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Abstract 

 Proton transport, the movement of hydrogen ions across membranes, is a pervasive 

biological process which appears in many contexts and is central to cellular energy transduction, 

hence life itself. Because it plays a central role in many enzymatic mechanisms, understanding 

what protein features cause defective or, conversely, facile proton transport can produce insights 

into how to treat diseases linked to those enzymes, as well as suppress or enhance their function. 

Proton transport processes in enzymes, though they enable such important events as the synthesis 

of ATP and co- or anti-transport of small molecules, are often not mechanistically well-understood. 

In particular, existing proton transport studies have often assumed that transport will only occur 

readily when coherent, stable hydration structures can be resolved. More recent work has cast 

doubt on this assumption and produced evidence of relatively facile proton transport even through 

only transiently hydrated structures, illuminating the need to account for the coupling of proton 

motion to local water structure when studying this important process.  

 In this thesis, I present model parameters for reactive molecular dynamics simulations of 

glutamate, aspartate, and histidine, three titratable amino acids that often mediate proton transport 

in channels. I show that these models produce physically accurate results and are transferrable to 

aqueous environments despite being derived from gas-phase data. I then apply some of these 

models to a real system with important biological implications, mitochondrial respiratory Complex 

I, a key component of the electron transport chain and one of a few proteins responsible for 

maintaining the mitochondrial proton gradient that powers ATP synthase. First, I present a study 

detailing the employment of the fitRMD parameterization procedure to produce a physically 

accurate reactive molecular dynamics model of aspartate, as well as improvements to the existing 

methodology that result in a more accurate glutamate model than previously existed. Because 



 xi 

excellent experimental data on the pKas of glutamate and aspartate mutants of a certain residue in 

staphylococcus nuclease exists, I was also able to show that these models strongly agree with 

available data for both bulk and protein environments. Then, I present similar work for histidine, 

discussing the modeling differences from the carboxylates due to the two non-equivalent 

protonation sites of histidine, and validating the model produced against experimental data.  

 Finally, I use some of these models in a real system, the ND1-ND4L hypothetical proton 

pathway in Complex I. This pathway, unlike three other proton pathways in the enzyme, is not 

well-understood, and the lateral proton transport between several critical titratable carboxylate 

residues has been hypothesized to enable delivery of the driving force produced by ubiquinone 

reduction elsewhere in the enzyme to each of the sites of proton translocation. This enzyme is a 

case study in the coupling of local hydration dynamics to proton transport energetics, as well as 

the more general phenomenon of proton transport being coupled to processes with much longer 

and larger time- and length-scales. I calculate the potential of mean force of proton transport with 

respect to local water connectivity and proton progress through the channel to shed light on how 

transport through this channel might interact with sequential transport events, and build on the 

growing body of work showing that transiently dry channels do not prevent a finding of relatively 

facile proton transport if water structure is adequately accounted for in simulation design.  

 Taken together, these results represent a step forward toward more accurate and versatile 

models of reactive residues in protein proton transport processes, as well as an advance in our 

understanding of the energetics and dynamics of proton transport in one particularly important 

system, Complex I, with important implications for future modeling efforts as well as further 

experimental work on the enzyme.  
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CHAPTER 1 

Introduction 

1.1 Proton Transport in Biological Systems 

Proton transport (PT) is a ubiquitous biological process involving the movement of hydrogen 

ions (protons or H+) across membranes. 1-3 Like other ion transport processes, PT may serve to 

establish a charge gradient1, 4, 5, it may be active6 or passive7, it may even sometimes run in 

reverse8, and it is often coupled to changes in the cellular context on larger and longer length- and 

time-scales than the reactions which comprise the transport process itself3, 9-11. PT is critical to the 

functioning of a wide variety of proteins and other biological systems.3 PT is essential to produce 

the mitochondrial proton gradient which drives the synthesis of ATP,12 to the transport of other 

ions and molecules,4, 13 and to cellular homeostasis.14 The ubiquity of PT in biological systems 

means that there is a wide variety of potential applications for a better understanding of PT 

processes generally and in particular instances, from drug design14-16 to energy storage.17 But while 

study of aqueous systems, especially computational study, has made enormous progress, many of 

the aspects of PT in biological systems, including mechanistic details and energetics, remain 

obscure.  

A proton in aqueous solution interacts strongly with neighboring water molecules, rather than 

existing isolation, tending to form hydrogen bonds with nearby water molecules.18 The excess 

proton is frequently denoted H3O+, the hydronium ion, a water molecule bearing an additional 

proton. This is not a particularly accurate description of the physical reality.19 The nature of the 

water structure around such an excess proton can change rapidly but is commonly described as a 

water cluster comprising two or four water molecules and an excess proton: H5O2
+ or H9O4

+. These 
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are, respectively, termed the Zundel20 and Eigen21 cations. Which, if either, of these two structures 

dominates under ordinary conditions remains contested,22 but either serves to illustrate an 

important point about the excess proton in water. 

1.2 The Grotthuss Mechanism 

     The fact that an excess proton tends to exist as clusters of water molecules sharing the positive 

charge gives rise to an important phenomenon in the PT context. Unlike other ion transport 

processes, PT has the unique feature that the identity of the particle being transported changes. In 

a process known as Grotthuss shuttling, a proton can hop from one water molecule to another.23 

Hops can occur singly and serially, or in concerted fashion.24 Double or triple hops inescapably 

result in the charge moving while the atom that originally bore that charge remains behind, a 

strange concept in the ion transport context;25 this conceptual difficulty arises from improperly 

analogizing protons to other ions. When a chloride or similar ion moves through water, its charge 

moves with it, because its electronegativity makes it extremely unlikely that it will transfer 

electrons to the surrounding solution. This phenomenon of the charge moving with the particle is 

called vehicular transport and is the dominant mode by which non-proton ions are transported in 

biological systems. But hydrogen atoms in water are interchangeable—hydrated protons can and 

frequently do receive electron transfers ultimately from other hydrogens, which has the effect of 

moving the positive charge and is the basis of Grotthuss shuttling (Figure 1.1). The phenomenon 

of the charge moving through a comparatively stationary medium is sometimes termed structural 

transport.26 It is useful in a structural transport context to think not of a particle being transported, 

but a charge, and to think of the charge as being located at the center of charge of the local system.27 

PT is thus unique among biological ion transport processes in that mechanistically it presents as a 

combination of vehicular transport and Grotthuss shuttling modes. The combination of 
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mechanisms makes the diffusion of protons in water much faster than that of other ions,28, 29 but 

also has important ramifications for modeling efforts. 

 

Figure 1.1 A schematic of a Grotthuss shuttling, in this case a concerted two-hop proton transfer 

in a three-molecule water wire. Notice that the charge has moved to the rightmost water molecule 

from the leftmost water molecule, while the nuclear positions have remained effectively constant. 

Bond lengths and angles not necessarily to scale. 

Vehicular transport, because it does not involve breaking or forming chemical bonds, is 

relatively easily modeled. Grotthuss shuttling, conversely, is more complex. The hopping of 

protons is the breaking and formation of bonds, involving changes in electronic interactions. 

Classical methods, to avoid having to model explicit electrons, must assume a fixed bonding 

topology, generally representing bonded interactions as spring potentials fit to high-level data; 

these methods thus cannot represent Grotthuss shuttling. But to solve the Schrödinger equation for 

all the electrons in any sizable system would quickly become intractable and seem to foreclose the 

possibility of studying systems that are both large and reactive. Many methodologies have been 

devised to address this problem. Some, like ab initio molecular dynamics (AIMD)30 and quantum 

mechanics / molecular mechanics (QM/MM)31, retain on-the-fly solution of the Schrodinger 

equation. Another approach is a bond order formalism method,32, 33 which computes bond order 

between given atoms according to some function of the nuclear positions (parameterized against 

quantum mechanical simulation data) and thereby permits dissociation. Each of these approaches 

has downsides in the context of PT. The former approach can still become prohibitively expensive 



 4 

when the portion of the system for which explicit QM simulation must be done is large, which is 

frequently the case with long-range PT processes. Long timescales present a similar problem; ab 

initio methods are inefficient to simulate at the nanosecond timescale and above. The latter 

approach is less computationally prohibitive once adequate models have been prepared, but the 

process of creating accurate reactive potentials requires a large amount of QM simulation up front. 

A third approach is the multiscale reactive molecular dynamics (MS-RMD) method.34-36 This 

method strikes a balance between QM accuracy on the one hand and classical efficiency on the 

other that is well-suited to the study of reactive processes in large biological systems. MS-RMD 

treats the system as a linear combination of diabatic states |𝑖⟩, each with a fixed bonding topology. 

In a given diabatic state, an excess proton in water will thus be covalently bound to one water 

molecule. Each diabatic state has some potential energy calculated according to the force field 

used for the computation. These force field energies become the diagonal elements of the MS-

RMD Hamiltonian matrix, with the off-diagonal elements representing coupling between diabatic 

states, corresponding to the transition probability between states in a given configuration. 

Diagonalization of the MS-RMD Hamiltonian produces a ground state vector which describes the 

contribution of each diabatic state. Atomistic forces can be computed by applying the Hellman-

Feynman theorem allowing the system to be propagated in time. This approach has been 

successfully applied to a wide array of PT processes in biological systems to describe their 

energetics and shed light on microscopic PT mechanisms largely inaccessible to experiments.37-50 

1.3 Complex I 

Mitochondrial respiratory complex I (Complex I) is a vital part of the mitochondrial electron 

transport chain (ETC) by which energy is stored in the body as adenosine triphosphate (ATP).51-54 

Complex I catalytically oxidizes NADH to NAD+, ultimately transferring two electrons to 



 5 

ubiquinone, and captures some of the energy released in that process to transport four protons from 

the mitochondrial matrix to the intermembrane space.55-57 The proton gradient thereby established 

later drives the function of ATP synthase. 52-54, 58 This process is vital and central to energy 

transduction in biological systems. It is anything but simple, however. Oxidation happens over 100 

Å from the location of PT, and the turnover rate of the protein is on the order of milliseconds, 

orders of magnitude slower than either the rate of NADH oxidation or the time it would take a 

proton to diffuse a distance equal to the breadth of the membrane.59 Moreover, the enzyme can 

function in reverse, under certain circumstances, resulting in flow of protons into the matrix and 

reduction of NAD+.60-62 The binding of various cofactors and other considerations have been 

suggested to influence the overall protein conformation and catalysis.59, 63, 64 In addition to its core 

role in cellular energy transduction and storage, Complex I has been implicated in certain 

neurodegenerative diseases and as a source of oxidative stress.65 

Understanding the function of this vital enzyme has at least three purposes, then. First, it 

promises to illuminate the coupling of disparate length- and time-scales in biological systems, a 

feature of many biological processes that frequently remains poorly understood. Second, it holds 

insights into PT processes in biological systems in general, as a ubiquitous example of a proton 

transporting enzyme, with implications for the understanding of other such processes as well as 

the design of biologically inspired materials. Third, specific knowledge of the factors which 

influence PT in Complex I may be key to understanding how defects in the protein might cause it 

to malfunction and aid research into therapies.  

1.4 Thesis Summary 

This work presents several improvements in MS-RMD models of amino acids as well as the 

application of the MS-RMD method to an important biological proton transporting protein, 
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Complex I. Chapter II presents the development of reactive models of glutamic acid and aspartic 

acid derived by diabatic matching of MS-RMD energies to quantum mechanical diabatic state 

energies. This represents an advance over an older force-matching methodology, as well as 

refinements and additions to more recent work. Chapter II goes on to present simulations which 

validate the models in both bulk water and protein contexts, showing that they accurately 

reproduce the correct physics even in contexts where proton transport is modulated by significant 

environmental factors. Chapter III presents similar work for a histidine model, with modifications 

specific to the unique features of histidine. In particular, unlike carboxylic acids, histidine has two 

non-equivalent protonatable nitrogen atoms, and it was necessary to derive a model which 

accurately represented that the energetics of proton dissociation from each should be different. 

Chapter IV presents an application of the models reported in Chapter II to a complex and important 

biological proton transporter, Complex I. The route of PT through the membrane portion of 

Complex I is not completely understood, and one suggested pathway involves carboxylate 

residues. The application of diabatically matched MS-RMD models to this pathway was used to 

compute the potential of mean force of PT and determine how the hydration of the channel is 

coupled to the translocation of the proton through the channel. Finally, Chapter V presents some 

concluding remarks.  
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CHAPTER 2 

Accurate 𝐩𝑲𝐚 Calculations in Proteins with Reactive Molecular Dynamics Provide 

Physical Insight Into the Electrostatic Origins of Their Values 

 

Reprinted with permission from: Joshua Zuchniarz, Yu Liu, Chenghan Li, and Gregory A. Voth. 

Accurate p𝐾a Calculations in Proteins with Reactive Molecular Dynamics Provide 

Physical Insight Into the Electrostatic Origins of Their Values. Journal of Physical Chemistry B 

2022, 126 (38) 7321-7330.  

Copyright 2022 American Chemical Society. 

2.1 Introduction 

Molecular dynamics (MD) simulations have typically been used to investigate systems and 

phenomena, such as protein folding or ligand docking, involving force fields with a constant 

bonding topology. These classical MD methods, so-called because they do not involve a quantum 

mechanical treatment of the bonds or atoms involved, have been successfully applied to a wide 

range of biomolecular systems.66 Despite the versatility of classical MD, alternative methods are 

required for any process where chemical reactivity plays a central role, such as protonation / 

deprotonation events by amino acids. Such alternative methods are valuable, indeed essential, for 

accurately calculating fundamental chemical properties accessible to experiment like the free 

energy of a reaction or the p𝐾a of an amino acid in a biological context. To that end, a number of 

modifications of classical MD to permit reactivity have been developed. Ab initio molecular 

dynamics67 (AIMD) and hybrid quantum mechanics / molecular mechanics68 (QM/MM) methods 

permit reactivity by incorporating on-the-fly electronic structure calculations. Naturally, these 
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approaches are much more computationally intensive than classical MD given the need to carry 

out an electronic structure calculation, and typically they are only feasible for short (< 1 ns) 

timescales. Another approach is to incorporate information from electronic structure calculations 

into a reactive MD force field (FF) called “fitRMD”. In such a simulation, electronic structure is 

treated implicitly, resulting in much greater efficiency than QM methods. Such reactive molecular 

dynamics (RMD) methods include bond-order formalisms, like ReaxFF,33 in which the bond order 

between pairs of atoms is computed as a function of atomic positions and reactivity is the result of 

changes in bond order over time.69 RMD also encompasses multistate methods as described below, 

which compute interatomic potentials and forces from a linear combination of possible bonding 

topologies, or diabatic states.  

    The multiscale reactive molecular dynamics (MS-RMD) method combined with a fitRMD 

reactive FF follows the latter approach.34, 70, 71 (It should be noted that in this paper we associate 

the acronym MS-RMD with the reactive MD algorithm and fitRMD with the reactive MD FF, 

which has not always been done in past papers.) Because it does not require on-the-fly solutions 

to the electronic Schrödinger equation, MS-RMD is several orders of magnitude faster than AIMD 

and QM/MM. This lower cost renders microsecond-scale reactive MD simulations tractable, 

meaning that MS-RMD can be applied to study complex biomolecular phenomena where fast 

electronic degrees of freedom are coupled to slower, larger-scale processes like protein 

conformational changes. At the same time, a recent fitRMD advance72  has demonstrated that MS-

RMD parameters can be trained by diabatic matching (DM) on gas-phase constrained density 

functional theory (CDFT) data and then used, rather remarkably, without modification in 

condensed phase simulations in both liquid water and in the staphylococcal nuclease (SNase) 

protein to produce p𝐾a predictions in quantitative agreement with experiment. This represents an 
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advantage over other RMD methods, which generally require more extensive or more system-

specific FF parameterization to achieve the same level of accuracy.  

    The ultimate end of any reactive MD simulation is to produce insights into the system in 

question which are difficult or impossible to probe experimentally or (often) by other 

computational means. By correctly describing the fundamental, microscopic physics of a reactive 

process, MS-RMD simulations using DM-derived parameters do not just reproduce 

macroscopically observable “single value” quantities like p𝐾a (although in many instances, even 

determining the p𝐾a of an amino acid (AA) in a protein can be experimentally challenging73). 

Rather, such MS-RMD simulations can produce an entire multi-dimensional free energy surface 

for the reactive process at hand, which can then be used to not only compute quantities of interest 

but also to understand the physics behind them.74 This degree of insight into the microscopic 

physics of the system permits elucidation of the mechanism of the process and identification of 

the features which have the largest effects on its energetics. Put another way, while other methods 

might possibly correctly predict the value of the p𝐾a of an amino acid, the MS-RMD approach 

produces not just what the p𝐾a value is but why it is what it is, by describing all of the interactions 

which collectively determine the physical equilibrium characterized by the p𝐾a value. 

    The current fitRMD approach72 represents a form of physics-constrained supervised machine 

learning (ML). The training set in our recent study and in this work contains gas-phase diabatic 

state energies of reactive complex configurations computed by CDFT, but it should be noted that 

the procedure is agnostic to the QM method chosen; in principle, any diabatic method could be 

used. The key physical insight is that the information necessary to accurately reproduce a reaction 

event in a diabatic model must be primarily encoded in the electronic structure of the few diabatic 

states which dominate the linear combination of diabatic states that describes the entire reactive 
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complex. Although the relationship between these electronic structure calculations and the proper 

fitRMD parameters is not intuitively obvious, by minimizing the residual of the diabatic state 

vector (rather than, as in past iterations of fitRMD model development, minimizing the residual of 

the atomistic forces34-36, 75), the fitRMD model learns how to properly reproduce the diagonal 

elements of the quantum mechanical Hamiltonian (corresponding to the contributions of the 

diabatic states to the ground state energy) as well as the off-diagonal elements (corresponding to 

the transition probabilities between states). Once trained, these parameters can be used in 

environments like bulk water and proteins, which differ greatly from the gas-phase training set 

conditions, and still achieve quantitatively accurate p𝐾a predictions evidently without further 

modification.72 

    In this work, we expand on recent developments of our MS-RMD models in two ways: first, we 

present newly computed fitRMD parameters for aspartate (Asp; D) from CDFT data, analogous to 

those previously presented72 for glutamate (Glu; E) and lysine (Lys; K) and demonstrate 

quantitative accuracy and transferability similar to our earlier results. Second, we report even better 

transferability of the fitRMD model to a protein environment by first fitting the sidechain carboxyl 

group O-H bond force field potential parameters to DFT data. Afterwards, we discuss the notable 

experimental p𝐾a shift of both the aspartate and glutamate sidechains between bulk water and 

SNase in light of the computed potentials of mean force (PMF) of deprotonation. We conclude 

that a large part of this difference is due sidechain flexibility with regard to rotation and extension, 

and show how these considerations constrain the minimum free energy path (MFEP) of proton 

transport from the protonated residue to the bulk water, thus helping to define the physical origins 

of the p𝐾a value.  
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2.2 Methods 

2.2.1 MS-RMD.  

In a classical MD simulation, unlike MS-RMD, there is a single, fixed bonding topology 

throughout the simulation, and the dynamical evolution of the system is governed by a force field 

(FF) which describes the forces between the atoms as a function of their positions. The heart of 

the MS-RMD approach is to treat a reactive system as a linear combination of different bonding 

topologies, each with its own potential energy described by a classical FF. These possible bonding 

topologies, or diabatic states, are evaluated on-the-fly, and allowed to change as the system 

evolves, so that all those topologies and only those topologies (lest the computation become 

intractably complex) that significantly contribute to the linear combination are considered. 

Consider the deprotonation of the generic acid HA in water into its conjugate base and a hydrated 

proton: 

 HA + H2O → A− + H3O+ (2.1) 

    In this representation, the reactant state and product state of the hydrated excess proton shown 

are two of the diabatic states whose bonding topologies’ potential energies enter into the linear 

combination from which the total system potential energy and interatomic forces are derived. In 

practice, however, many other diabatic states make contributions to the energy which cannot be 

neglected. These are taken into account by algorithmically identifying all the reasonable possible 

bonding topologies out to the third solvation shell of the hydrated excess proton,76  including 

topologies representing binding of the proton to nearby titratable amino acids (AAs). That set of 

states |𝑖⟩ forms the basis for the MS-RMD Hamiltonian as 

 𝐇RMD = 𝚺𝑖𝑗 |𝑖⟩ℎ𝑖𝑗⟨𝑗| (2.2) 
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where when i=j, ℎ𝑖𝑖 represents the energy of state |𝑖⟩, typically defined as the classical FF potential 

energy of the corresponding bonding topology, and when i≠j, ℎ𝑖𝑗 represents a coupling term 

corresponding to the transition probability between the two states. Each of these terms is dependent 

on the coordinates of the system nuclei. The eigenvalue problem 

 𝐇RMD𝐜 = E𝐜 (2.3) 

then produces eigenvectors c whose components 𝑐𝑖 correspond to the contributions of the various 

diabatic state energies to the eigenvalues of the Hamiltonian. The ground state energy of the system 

is the lowest eigenvalue of the Hamiltonian (and also a function of the instantaneous set of 

positions of the nuclei). The system is evolved in time by computing forces using the Hellman-

Feynman theorem: 

 𝐅 = 𝚺𝑖𝑗𝑐𝑖𝑐𝑗𝐅𝑖𝑗 = −𝚺𝑖𝑗𝑐𝑖𝑐𝑗∇ℎ𝑖𝑗 (2.4) 

    The diabatic state vector 𝐜 is also useful for defining the position of the net positive charge 

defect associated with the excess proton. This “center of excess charge” (CEC) is defined as77   

 𝐫CEC = ∑ 𝑐𝑖
2

𝑖

𝐫𝑖
COC 

(2.5) 

where 𝐫𝑖
COC is the center of charge of the hydronium or other protonated species in state |𝑖⟩. For a 

more complete treatment of aspects of the MS-RMD method, please see refs34, 71. 

2.2.2 fitRMD Parameterization.  

The electronic structure approach taken in this work to develop fitRMD parameters follows 

the CDFT-based protocol of ref72. We restate the essential relationships here but refer the reader 

to ref72 for more thorough derivations and to ref78 for in-depth discussion of CDFT generally. We 

also emphasize that this particular choice of electronic structure method is not essential to the 
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broader ML paradigm being described. There is no theoretical obstacle to choosing a different 

diabatic electronic structure method.  

    In order to perform an electronic structure calculation on a diabatic basis state of an adiabatic 

ground state system for a given configuration of nuclear coordinates, constraints must be placed 

on the electron density. Considering again the dissociation of a generic acid HA, the diabatic states 

of greatest importance are those corresponding to the reactant (HA +  H2O) and the product (A−  +

 H3O+). For a single nuclear configuration, these states differ only in the charges of the two 

molecules, and thus the electron density. So, we can find the energy of a fragment of the system 

subject to some constraint on the electron density by the minimization 

 
𝐸𝐶𝐷𝐹𝑇(𝑁) =

min max
𝜌 𝜆

(𝐸[𝜌(𝒓)] + 𝜆 (∫ 𝜌(𝒓)𝑑3𝑟 − 𝑁
Ω

)) (2.6) 

where 𝐸[𝜌(𝒓)] is the density functional and 𝜆(∫ 𝜌(𝒓)𝑑3𝑟 − 𝑁
Ω

) is a Lagrange multiplier term 

which enforces a constraint N on the number of electrons in the volume Ω.78 The Becke partition 

scheme79 was used to assign volumes of space to each of the fragments in each diabatic state. 

Having computed 𝐸𝐶𝐷𝐹𝑇 for both diabatic states, the ground state energy, analogous to the MS-

RMD ground state energy, can be expressed as the lowest eigenvalue of  

 𝐇CDFT𝐜 = 𝐸𝐒𝐜 (2.7) 

where S is the overlap matrix between the diabatic states.  

    With electronic structure data for the diabatic states in hand, parameterization of the MS-RMD 

model is achieved by minimizing the residual of the diabatic state vectors 𝐜, given by72 

 𝜒2 = ⟨|𝐜RMD − 𝐜CDFT|
2

⟩ (2.8) 
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2.2.3 Density Functional Theory.  

DFT simulations were performed on protonated Asp and Glu residues in CP2K80 using the 

𝜔B97X functional81 and TZV2P basis set. Eleven single-point energy calculations were performed 

for each residue, varying the length of the sidechain carboxyl O-H bond from 0.9 Å to 1.9 Å in 0.1 

Å increments. The resulting bond dissociation energy curves were used to optimize Morse 

potential parameters for the sidechain carboxyl O-H bond for both residues prior to the more 

extensive optimization of MS-RMD parameters described below.  

    For Asp only, DFT simulations at the same level of theory were performed on 63 configurations 

of a protonated Asp/ water molecule complex, where the distance between the water oxygen and 

the nearest sidechain carboxyl oxygen varied between 2.2 Å and 2.8 Å in increments of 0.1 Å and 

the position of the proton shared by the sidechain carboxyl group and the water molecule varied 

from 1.0 Å from the nearest carboxyl oxygen to 1.0 Å from the water oxygen in nine equally 

spaced increments. The entire Asp residue was modeled, rather than just its sidechain. This was 

found to affect the values of c computed, unlike earlier work on Glu, due to the smaller size of the 

Asp sidechain and proximity of the carboxyl group to the backbone. The analogous simulations 

for Glu were already performed in ref72 and no further electronic structure data was required. 

2.2.4 CDFT.  

The CDFT calculations were performed on the same Asp configurations as above in CP2K 

at the same level of theory. The fragments were defined as the molecules of the diabatic states 

discussed in Methodology; namely, for the reactant state the fragments were AspH and H2O and 

for the product state the fragments were Asp− and H3O+, where the constraint on the number of 
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electrons per fragment was set to achieve the correct overall charge per fragment and the volumes 

of space corresponding to each fragment were defined by the Becke partition scheme.  

2.2.5 Parameter Optimization.  

Several sets of parameters were optimized simultaneously for each residue:  

 

𝑈OX
rep

= 𝐵 ( −𝑏(𝑟OX − 𝑑OX
0 )) ∑ exp (−𝑏′𝐪H𝑗X

2

3

𝑗=1

) 

(2.9) 

 

 𝑈HX
rep

= 𝐴 exp( −𝑎(𝑟𝐻𝑋 − 𝑑𝐻𝑋
0 )) (2.10) 

Equations 2.9 and 2.10 represent repulsive corrections to the classical FF between the hydronium 

oxygen and Asp/Glu sidechain carboxyl oxygen (𝑈OX
rep

) and hydronium hydrogen and Asp/Glu 

sidechain carboxyl oxygen (𝑈HX
rep

). Parameters 𝐵, 𝑏, 𝑏′, 𝐶, and 𝑐 were optimized algorithmically; 

𝑑OX
0  and 𝑑𝐻𝑋

0  were 2.4 Å and 1.0 Å, respectively. (A and a correspond, respectively, to parameters 

C and c of refs35, 72) The sum in eq 2.9 runs over the hydronium hydrogens and the exponential 

term becomes unity if a proton is equidistant between the two oxygens involved in the interaction. 

Nonbonded interaction parameters between 1) Glu/Asp carboxyl oxygen (OP) and water oxygen 

(Ow), 2) Glu/Asp carboxyl proton (HP) and Ow, 3) Glu−/Asp− carboxylate oxygen (O) and 

hydronium oxygen (OH), and 4) O and hydronium proton (HH) were fit to a 12-6 Lennard-Jones 

(LJ) potential (see Supporting Information). The off-diagonal coupling term between diabatic 

states in the MS-RMD Hamiltonian, ℎ𝑖𝑗, was defined as35  

 ℎ𝑖𝑗 = 𝑔1 exp(−𝑔2(𝑟HX − 𝑔3)2) (2.11) 
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where 𝑟HX is the distance between the nearest Asp/Glu carboxyl oxygen and the proton shared with 

a water molecule, while parameters 𝑔1, 𝑔2, and 𝑔3 were tunable and correspond, respectively, to 

𝑐1, 𝑐2, and 𝑐3 of refs35, 72. (Note that in this section all parameters “c” are not the same as the 

diabatic coefficients in eqs 2.7 and 2.8.) A final tunable term, 𝑉𝑖𝑖, which is a constant energy 

correction for the difference in energy between the protonated and deprotonated forms of Glu/Asp 

in the classical FF, was also included. In total, 17 parameters were fit for each AA. Optimization 

was accomplished by a Nelder-Mead82, 83 minimization followed by Broyden-Fletcher-Golfdfarb-

Shanno (BFGS) minimization of the residual in eq 2.8. The initial guess parameter set for Glu was 

the model of ref72while for Asp it was the model in ref35. 

2.2.6 MS-RMD Simulations.  

All MS-RMD simulations were performed in LAMMPS MD software84 using the 

RAPTOR34 extension. Enhanced free energy sampling used the PLUMED2 plugin85, 86 to 

LAMMPS. Classical FF parameters were from CHARMM36.87 The SPC/Fw water model88 was 

used for classical waters throughout. Except where noted for the AAs, the MS-RMD parameters 

used for when the dissociated hydrated excess proton was in water molecules were those of MS-

EVB 3.2.89 Prior to any reactive MD simulations, all systems were equilibrated classically with 

the GROMACS MD package.90  

    The MS-RMD simulations employed a Nose-Hoover chain91 thermostat using a damping 

parameter of 100 fs and were performed at 300 K with a timestep of 1 fs. The particle-particle, 

particle-mesh method was used to compute long-range electrostatic interactions in reciprocal space 

with a cutoff of 10 Å and a precision of 10-4.92 Well-tempered metadynamics93  (WT-MTD) was 

performed to improve the free energy sampling of the proton dissociation event. The reaction 

coordinate (RC) of proton dissociation, denoted by 𝜉𝐶𝐸𝐶, was defined as the distance between the 
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nearest sidechain carboxyl oxygen and the excess proton CEC (eq 2.5), as done previously.72 The 

WT-MTD Gaussian height and bias factor were 0.8 kcal/mol and 12, respectively, and Gaussians 

of width 0.1 Å were deposited every 1 ps. A harmonic potential of 25 kcal/mol ∗ Å2 was applied 

beyond a 𝜉CEC value of 8 Å to avoid needless sampling of bulk-like excess proton configurations 

far from the protonatable residue.   

2.2.7 Bulk Water and Protein 𝐩𝑲𝐚 Calculations.  

Two different types of MS-RMD simulations were performed for each Asp and Glu model. 

First, each system was simulated as a protonated single residue in a box of bulk water consisting 

of 238 water molecules for Asp and 241 water molecules for Glu. The p𝐾a in bulk water was 

calculated from statistical mechanics via the formula72 

 
p𝐾a = log [𝐶0 ∫ 4𝜋𝜉CEC

2 𝑒−𝛽(𝐹(𝜉CEC)−𝐹(+∞)) d𝜉CEC

†

0

] 
(2.12) 

where 𝜉CEC is the distance between the excess proton  CEC and the AA sidechain carboxyl group, 

𝐹(𝜉CEC) is the conditional free energy (PMF) as a function of that distance, and 𝐶0 =
1

1660
 Å−3 is 

the standard state concentration expressed as a number density. 𝐹(+∞) is the value of the free 

energy at infinite distance between the proton and the AA, taken to be the value of the free energy 

curve when 𝜉CEC is sufficiently large that 𝐹(𝜉CEC) has plateaued. The symbol † denotes the 

position of the transition state. 35, 72  

    Second, SNase (PDB: 1U9R94) structures were prepared by computationally mutating E66 to 

D66, if necessary, protonating E/D66, solvating in a cubic box of water 70 Å to a side containing 

~10,000 water molecules (9,973 for Glu, 9,911 for Asp), adding NaCl to a concentration of 0.15 

M, and equilibrating under constant NPT conditions at 298 K and 1 atm for 200 ns. A Nose-Hoover 
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chain thermostat with a damping parameter of 100fs and Parrinello-Rahman barostat95 with a 

damping parameter of 1 ps were used. A timestep of 2 fs was used and the LINCS algorithm96 

constrained bonds involving hydrogen atoms. Subsequent biased MS-RMD simulations used a 

timestep of 1 fs at a temperature of 298 K in the constant NVT ensemble. For the protein systems, 

two-dimensional umbrella sampling (US) simulations were carried out with respect to two 

collective variables (CVs): 𝜉CEC and 𝑑SC.72 𝜉CEC is defined identically to the bulk water case, while 

𝑑SC is a relative measure of the orientation of the Asp/Glu sidechain with respect to rest of the 

protein; negative values correspond to buried conformations of the sidechain, interacting with 

various internal water molecules,94, 97, 98 while positive values are exposed to bulk (see Supporting 

Information). For V66E, a total of 900 US windows were used spanning 𝜉CEC=0.4-11.25 Å and 

𝑑SC= -1.5-4.2 Å, with starting configurations taken from the US windows of ref72. For V66D, 580 

windows were used spanning 𝜉CEC=0.25-8.75 Å and 𝑑SC= -1.5-3.0 Å.  Each window was simulated 

for a minimum of 1 ns, with individual simulations extended as necessary to achieve convergence. 

A radially symmetric constraint 𝑢𝑟𝑒𝑠(𝑟⊥)  of 10 kcal/mol*Å2 was placed on the CEC beyond a 

radius of 7 Å from the mouth of the cavity containing E/D66 to prevent lateral diffusion (see 

Supporting Information). The weighted histogram analysis method (WHAM)99 was used to obtain 

the PMF from the US data per the following. 

First, the 𝑑SC degree of freedom was integrated out in order to express the free energy only as a 

function of 𝜉CEC according to  

 𝐹(𝜉CEC) = −𝛽−1 ln ∫ exp[−𝛽𝐹(𝜉CEC, 𝑑SC)] d𝑑SC (2.13) 

 

The p𝐾a can then be calculated from the resulting PMF by: 
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p𝐾a = log [𝐶0𝑆u ∫ 4𝜋𝜉CEC

2 𝑒−𝛽(𝐹(𝜉CEC)−𝐹(+∞)) d𝜉CEC

†

0

] 
(2.14) 

𝑆u = ∫ 2𝜋𝑟⊥exp [−𝛽𝑢𝑟𝑒𝑠(
∞ 

𝑜
𝑟⊥)]𝑑𝑟⊥is a correction factor to account for the presence of the radial 

restraint 𝑢𝑟𝑒𝑠(𝑟⊥) on the excess proton position. 

2.3 Results and Discussion 

2.3.1 DM-Derived Asp Model.  

The DM-optimized Asp MS-RMD parameters are reported in Table 2.1. The p𝐾a was 

computed by eq 2.12 as 3.8 ± 0.2. These parameters produce quantitative agreement with the 

experimental p𝐾a of Asp in bulk water of 3.71,100 in line with our previous results for Glu and Lys. 

This validation against experimental data is persuasive evidence for the model’s accuracy, but it 

must also be noted that it is encouraging that the parameter sets for Glu and Asp are quite similar 

to each other. As these AAs differ in their structure only by a methyl group and their sidechain 

p𝐾a by less than one unit, they ought to have substantial similarities in a model which, as our does, 

aims to encode the proper fundamental physics of the systems. Especially with regard to the LJ 

parameters, which intuition suggests ought to be almost identical for an Asp sidechain interacting 

with water compared to a Glu sidechain interacting with water, the two sets of parameters differ 

very little. This was not a constraint placed on the optimization, nor were the optimizations even 

conducted from the same initial guess, indicating that the DM paradigm is properly motivated, and 

that appropriate choice of training set allows the model to learn the physics essential to the reaction 

being described.  
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Table 2.1. MS-RMD parameters for Asp and Glu obtained by DM to CDFT data. Definitions 

of these parameters are provided in Simulation Details. Units of energy are kcal/mol and units 

of distance are Å. 

 

  

 

 

 

 

 

 

 

2.3.2 Improved Glu Model.  

In our previous study, to accurately model the bond dissociation energy for the deprotonation 

of lysine, it was necessary to replace the sidechain NH2-H+harmonic bond potential with a Morse 

potential, as has been done for all reactive species in previous fitRMD models.35 To determine the 

appropriate Morse potential parameters, a DFT single point energy scan along different lengths of 

the NH2-H+bond was performed, and the Morse parameters optimized by the BFGS method. It 

was suggested at the time that a similar procedure might be used to improve the existing models 

which make use of the Morse potential described in ref35. The greater accuracy of the Lys model 

in SNase compared to Glu lent credence to this proposal. 

 Asp Glu  Asp Glu 

B 0.000928477 3.94487 Vii -139.912 -153.282 

b 1.41581 1.41583 ϵOE−HH
LJ

 0.231526 0.227986 

b’ 1.08883 1.09180 σOE−HH
LJ

 1.36801 1.37334 

A 2.72026 3.85746 ϵOw−HEP
LJ

 0.717000 0.730093 

a 1.15572 1.15358 σOw−HEP
LJ

 1.22018 1.24711 

𝑔1 -20.2207 -25.0434 ϵOE−OH
LJ

 0.141951 0.112701 

𝑔2 3.03394 2.99967 σOE−OH
LJ

 3.00880 3.00179 

𝑔3 1.43771 1.40739 ϵOEP−Ow
LJ

 0.150728 0.195512 

   σOEP−Ow
LJ

 3.08218 3.11138 
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Table 2.2. Morse potential parameters where 𝑈(𝑟) = 𝐷(1 − 𝑒−𝛼(𝑟−𝑟𝑒))
2

; 𝐷, 𝛼, and 𝑟𝑒 were fit 

to a DFT scan along the Asp/Glu sidechain carboxyl OH bond. The first row shows the 

parameters derived and used in earlier MS-RMD models for comparison.  
 

 

 

 

In that vein, we report here new Morse potential parameters for the sidechain carboxyl OH 

bond in both Glu and Asp in Table 2.2. Note that these parameters were computed before 

optimization of the MS-RMD parameters. Two facts are immediately apparent: 1) Both new sets 

of Morse parameters differ significantly from the old set, especially in the depth of the well 𝐷, but 

also in a somewhat shorter equilibrium bond length 𝑟𝑒. The older parameters were fit to condensed-

phase QM/MM forces computed using the B3LYP functional101 and a double zeta basis set, while 

these here were computed using gas-phase 𝜔B97X/TZV2P diabatic state energies. At least one 

study,102 published after ref35, concluded that while B3LYP is certainly not a bad choice of 

functional, others offer better performance across several criteria when dealing with water systems 

specifically. Another recent publication81 showed that 𝜔B97X often produced more accurate 

results than B3LYP for a variety of test sets, and specifically for reaction barrier heights, which is 

of particular importance to this work. Taken together these indicate that our new Morse parameters 

rest on more reliable electronic structure data. They also produce better results across the board in 

terms of convergence of the DM fitting procedure, agreement with experiment, and transferability. 

A direct comparison can also be made between the parameters of the recently published Glu 

model72 and the new model by evaluating the  value of eq 2.8 for each. For the older model this is 

0.014 while the current model produces a value of 0.0042. Figure 2.1 represents this same data 

 𝐷 𝛼 𝑟𝑒 

Nelson35 143.003 1.80 0.975 

Asp 164.564 1.74 0.960 

Glu 163.527 1.73 0.962 
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visually by plotting the values of 𝒄CDFT against 𝒄RMD. It is clear from this data that the current 

model, in which only the Glu carboxyl OH Morse potential was changed before reoptimization, 

produces fitRMD parameters which better replicate the training data. 2) The two sets of Morse 

parameters are much alike, especially in comparison with the prior set. This is not unexpected. 

Asp and Glu, as already noted, have similar structures. Additionally, their experimental p𝐾a’s in 

bulk water, which are largely determined by the OH bond dissociation energy, differ by only about 

half a unit. In fact, the earlier force-matched Glu and Asp models used Morse parameters that were 

actually identical, because they had been fit to a harmonic CHARMM bond potential that was the 

same for the carboxyl OH of both molecules.35 Once again, these values were not constrained to 

be identical in the present work. The underlying DFT energy data, though computed analogously, 

were different. That they nevertheless produced such similar results reflects well on the choice of 

electronic structure and optimization methods. 

 

Figure 2.1. Plots of 𝒄𝐶𝐷𝐹𝑇versus 𝒄𝑅𝑀𝐷for the training set after optimization for Left: the Glu model 

of ref 9; Right: this work. Points farther from the red line indicate training configurations where 

the optimized MS-RMD model less accurately reproduced the relative contributions of the diabatic 

states to the ground state energy of the Glu-water complex. The new model generally reproduces 

the CDFT training data better.  
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2.3.3 Model Performance in SNase and 𝐩𝑲𝐚 Analysis.  

The goal of this model parameterization effort is to perform simulations in biomolecular 

contexts that have predictive value with quantitative accuracy. To assess the models’ ability to 

perform well in systems different from the training environment, deprotonation simulations in the 

SNase protein were performed. SNase is ideal for our purposes not just because it allows for direct 

comparison with our earlier results but because it is a well-studied system for which the p𝐾a values 

of several mutated internal residues have been experimentally determined.103 Notably, the 

experimental p𝐾a’s of E66 in the V66E mutant and D66 in the V66D mutant  are both ~ 9 (see 

Table 2.3), some 5 units more basic than in bulk. Two-dimensional umbrella sampling calculations 

were performed with respect to the CVs defined in Simulation Details; the resulting 2D PMFs are 

presented in Figure 2.2 and the p𝐾a values of the mutant residues calculated by eq 2.14 are shown 

in Table 2.3 below.  

Table 2.3. p𝐾a values for deprotonation of Asp and Glu in bulk and SNase derived from PMFs 

computed according to eq 2.14 by biased MS-RMD simulations. 
aValues from ref100. bValues from ref103 from chemical denaturation.  

 

 

 

 

 SNase Water 

Asp Computed 8.5 ± 0.2 3.8 ± 0.2 

Experimental 8.45 − 9.03𝑏 3.71𝑎 

Glu Computed 9.3 ± 0.2 4.1 ± 0.2 

Experimental 8.73 − 9.28𝑏 4.15𝑎 
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Figure 2.2. 2D PMFs in units of kcal/mol of E/D66 deprotonation in SNase with respect to a 

distance CV 𝜉𝐶𝐸𝐶 and a sidechain orientation CV 𝑑𝑆𝐶 . In A/B the black lines represent the MFEP 

of proton dissociation from the sidechain, corresponding to the likeliest reaction pathway. The 

dashed boxes indicate the location of the detail shown in C/D. Negative values of 𝑑𝑆𝐶  indicate a 

buried E/D66 sidechain, while positive values indicate a solvent-exposed sidechain (see 

Supporting Information). A) D66. B) E66. C) Detail of the well of (A). D) Detail of the well of 

(B).  

In line with prior results, and buttressing the evidence for the transferability of DM-derived 

MS-RMD parameters, the p𝐾a computed for D66 is within the range of values determined by 

experiment. Note also that the E66 p𝐾a with the inclusion of the new Morse parameters and 

subsequent reoptimization has been reduced compared to our earlier study (which found a value 

of 9.8 ± 0.2)72 and is now in better agreement with experiment. This transferability of gas-phase-

matched models to the biomolecular systems is remarkable and gives us confidence that not just 

the overall energetics of the reaction but the mechanism suggested by the MFEP across the PMF 
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is correct and has explanatory power for the large p𝐾a shift for Glu and Asp in the V66E/D SNase 

mutants. Several features of these PMFs thus merit further discussion as follows. 

The most obvious feature of each of the 2D PMFs is the narrow (in the 𝜉CEC dimension) and 

deep free energy well. Each is centered around 𝜉CEC ≈ 0.5 Å with a depth of ~15 kcal/mol relative 

to the bulk, but perhaps more conspicuously a depth of ~14 kcal/mol relative to the position of the 

contact ion pair (CIP) local minimum. The prominence of the CIP well in both plots comports with 

the suggestion of a prior study that ns-scale persistent CIP interactions modulate the local 

electrostatic environment.104  Compare this with a well depth in bulk of 9-11 kcal/mol for both Glu 

and Asp.72 This difference accounts almost entirely for the large p𝐾a shift – even if the integral in 

eq 2.14 is only performed out to 𝜉CEC=3 Å for V66E (approximately the position of the CIP), the 

resulting p𝐾a is 8.2. This indicates that the most important factor in the p𝐾a shift compared to bulk 

is the difference in the initial bond dissociation event energetics, modulated by the local protein 

environment, with only a small contribution to the overall change in free energy from the 

remainder of the proton translocation process out to the bulk. It should be noted that, while such 

an approximate viewpoint is useful for understanding the origins of the differing behavior of 

Glu/Asp in SNase compared to bulk, quantitatively accurate, physics-motivated p𝐾a predictions 

must include the entire free energy curve of the dissociation event. Because p𝐾a is a logarithmic 

scale, an approximation which only includes the first few Å of the curve and neglects the remainder 

of the process, while appearing to result in a fairly accurate p𝐾a (differing from experiment by 

“just” one unit), overestimates the degree of dissociation by a factor of 10. For example, a popular 

p𝐾a prediction tool, PROPKA 3105, 106, yields a p𝐾a value of 8.02 for E66, similar to the value 

approximately obtained here by considering only the first few Å of the dissociation curve. While 

this is useful for quickly gauging the direction of a p𝐾a shift in a given environment, it indicates 
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that for reliably accurate predictions, the full proton dissociation curve based on a statistical 

mechanics formulation and an explicitly reactive MD model is essential.   

Several differences between the E66 and D66 dissociation curves are also worth discussing. 

Note the difference in shape of the MFEP between the two plots (Figure 2.2 A,B). Where the 

MFEP is vertical or horizontal, the reaction is proceeding along only one of the CVs, while the 

other remains constant. Where the MFEP is sloped, the two CVs are said to be coupled, or change 

concurrently as the reaction proceeds. The D66 MFEP suggests an almost purely stepwise 

mechanism; that is, the MFEP is either vertical or horizontal for most of the dissociation event, 

demonstrating significant coupling between the CVs only beyond 𝜉CEC > 4 Å, where the free 

energy surface is basically bulk-like and the relevance of the MFEP diminishes. The dissociation 

takes place in three distinct steps: first, a partial exposure of the Asp sidechain; next, movement 

of the proton away from the Asp sidechain to a distance of 𝜉CEC ≈ 2.5 Å; and finally, another 

reorientation of the Asp carboxylate group to establish the CIP local minimum. The E66 MFEP, 

by comparison, is not so starkly stepwise, but shows greater coupling between the two CVs. The 

likeliest explanation for this seems the greater length, and therefore flexibility, of the Glu sidechain 

compared to Asp. In a study of ligand binding in proteins, binding pocket Glu residues were found 

to be flexible about twice as often as Asp residues, owing to one more rotatable bond (3 compared 

to 2) in the sidechain.107 An analogous effect is at work here. This difference in sidechain flexibility 

manifests itself in another way: compare the values of 𝑑SC at the end of the MFEP for E66 and 

D66. The minimum for E66 at high values of 𝜉CEC is broad but generally between 𝑑SC values of 2 

and 3 Å. For D66, the equivalent minimum is closer to 1 to 2 Å. This is a subtle difference but 

corresponds to greater exposure of deprotonated Glu to the bulk compared to deprotonated Asp. 

Figure 2.3 sheds some light on the causes. In the first panel, corresponding to the global minimum, 
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the Asp sidechain is buried, far from bulk water molecules and participating in a hydrogen bond 

with an internal water molecule. In the second panel, corresponding to the saddle point in the PMF, 

the sidechain has both rotated to interact strongly with the bulk and translocated, while the relative 

position of the excess proton CEC to the carboxyl group remains largely constant (notice the large 

relative distance between the sidechain and the internal water molecules.) In the third panel, 

corresponding to the hill above the saddle point, the Asp sidechain is still interacting strongly with 

bulk water molecules, but the alpha helical structure of the nearby backbone has been significantly 

disrupted to achieve the desired orientation. The energetic penalty associated with that disruption 

appears to explain the different behavior of E/D66 with respect to their sidechain orientations 

during deprotonation. This D66 behavior, threading a needle between significant protein secondary 

structure disruption on the one side and the need to establish contact with the solvent on the other, 

sheds light on prior studies which describe greater local protein disorganization in V66D.97, 98, 103, 

108 We also note that our simulations support the hypothesis of α-helix unfolding,98, 103, 108 rather 

than that of ref97 of β-sheet melting.  The more flexible Glu sidechain can rotate toward the bulk 

more easily, without destabilizing the protein secondary structure, and so the minimum of the PMF 

is at higher values of 𝑑SC, despite otherwise very similar deprotonation curves and p𝐾a values for 

the two residues. We also note that the consistently high value of 𝑑SC at large values of 𝜉CEC in the 

MFEP of both structures indicates that the reorientation necessary for deprotonation is persistent, 

allowing the negatively charged carboxylate sidechain to be well-hydrated, in agreement with a 

number of prior works suggesting that deprotonation of E/D66 is coupled to conformational 
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reorganization.98, 103, 104, 108 

 

Figure 2.3. Representative structures of SNase D66 taken from three different umbrella sampling 

windows. The CEC is shown in green. A) 𝜉𝐶𝐸𝐶 = 0.5, 𝑑𝑆𝐶 = −0.75, the global minimum of the 

PMF. The distance between the D66 proton and a nearby internal water molecule oxygen is shown 

in Å. B) 𝜉𝐶𝐸𝐶 = 1.5, 𝑑𝑆𝐶 = 0.5, the saddle point between the global minimum and the CIP well. 

The same distance as in (A) is shown for comparison. c) 𝜉𝐶𝐸𝐶 = 1.5, 𝑑𝑆𝐶 = 2.00, atop the 

energetic barrier associated with entering the CIP local minimum along a constant value of 𝑑𝑆𝐶 =
2.00 (see Figure 2.2B). 

2.4 Conclusions 

We have presented a new DM-based fitRMD model for Asp and an updated model for Glu 

which both produce quantitative agreement with experimental values of p𝐾a in bulk water and in 

the SNase protein. Comparison of the MFEPs of 2D PMFs of deprotonation of E/D66 in SNase 

reveals subtle differences in mechanism not apparent from the p𝐾a values alone, and supported by 

prior experimental and computational studies. Specifically, the deprotonation event for Asp 

appears to take place in a nearly perfectly stepwise fashion, with little coupling between the chosen 

CVs, while more significant coupling is apparent in the PMF of Glu deprotonation; additionally, 

the Asp sidechain rotates to a lesser degree into the bulk. The transferability of the Asp model to 

a protein context is further evidence that the DM approach to fitRMD model parameterization 

correctly captures the fundamental physics of AA deprotonation reactions. The updated DM 
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paradigm proposed here, of first refitting classical potentials for reactive bonds to electronic 

structure data and then optimizing the MS-RMD parameters by minimizing the residual of the 

diabatic state vector, yields powerful tools for investigating the mechanistic features of reactive 

events. We anticipate that we will be able to extend this paradigm to other titratable AAs and to 

other types of reactions to broaden the set of systems that can currently be investigated by our 

combined fitRMD/MS-RMD methodology. We also expect that these mechanistic insights into 

protonation equilibria and other reactions in biomolecular contexts will advance our understanding 

of proton coupling in proteins in general and will aid in the design of new experiments to study 

such systems.  

2.5 Supporting Information 

 
𝑈LJ(𝑟) = 4𝜖 [(

𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

]  
(2.S1) 

Equation 2.S1. The 12-6 Lennard-Jones potential, a function of interatomic distance 𝑟. Parameters 

𝜎 and 𝜖 were fit in the present model for four pairs of atoms, described in the main text.  

 

 𝐧prot =
𝐫𝐶2 − 𝐫𝐶1

|𝐫𝐶2 − 𝐫𝐶1|
  (2.S2) 

 

 𝑟⊥ = |𝐯CEC − (𝐯CEC ∙ 𝐧prot)𝐧prot| (2.S3) 

 

 𝑑SC = 𝐯SC ∙ 𝐧prot (2.S4) 
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Equations 2.S2-S4. Several relationships first defined in ref9 and used for the enhanced sampling 

performed in this work. 𝐫𝐶1 and 𝐫𝐶2 are the centroids of the backbone atoms of residues 15-19 and 

residues 61-65 of SNase, respectively. 𝐯CEC is the vector pointing from the D/E66 sidechain 

carboxyl centroid to the excess proton CEC. 𝐯SC is the vector pointing from the D/E66 𝛼-carbon 

to the sidechain carboxyl centroid.  
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Table 2.S1. fitRMD Parameters Used to Compute Potentials of Mean Force 

aParameters of MS-EVB 3.2, published in ref28 of the main text. Definitions of all these 

parameters can be found in ref15. bParameters for water-hydronium interactions only. 

Similarly-named parameters in the main text and the top half of this table are the equivalent 

for amino acid-water interactions. 

    Asp Glu  Asp Glu 

B 0.000928477 3.94487 Vii -139.912 -153.282 

b 1.41581 1.41583 ϵOE−HH
LJ

 0.231526 0.227986 

b’ 1.08883 1.09180 σOE−HH
LJ

 1.36801 1.37334 

A 2.72026 3.85746 ϵOw−HEP
LJ

 0.717000 0.730093 

a 1.15572 1.15358 σOw−HEP
LJ

 1.22018 1.24711 

𝑔1 -20.2207 -25.0434 ϵOE−OH
LJ

 0.141951 0.112701 

𝑔2 3.03394 2.99967 σOE−OH
LJ

 3.00880 3.00179 

𝑔3 1.43771 1.40739 ϵOEP−Ow
LJ

 0.150728 0.195512 

   σOEP−Ow
LJ

 3.08218 3.11138 
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Table 2.S1 (Cont.) 

 

 

  

𝐶 5.0917317 a, b 𝛾 1.783170a 

𝑐 8.9920023 a, b 𝑃 0.1559053 a 

𝐵 9.9178410 a, b 𝑘 5.0664471 a 

𝑏 1.1021518 a, b 𝐷𝑂𝑂 2.8621690 a 

𝑏′ 2.0066249 a, b  5.2394128 a 

𝑞𝑂
𝑒𝑥  -0.0895456 a 𝑅𝑂𝑂

0  2.9425969 a 

𝑞𝐻
𝑒𝑥 0.0252683 a 𝑃′ 7.6147672 a 

𝑞𝐻∗
𝑒𝑥 0.0780180 a 𝛼 7.4062624 a 

𝑞𝑂
𝐻3𝑂+

 -0.32 a 𝑟𝑂𝑂
0  1.8 a 

𝑞𝐻
𝐻3𝑂+

 0.44 a 𝑉𝑐𝑜𝑛𝑠𝑡
𝑖𝑗

 -21.064268 a 

𝑑𝑂𝑂
0  2.4 a 𝑑𝑂𝐻

0  1.0 a 

𝜖𝑂∗𝑂∗ 0.098609686 a 𝜎𝑂∗𝑂∗ 3.118508 a 

𝜖𝐻∗𝐻∗ 0.000040458 a 𝜎𝐻∗𝐻∗ 0.0 a 

𝜖𝑂∗𝐻𝑤
 3.0 a 𝜎𝑂∗𝐻𝑤

 1.6 a 

𝐷𝑂𝐻 136.2026 a 𝛼𝑂𝐻 2.0834 a 

𝑟𝑂𝐻
0  0.98 a 𝑘𝛼 77.4868 a 

  𝛼0 111.7269 a 
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CHAPTER 3  

Diabatically Matched Multiscale Reactive Molecular Dynamics Models for Histidine 

Produce Physically Correct Behavior 

3.1 Introduction 

The amino acid building blocks which comprise all proteins are ubiquitous and each is, in 

its own way, critical to life. They are not, however, interchangeable. Each has its own unique 

chemical features, and by virtue of these features will tend to play certain roles in a protein. Proline, 

for example, is commonly found in the 𝛽-hairpin turns of antiparallel 𝛽-sheets, because its 

sidechain rigidity imparts a local twist in the protein structure which tends to reverse the backbone 

direction.109 Tryptophan, the largest amino acid by weight, is frequently found at the interface of 

transmembrane 𝛼-helices, and is thought to promote correct folding of integral membrane 

proteins.110 Cysteine is famous for its propensity to form disulfide bridges which stabilize protein 

tertiary structure.111 It should not come as a surprise, then, that certain amino acids are more 

frequently found in proton channels. 

 Of particular importance to proton transport (PT) processes are the amino acids whose 

sidechains tend to be charged at physiological pH. Amino acids that can accept a proton from or 

donate a proton to solution may potentially participate directly in the hydrogen bonding network 

along which the center of excess charge (CEC) travels during PT.59, 71 Two of these, glutamate and 

aspartate, are acidic and usually negatively charged. Two more, arginine and lysine, are basic and 

usually positively charged. But one, histidine, has a sidechain pKa close enough to physiological 

pH that it is difficult to generalize about its protonation state. The His sidechain has a pKa of 

6.04,100 while physiological pH is around 7.4. It is thus frequently found in both its protonated 
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(cationic) and deprotonated (neutral) states in proteins, and changes in the local environment can 

lead to changes in His protonation.49, 112 Furthermore, the imidazole moiety of the His sidechain 

has two protonatable nitrogen atoms, 𝑁𝜖 and 𝑁𝛿, located on opposite sides of the ring. When both 

are protonated, the residue is in its positively-charged, +1 state, denoted HIP. When only one 

nitrogen is protonated, the residue is in its neutral state, denoted HID or HIE, depending on which 

nitrogen is protonated (Figure 3.1). Doubly-deprotonated histidine, which has a negatively 

charged imidazolate sidechain, is not usually biologically relevant113 (but see ref114 for an 

important counterexample). 

 

 

Figure 3.1 Shown, from left to right, are: cationic (doubly-protonated) histidine, HIP; neutral 

histidine protonated at 𝑁𝜖, HIE; neutral histidine protonated at 𝑁𝛿, HID; and anionic (doubly-

deprotonated) histidine. This latter form is not typically relevant in biological contexts.113  “His” 

in this work generically refers to the neutral form of the residue, either HIE or HID. Of the two 

forms, HIE is the more biologically common.115 

The fact that neutral His can protonate from solution and deprotonate at the other nitrogen 

position gives rise to the possibility that proton transport can occur “through” the His sidechain 

(Figure 3.2). HIE, for example, could protonate to HIP, then deprotonate to HID, resulting in the 

translocation of the CEC from one side of the imidazole ring to the other without the requirement 

of any intervening water molecules. Indeed, due to the ability of His to participate in proton 

shuttling in this way, and the relatively facile protonation owing to its pKa, critical His residues 

have been discovered to mediate PT in various biological contexts.21, 116, 117 His has also been 
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found to facilitate PT in more complex ways, as in Influenza A M2, where the energetics of proton 

conduction through a channel are governed by the total charge of a His tetrad coupled to local 

hydration.49 

 

Figure 3.2 A reaction scheme for Grotthuss-type shuttling involving a central histidine imidazole 

sidechain. Note that in the process of charge translocation, the histidine is converted from the HID 

form (left) to the HIE form (right).  

Clearly, classical models of His cannot capture this important behavior. To accurately 

describe the role of His residues in PT, reactive models are needed. Quantum-mechanical 

techniques, such as QM/MM, have been used successfully in some systems.49, 118 These are, 

however, expensive, and perhaps totally infeasible for very large systems, systems where the PT 

path is long, or systems where simulations longer than the nanosecond scale are desired. A 

previous solution has involved force-matching MS-RMD potentials to QM forces.36, 47 This 

approach, however, is system-specific; QM forces are computed for a large basis of structures 

consisting of various CEC positions with respect to the amino acid in the appropriate local 

environment, including several solvation shells of water and electrostatically important nearby 
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residues. The MS-RMD parameters are then iteratively derived by minimizing the residual of 

force. 36 The large number of heavy atoms that must be modeled and the large basis of structures 

typically used can make parameterization expensive. The advantage of this procedure is that the 

model produced is likely to be quite accurate for the specific residue, in the specific environment, 

under study; the disadvantages are that it requires very significant QM computation before any 

MS-RMD can be done, and that the models must be reparameterized for each new system. They 

are not, in other words, typically transferable. A model that can be parameterized using a minimal 

basis and that is reasonably transferable is thus desirable.  

In the following work, I apply and extend the diabatic matching physics-constrained 

machine learning methodology of Chapter 2 and ref72 to histidine to enable future studies on 

histidine-containing channels at the level of accuracy that the fitRMD approach produces. I report 

physically accurate bulk pKa values for the deprotonation of the resulting models, including 

slightly different pKas for each imidazole nitrogen, as expected based on the molecule’s electronic 

structure. I also discuss the effects of certain choices of training data on the resulting models and 

the prospect of extending the methodology to more complex reactions.  

3.2 Methodology 

The methodology of this work was substantially similar to that of Chapter 2. Only the most 

important relationships and any differences from the approach of Chapter 2 are detailed here. 

3.2.1 MS-RMD.  

The MS-RMD approach treats the system as a linear combination of diabatic states, or 

bonding topologies. That set of states |𝑖⟩ determines the MS-RMD Hamiltonian: 
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 𝐇RMD = 𝚺𝑖𝑗 |𝑖⟩ℎ𝑖𝑗⟨𝑗| (3.2) 

where when i=j, ℎ𝑖𝑖 is the energy of state |𝑖⟩ according to the FF used. When i≠j, ℎ𝑖𝑗 corresponds 

to the transition probability between states |𝑖⟩ and |𝑗⟩ as a function of nuclear positions.  

 𝐇RMD𝐜 = E𝐜 (3.3) 

can be solved for eigenvectors c describing the contributions of the various diabatic state energies 

to the eigenvalues of the Hamiltonian. Forces are computed by the Hellman-Feynman theorem: 

 𝐅 = 𝚺𝑖𝑗𝑐𝑖𝑐𝑗𝐅𝑖𝑗 = −𝚺𝑖𝑗𝑐𝑖𝑐𝑗∇ℎ𝑖𝑗 (3.4) 

The CEC, as usual, is defined as77   

 𝐫CEC = ∑ 𝑐𝑖
2

𝑖

𝐫𝑖
COC 

(3.5) 

where 𝐫𝑖
COC is the center of charge of state |𝑖⟩.  

3.2.2 fitRMD Parameterization 

The energy of a portion of a system subject to an arbitrary constraint and 

𝜆(∫ 𝜌(𝒓)𝑑3𝑟 − 𝑁
Ω

) on the electron density in volume Ω is 

 
𝐸𝐶𝐷𝐹𝑇(𝑁) =

min max
𝜌 𝜆

(𝐸[𝜌(𝒓)] + 𝜆 (∫ 𝜌(𝒓)𝑑3𝑟 − 𝑁
Ω

)) (3.6) 

where 𝐸[𝜌(𝒓)] is the density functional.78 Here, the Becke partition scheme79 was used to define 

the volumes Ω. The ground-state CDFT energy is then the lowest eigenvalue of  

 𝐇CDFT𝐜 = 𝐸𝐒𝐜 (3.7) 

Parameterization of the MS-RMD model proceeds by iteratively minimizing the residual of the 

diabatic state vector 𝐜:72 



 38 

 𝜒2 = ⟨|𝐜RMD − 𝐜CDFT|
2

⟩ (3.8) 

 

3.2.3. Density Functional Theory.  

DFT simulations were performed on protonated His (HIP) in CP2K80 using the 𝜔B97X 

functional81 and TZV2P basis set. Forty-eight single-point energy calculations were performed, 

varying the length of each N{δ,ϵ}-H bond from 0.5 Å to 2.8 Å in 0.1 Å increments, though only the 

most physically relevant portion of this curve ended up being used in the production models. Morse 

potential parameters for the imidazole N-H bonds were fit to the bond dissociation energy scans 

prior to fitRMD parameterization, according to the potential 

 𝑈𝑀𝑜𝑟𝑠𝑒(𝑟) = 𝐷[1 − exp(−𝛼 (𝑟 − 𝑟𝑒))]^2 (3.9) 

 

    Additionally, 126 configurations of HIP in the presence of two flanking water molecules were 

prepared. The entire HIP residue was included, rather than just the sidechain, on the expectation 

that the polarizability of the ring and the proximity of flanking waters to the backbone groups 

might have important effects on electronic structure. The water molecules were placed so that they 

were interacting with the imidazole nitrogen protons, H{δ,ϵ}. For clarity, water oxygen Ow{δ,ϵ}is the 

oxygen nearest N{δ,ϵ}. In half (63 structures), the positions of Hδ and Owδ were varied: the Owδ 

positions were varied from a distance of 2.2 Å from Nδ to a distance of 2.8 Å in increments of 0.1 

Å, and for each Owδ position, 9 Hδ positions equally spaced between a Nδ-Hδ distance of 1.0 Å 

and a Hδ-Owδ distance of 1.0 Å were generated (see Figure 3.3). While the 𝛿 positions were 

varied, the corresponding 𝜖 positions were held at their equilibrium values.  In the other half (the 

remaining 63 structures) the same procedure was followed, but for Nϵ, Hϵ, and Owϵ. DFT 
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simulations at the same level of theory as the dissociation scan were performed on all 126 

structures.  

 

Figure 3.3 A representative sampling of the basis of structures used to collect QM data on the 

dissociation of the 𝑁𝛿-H bond of histidine (HIP) in the presence of coordinating water molecules. 

Note that as the 𝑁𝛿-O distance increases (up on the plot), the maximum reasonable value of 𝑁𝛿-H 

increases as well, such that the rightmost structures do not have the same 𝑁𝛿-H value (but each 

does correspond to the maximum computed such value for the given value of 𝑁𝛿-O distance. Only 

six structures are shown here, all corresponding to the deprotonation of HIP to HIE. 63 total 

structures for that process were used, in total, as well as the equivalent 63 structures for the HIP to 

HID deprotonation.  

3.2.4 CDFT 

CDFT calculations were performed His configurations just described in CP2K at the same 

level of theory. For the reactant state the fragments were (HIP, H2O) and H2O and for the product 
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state the fragments were either (HID, H2O) or (HIE, H2O) and H3O+, with the identity of the 

product state neutral histidine fragment corresponded to the N-H bond that was not being varied 

(i.e. the proton that remained on the ring).  Constraints on the number of electrons per fragment 

were imposed to total the correct overall charge per fragment, with volumes per fragment 

determined by the Becke partition scheme.  

3.2.5 Parameter Optimization 

Several sets of parameters were optimized simultaneously, following the approach to 

histidine parameterization of ref47. 11 parameters were fit for each imidazole nitrogen, as well as 

a 𝑉𝑖𝑗 term common to both that represents a constant correction between the two potential energy 

surfaces. Nelder-Mead82, 83 minimization followed by Broyden-Fletcher-Golfdfarb-Shanno 

(BFGS) minimization of the residual in eq 3.8 was performed, first by restraining the equivalent 

parameters for N{δ,ϵ} to identity with each other, and then refining by removing the restraint. 

3.2.6 MS-RMD Simulations 

 MS-RMD simulations were performed in the RAPTOR modification to LAMMPS34, 84. 

The PLUMED2 plugin85, 86 was used for all enhanced sampling. Classical FF parameters were 

CHARMM36.87 Classical waters were SPC/Fw88; EVB waters were MS-EVB 3.2 except where 

otherwise noted.89 All systems were equilibrated in GROMACS in NVT at 300K.90  

MS-RMD equations of motion were integrated every 1 fs. They were performed at 300K using the 

Nose-Hoover chain91 thermostat with a damping parameter of 100. Electrostatics were treated by 

PPPM with a cutoff of 10 Å and a precision of 10-4.92 Well-tempered metadynamics93 (WT-MTD) 

was performed to sample proton dissociation, where the reaction coordinate of proton dissociation 

was the distance between the appropriate N-H pair. The WT-MTD Gaussian height and bias factor 
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were 0.8 kcal/mol and 12, respectively, and Gaussians of width 0.1 Å were deposited every 1 ps. 

A harmonic potential of 25 kcal/mol ∗ Å2 was applied beyond a distance of 8 Å.  

3.2.7 Bulk Water 𝐩𝑲𝐚 Calculations.  

His was simulated as HIP in a box of 272 water molecules. The p𝐾a in bulk water for each 

of 𝑁{𝛿,𝜖} was calculated as72 

 
p𝐾a = log [𝐶0 ∫ 4𝜋𝜉CEC

2 𝑒−𝛽(𝐹(𝜉CEC)−𝐹(+∞)) d𝜉CEC

†

0

] 
(3.12) 

where 𝜉CEC is the distance between the CEC and the relevant imidazole N atom, 𝐹(𝜉CEC) is the 

PMF as a function of that distance, and 𝐶0 =
1

1660
 Å−3 is the standard state concentration. † 

denotes the transition state.35, 72 

3.3 Results and Discussion 

3.3.1 Histidine Model Parameters 

 

Figure 3.4 Morse potentials for 𝑁{𝛿,𝜖}-H bond dissociation plotted against QM energies of bond 

dissociation scan and against each other. Left: 𝑁𝛿-H potential compared to QM energies; Center: 

𝑁𝜖-H potential compared to QM energies; Right: Both Morse potentials compared against each 

other. Note that both fit potentials slightly underestimate the QM energy in the hard-wall region, 

but hard-sphere repulsion is much less relevant to PT than the equilibrium positions and energies, 

which are more accurate. At right, note that the 𝑁𝛿-H bond is in slightly stronger than its 𝑁𝜖 

counterpart. 
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Figure 3.5 Detail of the 0.8  – 2.0 Å region of a Morse potential for the 𝑁𝜖-H bond fit to an 

expanded set of QM bond dissociation energy scan data, from 0.5 – 2.5 Å. The analogous result 

for the 𝑁𝛿-H bond is similar. Notice that including the additional data reduces the quality of the fit 

in the most physically relevant region, tending to overestimate the bond strength at equilibrium 

and overestimate the potential energy of the bonded pair beyond ~1.2 Å.  

  

 

 

 

 

Table 3.1 Morse potential parameters for imidazole N-H bonds fit to DFT bond dissociation 

energy scans. 

The Morse potential parameters fit to the DFT bond dissociation energy scans are presented 

in Table 3.1. Graphical representations of the quality of the fit to the DFT data are presented in 

Figure 3.4 and an alternate fit to an expanded set of QM data is shown in Figure 3.5. The MS-

RMD model parameters derived by diabatic matching to CDFT data are presented in Table 3.2.  

 

 𝐷 𝛼 𝑟𝑒 

Previous47 135.070 2.06 1.01 

Nϵ-H 163.158 1.76 1.018 

N𝛿-H 169.487 1.68 1.011 
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 Nϵ-H N𝛿-H 

𝑉𝑖𝑗
𝑐𝑜𝑛𝑠𝑡 -23.663 -23.663 

𝑟𝑠𝑐
0  1.420 1.419 

𝑅𝐷𝐴
0  2.548 2.548 

𝑎𝐷𝐴 1.90 1.88 

𝑏𝐷𝐴 1.55 1.55 

𝑐𝐷𝐴 1.06 1.05 

𝐶 0.382 0.382 

𝛼 1.30 1.31 

𝛽 0.423 0.423 

𝜆 0.455 0.454 

𝜖 1.221 1.220 

𝛾 2.179 2.179 

𝑉𝑖𝑖 0 (def’n) -3.12 

Table 3.2 MS-RMD model parameters for each nitrogen of histidine.  
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3.3.2 His Bulk pKa and Model Validation 

 

Figure 3.6 PMF of HIP deprotonation in bulk water using the models reported in 3.3.2 from (blue) 

𝑁𝛿 and (orange) 𝑁𝜖. The modeled PMF is in good agreement with experimental values for the pKa 

of the histidine sidechain in bulk. The blue curve represents a pKa of 6.32±0.3 and the orange 

curve a pka of 6.44±0.3 compared to an experimental value of 6.04.  

The value of eq 3.8 for the set of parameters reported was 0.012, indicating quite good 

agreement between the 𝐜CDFT and 𝐜fitRMD. Part of the modeling effort was to capture the physics 

of the system by restricting the twelve equivalent parameters for each nitrogen to be identical in 

the first iteration of the minimization of the residual of the diabatic state vector, followed by a 

further unrestrained refinement in order to take some of the pressure for producing the difference 

in energetics between the two nitrogen off of the 𝑉𝑖𝑖 term. This choice was physically motivated – 

if fitting 24 parameters simultaneously, there is a risk that nearly-degenerate solutions will be 

found for the two different nitrogens which represent more discrepant physics far from the 

conditions of the training set. Since the two deprotonation events ought to be very similar in most 

contexts, the choice of initial constraint seemed physically justified. It only appears to have been 
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partially successful, however; most of the parameter values even after the unrestrained 

minimization remained identical or nearly identical. The models were further validated by 

computing the pKa in bulk of HIP deprotonation from each imidazole nitrogen; the results of that 

calculation are shown in Figure 3.6 Integrating the curves according to eq 3.12 produces a pKa of 

6.32±0.3 for 𝑁𝛿 and a pKa of 6.44±0.3 for Nϵ, compared to an experimentally known value of 

6.04.100 These results are positive for the model, then, though a few caveats should be mentioned. 

First, the model is probably slightly too basic. The known pKa is only within the error bar for Nδ 

(which is the more salient comparison, since 𝑁𝛿 is more frequently deprotonated), and then only 

just. Additionally, the energetics of the two deprotonation events are probably too similar. It is 

difficult to find quantitative data regarding the relative prevalence of HID and HIE, so the 

qualitative result here that HIE has a higher pKa is correct, as far as it goes. But the two pKa values 

are very similar, indicating that all else being equal, the two tautomers ought to be present in bulk 

in nearly equal proportions.  

There is one quite encouraging result as well, pertaining to the ultimate model result after 

incorporating the QM-derived Morse potentials. Notice that the Morse potential for Nδ actually 

has a lower well depth than Nϵ, by a small amount but larger, for example, than the difference in 

well depth between the Glu and Asp Morse potentials in Chapter 2. If our expectations for the 

deprotonation of histidine were based entirely on scans of bond dissociation energy, we would 

expect that 𝑁𝛿 would be the more frequently protonated species, or the opposite of the result just 

described. Instead, however, by also learning the physics of the system associated with 

deprotonation to water, rather than the dissociation of a free proton, the model has compensated 

for the greater binding strength of Nδ in the other parameters.  
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3.3.3 Implications for Future Models 

 It was stated in Chapter 2 that the diabatic matching method is agnostic to choice of QM 

method. Here, as in Chapter 2, CDFT was again used. While these simulations formed an adequate 

basis from which to compute physical model parameters, it is not difficult to imagine a more 

complex reaction requiring a more sophisticated approach than the two-molecule method of this 

work. In the context of histidine, it is easy to see that a second solvating water molecule, as 

compared to only one for the carboxylate work, is reasonably intuitively necessary for accurate 

parameterization. Certainly it is essential to accurately modelling a Grotthuss shuttling mode 

across the imidazole ring to have a water molecule to either side in the underlying QM data; 

otherwise, the electronic structure around the unprotonated nitrogen would be significantly 

different. It would have been a natural choice, then, to describe the molecule as three fragments, 

then, and the possible diabatic states (that is, bonding topologies) for the single excess proton 

system as (hydronium, HID, water), (water, HIP, water), and (water, HIE, hydronium), for 

example. This turns out not to have been necessary, but it seems almost certain that for some more 

complicated reaction mechanism, such a three or more molecule description of the system, with 

all the associated diabatic state combinations, will be required to adequately sample the important 

underlying energetics of the reaction.  

 By the same token, there is nothing that restricts the application of the MS-RMD 

methodology to proton transfer reactions only. The underlying empirical valence bond formalism 

is generic. 119 120 As the available library of MS-RMD models grows, then, and more complex 

processes become accessible, it may become necessary in the near future to create models for non-

proton transfer reactions involving several complex mechanistic steps, and such work will not be 
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feasible without a QM method that accommodates an arbitrary number of molecules and diabatic 

state definitions.  

3.4 Conclusions 

 The results presented in this section extend the method of Chapter 2 and ref72 to histidine, 

a residue important to a number of biological proton transport processes, with a unique sidechain 

structure that permits Grotthuss shuttling across the imidazole ring. The model presented in this 

chapter was validated by computing the PMF of deprotonation in bulk of both imidazole nitrogens, 

and pKa values in good agreement with available experimental data were found. Additionally, the 

machine learning protocol employed adapted to a discrepancy between the behavior of histidine 

by itself and when interacting with water to produce the correct qualitative result of a higher 

𝑁𝜖pKa. These results hold promise for future extensions of the method to more sophisticated QM 

methods and more complex reactive systems.  
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CHAPTER 4  

MS-RMD Simulations using fitRMD Models of Carboxylates Suggest Relatively Facile 

Proton Transport Coupled to Local Hydration in Mitochondrial Respiratory Complex I 

4. 1 Introduction  

In eukaryotic organisms, chemical potential energy is stored in adenosine triphosphate 

(ATP) through  oxidative phosphorylation in the mitochondrion.58, 121 The mitochondrion is an 

organelle which has a double-membrane structure: an outer membrane, outside of which is the 

cellular cytoplasm; an inner membrane, inside of which is the mitochondrial matrix; and between 

them an inter-membrane space. The reduction of ATP to adenosine diphosphate (ADP) is the 

principal reaction by which the cell harnesses chemical potential energy to maintain homeostasis.63 

ATP is synthesized by ATP synthase; the mechanism of ATP synthase is powered by the flow of 

protons across the inner mitochondrial membrane, and in order for the protons to flow, there must 

first be a proton gradient across the membrane.58 Thus, the mitochondrial intermembrane space is 

commonly described as having a negatively charged side (N-side), on the interior of the inner 

membrane, and a positively charged side (P-side), in the intermembrane space.122 The proton 

gradient must be established by the endergonic catalytic pumping of protons from the N-side to 

the P-side by a group of four protein complexes collectively, along with ATP synthase, called the 

electron transport chain (ETC).123 The first four complexes in the ETC are called Complex I, II, 

IIII, and IV, and have related functions – each catalyzes an exergonic redox reaction, and harnesses 

the energy released to pump protons into the intermembrane space.124  

 Complex I, also called NADH:ubiquinone oxidoreductase, comprises the NADH 

dehydrogenase enzyme with flavin mononucleotide (FMN) and iron-sulfide cofactors (Fe-S).63 
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Mammalian Complex I has 45 distinct subunits and a mass of ~980 kDa, making it one of the 

largest known protein complexes.125 (Prokaryotes have an analogous structure only about half the 

size of eukaryotic, mitochondrial Complex I.126 This work deals specifically with the 

mitochondrial variant, but the insights produced have obvious applications to the prokaryotic 

system as well.) The complex is L-shaped, consisting of an integral membrane portion, the 

hydrophobic “arm,” and an N-side perpendicular hydrophilic “arm.”51, 63 Complex I catalyzes the 

oxidation of NADH to NAD+ in its peripheral arm, resulting in the transfer of two electrons to 

FMN, from FMN through each of the Fe-S clusters, and finally to coenzyme Q, also called 

ubiquinone.52, 53 For each NADH oxidation, four protons are translocated across the membrane 

portion of Complex I from the N-side to the P-side, contributing to the maintenance of the 

mitochondrial proton gradient.127, 128 (Although see ref129 for a competing view of the enzyme 

stoichiometry).  The resulting proton-motive force (pmf, not to be confused with PMF, the potential 

of mean force) drives the formation of ATP.   

The mechanism of Complex I is therefore vital to eukaryotic life and exhibits a number of 

interesting and important features that are poorly understood. First, the oxidation of NADH, the 

ultimate reduction of ubiquinone, and the associated free energy change is coupled to four proton 

translocation events over 100 Å away. Furthermore, while the timescale of the electron transfers 

from NADH ultimately to ubiquinone is thought to be ~100 μs,55 the turnover rate of the enzyme 

as a whole is several orders of magnitude slower, on the order of milliseconds.52 Study of Complex 

I thus presents opportunities to better understand the coupling of a large span of length- and time-

scales in biological systems. Working to understand this system will shed light on biological 

energy transduction in general, where the coupling of extremely divergent scales is ubiquitous. 

(Compare, for example, the femtosecond timescale of chemical reactions with the hour-timescale 
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of the circadian rhythm, and the Å-lengthscale of reactions with the meter lengthscale of hormone 

signaling). Additionally, Complex I’s centrality to biological energy transduction suggests that 

understanding it may inspire synthetic materials that manipulate energy flows in similar ways. 

This work may thus have implications for design of materials for the purpose of energy storage or 

molecular machines. Additionally, mutations in the subunits of Complex I have been associated 

with increased production of reactive oxygen species, which are linked to a host of 

neurodegenerative diseases, like Parkinson’s, and other maladies.61, 130 Understanding the 

enzyme’s mechanism in greater detail might, then, provide insights into reducing oxidative stress 

with a variety of positive health implications.  

Most immediately, however, study of this enzyme promises to shed light on an open 

question as to the nature of PT across the membrane arm. The structure of the mammalian enzyme 

is shown in Figure 4.1. The enzyme adopts one of two conformations, termed open and closed, 

differing in the angle between the peripheral and membrane arms.131, 132 It has been suggested that 

the open state, in particular, represents a catalytic intermediate structure, and is thus relevant to 

understanding of the catalytic mechanism.63, 133 Three homologous domains, ND2, ND4, and ND5, 

contain obvious proton channels, with either persistent coherent water wires or ample transient 

hydration to facilitate PT.59 One authoritative work has proposed that all four protons transported 

by the enzyme travel through the domain of those three farthest from the peripheral arm, ND5, 

based on more significant hydration compared to the other domains.63 In particular, that theory 

regards transport through any of the other membrane arm domains, (ND1, ND3, and ND4L, those 

closest to the peripheral arm) as unlikely, based on the presence of a dry region between two 

residues, Asp66 of ND3 and Glu34 of ND4L (here always called Glu34ND4L to avoid confusion 

with another Glu34 elsewhere in the protein), when the enzyme is in its open conformation.63 A 
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competing proposal has posited that the absence of crystallographic waters does not totally 

foreclose the possibility of PT between ND1 and ND4L, and proposed that transient hydration 

between titratable residues in these domains may be feasible, given the ~120 mV potential 

available to drive PT.51 This suggestion was later supported by quantum mechanical calculations 

showing that the barrier to transport between Glu34ND4L and Asp66 is lower than the available 

redox potential.134  

Here we have used the MS-RMD methodology to study PT in the ND1-ND4L putative 

proton channel of Complex I and shed light on the energetics of the contested mechanism. 

Umbrella sampling simulations with respect to both principle curve connectivity of water 

molecules and titratable residues through the channel and proton progress along the path were 

performed and the PMF of PT through the channel computed. Our results show that formation of 

a coherent water wire between the first three residues in the pathway is low-barrier and PT is 

actually slightly exergonic. In contrast, hydrating the dry region at the end of the channel is higher-

barrier and the resulting PT step significantly endergonic, but still feasible given the amount of 

energy available from reduction of ubiquinone elsewhere in the enzyme and the energy released 

by PT in the first portion of the channel. In sum, this work suggests that the absence of 

crystallographic waters in a certain region of the closed Complex I structure does not conclusively 

determine that PT does not occur, and in fact our results suggest that PT through the ordinarily dry 

region may be a critical part of the enzyme’s function.  
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Figure 4.1 Mitochondrial respiratory complex I. The lipid bilayer of the mitochondrial inner 

membrane is shown in transparent, tan beads. The peripheral, hydrophilic arm is at right, showing 

approximate locations of NADH oxidation and ubiquinone reduction. Several domains of the 

membrane arm are color-coded, from right to left: ND1 (red), ND3 (orange), ND4L (yellow), ND2 

(green), ND4 (blue), and ND5 (purple). Three well-characterized PT pathways in domains ND5, 

ND4, and ND2 are depicted as solid black arrows. The approximate location of a PT pathway 

running from ND1 to ND4L is shown as a dashed black arrow. The arrows point from the N-side 

(mitochondrial interior) to the P-side (intermembrane space).  
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Figure 4.2 A detailed view of the ND1-ND4L putative pathway, internal waters and most 

sidechains omitted, showing only the key residues. Color coding is identical to Figure 4.1. The 

perspective of the image is looking from the P-side toward the N-side; PT is from Glu192 (right) 

to Glu34 (left).  

 

4.2 Methodology 

4.2.1 Classical and MS-RMD Modeling Details 

 The initial full 45-subunit mammalian mitochondrial Complex I structure was PDB ID 

6ZTQ.125 30 placed in a 1:2:2: cardiolipin:POPC:POPE membrane and solvated by ~250k TIP3P 

water molecules and 150mM NaCl. Bound FMN cofactor was present in the peripheral arm, and 

a ubiquinone molecule was modeled in the active site of Q10 reduction. The CHARMM36 force 

field was used for classical potentials,87 except any replaced by MS-RMD potentials. The DFT-

derived force field parameters derived by Gamiz-Hernandez et al. were used for the Fe-S clusters 
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in the peripheral arm.135 Residues Glu192 (ND1), Glu143(ND1), Asp66(ND3) and Glu34(ND4L) 

were modeled as EVB-active, using the parameters reported in Chapter 2. MS-EVB 3.2 parameters 

were used to treat the hydrated excess proton.89 200 ns classical equilibration in the NVT ensemble 

at 310 K was performed in LAMMPS.84 

4.2.2 Collective Variables  

As usual, it was necessary to bias the position of the CEC rather than any particular nucleus; 

the CEC was defined as77 

 𝐫CEC = ∑ 𝑐𝑖
2

𝑖

𝐫𝑖
COC 

(4.1) 

In order to capture dynamic wetting of the channel during PT, it is necessary to include some bias 

on the hydration of the channel. This work uses the principal curve connectivity of the water 

network, ϕ, in the channel as described in ref136. To briefly restate the most important 

relationships, 

 

ϕ = (∏ 𝑓𝑖,𝑖+1

𝑁−1

𝑖=1

)

1
𝑁−1

 

(4.2) 

where ϕ runs from 0 to 1 and where the 𝑓𝑖 are two-body connectivity variables defined as 

 
𝑓𝑖,𝑖+1 =

𝐼𝑖 + 𝐼𝑖+1

2
 

(4.3) 

and 𝐼𝑖 is the Fermi function  

 
𝐼𝑖 =

1

1 + exp (−
𝑠𝑖 − 𝑠𝑤

𝜎 )
 

(4.4) 
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Parameter 𝑠𝑖 represents the water occupancy of the ith region along the curve whose connectivity 

is being determined, as measured by locations of water/hydronium oxygens and titratable sidechain 

atoms. 𝑠𝑤 and 𝜎 are parameters which reflect when a region is fully occupied by water.  

 Biasing the motion of the proton along the pathway required first defining a curvilinear 

geometric CV for progress from Glu192 to Glu34ND4L. This was accomplished by first solvating 

the channel by biasing the water connectivity CV to 1 between the residues at the ends of the path, 

ensuring that there would be no dry regions in the channel. Then, a steered MD simulation was 

performed with a piecewise biasing potential, first between Glu192 and Glu143, then Glu143 and 

Asp66, and finally Asp66 and Glu34ND4L such that the CEC was biased the length of the putative 

channel in linear segments between adjacent titratable residues. The biasing force was a relatively 

weak 5 kcal/molÅ2 to avoid forcing the CEC into energetically unfavorable positions, in advance 

of the next step. The adaptive path functionality of PLUMED85, 86, 137, 138 was then used to relax 

the geometric CV, while keeping the channel fully hydrated and produce a curvilinear path CV 

along which to bias the CEC for the production runs.  

4.2.4 MFEP Determination 

 Once the geometric CV had been determined, it was possible to estimate the MFEP of PT 

with respect to both the water connectivity and geometric CVs. First, starting structures were 

prepared corresponding to a reasonable guess path. Based on  prior results in a hydrophobic 

synthetic system139, and a hydrophobic biological system,49 and on the fact that protons are rarely 

transported vehicularly in confined channels, it was assumed that a coherent water wire would 

form between the nth and n+1th residue along the pathway before the proton had entered the 

segment of the pathway between residues n and n+1. The guess path thus consisted of hydration 
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of the Glu192-Glu143 segment, followed by transport to Glu143, then hydration of Glu143-Asp66, 

followed by PT to Asp66, and finally hydration of the Asp66-Glu34ND4L segment, and the final 

leg of PT.  

 Then, the swarm of trajectories string method was employed to refine the guess path toward 

the true MFEP.140-142 Swarms of thirty-two, 5 ps unbiased trajectories were run for each of fifty 

images along the guess MFEP. The water connectivity and geometric CV of each trajectory in the 

swarm was computed at the final step, used to define a vector indicating each trajectory’s motion 

through CV space, and the vectors added together to describe the average motion of the entire 

swarm. This vector was decomposed into its projection along the vector between the nth bead and 

either the (n+1)th or (n-1)th bead, depending on whether the net motion was forward or backward 

along the path, and component perpendicular to that projection. The motion along the guess path 

was ignored and the perpendicular component was used to update the node positions. The positions 

of the nodes at the ends of the path were not changed. Convergence was assessed by measuring 

the RMSD between successive iterations of the string image positions.  

4.2.5 Umbrella Sampling and WHAM 

 Umbrella sampling (US) simulations were performed using the RAPTOR modification34 

to LAMMPS84 with the PLUMED plugin.85, 86 80 US windows were placed evenly along the length 

of the path. Initial window structures were taken from the prior steered MD simulations through 

the solvated channel so that no window was starting from an unphysically dry starting point. The 

system was integrated with a 1-fs timestep and the Nose-Hoover chain thermostat91 in the NVT 

ensemble at 310 K. A harmonic restraint of 10 kcal/(mol* Å2) was applied to each CV. Each 

window was equilibrated for 100ps, which was not used in the following free energy calculations; 
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windows were run a further 500 ps – 2 ns as required to converge. The PMF of PT along the path 

was computed using the weighted histogram analysis method (WHAM)143. 

4.3 Results and Discussion 

4.3.1 Water Connectivity CV Degeneracy and Slow Degrees of Freedom 

 There are important effects of the choices made in the guess MFEP that bear further 

discussion. The guess MFEP chosen roughly corresponded to hydrating the entire first half of the 

channel from N-side bulk, concomitant with PT between the first several residues in the channel, 

until the proton reached Asp66, then hydrating the second half of the channel from Asp66 to the 

Glu34ND4Lfollowed by PT from Asp66 to Glu34ND4L. This is a reasonable mechanism, given the 

result of ref139, which showed a charge defect at the entrance to a hydrophobic cavity will tend to 

create a coherent water wire across the cavity before transporting. It is not, however, the only 

conceivable mechanism. One alternative mechanism, which can probably be ruled out, is that 

proton translocation and water wire formation are totally concurrent; that is, that the proton travels 

more or less continuously along the water wire as the water wire forms. (Imagine, as an analogy, 

an icebreaker ship, clearing a path as it goes.) Such a result would not be totally unintuitive, 

perhaps, but appears unlikely based on prior work, showing barriers ~25% higher for structures 

corresponding to incomplete hydration or water connectivity in two-dimensional PMFs of PT 

relative to completely hydrated/connected pathways.49, 139 

 However, one can also easily imagine a PT mechanism where, instead of the whole channel 

or any large part of it being fully connected by a water wire at any given time, instead the excess 

proton creates its own water wire to the first titratable residue along the path, transports down the 

chain, then the waters in the already existing water wire flow into the next segment of the channel, 
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between the CEC and the next titratable residue, then the proton transports along the new water 

wire to the next titratable residue, and so on (Figure 4.3).   

 

Figure 4.3 A hypothetical hydration mechanism using the ND1-ND4L channel as an example, 

where rather than a coherent water wire to bulk existing across the entire chain of titratable residues 

at any one time, the path hydrates in segments, leaving dry regions behind as the proton moves. 

This “leapfrog” mechanism is a plausible interpretation of the result that an excess proton can 

create its own water wires in a hydrophobic cavity, but presents certain modeling difficulties (see 

main text).  

Because the principal curve connectivity CV ϕ essentially measures the number of adjacent water-

connected beads along a certain path (see generally ref74), low values of connectivity like those 

arrangements shown in Figure 4.3 may be degenerate or nearly degenerate with each other in their 

ϕ values. This problem would be particularly acute if biasing water connectivity meant increasing 

channel hydration in areas far from the CEC, and so likely irrelevant to the PMF of PT; that 

problem is solved in the CV by the use of a screening function which in effect filters beads far 

from the CEC out of the computation. However, when the relevant occupied beads are all relatively 
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close to the CEC, and where the value of ϕ on either side of a transition like that hypothesized 

above is very similar due to a similar number of water molecules in a similar amount of space, 

there is a hidden slow degree of freedom present in a simulation that biases only the total ϕ across 

the entire channel rather than jointly biasing the individual ϕi in each segment of the channel. 

(There is an obvious reason not to take this latter step: it would defeat the entire purpose of 

attempting to reduce the dimensionality of the system down to one or two manageable dimensions. 

Simultaneously biasing numerous ϕi between, e.g. bulk and Glu192, Glu192 and Glu143, Glu143 

and Asp66, and so on would be intractable. At best, perhaps, each separate ϕi could be biased 

sequentially, recovering a manageable two-dimensional problem, but this would in effect impose 

on the system the type of mechanism supposed above).  

This limitation only becomes apparent when there are more than two reasonable choices 

of segments of the water channel, so two or more sufficiently distant locations titratable residues 

along the path. This is because in a system with a water channel composed of at most two 

reasonable, independently-hydrated segments, the only reasonable choices of mechanism are 

transport through a totally coherent water wire (corresponding to ϕ approaching 1, followed by 

PT along the relevant geometric CV) and transport through a coherent water wire to the location 

of the titratable residue(s), followed by formation of a coherent water wire in the second half and 

further transport. (Precise values of ϕ for such a mechanism would vary depending on how nearly 

each half actually was half the distance of the channel, but would be roughly 0.5 the whole time). 

The “leapfrog” mechanism supposed above is, in terms of water connectivity, identical to the 

mechanism that would be supposed from the carbon nanotube result of ref139 in a two-segment 

system. Note a real example of the phenomenon described: in a forthcoming paper,144 a designed 

protein with a hydrophobic channel containing a central Gln residue (a “hydrophobic gasket” 
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system) was simulated. PT in the first half required a ϕ value of ~0.6 (starting from an equilibrium 

value of ~0.4). PT in the second half required a ϕ ≈ 0.4. Importantly, ϕ ≈ 0.4 in the second half 

did not correspond to the same water structure as the first-half equilibrium starting position. In a 

system of smaller channel segments separated regularly by titratable residues, the prospect of near-

degeneracy of ϕ in adjacent segments becomes more acute.  

4.3.2 PMF of PT in Complex I ND1-ND4L Channel 

 

Figure 4.4 The PMF of PT along the minimum free energy path between Glu192 (ND1) and 

Glu34𝑁𝐷4𝐿 computed by WHAM analysis of US simulations along the path. The wells, from left 

to right, correspond to: Glu192, Glu143, Asp66, and Glu34𝑁𝐷4𝐿. Four contact ion pair interactions 

are also visible, flanking the first three wells. PT for the first ~22 Å along the path is exergonic, 
with a maximum barrier of ~8 kcal/mol, and a 𝛥𝐺 ≈-7 kcal/mol between Glu192 and Asp66. 
PT between Asp66 and Glu34𝑁𝐷4𝐿 , conversely, is endergonic by ~9 kcal/mol, with a barrier 
of ~13 kcal/mol corresponding largely to the energetic cost of hydrating the previously-dry 
channel. PT progress along coherent water wires is largely isoenergetic, as evidenced by the 
approximately flat plateaus.  
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4.3.2.1 The exergonic portion 

 The PMF of PT along the MFEP of  the ND1-ND4L channel with respect to water 

connectivity in the channel and proton position, projected on to the proton position dimension, is 

presented in Figure 4.4.  The PMF reveals that PT is exergonic between Glu192 and Asp66, with 

a ΔG ≈ −6.5 kcal/mol. This suggests that Asp66 is likely to be protonated from bulk 

spontaneously. This result is in excellent agreement with the suggestion of prior work that proton 

uptake from the N-side to titratable residues in ND1 is exergonic by about 4 kcal/mol. 51, 145 It also 

suggests that this initial transfer step, through segments of the channel that are ordinarily partially 

hydrated, is not the rate-limiting step of the process. Using the rough rate estimation of ref51 

motivated by transition state theory,146 

 
𝑘𝑖𝑗 = 6.4 ps−1 ∗ exp (−

𝛥𝐺𝑇𝑆𝑇

𝑅𝑇
) 

(4.5) 

the rate of PT between Glu192 and Asp66 suggested by the ~8kcal/mol barrier is about 16 μs−1, 

far more rapid that the millisecond turnover rate of the enzyme. Furthermore, this barrier itself is 

in excellent agreement with hypotheses that PT from Glu192 is mediated principally by the energy 

associated with hydrating the channel, previously estimated at 8-10 kcal/mol.51 

4.3.2.2 The endergonic portion 

 PT from Asp66 to Glu34ND4L is endergonic, with a Δ𝐺 ≈ 7kcal/mol and a barrier height 

of 13 kcal/mol. This barrier is large, corresponding to a pKa for Asp66 deprotonation to Glu34ND4L 

of >8. The base-shift of Asp66 compared to its bulk pKa of ~4 is extreme, representing 

deprotonation frequency reduced by a factor of over ten thousand relative to bulk. Performing a 

rate calculation again using eq 4.5 for the barrier involved suggests a rate of about 4 per 

millisecond, on the order of the turnover rate of the enzyme.   
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This produces a number of insights into the method and the system. One methodological 

insight is that the Asp FitRMD models first reported in Chapter 2 remain robust and transferrable 

to large changes in local environment. Note that the pKa here for Asp-Glu transfer is base-shifted 

to a degree comparable to SNase Asp66 (see Chapter 2). Second, this high barrier indicates that 

PT from Asp66 to Glu34ND4L (and afterwards to P-side bulk) must, absent some sort of large 

protein conformational change, be powered by the driving force produced ultimately by the redox 

reaction in the peripheral arm of the protein. That, in itself, is no surprise: Complex I is a pump, 

and so at least on average the four proton conduction events will be endergonic. It is, however, an 

encouraging result for the prospect that the fourth proton transport event happens through the ND1-

ND4L channel identified in this and prior works, and that this channel, which links to the other 

three proton channels, is the likely pathway by which the driving force is initially transmitted down 

the membrane arm. It is further worth noting that the barrier computed in this work, ~13 kcal/mol, 

is significantly smaller than the available free energy from reduction of ubiquinone (ΔG ≈

 −18.5 kcal/mol); furthermore, because, per these calculations, the initial PT between Glu192 and 

Asp66 is exergonic, by about 6 kcal/mol, that energy may also be harnessed by the enzyme to do 

some of the work. These results also suggest that this proton channel, as compared to the other 

three, might require a disproportionate share of the driving force available, but this is not entirely 

unexpected. Given the hydration dynamics at equilibrium, where the three more distant proton 

channels all display coherent water wires from N-side to P-side bulk, the work required to transport 

a proton would be expected to correspond almost entirely to the relative pH of the N-side and P-

side; essentially, if a coherent water wire already exists, there should be no work associated with 

first hydrating the channel, and the energy required for PT ought to be proportional to the pmf 

under the chosen conditions. It is natural that when there are dry portions of the channel at 
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equilibrium, on the other hand, that hydrating them comes with some energetic cost, and that 

therefore, all other things being equal, the work put into transporting a proton through the 

ordinarily partially dry channel, as here, would consume a disproportionate share of the available 

potential. 

It is worth taking a moment to discuss the overall energetics suggested by the PMF as well. 

The result in Figure 4.4 shows that PT from Glu192 to Glu34ND4Lis endergonic by about 2 

kcal/mol, and that there is a further barrier of about ~6 kcal/mol associated with the start of proton 

release to the P-side. This result, that lateral transport is nearly energetically degenerate (though 

weakly endergonic), while the full N-side-lateral transport-P-side path is likely more strongly 

endergonic, agrees well with existing literature and prior suggestions of the enzyme’s mechanism. 

In particular, the nearly isoenergetic lateral pathway is a positive result in line with prior 

predictions given the capacity of the enzyme to run in reverse under conditions of high external 

pmf.122 On the other hand, the qualitative result that the overall pathway is likely endergonic is 

also a positive one for the validity of the models; Complex I being a pump, proton translocation 

ought to require energy. The magnitudes of the energy required are highly correlated to the precise 

value of the external pmf, though under physiologically reasonable conditions of an external 200 

mV potential, the overall average energy requirement to translocate a proton is 4.6 kcal/mol; in 

light of this figure, our results here seem quite reasonable.122 
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4.3.2.3 P-side proton uptake simulations indicate importance of interaction of Glu residues 

 

Figure 4.5 A PMF of proton uptake from bulk to Glu34𝑁𝐷4𝐿. The sharp well at right corresponds 

to proton residence on Glu34𝑁𝐷4𝐿 and was expected, but the broad well which appears to represent 

a global minimum was unexpected. Further inspection of the trajectories revealed that this well 

corresponds to the CEC interacting strongly with three nearby Glu residues at the gateway between 

the ND1-ND4L and ND2 lateral proton channels. Error bars computed by block averaging over 

four blocks. 
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Figure 4.6 A snapshot of PT simulations from the P-side bulk to Glu34𝑁𝐷4𝐿 corresponding to the 

broad well in the PMF of proton uptake (Figure 4.5). The perspective is looking from the P-side 

toward the N-side. Domain ND4L is at right, ND2 is at left and center. The CEC position is shown 

as a yellow sphere. Three residues, Glu34𝑁𝐷4𝐿 (right) and Glu34𝑁𝐷2 (left), and Glu70𝑁𝐷2 (center) 

are also shown. The broad well at ~-5 Å in Figure 4.5 may represent a global minimum in the PMF 

of proton uptake to ND4L/ND2 from bulk; if that is the case, it appears to be due that the fact that 

the three Glu residues are just far enough apart that the CEC can participate at least transiently in 

contact ion pair interactions with all three, and potentially with multiple at once.  

Umbrella sampling simulations along the channel axis from Glu34ND4L to the bulk were 

performed to produce insights into the energetics of PT to and from the P-side bulk. No further 

residues were modeled as reactive than those previously described. The PMF computed from these 
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simulations is shown in Figure 4.5. Note the broad, ~9 kcal/mol well at spanning ~4-8 Å from the 

Glu sidechain. This well appears to correspond to proton interaction with another pair of 

carboxylate residues, Glu34 and Glu70 of the ND2 domain. The position of the well roughly 

corresponds to the distance at which favorable contact ion pair interactions with each of the 

neighboring Glu residues could form (see Chapter 2 and ref 72). Glu34ND2 is known to be part of 

an ion pair, with Lys105 of ND2, that gates proton transfer between ND4L and ND2.134 

Interestingly, prior modeling work on these residues in their deprotonated states has indicated that, 

at equilibrium, no water wire exists between ND4L and ND2.134 Here, as the aim was simply to 

sample Glu34ND4L-bulk uptake, the water connectivity between Glu70 and the two Glu34 residues 

was not biased. Nevertheless, as is obvious from Figure 4.6, a coherent water has formed without 

any apparent high barrier resulting from failure to bias a slow degree of freedom. This result has 

two important implications. 

First, PT between ND4L and ND2 may be more rapid than previously thought, given the 

ease with which the supposedly dry region was solvated. While a follow-on study to determine the 

energetics of what is now seen to be a bulk-Glu triplet transport process rather than a bulk-

Glu34ND4L transport process, involving explicit reactivity of the two ND2 Glu residues and an 

explicit bias on the water connectivity between the residues, would be appropriate to be able to be 

confident of the quantitative accuracy of the calculations, it would be strange if the result of that 

study were to show a higher barrier, since it would by supposition account for more of the slow 

degrees of freedom. Thus, we can be fairly confident that the data here represent at worst an upper 

bound on the facility of forming a connected water network among the three Glu residues in the 

presence of an excess proton. 
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Second, the fact that the putative contact ion pair well is approximately equidistant between 

the two Glu34 residues and appears to represent a global minimum, or something close to it, in the 

proton uptake process, indicates that when Complex I runs in reverse, the mechanism of PT may 

be qualitatively different from the forward mechanism. The reverse mechanism of Complex I is 

not nearly as well-studied as the forward mechanism, for the obvious reason that the forward 

process is far more biologically relevant; studies suggest that the reversal of PT in Complex I only 

occurs naturally in very high pmf environments. It would be a natural assumption, however, that 

the reverse process would be the opposite, mechanistically, of the forward process, such that 

uptake to Glu34ND4L resulted in transfer to Asp66 and beyond, laterally down the ND1-ND4L 

chain. This result suggests that, in fact, lateral PT through ND2 (which would trace the same path 

as forward PT through that domain), is also an option. The idea that the reverse PT process may 

fork at the Glu34ND2-Glu70-Glu34ND4L triplet warrants further investigation. This may represent 

an important step in demonstrating the predictivity of the FitRMD/MS-RMD methodology.  

The broadness of the well in question merits a brief comment, because it is unusual in appearance 

compared to ordinary PT minima. While the typical global minimum is proton residence on a 

residue (or in the bulk, depending on the system) and such wells are usually narrow (as the well 

above -2 Å in Figure 4.5), the broad well does not seem to be due to a bonded interaction at all, 

but to a coulombic interaction. The three Glu residues are so close together (the maximum extent 

of the Glu34ND4L-Glu34ND2 distance being about 14 Å, and less when the sidechains are rotated 

toward each other) that the CEC can apparently form a contact ion pair with one or more of the 

Glu carboxylate groups by small movements.  
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4.4 Conclusions and Future Work 

In this chapter, several important results have been presented. First, the models of Chapter 

2 were successfully applied to a channel containing several titratable carboxylate residues resulting 

in a PMF that suggests that PT to other domains of Complex I even through the ordinarily dry 

Asp66-Glu34ND4L region is feasible, when hydration is properly biased. A novel mechanism for 

the reverse process has also been suggested, involving the simultaneous interaction of three Glu 

residues with the CEC, based on simulations of proton uptake from the P-side, which suggests that 

the reverse mechanism of Complex I may be qualitatively different from the forward mechanism. 

Additionally, some areas for further investigation and model development have been identified. 

Further study of alternate hydration mechanisms in systems such as this is warranted, and the 

development or modification of order parameters that account for the potential slow degrees of 

freedom involved may be necessary to make such simulations tractable. Moreover, our results 

suggest that both further investigation of the lateral PT process between Asp66 and the other 

Complex I membrane domains and the reverse process beyond each of the Glu 34 residues will 

produce new insights into the function of this biologically essential protein.  
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CHAPTER 5 

Concluding Remarks 

Taken together, the work presented in this thesis is a multi-faceted effort to improve 

scientific understanding of proton transport systems in biomolecular systems not well-suited to 

simulation by either ordinary classical or quantum mechanical computational methods. In Chapters 

2 and 3, methodological advances were presented that improve on prior parameterization 

techniques for multiscale reactive molecular dynamics models of amino acids. The results 

presented represent an application of physics-constrained machine learning, whereby fitting MS-

RMD parameters to an appropriate choice of electronic data by minimizing the residual of the 

diabatic state vector produces a model that captures the correct underlying physics of the system, 

and is thus more transferrable among different environments than prior, system-specific models. 

New or improved models were presented for glutamic acid, aspartic acid, and histidine; the 

prospect was also raised of further refining the models and improving the iterative fitRMD 

procedure by following diabatic matching with force-matching or by employing a more versatile 

quantum mechanics procedure to the generation of the electronic structure data.  

In Chapter 4, the application of the carboxylate models to a real system, mitochondrial 

respiratory complex I, was presented. The results of this work demonstrate that the models remain 

robust to changes in chemical environment, producing physically accurate results even when the 

frequency of de/protonation of a residue, the pKa, is many orders of magnitude different from its 

bulk value. This section also once again demonstrates the importance of explicit treatment of 

hydration when conducting studies of proton transport, by showing that transport through a 

crystallographically dry region of Complex I is relatively facile, and well within the physical 

limitations set by the redox potential available; indeed, the fact that the turnover rate of the entire 



 70 

enzyme is on the order of the rate of deprotonation of Asp66 suggests that the latter residue may 

be vitally important to the enzyme’s overall PT mechanism. As a general matter, the results 

presented in this section show that even extremely large biological systems are tractable in the 

MS-RMD approach, and that quantitative accuracy can be achieved over large distances at 

reasonable cost, contingent upon appropriate models. Predictions of the importance of Asp66 and 

a trio of Glu residues have been made that are amenable to experimental validation, and can focus 

future studies of the enzyme on the aspects most important to PT.  
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