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Electric Fields: A Metric for Molecular-level Understanding of Pro-

tein Mechanisms

Yi Zheng

(ABSTRACT)

Determining the molecular mechanisms at the origin of protein function remains a challenge
due to the complex non-covalent interactions that shape their structure. Since the non-
covalent interactions arise from charge fluctuations, electric fields can be used as a tool to
quantify the interactions between a target and its environment. The contribution of each
component of the system is reflected in the direction and strength of the electric field exerted
on the target, which can be calculated from molecular dynamics simulations.

The interactions experienced by ligands in enzymatic active sites determine the catalytic
activity of the enzyme. Ligands in synthetic enzymes lack interactions with the protein scaf-
fold, which limit their efficiency. To substitute for the role of non-effective protein scaffold,
we introduced a polar DNA fragment to the enzyme vicinity, inducing electrostatic interac-
tions that will facilitate the reaction. We found that the introduction of a DNA fragment
enhanced the original interactions between the residues in the active site and the ligand,
without creating new interaction hot spots. Using electric fields, we calculated a reduc-
tion in activation energy of 2.0 kcal/mol when introducing the DNA fragment, indicating a
promising avenue for catalytic improvement.

Inspired by the success in using electric fields to understand enzyme catalysis in the con-
text of electrostatic preorganization theory, we generalized these fundamental concepts to
another type of proteins: voltage-gated ion channels. Our results indicate that electric fields

also report on channel activity. We find an asymmetry in the number of active residues for



channel function between the four domains and between the two gating motifs of the perme-
ation pathway, with domain I being the major contributor in both cases. The importance
of residues for channel activity is not a simple linear correlation of their distance with the
functional motif, but a relationship dominated by non-covalent interactions.

Finally, we investigate the effects of loop dynamics on enzyme product inhibition. We mod-
ify the chemical nature of the unstructured loops that obstruct the active site of DszB by
glycosylating serine and threonine residues. We monitor the corresponding variations in loop
dynamics and their effect on the interaction between the enzyme and the product.

Overall, promising results were found using electric fields in the investigation of protein
mechanisms that are mainly dominated by non-covalent interactions and provide insight

into the role of the individual components in the system.



Electric Fields: A Metric for Molecular-level Understanding of Pro-

tein Mechanisms

Yi Zheng

(GENERAL AUDIENCE ABSTRACT)

Although weaker than covalent interactions, non-covalent interactions play a crucial role in
molecular biological processes, especially in protein mechanisms. In order to modify the
properties of proteins to our advantage, we need a metric with which we can map these
interactions onto the protein structure. Different types of non-covalent interactions share
one similarity: they originate from the change of electron distribution of interacting atoms,
therefore can be captured by analyzing the protein- generated electric fields.

Synthetic enzymes are designed to better adapt to varying environments and catalyze a
broader reaction range. However, they are less effective than natural enzymes because the
protein scaffold does not contribute to catalysis. Indeed, protein scaffolds in natural enzymes
generate an electric field that lowers the reaction activation energy in the active site. Protein
scaffolds in synthetic enzyme do not generate such electric fields. To address this issue, we
modified the environment of synthetic enzyme KE15, introducing a polar DNA fragment to
induce interactions in the active site. This modification strengthen the interactions between
protein and ligand, leading to a decrease in the energy required for the reaction.

While enzymes are famous for their generation of electric fields facilitating function, we
demonstrated that this phenomenon also exist in voltage-gated ion channels Na,1.7. Residues
were found to exert an electric field that can facilitate ion permeation. This is not simply
because of their distance to the key regions, but a result of the non-covalent interactions reg-

ulating the mechanism, with different regions showing asymmetric importance in the process.



Since the governing non-covalent interactions are relatively weak, proteins are flexible, espe-
cially protein loops. In enzyme DszB, this loop flexibility enables a conformational change
when the ligand binds the active site. The change in loop conformation traps the product
inside the active site, limiting enzymatic turnover. To prevent active site obstruction by
these flexible loops, we attached glucose to a few loop residues to modify the hydrophobicity
profile near the active site. The introduction of hydrophilic glucoses helps to pull the loops
towards the solvent, rather than towards the active site, limiting product inhibition while
preserving catalytic activity.

Overall, our results show that electric field can be applied as a general method for protein

studies, relating structure to function.
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Chapter 1

Introduction

1.1 Non-covalent Interactions In Proteins

Non-covalent interactions are ubiquitous in biological systems, making the basis for protein
folding, enzyme catalysis, molecular recognition and other protein activities.'™ Interest in
non-covalent interactions came to its blossom in the 20" century, but only in recent decades
have we begun to truly uncover their role in chemistry and biology.*% Indeed, protein
properties and function depend on their structure, which is determined by non-covalent
interactions. Therefore, we need a model for the systematic measurement of non-covalent

interactions to gain insight into protein mechanisms.

The beginnings of modern chemistry were based on the characterization of covalent inter-
actions. Despite the many successes in this field, covalent bonds alone are not sufficient to
paint a complete picture of the chemistry of a real system in which the molecule of interest is
interacting with its environment. Compared to covalent interactions, non-covalent interac-
tions are weaker and lead to the formation of molecular clusters, but not to new molecules.”
Although non-covalent interactions are individually weak, there are usually numerous and
their collective effect can be significant. Indeed, non-covalent interactions give proteins their
structural flexibility and the ability to change their conformation between different states, a

process crucial to protein function.
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There are different types of non-covalent interactions, which usually include van der Waals,

hydrogen bonds, electrostatic and hydrophobic interactions (Figure 1.1).%9

Van der Waals interactions occur when two atoms or molecules are brought close together,
resulting in charge fluctuations that create instantaneous dipole moments.!?"'? This interac-
tion is negligible at infinite distance. When atoms are brought closer together, the interaction
energy decrease (attractive interaction) until reaching minimum energy, then increase dra-
matically (repulsive interaction) as the interatomic distance continues to decrease.'® The
attractive component of van der Waals forces is due to dispersion interactions.'* The tem-
porary dipole raised from the asymmetric distribution of charges are able to perturb the
charge distribution of another atom or molecule, inducing a dipole that creates this attrac-
tive interaction. The shorter-range, repulsive component of van der Waals forces is due to
the repulsion of the electronic clouds (Pauli’s principle) on the respective atoms.'”> When
atoms approach each other, electrons are prohibited from occupying the same state, result-
ing in strong repulsive interactions. The combination of these attractive and repulsive forces
give rise to the form of van der Waal interactions. This universal interaction is generally
considered to be significant only between non-polar groups. Since almost half of the amino
acid side chains are non-polar, van der Waals interactions are key to protein structure and
function. Further, in allosteric proteins (i.e. proteins that change shape and binding abil-
ity upon binding with ligands), van der Waals interactions are thought to be the driving
force for their allosteric coupling.'®!” They also contribute significantly to the stabilization

of proteins complexes and small molecules.'®!?

Hydrogen bonds are interactions between two atoms, one of which is a proton donor and the
other a proton acceptor.?’ Hydrogen bonds are usually written as D-H- - - A, where D denotes
the proton donor and A is the acceptor. The formation and distance of this donor-acceptor

pairing depends on the electronegativity difference between the D-H group, but usually result
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Figure 1.1: Non-covalent interactions is fundamental for protein structural stability and
functionality:.
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in an interaction distance that is smaller than that of van der Waals interactions.?! 23 There
are many hydrogen bond donors and acceptors that exist in proteins.?* The most basic of
these are the amino and carbonyl groups that give proteins their secondary structure.?®26
Hydrogen bonds are not limited to the protein backbone; they also play a role in side-chain
interactions for protein stability.?”?® Finally, proteins are usually present in an aqueous
environment, where water plays a big role in stabilizing their structure.?” This is because

water molecules can be proton donors and acceptors, increasing the number of potential

hydrogen bonds it can form with amino acids.?”

Compared to the previous two types of non-covalent interactions, electrostatic interactions
are longer-range and can be strong beyond closest neighbors.?? Electrostatic interactions
arise from multipoles that are separated by a distance. Permanent multipoles result from the
asymmetric distribution of electron clouds in molecules where the electron density is pulled in
the direction of electronegative atoms.'® Additionally, atoms and molecules can be perturbed
by electric fields in the environment, resulting in an induced asymmetric charge distribution
and the formation of induced dipoles. A large part of the environment of proteins consists
of polar molecules, such as polar residues, water molecules, nucleic acid and phospholipids.
Therefore, permanent and induced electrostatic interactions play a significant role in protein
structure and function. For example, electrostatic interactions are often the driving force in

31,32 where the binding infinity correlates with the

the protein-ligand recognition processes,
strength of the electrostatic interactions.?3** Studies on membrane proteins have also shown
that electrostatic interactions play an important role in their function, facilitating transport

of charged ligands across the membrane.? 37

Non-polar compounds form aggregates in aqueous environments to avoid contact with wa-
ter, a phenomenon known as the hydrophobic effect.?® However, the attractive interaction

between non-polar molecules is not the result of a real force, but of the rearrangement of
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water molecules.?® %% As already mentioned, there are almost as many non-polar amino acid
side chains as polar ones, hence the importance of hydrophobic interactions for the sta-
bility and functionality of proteins in water. Structurally, hydrophobic amino acids have
the tendency to aggregate, forming a hydrophobic core in water-soluble proteins.* In these
type of proteins, the hydrophobic interactions can be the driven force in protein folding.?*4!
Functionally, it facilitates biological processes such as protein-ligand interaction or gating in

channel proteins.*?*3

Because of the remarkably diverse role that proteins play in all living organisms, they are at
the center of our efforts to understand biological and chemical processes that are essential
for life. Knowledge of the functional properties and mechanisms of proteins has a wide range
of applications, from drug development to the catalysis of industrial reactions. The goal
of tuning the properties of proteins to our advantage is not realistic without a model to
predict their structure and function at the molecular level. However, the complexity of the
interactions that regulate the system poses a challenge to the experimental or computational
interpretation of protein structure and mechanism through each individual interaction.>3®
A metric is required to provide detailed measurements of the strength of these interactions.
Although they fall into several categories, all non-covalent interactions share a common
property: they arise from the fluctuation of multipoles between interacting atoms. These
multipoles are modulated by the electric field generated by the protein environment, which

can be calculated or measured.!*®4* Analyzing the contribution of individual residues to the

protein electric fields offers a new and physically-grounded approach to protein modeling.
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1.2 Protein structure

Only two amino acids, asparagine and cysteine, had been discovered when Mulder presented
the first study on the structure of proteins.*> Today we know the complete list of the 20

standard amino acids that are the building blocks of proteins.*!0:4°

The primary structure (Figure 1.2A) of a protein refers to the amino acid sequence of a
polypeptide chain. The common structure of amino acids consists of a central carbon (C,)
to which an amino group (NHsz) and a carboxyl group (COOH) are attached. In a polypeptide
chain, peptide bonds are formed between the amino and carboxyl groups of the neighboring
amino acids, eliminating one water molecule each time. The protein backbone describes
these linked C,, N, C, and O. The side-chain, starting from the C,, is unique for each amino
acid.*® This structure is shown in Figure 1.3, where the side-chain, denoted as R, connects
to the C,. Based on the side-chain properties, amino acids can be divided into two groups:
11 non-polar and 9 polar amino acids. Under physiological pH (pH=7.4), some side chains
are charged: positively for arginine (Arg), lysine (Lys), histidine (His), and negatively for
aspartic acid (Asp), glutamic acid (Glu). Amino acids interact with each other to form the

protein secondary structure (Figure 1.2B).

The two most common elements of protein secondary structures, the a- helix (Figure 1.3A)
and the 3-sheet (Figure 1.3B), were first modeled by Linus Pauling and Robert Corey.?5%6
It was assumed that hydrogen bonds and electrostatic interactions determine the formation
of the secondary structure and thus the structural stability of the protein.?*?>26:39 QOther
patterns can be found in proteins, albeit much less frequently, including the 3;-helix or
the 7-helix that form more tightly or more loosely packed turns.* Between the secondary

structure elements are the patternless, flexible loop regions of a protein, which often con-

tribute to the active site.*”4® Some of the combinations of secondary structure elements in a
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Figure 1.2: Level of protein organization, (A) to (D) represent the primary, secondary,
tertiary and quaternary structure respectively. Each circle in (A) represents an amino acid.
(B) to (D) are modeled from PDB: 1AXC. The upper coil in (B) is a typical a-helix, the
lower structure is a (-sheet. (C) is one of the domains of the protein, and (D) shows the
quaternary structure of 1AXC, which consists of 3 domains.

particular spatial arrangement indicate specific protein functions, but predicting the activity

of a protein based on its secondary structure is still a challenge.
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Figure 1.3: Illustration of a-helix (A) and (-sheet (B). The hydrogen bonds are shown as
red dotted lines. R represents the side-chain of amino acids.
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The three-dimensional packing of protein structural elements is called the tertiary structure
(Figure 1.2C). This is the folding of the protein that leads to the basic unit of protein function:
domains.?* Examples of these functional units are the active sites of enzymes or other binding
sites for small molecules, which are generally conserved throughout evolution.”>*? Finally, the
quaternary structure (Figure 1.2D) of proteins refers to the spatial arrangement of multiple
polypeptide chains, each consisting of primary, secondary and tertiary structures.’® Each
chain, called a subunit, can either function individually or work together in a biological
process.*® Compared to the secondary structure, the formation of the tertiary and quaternary

structure depends on the properties of the side chains of the amino acids.”!

The binding of molecules is often necessary for proteins to fulfill their function. This includes
the binding of ligands from small molecules (i.e. ions, metals, oxygen), lipid membranes,
nucleic acids or even other proteins.’®* Enzymes are proteins whose function is to catalyze
reactions. The reaction rate in the active site of the enzyme is significantly higher than
the normal rate. A notable case of protein catalysis is carbonic anhydrase, which hydrates
carbon dioxide at a rate of 10° molecules per second.”® This strong catalytic ability makes
enzyme desirable for broader applications, to catalyze reactions not found in nature. In
natural enzymes, the whole protein (i.e., active site and scaffold) contribute to the reduction
in free energy barrier, leading to an acceleration of the reaction. This reduction in energy
barrier predominantly comes from a stabilization of the transition state, compared to the
reactant state. Our ability to control structure-function relationship in enzymes will enable
us to adapt to industrial applications. Another class of proteins functions as a transporter
for ions and small molecules. Membrane transport proteins can be divided into three cate-
gories based on their permeation mechanism: pumps, carriers and channels.?® Although all
facilitate the transport of ligands across the membrane, pumps require energy input (ATP

or light absorption), while carriers and channels enable passive transport. These proteins
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are essential for cellular functions and therefore play a key role in our understanding of life.

1.3 Vibrational Stark Effect

Although non-covalent interactions are generally characterized into several types, they are
electrostatic in nature as they arise from interactions between charged species. The interac-
tions from each component of the system can be quantified from their contribution to the
electric field at that location.** Experimentally, we can measure electric fields via vibrational

Stark spectroscopy experiments.

The vibrational Stark effect (VSE) describes the perturbation of a probe’s vibrational fre-
quency when an external electric field is applied. The energy (U) of a dipole () in an

external electric field (E,q;) is quantified as:5

U= Eep. (1.1)

Note that we use here the chemistry convention where the dipole is oriented from less elec-
tronegative atoms (positive) to more electronegative atoms (negative). The physics conven-

tion is the opposite, where the dipole points from negative charge to positive charge.

Changes in the vibrational states lead to changes in the dipole moment. Therefore the
application of an electric field at different vibrational states leads to an energy difference
caused by the change in dipole moment change (Figure 1.4). The orientation of the dipole
with respect to the electric field will cause the dipole to be stabilized or destabilized by
a various amount. The energy difference between the two states is greater if E..; and i
have a different direction and smaller if they are the same. Experimentally, this energy

difference (AU) can be quantified by measuring the vibrational frequency shift between
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different vibrational states (Av):>7%®

AU = heAT = Afi - By, (1.2)

where h is the Plank’s constant and c is the speed of light. The dipole difference can be
calculated on the basis of this method from the vibrational frequency shift and the known
external electric field acting on it. This can be done by calibrating the vibrational probes in

known solvents.??:60

- —ﬁ-b — —ﬁ-b — —ﬁ-» -
E. ., antiparallel to i E.., parallel to /i
ﬁl * E&mt
L U1
......................... EU__’-“""_"______“_““““_“““““““““““__:I' ﬁo . Eext

Figure 1.4: The vibrational Stark effect. The dipole moment is different at different vibra-
tional states (denoted Ty for ground state and Ty for first vibrational state. When applying
an external electric field onto a dipole, the shift in vibrational energy is given by Aji - E...
If the electric field aligned with the direction of the dipole, the transition energy between
states is smaller than when the electric field is in the opposite direction of the dipole.

Knowing the dipole difference for a given probe, VSE can be applied in reverse to measure
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an unknown electric field.®® In this case, the shift in frequency recorded is proportional to the
electric field exerted onto the vibrational probe. If we use a protein ligand as a probe, the
electric field it experiences when binding to a protein can be quantified.®® The application
of VSE to quantify non-covalent interactions environment is based on the linearity between

the vibrational frequency and the field demonstrated by Boxer and co-workers. 42861763

VSE has been applied for the study of protein function such as enzyme catalysis.”® Enzymes
catalyze reactions by decreasing the free energy barrier of the reaction compared to the
uncatalyzed reaction.®® This is achieved by generating electric fields that stabilize the reac-
tion transition state, as predicted by Warshel in his electrostatic preorganization theory.
This theory has been verified by Boxer and co-workers through the study of ketosteroid
isomerase.%® Using the carbonyl vibration as a Stark probe, a direct link was established
between the free energy barrier and the electric field exerted by the protein, with a decrease
in the magnitude of the electric field indicating a decrease in the catalytic ability of the

enzyme.

Electric fields can not only be measured experimentally, but also calculated computationally,

providing a good representation of the charge distribution in the studied system.%¢

1.4 Specific Aims

The complexity of non-covalent interactions involved in the regulation of protein mechanism
create challenges in understanding protein function. This dissertation will discuss the use of
electric fields as a metric to study the structure-function relationship in proteins. Chapter 3
focuses on the modification of synthetic enzyme’s catalytic performance. Chapter 4 focuses
on relating ion channel structure to ion selectivity and permeation. Chapter 5 focuses on

the improvement of natural enzyme slow turnover.
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1.4.1 Specific Aim 1: Characterizing the change in enzymatic
performance of synthetic enzyme KE15 with /without DNA

fragment in its greater environment

Synthetic enzymes are promising tools as industrial reaction catalysts, but still suffer from
low catalytic performance compared to natural enzymes. The low enzymatic performance in
synthetic enzyme is the result of a inert protein scaffold for the catalytic activity. Since the
catalytic activity of enzyme is governed by electrostatic interactions, introduction of a polar
fragment such as DNA to the enzyme vicinity should substitute for the ineffective protein
scaffold in stabilizing the transition state. This modification of synthetic enzyme’s environ-
ment was demonstrated on Kemp eliminase enzyme KE15, where the electric fields in the
enzyme active site were calculated. The difference between the electric fields in the transi-
tion and reactant states showed performance enhancement of KE15 with the introduction of

DNA fragment.

1.4.2 Specific Aim 2: Building structure-function relationship for

the key regions of Na,1.7 ion channel mechanism

Sodium ion channels play a key role in the cellular communication of excitable cells. They
consist of not one, but four domains, which creates challenges to unveil the governing operat-
ing principles of these systems. Electric fields have been used to study enzymes, but not yet
to study other proteins. We demonstrate that electric field can also be used to rationalize

the human voltage gated sodium ion channel Na,1.7.
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1.4.3 Specific Aim 3: Probing the product inhibition in enzyme

DszB when active site obstructing loops are glycosylated

Although DszB creates a favorable environment to stabilize the transition state, conforma-
tional dynamics prevents the product from leaving the active site. This product inhibition
needs to be addressed to improve the catalytic activity of the enzyme for industrial applica-
tions. We use artificial glycosylation to modify conformational dynamics and decrease active
site obstruction. The potential trade-off between the attenuation of product inhibition and

the catalytic efficiency of the enzyme, if any, can be calculated with electric fields.



Chapter 2

Methods

2.1 Molecular Dynamics (MD) Simulations

Proteins are crucial macromolecules for cellular activity.”""™ Although the study of proteins
began long before clear structural data was available, the lack of structural information posed
a challenge in the field. After the invention of X-ray diffraction in 1913, the long-awaited
breakthrough came in 1957, revealing the first protein structure at atomic resolution.” ™
Advances in computer resources at the same time opened the door to computational simu-
lations for protein research. Macrobiomolecules such as proteins and lipids are known to be
flexible. Molecular dynamics (MD) is one of the most common computational methods that
can capture the ensemble of conformations of these systems at equilibrium. MD simulations
were first applied to protein studies in 1977, followed by application to various subfields such

as ligand binding, enzymes or ion channels.”™ "

In MD, atomic motion is modeled based on Newton’s second law:"""®

ol

A

i T on =i (2.1)

where F, is the force acting on atom i with mass m;, U the potential energy of the system,
7; the coordinate of atom i, and t the time. U is a function of all atomic coordinates,

which couples the set of equations for each atom (/N equations for a system with N atoms).

14
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781 and numerical integration

This means that these equations cannot be solved analytically
schemes, with a discretized time, are instead required.®? In this case, the atomic coordinates
are updated after every time step 0t and stored into a trajectory file. While U is a decisive
factor for the accuracy of the simulation (see section 2.2), so is 6¢.'2 If it is too large, the
stability of the system is jeopardized; if it is too small, the computational costs increase
dramatically. In order to achieve a balance between these two sides, the time step should

be of the same order of magnitude as the atomic motion. Since the bond vibration is in the

time scale of 107° seconds, the time step was set to 1 fs.

The initial conformation of the system can be obtained experimentally or computationally.
In the case of proteins, the coordinates are often obtained from crystallography or cryogenic
electron microscopy (cryo-EM). To start an MD simulation, the atoms (i) are then randomly

assigned an initial velocity (v;) from a Maxwell-Boltzmann distribution:'3

m; 1 m;v?
P() = [ e (—5 kBT), (2.2

where P(v;) is the probability that atom i has velocity v; under temperature 7" given the

mass of the atom is m;, and kp is the Boltzmann constant.

Note that the system does not reach equilibrium rapidly as the protein and solvent molecules
first relax from the initial conformation.®? 8> This phase of the simulation, called equilibration
phase, is usually discarded when calculating for equilibrium properties.®*** Various observ-
ables can be used to determined the duration of the equilibration phase. For example, root
mean square standard deviation (RMSD) or potential energy can be used to evaluate con-
vergence to a stationary, equilibrated state.®>® The duration of the equilibrium phase also

depends on the ensemble in which the coordinates and velocities of the atoms are computed.

The equilibration phase is followed by the production phase, where measurements are carried
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out.

Different ensembles are possible for MD simulations. Biological processes normally have a
constant pressure and a constant temperature. Therefore, the isothermal-isobaric ensem-
ble (NPT) is most commonly used for the simulation of proteins. This is achieved with
the introduction of barostats and thermostats in the system.®' Barostats, such as Berend-
sen or Nose-Hoover barostat, maintain a constant average pressure by varying the volume
of the system (i.e, scaling of the coordinates).”%%% Thermostats, such as Andersen and
Nose-Hoover thermostat, maintain a constant average temperature by modulating atomic

velocities.”:81,90-92

Figure 2.1 shows the general schematic of an MD simulation.

Initial coordinate and velocity of the system

|

Compute for energy

|

Compute forces acting on each atom

|

Atoms move accordingly

|

Advance simulation time

|

Obtain trajectory of the system

Figure 2.1: Typical sequence of a molecular dynamics simulation process. The initial model
of the system provides the atomic coordinates, then initial velocities are assigned to the
individual atoms. The atomic coordinates are updated using equation 2.1, and the new set
of coordinates is stored in a trajectory archive. The simulation time then moves forward,
force acting on atoms are calculated from the energy, and repeats the previous steps.

Computational resources not only influence the time scale of a simulation, but also limit the
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number of atoms a system can have. Boundary conditions are applied to bridge the gap
between the limited model system size and target condensed phase system. The shape of
a simulated cell must allow seamless stacking of its replica in all directions. Various cell
shapes are possible for the corresponding system of interest; the cube (rectangular) being
the simplest and most commonly used cell shape. Alternatives include the hexagonal prism,

the truncated octahedron and the rhombic dodecahedron.!'?

2.2 MDD Simulations with AMOEBA Polarizable Force

Field

The calculation of the force acting on each atom is the linchpin for the accuracy of an MD
simulation. In MD, the force is calculated as the derivative of the potential energy with
respect to the atomic coordinates. In classical MD, the potential energy U is an empirical

function of the coordinates, which is called the force field.

2.2.1 Covalent Interactions

A force field usually consists of several empirical terms, each representing a type of intra-
or intermolecular interaction (Figure 2.2). The parameters are determined from quantum
mechanical calculations and experimental data. There exists many force fields that model
proteins differently depending on the properties they focus on. Despite differences, they
all contain the following three terms accounting for covalent interactions: bond stretching,

angle bending, and dihedral rotation.”® A general form of such terms is:
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Ucoul

Figure 2.2: A schematic to illustrate the common terms included in a force field: bond
stretching (Upona), angle bending (Ugngie), dihedral rotation (Uiersion), and non-bonding in-
teractions (Upaw, Ucout)-

U= Z Ky(r —ro)* + Z K. (0 —600)* + Z %[1 + cos(ng — 9)], (2.3)

bonds angles torsions

where the first term describe the energy contribution from bond stretching. Kj is the force
constant, ry is the equilibrium bond length, and r is the current bond length. Similarly in
the second term which describe the energy contribution from angle bending, K, is the force
constant, 0 is the equilibrium angle, and 6 is the current angle. The third term accounts for
the periodic dihedral rotation. V;, represents the height of the potential energy (amplitude),

n is the periodicity, ¢ is the torsion angle and ¢ is the phase.

Additional terms exist depending on the force field. For example, the AMOEBA polarizable

force field contains a bond-angle cross term (bf) and an out-of-plane bending (oop) for

intramolecular interactions:?*
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Upg = Kpa[(b— bo) + (b — b})] (6 — o) (2.4)

Uoop = XX27 (25)

where K is the force constant, x is the angle between vector jl and plane 77k for a squential
bonded center i, j, k, [, and Wilson—Decius—Cross function is applied to restrain the out-of-

plane bending.

2.2.2 van der Waals Interactions

Non-bonded interactions are not to be neglected by force fields. The famous Lennard-Jones
12-6 potential is commonly used to describe the van der Waals interactions between the

atom pair ¢ and j:

U= i% (2) c_ (@)6, (2.6)
i<y Tij Tig

where ¢;; is the potential well depth, and o;; is the van der Waals equilibrium distance

between ij. However, depending on the character of the system under study, other forms

can also be used, such as Lennard-Jones 9-6 and 12-10.95% AMOEBA (Atomic Multipole

Optimized Energetics for Biomolecular Applications) polarizable force field adopts Halgren

buffered 14-7 function for softer repulsive region when accounting for the vdW interac-

tions: 9497
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N 7
1+0 147
U=> ¢ —2), 2.7
ZJ:GJ(Pz’j‘f‘(s) (PZj+7 > 27

where 0 and 7 are buffering constants, and p;; is given as:

where T?j is the minimum energy distance.

2.2.3 Electrostatic Interactions and ELECTRIC

The last general term present in all force fields account for the electrostatic interactions:

U=>Y (2.9)

where ¢; and ¢; is the charges on atom 7 and j.

The uniqueness of AMOEBA polarizable force field, however, lays in its name. A polarizable
force field provides a more accurate description of electrostatics and is therefore a more robust
force field for protein simulations. Early force fields modeled permanent electrostatics as the
interaction of point charges around each atomic center, neglecting the anisotropic distribution
of charges. AMOEBA addresses this issue by using atomic multipoles, truncated at the

quadrupole moment, to account for local atomic charge distributions:*® 102

Mi = [Qw Hizy Hiyy Hiz, Qixwu Qimya Qimya ceey Qizz]Ta (210)

where ¢; is the point charge of atom i, p; the dipole moment, ); the quadrupole moment.
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For atom i, the permanent electrostatic potential term due to atom j, U™, is then given

by:103’104

Urm = M]'T;; M, (2.11)

where the interaction matrix is (75 is the distance between atoms i and j):

A T
Ox; Ay, 0z;
o) 92 o 92
Ox; Omix; Ox;y; Oxizj;
T.=|o o o e L (2.12)
J Oy;  Oyiz;  Oyiy; Oyizy 7" Tij

o] o ok o
0z; 0z; x5 02y 0z;2j

Under the influence of an external field, the electron density undergoes a redistribution
known as electrostatic polarization. A common approach for modeling this phenomenon is
to characterize this charge distortion within the individual atoms as an induced dipole, or to

represent the flow of charge between the atoms as a fluctuation charge model.!8 AMOEBA

uses the first approach and the induced dipole at site i, 7", can be expressed as:1%°

i = o, B, (2.13)

—

where « is the polarizability. The electric field (F;) experienced at atom ¢ by atom j is then

given as the sum of the permanent (perm) and induced (ind) electric field:

E; = EP™ 4 Eind (2.14)
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The x component of each term can be expressed in detail respectively as:

CEAED LD 3] CVED DL NINEE) 3) o S T

J J

and

ERt = "ER =YY Tomitlis, (2.16)
J j m

where m,n € {z,y, z}.

In AMOEBA, the induced dipole is based on Thole’s damping scheme.'% The charge dis-

tribution is "smeared” in each interacting ¢j pair, with a charge distribution function in the

form of:1%°

3o
p= Eexp(—aug), (2.17)

where « is the polarizability, a is the smeared charge distribution parameter, and u is the

effective distance as a function of atomic polarizability «; and «; given by:

u = rij(aiaj)(l/fi). (218)

Overall, AMOEBA polarizable force field can be expressed as follows:

U= Ubond + Uangle + UbG + Uoop + Utorsion + U’UdW + Uperm + Ugi?ed- (219>

ele

Electric fields can be obtained both experimentally computationally. Our code ELECTRIC
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(Electric fields Leveraged from multipole Expansion Calculations in Tinker Rapid Interface
Code) calculates electric fields under the framework of the AMOEBA force field.'%” The
electric field can then be decomposed into contributions from individual components of the
system. Each component is recognized in the ELECTRIC code through an input coordinate

file provided by the user.

The electric field exerted from sites k to site i can be projected onto a normalized directional

vector defined by atom i and k:

Bk = (L> TR (2.20)



Chapter 3

The Effect of Environmental DNA on
the Catalytic Activity of Synthetic

Enzyme KE15

3.1 Background

Discussion about the use of enzymes outside their natural environment has never stopped
since the discovery of their remarkable catalytic ability. They are highly efficient, selective,
non-toxic, biodegradable and can operate at very low concentrations and ambient temper-

64,108 These properties make them valuable for commercial applications.'% 2 The

ature.
challenges in the application of enzymes lie in their sensitivity to their environment. Indeed,
the pH or temperature used in commercial applications can lead to structural changes in
the enzymes that impair their catalytic performance.!''®1® Furthermore, natural enzymes
cannot catalyze non-metabolic reactions, which limits their application in industry.!%®!16
Ideally, we would like to be able to design synthetic enzymes that could adapt to a wider
range of reactions and are more resistant to reaction conditions. However, the catalytic rate

of current synthetic enzymes is still far from satisfactory compared to natural enzymes.!1"-118

The Kemp Eliminases (KE) is a family of synthetic enzymes computationally designed by

24
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Baker’s group.!'%12! They catalyze the Kemp Elimination reaction, a proton abstraction
from carbon (Figure 3.1), which no natural enzymes targets in metabolic pathways. This

makes KE a paradigm of synthetic enzymes for both theoretical and experimental studies.

) O,N ’ O,N =N
\ A

N _— N R + BH
o o o

Figure 3.1: The Kemp Elimination reaction mechanism. First step of the reaction is the
deprotonation of the 5-benzisoxazole ring by a catalytic base (B™). The ring opens with the
breakage of C-H, N-O and the formation of a C-N triple bond. The three active bonds of
the reaction are colored in red.

Numerous studies investigated KEs to better understand their limited efficiency.!t%:1227125

They found that while a few protein residues in the active site facilitate the evolution of the
reaction, most of the protein scaffold was inert.!2%:125 This is because only two or three active
site residues are actually designed to stabilize the transition state. The rest of the protein
sequence is adapted from existing proteins to accommodate the designed residues.'?6712% In
natural enzymes, although the number of active sites residues directly involved in the reaction
are limited, the entire protein participates in the enzymatic function. Residues throughout
the protein exert an electric field that stabilize the transition state in the active site. This
stabilization of the transition state lowers the reaction energy barrier, which accelerates the
evolution of the reaction.’ In contrast, the design strategy employed for KE implies that
a majority of the synthetic enzyme is designed for protein stability rather than function
(i.e., acceleration of the reaction rate).'' 33 This was confirmed in several studies where
KE scaffold residues did not generate electric fields that stabilize the reaction dipole change

in the active site.!34 136
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Laboratory directed evolution (LDE) has been used to improve the performance of these
enzymes by selecting beneficial mutations, often in the protein scaffold.'2%37 139 Despite its
success in some cases, LDE does not guarantee performance enhancement, is expensive and

poses a risk to the structural stability of the protein.'4°

Modifying the environment in which the enzyme operates, rather than the enzyme itself,
offers several advantages. First, this approach has low risk in destabilizing the enzyme
structure. Mutation, even only for single residue, can lead to changes in backbone strain,
functional area, or other crucial factors of protein stabilization.!#'143 Second, there is less
trade off between protein environment modification and enzyme catalytic activity when using
these enzymes in industry. Indeed, the change of environment in commercial applications

often lead to low commercial performance.'%

In this chapter, we introduce a polar molecule in the environment to stabilize the transition
state in the active site in place of the protein scaffold (Figure 3.2). DNA, with its polar

structure and high programmability, is an ideal candidate for this approach.'#4 147

DNA fragments consist of two parts, the backbone with alternating deoxyribose and nega-
tively charged phosphate groups and the paired nucleotide bases that connect the two strands
of DNA. While the polar phosphate-sugar backbone induces electrostatic interactions to sta-
bilize the transition state, the predictable base pairing of DNA has greatly simplified the
process of structure design.'*®1% The numerous examples of DNA-protein attachments that
occur either naturally or artificially, show that the structural stability of the enzyme is not

negatively affected by the presence of DNA fragments in its environment.!%91%3

Here we demonstrate our enzyme performance enhancement approach by placing a 10 base-
pair DNA fragment at four randomly selected positions around the KE15 protein scaffold,

shown in Figure 3.3. We monitor the effect of DNA on the catalytic activity of the synthetic
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Transition state

AC;p texn+DN A
A protein

Reactant state

Product state

Progress of Reaction

Figure 3.2: DNA-induced enzyme performance enhancement. In the framework of electro-
static preorganization theory, the DNA fragment around the enzyme can induce changes in
electric fields from the protein scaffold to the ligand. This external factor substitute for the
missing role of protein scaffold, reducing the activation energy.

enzyme KE15, by computing the electric fields generated in each system. More specifically,
we calculate the electric fields from individual residues projected onto the three bonds that

break and form during the Kemp Elimase reaction (bonds C-H, N-O, and C-N).

3.2 Computational Details

3.2.1 Conformational Ensemble

For each of the four KE15-DNA complex systems, 25 uncorrelated conformations were gen-
erated for both reactant state and transition state. We generated the conformational en-
semble using the backrub algorithm of the ROSETTA package from 25 x 1000 trials.!®1%5
The protein backbone was rotated around the axis defined by C, followed by a sampling

step to optimize the placement of side chain rotamers using the fixbb algorithm.!®® The
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Figure 3.3: The position of DNA fragment (GGTCATGACC-CCAGTACTGG) around
KE15. Each KE15-DNA complex system is colored differently for DNA fagement. Dis-
tance between the DNA fragment and the ligand is labeled. The ligand is circled in red at
the center of KE15 protein scaffold (1THF barral scaffold). Reproduced with permission
from Zheng, Y.; Vaissier Welborn, V. Tuning the Catalytic Activity of Synthetic Enzyme
KE15 with DNA. J. Phys. Chem. B. 2022, 126, 18, 3407-3413. Copyright 2022 American
Chemical Society
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conformational ensemble created with this approach explored the side chain conformations
that would occur on a nanosecond to microsecond time scale.'>”!%® The DNA fragment was
placed around the KE15 protein scaffold using PACKMOL.'® The simulation box size was
80 x 106 x 72 A3 for KE15+DNA-1, 86 x 97 x 79 A3 for KE15+DNA-2, 103 x 97 x 89 A3 for
KE154+DNA-3, 86 x 88 x 87 A3 for KE15+DNA-4, each with 10 A of solvent buffer between
KE15-DNA complex and the edge of the box.

3.2.2 Molecular Dynamics

We used Tinker 8 for the MD simulations of four KE15-DNA complex systems in both
reactant and transition state.'®° The geometry of the ligand structure in the transition state
was the same as in the reactant state. The difference between the two states was in the
atomic multipoles, so the electrostatics of the two states were different.'?® Solvation of the
KE15-DNA complex was performed with GROMACS with the water solvent pre-equilibrated
to accelerate the equilibration process.'®'%2 The MD simulations were performed under
isothermal-isobaric conditions (1 atm, 300K) with the AMOEBA polarizable force field.
Each simulation lasted 100 ps with the time step of 1 fs (50 ps of the equilibration phase and
50 ps of the production phase). The time length of equilibration was based on the energy
convergence. The time evolution of the RMSD (Figure S1 to Figure S4) and energy (Figure
S5 to Figure S8) can be found in Supporting Information. In total, the 25 conformations
in each KE15-DNA complex system generated 1.25 ns of production phase. As mentioned
above, the conformational ensemble was generated from an algorithm describing side-chain
conformations in the time domain up to microseconds. Therefore, the production phase data

were sufficient to study the catalytic performance of the enzyme.
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3.2.3 Electrostatic Stabilization of the Transition State

The effect of the electric field in the transition state free energy of stabilization was calculated

as follow:

AGh .. =3 (i (BL) = fn(Ew)) (3.1)

where the summation is over the three active bonds C-H, O-N, and C-N triple bonds, denoted
by m. i is the bond dipole and E is the electric field, I denotes the transition states. (Em)
is the electric field averaged over the conformational ensemble. The bond dipoles are listed

in Table 3.1.

Table 3.1: Net bond dipole of the three active bonds of Kemp Elimination reaction using
AMOEBA forec field electrostatics.!?*

The norm of ji (Debye)
Bond Reactant state Transition state
C-H -1.0 1.0
O-N -1.7 2.3
C-N 2.0 0.4

The electric field projected onto the active bonds were calculated with equation 2.20, while
the electric field experienced by each site was a combination of induced and permanent field

(Eq.2.14). The calculation for eclectic fields were performed with ELECTRIC.'"
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3.3 Results and Discussion

3.3.1 Residue Contribution to the Transition State Electric Fields

First, we calculated the electric fields in the active site of KE15 exerted from the protein scaf-
fold, the DNA fragment and the solvent (see Figure 3.4). The electric fields were projected

onto the three active bonds (C-H, O-N, C-N) in the reactant and transition states.

In this chapter, we projected the electric fields such that a positive signal means an easier
redistribution of charge in the transition state. That is, for each of the active bonds, a
positive projected electric field indicates that the field facilitates the reaction, promoting the

breaking of the C-H, and O-N bonds and the formation of the C-N triple bond.

Previous study analyzed the contribution of each KE15 residue to the electric fields in the
active site.!?* We use this study as a reference to understand the effect of introducing DNA
on the electric fields. Significant contributors to the electric field projection were similar
with or without the DNA’s presence, indicating individual residue’s role in transition state
stabilization remains the same. However, the magnitude of their contribution showed a
significant increase. For example, the catalytic base Asp 48 contributed significantly to
the transition state electric fields without DNA. With DNA, we see a 296% increase in the
magnitude of the contribution of Asp 48 on the fields projected onto the CN bond. An
increase of 65% and 21% was also observed for the contribution of Asp 48 on the fields
projected onto the CH and ON bonds, respectively. Other key residues, such as Asp 98, Ser
169 and Asp 219, had a similar increase in contribution when in presence of DNA. Changes
in the DNA fragment placement varied the magnitude of the transition state electric field
projection. For example, the catalytic base Asp 48 made a consistently high contribution.

Its contribution to C-H bond breaking was highest in DNA-4 with 27% compared to DNA-1,



CHAPTER 3. THE ErrecT OF ENVIRONMENTAL DNA 0ON THE CATALYTIC ACTIVITY OF SYNTHETIC

32 Enzyme KE15
(4) Protein scaffgld iDNA  (B) Protein scaffgld { DNA
10.0 Asp 48 10.0 Asp-48
- CN 26.34 - CN 15.32
E 7.5 ON 34.38 g
3 CH 63.76 N
S s0; 2
o o
QL 257 v
[T [T
£ 0.7 2
- -
o] o]
o —2.51 o
© ©
% —-5.0 %
9 —— CN bond 9
§ =731 — OoNbond LG 275 § LG-275
100 —— CH bond CN -11.90 100 —— CH bond CN -13.08
' 0 50 100 150 200 250 ' 0 50 100 150 200 250
Residue Number Residue Number
(C) 10.0 Protein scaffw QNA (D) 10.0 Protein scafled QNA
§ 75 E 75 LG-274
S < CN 23.56
> >
E 5.0 A E 5.0 1
o o
Q257 @ 2.51
[T [T
) i - =) 4
5 0.0 Vs 5 0.0
9] 9]
o —2.57 o —2.57
© ©
g 5.0 g 5.0
Q0 —— CN bond Sol-274 9 —— CN bond Sol-274
© -7.5{ — onbond ON -13.41 O —7.5{ — ONbond ON -21.15
& — LG-2g a - LG-275
100 CH bond CN -11.29 100 CH bond CN -10.71
0 50 100 150 200 250 0 50 100 150 200 250
Residue Number Residue Number

Figure 3.4: Contribution of individual residue to transition state electric fields projected
onto the three active bond, (A) to (D) each correspond to a DNA position. Peak value
higher than 10 MV /cm were cut off in order to display lower peaks, the magnitude of the
cut off peaks were on the side. The grey bar colored the residues from the DNA fragment
(resid 254 to 273). Residue 1 to 253 is the protein scaffold. Solvent (water and counterions)
is residue 274, ligand is residue 275.
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58% compared to DNA-2 and 25% compared to DNA-3.

The negative contribution from Asp 219 indicates that the electron flow is directed against
CH and ON bond breaking, while Asp-98 has the opposite effect. This difference suggests
that the DNA fragment does not discriminate between residues that favor or disfavor the
stabilization of the transition state, but that it enhances the interactions that were originally
present. Note also that unlike Ser-169, which is in the active site, Asp-98 and Asp-219 are
located in the scaffold (Figure 3.5) and are exposed to water. One possible role of these
residues in KE15 is that they can deliver their effect through solvent. When exposed to
water, these surface residues may be able to reorient the water molecules outside the active

site, potentially creating an environment facilitating the transition state stabilization.

Figure 3.5: Position of residues significant for the transition state projected electric fields.
Asp-48 is the active base, with the interaction demonstrate by black dashed line.

The contribution from residues 254 to 273 were no higher than 3 MV /cm, indicating that
the DNA fragment in all four KE15-DNA complexes do not make direct contributions to the

electric field projected onto the ligand. The solvent, however, had a negative contribution
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to the electric field projection in all four complexes. This means the water molecules and
counterions together were destabilizing the transition state, favoring the electron flow in the

reactant state.

3.3.2 Transition State Stabilization Free Energy

Quantification of the overall performance of the enzyme can be found in Table 3.2, where we

1

c10c Was first calculated individually

1

elec

analyzed the transition state stabilization free energy. AG
for each of the three active bonds, and summed into a total AG?,  as shown by Equation 3.1.
Significant reduction of the stabilization free energy came from the active base, DNA, and
solvent. The solvent shown the preference of destabilizing the transition state in the analysis
of electric field projection, while DNA fragment has no direct contribution. Therefore, part
of the DNA fragment’s role is to replace the solvent demoting the transition state electron
flow. As discussed earlier, the active base experience notable enhancement for electric field

magnitude, indicating DNA’s ability to tune enzyme performance was partially achieved

through strengthening the interaction between the active base and the ligand.

In DNA-1 and DNA-4, DNA fragment decreased the AGH

elec

by 2 kcal/mol, where the place-
ment of DNA-2 and DNA-3 gained a 4.2 kcal/mol and 2.3 kcal/mol increase, respectively.
Comparison of the four DNA fragment position suggested the difference was not a result
of its distance with the ligand, but the fragment orientation with the scaffold. Specifically,
DNA-1 and DNA-3 were placed 10 A further away from the ligand then DNA-2 and DNA-4,
suggesting no significant connection between the distance and the decrease of AGilec. As
shown in Figure 3.3, DNA-1 and DNA-4 were located on the side of the scaffold whereas
DNA-2 and DNA-3 were facing the active site without scaffold in between. The polar DNA

fragment can disrupt the favorable environment protein created for the catalytic function.
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Table 3.2: Stabilization free energy of the transition state for each KE15-DNA system. In
each active bond, the total was calculated by the sum of base (Asp 48), active site (residue 5,
46, 78, 101, 126, 167, 168, 169, 197, 198, 199, 201, 220), scaffold (residue 1 to 253, excluding
base and active site), DNA (residue 254 to 273), and solvent (residue 274). The error was
calculated from the mean of time and ensemble averages. The reference system is KE15
without DNA moelcule from ref'?4

AGLeC (kcal/mol)
C-H KE15!24 KE15+DNA-1 KE15+DNA-2 | KE15+DNA-3 | KE15+DNA-4
Base -4.6 -5.14+0.05 -4.940.06 -7.1+£0.07 -5.940.06
Active site 0.1 0.1£0.03 -0.3+0.02 0.2+0.03 0.6+0.03
Scaffold -1.0 -0.4+0.06 -1.0£0.07 -0.5+0.08 -0.5+0.07
DNA N/A -0.8+0.001 1.1+0.004 0.7+0.001 -0.4+0.002
Solvent 0.1 0.14+0.04 -0.3+0.03 0.5£0.03 0.6x0.04
Total -54 -6.11+0.09 -5.440.1 -6.240.1 -5.6+0.1
O-N | KEI5? | KEI5+DNA-1 | KE151DNA-2 | KE15+DNA-3 | KE15+DNA-4
Base -6.0 -5.6+0.04 -5.940.05 -7.74+0.05 -6.840.05
Active site 1.1 1.240.05 0.1£0.05 1.240.05 1.4+0.05
Scaffold -1.6 -0.3+0.08 -1.4+0.07 -0.7+0.08 -0.7+£0.07
DNA N/A -1.540.002 2.7+0.007 1.74+0.003 -1.240.005
Solvent 3.2 2.04+0.05 1.2+0.05 2.8+0.06 4.3+0.06
Total -3.3 -4.240.1 -3.3£+0.1 -2.7+0.1 -3.01+0.1
CN | KEL5' | KEI5+DNA-1 | KEI5+DNA-2 | KEI5+DNA-3 | KEL51DNA-4
Base 2.0 1.1+0.03 1.74+0.04 2.3£0.05 1.440.03
Active site 0.0 0.440.04 0.740.03 0.6x0.04 0.4+0.03
Scaffold 0.8 1.040.06 0.9+0.06 1.1+0.07 1.4+0.06
DNA N/A 0.3£0.002 0.420.005 -0.14+0.004 -0.5+0.004
Solvent 0.2 -0.2+0.04 -0.7£0.04 -0.9+0.04 -0.240.05
Total 3.0 2.6+0.09 3.0£0.08 3.0£0.1 2.5+0.09
Total | KEI5? | KE15+DNA-1 | KE15{DNA-2 | KE15+DNA-3 | KE15+DNA-4
Base -8.6 -9.6+0.07 -9.14+0.09 -12.5+0.10 -11.34+0.08
Active site 1.2 1.7+£0.08 0.5+0.06 2.0+0.07 2.4+0.06
Scaffold -1.8 0.3+£0.11 -1.54+0.11 -0.1+0.13 0.24+0.11
DNA N/A -2.0£0.002 4.2+0.01 2.3+0.004 -2.1+0.006
Solvent 3.9 1.940.08 0.24+0.07 2.440.08 4.7+0.09
Total 5.7 -7.7+0.17 -5.7+0.17 -5.940.20 -6.14+0.18
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The KE15-DNA complex system for DNA position 1 to 3 also yield a significant decrease of
AGilec from solvent. The addition of DNA fragment partially replaced the solvent molecules
that were ineffective for enzyme catalysis, reorient them to enhance the stabilization of tran-
sition state. This is consistent with previous analysis. Overall, the DNA fragment can not
only significantly affect the activation energy, but also improve the performance of pro-

tein scaffold and the solvent. Lastly, the active site and the protein scaffold did not have

additional effect to enhance KE15’s catalytic performance.

When looking at the change of total AGLeC of the reaction comparing to the reference system
(without DNA), DNA fragment either have no effect for enzyme performance such as DNA-
2 and DNA-3, or have additional reduction of the free energy requirement for transition
state stabilization. This reveals one additional advantage of this method: the catalytic
performance does not get worse. KE15-DNA-1 complex system yield 2 kcal/mol difference

in AGH

elec’

where the DNA fragment was further away from the scaffold than DNA-2 or DNA-
4. This is converted to a 30-fold increase for the reaction kinetic rate under catalyzation.
This indicate the second advantage of this method. No constrain for the DNA position to
be within close proximity of the scaffold is required. DNA fragments are flexible, therefore
no distance limitation can reduce the design effect significantly. The only factor requires

control in this method is the orientation of the DNA fragment with respect to the scaffold.

3.4 Summary

By placing DNA fragments in the vicinity of the scaffold, we demonstrate an alternative
approach to improve the performance of the computationally designed KE15 enzyme. The
polar DNA fragment leads to a change in the electrostatic environment of the enzyme, which

affects the reactivity of the ligand in the active site. The mechanism of this enhancement
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has been demonstrated with electric fields.

Electric field projections onto the bonds that break and form during the reaction provide a
direct measure of the role of specific residues in stabilizing the transition state. We found that
the introduction of a DNA fragment can significantly strengthen the interaction between the
catalytic base and the ligand, facilitating the breaking and formation of these bonds. Solvent
exposed residues outside of the active site can also impact the transition state stabilization.
No new interactions were created, neither between the protein and the ligand nor between
the DNA fragment and the ligand. Instead, the surrounding DNA fragment strengthened
the original interactions, as can be seen from the overall trend of the contributions of the
residues with and without DNA. We found a reduction in total activation energy of up to 2
kcal /mol by using DNA fragments. Other than a significant decrease of the transition state
stabilization energy from the active base, the DNA fragment replaced the ineffective water,
resulting in the DNA and solvent contributions to the lower transition state stabilization

energy.

The placement of DNA fragment plays a crucial role in its effective tuning of KE15 enzyme
performance. The fragment facing the active site is much less effective in lowering the
activation energy than those facing the protein scaffold. This is because the mechanism of

DNA-based KE15 tuning is the enhancement of the original protein-ligand interactions.

Finally, it is worth noting that this difference of 2 kcal/mol was achieved in a preliminary
test system without optimizing the position, size or sequence of the DNA. Systematic in-
vestigation of the design of the enzyme-DNA complex could lead to further improvements
in catalytic performance. Established techniques such as artificial DNA-protein binding
and DNA origami provide an experimental approach to create this complex and reduce the

challenge of translating such a design in silico to in vitro.



Chapter 4

Electric Fields in Voltage-Gated

Sodium Channel Facilitate Function

4.1 Background

Establishing the structure-to-function relationship in proteins is a long-standing aim of

163,164 T the last two decades, the electrostatic preorganization

molecular biology research.
theory proposed by Warshel, has been widely accepted as the governing principle of enzyme’s
highly efficient catalytic activity.®®!3" The theory states that enzymes create an electrostatic
environment that stabilize the transition state, promoting the evolution of the reaction in
the active site. This theory has been validated by measurements and calculations of electric
fields in enzymatic active sites.’®% Although proteins are diverse and participate in a wide
range of biological processes, they share similarities, and their function is generally supported

30,165 Tt is possible then, that proteins other than enzymes could also

by the entire structure.
be electrostatically preorganized to facilitate their function. In this chapter, we investigate

whether voltage-gated sodium ion channels are preorganized.

Voltage-gated sodium ion channels (Na,s) are pore-forming membrane proteins. They open,
inactivate or close in response to changes in the transmembrane voltage (Figure 4.1).16°
There are two key narrow regions along the Na,s pore: the selectivity filter (SF') formed by

residues Asp, Glu, Lys, Ala (DEKA) and the intracellular gate (IG), that are responsible for

38
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ion selectivity and gating,respectively.'” When Na, is open, both the SF and IG are opened
and Na™ can diffuse through the pore. When Na,, is closed, the SF is closed while the IG
remains open, preventing the Nat from entering the Na,s. When Na, is inactivated, the SF
is open while the IG is closed, preventing Na™* from exiting the pore. Note that the Na,s

adopt a similar overall structure when open and inactivated.'®”

Inactivated State Intracellular gate

20207
848

losed State

OO
o0

a

AL
L84LL8

Open State

Figure 4.1: Illustration of Na,s cycle. The Na™ is represented by the red ball. The open
state and inactivated states shares high structural similarity except the "closed” intracelluar
gate. Na™ ions are allowed to pass through the selectivity filter in both state, but cannot
exit under inactivate state. Ion permeation completely stop under closed state conformation.

Na,s are found across species, including mammals, where they are responsible for life-
sustaining physiological processes such as brain function, heartbeat or muscle contraction.'®®
There are nine Na,s in mammals (Na,1.1 to Na,1.9) that share structural and functional sim-

ilarities.'®17 Na,1.1 to Na,1.3 are expressed in the central nervous system (CNS), Na,1.4

and Na,1.5 in the skeletal and cardiac muscles, Na,1.7 to Na,1.9 in the peripheral nervous
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system (PNS) and Na, 1.6 in both the CNS and PNS. The main component of Na,s is a large
« subunit that consists of four homologous transmembrane domains (DI to DIV) connected
by intercellular loops (Figure 4.2).

(4)

Domain I Domain II Domain III Domain IV

N\

Voltage- Pore
sensing domain domain

(B)

Domain II (DII)

Domain I (DI) Domain IV (DIV)

Figure 4.2: Demonstration of Na,s structure. (A) A sketch demonstrating the structure of
Na,s. Different background indicates the four homologous domains. (B) Top and side view
of Na,1.7, each domains are colored correspondingly.

Each of the domains consists of six helices (S1 to S6). Helices S1 to S4 of each domain (DI-
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DIV) assemble on the outer region of protein, forming four voltage-sensing domains (VSDs).
As the name suggests, the VSDs detect the potential difference across the membrane, trig-
gering a change of state. In particular, S4 slides up the membrane during depolarization,
triggering Na, opening.!™ Every three residues in S4 are positively charged amino acids,
called gating charges (GC) residues, that facilitate the motion of S4 and therefore controls
the state of Na,s. Helices S5 and S6 of each domain (DI-DIV) assemble to form one pore

domain (PD) at the center of Na,s, where the SF and IG are located.

Since Na, 1.7 is linked to pain signaling in humans, insights into its mechanism at the molec-
ular level would provide valuable information for the treatment of pain syndromes.!™ Al-
though the signature SF and IG motifs are known, they are not specific to Na,1.7, which
hinders the design of efficient drugs. Understanding the rest of the protein structure’s role in
facilitating Na,1.7 function progress slowly, leaving many questions unanswered .!"17 For
example, the Na,s family lacks symmetry between domains, which raises the question of the
properties of individual regions.'™ Comparison between wild type Na,1.7 and its mutants
provide valuable insight in studying individual residue’s role for the mechanism, but is often

time consuming.!7%77

With the high resolution of the human Na,1.7 recently discovered, atomistic modeling the

178 Tn this chapter, we calculate electric fields in Na,1.7 to

protein structure is now possible.
rationalize the specific role of individual residues in gating and Na™ permeation. Since Na, 1.7
is a protein, like enzymes, we anticipate preorganized electric fields, oriented to facilitate the
motion of S4 and Na® permeation. We use two types of probe to compute the electric
fields, in the PD and VSD, respectively. More specifically, we calculate the electric fields (i)
projected onto the oxygen of water molecules at the center of SF and IG (Figure 4.3) and
(ii) projected along the S4 helix of each domain (Figure 4.4). To validate the electric field

results is not simply caused by the distance of residues to the probe, but a true reflection
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of their role in Na,1.7 mechanism, we analyzed the electric field projection as a function of

probe-residue C, distance. The result can be found in Supporting Information section 4.
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Figure 4.3: Water molecules are located at the center of selectivity filter (SF) and intracellu-
lar gate, where oxygen. Electric fields generated by each component of the system (Eprotein)
are projected onto the unitary vector defining the permeation path (y.epe ). Residues forming
SF (top left) and IG (bottom left) are annotated.

4.2 Computational Details

4.2.1 Structure preparation

The structure of Na,1.7’s a subunit in complex with two auxiliary g subunits was reported
by Shen et al. (PDB ID: 6j8i).!™® The original a subunit structure is the Na, in inactivated
state with a mutation (Glu**®— Lys, or E406K) in residue 406. The N-terminal 113 residues

(1-—113), DI-DII linker (residue 418—725), DII-DIII linker (residue 973—1174), C-terminal
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Figure 4.4: Demonstration of the VSD probe of Domain I is shown on the left. Electric fields

—

generated by each component of the system (E,,ein) are projected onto the unitary vector
defining the direction of voltage-sensing on segment 4 of the VSD (yope)
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residues (1769—1988) and 5 residues on L3-4 loop of VSDII (826—830) are missing in the

reported structure of o subunit.

Figure 4.5: Comparison of a subunit structure from the Protein Data Bank (red) and SWISS-
MODEL (cyan): A. top view; B. bottom view; and C. side view.'™ The RMSD for atoms in
the two structures is 1.614 A.

The starting structure of our study is the « subunit remodeled with SWISS-MODEL web-
server.'®9184 The remodeled structure added residue 826—830 that were missing in the
original structure. Although SWISS-MODEL was able to add residue 826—830, in silico
prediction methods decrease in folding modeling accuracy for residue numbers higher than
12 to 13.'%° Therefore, no other missing residues were added to our Na,1.7 structure. No

significant conformational differences were found between the remodeled structure and the

original structure (Figure 4.5).

4.2.2 Conformational Ensemble

The conformation ensemble was generated using Rosetta molecular modeling program.'8

The Rosetta’s Backrub algorithm was used first to sample backbone conformations. And
then the Fixbb algorithm was used to repack and minimize the side chains around the new
backbone conformations. This routine allowed the protein backbone to be rotated around

Ca axis, then explore the side-chain conformations otherwise occurred on time scale up to



4.2. COMPUTATIONAL DETAILS 45

microseconds. The 50 conformers with the lowest energy were generated from this procedure

and used for the following simulations. The simulation box dimension was 143 x 143 x 133

A3,

4.2.3 Molecular Dynamics

The Na,1.7 was embedded in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
membrane bilayer. The 50 conformers were solvated in 0.15M NaCl solution using the Mem-
brane Builder of CHARMM-GUI webserver.'¥7 19 The system was first relaxed with NVT
MD equilibrations (375 ps with 1 fs timestep followed by 1500 ps with 2 fs timestep at
303.15 K) and NPT MD productions (90 ns with 2 fs timestep at 303.15 K and 1 bar) were
performed with GROMACS simulation package? with CHARMMS36m forcefield.!?* The last
timestep of each simulation was used as input for NPT MD production (300 ps with 1 fs
timestep at 300K and 1 atm) using Tinker software package with AMOEBA polarizable
force field.1951% In total our simulation gave a 15 ns long MD trajtory. The AOMEBA

parameters for POPE lipids are reported by Chu et al.'®”

4.2.4 Electric Fields Quantification

Electric fields contributed by each component of the system is calculated as its projection
onto a probe (Equation 2.20). The calculation was made possible by the ELECTRIC code.'"7
The projected electric fields from individual residues are averaged over the conformation
ensemble and 250 ps with 50 ps equilibration. The time length of equilibration was based on
the energy convergence. The time evolution of the RMSD (Figure S10) and energy (Figure

S9) can be found in Supporting Information.
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4.3 Results and Discussion

4.3.1 Pore Domain

We investigated the contribution of each residue to the electric field projected onto the
permeation pathway in the pore domain, as shown in Figure 4.6. The PD probes were defined
such that the direction points down, towards the inside of the cell membrane. Therefore, a
positive projected electric field indicates that the field is oriented from SF to IG. Since Na*t
moves in the direction of the electric field, a positive projection indicates that Na™ is favored

to move from SF to IG as well.

We observe that a specific region of the channel plays a significant role in the projected
electric fields (i.e, we do not see a uniform distribution of contributions). 1.22% of the
residues contributed to 30.4% of the absolute electric fields of the protein (E2%,,., = > E® ).
Now considering the direction of the projection of the electric field, these 1.22% of residues
contributed to -7.54 MV /cm, while the whole protein structure gave -1.15 MV /cm. There
are two main contributions to the fields: contribution from the SF area and the IG area.
At the SF area, the contributing residues located on top of the probe had the electric field
contribution of -15.7 MV/cm. Therefore the negative contributions indicate the residues’
role in strongly promoting the ion movement toward these SF residues. Gln 360 and Phe
1405 sit below the SF residues with opposite electric field signs. The +4.2 MV /cm from Gln
360 suggest a role of regulating ion along the permeation path, while the -3.3 MV /cm from
Phe 1405 has the opposite effect. The rest of the residues are located in IG area, with the

sum of electric field contribution being +9.1 MV /cm. These residues together favors the ion

migration towards the IG residues.

The residues with contributions of more than 3 MV /cm to the projected electric fields are
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Figure 4.6: Contribution of individual residue to electric fields projected onto the ion per-
meation path. Each domain is coloured respectively (red, blue, cyan, and yellow). Residue
1 to 1768 correspond to Na,1.7, residue 1769 represents the solvent (water and ions), and
residue 1770 represent the POPE membrane.

summarized in Table 4.1. Most of these residues are located on P-loops, the pole loop
structure connecting S5 and S6. Previous literature has shown the importance of P-loops
for channel selectivity.'”*2% Our calculations suggested the specific residues that bind Na™:
Asp-361 and Glu-927 of the selectivity filter contributed -3.408 and -5.276 MV /cm to the
electric field projection, respectively. In addition to these well-studied DEKA residues, the
outer carboxylate ring residues were also found with a large contribution to the electric field

projection.

The outer carboxylate ring structure exit in all nine Na,s proteins, these residues located
above the selectivity filter were understood to play an important role channel selectivity.?’!
However, the ring structure in Na,1.7 is different from the other eight Na,s in the family.
It consist of four residues, two glutamic acids (E) and two aspartic acids (D) from the
four domains DI to DIV, which is often referred to as the EEDD ring.?°? In Na,1.7, the
aspartic acid from DIII is mutated to isoleucine (I), forming a EEID ring.?"? The three EED

residues in Na,1.7 showed a strong attractive interaction with Na® in the pore, with Glu-
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364 contributing -7.1 MV /cm, Glu-930 contributing -7.3 MV /cm and Asp-1701 contributing
-3.2 MV/cm. The conformation of the inactivated and open channels are very similar in
the selectivity filter region, suggesting that the main function of the EEID ring in both of
the channel state is to direct ion flow toward themselves. However, whether the EEID ring
is selective towards Na™ cannot be determined based on our current results, as it requires

further investigation of the electric fields projections under different ion environment.

Opposite effects were observed for Arg 356, Gln 360, Tyr 362, Arg 922, Asp 1458, and Tyr
1755, as they positively contribute to the electric field projection onto the permeation axis.
As can be seen in Figure 4.7, Arg 356, Gln 360, Tyr 362 and Arg 922 are all located around
the SF and its outer EEID ring, implying that their role is to facilitate ion currents from
SF to IG inside the channel pore (i.e., not binding). Asp 1458 and Tyr 1755 are located
near the inside of the cell membrane, with Tyr 1755 being one of the residues that form the
intracellular gate. Their positive contribution favors ion movement into the cell, suggesting
that once the ion has passed the selectivity filter, the protein structure mainly facilitates the
uptake of Na™ ions. 11 of the significant contributions are located near the SF, while only 3
are from the IG region. This suggests that the residues in the SF are a lot more active than

their counterpart in the IG.

The Na, 1.7 structure we studied is a E406K mutant from the wild type protein, prolonging
the inactivated state of Na,1.7. This is one of the disease mutation that lead to primary
erythermalgia, a pain syndrome caused by a hyperpolarization ship in for activation.!™ Lys
406 is located in the IG region with Asp 1458 and Tyr 1755. While the contribution to the
electric field projection from Asp 1458 and Tyr 1755 were positive, the contribution from
Lys 406 was negative. This suggests Lys 406 favors the ion movement from IG to SF, a
reverse direction than the regular permeation path, relating to the mutation to extend the

inactivation period.



4.3. REsuLTts AND Discussion 49

Finally, there is an apparent asymmetry between the domains contributing to the projection
of the electric fields as there are more significant residues in DI. Among the residues with
positive contribution, those near the SF belong to DI and DII, while those near the exit
of the Na,1.7 pore belong to DII and DIV. This means that the asymmetric domains are
each involved in different steps of Nat uptake and cooperate for a complete permeation

mechanism.
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Table 4.1: Significant residues identified using projected electric fields of the pore domain
probe. Solvent includes water, Na™, and Cl~. The error is calculated as the error of the
mean over 300 ps and 50 ensemble averages. The standard deviation (o) describe the electric
field fluctuation through time.

PD probe

Residue

ik
EprOJ‘

(MV /cm)

(MV /cm)

Location

Functionality

Phe 1405 | -3.3 £ 0.107 5.1 DIII, P—loops | Invariant amino acid

Asp 1458 | 3.3 + 0.022 1.0 DIII, S6 Conserved residue, Invariant
amino acid

Asp 1701 | -3.2 + 0.019 1.0 DIV, P—loops | EEID, Conserved residue, In-
variant amino acid

Tyr 1755 | 9.8 + 0.266 12.6 DIV, S6 Intracellular gate, Conserved
residue, Invariant amino acid

solvent 8.1 £ 0.140 6.6
membrane | 6.3 £+ 0.001 0.033
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Figure 4.7: Residues with high contribution to the electric field projection. Residues belong
to selectivity filter are colored in orange, the outer ring (EEID) in red, intracelluar gate in
purple. (A) The selectivity filter region. (B) The intracelluar gate region.
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Residues that are invariant across homologous proteins or conserved through evolution usu-

203205 However, notice that

ally have structural or functional significance to the protein.
residues Asp 338 and Tyr 362 have been identified as significantly contributing despite not
being conserved or invariant, indicating their unique role in Na,1.7. Their positions are
separated by the outer ring, with Asp 338 at the top and Tyr 362 at the bottom of the ring
structure. Their electric field projections also have different signs, with Asp 338 acting with

the outer ring and Tyr 362 opposite. This suggests that when the two residues involved in

regulating ion motion, the ions are regulated toward the EEID ring.

The solvent, including the ions and the water, is an important contributor to the projected
electric fields. On average, there are 8 water molecules that significantly contribute to the
electric field projections. They are mostly located around SF or IG and all within the channel
pore. However, some conformers have significantly fewer contributing water molecules than
others. The side chain of the IG residues and the residues around them are directed into
the pore so that fewer water molecules can occupy the space inside. The membrane also
plays an important role in the electric fields generated by the protein when considering the
ion permeation pathway. The positive contributions of solvent and membrane indicate that

they facilitate the transport of sodium ions from the SF to the IG.

4.3.2 Voltage-sensing Domain

Figure 4.8 shows the contribution of the channel residues to the electric fields projected along
the S4 helix in each domain. The probes were chosen such that positive projections points
towards the inside of the membrane. Therefore, a negative magnitude of the electric field
indicates that the corresponding residue favors the upward movement of S4, towards the

outside of the cell. We observe a similar trend for all four probes: the main contributions
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come from residues within the same domain. When probing DI, residues from DII can also
show contributions to the electric field projections, similarly when probing other domains.
The explanation for these seemingly distant intermolecular interactions between residues
is the conformation of the Na,1.7. Indeed, Na,1.7 has swapped arrangements of the S1-
S4 helices and S5-S6 helices of each domain such that S1-S4 and S5-S6 are connected but
spatially separated from each other. The VSD formed by S1-S4 is located on the outside of
the channel, while the PD formed by S5-S6 extends to the inside of the channel. As shown in
Figure 4.2 B, the PD of one domain is spatially closer to the VSD of the neighboring domains.
This indicates the two parts of channel function (i.e. ion permeation and voltage sensing) is

not isolated, as VSD is under the influence of PD. The four domains showed different total

electric field projections Withﬁﬁ,gtein = +3.79 MV/cm, Eﬁg{em = -34.68 MV /cm, E:gégm
= -22.32 MV/em, EPIV. = -67.39 MV/cm. Domain I plays an overall supporting role

for the inward S4 movement, while domain IV is calculated to have a strong preference for
the opposite direction. From the literature, it appears that the S4 segment performs an
outward movement due to the depolarization process. Combined with our calculations, we
can conclude that the response of DI is more significant in inactivation compared to DII
to DIV, while DIV is the crucial domain for the open state function Na,1.7 function. This
asymmetry in the domain function is consistent with our results in the study of the pore

domain.
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Figure 4.8: Contribution of individual residue to electric fields projected onto S4 helix of 4
different domains, (A) to (D). Residues located at each domain are represented by red, blue,

cyan, and yellow background colors. The last 2 residues are solvent (water and counter ions)
1769 and membrane (POPE) 1770.
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Table 4.2: Significant residues identified using projected electric fields of the voltage sensing
domain probe (DI). Solvent includes water, Na*, and Cl". The error is calculated as the
error of the mean over 300 ps and 50 ensemble averages. The standard deviation (o) describe
the electric field fluctuation through time.

VSD probe DI

. E* o
Residue proj

(MV/cm) | (MV/cm) Location Functionality

| membrane | 8.2 £+ 0.002 | 0.1 |
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Table 4.3: Significant residues identified using projected electric fields of the voltage sensing
domain probe (DII). Solvent includes water, Na®, and C1 . The error is calculated as the
error of the mean over 300 ps and 50 ensemble averages. The standard deviation (o) describe
the electric field fluctuation through time.

VSD probe DII

Eik

) , o
Residue proj

Location Functionality

(MV/cm) | (MV/cm)

Lys 1346 | 4.1 £ 0.005 0.2 DIII, S5—Efg3a | Conserved residue, invariant
amino acid

| solvent | 7.6+0.009 | 04 | |
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Table 4.4: Significant residues identified using projected electric fields of the voltage sensing
domain probe (DIII). Solvent includes water, Na*, and Cl". The error is calculated as the
error of the mean over 300 ps and 50 ensemble averages. The standard deviation (o) describe
the electric field fluctuation through time.

VSD probe DIII
ik

Residue (M\/?;Oc]m) (MVG/cm) Location Functionality

Glu 1240 | 4.3 + 0.009 0.4 DIII, S2 Conserved residue, May facilitate
gating charge transfer

Lys 1244 | -3.7 + 0.007 0.3 DIII, S2 Conserved  residue, invariant
amino acid

Asp 1262 | 6.1 £ 0.016 0.7 DIII, S3 Conserved  residue, Invariant
amino acid

Asp 1282 | -5.2 + 0.018 0.9 DIII, S3—S4

Ile 1286 8.3 £ 0.040 1.9 DIII, S4 Conserved residue

Lys 1287 | 9.1 + 0.074 B DIII, S4 Gating charge residue

Arg 1290 | -7.9 4+ 0.113 5.4 DIII, S4 Gating charge residue

Thr 1291 | -5.0 &£ 0.077 3.7 DIII, S4 Conserved  residue,  Invariant
amino acid

Leu 1292 | -3.6 £ 0.036 1.7 DIII, S4 Conserved  residue,  Invariant
amino acid

Arg 1296 | 14.3 4+ 0.152 7.2 DIII, S4 Gating charge residue

Arg 1299 | -15.9 4+ 0.068 3.2 DIII, S4 Gating charge residue

Arg 1303 | -4.7 £ 0.008 0.4 DIII, S4

Glu1727 | 2.9 £0.008 | 04 | DIV, P2—S6 |
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Table 4.5: Significant residues identified using projected electric fields of the voltage sensing
domain probe (DIV). Solvent includes water, Na*, and Cl". The error is calculated as the
error of the mean over 300 ps and 50 ensemble averages. The standard deviation (o) describe
the electric field fluctuation through time.

VSD probe DIV

ik

Residue (M\/?;(Zm) (MVU/cm) Location Functionality

Asp 1518 | 8.1 £+ 0.043 2.0 DIV, S1 May facilitate gating charge
transfer

Glu 1535 | -7.6 + 0.012 0.6 DIV, S1 May facilitate gating charge
transfer, conserved residue

Lys 1565 | -5.0 £ 0.030 1.4 DIV, S2 Conserved residue, Invariant
amino acid

Trp 1578 | -3.2 + 0.026 1.3 DIV, S3 Conserved residue, Invariant
amino acid

Asp 1582 | -11.6 4+ 0.051 2.4 DIV, S3 May facilitate gating charge
transfer

Ala 1615 5.4 £+ 0.019 0.9 DIV, S4 Conserved residue, Invariant
amino acid

Arg 1616 | 6.7 + 0.057 2.7 DIV, S4 Gating charge residue

Arg 1619 | -18.6 £+ 0.161 7.6 DIV, S4 Gating charge residue

Ile 1620 -5.5 £+ 0.051 2.4 DIV, S4 Gating charge residue

Lys 1628 | -4.8 4+ 0.014 0.7 DIV, S4—S5 | Conserved residue

Arg 1631 | -9.8 + 0.030 1.4 DIV, S4 — S5 | Conserved residue, Invariant
amino acid

solvent 19.1 + 0.011 0.5
membrane | 7.8 + 0.002 0.1
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Tables 4.2-4.5 list the residues with over 3 MV /cm magnitude contributions to the electric
fields projections when investigating the VSD. Similar to the PD, more residues belong to
DI (17) than the other three domains (13 in DII and DIV, 12 in DIII). The sum of their
contributions also suggested the opposite role between DI and DIV, contributed +24.95
MV/em and -19.00 MV /cm, respectively. While 46% of the significant contributors are
located along S4 helices, we also observed contributions from S2 and S3 in each domain,
indicating significant interactions between S4 and S2-S3. These residues are mostly close to
the bottom of the channel protein. The literature suggests that while S4 move across the
membrane in the mechanism of voltage sensing, residues in S2 and S3 form intermolecular
interactions with the gating charge residues on S4 to facilitate this mechanism.!7*-206.207
Previously we discussed that total electric field projections in DI favors the inactivated state
S4 conformations, while DIV favors the open state. Here the electric field contributions
from S2 and S3 residues from each domains aligned with the total electric field, as these
residues in DI had a overall positive contribution (promoting downward movement of S4),
while those in DIV had a overall negative contributions (promoting upward movement of S4).
Additionally, mutations of Leu 834 (+17.91 MV /cm) or Gln 886 (+4.50 MV /cm), both key
contributors, were found causing paroxysmal pain syndrome primary erythermalgia, a neural
disorder caused by hyperactive Na,1.7.2°%2% Our calculation revealed their contribution to
the electric field projection is against the upward movement of S4 upon open state. When
mutated, these two residues lost their function to suppress S4 conformation transition to open
sate, resulting in the hyperactive behavior. While no diseases is found caused by mutation
of Arg 1303 currently, its corresponding residue Arg 1319 when mapping onto hNa, 1.2 is one

of the cause of seizures (benign familial infantile seizures) when mutated.?’®

Interestingly,
Arg 1303 was also one of the two residues we identified as important electric field projection
contributor but not an invariant or conserved residue. As motioned in previous section, this

suggests the two residues are not preserved through all nine homologs. Additional cross
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comparison between Na,s homologs on such residues may reveal their functional shift upon

mutation.

4.3.3 Side-chain Dihedral Angle Effect on Projected Electric Fields

Fluctuation

In Tables 4.1-4.5 we present the fluctuations of the electric fields, computed as the standard
deviation. We observe a trend that residues with high standard deviations hold crucial role
for Na,1.7. For example, gating charge residues Arg 214 and Arg 1926 have a standard
deviation over 6 MV /cm, and Glu 927 (¢ = 10 MV/cm) and Tyr 1755 (0 = 12.6 MV /cm)

each belong to the gating motif of the permeation path (i.e. SF and IG).

Amino acid rotamers (i.e., side chain conformations) have been extensively studied to char-
acterize protein conformational properties for protein structure prediction or design.!6-210:211
Each rotamer is characterized by five side chain torsions, called y; to x5. Here, we analyze
the time evolution of these torsions for residues that exhibit large electric field fluctuations.
We show in Figure 4.9 the evolution of x, (where x = 1,2, 3,4,5) and the projected electric
fields. In the four examples we present, x; was stable, x1 and y3 were stable except for Lys
233, but x, and x4 exhibit significant change in all cases. More importantly, an increase
or decrease in the magnitude of the projected electric field when a rotation of 60° or more
happened. For Lys 223, the electric field projection showed a gradual increase between 170
ps to 220 ps. During the same time period, x; X3 X4 changed over 120°. This relation was
also presented in Arg 1296, where a 40 MV /cm difference in electric field projection took
place at the same time as the side-chain conformation change. In Arg 214 and Arg 1290, the

correlation is not as obvious as in Lys 223 and Arg 1296, probably due to the y-axis scaling.

In Figure 4.10 (A) and (B) we show the same configuration of Arg 214 and Arg 1290 with
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expanded y axis. Rotation of Arg 214 x» from -180° to -60° and y4 from 180° to 90° resulted
in the increase of average electric field from 35 MV /cm to 45 MV /cm. In Arg 1290, a 10
MV /em change in electric field magnitude was also connected to a rotation of the side-chain.
When the y angle recover to it starting position, the electric field magnitude also increased

back to the original average.

Similar observations can be made for residues located in the PD (Figure 4.11). In Glu 927, x;
and x3 both exhibit significant changes at the 210 ps time mark. The electric field projection
also drastically changed at that time. In Tyr 1755, however, the side chain conformation
change was more gradual, with a smaller electric field fluctuation magnitude comparing to

the other example we studied.

Overall, our results indicate that electric fields fluctuations can be used to quantify key
rotamer changes. It is important for protein modeling because proteins are known to be

flexible, and the changes in structure indicate a change in activity.

4.4 Summary

Electric fields projections provide a map between protein structure and function. In particu-
lar, we showed that inactivated Na,1.7 generate preorganized electric fields that support Na™
binding in the selectivity filter and Na™ permeation through the pore. Residues around the
selectivity filter were found to promote ion migration towards the SF and the outer carboxy-
late ring. Significantly less residues were found active near the IG, reflecting a inactivated

state behavior.

Further, we showed that the motion of S4 in each domain is also supported by the electric field

generated by Na,1.7. Specifically, DI residues favored the inactivated state (i.e., suppressing
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Figure 4.9: The time evolution of the projected electric fields (in black) and the residue
x angles in VSD. y; to x5 angles are colored blue, peach, green, yellow, and purple. (A)
Arg 214, (B) Lys 223, (C) Arg 1290, (D) Arg 1296. The first 50 ps of the simulation were
consider for equilibration, so the production phase started from 51 ps.
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and purple. (A) Arg 214, (B) Arg 1290. The first 50 ps of the simulation were consider for
equilibration, so the production phase started from 51 ps.
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927, (B) Tyr 1755. The first 50 ps of the simulation were consider for equilibration, so the

production phase started from 51 ps.
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the upward movement of S4), while DIV residues facilitated the upward movement of S4.

Two disease inducing mutations validate our results.

The strength and direction of the electric fields is related to the residue side-chain confor-
mation. The side-chain rotation results in the variation of interactions between residue, a
change captured by our calculations. More than 60 °y rotations were reflected in the electric

field signal.

Overall, our approach provides a valuable guide for studying channel mechanisms, because
the magnitude and sign of the electric field projection reveals the role of individual residue

in the preorganized channel.



Chapter 5

Loop Dynamics and Interactions

Upon Glycosylation of Enzyme DszB

5.1 Background

2’-Hydroxybiphenyl-2-sulfinate desulfinase (DszB) is a bacterial enzyme involved in a four-
step pathway, the 4S pathway, that converts dibenzothiophene (DBT) to 2-hydroxybiphenyl
(HBP). DszB catalyzes the last and limiting step of this pathway, the desulfurization of 2’-
hydroxybiphenyl-2-sulfinic acid (HBPS) to HBP (Figure 5.1). The 4S pathway is widely stud-
ied for its application to biodesulfurization, a method to remove sulfur from the organosulfur
compounds found in fossil fuels.?'?2'* Compared to hydrodesulfurization, biodesulfurization
can operate under ambient temperature and pressure, significantly reducing the cost of this
process.?'4 Moreover, polycyclic organic sulfur compounds such as DBT and its derivatives
are much harder to be removed compared to inorganic sulfur compounds.?'>?'¢ Enzymes

specifically targeting DBT are therefore a promising alternative to hydrodesulfurization.

The main difficulty in using the 4S pathway as an industrial biodesulfurization process is its
slow turnover rate, where researchers identified product (HBP) inhibition of DszB as the main
cause.?!"220 Product inhibition is beneficial in biological systems because it serves as negative
feedback to control the metabolic pathways.??! 7223 However, this is not desired for industrial

applications.'%??* Lee and co-workers reported the conformational shifts that occur in DszB

65
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Figure 5.1: Rate limiting step of 4S pathway. The sulfate group cleave from 2’-
hydroxybiphenyl-2-sulfinic acid (HBPS), forming 2-hydroxybiphenyl (HBP) product.

upon binding of the ligand.?!%2?° Specifically, the 3 loops shown in Figure 5.2 were found
to have distinct conformations in the enzyme apo and bound states. These conformational
changes cause the trapping of the product in the active site, prohibiting catalyst renewal.
The 3 loops exhibit different conformational changes: loop 1 (residues 50 to 60) and loop
3 (residues 180 to 200) adopt an « helix structure in the bound state but lack secondary
structure in the apo state. Loop 2 (residues 135 to 150) maintains its « helix structure
in both states, but folds inward when the ligand binds. These conformational changes are
not substrate specific: when alternative substrates bind to the active site of DszB, identical
conformational changes were observed.?'>216:225 This indicates that product inhibition is not
specific to the binding of reactant HBPS, but simply a result of the loops conformational
changes. Therefore, product inhibition in DszB can be mitigated by regulating the dynamics
of these 3 loops. Traditional mitigation methods include mutagenesis on the product binding
site. However, this sacrifices the enzyme catalytic performance because product binding site

share residues with the substrate binding site.4?226:227

Glycosylation describes the protein posttranslational modification process where carbohy-
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Substrate in the
active site

Figure 5.2: Structure overlap of bound (2DE3) and apo states (2DE2) of DszB. The bound
state is shown in yellow and the apo state in green. Loop 1 (residues 50 to 60), 2 (residues
135 to 150), and 3 (residues 180 to 200) are the three loops identified as the primary cause of
product inhibition, labeled on the figure. The apo state have the active site open, allowing
substrate to enter, followed by the conformational change to the bound state. When the
reaction is finished, the bound state conformation trapped the product within the active
site, resulting in product inhibition of DszB.
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drates (glycans) are covalently linked to amino acid side-chains. Protein glycosylation can
be categorized by side chain-glycan linkage type. N-linked glycosylation refers to the at-
tachment of glycans to the amide nitrogen of asparagine whereas O-linked glycosylation
refers to the attachment of glycans to the hydroxyl oxygen of serine or threonine.*??® This
naturally occurring post-translational modification plays a crucial role in protein recogni-
tion, and provides additional structural stability to the protein folded state through covalent
and non-covalent bonds.??*"23! In this chapter, we investigate the role of glycans artificially
engineered to the loops of DszB on protein dynamics. Protein glycosylation is one of the
natural modifications in increasing protein solubility.?? Therefore, once glycosylated, sol-
vent, exposed structures such as loops on the surface of the protein is subject to change for
its movement. Since glycans will be placed outside the active site, they can modulate the

loops dynamics without interfering with the chemistry of the reaction (Figure 5.3).

Although not the primary tool for the preliminary analysis of loops dynamics, electric field
calculations are crucial for the evaluation of the enzyme catalytic activity, while providing
key insight into the role of individual residues. This approach can help us determine any

potential trade-off between the mitigated product inhibition and enzyme performance.

5.2 Computational Details

5.2.1 Conformational Ensemble

A total of 6 glucose molecules were covalently attached to the DszB loops with 1-4 linkage,
one on each residue. The glycosylation sites on each loop are Ser 53 and Thr 58 for loop 1,
Thr 148 for loop 2, Ser 181, Ser 194, and Thr 196 for loop 3. Overall, our six systems were: (I)

unglycosylated, wild type DszB protein, denoted DszB, (II) unglycosylated, wild type DszB
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Loop conformational change inhibit
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Figure 5.3: Demonstration of glycosylation mitigated product inhibition. Reactant enter
the active site at apo state, follow by the change of DszB conformation for reaction. When
reaction is finished, the loops in wild type conformation prevent product from exiting the
active site. Glycosylation changes loop dynamics, open the pathway for product outward
migration.
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protein with HBP product in the active site, denoted DszB HBP (III) DszB protein with three
glucosylated Ser residues, denoted DszB SERgle (IV) DszB protein with three glucosylated
Thr residues, denoted DszB THRglc (V) DszB protein with three glucosylated Ser residues
with HBP product in the active site, denoted DszB HBP SERglc and (VI) DszB protein with
three glucosylated Ser residues with HBP product in the active site, denoted DszB HBP
THRglc. The ROSETTA package was used to generate 25 uncorrelated structures for each
of the system, where we select the 5 lowest energy conformations.'® %6 ROSETTA Backrub
and Fixbb algorithms samples the protein backbone and side-chain systematically by first
rotate residues using (', as axis, then repack the side-chains for minimized energy under new
backbone conformations.!* 156 This step created a comformational ensemble equivalent to
large time-scale simulations with shorter simulation time requirement. The simulation box

size was 76 x 96 x 86 A3.

5.2.2 Molecular Dynamics

We used GROMACS to solvate the 5 structures of each system with pre-equilibrated wa-
ter and ions (Nat, Cl ).!61162 The ion concentrations were set to 0.16 M mimicking the
physiological conditions. Molecular dynamic simulations were performed using Tinker with
AMOEBA polarizable force field.*®%?33 The MD simulations were performed under isothermal-
isobaric conditions (1 atm, 300K) with a time step of 1 fs. The 5 structures of each system
were simulated for 80 ns including 20 ns for equilibration. The time length of equilibration
was based on the RMSD. The time evolution of the RMSD (Figure S11) can be found in
Supporting Information. While the ROSETTA algorithm explore conformations up to mi-
croseconds time scale, our parallel simulations made a total of 300 ns long MD trajectories

for the 6 systems.
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Evaluation of loop dynamics include distance measurement and hydrogen bond analysis. In
the calculation of distance, the loops and active sites residues were represented by the C, of
the residues, the product was represented by its geometry center. The hydrogen bond was
defined as donor (D) acceptor (A) distance smaller than 3 A, with the D-H--- A angle less
than 30°. Calculation of hydrogen bond was done with VMD.?* The number of hydrogen
bonds was averaged over the 5 structures in each system. Both distance and the number of

hydrogen bonds were averaged over the production phase.

5.2.3 Catalytic Activity Evaluation

In future work, the catalytic activity will be analyzed with electric fields. Individual residue’s
contribution to the projection in active bond C-S provide their role in reactant-protein in-
teractions. The ELECTRIC code will be used to calculate the electric field projection from

individual residues using Eq. 2.20 and Eq.2.14.197

5.3 Results and Discussion

5.3.1 The Effect of Glycosylation on Reducing Active Site Ob-

struction

We studied Ser and Thr O-linked glycosylation on the 3 loops in two separate systems, each
with three glucoses attached. There was no attempt for N-linked loop residues glycosylation

because there are no Asn residues on the 3 loops.

In Figure 5.4 we presented the root mean square fluctuation (RMSF) of the protein backbone

(C,) in each system, a measurement of atom displacement during the production phase. The



72 CHAPTER 5. Loop Dynamics AND INTERACTIONS UPON GLYCOSYLATION OF ENzyME DszB

loop 1 (Asp 50 to His 60) of DszB wild type without product showed the highest RMSF,
while loop 3 (Ser 180 to Ala 200) was slightly higher than 2 (GIn 135 to Val 150). The higher
fluctuation of loop 1 and 3 in this case is likely the result of the lack of secondary structure
in the apo state. When the product is present in the active site, there is a decrease in RMSF
in loop 1, but loop 2 and 3 remain similar. As loop 1 is the shortest loop, interactions
between the product and the loops can fix the movement of loop 1 better than loop 2 or 3.
Loop 3 experienced the most changes upon glycosylation, also the longest loop among the
three. In addition, there are two Ser glycosylation sites on loop 3 and we observed the most
significant changes in loop dynamics on Ser glycosylated loop 3. In comparison, Thr has

only one glycosylation site on each loop, and Ser has one on the other two loops.

To better analyze the potential active site obstruction, we computed the time evolution of the
distance between loops and active site residues (Figure 5.5 to Figure 5.7). This was measured
as the average distance between the Ca of the loop residues to the active site residues (Cys
27, Arg 70, Gly 73 and His 60). We see that the introduction of the product in the active site
pulled all three loops closer, confirming hindrance to product exit.?!>216:225 His 60 is located
on loop 1, a loop that folds inward to introduce His 60 into the active site upon substrate
binding. A 2 to 3 A decrease of the loop 2 and 3-His 60 distance demonstrates the DszB-
HBP system experienced a similar conformational change as described in the literature. The
introduction of glycans affected these conformational changes, increasing the loop-active site
distances. The loop-active site distance increase was most significant in loop 3, where the Ser
and Thr glycosylation each led to 2 and 1 A addition of distance. In loop 1 and 2, the increase
in distance was only moderate with a 0.5 A addition for both Ser and Thr glycosylation.
This difference indicates the changes of loop hydrophobicity is a determining factor for the
degrees of active site obstruction. 50% of the loop residues have non-polar side chains,

and glycosylation increases the polarity of these residues dramatically, reducing their overall
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Figure 5.4: Root mean square fluctuation of the enzyme backbone over the MD production
phase. Loop 1 (11 residues long), 2 (16 residues long), and 3 (21 residues long) are labeled
with corresponding background color blue, red, orange.
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hydrophobicity. As a result, the three loops maximize exposure to the solvent and move
away from the active site. In loop 2, wild type DszB consists of 56.3% non-polar residues,
9% more than loop 1 and 4% more than loop 3. Therefore, a one residue glycosylation
showed the least effect on loop-active site distance distance change. Interestingly, the Ser
glycosylation system was found exhibiting a 0.5A distance increase in loop 2, yet loop 2
had no Ser-glucose attachment. The flexibility of protein structure means the dynamics of
one region can affect another. Here the increase in loop 2-active site distance is a result of

dynamic correlations.

To better understand the interaction landscape between the product and the loops, we
analyzed product-loop distances, as shown in Figure 5.8. Ser glycosylation added 2 to 3
A in all three loops, implying the potential for weaker hydrophobic interactions between
product and loops, therefore an increased likelihood of product exit from the active site.
However, Thr glycosylation only showed a significant effect on loop 2, moderately stabilizing
loop 3, while loop 1 exhibited no obvious change. One potential explanation of the better

stabilization in loop 2 is its a-helix structure in apo state.

The degree of active site obstruction was also evaluated by the change of the amount of
hydrogen-bond interactions between product and loop residues (Figure 5.9). Loop 3 is the
main loop interacting with the product, while loop 1 has no interactions and loop 2 only
interacted with the product in wild type. Glycosylation significantly decreased the number
of hydrogen bonds, with Ser glycosylation system (reduced the total number of hydrogen
bonds by 97.6%) more effective than Thr glycosylation (reduced the total number of hydrogen
bonds by 75.1%). However, the number of hydrogen bonds between product and active site
residues increased with glycosylation as shown in Figure 5.10. This suggests that the active
site residues can still interact with the closely-related substrate when DszB is glycosylated.

Hydrogen bonds were mainly formed between the side chain N of Gly 73 and the hydroxyl
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Figure 5.5: Distance between Loop 1 residues and the active site as a function of time.
Top: Distance averaged over active site residue Cys 27, Arg 70, and Gly 73, as His 60 is

only introduced to the active site upon bounded state. Bottom: Distance by each residues
separately.
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Figure 5.6: Distance between Loop 2 residues and the active site as a function of time.
Top: Distance averaged over active site residue Cys 27, Arg 70, and Gly 73, as His 60 is

only introduced to the active site upon bounded state. Bottom: Distance by each residues
separately.
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Figure 5.7: Distance between Loop 3 residues and the active site as a function of time.
Top: Distance averaged over active site residue Cys 27, Arg 70, and Gly 73, as His 60 is

only introduced to the active site upon bounded state. Bottom: Distance by each residues
separately.
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