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ABSTRACT 

The process of proton solvation and transport is involved in a wide array of phenomena. 

Although seemingly simple, it is a complex process that continues to engage research 

efforts. One unique aspect of the molecular mechanism of proton solvation and transport 

is that the hydrated proton is able to hop between neighboring water molecules by 

“Grotthuss shuttling”, giving rise to anomalously high diffusion rate of protons compared 

to other simple cations. In addition, the hydrated proton is able to dynamically delocalize 

the excess charge defect over multiple water molecules within several solvation shells. 

Inside proteins, the structure and dynamics of the residues and water molecules that 

mediate proton transport are strongly influenced by the electrostatic and hydrophobic 

environment in the protein cavities. Hence, proton transport in proteins is very different 

from that in aqueous bulk solution and displays many interesting behaviors. Explicitly 

simulating proton transport in proteins is an inherently challenging problem. It requires 

both the explicit treatment of the excess proton, including its charge defect delocalization 

and Grotthuss shuttling through inhomogeneous moieties (water and amino acid 

residues), and extensive sampling of slow conformational changes of both the protein and 

water clusters inside protein cavities.  

In recent years, the self-consistent charge density functional tight binding (SCC-DFTB) 

method has been increasingly applied to study proton transport (PT) in biological 

environments. However, recent studies revealing some significant limitations of SCC-



 xxiii 

DFTB for proton and hydroxide solvation and transport in bulk aqueous systems call into 

question its accuracy for simulating PT in biological systems. The current work 

benchmarks the SCC-DFTB/MM method against more accurate DFT/MM by simulating 

PT in a synthetic leucine-serine channel (LS2), which emulates the structure and function 

of biomolecular proton channels. It is observed that SCC-DFTB/MM produces over-

coordinated and less structured pore water, an over-coordinated excess proton, weak 

hydrogen bonds around the excess proton charge defect and qualitatively different PT 

dynamics. Similar issues are demonstrated for PT in a carbon nanotube, indicating that 

the inaccuracies found for SCC-DFTB are not due to the point charge based QM/MM 

electrostatic coupling scheme, but rather to the approximations of the semiempirical 

method itself. The results presented in this work highlight the limitations of the present 

form of the SCC-DFTB/MM approach for simulating PT processes in biological protein 

or channel-like environments, while providing benchmark results that may lead to an 

improvement of the underlying method. 

An alternative approach that explicitly accounts for the reactive nature of the hydrated 

excess proton is multiscale reactive molecular dynamics (MS-RMD) method. In this 

approach, quantum mechanical forces from targeted quantum mechanics/molecular 

mechanics (QM/MM) calculations are bridged, in a multiscale fashion via a variational 

mathematical framework, into the reactive MD algorithm for the dynamics of system 

nuclei, thus allowing efficient and accurate description of Grotthuss shuttling and charge 

delocalization during PT. Herein, we have used a synthesis of the MS-RMD, QM/MM 

and classical MD simulations to study the PT mechanism in the influenza A virus M2 

channel (AM2), which is crucial in the viral life cycle. Despite many previous 
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experimental and computational studies, the mechanism of the activating process in 

which proton permeation acidifies the virion to release the viral RNA and core proteins is 

not well understood. We report, to our knowledge, the first complete free-energy profiles 

for PT through the entire AM2 transmembrane domain at various pH values, including 

explicit treatment of excess proton charge delocalization and shuttling through the His37 

tetrad. The free-energy profiles reveal that the excess proton must overcome a large free- 

energy barrier to diffuse to the His37 tetrad, where it is stabilized in a deep minimum 

reflecting the delocalization of the excess charge among the histidines and the cost of 

shuttling the proton past them. At lower pH values the His37 tetrad has a larger total 

charge that increases the channel width, hydration, and solvent dynamics, in agreement 

with recent 2D-IR spectroscopic studies. The PT barrier becomes smaller, despite the 

increased charge repulsion, due to backbone expansion and the more dynamic pore water 

molecules. The calculated conductances are in quantitative agreement with recent 

experimental measurements. In addition, the free-energy profiles and conductances for 

PT in several mutants provide insights for explaining our findings and those of previous 

experimental mutagenesis studies. 

Another important challenge for simulation of PT in biomolecular systems is a 

quantitative description of the protonation and deprotonation process of amino acid 

residues. Despite the seeming simplicity of adding or removing a positively charged 

hydrogen nucleus, simulating the actual protonation/deprotonation process is inherently 

difficult. In a recent paper (J. Chem. Theory Comput. 2014, 10, 2729−2737), a multiscale 

approach was developed to map high-level quantum mechanics/molecular mechanics 

(QM/MM) data into a MS-RMD model in order to describe amino acid deprotonation in 
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bulk water. Herein, the fitting approach (called FitRMD) was extended to create MS-

RMD models for ionizable amino acids within proteins. The resulting models are shown 

to faithfully reproduce the free energy profiles of the reference QM/MM Hamiltonian for 

PT inside an example protein, the ClC-ec1 H+/Cl− antiporter. Moreover, we show that 

the resulting MS-RMD models are computationally efficient enough to then characterize 

more complex 2-dimensional free energy surfaces due to slow degrees of freedom such 

as water hydration of internal protein cavities that can be inherently coupled to the excess 

proton charge translocation. The FitRMD method is thus shown to be an effective way to 

map ab initio level accuracy into a much more computationally efficient reactive MD 

method in order to explicitly simulate and quantitatively describe amino acid 

protonation/deprotonation in proteins. 

The combination of FitRMD and our other multiscale methods is herein used to study 

proton transport in aa3-type cytochrome c oxidase (CcO), which is the terminal enzyme 

in the respiratory electron transfer chain in the inner membrane of mitochondria and 

plasma membrane of bacteria. CcO catalyzes the reduction of O2 to H2O and couples the 

free energy of this exergonic reaction to the pumping of protons across the membrane, 

creating a transmembrane proton electrochemical gradient that drives, for example, ATP 

synthesis. We have used MS-RMD simulations to explicitly characterize (with free 

energy profiles and calculated rates) the internal PT events that enable pumping and 

chemistry during the A→PR→F transition in the aa3-type CcO. Our results show that PT 

from amino acid residue E286 to both the pump loading site (PLS) and to the binuclear 

center (BNC) are thermodynamically driven by electron transfer from heme a to the 

BNC, but that the former (i.e., pumping) is kinetically favored while the latter (i.e., 
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transfer of the chemical proton) is rate-limiting. The calculated rates are in quantitative 

agreement with experimental measurements. The back flow of the pumped proton from 

the PLS to E286 and from E286 to the inner side of membrane are prevented by the fast 

reprotonation of E286 through the D-channel and large free energy barriers for the back 

flow reactions. PT from E286 to the PLS through the hydrophobic cavity (HC) and from 

D132 to E286 through the D-channel are found to be strongly coupled to dynamical 

hydration changes in the corresponding pathways. This work presents a comprehensive 

description of the key steps in the proton pumping mechanism in CcO. 

Lastly, we have used a synthesis of the MS-RMD, QM/MM and classical MD 

simulations to explicitly characterize (with free energy profiles and calculated 

conductances) the activation mechanism of influenza M2 channel from high to 

intermediate pH condition. Starting from a recently resolved crystal structure in high pH 

condition (4QKL), we found that the Trp41 side chains in the high pH condition block 

the channel, and the channel is gradually activated as the pH in the viral exterior is 

lowered, as a result of the increased positive charges on the His37 tetrad. The qualitative 

asymmetry of the PT free energy profile in high pH condition explains why the inward 

proton flux is allowed when the pH is low in viral exterior and high in viral interior, but 

outward proton flux is prohibited when the pH gradient is reversed. Our results also 

demonstrate that the amphipathic helices do not change the proton conduction 

mechanism in the AM2 transmembrane domain significantly. 
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Chapter 1    

Background 

1.1  Reactive Simulation of Proton Transport in Proteins. 

The hydrated excess “proton” is in fact a unit of net positive charge (1) due to a 

missing electron that can be passed between and among biomolecules (2) in a seemingly 

simple dance of charge neutralization. However, the molecular nature of this dance is 

complicated, involving a dynamic charge delocalization between molecules and a 

constant restructuring of covalent and hydrogen bond topologies. Understanding and 

being able to characterize the migration of excess protons is important given the many 

roles that proton transport (PT) plays throughout biology. Virtually all biomolecules are 

sensitive to pH and many incorporate PT into their functional mechanisms, including 

transporters, proton pumps, proton channels, and enzymes. For example, cytochrome c 

oxidase (CcO), a proton pump in the respiratory chain of mitochondria and bacteria, 

reduces oxygen to water and utilizes the released free energy to pump protons across the 

membrane, contributing to the transmembrane electrochemical potential gradient that is 

necessary for ATP synthesis.(3-6) The influenza A M2 proton channel protein(7) 

transports the protons across the influenza virus membrane and triggers the dissociation 

of the viral matrix proteins, which is an essential step in the influenza virus replication 

cycle.(8) This is a short list of the many systems in which PT plays an important role in a 

functional mechanism.  
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Computational approaches can play an important role in the investigation of PT 

mechanisms in proteins, adding molecular level insight as well as increased temporal and 

spatial resolution to experimental data. However, it is very challenging to explicitly 

model the PT process, even in simple bulk water solution, because it involves charge 

defect delocalization, Grotthuss shuttling (proton hopping), and solvent reorganization. 

Moreover, the migration of an excess proton in proteins and other confined spaces can be 

non-trivially coupled with changes in the hydration along the PT pathway.(9-11) As will 

be discussed later, water molecules move in/out of internal protein cavities in response to 

the excess positive charge as it moves between water molecules and ionizable amino 

acids. Therefore, to more completely describe PT in biological systems, a computational 

method should (1) explicitly treat charge defect delocalization and Grotthuss shuttling of 

the excess proton(s) between water molecules and ionizable amino acids undergoing 

protonation/deprotonation; (2) allow exchange of water molecules between different 

protein internal cavities as well as between those cavities and bulk solution; and (3) be 

computationally efficient enough to achieve sufficient sampling of the charge 

translocation and protein and solvent configuration space for large-scale biomolecular 

systems, including protein, solvent, ions, and (where needed) membrane. Quantum 

mechanical approaches, such as ab initio molecular dynamics (AIMD) or quantum 

mechanics molecular mechanics (QM/MM) MD methods, can in principle explicitly treat 

the reactive nature of amino acid protonation/deprotonation and the Grotthuss hopping 

phenomenon. However, their computational expense limits the application of the former 

to systems much smaller than proteins, and restricts the free energy sampling of the latter 

when applied to large biomolecular systems. A lack of sufficient free energy sampling 
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generally leads to results with large systematic errors that depend on the initial state of 

system. In addition, QM/MM methods without adaptive partitioning(12, 13) prohibit 

exchange of MM and QM atoms across the QM/MM boundary, which is unphysical. 

Although adaptive QM/MM partitioning methods enable the exchange of MM and QM 

atoms across the boundary, they can suffer from both inaccuracy of forces on atoms near 

the boundary and a lack of sufficient energy conservation.(14) The QM/MM boundary 

may be especially problematic when the hydration along the PT pathway changes in 

response to the migration of the excess proton charge defect since this necessitates the 

exchange of water molecules between protein cavities and bulk solution, which often 

occurs beyond the nanosecond timescale.  

Therefore, it is sometimes necessary to develop approximations to ab initio QM methods 

that offer a balance between accuracy and computational efficiency. The self-consistent 

charge density functional tight binding (SCC-DFTB) method(15) is a fast semi-empirical 

QM algorithm that has become popular in recent years for simulating chemical processes 

in biomolecular systems due to the high degree of interest in studying such systems.(16) 

The SCC-DFTB method is derived from density functional theory (DFT) by 

approximation and parameterization of multi-center electron integrals.(15) The 

computational speed gained by these approximations can be 2-3 orders of magnitude 

compared to more accurate and “first principles” standard DFT.(17) While the SCC-

DFTB approach is understandably popular, the method has been shown to have 

substantial limitations for predicting structural, energetic and dynamic properties of 

proton transport (PT)(18) and hydroxide transport in bulk water. (19) Despite recent 

SCC-DFTB developments (17, 20, 21), these issues remain unresolved. The SCC-DFTB 
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method was also, e.g., recently shown to poorly describe noncovalent interactions 

involving sulfur atoms.(22) Given the increased use of quantum mechanics/molecular 

mechanics (QM/MM) with SCC-DFTB as the QM method (SCC-DFTB/MM) to study 

proton hydration and transport in biomolecular systems,(23-25) there is a need to 

benchmark its present level of accuracy and potential limitations in such environments. 

As a counter part of proton transport, hydroxide transport is an equally important reactive 

process in both biomolecular and material system, where SCC-DFTB method is widely 

utilized. Therefore, it is also necessary to benchmark the accuracy of SCC-DFTB to 

simulate hydroxide transport. 

Chapter 3 (19) evaluates the accuracy of the current SCC-DFTB implementations, 

including the proposed O−H repulsive potential and 3rd order correction with both MIO 

and the 3OB parameter sets, focusing on both cluster and liquid water systems with the 

hydroxide ion (proton hole).(25) Chapter 4 (26) establishes a systematic benchmark of 

SCC-DFTB/MM method against arguably more accurate QM/MM methods that employ 

both generalized gradient approximation (GGA) level and hybrid-GGA level DFT 

theories for the QM calculation. The comparison is made in the context of condensed 

phase molecular dynamics (MD) simulations of PT in channel systems. All the methods 

under investigation have a comparable amount of sampling time, which has seldom been 

done to date. The synthetic leucine-serine channel (LS2, Figure 4.1)(27) is chosen as the 

simulation system. Although it is synthetic, LS2 possesses key features that are 

representative of proton channels in nature, such as high proton selectivity, a nonuniform 

pore radius along the channel axis, a hydrophilic pore due to pore-lining serine residues, 

and a macrodipole formed by parallel  helices.(27-30) In addition, it is small enough to α
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enable sufficient sampling for the convergence of statistical quantities extracted from MD 

simulations, which is both essential for condensed phase analysis and computationally 

demanding for the higher level QM/MM approaches.  

An alternative approach that explicitly accounts for the reactive nature of the hydrated 

excess proton is multiscale reactive molecular dynamics (MS-RMD) method.(2, 31, 32) 

This approach describes the migration of an excess proton including explicit Grotthuss 

shuttling and charge defect delocalization by evolving the system on a reactive potential 

energy surface defined as a dynamical linear combination of diabatic basis states, as in 

the earlier multistate empirical valence bond (MS-EVB) method.(2, 33, 34) As will be 

shown in detail later, the newer MS-RMD approach differs from the older MS-EVB 

approach primarily because the underlying reactive force field of MS-RMD is largely 

derived from AIMD or QM/MM data via force-matching and other means, rendering it 

far less empirical than the original MS-EVB approach. MS-RMD is also “multiscale” in 

the sense that quantum information on the electronic states is variationally bridged 

upward in scale to describe the forces felt by the system nuclei in the RMD model. As 

shown later as well, MS-RMD is several orders of magnitude more computationally 

efficient than MD from QM/MM, while still describing the charge delocalization and 

reactive nature of the PT. The MS-RMD method is also not complicated by the QM/MM 

boundary issues because the molecules that participate in the proton charge defect charge 

delocalization are dynamically redefined at each time step in such a way that the forces 

on the atoms are more continuous. Thus, as water molecules or residues move away from 

the excess proton, the forces acting on the atoms gradually transition to those described 

by the classical force field. These advantages make the MS-RMD method (and MS-EVB 
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before it) a powerful tool for investigating PT in a variety of biological systems.  

In the Chapter 5 (35), a powerful multiscale combination of MS-RMD, classical and 

QM/MM MD simulations is employed to systematically investigate the proton solvation 

and transport mechanism through the influenza A M2 protein transmembrane domain 

(AM2/TM). The influenza type A virus is a highly pathogenic RNA virus that causes flu 

in birds and mammals (36).  The AM2 protein contains a homotetramer channel that 

transports protons across the viral membrane and acidifies the virion interior, enabling 

the dissociation of the viral matrix proteins, which is a crucial step in viral replication (8).  

The protein has been the target of antiviral drugs amantadine and rimantadine (37, 38).  

Much effort has been devoted to discovering the structure and proton transport (PT) 

mechanism of the AM2 channel, resulting in many crystal structures available in the 

protein data bank (39-47).  Based on the crystal structures and electrophysiology 

experiments, several PT models have been suggested. (47-54).  

Although many computational studies have investigated the features of AM2 that 

may influence its PT in recent years (45, 55-71), only a few have explicitly simulated any 

aspect of the explicit PT process (55, 56, 60, 68, 69). This is because it is challenging to 

accurately model the charge delocalization and Grotthuss shuttling of the hydrated excess 

proton in a computationally tractable way.  Among these studies, only one so far has 

provided a free-energy profile (potential of mean force, or PMF) for PT across the entire 

AM2/TM channel (56), which is the essential property for understanding the full proton 

permeation mechanism.  However, this particular free energy study was limited by the 

approximation that the His37 tetrad remains in a fixed protonation state during the proton 

conduction; therefore, it could not capture the more plausible shuttle mechanism (47, 50-
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54).  More recently, Carnevale et. al (60) used a quantum mechanics/molecular 

mechanics (QM/MM) approach to investigate PT in the specific region of the His37 

tetrad of AM2.  Although they could not achieve sufficient sampling to calculate a free 

energy profile, this work did allow the His37 tetrad to change protonation states as 

necessitated by the shuttle mechanism.  Their work in fact helped to lay the foundation 

for the study of PT in the His37 tetrad using a QM/MM approach in that region of the 

channel. 

In Chapter 5 (35), by employing a classical force field, the conformational ensemble 

of AM2/TM is characterized starting from two recent high-resolution structures in low 

and intermediate pH conditions (PDB code 3C9J (42) and 3LBW (45), respectively).  

The influence of pH on the protein and water dynamics is then investigated.  It is found 

that as the pH is lowered, the channel adopts a more open conformation, the channel pore 

is more hydrated, and the pore water molecules are more mobile.  Following this we 

utilize a synthesis of the reactive multi-state empirical valence bond (MS-EVB) (2) and 

QM/MM approaches to calculate complete proton permeation free energy profiles 

(PMFs) through the AM2/TM channel.  Since the MS-EVB potential can be derived by 

force-matching of ab initio MD simulation data (72), and since the force-matching 

algorithm provides a PMF for the reference potential, this unique combination of 

approaches yields a consistent multiscale computational framework for obtaining an ab 

intio level quality PT free energy profile.  This multiscale combination of methods is thus 

used to calculate the PMFs for excess protons permeating through the entire AM2/TM 

channel, accounting for the charge delocalization and shuttling of hydrated excess 

protons through both water and the His37 tetrad explicitly.  By virtue of this 
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methodology, it is found that at lower pH values the free energy barrier for a proton to 

diffuse to His37 is decreased and the proton conductance increased, explaining the 

unique pH-dependent activation mechanism of AM2.  The PMFs of several AM2 

mutants, including the amantadine-resistant and transmissible mutants V27A and S31N 

are also reported.  The calculated conductances of both the wild-type AM2 and its 

mutants are in close agreement with experimental results and provide microscopic 

explanations for their trends. 

In Chapter 6 (73), we move on to addressing the primary challenge of properly 

parameterizing the MS-RMD method in order to faithfully simulate PT in proteins. In ref 

(74), an approach for parameterizing MS-RMD models for ionizable amino acids in bulk 

water was developed. In this fitting approach, forces from QM/MM calculations are 

bridged via an iterative variational framework into the reactive MS-RMD model. In 

particular, the MS-RMD model parameters are obtained by sampling configurations with 

a guess MS-RMD model and then fitting the model parameters to best reproduce forces 

from QM/MM calculations that are as accurate as possible. Our fitting procedure was 

partially motivated by the work of Wang and co-workers, in which force fields for liquid 

water were developed with an adaptive force matching method.(75, 76) It also bears 

similarity to the work of Zhou and Pu on reactive path force matching.(77) Due to the use 

of configurations from condensed phase MS-RMD trajectories, the resulting model takes 

into account the condensed phase environment, which is not captured in gas phase fitting. 

For a given MS-RMD potential energy functional form and with restrictions on the 

ranges of parameter values, this fitting approach was shown to work well for 

investigating glutamic acid (Glu) and aspartic acid (Asp) deprotonation in bulk water.(74) 
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However, one cannot simply use these models to study deprotonation of amino acids such 

as Asp and Glu within proteins. The electrostatic and hydration environment affecting 

ionizable amino acid protonation/deprotonation inside biomolecules can be very different 

from that in bulk solution. For example, deprotonated Asp and Glu residues often form 

salt bridges with positively charged residues in proteins, and the surrounding hydration 

structure is rarely bulk-like. As a consequence, the pKa values of amino acids inside 

proteins are often largely shifted from those measured in bulk solution. These differences 

require reparameterization of the MS-RMD models to fit the protein environment. In 

Chapter 6 (73), we extended the FitRMD method to parameterize MS-RMD models for 

ionizable amino acid in proteins. 

In Chapter 7 (78), we apply the FitRMD and MS-RMD methods to investigate the 

proton transport mechanism in a challenging protein system, the cytochrome c oxidase 

(CcO). CcO is the terminal enzyme in the respiratory electron transfer chain in the inner 

membrane of mitochondria and plasma membrane of bacteria. It catalyzes the reduction 

of O2 to H2O and couples the free energy of this exergonic reaction to the pumping of 

protons across the membrane, creating a transmembrane proton electrochemical gradient 

that drives, for example, ATP synthesis. During each reaction cycle eight protons are 

taken up from the negatively-charged inside (N-side) of the membrane and either react 

with oxygen (referred to as ‘chemical’ protons below) or are pumped to the positively-

charged outside (P-side) of the membrane (referred to as ‘pumped’ protons below). In 

aa3-type CcO, as found in mitochondria, the D-channel is responsible for uptake of all 

four pumped protons and at least one out of four chemical protons. Protons on the N-side 

are taken into D-channel via the amino acid residue D132 at the channel entrance, and 
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then transferred to residue E286 in the middle of the membrane. By Grotthuss shuttling 

through the water molecules in the hydrophobic cavity (HC) above E286, each proton is 

either transferred to react with oxygen in the binuclear center (BNC), consisting of heme 

a3 and the CuB complex, or transferred to the pump loading site (PLS) and then further 

released to the P-side of the membrane (c.f. Figure 7.1). Despite decades of study, the 

CcO proton pumping mechanism, which entails the transport of two protons from the N-

side of the membrane (one to be pumped and one for catalysis) coupled to a single 

electron transferred to the BNC, is still incompletely understood at the atomistic level. It 

has been unclear, for example, how electron transfer (ET) is coupled with the multiple 

proton transport (PT) events, in what order the charge transport processes happen, and 

how CcO prevents back flow of pumped protons during the transfer of chemical protons.  

To address these questions, experimental results must be complemented with 

molecular-level insight from computer simulation. However, in large and complicated 

biomolecular systems it is challenging to simulate PT, which requires an explicit 

treatment of the positive charge defect associated with a hydrated excess proton, 

including its delocalization and Grotthuss shuttling (1). To overcome this challenge, a 

multiscale reactive molecular dynamics (MS-RMD) method has been extensively 

developed and applied in our group to study PT in aqueous and biological contexts [see, 

e.g., Refs. (2, 31, 32, 74, 79, 80)]. Here we have carried out extensive MS-RMD free 

energy simulations to study the proton pumping mechanism in CcO. In our MS-RMD 

approach, quantum mechanical forces from targeted quantum mechanics/molecular 

mechanics (QM/MM) calculations are bridged, in a multiscale fashion via a variational 

mathematical framework, into the reactive MD algorithm (MS-RMD) for the dynamics of 
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system nuclei, thus including chemical bond breaking and making. In this way, we 

explicitly simulate PT between proton binding sites, including Grotthuss shuttling of the 

excess proton(s) through residues and intervening water molecules.   

We focus on the A→PR→F transition in CcO, which occurs during the oxidation of 

the fully reduced enzyme, because there is extensive experimental information to which 

we can compare our computational results. Based on our simulations, we provide a 

quantitative, comprehensive and molecular-level description of proton uptake, pumping, 

and chemical proton transfer during the A→PR→F transition. Our results show that both 

PT events (E286 to the PLS and E286 to the BNC) are driven by ET from heme a to the 

BNC. The transfer of the pumped proton is kinetically favored while that of the chemical 

proton is rate limiting. Our calculated rate for the chemical proton transfer is in 

quantitative agreement with experimental measurements. (81, 82) These results also 

explain how CcO prevents the decoupling of pumping from the chemical reaction with 

kinetic gating. The fast pumping process precedes transfer of the chemical proton to the 

BNC, and fast D-channel PT to E286 after pumping prevents proton back flow from the 

PLS. Given the computational accuracy and efficiency of the MS-RMD methodology 

(80), a critical component of our results is the explicit characterization of the coupling 

between PT and hydration changes in both the HC and D-channel, revealing a remarkable 

and dynamic coupling between the migration of the excess proton and hydration. Finally, 

we present results that argue against the possibility of E286 being biprotonated during the 

pumping process. 

Chapter 8 is dedicated to the characterization of the acid activation mechanism of 

influenza M2 channel from high to intermediate pH condition, which was not 
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investigated in Chapter 5 (35).  The study was motivated by a recent work by Thomaston 

et al (83), where several M2TM crystal structures were resolved in both high and low pH 

conditions in lipid cubic phase. In that work, it was found that the backbones of the AM2 

channel adopt similar structures in both low and high pH conditions. In all structures, the 

C-terminal helices are wide open, allowing sufficient solvation of His37 and Trp41 

tetrad. The similarity of the new set of crystal structures in both low and high pH 

conditions give rise to questions regarding how the channel conduction is activated upon 

lowering the pH value. 

Building upon the previous simulations in Chapter 5 (35) and the recently published 

crystal structures (83), in Chapter 8 we further investigated the AM2 acid activation 

mechanism for the transition from high to intermediate pH condition. We performed 

multiscale simulations starting from the high pH room temperature crystal structure in ref 

(83) (PDB code 4QKL). Our results show that in membrane environment, the channel 

closes its C-terminal helices in high pH condition and the resulting large deprotonation 

barrier of His37 blocks the channel. Lowering the pH value increases the charge state of 

His37, and as a result the Trp41 gate is gradually opened. This increases the channel 

conductance and leads to activation of the AM2 channel in intermediate pH condition.  

In the paper by Sharma et al (47), the NMR structure of AM2 conductance domain 

(residues 22-62) was published (PDB code 2L0J). The structure includes both M2TM 

(residues 26-46) and the amphipathic helices. However, Ma et al (84) concluded that the 

M2TM helices conserves the essential features of the proton transport in the full length 

AM2 channel, and it is for this reason that our previous simulations (35, 56) and many 

other computational and experimental works (45, 52, 53, 60, 64, 68, 71) used the M2TM 
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helices to investigate the proton conduction mechanism of AM2. Here in this work we 

also investigated the effect of including the amphipathic helices on the proton conduction 

mechanism of the channel by performing simulations starting from the 2L0J NMR 

structure. Our results show that the amphipathic helices do not significantly change the 

proton conduction mechanism of the AM2.  
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Chapter 2    

Theory and Methodology 

2.1  Multiscale Reactive Molecular Dynamics 

The MS-RMD (and MS-EVB) method describes electronic delocalization of the 

excess proton as a linear combination of distinct states with different chemical bonding 

topologies. (See Figure S1 in the SI.) The Hamiltonian is defined as: 

 where 𝐫  are the system nuclear coordinates, ℎ!!  is the potential energy for state 𝑖 

described by a classical force field, and ℎ!" is the coupling between states 𝑖  and 𝑗 . The 

diagonalization of the Hamiltonian matrix on the fly gives the energy and eigenvector of 

the ground state for every configuration of the nuclei r: 

The forces are evaluated by the Hellmann-Feynman theorem and are used to propagate 

the system in an MD simulation. It is important to note that the method explicitly treats 

the excess proton charge defect delocalization, Grotthuss shuttling, and part of the 

polarization effect, and the resulting MD trajectory is continuous and deterministic to 

within numerical error.  

The diagonal elements ℎ!! of the MS-RMD Hamiltonian are given by the potential 

energy function of each basis state 𝑖. Note that there is a single excess proton in the 

system, and either glutamate or water is protonated at each state. The ℎ!! corresponding to 

𝐇 = 𝑖 𝐫 ℎ!"(𝐫) 𝑗(𝐫)
!"

 (1) 

𝐇𝐜 = E!𝐜 (2) 
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the state with protonated glutamate (GLUH) is described as,   

ℎ!!!"#$ = 𝑉!"##$"%&'%(!"#$% + 𝑉!"#$!"#$% + 𝑉!"##$"%&'%(,!"#$!"#$% + 𝑉!! (3) 

where the first three terms are the inter- and the intra-molecular potentials of protonated 

glutamate and all other surrounding molecules, such as waters, other protein residues, 

lipids, and ions in the system. They are computed with CHARMM22 force field,(1) with 

the exception of the O-H bond in the carboxyl (-COOH) group of glutamate. To properly 

represent its dissociation as a proton transfers from the carboxyl oxygen to the water 

oxygen, the harmonic bond stretch potential is replaced with a standard Morse potential, 

𝑈!"#$% 𝑟 : 

𝑈!"#$% 𝑟 = 𝐷 1− exp −𝛼 𝑟 − 𝑟!
!
 (4) 

where 𝑟 is the O-H bond length, and 𝐷, 𝛼, and 𝑟! are parameters, which are taken from 

our previous work.(2) Since the classical force fields between two protonated forms of 

glutamate and water do not share a common energy origin, 𝑉!!  is introduced to 

compensate the constant energy shift between the two states.  

In order to correct overestimated electrostatic interaction between opposite charges 

on a hydronium and deprotonated glutamate at a short distance(3), two repulsive terms, 

𝑉!!!
!"#  and 𝑉!!!!

!"# , are introduced in ℎ!!  corresponding to the state with deprotonated 

glutamate: 

𝑉!!!
!"# 𝑅!!! ,𝑅!!!!; 𝑗 = 1,2,3 = 𝐵 exp −𝑏 𝑅!!! − 𝑑!!

! ⋅ exp −𝑏′ 𝑅!!!!
!

!
!  (5) 

𝑉!!!!
!"# 𝑅!!! = 𝐶 exp −𝑐 𝑅!!!! − 𝑑!"

!  (6) 

where 𝑅!!! is the distance between the hydronium oxygen, 𝑂, and the carboxyl oxygen 

of glutamate, 𝑂! (OE1 and OE2 in the PDB), and 𝑅!!!! is the distance between each of 
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three hydronium hydrogen atoms, 𝐻! , and the carboxyl oxygen of glutamate. The 

functional forms for the repulsive terms are the same as those used in the MS-EVB3.1 

model. (2) 𝐵, 𝑏, 𝑏′, 𝐶, and 𝑐 are fitted parameters, and 𝑑!!!  and 𝑑!"!  are fixed the same 

value used in MS-EVB3.1, which are 2.4 and 1.0 Å, respectively.  

The off-diagonal element ℎ!" for the coupling between protonated glutamate and 

water is given by, 

ℎ!"!"#$ = 𝑐! exp −𝑐! 𝑟!" − 𝑐! !  (7) 

where 𝑟!" is the distance between the donor oxygen of the carboxyl group of glutamate 

and the acceptor hydrogen of the adjacent hydronium molecule. 𝑐!, 𝑐!, and 𝑐! are fitted 

parameters. ℎ!" for the coupling between hydronium and water is the same as the one 

used in the MS-EVB3.1 model.  

The MS-RMD (and MS-EVB) formalism also provides a convenient and physically 

intuitive description of the excess proton center of the excess charge (CEC), defined 

as:(4)   

𝐫!"! = 𝑐!! 𝐫 𝐫!!"!
!!"#

!

 (8) 

where the 𝑁!"# is the total number of EVB states, 𝑐!! 𝐫  is the population of state 𝑖 

contributing to the MS-RMD ground state, and 𝐫!!"! is the geometric center-of-charge for 

state 𝑖. This CEC definition allows the use of a continuous reaction coordinate (further 

discussed below) for the PMF calculation of PT in biological systems. 2 The protonated 

moiety in the state with the largest coefficient, 𝑐! (Equation 8), possesses the majority of 
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the excess positive charge. When in bulk water this state is the most hydronium-like 

species(5-8) (or the so-called “pivot” hydronium, a technical term used below). 

 

2.2  FitRMD parameterization scheme 

One possible fitting procedure of an MS-RMD potential energy function to QM/MM data 

was first described in ref (2). In such an approach, configurations along the PT reaction 

coordinate are sampled by MS-RMD umbrella sampling simulations with initial guess 

MS-RMD model parameter set. In the present paper, the initial guess amino acid models 

were taken from the previous work done in bulk water,(2) except that the constant energy 

shift between protonated/deprotonated states in the model (Vii) was determined by the 

difference in the Coulomb energy of the RMD (EVB) complex between the most 

favorable hydronium state and the protonated state. The range of the PT reaction 

coordinate was set to sample configurations for both protonated/deprotonated states 

(further defined below). Next, for each configuration a QM/MM calculation was 

performed to collect the reference forces on each atom in the MS-RMD reactive complex. 

Then the MS-RMD model parameter set was optimized by minimizing the variational 

residual: 

𝜒! =
1

3𝑁!𝑁!
𝑤(𝐫!") 𝐅!" − 𝐅!"

!"/!! !
!!

!!!

!!

!!!

 (9) 

 

where 𝑁!  and 𝑁!  are the number of configurations and the number atoms in each 

configuration, respectively. The weight of each atom 𝑤(𝐫!!) is set to unity here, but it 

should be noted other choices are possible. The atomic force 𝐅!" is the one obtained from 
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the current MS-RMD model parameter set and 𝐅!"
!"/!! is the reference force from the 

QM/MM calculations. The whole set of the model parameters were then divided into two 

groups: 1) the diagonal terms Vii, and 2) the off-diagonal and repulsive terms. The model 

optimization was done individually for each group. First, the off-diagonal and repulsive 

terms were fit with the value of Vii fixed, and then Vii was refit with new values of the 

off-diagonal and repulsive terms held fixed. 

 

2.3  The SCC-DFTB Method. 

The SCC-DFTB method is based on the Taylor expansion of the Kohn-Sham total 

energy in terms of the charge density fluctuations, with the Hamiltonian matrix elements 

being evaluated using a minimal basis set of pseudoatomic orbitals, along with a two-

center approximation. The energy function for the SCC-DFTB method is expressed as 

𝐸!"!#$!""!!"#$ = 𝑐!! 𝑐!!𝐻!"!
!"#

+ 𝐸!"# +
1
2 𝛾!"∆𝑞!∆𝑞!
!"

 ,                                             (1) 

where 𝐻!"!  are the Hamiltonian matrix elements and 𝑐!!  and 𝑐!!  are the wave function 

expansion coefficients, 𝐸!"#  accounts for short-range repulsive term, and ∆𝑞!  and  

∆𝑞! are the charge fluctuation terms associated with atoms α and β, respectively. The 𝛾!" 

function is determined by: 

𝛾!" =  
1
𝑅!"

−  𝑆!"×𝑓!" ,    

 𝑓!" =  
exp −

𝑈! + 𝑈!
2

!

𝑅!"! ,        if  𝛼 or 𝛽 = H  

or                                                   
  1                             ,               else 

          (2)  
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where 𝑆!" is an exponentially decaying short-range function. The damping function 𝑓!" 

is introduced to correctly describe hydrogen-bonding interactions, where 𝑈! and 𝑈! are 

the atomic Hubbard parameters related to the chemical hardness of atoms, α and 𝛽, 

respectively. The parameter ζ is determined by fitting to hydrogen bonding energies for 

select clusters from high level QM calculations.  

The third order correction term was initially introduced with only the on-site third order 

term, and the complete third-order term has been recently implemented in gas phase 

calculations.(9) In the present study, we considered two types of 3rd order DFTB 

corrections, the first being the on-site 3rd order correction and the second being full 3rd 

order correction. The two corrections are described by: 

𝐸!"!!"#$!!" =
1
6 𝑈!!∆𝑞!!

!

                                                                             (3) 

𝐸!"##!!" =
1
3 𝛤!"∆𝑞!!𝛥
!"

𝑞!                                                                             (4) 

respectively, where  𝑈!! is the charge derivative of the atomic Hubbard parameter 𝑈! , 

and 𝛤!"  describe derivatives of 𝛾 function with respect to atomic charges. The full 

correction is an extension of the on-site correction and was shown to improve hydrogen 

bonding energies and proton affinities over the latter.(9) Furthermore, the O−H repulsive 

potential has been modified for better description of proton transport (PT) barrier, and 

represented as follows: 

𝑈!"
!"# 𝑅 = 𝑈!"

!"#,!"# 𝑅 + 𝑎!exp −
𝑅 − 𝑎! !

𝑎!
𝑆 𝑅                                            (5) 
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where 𝑆 𝑅  is the switching function and the parameters, 𝑎!, 𝑎!, and 𝑎! were optimized 

using a genetic algorithm and the SCC-DFTB potential including the hydrogen-bonding 

correction. A more detailed description can be found in refs (10) and (11). 

In ref (12) a new parameter set named 3OB was designed such that both the 

electronic and repulsive potential parameters (appearing in the first and second terms in 

eq 1, respectively) are optimized for full 3rd order SCC-DFTB calculations. In gas phase 

calculations this parameter set was shown to outperform the old MIO parameter set due 

to an improved geometry of nonbonded interactions and reduction of overbinding 

errors.(12) In Chapter 3 and 4, we benchmark the newest, full 3rd order SCC-DFTB 

method using the 3OB parameter set. The SCC-DFTB related parameters are taken from 

ref (12). In Chapter 3, we also investigate the effect of replacing MIO with the 3OB 

parameter set in the 3rd order SCC-DFTB calculations. 
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Chapter 3    

Application of the SCC-DFTB Method to Hydroxide Water Clusters and Aqueous 

Hydroxide Solutions 

3.1  Introduction 

The energetic and dynamical nature of aqueous systems that contain excess protons and 

hydroxide (proton hole) has been widely studied due to its fundamental role in acid-base 

chemistry and biological processes.(1-5) Although the use of high level quantum 

mechanics (QM) can accurately describe the static potential energy surface of cluster 

systems and the reactive process of the transfer media in aqueous solution, the high 

computational cost of QM calculations limits its use in modeling relevant sized systems 

and/or long time dynamical process.(6) The alternative to full QM calculations is to 

develop models or employ approximate QM methods such as semiempirical electronic 

structure methods. These approaches are parameterized using higher level ab initio 

calculations and their development is still ongoing based on benchmark studies. (7-9) 

One of the most widely used approximate QM methods is the self-consistent charge 

density functional tight binding (SCC-DFTB) method as an approximation to density 

functional theory (DFT).(9-26) Compared to other semi-empirical electronic structure 

methods such as AM1, PM3, and NDDO,(27-32) the relatively more accurate description 

of geometries, energies, and vibrational frequencies that SCC-DFTB yields has made it 

widely utilized for the study of organic, biomolecular systems, and material systems, (23-

26) although sometimes without a good degree of accuracy. (33) Moreover, in our 

previous simulations based on the released parameter sets at the time for several 
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prototype protonated water clusters including the magic cluster, H+(H2O)21, and bulk 

water in the presence of an excess proton, the SCC-DFTB method gives generally 

inaccurate results for the protonated clusters, bulk water, and the excess proton in water. 

(18, 19) These studies led to a re-examination by Goyal et al., who suggested that the 

inaccurate standard γOH repulsive potential of the SCC-DFTB method resulted in a 

reduced proton-transfer barrier, and stabilization of the Zundel form of the hydrated 

proton over the Eigen form in gas and condensed phase. These authors addressed these 

shortcomings and some of the properties were marginally improved through the 

implementation of 3rd order correction and an empirically modified O−H repulsive 

potential.(20) In the very recent work by Gaus et al., a new parameter set, 3OB, was 

introduced and showed promising results for benchmark tests in the gas phase.(34) 3OB 

stands for design for DFTB3 of organic and biological applications while the previous 

parameter set, MIO, was designed for material and biological system.  

In the present work, we evaluate the accuracy of the current SCC-DFTB 

implementations, including the proposed O−H repulsive potential and 3rd order 

correction with both MIO and the 3OB parameter sets, focusing on both cluster and 

liquid water systems with the hydroxide ion (proton hole).(35) 

For the detailed analysis of the hydroxide cluster, basin hopping Monte Carlo 

simulations(36-39) are utilized to investigate the low-lying energy minimum structures of 

the small OH- water cluster ion, OH-(H2O)n, for n = 4–7. For the condensed phase, 

molecular dynamics (MD) simulations of the hydroxide ion in an aqueous environment 

with Ewald summation long-range electrostatics calculated with the supercell method 

was utilized.  
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3.2  Methods 

3.2.1  The SCC-DFTB Method.  

The SCC-DFTB method is based on the Taylor expansion of the Kohn-Sham total 

energy in terms of the charge density fluctuations, with the Hamiltonian matrix elements 

being evaluated using a minimal basis set of pseudoatomic orbitals, along with a two-

center approximation. The energy function for the SCC-DFTB method is expressed as 

𝐸!"!#$!""!!"#$ = 𝑐!! 𝑐!!𝐻!"!
!"#

+ 𝐸!"# +
1
2 𝛾!"∆𝑞!∆𝑞!
!"

 ,                                             (1) 

where 𝐻!"!  are the Hamiltonian matrix elements and 𝑐!!  and 𝑐!!  are the wave function 

expansion coefficients, 𝐸!"#  accounts for short-range repulsive term, and ∆𝑞!  and  

∆𝑞! are the charge fluctuation terms associated with atoms α and β, respectively. The 𝛾!" 

function is determined by: 

𝛾!" =  
1
𝑅!"

−  𝑆!"×𝑓!" ,    

 𝑓!" =  
exp −
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!
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or                                                   
  1                             ,               else 

                                          (2) 

where 𝑆!" is an exponentially decaying short-range function. The damping function 𝑓!" 

is introduced to correctly describe hydrogen-bonding interactions, where 𝑈! and 𝑈! are 

the atomic Hubbard parameters related to the chemical hardness of atoms, α and 𝛽, 

respectively. The parameter ζ is determined by fitting to hydrogen bonding energies for 

select clusters from high level QM calculations.  
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The third order correction term was initially introduced with only the on-site third order 

term, and the complete third-order term has been recently implemented in gas phase 

calculations.(21) In the present study, we considered two types of 3rd order DFTB 

corrections, the first being the on-site 3rd order correction and the second being full 3rd 

order correction. The two corrections are described by: 

𝐸!"!!"#$!!" =
1
6 𝑈!!∆𝑞!!

!

                                                                             (3) 

𝐸!"##!!" =
1
3 𝛤!"∆𝑞!!𝛥
!"

𝑞!                                                                             (4) 

respectively, where  𝑈!! is the charge derivative of the atomic Hubbard parameter 𝑈! , 

and 𝛤!"  describe derivatives of 𝛾 function with respect to atomic charges. The full 

correction is an extension of the on-site correction and was shown to improve hydrogen 

bonding energies and proton affinities over the latter.(21) Furthermore, the O−H 

repulsive potential has been modified for better description of proton transport (PT) 

barrier, and represented as follows: 

𝑈!"
!"# 𝑅 = 𝑈!"

!"#,!"# 𝑅 + 𝑎!exp −
𝑅 − 𝑎! !

𝑎!
𝑆 𝑅                                            (5) 

where 𝑆 𝑅  is the switching function and the parameters, 𝑎!, 𝑎!, and 𝑎! were optimized 

using a genetic algorithm and the SCC-DFTB potential including the hydrogen-bonding 

correction. A more detailed description can be found in refs (16) and (20). 

In ref (34), a new parameter set named 3OB was designed, where both electronic 

parameters and repulsive potential parameters (appearing in the first and second term in 

eq 1, respectively) are optimized for full 3rd order SCC-DFTB calculations. In gas phase 

calculations, it was shown to outperform the old MIO parameter set due to an improved 
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geometry of nonbonded interactions and reduction of the overbinding errors. The effect 

of replacing MIO with the 3OB parameter set in the 3rd order SCC-DFTB calculations 

will also be investigated in this work. 

In the following sections, we will use the same notations from ref (20) for denoting 

the different variants of the SCC-DFTB method. The standard second-order SCC-DFTB 

as expressed in eq 1 will be denoted as “DFTB2”, the hydrogen-bonding correction is 

indicated by adding “-γh”. The 3rd order DFTB methods with the on-site third order 

correction (eq 3) and with full third order correction (eq 4) are expressed as “DFTB3-diag” 

and “DFTB3-Full”, respectively. Those DFTB methods using a modified O−H repulsive 

potential (eq 5) are indicated by the additional “gaus” keyword. The above notation 

applies to the SCC-DFTB methods using the MIO parameter set while the 3rd order 

DFTB method using the new 3OB parameter set will be denoted as “DFTB3-3OB”. All 

3rd order methods used in this study include the hydrogen-bonding correction. In the case 

of the cluster simulations, the dispersion interaction term is added because it plays a 

major role in determining the low-energy minima based on our benchmark calculations 

with neutral and protonated water clusters.(18) 

 

3.2.2  Cluster simulation setup.  

The basin-hopping Monte Carlo method uses Monte Carlo walks combined with 

gradient-based optimizations to locate local potential energy minima. At each move, the 

structure is optimized to the local minimum in its “basin”, and acceptance of moves is 

based on the energies of the minima. As a result, barriers are effectively bypassed, 

making this an efficient approach for searching for low-energy minima. In the present 
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study, the Monte Carlo moves involve both translational and rotational moves at a 

reduced temperature of 2.0 kJ/mol, with a target acceptance ratio of 0.4, which has been 

shown to work reasonably well.(18) At each Monte Carlo step, the number of molecules 

to be moved was chosen at random. Randomly selected initial structures of OH-(H2O)n, 

with n = 4–7, were then selected and subsequently used to carry out eight independent 

sets of the basin hopping Monte Carlo runs of 100,000 steps each.  

 

3.2.3  Molecular dynamics simulation setup.  

An initial bulk water system was created by simulating 128 modified TIP3P 

classical water molecules for 500 ps of molecular dynamics (MD) in the constant NVE 

ensemble followed by 500 ps in the constant NPT ensemble. The NPT pre-equilibration 

simulations resulted in box dimensions of 15.8 ×15.8 ×15.8 Å3 and a corresponding 

density of ρ = 0.97 g/mL. A randomly selected water molecule from the previous 

simulations was replaced with a hydroxide anion. This newly created hydroxide system 

was then duplicated and two 60 ps equilibration runs in the constant NVT ensemble were 

simulated in each of the various DFTB+ codes.(40) The latter simulations were 

conducted at a temperature of 300 K using an Anderson thermostat, an integration time 

step of 1 fs, and an SCC convergence criteria of 10-6 atomic units. After equilibration, the 

systems were subjected to production runs of 50~100 ps in the constant NVE ensemble. 

The electrostatics for all of the DFTB+ simulations were treated by the supercell 

sampling using 2×2×2 Monkhorst-Pack scheme.(41) In the SCC-DFTB simulations, ζ in 

the modified function in eq. 2 was set to 4.5 for the DFTB2-γh method and 4.95 for 
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DFTB3-diag and DFTB3-diag+gaus methods, as indicated in previous work.(20) For 

DFTB3-Full+gaus method, the values for ζ and Hubbard derivatives Ud were taken from 

Table 2 “DFTB3 fit” entry in ref (21). For the DFTB3-3OB calculations the parameters 

were taken from Table 1 in ref (34). 

 

3.3  Results and Discussion 

3.3.1  Potential Energy Surface of H3O2
-. 

Figure 3.1 shows the potential energy contour diagrams for H3O2
- system using 

several different electronic structure calculations. In generating the potential energy 

surfaces, the geometry for the H3O2
- cluster was optimized at the MP2/6-31G++(2d,2p) 

level of theory. The potential energy surface was then created by scanning the H between 

OH and H2O at fixed OO distances. This scanning calculation was repeated by increasing 

the OO distance by 0.05 Å from 2.0 to 3.5 Å. Other bond lengths and angles were fixed 

with the optimized geometry during scanning energies. In Figure 3.1, the y axis 

represents the OO distance between two oxygen atoms, and the x axis depicts the 

distance ratio, ROH/ROO, between the OH and OO distance, which indicates the “Zundel” 

or “Eigen” like  hydroxide structures effectively.(42, 43) 
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Figure 3.1 Contour plots of H3O2
- calculated with various electronic structure methods: 

(a) DFTB2, (b) DFTB2-γh, (c) DFTB2-γh+gaus, (d) DFTB3-diag, and (e) DFTB3-
diag+gaus, (f) DFTB3-3OB (g) B3LYP/6-31+G(2d,2p), and (h) MP2/6-31+G(2d,2p) 
levels of theory. The difference between two contour lines is 2 kcal/mol. 
 

The shapes of the potential energy surfaces of the DFTB2 (a) and DFTB2-γh (b) 

methods are very similar, but the potential energy depth in DFTB2-γh is about 4 kcal/mol 

deeper than that in DFTB2. (Eight contour lines in DFTB2-γh (b), but only six lines in 

DFTB2 method (a)) These potential shapes are significantly different from those obtained 

from the B3LYP (f) or MP2 methods (g), which possess a much broader valley near the 
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minima located at about 0.45 and 0.55 Å regions. When the on-site third order correction 

is included (d and e), the potential shapes become more similar to those of high level 

electronic structure calculations. The potential energies including the O−H repulsive 

correction (c and e) indicate a change in the overall surface especially when the hydrogen 

is located between two oxygen atoms because this O−H repulsive potential was designed 

to avoid perturbing hydrogen-bonding energies in the barrier region. This correction 

provides a better description of the proton transfer barrier, but the total potential surface 

appears distorted when compared to high level calculations. The potential energy surface 

calculated with the 3OB parameter set (f) is similar to the DFTB3-diag potential, but has 

a broader curvature in the minimum potential area. Overall, the potential energy surface 

of the DFTB3- 3OB method shows the best contour shape of the H3O2
- cluster among all 

the SCC-DFTB potentials compared to that of the MP2 calculation. 

 

3.3.2  Hydroxide Water Clusters OH-(H2O)n, n = 4–7.  

The low-lying energy minima of OH-(H2O)n, n = 4–7, was evaluated using basin 

hopping Monte Carlo simulations. Several low-lying energy minima were selected, then 

re-optimized with the MP2/6-31G++(2d,2p) level of theory. These structures are 

displayed in Figure 3.2 for OH-(H2O)n, n = 4–7, and Table 3.1 shows the formation 

energies of these small hydroxide water clusters using several different electronic 

structure calculations. Contrasted to the protonated water clusters, most low-lying 

minima of the small hydroxide water clusters do not have Zundel-like structures. There 

are some Zundel-like structures in OH-(H2O)4 in Figure 3.2, calculated with the DFTB2-
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γh potential, but these structures (Figure 3.2 4C and 4D) collapsed back to Eigen-like 

structures. Table 3.1 also indicates the lowest energy structure in each electronic structure 

method (i.e., bold numbers). All the lowest energy structures (4A, 5A, 6A, 7A) are the 

same in the modified SCC-DFTB methods (DFTB2-γh, DFTB2-γh +gaus, DFTB3-

diag+gaus, and DFTB3-diag+gaus and DFTB3-3OB). However the original SCC-DFTB 

method (DFTB2) shows different lowest energy structures, 4E and 7C, for the OH-(H2O)4 

and OH-(H2O)7 clusters, respectively. This observation indicates the hydrogen-bonding 

correction (-γh) is of significant magnitude to alter the energetics of low-lying energy 

structures for the small hydroxide water clusters. 
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Figure 3.2 Structures of the low-lying energy minima of (a) OH-(H2O)4, (b) OH-(H2O)5, 
(c) OH-(H2O)6, and (d) OH-(H2O)7. Geometries are optimized with the MP2/6-
31+G(2d,2p) level of theory. 
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Table 3.1 Formation Energies (kcal/mol) of several isomers of OH-(H2O)n, for n = 4–7 

(Continued) 

OH-

(H2O)4 
DFTB2 

DFTB2-

γh 

DFTB2-

γh +gaus 

DFTB3-

diag 

DFTB3-

diag+gaus 

DFTB3- 

3OB 
B3LYP/6-

31G++(2d,2p) 

MP2/6-

31G++(2d,2p) 

4A -81.78 b-95.22 -95.22 -95.14 -95.14 -91.13 -84.42 -87.55 

4B -80.82 -94.78 -94.78 -94.41 -94.41 -90.09 -83.22 -85.16 

4C -80.58 -94.51 -94.40 -93.30 -93.30 -88.83 -85.12 -87.85 

4D -80.39 -94.27 -92.52 -91.86 -89.64 -88.32 -84.66 -87.30 

4E -81.82 -94.16 -94.14 -94.41 -94.41 -90.09 -83.22 -85.53 

4F -80.83 -93.54 -93.53 -89.08 -89.08 -86.62 -85.16 -86.48 

rmsda 1.28 1.05 1.43 2.68 3.20 2.16 0.98 0 

OH-

(H2O)5 
DFTB2 

DFTB2-

γh 

DFTB2-

γh +gaus 

DFTB3-

diag 

DFTB3-

diag+gaus 

DFTB3- 

3OB 
B3LYP/6-

31G++(2d,2p) 

MP2/6-

31G++(2d,2p) 

5A -94.93 -111.90 -111.90 -112.46 -112.46 -105.56 -99.01 -103.68 

5B -94.55 -111.21 -111.21 -111.52 -111.52 -104.08 -97.60 -102.08 

5C -94.22 -110.90 -110.90 -110.98 -110.98 -104.68 -98.41 -102.98 

5D -94.56 -110.97 -110.97 -111.17 -111.17 -104.64 -98.36 -102.88 

5E -94.27 -110.43 -110.43 -110.48 -110.48 -103.01 -97.23 -101.45 

5F -94.76 -109.81 -109.81 -109.36 -109.36 -103.63 -94.97 -99.69 

rmsda 1.64 0.92 0.92 0.60 0.60 0.86 0.22 0 

OH-

(H2O)6 
DFTB2 

DFTB2-

γh 

DFTB2-

γh +gaus 

DFTB3-

diag 

DFTB3-

diag+gaus 

DFTB3- 

3OB 
B3LYP/6-

31G++(2d,2p) 

MP2/6-

31G++(2d,2p) 

6A -107.77 -127.50 -127.50 -129.41 -129.41 -119.97 -110.34 -116.85 

6B -107.07 -126.51 -126.51 -128.37 -128.37 -119.26 -111.02 -116.08 

6C -107.19 -125.91 -125.88 -126.74 -126.74 -117.98 -113.55 -119.52 
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Table 3.1 Formation Energies (kcal/mol) of several isomers of OH-(H2O)n, for n = 4–7 

(Continued) 

6D -106.64 -125.94 -125.94 -127.51 -127.51 -117.78 -112.13 -118.01 

6E -106.66 -125.56 -125.54 -125.62 -125.62 -117.65 -113.18 -119.04 

6F -106.45 -125.32 -125.32 -126.53 -126.53 -117.37 -113.55 -114.69 

rmsda 1.98 2.67 2.68 3.52 3.52 2.98 2.31 0 

OH-

(H2O)7 
DFTB2 

DFTB2-

γh 

DFTB2-

γh +gaus 

DFTB3-

diag 

DFTB3-

diag+gaus 

DFTB3- 

3OB 
B3LYP/6-

31G++(2d,2p) 

MP2/6-

31G++(2d,2p) 

7A -119.33 -141.18 -141.18 -143.73 -143.73 -132.22 -123.96 -131.67 

7B -119.12 -141.12 -141.12 -143.97 -143.97 -131.74 -123.16 -130.79 

7C -119.36 -141.11 -141.11 -143.73 -143.73 -132.14 -123.79 -131.57 

7D -118.93 -140.74 -140.74 -143.38 -143.38 -131.76 -125.37 -131.63 

7E -118.72 -140.36 -140.36 -143.06 -143.06 -131.72 -126.56 -130.51 

7F -118.17 -139.76 -138.03 -140.33 -138.20 -130.25 -127.05 -134.13 

rmsda 1.41 1.63 2.32 2.45 3.30 1.85 1.67 0 

armsd given relative to the MP2 energies 
bThe  bold number indicates the lowest energy structure in each method 

 

 

The low-lying energy structures calculated with the DFTB methods were re-optimized 

with the B3LYP and MP2 level of theory. It was found that the minimum energy 

structures are changed for the OH-(H2O)n clusters, n = 4, 6, and 7. Only the OH-(H2O)5 

cluster shows the same minimum structure (5A) for all electronic structure calculations. 

Table 3.1 also presents the root mean square deviations (rmsd) relative to the MP2 

energies for all the clusters. Thus, for the relative energies of these small clusters, the use 
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of third order correction with either MIO or 3OB parameter set does not result in the best 

accuracy for the OH-(H2O)n cluster, n = 4, 6, and 7, compared to high level QM 

calculations. In fact, the incorporation of the third order term results in a less accurate 

method than the DFTB2 and DFTB2-γh methods. It is also found that the O−H repulsive 

correction (+gaus) typically does not change the energy or the structures in these 

particular cluster calculations because the modified O−H repulsive correction usually 

affects the structures in the barriers, not in the minima.  

While the lowing-lying energy minimum structures of OH-(H2O)4 accept three or four 

hydrogen-bonds (HBs), those of the OH-(H2O)n, n = 5–7, clusters  coordinate four or five 

HBs. Typically tetra-coordinated structures around OH- are observed in the lowest-energy 

minima of the cluster (n ≥ 4) when calculated with B3LYP and MP2 levels of theory. The 

SCC-DFTB method therefore tends to over coordinate the HBs around the OH- anion 

when compared to high level electronic structure calculations. 

 

3.3.3  Hydroxide bulk simulations.  

3.3.3.1  Structural Properties 

 For the following discussions pertaining to the structural and dynamical properties of 

the hydrated hydroxide ion it is beneficial to describe the contributing molecules as 

outlined in Figure 3.3, which is a typical snapshot from a DFTB2-γh simulation. In 

Figure 3.3 the oxygen and hydrogen of the central hydroxide are denoted as O0 and H’, 

respectively. Due to the dynamical nature of the bonding topology and solvent 

environment, the first solvation shell has been included in the description of the central 
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hydroxide. The oxygen atoms on the surrounding waters are denoted in general as Ow. 

The nearest solvating waters are denoted as O1, O2, O3 , …, On, as determined by the 

distance between O0 and the surrounding water oxygens. In this section, the structural 

properties predicted by the various DFTB methods are compared with the structural 

properties predicted by the CPMD results (4, 5), which are consistent with known 

experimental data in terms of both structural and dynamical properties. 

 

Figure 3.3 Solvation of the hydroxide anion in bulk water. The hydroxide oxygen and 
hydrogen are labeled as O0, H’ respectively.  The nearest three surrounding water 
oxygens are labeled as O1, O2, O3. The water hydrogen is labeled as Hw. 
 

The radial distribution function (RDF) between the hydroxide's oxygen (O0) and the 

surrounding water oxygens (O) can be found in Figure 3.4 (A). Evaluation of the first 

peak’s location indicates that the various SCC-DFTB methods predict the first solvation 

shell to reside at Å, larger than the CPMD result, which predicts 

Å. This suggests that in bulk water, the SCC-DFTB methods overestimate the 

distance between hydroxide ion and its first solvation shell by nearly 0.1 Å.  In addition, 

the first peak predicted by SCC-DFTB is much narrower than that in CPMD, which 

indicates that SCC-DFTB methods predict a more ordered first solvation shell around the 

hydroxide ion in bulk water as compared to CPMD. 

RO0 -O
= 2.68± 0.01

RO0 -O
= 2.6
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Figure 3.4 Radial distribution functions of the hydroxide anion complex for (A) , 

(B) ,  (C)  and (D)  (see Figure 3.3 for definitions). Each panel 
has data for DFTB2 (light blue), DFTB2-γh (red), DFTB2-γh+gaus (light green), DFTB3-
diag  (purple), DFTB3-diag+gaus (deep blue), DFTB3-Full+gaus (orange) and DFTB3-
3OB (deep green) simulations. For , CPMD simulation data is shown in black. 
 

The oxygen coordination number of the central hydroxide, which indicates the number 

of solvating waters, can be determined by integrating the first peak of RDF of O0-O for 

the SCC-DFTB and CPMD data:  

 
(6) 

where  is the oxygen coordination number,  is the bulk density of water oxygen,  

and  are the starting and ending radial distance of the first peak, respectively. The 

results of the first peak integration and first peak height are found in Table 3.2. From 

gO0 -O(r)
gO1-O(r) gO2 -O(r) gO3-O(r)

gO0 -O(r)

n = 4πρ r2
r1

r2∫ gO0 -O(r)dr

n ρ r1

r2
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Table 3.2, it is obvious that the coordination numbers predicted by the various SCC-

DFTB methods are much larger than the CPMD result. This indicates that the SCC-

DFTB methods have a tendency to oversolvate the hydroxide ion. The oversolvation of 

the hydrated hydroxide ion is similar to what the cluster calculations predict and have 

also been seen in both the evaluation of the hydrated excess proton and the bulk water 

characteristics as described by the SCC-DFTB method.(19)  

 

Table 3.2 Coordination number of hydroxide and first peak height of radial distribution 
function of O0-O. 
 
Method Coordination number  First peak height 

CPMD4,5 4.8 4.5 

DFTB2 6.62 ±0.03 5.7±0.2 

DFTB2-γh 6.87 ±0.04 6.5±0.2 

DFTB2-γh +gaus 6.94 ±0.05 6.9±0.3 

DFTB3-diag 7.87 ±0.04 8.68±0.03 

DFTB3-diag+gaus 7.82 ±0.07 7.78±0.07 

DFTB3-full+gaus 7.36±0.03 8.6±0.1 

DFTB3-3OB 7.0±0.1 6.07±0.05 

 

The structural information in Figure 3.4 and Table 3.2 indicates that from DFTB2 to 

DFTB3-diag, the progressive addition of correction term to the SCC-DFTB description of 

the hydroxide ion has the major effect of increasing the height of the first peak as well as 

the coordination number in the first solvation shell for the hydroxide ion. It is found that 

the DFTB2-γh causes slight oversolvation of hydroxide with respect to the DFTB2, which 
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has the best agreement with CPMD data. The increase in the first peak height and 

coordination number caused by the γh function is in line with the increased depth of in the 

potential energy surface for H3O2
- cluster, as already mentioned in section 3.3.1   (Figure 

3.1 (a) and (b)). The enhanced OH--H2O dimer interaction energy predicted by DFTB2-γh 

is responsible for a more structured first solvation shell compared to DFTB2. The 

addition of the O−H repulsive potential to DFTB2-γh causes a further slight increase in 

first peak height and coordination number. The introduction of third order correction 

terms while using the MIO parameter set has a major adverse impact on the solvation 

structure as compared to the CPMD simulations. For the three methods DFTB3-diag, 

DFTB3-diag+gaus and DFTB3-Full+gaus, the first peak height is greatly enhanced and 

the hydroxide accommodates an additional water molecule in the 1st solvation shell when 

compared to the DFTB2 method prediction. Additional changes in the RDF include a 

narrowing of the first peak and a more pronounced second peak, indicating more ordering 

in both the 1st and 2nd solvation shells. The increased over solvation and structuring in 

the 1st solvation shell are in line with the increase in the interaction energy of hydroxide 

clusters for the DFTB3 and DFTB3-diag+gaus methods as compared to the DFTB2 

methods (Table 3.1). It is worth noting that the addition of the repulsive potential to 

DFTB3-diag method and the use of the full 3rd order correction do not result in 

significant improvement, but the use of the 3OB parameter set in the DFTB3-3OB 

method does generates a better result than the MIO parameter set. The use of the 3OB 

parameter set reduces the hydroxide oversolvation and makes the solvation shells less 

ordered, which is in agreement with the decrease in the interaction energy of hydroxide 

clusters for DFTB3-3OB compared to DFTB3-diag (Table 3.1). The reason for the 
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improvement may be that the 3OB parameter set is optimized for SCC-DFTB with full 

3rd order expansion, but the MIO parameter set was developed for the original DFTB2. 

However, the DFTB3-3OB method still predicts results qualitatively different from 

CPMD. Interestingly, the newest state-of-art DFTB3-3OB method provides results with 

an accuracy only similar to the original DFTB2 methods.  

Further analysis of the structural properties requires the inspection of the solvation 

environment for the first solvation shell around the hydroxide ion. The RDF for O1-O 

(Figure 3.4 (B)) indicates the presence of a special pair, like that seen for the hydrated 

excess proton, (19) although to a much smaller extent. In Figure 3.4 (B) it is clear that 

the first peak is more pronounced in the third order methods with MIO parameter set than 

in the second order method, indicating that with a more ordered solvation environment 

the presence of a special pair becomes more obvious and localized. The first subpeak in 

the first main peak is more dominant in DFTB3 with MIO parameter set than the DFTB2 

methods, which indicates that the O1 is more localized (i.e. held tighter to O0). Similar to 

the previously reported trends, the DFTB3-3OB method exhibits an improvement over 

the DFTB3 methods using the MIO parameter set, providing results similar to the DFTB2 

methods. 

In the RDF for O2-O and O3-O (Figure 3.4 (C) and (D)), the first peaks are located at 

2.65±0.01 Å and 2.69±0.02Å respectively, indicating that there is degeneracy in the 

distance and preference for a particular water in this solvation shell. The first peak’s 

height and coordination number are listed in Table 3.3 and Table 3.4 for O2-O and O3-O 

respectively, indicating an oversolvation behavior. The peak position and starting point of 

the first peak is observed to shift slightly to the left as one changes the method from 



 47 

DFTB2 to DFTB3-full+gaus. The peak’s height and coordination number reflect the 

same trend in the RDF of O0-O and O1-O, revealing an oversolvation and ordering of the 

waters. The DFTB3 methods using MIO parameter set greatly enhanced the height of the 

first peak as well as the coordination number compared to DFTB2 methods. These 

structural changes are due to the overall increased ordering in the solvation structure and 

number of solvating waters. The DFTB3-3OB reduces these problems and leads to results 

comparable to DFTB2 methods. It is also obvious that all the SCC-DFTB methods 

predict a very broad density depletion region between the 1st and 2nd solvation shell and 

the depletion is weak in magnitude. This has the impact of causing abnormally large 

coordination numbers (Table 3.4) due to the fuzzy cutoff region between solvation shells. 

The same structural feature was observed in our previous paper for hydrated excess 

proton system.(19)	
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Table 3.3 Coordination number of O2 and first peak height of radial distribution function 
of O2-O. 

 

Table 3.4 Coordination number of O3 and first peak height of radial distribution function 
of O3-O. Method Coordination number  First peak height 

DFTB2 9.40±0.08 4.3±0.1 

DFTB2-γh 10.11±0.06 5.418±0.002 

DFTB2-γh +gaus 10.14±0.06 5.3±0.2 

DFTB3-diag 11.10±0.08 6.57±0.01 

DFTB3-diag+gaus 10.94±0.08 5.9±0.1 

DFTB3-full+gaus 10.5±0.1 6.6±0.1 

DFTB3-3OB 10.26±0.05 4.90±0.01 

 

 To gain more insight into the detailed structure of the first solvation shell of the 

hydroxide ion, the partial RDF’s with reference to O0 for various DFTB methods are 

plotted in Figure 3.5. It is observed that the DFTB3 methods with the MIO parameter set 

Method Coordination number  First peak height 

DFTB2 9.36±0.08 3.7±0.1 

DFTB2-γh 10.15±0.01 4.48±0.08 

DFTB2-γh +gaus 10.14±0.02 4.8±0.1 

DFTB3-diag 11.12±0.03 5.83±0.02 

DFTB3-diag+gaus 10.9±0.1 5.5±0.1 

DFTB3-full+gaus 10.5±0.1 5.99±0.02 

DFTB3-3OB 10.31±0.06 4.19±0.05 
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lead to the narrowing of the partial RDF, which is in agreement with the narrowing of the 

first peak in O0-O RDF. Looking at the relative shapes of the subpeaks one can see that as 

the peaks move farther away from the hydroxide they increase in width. This is indicative 

of waters that associate less favorable than closer waters (i.e., reduced interaction energy). 

However, this trend is not pronounced for the DFTB3 methods with the MIO parameter 

set, again indicating the stronger interaction between the hydroxide ion and the 

surrounding waters. Closer inspection of Figure 3.5 reveals that those DFTB3 method’s 

subpeaks are packed closer to each other than DFTB2 methods, indicating a tighter and 

closer solvation shell with reduced movements and fluctuations. These observations are 

in agreement with our earlier conclusions that the DFTB3 methods with the MIO 

parameter set have a more ordered structure in the first solvation shell. The DFTB3-3OB 

method leads to a less structured first solvation shell and provides similar results to the 

DFTB2 methods. 
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Figure 3.5 Partial radial distribution function for the six nearest waters to the hydroxide 
for (A) DFTB2, (B) DFTB2-γh, (C) DFTB2-γh+gaus, (D) DFTB3-diag, (E) DFTB3-
diag+gaus, (F) DFTB3-Full+gaus  and (G) DFTB3-3OB simulations. The notation for 
“O1”, “O2”, “O3” … etc stands for partial RDF of O0-O1, O0-O2, O0-O3 … etc. 
 

  Overall, the variety of hydroxide oxygen-oxygen RDF’s indicate that the DFTB3 

methods with the MIO parameter set make the solvation structure more ordered and 

densely packed in regions near the hydroxide ion, which may exacerbate the observed 
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“water voids” issue (see section 3.3.3.5  ). It is found that the DFTB3 methods with the 

MIO parameter set generate results more at odds with those of the CPMD calculation 

than the results generated with the DFTB2 methods, while the DFTB3-3OB method is 

found to be a modest improvement over the MIO parameter set. 

In addition to analyzing the oxygen-oxygen structures it is also beneficial to inspect the 

hydrogen-oxygen structures and the resulting hydrogen bonding network. The RDF of 

H’-Ow are shown in Figure 3.6 (A). The  in Figure 3.6 (A) is a PT reaction coordinate 

defined(5) as: , where Oa is any possible oxygen atom that is 

involved in a hydrogen bond with the hydroxide, and  and are the distances 

between the shared hydrogen and the two oxygens. A small  correspond to the 

transition state of the PT reaction, while a large  correspond to the system residing in 

the reactant or product well (i.e., resting state). The first peak’s height from the DFTB3 

methods is near 2 and is more pronounced when compared to those of the CPMD 

methods, which is below 0.8 for both the resting and transition states. Integration over the 

first peak in the RDF of H’-Ow for DFTB3-diag, DFTB3-diag+gaus, DFTB3-full-gaus 

and DFTB3-3OB gives hydrogen coordination number of 0.93±0.02, 0.86±0.01 and 

0.93±0.03, 0.83±0.02, respectively, larger than the value of 0.72 predicted by CPMD 

simulation.(4) It is also observed that the positions of the RDF’s first peaks for the 

DFTB3 methods are shifted to smaller separation distances as compared to the DFTB2 

methods. This indicates that the DFTB3 methods strengthen the hydrogen bond donated 

by the hydroxide to the nearby water oxygen, and for the majority of the simulation time 

the hydroxide hydrogen is hydrogen bonded to a water molecule’s oxygen, which is in 

sharp contrast with CPMD conclusions.(4, 5) This hydrogen accepting water molecule 

δ
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|

RO0H
ROaH

δ

δ



 52 

accounts for the additional water molecule solvating the hydroxide as compared to the 

DFTB2 methods. The DFTB3-3OB method slightly reduces the coordination number and 

the peak height, but is still qualitatively different from DFTB2 and CPMD results, 

suggesting that the 3OB parameter set does not significantly improve the hydrogen 

bonding interaction between water and the hydroxide ion. 

 

Figure 3.6 Radial distribution functions of the hydroxide anion complex for (A)  

and (B) . Each panel has data for DFTB2 (light blue), DFTB2-γh (red), DFTB2-
γh+gaus (light green), DFTB3-diag  (purple), DFTB3-diag+gaus (deep blue), DFTB3-
Full+gaus (orange) and DFTB3-3OB (deep green) simulations. CPMD simulation data is 
shown in black. 
 

gH'-Ow (r)

gO0 -H (r)
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The RDF for the central oxygen, O0-H, is shown in Figure 3.6 (B), and the integration 

of the second peak is the hydrogen coordination number for the hydroxide oxygen as 

depicted in Table 3.5. The second peaks for the various SCC-DFTB methods reside at 

1.70 ± 0.02 Å, whereas the CPMD simulations predict 1.6 Å, indicating a slight 

elongation of the oxygen hydrogen distance for the SCC-DFTB methods. This suggests 

that the SCC-DFTB methods predict a larger donating hydrogen bond length, and is in 

line with the observation from the RDF of O0-Ow that reveals the distance between the 

hydroxide ion and its first solvation shell to be about 0.1 Å larger in SCC-DFTB than in 

CPMD. The use of the 3OB parameter set does not result in an appreciable change in the 

location of the 2nd peak, which again suggests that it fails to significantly improve the 

description of hydrogen bonds between water and hydroxide. Moreover, the second peak 

width in RDF of O0-H in SCC-DFTB methods is narrower than that in CPMD simulation, 

again suggesting a more ordered solvation shell. In addition, the SCC-DFTB methods 

appear to have an overall tendency to donate more hydrogen bonds to the central 

hydroxide oxygen, and as observed from the hydrogen coordination number, the 

hydroxide does not accept more hydrogen bonds from the first solvation shell waters in 

the DFTB3 methods as compared to DFTB2 methods. This is in agreement with the 

observation from the RDF of H’-Ow, which indicates that the additional solvating water in 

the DFTB3 methods is accepting hydrogen bonds from the hydroxide rather than 

donating hydrogen bonds. Although the hydrogen coordination numbers are similar for 

the various SCC-DFTB methods, it is observed that the second peak’s height increases 

significantly in going from DFTB2 methods to DFTB3 methods with MIO parameter set, 

again indicating an increased ordering and localization of atoms around the hydroxide ion. 
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The DFTB3-3OB again reduces the degree of over structuring, providing similar results 

to the DFTB2 methods.  

Table 3.5 Coordination number of hydrogen and second peak height of radial distribution 
function of O0-H. 
Method Coordination number  Second peak height 

CPMD4, 5 4.0 4.5 

DFTB2 5.02±0.06 5.7±0.2 

DFTB2-γh 5.35±0.07 6.4±0.1 

DFTB2-γh +gaus 5.47±0.08 6.8±0.3 

DFTB3-diag 5.98±0.05 7.7±0.1 

DFTB3-diag+gaus 5.8±0.1 7.1±0.2 

DFTB3-full+gaus 5.60±0.01 7.9±0.1 

DFTB3-3OB 5.26±0.04 5.6±0.1 

 

 

In addition, from the comparison between DFTB2-γh vs. DFTB2-γh+gaus, and DFTB3-

diag vs. DFTB3-diag+gaus, we can see the shoulders in the second peak are reduced 

when the O−H repulsive potential is added. This indicates that the O−H repulsive 

potential creates a density depletion area that is unfavorable for the surrounding waters 

hydrogen atoms to enter. The absence of hydrogen density in the shoulder area is in line 

with the effect of the O−H repulsive potential in the region from 1~1.5 Å. It is important 

to note that the absence of the shoulder region in the second peak is also seen in CPMD 

simulations.(4, 5) 
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A closer examination of Figure 3.3, a typical snapshot from the DFTB2-γh method, 

provides useful clues as to the origin of the oversolvation of the hydroxide ion. In the 

dynamical hypercoordination scenario of the CPMD simulations,(4, 5) the hydroxide 

accepts four hydrogen bonds from four surrounding waters in a nearly square planar 

arrangement (Figure 1e in ref (4)). However, in the DFTB2-γh method, in addition to the 

4 hydrogen-donating waters arranged in a roughly planar structure, there are two more 

waters donating hydrogen bonds from below the square planar structural plane. These 

two waters account for the oversolvation trend of the hydroxide ion by the SCC-DFTB 

methods. The increased number of hydrogen bonds in the DFTB methods compared to 

CPMD method is also in agreement with the OH-(H2O)n cluster simulation result 

mentioned in section 3.3.2   and the conclusions from the RDF of O0-H. As will be 

discussed in the next sections, this oversolvation causes incorrect energetic and 

dynamical properties of the hydroxide hopping. 

 

3.3.3.2  Energetic Properties 

In Figure 3.7, the potential of mean force (PMF) for the transfer of a proton along the 

reaction coordinate , described above, in various DFTB methods are depicted. The 

PMF is calculated as  

δ
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 (7) 

where  is the probability that a certain value of  is observed during the MD run.  

 

Figure 3.7 Potential of mean force for the hydroxide for proton transport in H3O2
- for 

CPMD (black), DFTB2 (light blue), DFTB2-γh (red), DFTB2-γh+gaus (light green), 
DFTB3-diag (purple), DFTB3-diag+gaus (deep blue), DFTB3-Full+gaus (orange) and 
DFTB3-3OB (deep green) simulations. The potential of mean force is represented as a 
function of the δ coordinate described in the text. 
 

From Figure 3.7, the following observations are made: 

1. All the SCC-DFTB methods predict a larger minima  value for the PMF. The 

larger minima  value predicted by SCC-DFTB can be explained by the larger 

separation between hydroxide ion and its surrounding water molecules in SCC-DFTB 

compared to CPMD simulations. This result is in line with the conclusions drawn from 

the RDFs for O0-Ow and O0-H.  

2. The DFTB2 and DFTB2-γh methods give similar PT energy barriers compared to 

the CPMD value, .(4, 5) However, the addition of the on-site 3rd 

F = −kBT lnP(δ)

P(δ) δ

δ

δ

ΔE  ≈  1.15kcal/mol
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order correction raises hydroxide hopping barrier by at least 1 kcal/mol, and the addition 

of the full 3rd order correction raises the barrier even more. This behavior indicates that 

the PT will be less pronounced in the DFTB3 results than in the DFTB2 results. The 

reduction in the hydroxide transport is caused by the extreme oversolvation of the 

hydroxide and the large energy required to reorganize the hydrogen bond network 

topology during PT. The DFTB3-3OB method improves the results over the MIO 

parameter set and reduces the barrier to 2.5 kcal/mol, but it is still higher than the DFTB2 

methods, which are in better agreement with the CPMD results. 

3. The addition of the O−H repulsive potential raises the barrier height for hydroxide 

transfer thereby favoring the resting state (i.e., product and or reactant). The hydroxide 

hopping barrier is raised by about 1 kcal/mol from DFTB2-γh to DFTB2-γh+gaus and by 

about 0.5 kcal/mol from DFTB3-diag to DFTB3-diag+gaus. These observations indicate 

that the transition state for hydroxide hopping is disfavored in the DFTB2-γh+gaus and 

DFTB3-diag+gaus results. This is due to the fact that when the donating proton reaches 

the hopping region where | | approaches zero, the proton is interacting with the Gaussian 

repulsive potential in an unfavorable fashion. Therefore, the “reverse” Grotthuss hopping 

is energetically disfavored. The increased hopping barrier caused by the O−H repulsive 

potential is also in accordance with the recent report from Goyal et al. (ref (20)) for the 

hydrated proton in water. The incorrect free energy profiles predicted by SCC-DFTB 

methods result in incorrect hydroxide hopping dynamical properties, which we discuss 

below. 

δ
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3.3.3.3  Dynamical Properties 

For each SCC-DFTB version, the hydroxide oxygen’s identity was followed during the 

MD simulation to gain insight into the mechanism for hydroxide transport. The results of 

the hydroxide identity are plotted in Figure 3.8. The DFTB2 and DFTB2-γh methods 

give similar frequency for identity change of O0 as that predicted in the dynamical 

hypercoordination scheme in previous CPMD simulations. (4, 5) The thick line region for 

the DFTB2 methods is slightly more pronounced than that found for the CPMD 

simulations, indicating a longer oscillatory shuttling, where the proton is transferred back 

and forth between the same two oxygen atoms. It is clear from Figure 3.8 (C) and (E) 

that the O−H repulsive potential has a deleterious effect on the hopping rate. As 

mentioned in the free energy analysis, this is because the repulsive potential tends to 

disfavor the hydrogen located at the midpoint of two sharing oxygens. The overall result 

is a significant reduction in the number of successful hopping events and a resulting 

model that favors vehicular (standard diffusive) transport over the Grotthus type bond 

rearrangement-process. 
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Figure 3.8 Time dependence of the identity of O0 for the (A) DFTB2, (B) DFTB2-γh, (C) 
DFTB2-γh+gaus, (D) DFTB3-diag, (E) DFTB3-diag+gaus, (F) DFTB3-Full+gaus, (G) 
DFTB3-3OB and (H) CPMD simulations. The data depicted here is for one of the two 
independent trajectories. The reader should note the differences in scale of the horizontal 
axis between the various panels of the figure. 
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Evaluation of the DFTB3 methods with the MIO parameter set clearly reveals a greatly 

suppressed Grotthuss hopping mechanism, almost to the extent of eliminating Grotthuss 

hopping and utilizing only vehicular transport. The favoring of the vehicular transport is 

due to the oversolvated hydroxide and the densely packed first solvation shell. In order 

for a successful hopping to occur, the hydrogen bonding topology of the proton donating 

water and proton accepting hydroxide must undergo large structural changes, which are 

unfavorable. It is also clear that PT is further hindered by the O−H repulsive potential in 

the third order method with the MIO parameter set, which effectively eliminates all 

Grotthuss PT mechanisms. Thus in DFTB3-diag+gaus and DFTB3-full+gaus simulations, 

there are essentially only vehicular hydroxide transport.  

 

The Grotthuss shuttling rate is calculated by the accumulation functions: 

 
(7) 

where  is the time step and is evaluated as follows: 

 

(8) 

In Figure 3.9, the Grotthuss shuttling rate for various DFTB methods is depicted. (The 

difference in the horizontal scale between the various figure panels should be noted.) The 

DFTB2 and DFTB2-γh give similar result for proton hopping as the CPMD simulation. It 

is observed that there are long intervals of oscillatory shuttling. This makes the h(t) 

fluctuate around a value rather than increase successively as time passes. The O−H 

h(Δt) = h(Δt −1)+Δh(Δt)
h(0) = 0

Δt Δh(Δt)

Δh(Δt) =

0,  if no proton hop (O0  identity remains unchanged)
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repulsive potential makes the hopping less frequent and extends the period of oscillatory 

shuttling. The third order method greatly hinders the hopping mechanism as expected, 

further suppressing hopping in the DFTB3-diag+gaus and DFTB3-full+gaus methods and 

resulting in essentially no successful Grotthuss hopping for the 50 ps trajectory. The 

DFTB3-3OB method improves the results over the MIO parameter set and predicts more 

frequent Grotthuss hopping events. This is in line with the lowered free energy barrier 

and may be attributed to the reduction in the coordination number of the OH- ion, but the 

hopping frequency is still much lower than that determined from the CPMD method. 
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Figure 3.9 Forward proton hopping function calculated from (A) DFTB2, (B) DFTB2-γh, 
(C) DFTB2-γh+gaus, (D) DFTB3-diag, (E) DFTB3-diag+gaus, (F) DFTB3-Full+gaus, (G) 
DFTB3-3OB and (H) CPMD simulations. The data depicted here is for one of the two 
independent trajectories. The reader should note the differences in scale of the horizontal 
axis between the various panels of the figure. 
 
3.3.3.4  DFTB mechanism for hydroxide ion transport 

A more detailed analysis on the DFTB hydroxide transport mechanism indicates that the 

DFTB methods captures some features of the dynamical coordination mechanism, (4, 5) 

but fail to reproduce the entire picture. Here, the DFTB-3OB is taken as an example to 
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illustrate the similarities and differences. Figure 3.12 (A) shows the probability 

distribution for the number of HBs accepted by O0, noted as P(n*). P(n*) is largest at 5 

and 6, with a small value at 4, which is in agreement with the hydroxide ion 

oversolvation issue we discussed in the Section 3.3.3.1  . The change in n* near the PT 

event is analyzed in more detail in Figure 3.12 (B), by plotting n* as a function of the PT 

reaction coordinate |δ|, denoted as n*(|δ|). It is observed that n*(|δ|) is at its maximum 

value far from the PT event (large |δ| value), and decreases near the PT event (small |δ| 

value). This means the hydroxide ion becomes less solvated near the transition state, and 

this could be a driving force for the hydroxide transport in the DFTB mechanism. The 

PMFs for hydroxide ions with 4, 5 and 6-coordinated waters is shown in Figure 3.12 (C) 

further confirm the hypothesis that a decrease in coordination number drives the PT event. 

It is shown that the 4-coordinated hydroxide ions have a lower PT energy barrier than the 

5-coordinated systems, which have a lower barrier compared to the 6-coordinated 

systems. For the 5 and 6-coordinated hydroxide ions, the energy barriers are larger than 

2.5 kcal/mol and are unlikely to undergo PT events from thermal fluctuations. In fact, 

even if PT events do occur, they will not lead to a new stabilized OH-[H2O]5 or OH-

[H2O]6 complex, and the proton will be most likely return to the original water oxygen in 

a short amount of time. In contrast, the 4-coordinated hydroxide ion has sufficiently low 

barrier for the PT.  

However, one important feature of the DFTB mechanism that is qualitatively different 

from the dynamical hypercoordination mechanism is shown in the RDF of H’-Ow, 

Figure 3.12 (D). The H’-Ow RDF reveals that for configurations both far and close to the 

PT event (|δ| > 0.5 and |δ| < 0.1, respectively), that the first peak is always pronounced. 
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This indicates that the HB donated by the hydroxide ion is always present, and is 

qualitatively different from the dynamical hypercoordination mechanism, which predicts 

that the hydroxide ion only donates a HB close to the PT event (small |δ|). It is 

interesting to see that this aspect of the DFTB mechanism is similar to that of the 

“traditional mirror image” mechanism, which also predicts a constantly donated HB by 

the hydroxide ion. However, “traditional mirror image” also differs from the DFTB 

mechanism in that it does not predict a reduction in the O0 coordination number near the 

PT event.(4, 5) Therefore, the DFTB mechanism cannot be interpreted as either the 

“dynamical hypercoordination” or the “traditional mirror image” mechanism. It combines 

elements from these two qualitatively different mechanisms and forms a hydroxide 

transport mechanism of its own kind. 
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Figure 3.10 The snap shots of the neutral, hydroxide, and protonated bulk system after 
50 ps of the MD time evolution using the DFTB3-diag+gaus method. The voids are 
detected in all simulations. 

 

Figure 3.11 Radial distribution function for  in hydrated hydroxide system. 
Data shown here includes DFTB2 (light blue), DFTB2-γh (red), DFTB2-γh+gaus (light 
green), DFTB3-diag (purple), DFTB3-diag+gaus (deep blue), DFTB3-Full+gaus (orange) 
and DFTB3-3OB (deep green) simulations. 
 

gOw-Ow (r)
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Figure 3.12 Results revealing hydroxide transport mechanism predicted by DFTB3-3OB 
method. (A) Probability distribution of number of hydrogen bonds accepted by O0 (B) 
Number of hydrogen bonds accepted O0 as a function of |δ| (C) Proton transport reaction 
free energy profiles for different number of hydrogen bonds accepted by O0 (D) Radial 
distribution function for  at both large and small |δ|. 
 

3.3.3.5  Formation of water voids in the simulation.  

In all the SCC-DFTB methods, pockets of voids with no or very little water density 

were observed in the MD simulations. The formation of the voids was seen to occur in 

simulations of the hydrated excess proton, the hydrated hydroxide, and bulk water 

simulations with no ions. Figure 3.10 shows the snapshots of the bulk water, hydrated 

hydroxide, and hydrated excess proton system after 50 ps of NVT molecular dynamics 

simulations at a density of 0.97g/ml using the DFTB3-diag+gaus method. It is noted that 

these voids also form in simulations in the constant NVE ensemble. The presences of 

gH'-Ow (r)
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significant voids were detected in all of the simulated systems, and these voids are found 

to fluctuate in size and position. This phenomenon is observed to occur primarily due to 

the over-coordinated water molecules. Due to the presence of the voids in the simulation 

cell it is clear that not all portions of the system are completely solvated or solvated in a 

homogeneous fashion.  

For all the SCC-DFTB methods, the water coordination number calculated from the 

Ow-Ow RDF (Figure 3.11) is larger by at least 1 compared to that calculated from the 

CPMD simulations using the HCTH120 functional,(19) which is in line with the results 

from Table 6 in ref (20) and results in ref (19). This indicates an increased water density 

in the first solvation shell that causes a density heterogeneity in the simulation box that 

was pre-equilibrated using the TIP3P water model at ambient pressure and temperature. 

Comparing DFTB2-γh with DFTB2, it is observed that in the DFTB2-γh method, the first 

and second peaks are more pronounced and their locations are shifted to the left (i.e., 

smaller separation distance). Also, the first peak is narrowed, indicating an increased 

localization. This observation is in agreement with ref (19) and implies that the water 

molecules are closer to each other and become more ordered when the hydrogen-bonding 

correction is added. Combining the effect of the overcoordination of water molecules 

with the shortened first peak distance in the Ow-Ow RDF introduced by the γh function, 

the density is not likely to be physical and water void formation is almost unavoidable 

during constant volume simulation. It therefore seems likely that a SCC-DFTB 

simulation at constant NPT would reduce the simulation box volume and result in a water 

density significantly higher than reality.  
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3.4  Conclusions 

Presented here is a comparison of various SCC-DFTB methods and their predicted 

structural and dynamical properties for the hydrated hydroxide ion. The SCC-DFTB 

methods have been applied to small sized hydroxide water clusters, OH-(H2O)n, n = 4–7, 

and to simulations of the hydroxide ion in bulk water. Special attention has been given to 

newer SCC-DFTB versions, including the on-site and full third order term in the energy 

expansions based on the reference density, the modified O−H repulsive potential and the 

newest 3OB parameter set. These versions of the methodology are implemented because 

they have been shown to modestly improve the description of the hydrated excess proton 

in both gas-phase clusters and bulk water.(20) Interestingly, the results indicate that the 

original DFTB2 method and its hydrogen-bonding corrected variant more closely 

reproduce CPMD results while the incorporation of the O−H repulsive potential and the 

use of the 3rd order correction with the original MIO parameter set effectively eliminate 

Grotthuss hopping and yield an oversolvated (hyper coordinated) OH- ion that diffuses 

mainly through vehicular transport. The DFTB3-3OB parameter set outperforms the MIO 

parameter set for some of the structural, energetic and dynamic properties studied in this 

work, but it still does not outperform the accuracy of the DFTB2 methods. Importantly, 

the need for redesigning the parameters in the first and second terms of eq 1 to improve 

the accuracy of DFTB3 may imply that the physically motivated 3rd order term alone 

does not necessarily improve the accuracy of the SCC-DFTB method, and for system 

such as hydroxide ions solvated in bulk water it may even produce worse result than the 
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DFTB2 method. Therefore, it is possible that the accuracy of the SCC-DFTB method is 

more limited by the approximations and empiricism in the first and second term of eq 1 

than by the early truncation at the 2nd order expansion.(44-46) In addition, the over-

coordination issue of the underlying SCC-DFTB water model causes increased local 

water density and water voids in constant volume simulations of the hydrated excess 

proton, the hydrated hydroxide, and bulk water. The present results highlight the extreme 

difficulties in formulating an accurate, yet efficient, approximate QM approach for the 

simulation of aqueous and related condensed phase systems. However, our results can 

serve as important benchmarks for future improvement of the SCC-DFTB methodology. 
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Chapter 4    

Benchmark Study of the SCC-DFTB Approach for a Biomolecular Proton Channel 

4.1  Introduction 

Calculations using ab initio quantum mechanical (QM) methods can in principle be quite 

accurate for describing various kinds of systems at the atomic level. QM methods are also 

well suited for describing chemical reactions in which bond breaking and formation 

occur. However, the cost of the QM calculations limits not only the system size but also 

the sampling that is required to calculate statistically meaningful quantities for condensed 

phase systems, such as free energies of binding or a potential of mean force (PMF) for 

solute or ion transport. Therefore, it is sometimes necessary to develop approximations to 

ab initio QM methods that offer a balance between accuracy and computational 

efficiency. The self-consistent charge density functional tight binding (SCC-DFTB) 

method(1) is a fast semi-empirical QM algorithm that has become popular in recent years 

for simulating chemical processes in biomolecular systems due to the high degree of 

interest in studying such systems.(2) The SCC-DFTB method is derived from density 

functional theory (DFT) by approximation and parameterization of multi-center electron 

integrals.(1) The computational speed gained by these approximations can be 2-3 orders 

of magnitude compared to more accurate and “first principles” standard DFT.(3) While 

the SCC-DFTB approach is understandably popular, the method has been shown to have 

substantial limitations for predicting structural, energetic and dynamic properties of 

proton transport (PT)(4) and hydroxide transport in bulk water. (5) Despite recent SCC-

DFTB developments (3, 6, 7), these issues remain unresolved. The SCC-DFTB method 
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was also, e.g., recently shown to poorly describe noncovalent interactions involving 

sulfur atoms.(8) Given the increased use of quantum mechanics/molecular mechanics 

(QM/MM) with SCC-DFTB as the QM method (SCC-DFTB/MM) to study proton 

hydration and transport in biomolecular systems,(9-11) there is a need to benchmark its 

present level of accuracy and potential limitations in such environments.  

The current work establishes a systematic benchmark of SCC-DFTB/MM method against 

arguably more accurate QM/MM methods that employ both generalized gradient 

approximation (GGA) level and hybrid-GGA level DFT theories for the QM calculation. 

The comparison is made in the context of condensed phase molecular dynamics (MD) 

simulations of PT in channel systems. All the methods under investigation have a 

comparable amount of sampling time, which has seldom been done to date. The synthetic 

leucine-serine channel (LS2, Figure 4.1)(12) is chosen as the simulation system. 

Although it is synthetic, LS2 possesses key features that are representative of proton 

channels in nature, such as high proton selectivity, a nonuniform pore radius along the 

channel axis, a hydrophilic pore due to pore-lining serine residues, and a macrodipole 

formed by parallel  helices.(12-15) In addition, it is small enough to enable sufficient 

sampling for the convergence of statistical quantities extracted from MD simulations, 

which is both essential for condensed phase analysis and computationally demanding for 

the higher level QM/MM approaches.  

 

α
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Figure 4.1  LS2 channel system filled with a protonated water wire. The two red circles 
denote the regions where the excess proton CEC is restrained in the QM/MM 
simulations. The protein backbones and side chains are depicted as the ribbons and sticks, 
respectively. On the left is the scale of the channel along the z direction. 
 

It has been argued (6) that the conclusions drawn from previous SCC-DFTB benchmark 

studies of PT in bulk water (4) may not be relevant to PT in the biological systems for 

two reasons: first, the charge delocalization of the excess protonic defect may be smaller 

in biological systems; and second, the pKa values of biological titratable groups may 

dominate PT energetics. However, in this work it is observed that the present ‘state-of-

the-art’ SCC-DFTB method fails to reproduce important aspects of the more accurate 

DFT results in a channel environment. Furthermore, by also running simulations in a 

hydrophobic channel (a nanotube) it is shown that the inaccuracies of SCC-DFTB/MM 

are more related to the approximations of the semiempirical QM method itself, rather 
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than to the approximations introduced by a simple point charge based QM/MM 

electrostatic coupling scheme.(16) These combined results provide an important 

benchmark of the current SCC-DFTB/MM method that can help researchers to gauge the 

reliability of this approach for studying PT in realistic biomolecular systems. These 

results can also help underpin possible improvement of the method if in fact such an 

improvement is possible without resorting to an excessive degree of empiricism that 

would undermine the purpose of a QM approach in the first place. 

4.2  Simulation details 

4.2.1  SCC-DFTB method 

The SCC-DFTB method is derived by Taylor series expansion of the DFT Kohn-Sham 

energy in terms of the charge density fluctuations, and the Hamiltonian matrix elements 

are evaluated using a minimal basis set of pseudoatomic orbitals with a two-center 

approximation. The total energy for the full 3rd order SCC-DFTB method is expressed 

as:(3) 

𝐸!"!#$!""!!"#$ = 𝑐!! 𝑐!!𝐻!"!
!"#

+ 𝐸!"# +
1
2 𝛾!"∆𝑞!∆𝑞!
!"

+
1
3 Γ!"
!"

∆𝑞!!∆𝑞! Eq 1 

where 𝐻!"!  are the Hamiltonian matrix elements and 𝑐!!  and 𝑐!!  are the wave function 

expansion coefficients, 𝐸!"#  accounts for short-range repulsive term, and ∆𝑞!  and 

∆𝑞! are the charge fluctuation terms associated with atoms α and β, respectively. The 𝛾!" 

function is determined by 

𝛾!" =  
1
𝑅!"

−  𝑆!"×𝑓!" ,    Eq 2 
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 𝑓!" =  
exp −

𝑈! + 𝑈!
2

!

𝑅!"! ,        if  𝛼 or 𝛽 = H  

or                                                   
  1                             ,               otherwise 

 

where 𝑆!" is an exponentially decaying short-range function. The damping function 𝑓!" 

is introduced to help describe hydrogen-bonding interactions, where 𝑈! and 𝑈! are the 

atomic Hubbard parameters related to the chemical hardness of atoms α and 𝛽 , 

respectively. The parameter ζ is determined by fitting to hydrogen bonding energies for 

select clusters from higher-level QM calculations.(17) The last term in eq 1 is a third 

order correction that was initially introduced with only the on-site third order term,(17) 

but was recently implemented with the complete third-order term.(3) The Γ!! describes 

derivatives of the 𝛾 function with respect to atomic charges. The introduction of this 3rd 

order correction is suggested to improve the description of charged systems.(3, 17)  

  

In ref (7) a new parameter set named 3OB was designed such that both the electronic and 

repulsive potential parameters (appearing in the first and second terms in eq 1, 

respectively) are optimized for full 3rd order SCC-DFTB calculations. In gas phase 

calculations this parameter set was shown to outperform the old MIO parameter set due 

to an improved geometry of nonbonded interactions and reduction of overbinding 

errors.(7) In the present work, we benchmark the newest, full 3rd order SCC-DFTB 

method using the 3OB parameter set. The SCC-DFTB related parameters are taken from 

ref (7). 
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4.2.2  LS2 QM/MM simulation 

The LS2 system (shown in Figure 4.1) was constructed using the same protocol as 

described in detail in ref (15). A reduced system was composed of the LS2 channel with 

pore waters inside and a 10 Å–thick layer of equilibrated water molecules on either side 

of the channel, but with the lipid bilayer surrounding LS2 removed. Two layers of virtual 

atoms were added at the position of lipid head groups to prevent water molecules from 

entering the membrane region (see Figure 4.1).  The virtual atoms had zero charge, 

Lennard-Jones (LJ) parameters of 𝜎 = 1.781797Å and 𝜀 = 0.11 kcal/mol, and were 

hexagonally close-packed with spacing of 1.95 Å. The parameters of the virtual atoms 

were chosen to minimize their effect on the pore water, while preventing water molecules 

from leaking into the lipid bilayer region. To maintain the integrity of the LS2 channel 

structure, harmonic position restraints with force constants of 1000 kJ/mol/Å2 were 

applied to the Cα atoms.  These restraints were previously shown to maintain the channel 

geometry and pore water diffusion constants of the realistic composite system.(15) The 

protein was described by the CHARMM22 force field(18, 19) and the classical water 

molecules by the TIP3P(20) model modified for the CHARMM force field. 

 

To equilibrate the system, initial velocities were assigned consistent with a temperature 

of 300 K that was then maintained with a Nosé-Hoover thermostat using a relaxation time 

constant of 0.1 ps for 10ns of constant NVT simulation. The integration time step was 1 

fs. The cutoff radius for LJ interactions was 12 Å employing a switching function starting 

at 10 Å. The cutoff radius for real space electrostatic interactions was 12 Å and the long-
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range electrostatics were treated by Particle-Particle Particle-Mesh (PPPM) method 

(21)with an accuracy threshold of 10-4.  

 

To set up a protonated water wire inside the LS2 channel, an excess proton was placed 

near one of the channel waters, forming a classical hydronium cation parameterized 

consistently with the MS-EVB3 model.(22) A chloride counter ion was added to the bulk 

water region to maintain charge neutrality. A harmonic potential with a 4 kcal/mol/Å2 

force constant was applied to the hydronium oxygen atom to restrain its z coordinate 

around z = -6.5 Å, coinciding with a minimum in the previously calculated free energy 

profile for PT through the channel.(13) The protonated system was equilibrated for 1ns at 

300 K using the same settings as described above. All equilibration simulations were 

performed with the LAMMPS package (http://lammps.sandia.gov).(23) 

 

The last snapshot of the MS-EVB3 equilibration was used as the initial structure for the 

QM/MM simulation. For the unprotonated LS2 system, the QM region included all of the 

channel water molecules (22-25 water molecules). For the protonated system, the QM 

region included all channel water molecules plus the excess proton. For the DFT/MM 

setup, the QM box size was 12 Å × 12 Å × 32 Å, with the z direction aligned with the 

channel axis. A quadratic confining wall potential was used to restrain the QM atoms 

within the QM box, with a wall skin thickness of 1 Å × 1 Å × 2.5 Å. The QM box size 

was chosen such that the quadratic wall potential did not affect the QM atoms for the 

majority of the simulation. The QM region was treated with several different density 

functionals under the Gaussian plane wave (GPW) scheme.(24) Two generalized gradient 



 80 

approximation (GGA) level exchange-correlation functionals were employed: the BLYP 

functional(25, 26) with a empirical dispersion corrections(27) and the HCTH/120 

functional(28) (hereafter denoted as BLYP-D and HCTH, respectively). In addition, the 

hybrid GGA level DFT method B3LYP(29) with a dispersion correction(27) (B3LYP-D) 

was employed to improve accuracy. For BLYP-D and HCTH, the Goedecker-Teter-

Hutter (GTH) pseudopotentials(30) were used and the Kohn-Sham orbitals were 

expanded in the Gaussian TZV2P basis set. The electron density was expanded by 

auxiliary plane wave basis set up to 300 Ry. For B3LYP-D, GTH pseudopotentials for 

BLYP were used, and the wavefunction was expanded in the Gaussian DZVP basis set 

with an energy cutoff of 300 Ry for the plane wave basis set. The Gaussian Expansion of 

the Electrostatic Potential (GEEP) scheme was used to treat the QM/MM electrostatic 

coupling with periodic boundary conditions (PBCs),(31, 32) and the spurious QM/QM 

periodic image interactions were decoupled as described in ref (33). The QM/MM van 

der Waals (vdW) interactions were described by the CHARMM22 force field Lennard-

Jones (LJ) parameters. The motion of nuclei was integrated using a time step of 0.5 fs, 

and the wavefunction was optimized to the Born-Oppenheimer surface by an orbital 

transformation method(34) with a convergence criterion of 10−6. All DFT/MM 

simulations were run using the CP2K package.(35) 

 

For the SCC-DFTB/MM setup, the QM atoms were chosen in the same way as DFT/MM 

and planar restraining potentials were used to prevent the boundary QM atoms from 

diffusing out of the channel. Again, the QM atoms within the boundary defined by the 

planes were not affected. The point charge based Ewald summation was used to treat 
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QM/MM electrostatic coupling under PBCs.(16) Just as for the DFT/MM simulations, 

the SCC-DFTB/MM vdW interactions were described by the CHARMM22 force field LJ 

parameters. The time step was set as 0.5fs, and the SCC-DFTB convergence criterion of 

10-8 was used. The SCC-DFTB/MM simulations were carried out using the CHARMM 

simulation package.(36) 

 

In previous studies the PT free energy profile through the LS2 channel features several 

local minima separated by energy barriers that are several times that of the thermal 

energy, thus impeding the free translocation of the excess proton.(13) In order to make a 

statistically meaningful comparison between SCC-DFTB and DFT methods for the PT 

properties within a limited simulation time (~100 ps), we chose to enhance the sampling 

of the excess proton in two regions inside the LS2 channel (one wider and one narrower 

region). In particular, the z position was restrained with a harmonic potential around z = - 

6.5 Å (Figure 4.2), which corresponds to a wide region in the channel where the 

complete first solvation shell of the excess proton can be accommodated and a minimum 

in the PT free energy profile was previously reported (Figure 2 in ref (13)), and z = - 3.5 

Å, corresponding to a narrow channel region and a barrier in the PT free energy profile.  

 

The charge defect associated with the excess proton was tracked via the center of excess 

charge (CEC) defined in this work as:(37) 

𝜉 = 𝑟!!!!
!!! − 𝑤!!𝑟!!!"

!!! − 𝑓!" 𝑑!!!! 𝑟!! − 𝑟!!!"
!!!

!!
!!! , Eq 3 

where the “O” and “H” denotes oxygen atoms and hydrogen atoms in the QM region, the 

weighting factor 𝑤!!’s are set to 2, 𝑑!!!!  is the distance between atom 𝑂! and atom 𝐻!, 
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and 𝑓!" 𝑑!!!! = 1/(1+ exp [(𝑑!!!! − 𝑟!")/𝑑!"]) is the switching function describing 

the coordination number of 𝐻!  to 𝑂! , with the parameters chosen as 𝑑!" = 0.03 Å, 

𝑑!" = 0.13 Å.(37) This excess proton CEC definition has been shown to adequately 

locate the position of the excess proton charge defect in previous QM/MM simulations of 

biological PT channels.(11, 37) This quantity will be referred to often in the following 

discussion so the readers should take note of this acronym and its definition. 

 

Figure 4.2 Snapshots of protonated water wire in LS2 with excess proton CEC restrained 
at z = -6.5 Å from (A) BLYP-D simulation (B) SCC-DFTB simulation. The serine 
residues are colored in blue, the most hydronium-like oxygen O* and the water oxygens 
within 3 Å of O* are colored in green, and the rest of the water oxygens are colored in 
red. One of the hydrogens closest to the O* is shown by H* and the next closest oxygen 
in the special pair, O1x, is also shown in panel A. Notice the oversolvation of SCC-DFTB 
O* and the bifurcated hydrogen bond indicated by the red lines in panel B.  

(A) 

 

(B) 
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Following 200 steps of steepest descent geometry minimization, the systems were heated 

up and the temperature then maintained at 300 K using a Nosé-Hoover thermostat with a 

relaxation time constant of 0.1 ps for all of the methods. For the all of the methods, both 

restrained and unrestrained simulations of the protonated LS2 channel were run, with the 

latter starting from the last snapshot of the corresponding method’s restrained simulation. 

All the QM/MM simulations were equilibrated for at least 30 ps and run for another 70-

100 ps in the constant NVT ensemble. 

4.2.3  Carbon nanotube QM/MM simulation  

A (8,8) single-wall carbon nanotube (CNT) of length 29.47 Å was first solvated in a large 

box of equilibrated TIP3P water. The LJ parameters for carbon atoms were 𝜎 = 3.40 Å 

and 𝜀 = 0.086kcal/mol, corresponding to the sp2 carbon atoms in the AMBER force 

field.(38) All the carbon atoms were fixed. The cutoffs for LJ and real space electrostatic 

interactions were 10 Å, employing switching function starting at 8 Å for the LJ 

interactions. To equilibrate the system, initial velocities were assigned to 300 K followed 

by 20 ps of constant NVT and then 2ns of constant NPT equilibration. On average 38 

water molecules resided in the CNT during the NPT equilibration. One snapshot was 

taken from the last 10% of the equilibration run, in which 38 water molecules were inside 

the CNT, and water molecules outside the CNT were removed. Then the simulation box 

was set up with PBC of 20 Å × 20 Å × 29.47 Å, and the longest dimension of simulation 

box was aligned with tube axis to create an infinitely long CNT. The system was 

equilibrated at 300 K using Nosé-Hoover thermostat for 1ns. One excess proton was then 

added near one water molecule, and the equilibration was continued for 1ns using the 
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same classical hydronium model as used in the LS2 equilibration. All the equilibration 

simulations were again carried out with LAMMPS. 

The last snapshot of equilibration was used to construct the QM/MM simulation. The QM 

atoms were chosen to be all the water molecules and the excess proton. Following 40 ps 

of constant NVT simulation at 300 K using a Nosé-Hoover thermostat, the production 

constant NVE runs were continued for at least 80 ps. The DFT/MM simulations were run 

with the BLYP-D and HCTH functionals. The QM/MM settings were the same as those 

used in the LS2 channel, except that the energy cutoff for plane wave basis set was 

increased to 360 Ry and the convergence criterion was decreased to 10-7 to better 

conserve total energy.  For the SCC-DFTB/MM simulations, the convergence criterion 

was 10-8. For all QM/MM simulations, the motion of nuclei was integrated using a time 

step of 0.5 fs.  

4.3  Results 

4.3.1  Water structure and dynamics in the LS2 channel  

The water molecules filling the LS2 channel make hydrogen bonds with one another and 

with pore lining serine side chains, resulting in a continuous hydrogen-bonded water wire 

across the entire channel.(15),(39) It is beneficial to first investigate the properties of pure 

water in the LS2 channel. The BLYP functional with dispersion corrections (BLYP-D) 

and HCTH/120 functional are chosen as the benchmark QM methods because both 

methods were shown to reduce the excessive structuring and sluggish dynamics of bulk 

water predicted by the BLYP functional.(40-44) These functionals were in turn 

benchmarked by simulations using the arguably more accurate B3LYP functional with 
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dispersion corrections (B3LYP-D). To save computational cost, B3LYP-D was combined 

with GTH pseudopotentials for BLYP and the DZVP basis set. We note that B3LYP 

should generally be used with a large basis set augmented by diffuse functions in order to 

guarantee a highly accurate hydrogen bond description.(45) Although this was not 

computationally feasible, the B3LYP-D employed in our QM/MM simulations still 

provide more accurate forces and energies than GGA level DFT methods. (See 

Supporting Information) 

 

In the following, the water oxygen, water hydrogen and serine oxygen atoms will be 

denoted as Ow, Hw and Os, respectively. To probe the structural properties of the water 

within the channel, radial distribution functions (RDFs) were calculated and normalized 

to bulk water density. From the Ow-Ow RDF (Figure 4.3 (A)), it is apparent that SCC-

DFTB predicts a more pronounced first peak. The coordination number, obtained by 

integrating over the first peak, is larger for SCC-DFTB due to a more compact and dense 

first solvation shell. In addition, the second peak in the Ow-Ow RDF and the density 

depletion region between second and third peaks in the Ow-Hw RDF (Figure 4.3 (B)) are 

less pronounced for SCC-DFTB than for the DFT methods, which corresponds to a 

second solvation shell water encroaching on the first solvation shell. This suggests that 

the water wire predicted by SCC-DFTB is less ordered inside the LS2 channel. In line 

with this observation, SCC-DFTB predicts less distinct peaks and valleys in the pore 

water density profile along the z axis (Figure 4.4) compared to both DFT methods, 

indicating that the water molecules deep in the pore region (-10 Å to 10 Å) are more 

mobile.  
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(A)  

 

(B) 

 

Figure 4.3 RDFs of (A) Ow-Ow and(B) Ow-Hw in the LS2 channel filled with water and 
no excess proton. The coordination numbers, indicated in the legend, are larger for the 
SCC-DFTB method due to less structured 2nd shell waters encroaching on the 1st 
solvation shell. 
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Figure 4.4 Distribution of the pore water oxygen atoms along the z axis of the 
unprotonated LS2 channel.  The decreased peaks and valleys for the SCC-DFTB results 
indicate more mobile water within the channel. 
 

The decreased structure in the LS2 channel water could be caused by weaker water-water 

hydrogen bonds in SCC-DFTB compared to those in the DFT methods. To quantitatively 

investigate the hydrogen bond properties, we define the water-water hydrogen bond as 

when the Ow---Ow separation is less than 3.5Å (corresponding to the location of the first 

minimum in the Ow-Ow RDF) and the Hw-Ow---Ow angle is less than 30°.(46, 47) The 

number of water-water hydrogen bonds each water molecule makes is averaged over the 

entire 90 ps production trajectory and listed in Table 4.1. It is observed that the channel 

water described by SCC-DFTB forms fewer hydrogen bonds than those described by the 

DFT methods, which are in close agreement with each other. To compare the longevity of 

the hydrogen bonds, we calculated the continuous hydrogen bond time correlation 

function 𝐶! 𝑡 = ℎ(0) ∙ 𝐻(𝑡) / ℎ , where ℎ(𝑡) is unity when a tagged pair of atoms are 

hydrogen bonded at time t, and zero otherwise. 𝐻(𝑡) is defined as unity when the tagged 

pair of atoms is continuously hydrogen bonded from time 0 to time 𝑡, and zero otherwise. 
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A semi-log plot of 𝐶! 𝑡  is shown in Figure 4.5 (A). The continuous hydrogen bond time 

correlation functions are then fit to the sum of 3 exponential functions, and the average 

relaxation time is estimated by the amplitude-averaged relaxation time,(48),(49) as 

summarized in Table 4.2. It is observed that SCC-DFTB produces a shorter hydrogen 

bond relaxation time compared to the DFT methods, again confirming shorter (and likely 

weaker) water-water hydrogen bond interactions.  
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Table 4.1 Averaged number of hydrogen bonds per water molecule in the LS2 channel as 
a function of QM/MM methodology. 

Methods water-water hydrogen bond serine-water hydrogen bond 

BLYP-D 1.64 ± 0.03 1.14 ± 0.01 

HCTH 1.66 ± 0.02 1.17 ± 0.02 

B3LYP-D 1.60± 0.02 1.17 ± 0.02 

SCC-DFTB 1.51 ± 0.01 1.06 ± 0.02 

 

Table 4.2 Average water-water, water-serine hydrogen bond relaxation time, and 
rotatioanl correlation time in the LS2 channel as a function of QM/MM methodology. 

Method water-water hydrogen 

bond relaxation time 

(ps) 

water-serine hydrogen 

bond relaxation time 

(ps) 

water rotaiotnal 

correlation time 

(ps) 

BLYP-D 1.26 0.86 24 

HCTH 1.20 1.03 28 

B3LYP-D 1.38 0.93 23 

SCC-DFTB 0.21 0.42  7 
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(A) 

 

(B) 

 

Figure 4.5 Semi-log plot of continuous hydrogen bond time correlation function for the 
(A) water-water and (B) water-serine hydrogen bonds. The faster decay of time-
correlation functions reflects weaker hydrogen bonds described by SCC-DFTB compared 
to the DFT methods. 
 

The interaction between water and the serine side chains also plays an important role in 

shaping the structure and slowing down the dynamics of water inside the LS2 

channel.(39) The Ow-Os RDF (Figure 4.6) reveals that SCC-DFTB fails to reproduce the 

DFT density depletion region after the first peak and the presence of a second peak. 

Similar to the situation with water-water interactions, the less ordered structure revealed 

in the SCC-DFTB RDF reflects weaker interactions between water and serine side 

chains. With the water-serine hydrogen bond defined using the same distance and angle 
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cutoff as the water-water hydrogen bond (described above), we calculated the average 

number of water-serine hydrogen bonds each water makes (listed in Table 4.1) and the 

continuous hydrogen bond correlation function together with the hydrogen bond 

relaxation time (Figure 4.5 (B) and Table 4.2). The fewer number of water-serine 

hydrogen bonds with each water molecule and the faster relaxation of those hydrogen 

bonds for SCC-DFTB suggest that the weaker water-serine interaction results from fewer 

and weaker hydrogen bonds.  

 

Figure 4.6 RDF of Ow-Os in the LS2 channel filled with water and no excess proton. The 
less structured RDF produced by SCC-DFTB indicates weaker water-serine interactions 
due to weaker and fewer hydrogen bonds. 
 

The consequence of weaker water-water and water-serine interactions is a less structured 

water wire inside the LS2 channel with accelerated orientational dynamics in the SCC-

DFTB simulations. To probe the orientational dynamics, the second rank orientation 

time-correlation function 𝐶! 𝑡 = P!(𝐮 0 ∙ 𝐮 𝑡 ) / P!(𝐮 0 ∙ 𝐮 0 )  was calculated, 

where u is the unit vector in the direction of one of the O-H bonds in water and P2 is 

second order Legendre polynomial. The last 30% of  is fit to a single exponential 

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 2  3  4  5

R
D

F

R (Å)

BLYP−D
HCTH

B3LYP−D
SCC−DFTB

C2 (t)



 92 

function to get the rotational relaxation times, which are summarized in Table 4.2. It is 

found that the SCC-DFTB method predicts water reorientation much faster than the two 

DFT methods, again indicating more dynamic and disordered water in the LS2 channel.  

 

Overall, SCC-DFTB predicts an overcoordinated and more disordered water structure 

featuring faster dynamics of water molecules compared to the DFT methods. These 

differences in the structural and dynamical properties of unprotonated water are in turn 

linked to differences in the structure and dynamics of PT, as will be discussed below. 

4.3.2  Proton solvation and transport in a wider region of the LS2 channel 

In the following the hydronium oxygen, the 3 closest hydrogen atoms to that oxygen, and 

the next closest oxygen atom will be denoted as O*, H* and O1x, respectively (see Figure 

4.2 (A)). The O1x is the so-called “special pair” oxygen that is forming an especially short 

strong hydrogen bond with the hydronium at that instant in time. Proton transfer often, 

but not always, occurs along this special pair coordinate.(50) From the RDFs of O*-Ow 

and O1x-O (O here denotes O* and Ow) (Figure 4.7 (A) and (B)), it is apparent that SCC-

DFTB predicts an overcoordinated hydronium oxygen, with a coordination number of 

3.56 compared to those predicted by the DFT methods (all ~3).  Also, the solvation shell 

around the O* is less structured in the SCC-DFTB simulations than the DFT 

counterparts. Where the DFT methods predict a distinct density depletion after the first 

peak of the O*-Ow RDF (at separation distance of 2.8 Å corresponding to the boundary of 

the first solvation shell), SCC-DFTB predicts a density decay region that extends beyond 

3.4 Å. The overcoordination of O* and lack of distinct density depletion beyond the first 

solvation shell suggests that second solvation shell water molecules penetrate into the 
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first, making the solvation structure less ordered compared to DFT simulations. In fact, it 

is observed that in DFT simulations the hydronium is consistently coordinated by 3 first 

solvation shell water molecules, forming a stable H9O4
+ Eigen complex, which is further 

stabilized by hydrogen bond interactions with nearby serine side chains and second 

solvation shell water molecules (Figure 4.2 (A)). In contrast, the SCC-DFTB method 

predicts an overcoordinated hydronium due to a second solvation shell water molecule 

frequently entering the 3 Å range of O*, leading to a bifurcated hydrogen bond (one 

hydrogen coordinated to two water oxygens) and disrupting the Eigen complex solvation 

structure (Figure 4.2 (B)). As will be discussed below, the SCC-DFTB hydronium is also 

directly coordinated to serine side chains much of the time, further increasing its 

overcoordination. In addition, the SCC-DFTB first solvation shell waters are also 

overcoordinated as indicated by the large coordination number shown in the RDF’s of 

O1x-O (Figure 4.7 (B)), which is in line with this method’s tendency to overcoordinate 

water as discussed in section 4.3.1  . 
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(A) 

 

(B) 

  

(C) 

 

(D) 

 

Figure 4.7 Radial distribution functions of O*-Ow and O1x-O in protonated LS2 (A, B) 
and protonated water filled CNT (C, D). O includes both O* and Ow. Coordination 
numbers are indicated in the legend. SCC-DFTB predicts an overcoordinated excess 
proton and less structured solvation complex compared to the DFT methods. 
 

The overcoordinated excess proton structure described by SCC-DFTB leads to an 

abnormal hydrogen bond network around the excess proton. To illustrate this, the RDF of 

H*-Ow, where H* is any of the three hydrogens bound to O*, is plotted for LS2 (Figure 

4.8 (A)). The absence of density depletion in the region 2-2.5 Å in the SCC-DFTB results 

reflects the encroaching second solvation shell water and bifurcated hydrogen bond 

donated by the hydronium. This observation is perhaps even more clear in Figure 4.9 
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(A), which shows the distribution of 1st and 2nd closest water oxygens to each H*. 

Clearly, there is an overlap region between the two distributions for SCC-DFTB 

simulations, which is absent in the DFT results. The overlap is a consequence of the 

SCC-DFTB method not localizing the first solvation shell water molecules, making it 

more likely to form a bifurcated hydrogen bond with two waters in its first solvation shell 

(see Figure 4.2 (B)). 
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(A) 

 

(B) 

 

Figure 4.8 Radial distribution functions of H*-Ow in (A) the protonated LS2, (B) the 
water filled protonated CNT. The absence of density depletion in the distance region 2-
2.5 Å in the SCC-DFTB results reflects the encroaching 2nd solvation shell water and 
bifurcated hydrogen bond donated by the hydronium. 
  

 0
 0.5

 1
 1.5

 2
 2.5

 3
 3.5

 4

 1  2  3  4  5

R
D

F

R (Å)

BLYP−D
HCTH

B3LYP−D
SCC−DFTB

 0
 0.5

 1
 1.5

 2
 2.5

 3
 3.5

 4

 1  2  3  4  5

R
D

F

R (Å)

HCTH
BLYP−D

SCC−DFTB



 97 

 

(A) 

 

(B) 

 

Figure 4.9 Distribution of H*-Ow distances in protonated (A) LS2 channel and (B) CNT. 
The first and second peaks correspond to the closest and second closest Ow to H*. The 
overlap of the two peaks in the SCC-DFTB simulation suggests that hydrogen bonding 
around the excess proton is too weak to localize the position of its first solvation shell 
water molecules, making it more likely to form a bifurcated hydrogen bond with two 
waters in its first solvation shell. 
 

Although SCC-DFTB results in an increased probability of forming a bifurcated 

hydrogen bond, the water penetrating the first solvation shell is not hydrogen bonded to 

the O*-H* at all for a significant amount of time. Figure 4.10 (A) shows the distribution 

of the distance between O* and the nearest water oxygen atoms that are not hydrogen 

bonded to it. In the SCC-DFTB simulations, for both the LS2 and CNT channels, an 
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unphysical configuration is frequently observed where a water molecule within the range 

of first solvation shell (2.8 Å of O*) is not hydrogen bonded to it. More surprisingly, the 

Ow not hydrogen bonded to or forming a bifurcated hydrogen bond with O* can even 

belong to the closest water molecule for a significant portion of the simulation time. It 

has been shown that in a bulk aqueous system during the long intervals between PT 

events (aka non-PT intervals), the closest oxygen to O* (O1x) switches between the 3 

surrounding water oxygens in the Eigen complex, resulting in a “special pair dance” 

mechanism.(50) The existence of a penetrating water molecule that is closest to O* but 

not hydrogen bonded to it will alter PT dynamics and limit SCC-DFTB’s ability to 

correctly capture the special pair dance dynamics in the LS2 channel. To probe this, we 

calculated the average number of distinct Ow atoms that have been O1x during non-PT 

intervals.  As shown in Figure 4.11 the DFT simulations show a mechanism in which O1x 

rotates among the 3 hydrogen bond accepting waters around O*.(50) Correspondingly, 

the number of different water oxygens that have once been O1x levels off at 3 in 0.4 ps.  

However, the SCC-DFTB method predicts more than 3 O1x water molecules exhibiting 

this behavior. Moreover, the curve shows no sign of leveling off near 0.5 ps. In the SCC-

DFTB simulations, the Ow chosen as special partner, O1x, sometimes belongs to a water 

molecule accepting a hydrogen bond from O*, while at other times it belongs to the 

penetrating water molecule not hydrogen bonded to or forming one of the bifurcated 

hydrogen bonds with O*. These situations interchange frequently resulting in a 

qualitatively different dynamical picture than that predicted by DFT. 
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(A) 

 

(B) 

 

Figure 4.10 Distribution of O*-O distance, where O is the closest atom not hydrogen 
bonded to O* in the (A) protonated LS2 channel and (B) CNT. The noticeable peak 
before 2.8 Å produced by SCC-DFTB indicates that on average some first solvation shell 
water molecules are not hydrogen bonded to the hydronium, which perturbs the “special 
pair dance” dynamics in the resting state of PT (see main text). 
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(A) 

 

(B) 

 

Figure 4.11 Average number of different O1x partners to O* as a function of time during 
non-transfer intervals for the (A) LS2 channel and (B) CNT. The SCC-DFTB curve fails 
to level off and indicates that it does not reproduce the “special pair dance” behavior seen 
from the DFT results.  
 

To further illustrate the weak hydrogen bond around O* in SCC-DFTB from a dynamical 

point of view, we applied the same analysis of average hydrogen bond relaxation times as 

was shown for the unprotonated water in LS2. Table 4.3 compares the relaxation times of 

hydrogen bonds within 4 Å of the excess proton CEC (defined in section 3.2.2  ) for 
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but the differences between SCC-DFTB and the DFT methods are much larger than those 

found for the unprotonated situation. This suggests that the effect of charge defect 

delocalization in enhancing hydrogen bond strength around the excess proton CEC is 

relatively weaker for SCC-DFTB than for the DFT methods. Thus, improving the 

description of hydrogen bond around the hydrated excess proton needs to be addressed in 

future SCC-DFTB developments. 

Table 4.3 Average hydrogen bond relaxation time for hydrogen bond around 4 Å of 
excess proton CEC in the LS2 channel and CNT as a function of QM/MM methodology. 

Method LS2 hydrogen bond 

relaxation time (ps) 

CNT hydrogen bond 

relaxation time (ps) 

BLYP-D 17.3 13.7 

HCTH 19.8 10.0 

B3LYP-D 11.2 NA 

SCC-DFTB 1.8 1.4 

 

Overall, compared to the arguably more accurate DFT approaches, the SCC-DFTB 

method predicts the incorrect solvation structure of water and the excess proton, weak 

water-water and water-serine hydrogen bond interactions, a bifurcated hydrogen bond 

donated by the hydronium-like oxygen O*, and an unphysical special pair dynamics 

pattern related to the weak hydrogen bonds around the excess proton CEC. These all lead 

to qualitatively different PT dynamics in the LS2 and CNT channels. The PT dynamics 

can also be described by the time evolution of the excess proton CEC z coordinate after 

the quadratic restraints on it are released, as shown in Figure 4.12. For the DFT methods, 

the excess charge is stabilized in the form of an Eigen complex, which is further 
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stabilized by the surrounding water and serine residues. During more than 70 ps of 

simulation the excess proton CEC z coordinate fluctuates around z = -6 Å, which is close 

to the reference point where the restraint was added. This suggests that the chosen region 

in the LS2 channel corresponds to a distinct free energy minimum in the free energy 

profile described by the DFT methods, in agreement with the previous MS-EVB 

result.(13) In sharp contrast, the excess proton CEC z coordinate in the SCC-DFTB 

simulations deviates as far as 6 Å from the previous reference point, which indicates that 

the excess proton is not stabilized in an Eigen complex. It hops around the 

overcoordinated, less ordered and loosely bound solvation shell in an unpredictable 

manner, and gradually hops away from the region where it was originally restrained. This 

can be attributed to the combined effect of weaker water-water and water-serine 

interactions, the overcoordinated hydronium O*, the weak and sometimes bifurcated 

hydrogen bond around the excess proton CEC, as well as the unphysical O1x switching 

events.  

 

The tendency for SCC-DFTB to yield irregular excess proton solvation and transport 

remains even when the excess proton CEC motion is more trapped in the constrained 

simulations. In the constrained simulation SCC-DFTB predicts an O*-Os RDF featuring a 

spurious first peak within 3 Å (Figure 4.13 (A)). This is caused by O* being directly 

hydrogen bonded to serine side chain hydroxyl groups for significant amounts of the 

simulation, something that is not observed in the DFT simulations. It is important to note 

that this close interaction between serine side chain oxygen atoms and the hydronium 

further exacerbates the overcoordination issue already caused by excessive water 
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molecules around the SCC-DFTB hydronium in the LS2 channel. To illustrate this, the 

RDF of O*-O, where O denotes both Ow and Os, is plotted in Figure 4.13 (B). Comparing 

the coordination numbers in Figure 4.7 (A) and Figure 4.13 (B) (3.6 versus 3.9) 

demonstrates that the overcoordination around the excess proton is more pronounced 

when the serine oxygen atoms are included. Figure 4.13 (B) shows that SCC-DFTB 

predicts an O* coordinated by four oxygen atoms, in contrast to three as predicted by the 

DFT methods. This observation is revealing because it shows that the SCC-DFTB 

hydronium O* favors an oxygen coordination number of 4. When its water coordination 

number is less than 4 in a confined environment (as shown in Figure 4.7 (A)), the serine 

side chain oxygen atoms tend to further coordinate O* to saturate its solvation shell if 

allowed by local geometry. 
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(A) 

 

(B) 

 

(C) 

 

Figure 4.12 Z coordinate of the excess proton CEC as a function of time for 
unconstrained simulations using the (A) BLYP-D, (B) B3LYP-D, and (C) SCC-DFTB 
methods. The SCC-DFTB simulations show deviations as far as 6 Å from the previous 
reference point of the restraint, which indicates that the excess proton is not stabilized in 
an Eigen complex. 
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(A) 

 

(B) 

 

Figure 4.13 Radial distribution functions of (A) O*-Os between the excess proton 
complex and serines in the protonated LS2 channel, and (B) O*-O, where O includes 
both Ow and Os. The first peak in (A) predicted by SCC-DFTB method reveals that the 
hydronium is directly hydrogen bonded to serine side chain hydroxyl groups for 
significant amounts of the simulation. Compared with Figure 4.9 (A), the coordination 
numbers in (B) indicate that the serine side chains exacerbates the overcoordination issue 
of O* in SCC-DFTB simulations.  
 

4.3.3  Proton solvation and transport in a narrower region of the LS2 channel 

Clearly, narrow channel regions also play an important role in PT processes, as 

previously demonstrated for the LS2 channel.(13, 15) It is, therefore, both important and 

instructive to also study the proton solvation structure and transport mechanism in a 
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narrower region (z = - 3.5 Å) close to the top of a barrier in a previously reported LS2 

PMF.(13) As shown in Figure 4.14 (A) and (B), the DFT methods predict a H7O3
+ 

solvation structure of the excess proton, i.e., the hydronium solvated by two nearby water 

molecules and one serine hydroxyl group. In contrast, the SCC-DFTB method predicts an 

overcoordinated excess proton, just as it did in the wider region of the LS2 channel, with 

an additional water and serine hydroxyl in the first solvation shell. Also similar to the 

wider region, the absence of density depletion (around 2.0-2.5 Å in Figure 4.14 (C)) in 

the SCC-DFTB results reflects a bifurcated hydrogen bond being donated by the 

hydronium. Therefore, the SCC-DFTB method displays similar defects in a more 

confined local environment. More results for the narrower region of the protonated LS2 

channel can be found in the Supporting Information. 

  



 107 

(A) 

 

(C)

 

(B) 

 

 

Figure 4.14 Radial distribution functions of (A) O*-Ow, (B) O*-O where O includes both 
Ow and Os, and (C) H*-Ow, in a narrower region of protonated LS2 channel. The 
coordination numbers in panels A and B indicate that SCC-DFTB’s overcoordination of 
O* remains in the narrow region of the channel. The absence of density depletion in 
panel C (around 2-2.5 Å) in the SCC-DFTB results reflects the encroaching 2nd solvation 
shell water and bifurcated hydrogen bond donated by the hydronium ion are very similar 
to the case of the wider region (compare to Figure 4.8 (A)).  
 

4.3.4  Proton solvation and transport in (8,8) single-wall carbon nanotube 

 

The QM/MM electrostatic coupling scheme employed in the current work follows that of 

ref (16). The electrostatic interaction between SCC-DFTB atoms and MM atoms are 
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calculated based on point charges. The point charges on QM atoms are the Mulliken 

charges Δq! defined in the SCC-DFTB energy expression (Eq 1). In the recent work of 

Hou et al.(51) a new QM/MM coupling scheme was implemented for SCC-DFTB/MM, 

which takes into account the finite size of QM and MM charge distributions by using a 

Klopman-Ohno functional form for the QM/MM electrostatic coupling. The new SCC-

DFTB/MM coupling scheme improves the short range QM/MM interactions when the 

QM atoms are highly charged. In the LS2 channel some of the QM atoms (the excess 

proton and solvating water molecules) are positively charged and are close to the serine 

side chains described by MM.  In order to test whether the inaccuracies of the SCC-

DFTB/MM LS2 simulations described above are a result of the original point charge 

based electrostatic coupling scheme,(16) a hydrophobic proton channel system was 

created from a (8,8) single-wall carbon nanotube (CNT) filled with water molecules and 

one excess proton.  In this system the QM and MM atoms only interact via the same LJ 

potential for all the methods under comparison (see section 3.2.3  ). The effective pore 

radius of the CNT (~ 4 Å) is comparable to the wide region of the LS2 channel, 

accommodating one complete solvation shell around the hydronium O* (i.e., the H9O4
+ 

Eigen complex). Similar properties were calculated for the CNT as were for the LS2 

channel, and are plotted in Figure 4.7 (C), (D), and Figure 4.8-Figure 4.11 (B). These 

results reveal that the SCC-DFTB inaccuracies discussed above for LS2 remain in the 

CNT, including the overcoordinated excess proton, weak hydrogen bond around the 

excess proton CEC, and PT dynamics at odds with the DFT results. Therefore, the 

inaccurate description of PT in the LS2 channel by SCC-DFTB/MM should not be 
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attributed to using an approximate electrostatic coupling scheme, but rather to inherent 

limitations of SCC-DFTB method itself.  

4.4  Conclusions 

This benchmark study has shown that the SCC-DFTB method provides qualitatively 

different behavior for the solvation and transport of an excess proton in the LS2 channel. 

These differences, when compared to more exact DFT methods which the SCC-DFTB 

approach is meant to approximate, include a less ordered water structure, an over-

coordinated excess proton, weak hydrogen bonding around the excess proton CEC, and 

altered PT dynamics. These differences are also seen for the hydrated excess proton in a 

carbon nanotube involving only van der Waals interactions between QM and MM atoms, 

verifying that the SCC-DFTB inaccuracies relative to DFT in the LS2 channel result from 

the semiempirical QM method itself, rather than the QM/MM electrostatic coupling 

scheme. In addition, SCC-DFTB is shown to predict higher local water density in channel 

environments, similar to that which has been shown in a previous study to cause clearly 

unphysical large pockets of vacuum in SCC-DFTB simulations of bulk aqueous 

systems.(4, 5) The less accurate descriptions of water and the hydrated excess proton 

results in qualitatively and quantitatively different structural and dynamical properties for 

PT in confined channel environments, calling into question the ability of the current 

SCC-DFTB method to accurately simulate excess proton transport in realistic 

biomolecular systems. At the same time, the presented results provide an important set of 

benchmarks by which the method can potentially be improved in the future to bring it 

more in line with more accurate, but more computationally costly, DFT-based QM/MM 

methods. 
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Chapter 5    

Multiscale simulation reveals a multifaceted mechanism of proton permeation 

through the influenza A M2 proton channel 

5.1  Introduction 

The influenza type A virus is a highly pathogenic RNA virus that causes flu in birds 

and mammals (1).  The influenza A M2 (AM2) protein (2) contains a homotetramer 

channel that transports protons across the viral membrane and acidifies the virion interior, 

enabling the dissociation of the viral matrix proteins, which is a crucial step in viral 

replication (3).  The protein has been the target of antiviral drugs amantadine and 

rimantadine (4, 5).  Much effort has been devoted to discovering the structure and proton 

transport (PT) mechanism of the AM2 channel, resulting in many crystal structures 

available in the protein data bank (6-14).  Based on the crystal structures and 

electrophysiology experiments, several PT models have been suggested.  These 

mechanisms can be divided into two main categories, delineated by the role of the four 

histidine residues (aka the His37 tetrad), that reside in the middle of the AM2 

transmembrane domain (AM2/TM, see Figure 5.1 (A)), which has been experimentally 

shown (15) to account for the proton permeation behavior of the full AM2 protein.  The 

‘shutter’ mechanism (16, 17) suggests that the His37 tetrad works as a gate.  At low pH 

the gate opens due to the electrostatic repulsion between the bi-protonated, positively-

charged histidine residues.  The excess proton is then transferred through continuous 

water wire via the Grotthuss mechanism, without changing the protonation state of His37.  
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In contrast, the ‘shuttle’ mechanism (14, 18-22) suggests that at acidic pH values the 

His37 tetrad changes protonation states (see Figure 5.1 (B)) as it shuttles the proton 

through the His37-Trp41 quartet region (Trp41 lies just below His37 and is also thought 

to play an important role in the PT mechanism). 

 

Figure 5.1  (A) Equilibrated structures of the AM2 channel transmembrane domain (see 
text for definition) and (B) The excess proton (purple) delocalized around entry water 
cluster and histidine residues.  
 

The structure and dynamics of water in the AM2 protein has also gained attention, 

since it is the essential medium for proton permeation.  The high-resolution crystal 

structure (PDB code 3LBW) crystallized at pH 6.5 revealed layers of well-ordered water 

clusters above the His37 tetrad (12).  However, the water dynamics in the AM2 protein 

probed using two-dimensional infrared (2D-IR) spectroscopy revealed that the well-

ordered “ice-like” pore water dynamics at pH = 8.0 change to more mobile and “liquid-

like” dynamics (on the timescale of a few picoseconds) at pH = 3.2 (23).  This result 

!10$

!5$

0$

5$

10$

15$

Z(
Å

) 

Val27 
 
Ser31 
 
 
 
 
His37 
 
Trp41 

A 

B 



 116 

suggests an interesting pH-dependent behavior of the AM2 protein that is highly relevant 

for understanding its PT mechanism. 

Although many computational studies have investigated the features of AM2 that 

may influence its PT in recent years (12, 24-40), only a few have explicitly simulated any 

aspect of the explicit PT process (24, 25, 29, 37, 38). This is because it is challenging to 

accurately model the charge delocalization and Grotthuss shuttling of the hydrated excess 

proton in a computationally tractable way.  Among these studies, only one so far has 

provided a free-energy profile (potential of mean force, or PMF) for PT across the entire 

AM2/TM channel (25), which is the essential property for understanding the full proton 

permeation mechanism.  However, this particular free energy study was limited by the 

approximation that the His37 tetrad remains in a fixed protonation state during the proton 

conduction; therefore, it could not capture the more plausible shuttle mechanism (14, 18-

22).  More recently, Carnevale et. al (29) used a quantum mechanics/molecular 

mechanics (QM/MM) approach to investigate PT in the specific region of the His37 

tetrad of AM2.  Although they could not achieve sufficient sampling to calculate a free 

energy profile, this work did allow the His37 tetrad to change protonation states as 

necessitated by the shuttle mechanism.  Their work in fact helped to lay the foundation 

for the study of PT in the His37 tetrad using a QM/MM approach in that region of the 

channel. 

In the present study, a powerful multiscale combination of classical, reactive, and ab 

initio (QM/MM) molecular dynamics (MD) simulations is employed to systematically 

investigate the proton solvation and transport mechanism through the full AM2 protein.  

By employing a classical force field, the conformational ensemble of AM2/TM is 
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characterized starting from two recent high-resolution structures in low and intermediate 

pH conditions (PDB code 3C9J (9) and 3LBW (12), respectively).  The influence of pH 

on the protein and water dynamics is then investigated.  It is found that as the pH is 

lowered, the channel adopts a more open conformation, the channel pore is more 

hydrated, and the pore water molecules are more mobile.  Following this we utilize a 

synthesis of the reactive multi-state empirical valence bond (MS-EVB) (41) and QM/MM 

approaches to calculate complete proton permeation free energy profiles (PMFs) through 

the AM2/TM channel.  Since the MS-EVB potential can be derived by force-matching of 

ab initio MD simulation data (42), and since the force-matching algorithm provides a 

PMF for the reference potential, this unique combination of approaches yields a 

consistent multiscale computational framework for obtaining an ab intio level quality PT 

free energy profile.  This multiscale combination of methods is thus used to calculate the 

PMFs for excess protons permeating through the entire AM2/TM channel, accounting for 

the charge delocalization and shuttling of hydrated excess protons through both water and 

the His37 tetrad explicitly.  By virtue of this methodology, it is found that at lower pH 

values the free energy barrier for a proton to diffuse to His37 is decreased and the proton 

conductance increased, explaining the unique pH-dependent activation mechanism of 

AM2.  We also report the PMFs of several AM2 mutants, including the amantadine-

resistant and transmissible mutants V27A and S31N.  The calculated conductances of 

both the wild-type AM2 and its mutants are in close agreement with experimental results 

and provide microscopic explanations for their trends. 

 



 118 

5.2  Materials and Methods 

5.2.1  Modeling of the pH-Dependent Conformational Ensemble and Water 

Dynamics.  

Two high-resolution structures for the G34A mutant (3BLW and 3C9J - crystallized at 

pH=6.5 and pH=5.3, respectively) (9, 12), were used as the initial structures for MD 

simulations.  To provide a clear picture of the channel conformation change upon 

acidification, the His37 tetrad was modeled at each possible protonation state.  For the 

Q1, Q2, and Q3 states the neutral histidine residues are assigned to be in the ε tautomer 

form (12).  Further details for system equilibration using classical force field and the 

simulation results for the different starting conformations are provided in the Appendix B 

. 

 

5.2.2  Modeling of Proton Permeation.  

The solvation and transport of an excess proton requires special treatment due to its 

delocalized nature and the dynamic rearrangement of covalent and hydrogen bonding via 

the Grotthuss mechanism.  To characterize free energy profiles of PT in the AM2/TM, 

umbrella sampling was used.  The collective variable was defined by the difference 

between the z coordinate of the center of mass of Cα atoms of the four Gly34 residues and 

that of the excess proton center of excess charge.  The collective variable was restrained 

by a harmonic potential in the direction of the channel’s principal axis (z direction).  The 

simulations of the windows centered outside the His37 tetrad (z < -4 Å or z > 12 Å for 

the intermediate pH PMF and z <1 Å or z > 10 Å for the low pH PMF) were performed 
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with the multi-state empirical valence bond version 3 (MS-EVB3) model (43).  Details of 

the MS-EVB methodology are provided in previous studies and reviews (41, 42, 44-48).  

The MS-EVB simulations were performed using the RAPTOR software (49) interfaced 

with the LAMMPS MD package (http://lammps.sandia.gov) (50).  For the simulations of 

windows centered near and within the His37 tetrad (-4 Å < z < 12 Å for the intermediate 

pH PMF and 1 Å < z < 10 Å for the low pH PMF), a QM/MM MD approach was used to 

describe the excess charge delocalized around the ionizable His37 tetrad and nearby 

water molecules.  The QM region, including the His37 tetrad and surrounding water 

molecules, was treated with density functional theory using the Becke exchange (51) and 

Lee−Yang−Parr correlation (52) functionals, corrected by semiempirical dispersion terms 

(53).  The QM/MM simulations were performed with the CP2K software package (54).  

Further details on the MS-EVB and QM/MM simulations are provided in Appendix B .  

The final PMFs for PT across the entire channel were generated in multiscale fashion 

by combining MS-EVB and QM/MM windows obtained  using WHAM (55-57). The 

statistical errors were estimated by a block-average analysis.  For the mutants, the 

trajectories for the wild type QM/MM windows were used in the WHAM calculations. 

(See Appendix B for more details.) 

The single channel maximum proton conductances were estimated by using the one-

dimensional approximation of the Poisson-Nernst-Planck (PNP) theory, as described in 

Appendix B . The PT PMFs through the channel region, and diffusion constants, are used 

to estimate the proton conductances. This approach to calculate conductance is justified 

by ref (58). 
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5.3  Results and Discussion  

5.3.1  pH-Dependent Conformational Ensemble and Water Dynamics.   

As described in recent measurements of the four pKa values for the His37 tetrad (20, 59), 

lowering the pH corresponds to increasing the number of protonated His37 residues from 

one to four.  To illustrate the dependence of AM2/TM conformation on pH value, eight 

equilibrated AM2/TM structures, representing each possible protonation state and 

initially aligned with either PDB code 3LBW or 3C9J, are shown in Figure 5.2.  The 

notation Q1, Q2, Q3, and Q4 is used to denote the His37 tetrad in its +1, +2, +3 and +4 

protonation states, respectively.  The two starting crystal structures 3C9J and 3LBW 

(denoted by prefixes S and D, respectively) were crystalized at different pH values and 

thought to potentially represent different protonation states of the His37 tetrad.  After 

extensive simulation in the high pH environment (namely the Q1 and Q2 states), the 

Trp41 residues at the C-terminus are tightly packed in the C4 symmetry, similar to the 

3LBW structure and regardless of the starting structure.  See Appendix B for more 

details. As shown in Figure 5.2, lowering the pH value (i.e., increasing the number of 

positively charged His37 residues to the Q3 and Q4 states) resulted in a more open 

packing of the α-helices at C-terminus, allowing more water molecules to enter the 

channel (27).  To probe the change of pore water dynamics upon lowering pH value in an 

experimentally verifiable way, we calculated the lifetimes of the Gly34 amide-I group 

hydrogen bonds (HBs) for various protonation states (Table 5.1).  The HB donor was 

defined as water oxygen atoms, and the HB acceptor was the Gly34 carbonyl oxygen 

atoms.  The HB autocorrelation function 𝐶 𝜏 = 𝑠!(𝑡)𝑠!(𝑡 + 𝜏)  was calculated for the 

HB between Gly34 and water (60), where 𝑠!(𝑡) is unity if the HB exists at time 𝑡, and 0 
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otherwise.  The autocorrelation function was then integrated to obtain the average HB 

lifetime.  The high-pH simulations (Q1, Q2) feature long HB relaxation times (6.1-9.4 

ps), suggesting the water molecules around each Gly34 carbonyl group remain 

immobilized.  In contrast, the low-pH simulations indicate faster water reorientation, with 

the Q4 state HB lifetime being 0.9-2.4 ps and that of the Q3 state being 2.7-3.2 ps.  In a 

recent study, Ghosh et al. probed the hydration of Gly34 carbonyl group by 2D-IR 

spectroscopy and reported pH-dependent water dynamics in the AM2/TM (23).  At pH 

6.2, the spectral dynamics has a relaxation time of ~1.3 ps, whereas at pH=8.0 the 

relaxation time is ~10 ps (23).  Our simulations quantitatively capture the experimentally 

reported acceleration of channel water HB dynamics upon lowering the pH value.  An 

important consequence of this is that PT in the water cluster would be hindered by the 

slow water dynamics at high pH values, whereas it would be facilitated at low pH values.  

This will be discussed further in the next section. 
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Table 5.1 Calculated dominant H-bond lifetime (ps), between pore-lining residue Gly34 
amide-I groups and their nearest water molecules.The simulations are started from the 
3LBW crystal structure.  The Q2, Q3, Q4 notation denotes +2, +3 and +4 protonation 
states of the His37 tetrad in the classical MD simulation, respectively. Experimental 
values are taken from Ref. (23). 

Helix 	 Q2	 Q3	 Q4	

A	 9.4	 2.7 	 1.4	

B	 6.0 	 2.9 	 1.0	

C	 9.1 	 2.7 	 1.4	

D	 6.1 	 2.8 	 2.2	

Experimental ~10 ~1.3  

 

5.3.2  Proton Permeation in WT AM2.   

The quantity of interest and of most value in understanding proton permeation through 

AM2 is the free energy profile (PMF) for the PT.  Although finding the reaction path of 

proton permeation through a simple channel is not a significant challenge, combining a 

simulation methodology that captures the essential physics with a sampling protocol that 

enables statistical convergence is.  These features are especially challenging for a system 

like AM2 where multiple reactive sites (e.g., four protonatable His37 residues) are in 

close proximity such that the reactive pathway through them is not clear and their 

coupled participation in the reaction is likely.  To capture PT through the His37 tetrad 

with the MS-EVB method alone would require developing titratable MS-EVB models for 

the four His37 moieties that simultaneously allowed for proton transfer between each 

other and with the surrounding solvent (44).  This approach would further require the 

treatment of multiple shuttling excess protons in the His37 tetrad region.  Although 
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possible, these MS-EVB models can be hard to develop and benchmark in highly 

complex environments.  In contrast, QM analysis of the His37 tetrad is more likely to 

accurately treat the requisite charge delocalization and multiple proton shuttling events 

between the histidine residues.  Given the size of the full system, QM/MM simulation is 

necessary to capture the surrounding environment.  On the other hand, the cost of 

QM/MM analysis on a system this large also limits the sampling to tens to hundreds ps, 

and is not feasible for simulating PT over the entire channel length.  This limitation is 

especially true when slower conformational restructuring of the protein is important.  

Indeed, as described below, both solvation and protein structural changes are coupled to 

PT in the regions above and below the His37 tetrad.  Hence much longer sampling times 

are required to converge the full channel PT free energy profile than can be obtained with 

QM/MM MD simulations alone.  

In the present work, the challenges described above are overcome by combining the 

advantages of the MS-EVB and QM/MM methods to calculate the full free energy profile 

for PT across the entire AM2/TM channel.  The PT through the regions above and below 

the His37-Trp41 quartet are described with the MS-EVB method, which has been 

extensively validated for water mediated PT in many systems (41, 45-48), while the PT 

through the His37-Trp41 quartet is described with the QM/MM MD method to allow for 

the explicit protonation and deprotonation of the His37 tetrad.  Two complete potentials 

of mean force (PMFs) corresponding to the proton permeation process at different pH 

conditions are then investigated by bridging the MS-EVB and QM/MM PMFs in a 

multiscale fashion (as explained in Materials and Methods and Appendix B ).  The first 

PMF (denoted the +2 PMF) describes the PT process at an intermediate pH value, 
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wherein the channel begins in the Q2 state (2 bi-protonated His37 residues) and a third 

excess proton passes through the channel.  The second PMF (denoted the +3 PMF) 

describes the process at lower pH value with the channel in the Q3 state and a fourth 

proton passing through. The charge states for the two processes are chosen based on the 

experimental finding that AM2 conduction occurs when three or more His37 residues are 

protonated (20, 59) (which includes in our case the translocating proton). 

 

 

Figure 5.2 Equilibrated AM2 channel transmembrane domain structures at various 
protonation states and aligned with either starting crystal structure 3LBW (a) or 3C9J (b).  
The notation Q1, Q2, Q3, and Q4 is used to denote the His37 tetrad in its +1, +2, +3 and 
+4 protonation states, respectively.  His37 are shown with the licorice model, and Trp41 
are illustrated with the ball-stick model.  Helices B, C and D in the equilibrated structures 
are removed, for the purpose of clarity.  

 

The +2 PMF (Figure 5.3) reveals several important events along the proton 

conduction pathway.  First, there is a small free energy minimum as the excess proton 

reaches the interface between bulk water and the hydrophobic Val27 residues (z ~ -14 Å).  

This minimum is caused by the anisotropic solvation structure of the hydrated excess 

proton, which makes it somewhat amphiphilic in nature.  Such interfacial enrichment of 

the hydrated excess proton has been predicted by MS-EVB simulations (61), and 

subsequently confirmed in experiments (62, 63).  Second, the free energy around Val27 (-

13 Å< z <-10 Å) increases due to proton desolvation and hydrophobic interactions with 



 125 

the Val27 tetrad.  Unlike previous classical MD simulations (26) that were lacking a 

shuttling explicit excess proton in the system, our results can now confirm an important 

role of Val27 for the PT through AM2.  Third, and possibly most important, there is a 

large free energy barrier for the proton to diffuse from Val27 to the His37 tetrad.  Several 

factors contribute to this free energy barrier.  As discussed above and in Ref (23), the 

water is more ice-like inside the channel in the Q2 state and exhibits slower orientational 

dynamics.  Since a successful proton transfer event from one water molecule to the next 

requires collective rearrangement of the surrounding HB network (64, 65), the slow 

dynamics of channel water inhibits PT.  Furthermore, the positively charged His37 tetrad 

(+2 in the Q2 state) both repels the excess proton and creates an electric field that orients 

the water dipoles in a way further increases this free energy barrier. 

When the excess proton reaches the so called ‘entry’ water cluster (12) (two solvation 

shells above the His37 tetrad, -4 Å< z < 0 Å), there is a plateau in the free energy.  The 

flat free energy profile for PT in the entry cluster agrees well with the more limited 

QM/MM sampling result of Carnevale et. al. (29), which suggested that the excess proton 

diffuses across this region in a nearly barrierless fashion.  The plateau is likely caused by 

a balancing of the excess proton’s charge interactions – repulsive from the positively 

charged His37 residues but attractive to the unprotonated Nδ of the neutral histidines to 

which it forms water-mediated hydrogen bonds.  As the excess proton then protonates the 

3rd histidine, the system transitions from the Q2 to the Q3 state and there is a free energy 

decrease in the PMF culminating in a deep minimum (z ≈ 6 Å).  This result verifies that 

the shuttle mechanism, involving the explicit protonation of His37, dominates and that 

the excess proton is substantially stabilized by charge delocalization among the His37 
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tetrad and nearby water molecules.  The stability of the triply charged His37 tetrad is also 

in line with the result of Carnevale et. al. (29), who did not calculate a PMF but did 

observe in their QM/MM simulations that an unrestrained excess proton starting from the 

entry cluster prefers to protonate the uncharged His37 residue, while no proton in the 

charged His37 residue was transferred to the entry cluster.  Following this, the 

deprotonation of histidine gives rise to a large free energy barrier of ~10 kcal/mol. Such a 

large deprotonation barrier would make histidine deprotonation the rate-limiting step in 

the overall proton permeation process, as suggested in previous experimental work (14, 

66).  Finally, after the proton passes the Trp41 tetrad there is large free energy decrease, 

consistent with the fact that it is energetically unfavorable for the excess proton to reach 

the His37 tetrad from virus interior.  The energetic cost of this reverse process may be 

ascribed to proton desolvation, steric hindrance from the Trp41 tetrad, and repulsion from 

the positively charged histidines.  

Unlike other studies to date, the simulations reported herein were not limited to the 

protonation/deprotonation of one presumed histidine residue.  Since our collective 

variable, which defines the location of the excess proton, can be fully delocalized among 

the entire histidine tetrad and surrounding water molecules (see Appendix B ), all 

possible protonation/deprotonation processes were accounted for.  It was found that more 

than one histidine residue participates in proton shuttling.  In fact, once the Q3 state is 

reached, the three positively charged histidines are nearly indistinguishable due to charge 

delocalization.  It is actually the solvation structure below the histidines that determines 

which residue gets deprotonated.  The most likely candidate is the residue that has the 

most accessible water molecule below it, not the His37 that was protonated by the 
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entering excess proton as one might assume.  As shown in Table 5.2, it is encouraging 

that the calculated conductance (see Appendix B for details) agrees well with recent 

experimental values (67).  

The free energy profile for PT at low pH (the +3 PMF in Figure 5.3) is similar in 

shape to the +2 PMF, but with lower barriers.  In this process, the channel is more 

solvated such that continuous water wires form around the histidine residues.  Since our 

collective variable definition does not impose an a priori bias towards either the ‘shutter’ 

mechanism or ‘shuttle’ mechanism (see Appendix B ), at lower pH one might expect to 

see the proton diffuse more along the water wire via the Grotthuss mechanism (i.e., the 

‘shutter’ mechanism) rather than protonation of a His37 residue.  However, this is not the 

case.  The histidine protonation/deprotonation (i.e., the ‘shuttle’ mechanism) process still 

occurs.  The calculated conductance from the low pH PMF is higher (14 fs), which is in 

reasonable agreement with the experimental conductance (20) and supports the unique 

acid-activation feature of this channel.  The increased conductance can be ascribed to 

several factors.  First, the histidine deprotonation barrier is lower due to the opening of 

the Trp gate and more water molecules accessible to His37 residues.  Second, the water 

molecules between Val27 and His37 are more dynamic as described earlier, facilitating 

hydrogen bond network rearrangement and thus PT.  Finally, the pore radius is larger and 

the presence of more water molecules increases the screening of the electrostatic 

repulsion between the His37 tetrad and the incoming proton, which further lowers the 

free energy barrier for PT from the Val27 to His37. 

As proton passes through the histidine tetrad, it is again observed that more than one 

histidine is involved in protonation/deprotonation.  In the Q4 state with four identical 
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positively charged histidine residues, the deprotonation process is controlled by the 

availability of water molecules. 

 

 

Figure 5.3 Proton transport +3 free energy profiles (PMFs) (blue) compared with +2 
(black).The origin is the center of mass of 4 Cα of Gly34.  The positions of Val27, His37 
and Trp41 are labeled with text boxes.  The regions sampled by MS-EVB and QM/MM 
are labeled and separated by black dashed vertical lines for +2 PMF, and blue dashed 
lines for +3 PMF. 
 
Table 5.2 Conductance comparison between simulation and experiments calculated from 
the +2 process (defined in main text) 

 Conductance (fS) 

Experimental (56)* 1-4 fS  

Simulation 1.2 fS 

 

* For the experimental value, the conductance is measured at T=291K, pHout=6 and 
extrapolated to T=310K (56). 
 

5.3.3  Proton Permeation in AM2 Mutants.   

In addition to wild type (WT) AM2, the PT PMF for several important mutants (30) were 

studied. The PMFs are plotted in Figure 5.4 and the conductances relative to WT AM2 
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are listed in Table 5.3. For S31N, the overall free energy profile along the proton 

conduction pathway is similar to WT; thus, the conductance is similar to wild type.  This 

is in line with the fact that a virus with the S31N mutation is just as transmissible as those 

with a WT AM2 channel (30).  For V27A, the channel entrance radius is larger; thus, the 

entrance barrier height is reduced resulting in increased conductance.  This behavior once 

again confirms the role of Val27 for secondary modulation of the proton permeation.  In 

addition, the WT free energy minimum in this region disappears in this mutant, because 

the Ala27 residues are not bulky enough to form a hydrophobic interface with the bulk 

water.  For V27R, there exists a free energy barrier before the proton enters the channel 

due to the Arg27 at the channel entrance electrostatically repelling the proton.  The 

overall conductance is thus lowered compared to WT.  Finally, it is encouraging that our 

simulation results reproduce the experimental conductance trends (30) (in nearly 

quantitative agreement), which further supports the reliability of the multiscale 

simulation approach taken herein.  One approximation in the mutant PMF calculations is 

the use of WT QM/MM PMF for the His37-Trp41 region.  This approximation was 

necessary due to the great computational cost of the QM/MM simulations, and was 

considered to be reasonable since the positions of the mutated residues are far from the 

His37-Trp41 region.  It was further supported by calculating the pore radius and water 

density in the His37-Trp41 region, which remains nearly identical to WT (see Figure 

B.3). 
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Figure 5.4 Proton transport free energy profiles (PMFs) for mutants compared with the 
WT AM2 channel.  The origin is the center of mass of 4 Cα of Gly34.  The positions of 
Val27, His37 and Trp41 are labeled by the text boxes.  The regions sampled by MS-EVB 
and QM/MM are labeled and separated by black dashed vertical lines.  
 
Table 5.3 Relative experimental (30) and calculated (present work) conductances for 
AM2 mutants normalized to the conductance of wild type (WT) 
 Experiment  Simulation 

WT 1.0 1.0 

S31N 1.3 1.4 

V27A 1.5 2.2 

V27R 0.2 0.3 

 

 

5.4  Conclusions 

We have presented the complete free energy profile and conductance calculations for 

proton permeation through the influenza A M2 channel, as well as several key 

experimental mutants.  The results were obtained via a combination of classical, reactive, 

and ab initio MD simulations.  Classical MD simulations first revealed that as the pH is 
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lowered, the channel is expanded to accommodate more water molecules with increased 

mobility, in agreement with experimental 2D-IR results.  Free energy profiles (PMFs) 

were then calculated using a multiscale simulation approach for both the intermediate and 

low pH ranges.  These provide explicit confirmation of current proposals for the AM2 

conduction mechanism, such as the importance of V27 for proton channel entry, the role 

of the His37 tetrad in excess proton charge delocalization (i.e., the ‘shuttle’ mechanism), 

the barrier for His37 deprotonation, and a role for the Trp41 conformation.  Importantly, 

the complete free energy profiles also provide new insights.  First, the presence of a large 

barrier (~ 10 kcal/mol) for an excess proton to shuttle to the His37 tetrad has not been 

previously discussed.  This barrier is caused by a combination of proton desolvation, 

charge repulsion from the positively charged His37 tetrad, and immobile water in this 

region.  Interestingly, this barrier decreases at lower pH value despite the increased 

charge of the His37 tetrad.  The decreased barrier is induced by channel broadening, 

increased solvation, and more mobile hydrogen bond dynamics.  For both pH conditions, 

the deprotonation of the His37 tetrad is rate limiting, and largely influenced by the water 

structure and dynamics below the histidines and through the Trp41 tetrad.  The histidine 

shuttling can involve more than one residue, and at low pH condition the ‘shuttle’ 

mechanism is still present.  The mutant studies, which are in good agreement with 

experimental conductance results, not only help to validate our computational 

methodology for studying the AM2 channel, but point to various physical explanations 

for the altered mutant conductance rates.  The insight presented in this work, particularly 

the presence of multiple targetable portions of the channel and their relationship to the 

proton conductance, may help guide future efforts to alter or block the AM2 channel. 
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Chapter 6    

Computationally Efficient Multiscale Reactive Molecular Dynamics to Describe 

Amino Acid Deprotonation in Proteins. 

6.1  Introduction 

The hydrated excess “proton” is in fact a unit of net positive charge(1) due to a 

missing electron that can be passed between and among biomolecules(2) in a seemingly 

simple dance of charge neutralization. However, the molecular nature of this dance is 

complicated, involving a dynamic charge delocalization between molecules and a 

constant restructuring of covalent and hydrogen bond topology. Understanding and being 

able to characterize the migration of excess protons is important given the many roles that 

proton transport (PT) plays throughout biology. Virtually all biomolecules are sensitive to 

pH and many incorporate PT into their functional mechanisms, including transporters, 

proton pumps, proton channels, and enzymes. For example, the bacterial H+/Cl– 

antiporter ClC-ec1, a homolog of mammalian ClC antiporters, energetically couples the 

transmembrane transport of two Cl– ions and one proton.(3, 4) The mammalian ClCs 

have many physiological functions, including maintenance of the membrane potential, 

regulation of transepithelial Cl– transport, and control of pH in the cytoplasm and 

intracellular organelles.(5-9) Cytochrome c oxidase (CcO), a proton pump in the 

respiratory chain of mitochondria and bacteria, reduces oxygen to water and utilizes the 

released free energy to pump protons across the membrane, contributing to the 

transmembrane electrochemical potential gradient that is necessary for ATP 



 139 

synthesis.(10-13) The influenza A M2 proton channel protein(14) transports the protons 

across the influenza virus membrane and triggers the dissociation of the viral matrix 

proteins, which is an essential step in the influenza virus replication cycle.(15) This is a 

short list of the many systems in which PT plays a role in a functional mechanism. For 

such systems the ionizable amino acids that influence in the PT pathways often play an 

active role via transient protonation and deprotonation. For example in the ClC-ec1 

antiporter, an intracellular-facing glutamic acid, E203, shuttles an excess proton to an 

extracellular-facing glutamic acid, E148, during transmembrane PT.(16, 17) In CcO the 

highly conserved glutamic acid E286 is the key for both transmembrane proton pumping 

and PT for the chemical reaction.(18, 19) In the influenza A M2 channel, a highly 

conserved tetrad of histidine residues (H37) is responsible for the pH-dependent channel 

activation and proton selectivity.(20)  

Computational approaches can play an important role in the investigation of PT 

mechanisms in proteins, adding molecular level insight as well as increased temporal and 

spatial resolution to experimental data. However, it is very challenging to explicitly 

model the PT process, even in simple bulk water solution, because it involves charge 

defect delocalization, Grotthuss shuttling (proton hopping), and solvent reorganization. 

Moreover, the migration of an excess proton in proteins and other confined spaces can be 

non-trivially coupled with changes in the hydration along the PT pathway.(21-23) As will 

be discussed later, water molecules move in/out of internal protein cavities in response to 

the excess positive charge as it moves between water molecules and ionizable amino 

acids. Therefore, to more completely describe PT in biological systems, a computational 

method should (1) explicitly treat charge defect delocalization and Grotthuss shuttling of 
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the excess proton(s) between water molecules and ionizable amino acids undergoing 

protonation/deprotonation; (2) allow exchange of water molecules between different 

protein internal cavities as well as between those cavities and bulk solution; and (3) be 

computationally efficient enough to achieve sufficient sampling of the charge 

translocation and protein and solvent configuration space for large-scale biomolecular 

systems, including protein, solvent, ions, and (where needed) membrane. Quantum 

mechanical approaches, such as ab initio molecular dynamics (AIMD) or quantum 

mechanics molecular mechanics (QM/MM) MD methods, can in principle explicitly treat 

the reactive nature of amino acid protonation/deprotonation and the Grotthuss hopping 

phenomenon. However, their computational expense limits the application of the former 

to small systems much smaller than proteins, and restricts the free energy sampling of the 

latter when applied to large biomolecular systems. A lack of sufficient free energy 

sampling generally leads to results with large systematic errors that depend on the initial 

state of system. In addition, QM/MM methods without adaptive partitioning(24, 25) 

prohibit exchange of MM and QM atoms across the QM/MM boundary, which is 

unphysical. Although adaptive QM/MM partitioning methods enable the exchange of 

MM and QM atoms across the boundary, they can suffer from both inaccuracy of forces 

on atoms near the boundary and a lack of sufficient energy conservation.(26) The 

QM/MM boundary may be especially problematic when the hydration along the PT 

pathway changes in response to the migration of the excess proton charge defect since 

this necessitates the exchange of water molecules between protein cavities and bulk 

solution, which often occurs beyond the nanosecond timescale.  

An alternative approach that explicitly accounts for the reactive nature of the hydrated 
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excess proton is multiscale reactive molecular dynamics (MS-RMD) method.(2, 27, 28) 

This approach describes the migration of an excess proton including explicit Grotthuss 

shuttling and charge defect delocalization by evolving the system on a reactive potential 

energy surface defined as a dynamical linear combination of diabatic basis states, as in 

the earlier multistate empirical valence bond (MS-EVB) method.(2, 29, 30) As will be 

shown in detail later, the newer MS-RMD approach differs from the older MS-EVB 

approach primarily because the underlying reactive force field of MS-RMD is largely 

derived from AIMD or QM/MM data via force-matching and other means, rendering it 

far less empirical than the original MS-EVB approach. MS-RMD is also “multiscale” in 

the sense that quantum information on the electronic states is variationally bridged 

upward in scale to describe the forces felt by the system nuclei in the RMD model. As 

shown later as well, MS-RMD is several orders of magnitude more computationally 

efficient than MD from QM/MM, while still describing the charge delocalization and 

reactive nature of the PT. The MS-RMD method is also not complicated by the QM/MM 

boundary issues because the molecules that participate in the proton charge defect charge 

delocalization are dynamically redefined at each time step in such a way that the forces 

on the atoms are more continuous. Thus, as water molecules or residues move away from 

the excess proton, the forces acting on the atoms gradually transition to those described 

by the classical force field. These advantages make the MS-RMD method (and MS-EVB 

before it) a powerful tool for investigating PT in a variety of biological systems.  

On the other hand, the primary challenge of the MS-RMD method is that it needs to 

be properly parameterized in order to faithfully simulate PT. The parameterization of 

MS-RMD models is the focus of this work. In ref (31), an approach for parameterizing 
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MS-RMD models for ionizable amino acids in bulk water was developed. In this fitting 

approach, forces from QM/MM calculations are bridged via an iterative variational 

framework into the reactive MS-RMD model. In particular, the MS-RMD model 

parameters are obtained by sampling configurations with a guess MS-RMD model and 

then fitting the model parameters to best reproduce forces from QM/MM calculations that 

are as accurate as possible. Our fitting procedure was partially motivated by the work of 

Wang and co-workers, in which force fields for liquid water were developed with an 

adaptive force matching method.(32, 33) It also bears similarity to the work of Zhou and 

Pu on reactive path force matching.(34) Due to the use of configurations from condensed 

phase MS-RMD trajectories, the resulting model takes into account the condensed phase 

environment, which is not captured in gas phase fitting. For a given MS-RMD potential 

energy functional form and with restrictions on the ranges of parameter values, this fitting 

approach was shown to work well for investigating glutamic acid (Glu) and aspartic acid 

(Asp) deprotonation in bulk water.(31) However, one cannot simply use these models to 

study deprotonation of amino acids such as Asp and Glu within proteins. The electrostatic 

and hydration environment affecting ionizable amino acid protonation/deprotonation 

inside biomolecules can be very different from that in bulk solution. For example, 

deprotonated Asp and Glu residues often form salt bridges with positively charged 

residues in proteins, and the surrounding hydration structure is rarely bulk-like. As a 

consequence, the pKa values of amino acids inside proteins are often largely shifted from 

those measured in bulk solution. These differences require reparameterization of the MS-

RMD models to fit the protein environment.  

In this work, we demonstrated the use of FitRMD parameterization to generate MS-
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RMD models for ionizable amino acid in proteins. The paper is organized as follows. We 

first outline a framework for fitting MS-RMD models for amino acid residues in 

biomolecular systems. We then give the computational details for following this 

framework in two example systems: the ClC-ec1 antiporter and CcO. The ability of the 

generated MS-RMD models to faithfully reproduce the free energy profiles (potentials of 

mean force, PMFs) of the reference QM/MM Hamiltonian is demonstrated for PT inside 

the ClC-ec1 channel in two different states. The importance of sampling and related 

QM/MM limitations are also demonstrated in ClC-ec1. Finally, the advantages of 

developing efficient MS-RMD models are demonstrated with the calculation of 2-

dimensional free energy profiles (2D-PMFs) of PT coupled to hydration changes in the 

central hydrophobic region of CcO. 

6.2  Methods 

6.2.1  Multiscale reactive molecular dynamics (MS-RMD) 

The MS-RMD (and MS-EVB) method describes electronic delocalization of the 

excess proton as a linear combination of distinct states with different chemical bonding 

topologies. (See Figure S1 in the SI.) The Hamiltonian is defined as: 

 where 𝐫  are the system nuclear coordinates, ℎ!!  is the potential energy for state 𝑖 

described by a classical force field, and ℎ!" is the coupling between states 𝑖  and 𝑗 . The 

diagonalization of the Hamiltonian matrix on the fly gives the energy and eigenvector of 

the ground state for every configuration of the nuclei r: 

𝐇 = 𝑖 𝐫 ℎ!"(𝐫) 𝑗(𝐫)
!"

 (1) 
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The forces are evaluated by the Hellmann-Feynman theorem and are used to propagate 

the system in an MD simulation. It is important to note that the method explicitly treats 

the excess proton charge defect delocalization, Grotthuss shuttling, and part of the 

polarization effect, and the resulting MD trajectory is continuous and deterministic to 

within numerical error.  

The diagonal elements ℎ!! of the MS-RMD Hamiltonian are given by the potential 

energy function of each basis state 𝑖. Note that there is a single excess proton in the 

system, and either glutamate or water is protonated at each state. The ℎ!! corresponding to 

the state with protonated glutamate (GLUH) is described as,   

ℎ!!!"#$ = 𝑉!"##$"%&'%(!"#$% + 𝑉!"#$!"#$% + 𝑉!"##$"%&'%(,!"#$!"#$% + 𝑉!! (3) 

where the first three terms are the inter- and the intra-molecular potentials of protonated 

glutamate and all other surrounding molecules, such as waters, other protein residues, 

lipids, and ions in the system. They are computed with CHARMM22 force field,(35) with 

the exception of the O-H bond in the carboxyl (-COOH) group of glutamate. To properly 

represent its dissociation as a proton transfers from the carboxyl oxygen to the water 

oxygen, the harmonic bond stretch potential is replaced with a standard Morse potential, 

𝑈!"#$% 𝑟 : 

𝑈!"#$% 𝑟 = 𝐷 1− exp −𝛼 𝑟 − 𝑟!
!
 (4) 

where 𝑟 is the O-H bond length, and 𝐷, 𝛼, and 𝑟! are parameters, which are taken from 

our previous work.(31) Since the classical force fields between two protonated forms of 

𝐇𝐜 = E!𝐜 (2) 
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glutamate and water do not share a common energy origin, 𝑉!!  is introduced to 

compensate the constant energy shift between the two states.  

In order to correct overestimated electrostatic interaction between opposite charges 

on a hydronium and deprotonated glutamate at a short distance(36), two repulsive terms, 

𝑉!!!
!"#  and 𝑉!!!!

!"# , are introduced in ℎ!!  corresponding to the state with deprotonated 

glutamate: 

𝑉!!!
!"# 𝑅!!! ,𝑅!!!!; 𝑗 = 1,2,3 = 𝐵 exp −𝑏 𝑅!!! − 𝑑!!

! ⋅ exp −𝑏′ 𝑅!!!!
!

!
!  (5) 

𝑉!!!!
!"# 𝑅!!! = 𝐶 exp −𝑐 𝑅!!!! − 𝑑!"

!  (6) 

where 𝑅!!! is the distance between the hydronium oxygen, 𝑂, and the carboxyl oxygen 

of glutamate, 𝑂! (OE1 and OE2 in the PDB), and 𝑅!!!! is the distance between each of 

three hydronium hydrogen atoms, 𝐻! , and the carboxyl oxygen of glutamate. The 

functional forms for the repulsive terms are the same as those used in the MS-EVB3.1 

model. (31) 𝐵, 𝑏, 𝑏′, 𝐶, and 𝑐 are fitted parameters, and 𝑑!!!  and 𝑑!"!  are fixed the same 

value used in MS-EVB3.1, which are 2.4 and 1.0 Å, respectively.  

The off-diagonal element ℎ!" for the coupling between protonated glutamate and 

water is given by, 

ℎ!"!"#$ = 𝑐! exp −𝑐! 𝑟!" − 𝑐! !  (7) 

where 𝑟!" is the distance between the donor oxygen of the carboxyl group of glutamate 

and the acceptor hydrogen of the adjacent hydronium molecule. 𝑐!, 𝑐!, and 𝑐! are fitted 

parameters. ℎ!" for the coupling between hydronium and water is the same as the one 

used in the MS-EVB3.1 model.  

The MS-RMD (and MS-EVB) formalism also provides a convenient and physically 
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intuitive description of the excess proton center of the excess charge (CEC), defined 

as:(2)   

𝐫!"! = 𝑐!! 𝐫 𝐫!!"!
!!"#

!

 (8) 

where the 𝑁!"# is the total number of EVB states, 𝑐!! 𝐫  is the population of state 𝑖 

contributing to the MS-RMD ground state, and 𝐫!!"! is the geometric center-of-charge for 

state 𝑖. This CEC definition allows the use of a continuous reaction coordinate (further 

discussed below) for the PMF calculation of PT in biological systems. 2 The protonated 

moiety in the state with the largest coefficient, 𝑐! (Equation 8), possesses the majority of 

the excess positive charge. When in bulk water this state is the most hydronium-like 

species(29, 30, 37, 38) (or the so-called “pivot” hydronium, a technical term used below). 

6.2.2  FitRMD parameterization scheme 

One possible fitting procedure of an MS-RMD potential energy function to QM/MM data 

was first described in ref (31). In such an approach, configurations along the PT reaction 

coordinate are sampled by MS-RMD umbrella sampling simulations with initial guess 

MS-RMD model parameter set. In the present paper, the initial guess amino acid models 

were taken from the previous work done in bulk water,(31) except that the constant 

energy shift between protonated/deprotonated states in the model (Vii) was determined by 

the difference in the Coulomb energy of the RMD (EVB) complex between the most 

favorable hydronium state and the protonated state. The range of the PT reaction 

coordinate was set to sample configurations for both protonated/deprotonated states 

(further defined below). Next, for each configuration a QM/MM calculation was 
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performed to collect the reference forces on each atom in the MS-RMD reactive complex. 

Then the MS-RMD model parameter set was optimized by minimizing the variational 

residual: 

𝜒! =
1

3𝑁!𝑁!
𝑤(𝐫!") 𝐅!" − 𝐅!"

!"/!! !
!!

!!!

!!

!!!

 (9) 

 

where 𝑁!  and 𝑁!  are the number of configurations and the number atoms in each 

configuration, respectively. The weight of each atom 𝑤(𝐫!!) is set to unity here, but it 

should be noted other choices are possible. The atomic force 𝐅!" is the one obtained from 

the current MS-RMD model parameter set and 𝐅!"
!"/!! is the reference force from the 

QM/MM calculations. The whole set of the model parameters were then divided into two 

groups: 1) the diagonal terms Vii, and 2) the off-diagonal and repulsive terms. The model 

optimization was done individually for each group. First, the off-diagonal and repulsive 

terms were fit with the value of Vii fixed, and then Vii was refit with new values of the 

off-diagonal and repulsive terms held fixed. 

 

6.2.3  Developing MS-RMD models using FitRMD for ClC-ec1 

MS-RMD simulations of the PT process in the bacterial ClC homolog, ClC-ec1, are 

extensively described in ref (39). The FitRMD method was used to parameterize the MS-

RMD models from QM/MM data for the two glutamate residues in the central region, 

namely the E148 (Gluex) and the E203 (Gluin), which have been identified as intermediate 

sites for proton binding along the transport pathway (see Figure 6.1). Depending on the 

presence of Cl– at the central site (Cl–
cen), two different systems were setup. For each 



 148 

system setup, two sets of umbrella sampling simulations were performed (deprotonating 

either E148 or E203) to sample configurations for generation of the QM/MM force data. 

In order to obtain the initial configurations for the umbrella sampling, 50 ns of 

unconstrained classical MD was run both with Cl–
cen present and absent. In this time 

water penetrated the central region from the intracellular side of the membrane, forming a 

continuous hydrogen bonded network between the carboxyl oxygens of E148 and E203. 

A harmonic potential with a force constant of 20 kcal ∙mol!! ∙ Å!! was applied to a 

collective variable (CV), defined as 𝐫!"! − 𝐫! , where “X” is the carboxyl center of mass 

for either E148 or E203. The centers of the windows ranged from 2.0 to 4.0 Å and were 

separated by 0.25 Å. At CV = 2.0 Å all configurations have the amino acid fully 

protonated, while at CV=4.0 Å all were deprotonated with protonated state contributing 

less than 0.01% (𝑐!! 𝐫  ≤ 10!!). 
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Figure 6.1 (A) Overview of the structure of the ClC-ec1 antiporter and transport 
pathways for Cl– (green dashed) and H+ (red dashed) and (B) Representative 
configurations of the central region with (left) Cl–

cen absent and (right) present for the “P” 
state in the PMFs in Figure 6.2.  
 

The configurations were selected with a 2 ps interval from each window for ~500 

configurations for each protonation site. For each configuration, a single point QM/MM 

calculation was performed to evaluate the forces acting on the QM atoms. As shown in 

Figure 6.1 (B), the QM region included Cl–
cen, if present, the water molecules in the 

central region, and the side chain of the pore-lining residues, including E113, E148, 

E202, E203, Y445, and S107. The waters in the central region within the third solvation 

shell from E148 and E203 were also included in the QM region. The QM box size was 

set to be 20 – 30 Å in each dimension to ensure it was 6-8 Å larger than the size of the 

QM atoms in each dimension. The Gaussian Expansion of the Electrostatic Potential 
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(GEEP) scheme was used to treat the QM/MM electrostatic coupling with periodic 

boundary conditions (PBCs),(40, 41) and the spurious QM/QM periodic image 

interactions were decoupled as described in ref (42). The C! − C! chemical bonds that 

crossed the QM/MM boundary were capped with hydrogen atoms, the forces on which 

were calculated following the IMOMM scheme(43) with a scaling factor of 1.50. The 

QM atoms were treated with density function theory (DFT) using the BLYP 

functional(44, 45) with empirical dispersion corrections,(46) under the Gaussian and 

plane wave (GPW) scheme.(47) Goedecker-Teter-Hutter (GTH) pseudopotentials(48) 

were used and the Kohn-Sham orbitals were expanded in the Gaussian TZV2P basis set. 

After the QM/MM forces were obtained, the MS-RMD model parameters were optimized 

by minimizing the residual given in eq 9 using a genetic algorithm.(49) All atoms in the 

reactive complex, as defined by the MS-RMD state-selection algorithm,(30) were 

included in the fitting (i.e., the glutamic acid side chains and solvent atoms in the central 

region). The Vii and the off-diagonal terms were iteratively optimized for 3 – 6 rounds, 

depending on the system, until they changed less than 1 %. The models for E203 and 

E148 were developed independently because they are separated by 10-14 Å, depending 

on the presence of Cl–
cen, and therefore never participate in coupled delocalization of the 

excess charge. The MS-RMD simulations were performed with the RAPTOR 

software(28) interfaced with the LAMMPS MD package (http://lammps.sandia.gov),(50) 

and the umbrella potentials were controlled by the PLUMED package.(51) All single 

point QM/MM calculations are performed by CP2K package.(52) The FitRMD 

calculation was performed by an in-house code.(31) Parameters for E148 and E203 for 

ClC-ec1 with Cl–
cen either absent or present are given in Table 6.1. 
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Table 6.1 The MS-RMD model parameters of E148 and E203 in ClC-ec1. 
	 ClC-ec1 
	 		Cl−cen absent Cl−cen present 

E148 E203 E148 E203 
𝐵	 0.063153 0.118175 0.012536 0.003282 
𝑏	 1.571751 0.558680 0.232384 0.424087 
𝑏!	 1.320947 1.311301 1.469007 0.480047 
𝑑OO! 	 2.4 2.4 2.4 2.4 
𝐶	 0.363648 0.076533 0.014044 0.026472 
𝑐	 1.117167 1.063753 1.152912 1.309021 
𝑑OH! 	 1.0 1.0 1.0 1.0 
𝑟!! 	 3.5 3.5 3.5 3.5 
𝑟!!	 4.0 4.0 4.0 4.0 
𝑉!! 	 -147.095673 -144.522565 -151.11473 -147.01392 
𝑐!	 -36.090543 -40.406344 -30.414842 -35.686750 
𝑐!	 1.879933 3.826462 3.331769 1.291340 
𝑐!	 1.193253 1.439519 1.422240 1.598104 
𝐷	 143.003 143.003 143.003 143.003 
𝛼	 1.8 1.8 1.8 1.8 
𝑟!	 0.975 0.975 0.975 0.975 

 

6.2.4  1D-PMF calculations of PT from E203 to E148 in ClC-ec1 

In order to directly compare MS-RMD and QM/MM free energy profiles, umbrella 

sampling was performed with a CV defined as ζ! which is a function of the excess proton 

CEC (𝐫!"!) and the center of mass of the carboxyl groups of the E203 (𝐫!"#) and the 

E148 (𝐫!"#) residues: 

ζ! =
𝐫!"! − 𝐫!"#

𝐫!"! − 𝐫!"# + 𝐫!"# − 𝐫!"!
 (10) 

The excess proton CEC coordinate, however, was defined in this care as(53) 

𝐫!"! = 𝐫!!
!!

!!!

− 𝑤!!𝐫!!
!!

!!!

− 𝑓!" 𝑑!!!! 𝐫!! − 𝐫!!
!!

!!!

!!

!!!

 (11) 

where the 𝐫!! is the position of the jth heavy atom in the QM region, which is either the 

water oxygen atoms or the carboxyl oxygen atoms in the E203 or the E148, and the 𝐫!!  
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is the position of the ith hydrogen atom bound to those heavy atoms. (It should be noted 

that this CEC definition was used for both the QM/MM and MS-RMD simulations, as 

opposed to eq 8 for the latter, in order to have a common definition of the CV in the two 

PMFs for comparison.) The weighting factor, 𝑤!!, was set to be two for all the water 

oxygen atoms and zero for carboxyl oxygen atoms in the E203 and E148, which reflect 

the hydrogen coordination number in the deprotonated state of the heavy atom. The term 

𝑑!!!!  denotes the distance between 𝑋!  and 𝐻!  atoms, and the 𝑓!" 𝑑!!!! = 1/(1+

exp [(𝑑!!!! − 𝑟!")/𝑑!"]) is the switching function describing the coordination number 

of 𝐻! to 𝑋!, with the parameters chosen as 𝑑!" = 0.04 Å, 𝑟!" = 1.25 Å.(54) 

The CV ζ! varies from 0 to 1 as the excess proton CEC moves from E203 to E148. The 

centers of the harmonic umbrella potentials were separated by 0.1 – 0.2 Å between 

adjacent windows. The umbrella sampling force constant for ζ! was chosen to be in the 

range of 3000 – 7000 𝑘𝑐𝑎𝑙 ∙𝑚𝑜𝑙!! , depending on the sampling overlap between 

umbrella windows. Given that the denominator of ζ!, 𝐫!"! − 𝐫!"# + 𝐫!"! − 𝐫!"# , is ~ 

15 Å, the effective force constant acting on 𝐫!"! − 𝐫!"#  was 15 – 30 kcal ∙mol!! ∙ Å!!. 

Because the central region is accessible by the water molecules from the intracellular 

bulk, the CEC can locate outside the central region at the windows near E203 when a 

restraint is only placed on ζ!. To avoid sampling irrelevant positions (leading to the 

intracellular bulk phase), an additional restraint defining the upper limit for 𝐫!"! − 𝐫!"#  

was applied such that the CEC was always situated between E148 and E203. The upper 

limit was chosen to be 2 𝜎 above the average of 𝐫!"! − 𝐫!"#  in each window. 

The details of the preparation of the initial configuration and the classical MD 

equilibration for the ClC-ec1 antiporter are described in ref (39). The initial 
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configurations used for the FitRMD umbrella sampling were used to initiate the MS-

RMD umbrella sampling simulations. Near the middle of the reaction path, when E203 

and E148 were both deprotonated, a water molecule close to the center of each umbrella 

window was replaced with a hydronium cation. All windows were first equilibrated for 

100 ps, followed by production runs of ~ 2 ns. The integration time step was 1 fs. The 

CV ζ! was collected every ten time steps (10 fs) and the PMF was constructed by the 

weighted histogram analysis method (WHAM).(55) Statistical error bars in the PMFs 

were estimated using the block averaging method by dividing each trajectory into four 

consecutive blocks. 

 

6.2.5  1D-PMF calculation with QM/MM 

The initial configurations used in the MS-RMD simulations were also used for the 

QM/MM umbrella sampling simulations. The simulation details for the QM/MM MD 

were kept consistent with the single point force calculations used in FitRMD. The 

window spacing and force constants for the umbrella windows were similar to those used 

in the MS-RMD simulations. All windows were equilibrated with QM/MM MD for 

another ~ 5 ps, followed by production runs of ~ 20 ps. (It should be noted that in our 

experience if a FitRMD model differs significantly from the underlying QM/MM forces 

due to a bad fit, then subsequent QM/MM MD configurations taken starting with the MS-

RMD initial conditions will diverge quickly from the MS-RMD ones.)  The integration 

time step was 0.5 fs and the CV ζ! was collected every time step. The PMF was again 

constructed by WHAM. All QM/MM MD simulations were performed by CP2K 

package.(52)  
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Upon finding that the PMFs calculated with QM/MM and MS-RMD MD disagreed for 

the Cl–
cen absent system in the CV range 0.18< ζ! < 0.26, a second set of QM/MM 

simulations was run in order to investigate the origin of the PMF discrepancy. The 

second set of QM/MM umbrella sampling simulations were initiated from the last MD 

snapshots of the MS-RMD umbrella sampling simulations, which had an increased 

hydration level compared to the original QM/MM simulations. All windows in the CV 

range 0.18< ζ! < 0.26 were then sampled for 5 ps. All other simulation details were 

unchanged from the original QM/MM umbrella sampling. 

Comparative structural analysis in ClC-ec1 

Structural elements of the ClC-ec1 protein are shown in Figure 6.1-Figure 6.5. To 

obtain these structures the production run simulation conformations were averaged in 

each umbrella window following three steps. First, configurations were aligned based on 

alpha carbon atoms at least 15 Å away from the central region. Second, the positions of 

the side chains of the four residues in the central region (S107, E148, E203, and Y445) 

and Cl–
cen, if present, were averaged and full moieties representative of these averages 

were depicted. Third, the positions of the water molecules and the excess proton were 

taken from the last MD frame. 

 

6.2.6  Hydration dynamics in the central region of ClC-ec1 

To calculate the timescale for the transition from a low to high hydration state in the 

central region of ClC-ec1, the low hydration state first needed to be created in the MS-

RMD structure. To do this, a high hydration configuration was taken from the last MS-

RMD snapshot at umbrella window ζ! = 0.24 (Figure 6.5 (D)). An additional harmonic 
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potential was applied to the water density CV 𝑁!  in the pre-defined box (see ref (23) 

and (39) and for definition). The force constant of the harmonic potential was set to be 10 

𝑘𝑐𝑎𝑙 ∙𝑚𝑜𝑙!!, and the center of the potential was at 𝑁! = 0. The center of the box was 

chosen to be the midpoint between the center of mass of each carboxyl group of E148 

and E203, and the box size was set to be 2 x 2 x 2 Å3, which covered the position of the 

second water. The second water present in the initial configuration was expelled from the 

central region by the harmonic potential centered at 𝑁! = 0. The MS-RMD simulation 

was run for 200 ps, until the system was equilibrated in the absence of the second water. 

Ten independent trajectories were initiated from the last MD frame of the simulation 

above, after the velocities of all atoms were randomized and the harmonic potential 

centered at 𝑁! = 0 was released. The coordination number of the pivot hydronium was 

defined as the number of oxygen atoms (from water or the E203 carboxyl group) within 3 

Å from the pivot hydronium oxygen. The time for the second water entering the central 

region was estimated by averaging the ten simulations time to when there was a 

productive (not transient) transition of the coordination number from 2 to 3. 

 

6.2.7  Developing MS-RMD models using FitRMD for CcO 

The FitRMD method was also used to parameterize the MS-RMD models from 

QM/MM data for three protonatable sites in the hydrophobic cavity of CcO, including the 

E286, PRDa3, PRAa3 (Figure 6.6).  Umbrella sampling simulations were first carried out 

along the PT pathway identified by the MS-RMD metadynamics (MTD) simulation.(56, 

57) Then for each protonatable site ~100 configurations were selected from the 

trajectories from windows within 4 Å of the transition state of proton dissociation 
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(defined as the windows with ~50% of the configurations having the largest amplitude on 

the amino acid and the other 50% on the first water molecule) for each protonatable site. 

Single point QM/MM calculations were then performed for each configuration using the 

B3LYP level density functional theory.(58) The MM models were the CHARMM22 and 

CHARMM36(59) force fields for the protein and lipids, respectively. The QM region 

included the side chain of each protonatable amino acid, the hydrated excess proton, and 

water molecules within 3 solvation shells of the carboxyl group (Figure 6.6 (B)). In all 

calculations, the QM box size was chosen to be 6-8 Å larger than the actual size of the 

QM atoms in each dimension. The GEEP scheme was used to treat the QM/MM 

electrostatic coupling with periodic boundary conditions (PBCs), and the spurious 

QM/QM periodic image interactions were decoupled as described in ref (42). The 

C! − C! chemical bonds that cross the QM/MM boundary were capped with hydrogen 

atoms, the forces on which were calculated following the IMOMM scheme with a scaling 

factor of 1.50. The forces generated by the QM/MM calculations were used to 

parameterize the MS-RMD parameters for the protonatable sites using FitRMD approach. 

The MS-RMD simulations were performed with the RAPTOR software interfaced with 

the LAMMPS MD package, as described earlier. The QM/MM calculation was 

performed with the CP2K package, and FitRMD was carried out with in-house software, 

again as described earlier.  Parameters for E286, PRDa3 and PRAa3 are given in Table 

6.2. 
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Table 6.2  The MS-RMD model parameters of E286, PRDa3 and PRAa3 in CcO. 
	 E286 PRDa3 PRAa3 
𝐵	 0.037588 0.995945 0.994509 
𝑏	 0.208388 1.999090 1.993038 
𝑏!	 0.533589 0.000009 0.006308 
𝑑OO! 	 2.4 2.4 2.4 
𝐶	 4.925621 0.988369 0.322227 
𝑐	 1.975947 1.990330 1.981954 
𝑑OH! 	 1.0 1.0 1.0 
𝑟!! 	 3.5 3.5 3.5 
𝑟!!	 4.0 4.0 4.0 
𝑉!! 	 -135.809617 -149.99445 -146.174 
𝑐!	 -21.659933 -31.931186 -38.677822 
𝑐!	 2.785857 2.689357 1.903222 
𝑐!	 1.299987 1.147862 1.245548 
𝐷	 143.003 143.003 143.003 
𝛼	 1.8 1.8 1.8 
𝑟!	 0.975 0.975 0.975 

 
 

6.2.8  2D-PMF for PT in the CcO hydrophobic cavity with MS-RMD 

Full details of the CcO simulations and PMF calculations are presented in ref (60). 

Some of the relevant details are given here, including that the MS-RMD umbrella 

sampling simulations in the hydrophobic cavity (HC) were carried out by restraining the 

excess proton CEC position (eq 8) along the PT pathway defined from the MTD 

simulations and the water density in a predefined box that encompasses the HC (see ref 

(23) for definition). The force constant for the harmonic umbrella sampling restraint 

potential was 10 kcal/mol/Å2 on the proton migration CV and 20 kcal/mol on the water 

density. The window spacing was ~ 0.5 Å for the CEC and ~ 0.5 for the water density. 

For each umbrella window the MS-RMD simulation length was ~500 ps. The integration 
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time step was 1 fs. The CV ζ! was collected every ten time steps (10 fs). The 2D PMF 

was constructed by the WHAM.  

 

6.2.9  Comparing the computational efficiency of different methods 

The computational speed for the MS-RMD, self-consistent density functional tight 

binding (SCC-DFTB)-based QM/MM(61, 62) and BLYP-based QM/MM methods were 

compared for the MD simulation of the CcO system. (The QM/MM with B3LYP is much 

too slow for viable QM/MM MD in these systems.) For MS-RMD, the setup was the 

same as described in the above section. For the BLYP QM/MM method, the QM/MM 

setup was the same as described in the above section for FitRMD, except that the QM 

atoms were treated by the BLYP functional with empirical dispersion corrections. More 

details on the BLYP-based QM/MM MD simulation setup are presented in ref (60). For 

the SCC-DFTB-based QM/MM setup, the QM atoms were the same as in the BLYP-

based QM/MM setup. The point charge based Ewald summation was used to treat 

QM/MM electrostatic coupling under PBCs.(63) More details on the SCC-DFTB-based 

QM/MM setup are described in ref (64). The MS-RMD simulation and BLYP-based 

QM/MM simulations were performed as described previously. The SCC-DFTB-based 

QM/MM simulation was performed with CHARMM package.(65) 
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6.3  Results and Discussion 

6.3.1  Comparing QM/MM and MS-RMD free energy profiles in the ClC-ec1 

antiporter 

An important measure of success of the FitRMD method is its ability to reproduce 

results of the reference Hamiltonian for properties other than those that were fit 

(atomistic forces), and there is arguably no property more important than the PT free 

energy profile (PMF). Unlike our previous work demonstrating the FitRMD method for 

amino acid deprotonation in bulk water,(31) calculating a PMF with QM/MM is possible 

in a protein environment because the water molecules are more confined.  (In the bulk 

environment, the QM/MM boundary issues introduce such large errors that a direct 

comparison between MS-RMD and QM/MM PMFs is highly problematic at best.) 

However, for many protein cavities the waters involved in PT between two residues are 

largely surrounded by protein and they all fit into the QM region, making exchange 

across the QM/MM boundary less of a complication.  Although many protein systems 

will still require extensive sampling (beyond the limits of QM/MM) as well as exhibit 

water exchange across the QM/MM boundary on longer time scales, the level of 

confinement in the ClC-ec1 antiporter system enables a direct comparison of the 

QM/MM and MS-RMD PMFs. 

PT through the central region of ClC antiporters is one of the essential intermediate 

steps in Cl–/H+ exchange. The migration of an excess proton from the internal E203 to the 

external E148 through water molecules in the central region is coupled with migration of 

approximately 2 Cl– ions in the opposite direction (Figure 6.1). Therefore, the PMFs for 
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PT in the central region of the ClC-ec1 antiporter were calculated both in the presence 

and absence of Cl– at the central binding site, Cl–
cen.  

The MS-RMD and QM/MM PMFs (Figure 6.2 (A) and (B)) show excellent 

agreement for most parts of the reaction coordinate and for both states of the system 

(with and without Cl–
cen), although there are some differences (discussed below). The free 

energy barrier of the PT process is significantly decreased when Cl–
cen is present, mainly 

due to the electrostatic interaction between the excess proton and the Cl–
cen ion.  These 

results demonstrate that the FitRMD approach is capable of generating MS-RMD models 

that reproduce the free energy profile of the reference QM/MM Hamiltonian, using only 

forces on the atomic nuclei from a relatively small set of configurations as input for the 

fitting. Moreover, the FitRMD approach is robust enough to quantitatively capture the 

effect of the Cl–
cen ion on the free energy surface of the reference QM/MM Hamiltonian. 

This suggests that the FitRMD approach is also capable of describing the shift in proton 

affinity in different protein environments, which has significant value for simulating PT 

in different protein systems with the MS-RMD method. 
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Figure 6.2 PMFs of PT through central region of ClC-ec1 antiporter with (A) Cl–
cen 

absent and (B) present, as calculated with MS-RMD (blue) and QM/MM (red). Labels 
“R”, “T”, and “P” indicate the reactant state, the center of the CV range, and the product 
state, respectively. The CV ζ! varies from 0 to 1 as the excess proton CEC moves from 
E203 to E148. The average side chain positions of four important residues are shown for 
state “T” in the MS-RMD systems with (C) Cl–

cen absent or (D) present. The solvent 
positions and proton center of the excess charge (CEC, yellow sphere) are taken from the 
last snapshot. 
 

The hydration structure surrounding the reactive protein residues was also compared. 

The radial distribution functions (RDFs) from the carboxyl carbon of either E148 or E203 

to the water and hydronium oxygens were calculated with the excess proton CEC 

restrained in the reactant, transition, and product states of the PMF (the positions are 

labeled as “R”, “T”, and “P” in Figure 6.2 (A) and (B) respectively). The RDFs (Figure 

6.3 and Figure 6.4 with and without Cl–
cen, respectively) demonstrate that the solvation 

structure around E203 and E148 is quite similar between the QM/MM and MS-RMD 

methods. This result provides additional evidence that the model generated by the 
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FitRMD approach faithfully reproduces the underlying free energy landscape of the 

reference QM/MM Hamiltonian, even though only QM/MM forces on the atom nuclei 

were used as input for the fitting. The discrepancies in the RDFs shown in Figure 6.3 and 

Figure 6.4 are likely due to the different water behavior of QM versus MM water as well 

as short QM/MM sampling where the water dynamics are slow in the confined space of 

the central region, which will be discussed below. We note, however, that this level of 

agreement may not be expected for more bulk-like water environments since the QM and 

MM water will have such different structural properties.  
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Figure 6.3 In the system with Cl–
cen absent, RDFs from E148 carboxyl carbon (CD in the 

PDB) to water oxygens are shown in A1 to A3, for the “R”, “T”, and “P” states (Figure 
6.2), respectively. The RDFs from E203 carboxyl carbon to water oxygens are shown in 
B1 to B3 in the same order. The averaged positions of the four side chains are shown in 
C1 to C3 in the same order, with the QM/MM structures in red and the MS-RMD 
structures in blue. 
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Figure 6.4 In the CLC system as in Figure 6.3, but with Cl–
cen present. All notation is 

consistent with Figure 6.3. 
 

6.3.2  Limitations of the QM/MM free energy profiles 

Although the PMFs in Figure 6.2 (A) and (B) show that the MS-RMD and QM/MM 

PMFs generally agree well, some discrepancies appear. Focusing on the most significant, 

Figure 6.5 (A) highlights the region 0.18< ζ! < 0.26 from Figure 6.2 (A), where the 

MS-RMD PMF (blue) dips to a modest metastable minimum but the QM/MM PMF (red) 

shows an uphill rise with only a slight dip at  ζ! ≅ 0.21.  This discrepancy between the 

two PMFs is caused by the change of the local environment for the excess proton. The 

structures of the central region captured from the ζ! = 0.24 umbrella windows, where 

the two PMFs disagree most, are shown in Figure 6.5 (C) (QM/MM) and (D) (MS-

RMD). The MS-RMD structure shows one additional water (grey circle) compared to the 
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QM/MM structure. The center of excess charge (yellow sphere) is close to the first water 

coordinated to E203 in this window for both the QM/MM and MS-RMD configurations, 

meaning that the first water is the most hydronium-like species (the “pivot” hydronium, 

which has the largest MS-RMD state coefficient, 𝑐!, in Equation 8). To better understand 

the difference in solvation structures and charge delocalization, we calculated the average 

value of 𝑐!! for all configurations in the ζ! = 0.24 umbrella windows from the QM/MM 

and MS-RMD simulations (Figure 6.5 (B)). It should be kept in mind that the 𝑐!! value 

for an Eigen cation (H9O4
+) is ~ 0.65, which indicates that the pivot hydronium holds ~ 

65% of the positive charge (hydronium-like) defect, while that for a Zundel cation 

(H5O2
+) is ~ 0.5 since in that case excess charge is more equally shared between two 

water molecules.  The MS-RMD simulations yield larger 𝑐!! 𝐫  values (0.7) because the 

pivot hydronium is coordinated to two waters in the central region, in addition to the 

carboxyl group, leading to a stable Eigen-like (CO-H7O3
+) complex. However, one of 

these waters is missing in the QM/MM simulations (Figure 6.5 (C) - gray circle), shifting 

𝑐!! 𝐫  to a lower value (0.55) and the delocalization to more of a Zundel-like complex 

between the carboxyl group and first water molecule (CO-H3O+). The MS-RMD Eigen-

like complex forms a contact ion pair (CIP) with the carboxyl group of deprotonated 

E203 and the stabilizing electrostatic attraction between oppositely charged ions causes a 

small energy well (~1 kcal/mol) in the MS-RMD PMF. However, in the QM/MM 

configurations, no hydrogen bond acceptor is found near one of hydrogen atoms of the 

pivot hydronium, causing the PMF to continue its uphill climb.  
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Figure 6.5 A segment of PMF in Figure 6.2 (A) in the range of ζ! = 0.18− 0.26 and 
additional structural analysis in the CV range.Panel (A): The PMF from Figure 6.2 (A) 
for ζ! = 0.18− 0.26. The second QM/MM PMF (green) was initiated from the final 
MS-RMD configuration in each window. (B) The average and the standard error of 
𝑐!! 𝐫 , reflecting the delocalization of the hydrated excess proton (see text), from the 
original QM/MM, the MS-RMD, and the second QM/MM umbrella sampling at window 
ζ! = 0.24. Panels (C-E): The averaged structure of the four residues and the water 
structure in the last snapshot from the (C) the QM/MM, (D) the MS-RMD, and (E) the 
second QM/MM umbrella sampling at the window ζ! = 0.24. The region circled by a 
gray line represents the position of the second water. (See further description in the main 
text.) Panel (F): The coordination number of the pivot hydronium to oxygen atoms of 
surrounding water molecules or the carboxyl group of E203 in the MS-RMD simulation, 
initiated from the configuration at low hydration level, which mimics the configuration of 
the QM/MM in (C).  
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To see if the PMF discrepancy was caused by sampling different conformational 

phase space, another set of QM/MM umbrella sampling simulations was run for 5 ps (as 

described earlier), initiated from the last snapshots from the MS-RMD umbrella sampling 

simulations in the CV range 0.18< ζ! < 0.26. The resulting QM/MM PMF (green in  

Figure 6.5 (A)) shows much better agreement with the MS-RMD PMF. Figure 6.5 (B) 

and (E) show that for this second QM/MM simulation the value of 𝑐!! 𝐫  is close to the 

MS-RMD value and the missing second water is present. Thus, the PMF discrepancy is 

indeed caused by sampling different conformational phase space with that sampled by 

MS-RMD having one additional water molecule to stabilize the excess proton.  

To estimate the time scale required for the additional water molecule (missing in the 

original QM/MM simulations) to enter the central region, an MS-RMD configuration was 

prepared (see Methods) at ζ! = 0.24 in which this water was removed (mimicking the 

QM/MM solvation structure shown in Figure 6.5 (C)). The system was equilibrated in 

this low solvation state, and then ten independent MS-RMD simulations were run for 500 

ps. Figure 6.5 (F) shows the coordination number of the pivot hydronium to the oxygen 

atoms of the surrounding water molecules or the carboxyl group of E203 in one of the 

trajectories. The coordination number at 𝑡 = 0 ps is 2, when the pivot hydronium is 

coordinated to one water oxygen and E203’s carboxyl oxygen. Although there are some 

transient transitions to a coordination of 3 around t ≃ 30-70 ps, due to an additional 

water oxygen, the second water is not stable for another 100 ps. The second water then 

enters the central region from the intracellular bulk. The coordination number remains 3 

for most of the last 400 ps of the trajectory (~ 89 % of the time). This trajectory is 
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representative of the other nine trajectories, in which the second water did not enter the 

central region until t = 60 - 185 ps (‹t› = 99 ps), after which the coordination number 

remained 3 for 88 ± 5 % of the rest of the trajectories. These results suggest that the 

entrance of the second water is energetically favored in this umbrella window, but that 

the time scale of this event exceeds the sampling time possible in the QM/MM 

simulations.  

Although the discrepancy that motivated this detailed investigation was small, it 

highlights another important limitation of QM/MM MD PMFs. In addition to the errors 

and artificial dynamics introduced by QM/MM boundary issues, limited sampling, 

especially of slow degrees of freedom such as changing hydration, can hide insidious 

PMF errors. This reinforces the importance of being able to map accurate ab initio forces 

onto an efficient method that is capable of extensive sampling. Free energy profiles in 

complicated condensed phase environments are generally a balance of enthalpic and 

entropic contributions, requiring both accurate potential energy representations and 

extensive sampling.  This is further explored below.  

 

6.3.3  MS-RMD can capture coupling between hydration and PT in CcO 

CcO offers another example of PT through an interior protein region being coupled 

to hydration changes. During the reaction cycle of aa3-type CcO, as found in 

mitochondria, protons from the intracellular side of the membrane are transported 

through the so-called D-channel to the glutamic acid E286 in the middle of the 

membrane. The protons are then transported through water molecules in a hydrophobic 

cavity (the HC) to either the pump loading site (PLS) to be further released to the 
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periplasmic side of the membrane, or to the binuclear center (BNC) to react with oxygen 

and form water. A particularly interesting aspect of the proton pumping mechanism in 

CcO is the role of water molecules in the HC during PT from amino acid E286 to the PLS 

or BNC (Figure 6.6 (B)). The number of water molecules in the HC and their role in PT 

has been the focus of much debate.(21, 22, 66-70) To further complicate this issue, the 

water molecules can move in and out of the HC in CcO in response to the migration of 

the excess proton, and the two processes can be intrinsically coupled to each other. 

Capturing this type of cooperativity often requires computationally demanding enhanced 

sampling of multiple degrees of freedom. Here we show that the computationally 

efficient MS-RMD method parameterized by FitRMD approach allowed us to address 

this challenge.  
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Figure 6.6 Cytochrome c oxidase from Rhodobacter sphaeroides. (A) The subunit I, II, 
III and IV are colored in blue, red, gray and orange, respectively. The yellow rectangular 
box highlights the E286 residue and the heme-copper groups that are essential for proton 
pumping and reaction. (B) Enlargement of the region where the E286, heme a, heme a3 
and BNC are located. The E286 is shown in green, the propionate groups of the PLS in 
yellow, the hydrated excess proton in purple, the iron atom of the heme groups in gray 
and the copper atom in the BNC in orange. The heme groups are shown as sticks.  In the 
QM/MM calculation, the QM atoms include the E286 side chain, the hydronium and the 
3 solvation shells of water molecules around the E286 residue (shown in VDW 
representation).  
 

We calculated 2D PMFs for the PT from E286 to the PLS in different redox states 

during the A→ F transition of CcO. The collective variables used to define these 2D 

PMFs are (1) the progress of the excess proton CEC through the HC (horizontal axis) and 

(2) the degree of hydration of the HC (vertical axis) (Figure 6.7, see Methods for more 

discussion). The 2D PMF shown in Figure 6.7 clearly reveals the cooperativity between 

the PT and dynamic hydration in the HC. The minimum free energy pathway (black line) 

along the 2D PMF (Figure 6.7) verifies that as the excess proton migrates from E286 to 

(A) (B) 

PLS 

BNC 

E286 

heme a 

heme a3 
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the PRDa3, the hydration level of HC gradually increases. The non-horizontal feature of 

the minimum free energy pathway indicates that the HC hydration is intrinsically coupled 

to the proton charge defect translocation in this activated process.  

 

Figure 6.7 Two-dimensional free energy profiles (2D-PMFs) for PT from the E286 to the 
PLS in the PM’ state, as a function of the CEC coordinate through the hydrophobic cavity 
(HC) as the horizontal axis and the water hydration in the HC as the vertical axis. The 
minimum free energy pathways (black lines) are diagonal in nature, indicating the two 
processes are coupled. The statistic errors of the 2D-PMFs is ~ 0-3 kcal/mol. 

 

It is also important to emphasize how the computational efficiency of the MS-RMD 

method makes it feasible to calculate such 2D PMFs. Figure 6.8 shows a relative speed 

and scaling over processors plot of the MS-RMD, SCC-DFTB-based QM/MM and 

BLYP-based QM/MM MD methods for CcO. It is seen that MS-RMD is at least three 

orders of magnitude faster than the BLYP-based QM/MM simulation, and two orders of 

magnitude faster than the SCC-DFTB-based QM/MM simulation. MS-RMD also scales 

better over processors than the other two methods (the SCC-DFTB CHARMM code is 

not scalable at all.)  
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Figure 6.8 Scaling plot for the MS-RMD, SCC-DFTB-based QM/MM and BLYP-based 
QM/MM simulations of CcO.The blue curve is for MS-RMD, the green is for SCC-
DFTB, and the red curve is for BLYP-based QM/MM. The MS-RMD method is at least 3 
orders of magnitude faster than BLYP-based QM/MM method and 2 orders of magnitude 
faster than SCC-DFTB-based QM/MM, while more favorable scaling properties over 
processors (the SCC-DFTB CHARMM code is not scalable). 
 

6.4  Conclusions 

Describing reactive processes in biomolecular systems remains a challenging domain 

for molecular simulations. The ab initio methods that are capable of describing chemical 

reactions generally do not scale to the size of most biomolecules or to the timescales 

needed to converge multidimensional free energy profiles of rare events in condensed 

phase environments. Thus, bridging a quantum description of the reactive processes with 

more computationally efficient approaches (e.g., classical dynamics and enhanced 

sampling methods) that are capable of extensive phase space sampling is of great utility 

and fundamental importance. The work presented herein contributes a multiscale 

framework aimed at accomplishing this multiscale bridging, specifically for the purpose 
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of simulating the protonation/deprotonation of ionizable moieties such as amino acids in 

biomolecules. The core of our framework is the MS-RMD method, which describes 

reactive processes in classical MD and explicitly treats the charge defect delocalization 

and Grotthuss shuttling of the hydrated excess proton in the PT process. However, MS-

RMD must be carefully parameterized in order to simulate PT faithfully and the approach 

is not yet a “black box”.  Considerable effort has gone into the parameterization of the 

MS-RMD model for PT in water(27, 29, 30, 37, 38) and amino acids.(31, 71, 72) Herein 

we have extended to proteins the parameterization scheme from QM/MM data to MS-

RMD models (FitRMD), and demonstrated its use on protonatable amino acids in 

biomolecular systems. 

As presented here, the FitRMD approach variationally maps quantum data (DFT-

level QM/MM forces in this case) onto the MS-RMD nonlinear reactive force field. We 

have demonstrated how FitRMD can be used to parameterize MS-RMD models for 

amino acids in proteins with two example systems, ClC-ec1 and CcO. In ClC-ec1 the 

MS-RMD models were shown to faithfully reproduce the PT PMFs of the reference 

QM/MM MD, both in the presence and absence of a Cl– ion in the central region. Thus, 

the FitRMD parameterization was robust enough to capture quite different free energy 

profiles due to the presence or absence of a single ion. Moreover the local structure of the 

protein and confined water was shown to be quite similar between the MS-RMD and 

QM/MM simulations. In CcO the developed MS-RMD models were shown to be 

efficient enough to capture the coupling between PT and hydration changes in the HC 

region.  Two-dimensional free energy surfaces in which both PT and hydration levels 

were explicitly sampled are required for this analysis. Given that individual umbrella 
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windows often required over 500ps to converge, these calculations would not be possible 

with a QM/MM MD approach. Moreover QM/MM boundary issues, such as the lack of 

exchange of water molecules, can lead to large systematic errors in such PT PMFs. Even 

for the ClC-ec1 system where exchange of water across the QM/MM boundary is 

minimal due to protein confinement, lack of water exchange was argued to introduce 

errors in the calculated QM/MM free energy profile.  

It is worth noting that in this paper the original parameterization method of Nelson et. 

al.(31) was extended and shown to work in much more complex molecular situations. For 

example, in ClC-ec1 the MS-RMD models produce a PMF that is consistent with the 

QM/MM Hamiltonian even though the CV used for the configuration sampling (absolute 

distance) is different from the CV used for the PMF calculation (ratio of distances) (see 

Methods for a full description). Moreover, different models for the same Glu residues 

were parameterized in different states, with and without the central Cl- ion, resulting in 

quite different PMFs that were independently consistent with the QM/MM PMFs. It 

should also be emphasized that although a low-level QM method (BLYP-D) was used 

here in the QM/MM calculations, our goal was to demonstrate that a reference ab initio 

Hamiltonian (and free energy surface) can be reproduced.  Thus, a MS-RMD model 

obtained from FitRMD using a higher level reference ab initio method can be expected to 

also faithfully reproduce the free energy surface from the latter, if only the latter could be 

calculated, which it currently cannot be. In principal, therefore, our multiscale FitRMD 

with MS-RMD framework can be used in the future to estimate high-level (e.g., MP2) 

free energy profiles for reactive processes, although the accuracy of the surrounding 

environment will remain dependent on the chosen classical force field. Future efforts will 
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focus on improving the FitRMD protocol to make it more robust to choice of the trial 

MS-RMD model, as free as possible from co-evolution of parameters, and insensitive to 

discrepancies between the QM and MM descriptions of non-reactive atoms in the system. 
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Chapter 7    

Multiscale simulations reveal key features of the proton pumping mechanism in 

cytochrome c oxidase. 

7.1  Introduction 

Cytochrome c oxidase (CcO, Figure 7.1) is the terminal enzyme in the respiratory 

electron transfer chain in the inner membrane of mitochondria and plasma membrane of 

bacteria. It catalyzes the reduction of O2 to H2O and couples the free energy of this 

exergonic reaction to the pumping of protons across the membrane, creating a 

transmembrane proton electrochemical gradient that drives, for example, ATP synthesis. 

During each reaction cycle eight protons are taken up from the negatively-charged inside 

(N-side) of the membrane and either react with oxygen (referred to as ‘chemical’ protons 

below) or are pumped to the positively-charged outside (P-side) of the membrane 

(referred to as ‘pumped’ protons below). In aa3-type CcO, as found in mitochondria, the 

D-channel is responsible for uptake of all four pumped protons and at least one out of 

four chemical protons. Protons on the N-side are taken into D-channel via the amino acid 

residue D132 at the channel entrance, and then transferred to residue E286 in the middle 

of the membrane. By Grotthuss shuttling through the water molecules in the hydrophobic 

cavity (HC) above E286, each proton is either transferred to react with oxygen in the 

binuclear center (BNC), consisting of heme a3 and the CuB complex, or transferred to the 

pump loading site (PLS) and then further released to the P-side of the membrane (c.f. 

Figure 7.1). Despite decades of study, the CcO proton pumping mechanism, which 



 182 

entails the transport of two protons from the N-side of the membrane (one to be pumped 

and one for catalysis) coupled to a single electron transferred to the BNC, is still 

incompletely understood at the atomistic level. It has been unclear, for example, how 

electron transfer (ET) is coupled with the multiple proton transport (PT) events, in what 

order the charge transport processes happen, and how CcO prevents back flow of pumped 

protons during the transfer of chemical protons.  

To address these questions, experimental results must be complemented with molecular-

level insight from computer simulation. However, in large and complicated biomolecular 

systems it is challenging to simulate PT, which requires an explicit treatment of the 

positive charge defect associated with a hydrated excess proton, including its 

delocalization and Grotthuss shuttling (1). To overcome this challenge, a multiscale 

reactive molecular dynamics (MS-RMD) method has been extensively developed and 

applied in our group to study PT in aqueous and biological contexts [see, e.g., Refs. (2-

7)]. Here we have carried out extensive MS-RMD free energy simulations to study the 

proton pumping mechanism in CcO. In our MS-RMD approach, quantum mechanical 

forces from targeted quantum mechanics/molecular mechanics (QM/MM) calculations 

are bridged, in a multiscale fashion via a variational mathematical framework, into the 

reactive MD algorithm (MS-RMD) for the dynamics of system nuclei, thus including 

chemical bond breaking and making. In this way, we explicitly simulate PT between 

proton binding sites, including Grotthuss shuttling of the excess proton(s) through 

residues and intervening water molecules.   
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We focus in this work on the A→PR→F transition in CcO, which occurs during the 

oxidation of the fully reduced enzyme, because there is extensive experimental 

information to which we can compare our computational results. Based on our 

simulations, we provide a quantitative, comprehensive and molecular-level description of 

proton uptake, pumping, and chemical proton transfer during the A→PR→F transition. 

Our results show that both PT events (E286 to the PLS and E286 to the BNC) are driven 

by ET from heme a to the BNC. The transfer of the pumped proton is kinetically favored 

while that of the chemical proton is rate limiting. Our calculated rate for the chemical 

proton transfer is in quantitative agreement with experimental measurements. (8, 9) 

These results also explain how CcO prevents the decoupling of pumping from the 

chemical reaction with kinetic gating. The fast pumping process precedes transfer of the 

chemical proton to the BNC, and fast D-channel PT to E286 after pumping prevents 

proton back flow from the PLS. Given the computational accuracy and efficiency of the 

MS-RMD methodology (7), a critical component of our results is the explicit 

characterization of the coupling between PT and hydration changes in both the HC and 

D-channel, revealing a remarkable and dynamic coupling between the migration of the 

excess proton and hydration. Finally, we present results that argue against the possibility 

of E286 being biprotonated during the pumping process.  
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Figure 7.1 Illustration of the simulation setup for the full CcO from Rhodobactor 
sphaeroides in a membrane and surrounded by water. The D- and K-channels, as well as 
metal centers, key residues, and internal water molecules are depicted. 
 

7.2  Material and Methods 

The full structure of CcO from Rhodobactor sphaeroides (PDB code 1M56 (10)) was 

embedded in a dimyristoylphosphatidylcholine (DMPC) lipid bilayer and solvated by 

water molecules on each side of the membrane. MS-RMD simulations using 

metadynamics (MTD) (11) were performed to identify the PT pathways (12) in both the 

D-channel and HC. The FitRMD method (6, 7) was used to parameterize the MS-RMD 

models from QM/MM data for protonatable sites in CcO. The MS-RMD umbrella 

sampling calculation in the HC and D-channel were carried out by restraining 1) the 

excess proton CEC position (see Appendix C for definition) along the PT pathway 

defined from the MTD procedure, and 2) the water density in a predefined box (see ref 
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(13) for definition). Further details on simulation methods are provided in the Appendix 

C . 

 

7.3  Results and Discussion 

In the current work, three intermediate redox states during the A→PR→F transition were 

simulated: PM’, PR and F (Table C.1). The first intermediate state is PM’, where both CuA 

and heme a are reduced, the BNC is oxidized, and CuB has a hydroxide ligand. Electron 

transfer from heme a to the tyrosine radical in the BNC converts PM’ into the PR state. 

Following this, PT from E286 to the PLS and a second PT to the CuB bound hydroxide, 

forming a water molecule, converts PR into F. Partial electron transfer from CuA to heme 

a and proton release to the P-side of the membrane, which we did not simulate in this 

work, completes the A→PR→F transition. 

7.3.1  Transport of the Pumped Proton and Hydration of the HC 

Previous results have suggested that internal PT from E286 to the PLS and BNC are 

coupled to the redox states of heme a and the BNC (9, 14-24). However, controversy 

remains regarding how they are coupled, in what order the PT and ET events occur, and 

what features enable pumping while preventing the back flow of protons from the P-side 

to the N-side (8, 9, 17-19, 23, 25). Particularly controversial has been the role of water in 

the HC during the proton pumping process with some authors arguing for a low hydration 

state (3-5 waters) (26-30), while others have suggested a high hydration state (> 6 waters) 

(31). Recent computational work proposed a stepwise pumping mechanism in which an 
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excess proton is first transported from E286 to PRDa3 (the putative PLS) through a 

poorly hydrated HC, followed by an increase in the HC hydration (31), which was used 

to describe the transfer of the chemical proton (24). This issue is challenging to resolve 

because, as recently reported in ref (13), the migration of a hydrated excess proton can be 

strongly coupled with a dynamically changing solvation environment, to the extent that 

protons can even create their own “water wires” in otherwise dry hydrophobic spaces. In 

other words, as shown herein for CcO the two processes (PT and dynamic hydration) 

happen cooperatively, with waters entering and leaving the HC during the charge 

migration processes, and with the water hydration being intrinsically coupled to the 

proton charge defect translocation. Capturing this type of cooperativity often requires 

computationally demanding enhanced sampling of multiple degrees of freedom. The MS-

RMD approach has allowed us to overcome this challenge for CcO.  

To address the above mentioned controversies, we have simulated PT to the PLS and the 

BNC focusing on the coupled hydration changes. Starting with PT from E286 to the PLS 

we calculated two-dimensional free energy profiles, or 2D potentials of mean force (2D 

PMFs), in the PM’ (before ET) and PR (after ET) states during the A→ F transition (Table 

C.1). The collective variables used to define these 2D PMFs are (1) the progress of the 

excess proton center of excess charge (CEC) through the HC (horizontal axis) and (2) the 

degree of hydration of the HC (vertical axis). (see Appendix C for definitions and more 

discussion). The 2D PMFs (Figure 7.2 A and B) and minimum free energy pathways 

(black lines) verify that as the proton moves from E286 to the D-propionate on heme a3 

(PRDa3) during the corresponding activated rate processes described by these pathways, 
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the HC becomes more hydrated (increasing from six to ten waters in our chosen 

hydration “box”, which also includes approximately two waters outside of the 

traditionally defined inter-heme region). The curvy and non-horizontal nature of the 

minimum free energy pathways indicates that the two processes are indeed cooperative 

and coupled. When E286 is protonated, the HC favors a low hydration state (~ four 

waters in the inter-heme region) (Figure C.5 A). As the excess proton moves to the water 

above E286 (Figure C.5 B) the PRDa3 side chain rotates down to interact with the 

positive charge (CEC). This weakens the interactions between PRDa3 and nearby W172 

and R481, allowing more water molecules to enter the HC. The hydration level in HC 

reaches its maximum just before (PR) or as (PM’) PRDa3 is protonated (Figure C.5 C). 

The PRDa3 then rotates from downward to upward orientation through the transition state 

(Figure C.5 D). Subsequently, the proton moves to the A-propionate on heme a3 (PRAa3, 

the final PLS identified in this work as discussed below), and the high hydration state 

remains stable as long as E286 remains deprotonated (Figure C.5 E). (This behavior was 

further confirmed by 30 ns of classical simulations of the PM’ and PR states with both 

E286 and PRDa3 deprotonated and PRAa3 protonated.) 

The 1D PMFs traced out along the minimum free energy pathways (Figure 7.2 C), which 

should describe the dominant activated reactive energetics for the water-mediated 

transport of the pumped protons in the PM’ and PR states, also reveal several important 

findings. First, the free energy minimum at the PRAa3 in the pumping PMF of the PR 

state suggests that PRAa3 is the major PLS, in agreement with the conclusions of ref (32, 

33). It is interesting to note that in ba3-type CcO, PRAa3 is also suggested to be the PLS 
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(34). However, PRDa3 is also actively involved in the pumping process since it shuttles 

the proton from E286 to the PLS (breaking its salt bridge to R481 and hydrogen bond 

with W172), as suggested by Wikstrom et al (35) based on non-reactive classical MD 

simulations. The participation of PRDa3 in the PT from E286 to PLS was also discussed 

by Yamashita et al. (21) in a reduced model for the CcO system. Second, PT from E286 

to the PLS is thermodynamically unfavorable by ~ 8 kcal/mol in PM’ state, but favorable 

by 3 kcal/mol in PR state (Figure 7.2 C).  Thus, ET to the BNC provides a 

thermodynamic driving force for PT to the PLS. Combined with the experimental results 

showing that ET is not complete without PT to the PLS in the E286Q mutant (36), one 

might conclude that ET to the BNC and PT to the PLS are coupled, each driving the other 

to its thermodynamically favored state. 

  



 189 

 

 

Figure 7.2 Free energy profiles for PT from E286 to PLS in hydrophobic cavity and from 
D132 to E286 in D-channel. (A) and (B): Two-dimensional free energy profiles (2D-
PMFs) for PT from singly protonated E286 to the deprotonated PLS in the PM’ and PR 
states, respectively, as a function of the excess proton center of excess charge (CEC) 
coordinate through the hydrophobic cavity (HC) as the horizontal axis and the water 
hydration in the HC as the vertical axis. The minimum free energy pathways (black lines) 
are diagonal in nature, indicating the two processes are coupled. (C) 1D free energy 
profiles (PMFs) for PT in the HC along the minimum free energy pathway for the PM’ 
(red) and PR (blue) states. (D) 2D-PMF for PT from singly protonated D132 to the 
deprotonated E286 through the D-channel in the PR state, with proton preloaded at PLS. 
The 2D-PMF is a function of the CEC coordinate through the D-channel as the horizontal 
axis and the water hydration in the asparagine gate region as the vertical axis. The 
minimum free energy pathway is depicted by a black line.  The strongly coupled behavior 
of the PT CEC and the water hydration in the asparagine gate region along the 1D 
minimum free energy path (black line) is clearly evident. The statistical errors of the 2D-
PMFs in (A), (B) and (D) are in the range ~ 0.1-3 kcal/mol. The statistical errors of the 
1D-PMFs in (C) are in the range ~ 0.1-1 kcal/mol. In all the plots, the positions of E286, 
PRDa3, PRAa3, D132, N139, S200 and S201 are labeled with text boxes. 
 

7.3.2  Transport of the Chemical Proton  

Focusing next on the transfer of the chemical proton, we start from the low hydration 

state of the HC and calculate 1D PMFs for PT from E286 to the BNC in PM’ and PR 

(A) 

(B) (D) 

(C) 
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states, both with and without the PLS (PRAa3) protonated. The low hydration state is 

chosen for several reasons. First, the PT pathway is roughly horizontal to the membrane 

such that PRDa3 remains deprotonated throughout the PT process, and never rotates 

down to increase the hydration level in the HC. Second, classical MD simulations starting 

from the high hydration state and PRAa3 protonated relax to low hydration state within 

30 ns once E286 is also protonated (i.e., following E286 reprotonation from the D 

channel, which is fast as further described below). The PMFs (Figure C.3) show that PT 

from E286 to the CuB bound hydroxide in the BNC is thermodynamically unfavorable by 

more than 10 kcal/mol in the PM’ state, but favorable by ~ 5 kcal/mol in the PR state. This 

suggests that ET from heme a to BNC also provides a thermodynamic driving force for 

the PT from E286 to the BNC (i.e., the formation of the F state) that leads to the chemical 

reaction. Interestingly, this conclusion is independent of whether the PLS is loaded 

(protonated) or unloaded (deprotonated) (Figure C.3 E), and also is not sensitive to the 

hydration level in the HC (Figure C.3 A-D).  

7.3.3  Rates of the Pumped and Chemical Proton Transport Events  

Analysis of the rates (Table 7.1; reported as time constants, i.e., the inverse of rate 

constants) for PT to the PLS and BNC in the PM’ and PR states provides deeper 

mechanistic insight into the proton pumping mechanism during the A→ PR→ F 

transition. In the PM’ state (before ET), PT from E286 to the PLS is thermodynamically 

unfavorable, but still faster than the experimental A→PR transition rate (50 µs for 

Rhodobactor sphaeroides (8) and ~25 µs for Paracoccus denitrificans (37)). However, 

PT from E286 to the CuB bound hydroxide in the BNC is significantly slower. Thus, 
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before ET it is kinetically prohibitive to transfer the chemical proton from E286 to the 

BNC, which would short-circuit pumping if it were to happen before PT to the PLS (29). 

Although forward PT from E286 to PLS is kinetically possible in the PM’ state, it is 

energetically unfavorable. Moreover, the reverse PT (PLS to E286) is even faster and 

outcompetes reprotonation of E286 through D-channel (Table 7.2). Thus, PT to the PLS 

is minimal before the ET. In contrast, after ET (in the PR state) proton back flow from the 

PLS to deprotonated E286 is slower than the reprotonation of E286 through the D-

channel. This allows timely reprotonation of E286 and prevents the proton loaded at PLS 

from leaking back to E286 and subsequently being consumed at the BNC. Thus, full 

loading of the PLS is achieved only after or concurrently with ET. In line with this, we 

note that the PT to PLS is still faster than PT to the BNC after the ET (Table 7.2, PR 

state). This again prevents the above-mentioned short-circuiting and ensures that for the 

entire PT/ET process during A→F transition, regardless of the redox states of heme a and 

the BNC, PT to the PLS is not short-circuited by PT to the BNC. 

Transfer of the chemical proton from E286 to the BNC is much faster after ET occurs 

because the electrostatic repulsion from the BNC is smaller in the PR state than it is in the 

PM’ state (Table 7.1), reducing the PT free energy barrier (Figure C.3 E). This supports 

the general expectation and our conclusion that ET to BNC facilitates the transfer of 

chemical proton to the catalytic site. Our calculated rate for transfer of the chemical 

proton in PR state is in quantitative agreement with the experimental PR→ F transition 

rate (8, 9), and is slower than the D-channel PT rates (see Table 7.2). Therefore, we 

conclude that the PT from E286 to the CuB bound hydroxide in the BNC is the rate-
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limiting step for the PR→ F transition. To summarize, the above thermodynamic and 

kinetic results suggest that ET from heme a to BNC provides a thermodynamic driving 

force for PT both from E286 to the PLS and from E286 to the BNC, while PT from E286 

to the BNC is the rate-limiting step for the PR→ F transition. 
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Table 7.1 Calculated time constants (inverse of rate constants*) for PT of the pumped 
(E286→PLS), chemical (E286→BNC), and back leaked (PLS→E286) protons in the 
PM’ and PR states, compared with experimental time constants for A→PR and PR →F 
transitions (8,34). The PT from E286 to BNC in PR state with PLS protonated is the most 
physically relevant for the PR→F transition, and is in quantitative agreement with the 
experimental time constant. (See main text)  

 
* See Appendix C  for more information on the rate constant calculations. Errors are shown in parenthesis.  
#For E286→PLS, the initial state has E286 protonated and the PLS deprotonated while the final state has 
E286 deprotonated and the PLS protonated, and vice versa for PLS→E286. For E286→BNC, the initial 
state has E286 protonated and a hydroxide bound to CuB in the BNC while the final state has E286 
deprotonated and a water bound to CuB in the BNC. 
 

 

7.3.4  Comparison to Proposed Mechanisms 

Our thermodynamic and kinetic results build upon a the previously proposed mechanism 

based on the orientation and connectivity of water chains in the HC  (9, 23, 27, 29). In 

this mechanism, PT from E286 to the PLS and ET from heme a to the BNC are tightly 

coupled to each other and occur in concerted fashion during the A→PR transition. The 

short-circuiting (i.e., premature PT to BNC before PT to PLS) is avoided by the absence 

of a water chain leading from protonated E286 to BNC in the PM’ state. However, this 

mechanistic proposal was based on classical nonreactive MD simulations in the absence 

State E286→PLS (µs)# 
E286→BNC (µs)# 

PLS→E286 (µs) 
Deprotonated PLS Protonated PLS 

PM’ (2.6 ± 0.2) × 10-1 (4 ± 3) × 106 (7.7 ± 0.2) × 108 (1.5 ± 0.4) × 10-5 

PR 2.1 ± 0.3 (3 ± 2) × 102 (1.7 ± 0.9)  × 102 (1.2 ± 0.6) × 103 

Exp (A→PR) 25-50 

Exp (PR→F) 200 
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of a shuttling excess proton. Our results support the conclusion that PT to the BNC is 

unfavourable in PM’ state, but given our treatment of the explicit proton transport they 

further explain why PT to the PLS is preferred after ET occurs, a question raised but not 

fully answered in ref (23). 

Our results are also in partial agreement with the mechanism proposed by Faxen et al (8) 

in which PT from E286 to the PLS occurs after the formation of the PR state, such that the 

ET and PT events are sequential. This mechanism was further discussed later by Lepp et 

al (38), who concluded that the electrometric signal during A→PR transition is caused by 

the upward movement of K362 side chain rather than PT from E286 to PLS. However, it 

has been shown that this electrometric signal is large enough to include both the lysine 

swing and the PT from E286 to PLS. (23) Moreover, the electrometric signal was shown 

to be lost in the E286Q mutant (36), resulting in a product that was actually no longer 

pure PR, but a PR/PM’ mixture with the latter dominating (see Section 5.2. and Fig. 10 in 

ref. (18)). Based on these experimental findings, we suggest that the coupled PT/ET 

mechanism is at present the best explanation. (23) The results presented herein clearly 

show that ET drives PT from E286 to PLS, but they do not directly determine whether 

the PT/ET mechanisms are coupled or sequential. (8, 9) 
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Table 7.2 Calculated time constants (inverse of the rate constants*) for PT in the D-
channel from protonated D132 to deprotonated E286 in the PR and F states, compared 
with the experimental time constant for the PR →F transition (8). The PLS is protonated 
in the simulation. 

State D132→E286 (µs) 

PR 6.7 ± 0.2 

F (4 ± 2) × 101 

Exp (PR→F) 200 

*See Appendix C for more information on the rate constant calculations. Errors are shown in parenthesis.  
 

7.3.5  Proton Transport through the D-Channel  

The D-channel is responsible for transporting two protons from the N-side of the 

membrane to E286 during the A→PR→F transition, one for pumping and the other for 

the chemical reaction. Three highly conserved asparagine residues, N139, N121, and 

N207, reside roughly one third of the way into the D-channel and form a constricted 

region (called the asparagine gate) (39). Previous nonreactive classical MD simulations 

have revealed a gating motion of N139 that controls the hydration state of D-channel (40, 

41). However, that work hypothesized that PT through the D-channel follows a sequence 

in which the proton waits on the proton donor (D132) until a “water wire” is formed, then 

rapidly dissociates and transports through the pre-formed water wire to the proton 

acceptor (E286). As discussed above and in ref (13), this historically popular depiction of 

PT in aqueous systems is both misleading and inconsistent with the dynamically coupled 

and cooperative nature of the hydration environment and the excess proton migration.  
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Here and as we did earlier for the PT in the HC, we investigate how the motion of the 

excess proton is coupled to the change of the hydration level across the asparagine gate 

by explicitly calculating 2D PMFs in PR and F states during the A→ F transition (Figure 

7.2 D, Figure C.4 A and B). In these PMFs the progress of the excess proton CEC 

through the D-channel (horizontal axis) and the degree of hydration of the asparagine 

gate region (vertical axis) are used as the two collective coordinates. The minimum free 

energy pathways are also identified on the 2D PMFs  (black lines) and the corresponding 

1D PMFs along the minimum free energy pathways (reaction coordinate) are plotted in 

Figure C.4 C.  

The D-channel PT process starts with protonated D132 and deprotonated E286. Initially, 

when D132 is protonated the space between N139 and N121 is narrow and dehydrated, 

forming an effective gate for PT (Figure C.6 A). As the excess proton transitions to the 

water above D132 and approaches this gate, the N139 side chain rotates and opens a 

pathway for solvation and PT past the asparagine residues (Figure C.6 B). The transition 

state is reached when the excess proton is in the middle of the asparagine gate (Figure 

C.6 C). Once the excess proton shuttles through, the asparagine gate gradually closes and 

becomes dehydrated again (Figure C.6 D). The curvy and non-horizontal nature of the 

minimum free energy pathways on the 2D PMF again indicates that PT and hydration 

changes are concerted and coupled processes.  After traversing the gate region, the excess 

proton proceeds to the serine zone (S200 and S201), where it forms hydrogen bonds with 

the hydroxyl groups of the pore lining serine residues in a metastable state. Subsequently, 

the excess proton protonates E286 rotated in the “down” conformation (x≃5 Å Figure 
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C.4 C), reaching the global free energy minimum. Then, protonated E286 rotates up for 

either pumping or the chemical reaction (x≃1 Å Figure C.4 C). The protonated E286 is 

slightly more energetically favorable in the PR state than in the F states (Figure C.4 C), 

likely due to the more negative charge on the BNC of the PR state.  

The 1D PMFs along the minimum free energy pathways on the 2D PMFs reveal free 

energy barriers for the proton to pass through the asparagine gate in the D-channel 

(Figure C.4 C). For both states the calculated rates are much faster than the overall 

PR→F transition rate (Table 7.2), confirming that forward PT (D132 to E286) through 

the D-channel is not rate limiting in the PR→F transition. The D-channel PT rates are also 

faster than the PT back flow rates from the PLS, as discussed above, allowing for the fast 

reprotonation of E286 and preventing proton back flow from the PLS to deprotonated 

E286. It is plausible, based on these results, that the decoupling mutants, such as N139T 

(38) and N139D (42), disable kinetic gating by either slowing down PT through the D-

channel (enabling back flow from the PLS to E286 to outcompete the reprotonation of 

E286; ref (18, 34, 41), or by slowing down the pumping rate (bypassing pumping 

altogether). 

In recent years an alternative mechanism has been suggested (17, 24, 43), in which the 

excess proton approaches a protonated (neutral) E286 through the D-channel and 

facilitates proton pumping through a positively charged, biprotonated E286 transition 

state. In ref (24) the biprotonated mechanism was proposed because the proton pumping 

free energy barrier from singly protonated E286 calculated with the QM/MM 

computational methodology in that paper was too high. However, our results show that 
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the approximate SCC-DFTB method used in ref (24) significantly overestimates the pKa 

for aspartic acid deprotonation in bulk water and that the biprotonated E286 transition 

state is highly energetically unfavorable (see Appendix C ). These results suggest that the 

prohibitive pumping barrier reported in ref (24) could, at least in part, be an artifact of the 

SCC-DFTB method due to its overestimation of the proton affinity of E286 (see 

Appendix C for further discussion). 

7.4  Conclusions 

The quantitative multiscale reactive MD computational analysis of the explicit PT steps 

in CcO presented in this work, combined with previous experimental findings [see refs 

(18, 23, 25) and references therein], lead us to the following conclusions regarding the 

most likely sequence of PT and ET events during the A→PR→F transition. First, an 

electron is transferred from heme a to the BNC during the 25-50 µs A→PR transition, 

likely following the chemistry that occurs at the BNC (36, 44). Either coupled with this 

ET event (during the A→PR transition) or immediately after it (during the PR→F 

transition), a proton is transferred from a singly protonated E286 to the PLS (PRAa3). 

Experimental findings suggest that the former (coupled PT/ET) is more likely. (18, 23, 

36) This PT induces and is accompanied by an increase in the HC hydration level from 

approximately four to eight waters. Second, E286 is rapidly reprotonated through the D-

channel, and the HC relaxes back to the low hydration state. Third, the uncompensated 

negative charge in the BNC caused by ET triggers transfer of the chemical proton from 

E286 to the CuB-bound hydroxide in the BNC, forming a water molecule. Fourth, E286 is 
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reprotonated again through D-channel, accompanied by partial ET from CuA to heme a 

and proton ejection from PLS to the P-side.  

Based on the above reaction sequence, we combine the PMFs and available experimental 

data to derive the free energy diagram for the A→F transition (Figure 7.3). When the ET 

is allowed to the BNC without the possibility of protonating PLS (E286Q mutant), only 

30% of PR is formed, the rest remains as PM’ (ref (18), Fig. 10). From this, one can 

estimate that the ET from heme a to BNC alone (without protonation of PLS or BNC) is 

endergonic by ~ 0.5 kcal/mol. Therefore, starting from the PM’ state (state I, 0 kcal/mol), 

the PT from E286 to the PLS coupled with ET from heme a to heme a3 leads to PR state 

(state II) with energy level of -2.9 + 0.5 = -2.4 kcal/mol. Following this, assuming the 

pKa of D132 is similar to that in bulk [which is ~ 3.9 (45)], the proton uptake of D132 

from N-side bulk leads to state III (1.9 kcal/mol). Then the proton is transported from 

D132 to E286, forming state IV (-3.7 kcal/mol). The proton on E286 is subsequently 

transferred to the BNC, forming the F state (state V, -8.9 kcal/mol). The subsequent 

proton uptake of D132 from N-side bulk leads to state VI (-4.6 kcal/mol), followed by the 

second reprotonation of E286 that leads to state VII (-7.7 kcal/mol). Thus, proton release 

from the PLS to the P-side bulk is estimated to have exergonicity of 5 kcal/mol, 

completing the A→F transition and leading to state VIII (-12.7 kcal/mol). This 12.7 

kcal/mol exergonicity reflects the overall driving force for the A→F transition, as 

estimated by experimental measurement. (18, 32) 
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Figure 7.3 Free energy diagram for the reaction sequence during the A→F transition. The 
resting states are described in the main text. The transition states between them are 
labeled with “TS”, and the activation barriers are obtained from the free energy profiles 
(PMFs) in Figure 7.2 C, S3 E, and S4 C. The black numbers indicates the energy levels 
for each state in kcal/mol. The red numbers indicate the time constants for the forward 
transitions between the two neighboring resting states. 
 
Our results show that ET from heme a to the BNC drives both PT events (E286 to the 

PLS and E286 to the BNC). Among all of these processes, transfer of the chemical 

proton from E286 to the BNC is rate-limiting and our calculated rate is in quantitative 

agreement with experiment (8, 9). In this mechanism, the pathways that would decouple 

pumping from transfer of the chemical proton or damage the directionality of proton flow 

are avoided by kinetic gating in two ways. First, the fast PT from E286 to the PLS 

precedes proton transfer to the BNC during the entire A→F transition. Second, the 

possible proton back flow from the PLS to deprotonated E286 is avoided by fast 

reprotonation of E286 through the D-pathway combined with a large barrier for proton 

back flow from the PLS to E286 after ET from heme a to BNC (PR state). Although PT in 

the D-channel is clearly coupled with solvation changes through the asparagine gate, it is 
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never found to be rate limiting in the A→F transition. The multiscale reactive MD 

simulations presented herein have thus contributed to a comprehensive understanding of 

the functional mechanism of CcO, the important final enzyme in the respiratory electron 

transfer chain. Based on the success of this approach for CcO, we are optimistic that it 

can also be fruitfully applied to other redox-coupled proton pumping proteins.  
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Chapter 8     

Multiscale simulations reveal acid activation mechanism of the influenza A M2 

proton channel 

8.1  Introduction 

The influenza A M2 channel (AM2) is activated in low pH condition and it transports 

protons into the virus interior, which is a crucial step in viral replication (1-3). The His37 

tetrad is located near the center of the M2 transmembrane peptide (M2TM) and serves as 

a pH sensor of viral exterior as well as a proton selectivity filter. The Trp41 tetrad C-

terminal of the His37 is found to function as a pH dependent gate for proton 

conductance.(4) The interplay between the protonation state change of His37 tetrad and 

conformational changes of the protein backbone and the Trp41 side chains is believed to 

be essential for the pH activation mechanism of the channel. (5-7) In high pH condition 

the Trp41 side chains close the C-terminal pore below His37, forming a gate that blocks 

proton flow through the channel, whereas in low pH condition the Trp41 gate is opened 

and allows proton flow through the channel, activating the proton conduction. (4)  

In our recent simulation work (8), we reported that during the transition from 

intermediate to low pH condition, the C-terminal helices of the channel expand and the 

hydration level in the C-terminal pore is increased. This decreases the His37 

deprotonation barrier and increases the proton conductance in low pH condition, which 

partially explains the acid activation mechanism of the channel. However, the acid 

activation mechanism for the transition from high to intermediate pH condition was not 
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investigated.  Moreover, in a recent work by Thomaston et al (9), several M2TM crystal 

structures were resolved in both high and low pH conditions in lipid cubic phase. It was 

found that the backbones of the AM2 channel adopt similar structures in both low and 

high pH conditions. In all structures, the C-terminal helices are wide open, allowing 

sufficient solvation of His37 and Trp41 tetrad. The similarity of the new set of crystal 

structures in both low and high pH conditions give rise to further questions regarding 

how the channel conduction is activated upon lowering the pH value. 

Building upon our previous simulations (8) and the recently published crystal structures 

(9), in this work we further investigated the AM2 acid activation mechanism for the 

transition from high to intermediate pH condition. We performed multiscale simulations 

starting from the high pH room temperature crystal structure in ref (9) (PDB code 

4QKL). Our results show that in membrane environment, the channel closes its C-

terminal helices in high pH condition and the resulting large deprotonation barrier of 

His37 blocks the channel. Lowering the pH value increases the charge state of His37, and 

as a result the Trp41 gate is gradually opened. This increases the channel conductance 

and leads to activation of the AM2 channel in intermediate pH condition.  

In the paper by Sharma et al (5), the NMR structure of AM2 conductance domain 

(residues 22-62) was published (PDB code 2L0J). The structure includes both M2TM 

(residues 26-46) and the amphipathic helices. However, Ma et al (10) concluded that the 

M2TM helices conserves the essential features of the proton transport in the full length 

AM2 channel, and it is for this reason that our previous simulations (8, 11) and many 

other computational and experimental works (6, 12-17) used the M2TM helices to 

investigate the proton conduction mechanism of AM2. Here in this work we also 
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investigated the effect of including the amphipathic helices on the proton conduction 

mechanism of the channel by performing simulations starting from the 2L0J NMR 

structure. Our results show that the amphipathic helices do not significantly change the 

proton conduction mechanism of the AM2.  

8.2  Method and Simulation details 

8.2.1  Classical Molecular Dynamics (MD) Simulations 

The crystal structure resolved in room temperature and high pH condition (4QKL) (9) 

and the NMR structure obtained in intermediate pH condition (2L0J) (18) were used as 

initial structures for MD simulation. For the simulations starting from crustal structure, 

the protein was inserted into lipid bilayer membrane consisting of 170 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) molecules and then solvated by a 25-Å 

thick layer of water molecules on each side. The protein’s principal axes were aligned 

with the z axis, and the lipid bilayer was aligned with the x–y plane. For the equilibration 

of +0 state system, all the four His37 residues were singly protonated at Nε atom.(5, 6) In 

the first stage of the equilibration, 100 kcal·mol−1·Å−2 harmonic restraints were first 

applied to the protein backbone Cα atoms and then gradually reduced to 0.01 

kcal·mol−1·Å−2 during 30 ns of simulation time, while the lipid and water molecules 

relaxed to stabilize the protein–lipid bilayer packing. Then the harmonic restraints were 

removed, allowing all molecules in the system to relax for another 5 ns. Equilibration was 

followed by ~500 ns of production simulation. The equilibration of +1 and +2 state 

systems was initiated from the final structure of the +0 state production simulation by 

protonating of one or two of the His37, respectively. For the +2 state, the two charged 
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His37 residues were in the diagonal position.(14) For each of the two states, 1 

kcal·mol−1·Å−2 harmonic restraints were first applied to protein backbone Cα atoms and 

then gradually reduced to 0.01 kcal·mol−1·Å−2 over ~10 ns simulation time. Then all 

harmonic restraints were released and a production trajectory of ~180 ns was sampled for 

each system.  

For the simulations starting from NMR structure, the protein was inserted into lipid 

bilayer membrane consisting of 207 POPC molecules, and then solvated by a 30-Å thick 

layer of water molecules on each side. The protein’s principal axes were aligned with the 

z axis, and the lipid bilayer was aligned with the x–y plane. Only the +2 state was 

simulated, where the two doubly protonated His37 were in diagonal position (14), and the 

singly protonated His37 were protonated at Nε atom.(5, 6). To facilitate the equilibration, 

the Trp41 side chains were manually rotated from t-105 rotamer to t90 rotamer, 

according to ref (7) and (14). In the first stage of the equilibration, 100 kcal·mol−1·Å−2 

harmonic restraints were first applied to the all of the protein backbone’s Cα atoms for 

~30 ns, while the lipid and water molecules relaxed to stabilize the protein–lipid bilayer 

packing. In the second stage of the equilibration, the restraints on the Cα atoms of 

amphipathic helices were gradually reduced to 0.01 kcal·mol−1·Å−2 during 20 ns of 

simulation time, while keeping the restraints on the M2TM Cα at 100 kcal·mol−1·Å−2 . In 

the third stage, the amphipathic helices were allowed to move freely, while the restraints 

on the Cα atoms of M2TM helices were reduced to 0.01 kcal·mol−1·Å−2 over 65 ns. Then 

all the harmonic restraints were totally removed, allowing all molecules in the system to 

relax for another 10 ns. Equilibration was followed by  ~220 ns of production simulation. 



 209 

The protein and lipid were modeled using the CHARMM36 force field (19-22) and the 

water molecules were described using the TIP3P model.(23) The electrostatic interactions 

were treated with particle mesh Ewald, using a spherical cutoff of 12.0 Å and an accuracy 

threshold of 10−6 (24). The Lennard-Jones (LJ) interaction cutoff was 12.0 Å using a 

switching function starting at 10 Å. Simulations were performed in the constant number, 

pressure, temperature (NPT) ensemble at 308 K, 1 atm. For simulations starting from the 

crystal structure, the classical MD simulations were performed with the NAMD package 

(25). The temperature and pressure were controlled by the Langevin temperature 

coupling and Langevin piston pressure coupling schemes (26), respectively. The 

equations of motion were integrated using the velocity Verlet integrator, with time step of 

2.0 fs (27). For the simulation starting from NMR structure, the classical MD simulations 

were performed with GROMACS 5.0.4 software package (28, 29). The temperature and 

pressure were controlled by the V-rescale algorithm (30) and the Berendsen 

pressure coupling algorithm (31), respectively. The equations of motion were 

integrated using the leap-frog integrator, with time step of 2.0 fs 

 

8.2.2  QM/MM simulation  

The free energy profile (or potential of mean force, PMF) for proton transport through the 

His37-Trp41 tetrad region was calculated with hybrid quantum mechanical/molecular 

mechanical (QM/MM) umbrella sampling simulations.  The PMF is calculated as a 

function of collective variable (CV) defined as the z coordinate difference between the 

center of mass of Cα atoms of Gly34 and that of the excess proton center of excess charge 
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(CEC).  The excess proton CEC coordinate used in the QM/MM simulation was defined 

as (32): 

𝜉 = 𝑟!!!!
!!! − 𝑤!!𝑟!!!!

!!! − 𝑓!" 𝑑!!!! 𝑟!! − 𝑟!!!!
!!!

!!
!!! + 𝜉!"##$!%, (1) 

where the Xj’s are the histidine nitrogen atoms and the water oxygen atoms in the QM 

region, and Hi’s are the hydrogen atoms bound to those heavy atoms in the QM region.  

The 𝑤!!’s are the hydrogen coordination number of a molecule in the least protonated 

state during the PT process.  Therefore, for water oxygen atoms they were set to 2, and 

for His37 nitrogen atoms they were set to 0.50 in +0 PMF (4 hydrogens shared by 8 

nitrogens in the +0 state). Similarly, the 𝑤!!’s for the His37 nitrogen atoms were set to 

0.625 in +1 PMF (5 hydrogens shared by 8 nitrogens in +1 state) and 0.75 in +2 PMF (6 

hydrogens shared by 8 nitrogens in the +2 state). The 𝑑!!!!  is the distance between atom 

𝑋!  and atom 𝐻! , and 𝑓!" 𝑑!!!! = 1/(1+ exp [(𝑑!!!! − 𝑟!")/𝑑!"])  reflects the 

coordination number of 𝐻!  to 𝑋! , with the parameters chosen as 𝑑!" = 0.04 Å, 

𝑟!" = 1.25 Å (33). 

In addition, a correction term 𝜉!"##$!% was introduced in the excess proton CEC 

definition in Eq. 1) to correct for the contribution due to the presence of multiple protons 

around multiple protonatable sites in the His37 tetrad:(8) 

𝜉!"##$!% =
1
8 𝑚!(

!

!!!

!

!!!

𝑟!! − 𝑟!!), (2) 

where X denotes the 8 nitrogen atoms of the His37 tetrad, and 



 211 

𝑚! =  𝑓!"(𝑑!!,!!)
!"

!!∈｛!｝

/ 𝑓!"(𝑑!!,!!)
!"

!!∈｛!｝

 (3) 

𝑚! gradually switches from 1 to 0 as the nitrogen atom i is deprotonated.  The excess 

proton CEC as defined in Eq. 1 describes the delocalized nature of the excess proton and 

has been shown to accurately locate the position of the excess proton charge defect in 

previous QM/MM simulations of biological PT channels (32, 33). 

The last snapshot of +0, +1 and +2 classical MD simulation trajectories was used as the 

initial structure for the QM/MM simulations for the +0, +1 and +2 PMFs, respectively.  

An excess proton was added to a water molecule ~6 Å above the His37 residue.  The QM 

atoms included His37 side chains and up to three solvation shells of water molecules 

above and below His37.  In all simulations, the QM box size was chosen to be 8 Å larger 

than the actual size of the QM atoms in each dimension.  A quadratic confining wall 

potential was applied to restrain the QM atoms within the QM box, with the wall skin 

thickness being 2 Å × 2 Å × 2 Å. The QM region was treated by BLYP level density 

functional theory (34, 35) with empirical dispersion corrections (36), under the Gaussian 

plane wave (GPW) scheme (37). The Goedecker-Teter-Hutter (GTH) pseudopotentials 

(38) were used and the Kohn-Sham orbitals were expanded in the Gaussian TZV2P basis 

set.  The electron density was expanded by auxiliary plane wave basis set up to 360 Ry.  

The Gaussian Expansion of the Electrostatic Potential (GEEP) scheme was used to treat 

the QM/MM electrostatic coupling with periodic boundary conditions (PBCs) (39, 40), 

and the spurious QM/QM periodic image interactions were decoupled as described in ref 

(41). The equation of motion of nuclei was integrated using a time step of 0.5 fs, and the 

wavefunction was optimized to the Born-Oppenheimer surface by an orbital 
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transformation method (42) with a convergence criterion of 10−6.  The temperature was 

controlled at 308K by a Nosé-Hoover thermostat with a relaxation time constant of 0.1 

ps. The initial configurations of all windows were prepared from the previous 

equilibrated window with smaller z value.  With a ~0.25 Å window spacing and force 

constants of 40 kcal/mol/Å2), ~40 windows were simulated for each of the QM/MM 

PMFs, respectively.  All windows had an equilibration time of ~2 ps and production 

sampling of 5~15 ps.  The excess proton CEC position was collected every step (0.5 fs). 

All QM/MM simulations are performed using the CP2K package (43). 

8.2.3  MS-RMD Umbrella Sampling 

The PT PMF in the region outside the His37-Trp41 tetrad region was calculated using the 

multi-scale reactive molecular dynamics (MS-RMD) method (44-47) with the RAPTOR 

software (48) implemented with the LAMMPS MD package (http://lammps.sandia.gov) 

(49).  Umbrella sampling was employed and the same CV was used, except that in the 

MS-RMD simulation the excess proton CEC is given by (50): 

𝑟!"! = 𝑐!!𝑟!"!!
!

!

, (4) 

where 𝑟!"!!  is the coordinates of the center-of-charge of the ith diabatic state.  It was 

verified that the MS-RMD and QM/MM CEC definitions were nearly identical in the 

overlapping regions (i.e., when the CEC is nearly 3 solvation shells away from the His37-

Trp41 tetrad).  

The cutoffs for LJ and real space electrostatic interactions were 12 Å, employing 

switching function starting at 10 Å for the LJ interactions.  Long-range electrostatics 

were treated by Particle-Particle Particle-Mesh (PPPM) method (51) with an accuracy 
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threshold of 10-4.   The integration time step was 1 fs.  The temperature was controlled at 

308 K by Nosé-Hoover thermostat with a relaxation time constant of 0.1 ps.  

The initial configuration for each umbrella window was prepared by replacing a water 

molecule with a hydronium close to the center of the window.  With a ~0.5 Å window 

spacing and force constants of 10 kcal/mol/Å2, 75-80 windows were simulated for each 

PMF. The replica-exchange umbrella sampling (REUS) method (52) was employed to 

facilitate convergence, with an exchange attempt frequency of 1 ps-1.  All windows were 

equilibrated for ~100 ps and sampled with REUS for 1~2 ns.  The CV value was 

collected every 10 fs. 

 

8.2.4  Calculation of Proton Conductance   

The maximum proton conductance 𝑔!"# for proton permeation through M2 in different 

charge states was estimated from Poisson-Nernst-Planck (PNP) electrodiffusion theory 

(53-55): 

𝑔!"# =
𝑒!

𝑘!𝑇𝐿!
𝐷(𝑧)!!𝑒!!(!)/!!! !! 𝑒!!(!)/!!! !! (5) 

where e is the elementary charge, 𝑘!is the Boltzmann’s constant, T is the temperature, L 

is the length of the M2 channel (L = 45 Å for systems setup with crystal structure, L = 54 

Å for system setup with NMR structure because the amphipathic helices of the latter 

extends the proton pathway within the protein), 𝐷(𝑧)  and 𝐹 𝑧  are the diffusion 

coefficient and the PMF as a function of the CV, respectively.  The brackets denote 

spatial averaging over the length of the channel in the direction of the channel axis (z 
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axis).  The position-dependent diffusion coefficient for the excess proton was evaluated 

by the Woolf-Roux equation (56): 

𝐷 𝑧! = lim
!→!

−𝐶(𝑠; 𝑧!) 𝛿𝑧! (!) 𝑧! (!)

𝐶 𝑠; 𝑧! 𝑠 𝛿𝑧! ! + 𝑧! (!)/𝑠 − 𝛿𝑧! (!) 𝑧! (!)
 

(6) 

where 𝐶 𝑡; 𝑧! = 𝑧(𝑡)𝑧(0) !  is the velocity autocorrelation function for the CV  

calculated based on the data from window i, 𝑧! is the reference point for the harmonic 

restraint potential in window i, and 𝐶 𝑠; 𝑧! = 𝑒!!"𝐶 𝑡; 𝑧! 𝑑𝑡
!
!  is the Laplace transform 

of this function.  To estimate the value of the limit as s → 0, we linearly extrapolate from 

the range 5≤ s ≤15.  

 

8.3  Results 

8.3.1  M2 channel has closed C-terminal helices in high pH condition 

The M2TM crystal structure 4QKL (residues 22-46) was resolved at room temperature 

and high pH condition (pH=8.0) in lipidic cubic phase, and it features opened C-terminal 

helices. In contrast, the M2TM G34A mutant crystal structure 3LBW (residues 25-46) 

was resolved at intermediate pH condition (pH=6.5) in detergent, and it features more 

closed C-terminal helices. Previous wild-type simulations starting from 3LBW structure 

had showed that the protein structure is stable in lipid bilayer at room temperature for  +1 

and +2 states, which corresponds to the high to intermediate pH conditions.(12) It was 

also shown by previous simulations that the C-terminal helices start to open in the +3 

state, which corresponds to intermediate to low pH condition.(8, 12) Therefore, it is 

necessary to also test whether or not the 4QKL structure remains stable in the lipid 



 215 

bilayer from high to intermediate pH conditions. In order to do so, we inserted the 4QKL 

crystal structure into POPC lipid bilayer and equilibrate the protein structure for long 

time (~500 ns) for +0 state. Following this, we increase the charge state of the His37 

tetrad and equilibrate the system for +1 and +2 state, which mimics the activation of the 

channel upon lowering the pH to intermediate condition.  

 

Figure 8.1 Classical MD equilibration of the +0 to +2 state structures. (A-C): RMSD of 
the Cα atoms of M2TM compared to the starting crystal structure 4QKL (blue) and 
crystal structure 3LBW for +0, +1 and +2 states (red). (D) Water density profile across 
the M2 channel for +0 state with protein backbone restrained to 4QKL structure (red), 
+0, +1 and +2 states for backbones equilibrated in membrane starting from crystal 
structure 4QKL (blue, yellow and purple, respectively), +2 state for simulations starting 
from crystal structure 3LBW.  
 

It is found that for the +0 state, after long time equilibration the C-terminal helices are 

closed, and the protein backbone relaxes towards that of the 3LBW crystal structure, 
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which has relatively more closed C-terminal helices. (Figure 8.1 A) The closing of the C-

terminal helices brings closer the His37 and Trp41 side chains, and this dehydrates the 

region between His37 and Trp41. This is evident when we compare the water density 

profile for the equilibrated +0 state structure with the one having the backbones Cα atom 

positions restrained to the 4QKL structure (Figure 8.1 D). In the C-terminal half of the 

channel (3 Å < z <16 Å), the pore hydration level is significantly reduced for protein 

structure fully equilibrated in the membrane, as compared to that with protein backbone 

restrained to the 4QKL structure (blue curve vs. red curve).  In +1 and +2 states, the pore 

hydration is slightly increased due to the increased charge of the His37, and the backbone 

shows larger conformational flexibility. However, the hydration level in the C-terminal 

pore is still lower than when the backbone is restrained to 4QKL structure, especially in 

the His37 and Trp41 region. The low hydration level in the C-terminal pore, as well as 

the close packing of the Trp41 side chains in the high pH condition contributes to large 

barriers for His37 deprotonation, as discussed below.  

8.3.2  M2 channel is inactivated in high pH condition 

The free energy profiles (or potential of mean forces, PMF) for proton transport across 

the M2 channel in different pH conditions are plotted in Figure 8.2. The +0 PMF 

describes the process where the +0 state His37 tetrad is protonated by an excess proton 

from viral exterior to form +1 state, followed by deprotonating the excess proton to the 

viral interior to regenerate the +0 state. This process occurs in high pH condition. It is 

observed that the barrier for His37 deprotonating the excess proton to the viral interior 

(CV from 6 Å to 11 Å) is more than 15 kcal/mol. The high barrier of His37 deprotonation 

makes it the rate-limiting step, and it reduces the proton conductance to values much 
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lower than the experimental one measured when the M2 is activated in intermediate pH 

condition (Table 8.1). Similar observations are also true for the +1 PMF, where the +1 

state His37 tetrad is protonated by an excess proton from viral exterior to form +2 state, 

followed by deprotonating the excess proton to the viral interior to regenerate the +1 

state. Therefore, the +0 and +1 PMFs and conductances indicate that the channel is 

inactivated in high pH condition.  

The large deprotonation barrier of His37 in high pH condition is caused by the low 

hydration between the His37 and the Trp41. The close packing of the Trp41 side chains 

in high pH condition (low charge states) reduces the amount of water molecules 

accessible for His37 deprotonation to the viral interior. The lack of water molecules 

below the His37 tetrad causes a significant barrier for the deprotonation of His37 to the 

first solvation shell water molecules below (CV from 6 Å to 8 Å). The Trp41 side chain’s 

steric hindrance further increases the barrier when the excess proton moves from the first 

solvation shell to the second below His37 (CV from 8 Å to 11 Å). In addition to the high 

deprotonation barrier, in the +0 and +1 PMFs the free energy minima in the His37 tetrad 

region are very deep relative to bulk (~ -10 kcal/mol). The deep free energy minima for 

the excess proton protonating the His37 tetrad indicate that it is energetically favorable 

for the excess proton to be trapped in the His37 tetrad in high pH conditions, and the 

His37 deprotonation is thermodynamically unfavorable. This is in agreement with the 

higher pKa values for the first and second protonation of the His37 tetrad than the third 

and fourth (3, 15, 57, 58). The reason for this could be that the His37 tetrad in the low 

charge state is able to better delocalize the positive charge defect of the excess proton, 

making the His37 protonation energetically favorable. 
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Particularly interesting is the asymmetry in the +0 PMF. The barriers for the excess 

proton to reach His37 from viral exterior and interior are different (Figure 8.2). The PT 

barrier from viral exterior to His37 ( ~4.9 kcal/mol, CV from -25 Å to 6 Å, denoted as 

“forward PT barrier” below) is smaller than the PT barrier from viral interior to His37 

(~8.9 kcal/mol, CV from 20  Å to 6 Å, denoted as “backward PT barrier” below). The 

small forward PT barrier is due to lack of significant electrostatic repulsion between the 

excess proton and the zero positive charge on the +0 state His37 tetrad. The large 

backward PT barrier is due to the steric hindrance from the tightly packed Trp41 side 

chains. The asymmetry of the forward and backward PT barriers could explain the 

rectification of the M2 channel (4, 59), i.e. the M2 channel conducts inward current when 

the pH in viral exterior (pHout) is low and the pH in viral interior (pHin) is high, but does 

not conducts outward current when the pH gradient is reversed. The low forward PT 

barrier allows rapid protonation of His37 from viral exterior when the pHout is low and 

pHin is high, thereby activating the channel and giving rise to inward current (see below). 

In contrast, the large backward PT barrier slows down His37 protonation from viral 

interior when the pHin is low and pHout is high, which hampers channel activation and the 

formation of outward current.  We note that our backward PT barrier in the +0 PMF (~8.9 

kcal/mol) is not large enough to completely block the backward PT, and based on our 

PMF it is possible that the His37 tetrad gets protonated from viral interior when the pHin 

is low and pHout is high. This could be caused by the limitation of the equilibrated 

structure we obtained from the simulation, or the force field we are using to simulate the 

interactions among the Trp41 side chains. A +0 state structure with a more tightly packed 

Trp41 tetrad could in principle increase the backward barrier to totally block the 



 219 

backward proton current. Despite the quantitative inaccuray, the qualitative asymmetry in 

the +0 PMF is evident and is consistent with previous experimental conclusions 

regarding the rectification.(4, 59)  

 

Figure 8.2 Free energy profiles (PMFs) for proton transport through influenza A M2 
channel. The blue, red and purple curves are the +0, +1 and +2 PMFs (defined in the 
text), respectively, calculated from simulations using 4QKL (without amphipathic 
helices) as initial structure. The yellow curve is the  +2 PMF calculated from simulations 
using 2L0J (with amphipathic helices) as initial structure. The black curve is the +2 PMF 
calculated from simulations using 3LBW as initial structure and has been reported in ref 
(8). The His37 deprotonation barrier is lowered in the +2 PMF, and the minimum in the 
His37 tetrad is raised up, suggesting a pH-dependent activation mechanism. For all of the 
+2 PMFs, the similarities in the depth of the minima around His37 and the barriers of 
His37 deprotonation indicate that the proton conduction mechanism is not changed 
significantly by the amphipathic helices or the initial structure used, as long as the protein 
is well equilibrated in the membrane.  
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Table 8.1 Proton conductance comparison between simulations for the +0, +1 and +2 
processes (defined in text) and experiments.(60) 

 

 

8.3.3  M2 channel is activated during +2 to +3 state transition 

In the +2 PMF, the +2 state His37 tetrad is protonated by an excess proton from viral 

exterior to generate +3 state, then deprotonates the excess proton to the viral interior to 

regenerate the +2 state. The His37 deprotonation barrier is decreased to ~12 kcal/mol, 

(Figure 8.2) and the proton conductance is decreased accordingly (Table 8.1). The 

conductance is in reasonable agreement with our previous result (8) and the experimental 

values. (5, 60, 61) The decrease in the His37 deprotonation barrier in the +2 PMF could 

be attributed to increased solvation between His37 and Trp41 (Figure 8.1 D), as well as 

increased positive charge on the His37 tetrad that reduces the delocalization of the 

positive charge defect associated with the excess proton on the His37 residues. On the 

other hand, the free energy minima in the His37 tetrad region are significantly raised up. 

State Conductance (fS) 

+0 8.9 × 10-4 

+1 5.9 × 10-2 

+2 20 

+2 with amphipathic helices 1.0 

+2 from 3LBW 1.2 

Experiment (in intermediate pH condition) 0.4 - 4 (5, 60, 61) 
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This indicates that the excess proton is no longer deeply trapped in the His37 tetrad 

during PT. All of the above observations suggest that the M2 channel is activated in the 

+2 process. The forward PT barrier is increased due to the larger electrostatic repulsion 

between His37 tetrad and the incoming proton, as compared with the +0 and +1 PMFs. 

The backward PT barrier remains similar. The Trp41 gets more solvated in the +2 state, 

slightly reducing the steric hindrance in the backward direction, but the increased 

electrostatic repulsion between the His37 tetrad and the excess proton compensates for 

this, resulting in similar backward PT barrier. 

Because the full length M2 channel includes both M2TM and amphipathic helices, here 

we also investigate the influence of the amphipathic helices on the proton conductance 

mechanism in M2TM helices. For the NMR structure 2L0J, which has both M2TM and 

amphipathic helices, after manually adjusting the Trp41 to t90 rotamer the M2TM helices 

remains stable in the membrane and the backbone structure is similar to that of the crystal 

structure 3LBW. (Figure 8.3) The t90 rotamer of Trp41 have been concluded by crystal 

structures (9, 12, 62), SSNMR measurements (7, 63), as well as all-atom MD 

simulations.(14) The +2 PMF for the system equilibrated from 2L0J structure is in 

general similar to that of the system equilibrated from the 4QKL structure, which has 

only M2TM helices. Specifically, the His37 deprotonation process, which is the rate-

limiting step, has similar barrier in both cases, resulting in similar conductances. After the 

excess proton is transported through the M2TM helices, it only experiences a small (~2 

kcal/mol) barrier to be further transported through the amphipathic helices. Therefore, the 

existence of the amphipathic helices does not significantly influence the proton 

conductance mechanism in the M2TM helices. This is in line with the experimental 
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measurements showing that the proton conductances are similar for the construct with 

M2TM helices only and the construct having both M2TM and amphipathic helices.(10) 

 

Figure 8.3 RMSD of the Cα atoms in the M2TM helices during the equilibration of NMR 
structure 2L0J (with amphipathic helices) in lipid bilayer. The two reference structures 
are 2L0J (blue) and the crystal structure 3LBW (without amphipathic helices, red). The 
RMSD of M2TM helices indicate that the structure is stable and similar to that of the 
crystal structure. 

 

8.4  Conclusion 

In M2 channel, at high pH condition the C-terminal helices adopt closed conformation in 

lipid bilayer. The closed Trp41 tetrad dehydrates His37 tetrad and increases the His37 

deprotonation barrier, thus blocking proton conduction in high pH condition. The 

protonation of His37 is easier from viral exterior than from viral interior in low charge 

state of His37 tetrad, and this asymmetry partly explains the rectification of proton flow 

observed in experiments(4, 59). As the pH decreases to intermediate value, the positive 

charges on the His37 increases and the C-terminal helices are more opened and hydrated. 

This lowers the deprotonation barrier and increases the proton conductance, activating the 

channel. In combination with our previous work (8), our current results here provide a 
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complete understanding of the acid activation mechanism of the AM2. Moreover, our 

results indicate that the inclusion of the amphipathic helices does not influence the proton 

conductance mechanism of the channel significantly.  
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Appendix A  
Supporting Information for Benchmark Study of the SCC-DFTB Approach for a 

Biomolecular Proton Channel 

A.1 Comparison to multi-state empirical valence bond simulations 

The multi-state empirical valence bond method (MS-EVB) has been applied to studying 

proton transport in the LS2 channel.(1, 2) This method describes the excess proton 

Grotthuss shuttling and charge delocalization explicitly by evolving the system on a 

reactive potential energy surface defined by a linear combination of multiple diabatic 

basis states.(3-7) In addition to the LS2 channel, the MS-EVB method has been widely 

applied to studying a variety of other biomolecular PT processes, as reviewed in ref (7). 

In this section of the supplementary information, we compare the results of the MS-

EVB3 method (5) to the SCC-DFTB and DFT methods. Comments on these comparisons 

are given in the table and figure captions. 

A.1.1 System setup 

The MS-EVB3 systems were equilibrated in the same way as in SCC-DFTB and DFT 

simulations, except that the SPC/Fw water model,(8) which is consistent with the MS-

EVB3 method, was used instead of the TIP3P water model. For the production runs, the 

MS-EVB3 model was used to explicitly describe excess proton Grotthuss shuttling and 

charge delocalization. For the LS2 channel, the production run was simulated in the 

constant NVT ensemble for 300 ps at 300 K with the temperature maintained by a Nose-

Hoover thermostat. The cutoff radius for LJ and real space electrostatic interactions was 

12 Å employing a switching function starting at 10 Å for the LJ interactions. The long-

range electrostatics were treated by Particle-Particle Particle-Mesh (PPPM) method(9) 

with an accuracy threshold of 10-4. For the CNT, the production run was simulated in the 
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constant NVT ensemble for 200 ps at 300 K using Nose Hoover thermostat. The cutoffs 

for LJ and real space electrostatic interactions were 10 Å, employing switching function 

starting at 8 Å for the LJ interactions. Long-range electrostatics were treated by Ewald 

summation with a relative accuracy threshold of 10-6. The integration time step was 1 fs. 

All of the MS-EVB simulations were carried out by the RAPTOR software.(10)  

A.1.2 Supplementary Tables 

Table A.1 Average hydrogen bond relaxation times for hydrogen bonds within 4 Å of the 
excess proton CEC in protonated LS2 channel and CNT. Unlike SCC-DFTB, the MS-
EVB3 method predicts slower hydrogen bonding dynamics around the excess proton 
CEC. The MS-EVB3 hydrogen bond relaxation time for the CNT is comparable to the 
DFT methods, while that in the LS2 channel is slower due to an apparent over-attraction 
between the 1st solvation shell around the excess proton CEC and the serine side chains. 

Method LS2 hydrogen bond relaxation time 

(ps) 

CNT hydrogen bond 

relaxation time (ps) 

BLYP-D 12.3 13.7 

HCTH 20.4 10.1 

B3LYP-D 10.7 NA 

SCC-DFTB 1.73 1.4 

MS-EVB3 64.9 8.1 

 

  



 231 

A.1.3 Supplementary Figures 

(A) 

 

(B) 

  

(C) 

 

(D) 

 

Figure A.1 RDFs of (A) O*-Ow and (B) O1x-O, where O includes both O* and Ow, in the 
protonated LS2 channel. RDFs of (C) O*-Ow and (D) O1x-O, where O includes both O* 
and Ow, in protonated CNT. Coordination numbers are indicated in the legend. The MS-
EVB3 method produces a more structured solvation shell compared to SCC-DFTB and is 
in better agreement with the DFT methods. The MS-EVB3 coordination numbers also 
agree better with the DFT methods, suggesting that the MS-EVB3 does not have the 
overcoordination issue demonstrated for SCC-DFTB. However, the MS-EVB3 O1x-O 
RDF in LS2 shows an early drop of the first peak around 2.6 Å. This is caused by an 
apparent over-attraction between the first solvation shell of the hydronium and serine 
hydroxyl groups. The oxygen atom in serine side chain mostly replaces one of the water 
molecules coordinating O1x. The RDF of O1x-O including both Ow and Os (not shown 
here) recovers the complete solvation shell of O1x. It should also be noted that the 
QM/MM boundary may cause errors in the water-serine interactions in the DFT and 
SCC-DFTB results that are excluded in the MSEVB3 results where the entire system is 
treated on the same MM footing. 
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(A) 

 

(B) 

 

Figure A.2 RDFs of H*-Ow in the protonated (A) LS2 channel and (B) CNT channels, 
with coordination numbers indicated in the legend. The MS-EVB3 method produces a 
density depletion region after the first peak in both systems and agrees better with the 
DFT methods than SCC-DFTB does, as demonstrated by the coordination numbers. The 
more narrow first solvation peak for MS-EVB3 in the LS2 system is again caused by the 
over-attraction between the hydronium first solvation shell and serine hydroxyl groups. 
The bimodal first peak the MS-EVB3 H*-Ow CNT RDF implies that the Zundel 
structure, in which two water molecules equally share an excess proton, occurs more 
frequently in MS-EVB3 simulation than in DFT. Note that it occurs much less frequently 
in the SCC-DFTB simulations. It should also be noted that many aspects of the MS-
EVB3 model, including excess proton hydrated cluster energies and internal proton 
transfer barriers, were parameterized to a higher level of electronic structure than DFT 
(MP2). It is therefore not clear if these MS-EVB3 results are more or less accurate than 
the DFT ones.  
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(A) 

 

(B) 

 

 

Figure A.3 Distribution of H*-Ow distance in the protonated (A) LS2 and (B) CNT 
channels. The first and second peaks correspond to the closest and second closest Ow to 
H*. The MS-EVB3 method shows a similar distribution pattern to those described by the 
DFT methods: two distinct peaks without overlap in the middle. This indicates the 
absence of bifurcated hydronium hydrogen bonds and is in contrast to the results from 
SCC-DFTB in which the two peaks have obvious overlap. Again, the MS-EVB3 method 
predicts a splitting of the first main peak in the CNT system due to more frequent Zundel 
structures. See also the comment at the end of Fig. S2 caption. 
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(A) 

 

(B) 

 

Figure A.4 Distribution of the O*-O distance, where O is the closest atom not hydrogen 
bonded to O*, for the protonated (A) LS2 and (B) CNT channels. The MS-EVB3 method 
predicts similar distribution patterns to the DFT methods, indicating that for the majority 
of simulation the water molecules within the first solvation shell of excess proton are 
hydrogen bonded to the hydronium O*. This is in contrast to SCC-DFTB result, where 
the water molecules in the first solvation shell are not hydrogen bonded to O* for a 
significant amount of time. 
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(A) 

 

(B) 

 

Figure A.5 Average number of different O1x partners to O* as a function of time during 
non-transfer intervals for the protonated (A) LS2 and (B) CNT channels. The MS-EVB3 
method predicts a “special-pair dance” behavior(11) similar to the DFT results, with the 
special partner alternating among 3 nearby water molecules. This is in contrast with SCC-
DFTB results, which predict more than 3 water molecules as special partners due to 
overcoordination of the excess proton. 
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(A) 

 

(B) 

 

(C) 

 

(D) 

 

 

Figure A.6 Z coordinate of the proton CEC as a function of time for unconstrained 
simulations using the (A) BLYP-D (B) B3LYP-D (C) SCC-DFTB and (D) MS-EVB3 
methods. The excess proton CEC definition used in the MS-EVB3 simulation was the 
same as that used in the DFT and SCC-DFTB simulations, and the unconstrained 
simulation was run in the same way as described for DFT and SCC-DFTB in the main 
text. For MS-EVB3, the z coordinate fluctuates slightly around z = -6 Å, in agreement 
with the DFT simulations and with the previous MS-EVB free energy profile(2) that 
shows a distinct local minimum at z = -6 Å. In contrast, for SCC-DFTB the z coordinate 
deviates as far as 6 Å from z = -6 Å.  
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Figure A.7 Proton hopping function for the free excess proton simulation initiated from 
the constrained case where the center of excess charge is trapped at a wide region. In the 
MS-EVB3 simulation the hopping function fluctuates between 0 and 1, in agreement with 
the DFT results and in contrast to the SCC-DFTB result. 
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(A) 

 

(B) 

 

Figure A.8 (A) RDF of O*-Os in the protonated LS2 channel. The location of first peak 
predicted by MS-EVB3 agrees better with the DFT methods than the SCC-DFTB peak 
does, which indicates that the hydronium O* is not directly hydrogen bonded to serine 
Os. However, the MS-EVB3 method predicts a more pronounced first peak than the DFT 
methods, which suggests an over-attraction between O* and Os. (B) The RDF of O*-O, 
where O includes both Ow and Os. The coordination number predicted by MS-EVB3 
agrees with the DFT methods whereas that predicted by SCC-DFTB is larger. 
 

A.2 Additional results for proton solvation and transport in a narrower region of 

the LS2 channel   

 

In this section, additional results for the proton solvation and transport in a narrow region 

of the LS2 channel (z = - 3.5 Å) are summarized. The results are in line with the 

conclusions for the wide region of the LS2 channel mentioned above and in the main text, 

i.e., the SCC-DFTB method yields an overcoordinated excess proton, weak hydrogen 

bonding around the excess proton CEC, and PT dynamics at odds with the DFT results, 

whereas the MS-EVB method yields similar results to the DFT methods.  

A.2.1 Supplementary Tables 
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Table A.2 Average hydrogen bond relaxation time for hydrogen bonds within 4 Å of the 
excess proton CEC in the narrow region of the protonated LS2 channel. 
 

 

 

  

Method LS2 HB relaxation time (ps) 

BLYP-D 21 

HCTH 22 

B3LYP-D 9 

SCC-DFTB 0.8 

MS-EVB3 6 
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A.2.2 Supplementary Figures 

(A) 

 

(B) 

 

(C) 

 

Figure A.9 RDFs of (A) O*-Ow, (B) O*-O , and (C) O1x-O , where O includes both Ow 
and Os, in a narrow region of the protonated LS2 channel. 
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(A) 

 

(B) 

 

 

Figure A.10 (A) RDF of H*-Ow in the narrow region of the protonated LS2 channel. (B) 
Distribution of H*-O distances, where O includes both Ow and Os, in the narrow region of 
the protonated LS2 channel. 
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Figure A.11 Distribution of the O*-O distance, where O is the closest atom not hydrogen 
bonded to O*, for a narrow region of the protonated LS2 channel. 
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A.3 B3LYP-D/GTH-DZVP improves description of forces and energies over BLYP-

D/GTH-TZV2P 

To illustrate the advantage of employing B3LYP-D/GTH-DZVP over BLYP-D/GTH-

TZV2P, 10 uncorrelated frames were chosen from 80 ps of the BLYP-D/MM simulation, 

and the forces on each QM oxygen atom was calculated with BLYP-D/GTH-TZV2P and 

B3LYP-D/GTH-DZVP and plotted against that calculated with B3LYP-D and a large 

basis set (6-31++G**; Figure A.12). The B3LYP-D/GTH-DZVP leads to a root mean 

squared error (RMSE) that is 6.56 kcal/(mol Å) less than that of BLYP-D/GTH-TZV2P, 

suggesting that B3LYP-D/GTH-DZVP does indeed offer an improved description of the 

forces on QM atoms over BLYP-D/GTH-TZV2P. In addition, using B3LYP-D/GTH-

TZV2P as benchmark we calculated the energy error for BLYP-D/GTH-TZV2P and 

B3LYP-D/GTH-DZVP, averaged over the same set of configurations used in the force 

comparison. The B3LYP-D/GTH-DZVP reduces the energy error of BLYP-D/GTH-

TZV2P from 0.65 hartree to 0.27 hartree, and therefore provides significant improvement 

over the latter. The TZV2P basis set used in the benchmark was shown to predict 

converged structural properties of bulk water. (12)  
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Figure A.12 Scatter plot of forces from B3LYP-D/6-31++G** vs B3LYP-D/GTH-DZVP 
(red) and BLYP-D/GTH-TZV2P (blue). The B3LYP-D/GTH-DZVP provides more 
accurate forces than BLYP-D/GTH-TZV2P. 
 

A.4 Supplementary References 

1. Wu YJ & Voth GA (2003) A computer simulation study of the hydrated proton in 
a synthetic proton channel. Biophys. J. 85(2):864-875. 

2. Wu YJ, Ilan B, & Voth GA (2007) Charge delocalization in proton channels, II: 
The synthetic LS2 channel and proton selectivity. Biophys. J. 92(1):61-69. 

3. Schmitt UW & Voth GA (1999) The computer simulation of proton transport in 
water. J. Chem. Phys. 111(20):9361-9381. 

4. Day TJF, Soudackov AV, Cuma M, Schmitt UW, & Voth GA (2002) A second 
generation multistate empirical valence bond model for proton transport in 
aqueous systems. J. Chem. Phys. 117(12):5839-5849. 

5. Wu YJ, Chen HN, Wang F, Paesani F, & Voth GA (2008) An improved 
multistate empirical valence bond model for aqueous proton solvation and 
transport. J. Phys. Chem. B 112(2):467-482. 

6. Voth GA (2006) Computer simulation of proton solvation and transport in 
aqueous and biomolecular systems. Acc. Chem. Res. 39(2):143-150. 

−80
−60
−40
−20

 0
 20
 40
 60
 80

−80 −60 −40 −20  0  20  40  60  80

kc
al

 m
ol
−1

 Å
−1

kcal mol−1 Å−1



 245 

7. Swanson JMJ, et al. (2007) Proton solvation and transport in aqueous and 
biomolecular systems: Insights from computer simulations. J. Phys. Chem. B 
111(17):4300-4314. 

8. Wu YJ, Tepper HL, & Voth GA (2006) Flexible simple point-charge water model 
with improved liquid-state properties. J. Chem. Phys. 124(2). 

9. Hockney RW & Eastwood JWja (1981) Computer simulation using particles 
(McGraw-Hill International Book Co., New York) pp xix, 540 p. 

10. Yamashita T, Peng Y, Knight C, & Voth GA (2012) Computationally Efficient 
Multiconfigurational Reactive Molecular Dynamics. J. Chem. Theory Comput. 
8(12):4863-4875. 

11. Markovitch O, et al. (2008) Special pair dance and partner selection: Elementary 
steps in proton transport in liquid water. J. Phys. Chem. B 112(31):9456-9466. 

12. VandeVondele J, et al. (2005) The influence of temperature and density 
functional models in ab initio molecular dynamics simulation of liquid water. J. 
Chem. Phys. 122(1). 



 246 

Appendix B  
Supporting Information for Multiscale Simulation Reveals a Multifaceted 

Mechanism of Proton Permeation through the Influenza A M2 Proton Channel 
 

B.1 Classical Molecular Dynamics (MD) Simulations.  

Starting from the crystal structures (PDB codes 3LBW and 3C9J), which are both G34A 

mutants, the classical MD simulations were performed by first changing the Ala34 

residues back to wild type glycines.  The AM2/TM tetramers of distinct protonation 

states were then embedded in an 80×80 Å2 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) lipid bilayer, and solvated by 25 Å thick layer of TIP3P water on 

each side (1).  The protein principal axes were aligned with the z-axis, and the lipid 

bilayer was aligned with the x-y plane.  All interactions were described by the 

CHARMM27 force field (2).  During the first stage of equilibration, the protein heavy 

atoms were fixed for 20 ns while the lipid and water molecules relaxed to stabilize the 

protein-lipid bilayer packing.  In the second stage of equilibration, 100 kcal/mol/Å2 

harmonic restraints were first applied to the protein backbone Cα atoms, and then 

gradually reduced to 1 kcal/mol/Å2 during 5 ns of simulation time.  Finally, the harmonic 

restraints were removed, allowing every particle in the system to relax for another 5 ns.  

Equilibration was followed by 15-20 ns of production simulation.  The electrostatic 

interactions were treated with particle mesh Ewald, using a spherical cutoff of 12.0 Å and 

an accuracy threshold of 10-6 (3). The Lennard-Jones interaction cutoff was 12.0 Å 

employing a switching function starting at 10 Å.  Simulations were performed in the 

constant NPT ensemble at 308 K, 1 atm using the Langevin temperature coupling and 

Langevin piston pressure coupling schemes (4).  The equations of motion were integrated 

using the velocity Verlet integrator, with time step of 1.0 fs (5).  All classical MD 
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simulations were performed with the NAMD package (6).  For the V27A, V27R and 

S31N mutants, the Q2 state (with 2 biprotonated His37 residues) was studied.  The 

mutated structures were equilibrated for at least 20ns starting from the equilibrated wild 

type structure of D2 (originating from the 3LBW crystal structure). 

The two crystal structures 3C9J and 3LBW were tested to be sure that the simulations 

captured the correct structural ensemble for each His37 charge state, and to minimize the 

bias due to starting conformation. The 3C9J and 3LBW structures were crystallized at 

different pH values (5.3 and 6.5, respectively), suggesting that they might represent 

different protonation states of the His37 tetrad. The structures differ significantly in the C 

terminal region where 3C9J is more open due to a larger helix tilt angle. It was found that 

the Q2 state converged to a structure very similar to 3BLW, regardless of the starting 

structure and in agreement with other work suggesting that 3BLW is in the Q2 state (7). 

Hence, the equilibrated Q2 structure from the 3LBW simulations was used as our initial 

configuration for the Q2 MS-EVB and QM/MM simulations. In fact, both the Q1 and Q2 

starting from 3LBW adopt a similar backbone conformation with the crystal structure. 

This is in agreement with the simulation result of Acharya et al. [ref. (12) of the main 

text], which shows that starting from 3LBW the RMSD values for both Q1 and Q2 are 

less than unity. However, in the Q1 equilibration we observed that on average there is 

one fewer water molecule between His37 and Trp41 that accepts a hydrogen bond from 

the His37 tetrad, providing evidence of Q1 being more closed than Q2 in terms of the 

barrier for His37 deprotonation.  

In contrast, the Q3 and Q4 states resulted in more open and solvated structures, but 

none were consistent with 3C9J and both states showed more dependence on the starting 



 248 

structure. The Q3 structure equilibrated from 3C9J remained more splayed than that from 

3BLW.  Since it was also more splayed than other available PDB structures, we chose the 

3LBW equilibrated structure for our Q3 MS-EVB and QM/MM simulations. This choice 

is supported by recent work (8), which reported that the more splayed 3C9J Q3 structure 

converged to 3LBW Q3 structure during microsecond MD simulation. 

Based on this classical MD equilibration results, we emphasize that the Q1 to Q2 

transition still results in a relatively closed state channel, whereas the Q2 to Q3 transition 

results in an opened channel with more hydrated His37, thereby lowering the 

deprotonation barrier and increasing the proton conductance. This is reason why we 

started from Q2 and studies the Q2 -> Q3 -> Q2 process (our +2 PMF) for the purpose of 

investigating the A M2 proton conduction. In other words, it is the large difference 

between Q2 and Q3 structures, as well as the small difference between Q1 and Q2 

structures, that motivated us to select Q2 as the initial structure for investigating the A 

M2 proton conduction process. 

 

B.2 QM/MM Umbrella Sampling.  

The potential of mean force (PMF) for an excess proton passing the His37-Trp41 tetrad 

region was calculated with hybrid quantum mechanical/molecular mechanical (QM/MM) 

MD simulations using the CP2K package (9).  Umbrella sampling was performed with 

the collective variable (CV) defined as the difference between the z coordinate of the 

center of mass of Cα atoms of Gly34 and that of the excess proton center of excess charge 

(CEC).  The excess proton CEC coordinate was defined as (10): 
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𝜉 = 𝑟!!!!
!!! − 𝑤!!𝑟!!!!

!!! − 𝑓!" 𝑑!!!! 𝑟!! − 𝑟!!!!
!!!

!!
!!! + 𝜉!"##$!%,  

[S1] 

where the “X” denotes heavy atoms in the QM region (specifically the water oxygen 

atoms and the eight histidine nitrogen atoms) and “H” denotes the hydrogens bound to 

those heavy atoms.  The weighting factors 𝑤!!’s of the heavy atoms reflect the hydrogen 

coordination number of a molecule in the unprotonated state.  Therefore, for water 

oxygen atoms they were set to 2, and for His37 nitrogen atoms they were set to 0.75 in 

+2 PMF (6 hydrogens shared by 8 nitrogens in the unprotonated state) and 0.875 in +3 

PMF (7 hydrogens shared by 8 nitrogens). The term 𝑑!!!!  is the distance between heavy 

atom 𝑋!  and atom 𝐻! , and 𝑓!" 𝑑!!!! = 1/(1+ exp [(𝑑!!!! − 𝑟!")/𝑑!"])  is the 

switching function describing the coordination number of 𝐻! to 𝑋!, with the parameters 

chosen as 𝑑!! = 0.04 Å, 𝑑!" = 0.125 Å (11). 

To correct for the contribution to the excess proton CEC position due to the presence 

of multiple protons around multiple protonatable sites in the His37 tetrad, a correction 

term 𝜉!"##$!% was introduced in a manner similar to Eq. 8 of ref (10): 

𝜉!"##$!% =
1
8

𝑚!(
!

!!!

!

!!!

𝑟!! − 𝑟!!), [S2] 

where X denotes the 8 nitrogen atoms of the His37 tetrad, and 

𝑚! =  𝑓!"(𝑑!!,!!)
!"

!!∈｛!｝

/ 𝑓!"(𝑑!!,!!)
!"

!!∈｛!｝

 [S3] 

𝑚! gradually switches from 1 to 0 as the nitrogen atom i is deprotonated.  The above 

excess proton CEC definition (Eq. S1) reflects the delocalized nature of the excess proton 

and has been shown to adequately locate the position of the excess proton charge defect 

in previous QM/MM simulations of biological PT channels (10, 11). 
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The delocalized nature of the CEC has special advantages for this system.  First, it 

allows the excess proton to be transported across a continuous water wire (if there is one) 

via the Grotthuss mechanism, and at the same time it also allows the proton to protonate 

the His37 tetrad.  Therefore, the CV does not introduce an a priori bias towards either the 

“shutter” mechanism or “shuttle” mechanism.  Second, the CV definition does not 

specify the formation or breakage of a particular N-H bond when the His37 tetrad is 

protonated and deprotonated.  Thus, the CV definition allows us to study such a 

complicated multi-proton and multi-protonatable site problem with minimum preliminary 

assumptions. 

The last snapshot of D2 and D3 after classical equilibration was used as the initial 

structure for the QM/MM simulations for the +2 and +3 PMFs, respectively.  A water 

molecule ~5 Å above the His37 residue was replaced by a hydronium.  For the +2 PMF, 

different windows had different QM regions to save computational cost.  For all windows 

in +2 PMF, the QM region included His37 side chains.  In the -4 Å < z < 2 Å windows, 

the water molecules within 9 Å above the His37 and those between His37 and Trp41 

were included as QM atoms.  In the 2 Å < z < 7 Å windows, the water molecules within 6 

Å above the His37 and those between Trp41 and His37 were included as QM atoms.  In 

the 7 Å < z < 12 Å windows, the water molecules within 3 Å above the His37, those 

between Trp41 and His37, and one solvation shell below Trp41 were included as QM 

atoms.  The Trp41 side chains were also included as QM atoms to take into account the 

effect of His37-Trp41 cation–π interaction on the deprotonation barrier for the relatively 

closed D2 backbone structure (12).  For the +3 PMF, the His37 side chains, and all water 

molecules within 0 Å < z < 12 Å were included in QM region for all windows.  In all 
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simulations, the QM box size was chosen to be 6-8 Å larger than the actual size of the 

QM atoms in each dimension.  A quadratic confining wall potential was used to restrain 

the QM atoms within the QM box, with the wall skin thickness being 1 Å × 1 Å × 2 Å.  

The QM box size was chosen such that the quadratic wall potential did not affect the QM 

atoms for the vast majority of the simulation.  The QM region was treated at DFT level 

using the BLYP functional (13, 14) with empirical dispersion corrections (15), under the 

Gaussian plane wave (GPW) scheme (16).  The Goedecker-Teter-Hutter (GTH) 

pseudopotentials (17) were used and the Kohn-Sham orbitals were expanded in the 

Gaussian TZV2P basis set.  The electron density was expanded by auxiliary plane wave 

basis set up to 360 Ry.  The Gaussian Expansion of the Electrostatic Potential (GEEP) 

scheme was used to treat the QM/MM electrostatic coupling with periodic boundary 

conditions (PBCs) (18, 19), and the spurious QM/QM periodic image interactions were 

decoupled as described in ref (20).  The motion of nuclei was integrated using a time step 

of 0.5 fs, and the wavefunction was optimized to the Born-Oppenheimer surface by an 

orbital transformation method (21) with a convergence criterion of 10−6.  The temperature 

was controlled at 308K by a Nosé-Hoover thermostat with a relaxation time constant of 

0.1 ps.  The initial configurations of all windows were prepared from the previous 

equilibrated window with smaller z value.  With a ~0.25 Å window spacing and force 

constants of 40 kcal/mol/Å2), 64 and 36 windows were simulated for +2 and +3 PMFs, 

respectively.  All windows had an equilibration time of ~5 ps and production sampling of 

15~20 ps.  The excess proton CEC position was collected every step (0.5 fs). 
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B.3 MS-EVB Umbrella Sampling. 

The PMF for an excess proton transported in the region outside the His37-Trp41 tetrad 

region was calculated using the multi-state empirical valence bond (MS-EVB) method 

(22) with the RAPTOR software (23) interfaced with the LAMMPS MD package 

(http://lammps.sandia.gov) (24).  Similar to QM/MM MD simulations, umbrella 

sampling was employed and the same CV was used, except that in the MS-EVB 

simulation the excess proton CEC is given by (25): 

𝑟!"! = 𝑐!!𝑟!"!!
!

!

, [S4] 

where 𝑟!"!!  is the position vector of the center-of-charge of the hydronium cation of the ith 

EVB state.  It was verified that the MS-EVB and QM/MM CEC definitions were nearly 

identical in the overlapping regions (i.e., when the CEC is more than 3 solvation shells 

away from the His37-Trp41 tetrad).  

For the +2 PMF of the wild type channel, both 2nd (25) and 3rd (22) generations of MS-

EVB (MS-EVB2 and MS-EVB3) were compared.  All other PMFs were performed with 

MS-EVB2.  As shown in Figure B.1, the MS-EVB2 and MS-EVB3 methods lead to 

nearly the same PMF.  The cutoffs for LJ and real space electrostatic interactions were 12 

Å, employing switching function starting at 10 Å for the LJ interactions.  Long-range 

electrostatics were treated by Particle-Particle Particle-Mesh (PPPM) method (26) with 

an accuracy threshold of 10-4.   The integration time step was 1 fs.  The temperature was 

controlled at 308 K by Nosé-Hoover thermostat with a relaxation time constant of 0.1 ps.  

The initial configuration for each umbrella window was prepared by replacing a water 

molecule with a hydronium close to the center of the window from the equilibrated wild 

type or mutant structures.  With a ~0.5 Å window spacing and force constants of 10 
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kcal/mol/Å2, 50 windows were simulated for each PMF.  In the channel mouth regions, 

where the pore radius profiles change rapidly, additional flat bottom cylindrical restraints 

on the x-y plane were applied to allow the hydrated proton to explore a similar area as 

that within the water pore.  The replica-exchange umbrella sampling (REUS) method 

(27) was employed to facilitate convergence, with an exchange attempt frequency of 1 ps-

1.  All windows were equilibrated for 500 ps and sampled with REUS for 1.5~2 ns.  The 

excess proton CEC position  was collected every 10 steps (10 fs). 

 

B.4 Multiscale bridging of MS-EVB and QM/MM PMFs. 

The final PMFs for PT across the entire channel were generated by combining the MS-

EVB and QM/MM zone PMFs in a multiscale fashion. (Here, the phrase “multiscale” 

means a connection of the QM influenced scale of the QM/MM to the more empirical 

MS-EVB defined scale of the nuclear motion. This terminology is consistent, for 

example, with the use of the phrase multiscale in the 2013 Nobel Prize in Chemistry 

citation). The bridging of these PMFs has similar characteristics to the bridging of QM 

and MM zones in a QM/MM simulation in that a certain “transition” or “buffer” region is 

required. In the present work, this zone is defined by a boundary between statistical 

regions of the QM/MM and MS-EVB PMFs. The latter PMF cannot be taken to be too 

close to zone where the proton binding and hopping in the His tetrad occurs, because the 

present MS-EVB model has not been developed to describe that process. Likewise, the 

QM/MM zone cannot be taken to be too far outward from the His37 zone because the 

QM/MM simulation is unable to adequately sample the proton water-mediated hopping 

and transport through the wider water filled regions of the channel, as well as the 
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additional protein motions in those regions. The MS-EVB simulations, which are several 

orders of magnitude more computationally efficient than QM/MM, are required for this 

task. The connecting points between the two PMF regions are therefore chosen based on 

these considerations and also so that the slopes of the QM/MM and MS-EVB PMFs 

match as closely as possible. The statistics are accumulated in those regions (within 1.5 Å 

of the connection points) to achieve better statistical certainty at the connection points, 

and the combined PMFs are then bridged via interpolated using an interpolation order of 

2. We note that all combined PMFs for the mutants have the same connecting points 

between the QM/MM and MS-EVB PMFs as in WT system.   

While the above multiscale bridging scheme is approximate, as is the nature of most 

such multiscale bridging (e.g., between QM and MM in QM/MM), we emphasize that the 

main conclusions of this work are not sensitive to the position of the boundaries between 

the QM/MM and MS-EVB regions. The following points are important to note in this 

regard: (1) The qualitative description of the energetics for an excess proton to 

translocate across the M2 channel is not affected by this multiscale bridging procedure. 

(2) The PMF increase from V27 to H37 is larger in +2 PMF than in +3 PMF. This occurs 

in a region far away from the left connecting point and is entirely captured by the MS-

EVB simulations alone, independent of the position of the QM/MM and MS-EVB 

boundaries. Therefore, the explanation for the pH-dependent activation mechanism is not 

changed by the exact position of the connecting points. (3) Because the same boundary 

regions are chosen for the mutants as in WT, and because these mutations are away from 

the boundary regions, the relative conductance trends are not influenced by the boundary 

region choices. (4) For quantitative results such as absolute conductance, the errors 
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caused by a small change in the boundary region will not be larger than the other error 

sources described in the “Limitations in Conductance Calculations” section below. 

 

B.5 Calculation of Proton Conductance 

The maximum proton conductance 𝑔!"# can be estimated from Poisson-Nernst-Planck 

(PNP) electrodiffusion theory (28-30): 

𝑔!"# =
𝑒!

𝑘!𝑇𝐿!
𝐷(𝑧)!!𝑒!!(!)/!!! !! 𝑒!!(!)/!!! !! [S5] 

where e is the elementary charge, 𝑘!is the Boltzmann’s constant, T is the temperature, L 

is the length of AM2/TM (L = 35 Å), 𝐷(𝑧) and 𝐹 𝑧  are the diffusion coefficient and the 

PMF as a function of the CV, respectively.  The brackets denote spatial averaging over 

the length of the channel in the direction of the channel axis (z axis).  The position-

dependent diffusion coefficient for the excess proton was calculated according to the 

Woolf-Roux equation (31): 

𝐷 𝑧! = lim
!→!

−𝐶(𝑠; 𝑧!) 𝛿𝑧! (!) 𝑧! (!)

𝐶 𝑠; 𝑧! 𝑠 𝛿𝑧! ! + 𝑧! (!)/𝑠 − 𝛿𝑧! (!) 𝑧! (!)
 

[S6] 

where 𝐶 𝑡; 𝑧! = 𝑧(𝑡)𝑧(0) !  is the velocity autocorrelation function for the CV  

calculated based on the data from window i, 𝑧! is the reference point for the harmonic 

restraint potential in window i, and 𝐶 𝑠; 𝑧! = 𝑒!!"𝐶 𝑡; 𝑧! 𝑑𝑡
!
!  is the Laplace transform 

of this function.  To estimate the value of the limit as s → 0, we linearly extrapolate from 

the range 5≤ s ≤15.  
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B.6 Limitations in Conductance Calculations. 

Although the quantitative agreement between experimental and calculated conductances 

in this paper is encouraging, it is important to note two possible sources of error in these 

calculations.  The first source is the underlying uncertainty of the PMF inside the 

QM/MM region due to limited statistical sampling.  It is possible that once the 3rd His37 

is protonated, the channel will become more opened and hydrated.  However, currently 

the QM/MM simulation cannot capture these changes in the limited amount of sampling 

time.  As compensation for this, we used QM/MM simulations to calculate the 

deprotonation barrier starting from the classically equilibrated structure of D3, which is 

more opened and hydrated near C-terminal region (see Figure B.2). The result indicates 

only a small (~1 kcal/mol) decrease of deprotonation barrier when the channel is more 

opened and hydrated near C-terminal region, in agreement with the hypothesis of Hu et. 

al (32).  In addition, the slow motions of Trp41 indole ring may not be fully sampled, and 

this would also introduce possible error for the deprotonation barrier (33).  A second 

source of error could be the application of PNP theory for the conductance calculation 

because that theory has inherent approximations (34-36).  Furthermore, in this study in 

order to obtain converged diffusion constants for the His37-Trp41 region the 

computational more efficient MS-EVB simulation was employed, but the current model 

does not allow His37 residues to change protonation states.  However, the uncertainty in 

diffusion constants is expected to have a relatively minor influence on the final 

conductance value from PNP theory compared to the uncertainty in the PMF. 
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B.7 Supplementary Figures 

 

 

Figure B.1 Proton transport +2 free energy profile (PMF). The blue and black lines are 
the MS-EVB2 and MS-EVB3 PMF, respectively.  The origin is the center of mass of 4 
Cα of Gly34.  The positions of Val27, His37 and Trp41 are labeled by the text boxes.  
The regions sampled by MS-EVB and QM/MM are labeled and separated by black 
dashed vertical lines. 
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Figure B.2  Comparison for the deprotonation barrier of a Q3 state His37 tetrad under 
different backbone conformations.The black line is the QM/MM PMF starting from the 
classically equilibrated D2 backbone structure, where the backbone is relatively closed 
and the His37 residues are less hydrated.  The blue line is the QM/MM PMF starting 
from the classically equilibrated D3 backbone structure, where the backbone is more 
opened and the His37 residues are more hydrated. 

 

Figure B.3 (A) Pore radius profile and (B) water density for WT AM2/TM and 
mutants.The WT, V27A, S31N and V27R results are shown in black, blue, red and 
purple, respectively. The pore radius and water density profile in the His37-Trp41 tetrad 
for the mutants are quite similar to those of WT, justifying our use of WT QM/MM PMF 
for mutant PMF calculation. 
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Appendix C  
Supporting Information for Multiscale simulations reveal key features of the proton 

pumping mechanism in cytochrome c oxidase 

C.1 System Setup and Structural Equilibration.  

In the current work, three intermediate redox states during the A→PR→F transition were 

simulated: PM’, PR, F (Table C.1 and main text). The charges for the heme and copper 

groups in different redox states were obtained from Johansson et al F(1). Depending on 

the PT process under study, different protonation states for the key protonatable groups 

were assigned in a classical MD simulation for structural equilibration. For the study of 

PT from E286 to the PLS and BNC in the PM’ and PR states (Table C.1), the initial 

system has E286 protonated while D132, PRDa3 and PRAa3 are deprotonated, and CuB 

has a hydroxide ligand. Note that D132 was deprotonated in these simulations because it 

has a pKa value close to that of aspartate in bulk. To investigate the two possible 

conditions under which the PT to BNC occurs, i.e., with and without the PLS loaded 

(protonated), two setups were prepared: one with a hydronium cation shared between 

PRDa3 and PRAa3 (i.e., the PLS protonated) and one without (i.e., the PLS 

deprotonated). For the study of PT in the D-channel in the PR and F states (Table C.1), 

the initial system has E286 deprotonated, D132 protonated, and a hydronium cation 

shared between the deprotonated PRDa3 and PRAa3. Thus, the setup correctly simulates 

the reprotonation of E286 after PT from E286 to PLS, which is shown to be kinetically 

favored over PT to the BNC (see main text).  

The full structure of CcO from Rhodobactor sphaeroides was used for the 

simulations (PDB code 1M56 (2)). The protein was embedded in a 

dimyristoylphosphatidylcholine (DMPC) lipid bilayer composed of 310 lipid molecules 
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and solvated by TIP3P water molecules on each side of the membrane (3). Periodic 

boundary conditions were applied in all three dimensions. The full system consisted of 

~160,000 atoms. The CHARMM22 (4) and CHARMM36 (5) force fields were used for 

the protein and lipids, respectively. The electrostatic interactions were treated with 

particle mesh Ewald, (6) using a spherical cutoff of 12.0 Å and an accuracy threshold of 

10−6 . The Lennard-Jones (LJ) interaction cutoff was 12.0 Å using a switching function 

starting at 10 Å. The system was equilibrated in the constant number, pressure, and 

temperature (NPT) ensemble at 310 K and 1 atm using the Langevin temperature 

coupling and Langevin piston pressure coupling schemes (7). During the first stage of the 

equilibration, harmonic restraints with a force constant of 20 kcal/mol/Å2 were imposed 

on the protein backbone and side chain atoms and was gradually reduced to zero over 10 

ns of simulation. Then the system was equilibrated without harmonic restraints on the 

protein for 50 ns. Harmonic restraints with a force constant of 100 kcal/mol/Å2 were 

imposed on the heavy atoms of heme a, heme a3, CuA, CuB and their ligands throughout 

the simulations. The equations of motion were integrated using the velocity Verlet 

integrator with a time step of 1.0 fs (8).  After equilibration, the simulation box size was 

118 Å ×106 Å ×123 Å and was then fixed in the subsequent simulations in constant 

number, volume and temperature ensemble (NVT) at 310 K. The structural equilibration 

was carried out with the NAMD package. (9)  

 

C.2 Multiscale reactive molecular dynamics (MS-RMD).  

The MS-RMD (and MS-EVB) method (10) describes electronic delocalization of the 

excess proton as a linear combination of diabatic states with different chemical bonding 
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topologies. The Hamiltonian is defined as: 

𝐇 = 𝑖 𝐫 ℎ!"(𝐫) 𝑗(𝐫)
!"

 [S1] 

where 𝐫 are the nuclear coordinates, ℎ!! is the potential energy for state 𝑖 described by 

molecular mechanics force field, and ℎ!" is the coupling between states 𝑖  and 𝑗 . The 

diagonalization of the Hamiltonian matrix gives the energy and eigenvector of the ground 

state: 

𝐇𝐜 = E!𝐜 [S2] 

The forces are evaluated by the Hellmann-Feynman theorem in every MD simulation step 

and are used to propagate the trajectory. The excess proton charge defect delocalization, 

Grotthuss shuttling, and polarization are explicitly treated in this method, and the 

resulting MD trajectory is continuous and deterministic to within numerical error.  

The diagonal elements ℎ!!  of the MS-RMD Hamiltonian represents the potential 

energy for state 𝑖. The ℎ!! corresponding to the state of protonated amino acid (HA) is 

described as: 

ℎ!!!" = 𝑉!"##$"%&'%(!"#$% + 𝑉!"!"#$% + 𝑉!"##$"%&'%(,!"!"#$% + 𝑉!! [S3] 

where the first three terms are the inter- and the intra-molecular potentials of protonated 

amino acid and all other surrounding molecules, such as waters, other protein residues, 

lipids, and ions in the system. They are computed with CHARMM22 force field,(4) with 

the exception of the O-H bond in the carboxyl (-COOH) group of the amino acid. To 
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properly represent the O-H bond breaking during deprotonation, the harmonic bond 

stretch potential is replaced with a standard Morse potential, 𝑈!"#$% 𝑟 : 

𝑈!"#$% 𝑟 = 𝐷 1 − exp −𝛼 𝑟 − 𝑟!
!
 [S4] 

 

where 𝑟 is the O-H bond length, and 𝐷, 𝛼, and 𝑟! are parameters from our previous 

work.(11) The 𝑉!! is added to the state with protonated amino acid as a constant energy 

shift to compensate for the difference in the energy origin between states with protonated 

and deprotonated amino acid. 

In order to correct the over-attraction between opposite charges on a hydronium and 

deprotonated amino acid at a short distance described by the classical force field, two 

repulsive terms, 𝑉!!!
!"# and 𝑉!!!!

!"# , are introduced in ℎ!! corresponding to the state with 

deprotonated amino acid: 

𝑉!!!
!"# 𝑅!!! ,𝑅!!!! = 𝐵 exp −𝑏 𝑅!!! − 𝑑!!

! ⋅ exp −𝑏′ 𝑅!!!!
!

!

!

 
[S5] 

 

 

𝑉!!!!
!"# 𝑅!!! = 𝐶 exp −𝑐 𝑅!!!! − 𝑑!"

!  [S6] 

where 𝑅!!! is the distance between the hydronium oxygen, 𝑂, and the carboxyl oxygen 

of amino acid, 𝑂! (OE1 and OE2 in the PDB), and 𝑅!!!! is the distance between each of 

three hydronium hydrogen atoms, 𝐻!, and the carboxyl oxygen of the amino acid. The 

functional forms for the repulsive terms are the same as those used in the MS-EVB3.1 

model. (11) 𝐵, 𝑏, 𝑏′, 𝐶, and 𝑐 are fitted parameters, and 𝑑!!!  and 𝑑!"!  are fixed to the 

same value used in MS-EVB3.1, which are 2.4 and 1.0 Å, respectively.  
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The off-diagonal coupling element ℎ!" between the amino acid and water is given 

by: 

ℎ!"!" = 𝑐! exp −𝑐! 𝑟!" − 𝑐! !  [S7] 

 

where 𝑟!" is the distance from the donor oxygen of the carboxyl group of the amino acid 

to the hydrogen atom transferred between the two states. 𝑐! , 𝑐! , and 𝑐!  are fitted 

parameters. ℎ!" for the coupling between hydronium and water is the same as the one 

used in the MS-EVB3.1 model.  

 

C.3 Finding the Proton Transport Pathways.  

MS-RMD simulations using metadynamics (MTD) (12) were performed to identify the 

PT pathways in both the D-channel and HC. MTD allows the system to repeatedly 

attempt barrier crossings so that in regions with high barriers and slow dynamics (such as 

the asparagine gate region) the system can cross repeatedly until the lowest free energy 

pathway is found. The MS-RMD model (10) has been demonstrated to be capable of 

accurately and efficiently simulating the structure and dynamics of hydrated excess 

protons transporting through both water molecules and protonatable groups inside 

proteins (11, 13, 14). The combination of the MS-RMD model with metadynamics thus 

can provide accurate curvilinear pathways for the PT events inside a protein (15).  The 

aspartic acid model in bulk water (11) was taken as a trial model for D132, E286, the 

propionate groups of heme a3, and the hydroxide bound to the BNC. The resulting PT 

pathways were not found to be sensitive to the parameters in the trial model compared to 

the final MS-RMD models of the protonatable sites. To define the CVs used in the MTD, 
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first the starting and ending point of a pathway was determined based on the average 

position of the protonatable groups during the classical MD equilibration. In particular, 

for PT from E286 to the PLS, they were E286 and PRAa3 protonatable groups, 

respectively; for PT from E286 to the BNC, they were E286 and hydroxide bound to CuB 

protonatable groups, respectively; for the D-channel, they were the D132 and E286 

protonaable groups, respectively. The CV was then defined to be the projection of the 

vector from the starting point to the proton center of excess charge (CEC)  position (see 

Eq. [S8] [S9] for definition) on the vector from the starting point to the end point. 

Gaussian hills with width of 0.3 Å and height of 0.3 kcal/mol/Å were deposited on the 

free energy surface at a rate of 1/500 ps. The MTD simulations were run for 1-2 ns until 

the both forward and backward barrier crossings were observed. The coordinates of CEC 

during MTD simulation were collected and sorted into bins based on the CV. In each bin 

the CEC coordinates were averaged and the line connecting the average coordinates in 

each bin was smoothed into a curved PT pathway.  

 

C.4 Developing MS-RMD Models for Protonatable Groups.  

The FitRMD method developed by Nelson et al (11) and extended by Lee et al (16) was 

used to parameterize the MS-RMD models from QM/MM data (see below) for 

protonatable sites in CcO, including the D132, E286, PRDa3, PRAa3 and hydroxide 

bound to BNC. Umbrella sampling simulations were first carried out along the PT 

pathway identified by the MTD simulation, and approximately 100 configurations were 

selected from the trajectories that were near the transition state of proton dissociation for 

each protonatable site. QM/MM calculations were then performed for each configuration 
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using B3LYP level density functional theory. The MM models were the CHARMM22 

and CHARMM36 force fields for the protein and lipids, respectively. The QM region 

included the side chain of each protonatable amino acid, the excess proton and water 

molecules within 3 solvation shells of the carboxyl group. In all calculations, the QM box 

size was chosen to be 6-8 Å larger than the actual size of the QM atoms in each 

dimension. The Gaussian Expansion of the Electrostatic Potential (GEEP) scheme was 

used to treat the QM/MM electrostatic coupling with periodic boundary conditions 

(PBCs) (17, 18), and the spurious QM/QM periodic image interactions were decoupled as 

described in ref (19). The C! − C! chemical bond that cross the QM/MM boundary was 

capped with hydrogen atoms, the forces on which were calculated following the IMOMM 

scheme (20) with a scaling factor of 1.50. The forces generated by the QM/MM 

calculations were used to parameterize the MS-RMD parameters for the protonatable 

sites using an iterative variational methodology. (11) The QM/MM calculation was 

performed with the CP2K ab initio MD package (21), and FitRMD was carried out with 

in-house software. Due to the significant changes of the electrostatic environment upon 

ET from heme a to BNC, different MS-RMD models for PRDa3, PRAa3 and BNC bound 

hydroxide were parameterized for the PM’ and PR states. The MS-RMD model for D132, 

which is relatively far away from the redox centers, was parameterized based on the 

configurations sampled in the PR state. The E286 side chain exhibits three different 

conformations during the pumping cycle, as observed along the PT pathways (see above). 

For PT through the D-channel, E286 points downward toward D132 for proton uptake. 

For PT from E286 to the PLS, E286 points upward and moves closer to PRDa3. For PT 

from E286 to the BNC, E286 points upward but rotates horizontally with respect to the 
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membrane and moves closer to the BNC. These three conformations have significantly 

different surrounding electrostatic and solvation environments. The MS-RMD model for 

E286 was indeed found to be sensitive to the conformation. Therefore, independent E286 

models were parameterized for the three different conformations. However, the E286 

model was found to be insensitive to redox changes in the heme-copper groups, and thus 

for the same E286 conformation, the same model was used for different redox states. 

 For the MS-RMD state that has water bound to the BNC, the partial charges for the 

CuB complex were parameterized using the same method as described in ref (1). The 

partial charges for the CuB complex with water ligand are listed in Table C.4 and Table 

C.5. The bond and angle parameters for the CuB bound water were parameterized to the 

potential energy surface calculated for the CuB complex in gas phase from B3LYP. They 

are listed in Table C.6. The parameterization for the CuB complex was carried out with 

the NWChem package (22). The MS-RMD model parameters are listed in Table C.2 and 

Table C.3. 

 

C.5 MS-RMD Free Energy Profiles in the HC and D-Channel.  

The MS-RMD umbrella sampling simulations in the HC were carried out by restraining 

the excess proton CEC position (see Eq. [S8] [S9] for definition) along the PT pathway 

defined from the MTD procedure defined earlier and the water density in a predefined 

box that encompasses the HC (see ref (23) for definition). It is important to note that the 

box used in these calculations was large enough to overlap with the solvation regions 

peripheral to the HC. This is essential to ensure proper solvation in the boundary regions 

and to converge sampling. We note that 6 waters in our box is roughly equivalent to 4 
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waters in the HC defined in previous studies. The force constant for the harmonic 

umbrella sampling restraint potential was 10 kcal/mol/Å2 on the proton migration CV and 

20 kcal/mol on the water density. The window spacing was ~ 0.5 Å for the CEC and ~ 

0.5 for the water density. For each umbrella window the MS-RMD simulation length was 

~500 ps. The 2D PMF was constructed by the weighted histogram analysis method 

(WHAM). (24-26) The minimum free energy path was calculated using the string method 

(27) at 0 K on the 2D PMF, and the PT rate constant was estimated based on the 1D-PMF 

along the minimum free energy path with transition state theory (see Eq [S10] [S11]). 

The MS-RMD umbrella sampling simulation in the D-channel was carried out restraining 

both the excess proton CEC position along the PT pathway and the water density in a 

predefined box that encompasses the asparagine gate, with the same force constants for 

the umbrella potentials as for PT in HC. The window spacing was ~ 0.5 Å for the CEC 

and ~ 0.2 for the water density. For each umbrella window the MS-RMD simulation 

length was ~500 ps. The 2D PMF was then constructed by WHAM. The minimum free 

energy path and the PT rates constants were calculated in the same way as for the PT in 

HC. The MS-RMD simulations were performed with the in-house RAPTOR (28) 

software package.  

C.6 Definition of the PMF Collective Variables and Rate Calculation.  

To track and bias the charge defect associated with the excess proton in the MS-RMD 

umbrella sampling simulations, we use the center of excess charge (CEC), defined as 

(13): 

𝐫!"! = 𝑐!! 𝐫 𝐫!!"!
!!"#

!

 [S8] 
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where the 𝑁!"# is the total number of EVB states, 𝑐!! 𝐫  is the population of EVB state 𝑖 

contributing to the MS-RMD ground state, and 𝐫!!"! is the position of the center of 

charge, defined as  

𝐫!!"! =
𝑞!

𝒊
! 𝐫!

𝑞!
!
!

 [S9] 

where the summations are over the atoms with partial charge 𝐪𝐤 of the ith EVB complex. 

Based on the definition of CEC, the CV that describes the proton migration along the 

curved PT pathway is defined as follows: For a particular umbrella window, the window 

center is chosen to be one of the discrete set of points on the curve. The projection of the 

vector from the window center to the CEC coordinate on the tangent vector at the 

window center is calculated. Then the projection is added to the distance along the curved 

pathway from the starting window center to the current window center, which defines the 

value of the CV. The collective variable for water density in a predefined box is defined 

in the same way as described in ref (23). 

Based on the 1D PMFs, the rate constants for PT were calculated using transition 

state theory (29): 

𝑘!"# =
𝜔!
2𝜋

exp −
∆𝐹‡

𝑘!𝑇
 [S10] 

 

where ∆𝐹‡  is the free energy barrier height, 𝑘! is Boltzmann’s constant, T is the 

simulation temperature. The pre-exponential factor 𝜔! is the fundamental frequency of 

the collective variable (CV) around its minimum of reactant well of the 1D-PMF, which 

is evaluated as: 
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𝜔! =
𝜕!PMF 𝑟

𝜕𝑟!
/𝑚!"" [S11] 

    

where the second derivative of the PMF is evaluated at the minimum of the reactant well, 

and 𝑚!"" = 𝑘!𝑇 𝑣!  by virtue of equipartition theorem. The 𝑣!  are evaluated from 

the CV trajectories of the umbrella windows near the minimum of reactant well of the 

PMF. The reported rates in Table 7.1 and Table 7.2 of the main text are the inverse of 

the corresponding rate constants calculated from Eq. [S10]. The error in the calculated 

rates was estimated by computing the variance of the block averages. 

 

C.7 Justification for the choice of collective variables in the 2D PMF calculations.  

The presented 2D free energy profiles sample the progress of the excess protonic charge 

as well as the hydration along the PT pathway. One might ask if other protein motions are 

coupled to PT in a rate-determining manner. However, one of us (GAV) proved in ref 

(30) that in the process of proton transfer if one samples the PMF of the proton transfer 

reaction coordinate then slow coupled modes, such as the solvent activation 

(reorganization) term, will be included in the final calculated activation free energy (Eqs 

19 and 20 in ref (30)), just as in the traditional Marcus/Holstein picture of charge transfer 

in polar media. In addition, there are no known results on CcO that indicate there exist 

other very slow protein motions that would limit PT. On the contrary, the motions 

described have been found to be on a picosecond to nanosecond timescale, such as 

dissociative motion of the ARG-PRDa3 salt bridge as observed in classical MD 

simulations of ref (31) and also the "up/down" motion of the E286 as observed in ref 
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(32). In the current work, we explicitly sampled the Asn139 rotation and found it was 

very fast relative to the formation of a water wire across the asparagine gate. We also 

explicitly sampled the Arg-PRDa3 salt bridge dissociative motion and found it was fast 

relative to the protonation of PRDa3 and increase in hydration of the hydrophobic cavity. 

These findings support the why in which the CcO mechanism has been described - as a 

"solid state electrostatic mechanism", in which protein motions are scarce, very 

small, and fast, and the direct electrical charge-charge coupling is essential.(33, 34) 

Finally, it should be noted that the MS-RMD methodology is very computationally 

efficient so that extensive statistical sampling can be carried out over multiple MD runs, 

thus limiting the risk of inadequately sampled degrees of freedom.  

 

C.8 Aspartic Acid Deprotonation in Bulk Water Modeled by the SCC-DFTB 

Method. 

Figure C.1 shows the free energy profiles (or potentials of mean force, PMFs) for 

aspartic acid deprotonation in bulk water calculated by the SCC-DFTB/3OB model (35) 

and, for comparison, the MS-RMD model developed in ref (11), which was fit to forces 

from QM/MM calculations with B3LYP level density functional theory (36). The pKa 

values are then calculated from the PMFs using the following equation: 

𝑝𝐾! = −log [𝐶! 4𝜋𝑟! exp −𝛽𝑤 𝑟 𝑑𝑟
!

!

!!

] [S12] 

where 𝑤(𝑟) is the PMF and 𝛽 is (kBT)-1, with kB Boltzmann’s constant and T  is the 

simulation temperature. The symbol “†” denotes the reaction coordinate (CV) value at 

the transition state during the deprotonation and is set as 3.0 Å for both DFTB/3OB and 

MS-RMD models. The pKa value is not sensitive to the choice of † in the deprotonated 
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region of the PMF (CV > 2.0 Å). The constant 𝐶! is the standard state concentration with 

a value of 1660 Å!/molecule (11). 

The aspartic acid pKa predicted by the DFTB/3OB model and the MS-RMD model are 

9.02 and 3.82, respectively. The experimental range of aspartic acid’s pKa value in water 

is 3.71 to 3.90. (37, 38). The SCC-DFTB method is thus seen to significantly 

overestimate the pKa of aspartic acid in bulk water, perhaps related to the method’s 

intrinsic tendency to overestimate the proton affinity of carboxyl groups in amino acids. 

This behavior likely leads to the overestimation of the proton pumping barrier for singly 

protonated E286 in CcO (39), as discussed in the main text. 

 

C.9 The Biprotonated E286 Mechanism.  

In order to test the biprotonated E286 mechanism, we took a similar multiscale approach 

to that used in ref (40) and calculated the PMF for PT starting from protonated D132 and 

a singly protonated E286, and ending with deprotonated D132 and a doubly protonated 

E286 (Figure C.2). No proton was loaded in the PLS in this calculation, which is 

consistent with the proposed mechanism. The QM/MM simulations were performed 

using BLYP level density functional theory (41, 42) with empirical dispersion corrections 

(43), and the distributions of collective variable are statistically combined with those 

from MS-RMD simulations.(40) Based on the calculated PMF, a pumping mechanism 

involving a positively charged, biprotonated E286 transition state is highly energetically 

unfavorable by more than 20 kcal/mol. The high energy of a biprotonated E286 can be 

attributed to three factors. The first is energetic cost of a hydrated excess proton passing 

through the asparagine gate when E286 is neutral. The second is the cost for a neutral 
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E286 – which favors the “up” orientation in the PM’ state (as discussed in the main text) 

and is disconnected from the D-channel waters – to rotate down and reconnect to a 

retracted water distribution. And the third is that even after the excess proton reaches the 

first solvation shell of E286, it is still an endergonic process to transfer the proton from 

hydronium to the neutral E286. Taken together, these factors point to the biprotonated 

E286 as being an energetically prohibitive intermediate and therefore unlikely to 

contribute to the pumping mechanism. 

Similar to an early computational analysis of PT from D132 to a protonated E286 residue 

(44), the PMF in Figure C.2 shows a local minimum around the Ser200/Ser201 region 

(11 Å  < z < 16 Å). This minimum motivated the “proton reservoir” hypothesis originally 

proposed in ref (45), which suggested that a second excess proton could in principle be 

trapped in this serine zone when the E286 is singly protonated in the PM’ state. However, 

as subsequently shown (46), the original minimum was overly exergonic due to the use of 

a reduced system that included only subunit I and allowed additional water molecules to 

flow into the D-channel [Fig. 10, ref (46)].  As predicted in that work, and shown herein, 

simulating the entire system (subunits I-III, membrane and surrounding water and counter 

ions) and sampling the coupled hydration changes across the asparagine gate was 

required to get a quantitative and complete PT PMF through the D-channel. The PMF in 

Figure C.2 shows that the serine zone has free energy level of ~5 kcal/mol. In 

physiological pH condition (pH ~ 7), assuming the pKa of D132 is similar to bulk (3.9), 

the free energy cost for moving a second proton to the serine zone from N-side bulk is ~ 

9 kcal/mol, which is thermodynamically unfavorable. Thus, the “proton reservoir” may 
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transiently occupy an excess proton under certain conditions, but it is not likely to be 

stably protonated during WT turnover. 
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C.10 Supplementary Figures 

 

 

Figure C.1 Free energy profiles (PMFs) for deprotonation of aspartic acid in bulk water. 
Shown are results from the DFTB/3OB model (red curve) and the MS-RMD model (blue 
curve) fit to B3LYP QM/MM forces using the FitRMD method (11). 
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Figure C.2 Proton transfer free energy profile (PMF) in the D-channel for the 
biprotonated E286 mechanism in the PM’ state. The PT starts with D132 protonated, 
E286 singly protonated, and PLS deprotonated (CEC ≃ 33 Å). The positions of E286, 
N139, and D132 are labeled by text boxes. The regions sampled with QM/MM and MS-
RMD are labeled and separated by the dashed vertical line.  
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Figure C.3 Free energy profiles for PT through hydrophobic cavity. (A-D) Two-
dimensional free energy profiles (2D-PMFs) for the chemical PT from singly protonated 
E286 to the hydroxide bound to BNC in the (A) PM’ state without PLS preloaded, (B) PM’ 
state with PLS preloaded, (C) PR state without PLS preloaded, and (D) PR state with PLS 
preloaded. The PMFs are a function of the excess proton center of excess charge (CEC) 
coordinate through the hydrophobic cavity (HC) as the horizontal axis and the water 
hydration in the HC as the vertical axis. The positions of E286 and BNC are labeled by 
text boxes. The statistical errors of the 2D-PMFs in (A-D) are in the range ~ 0.1-3 
kcal/mol. The nearly horizontal 1D minimum free energy pathways (black lines) indicate 
that the PT and HC water hydration are not strongly coupled for the chemical PT. (E) 1D 
free energy profiles (PMFs) for chemical PT, in PM’ state with and without proton 
preloaded at PLS (purple and red, respectively), and PR state (black and blue, 
respectively). The positions of E286 and BNC are labeled by text boxes. The statistical 
errors of the 1D-PMFs in (E) are in the range ~ 0.1-1 kcal/mol. PT to the BNC with PLS 
preloaded (D and black curve in E) is the most physically relevant for the PR→F 
transition (see main text).  
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Figure C.4 Free energy profiles for PT through D-channel. (A) and (B): Two-
dimensional free energy profiles (2D-PMFs) for PT through the D-channel in the (A) PR 
and (B) F states, with PLS preloaded. The PMFs are a function of the excess proton 
center of excess charge (CEC) coordinate through the D-channel as the horizontal axis 
and the water hydration in the asparagine gate region as the vertical axis. The minimum 
free energy pathway for each state is depicted by a black line. The positions of E286, 
S201, S200, N139, and D132 are labeled by text boxes. The PT starts from a protonated 
D132 and deprotonated E286 (x ≃ 35 Å), and ends with deprotonated D132 and 
protonated E286 (x ≃ 0 Å). The strongly coupled behavior of the PT and the water 
hydration in the asparagine gate region along the 1D minimum free energy path (black 
line) is clearly evident. The statistical errors of the 2D-PMFs in (A) and (B) are in the 
range ~ 0.1-3 kcal/mol. (C) 1D PMFs for PT through the D-channel along the minimum 
free energy pathway for PR (blue) and F (red) states. The positions of E286, N139, and 
D132 are labeled by text boxes. The statistical errors of the 1D-PMFs in (C) are in the 
range ~ 0.1-1 kcal/mol. 
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Figure C.5 (A-E) Molecular structures during the PT from E286 to the PLS in the PR 
state along the minimum free energy pathway (black line on the 2D-PMF). E286 is 
shown in green, the propionate groups of the PLS in yellow, the excess proton in purple, 
the iron atom of the heme groups in gray, and the copper atom in the BNC in orange. The 
heme groups are shown as sticks. The transition state structure is shown in (D). 
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Figure C.6 (A-D) Molecular structures during the PT from D132 to E286 in the PR state 
along the minimum free energy pathway (black line on the 2D-PMF).E286 is shown in 
green and the excess proton in purple. The N139 and N121 residues are shown as sticks. 
The transition state structure is shown in (C).  
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C.11 Supplementary Tables 

Table C.1 Description of the CcO redox and protonation states in the MS-RMD 
simulations.  
 

 

 

 

 

 

 
Table C.2 The MS-RMD model parameters of E286, D132 and BNC in CcO. The redox 
states of the system and the PT processes for which the MS-RMD models are 
parameterized are labeled in the parenthesis under the protonatable groups.	
 
 
 E286  

(pump) 
E286  
(react) 

E286  
(D-channel) 

D132 
(D-channel) 

BNC  
(PM’) 

BNC 
(PR) 

𝐵 0.04 0.04 5.18 3.0 0.20 1.18 
𝑏 0.21 0.21 0.22 8.70 1.98 1.96 
𝑏! 0.53 0.53 0.51 8.32 0.00 0.00 
𝑑OO!  2.4 2.4 2.4 2.4 2.4 2.4 
𝐶 4.93 4.93 4.93 0.02 0.20 0.01 
𝑐 1.98 1.98 1.98 9.78 0.00 2.00 
𝑑OH!  1.0 1.0 1.0 1.0 1.0 1.0 
𝑟!! 3.5 3.5 3.5 3.5 3.5 3.5 
𝑟!! 4.0 4.0 4.0 4.0 4.0 4.0 
𝑉!! -136 -141 -126 -136 -110 -119 
𝑐! -21.6 -25.7 -21.6 -23.0 -25.5 -22.0 
𝑐! 2.8 2.8 2.8 4.6 6.9 1.5 
𝑐! 1.3 1.3 1.3 1.2 1.2 1.3 
𝐷 143 143 143 143 143 143 
𝛼 1.8 1.8 1.8 1.8 1.8 1.8 
𝑟! 0.98 0.98 0.98 0.98 0.98 0.98 

 
 
  

State CuA Heme a Heme a3 CuB Y288 

PM’  Cu(I+I) Fe[II] Fe[IV]=O2- Cu[II]-OH- TyrO� 

PR  Cu(I+I) Fe[III] Fe[IV]=O2- Cu[II]-OH- TyrO- 

F  Cu(I+I) Fe[III] Fe[IV]=O2- Cu[II]-H2O TyrO- 
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Table C.3 The MS-RMD model parameters of PRDa3, PRAa3 in CcO. The redox states 
of the system for which the MS-RMD models are parameterized are labeled in the 
parenthesis under the protonatable groups.	
 

	
  

 PRDa3 (PM’) PRAa3 (PM’) PRDa3 (PR) PRAa3 (PR) 
𝐵 1.00 0.99 0.40 1.00 
𝑏 2.00 2.00 1.80 2.00 
𝑏! 0.00 0.01 0.74 0.01 
𝑑OO!  2.4 2.4 2.4 2.4 
𝐶 0.99 0.32 0.57 0.95 
𝑐 1.99 1.98 0.66 1.94 
𝑑OH!  1.0 1.0 1.0 1.0 
𝑟!! 3.5 3.5 3.5 3.5 
𝑟!! 4.0 4.0 4.0 4.0 
𝑉!! -150 -146 -148 -164 
𝑐! -31.9 -38.7 -30.6 -40.3 
𝑐! 2.7 1.9 1.2 4.3 
𝑐! 1.1 1.2 1.3 1.1 
𝐷 143 143 143 143 
𝛼 1.8 1.8 1.8 1.8 
𝑟! 0.98 0.98 0.98 0.98 
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Table C.4 Charges for the CuB complex with water ligand. The total charge of the 
complex is +1 and the charges represent the F state. 
 

  Residue/Atom Charge Residue/Atom Charge 
Cu 0.102891 His333  
His284  CB -0.044220 

CB -0.035004 HB1 0.072991 
HB1 0.025432 HB2 0.072991 
HB2 0.025432 ND1 -0.287283 
ND1 -0.327117 HD1 0.313759 
CG 0.240668 CG 0.109448 
CE1 0.114118 CE1 -0.005637 
HE1 0.145211 HE1 0.127801 
NE2 0.015633 NE2 -0.073717 
CD2 -0.291661 CD2 -0.206675 
HD2 0.185949 HD2 0.194861 

Tyr288  His334  
CB -0.032381 CB 0.055548 
HB1 0.046442 HB1 0.042470 
HB2 0.046442 HB2 0.042470 
CG 0.355739 ND1 -0.222780 
CD1 -0.320302 HD1 0.303707 
HD1 0.169652 CG 0.059376 
CE1 -0.090454 CE1 0.013947 
HE1 0.142073 HE1 0.128737 
CZ 0.395685 NE2 -0.045397 
OH -0.508863 CD2 -0.187061 
CD2 -0.568165 HD2 0.067823 
HD2 0.322658 WAT  
CE2 0.207278 O -0.600232 
  H 0.349859 
  H 0.349859 
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Table C.5 Charges for the CuB complex with water ligand. The total charge of the 
complex is +2 and the charges represent the hypothetical state when water is formed at 
the BNC without electron transferred from heme a to the BNC. 
  

Residue/Atom Charge Residue/Atom Charge 
Cu 0.367305 His333  
His284  CB -0.010826 

CB 0.076426 HB1 0.097798 
HB1 0.034795 HB2 0.097798 
HB2 0.034795 ND1 -0.357884 
ND1 -0.335539    HD1 0.358854 
CG 0.139477 CG 0.160031 
CE1 0.086723 CE1 0.083244 
HE1 0.154940 HE1 0.122523 
NE2 -0.004625 NE2 -0.106667 
CD2 -0.177937 CD2 -0.214235 
HD2 0.179207 HD2 0.192588 

Tyr288  His334  
CB -0.025228 CB 0.014208 
HB1 0.139386 HB1 0.108557 
HB2 0.139386 HB2 0.108557 
CG 0.452569 ND1 -0.295508 
CD1 -0.457841 HD1 0.360531 
HD1 0.224088 CG 0.063177 
CE1 0.039711 CE1 0.075023 
HE1 0.149669 HE1 0.164318 
CZ 0.287133 NE2 -0.064106 
OH -0.463121 CD2 -0.103335 
CD2 -0.777407 HD2 0.032519 
HD2 0.329613 WAT  
CE2 0.335019 O -0.674438 
  H 0.429365 
  H 0.429365 
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Table C.6 Bond and angle parameters for the water ligand in the CuB complex. For the 
O-H bond Morse potential is used. For the H-O-H angle the harmonic potential is used. 
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