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Abstract

A computational tool that offers accurate pKa values and atomically detailed knowledge of 

protonation-coupled conformational dynamics is valuable for elucidating mechanisms of energy 

transduction processes in biology such as enzyme catalysis, electron transfer, as well as proton and 

drug transport. Towards this goal we present a new technique of embedding continuous constant 

pH molecular dynamics within an explicit-solvent representation. In this technique we make use of 

the efficiency of the Generalized-Born (GB) implicit-solvent model for estimating the free energy 

of protein solvation, while propagating conformational dynamics using the more accurate explicit-

solvent model. Also, we employ a pH-based replica exchange scheme to significantly enhance 

both protonation and conformational state sampling. Benchmark data of five proteins including 

HP36, NTL9, BBL, HEWL, and SNase yield an average absolute deviation of 0.53 and a root 

mean squared deviation of 0.74 from experimental data. This level of accuracy is obtained with 1-

ns simulations per replica. Detailed analysis reveals that explicit-solvent sampling provides 

increased accuracy relative to the previous GB-based method by preserving the native structure, 

providing a more realistic description of conformational flexibility of the hydrophobic cluster, and 

correctly modeling solvent mediated ion-pair interactions. Thus, we anticipate that the new 

technique will emerge as a practical tool to capture ionization equilibria while enabling an intimate 

view of ionization-coupled conformational dynamics that is difficult to delineate with 

experimental techniques alone.
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Solution pH has a profound effect on the stability and function of proteins by changing the 

protonation states of titratable groups. Proteins can become denatured under extreme pH 

conditions. Enzymes are often catalytically active in a narrow pH range.1 Protein-protein 

interactions2 and protein-ligand binding3 are also modulated by the protonation states of 

titratable groups. Accurate determination of active-site pKa values informs about the 

catalytic mechanism of proteins.4 Knowledge of the native- and denatured-state pKa values 

can be used to quantify electrostatic effects on protein stability.5

Although the importance of solution pH has long been recognized, molecular simulation 

techniques have traditionally neglected it. In a standard molecular dynamics (MD) 

simulation the protonation states of ionizable sidechains are set at the beginning of the 

simulation based on the comparison of the desired pH condition and the solution or model 

compound pKa values. This fixed protonation scheme can be a source of error in several 

instances. For example, if the pKa values are near the pH of interest the protonated and 

deprotonated states should coexist, which obviously is not reflected in simulation with fixed 

protonation states. Additionally, even when reasonable protonation states may be set for the 

initial conformation, conformational rearrangement may favor an entirely new set of 

protonation states.

In recent years, considerable effort has been made to develop methodologies that explicitly 

include pH as an external parameter in MD simulations, similar to temperature, allowing 

protonation states of ionizable groups to respond to changes in the chemical environment 

and external pH.6,7,8,9,10,11 These constant-pH techniques differ in the way protonation 

states are updated. In the discrete methods, protonation states are periodically updated using 

Monte-Carlo sampling, while in the continuous approach titration coordinates are introduced 

and propagated simultaneously with the spatial coordinates (see a most recent review12). 

One of the most promising constant-pH techniques, termed continuous constant pH 

molecular dynamics (CPHMD)9,13 is based on the λ-dynamics approach to free-energy 

calculations,14 allowing ionizable groups to switch continuously between protonated and 

unprotonated forms. Protonation and deprotonation is accomplished in a manner similar to 

many free energy simulation techniques, where an alchemical coordinate, λ, is introduced. 

The novelty of the λ-dynamics approach lies in the fact that the alchemical coordinate is 
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assigned to a fictitious λ-particle and the force on the particles is derived analytically. 

CPHMD has been shown to give accurate and robust predictions for protein pKa values12 

and has opened a door to theoretical studies of pH-dependent protein dynamics and folding.
15,16,17

In the aforementioned CPHMD method, the generalized Born (GB) implicit-solvent model 

is used to calculate forces on both spatial and titration coordinates. The major advantage of 

using GB models in constant pH methodologies is that convergence of pKa’s can be 

achieved with a reasonable amount of sampling time, which has not been demonstrated 

feasible with explicit-solvent models (see more discussions later). Another benefit of using 

GB models within the CPHMD framework is that forces on the titration coordinates can be 

computed analytically. However, as CPHMD and other GB-based constant pH techniques 

are maturing into practical tools, problems inherited from the underlying GB models are 

becoming the limiting factor for further improvement of accuracy. Recent GB simulation 

studies have revealed several problems that seem difficult to overcome. Specifically, 

attractive electrostatic interactions are overestimated,18,19 and improvement through 

adjustment of GB input radii that define dielectric boundary18,19 is limited.20 Also, due to 

the lack of solvent granularity, GB simulations cannot reproduce the solvation peaks seen in 

the interaction free energy profiles from explicit-solvent simulations.18 Furthermore, there 

have been noted problems with the stability of hydrophobic interactions,21,22 and overly 

compact and rigid unfolded states,23,24 which are likely due to the approximate nature of the 

nonpolar solvation term based on solvent-accessible surface area (SA model). Finally, the 

inaccuracies of the GB/SA model in the representation of electrostatic and nonpolar 

energetics result in a more favorable sampling of helical relative to extended states.25,24

The limitations of GB models affect the accuracy and applicability of the CPHMD method 

in several ways. First, a small error in the electrostatic solvation energy calculated by the GB 

model alters the relative deprotonation free energy in reference to solution and therefore the 

pKa shift. This type of “electrostatic” error is typically small for solvent-exposed residues, 

because the GB model, in particular GBSW used in this work, has been tuned to reproduce 

the explicit-solvent data of solvent-exposed polar or charged interactions.18 However, the 

“electrostatic” error becomes significant for deeply buried residues26,12 because the 

inaccuracy in the desolvation energies of deeply buried atoms remains an unsolved problem 

in GB models. Nonetheless, the electrostatic error is systematic (Wallace and Shen, 

unpublished data) and a post correction may be introduced if necessary. The second type of 

GB-related error which affects the accuracy of ΔΔGdeprot arises from the small distortion in 

the conformation or distribution of conformations. The impact of this “conformational” error 

on the protonation-state sampling is typically not systematic and the extent of the error is 

unpredictable. Finally, the dependence of conformational sampling on the GB model also 

hinders the application of the CPHMD method to polyionic systems such as DNA and RNA 

for which GB models are not well suited.

In light of the above considerations, we introduce here a method to extend the CPHMD 

framework to explicit-solvent simulations. In principle, forces on both spatial and titration 

coordinates can be derived from explicit-solvent sampling. However, the latter is not 

practical because a lengthy simulation time is required to accurately compute solvation-
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related forces based on explicit-solvent sampling. Consequently, we devise a method which 

takes advantage of the efficiency of the GB model to compute solvation forces on titration 

coordinates while propagating conformational dynamics via all-atom interactions in explicit 

solvent. Additionally, we implement a replica-exchange protocol based on the pH biasing 

energy to significantly accelerate the convergence of the simultaneous sampling of 

protonation and conformational space. Thus, by making use of the more accurate explicit-

solvent sampling, the new method aims to improve the accuracy of CPHMD by reducing the 

aforementioned “conformational” error and to allow applications to many problems where 

implicit-solvent models are not feasible.

The rest of the paper is organized as follows. First, we describe in detail the CPHMD 

method in explicit solvent and the pH-based replica-exchange protocol. We then examine 

potential artifacts due to the use of both explicit- implicit-solvent schemes and the response 

of solvent molecules to titration. Next, we present and discuss results of model compound 

titrations and analyze the convergence behavior with the new sampling protocol. Finally, we 

benchmark the accuracy of the new method by calculating pKa values of five proteins 

including HP36, NTL9, BBL, HEWL, and SNase. We compare the results with the GB-

based CPHMD simulations and experiment. We find that the explicit-solvent CPHMD offers 

slightly more accurate pKa predictions but significantly deeper physical insights. 

Surprisingly, convergence of the explicit-solvent CPHMD titrations is achieved for all 

proteins with a simulation length of 1 ns per replica, suggesting that the new method will 

emerge as a powerful and practical tool for theoretical studies of electrostatic phenomena.

Methods

Continuous constant pH molecular dynamics in implicit solvent.

To prepare for the discussion of the explicit-solvent based CPHMD method, we first briefly 

review the CPHMD method employing the generalized Born (GB) implicit-solvent model. 

More details can be found elsewhere.9,13,26 Based on the λ-dynamics technique,14 CPHMD 

utilizes an extended Hamiltonian to simultaneously propagate spatial (real) and titration 

(virtual) coordinates. Thus, the total Hamiltonian of the system can be written as

ℋ ra , θi = ∑
a

ma
2 ṙa

2 + Uint  ra + Uhybr  ra , θi + ∑
i

mi
2 θ̇i

2 + U* θi , (1)

where a = 1,Natom is the index for atomic coordinates, and i = 1,Ntitr is the index for the 

continuous variables θi which is related to the titration coordinate λi by

λi = sin2 θi . (2)

Boundaries are naturally imposed on the titration coordinate through the sine function, 

where λi = 0 corresponds to the protonated state and λi = 1 corresponds to the deprotonated 

state. For residues with two competing titration sites, a second continuous variable can be 
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included to allow interconversion between proton tautomeric states. This is indicated in Eq. 

1 by bold θ.

In Eq. 1 the first term is the kinetic energy of the real system (atoms), Uint is the internal 

potential energy which is independent of titration, and Uhybr is a hybrid effective energy 

term which enables the coupling between conformational and protonation degrees of 

freedom. In the GB-based CPHMD method, it is written as a sum of the van der Waals, 

Coulombic, and GB electrostatic solvation free energies,

Uhybr ra , θi = UvdW ra , θi + UCoul ra , θi + UGB ra , θi , (3)

where the latter is given as.27,28

UGB = − 1
2 ∑

a, b
1 − e

−κrab

ϵW

qaqb

rab
2 + αaαbexp −rab

2 /Fαaαb

. (4)

Here rab is the distance between two atoms, qa and qb are the respective partial charges, ∊w is 

the dielectric constant for water, and αa and αb are the effective Born radii, which can be 

interpreted as the spherically averaged distance from the atom to the dielectric boundary. To 

approximately account for the effect of salt screening a Debye-Hückel term29,28 is included 

in the above equation, where k2 = 8πq2I/ekbT, and I is the ionic strength. The dependence of 

UCoul and UGB on λ is realized through linear scaling of the partial charges on titratable 

residues between the protonated and unprotonated forms. In an analogous fashion, the van 

der Waals interactions involving titratable hydrogens are also attenuated by the titration 

coordinates. The last term in Eq. 1 represents the biasing energy acting on the titration 

coordinates,

U* θi = ∑
i

− Umod θi + UpH  θi + Ubarr θi , (5)

where Umod is a potential of mean force function for deprotonating a model compound in 

solution along the titration coordinate, Ubarr is a harmonic potential which suppresses the 

residence time of unphysical intermediate values of λ, and UpH provides the additional free 

energy for the protonation equilibrium due to solution pH,

UPH λi = log(10)kbT pKa
mod − pH λi, (6)

where pKa
mod is the experimentally determined pKa of a model compound in solution.
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Continuous constant pH molecular dynamics in explicit solvent.

The key to CPHMD and other continuous titration methods is to simultaneously derive 

forces on the spatial and titration coordinates. While it is straightforward to compute forces 

on spatial coordinates in explicit-solvent simulations, there is inherent difficulty in the latter 

due to the need for very accurate estimate of the electrostatic desolvation free energy (see 

UGB in Eq. 3). In fact, attempts to directly calculate the free energy of charging titratable 

residues repeatedly during molecular dynamics by considering explicit interactions between 

solvent molecules and solute have encountered severe convergence problems in the context 

of both discrete7 and continuous constant pH MD methods.6,30 Our own tests revealed that 

the variance in the instantaneous forces on the titration coordinates are up to an order of 100 

kcal/mol per lambda unit, whereas the forces exerted from the pH biasing energy 1 pH unit 

away from the model compound pKa is only 1.3 kcal/mol per lambda unit. Therefore, we 

decided to use a “mixed-solvent” scheme, where the GB model is used to derive forces on 

the titration coordinates, while the explicit-solvent model is used to propagate the spatial 

coordinates. To enable a direct coupling between solvent dynamics and proton titration of 

solute, we retain the λ-dependent scaling of van der Waals interactions involving titrating 

hydrogens and solvent molecules. An analogous “mixed-solvent” scheme has been 

developed by Baptista and coworkers and applied in the context of the discrete constant pH 

MD for protein titration studies.8 One important difference is that their scheme does not 

include a direct (van der Waals) coupling between solvent dynamics and solute titration.

The caveat of the “mixed-solvent” scheme is that no formal Hamiltonian exists and potential 

artifacts may occur. Since the solvation-related force on titration coordinates is treated in a 

mean-field manner without explicitly accounting for the electrostatic interactions with 

nearby water molecules, inadequate or lagged response of solvent to the change in the 

charge state of the titrating site may occur. We expect this undesirable side effect to be 

minimal because of the aforementioned van der Waals coupling between solute protonation 

and solvent dynamics, and because in continuous evolution of titration coordinates, the 

energy change is small at each time step. Nevertheless, a preventive fix is to increase the 

time step for λ coordinates (currently the same as spatial coordinates), thereby allowing 

relaxation of surrounding solvent molecules. Such a strategy has been demonstrated to be 

very effective in the discrete constant pH molecular dynamics simulations using the “mixed-

solvent” scheme.8 Another source for potential artifacts in this and other “mixed-solvent” 

simulations is related to the fact that the total energy is no longer strictly conserved, which 

may result in a drift or pronounced fluctuation in temperature and energy of the sytem. We 

will examine these potential artifacts later in detail.

pH-based replica-exchange sampling protocol.

It has been noted previously9,13,10 that in constant pH molecular dynamics the convergence 

of protonation-state sampling and resulting pKa values is slow due to the tight coupling of 

conformational dynamics and protonation equilibria. To address this issue the temperature-

based replica-exchange (T-REX) protocol31 was applied to enhance conformational 

sampling in the GB-based continuous26 and discrete32 constant pH methods which has led to 

significant improvement in the convergence of calculated pKa values. A straightforward 

implementation of the T-REX protocol in explicit-solvent simulations is however not 
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effective because of the large number of replicas needed to account for the solvent degrees 

of freedom.33 Recently, Simmerling and coworkers have proposed a mixed-solvent scheme 

to reduce the number of replicas,34 which may be incorporated into the explicit-solvent 

CPHMD presented in this work. One issue that was noted34 and is currently being 

addressed,19 is the distorted conformational distribution due to inaccuracy of the underlying 

implicit-solvent model. To avoid this problem we decided to enhance the sampling of 

protonation space directly by making use of a REX protocol based on the pH-biasing energy 

(Eq. 6). This protocol is a specific application of the reaction-coordinate replica-exchange 

method.35

In the pH-based REX protocol, simulations of independent replicas are run at the same 

temperature but different pH conditions. The exchange of pH conditions between a pair of 

replicas adjacent in pH is periodically attempted according to the Metropolis criterion, 

which gives the exchange probability as

P = 1  if Δ ≤ 0
exp( − Δ)  otherwise,  (7)

where Δ represents the change in the total pH-biasing energy defined as

Δ = β UpH θi ; pH′ + UpH θi′ ; pH − UpH θi ; pH − UpH θi′ ; pH′ . (8)

Here β is the inverse temperature, the first two terms are the pH-biasing potential energies 

(Eq. 6) for the first and second replicas after the exchange, and the last two terms are the 

corresponding energies before the exchange.

Simulation Details

Model compounds.

As in the previous work,13,26 model compounds for Asp, Glu, His, and Lys sidechains are 

single amino acids acetylated at N-terminus (ACE), and N-methylamidated at C-terminus 

(CT3). The model pKa values (used in Eq. 6) were 4.0, 4.4, and 10.4 for Asp, Glu, and Lys, 

respectively.36 The model pKa of His was taken as 6.6 and 7.0 for the Nδ and N∊ sites, 

respectively.37 The model compound for the C-terminus attached to phenylalanine (CT-Phe) 

in HP36 was the acetylated C-terminal hexapeptide (KEKGLF) from HP36 with a measured 

pKa of 3.2.38 The parameters in the potential of mean force function Umod were determined 

using thermodynamic integration (TI) in explicit solvent.13 Parameterization simulations at 

each combination of λ, and x for double-site titratable residues, were run for 1 ns. In the TI 

procedure, the protonation states of other titratable residues in the model peptide for CT-Phe 

were fixed because their pKa’s are at least 1 pH unit higher than the C-terminus. Except for 

CT-Phe the ionic strength in the GB calculation was set to zero during the TI simulations 

following the previous protocol.13 For CT-Phe the ionic strength was 150 mM in accord with 

experiment.38
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Proteins.

Five proteins were studied in this work: the 45-residue binding domain of 2-oxoglutarate 

dehydrogenase multienzyme complex, BBL (PDB: 1W4H), the 36-residue subdomain of 

villin headpiece, HP36 (PDB: 1VII), the 56-residue N-terminal domain of ribosomal L9 

protein, NTL9 (PDB: 1CQU), the 149-residue, of which 129 residues were resolved in the 

crystal structure, hyperstable variant of staphyloccal nuclease Δ+PHS, SNase (PDB:3BDC), 

and the 129-residue hen egg white lysozyme, HEWL (PDB:2LZT). For all structures, the 

HBUILD facility of CHARMM39 was used to add hydrogens. Unless otherwise specified, 

no explicit ions were added in the pH-REX simulation because of the small simulation box 

and low ionic strengths used in experiment. See later discussions. The ionic strengths in the 

GB calculations were set to 200, 150, 100, 100, and 50 mM for BBL, HP36, NTL9, SNASE, 

and HEWL, respectively, consistent with the experimental conditions.38,40,41,42,43 Unless 

otherwise noted, both N- and C-termini of proteins were left in the free, charged form. For 

SNase, the published crystal structure was missing residues 1–6 and 142–149. To avoid 

potential errors, the structure was acetylated at N-terminus and amidated at C-terminus. For 

NTL9, the C-terminus was amidated in accord with experiment.41

Simulation protocol.

We have implemented the explicit-solvent CPHMD method in a developmental version of 

CHARMM (c35b3),39 and the pH-REX sampling scheme in the MMTSB tool set.44 All of 

the simulations described in this work were performed with the all-atom CHARMM22/

CMAP force field for proteins45 and the CHARMM modified version of the TIP3P water 

model46 The solvation forces on the titration coordinates were calculated using the GBSW 

implicit-solvent model28 with the refined18 atomic input radii of Nina et al.47 The SHAKE 

algorithm was applied to all hydrogen bonds and angles to allow a 2-fs timestep. Nonbonded 

electrostatic interactions were calculated using the particle-mesh Ewald summation with a 

charge correction to reduce pressure and energy artifacts for systems with a net charge.48 In 

the GB calculation, all input parameters were identical to the previous work.26

All simulations were performed under ambient pressure and temperature conditions using 

the Hoover thermostat49 with Langevin piston pressure coupling algorithm.50 Proteins and 

model compounds were built and then placed in a truncated octahedron water box of a 

specified size such that the distance between the solute and edges of the box was at least 14 

Å. Water molecules within 2.6Å of any heavy atom of the solute were deleted. Energy 

minimization was carried out in three stages. First, a harmonic restraint with a force constant 

of 50 kcal/(mol·Å) was applied to solute heavy atoms and the structure was energy 

minimized with 50 steps of the steepest descent (SD) and 200 steps of the adoptive basis 

Newton-Ralphson (ABNR) methods. Then the force constant was reduced to 25 kcal/

(mol·Å) and the same minimization protocol was applied. Finally, the force constant was 

reduced to 10 kcal/(mol·Å) and the structure was energy minimized with 5 SD and 20 

ABNR steps.

In the pH-REX simulation of a model compound, three pH replicas, one at the reference pKa 

and two at 1 pH unit above and below the reference value were used. Three independent pH-

REX simulations were conducted, where each REX simulation lasted 1.2 ns per replica and 
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the first 200 ps was discarded in the pKa calculation. For proteins, one pH-REX simulation 

was performed. In the pH-REX protocol, the pH spacing was 1 pH unit and the pH range 

extended at least 1 unit above and below the highest and lowest experimentally determined 

pKa value for the protein. Specifically, for BBL the pH range is 2 to 9, for HP36, NTL9, and 

SNase it is 0 to 7, and for HEWL it is 0 to 9. Each pH replica was subjected to the 4-ps 

restrained equilibration without pH exchange, where a harmonic potential with the force 

constant of 10 kcal/(mol·Å) was applied to all solute heavy atoms. Following equilibration, 

unrestrained simulation with the pH-REX protocol was performed. The exchange in pH was 

attempted every 100 dynamic steps or 0.2 ps for model compound and 500 steps or 1 ps for 

protein simulations. The success rate for exchanges was at least 40%. Protein simulations 

lasted 2 ns and the first 0.25 ns was discarded in the analysis and pKa calculation. 

Simulation of HP36 was run for 4 ns in order to observe pKa behavior at longer simulation 

times.

Calculation of pKa values.

To calculate the pKa of a titratable site, we first recorded the population of protonated (λ < 

0.1, Nprot) and unprotonated (λ > 0.9, Nunprot) states from simulations of different pH 

replicas. The resulting unprotonated fractions S at multiple pH values were then fitted to the 

following modified Hill equation, in accord with the commonly used model for fitting pH-

dependent NMR chemical shifts,42

S(pH) =
s
A− + sHA10

n pKa − pH

1 + 10
n pKa − pH

, (9)

where n is the Hill coefficient, which represents the slope of the transition region of the 

titration curve,42 sA_and sHA are fitting parameters, which represent the extrapolated S 

values at extreme acidic and basic pH conditions for the observed titration event. Equation 9 

becomes the Hill equation when protonation or unprotonation is complete in the simulated 

pH range, e.g., sA− = 1 and sHA = 0, which was the case for nearly all residues. 

Occasionally, for acidic residues with significant negative pKa shifts, sHA deviated 

significantly from 0 as a result of incomplete protonation at the lowest pH condition. Finally, 

to account for the small systematic deviations of calculated pKa’s of model compounds 

relative to the reference values, we made the following post-corrections, Asp (+0.2), Glu 

(+0.3), and His (−0.3) to the pKa values of proteins.

Results and Discussion

Stability of trajectory.

Before applying the explicit-solvent CPHMD to titration simulations, it is important to 

examine potential artifacts due to caveats in the mixed scheme and the change in total net 

charge. As mentioned earlier, the proposed method does not conserve energy because the 

protonation states of titratable groups are changed using an implicit description of the 

electro-static interactions with solvent, which may lead to drift or increased fluctuation in 
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temperature and energy of the simulated system. Another source for potential artifacts is 

related to the fluctuating net charge on the system during proton titration. In the default 

implementation of Ewald summation a neutralizing plasma, which is a uniform distribution 

of a charge equal and opposite to the net charge, is added to the summation to avoid 

divergence in Coulomb energy for periodic systems.51 This background plasma has been 

noted to introduce pressure artifacts for small net-charged systems, which could dramatically 

affect the dynamics of simulations at constant pressure.48 Brooks and coworkers showed that 

the artifacts are drastically reduced by invoking a charge correction term.48 We applied this 

correction term in all of our simulations.

To assess the extent of the spurious effects, we examined the temperature, pressure, and total 

potential energy of the system along the trajectory using two protocols. In the first protocol, 

a blocked lysine was subjected to CPHMD titration at pH 10.4. In the second protocol, a 

fixed-charge simulation was conducted using a neutral lysine with an otherwise identical 

simulation setup. As shown in Figure 1, the time series for temperature, pressure, and 

potential energy in the CPHMD titration of lysine (with 1:1 protonated and deprotonated 

states) is virtually indistinguishable from the conventional simulation of neutral lysine with 

fixed protonation state. The pressure fluctuations are quite large for both systems, but this is 

expected because of the small size of the simulation box. Also, any energy leaking into or 

out of the system due to the non-conservative change in protonation state is not readily 

apparent as there is no visible drift in the total potential energy for this system. To further 

verify the stability of pressure, temperature, and potential energy, we performed CPHMD 

titrations for other model compounds and proteins. No systematic drift or increased 

fluctuation was observed in any of the three quantities at the simulation timescales (several 

nanoseconds) for either model compounds or proteins. Thus, we conclude that, with the net-

charge correction and the Hoover thermo-stat, potential artifacts in pressure, temperature and 

potential energy are negligible.

Response of explicit solvent to titration.

Although the van der Waals interactions between titratable hydrogen atoms and solvent 

molecules are explicitly described, the lack of explicit treatment of electrostatic interactions 

may have an undesirable effect such that water molecules cannot adjust quickly to a low 

energy position following a change in the titration coordinate, resulting in an unrealistic 

arrangement of solvent around the titrating site. To examine the response of explicit water 

molecules to solute titration, we calculated the radial distribution functions (RDF) for the 

charged (protonated) and neutral (unprotonated) lysine from the (conventional) simulations 

(one for charged and one for neutral) and compared them with the RDF’s from one CPHMD 

titration simulation. The latter simulation was conducted at a pH condition such that the 

charged and neutral populations are almost equal. As seen in Figure 2, the positions of 

maxima and minima in the RDF’s of the charged and neutral forms of Lys are identical in 

the conventional simulations and CPHMD titration, which demonstrates that the water 

structure is qualitatively indistinguishable. To further investigate the reorientation of water 

molecules in response to titration, we took a closer look at the solute-solvent interactions 

that give rise to the peaks of the RDF’s. Interestingly and reassuringly, the relative 

orientation of lysine and the nearby water is identical in the conventional simulations and 
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CPHMD titration. Figure 2 also shows the representative snapshots of the charged and 

neutral lysines interacting with an adjacent water molecule. When lysine is charged, it acts 

as a hydrogen-bond donor, interacting with the oxygen atom of water. When lysine is 

neutral, it acts as a hydrogen-bond acceptor, interacting with the hydrogen atom of water.

Despite the remarkable agreement in the positions of maxima and minima of the RDF’s, 

however, the amplitude of the peaks from the CPHMD titration is reduced as compared to 

those from conventional simulations. This reduction in the amplitude of RDF can be mainly 

attributed to the slight lagging in water equilibration following a switch in protonation state, 

and to a lesser extent the cutoff chosen in our definition of protonated and deprotonated 

states. The inset in Figure 2 shows that with a very stringent cutoff (λ > 0.99) there is small 

improvement in the amplitude of the RDF. If we use the stringent cutoff combined with the 

λ update of every 10 MD steps the amplitude of the RDF is dramatically increased to nearly 

superimpose on the result from the simulation with fixed protonation state. If the frequency 

of switching protonation state is much slower the RDF’s would exactly match those 

calculated from the simulations at fixed charge. Baptista and coworkers showed that in the 

MD simulation, the reorganization time of water following the most dramatic protonation 

event from the fully neutral to doubly charged state of succinic acid is 1–3 ps.8 Considering 

the average residence time at either protonation state in our simulation was on average about 

1 ps and the transition between protonation states is continuous, water molecules have 

sufficient time to rotate to a favorable position following titration. Nevertheless, the data of 

lysine titration shows that the update frequency or time step for propagation of titration 

coordinates (currently set to be the same as the propagation of conformational dynamics) 

can be increased to ensure the full extent of water relaxation. A potential drawback is the 

slow down of protonation-state sampling.

Convergence and accuracy of model compound titrations.

Before attempting to perform titration simulations of proteins, it is important to assess the 

required simulation time to reach converged values for the unprotonated fraction (S) of 

model compounds as well as the accuracy and precision of the calculated pKa’s. We first 

examine titration simulations conducted at a single pH value. Explicit-solvent CPHMD 

titration of a blocked lysine was performed at the pH equal to the reference pKa of 10.4. The 

S values stabilized at about 5 ns and there was little change over the remainder of the 10-ns 

simulation. We repeated the simulation twice with different randomly assigned velocities 

and observed a similar convergence time. Similar results were also found for the blocked 

Asp, Glu, and His which have two titration sites. The lengthy simulation time (5 ns) required 

for the convergence of pKa values for single amino acids indicates the need for accelerated 

sampling. To directly enhance the protonation-state sampling, we applied the pH-based 

replica-exchange protocol with three replicas placing at pH values of 9.4, 10.4, and 11.4 in 

the lysine titration. The S values were converged within 1 ns for all model compounds, 

demonstrating significant acceleration over the single-pH simulation. We summarize these 

results in Table 1. The uncertainty or random error in the calculated model compound pKa’s 

ranges from 0.02 to 0.11, which is similar to the range found in potentiometric and NMR 

titration experiments (see Table 1). To further assess convergence, we examine the 

reproducibility of S values and quality of fitting to the Henderson-Hasselbach equation. In 
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Figure 3 results of three independent pH-REX simulations (1 ns/replica) for Asp, Glu, His, 

and Lys are shown. The error in the S value ranges from 0.02 to 0.12, and the χ-square 

values of the fitting is virtually zero. Thus, the above data demonstrate that 1-ns pH-REX 

titrations offer converged sampling for protonation equilibria.

Next we examine the accuracy of the calculated pKa’s of model compounds. As compared to 

the target reference values, the pKa’s of Asp, Glu and Lys are underestimated by 0.2–0.3 pH 

units while that of His is overestimated by 0.3 pH units (Table 1). There are two possible 

sources for the systematic deviations. The first possibility has to do with artifacts in 

simulations of net-charged periodic systems using Ewald potential. Even with the net-charge 

correction, Brooks and coworkers noted that the charged form may be slightly favored in the 

free energy simulation of a single ion and this deviation depends on the size of the 

simulation box.48 Our tests however showed that increasing the box size did not affect the 

pKa results for model compounds. We further ruled out the net-charge related artifact 

because the same systematic errors, e.g., underestimation of the pKa’s for Asp and Glu and 

overestimation of the pKa for His were also observed in the GB-based CPHMD simulations.
26

The systematic errors in pKa’s indicate that the deprotonation free energy based on the 

potential of mean force function which is determined by the thermodynamic integration (TI) 

procedure does not exactly match that in the titration simulation. One possible reason for the 

discrepancy is the difference in water relaxation because in the TI simulation water has more 

time to relax at a specific λ value than in the titration simulation. To investigate this issue, 

we repeated the titrations with slower λ dynamics, updating λ value every 10 MD steps. 

Interestingly, the deviation for the pKa of Lys is abolished but the deviation for Asp, Glu and 

His remained. Examination of the λ and x trajectories revealed that the two degenerate 

protonation states (doubly deprotonated in the case of Asp or Glu and doubly protonated in 

the case of His) occasionally experience prolonged residence time. In the absence of 

extensive analysis and consideration, we suggest that one route for correcting this bias is to 

make the barrier in the x (tautomeric) dimension a function of λ such that when λ 
approaches the degenerate protonation state interconversion becomes increasingly difficult. 

This is clearly a limitation that needs to be addressed in our future work. Nevertheless, since 

this bias is present in both model compound and protein titrations, the effect on the 

calculated pKa shifts is negligible. To correct for the systematic deviations, we added post 

corrections for all the calculated pKa values of proteins (see Simulation Details).

Enhanced sampling of protonation and conformational states of proteins.

We have demonstrated that the pH-REX protocol significantly accelerates the pKa 

convergence for model compounds. Now we show that the pH-REX protocol significantly 

enhances sampling in both protonation and conformational space for proteins. Take the 

titration of HP36 as an example. Figure 4 displays the time series of the unprotonated 

fraction for Asp44 from one pH-REX simulation and three single-pH simulations. In the 

single-pH simulations, Asp44 was trapped in the unprotonated form at pH 2.3 as a result of 

the persistent salt-bridge interaction with Arg15. In the pH-REX simulation, however, both 

protonated and unprotonated forms of Asp44 were sampled at pH 2 and pH 3, because the 
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simulation was able to capture both formation and disruption of the salt bridge. Thus, by 

making use of the direct coupling between protonation events and conformational dynamics, 

the pH-REX protocol allows the protein to overcome local energy barriers, while retaining 

the correct thermodynamic distribution. In this regard, pH-REX has a similar effect as the 

temperature-based REX protocol, which significantly accelerates the sampling convergence 

of both protonation and conformational states in the GB-based CPHMD simulations.26

Convergence and overall accuracy of protein titrations.

In order for titration simulations to be practical, protonation-state sampling needs to 

converge within a reasonable amount of time. While we have shown that 1 ns of pH-REX 

titration is sufficient for obtaining converged pKa’s for model compounds, we also observed 

that 1-ns titration also yields converged pKa’s for proteins, despite the fact that the degrees 

of freedom in a protein system may be orders of magnitude greater as compared to a model 

compound. This seemingly surprising observation is consistent with data from the GB-based 

CPHMD simulations,26,12 and can be attributed to the fact that pKa’s are mainly determined 

by local environment. To illustrate the rapid convergence in protein titrations, we monitor 

the times series of the S value and pKa as well as the quality of fitting. In Figure 4 we can 

see that the S values for HP36 stabilize at 1 ns. The small fluctuation after 1 ns does not 

cause noticeable change in the pKa value because of the logarithmic relationship between S 
and pKa. Figure 5A shows that, after only a few hundred ps the calculated pKa’s of the two 

histidines in BBL become stable and do not change in the remaining simulation time. This is 

encouraging given the fact that one of histidines is buried and as such may require more 

sampling. Another indication of convergence is the quality of fitting to the HH equation. 

Figure 5B shows nearly perfect fits (R2 > 0.95) for both residues based on the 1-ns titration 

data.

To assess the overall accuracy of the explicit-solvent CPHMD method, we performed 

titration on five test proteins, HP36, BBL, NTL9, SNase, and HEWL, and compared the 

calculated pKa’s with experiment as well as the GB-based simulations, where the latter used 

the same pH-REX protocol and salt as well as temperature conditions. The results are 

presented in Table 2, 4, and 5 along with the estimates of statistical uncertainty, which was 

calculated as half of the difference between the pKa’s calculated from the first and last half 

of the 750 ps simulation. The total simulation length was 1 ns and the data from the first 250 

ps was discarded. As a validation of convergence, the pKa’s calculated using 2-ns 

simulations are also listed. In reference to experimental data, the overall root mean squared 

deviation (RMSD) from the explicit-solvent titrations is 0.57, which is slightly lower than 

the RMSD from the GB-based titrations (0.68). As a more informative measure of 

calculation accuracy, linear regressions of the calculated vs. measured pKa shifts are shown 

in Figure 6 for the explicit-solvent and GB simulations. While the R2 value and slope are 

0.50 and 0.80 respectively from the explicit-solvent titrations, they are 0.24 and 0.45 from 

the GB titrations. Since the correlations are relatively low, we repeated the regression 

analysis by removing the data points with the four largest absolute pKa shifts. The R2 value 

from the explicit-solvent simulations dropped from 0.48 to 0.25, while R2 from the GB 

simulations also dropped dramatically, from 0.23 to 0.06. Thus, the results show that the 

improvement due to explicit solvent is robust. Since the data set comprised of mainly acidic 
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residues, the slopes being below 1 suggests that both simulations overestimate the negative 

pKa shifts or underestimate the pKa’s. A close examination of the correlations reveals that 

the significantly improved agreement with experiment in the explicit-solvent titrations is due 

to reduction of relatively large errors for several groups. Thus, overall the explicit-solvent 

simulations offer an increased accuracy for predicting protein pKa’s. The reasons in specific 

cases will be delineated next.

Small proteins BBL, HP36, and NTL9.

We first examine the performance of the explicit-solvent CPHMD titrations for three small 

proteins with 36 to 56 residues and all-α as well as mixed α-β topologies. The results are 

listed in Table 2 along with the GB titration data. The convergence of both explicit- and 

implicit-solvent titrations is excellent. The largest difference between the pKa’s calculated 

from the first and last half of the simulation is 0.3 units. Extending the explicit-solvent 

simulations to 2 ns leads to a pKa change below 0.15 units and does not improve the 

agreement with experiment. Overall, the explicit-solvent data is similar to the GB data. The 

RMS as well average absolute and maximum deviations from experiment in the explicit-

solvent titration are 0.50, 0.44 and 0.87, respectively, similar to the GB titration. The 

deviations from experiment arise from the overestimation of the negative pKa shifts of acidic 

residues in both explicit- and implicit-solvent titrations.

We examine two cases where the pKa’s from the explicit-solvent titration are at least 0.6 pH 

units different from the GB titration. In both cases, the explicit-solvent titration improves 

agreement with experiment. Asp23 is a residue where the explicit-solvent titration reduces 

the overestimation of the pKa downshift of Asp23 from 0.9 to 0.3 units. This is because the 

salt-bridge interaction with the nearby amino terminus was overstabilized in the GB 

simulation, a known problem in GB models.13 His166 is the only buried residue in this data 

set. While being excluded from solvent, it also interacts with three nearby lysines. Thus, 

both desolvation and electrostatic repulsion destabilize the protonated or charged form of 

His166, leading to a downward pKa shift relative to the model value. This is reflected in the 

experimental pKa of 5.39, about 1.1 pH units lower than the model value. In the explicit-

solvent titration the pKa shift is underestimated by 0.41 pH units while it is overestimated in 

the GB titration by 0.55 pH units. Detailed analysis of the trajectories reveals the major 

cause of the difference to be structural. Figure 7A shows that in the explicit-solvent 

simulation, the conformations stayed close to the starting structure with the backbone 

RMSD centered at 2 Å. In the GB simulation, however, a conformational cluster developed 

that significantly deviates from the initial structure with the backbone RMSD centered at 4.9 

Å. Figure 7B shows that while His166 is slightly exposed to solvent in the explicit-solvent 

simulation it is fully enclosed in the GB simulation. Examination of the average distances to 

the nearby lysines reveals that the Coulomb interactions in both explicit-solvent and GB 

simulations are similar. Therefore, we suggest that the overestimation of the pKa shift for 

His166 in the GB simulation is mainly due to the overestimation of desolvation penalty as a 

result of exaggerated cloistering of His166. Reduced mobility especially of buried sites has 

been also observed in other GB simulations.24
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Although for these small proteins the explicit-solvent pKa calculations are quite accurate, it 

is important to further discuss another issue concerning the explicit-solvent CPHMD 

method. Since the net charge is changing and may become large depending on the 

protonation state of the protein, we examined the effect of adding an approximate number of 

counter ions to minimize the net charge of the system in all pH conditions. Because of the 

large number of basic residues of NTL9 and the resulting net positive charge, NTL9 is an 

ideal test case to quantify the magnitude of the effect. As shown in Table 3 the calculated 

pKa values in the simulations with neutralizing counter ions are virtually identical to those 

where no net-charge neutralizing ions were added. Thus, at least for the short simulation 

time required to obtain converged pKa values, the data indicates that it is not necessary to 

include neutralizing ions.

SNase.

The calculated pKa’s for a larger protein, a hyperstable variant of the 149-residue SNase, are 

summarized in Table 4. SNase is a good test system because the structure-based continuum 

calculations gave very poor agreement with experiment presumably due to the lack of 

explicit treatment of protein flexibility.42 Overall, the explicit-solvent titration offer a better 

agreement with experiment. The RMS as well as the average absolute and maximum 

deviations in the explicit-solvent titration are 0.86, 0.46, and 3.09, respectively, while they 

are 0.96, 0.63, and 2.95 in the GB titration. Extending the explicit-solvent simulations to 2 

ns give results that are very similar.

We first examine Asp95, for which the explicit-solvent titration was able to reduce the 

overestimation of pKa from the GB-based titration from 1.21 to 0.55 units. The major reason 

for the improvement is related to the strength of the interaction with Lys70. In the crystal 

structure obtained at pH 8 the minimum distance between the charge centers on Asp95 and 

Lys70 is 4.7 Å, which suggests a salt-bridge interaction. Figure 8 gives the probability 

distribution of the minimum distance between the charge centers from the explicit-solvent 

and GB simulations. Although the average distance is identical at 6.1 Å, the difference lies 

in the distribution. The GB simulation sampled a unimodal distribution centered around 7 Å. 

By contrast, the explicit-solvent simulation sampled two distinct populations, one centered 

at 2.8 Å, representing the conformations where Asp95 and Lys70 are closely associated, and 

another one centered at 7.1 Å, representing the conformations where the two side chains are 

rotated away from each other. The minimum region between the two populations 

corresponds to the solvent-bridged conformations. The bimodal distribution seen in the 

explicit-solvent simulation is a direct result of including discrete solvent molecules and 

reflects a more realistic description of the ion pair interaction. However, the GB simulation 

neglects solvent granularity and models the ion-pair interaction in a mean-field manner, 

which results in a less tight salt-bridge pairing and an underestimation of the pKa shift for 

Asp95.

Another case where the inclusion of explicit solvent resulted in the more accurate pKa 

calculation is for Asp77. The experimental measurement provides an upper bound of 2.2 for 

the pKa. In the explicit-solvent simulation, the pKa was calculated to be in the correct range, 

but in the GB simulation the pKa shift was underestimated by at least 1 pH unit. Asp77 is 
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within a hydrogen-bond distance of two backbone amide hydrogens of Asn119 and Thr120, 

which are located in a loop connecting a β-sheet motif to an α-helix (Figure 9, upper left 

snapshot). In Figure 9 we monitor the minimum distance between the carboxylate oxygens 

of Asp77 and the backbone amide hydrogen of Asn119 or Thr120. In the explicit-solvent 

simulation the distance was stable, fluctuating around 2Å during the entire trajectory, 

revealing that the backbone hydrogen bonding between Asp77 and Asn119/Thr120 was 

intact. However, in the GB simulation, this interaction was disrupted as a result of the high 

mobility of the aforementioned loop (see Figure 9, upper right snapshot). This analysis 

suggests that the underestimation of the pKa shift for Asp77 in the GB simulation is due to 

the distortion of local structure.

The largest pKa error from the explicit- and implicit-solvent titrations is for Asp21, which 

interacts with Asp19 on the other end of the β-hairpin. NMR titration data showed two 

distinct transitions for the two residues.42 The major transitions have the pKa of 2.21, 

assigned to Asp19, and 6.54, assigned to Asp21.42 The latter is the only upward shifted pKa 

relative to the model value for SNase. Both the explicit- and implicit-solvent titrations were 

not able to reproduce the direction of the pKa shift for Asp21 and underestimated the pKa by 

about 3 pH units, although the explicit-solvent simulation was able to differentiate between 

the two pKa’s. During the explicit-solvent simulation at pH 3, the average distance between 

the carboxylate oxygens of both residues was 3.7 Å. This close proximity was stabilized by 

a persistent hydrogen bond between the carboxylate oxygen of Asp19 and the backbone 

amide nitrogen of Asp21. However, the coupled titration behavior with two transitions was 

not observed when fitting the data for either Asp19 or Asp21. The only indication of 

coupling was a low Hill coefficient (0.56) for Asp19, which indicates anti-cooperativity, 

consistent with experiment.42 We also examined the GB titration data. The interaction 

between Asp19 and Asp21 was very strong but both residues titrated with the same pKa and 

the Hill coefficients were about 1. Thus, compared to the GB titration, the explicit-solvent 

simulation was able to provide, to some extent, the description of the coupled proton binding 

events for Asp19 and Asp21. However, the explicit-solvent simulation was not able to fully 

capture the negative cooperativity, which may be due to insufficient sampling.

HEWL.

The last protein we consider is hen egg white lysozyme (HEWL), which has been used as a 

standard test system for many pKa prediction methods.52,53 Also, the most recent study of 

Nielsen and coworkers, where a consensus set of pKa’s were derived from pH-dependent 

chemical shifts of different nuclei, makes HEWL the most vetted protein pKa benchmark 

system available.43 Table 5 lists the calculated pKa’s from the explicit- and implicit-solvent 

titrations. Overall, the calculated pKa’s from the explicit-solvent titration are closer to 

experiment than the GB titration. The RMS as well as the average absolute and maximum 

deviations in the explicit-solvent titration are 0.84, 0.70, and 1.50, respectively, while they 

are 0.93, 0.72, and 1.75, respectively, in the GB titration. Below we examine the cause for 

the significant differences between the explicit-and implicit-solvent titration data for 

residues Glu35 and Asp52.
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The catalytic residues of HEWL are Glu35 and Asp52, which reside at the interface between 

two domains, and have the concensus pKa’s of 6.1 and 3.6, respectively. The experimental 

range of pKa’s calculated from chemical shifts of different nuclei were 6.0–6.8 for Glu35 

and 3.4–4.0 for Asp52.43 The pKa’s from the explicit-solvent simulation are 7.19 and 2.88, 

while those from the GB simulation are 4.35 and 4.56, respectively. Thus, considering the 

model values of 4.4 and 4.0 for Glu and Asp, the calculated pKa shifts are in the correct 

direction in the explicit-solvent simulation but wrong in the GB simulation. Since the 

optimum pH for the activity of HEWL is around 5,54 the pKa calculation using the explicit-

solvent CPHMD method is able to offer the correct protonation or charge states for the 

catalytic residues, which is not the case with the GB-based method. We note that the 

previous GB-based CPHMD simulations with the temperature-based replica-exchange 

protocol gave a correct direction of the pKa shift for Glu35.26 We examined the trajectory to 

delineate the cause for the significantly different pKa’s. In the GB simulation, there is a 

significant rearrangement of the native structure. We plot the radius of gyration vs. the 

heavy-atom RMSD using the explicit- and implicit-solvent simulation data (Figure 10). The 

conformations in explicit solvent have RMSD values, with respect to the crystal structure, 

ranging from 1.1 and 1.6 Å, and Rg values ranging from 14.1 to 14.4 Å. However, the 

conformations in the GB simulation have much larger RMSD (1.6–2.8 Å) and much smaller 

Rg (13.8–14.2 Å), which suggests a significant compaction and global deviation from the 

crystal structure. This global rearrangement of structure is propagated to the local 

conformational environment around the active-site residues, which can be seen from the 

differences in the solvent exposure of sidechains. At pH 6, Glu35 has an average solvent 

accessible surface area (SASA) of 18.9Å2 in the explicit-solvent simulation, which is similar 

to the value of 10Å2 based on the crystal structure but much smaller than the value of 

38.9Å2 from the GB simulation. The significant increase in solvent exposure for Glu35 in 

the GB simulation leads to an overestimation of the self-solvation energy of Glu35, and thus 

an underestimation of the upward pKa shift. For Asp52 the story is exactly reversed. The 

solvent exposure of Asp52 is underestimated in the GB as compared to the explicit-solvent 

simulation. At pH 4, the average SASA of Asp52 is 2.4Å2 in the GB simulation, whereas it 

is 25.4Å2 in the explicit-solvent simulation, which much closer to the initial value of 26.6Å2
. 

Therefore, the self-solvation energy of Asp52 is underestimated in the GB simulation 

leading to a calculated pKa value that is too high. Thus, HEWL is a clear case where 

elimination of the “conformational” error introduced by GB can dramatically improve the 

accuracy of pKa calculations for residues of biological significance.

Discussion

Like temperature and pressure, solution pH is another important experimental condition that 

needs to be taken into account in molecular simulations in order to accurately capture 

physical reality. Motivated by the recent success of the GB implicit-solvent based CPHMD 

method in the accurate pKa predictions and mechanistic studies of pH-dependent 

conformational dynamics of proteins, we have developed a robust approach to extend the 

CPHMD framework to explicit-solvent molecular dynamics simulations. In this approach, 

the explicit-solvent force field is used to drive conformational dynamics, while the GB 

model is used to efficiently estimate the role of solvent in modulating the cost of 
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electrostatic free energy for protonation/deprotonation. The resulting explicit-solvent 

CPHMD method offers an increased accuracy and wider applicability as compared the GB-

based CPHMD method, while retaining the efficiency and robustness of the capability for 

proton titration. To overcome a critical hurdle related to the slow convergence of pKa 

calculations, which has plagued CPHMD and other constant pH methodologies, we have 

implemented a replica-exchange protocol based on the pH-biasing energy to directly 

accelerate protonation-state sampling. Remarkably, due to the tight coupling between 

titration and conformational degrees of freedom, this protocol also led to significant 

enhancement in conformational sampling, allowing pKa’s to converge within 1 ns for small 

model compounds and large proteins. The random errors in the calculated pKa’s for model 

compounds were about or below 0.1 pH units.

To benchmark the accuracy of the explicit-solvent based CPHMD method, we have 

calculated pKa’s for five proteins and compared with results from the GB-based method and 

experiment. We found that the explicit-solvent titrations resulted in an average absolute error 

of 0.53 and RMSD of 0.74, on par with those from the GB-based titrations. However, by 

bringing the outliers closer to experimental values, the explicit-solvent method offers 

significantly improved correlation with experiment as compared to the GB-based method. 

Detailed analysis revealed that this improvement is due to more accurate conformational 

sampling in explicit solvent. For example, the explicit-solvent simulation preserved the 

structural integrity of the loop region, bringing the calculated pKa of Asp77 from SNase 

closer to experiment. Compaction of HEWL in the implicit-solvent simulation caused 

distortion of the active site and large deviations in the calculated pKa values for Glu35 and 

Asp52, while explicit-solvent simulation preserved the native conformation leading to a 

correct prediction of the protonation states at the optimum pH value for catalytic activity. 

Including solvent granularity enabled a more realistic description of ion-pair interactions, as 

was the case for Asp95 of SNase, where the explicit-solvent simulation gave a bimodal 

distribution representing both the close-range and solvent-separated interactions with Lys70, 

which resulted in a more accurate estimate of pKa. Finally, in the explicit-solvent simulation 

the hydrophobic cluster in BBL showed an increased mobility relative to the GB simulation, 

allowing His166 to be partially exposed to solvent, which resulted in a reduction in the pKa 

shift due to desolvation penalty. The latter aspect is somewhat surprising, but is compatible 

with previous GB simulation studies revealing overly rigid hydrophobic assemblies.23,24 It is 

also consistent with the experimental evidence55 and previous simulation study56 suggesting 

water penetration into the hydrophobic core of SNase. Although in the presented cases, the 

differences between the explicit-solvent and GB-based pKa results are small (all within 0.5 

pH units), our unpublished data shows that the explicit-solvent method offers improvement 

as high as 4 pH units for the worst prediction cases in the engineered mutants of SNase 

(Wallace and Shen, unpublished data).

While the results demonstrated in this work are encouraging, we note that several potential 

issues merit attention. First, a potential delay in the response of solvent reorganization to 

protonation/deprotonation may lead to unfavorable interactions or inaccuracy in the 

solvation energetics of the titration site. This problem can be effectively avoided by allowing 

a few additional dynamics steps between titration updates to allow relaxation of solvent 

around the titrating site, as has been demonstrated in the discrete constant pH techniques.11 
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Also, we identified a small bias towards the charged form in the titration of Asp, Glu and 

His residues due to the occasionally prolonged residence time of the two degenerate 

protonation states (doubly deprotonated in the case of Asp or Glu and doubly protonated in 

the case of His). Although the effect of this systematic error on the calculated pKa shifts is 

likely minimal, it is clearly a limitation that needs to addressed in the future. Finally, the 

accuracy of pKa calculations is still limited by the accuracy of the GB model to determine 

the deprotonation free energy. The largest deviation and the single outlier found in this work 

is Asp21 in SNase, where both explicit- and implicit-solvent simulations were not able to 

reproduce the direction of the positive pKa shift, and underestimated the pKa by 3 pH units. 

NMR data showed that the titration of Asp21 is coupled to that of Asp19, which has a 

negative pKa shift. Although the explicit-solvent simulation was able to differentiate 

between the two pKa’s, it could not quantitatively reproduce the extent of the negative 

cooperativity in proton binding. One possible cause is that more exhaustive sampling may be 

required to fully capture coupled titration events. This issue deserves further investigation in 

our future studies. Another aspect that deserves further investigation is related to the effect 

due to ions. In the current work and previous GB-based CPHMD studies, an approximated 

Debye-Hückel model is applied in the GB electrostatic calculation to account for the bulk 

effect of salt screening, which may not be accurate for highly charged systems such as 

nucleic acids where local charge density can be very high. Finally, in order to apply the 

explicit-solvent CPHMD to studies of large-scale conformational changes, it may become 

necessary to combine with a method for global enhancement of conformational sampling 

such as the temperature-based replica-exchange scheme. Despite these remaining 

limitations, the current accuracy and precision of the explicit-solvent based CPHMD 

technique are encouraging, considering the fact that experimentally determined pKa’s can 

deviate by 0.5–1 pH units depending on the nuclei monitored.43 Thus, we anticipate that 

explicit-solvent CPHMD simulations will emerge as a practical tool for gaining novel 

insights into protonation-related phenomena that are ubiquitous in biology and chemistry. 

Examples include the mechanism of proton channels, drug-efflux pumps, pH-dependent 

catalytic reactions of ribozymes, as well as titration behavior of mixed micelle systems.
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Abbreviations:

CPHMD continuous constant pH molecular dynamics

GB Generalized-Born

GBSW Generalized-Born implicit solvent model with simple switching

pH-REX pH-based replica exchange

REX replica exchange

RMSD root mean squared deviation

Wallace and Shen Page 19

J Chem Theory Comput. Author manuscript; available in PMC 2019 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SA solvent accessible surface area

T-REX temperature-based replica exchange
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Figure 1: 
Instantaneous pressure, potential energy, and temperature in the explicit-solvent CPHMD 

simulation of lysine at pH 10.4 (blue) and in the simulation of the neutral lysine with fixed 

protonation state (red).
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Figure 2: 
Response of explicit solvent to titration. Radial distribution function for the titratable 

nitrogen atom of lysine to the hydrogen (blue) or oxygen (red) atom of water. Dashed lines 

are from the simulation with the fixed protonation state; solid lines are from the CPHMD 

titration with protonated (charged) and deprotonated (neutral) states coexisting. Snapshots of 

the interacting water and lysine are shown. The charged lysine donates a hydrogen bond to 

water (upper), while the neutral lysine accepts a hydrogen bond from water (lower). 
Simulations with fixed protonation states were run for 1 ns. The CPHMD titration time was 
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2 ns and the deprotonated fraction was about 0.5. The inset gives radial distribution 

functions when a very stringent cutoff (λ > 0.99) is used to define the deprotonated state 

(green) and when λ values are updated every 10 MD steps in addition to the stringent cutoff 

(orange).
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Figure 3: 
Titration curves for the blocked model compounds from the explicit-solvent CPHMD 

simulations. Three independent pH-REX simulations were performed. Each REX simulation 

utilized three pH replicas with each replica running for 1 ns. The average unprotonated 

fractions S (calculated from the three runs and shown as circles) at three pH values were fit 

to the Hendenson-Hasselbach equation and shown as lines. At each pH, an error bar 

indicates the range of the calculated S values, which is the largest at the pH closest to the 
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pKa value. These ranges are 0.10, 0.12, 0.10 and 0.02 for Asp, Glu, His, and Lys, 

respectively.
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Figure 4: 
Enhancement of protonation-state and conformational sampling for protein titrations. 

Cumulative unprotonated fraction of Asp44 of HP36. Data from the pH-REX simulations 

are shown in red for replica at pH 2 and orange for replica at pH 3. Data from three 

independent single-pH simulations at pH 2.3 are shown in blue.
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Figure 5: 
Convergence of protein titrations. A. Time series of the calculated pKa’s for BBL from the 

explicit-solvent CPHMD simulations with pH-REX protocol. The S values at pH 7 and 6 are 

used for His144 and His166, respectively. B. Titration data based on the 1-ns simulation and 

best fits to the modified HH equation (Eq. 9).

Wallace and Shen Page 28

J Chem Theory Comput. Author manuscript; available in PMC 2019 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
Comparison between calculated and experimental pKa values and pKa shifts relative to 

model values. Calculated pKa values from the explicit-solvent and GB-based titrations are 

shown in A and B, respectively. Calculated pKa shift from explicit-solvent and GB-based 

titrations are shown in C and D, respectively. Regression line (solid), slope, and R2 value are 

shown on each plot as wells as y=x line (dashed) to facilitate visual comparison.
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Figure 7: 
Structural comparison of BBL from explicit-solvent (solid) and GB (dashed) simulations at 

pH 5. A. Probability distributions of backbone RMSD. B. Ratio of the solvent accessible 

surface area (SASA) of His166 in BBL relative to the solvent-exposed value.
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Figure 8: 
Probability distribution of the minimum distance between the carboxylate oxygens of Asp95 

and amino nitrogen of Lys70 of SNase from the explicit-solvent (solid) and GB (dashed) 

titrations at pH 3.
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Figure 9: 
Comparison of the local environment of Asp77 of SNase from the explicit- and implicit-

solvent titrations at pH 3. Upper. In the initial structure Asp77 forms backbone hydrogen 

bonds with Asn119 and Thr120 (left snapshot). These interactions were broken in the GB 

simulation (right snapshot). Lower. Time series of the minimum distance between the 

carboxylate oxygens of Asp77 and the backbone amide hydrogen of Thr119 or Asn120 from 

the explicit-solvent (red) and GB (blue) simulations at pH 3.
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Figure 10: 
Comparison of the conformational states of HEWL sampled in the explicit-solvent (red) and 

GB (blue) simulations at pH 6.
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Table 1:

Calculated and experimental pKa values of model compounds

Residue Calc
a

Calc
b

Ref
c

Pace lab
d

Asp 3.79±0.09 3.77±0.02 4.0 3.67±0.04

Glu 4.09±0.11 4.05±0.01 4.4 4.25±0.05

His 6.89±0.08 6.89±0.01 6.6/7.0 6.54±0.04

Lys 10.21±0.02 10.41±0.02 10.4 10.40±0.08

CT-Phe 3.38±0.06 3.2
e -

a
Results using the standard simulation protocol where the λ value was updated every MD step and simulation length was 1.2 ns per pH replica. The 

average pKa’s obtained by fitting S data from three independent pH-REX titrations are listed along with one half the difference between the highest 

and lowest calculated values.

b
Results from test simulations where the λ value was updated every 10 MD steps and the simulaton length was 10 ns per pH replica.

c
Measured pKa’s based on the blocked single amino acids from Nozaki and Tanford.36 These model pKa’s were used in the pH-biasing energy 

(Eq. 6). For His, the listed pK a’s are the microscopic values for δ and ∊ sites. The resulting macroscopic pKa is 6.55.13 Errors in the 

measurements are typically ±0.1–0.2.57

d
The most recent data from Pace lab based on potentiometric titrations of alanine pentapeptide Ac-AA-X-AA-NH2 where X denotes the titrating 

residue.57

e
Measured pKa of the C-terminal carboxylic acid in the C-terminal peptide of HP36 (sequence KEKGLF) based on the NMR titration data from 

Raleigh lab.38
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Table 2:

Calculated and experimental pKa values in HP36, BBL, and NTL9

Residue Explicit solvent
b GB Expt

a

BBL

His142 6.94 ± 0.06 (6.83) 6.47 ± 0.03 6.47 ± 0.04

His166 5.78 ± 0.04 (5.90) 4.84 ± 0.19 5.39 ± 0.02

HP36

Asp44 2.66 ± 0.09 (2.77) 3.17 ± 0.11 3.10 ± 0.01

Glu45 3.36 ± 0.31 (3.28) 3.49 ± 0.09 3.95 ± 0.01

Asp46 3.03 ± 0.09 (3.12) 3.51 ± 0.03 3.45 ± 0.12

Glu72 3.50 ± 0.21 (3.45) 3.53 ± 0.10 4.37 ± 0.03

CT-Phe 3.31 ± 0.20 (3.16) 3.16 ± 0.14 3.09 ± 0.01

3.24 ± 0.12

NTL9

Asp8 2.83 ± 0.07 (2.80) 3.19 ± 0.20 2.99 ± 0.05

Glu17 3.57 ± 0.14 (3.50) 3.67 ± 0.13 3.57 ± 0.05

Asp23 2.75 ± 0.16 (2.82) 2.11 ± 0.11 3.05 ± 0.04

Glu38 3.38 ± 0.30 (3.40) 3.70 ± 0.19 4.04 ± 0.05

Glu48 3.47 ± 0.17 (3.42) 3.74 ± 0.20 4.21 ± 0.08

Glu54 3.65 ± 0.22 (3.49) 3.64 ± 0.08 4.21 ± 0.08

Avg abs dev 0.44 (0.45) 0.36

RMSD 0.50 (0.52) 0.47

Max abs dev 0.87 (0.92) 0.99

a
pKa’s determined by NMR titration for BBL,40 HP36,38 and NTL9.41

b
Values in parentheses were obtained from the 2-ns simulation.
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Table 3:

Effects of adding explicit ions on calculated pKa values in NTL9

Residue Calc
b

Ions
c

Expt
a

Asp8 2.83 ± 0.07 2.91 ± 0.31 2.99 ± 0.05

Glu17 3.57 ± 0.14 3.38 ± 0.19 3.57 ± 0.05

Asp23 2.75 ± 0.16 2.98 ± 0.16 3.05 ± 0.04

Glu38 3.38 ± 0.30 3.48 ± 0.04 4.04 ± 0.05

Glu48 3.47 ± 0.17 3.42 ± 0.34 4.21 ± 0.08

Glu54 3.65 ± 0.22 3.52 ± 0.25 4.21 ± 0.08

Avg abs dev 0.41 0.40

RMSD 0.48 0.49

Max abs dev 0.73 0.78

a
pKa’s determined by NMR titration.41

b
Calculated pKa’s from explicit-solvent titrations without counter ions (as listed in Table 2).

c
Calculated pKa’s from simulations with an identical set up except for the addition of Cl− ions such that the net charge of the protein at all pH 

conditions was minimimzed.
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Table 4:

Calculated and experimental pKa values in SNase

Residue Explicit Solvent
c GB Expt

a

Glu10 3.14 ± 0.09 (3.33) 3.47 ± 0.01 2.82 ± 0.07

Asp19 2.29 ± 0.15 (2.49) 3.51 ± 0.02 2.21 ± 0.07
b

6.54 ± 0.06

Asp21 3.45 ± 0.28 (3.55) 3.59 ± 0.00 3.01 ± 0.01

6.54 ± 0.02
b

Asp40 3.13 ± 0.23 (3.35) 3.37 ± 0.09 3.87 ± 0.09

Glu43 3.83 ± 0.08 (3.76) 3.45 ± 0.00 4.32 ± 0.04

Glu52 3.92 ± 0.01 (3.88) 3.52 ± 0.02 3.93 ± 0.08

Glu57 3.67 ± 0.16 (3.64) 3.52 ± 0.01 3.49 ± 0.09

Glu67 3.66 ± 0.06 (3.67) 3.45 ± 0.06 3.76 ± 0.07

Glu73 3.53 ± 0.11 (3.54) 3.36 ± 0.13 3.31 ± 0.01

Glu75 3.54 ± 0.27 (3.58) 3.40 ± 0.06 3.26 ± 0.05

Asp77 < 0.0 (< 0.0) 3.14 ± 0.03 < 2.2

Asp83 2.54 ± 0.12 (2.84) 3.50 ± 0.04 < 2.2

Asp95 2.71 ± 0.57 (2.97) 3.37 ± 0.06 2.16 ± 0.07

Glu101 3.64 ± 0.11 (3.67) 3.51 ± 0.01 3.81 ± 0.10

Glu122 3.61 ± 0.03 (3.75) 3.57 ± 0.01 3.89 ± 0.09

Glu129 3.74 ± 0.11 (3.71) 3.57 ± 0.12 3.75 ± 0.09

Glu135 3.39 ± 0.20 (3.44) 3.56 ± 0.03 3.76 ± 0.08

Avg abs dev 0.46 (0.48) 0.63

RMSD 0.86 (0.85) 0.96

Max abs dev 3.09 (3.00) 2.95

a
pKa determined by NMR titration.42

b
The major transition when the experimental data was fit to a two-pKa model.

c
Values in parantheses were obtained from the 2-ns simulation.
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Table 5:

Calculated and experimental pKa values in HEWL

Residue Explicit Solvent
b GB Expt

a

Glu7 2.67 ± 0.01 (2.69) 2.58 ± 0.06 2.6 ± 0.2

His15 6.64 ± 0.10 (6.60) 5.34 ± 0.47 5.5 ± 0.2

Asp18 3.05 ± 0.13 (3.15) 2.94 ± 0.01 2.8 ± 0.3

Glu35 7.19 ± 0.15 (6.83) 4.35 ± 0.18 6.1 ± 0.4

Asp48 1.57 ± 0.48 (1.77) 2.84 ± 0.15 1.4 ± 0.2

Asp52 2.88 ± 0.08 (3.21) 4.56 ± 0.02 3.6 ± 0.3

Asp66 1.47 ± 0.60 (0.46) 1.15 ± 0.43 1.2 ± 0.2

Asp87 1.48 ± 0.41 (1.46) 2.03 ± 0.07 2.2 ± 0.1

Asp101 2.99 ± 0.09 (3.06) 3.27 ± 0.32 4.5 ± 0.1

Asp119 2.85 ± 0.05 (2.98) 2.45 ± 0.13 3.5 ± 0.3

CT-Leu 1.95 ± 0.37 (1.89) 2.20 ± 0.14 2.7 ± 0.2

Avg abs dev 0.70 (0.70) 0.72

RMSD 0.84 (0.80) 0.93

Max abs dev 1.50 (1.44) 1.75

a
Consensus pKa’s based on NMR titration using multiple nuclei.43

b
Values in parantheses were obtained from the 2-ns simulation.
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