulation of apo BACE2 utilized 20 pH replicas in 

the pH range 1.3–8, with a spacing of 0.3 pH units from pH 1.3 to 5.5 and 0.5 pH units from 

pH 5.5 to 8; the total simulation time was 600 ns (30 ns per replica). The holo BACE2 

simulation utilized 24 pH replicas in the pH range −1–8 using increments of 0.3/0.5 pH 

units; the total simulation time was 744 ns (31 ns per replica). The exchange rates were on 

average 44% and 46% for the apo and holo simulations, respectively. Except for the pKa 

calculations, which utilized the entire trajectories, the initial 10 ns from each replica was 

discarded in the analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Structures of BACE1 and BACE2 and their binding interactions with the Eli Lilly 
inhibitor LY2811376.
a) Cartoon representations of BACE1 (PDB ID 1SGZ10) and BACE2 (PDB ID 3ZKQ11). 

The flap is shown in red; the catalytic dyad and the S3 pocket residues are rendered as 

orange and green surfaces, respectively. b) A two-dimensional view of the Eli Lilly 

compound LY2811376 associated with BACE1 (PDB ID 4YBI12). Residues in the S1, S1′, 

S2 and S3 subpockets are indicated. The hydrogen bonding interactions with the dyad 

carboxylate groups are shown. The titratable pyrimidinyl nitrogen is circled.
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Figure 2: Water dynamics in the apo and holo forms of BACE1 and BACE2.
a) Number of water molecules in the S3 subpocket as a function of pH for apo BACE1 

(blue) and BACE2 (red). The subpocket is defined by a 5-Å sphere, centered at the heavy-

atom center of mass of loop residues Ser10-Gly13 and Gly230-Thr232, which flank the 

pyrimidinyl ring (see b). b) Zoomed-in view of the S3 subpocket with the inhibitor 

overlayed onto the apo BACE2 structure. Red spheres indicate crystal water molecules; 

those within the defined S3 subpocket are numbered. An isosurface of water density at 0.65 

amu/Å3 (light cyan) was created with the VolMap plugin of VMD 25 based on the apo 

BACE2 simulation. c) Number of displaced water molecules in the S3 subpocket upon 

ligand binding to BACE1 and BACE2. d) Probability distribution of the S3 subpocket width 

of BACE1 and BACE2. The pocket width is defined as the distance between the heavy-atom 

centers of mass of the two aforementioned loop regions. Dashed lines represent the data 

from the apo simulations. Data from pH 4.9 were used. Distributions for other pH conditions 

are similar.
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Figure 3: LY2811376 forms water-mediated or direct hydrogen bonds in the S3 subpockets of 
BACE1 and BACE2.
a) Representations of the ligand forming the water-mediated hydrogen bond with Ser229 

(ligand shown in green) and the direct hydrogen bond with Thr232 (ligand shown in gray). 

b) Probabilities of forming the water-mediated hydrogen bonds in BACE1 (blue) and 

BACE2 (red) as functions of pH. c) Probabilities of deprotonation for the pyrimidinyl 

nitrogen in solution (green), BACE1 and BACE2 as functions of pH. The pKa’s in solution, 

BACE1, and BACE2 are 3.7, 4.2, and 6.4, respectively. d) Probabilities of forming the direct 

hydrogen bond in BACE1 and BACE2 as functions of pH.
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