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Introducing Titratable Water to All-Atom Molecular Dynamics at

Constant pH

Wei Chen, Jason A. Wallace, Zhi Yue, and Jana K. Shen*

Department of Pharmaceutical Sciences, School of Pharmacy, University of Maryland, Baltimore, Maryland

ABSTRACT Recent development of titratable coions has paved the way for realizing all-atom molecular dynamics at constant
pH. To further improve physical realism, here we describe a technique in which proton titration of the solute is directly coupled to
the interconversion between water and hydroxide or hydronium. We test the new method in replica-exchange continuous
constant pH molecular dynamics simulations of three proteins, HP36, BBL, and HEWL. The calculated pK, values based on
10-ns sampling per replica have the average absolute and root-mean-square errors of 0.7 and 0.9 pH units, respectively.
Introducing titratable water in molecular dynamics offers a means to model proton exchange between solute and solvent,
thus opening a door to gaining new insights into the intricate details of biological phenomena involving proton translocation.
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Solution pH is an important factor in biology. Although
neutral pH in extracellular medium accounts for balanced
electrostatics and proper folding of protein structures, pH
gradients across cell membranes induce large conformational
changes that are necessary for biological functions, such as
ATP synthesis and efflux of small molecules out of the cell.
To gain detailed insights into pH-dependent conformational
phenomena, several constant pH molecular dynamics
(pHMD) methods, based on either discrete or continuous
titration coordinates, have been developed in the last decade
(1-4). In the continuous pHMD (CpHMD) framework (2,4),
a set of titration coordinates {;} are simultaneously propa-
gated along with the conformational degrees of freedom.
Although the original CpHMD method based on the
generalized Born (GB) implicit-solvent models (2,4) offers
quantitative prediction of pK, values and pH dependence of
folding and conformational dynamics of proteins (5), its
accuracy and applicability to highly charged systems and
those with dominantly hydrophobic regions are limited due
to the approximate nature of the underlying implicit-solvent
models.

Motivated by the above-mentioned need, three groups
have made efforts to develop a CpHMD method using exclu-
sively the explicit-solvent models (6-8). In our development,
the titration of acidic and basic sites is coupled with that of
coions to level the total charge of the system (8). To further
improve physical realism, here we replace the coions by
titratable water molecules, which not only absorb the excess
charge but also enable direct modeling of solute-solvent pro-
ton exchange in classical molecular dynamics simulations.

To illustrate the utility of the new methodology, we
applied it to the titration simulations of three proteins that
were previously used to benchmark the GB-based CpHMD.
Although this work does not explore specific interactions
between titratable waters and proteins, the methodology
can be further tested or improved to provide a rigorous
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way for modeling proton transfer in molecular dynamics,
which is a computationally efficient alternative to the empir-
ical valence-bond theory-based methodologies (9,10).

We define titration of water as:

1. Loss of a proton to give a negatively charged hydroxide,

H,0=0H +H", ()

or

2. Gain of a proton to give a positively charged hydronium,

H,0 + H" =H;0". Q)

We now couple the titration of hydroxide (Eq. 1) with that of
an acidic site of the solute in the CpHMD simulation,

K,
HA + OH =A" + H,0. 3)

The use of hydronium is avoided here to prevent a potential
artifact due to prolonged attraction with A~. Analogously,
we couple the titration of hydronium (Eq. 2) with that of a
basic site,

BH' + H,LOSH,0" + B @)
2V ~—113 .

Thus, effectively, a proton is transferred between the solute
and solvent. However, we should note that in CpHMD sim-
ulations, titratable protons are represented by covalently
attached dummies (2,4). Through varying the atomic
charges and van der Waals interactions, they are seen
by other atoms in the protonated state but not in the
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unprotonated state (see Table S1 in the Supporting Mate-
rial). Furthermore, the solution proton concentration is
implicitly modeled through a free energy term (2,4).

In CpHMD, the reference potential of mean force (PMF)
for titration is that of the model compound (blocked single
amino acid in water) along 4 (2,4). In the presence of coti-
trating water molecules, it is necessary to add the PMF for
the conversion of water to hydroxide or hydronium. One-
nanosecond NPT simulations at ambient pressure and tem-
perature were performed to calculate the average force,
(dUId,0) at given @-values, which are related to A by A =
sin® 0 (see Fig. S1 in the Supporting Material). Thermody-
namic integration was then applied to calculate the PMF.
We found that the average force can be accurately fit
when assuming the PMF is quadratic in A (Fig. 1). The
same applies to the PMFs for titration of models Asp,
Glu, and His. After testing on the titration of model com-
pounds (see Table S2), we performed 10-ns all-atom
CpHMD simulations with the pH replica-exchange protocol
for three proteins: HP36, BBL and HEWL (see the Support-
ing Material for details). Most of the calculated pK, values
were converged in 10 ns per replica (see Fig. S3). Results
are summarized in Table 1 and Fig. S4. Based on the
10-ns data, the root-mean-square (RMS) and average abso-
lute errors are 0.9 and 0.7 pH units, respectively, while the
largest absolute error is 2.5 (Glu® of HEWL). Linear
regression of the calculation versus experiment gives R* of
0.8 and slope of 1.2.

Breaking the simulations in two halves, we noticed that
the second 5-ns sampling gave better agreement with
experiment. The RMS deviation is reduced from 1.2 to
0.9 pH units, while the average absolute deviation is
reduced from 1.0 to 0.6 pH units. The linear regression
against experimental data is also improved, with the
slope decreasing from 1.4 to 1.1 although R, remains
the same. Comparing these second-half results with the
GB-based simulations, we find that the RMS and average
absolute deviations are about the same as the GB-CpHMD
results; however, the all-atom simulations show a small sys-
tematic overestimation (regression slope >1), whereas GB
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FIGURE 1 Average force and potential of mean force for
converting a water molecule to hydroxide (A) and hydronium.
(B) (Data points) Average forces. (Dashed curves) Best fits using
a linear function, 2A(A — B). (Solid curves) Corresponding
potential of mean force.
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TABLE 1 Calculated and experimental pK, values of three
proteins
Experiment® GB* All-atom CpHMD
Residue Time (ns)® 0-1 0-5 5-10 0-10
HP36
Asp** 3.10(0.01)  32(0.1) 20 3.0 26(0.5)
Glu® 3.95(0.01) 35(0.1) 43 45 4401
Asp*® 345(0.12)  35(0.1) 24 37 3.1(0.6)
Glu” 437(0.03)  35(0.1) 44 44 4400
BBL
Asp'® 3.88(0.02) 3.2(0.0) 22 32 27(0.5)
Glu'! 446 (0.04) 430.0) 40 44 42(02)
His'+? 647 (0.04)  7.1(0.0) 59 58  5.8(0.0)
Asp'®? 3.65(0.04) 28(02) 3.0 31 3.1(0.0)
Glu'®! 3.72(0.05) 3.6(03) 42 39  4.0(0.2)
Asp'®? 3.18 (0.04)  34(03) 29 35 3.2(03)
Glu'* 450(0.03) 45(0.1) 57 46  52(0.6)
His!'%¢ 5.39(0.02) 54(0.1) 44 44  4.4(0.0)
HEWL
Glu’ 2.6 (0.2) 260.1) 3.6 34 35(0.1)
His"’ 5.5(0.2) 53(05) 5.1 51  5.1(0.0)
Asp'® 2.8 (0.3) 29(0.0) 25 33 29(04)
Glu® 6.1 (0.4) 4402) 85 87  8.6(0.1)
Asp*® 1.4 (0.2) 2802 —0.1 1.1 0.6(0.6)
Asp™? 3.6 (0.3) 46(00) 54 56  55(0.1)
Asp®® 1.2 (0.2) 12(04) —06 08  03(0.7)
Asp®’ 2.2(0.1) 20(0.1) 08 2.1 1.5 (0.7)
Asp'”! 45 (0.1) 33(03) 6.1 57 59(02)
Asp'? 3.5(0.3) 25(0.1) 3.0 33 32(0.1)
Maximum absolute deviation 1.8 2.4 2.6 2.5

Average absolute deviation
(RMS deviation)
Linear fit R> (slope)

0.5(0.7) 1.0(1.2) 0.6(0.9) 0.7 (0.9)

0.7 (0.8) 0.8(1.4) 0.7(1.1) 0.8(1.2)

“Taken from Wallace and Shen (12). The pK,’s of BBL were recalculated.
®Sampling time per pH replica.

simulations show a systematic underestimation (regression
slope <1).

The improvement in the second halves of the simulations
are seen mainly for residues involved in attractive electro-
static interactions, including Asp** and Asp*® of HP36,
Asp'? of BBL, and Asp*®, Asp®®, and Asp®’ of HEWL.
These residues are initially locked in salt-bridges or
hydrogen bonds. However, in the second 5 ns, the attractive
interactions weakened, leading to a decrease in the calculated
pK, shifts relative to the model values and better agreement
with experiment. For instance, Asp** was initially in a salt-
bridge distance from Arg>>. However, the salt-bridge posi-
tions were sampled less often in the second 5 ns (see
Fig. S5), which explains the 1-unit reduction in the calculated
pK, shift. Significant fluctuation in ion-pair interactions was
also observed in the work by Alexov (11). The carboxyl
oxygen of Asp*® was a hydrogen-bond acceptor with both
the backbone amide and hydroxyl of Ser*’. These hydrogen
bonds were less frequently sampled in the second 5 ns (see
Fig. $6), leading to a decrease of the pK, shift for Asp*® by
1.3 units. These results indicate that extensive conforma-
tional sampling is necessary to give an accurate estimate of
the ratio between the charged and neutral populations.
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Limited conformational sampling is also a contributing
factor to the overestimation of the pK, shifts for buried res-
idues (Table 1). In fact, we observed ionization-induced
conformational changes for His'®® of BBL and Glu® of
HEWL: they became more exposed to solvent when
becoming charged as indicated by an increase in the
solvent-accessible surface area (SASA) (see Fig. S7 and
Fig. S8). The increase in SASA is correlated with the
more frequent sampling of the states with A close to 1,
i.e., the deprotonated form (see Fig. S9). However, because
Glu®® was buried in the starting conformation and the tran-
sition between buried and exposed states is slow compared
to the simulation length, the exposed state may not be suffi-
ciently sampled, leading to overestimation of the pK, shift.

In contrast to G1u35, the SASA of Asp52 in HEWL is
almost identical for both protonation states. The lack of
conformational fluctuation is due to the strong hydrogen
bonding with the side-chain amino group of Asn*® and
Asn®® (data not shown). Overestimation of the pK, shifts
for buried residues can also be attributed to the limitation
of the additive force field which underestimates dielectric
response in protein environment (more discussion see
Supporting Material) of the pK, shifts for buried residues.

Finally, to ascertain if the presence of hydroxide/
hydronium introduces artifacts, we studied the interaction
between hydroxide/hydronium and the titratable sites/ions.
Comparing the hydroxide/hydronium with respective
chloride/sodium ions, we find that the spatial distributions
are nearly identical (see plots of distance distributions and
radial distribution functions in Figs. S10-S13). However,
the relative occupancy of the hydroxide around the neutral
Asp/Glu, positive histidine, or sodium ion is 2-3 times as
that of a chloride. The water-bridged interaction between
sodium and chloride ions becomes much weaker when chlo-
ride is replaced by hydroxide or sodium is replaced by
hydronium. By contrast, the occupancy of the hydronium
around the solute is similar to that of the sodium. Further-
more, similar pK, results for these proteins were obtained
when coions were used instead of titratable waters (data
not shown). Thus, we believe that potential artifacts related
to the ionized forms of water are negligible. Work is under-
way to further understand the limitations of the methodol-
ogy and to explore applications to protein dynamics
coupled to proton transfer.

In summary, we have developed and tested titratable water
models for use in all-atom CpHMD simulations. Although
the benchmark pK, calculations indicate a comparable accu-
racy as the GB-CpHMD method, the all-atom method offers
physical rigor and most importantly, it is applicable to sys-
tems that cannot be studied with GB-based simulations
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such as lipids and nucleic acids. We anticipate that the accu-
racy of this methodology can be further improved by incor-
porating the new-generation force fields that account for
polarization. The coupling between proton titration of water
and solute offers a computationally efficient way to model
proton transfer in molecular mechanics simulations.

SUPPORTING MATERIAL

Simulation details, two tables, and thirteen figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(13)00745-5.
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Simulation Details

Structure preparation

Three proteins were studied in this work: the 36-residue subdomain of villin headpiece, HP36
(PDB code 1VII), 45-residue binding domain of 2-oxoglutarate dehydrogenase multi-enzyme com-
plex, BBL (PDB code 1W4H), and 129-residue hen egg white lysozyme, HEWL (PDB code 2LZT).
The HBUILD facility of CHARMM was used to add hydrogens to the proteins. The N-termini were
left free while the C-termini were N-methylamidated. The proteins were solvated in a truncated
octahedral water box. The distance between the protein and the edges of the water box was at
least 10 A. Titratable co-ions (hydroxide and hydronium) were added for all titration sites (Asp, Glu,
and His) to level the total net charge (1): 4 OH~ for HP36; 2 H3O™ and 6 OH~ for BBL; and 1
H;O* and 9 OH~ for HEWL. Na™ and/or Cl~ ions were then added to neutralize the system and
reach the experimental ionic strength: 150 mM for for HP36 (2), 200 mM for BBL (3, 4), and 50
mM for HEWL (5). The model compounds were single amino acids acetylated at the N-terminus
(ACE) and N-methylamidated at C-terminus (CT3). The model compounds were solvated in a cu-
bic water box. For the simulation of model Asp and Glu, one hydroxide (interconverting with water)
and one Na™ counter-ion were added to the system, while for model His one hydronium (inter-
converting with water) and one CI~ counter-ion were used. The derived parameters for the PMF
were used to titrate hydroxide and hydronium in water boxes. Small adjustments were done to
achieve reference pK,’s of hydroxide and hydronium. The resulting parameters were then tested
on titration of model compounds (Asp, Glu, and His).

Simulation protocol

All simulations were carried out using an in-house modified version of CHARMM (version c36b2)
(6). The all-atom CpHMD method was implemented in the PHMD module (1) and the pH-based
replica-exchange protocol was added to the REPDSTR module (7). The CHARMM22/CMAP ad-
ditive force field for proteins (8) and the modified CHARMM TIP3P water model (9) were used. It
was shown that CHARMM force field underestimates the dielectric constants of alkanes by almost
a factor of 2 (10). A smaller dielectric constant for the protein interior results in an overestimation
of the desolvation energies of charged sidechains, thereby contributing to a systematic overesti-
mation of the pK, shifts for buried residues.

The respective partial charges for water, hydroxide and hydronium were taken from TIP3P (9),
1



CHARMM22 (11), and the work by Sagnella and Voth (12) (see Table S1). The parameters for
the bond and angle energy terms for hydronium were from Sagnella and Voth (12). Other force
field parameters for hydroxide and hydronium were adapted from TIP3P. To prevent prolonged
attraction between hydroxide and hydronium, the van der Waals interaction distance (R.i») be-
tween oxygen atoms of hydroxide and hydronium was increased to 4.5 A. The modified R,,;,, for
sodium, and for sodium-chloride as well as sodium-carbonyl oxygen pairs by Roux and coworkers
were used (13, 14). The SHAKE algorithm was applied to all bonds involving hydrogen to allow
a 2-fs time step. Non-bonded interactions were truncated at 14 A, beyond which the electrostatic
interactions were treated by the generalized reaction field (GRF) method (1). In the GRF term, ¢,
and e,,; were set to 1.0 and 80.0, respectively, and the ionic strength was set to the experimental
values as mentioned above. All simulations employed periodic-boundary conditions, and ambient
temperature (300 K) and pressure (1 atm) respectively controlled by the Hoover thermostat (15)
and Langevin piston pressure-coupling algorithm (16). The titration coordinates were propagated
using the Langevin algorithm with a collision frequency of 5 ps—!. The mass of the fictitious A
particles was set to 10 atomic mass units.

For each protein, one set of CoHMD simulations with the pH replica-exchange sampling protocol
(7) was performed. The pH range was 1.5-6.5 for HP36, 0.5-8.0 for BBL, and -1.0-9.5 for HEWL.
The pH interval was 0.5. Exchanges between adjacent pH replicas were attempted every 500 MD
steps or 1 ps. Simulation length was 10 ns per replica.

Supplemental Tables and Figures

Table S1: Atomic partial charges for water, hydroxide and hydronium

Atom H,O OH~ H30*
OH, -0.834 -1.32 -0.755
H1 0.417 0.32 0.585
H2 0.417 0.0 0.585
H3 - - 0.585

Table S2: Calculated and reference pK, values for model compounds

Model Calc pK, Calc Hill Ref pK,
Asp 3.5+0.17 0.99 £ 0.08 4.0
Glu 41+0.13 0.96 + 0.06 4.4

His 6.8 + 0.10 (7.37/7.0f) 0.97 £ 0.01 6.45 (6.61/7.0%)

The pK, values were calculated based on five independent sets of pH-REX CpHMD simulations,
each of which was run with 5 pH replicas and lasted 10 ns per replica. Reference pK,’s for Asp
and Glu are taken from Nozaki and Tanford (17), while those for His are taken from Bashford (18).
TNJ site. *Ne site.
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Figure S4: Comparison between calculated and experimental pK,’s for different proteins (/eft) and
residues (right). Calculated pK,’s are from the entire 10-ns simulations. The solid line represents
the linear regression to the data (slope=1.20 and R?=0.76).
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Asp/Glu (top) or sodium ions (bottom). Dashed red curves are the integrated form (probability).
We define the relative occupancy of the hydroxide as the probability when the minimum distance
is within 5 A. While the positions of the peaks are identical for the hydroxide and chloride ions, the
major peak is much higher for the former.
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Figure S11: Interactions between the hydronium and titratable sites/ions in BBL. Interactions in
HP36 and HEWL are very similar. Left panel. Probability distribution of the minimum distance from
the sodium ions to the carboxylic oxygens of Asp/Glu (top) or sodium ions (bottom). Right panel.
Probability distribution of the minimum distance from the hydronium to the carboxylic oxygens of
Asp/Glu (top) or sodium ions (bottom). Dashed red curves are the integrated form (probability).
We define the relative occupancy of the hydroxide as the probability when the minimum distance
is within 5 A.
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Figure S12: Interactions between hydroxide ions and titratable sites/ions in BBL. Left panel.
Radial distribution function (RDF) from the chloride ions to the carboxylic oxygens of Asp/Glu
(top) or sodium ions (bottom). Right panel. RDF from the hydroxide to the carboxylic oxygens of
Asp/Glu (top) or sodium ions (bottom). RDFs for HP36 and HEWL are very similar. Note a second
peak in the sodium-chloride RDF, which is due to the water-bridged interaction. We note that the
RDF of Nat—CI~ is very similar to that obtained by Luo and Roux using the same force field (14).
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Figure S13: Interactions between hydronium and titratable sites/ions in BBL. Left panel. Radial
distribution function (RDF) from chlorides to the carboxylic oxygens of Asp/Glu (top) or sodium
ions (bottom). Right panel. RDF from the hydronium to the carboxylic oxygens of Asp/Glu (top)
or sodium ions (bottom). RDFs for HP36 and HEWL are very similar. Note a second peak in the
sodium-chloride RDF, which is due to the water-bridged interaction. The RDF of acid-Na* has two
peaks: a major peak at 2.3 A and a minor peak at 4.3 A, which is in agreement with the RDF for
the formate—Na™ interaction (19).
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