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Computational details and protocols

Structure preparation

Five enzymes were studied in this work, s-secretase 1 (BACE1, pdb code 1SGZ),
p-secretase 2 (BACE2, pdb code 3ZKQ), cathepsin D (CatD, pdb code 1LYA), hen egg
white lysozyme (HEWL, pdb code 2LZT), and a hyperstable variant of staphylococcal
nuclease (A+PHS SNase, pdb code 3BDC). Hydrogens were added to the proteins using
the HBUILD facility' in CHARMM.2 Dummy hydrogen atoms were added to Asp and Glu
sidechains and placed in the syn position initially.® The protein was then placed in a
truncated octahedral water box with a minimum distance of 10 A between the solute and
edges of the water box. Water molecules within 2.6 A of any protein heavy atoms were
deleted. The unit-cell lattice parameter for HEWL, SNase, BACE1, CatD and BACE2 were
68, 69, 90, 84 and 84 A, respectively. While both hybrid-solvent* and all-atom CpHMD
simulations with particle mesh Ewald electrostatics® were performed for HEWL, SNase
and BACE1, only hybrid-solvent CoHMD simulations performed for CatD and BACEZ2,
which are close homologs of BACE1.

In the hybrid-solvent CoHMD, no explicit ions were added, as the electrostatic calcula-
tions were performed using the generalized Born model in the propagation of titration co-
ordinates.* As such, the presence of ions have negligible effects on the pK.,’s, as demon-
strated in our previous work.* Salt effects were taken into account via the ionic strength
setting (to the experimental conditions if available) in the Debye-Huickel approximation.®

In the all-atom CpHMD simulations, titratable water molecules were added to achieve
charge neutrality. Each titratable site was coupled with a titratable water, which can con-
vert to a hydronium ion for the acidic site, and a titratable water, which can convert to a
hydroxide ion for the basic site.”® The titratable waters were initially randomly placed in
the simulation box and free to move during the simulation. Explicit Na* and Cl~ ions were

added to neutralize the excess charge and achieve the ionic strength used in the NMR
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titration experiments: 50 mM for HEWL,® 100 mM for SNase, '° and 50 mM for BACE1."
The composition of the simulation systems are summarized in Table S1.

Each system was first energy minimized by the steepest descent method followed by
the adopted basis Newton-Raphson method with protein heavy atoms fixed and then har-
monically restrained with a force constant of 5 kcal/mol-A? to relax the hydrogen positions.
The system was then heated from 100 to 300 K within 80 ps with the protein heavy atoms
harmonically restrained with a force constant of 5 kcal/mol-A2. Following heating, the
system was equilibrated for 120 ps under harmonic restraints, where the force constant
was gradually reduced from 5 (40 ps), to 1 (40 ps), and 0.1 kcal/mol-A2 (40 ps). Finally,
the system was equilibrated for 300 ps without restraints. Heating and equilibration were
performed at the crystallization pH condition or pH 7.

Table S1: Overview of the simulation systems

Number of residues/molecules®
Hybrid-solvent All-atom
HEWL SNase BACE1 CatD BACE2 HEWL SNase BACE1
Protein 129 129 389 338 385 129 129 389
H,O 7198 7448 16238 12651 16874 7333 7496 15709

H;O* - - - - - 1 2 7
OH- . - - - - 9 17 43
Na+t - - - - 31 2 15 21
Cl- : - 32 12 24 17

No. atoms 23581 24484 54831 43203 56612 24028 24725 53439

@ HEWL contains 7 Asp, 2 Glu, 1 His, 6 Lys and 11 Arg residues. SNase contains 6 Asp,
11 Glu, 2 His, 18 Lys and 5 Arg residues. BACE1 contains 21 Asp, 22 Glu, 7 His, 15 Lys
and 17 Arg residues. CatD contains 20 Asp, 14 Glu, 5 His, 20 Lys and 8 Arg residues
BACEZ2 contains 17 Asp, 21 Glu, 1 His, 13 Lys and 12 Arg residues.

Simulation protocols

All CoHMD simulations were carried out using the CHARMM package (version c36a6,
modified for all-atom CpHMD),2 where the hybrid-solvent* and all-atom CpHMD meth-

0ds®>7® were implemented (in PHMD module). The pH-based replica-exchange proto-
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col* was used to enhance sampling in both protonation and conformational space (in
REPDSTR module). The CHARMM c22/CMAP force field'>'® was used to represent
proteins. The CHARMM style TIP3P water model was used to represent water.2 The pa-
rameters for titratable water that can convert to hydronium or hydroxide ion were taken
from Chen et al.® In all simulations, the SHAKE algorithm'* was applied to bonds involv-
ing hydrogen atoms to allow a 2-fs time step. Simulations were conducted with periodic
boundary conditions at ambient temperature (300 K) and pressure (1 atm) maintained
by the Ndse-Hoover thermostat'® and Langevin piston pressure-coupling algorithm, ' re-
spectively. Switch function was applied to the van der Waals potential calculation from
10 to 12 A. Electrostatic potential was calculated using the smooth particle-mesh Ewald
method '8 with a real-space cutoff of 12 A and a sixth-order interpolation with approx-
imately 1-A grid spacing. The neighbor and image lists were updated when necessary.
All Asp, Glu and His residues were allowed to titrate; Lys and Arg residues were fixed in
the charged state, as their model pK, are at least two units above the titration pH range
and none of them is buried such as a pK, downshift would be expected. The titration
coordinates (\) were propagated using the Langevin algorithm with a collision frequency

of 5 ps~!. The mass of the fictitious \ particles was set to 10 atomic mass units.

Hybrid-solvent CoHMD. In the hybrid-solvent CoHMD simulations, the titration dynam-
ics is propagated using the generalized-born (GB) model GBSW'® with the GB input radii
by Chen et al.?° The ionic strength in the GB calculations was set to the experimental con-
dition: 50 mM for HEWL,® 100 mM for SNase, '® 50 mM for BACE1,'" 50 mM for CatD,?’
and 100 mM for BACE2.22 The default setting in the GBSW module of CHARMM'® was
used for all other GB input options.

The production simulations were performed using the pH-based replica-exchange (pH-
REX) protocol* with an exchange between the neighboring pH replicas attempted every

500 MD steps or 1 ps. Data was collected after every exchange attempt (1 ps). For
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HEWL, 16 replicas were placed in the pH range 0-9 with an interval of 0.5 or 1 pH unit.
Each replica was run for 5 ns per replica, resulting in an aggregate sampling time of 80
ns. For SNase, 16 replicas were placed in the pH range 0—7 with an interval of 0.25, 0.5
or 1 pH unit. Each replica was run for 5 ns, resulting in an aggregate sampling time of 80
ns. For BACE1, 24 replicas were placed in the pH range 1-8 with an interval of 0.25 or
0.5 pH units. Each replica was run for 20 ns, resulting in an aggregate sampling time of
480 ns. For BACEZ2, 20 replicas were placed in the pH range 1.3-8 with an interval of 0.3
and 0.5 pH units. Each replica was run for 20 ns, resulting in an aggregate sampling time
of 400 ns. For CatD, 24 replicas were placed in the pH range 1-8 with an interval of 0.25
or 0.5 pH units. Each replica was run for 30 ns, resulting in an aggregate sampling time
of 720 ns. The last 3 ns of each replica were extracted for HEWL and SNase analysis,
and the last 10 ns of each replica were extracted for BACE1, BACE2 and CatD analysis.

The trajectories for BACE1 and CatD were taken from our previous work. 2324

All-atom CpHMD. In the all-atom CpHMD simulations, each protein was simulated for
30 ns per replica. For HEWL, 24 replicas were placed in the pH range -1-10.5 with an
interval of 0.5 pH units. The aggregate sampling time was 700 ns. For SNase, 22 replicas
were placed in the pH range -1-9.5 with an interval of 0.5 pH units. The aggregate
sampling time was 660 ns. For BACE1, 24 replicas were placed in the pH range -2-8
with an interval of 0.25 and 0.5 pH units. The aggregate sampling time was 720 ns. The
last 10 ns of each replica were extracted for analysis. The initial trajectories (10 ns per
replica) for HEWL and SNase were taken from our previous work.®°

Following our previous work,* a periodic boundary related correction was made to the
calculated pK.,’s (Table S2).

Qm%fysova N
A KCOIT — :|: - pure 1
P2a 3in(10)RT (v P ) U

where pP is the number density of pure solvent, which is 0.0333679 A3 for water at

S5



ambient temperature and pressure. « is the electrostatic constant, N and V' are the
number of solvent molecules and volume of the periodic box, respectively. @ is the charge
of the titratable site, i.e., -1 for Asp/Glu or +1 for His/Lys, and =V is the quadrupole
moment trace of the solvent model relative to a van der Waals interaction site (0.764 e-
A2 for TIP3P water). The negative sign is for acid groups and positive sign is for basic
groups.

Table S2: Finite-size corrections for the PME-based all-atom CpHMD simulations®.

System Volume (A3) Nwater — ApKeorr
Asp Gilu
HEWL 2.3561x10° +404 7343 -0.9 -0.9
SNase 2.4186x10° +447 7515 -09 -0.9
BACE1 5.2280x10° + 844 15759 -1.2 -1.2

® Volume was averaged over all pH replicas based on the last 1 ns data. The volume for
HEWL and SNase is the same as in our previous work.>

Supplementary Figures
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Figure S1: Stability of HEWL in the hybrid-solvent CpHMD. Time series of the back-
bone RMSD of HEWL at different pH conditions.
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Figure S3: Convergence of the unprotonated fractions in the hybrid-solvent CpHMD.
Unprotonated fractions of the dyad residues in HEWL, BACE1 and SNase as a function
of simulation time in the hybrid-solvent CoHMD. For clarity, only integer pH conditions are
shown. The unprotonated fraction is calculated cumulatively starting from the beginning of
the simulation. The proton donor and nucleophile are labeled in blue and red, respectively.

S9



_ 5- 7
g 4_.10’.'.'.'.‘.‘0-.-0-0-0-._._._“_._._. S 6_ .——Hl o o—o—0—0—9o
B 3 T _5-
%_Z—Wm %_4—....,.....
1 I I I | 3 I I I I |
0 5 10 15 20 0 1 2 3 4 5
5 - 5 -
a W“mmm 34— M o San S S
o | ©
8 7 5 3
%i:3_‘“n“”"w“~“ﬂ“w“,“~u~u» s 2-
o o o oo ¢
2 — T T T T 1 | | I | |
O 5 10 15 20 25 30 0 1 2 3 4 5
Time (ns)
Al 4_
§ e, estotetoseeeee  DBACE{ CatD BACE2 HEWL SNase
3 3 eD32 eD33 eD48 e E35 e D19
N e D228 D231 © D241 o D52 e D21
S [T erococoestotocees D40
2 ] | | | E43
0 5 10 15 20
Time (ns)

Figure S4: Calculated pK.’s for the catalytic residues in HEWL, SNase, BACE1,
CatD and BACE2 as a function of simulation time per replica in the hybrid-solvent
CpHMD.
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Figure S5: Calculated pK.’s for HEWL, SNase and BACE1 as a function of simulation
time per replica in the all-atom CpHMD.
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Figure S6: Number of hydrogen bonds for the catalytic residues in HEWL, BACE1,
and SNase from the all-atom CpHMD simulations. A hydrogen bond is considered
present if the donor-acceptor heavy-atom distance is within 3.5 A and the donor-H-
acceptor angle is greater than 150°. The proton donor and nucleophile are colored blue
and red, respectively.
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Figure S7: Occupancy of the individual hydrogen bonds formed by the the catalytic
nucleophile (base) in HEWL, SNase and BACE1 from the all-atom CpHMD simula-
tions. On the right panel, the proton donor and nucleophile are labeled in blue and red,
respectively.
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Figure S8: Titration and hydrogen bond environment of the catalytic carboxylates
in BACE2 from the hybrid-solvent CopHMD simulation. a) Fraction of deprotonation
as a function of pH for Asp48 (blue) and Asp241 (red). b) Total number of hydrogen
bonds formed by Asp48 (red) and Asp241 (blue) as a function of pH. ¢) Occupancy of
the individual hydrogen bonds formed by Asp241 as a function of pH. d) A snapshot
showing the hydrogen bonds formed by Asp241. The catalytic proton donor (Asp48)
and nucleophile (Asp241) are labeled in blue and red, respectively. A hydrogen bond
is present if the donor-acceptor distance is closer than 3.5 A and the donor-H-acceptor
angle is larger than 150°.
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Figure S9: Titration and hydrogen bond environment of the catalytic carboxylates
in CatD from the hybrid-solvent CpHMD simulation. a) Deprotonation fractions as a
function of pH for Asp33 (blue) and Asp231 (red). b) Total number of hydrogen bonds
formed by Asp33 (blue) and Asp231 (red) as a function of pH. ¢) Occupancy of the in-
dividual hydrogen bonds formed by Asp231 as a function of pH. d) A snapshot showing
the hydrogen bonds formed by Asp231. The catalytic proton donor (Asp33) and nucle-
ophile (Asp231) are labeled in blue and red, respectively. A hydrogen bond is present if
the donor-acceptor distance is closer than 3.5 A and the donor-H-acceptor angle is larger
than 150°.
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Figure S10: Fractional solvent accessible surface area (SASA) of the catalytic car-
boxylates in CatD and BACE2 from the hybrid-solvent CoHMD simulations. Frac-
tional SASA was calculated as the ratio between the SASA of the carboxylate oxygens
in the protein environment and that in solution. The data for the proton donor and nucle-
ophile are colored blue and red, respectively.

S16



5_
w 3
5 N
Z 1-
O 1 I 1 I 1 I 1 I
0 2 4 6 8
pH
5_
© 4
©
P B_W
<2
Z 1-
O 1 I 1 I 1 I 1 I
0 2 4 6 8
pH

HEWL BACE1 SNase
—E35 —-D32 -D19
—D52 —D228 —D21

Figure S11: Hydration number of the carboxylate dyad in HEWL, BACE1 and SNase
as a function of pH from the all-atom CpHMD simulations. Hydration number was
calculated as the number of water (oxygen atom) within 3.5 A of the carboxylate oxygen
atoms. The data for the proton donor and nucleophile are colored blue and red, respec-

tively.
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