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ABSTRACT 

The functionality of enzymes is intricately linked to their solvation environment, yet the role 

of water within enzyme active sites remains insufficiently understood, particularly regarding its 

direct chemical involvement in catalysis. This dissertation investigates the presence and 

significance of water molecules within enzyme active sites, combining structural and quantum 

mechanical analyses to elucidate their potential catalytic roles. 

First, an extensive survey of 1013 enzyme crystals, resolved to high resolution (< 1.5 Å) 

using X-ray crystallography, revealed that 98% of these structures possess water-filled tunnels 

connecting the active sites to bulk water. This structural insight suggests a ubiquitous presence of 

water molecules intricately positioned within the catalytic cores of enzymes. Building upon these 

structural findings, analysis of 1179 enzyme crystal structures demonstrated that the average 

electric field experienced by water molecules in enzyme active sites is greater in magnitude than 

that of water molecules elsewhere in or near enzymes, and substantially larger than those in bulk 

solvent. Moreover, a classical molecular dynamics simulation of triose phosphate isomerase and 

its substrate in bulk water showed that the electric fields incurred by water hydrogen near the 

enzyme-bound substrate are significantly greater than those near the unbound substrate.  

Lastly, measuring these fields in eight enzyme active sites during quantum molecular 

dynamics calculations showed greater variance in the magnitude of the electric field incurred 

along water hydroxyl bonds relative to those in bulk solvent, implicating heterogeneity of the 

electrostatic profiles of enzyme active sites. During these 100 fs atom centered density matric 

propagation simulations, water ionizing events were observed in two of the eight enzyme active 

sites, which is remarkable considering the slow ionization rate of pure liquid water.  

The combined structural and electrostatic evidence presented in this study supports the 

hypothesis that water molecules within enzyme active sites contribute critically to the catalytic 

efficiency and specificity of enzymatic reactions. By highlighting the chemically active nature of 

these water molecules, this research advances our understanding of enzymatic catalysis and 

opens new avenues for exploring enzyme function and design.
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CHAPTER ONE 

INTRODUCTION 

An Overview of Enzymes 

Enzymes are remarkable biological molecules that serve as catalysts for a vast array of 

biochemical reactions essential for life. These proteins accelerate the rates of chemical reactions 

by lowering the activation energy required for the transformation of reactants into products. 

Enzymes are found in all living organisms, and they play crucial roles in numerous physiological 

processes.  

At their core, enzymes are highly specialized macromolecules composed of amino acids 

arranged in precise three-dimensional structures. This structural organization allows enzymes to 

interact selectively with specific substrates, facilitating their conversion into products. Enzymes 

exhibit remarkable catalytic efficiency and specificity, often accelerating reactions by factors of 

millions to billions compared to uncatalyzed reactions. 

Among the most critical features of enzymes is their ability to stabilize the transition states 

of chemical reactions, thereby reducing the energy barrier required for the conversion of 

reactants into products. This process occurs through interactions between the enzyme's active site 

and the substrate(s), leading to the formation of an enzyme-substrate (ES) complex. Within the 

active site, amino acid residues and cofactors play critical roles in catalysis, facilitating chemical 

transformations through various mechanisms such as acid-base catalysis, covalent catalysis, and 

metal ion catalysis. 
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Enzymes exhibit remarkable versatility and diversity, catalyzing a wide range of reactions 

including bond cleavage, bond formation, isomerization, and more. They are classified into 

several classes based on the types of reactions they catalyze. At the highest level of 

categorization, these classes are oxidoreductases, translocases, transferases, hydrolases, lyases, 

isomerases, and ligases. 

The reactions which are catalyzed by enzymes in biological systems serve as steps in 

countless biological processes. Subsequently, enzymes are involved in metabolism, signaling 

pathways, DNA replication and repair, protein synthesis, and many other cellular functions. 

Enzymes also play essential roles in biotechnological applications, including industrial 

processes, pharmaceutical drug development, and diagnostics. 

Understanding the structure, function, and regulation of enzymes is a central focus of 

biochemistry and molecular biology research. Advances in techniques such as X-ray 

crystallography (XRC), nuclear magnetic resonance (NMR) spectroscopy, and computational 

modeling have provided unprecedented insights into enzyme mechanisms and dynamics, paving 

the way for the design of novel enzymes with tailored functions and applications. Recently, many 

computational methods of enzyme analysis have grown in popularity, allowing immense leaps in 

scientific progress. Despite this, much of their function remains misunderstood. 

Enzymes are remarkably effective catalysts, capable of expediting reactions by up to 17 

orders of magnitude.1 Over time, numerous theories and principles have been constructed from 

experimental and computational knowledge to explain this capability. Upon edification, one will 

find that these ideas often corroborate or compete with one another, as is frequently the case 

amidst efforts to explain phenomena just beyond the realm of contemporary understanding.  
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Energetics of Catalysis 

One common scheme used to depict the process of enzyme catalysis is a free energy diagram 

(fig. 1).2 This tool allows one compare and contrast the thermodynamic journeys of a reaction 

whether or not it is catalyzed by an enzyme. In the catalyzed reaction, the enzyme binds the 

substrate to form a more thermodynamically favorable ES complex. The ES complex then 

undergoes shift in reaction coordinate to the bound transition state complex, ES‡. ES‡ has a lower 

free energy than the transition state of the uncatalyzed reaction, E+S‡. The lifetime of an enzyme 

transition state complex can be as short as a few femtoseconds (fs).3 This difference in transition 

state energy between catalyzed and uncatalyzed pathways is known as transition state 

stabilization (TSS) and is one of two ideas involving the reaction coordinates of an enzyme-

catalyzed reaction to justify reaction rate enhancement; the other being reactant/ground state 

destabilization (RSD/GSD) where the free energy of the ES complex is higher than that of the 

unbound substrate and apoenzyme.4  

In accordance with TSS, the energy required to reach the transition state of the reaction, the 

activation energy—which is formally the Gibbs free energy of activation (∆𝐺‡)— is lower in the 

enzyme-catalyzed reaction (∆𝐺𝑐𝑎𝑡
‡

) than the uncatalyzed pathway. Regardless of whether TSS or 

RSD is used to justify catalysis, it is this discrepancy in activation energy that underlies the 

power of enzymes. After formation of the enzyme-bound product, EP, energy is required to 

release the enzyme-bound product (E+P). Notably, both pathways begin with E+S, and end with 

E+P the free energies of each being unchanged by the reaction pathway Thus, in a traditional 

sense, the thermodynamics of the reaction are unaffected by enzyme catalysis. 
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Figure 1. Free energy diagram depicting an enzyme-catalyzed reaction compared to an 

uncatalyzed reaction in the TSS scheme. The enzyme (E) binds the substrate (S) forming the ES 

complex before proceeding to the enzyme-bound transition state (ES‡), forming the enzyme-

bound product (EP), and releasing it (E+P). The upper pathway depicts the uncatalyzed reaction 

where the reaction occurs in the same system as the enzyme, but without its chemical inclusion. 

The catalyzed activation energy (∆𝐺𝑐𝑎𝑡
‡

) can be seen but that of the uncatalyzed reaction (∆𝐺‡) is 

omitted for simplicity.  

Gibbs Free Energy 

In accordance with the equation for the change in Gibbs free energy (G), 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆, 

the Gibbs free energy of activation can be given by 

∆𝐺‡ = ∆𝐻‡ − 𝑇∆𝑆‡, 

where ∆𝐻 is the change in the system’s enthalpy, ∆𝑆 is the change in the system’s entropy, T 

is the temperature of the system, and ‡ denotes a thermodynamic property of the transition state 

of the reaction. From this simple equation, one can easily see that the activation energy of an 

enzyme catalyzed reaction depends entirely on enthalpy, entropy, and temperature. Per the 
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Eyring equation, the catalyzed rate of reaction (𝑘𝑐𝑎𝑡) using the Gibbs free energy of activation 

can be calculated as  

𝑘𝑐𝑎𝑡 = (
𝑘𝐵𝑇

ℎ
)exp (

− ∆𝐺‡

𝑅𝑇
), 

where kB is the Boltzmann constant, h is the Plank constant, T is the temperature, and R is 

the gas constant. The thermodynamic values on which the Gibbs free energy of activation 

depends accordingly provide insight into the remarkable speed of enzyme catalysis.  

Entropic Effects 

It has long been argued that enzymes catalyze reactions by maximizing activation entropy 

relative to that of the reaction in aqueous solution.5 As the entropy of the transition state complex 

increases relative to that of the reactant complex, the term −𝑇∆𝑆‡ becomes increasingly 

negative. Obviously, this entropic favorability can be achieved by either increasing the entropy 

of the transition state or decreasing the entropy of the reactant state. As enzymes tightly bind the 

substrate transition state, the former seems unlikely. Thus, the latter was proposed by William 

Jencks, who asserted that by binding the substrate while leaving labile the reactive regions 

thereof, an enzyme will decrease the entropy of the reactant state, lowering the entropic penalty 

of activation.6  For some time, this notion seemed critical for elucidating enzyme catalysis. In 

support of this idea, it was found that by adhering reactants to a scaffold in situ which forced 

them into a presumed reactive geometry, reaction rates could be drastically increased.7  
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Enthalpic Effects 

Despite its initial promise, the role of entropy in catalysis was soon shown to be more 

negligible than believed.8 Citing studies measuring the temperature dependence of nominally 

enzyme-driven catalyzed9 and uncatalyzed10 reactions, Wolfenden proposed minimization of the 

enthalpic term to be responsible.11 In essence, it was concluded that due to the near invariability 

of enzyme catalyzed reactions in response to temperature fluctuations, −𝑇∆𝑆‡ must be small 

relative to ∆𝐻‡.  

But what does it mean for enthalpy to drive the activation of an enzyme catalyzed reaction? 

∆𝐻𝑐𝑎𝑡
‡

 is then much smaller than ∆𝐻‡ of a reaction in bulk water.  As the enzyme-bound substrate 

is lower in free energy than the unbound substrate (fig. 1), the enthalpy of the ES‡ complex must 

be lower than that of E+S‡. In other words, the active site’s treatment of the enzyme-bound 

transition state is such that the enthalpy of the state is lowered, inducing TSS. Enthalpic factors 

contributing to TSS include van der Waals forces, hydrogen bonding, and electrostatic 

interactions.12, 13   

The Electrostatic Theory of Enzymes 

The active sites of enzymes often contain more polar and ionizable amino acid residues than 

other locations.14-18 One can thus generally find an increase in charge density within active sites 

relative to other regions within enzymes.19 Warshel formulated a scheme of enzyme catalysis, 

now corroborated by these facts, in which the local electrostatic interactions within active sites 

drive enzyme catalysis.20 This notion went against the emerging desolvation hypothesis: that 

enzymes exclude solvent from the active site to effectively reduce the local dielectric, 𝜀 and elicit 

a gas phase-like state favorable for catalysis.21-23 Warshel argued that rather than simply 
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eliminating the solvent, the active sites of enzymes create a polar environment by means of 

substituting the solvent in the active site with charged and polar residues, which promotes 

catalysis through a variety of means pertaining to electrostatic interactions.24  

Electrostatic Transition State Stabilization 

Warshel deduced that the rate of a reaction can be accomplished by either desolvation of the 

ground (reactant) state of the substrate or by the solvation of the transition state24. Due to the lack 

of empirical evidence supporting ground state desolvation, and the accompanying lowered 

binding energy within ES, he reasoned that the transition state must be stabilized by a solvating 

active site environment. By analyzing the electrostatic potentials within enzyme active sites, 

Warshel and his colleagues demonstrated how charged residues and polar groups can orient 

substrates and stabilize transition states through electrostatic interactions, thereby lowering the 

activation energy barrier and accelerating reaction rates. 25 

Electrostatic Steering and Substrate Specificity 

Warshel’s ideas contributed to the concept of "electrostatic steering," whereby enzyme active 

sites use electrostatic interactions to bind substrates and guide the subsequent ES complex 

towards the transition state geometry. By strategically positioning charged or polar groups within 

the active site, enzymes can intake and orient substrates and facilitate the formation of transition 

states, leading to enhanced catalytic efficiency.26, 27 

Strong Electric Fields in Enzyme Active Sites   

A dominant role of electrostatic interactions in enzyme catalysis would bring one to 

postulate the presence of accompanying strong electric fields (sometimes called “electrostatic 
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fields”) within enzyme active sites. These fields must anchor the substrate and enhance the 

dipoles corresponding with the transition state to steer ES to ES‡. One would then expect such 

fields to not only be observable within active sites, but the catalytic efficiency of the enzyme to 

demonstrably depend upon them.  

Electric Field Magnitudes Within Enzyme Active Sites 

Steven Boxer has contributed greatly to the study of electric fields within enzyme active 

sites, specifically their importance in the catalytic efficacy of ketosteroid isomerase (KSI). This 

enzyme catalyzes the isomerization of 3-oxo-Δ5-steroids by breaking the carbon-hydrogen bond 

adjacent to a carbonyl stabilized by a tyrosine and aspartate in the active site (fig. 2).28 The 

reaction occurs eleven orders of magnitude faster when catalyzed by KSI, making KSI one of the 

fastest known enzymes.29  

 
Figure 2. The mechanism of a 3-oxo-Δ5-steroid isomerization to its Δ4-conjugated form within 

the active site of KSI. Note the electrostatic stabilization of the intermediate by Tyr14 (Boxer’s 

KSI has this tyrosine at position 16) and Asp99.30  

Using Stark spectroscopy, Boxer measured the net ensemble-average electric field induced 

by the KSI active site along the substrate’s reactive C=O bond to be 0.028 atomic units (a.u.), 

with the hydrogen bond from the tyrosine alone contributing 0.016 a.u.31 This, in conjunction 
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with other work done by Boxer et al., has proven KSI to be extremely dependent on internal 

electrostatics for catalysis.32, 33  

Several other enzyme active sites have been shown to exert large electric fields on their 

substrates. Liver alcohol dehydrogenase (LADH), which reduces an alcohol to an aldehyde or 

ketone, has been shown to apply fields along the reactive C=O and C-D bonds of its deuterated 

inhibitor, N-cyclohexylformamide (CXF) of magnitudes 0.032 and 0.019 a.u., respectively.34 

CXF mimics the transition state of the LADH substrate; such strong fields exerted along specific 

bonds in this molecule coincide well with the concept of electrostatic interaction as a means of 

TSS.  

Uracil-DNA glycosylase is an enzyme responsible for the excision of Uracil from DNA by 

means of breaking the N-glycosidic bond within DNA. The general bases inculpated in initiating 

the reaction are Asp145 and His 148.35, 36 Using MD and QM/MM, internal electric fields of 

~0.010 a.u. have been calculated between these residues, and a barrier-lowering electric field of 

~0.012 a.u. to be exerted along the N-glycosidic bond of the substrate, DNA.37  

All heme-iron oxygenases in the E state contain an FeIII complex that is ligated in the ES 

complex, forming an FeIVO intermediate. Heme-iron oxidoreductases can be split into functional 

subclasses by the ligation of this intermediate: P450 oxygenases are Cys ligated, catalases are 

Tyr ligated, and peroxidases are His ligated; each with their own unique product.38 In survey of 

roughly 200 heme-iron oxidoreductases, it was found that the fields along the Fe-O bond not 

only drive catalysis, but also distinguish these subclasses. Specifically, 

“[…] the protein hosts exert highly specific intramolecular electric fields on the 

active sites, and there is a strong correlation between the direction and magnitude 

of this field and the protein function. In all heme proteins, the field is preferentially 

aligned with the Fe–O bond (Fz). The Cys-ligated P450 oxygenases have the 
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highest average Fz of 28.5 MV cm-1 [1 MV/cm = 0.01 V/Å = 2•10-4 a.u.] i.e., most 

enhancing the oxyl-radical character of the oxo group, and consistent with the 

ability of these proteins to activate strong C–H bonds. In contrast, in Tyr-ligated 

proteins, the average Fz is only 3.0 MV cm-1, apparently suppressing single-

electron off-pathway oxidations, and in His-ligated proteins, Fz is −8.7 MV cm-1. 

The operational field range is given by the trade-off between the low reactivity of 

the FeIVO Compound I at the more negative Fz, and the low selectivity at the more 

positive Fz. Consequently, a heme-iron site placed in the field characteristic of 

another heme-iron protein class loses its canonical function and gains an adverse 

one. Thus, electric fields produced by the protein scaffolds, together with the 

nature of the axial ligand, control all heme-iron chemistry.”38 

Exploring the development of resistance to penicillin G (PenG) during the evolution of 

penicillin-binding proteins (PBPs) into TEM β-lactamases, Boxer and Ji found that the ester 

linkage in PBP–PenG is resistant to hydrolysis due to small electric fields within the active site. 

In contrast, the same linkage in TEM–PenG, which evolved from PBPs, is subject to larger 

electric fields that stabilize the charge-separated transition state, thereby lowering the free energy 

barrier for hydrolysis. Capitalizing on the vibrational stark effect via infrared (IR) spectroscopy, 

they concluded that during the evolution of TEM–PenG, electric fields on the ester linkage 

increased from 0.011 to 0.027 a.u., resulting in a rate acceleration by 5 orders of magnitude.39  

Examples of Enhancing Catalysis by Modification of 

Electric Fields  

Further demonstrating electrostatics as a critical factor in enzyme catalysis, Boxer’s group 

increased the catalytic rate of LADH 50-fold by tailoring the electric fields within the enzyme’s 

active site.40 In their study, several mutations were used to modify the electric fields on the 

substrate (measured by proxy of the inhibitor CXF). Notably, by simply substituting the catalytic 

S48 residue with threonine, they measured (via Stark spectroscopy) a small 0.002 a.u. increase in 

the electric field magnitude on the reactive C=O bond of CXF, which led to a 6.3-fold increase in 

the catalytic rate of the enzyme. Conversely, swapping S48 with alanine led to a 0.005 a.u. 
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decrease in the electric field magnitude on the C=O bond of CXF and a massive 80-fold decrease 

in catalytic rate. Accordingly, the reaction rate was found to be extremely sensitive to the field 

exerted by the residue at position 48 of LADH on the substrate.  

Another enzyme whose rate has been enhanced electrostatically is Kemp eliminase. True to 

its name, Kemp eliminase is responsible for Kemp elimination of the substrate (generally 

benzisoxazole or 5-nitrobenzisoxazole) which occurs via the abstraction of a proton by a 

catalytic base, leading to a partially negatively charged transition state.41, 42 It has been calculated 

that outside of the enzyme, the rate of Kemp elimination is decreased with an increase in the 

dielectric constant of the solvent, and that an externally applied electric field along the charge 

transfer axis yields an increase in reaction rate.41 A study by the Head-Gordon group presented a 

43-fold increase in the catalytic rate of the enzyme Kemp eliminase via TSS attributable to a 

combination of electrostatic optimization and chemical positioning.43 This was done through 

combination of four mutations within the enzyme: Ile168Met, Asp130Lys, Tyr167Lys, and 

Gly199Ala. In the subsequent mutant which demonstrated such a massive increase in catalytic 

rate, they measured a 0.012 a.u. increase in the electric field contribution of the catalytic base 

residue to the reactive C-H bond of the substrate.  

In addition to showing the reliance of catalysis in these enzymes on electric fields, these 

enzyme studies offer great examples of the sensitivity of enzyme function to the electric fields 

within active sites. 

Water 

The strong electric fields observed within the active sites of enzyme are uniquely interesting 

when one considers that all enzymes are naturally solvated by the amphoteric molecule known as 
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water. Moreover, ~44% of side chain oxygen and nitrogen atoms in enzymes are hydrated.44 

Given that enzymes fold within liquid water after expulsion from the ribosome and exist 

suspended in (or at minimum exposed to) water, one must question whether the fields within 

enzyme active sites influence the chemical behavior of nearby water molecules. If water is 

indeed present in the active sites of all enzymes, could the electric fields known to drive enzyme 

catalysis be unspecific enough to incidentally, but routinely, ionize water? Or could the active 

sites of enzyme intentionally ionize water to participate in catalysis? Provided below is 

information regarding water to build the case that these questions are worthwhile.  

The Autoionization of Water 

The autoionization of water produces the highly reactive acid-base pair hydronium and 

hydroxide. With the equilibrium constant of the autoionization of water, 

Kw = [H3O
+][OH-] = 1.0 ∙ 10-14, 

hydronium and hydroxide each exist in bulk water at concentrations of 1.0 ∙ 10-7 M at 25° C. 

The rate constant associated with this reaction has been found to be 2.6 ∙ 10-5 s-1 by Eigen and 

Maeyer.45 Hence, a water molecule in liquid water will ionize approximately once every 10 

hours.  

The reverse reaction, the recombination of hydronium and hydroxide ions, is among the 

fastest reactions in the world, occurring with a rate on the order of between 1010 and 1012 s-1.45-47 

This is a diffusion-controlled reaction, meaning that it is limited by the movement of hydronium 

and hydroxide through water surrounding them.48-50  



13 

 

The Grotthuss Mechanism 

But how do hydronium and hydroxide move through liquid water to recombine? In 1806, 

Theodor Grotthuss authored “Theory of decomposition of liquids by electrical currents”, 

containing a prescient proposal.51 Grotthuss, who at the time believed the chemical composition 

of water to be one hydrogen atom and one oxygen atom, envisioned the conductivity of water to 

occur due to a series of hydrogen exchange between the oxygen in each water. These water 

molecules are aligned single file in what is known as a water wire.52 Per the modern incarnation 

of the Grotthuss mechanism, the placement of hydronium on one end of the wire and hydroxide 

on the other end yields rapid neutralization through the shuttling of the proton on the hydronium 

down the water wire towards the hydroxide until both the hydroxide and hydronium are 

neutralized.46, 52-54 On account of the microscopic reversibility of the ionization of water, this 

mechanism occurs in reverse—starting from a neutral water wire, when two water molecules 

ionize one another, the hydronium and hydroxide formed will diffuse along the wire, albeit at a 

much slower rate than that of recombination.53 

The mechanism of recombination along a water wire is both nuanced and well-studied by 

computational chemists. Natzle and Moore demonstrated that the O-O distance between 

hydronium and hydroxide is ~6 Å before recombination.46 Using ab initio molecular dynamics, 

Hassalini et al. demonstrated that by placing hydronium and hydroxide on opposite ends of a 6 Å 

long water wire with two intermittent water molecules, the entire water wire contracts preceding 

a concerted triple-jump of the proton, yielding a neutralized hypercoordinated hydroxide.53 The 

concerted proton jump, they add, occurs in ~0.5 ps. Moreover, 



14 

 

“Assuming microscopic reversibility, our results provide some exciting 

perspectives on the mechanisms involved in the ionization of water. The dis-

sociation of water is likely to involve a presolvation mechanism involving the 

formation of a hypercoordinated water molecule and a collective compression of 

the nearby hydrogen bonds.”53 

Simulating water wire dynamics, Kale and Herzfield corroborated the notion of bond 

contraction in water wires coinciding with recombination.55 They found these “special pairs” of 

water molecules, with r(O-O) < ~2.5 Å, form in water wires preceding recombination of 

hydronium and hydroxide placed 6 Å apart. Bai and Herzfield went on to demonstrate that these 

requisite special pairs are much more likely to form in spaces where 1D chains of water are 

prevalent: 

“The results presented here suggest that the prevailing and tantalizing picture of 

concerted proton transfer along an extended chain of H-bonds is only relevant to 

1D systems such as those found in channels within proteins and nanotubes. There 

it is possible to form a continuous series of ultrashort H-bonds that can lower 

barriers for proton hopping over relatively long distances.”54 

In other words, water wires are not just the natural means by which water ions propagate, but 

environments which force water wire-like structures elicit the rapid transport of protons through 

water! 

The Electrostatics of the Ionization of Water 

What precedes the formation of water ions in a water wire?  

In a simulation of 32 periodically spaced water molecules, Geissler et al. demonstrated that 

“Dissociation begins when a fluctuation in solvent electric field causes the cleavage of an 

oxygen-hydrogen bond on the nascent hydroxide ion.”56 Logically, a strong electric field 

positioned along the vector of the OH bond of a water molecule will abstract the proton from the 

molecule. Saitta et al. calculated, via the application of various external electric fields strengths 
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to a box of water molecules in ab initio MD, the minimum necessary strength of the field to be 

0.005 a.u. in order to deprotonate a water molecule.57 At an external field of 0.007 a.u., they 

found they could elicit the propagation of the proton along a chain of water molecules via a 

Grotthuss-type mechanism. At a field strength of 0.019 a.u., they found ~15% of water 

molecules to exist at water ions within their simulation. Another study employed similar methods 

to demonstrate that in the presence of charged particles (aqueous NaCl), the effects observed by 

Saitta et al. at an external field magnitude of 0.007 a.u. can be seen with an external electric field 

of 0.005 a.u..58
 

Using IR and Raman spectroscopy, Cassone et al. discovered that the OH stretching 

frequency within bulk water has been shown to significantly decrease in response to externally 

applied electric fields ranging from 0 to 0.005 a.u..59 This decrease in frequency correlates with a 

strengthening of hydrogen bonds in water networks, characteristic of an increased proclivity for 

proton transfer and propagation along water wires, as the hydrogen-bonded protons are generally 

farther from their own oxygen atoms. Their study further demonstrated the restructuration of the 

solvation shells around each water molecule during the application of increasing external electric 

fields and an increase in average molecule dipole moment magnitude from 3.15 to 3.55 D in 

response a mere 0.005 a.u. applied electric field. 

While highly specific in their orientation, the electric fields observed in select active sitesi 

(ca. 10-2 a.u.) are up to an order of magnitude greater than those calculated to ionize water (ca. 

10-3 a.u.). This leads to the question of whether enzyme active sites are capable of ionizing water 

 
i See “Strong Electric Fields in Enzyme Active Sites” above in this dissertation. 
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molecules. If so, could protons be propagated along water wires within the many channelsii,60 

known to perforate enzyme structures? Further evidence to support these ideas as ubiquitous 

truths is given in several studies which have characterized the role of water wires in various 

enzymes. 

Water in Enzymes 

Demonstrating that charges within enzymes may effectively regulate proton transfer along 

internal water wires, Hassan et al. simulated a water wire within an enzyme using a carbon 

nanotube (CNT) with an 8 Å radius and 13.5 Å length containing five water molecules.61 On one 

end of the CNT, they placed a basic imidazole molecule. On the other end of the CNT, they 

placed three water molecules to simulate bulk solvent effects and one hydronium molecule. They 

then carried out molecular dynamics on copies of this system, each with a different imposed 

electric field normal to the primary axis of the CNT. It was found that at electric fields lower than 

8.7 ∙ 10-3 a.u., the charge was shuttled back and forth between ends of the CNT, ultimately 

ending up on the imidazole. At field strengths greater than 9.6 ∙ 10-3 a.u., the charge became 

trapped in the middle of the CNT. This study invokes curiosity regarding the use of such a 

mechanism by enzymes to regulate proton transfer along water wires via internal electric fields 

generated by their residues.  

Such a mechanism seems to be in place within the cytochrome c oxidase proton pump. 

Using FTIR, Maréchal and Rich discovered that water molecules in the active site of the enzyme 

reorient in response to the redox state of the binuclear iron-copper center of the enzyme.62  In an 

 
ii Pravda et al. found that 64% of enzymes contain two or more channels, with an average length of 28 Å, which 

terminate at their active sites. See reference adjacent footnote marker.  
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MD study, Sharma et al. added that the reorientation of eight active site water molecules likely 

facilitates the redirection of proton transfer to the binuclear cluster as needed.63 Fascinatingly, 

they observed it also seems to prevent the proton transfer when it would lead to short-circuiting 

the proton pump through a mechanism of regulation reminiscent of that calculated in the 

aforementioned study by Hassan et al..61  

Numerous other enzymes have been found to contain water wires which specifically direct 

proton transfer. For example, a water wire has been heavily characterized in the gramicidin A 

(GA) channel. In 1996 Pomès and Roux used discretized Feynman path integral MD64, 65 to 

analyze proton transfer along the single-file chain of water molecules traversing the enzyme.66 

They approximated that proton diffusion within the GA channel is an order of magnitude faster 

than the diffusion of water molecules. In contrast, it has been reported that the diffusion of 

protons is only about 5 times faster than that of water molecules in bulk water.67 Pomès and 

Roux also reported that the mechanism of proton transfer in GA was concerted and coincided 

with contraction of the hydrogen bonds in the water molecules along the wire in rapid response 

to the presence of a proton on one end of the wire, just as observed outside of the enzyme 

environment.53-55, 66 

In many enzymes, water wires have been found to be part of larger “proton wires” consisting 

of water molecules along with nitrogen and oxygen atoms of side chain residues. In carbonic 

anhydrase, a crucial enzyme in the regulation of pH and CO2 transports, a zinc-bound water 

molecule donates a proton to a histidine residue, which then transfers it to the bulk solvent via a 

chain of hydrogen-bonded water molecules. This relay mechanism ensures a swift and 

coordinated proton transfer, maintaining the enzyme's catalytic efficiency.68, 69  
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Another example can be found in heme enzyme ascorbate peroxidase70, where water 

molecules in a proton transfer pathway from the enzyme's substrate, ascorbate, to its heme-bound 

oxygen were found to be critical for catalyzing ascorbate’s oxidation.71 In their study, Efimov et 

al. derived that proton transfer from the reactive alcohol group on the substrate is concertedly 

mediated by two arginine residues and three water molecules along a proton wire within the 

enzyme.71 They further noted that these two arginine residues serve as substrate binding sites, 

effectively binding the substrate before abstracting and transferring a proton from it along the 

proton wire.  

In class Ia ribonucleotide reductases, a tyrosyl radical-diiron cofactor, ligated Asp84, 

oxidizes cysteine in the active site.72 These enzymes are inactivated by radical scavengers such 

as hydroxamic acids and 4-methoxyphenol, making them a valuable antibacterial drug target.73 

Inactivation occurs when the hydroxamic acid inhibitor reduces the tyrosyl radical via proton-

coupled electron transfer (PCET).73 Using reaction-induced Fourier-transform IR spectroscopy74, 

75, Offenbacher and Barry showed that the catalytically critical tyrosine radical is protonated by 

hydroxamic acids through a proton wire containing four water molecules in conjunction with 

aspartate and glutamate residues.73 Curiously, they found evidence suggesting that when 4-

methoxyphenol is used as an inhibitor instead of a hydroxamic acid, this proton wire is bypassed 

during PCET. 

When damaged by UVA and UVB light, cyclobutane pyrimidine dimers (CPDs) form within 

DNA, leading to several deleterious consequences such as skin cancer.76, 77 In an elegant 

biological function, visible blue light activates DNA photolyase, which restores a given CPD to 

two normal base pairs. Lui et al. identified the means of repair to be cyclical electron-radical 
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transfer between the FADH- cofactor and the CPD, bridged by an adenine.78 Adding to this 

discovery, Wang et al. conducted a series of classical and QM/MM calculations on the enzyme, 

finding that three water molecules bridge the FADH- and the adenine, and that another two 

bridge the adenine and CPD, comprising a proton wire which facilitates PCET over > 10 Å.79  

The order of events in the narrative of photolyase research is particularly relevant to this 

dissertation. In this enzyme, charges were known to be transferred over a long distance and water 

was known to be present in the space of charge transfer. Given this knowledge, only when 

explicitly tested was it found that the water directly participated in catalysis. In general, if water 

is conductive fills the space between two groups which exchange charges, why would the water 

molecules themselves not participate? For how many more enzymes will such a narrative unfold 

when subjected to sufficient research?  

Showcasing the first ever ab initio Born-Oppenheimer MD80 simulation of an entire protein, 

Ufimtsev et al. demonstrated water wires as a means of diffusing charges from an enzyme into 

the bulk solvent.81 When computationally removing a structure of bovine pancreatic trypsin 

inhibitor protein (BPTI) from solvent—thus emulating a gas phase-like state, they found via 

electron density mapping a net intraprotein charge transfer of 1 electron which moves from 

neutral residues to polar residues. This “polarization stress” was found to be relieved when BPTI 

was again solvated by water; during their 8.8 picosecond (ps) simulation of BPTI after re-

solvation, they calculated that 2-3.5 electrons are transferred from bulk solvent to the BPTI. 

Their letter concludes:  

“Water mediates protein function in many ways. It serves as a buffer for chemical 

reactions in enzymes, initiates hydrophobic collapse in protein folding, and actively 

participates in protein recognition. The results presented in this Letter demonstrate 

another potentially important role of biological water. Water molecules located near 
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the protein surface notably affect the protein’s electronic structure and stimulate 

release of polarization stress. This effect occurs in vacuo and leads to significant 

intraprotein CT. […] Polarization stress could potentially lead to adverse 

consequences disrupting protein function. Upon solvation, however, BPTI restores 

its intraprotein charge balance by borrowing two to three electrons from the 

surrounding water bath, and the neutral residues acquire the expected, that is, 

neutral, charge. […] Our results reinforce previous findings obtained with more 

approximate methods for other proteins, [82-85] and one can anticipate that CT is an 

intrinsic characteristic of large biomolecules, essential for their function.”81 

 Another example of charge transfer between a protein and bulk solvent by way of water can 

be found green fluorescent protein (GFP). GFP presents complex chemical behavior to elicit 

biofluorescence through the complexation of residues serine 65, glycine 66 and tyrosine 67, 

which form the chromophore p-hydroxybenzylideneimidazolinone in the presence of oxygen.86 

When irradiated, GFP exhibits excited state proton transfer between the chromophore and 

glutamate 222. This is mediated by the amusingly titled “privileged water molecule”—so named 

because of its criticality in the charge transfer process.87 A second proton wire containing a water 

molecule has also been uncovered in GFP and is believed to play a role in chromophore 

biosynthesis.88 In what is perhaps the most fascinating study cited in this dissertation, Shinobu et 

al. argue for the presence of a “proton antenna” in GFP, they state:  

“’Proton-collecting antenna’ are conjectured to consist of several carboxylates 

within hydrogen-bond (HB) networks on the surface of proteins, which funnel 

protons to the orifice of an internal proton wire leading to the protein’s active 

site.”89 

Applying a computational algorithm to a 0.9 Å resolution structure of GFP, Shinobu et al. 

uncovered the connection of the Glu222 proton wire with the surface residue Glu5. Moreover, 

they uncovered a region of negatively charged surface residues connected via a proton wire to 

Glu5, which itself is connected to Glu222 via a proton wire. This region is argued by the authors 
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to draw protons from the bulk solvent to the active site of GFP, which are then shuttled out of 

GFP through a separate hydrophobic region of the protein.  

Proposal 

Thus far, it has been delineated that enzymes are inherently solvated in water, the fields 

measured or calculated within enzyme active sites are of magnitudes demonstrated to influence 

the ionization of water, the propagation of protons along water wires have been reported in select 

enzymes, and the water wires have been shown to play critical catalytic roles in numerous 

enzymes. With these facts in mind, could it be that water, the “universal solvent,” universally 

serves as a chemically requisite species in enzyme catalysis? This dissertation details the first 

ever investigation of enzymes operating under the hypothesis that water is a chemical actor in all 

enzymes.  

Possible Mechanisms of Water-Assisted Catalysis 

Being such a bold and general suggestion, our hypothesis must be accompanied by a 

delineation of the possible ways by which water could play a universal chemical role in enzyme 

catalysis.  

Direct Protonation/Deprotonation 

Water can directly participate in the catalytic process by acting as a proton donor or acceptor. 

Of course, these roles are only possible in enzymes where the substrate is protonated or 

deprotonated at some step of the catalyzed reaction. 

A water molecule may donate a proton to the substrate, facilitating a chemical transformation 

such as hydrolysis. An acidic residue nominally attributed to the protonation of the substrate 
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may, if separated from the substrate by intervening water, instead protonate the water. The 

transient and highly acidic hydronium in closer proximity to the substrate would then favorably 

protonate the substrate instead of the acidic amino acid residue located further away. 

Conversely, water can also accept a proton from the substrate, aiding in reactions that require 

deprotonation. This mechanism is particularly relevant in enzymes where a residue serving as the 

catalytic base is separated from the substrate by one or more water molecules. Rather than direct 

deprotonation of the substrate over a long distance by the catalytic base, the basic residue may 

deprotonate a water molecule. The extremely nucleophilic hydroxide formed may then carry out 

deprotonation.  

Mediated Proton Transfer 

If not directly protonating/deprotonating the substrate, water may serve to induce or relieve 

electrostatic strain within active sites during their catalytic cycles. Water molecules may facilitate 

the translocation of charges relay mechanism, where a proton is transferred from one molecule to 

another via one or more intervening water molecules, as discussed above. This proton shuttling 

may help in the stabilization of transition states and intermediates, thereby lowering the 

activation energy of the reaction. An extension of this mechanism may apply to electron transfer 

or PCET, as in DNA Photolyase.79  

Hydration Shell Stabilization 

The hydration shell around the enzyme and the substrate can influence the reaction 

dynamics. Water molecules can stabilize charged intermediates and transition states through 

hydrogen bonding and electrostatic interactions. This stabilization can make certain reaction 
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pathways more favorable, thereby increasing the reaction rate. Notable examples of hydrogen 

bonds contributing to TSS have been elucidated or reviewed in depth by Perry Frey.13, 90  

Rationale of this Work 

For any combination of these means of water-assisted enzyme catalysis to be universally 

true, one would find that all enzyme active sites are solvated at some point during their catalytic 

cycle. Furthermore, one would expect to find that the channels which perforate enzymes—

terminating at both their active sites and bulk solvent— would be occupied by clusters of water 

molecules as an indication of replenishment during catalysis. If these water clusters serve a 

supplemental role as water wires,iii it would be expected that their intermolecular oxygen-oxygen 

distances are consistent with those found in water wires.  

This hypothesis can be tested beyond simply surveying enzyme structures for the locations 

of water molecules. If water is truly a universal cofactor in enzymes, then the strong fields 

reportedly experienced by enzyme substrates to be incurred by water molecules as well. 

Accordingly, the fields experienced by water molecules in the active sites of enzymes would be 

stronger than those in bulk solvent. Moreover, if water participates in catalysis in the form of 

hydroxide, it would be true that hydroxide would be favorably formed in enzyme active sites 

relative to within bulk solvent. Thus, the electric fields incurred by water would be particularly 

strong as projected along the OH bond in a manner favoring proton abstraction.  

The approach taken here is purely computational. To discern whether all enzyme active sites 

contain water and whether clusters of water connect active sites with bulk solvent, 1013 enzyme 

 
iii The differentiating factor between a water cluster and water wire is that a water wire definitively facilitates proton 

transfer along its length.  
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structures resolved by XRC were downloaded from the RCSB. In each, water molecules near the 

active site were identified. Clusters of water molecules containing these molecules were then 

identified, and their contiguity with the bulk solvent surrounding the enzyme was assessed.  

To determine whether enzyme active sites electrostatically influence the ionization or 

“activation” of water, 1179 enzyme structures from the RSCB PDB were assessed. In each, water 

molecules near the active site were identified, along with water molecules elsewhere in the 

enzyme and in bulk solvent. The electric fields experienced by water molecules in each of these 

partitions of water were collected and compared. To compare the electric fields incurred by water 

hydrogen between these partitions of water molecules during molecular motion, an 

experimentally resolved structure of triose phosphate isomerase was subjected to 2000 ns 

classical molecular dynamics and the electric fields on each water hydrogen were gathered every 

10 ns simulation time, then compared on the basis of their proximity to the enzyme’s substrate. 

To measure the proclivity of water molecules to form hydroxide within enzyme active sites 

during natural molecular motion simulated at a high level of accuracy, eight enzyme active sites 

were subjected to 100 fs ab initio quantum molecular dynamics simulations and the electric 

fields along the OH bond of each were gathered at 0.1 fs intervals. These fields were then 

compared to those in a box containing 96 water molecules during a simulation with the same 

parameters used for the active sites.  
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CHAPTER TWO 

METHODS AND METHODOLOGY 

Program Access 

The codes used for the collection and analysis of data as described in this chapter can 

accessed and used via GitHub at https://github.com/cmsindic/Water_Wire_Connectivity and 

https://github.com/cmsindic/Electrostatic_Mapping. 

Water Topology 

Summary of Methods 

If water is universally involved in the catalysis of all enzymes, it must be present in the 

active sites of all enzymes. It would be found that no enzyme exists without water molecules 

near its active site during catalytically relevant conformations of that enzyme.  If a Grotthuss-

type mechanism necessary for catalysis exists in enzymes, one would further find, contiguous 

with enzyme active sites, clusters of water molecules within proton transfer distance of one 

another such that disparate charges could be transferred by this mechanism. Furthermore, if 

water behaves as a cofactor within enzymes, it would be expected that these clusters trail from 

the active sites of enzymes to the bulk solvent that surrounds them so that water may be 

replenished for catalysis. 

In order to investigate a hypothesis with such generality and breadth, a computational 

approach that can assess a large number of enzymes is appropriate. Luckily, tens of thousands of 

enzyme crystal structures exist freely on the internet, courtesy of the Research Collaboratory for 

Structural Bioinformatics Protein Data Bank (RCSB PDB). Assisted by a series of in-house and 
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open-source computer programs, it was practical to explore the topological characteristics of 

water molecules inside many of these enzyme crystal structures so as to draw inferences about 

their natural states.  

Enzyme structures were obtained in the form of Protein Data Bank (PDB) files from 

rcsb.org. The selection of PDB files were then filtered down to a smaller sample size on the basis 

of structural resolution, redundancy, and the method by which their corresponding crystals were 

resolved. For each of the selected structures, the locations of the structure’s active site residues 

were gathered from uniprot.org. The files were solvated using PACKMOL.91 During 

programmatic water cluster analysis, water molecules near active site residues were identified. 

Importantly, the number of enzyme structures with one or more active site-proximal water 

molecules were counted. Clusters of water containing active site-proximal water molecules were 

then characterized and quantified. The number of enzyme structures in which these clusters 

bridged the active site and bulk solvent were then counted. Figure 3 provides a visual overview 

of these steps. 
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Figure 3. Conceptual diagram depicting the process of obtaining, selecting, modifying, and 

analyzing water clusters within enzyme structures encoded as PDB files. 

Selection of PDB Structures 

Initially, ~60,000 enzyme structures were obtained from rcsb.org in the form of PDB files. In 

order to refine the selection of structures used for water topology analysis, these files were 

filtered through several criteria. Only structures resolved using X-ray crystallography (XRC) 

were used. This was done to minimize confounding variables in the subsequent results of data 

collection, lest one enzyme may have larger water clusters than another due to the differences in 

the methods by which the two structures were resolved. To assure usage of structures whose 

crystals were of high precision, all PDBs with crystal resolution > 1.5 Å were discarded.  

Many duplicate structures existed which portrayed the same enzyme, enzyme homolog, or 

mutant. A python program was written and employed to remove duplicate structures. This code 
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eliminated all but one of each group of structures sharing the same name, e.g., if two PDB files 

shared compound title THIOREDOXIN REDUCTASE, one was discarded. However, a PDB file 

with compound title THIOREDOXIN REDUCTASE TRXB-3 was not considered a duplicate of 

THIOREDOXIN REDUCTASE due to the TRXB-3 tag. Such small differences in compound 

names were found to significantly dichotomize enzyme structures. In this instance, TRXB-3 

denotes SsTrxRB3, a variant of thioredoxin reductase found in thermophile sulfolobus 

solfataricus which can be differentiated from even other thioredoxin reductases found in the 

same organism (e.g., SsTrxRB2) and shows significant structural differences compared to other 

thioredoxin reductases from other species.92, 93  

The PDB files were further selected on the basis of available data on their active sites’ 

locations and their compatibility with the chosen computational method of adding water 

molecules to the structures. These steps are discussed in detail below.  

Gathering Active Site Locations 

To identify water molecules near active site atoms in the enzyme structures, we first needed 

to identify the enzymes’ active site residues and associate them with cartesian coordinates in the 

enzymes’ structure files. Due to the large sample of enzymes assessed, doing this manually was 

unproductive. Thus, a web scraping code segment was written in Python to identify active site 

residues in each file using data sourced online.iv  

 
iv This code was originally separate from the primary spatial analysis program 

(analyze_wires.py) but was later incorporated into this file so that active site web scraping and 

water wire analysis were conducted directly in sequence. 
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Every PDB file has a corresponding page on rcsb.org. It was observed that nearly every one 

of these RCSB pages contains a link to a uniprot.org page for the enzyme represented by that 

PDB, and that the text (.txt) format of the UniProt page contains the positions of active site 

residues in a highly legible format. Hence, all that was required of the web scraping code was for 

it to navigate to these UniProt webpages for each of the PDB files used for analysis and extract 

the active site positions (indices) therefrom.  

To accomplish this, the program first navigated to the rcsb.org page of a given PDB file on 

the basis of the file’s name. For any xxxx.pdb, where xxxx is a PDB ID, the corresponding 

webpage is https://www.rcsb.org/structure/xxxx. (For example, the rcsb.org page for file 

1NEY.pdb is https://www.rcsb.org/structure/1ney.)  The program then read the HTML underlying 

a given RCSB PDB webpage using the lxml and requests Python packages.94-96 Links containing 

the string “uniprot.org” within the RCSB HTML were then opened. If a given RCSB page did 

not have exactly one link to UniProt, the PDB file was removed from the sample. In addition to 

the obvious need for active site information, this was because having more than one UniProt link 

would mean time-consuming comparison of active site positions between the UniProt webpages 

and literature to assess which page contained the correct information. Within the UniProt .txt 

pages, digits following the terms ACT_SITE and BINDING in lines containing said terms 

indicate the positions of active site and binding site residues (fig. 4). For example, an active site 

residue such as Tyr14 would appear as “ACT_SITE 14” in a UniProt .txt page. Accordingly, 

these indices were gathered and associated with residues in each of the PDB files.  

It was observed that residue entries in UniProt contained both the positions of active site and 

binding site residues. Many of the PDB files only had binding site residues listed on UniProt. 
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Initially, this elicited concern that allosteric binding sites may be misinterpreted as active sites by 

the programs written for this study. However, manual verification established that these binding 

site residues were bound to the substrate or ligand within the active site pockets of the PDB files 

used for this study. Because of this, it was deemed that binding site residues, as listed on 

UniProt, were sufficient to approximate active site locations in the enzyme structures. Thus, both 

BINDING and ACT_SITE residues, as labeled on the aforementioned uniprot.org .txt pages were 

included to identify the active site locations within each structure. In this document, they are 

referenced synonymously as “active site residues” unless explicitly stated otherwise.  

 
Figure 4. An excerpt from a UniProt .txt webpage for thioredoxin reductase showing that 

residues 23 and 26 bind NADP(+) and FAD, respectively.  
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Water Clustering Algorithm 

A program, analyze_wires.py, was written to conduct the bulk of spatial analysis of water 

molecules in PDB files gathered from the RCSB PDB. In addition to hosting the web scraping 

process described in the previous section of this paper, this program served to read PDB files, 

interpret the locations of atoms within them; and gather information on active site-proximal 

water molecules, active site-contiguous clusters of water molecules, and such clusters of water 

molecules also contiguous with bulk solvent. The details of this program’s functions are detailed 

in the remainder of this section.  

PDB files were parsed using the PDBParser method available in the BioPython97 package 

for python. This tool allows for the representation of the data contained in the PDB files as 

residues, molecules, and atoms. Importantly, the coordinates of a given atom in a given PDB file 

can be obtained by calling upon the coordinate property of the atom within a python code. 

Moreover, the positions and names of residues can be obtained in a simple manner using 

PDBParser. These features allowed locating the active site residues and the coordinates of active 

site atoms in each enzyme structure.  

In each enzyme structure, water molecules with oxygen atoms < 5 Å from active site atoms 

identified and counted. A similar method and classification distance has been used for identifying 

molecules relevant to active site catalysis in at least one other study.43 While the number of 

enzyme structures having any water molecules near active site residues was in itself a valuable 

metric, analyze_wires.py also tested whether these water molecules also formed the initial 

segment of a cluster of water contiguous with the active site. This was done by first identifying 

water molecules within 5 Å oxygen-oxygen distance (r(O-O)) of water molecules near the active 

site. Iteratively, water molecules with r(O-O) < 5 Å from any molecules in the growing cluster of 
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water were added to the cluster. This was repeated until the cluster of water molecules could no 

longer be extended.  

Solvating Enzyme Structures 

As a means of measuring solvent accessibility of enzyme active sites, we sought to 

determine how many structures had water wires connected to the bulk solvent outside the 

enzyme. It was noted, however, that most enzyme structures lacked water outside of the 

boundaries of the enzymes themselves. This external (bulk) solvent was needed for analyzing 

whether clusters of water reached bulk solvent because of the extreme difficulty of 

computationally identifying the space outside of an enzyme structure. By adding solvent around 

each structure, the space outside of the enzymes could be obtained by proxy of the cartesian 

coordinates of the bulk solvent molecules. Thus, open-source model solvating software 

PACKMOL91 was employed to simulate solvation. This program adds water molecules (or any 

other solvent of choice) in a selected density around existing atoms in a molecular model, such 

as a PDB file. Accordingly, the end product of solvating a given PDB file enzyme structure was 

an enzyme structure with naturally occurring water and “artificial” water added by PACKMOL, 

primarily outside of the bounds of the enzyme structure (fig. 5).  
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Figure 5. A crystal structure of an enzyme before (left) and after (right) the addition of hydrogen 

to water oxygen atoms using PyMOL and solvation with water using PACKMOL. The enzyme 

can be seen in green cartoon representation with water molecules shown as small red points. 

Other non-enzyme atoms are shown in VDW sphere format. The 5 Å solvent sphere padding 

from the most distant crystal atom from the crystal’s geometric center is explicitly shown. Note 

the asymmetric distance between the enzyme surface and the boundary of the solvation sphere on 

account of the enzyme’s asymmetry.  

A code, gencsv.py, was written to gather the data needed to make input (.inp) files which 

specify solvation conditions for PACKMOL. First, this code generated a spherical boundary with 

a 5 Å padding from the most distant enzyme atom from the centerv of each enzyme structure. 

Using VDW radii of each atom in the structures, sourced via the chemlib98 Python package, 

gencsv.py calculated the volume occupied by the original structure, including extant water 

molecules. To find the volume available to the simulated bulk solvent, the structure's volumevi 

was subtracted from the boundary sphere's volume. The resulting volume, in Å³, was multiplied 

 
v Enzyme centers were defined as the 3-dimensional mean of all atomic cartesian coordinates in each enzyme 

structure.  
vi The sum of VDW volumes of each atom in the model. 
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by the density of water at 310 K and 1 atm (0.99 g/cm3 ≈ 0.03 molecules/Å³) to determine the 

number of water molecules that could reasonably fill the space inside of the boundary sphere. 

For each enzyme structure, these data were stored as a comma-separated value (.csv) file (table 

1) for review before being converted to a .inp file for input into PACKMOL.  

Directory .\ligases 

Enzyme Volume 2618.02 

Total Volume 102160.4 

Water Volume 99542.38 

Number of Waters 2986 

Radius 29 

Table 1. An example of data for a specific enzyme structure (1GXT.pdb), stored to a .csv file by 

gencsv.py for conversion into a .inp file for PACKMOL. Volumes and the model’s radius are 

given in units of Å³ and Å, respectively. Number of Waters refers to the number of water 

molecules to be added by PACKMOL.  

A code, mkinpt.py, was then written to convert the data contained in each .csv file made for 

each enzyme structure (table 1) into a PACKMOL-compatible .inp file (fig. 6). 
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Figure 6. An example of a .inp file serving as input for the solvation of enzyme structure 

1GXT.pdb. Here, it is specified that the center of mass of the original enzyme structure shall be 

positioned at origin of cartesian coordinates in the output file, and that a sphere containing the 

enzyme with radius of 29 Å shall be filled with 2986 water molecules.  

Using the input files made by mkinpt.py, PACKMOL was employed to solvate each enzyme 

structure using the TIP3P99 water model. This water model has a 0.9572 Å O-H bond distance 

and a 104.52 H-O-H bond angle.  

The program previously used for water cluster identification within each of the unsolvated 

enzyme structures, analyze_wires.py, was then applied to the solvated enzyme structures in order 

to determine whether the active site-contiguous water clusters came in contact with bulk solvent 

around each enzyme. Within analyze_wires.py, a new partition of water was defined: bulk 

solvent. This partition was classified as containing water with distance r(O-X) > 5 Å, where O is 

a given water oxygen atom and X is any enzyme atom. This ensured the water in this partition 

adequately approximated the space occupied by bulk solvent outside of each enzyme. We then 
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counted the structures with water clusters in contact with bulk solvent. Contact with bulk solvent 

was defined as having a water cluster containing at least one water molecule with r(O-O) < 5 Å 

from any bulk solvent water molecule. As a loose measurement of the number of avenues a water 

molecule can take to access the active sites of enzyme, the number of bulk solvent water 

molecules contacted by water molecules within each cluster were recorded for each structure. 

For a given enzyme structure, a high number of bulk solvent water molecules contacted by 

components of its cluster would indicate a large interface between water in the active site and 

water outside of the enzyme. Speculatively, this interface may permit water intake and diffusion 

as well as a possible means of water ion transport. Regardless of the possible implications of a 

large interface between active site contiguous water clusters and bulk solvent, no such data has 

been publicly recorded. While these values were available to us, they seemed appropriate to 

document.  

Justification of Cluster Distance Criterion 

The use of 5 Å as a cutoff distance for grouping water with respect to other water molecules 

and enzyme atoms was informed by literature reporting calculated interatomic distances during 

the autoionization of water. To understand the basis of this literature, the following must be 

known: While water’s autoionization is difficult to simulate, predominately due to the temporal 

restrictions intrinsic to quantum MD, it is reversible. Thus, the distance at which hydronium and 

hydroxide recombine to form a pair of water molecules is the distance at which a pair of water 

molecules will ionize one another.  

Using a series of MD trajectories, Bai and Herzfield calculated that the likelihood of 

recombination of hydronium and hydroxide is roughly equivalent to the likelihood of their 
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drifting apart at a hydrogen bond distance of ~6 Å.54 Their study made use of the LEWIS water 

model, which a) is fully dissociable, b) represents the valence electrons around the central water 

oxygen (O2-) as four pairs of 2e- objects and the central oxygen itself as “an O6+ core”, c) more 

accurately depicts water’s reactivity and physical properties than models like TIP3P.100 Using 

single-photon excitation, Natzle and Moore experimentally found this recombination distance to 

be 5.8 ± 0.5 Å.46 Another study, making use of QM and MD methods, corroborated the distance 

at which recombination begins to be ~6 Å, adding that the computed r(O-O) in water wires is 

around 2.6 Å, and that neutralization occurs in ~0.5 ps from the 6 Å separation distance between 

hydronium and hydroxide.53 As it would be necessary for a distance less than the 

autoionization/recombination distance of water/water ions to be found between neighboring 

water molecules in water clusters presumed to function as water wires by transporting charges 

via the Grotthuss mechanism, a conservative maximum r(O-O) of 5 Å was chosen to be the 

cutoff for including water molecules in the clusters of water found within the enzyme structures.  

In order to determine whether the average r(O-O) between each water molecule and its 

nearest neighboring water molecule (r(O-O)min) in each of the enzyme structure’s water clusters 

corroborated the r(O-O) ≈ 2.6 Å profile of a water wire, r(O-O)min values were collected for each 

water molecule in each cluster studied. In other words, on the basis of O-O distance, the nearest 

water molecule to each water molecule was identified and the distance r(O-O) between the two 

were recorded. These distances, and many other distances between atoms computed in 

analyze_wires.py, were obtained by imputing each atom’s cartesian coordinates into the 

NearestNeighbors function within the scikit-learn Python package.101 This function effectively 

computes an array of distances between two arrays of coordinates. To find the nearest neighbor 
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to a given point, the coordinate of the point and an array containing the coordinates of all other 

points are entered into NearestNeighbors. The nth index of the array generated by 

NearestNeighbors yields the distance between the point and the nth point in the array of all other 

points. This method was found to be significantly faster than pure Python code written to the 

same end.  

Control 

As a means of assessing the uniqueness of active site solvent accessibility relative to other 

parts of enzymes, water wires were generated as seeded by random locations, rather than active 

sites, within each enzyme structure. A random location was selected in each enzyme structure by 

selecting a random enzyme residue by its positional indexvii, n, and the residue at position n+1. 

These residue pairs were treated as faux active sites and subjected to the same water cluster 

analysis as true active sites using analyze_wires.py. With this, one prospective active site-

contiguous water cluster and one random location-contiguous water cluster were elucidated for 

each enzyme structure.viii It was expected that if active sites do indeed have special solvent 

accessibility relative to other locations within enzymes, then clusters of water molecules 

contiguous with active site residues would be larger on average than those contiguous with 

random adjacent residues. Furthermore, it would be expected that the number of structures 

having no water near random adjacent residues would be far greater than those with no water 

near active site residuesix. Figure 7 shows these expectations in graphical format.  

 
vii e.g. for residue Tyr14, the positional index is 14.  
viii The word prospective is used because a structure with no water near its active site would be imputed during data 

analysis as having a cluster with zero water molecules 
ix The number of structures with no water molecules near active site residues would ideally be zero if the hypothesis 

of universal active site solvent accessibility is perfectly true. 
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Figure 7. With one water cluster assigned to each enzyme, ideal distributions of the number of 

enzyme structures having water clusters contiguous with active site residues (solid line) and a 

location consisting of two random adjacent residues (dashed line) of a given size (number of 

water molecules).  

Electrostatics 

Summary of Methods 

In this portion of the study, the primary objective was to investigate the potential of enzyme 

active sites to ionize water molecules or, at minimum, favorably influence their ionization. This 

was approached by analyzing enzyme structures obtained as PDB files and employing 

Coulomb's law using point charges within each to assess the strength of electric fields 

experienced by water molecules in each structure. A key aspect of this methodology involved 

comparing the electric fields experienced by water molecules within the active sites to those 

encountered elsewhere within the enzyme structures, thereby evaluating the uniqueness of these 

fields in the active sites of enzymes. It was expected that, were enzyme active sites to favorably 

influence the ionization of water by means of electrostatics, the electric fields experienced by 

water molecules in the active sites of these structures would be greater than those experienced by 

water molecules in the bulk solvent and elsewhere within the enzymes. 
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In addition to calculating the electric fields experienced by water molecules in a large sample 

of static enzyme, structures, the active sites of selected enzyme models were subjected to ab 

initio quantum mechanics by way of atom centered density matrix propagation (ADMP) 

calculations, enabling the observation of electric fields acting on water hydrogen atoms during 

routine molecular motions. To comprehensively capture the electric fields on water molecules 

throughout an entire enzyme during molecular motion, Molecular Dynamics (MD) simulations 

were conducted on the triosephosphate isomerase (TPI) enzyme.  

These electric field calculations serve as a sound means of measuring the proclivity for water 

molecules to ionize due to the sensitivity of water’s ionization to electric fields, as discussed in 

the introduction chapter of this dissertation.57-59, 61  

The same PDB files containing the enzyme structures as per the water cluster analysis 

portion of this work were used for the analysis of electric fields experienced by water molecules. 

The active site locations of each enzyme were parsed using the same web scraping method used 

previouslyx as well. Water molecules within each file were split into “partitions” based on their 

locations: near the active site, elsewhere in the enzyme, and in the bulk solvent outside of the 

enzyme. A python code was written to obtain the charges of each atom in each enzyme structure 

using the AMBER99SB-ILDN102, 103 forcefield. Figure 8 shows a conceptual diagram of this 

process.  

Using Coulomb’s law, the electric fields at the point of each water molecule were calculated 

from these point charges. Because the hydrogen in each PDB enzyme structure were added in an 

unphysical fashion using PyMOL command h_add, the fields on the water molecules were 

 
x For the analysis of water clusters, in the program file analyze_wires.py. 
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calculated at the point of their central oxygen, the location of which was experimentally resolved 

by the author of each PDB file. The fields were then compared among the water molecules in 

each partition.  

 
Figure 8. Conceptual process diagram for obtaining and processing PDB files to calculate the 

electric fields experienced by water molecules within them. 

To observe electric fields on water molecules during molecular motion, the active sites of 

eight enzyme structures were abstracted from their PDB files (~200 atoms per active site) and 

subjected to ab initio QM calculations for 100 fs. The same was done to a box of 96 TIP3P water 

molecules. These fields were collected at the spatial coordinates of each water molecule’s 

hydrogen, effectively measuring the proclivity for each to be deprotonated within its electrostatic 

environment. The electric fields experienced by each water molecule’s hydrogen atom were 
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computed every 0.1 fs in each QM trajectory. To do this for a given water hydrogen (H*), the 

field contributions of all other point charges (𝐸⃗ 𝐻−𝑥) at the coordinate of H* (other than the O and 

H of the same molecule as H*) were summed into a vector representing the net electric field on 

H* (𝐸⃗ 𝑛𝑒𝑡). The component of 𝐸⃗ 𝑛𝑒𝑡 in the unit vector (𝑂𝐻̂) of the OH* bond vector (𝑂𝐻⃗⃗⃗⃗⃗⃗ ) yielded 

the magnitude of the external electric field along the OH* bond at the point of H*, 𝐸(𝐻) ∙ 𝑂𝐻̂. 

Figure 9 provides a visual for this calculation. These electric fields were then compared between 

the cumulative active site calculations and the box of bulk water.  

 
Figure 9. A visualization of the calculation of electric fields experienced by a given water 

hydrogen atom (H*) in an enzyme structure, projected along the unit vector of the OH* bond. 

Point charge contributions to the electric field on H* are shown on the left. The net electric field 

on H* and the net electric field projected along the OH* bond are shown on the right. 

The same electric field calculations used for the trajectories of enzyme active sites during ab 

initio QM were then applied to water hydrogen atoms during 2000 ns of classical MD simulation 

of triose phosphate isomerase (PDB: 1NEY).104 The water molecules in this model were 

classified into partitions similar to the static PDB enzyme structures studied, with the exception 

of the partition of water near the active site, which was replaced by the partition of water near the 
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substrate dihydroxyacetone phosphate (DHAP) in the active site. This was done to assess the 

electric fields on water specifically near the substrate, which has a strongly electronegative 

phosphate group. To test whether TPI itself enhanced the electric fields on water molecules near 

DHAP, DHAP was then placed in a simulation box of water molecules and this calculation was 

repeated. 

Calculating Electric Fields in Static PDB Structures 

To broadly measure the electric fields felt by water hydrogen atoms in enzyme active sites 

relative to bulk solvent and other locations near and within enzymes, all enzyme structures used 

for the water cluster analysis were reused. In addition, the enzyme structures which were 

downloaded for the cluster analysis but were not compatible with PACKMOL were used for this 

study, giving a total of 1179 enzyme structures. 

 As per the preparatory step taken during water cluster analysis, the h_add command within 

PyMOL was used to add hydrogen atoms bonded to existing atoms in each structure. This 

method does not protonate basic atoms in charged residues, thus retaining their charge states in 

the crystal structure of the enzyme. In each model, water molecules were partitioned according to 

their location: those with the distance between the water oxygen and another atom (r(O-X)) < 4 

Å from active site atoms, those with r(O-X) < 4 Å from any non-active site enzyme atom, and 

those in the bulk solvent: defined by r(O-X) > 4 Å from all enzyme atoms (fig. 10). For each 

partition, the electric field magnitudes experienced by whole water molecules (E(H2O)) were 

calculated using the point charges of atoms assigned via the AMBER99SB-ILDN forcefield, 

which were stored in a GROMACS-compatible .rtp file prior to these calculations.  
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Figure 10. A cross section of an enzyme structure in VDW radii representation showing enzyme 

atoms (gray), active site atoms (red), H2O < 4 Å from enzyme atoms (dark blue), H2O < 4 Å 

from active site atoms (purple), and bulk solvent: H2O > 4 Å from enzyme atoms. The electric 

fields experienced by each of these partitions of water were compared in this study.  

E(H2O) were calculated at each water oxygen atom rather than at each hydrogen atom as 

done for the outputs of quantum and classical MD later. This was due to the fact that the 

hydrogen included in each structure via h_add were not oriented in a manner informed by any 

physical features of the structure other than through the fixed OH bond length of ~95 pm and the 

impermissibility of clashes between the added hydrogen and the VDW radii of other atoms. 

Assuming that a water molecule will generally reorient such that the positive end of its dipole—

the vector bisecting the H-O-H angle, will be closest to nearby negative charges, the fields on 

entire water molecules approximate a low estimate of the electric fields along their OH bonds. 

Accordingly, unlike the calculations depicted in figure 9, these fields were taken at the point of 
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each water molecule’s central oxygen atom and were not projected along the OH bond unit 

vector.  

E(H2O) were calculated for each water molecule in each partition of water in each enzyme 

structure. The quantitative distributions of these fields were then compared on the basis of spatial 

partition of the water molecules associated with them.   

Calculating the Minimum Electric Field Required to Ionize 

Water 

We sought to establish the minimum external electric field required to ionize a water 

molecule using the same quantum mechanical calculation scheme later applied to determine such 

fields in enzyme active sites. A water molecule was placed in a simulation box such that one of 

the OH bond vectors (𝑂𝐻⃗⃗⃗⃗⃗⃗ ) was parallel to the standard x-axis. Replicate copies of this molecule 

were then subjected to increasingly negative external electric fields in time-dependent quantum 

mechanical calculations using a polarizable Hartree Fock (HF) basis set, HF 3-21g* propagated 

via Atom Centered Density Matrix Propagation (ADMP).105 Each calculation was conducted for 

200 fs simulation time. Initially, the field was increased by 0.01 a.u. (1 a.u. = 5.142•1011 V/m = 

51.42 V/Å) between trials. Once a field of sufficient strength to ionize the molecule was found, 

further trials were conducted wherein the field was decreased by 0.0001 a.u. until the threshold 

of autoionization, to this precision, was calculated. Lest minor differences in the molecule’s 

geometry upon initialization influence the outcome, this was repeated using a newly initialized 

water molecule.  
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Calculating Electric Fields in Enzyme Active Sites; Ab 

Initio Quantum Mechanics 

The electric fields experienced by water molecules in the active sites of eight enzymes were 

calculated during ab initio QM ADMP trajectories in order to measure the electrostatic proclivity 

for ionization of water within active sites during realistic molecular motion. To do this, enzyme 

crystal structures were selected from the RCSB PDB. Enzymes were selected on the basis of 

their subjective popularity in enzymology. If a structure of < ~2.5 Å resolution with no mutations 

could be found for a given enzyme, it was downloaded for analysis.  

The active site residues of each enzyme were identified manually using the in-browser 

molecular viewer available on rcsb.org. In PyMOL, a water molecule within 5 Å of at least one 

of these residues was selected. A sphere around this water molecule with ~16 Å diameter was 

then extracted from the structure. To uphold the electrostatic profile of the active site while 

minimizing the calculation time during ADMP, partial fragments of residues that were bisected 

during this process were selectively removed on the basis of perceived electrostatic importance 

and size; large or charged residue fragments were kept while small or uncharged fragments were 

removed in PyMOL. The resulting trimmed enzyme structure was then imported into GaussView 

where it was further trimmed to ~200 atoms on the basis of electrostatic relevance and molecular 

fragment size. Corrections to the structure were occasionally made to remedy errors caused by 

importing the file (e.g., a double bond between an oxygen and sp3 carbon).  

The enzymes used for this analysis were triosephosphate isomerase (1NEY),104 MoFe 

nitrogenase (7JRF),106 human carbonic anhydrase II (4YXI),107 staphylococcal nuclease 

(2SNS),108 DNA photolyase (1TEZ),109 Phosphoribosylamine-glycine ligase (3MJF),110 apo-form 
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cationic trypsin (5MOP),111 human ubiquitin-conjugating enzyme (2ESK),112 horse liver alcohol 

dehydrogenase (7RM6),34 and thioredoxin M1 (7C65).113  

Each active site was subjected to ADMP over 100 fs of simulation time using the HF 3-21g* 

basis set. At each frame of the simulation, the electric field on the hydrogen belonging to each 

water molecule was calculated as projected along (𝑂𝐻⃗⃗⃗⃗⃗⃗ ) from the central oxygen. As a control for 

the fields experienced by water hydrogen in bulk water, a cubic simulation box with an edge 

length of 20 Å containing 96 water molecules was subjected to these calculations as well.   

Active sites were simulated using implicit solvation in acetone to emulate the dielectric of 

enzymes. Acetone possesses a dielectric of ε ≈ 20.5,114-116 while proteins are estimated to contain 

an dielectric constant of 2 ≤ ε ≤ 10 internally, with surface regions estimated as high as ε = 30.117, 

118 As a higher dielectric constant of a solvent corresponds with a smaller electric field incurred 

by solute within that solvent, the use of acetone was a conservative choice, being at the higher 

end of the range of estimates for ε within proteins. The box of water was simulated with implicit 

solvation in water (ε ≈ 78.4)116. Atomic charges were assigned on the basis Mulliken Population 

Analysis (MPA), which are influenced by implicit solvation.119 Given that Mulliken charges were 

used in the calculation of E(H) and the ε values of implicit solvents altered these charges 

presumably consistent with the effect of factoring ε into Coulomb’s law directly, the dielectric 

constant used in Coulomb’s law for calculating electric fields was left as the permittivity of free 

space, ε0.  
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Calculating Electric Fields on Water Hydrogen in TPI 

During Classical MD 

Triosephosphate isomerase (TPI) catalyzes the interconversion of dihydroxy acetone 

phosphate DHAP. DHAP contains a negatively charged phosphate group exposed to bulk solvent 

in the crystal structure of the enzyme (PDB ID 1NEY).104 To probe the proclivity of water to be 

deprotonated near DHAP in the active site, model 1NEY was subjected to 2000 ns of MD 

simulation at 300K.xi,120 At each 10 ns frame of the subsequent trajectory, water molecules were 

partitioned into the same groups as done for other XRC structures apart from the water 

molecules classified as being near the active site, which were instead qualified by being < 5 Å 

from the DHAP molecule in the active site rather than active site residue atoms themselves. As a 

metric of the proclivity for deprotonation, the field experienced by each water hydrogen at each 

frame was then calculated as projected along the bond shared with its central oxygen using 

Coulomb’s law. Point charge contributions from this oxygen and the sister hydrogen were 

excluded. To compare the fields experienced by water hydrogen near DHAP in TPI with those 

experienced by water hydrogen near DHAP in bulk solvent, the DHAP atomic coordinates were 

copied from 1NEY into a new file and solvated in water. This model of DHAP in water was then 

subjected to the same MD parameters and water hydrogen field analysis as for the TPI structure.  

To further validate results of deprotonating a water molecule under applied fields during 

ADMP, we conducted a series of Self-Consistent Field (SCF) scans along the hydroxyl bond of 

the water molecule. These scans were conducted under varying external electric fields, as done 

 
xi This MD simulation was created by former undergraduate student Max Yates in our research group. The 

subsequent work described is a significantly modified extension and validation of his own. See attached reference. 
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for ADMP calculations of deprotonation, and calculations were performed using the HF 3-21G* 

basis set to maintain consistency with active site simulations. 

In each SCF scan, we plotted the energy profile of the hydroxyl bond as a function of its 

length. The activation energy required for bond breaking was determined by subtracting the 

energy at the minimum point (preceding the transition state) from the energy at the maximum 

point (transition state). The bond length was scanned in increments of 0.05 Å from 0.96 Å until, 

at minimum, a decrease in the energy of the system was seen following the visible peak in 

energy associated with the transition state.  

The activation energy of hydroxyl bond breakage in each SCF scan was then plotted against 

the electric field applied along the hydroxl bond. The regression function from these data was 

then used to extrapolate the electric field at which the activation energy was 0 Hartrees. This 

value could then be used to validate any water-deprotonating events in the ADMP calculations of 

enzyme active sites and argue for the case that any given water molecules in each could be 

deprotonated given sufficient simulation time. 
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Abstract 

Despite the demonstrable dependence of enzyme functionality on solvation, the notion of 

water being directly chemically required for catalysis inside active sites remains unexplored. 

Here we report that over 99% of 1013 enzyme crystals obtained by X-ray crystallography with 

high resolution (< 1.5 Å) contain tunnels of water linking residues within the active site to bulk 

water. Also reported are the findings which inspired this study—that electric fields experienced 

by water hydrogen atoms are on average twice as strong in the active sites of two enzyme 

structures compared to those in bulk water. These results point to the possibility that water 

molecules within active sites may be paramount to the immense catalytic power of enzymes.   

Introduction 

The Grotthuss mechanism is a process wherein rapid proton and electron transfer across 

water is attributed to the reversible formation of unique structures known as water wires.52 These 

water wires consist of chains of water molecules all within proton transfer distance of one 

another and all oriented in a manner that lowers the activation energy barrier gating proton 

transfer. Hydronium or hydroxide found on one end of the wire can be readily transferred to the 

other end via rapid proton transfer occurring sequentially between each water pair.121 Water wires 

have been observed to form in both bulk water and complex molecular environments.122 In the 

context of biology, water wires were first observed to play critical roles in transmembrane 

proteins. They have been especially characterized in the “model membrane protein”, the 

gramicidin A channel.66, 123 In one particularly interesting study, a redox-responsive water wire 

was calculated to function as a means to prevent the short-circuiting of the cytochrome c oxidase 
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proton pump.63 Many examples of water wires in non-transmembrane enzymes exist as well. 

One such example is the heme enzyme ascorbate peroxidase, where the involvement of an 

intermediary water molecule in a concerted proton transfer pathway from the enzyme's substrate 

to its heme-bound oxygen has been found to be critical for oxidation.71 In Green Fluorescent 

Protein, negatively charged surface residues draw protons from the bulk solvent to be shuttled to 

the active site via a water wire.87, 89 In Ribonucleotide Reductase, evidence exists that the 

catalytically critical tyrosine radical is protonated by hydroxamic acid through a proton wire 

containing four water molecules.73 In photolyase, QM/MM calculations have demonstrated the 

assistance of a water wire to facilitate DNA damage repair through proton-coupled electron 

transport over >10 Å.79 Alongside these individual findings, X-ray crystallographic (XRC) 

studies have demonstrated that 44% of side chain oxygen and nitrogen atoms in enzymes are 

hydrated.44  

In addition, computational work by Warshel, et al. has provided evidence that enzymes are 

efficient catalysts because their structural rigidity and protection from bulk water maximizes the 

electrostatic interaction from active site charged residues, thereby lowering activation energy.124 

Water has been calculated via high-level ab initio computations to ionize under fields as low as 

0.35 V/Å (6.8∙10-3 a.u.).57 The products of ionization, hydronium and hydroxide are routinely 

proposed as participants in published mechanisms of enzyme action involving bond breaking and 

making because of the requirement of strong, rapid acting nucleophiles or electrophiles; there are 

occasional reports of their observation within active sites of enzymes.125, 126 The production of 

these species has been associated with a means of transporting charge across large distances 

within enzymes where reactive components are disparate.88, 127-129 In GTPase, for example, 
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networks of water recruit charges from distant residues to enhance the nucleophilicity of an 

active site water molecule which then hydrolyzes guanosine triphosphate.130, 131 The Boxer group 

has reported findings connecting strong electric fields within the active site of the enzyme 

ketosteroid isomerase (KSI) along with evidence that the field is vital to its catalytic power.132 

The importance of water in enzymatic action is further underscored by observations that enzyme 

reaction rate increases in non-aqueous solvents as the concentration of water increases for 

solvents that do not significantly change the enzyme’s structure.133 

Preliminary work by our group on two enzymes has revealed that electric fields promoting 

water ionization are twice as strong on water in their active sites than in bulk water.  We 

therefore believe that water should demonstrate an increased proclivity towards autoionization 

when located in these enzyme active sites. From crystal structure of polynucleotide kinase, 

4QM6134, wherein the O2’-H2’ bond of the riboguanosine (RG) nucleotide is H-bonded to its 

3’phosphate, we have previously computed the strength of electric fields acting along this O2’-

H2’ bond and along water hydroxyl bonds in the active site to promote ionization. Electric field 

magnitudes were compared with those along the hydroxyl bonds of bulk water lying outside the 

surface of the enzyme. These results are shown in figures 11 and 12. 

Exceptionally strong electric fields were calculated along the O2’−H2’ bond of the RG 

nucleotides in the active sites of subunits C and D in bacterial polynucleotide kinase (fig. 11). 

The electric field magnitudes experienced by water molecules along their hydroxyl bonds were 

then calculated in bulk water, as well as among water molecules within 5 Å of guanosine 

triphosphate (GTP) and the phosphate molecule within the active site of bacterial polynucleotide 

kinase. A noticeable increase in these fields was observed among water near the active site bound 
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GTP and active site bound phosphate relative to those in bulk water (fig. 12). We thus postulate 

that the ribose O2’ proton transfer in the proximity of the active site would almost certainly 

generate hydroxide that would be the strong base required for nucleophilic attack of the scissile 

bond. With these findings corroborating the numerous examples of catalytically pertinent water 

wires in enzymes given above, we propose that water is a universal chemical cofactor in 

biological catalysis.  

 
Figure 11. A histogram of the exceptionally high electric fields felt by the O2’−H2’ bond of the 

RG nucleotide in the active site of bacterial polynucleotide kinase.  
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Figure 12. A histogram of the exceptionally high electric fields felt by water molecules near the 

active site bound GTP (red circles) and phosphate (blue triangles) in bacterial polynucleotide 

kinase, and in bulk water (black squares).  

If water is chemically required for catalysis, an obvious expectation is that most enzyme 

crystal structures will reveal water within the active site and a mechanism, e.g., a water wire, 

providing access to bulk water. This manuscript describes a procedure and the results from 1013 

published enzyme XRC structures for which active site atoms are identified and for which we 

identified those that exhibit both water within their active sites and water wires linking the active 

site to bulk water.  These are features that portend the existence of a continuous supply of water 

to the active site and has been shown to initiate the regeneration of the active site’s charge state 

via the diffusion of charges in multiple enzymes.68, 135 The number of water molecules in each 

water wire was then compared to that in bulk solvent to characterize the feasibility of 

autoionization within them. 
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Materials And Methods 

1013 enzyme structures were procured in the form of protein database (PDB) files from 

rcsb.org. Only high-resolution X-ray crystallography (resolution < 1.5 Å) structures were used. 

Duplicate enzymes were removed from the study to ensure that each structure corresponded with 

a unique structure. Because the goal of this study was to determine the spatial relationship 

between water and the active sites of these structures, the locations of the active site residues in 

each were obtained. This was done via a custom web scraping algorithm written in Python. This 

algorithm searched the HTML of a given structure’s rscb.org page for links to uniprot.org. From 

the uniprot.org link associated with each enzyme, a text file corresponding to the locations of 

critical components of the enzyme was parsed for the residue identities belonging to active site 

atoms. These were denoted in the text file by the term “active site” followed by an index 

corresponding with the residue’s position in the polypeptide chain(s) comprising the enzyme. 

These indices were then associated with the cartesian coordinates of active site atoms in the PDB 

file stored on the operating computer. 

A dilemma was encountered when identifying active site residues using the aforementioned 

process. For many structures, namely those of the oxidoreductase class, the text file 

corresponding to the structure on uniprot.org did not possess residues denoted by the “active 

site” keyword but did possess residues denoted by the “binding site” keyword. It was manually 

verified that these binding site residues were not members of allosteric binding sites but were 

located in the active sites of the structures. In other cases, structures possessed both “active site” 

and “binding site” residues in their associated uniprot.org text files which were manually found 

near one another within the structures’ active site pockets. For example, the residue GLU168 in 
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glutaminyl cyclase (PDB ID 4MHN), responsible for coordinating substrate binding and denoted 

as a “binding site” residue on uniprot.org, is located immediately next to the catalytic residue 

GLU183, a proton acceptor in the active site, which is denoted as an “active site” residue on 

uniprot.org.136 Given their proximity, both residues were considered to approximate the active 

site location within the structure. Accordingly, both residues deemed “binding site” and “active 

site” on uniprot.org were considered to identify the active site locations within each structure 

used in this study.  

In each structure, water molecules whose oxygen was less than 5 Å of any of the active site 

atoms were identified and counted. These waters composed a nascent water wire grounded at the 

active site, which was extended by iteratively adding water molecules within a 5 Å oxygen-

oxygen distance (r(O-O)) of the growing water wire (fig. 13). After characterizing the water 

wires within each structure, we sought to assess the number of structures which possessed water 

wires contiguous with bulk solvent outside of the enzyme.  Because the structures largely lacked 

water outside of the enzyme crystal, we employed PACKMOL91 to simulate solvation. To 

prepare PDB files for solvation, a spherical boundary with a padding of 5 Å from the most 

distant enzyme atom from the structure center was constructed around each structure. Using the 

atomic radii of the atoms in the PDB file, assigned via the chemlib98 python package, the volume 

occupied by the original structure was ascertained. To calculate the volume to be occupied by the 

simulated bulk solvent, the volume of the original structure was subtracted from the volume of 

the boundary sphere. The resulting volume was multiplied by the density of water at 310 Kelvin 

and 1 atm (~0.03 molecules / Å3) to determine the number of water molecules to be added. The 

files were then solvated by PACKMOL using the TIP3P99 water structure. In each of the 
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subsequent structures, a new partition of water was defined: bulk solvent, defined by water 

greater than 5 Å from all enzyme atoms, ensuring it was outside of the enzyme. The structures 

possessing water wires having at least one water molecule with an r(O-O) < 5 Å of any of these 

bulk solvent molecules (bulk solvent contiguity) were then counted.  

 
Figure 13. An illustrated example of elucidating a water wire for the active site of triose 

phosphate isomerase (XRC crystal structure resolution: 1.2 Å, PDB code: 1NEY).104 The atoms 

of active site residues Glu 165 and His 95 can be seen as red spheres, the enzyme structure as a 

green cartoon depiction, and the water atoms belonging to the water wire as yellow spheres. 

Figure (a) shows the structure before probing for water near the active site residues. Figure (b) 

shows water molecules within 5 Å of active site atoms. Figures (c) through (f) show the 

recursive expansion of the water wire by adding water molecules whose oxygen are within 5 Å 

of the current water wire oxygen atoms. In figures (e) and (f), the water wire has reached the 

bulk solvent and can be seen extending far from the enzyme. By this point, the wire-generating 

algorithm would stop as the solvent has been contacted. 

The use of 5 Å as a cutoff distance for grouping water with respect to other water molecules 

and enzyme atoms was informed by previous calculations on the autoionization of water. Using a 

series of LEWIS100 water recombination MD trajectories, it has been shown that the likelihood of 

recombination of hydronium and hydroxide is roughly equivalent to the likelihood of their 
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drifting apart at a hydrogen bond distance of ~6 Å.54 Other MD studies show that below this 

distance, recombination is highly favorable.46, 53 While the forward process of autoionization in 

pure water is difficult to simulate over the timescales permitted by MD without biasing 

parameterization, it is reversible. Thus, the recombination distance is a proper metric for the 

distance at which water ion pairs can be expected immediately following autoionization. 

Accordingly, to ensure confidence in the distance between water and other bodies in the 

structures being sufficient for ionization, and to accommodate for the resolution of the structures 

(up to 1.5 Å), a 5 Å distance was chosen. More information on this value and its connotations is 

given in the discussion section below. 

As a control, the number of water molecules near target (active site) residues, the number of 

water molecules in wires emanating from these, and the number of solvent molecules contacted 

by the wires were obtained for each structure using a random location in the enzyme as a 

comparative “active site”. To this end, two random adjacent residues in each structure were 

selected to obtain a target point of reasonable size and subjected to the same water topology 

analysis conducted for the active site. Accordingly, each structure was assigned one active site 

contiguous water cluster and one random site contiguous water cluster. 

Because the proclivity for proton transfer in a homogenous liquid is partially dependent on 

the distance between molecules, the densities of the water wire and bulk solvent were recorded. 

The chosen metric of density for each partition was the distance between each water oxygen and 

its closest neighboring water oxygen, calculated using the scikit-learn NearestNeighbors137 

method for Python.  
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Results And Discussion  

Of the 1013 enzyme structures studied, 1005 were found to have water within 5 Å of active 

site atoms. This finding establishes a structural precedence for solvent-assisted catalysis in 

enzymes because the majority contain water within their active site pocket. When water wires 

were generated from water molecules in the active sites of each structure, most were found to 

host a large network of water molecules contiguous with their active sites. Across the water wires 

of the 1013 enzyme structures studied before the addition of solvent molecules, there was an 

average of 333 water molecules per wire when seeded from active sites and 242 water molecules 

when seeded from two random adjacent residues (table 3, fig. 14). Note that the areas under both 

curves in figure 14 are equal on account of there being one active site contiguous water cluster 

and one random site contiguous water cluster assigned to each enzyme structure.   

  
Figure 14. Histograms of water molecules per water wire originating from the active site (solid 

black line) and two random adjacent residues (dashed line) in each of 1013 crystal structures. 

Each water wire was grouped by the criterion of r(O-O) < 5 Å. 
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After the solvation of the structures using PACKMOL, contiguity between the active site and 

bulk solvent via water wires was observed in 993 of the 1013 structures studied. This feature 

spatially permits a supply of water to the active site and suggests that a Grotthuss-type 

mechanism of charge transport between water near the active sites and bulk solvent within these 

structures could be involved. The mean number of bulk solvent water molecules within the 

parameterized r(O-O) < 5 Å proton transfer distance of any member of each water wire was 

1482, with a standard deviation of 740. This value was drastically increased by large structures 

whose water wires extended into grooves on the surface of the enzyme, with a large contact area 

for interaction with the bulk solvent. Irrespective of this subgroup, there are many avenues for 

water to infiltrate the active sites of enzymes. Likewise, in the instance of an ionizing event on 

the enzyme surface, there are many water molecules capable of receiving or initiating ionizing 

events to and from the active site of most enzymes via a Grotthuss-type mechanism.  

In 15 structures, water was present within 5 Å of active site atoms but these waters did not 

form wires that reached the bulk solvent. The average number of water molecules in the active 

site contiguous water wires found in these structures was 24, significantly lower than the average 

value of 333 water molecules/wire found for all structures studied. Unless these enzymes were 

folded with their active sites entombed from the space around the protein, which would hinder 

substrate access, this finding is likely due to constrictions in the buried tunnels containing the 

wires which bifurcate them and subsequently prevent contact with bulk solvent. If this is the 

case, it would be expected that the enlargement of these constrictions during routine molecular 

motion would elicit a larger water wire size and the contiguity of the wire with bulk solvent.  
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When two random adjacent residues were selected in each structure as targets in lieu of 

active site residues, the number of structures that did not exhibit water molecules within 5 Å of 

target residues was significantly less than when active site residues were selected (48 and 8 

structures, respectively). The number of structures that did not have target residue-adjoining 

water wires that reached the bulk solvent was 94 and 20 for structures after targeting random 

adjacent residues and true active site residues, respectively. Furthermore, smaller water wires of 

ca. 50 water molecules seeded from random adjacent residues were much more frequent than 

those seeded from true active site residues (fig. 14). These findings implicate the unique solvent 

accessibility of the active site of enzymes relative to other locations. This is as expected given 

the requirements of the active sites to be accessed by substrates through the bulk solvent, but it 

also demonstrates the enhanced ability for active sites to be contacted by the solvent itself.  

All enzymes studied belonged to one of seven different classes: hydrolases, oxidoreductases, 

isomerases, lyases, ligases, transferases, and translocases. The hydrolases composed the largest 

class in the study (table 2). The distributions of water wire sizes based on enzyme class show 

similar features, with a large portion of enzymes falling under a curve at approximately 100-500 

water molecules per wire (fig. 15). 
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Figure 15. On the basis of enzyme class, histograms of water molecules per wire originating 

from the active site among 1013 enzyme crystal structures. Each water wire was grouped by the 

criterion of r(O-O) < 5 Å and required to have one member whose oxygen was this distance from 

any active site atom. 

Of the eight structures that showed no water near their active site, seven belonged to the 

hydrolase class and one belonged to the translocase class. These structures were Klebsiella 

Pneumoniae carbapenemase 2 beta-lactamase138, PI-SceI139, Fluoroacetate Dehalogenase140, 

human “a disintegrin and metalloproteinase with thrombospondin motifs” 4141, phage T4 

lysozyme16, V84D mutant of S. solfataricus acylphosphatase142, bovine trypsin143, and 2-

hydroxy-dATP diphosphatase.144 While many of these structures seemed to be united only by 

their lack of water within 5 Å of their active site residues, the structure of phage T4 lysozyme 

was resolved by the authors to demonstrate the impermissibility of water within nonpolar 

pockets in the enzyme.16   
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 H2O 

MOLECULES 

PER WIRE 

(MEAN) 

H2O 

MOLECULES 

PER WIRE (STD. 

DEV.) 

NUMBER OF 

STRUCTURES 

WITH BULK 

SOLVENT 

CONTACTED 

NUMBER OF 

STRUCTURES 

IN CLASS 

HYDROLASES 330 353 470 482 

ISOMERASES 300 224 45 47 

LIGASES 458 370 20 20 

LYASES 457 465 57 58 

OXIDOREDUCTASES 444 487 151 162 

TRANSFERASES 248 243 216 219 

TRANSLOCASES 87 218 24 25 

ALL STRUCTURES 333 368 993 1013 

Table 2. Descriptive statistics for water wire sizes (count of water molecules/wire) and the 

number of structures having a water wire that contacts the bulk solvent for each class of enzyme.  

The average water hydrogen-oxygen bond distance found in literature is 0.96 Å.145 

Assuming water may rotate to minimize the proximity of the positively charged hydrogen atoms 

to the nearest neighboring water oxygen, this distance, r(O-H*), may be within 4.04 Å of the 

nearest water oxygen at the maximum allowed r(O-O) of 5 Å for waters in these wires. Within 

the wires, the average r(O-O) between a water and its nearest neighbor, r(O-O)min, was 2.85 Å 

(fig. 16). Provided again that a hydrogen atom may rotate around its central oxygen atom in 

water, this value corresponds with a possible range of 1.89 < r(O-H*) < 3.81 Å on average. 

These distances are well the r(O-H*) values observed in liquid water, where hydrogen bonding is 

frequent and proton transfers occur on the order of 10-5 sec-1 (about once per 10 hours).56 

Moreover, the r(O-O) < 5 Å parameter in the water wires is less than the calculated 6 Å 

separation distance of hydronium and hydroxide in liquid water immediately after ionization.56 
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In nitrogenase, which is responsible for the hydrogenation of N2 to produce NH3, a catalytically 

critical hydronium-shuttling pathway has been predicted via density functional theory with 

water-water distances fluctuating between 2.45 and 3.5 Å and hydrogen bonding characterized 

by r(O-O) ≈ 2.8 Å.146 This correlates well with our average r(O-O)min = 2.85 Å found in water 

wires. On the basis of distance, water molecules in these networks are sufficient for hydrogen 

bonding and charge transfer via the Grotthuss mechanism.56, 147  

 
Figure 16. Oxygen-oxygen distances between each water molecule and its nearest neighboring 

water molecule within the active site-contiguous water wires of 1013 enzyme structures. 

Conclusion 

The results from our procedure strongly support the postulate that all enzymes require water 

as a cofactor. Water wires emanating from the active sites of the enzymes, clustered by a ≤ 5 Å 

oxygen-oxygen distance, were found in 99% of the 1013 x-ray crystal structures surveyed, with 
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an average of 333 water molecules per enzyme residing in water wires. This large value appears 

from our data to be attributable to water wires that connect water in active sites to water at the 

surface (bulk water). Because each water molecule in these wires was inherently selected by the 

condition of it being within a certain distance of its neighbors suitable for autoionization, the 

wires found here are capable of propagating hydronium or hydroxide ions to the active site, in 

addition to the finding that electric fields within the active sites are computed to be higher on 

average than in bulk water. Given that each water molecule in a system has a probability of 

initiating a Grotthuss-type charge transfer reaction, the size of these water wires demonstrates a 

vast number of locations from which a hydronium or hydroxide ion may be generated and 

conducted via a Grotthuss-type mechanism to the active site of the enzyme, depending on the 

local electric fields.  Accordingly, most enzymes seem to structurally permit water exchange 

between the active site and bulk solvent.  

Because enzymes are plastic and typically captured in only one conformation by x-ray 

crystallography, sampling numerous conformations of each structure in this study would permit a 

better understanding of water wire dynamics. One computationally intensive but powerful means 

to this end would be an extension of our analysis using temporal frames extracted from classical 

molecular dynamics trajectories created from the PDB structures of the enzymes studied. Such 

an approach would also allow for the visualization of the movement of water within the water 

wires found in this study if random fluctuations of the protein provide adequate chemical 

potential differences for water along the wires. Another viable method for confirming our 

findings is CAVER148, a computational tool used to determine whether a given molecule can 

access a selected point in an enzyme from the bulk solvent.  
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Abstract 

Our group has previously conducted a comprehensive analysis of 1013 X-ray 

crystallography (XRC) enzyme structures, revealing that a striking 99% harbor water molecules 

situated within 5 Å of their active site. This observation is particularly intriguing considering 

water's pivotal role as the precursor to the highly reactive acid-base pair hydronium and 

hydroxide. Given that active sites within enzymes commonly exhibit heightened polarity and 

stronger electric fields compared to other regions within the enzyme, it stands to reason that 

water molecules in their vicinity are predisposed to ionization. Building upon this premise, we 

propose that electric fields within enzyme active sites routinely induce the ionization of water 

molecules, resulting in the generation of water ions that actively participate in biocatalysis. If our 

hypothesis proves to be substantiated, it underscores the imperative of considering the ionization 

of water and the consequential presence of hydronium and hydroxide ions in future enzyme 

research endeavors, highlighting a previously overlooked aspect with profound implications for 

understanding enzyme function and manipulating biocatalytic processes. 

Introduction 

Enzymes, the remarkable biological catalysts essential for countless cellular processes, have 

long captivated researchers with their unparalleled efficiency and specificity. Among the various 

theories proposed to elucidate the mechanisms behind enzyme catalysis, the electrostatic theory 

stands out as fundamental. This theory underscores the significance of electrostatic forces in 

substrate recognition, transition state stabilization, proton transfer, and the overall catalytic 

efficiency of enzymes.8, 24, 25 
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There is much evidence to support this theory. For instance, the electrostatic profiles of 

lysozyme active sites have been shown to remain conserved, even when the active site residues 

are not.149 Similarly, the antibiotic resistance of β-Lactamases has been linked to the adaptive 

strengthening of electric fields within the active site.39 Numerous successful efforts to improve 

catalytic rates by tailoring electric fields within enzyme active sites have been made.43 Notably, a 

computed 43-fold increase in the productivity of kemp eliminase has been elicited through 

optimization of the fields exerted by the active site on the substrate.150 Tailoring the fields within 

liver alcohol dehydrogenase has yielded a similar, experimentally validated, 50-fold increase in 

catalytic rate.40 

Electrostatic interactions within enzyme active sites are driven by uniquely strong fields 

within the local environment. For example, the C=O bond of the ketosteroid isomerase substrate 

has been measured via Stark spectroscopy to experience ensemble average field magnitudes of 

0.028 a.u. (1 a.u. = 5.142•1011 V/m = 51.42 V/Å).31 Similarly, liver alcohol dehydrogenase has 

been shown to exert fields along the reactive C=O and C-D aldehyde bonds of its natural 

inhibitor of magnitudes 0.032 and 0.019 a.u., respectively.34 In the active site of uracil-DNA 

glycosylase, electric fields of 0.012 a.u. have been shown to drive catalysis.37 In fact, the electric 

fields within active sites are of such significance that peaks in the electrostatic potential profiles 

of enzymes are predictive of active site locations.151 

Our previous work has demonstrated that active sites are almost unanimously populated with 

water molecules. Of 1013 enzyme XRC structures studied, 99% were found to have water within 

5 Å of active site residues. Remarkably, 98% of these structures were found to contain clusters of 

water molecules within 5 Å (less than the calculated 6 Å proton transfer distance)56 of one 
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another, linking their active sites to external bulk solvent. We believe these water clusters may 

hypostatize Grotthuss-type52, 71, 100, 121, 146 proton transfer and solvent induction in enzymes. 

Given that water has been calculated to autoionize above external electric field strengths as low 

as 7∙10-3 a.u.,57 a value observed to be surpassed within select active sites,31, 39, 152, 153 this leads to 

the question of whether the electrostatic environments of active sites may ubiquitously ionize 

water molecules. If true, the markedly reactive water ions hydronium and hydroxide are 

routinely generated within active sites an abundant chemical involvement of water in enzyme 

catalysis may be implicated. To probe whether the electrostatic environments of enzyme active 

sites encourage the ionization of water molecules, this work examines the absolute and relative 

electric fields experienced by water in static XRC enzyme structures, and during ab initio 

quantum mechanics and molecular dynamics (MD) simulations of enzyme active sites. It follows 

that if our hypothesis is proven correct, it has radical implications for our understanding of 

enzyme catalysis. 

Methods 

Electric Fields on Water in Static Enzyme Structures 

To measure en masse the electric fields incurred by water molecules in or near active sites 

relative to those experienced by water molecules a) elsewhere in enzymes and b) in bulk solvent, 

1179 Protein Data Bank (PDB) files of resolution < 1.5 Å were obtained from the RCSB PDB. A 

web scraping algorithm was employed to locate the active site residues of each enzyme structure 

within the PDB files using the UniProt webpages associated with each.  

Using the h_add command within molecular viewing software PyMOL,154, 155 hydrogen 

atoms bonded to extant atoms were initialized in each structure if excluded by the authors of the 
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structure. h_add does not protonate basic atoms in charged residues. Thus, molecular charges of 

amino acid residues and non-enzyme entities were retained.  

In each enzyme structure, water molecules were classified into “partitions” according to their 

location: those with oxygen < 5 Å from active site atoms (near active site), those with oxygen < 

5 Å from any other enzyme atom (in enzyme), and those > 5 Å from any enzyme atom (bulk 

solvent). For each partition, the electric field magnitudes experienced by water (E(H2O)) were 

calculated at the oxygen coordinates of each using AMBER99SB-ILDN forcefields.102, 103 These 

fields were calculated at the position of each water molecule’s central oxygen as an 

approximation of its rotational center of mass.  

Electric Fields on Hydroxyl Bonds During ADMP 

Once a minimum electric field required to ionize a water molecule was established, the 

electric fields experienced by water molecules in the active sites of select enzymes were 

computed during Atom Centered Density Matrix Propagation (ADMP)105 calculations at the HF 

3-21g* level at 300K. For each of the enzymes chosen, a PDB file was obtained from rcsb.org. 

The active site of the enzyme structure was then manually identified and a water molecule within 

5 Å of at least one catalytic residue was selected. A sphere centered around this water molecule 

with a ~16 Å diameter was then extracted from the structure and trimmed to a system of ~229 

atoms (mean number) using PyMOL. Because the snipping process in PyMOL did not retain the 

whole residues on the perimeter of the sphere, the missing portions of these residues were either 

restored or simplified according to their likelihood of electrostatically influencing nearby water. 

For instance, a missing saturated hydrocarbon chain would be approximated by capping the 

previously sp2 carbon on the surface of the active site sphere with hydrogen to become an sp3 
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terminal carbon. Partial snippets of uncharged residues extending into the active site sphere were 

removed unless found within ~5 Å of a water molecule. This was done to maintain the 

electrostatic profile of the active site while drastically reducing the CPU time of subsequent 

calculations.  

The enzymes whose active sites were used for the computation of fields experienced by 

water molecules during ADMP calculations were triosephosphate isomerase (PDB 1NEY),104 

MoFe nitrogenase (PDB 7JRF),106 human carbonic anhydrase II (HCAII) (PDB 4YXI),107 

staphylococcal nuclease (PDB 2SNS),108 DNA photolyase (PDB 1TEZ),109 

Phosphoribosylamine-glycine ligase (PDB 3MJF),110 human ubiquitin-conjugating enzyme (PDB 

2ESK),112 horse liver alcohol dehydrogenase (PDB 7RM6),34 and thioredoxin M1 (PDB 

7C65).113 These active sites, including non-enzyme atoms, contained an average of 229 total 

atoms and 9 water molecules (table 3). We used a particularly large active site excerpt (402 

atoms) for DNA photolyase to examine the water molecules between the enzyme active site 

residues and the DNA substrate. 
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PDB ID TOTAL 

ATOMS 

TOTAL 

WATER 

MOLECULES 

1NEY 231 8 

7JRF 227 15 

4YXI 203 7 

2SNS 111 9 

1TEZ 402 18 

3MJF 254 11 

2ESK 198 4 

7RM6 222 5 

7C65 209 4 

Table 3. Total atom counts, including water and non-enzyme atoms, and water molecules counts 

for each enzyme active site fragment subjected to 100 fs ADMP calculations.  

Proteins are estimated to primarily possess an internal dielectric constant of 2 ≤ ε ≤ 10, with 

surface regions as high as ε = 30.117, 118 We sought to use a solvent with a value of ε near the 

conservative end of these estimates, and thus chose acetone (ε≈20.5).114-116 This conservative ε  

was chosen so as not to bias our calculations towards increased charge-charge interactions in 

favor of our hypothesis that the fields experienced by water are higher in enzyme active sites 



77 

 

than bulk solvent. The active sites were subjected to ADMP over 100 fs of simulation time using 

the HF 3-21g* basis set. This basis set was chosen for the computational time associated with 

such large systems—each active site calculation took approximately two weeks to complete with 

512 GB of allocated memory.  

At each 0.1 fs frame of the ADMP trajectories, the electric fields on the hydrogen belonging 

to each water molecule were calculated as projected along the unit vector  𝑂𝐻̂ of the bond vector 

 𝑂𝐻⃗⃗⃗⃗⃗⃗  for each. These fields were calculated as the sum of point charges through Coulomb’s law 

using the Mulliken119 charges assigned to each atom by Gaussian at the onset of each ADMP 

calculation. There was no cutoff distance for including charges from other atoms in the 

simulations—contributions from every atom were included. As a control for the fields 

experienced by water hydrogen in bulk water, a cubic system with an edge length of 20 Å 

containing exclusively 96 TIP3P99 water molecules with implicit solvation in water (ε≈78.4)116 

was also subjected to these calculations, including measurement of the electric fields along the 

hydroxyl bonds of each water molecule. Implicit solvation was carried out using the Polarizable 

Continuum Model (PCM).156 

Ionization Under an External Electric Field 

We sought to establish the minimum external electric field required to ionize a water 

molecule using the same quantum mechanical calculation scheme later applied to determine such 

fields in enzyme active sites. A water molecule was placed in a simulation box such that one of 

its OH bond vectors was parallel to the standard x-axis. Replicate copies of this molecule were 

then subjected to increasingly negative external electric fields in time-dependent quantum 

mechanical calculations using a polarizable Hartree Fock (HF) basis set, HF 3-21g* propagated 
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via ADMP. Each calculation was conducted for 200 fs simulation time. Initially, the field was 

increased by 0.01 a.u. between trials. Once a field of sufficient strength to ionize the molecule 

was found, further trials were conducted wherein the field was decreased by 0.0001 a.u. until the 

threshold of autoionization, to this precision, was calculated. Lest minor differences in the 

molecule’s geometry upon initialization influence the outcome, this was repeated using a newly 

initialized water molecule.  

Measuring Electric Fields on Water Molecules Near DHAP 

in TPI  

Triosephosphate isomerase (TPI) catalyzes the interconversion of dihydroxy acetone 

phosphate (DHAP) and D-glyceraldehyde 3-phosphate. The substrate, DHAP, contains a 

negatively charged phosphate group exposed to bulk solvent in the crystal structure (PDB ID 

1NEY).104 To probe the proclivity of water to be deprotonated near DHAP in the active site, 

model 1NEY was subjected to 2000 ns of classical MD simulation at a temperature of 300 K. At 

each 10 ns frame of the subsequent trajectory, water molecules were partitioned into the same 

groups as done for other XRC structures, apart from the water molecules nominally classified as 

being near the active site residues, which were instead qualified by being < 5 Å from the DHAP 

substrate molecule in the TPI active site. This was done because we wanted to explicitly examine 

the fields on water molecules near DHAP. The electric field experienced by each water hydrogen 

at each frame was then calculated as projected along the bond shared with its central oxygen 

using Coulomb’s law. Intramolecular point charge contributions were discarded from the 

calculation to measure exclusively external electric fields on each water hydrogen atom. All 

charges used for Coulomb’s law were obtained via the AMBER99SF-ILDN forcefield as per the 

analysis of static enzyme structures. To test whether the active site of TPI enhances the electric 



79 

 

fields experienced by water hydrogen atoms near DHAP, the atomic coordinates of DHAP were 

copied from 1NEY into a new file and solvated by water. This model of DHAP in water was then 

subjected to the same MD conditions, simulation time, and water hydrogen electric field analysis 

as for the TPI structure.  

All ab initio QM calculations were conducted using Gaussian 16.157 The enzyme structures 

used for these calculations were modified and visualized using PyMOL and GaussView.154, 158 

MD calculations used for the analysis of TPI and DHAP in water were accomplished using 

GROMACS.159   

Results and Discussion 

Electric Fields on Water Molecules in Static Enzyme 

Structures 

Among the 1179 < 1.5 Å resolution enzyme XRC models studied, 3146 water molecules 

were found near active site residues, 180585 were found elsewhere near the enzyme, and 8293 

were found > 5 Å away from all enzyme residues in the bulk solvent. The mean electric field 

experienced by water molecules in the active site was 5∙10-3 a.u. higher than that of water 

elsewhere in the enzyme and 9∙10-3 a.u. higher than that of bulk water (Table 4, Figure 17). The 

finding of heightened fields experienced by water in the active site relative to those elsewhere 

within the enzyme is in striking corroboration of the electrostatic theory of catalysis, whereby 

strong fields in the active sites of enzymes facilitate transition state stabilization.  
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 BULK 

SOLVENT 

NEAR 

ENZYME 

ACTIVE 

SITE 

 

FIELD STRENGTH 

(MEAN) / A.U. 

2.2∙10-2 2.6∙10-2 3.1∙10-2 

FIELD STRENGTH 

(STD. DEV.) / A.U. 

2.1∙10-2 5.1∙10-2 2.1∙10-2 

COUNT / 

MOLECULES 

8293 180585 3146 

Table 4. Descriptive statistics for electric fields calculated to be experienced by water molecules 

in different locations of each enzyme model studied. The category of water molecules denoted as 

“near enzyme” excludes those near the active site of each enzyme. 
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Figure 17. Calculated electric field magnitudes experienced by water molecules at their oxygen 

coordinates in 1179 enzyme XRC models of < 1.5 Å resolution. Water molecules were 

partitioned by location with respect to the enzyme and the active site of each model. Water 

molecules near the active site (green) were classified as being less than 5 Å from any active site 

atom. Other water molecules within 5 Å of the enzyme but not near the active site were classified 

as being near the enzyme (orange). All other water molecules were classified as bulk solvent 

(blue).  

While 58.5% of water molecules in bulk solvent experienced electric fields less than 0.02 

a.u. in magnitude, only 43.9% and 31.7% of water molecules in each enzyme (excluding the 

active site) and in the active site of each enzyme experienced electric fields of a magnitude less 

than this value, respectively (table 5). Noticeable differences could be observed between water 

partitions at higher field strengths as well. 12.0% of bulk water molecules were found to incur 
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electric fields stronger than 0.04 a.u.. For water molecules within the active site of each structure 

and elsewhere within each, 14.6% and 22.8% were found to incur electric fields stronger than 

0.04 a.u., respectively.  

RANGE (A.U.) BULK (%)  ENZYME (%)  ACTIVE SITE (%) 

0.0-0.02 58.5 43.9 31.7 

0.02-0.04 29.5 41.6 45.6 

0.04-0.06 8.4 10.8 16.5 

0.06-0.08 2.2 2.5 4.1 

0.08-0.1 0.7 0.7 1.2 

> 0.1 0.7 0.6 1.0 

Table 5. Percentages of each partition of water molecules within 1179 enzyme structures 

experiencing electric fields within given ranges of magnitude.  

Electric Fields on Water Hydroxyl Bonds in TPI 

During 2000 ns of MD simulation of TPI structure 1NEY, water hydrogen within 5 Å of non-

active site residues (Henz) were calculated to incur only slightly greater fields, projected along 

 𝑂𝐻̂, when compared to those in the bulk solvent around the enzyme (Hbulk) (fig. 18). This 

presents a curious discrepancy from the much greater fields experienced by whole water 

molecules near enzyme residues compared to those in bulk solvent among the 1179 static XRC 

structures studied (fig. 17). However, fields on water hydrogen < 5 Å from DHAP in the TPI 

active site (HDHAP) were calculated to be significantly greater than both Henz and Hbulk (fig. 18). A 

distinguishing feature in the distribution of HDHAP fields was observed at around 0.07 a.u. electric 

field strength. Unsurprisingly, these high incurred fields corresponded with water hydrogen near 

the electronegative phosphate group on DHAP (fig. 19).  

During 2000 ns of simulation of DHAP in bulk water, the fields incurred by HDHAP were 

found to be significantly lower than HDHAP in TPI (fig. 20). The peak around 0.07 a.u. in the 

latter distribution is remarkably not present in the former, implicating a population of HDHAP 
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experiencing massive electric fields in the active site of TPI which was drastically diminished 

among HDHAP in bulk water. We initially inculpated the disproportionate exposure of the DHAP 

phosphate group to water in TPI for this observation. This explanation was negated, however, 

upon observing that much of the DHAP molecule is indeed accessible when the inhibitor is in the 

enzyme-substrate complex, excluding the terminal hydroxyl group opposite the phosphate. 

Accordingly, the enhanced fields incurred by HDHAP in TPI relative to HDHAP in bulk water 

indicate that the electrostatic environment of the TPI active site enhances fields favoring the 

deprotonation of water molecules near the phosphate head group of DHAP.  

 
Figure 18. Histograms of electric fields experienced by water hydrogen over 2000 ns of MD 

simulation time in the triose phosphate isomerase PDB model 1NEY. Water hydrogens were 

classified as being part of the bulk solvent surrounding the enzyme (blue), in the enzyme but not 

near the substrate (black), or near the substrate, DHAP (red). Each data point represents a given 

hydrogen’s incurred field at a given frame of the trajectory. Field strengths were sampled at 

intervals of 10 ns during the simulated trajectory. The field at each water hydrogen was 

calculated as projected along 𝑂𝐻̂ and excluded charge contributions from the central oxygen and 

secondary hydrogen. Bin size=0.01 a.u.. Relative frequency was calculated as the number of 

water hydrogen experiencing fields within a bin divided by the product of the number of water 

hydrogen and sample frames. 
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Figure 19. Water molecules (stick representation, indicated by red arrows) whose hydrogen 

experienced the highest electric fields during 2000 ns of MD simulation of TPI (PDB structure 

1NEY). The green cartoon depicts the active site of TPI. The substrate DHAP can be seen in 

stick representation, with the phosphate group shown as an orange phosphorous atom surrounded 

by four red oxygen atoms, attached to the green carbon backbone of the molecule. Purple spheres 

depict Na+ ions in the model.  
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Figure 20. Sampled at 10 ns simulation time intervals over 2000 ns of MD simulation time, fields 

experienced by water hydrogen within 5 Å of DHAP in TPI (red) and within 5 Å of DHAP in 

bulk water (black). The field at each water hydrogen was calculated as projected along  𝑂𝐻̂ and 

excluded charge contributions from the central oxygen and secondary hydrogen. Bin size=0.01 

a.u.. Relative frequency was calculated as the number of water hydrogen experiencing fields 

within a bin divided by the product of the number of water hydrogen and sample frames. 

It is mentionable that there is quality, yet indefinite, research indicating that the closure of 

loop 6 in TPI displaces water molecules from the active site.160-162 Our work utilized a structure 

of TPI in which this loop was in an open conformation, permitting solvent. As such, we do not 

intend our results regarding the fields experienced by HDHAP in the active site of TPI to support 

or contradict the hypothesis that the closure of loop 6 excludes solvent. Rather, these results 

serve at the most basic level to demonstrate the heightened electric fields incurred by water 

molecules near DHAP in the active site of the enzyme. In correspondence with this, our results 

show that the likelihood of water’s ionization near DHAP in the active site of TPI is increased 

relative to that of water in bulk, water molecules elsewhere within TPI, and water molecules near 

DHAP in bulk.  
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Electric Fields on Water Hydroxyl Bonds in Active Sites 

During ADMP 

To measure the fields along the hydroxyl bonds of water molecules within enzyme active 

sites during molecular motion simulated at a higher level of theory than classical mechanics, ab 

initio QM calculations were applied to a box of 96 water molecules and individual eight active 

sites containing using ADMP and the HF 3-21G* basis set. The simulations were carried out for 

100 fs simulation time. Every 0.1 fs, the fields experienced by each water hydrogen projected 

along its corresponding hydroxyl bond, 𝐸(𝐻) ∙ 𝑂𝐻̂, were calculated in each trajectory.  

Our analysis of these electric fields revealed a notable difference in 𝐸(𝐻) ∙ 𝑂𝐻̂ calculated 

during these simulations between the bulk water and the active sites (fig. 21). Specifically, we 

observed a broader distribution in 𝐸(𝐻) ∙ 𝑂𝐻̂  within the active sites (σ=0.038 a.u.) relative to 

bulk water (σ=0.025 a.u.), indicating a propensity toward ionization of water molecules. This 

breadth further suggests that, as experienced by water molecule hydrogen about their hydroxyl 

bonds, the electrostatic environments generated by enzyme active sites are highly heterogenous 

relative to bulk solvent.  

30% of 𝐸(𝐻) ∙ 𝑂𝐻̂ in the active sites and 8% in bulk water were less than 0 a.u. during 

ADMP. Because of the ~104.5° bond angle in water, a strong electric field directly pulling one 

hydrogen along hydroxyl bond axis would have the opposite effect on other bonded hydrogen—

pulling it towards their shared oxygen. Thus, these unique fields observed during active site 

simulations were in part due to electronegative amino acid groups opposite hydroxyl bonds on 

water molecules. Another phenomenon responsible was the momentary orientations of water 

molecules such that their hydroxyl bonds faced positively-charge species during the simulation. 

Two respective examples of this were found in HCAII, where a water molecule was positioned 
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such that the hydroxyl bond was directed away from an electronegative imidazole nitrogen with 

a water oxygen-nitrogen distance of ~2 Å, yielding 𝐸(𝐻) ∙ 𝑂𝐻̂ of ca. -0.05 a.u.; and in DNA 

photolyase, where a water molecule associating with a ligated Mg2+ cation briefly oriented with 

hydroxyl bonds facing the cation, eliciting 𝐸(𝐻) ∙ 𝑂𝐻̂ of ca. -0.06 a.u.. Because of the negative 

𝐸(𝐻) ∙ 𝑂𝐻̂ values corresponding with such events in the active sites, the mean 𝐸(𝐻) ∙ 𝑂𝐻̂ of 

0.022 a.u. within these active sites during ADMP was much lower than that of the bulk solvent, 

0.034 a.u..  

Despite the increased frequency of negative 𝐸(𝐻) ∙ 𝑂𝐻̂ in the active sites relative to bulk 

solvent, there was another remarkable discrepancy in these two distributions. was the presence of 

fields exceeding ~0.15 a.u. in a small number of instances within enzyme active sites, which 

were not present during the ADMP trajectory of bulk water molecules. The significance of this is 

discussed below with respect to the results of deprotonating water under an applied external 

electric field.  
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Figure 21. Sampled at 0.1 fs simulation time intervals, distributions of electric fields experienced 

by water hydrogen projected along  𝑂𝐻̂ among water molecules within a model of 96 water 

molecules (black) and 9 different active sites (red) during 100 fs ADMP. Each data point is the 

electric field experienced by a water single hydrogen at a frame of the simulation. Bin size=0.01 

a.u.. Relative frequency was calculated as the number of water hydrogen experiencing fields 

within a bin divided by the product of the number of water hydrogen and sample frames.  

Hydroxyl Bond Lengths in ADMP Trajectories 

Nuanced but meaningful differences existed in water hydroxyl bond lengths between the 

bulk water and active sites during 100 fs ADMP (fig. 22). While the means of these bond lengths 

were nearly identical—0.988 Å in the active sites and 0.982 Å in bulk, the standard deviations of 

hydroxyl bond lengths were 0.080 Å in the enzyme active sites and 0.036 Å for bulk. No bond 

lengths were at any simulation frame less than 0.9 Å in bulk water. 0.26% of bond lengths were 

found between 0.78 Å and 0.9 Å in the active sites. 

Moreover, no hydroxyl bond length in bulk water was at any moment greater than 1.15 Å, 

corresponding with an expected lack of ionizing events in the bulk water simulation. In the active 
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site simulations, 3% of hydroxyl bonds were longer than 1.15 Å across all simulation frames, 

with a maximum distance of 1.75 Å. These belonged to three water molecules in the active site 

of TPI, two in staph nuclease, and two in HCAII. In TPI, one of these corresponded with 

hydrogen bonding with Glu165, one associated with the phosphate group of DHAP, and one with 

another water molecule on the periphery of the simulation. In staph nuclease, both hydroxyl 

bonds longer than 1.15 Å were found to be engaged in hydrogen bonding with separate carboxyl 

oxygen of Glu43. In HCAII, these bonds were correlated with a water molecules hydrogen 

bonding with the amide nitrogen linking Phe95 and His94, and one interacting with the phenyl 

alcohol of Tyr7, discussed later. Observation of these phenomena within a short 100 fs time 

period in two of eight active site simulations is highly intriguing and implicates the capacity of 

charged residues and non-enzyme molecules to engage in hydrogen bonding and acid-base 

chemistry with water molecules.  

 
Figure 22. Smoothed histogram comparing water oxygen-hydrogen distances among eight 

different enzyme active sites (red) with those in a simulation box containing 96 water molecules 

(black) during 100 fs ADMP calculations at a sample rate of 10 fs-1. Bin sizes are 0.05 Å.  
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External Electric Field Applied to Water During ADMP 

Through the application of varied external electric fields perpendicular to the hydroxyl bond 

of a single water molecule during 100 fs ADMP treated with HF 3-21g* at 300 K (nuclear kinetic 

energy: 1400 microHartrees), we found that an external field of approximately 0.1561 a.u. is 

required to deprotonate insular water molecules, which occurred at 74 fs in the simulation. This 

was corroborated by trials with applied electric fields bordering this magnitude. For example, at 

0.1565 a.u. external electric field strength, the water molecule was deprotonated in 50 fs 

simulation time. After observing no deprotonation at 0.1560 a.u. external electric field strength, 

the trial was extended to 200 fs. Deprotonation subsequently occurred at 110 fs with a 0.1560 

a.u. external electric field magnitude. For these simulations, deprotonation was defined as the 

water hydrogen monotonically moving away from the central oxygen of the molecule in the 

direction of the fictitious source of the negative external electric field after reaching a hydroxyl 

bond distance of 2 Å. Repeating this test with implicit solvation in water yielded extremely 

similar results, corresponding with a dielectric-invariant external electric field effects in the 

Gaussian software. Thus, the water molecule studied was simulated in free space in all trials. 

Each ADMP calculation was ran in duplicate with a new-initialized water molecule, yielding 

identical results. 

SCF Scans of Hydroxyl Bonds 

Seeking to further validate the 0.1561 a.u. external electric field magnitude required to 

deprotonate a water molecule in under 100 fs, we conducted a series of SCF scans along the 

hydroxyl bond of this water molecule under varying external electric fields, treated with HF 3-

21G* for consistency with our ADMP calculations. In each, the energy of the hydroxyl bond 
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could be plotted with respect to its length, and the activation energy of the bond breaking was 

calculated by subtracting the energy minimum preceding the energy maximum (transition state) 

from the energy maximum (fig. 23). Energies were scanned at 0.05 Å increments of the bond 

length from 0.96 Å to 3.46 Å, but in many cases, the scan could not be completed for large 

distances, leading to truncation of this range. This was not a significant error in that the ground 

state and transition state energies of the hydroxyl bond breakage were visually validated to be 

captured in each scan range. Scans were conducted at field strengths incremented by 0.01 a.u. 

from 0.01 a.u. to 0.14 a.u.. We were able to generate a tightly correlated (R2=0.99) 3rd order 

polynomial equation of the activation energy of the hydroxyl bond as a function of external 

electric field strength (fig. 24). Per this equation, the external electric field magnitude at which 

the activation energy of a water hydroxyl bond is 0 Hartrees was extrapolated to be 0.1350 a.u.. 

This represents the electric field needed to be experienced by a water hydrogen molecule 

projected along its hydroxyl bond in order for deprotonation to be energetically neutral, with any 

value exceeding this making it favorable. The reason for this approach in supplement to ADMP 

runs of water exposed to varying external electric fields is that the result is not time dependent—

0.1350 a.u. is not the field strength required for deprotonation within 100 fs as per the ADMP 

trials, it is the minimum field strength required for deprotonation over any period of time.  
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Figure 23. An example of the energy of the hydroxyl bond of a water molecule with respect to its 

length under an external electric field of 0.9 a.u.. along  𝑂𝐻⃗⃗⃗⃗⃗⃗ . The activation energy of this bond is 

shown as Ea and was calculated by subtracting the energy minimum preceding the energy 

maximum from the energy maximum.  
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Figure 24. A plot of the activation energy of the hydroxyl bond of a water molecule subjected to 

various external electric field strengths along the hydroxyl bond axis, obtained by SCF of the 

hydroxyl bond at each field magnitude. A scan was conducted for 0.14 a.u. electric field 

magnitude but was not included in this plot on account of its hydroxyl bond activation energy of 

0 a.u. introducing bias into the polynomial regression.  

Comparison with Active Site ADMP Results 

These results validate water ionization events which occurred within two of the eight active 

site simulations during the 100 fs that were simulated, both of which corresponded with water 

hydrogen experiencing electric fields greater than 0.1561 a.u.. These were within the active sites 

were of TPI and HCAII. In TPI, hydrogen bonding between the amide nitrogen linking Ser96 

and His95, Wat5014, and the non-reactive carboxylate oxygen of Glu165 led to the 

deprotonation of the amide nitrogen, forming a transient hydronium on Wat5014, which was 

neutralized by protonating Glu165. The 𝐸(𝐻) ∙ 𝑂𝐻̂ value of this hydrogen reached a massive 0.3 
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a.u. at this point. The hydrogen transferred to Glu165 was bonded to Wat5014 at the onset of the 

simulation, rather than transferring from the Ser96 amide before protonating Glu165.  

In HCAII, the alcohol on the phenol hydroxyl group of Tyr7 participated in hydrogen 

bonding with Wat443, whose own hydrogen then engaged in apparent hydrogen bonding with 

the Zn2+-bound His96 imidazole nitrogen. This hydrogen atom momentarily incurred 𝐸(𝐻) ∙ 𝑂𝐻̂ 

of 0.28 during this interaction. The observation of these events within a mere 100 fs in two of 

eight active sites is remarkable in light of the 0.1 hr-1 ionization rate of bulk water. These water 

hydrogen of interest all exceeded 𝐸(𝐻) ∙ 𝑂𝐻̂ of 0.1350 a.u. in both active sites, corroborating the 

value obtained from SCF data of the hydroxyl bond. 

Conclusion 

The findings presented in this study provide compelling evidence supporting the hypothesis 

that electric fields within enzyme active sites induce a favorable electrostatic environment for the 

ionization of water molecules. This ionization leads to the generation of water ions that actively 

participate in biocatalysis. Through a comprehensive analysis of X-ray crystallography enzyme 

structures, we have demonstrated that water molecules near enzyme active sites generally 

experience significantly higher electric fields compared to those in bulk solvent and elsewhere 

within enzymes. By simulating the entirety of TPI using classical MD, we have found that the 

electric fields experienced by water hydrogen along their hydroxyl bonds near the substrate 

DHAP are significantly greater than those both the bulk solvent and elsewhere within the 

enzyme. Moreover, we have shown that the active site of TPI enhances the fields on these 

hydroxyl bonds—evidenced by increased field strengths incurred by water hydroxyl bonds near 

DHAP in the active site of TPI relative to those near DHAP simulated in bulk solvent. We have 
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additionally found that the electric field magnitude required to deprotonate water at the level of 

HF 3-21G* is ~0.1561 within 100 fs simulation time and calculated to be 0.1350 a.u. 

independent of simulation time. We subsequently found that water hydroxyl bonds in two of 

eight enzyme active sites, initialized from their crystal structures, experienced fields greater than 

these magnitudes during 100 fs ADMP, corresponding with ionization events within an 

extremely short timeframe. 

One disadvantage of our approach is the calculation of electric fields using atomic charges 

assigned by AMBER99SB-ILDN and Mulliken charges, which limits the quantitative accuracy 

of the fields due to the inherent drawbacks of each method. While AMBER99SB-ILDN is 

optimized for enzyme calculations, it does not consider local polarization effects on a case-by-

case basis when assigning atomic charges.103 This limitation precludes the calculation of 

quantitatively exact electric fields in both immobile enzyme structures and those calculated from 

the TPI trajectory obtained via MD. Mulliken charges, when used with a polarizable basis set, 

indirectly include polarization in the assignment of atomic charges but not as effectively as other 

available methods. Generally, Mulliken populations are known to produce workable but 

unphysical charges.163 Furthermore, in the studies of electric fields on water molecules from the 

trajectory frames of MD and ADMP calculations, recalculating the charges on each atom in 

response to changes in the electrostatic environment at each time step would have yielded more 

accurate reported field magnitudes. Despite these sources of error, they are consistent within this 

work. Thus, the comparisons of electric field magnitudes experienced by water molecules and 

water hydrogen atoms between regions of enzyme structures and bulk water presented here are 

reliable. 
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Our research has shed light on the importance of considering the ionization of water and the 

presence of water ions in enzyme research endeavors. By demonstrating that a) the electric field 

magnitudes incurred by water molecules are significantly greater in static enzyme structures’ 

active sites than both bulk solvent and elsewhere within enzymes, b) the active site of TPI 

enhances the electric fields experienced by water hydrogen near DHAP, and c) water O-H bond 

lengths and water hydrogen-incurred electric fields deviate strongly in enzyme active sites 

relative to bulk water during ab initio quantum mechanics, we have presented a case for the 

favorability of water’s ionization in enzyme active sites. 

These findings have profound implications for our understanding of enzyme function and the 

manipulation of biocatalytic processes. Moving forward, further investigation into the role of 

water ions in enzyme catalysis is warranted. Future research efforts in this regard should focus 

on illuminating the specific mechanisms by which water ions contribute to enzyme reactions and 

exploring potential applications in biotechnology and drug discovery. By continuing to unravel 

the intricate interplay between electrostatic forces and water molecules in enzyme active sites, 

we can unlock new avenues for the design and optimization of enzyme catalysis with enhanced 

efficiency and specificity. 
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CHAPTER FIVE 

CONCLUSION 

Limitations and Improvements 

While this research provides compelling evidence supporting the role of water as an essential 

cofactor in enzyme catalysis, there are areas where the study could be improved: 

Hydroxyl Bond Electric Field Calculations 

During ab initio quantum MD simulations, the electric fields were calculated along the 

hydroxyl (OH) bonds of water molecules within enzyme active sites. This was done as a metric 

of the proclivity for these bonds to break, leading to the formation of hydroxide. What this 

method neglects, however, is measurement of the proclivity for water to produce the hydronium 

ion. Per the scope of this work, when a water molecule is deprotonated in a simulation, the 

identity of the nucleophile involved is unknown unless visually observed in the simulation 

trajectory.  

To quantitatively measure the proclivity for water to form hydronium during molecular 

dynamics on the basis of electrostatics calculations, the electric field generated by water oxygen 

on nearby hydrogen within enzyme active sites would need to be calculated. This would be a 

much more complex undertaking than measuring the fields favoring deprotonation because the 

electrophilic hydrogen atoms nearby each water oxygen would need to be identified, the 

strengths of their bonds to other atoms would need to be calculated, and the angle at which they 

may approach nucleophilic water would need to be calculated. The analysis of hydronium ion 

formation could involve supplementing electrostatics calculations with an analysis of orbital 
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overlap between the oxygen of water molecules and nearby electrophilic hydrogen atoms in 

different active site conformations. Sufficient overlap between the highest occupied molecular 

orbital (HOMO) of the water oxygen and the lowest unoccupied molecular orbital (LUMO) of 

the electrophilic hydrogen would be indicative of a high likelihood of bond formation.xii 

Basis Sets 

The HF 3-21G* basis set is a split-valence Gaussian extension of the 3-21G basis set with 

added polarization functions. HF 3-21G* has several flaws and was used for the ADMP 

calculations of enzyme active sites exclusively for its reduced computational time relative to 

other basis sets.164 This basis set lacks diffuse functions, which are important for describing 

electron density far from the nucleus. As this research examined the electrostatic behavior of 

systems during ADMP, such a lack of accurately modeled long-range electrostatic interactions 

may have led to an underrepresentation of ionizing events and hydrogen bonding involving water 

molecules. For more accurate and reliable quantum chemistry calculations, especially for 

electrostatics using MPA, larger and more sophisticated basis sets would be better choices than 

the HF 3-21G* basis set. 

One such option is HF 6-31G*. This basis set is another split-valence basis set, but with 

three more core Gaussian primitives and one more primitive in the first of the two valence sets, 

providing a more detailed description of the electron distribution.165 The 6-31G* basis set 

includes polarization functions, which allow the electron cloud to adapt to molecular geometries 

more accurately, improving the reliability of electrostatic potential calculations. 

 
xii Acknowledgment: some of these ideas regarding characterizing hydronium formation came about in conversation 

with Dr. Shawn Kathmann of PNNL. 
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Another superior option is the cc-pVDZ (correlation-consistent polarized valence double-

zeta) basis set.166 This basis set is designed to systematically converge towards the complete 

basis set limit, meaning it is constructed to improve the accuracy of correlation energy 

calculations. The cc-pVDZ basis set includes multiple polarization functions, providing a highly 

flexible description of the electron density and making it particularly suitable for correlated 

methods like MP2 or coupled-cluster calculations, which can improve the accuracy of 

electrostatic interactions within systems, as well as MPA charge assignment. 

For even greater accuracy of ADMP calculations, especially for properties like electrostatic 

potentials, the aug-cc-pVDZ basis set is a better choice. This basis set extends cc-pVDZ by 

adding diffuse functions, remedying the lack of long range-electrostatics interactions with HF 3-

21G*.166-168 However, employing aug-cc-pVDZ on systems of several hundred atoms, as done 

for the active sites in our study, would likely be unfeasible for many years to come on account of 

computational time requirements. 

MPA and AMBER99SB-ILDN 

To calculate the electric fields on water molecules during quantum and classical MD 

simulations, charges were obtained via MPA and the AMBER99SB-ILDN forcefield, 

respectively. These methods have several limitations when it comes to accurately assigning 

atomic charges, resulting in inaccurate calculations of electric fields. 

MPA is highly sensitive to the basis set used in quantum chemical calculations, and the HF 

3-21G* basis set employed during ADMP has several aforementioned flaws. The dependence of 

MPA on the basis set used leads to significant variations in the calculated charge distributions, 

making the results less reliable. Moreover, Mulliken charges often do not accurately represent 
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the electrostatic potential around molecules, particularly for systems with delocalized electrons 

or significant polarization effects. This can result in an inaccurate depiction of electrostatic 

interactions, which are critical for MD simulations. While natural population analysis (NPA) has 

limitations, it would be useful to repeat electrostatics calculations with charges obtained by this 

method.163 

The AMBER99SB-ILDN force field, while widely used and respected for its balance of 

computational efficiency and accuracy in simulating biomolecular systems, has its own set of 

limitations. One issue is that it relies on fixed atomic charges, which do not adapt to the changing 

electronic environment during MD. This static nature can lead to inaccuracies in the 

representation of dynamic electrostatic interactions.  

Lack of Experimental Validation  

While robust, the methods employed in this project were purely computational. Offering 

some component of experimental empiricism, all enzyme structures used were resolved 

experimentally via XRC. Accordingly, the topological component of this research is 

metanalytical in that it gathers information from a host of experimental findings reported by 

other research groups. The electrostatics component of this work, however, strays further into the 

realm of theory through the application of molecular dynamics, the use of charges derived from 

MPA & AMBER99SB-ILDN, implicit solvation, and many other computational methods. 

Naturally, experimental validation would significantly enhance confidence in any and all results 

reported in this dissertation. Suggested means of experimental validation are discussed later in 

this chapter.  
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Timescales of ADMP Calculations 

The molecular dynamics simulations used for electrostatics calculations, while informative, 

could benefit from longer time scales. The simulations of enzyme active sites via quantum MD 

were carried out over 100 fs of simulation time. Ufimtsev et al. found in their quantum MD 

simulation of BPTI protein an electronic equilibrium between the enzyme and bulk solvent after 

8.8 ps, 88 times the simulation times used for enzyme active sites in this work.81 Longer 

simulation times would allow for sampling electric fields in a more diverse range of molecular 

configurations. While the ADMP approach was used to capture these fields while the molecular 

systems were in motion, it was hoped, but not expected, that the active sites' trajectories would 

trend towards equilibrium. This equilibrium would enable the sampling of electric fields at near-

optimized molecular configurations at 300 K. Intuitively, it is highly unlikely that 100 fs time is 

sufficient for 100 fs ADMP simulations to approach an optimized state. To calculate electric 

fields incurred by water at ideal molecular configurations within enzyme active site, optimization 

calculations or (speculatively) much longer ADMP calculations would be needed.  

 Before it was decided that implicit solvation of the systems would yield more accurate 

descriptions of their motion and MPA-assigned charges during ADMP, each was subjected to 

ADMP without implicit solvation. The data from these calculations was unreported, but valuable 

insight into the computational time added to each calculation upon the introduction of implicit 

solvation was gleaned. When implicit solvation was used for ADMP via PCM, yielding the data 

reported for the electrostatics portion of this study, it was observed that the use of PCM 

approximately doubled the computational time of each ADMP calculation. It is likely that the 

application of  “Our own N-layered Integrated Molecular Orbital and Molecular Mechanics” 

(ONIOM)169 instead of implicit solvation would likely allow for longer simulation times at less 
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computational cost. ONIOM allows for classical treatment of select molecules and atoms while 

applying quantum mechanical treatment to others. Because classical MD simulations are 

significantly faster than quantum MD, the number of atoms simulated per unit simulation time 

with fixed available computer memory could be increased with ONIOM. This would likely only 

be a faster approach were the immediate environment around the active sites to be treated 

classically with ONIOM and the rest of the enzyme being excluded from the system. However, if 

more realistic depictions of the enzyme systems were desired at the sacrifice of computational 

time, ONIOM could be used to simulate entire enzymes, with only their active sites treated 

quantum mechanically.170  

Accuracy of Implicit Solvation 

Capitalizing on the ONIOM method for our ADMP calculations would allow for the 

simulation of whole enzymes while retaining accurate depiction of their active sites. This would 

negate the need for implicit solvation, as the dielectric of the enzyme around each active site 

would be emulated explicitly by the surrounding enzyme atoms. Implicit solvation was an 

imperfect component of the ADMP calculations of enzyme active sites.xiii While the PCM 

method of implicit solvation allows one to approximate the dielectric environment of a system, it 

is applied homogenously—the trajectories of the atoms within the active sites were effectively 

calculated as if the dielectric ghost of acetone were omnipresent throughout the system.156 Not a 

single one of the active sites simulated in this study are solvated by acetone in nature!  

 
xiii Implicit solvation in water was also used for the ADMP calculation of liquid water. 
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The dielectric constants of enzymes are heterogenous and complex.117 Only through the 

simulation of whole enzymes could the dielectric environment be earnestly approximated.  

Addressing Detracting Research 

In exploring the essential role of water in enzymatic function, significant research has shown 

enzymes maintaining activity in non-aqueous environments, thereby challenging our hypothesis. 

Generally, these enzymes show reduced activity outside of water, but some can function 

nevertheless.171 For example, Rogers and Seddon demonstrated that enzymes can thrive in ionic 

liquids, environments traditionally devoid of bulk water but capable of stabilizing enzyme 

structures and enhancing catalytic efficiency.172  

The studies demonstrating enzyme activity in non-aqueous solvents, such as organic solvents 

and ionic liquids, raise intriguing questions about the role of water in enzymatic catalysis. While 

these solvents lack the bulk water traditionally considered essential, they may possess properties 

that emulate key aspects of water’s influence on enzyme function. For instance, organic solvents 

can provide a hydrophobic environment that may stabilize enzyme structures akin to 

hydrophobic interactions observed in aqueous environments. Similarly, ionic liquids, despite 

their low water content, can exhibit unique solvation properties that mimic certain aspects of 

hydrogen bonding and electrostatic interactions crucial for substrate binding and catalytic 

activity. 

However, it is essential to recognize that these solvent properties, while enabling enzymatic 

activity, do not fully replicate the multifaceted roles of water in biological systems. Water not 

only serves as a solvent but also participates in enzyme-substrate interactions through hydrogen 

bonding, mediates conformational changes crucial for catalysis, and facilitates proton transfer 
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reactions. Therefore, while enzymes can adapt to non-aqueous environments under specific 

conditions, the distinct biochemical roles of water in enzyme function underscore its 

irreplaceability in biological catalysis. 

Computational and Experimental Validation 

This research provides compelling evidence that water plays an indispensable chemical role 

in enzyme catalysis. The consistent presence of water near active sites, the enhanced electric 

fields experienced by these water molecules, and their dynamic behavior all point to a 

fundamental integration of water into the fabric of enzymatic activity. Nevertheless, the 

computational nature of this work merely opens an avenue for further exploration of our 

hypothesis. Future steps must be taken for our theoretical implications to form the framework of 

a widely accepted theory. 

Characterizing Channels Accessible to Water with CAVER 

The findings presented in this dissertation open several avenues for future research. One 

promising direction is the use of CAVER, a software tool that allows for the analysis of solvent 

accessibility within enzyme structures.148 CAVER can be employed to test whether molecules of 

user-defined dimensions can access specific locations within enzyme structures. This capability 

could be leveraged to confirm the solvent accessibility of enzyme active sites, specifically by 

quantifying the number of enzyme structures where active sites are contiguous with bulk solvent 

via water clusters.  

Additionally, CAVER is capable of analyzing these pathways of solvent access during 

classical MD simulations. Combining CAVER analysis with MD simulations could provide a 
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more dynamic picture of solvent accessibility and its impact on enzyme function. This 

combination would allow for visualizing the amount of time that clusters of water molecules 

maintain contiguity between active sites and bulk solvent. More importantly, it would facilitate 

the determination of the duration that water molecules linger in enzyme active sites. Longer 

residence times would correspond to tighter binding of water molecules, while shorter residence 

times would indicate rapid exchange of solvent molecules. This rapid exchange might suggest a 

role for water as a transient cofactor, essential for the catalytic mechanism but not permanently 

bound. By providing a detailed temporal and spatial analysis of solvent pathways and water 

dynamics, this integrated approach enhances our understanding of the functional role of water in 

enzymatic processes. 

Hydrogen-Deuterium Exchange 

Hydrogen-Deuterium Exchange (HDX), in the context of biology, is the process by which 

deuterated solvent exchanges deuterium with the amide nitrogen backbone of a protein.173 When 

coupled with Mass Spectrometry (MS), HDX-MS is a useful tool for mapping the structure of 

proteins. After placing the protein in heavy water, the mass analysis of fragments of the protein 

allows for the determination of which amino acid residues are more solvent-exposed than others 

on the basis of their deuterium uptake; the deuterium content of each the fragment belies extent 

to which it has interacted with the bulk solvent.174 

In this regard, HDX-MS offers perhaps the best experimental method of validating our 

findings of active site-contiguous clusters of water in the majority of enzymes. While it would be 

extremely costly and time consuming, each of the 1013 enzymes studied in our water topology 

work could be expressed, purified, and subjected to HDX-MS. If high levels of exchange are 
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observed in the active sites of the enzymes after short periods of exposure to deuterated water, it 

would demonstrate that the solvent readily accesses the active site of each. Shorter enzyme 

incubation periods in the presence of their substrates may also correspond with functional 

criticality of solvent intake; if the intake rate of deuterium corresponds with the catalytic rate of 

each enzyme, it would offer exceptionally strong evidence for the necessity of water in catalysis.  

Deuterium Exchange with Substrates and Catalytic Bases 

Two specific examples of the numerous manners through which water could be involved in 

enzyme catalysis (and go thus far unnoticed) pertain to enzyme-catalyzed reactions involving the 

protonation or deprotonation of the substrate. In a reaction involving the protonation of the 

substrate, it is possible to envision the foremost protonation of a nearby water molecule, forming 

a transient and highly acidic hydronium which subsequently protonates the substrate. In the latter 

example, rather than direct deprotonation of the substrate by a catalytic base, the catalytic base 

deprotonates a water molecule, forming a transient and highly basic hydroxide that in turn 

deprotonates the substrate. Both of these scenarios can be tested through isotopic labelling.  

For measuring whether an amino acid base deprotonates water prior as a first step in the 

deprotonation of a substrate, HDX-MS applied to an enzyme would result in the deuterium-

labeled conjugate base of the amino acid. Moreover, one would find the proton from the 

substrate in the bulk solvent. This could be determined by the use of IR Spectroscopy, with 

unique stretching frequencies between HOD, H2O, and D2O.175, 176  

To measure whether water is responsible for the protonation of the substrate of an enzyme, a 

more elegant HDX-MS experiment could be conducted. Quite simply, incubating the enzyme in 

heavy water in the presence of its substrate would yield a deuterated product. This could be 
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contrasted with the product of conducting the reaction incubated in heavy water in the absence of 

the enzymexiv and again measuring the deuteration of the product. If the enzyme assists the 

deuteration of the substrate by water, one will find more deuterium in the product of the enzyme-

catalyzed reaction relative to the reaction absent from the enzyme.  

Summary 

This dissertation details a comprehensive computational investigation to test the hypothesis 

that water is an essential cofactor for all enzymes. Firstly, our study utilized an extensive dataset 

of 1013 enzyme structures and employed various computational methodologies to elucidate the 

role and behavior of water molecules in enzyme active sites. We discovered that in 1005 out of 

1013 enzyme structures, water molecules were located within 5 Å of active site residues, 

demonstrating a near-universal presence of water in proximity to enzyme active sites. 

Furthermore, in 993 of these structures, clusters of water molecules formed a contiguous 

pathway connecting the bulk solvent to the active site. These observations demonstrate that in 

most enzymes, water exists within reactive distance of the active site and has a means of 

replenishment. Ultimately, these findings instantiated the possibility that water is universally 

involved in enzyme catalysis.  

We then investigated the electric fields experienced by water molecules within enzyme 

active sites and compared them to those in the bulk solvent and elsewhere in each enzyme. Using 

a dataset of 1179 enzyme structures containing a total of 192024 water molecules, our analysis 

revealed that water molecules in enzyme active sites are subjected to electric fields of greater 

 
xiv One would need to find a reaction that occurs reasonably quickly without enzyme assistance.  
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magnitude (mean 0.031 a.u.) than those elsewhere in the enzyme (mean 0.026 a.u.) and in the 

bulk solvent (mean 0.021 a.u.). This heightened electric field environment suggests the 

possibility of a functional adaptation of the active site to modulate the properties of water 

electrostatically, potentially for the enhancement of catalytic efficiency. At minimum, it 

implicates the general inadvertent capability of enzyme active sites to influence water in favor of 

ionization.  

To delve deeper into the dynamics of water in enzyme catalysis, we conducted a 2000 ns 

classical MD simulation on the enzyme triose phosphate isomerase (TPI). Our results showed 

that the hydroxyl bonds of water molecules near the substrate DHAP experienced electric fields 

favoring deprotonation, particularly near the electronegative phosphate group. This effect was 

notably less pronounced when DHAP was placed in a box of water, indicating that the TPI active 

site amplifies the electric fields experienced by water molecules, thereby favoring their 

deprotonation.  

This finding may offer insight into a novel catalytic mechanism of the enzyme. Glu165 in 

TPI is commonly believed to deprotonate the sp3 carbon of the substrate DHAP during catalysis, 

but these strong fields favoring the formation of hydroxide near DHAP in the active site of TPI 

raise the question of whether hydroxide is instead responsible for this step.  

Moreover, quantum molecular dynamics simulations provided further insight into the 

behavior of water in enzyme active sites. By subjecting a box of 96 water molecules and eight 

individual enzyme active sites containing water molecules to 100 fs MD simulations at the HF 3-

21G* level using ADMP, we observed that the electric fields on water hydroxyl bonds were far 

more heterogeneous in active sites compared to bulk solvent. This observation reinforces the 
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notion that enzyme active sites are finely tuned environments where water molecules are primed 

to participate in catalytic processes. 

Water ionizing events occurred in two of eight active sites simulated, corresponding with 

electric fields along their hydroxyl bonds exceeding 0.135 a.u., the ionization threshold predicted 

from a series of SCF scans of the hydroxyl bond of a single water molecule subjected to various 

external electric fields. Furthermore, elongated hydroxyl bonds greater than 1.15 Å were 

associated with these ionization events. Additionally, there was significant overlap in the 

distributions of electric fields and hydroxyl bond lengths between the active sites and bulk 

solvent simulations. This finding is expected, as not every water molecule is ionized within an 

active site, especially within the short 100 fs simulation time used. 

If enzymes indeed utilize water as a cofactor, this understanding could revolutionize 

bioorganic applications, particularly in the field of enzyme engineering for synthesis. Several 

steps can be taken to enhance the catalytic rates of enzymes with the understanding of water’s 

involvement in their mechanisms. If specific cofactor water molecules and their binding sites can 

be identified on a per-enzyme basis, designing enzymes that better bind water molecules in place 

could lower the ∆𝐺‡ for that enzyme. Such an effect could also be achieved by identifying 

specific residues responsible for the activation of a cofactor water molecule and enhancing the 

electric field they exert on it. Through these methods, the work presented in this dissertation may 

lead to more effective industrial biocatalysts. This work also opens the possibility of novel drug 

design. If an enzyme within the body is identified as a novel drug target, and it is found to 

operate through the involvement of a cofactor water molecule, then the residues that participate 

in binding and activating that water molecule may be targeted for pharmaceutical intervention.  
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Through the integration of molecular dynamics and rigorous structural analysis, our research 

implicates a universal catalytic role of water in enzymatic reactions. This dissertation not only 

establishes a solid foundation for future investigations into the molecular intricacies of enzyme 

catalysis but also underscores the indispensable role of water in enzyme chemistry. By beginning 

to elucidate the dynamic interactions between enzymes and water molecules, our findings pave 

the way for deeper insights into enzymatic mechanisms and all the practical benefits to humanity 

guided by such understanding. 
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