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ABSTRACT

The use of calcium as a secondary messenger is an important aspect of many biological
pathways. Through binding calcium ions, some proteins can undergo conformation changes
required for biological activity. Understanding the mechanisms by which calcium binding and
conformation changes occur, we can better treat pathologies associated with these proteins. The
S100 protein family is highly conserved and is implicated in a number of biological systems due
to their interactions with effector proteins. These interactions are dependent on both calcium and

target protein concentrations, inducing the formation of a hydrophobic patch region.

In this work, accelerated molecular dynamics and nudged elastic band methods were
applied to investigate the calcium induced conformation pathways of the S100A6 protein.
Accelerated molecular dynamics was used in the isolation of structures suitable to act as starting
and end points in nudged elastic band pathways and in mutation studies. Multiple nudged elastic

band simulations were completed to obtain adequate sampling of the SI00A6 conformation



pathway. Pairwise distance calculations revealed distinct calcium binding site formation,
occurring in a stepwise fashion. The calculation of distance and angle of the hydrophobic patch
constituents revealed the presence of a long-lived intermediate conformation. MMGBSA
calculations allowed for the identification of K31, D50, and E67 as important residue
contributors to patch formation. Residues K31 and D50 were identified as key mechanisms
responsible for secondary structure rearrangement and stabilization. Residue E67 was identified
as a potential communication mechanism between calcium binding loops, potentially assisting in
cooperative binding. Mutation to these residues strongly supported the identified roles of these
residues. The application of SASA calculations in these mutated systems revealed significant

changes due to the absence of these residues in both apo and holo conformations.

Further, accelerated molecular dynamics and nudged elastic band methods were also
applied to the S100B system. Structural start and end points used in nudged elastic band
simulations were identified through accelerated molecular dynamics simulations. The goal of this
study was to identify mechanisms comparable to those discovered in SI00A6. Pairwise distance
calculations revealed similar yet unique pathways of calcium binding site formation due to
structural differences. The presence of a long-lived intermediate conformation was also
identified in S100B through distance and angle calculations of secondary structure elements.
MMGBSA calculations revealed mechanisms similar to those in SI00A6 that include
comparable residues. Residue K30 in S100B was identified to have remarkably similar behavior
to K31 in S100A6, having key roles in both sensing initial calcium binding and formation of the
hydrophobic patch region. Residue E52 and D55 in S100B were identified to have similar
function to D50 in SI00A6, functioning to stabilize the hydrophobic patch in conjunction with

K30. Initial review of other S100 protein systems identified residues that appear comparable to



both K31 and K30 in SIO0A6 and S100B, respectively. Further study of the S100 protein family
is vital to understanding the role of these proteins in various pathologies and we believe many of

the mechanisms identified in this work are present in other S100 proteins.
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Chapter 1: Introduction

1.1 Calcium Binding Proteins

Calcium binding is an important, integral aspect of many proteins within the body. The
binding of calcium is used in a variety of roles including homeostasis and protein utility.!
Calcium binding proteins (CaBPs) can serve to store calcium in addition to utilizing calcium as
secondary messengers.? Calcium levels within cells are highly regulated and a common effect of
signal transduction is the release of calcium from cellular stores, such as bone and sarcoplasmic
reticula.! This release of calcium can drastically alter both intracellular and extracellular levels
and promotes calcium binding by CaBPs for various use. Calcium binding in CaBPs typically
effect conformation change associated with the activation or deactivation of CaBP function and
is usually reversible.! The conformation changes associated with CaBPs allow for the proteins to
form various interactions with cellular components including other proteins, membranes, and

ligands. '

CaBPs commonly interact with calcium via motifs, or highly conserved structural
elements.* These structures utilize loops highly composed of negatively charged residues that
allow for interaction with the positively charged calcium ions.> The highly conserved nature of
motifs assists in ensuring proper binding of calcium or other metals. Damaged or mutated loops
are commonly associated with decreased binding capacity and disrupted CaBP activity.’ A
common motif observed in a wide array of proteins is the EF-hand motif which is composed of a
helix-loop-helix structure, as shown in Figure 1.1.°"8 The loop within the EF-hand motif is
primarily responsible for calcium binding and undergoes a conformation change as binding
occurs, displacing the associated helices.® This conformation change has sequential effects within

the protein as various structures are then also displaced, allowing for changes in protein activity.®



The CaBP family is extremely large, including the proteins of the annexin family,
musculoskeletal proteins such as the troponin-tropomyosin complex, and the S100 family.> " In
this work, we studied two CaBPs of the S100 family. These two proteins share both similar
structure and utility with both requiring the calcium binding associated conformation changes for

full functionalization.'%-!!

A B |
/& ;'x
Figure 1.1: Cartoon representation and diagram of EF-hand motif in the
calcium absent (A) and present (B) conformations

1.2 S100 Protein Family

S100 proteins were first discovered by B.W. Moore in 1965 and were given S100
designations as the protein constituents were soluble in 100% saturated ammonium sulfate in
neutral pH.!%!?> Many members of the S100 protein family had been discovered prior to the

identification of the family itself and also belong to the CaBP super family.'""!3 Due to this, many
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individual S100 proteins have been known under various names including S100B as NEF,
S100AS as calgranulin-A, and S100A6 as calcyclin.!! As the proteins were reclassified into the
S100 family, they were reassigned with S100- designations. Since the original identification of
the S100 protein, over 20 members within a wide range of tissues and sharing similar structural
patterns amino acid sequence have been identified within the human body.!""!* Debate exists
surrounding the classification of some S100 proteins and whether they belong to the family due
to significant structural differences despite containing elements characteristic of S100
proteins.”!*12 §100 proteins have only been observed within vertebrates but share similar roles

within non-human species.'!

Protein activation in most S100 proteins requires the binding of metal ions, typically
calcium. The roles of S100 proteins share some similarity between members and most often
function in cell growth, proliferation, differentiation, cytoskeletal dynamics and are often
associated with cell stress response.”!1121415 For example, S100B is found most highly in
neuronal cells and is known for its role in stimulating cell proliferation while preventing
differentiation and apoptosis.'® Both SI00A4 and A6 are involved in cytoskeletal dynamics.!”!®
However, these proteins also differ in some roles, with SI00A4 being involved in macrophage
activity and transcriptional regulation while S100A6 is involved in protein ubiquitination and
heat shock response.!! S100A8 functions in stimulating differentiation in both myeloid and
keratinocyte cells.!”?° S100A 10 is commonly associated with membrane activity, forming
complexes with various proteins, including annexin a2, to function in membrane repair and

trafficking of proteins.!!*! The S100 proteins share realms of functionality but are primarily



tissue and cell specific where they fulfill numerous roles.'®!? A detailed diagram of S100 protein

function is shown in Figure 1.2.%
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Figure 1.2: Outline of individual S100 protein involvement in cellular pathways. Reprinted from
“S100 Proteins in Fatty Liver Disease and Hepatocellular Carcinoma” by Delangre, E. et al. Int J
Mol Sci 23, 11030 (2022).

Extracellularly, S100 proteins are observed in various bodily fluids and secretions where
they can be used as signaling molecules or biomarkers for disease.!"!> Functioning within a
variety of pathways, especially S100B, these proteins have regulatory effects on various
tissues.!"1%23 §100 proteins are believed to have a non-classical secretion mechanism and follow
cell stress events.!! Many of the extracellular roles of S100 proteins are unproven and pose

avenues for future study.



1.2.1 Structure

A — B C-Site
C-Site
HII

HI

HIII

HIV

e

HIV
Hydrophobic
Patch

Figure 1.3: (A) Cartoon and surface representations of an S100A6 monomer in the apo
conformation. (B) Cartoon and surface representations of an SI00A6 monomer in the holo
conformation. Labels have been added colored with respect to the individual helices. (C & D)
Dimeric cartoon and surface representations of SI00A6 in the apo and holo conformations,
respectively.

S100 proteins are small (9-12 kDa) proteins containing two EF-hand motifs.!! These
motifs compose an EF-lobe which is responsible for binding two individual calcium ions.!® The
two EF-hand motifs effectively compose almost the entirety of an S100 protein. These proteins
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are composed of four helices, with the first two (HI and HII) being directly connected to the N-
terminal binding site on either site, with the remaining helices (HIII and HIV) connected to the
C-terminal binding sites in a similar manner.'> See Figures 1.3A and 1.3B for visual
representation of the generalized structural ordering of S100 proteins. Connecting the two helices
is a linker, which varies in composition between individual S100 proteins. While EF-hand motifs
are commonly antiparallelly paired, the EF-hand lobe in S100 proteins is unique. A canonical
EF-hand motif contains 12 residues associated with calcium interactions.!! While one such motif
exists in S100 proteins, a unique species of EF-hand motif is also present, the S100-hand motif.
This motif differs from the canonical motif in that it contains 14 residues and primarily interacts
with calcium via carbonyl oxygen atoms.!®!! The two binding sites are reported to have varying
calcium binding affinities.”!>** The canonical motif (cEF) is believed to have a higher affinity
for metal ions compared to the S100-hand motif (pEF).”!! It has been suggested by Otterbein et
al. that cooperative binding may be utilized by members of the S100 protein family.>* This was,
in part, due to these proteins sharing similar structural elements with proteins known to undergo
cooperative binding.?*?° However, it was stated that while there may be some evidence for

cooperativity, most models best support a two-step binding mechanism.*

While most S100 proteins are CaBPs, many do not have high binding affinities for
calcium in the absence of a binding target, a common mechanism among EF-hand proteins.”-!!:!2
This mechanism prevents the unnecessary capture of calcium which would decrease calcium
levels and potentially lead to accidental activation of S100 and disruption of other CaBP activity.

This indicates that most S100 proteins require sufficient concentrations of calcium and target

binding proteins. However, SIO0A10 acts as an exception to this mechanism. S100A10 cannot



interact with calcium ions, making the protein activity calcium independent and solely reliant

upon its target interaction partner. !

1.2.2 Calcium Induced Conformation Change

Upon binding calcium, the primary conformation change is associated with a turn of HIII
and the formation of a hydrophobic patch. This patch typically consists of residues in the regions
of the linker, HIII, and HIV. Within the apo conformation, HIII rests roughly perpendicular to
HIV and sharing hydrophobic interactions, as shown in Figures 1.3A and 1.3C. While the
composition of the linker region does vary between proteins, the linker region itself is typically
proximal to the point where HIII and HIV interact.”!!?* These sets of interactions represent the
closed state of the hydrophobic patch. As the conformation change occurs, HIII undergoes a
large turn, typically turning around 90°, while HIV remains primarily fixed in space, as shown in
Figures 1.3B and 1.3D."!":1527 The linker region of the proteins also adjusts, shifting away from
HIV. These changes allow for interactions between the patch and various partner proteins. The
composition of the patch residue, including the linker, is key to determining what partners the

protein can bind with.’

Unlike with the cEF, the pEF does not undergo such significant movement as it typically
rests in a fixed, open conformation. Instead, the effect of calcium binding here is less clear, but it
is believed to play a role in anchoring various protein structures throughout the conformation.>?
Within both apo and holo conformations, the pEF and cEF binding loops interact. However, this
interaction differs between the apo and holo conformations, with a decrease in interactions

commonly being observed as the conformation change occurs.?* Upon turning, HIII is positioned



alongside HII, which likely functions to assist in stabilizing the position of both HIII and the

linker. Due to the lack of clarity, the function of the pEF remains an avenue for research.

1.2.3 Dimerization

S100 proteins are most commonly found in a dimerized state, and typically in a
homodimeric state although some S100 proteins are known to be capable of forming
heterodimers with other proteins.?® S100G is an exception to this, as it has only been observed in
the monomeric state.!' S100 homodimers are typically connected via non-covalent bonds
between HI-HI and HIV-HIV of either monomer, M1 and M2. In these conformations, calcium
binding occurs on either end of the dimer and results in the formation of two, identical
hydrophobic patches. However, the formation of one hydrophobic patch is not reliant upon the

formation of both, meaning that patch formation can be independent of the opposing monomer.

The formation of heterodimers is common in S100 proteins, with SI00A8/A9 commonly
being observed in addition to SI00A6/B also being observed.*? Unlike the formation of
homodimers, which typically allow for the canonical function of each S100 protein, the
formation of heterodimers is accompanied by altered functionality. For example, SIO0AS and

S100A9 have antagonistic roles regarding cell differentiation in their homodimeric forms but



function in fatty acid transportation, oxidative and phagocytic activity, and cytoskeleton

d 11,20,31,32

dynamics when combine

Figure 1.4: Cartoon representation of an S100A4/Annexin A2 heterotetramer. Annexin
monomers are colored blue and cyan. S100 monomers are colored green and purple.

An important aspect of S100 proteins is the formation of heterocomplexes, like in the
case of SIO0A10 and annexin A2. This complex consists of homodimeric SI00A10 with each
monomer being bound to an individual annexin A2 monomer. This results in the formation of a
heterotetramer which, as previously described, functions in membrane dynamics.*>3* As
observed in Figure 1.4, SI00A4 is capable of similar heterotetramer formation.*> This

characteristic is common among many S100 proteins and allows for the proper functionality.

1.2.4 S100 Proteins in Disease

S100 proteins are implicated in a wide range of diseases.”!!*%37 Given their wide ranges
of functions regarding cell proliferation, migration, and stress response, alteration to protein

function can have detrimental health consequences. Some S100 proteins have been identified as



having non-redundant functions, namely SIO0AS8 in which gene deletion was observed to result
in embryonic death.*® Most other proteins are heavily implicated in a wide array of cancers and
other diseases. While almost all S100 proteins are involved in one disease or another, the type of
disease typically differs relating back to tissue specificity of the proteins themselves. For
example, deficiencies of SI00A1, which is most commonly associated with heart tissues, are

related to poor cardiovascular health and heart failure.*

S100 proteins associated with cell migration and cytoskeletal dynamics are also
commonly upregulated within many cancers, such as SI00A4 and S100A6.4* Several S100
proteins are implicated as having roles in breast cancers. SI00A7 is often upregulated in some
breast cancers while also reducing cell proliferation, while both SI00A8 and S100A9 have been
associated with poor prognoses.** ¢ S100 proteins also commonly interact with or regulate p53,

often altering the effectiveness of its tumor suppressing functionality.”!!47-50

Given the presence of S100 proteins in many diseases, they are often used clinically as a
biomarker for their associated diseases.!!"'* The most well-known example of an S100 protein
being used as a biomarker is with S100B and a number of neurological disorders.?*-*® S100B
concentrations are often used in determining prognoses, such as with elevated levels being
associated with a poor prognosis after a subarachnoid hemorrhage.'®>! S100A8, S100A9, and
S100A12 are other commonly used biomarkers and can distinguish between forms of arthritis,
with the ST00A8/A9 heterodimer itself being used in identifying erosive disease and determining
prognoses.'979% Additionally, SI00A 12 can be used in identifying several lung pathologies and
can be used to indicate prognoses.”>*® S100 proteins as biomarkers are powerful tools in clinical

settings and may prove to be key in the treatment of many pathologies.
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1.2.5 Protein Interactions

As previously discussed, the formation of interactions between S100 proteins and various
proteins are an important aspect of S100 function. Given that shape determines function within
protein systems, varied composition within the hydrophobic patch, and thus varied shape, is an
important regulator for determining what a S100 protein can interact with. This variety is most
commonly found within the linker which is typically observed to have the highest levels of
composition differences between S100 proteins.>” Many of these proteins bind via burying a
small peptide sequence within the hydrophobic patch. However, this is not the case for all S100
interacting proteins. One such protein is the receptor for advanced glycation end products

complex (RAGE). >80

RAGE proteins are important interaction partners for many S100 proteins, such as
S100A6, S100B, and S100P.!" S100A6 and S100B have been observed to interact with RAGE
proteins via the C-terminal binding loop and C-terminal residues of HIV rather than the
hydrophobic patch alone.’®® However, some variation has been observed between the regions
with which either of these S100 protein interacts. Conversely, S100P has been observed to
interact with RAGE via a more canonical mechanism in which interactions form between RAGE
and the linker region of S100P.! While these interactions may vary between S100 proteins, this
is also due to the conformation of the complex containing the S100 protein. For example, the
regions available for interaction will differ in the case of an S100 protein existing as a
homodimer or as a tetrameric complex. These complexes significantly affect the affinity of target
proteins as in the case of S100B, which has a very strong affinity for RAGE when found
extracellularly in a tetrameric complex.®? S100 proteins are diverse in both proteins they interact

with and how these interactions occur.
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1.2.6 10046

Unlike many other S100 proteins, SI00A6 has been observed within most tissue types
but primarily resides in fibroblasts and epithelial tissues.'®*” SI00A6 expression has been
observed in neural and muscular tissues. Interactions between effector proteins and SI00A6 are
key to the biological roles of SIO0A6 and link S100A6 to specific roles. Intracellularly, SI00A6
primarily exists within the cytoplasm where it interacts with a wide array of proteins including

tropomyosin, cofilin-1, and a number of proteins relating to cytoskeletal dynamics.?’

Reports indicate that SI00A6 is also involved in nuclear activity.?”*” Interactions
between S100A6 and Lamin A/C, importin a, and ribosomal S6 kinase 1 are believed to regulate
chromatin organization, nuclear transport, and cell proliferation via cell cycle regulation,
respectively.?’3743:63 Like other S100 proteins, SI00A6 is known to interact with several annexin
proteins, namely annexin A1, A2, A6, and A11, where they are involved in membrane associated
roles including secretion and endocytosis.!! SI00A6 has also been reported to function in a
protein chaperone capacity. The proteins to which this function has been linked to are primarily
associated with cellular stress response and include many of the proteins that interact with Hsp70
and Hsp90.4%° Although there is less documentation surrounding the extracellular functions of
S100A6, it is known that these proteins are used for a number of signaling processes resulting in
various secretory events. These include the release of insulin and histamine from pancreatic and

mast cells, respectively.'®

Structurally, SIO0A6 proteins are small (10-12 kDa) and similar to most other S100
proteins and are typically found homodimerized. SI00A6 contains two EF-hand motifs, one
canonical motif and one s100-hand motif.?* In humans S100A6 contains 90 residues, with slight
variations in length observed in non-human vertebrates. The pEF is comprised of HI and HII
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which connect to the N-terminal binding site. The cEF, responsible for the most significant
conformation change, contains HIII and HIV which surround the C-terminal binding site. These
motifs are connected via a linker region containing 8-9 residues. Upon calcium binding, HIII
undergoes a turn of roughly 86°.2* This turn also results in the linker region swinging away from
the core of the protein and reveals a large hydrophobic patch with which other proteins can
interact. SI00AG6 is known to interact with other metal ions, commonly zinc, but the resulting

changes are believed to differ from calcium binding and are not as well understood.

S100A6 is heavily involved in several cancers, including pancreatic and gastric cancers,
carcinomas, and melanomas.>”%¢"%® In many of these cancers, the expression of SI00A6
correlates directly with the properties of the cancer itself, including tumor size and metastasis.
The functions of S100A6 associated with cell proliferation, growth, and motility are directly
attributed to its role within these cancers in which it is typically upregulated. However, it is
unknown whether this overexpression is a result of the immune response, or if it is by cancer
cells to assist in proliferation. Reportedly, knockout of SI00A6 was observed to result in the
relief of symptoms associated with the cancers. However, SI00A6 was recently linked to the
regulation of hematopoietic stem cells (HSC), and it is believed that ST00A6 regulation of Hsp90
activity has indirect, downstream effects relating to the p-Akt pathway.®® In the event of S100A6
loss, it was reported that one of many consequences involved a decrease in HSC viability
alongside various other effects associated with increased apoptotic activity, including decreased
mitochondrial metabolism. These results and the detection of S100A6 in other various cancer

stem cells do suggest that ST00AG6 is directly involved in and contributing to many cancers.

Non-cancerous pathologies have also been identified to result in elevated levels of

S100A6. Many of these diseases are related to fibroblasts, in which S1I00A6 proteins are known
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to localize in.>” However, SI00A6 is also implicated in several neurodegenerative diseases as a
result of its link to astrogliosis. In many of the described pathological related cases, SI00A6 is
often used as a biomarker for both detection and prognosis determination. Clinically, the

detection of increased levels of SI00A6 often correlates to the progression of the pathology.

1.2.7 S100B

S100B is one of the most well studied S100 proteins. This protein localizes primarily in
cells of the nervous system where it functions in enhancing cell proliferation and migration in
addition to inhibiting differentiation and apoptosis.'! S100B proteins act both intracellularly and
extracellularly. Intracellularly, S100B is known to interact with several binding partners to effect
function. Some of these partners include annexins A2 and A6, p53, and a number of cytoskeletal
elements including caldesmon and type III intermediate filaments.!!!® Many of these interactions
serve roles associated with cytoskeletal dynamics and protein phosphorylation. S100B is also

believed to be a key regulator of calcium homeostasis in many nervous system cells.*®7
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Figure 1.5: (A) Cartoon and surface representations of an S100B monomer in the apo
conformation. (B) Cartoon and surface representations of an S100B monomer in the holo
conformation. Labels have been added and colored with respect to the individual helices. (C &
D) Dimeric cartoon and surface representations of S100B in the apo and holo conformations,
respectively.

Extracellularly, S100B has been linked to activity associated with astrocyte proliferation
and apoptosis, neuronal apoptosis, neurite extension, and peripheral nerve regeneration.!'’-"!
While the mechanisms by which the described activity occurs are not known in all cases, S100B

proteins are understood to be instrumental in maintaining proper neural function. Reportedly,

S100B proteins are linked to cognitive behavior.'® However, the exact mechanism by which
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S100B affects behavior is unknown but faces continued research. Like S1I00A6, S100B is known
to interact with RAGE proteins and a significant portion of S100B extracellular activity is

attributed to RAGE-dependent pathways.®

S100B contains similar structural characteristics to most other S100 proteins, containing
pEF and cEF motifs connected via a linker region.”” The pEF itself is composed of two helices,
HI and HII, surrounding the N-terminal binding site. The cEF is composed of the remaining
helices, HIII and HIV, surrounding the C-terminal binding site. The primary conformation
change associated with calcium binding in S100B is the turn of HIII, as with most other S100
proteins despite somewhat varied composition. This turn, between 80-90°, allows for the
interaction with many proteins. '¢. The linker region is similar in both location and function
while being composed of a unique residue composition, as is characteristic of S100 proteins.

72

However, this linker region has been observed to form a short helix in the absence of calcium.

A detailed overview of S100B is shown in Figure 1.5.

S100B is widely reported as being involved in many pathologies, including cancers and
neurodegenerative disorders in addition to traumatic brain injuries.?*!7* Given the high
localization of S100B in nervous tissue, it is only logical that many of these pathologies pertain
to the nervous system as well. These include Parkinson’s disease, Alzheimer’s disease,
schizophrenia, and multiple sclerosis. However, S100B is implicated in some non-neurological
pathologies such as diabetes or cardiomyopathy. S100B is often used in clinical evaluations for
patients exhibiting symptoms of these pathologies. However, the role S100B proteins play in
these cases is not completely understood and it can be difficult to ascertain whether S100B level

fluctuation due to release from damaged cells or as a response by the body. While not involved in
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as many cancers as some S100 proteins, S100B has been implicated in both cutaneous

melanomas and breast cancers.”*”
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Chapter 2: Computational Methodology

2.1 Molecular Dynamics

In the study of proteins, it is well known that the function of a protein is reliant upon the
structure of the protein itself. However, direct visualization and characterization of proteins can
be difficult and prohibitively expensive. Due to this, computational methods have become a
powerful instrument in providing insight in understanding protein function. Conventional
molecular dynamics (¢cMD) has become of the more frequently used methods, utilizing known
structures and classical mechanics to approximate conformation changes.’®’” Conventional
molecular dynamics treats atoms, or groups of atoms, as beads connected via springs. Motion in

these systems is derived from Newton’s second law of motion as described in Equation 2.1

Equation
2.1

F =ma

where force (F) is equal to mass (m) times its acceleration (a). In molecular dynamics

simulations, forces are derived as gradients of the potential energy using force fields.

v
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This equation describes a generalized potential energy function to characterize proteins and other
large biomolecular systems. Potential energy itself is determined by terms representing bonded
and non-bonded interactions. The bonded terms typically include bond length, angle, and
dihedral angles terms. The bonds term is responsible for energy associated with changes in bond
lengths, treating Ky as the force constant and b-bo as the changes in length where bo acts as
reference. The angle term calculates changes in bond angle in reference to 0o, treating Ko as the
angular force constant. Potential energy associated with dihedral angles are described as periodic
in which V, and n represent barrier height and periodicity, respectively. The angle between
planes is represented by y, with ¢ representing the phase shift angle. The non-bonded terms
typically describe electrostatic, van der Waals, and repulsive terms, with the latter two typically
being combined. Electrostatic interactions are typically calculated according to Coulomb’s law
which summates interactions between charges q; and q; within rj; distance. The dielectric constant
is also included in this term as &j. The Lennard-Jones potential is used as a combination of van
der Waals and repulsive interactions and calculation utilizes the depth of the energy well, €j;,

distance between atoms, rij, and the distance where the potential energy is zero, Rumin,jj.

The goal of cMD simulations is to watch biomolecular systems evolve over time. Thus,
the system must constantly calculate these forces as the system changes. These simulations
usually follow a similar sequence of calculation. Initially, systems must be defined according to
atomic positions and initial velocities. The forces on each atom are then calculated according to
their interactions with neighboring atoms. The calculated acceleration is applied to the atoms

velocity, resulting in a new position and velocity at t + dt, with dt being the fixed time-step.

These timesteps are typically very short, with AMBER using a 1 femtosecond (fs)

timestep, to avoid issues relating to instability of light atoms, such as hydrogen.”® Short timesteps
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do often limit the ability of a system to undergo large conformation changes as access to
compute time is often limited. However, many of these programs incorporate various methods
that allow for increased timesteps. For example, simulations using AMBER can utilize the
SHAKE algorithm and hydrogen mass repartitioning (HMR) to expedite simulation speed and
allow for larger changes within the system to be observed.”®® The SHAKE algorithm functions
by applying constraints on light atoms that prevent them from moving too fast and becoming
unstable, permitting a timestep of 2 fs. HMR functionality is such that mass from larger atoms,
such as carbon, are taken and given to hydrogen atoms.” The increased mass assists in
preventing hydrogen instability. HMR has been shown to reproduce conformation changes
within many biomolecular systems while also allowing for a 4 fs timestep when used in
conjunction with the SHAKE algorithm.”®" There are many force fields used in cMD
simulations but some of the more commonly used force fields are those of AMBER, CHARMM,
and GROMOS.”38:82 The AMBER suite of programs and associated all-atomic force field,

ff19sb, were used.”®%3

2.2 Accelerated Molecular Dynamics

Given the difficulties in simulating large conformation changes using cMD, various
methods have been designed to assist in this process. The previously described SHAKE
algorithm and HMR are effective, but still exhibit some difficulty in characterizing conformation
changes requiring simulations requiring upwards of a microsecond.”®*® Accelerated molecular
dynamics (aMD) is a branch of cMD developed to assist in simulating system that require
significant compute time.** In aMD, a boosted potential is applied to systems of interest, in

which the boost can be applied to the total and dihedral potential.** This is accomplished using
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boost parameters partially derived from ¢cMD simulations. The boosted potential is calculated in

accordance with the following equation.

(E—-U(®))? Equation

MO = rE—umy 2.3

Included in these calculations are the total biased potential, AU(r), boost threshold, E, unbiased
potential U(r), and the boost factor, a. Calculating the boost for dihedral populations utilizes a
very similar equation with the only differences being that unbiased dihedral energy is used,
instead of total potential energy, in addition to a dihedral specific boost factor. Guidelines have
been established to assist in reasonable calculation of the energy thresholds and boost factors.

The calculations for these are described in the following equations.

Equation

Eor = U(r) + (0.16 kcal mol™ atom™ * ngpoms) 24
Equation

a = 0.16 kcal mol™t atom™ * ngpoms 2.5
Equation

Egin = U(M)gin + (4 kcal mol™! residue™! x ngy;) 26
Equation

agin = (1/5) * (4 kcal mol™* residue™ * ngy;) 2.7

These calculations include U(r), unbiased total potential energy, natoms, the number of atoms
present in the system, nso1, number of solute residues. The first two of these equations are used in
establishing boost parameters for the total potential energy. Calculations for the dihedral energy
boost are described by the two remaining equations. All aMD simulations completed in this work

followed these guidelines in the calculation of boost parameters.
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The boosted potential is not applied under all conditions, but rather, it serves to prevent
the system from falling into energy wells. This permits the system to more easily traverse the
energy landscape. Due to this, conformation changes must be viewed as independent of time as
systems may not follow established timeframes. The protocol by which aMD is applied is

described by the following function.

U(r), Ur)=E Equation
Uiy = {U(r) +AUG), U(r) <E 28
The modified potential is represented by U"(r), with U(r), the unbiased potential, AU(r),
the boost to potential, and E, the energy threshold, also being represented here. When the system
falls below the calculated threshold, the system applies the boost to the potential. The primary
use of aMD is to survey the possible conformations of biomolecular systems. The ease with
which these systems can progress through conformations allows for the study of conformation
changes previously inaccessible to us. aMD can also be applied to smaller systems. For the
structural characterization of protein structures, they are typically crystallized, resulting in tight
packing useful for imaging. However, this packing can deform proteins from their physiological
shape. aMD provides a tool to return protein structure to more physiologically relevant
conditions. Measuring the tendency of the protein to rest within specific states can indicate

increased stability.
2.3 Molecular Dynamics Simulation Details

2.3.1 System preparation

Simulations utilizing cMD require preparation prior to completing final simulations.
Initially individual structures must be identified for each system of interest. While some
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structures contain missing regions that require additional preparation, this was not needed in this
work. However, in some systems, PyMol was used in the application of point mutations.®’
Hydrogen atoms are then removed from the system to prevent issues regarding the AMBER
naming.”® TLEaP, native to AMBER, was used in the preparation of topology and coordinate
files and was also responsible for adding missing hydrogens according to the residue database.”®
These files contain the raw coordinates of atoms and their associations required for simulation.
The systems were then solvated with water alongside sodium and chlorine ions to establish

physiological conditions.

Due to these conditions in which systems are simulated in, it would typically be
inevitable that water or any of the various ions would escape physiologically relevant bounds.
Increasing the system size would also increase the compute requirements for the system,
reducing the speed at which a simulation progresses. The introduction of a strict box would result
in issues regarding temperature and pressure regulation. In these simulations, periodic bounds are
used to solve this issue. These bounds work by introducing a defined boundary around the
system, with a 10 A non-bonded cutoff being used here. In the case of a water molecule crossing
the bounds, it is then wrapped around to the opposite side of the box. This allows for the system
to act as if it has infinite bounds and prevents solvent escape. While the application of periodic
bound conditions is useful, it introduces challenges associated with handling long-range
electrostatic interactions. However, the use of the Particle mesh Ewald method effectively

manages these challenges.
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2.3.2 Minimization

Prepared systems underwent energy minimization, reducing strain and removing
problematic contacts present in the initial structures. In all simulations, minimizations were
completed over two stages. In the first stage, the protein itself was kept constrained for 10,000
steps of minimization. The steepest descent method was used for the first 5,000 steps, with the
remaining steps utilizing the conjugate gradient method. In the second stage, the entire system
was allowed to minimize over 1000 steps. The first 500 steps utilized the steepest descent
method, with the remaining steps using the conjugate gradient method. From these

minimizations, we obtained restart and trajectory files necessary for further simulation.

2.3.3 System Warming

The process of system warming allows for the system to reach physiological
temperatures and assists in equilibration. This was completed over 25,000 steps, in which the
system is raised from 0 K to 300 K. Heating occurred gradually, to prevent the formation of
pockets within the solvent and maintain an even transition to physiological temperatures. The
protein structure was held fixed in this process, leaving solvent molecules unrestrained. This
process utilized a 1 fs timestep to reduce any instability resulting from the heating protocol. The

final coordinates and restart file were used in the next step.
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2.3.4 Constant Pressure Dynamics (NPT)

NPT steps were conducted to allow for further equilibration. NPT simulations utilize
fixed moles (N), pressure (P), and temperature (T) and allow for the density equilibration of the
system. When solvent molecules are added, this is done randomly within the defined boundaries.
This can result in uneven distribution of molecules. In this protocol, the volume of the system
can fluctuate to facilitate a more even distribution. Two steps of NPT simulations were
completed, totaling 200,000 steps at a 1 fs timestep. The coordinate and restart files created in

these steps were used in running production simulations of the system.

2.3.5 Constant Volume Dynamics (NVT)

NVT simulations were completed once density equilibration was complete. These
simulations are similar to that of NPT simulations, except moles (N), volume (V), and
temperature (T) are held fixed, allowing for pressure variation. These simulations consisted of
10,000,000 steps at a 2fs timestep, or 20 nanoseconds (ns), of simulation time in each stage. The
number of stages can be increased or decreased depending on the desired simulation length. The
SHAKE algorithm was used in these simulations to allow for the aforementioned 2 fs timestep.
Further, it is within this step that aMD and cMD simulations diverge. Given that aMD requires
parameters obtained from cMD simulations, 50 ns cMD simulations were completed. Once the
parameters were obtained and boost parameters were calculated, the aMD simulations could start

over in this step. These simulations were used to obtain trajectories utilized in data analysis.
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2.4 Nudged Elastic Band

Conventional and accelerated molecular dynamics are both advantageous in observing
protein dynamics due to the lack of a defined end-state, allowing for the system to evolve in an
unbiased manner. However, they can prove difficult when one wants to study a specific
conformation change. The nudged elastic band method (NEB) provides a strong tool to directly
study the transition of a structure between two states and is derived from the plain elastic band
method (PEB).#%%7 PEB simulations functioned as an attempt to identify the lowest energy paths
between structures. However, this method was inclined to produce pathways that cut corners in
the energy landscape.®® The NEB method was developed as a fix to this issue and avoids it by

applying spring forces perpendicular to the tangent of the path.

NEB simulations are most highly utilized in the observation of small molecules where it
is possible to use more computationally demanding but more accurate methodologies. However,
it is possible to complete NEB simulations using programs native to AMBER.”® While these
NEB simulations are typically more restricted to small molecule systems, it does provide an

avenue to assist in characterizing larger systems, such as proteins.

Typically, the NEB method requires both starting and endpoints in addition to
hypothesized structures along the pathway. This method treats these structures as images and
distributes them along a path between two points. Within AMBER, the implementation of
simulated annealing permits the use of starting and endpoints only.’”® In this method, the first half
of the images are all identical to the starting structure with the second half being identical to the
endpoint. By connecting the images with springs, simulated annealing can permit the images to

explore conformational space without images evolving independently due to being tethered by
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the starting and end points. The springs prevent the images from falling back down into energy

minima and maintain even distribution.

The connection of images by springs is a critical aspect of the NEB method and allows
for the path to be accurately approximated. The spring forces exerted upon the images have

parallel and perpendicular components.

Equation

FNEB _— F|| + Fi 29
Equation

FU' = [(kip1|Pyr — Pyl = kil P — Pioy) * ]t 2.10
Equation

Ft= —VU(P) + (VU(P) * 7)T 2.11

The equations above calculate the forces, F, acting on each image, i, in both parallel, F I, and
perpendicular, F*, directions. Included in these calculations are the 3N-dimensional vectors of
the images, the spring constant, ki, between each image, i-1, and image 1, with t describing the
3N-dimensional tangent unit vector of the path. The potential energy of the system, as described

by the force field, contributes to these calculations as U.

While spring constants are often fixed, they can be scaled to allow for higher resolution
transition states. In this work, all NEB simulations utilized scaled spring constants. This method
utilizes a climbing image technique in which all springs scale in reference to the highest energy

image. This is described by the following equation.

ki = {kmax - Ak(Emax - Ei)/(Emax - Eref' Ei > Eref Equation
L kmax — Ak, E; < Eref 2.12
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The application of scaled spring constant is relatively insensitive to the magnitude of the spring
constant, ensuring proper application of the scaled spring force as needed.”® The generalized
Born implicit solvation model is reported to provide a good approximation to explicit solvent
calculations and was used in all NEB simulation included in this work. This allowed for reduced

computation time and complexity regarding the conformation path.
2.5 NEB Simulation Details

2.5.1 Minimization

Minimizations were completed on both starting and ending structures used in the NEB
simulations. The minimization protocol in this work is derived from previous systems studied
using the NEB pathway.®® Two stages of minimization were completed for each structure, the
first of which held all atoms restrained except hydrogen. This was completed over 10,000 steps,
split evenly between steepest descent, then conjugate gradient methods. The second stage
minimization held no atoms restrained, allowing the problematic contacts and strain to be fully
relieved. The structures obtained from these minimizations were then used in further

equilibration steps.

2.5.2 Heating & equilibration

Once minimizations were completed, the images were distributed between the starting
and ending images of the path. There were 30 images placed between the points at either end,
with a total of 32 images present. The protocol for simulated annealing dictates that, in total, 16
images of both the starting and ending structure are placed. The first 16 are composed of the
starting structure while the remaining are composed of the ending structure. These structures
were heating from 0 K to 300 K over 40,000 steps at a 0.5 fs timestep. The systems then undergo
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further equilibration to ensure that the remaining structures have no unresolved issues. This

allows for a smooth transition into simulated annealing.

2.5.3 Simulated Annealing

The process of simulated annealing increases the temperature of the systems much higher
than observed under physiological conditions. This step allows for the structures to freely
conform and sample the conformation space. However, the attachment of these structures to the
endpoints acts as a tether, ensuring the structure remains on the path between starting and ending
conformations. This step requires the most computational time to ensure that the structures have
ample time to explore the landscape. The temperature was raised in increments of 100 K, starting
at 300 K, in steps of 100,000 until the system reached 500 K. The system was held at 500 K for

100,000 steps before returning to 300 K at which it was held for another 100,000 steps.

2.5.4 Cooling

Cooling the system allows for the isolation of structures along the path as they are
returned to local minima. Cooling occurred over two stages. The first stage of cooling reduced
the temperature of each structure by increments of 50 K before being allowed to equilibrate for a
short period. This process was repeated until the temperature of the systems reached 0 K. The
second stage of cooling utilized the quenched velocity method, ensuring that structure energies

were properly minimized. The structures identified here were used in further data analysis.
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2.6 Data Analysis

All structural visualization and preparation were completed using PyMol and TLEaP.”8%
Trajectory analysis was completed using CPPTRAJ, MDAnalysis, and NumPy modules.® % The
matplotlib module was used for plotting and creating figures.”> The Molecular Nodes plugin for

Blender was used to create structural figures of each system.”*
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Chapter 3: Characterization of Calcium Induced Conformation Changes and Hydrophobic

Patch Formation in S10046

3.1 Background

The major protein conformation associated with S100 proteins is the turn of HIII upon
calcium binding. However, the many mechanisms by which this process occurs have not been
completely characterized. A previous study by Okazaki et al. included an investigation into the
S100A6 conformation change.’” In that work, a coarse-grained simulation was completed that
allowed for the description of the pathway between apo and holo states. It was reported that, as
the system progressed, native contacts involving HIII within the apo state were broken before
contacts native to the holo state formed, occurring sequentially. The general motion of HIII was
also described as a shearing motion. While this work contributed significantly to the
understanding of S100 protein conformation change, it did not completely describe mechanisms
responsible for the change itself. The use of coarse-grained models are a powerful method to
simulate large conformations quickly by sacrificing system resolution for simulation speed.
While this method is known to produce accurate results regarding large-scale conformation

changes, interactions between residues are effectively indescribable.

Given that EF-hand motifs have been reported as potentially using cooperative binding,
Otterbein et al. has suggested E67 as a potential mechanism for this in SI00A6.%* It was reported
that E67 forms interactions between both solvent water molecules and residues of the C-terminal
binding site, assisting in interactions between water and Ca** ions. While these interactions were
only suggested to play a role in cooperative binding, further study may allow for better

elucidation of the mechanism by which S100A6 conforms upon calcium binding. In this work,



we present the results of a work using the NEB and aMD methods to study the Ca**-induced
conformation change of SI00A6. To the best of our knowledge, neither NEB nor aMD methods
have been applied to this system. Specifically, we sought to understand the conformation change

of HIII and how various residues, including E67, contribute to the pathway.
3.2 Computational Methods

3.2.1 System Details

Accelerated molecular dynamics and NEB simulations were used in conjunction to study
the SI00A6 system. Previously completed work in our lab uncovered difficulties associated with
simulating S100A6 using only cMD. In that work, cMD proved unreliable to simulate the
conformation change itself or to maintain known conformations. Thus, aMD was chosen as it
proved more reliable in maintaining patch formation. To identify conformations suitable to act as
the starting and ending structures of the pathway, aMD simulations were completed on S100A6
PDB crystal structures in both apo (1K9P) and holo (1K9K) conformations.** Principal
component analysis coupled with a kernel density estimate were used to identify the most
representative structures in a reduced space, using the first two principal components. The
regions with the highest sampling of similar structures are believed to be the most stable and
therefore more representative of the physiological forms of S100A6. From this, we identified

structures most representative of the apo and holo conformations.
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3.2.2 Simulation Details

The aMD simulations were conducted utilizing the previously described protocol and
force field. Unlike with the NEB simulations, an explicit solvent was used here. The OPC water
box and 12-6 OPC ion parameters were utilized in this solvent. 200 ns of production simulation
were completed for each aMD simulation, allowing ample time for the system to sample
conformation space. Structures isolated from these simulations were then minimized and passed
along to the NEB simulation protocol. The starting and ending structures are shown in Figure

3.1, represented by blue and orange points, respectively.
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Figure 3.1: Diagram of the first two principal components combined with a KDE. The chosen
apo and holo conformations are displayed as blue and orange dots, respectively.
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NEB simulations were completed to characterize the pathway between apo and holo
S100A6 conformations. Differences between initial velocities of atoms are capable of biasing
results of MD simulations. To avoid this, these NEB simulations were completed in pentaplicate
to ensure the validity of simulation results. As ion behavior often proves unreliable in implicit
solvent models, NEB simulations completed in this work were done so in the absence of Ca**

jions.”®

3.2.3 Mutated Simulation Details

To better understand the role of specific residues, point mutations were utilized to
characterize the effect of their absence. These residues are K31, E67, and D50, which were all
mutated to alanine. Simulations were conducted for each of these systems in which both apo and
holo conformations were simulated independently. This allowed us to characterize the effects of
the residue at either end of the pathway. Additional simulations were completed using non-
mutated structures to provide a reasonable comparison to determine any changes associated with

the mutations.
3.3 Results

3.3.1 Ca’" Binding Site Formation

The primary conformation changes of interest, in SI00A6, results from the binding of
Ca”' to binding sites. Given that our simulations were completed in the absence of Ca**, we
calculated the pairwise distance between known Ca** binding atoms as a proxy for binding site
formation. To identify these atoms, the holo-PDB structure (1K9K) was used. The atoms used in

the calculation for the pEF were S20@0, G24@0, D25@0, T28@O0, E33@OE1, E33@OE2.
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The atoms used in the calculation for the cEF were D61@OD1, D61 @0OD2, N63@OD1,

D65@OD2, E67@0, E72@OE1, E72@OE?2.
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Figure 3.2: (A) Average pairwise distance between Ca®" binding atoms in both pEF (orange) and
cEF (blue) binding loops in SI00A6. (B1-4) Cartoon and surface representations of the structures
throughout the path. (C) Distances (black) and angles (red) between HIII and HIV throughout the
pathway in S100A6.

Variability in binding site formation between the pEF and cEF was observed. While both
sites were observed to form in a stepwise fashion, the cEF exhibited more steps than with the
pEF, as shown in Figure 3.2A. The cEF site appeared to contain three distinct periods in which

the system rapidly progressed towards formation. These were located near the beginning, middle,
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and end of the pathways, with two relatively stable intermediate stages being observed.
Conversely, the pEF was observed to have only two periods of rapid formation progress which
occurred in the middle and end of the path. While it is unclear whether cooperative binding is
present from this evidence alone, the presence of concerted motion at the middle and end of the
formation pathways does lend itself to supporting this theory. However, further evidence would
be required for it to be conclusive and the lack of concerted motion at the beginning supports a

two-step mechanism.
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Figure 3.3: Plot of the distance between each oxygen atom and the average pairwise distance
between Ca2+ coordinating atoms within the cEF binding site. The oxygens are colored
according to each residue: Backbone (red), OE1 (Blue), OE2 (orange), OD1 (purple), OD2
(green), OH (yellow), and OG (cyan). Known Ca2+ interacting residues are underlined.
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The oxygen atoms of both the pEF and cEF were tracked throughout the pathway in their
relation to the average pairwise distance to characterize their potential contribution to binding
site formation. These results of the tracked oxygen atoms within the cEF are displayed in Figure
3.3. We see that, within the cEF, a number of residues gradually progress towards site formation
at different stages which are representative of the three stages observed in Figures 3.2A.
Namely, D61 and E72 undergo rearrangements early in the path, resulting in the average
pairwise distance decreasing by 2 A. While not included in the average pairwise distance
calculation, residue R62 was observed to shift towards the binding site. R62 is positioned on the
distal side of HIII, away from the binding site, but contributes to a series of residue interactions.
It may also partially contribute to the formation of the hydrophobic patch, but the exact role of
R62 is unclear. A brief period of relative stability followed this initial period of progress. In this

stable period, less movement of the residues was observed.

The second period of movement followed the stabilized period and initially consisted of
slow shifting by multiple residues. A larger set of shifts also occurred within this period of
movement due to a rotation within the binding loop. Overall, a decrease of 3.5 A in average
pairwise distance was observed. The residues of D61-Q66 all exhibited some capacity to rotate
away from the binding site while residues E67-Q71 were all observed to rotate towards the
binding site. The exception to this was residue E72, which remained primarily stationary
throughout the pathway and instead of moving in relation to the binding site, the binding site
moved in relation to this residue. One of the most significant shifts within the cEF belonged to

Q66. It was observed that Q66 rotated through the cEF binding site to reach its final position.
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Figure 3.4: Plot of the distance between each oxygen atom and the average pairwise distance
between Ca2+ coordinating atoms within the pEF binding site. The oxygens are colored
according to each residue: Backbone (red), OE1 (Blue), OE2 (orange), OD1 (purple), OD2
(green), OH (yellow), and OG (cyan). Known Ca?" interacting residues are underlined.

Interestingly, this rotation itself and second period of stability appeared to assist in
positioning the binding loop to prepare it for the final period of movement. Specifically, the
binding loop was observed to roll over and form interactions with HIII during this period. The
final period of movement consisted of condensing movement of the entire loop itself. Many of

the residues contributing to this movement were already shifting but began to move more in




concert with surrounding residues, leading to a decrease of another 3.5 A in average pairwise

distance.

Conversely, the pEF was observed to be much more positionally stable, as shown in
Figure 3.4. Unlike with the cEF, the pEF exhibited initial stability. During this period, very little
movement was observed in the majority of the residues. However, the residues of T28 and E23
were observed to undergo slight readjustments. E23, specifically, appeared relatively unstable as
it interacted with a residue complex including both R22 and E33. Residue R22 has been
observed to contribute to some RAGE interactions, and it is possible that this complex of
residues is also involved but the extent is unknown.>® However, in S100A6, this residue complex
appeared to directly contribute to the stability of the pEF binding loop. The first major change
within the pEF consisted of E33 shifting away from this complex. Once this shift occurred, the
binding loop was observed to begin condensing around E33. This action was contributed to by
residues E23-D25 and L29-K32. This final motion corresponded with the second major period of

motion within the pEF and acted in concert with the final period of motion within the cEF.

3.3.2 Hydrophobic Patch Formation

In each of the completed NEB simulations, SI00A6 was observed to undergo similar
pathways between apo and holo conformations. HIII was, in fact, observed to undergo a shearing
motion that revealed the hydrophobic patch, as described by Okazaki et al. To characterize the
turn of HIII, the distance between residues located on the N-terminal end of HIII and C-terminal
end of HIV were calculated for each image. A similar calculation was performed to determine the

change in angle between the same helices. The results of these analyses are displayed in Figure
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3.2C. Snapshots of the system at images 0, 11, 20, 32 and are displayed in Figures 3.2B1-4 and
3.5-3.8. These snapshots are representative of four distinct regions of the pathways. HIII was
observed to undergo two major shifts in both angle and distance relative to HIV. Along the
pathway and between these two shifts is an extended period of HIII stabilization. However, this

period is distinctly different between its initiation and termination.

-

“ir g

Figure 3.5: Cartoon and surface representations of ST00A6
along the path at Image 0.

Figure 3.6: Cartoon and surface representations of SI00A6
along the path at Image 10.
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Figure 3.8: Cartoon and surface representations of S100A6
along the path at Image 20.

Figure 3.7: Cartoon and surface representations of S100A6
along the path at Image 31.

We see that within the apo conformation, HIII rests roughly perpendicular to HIV, as

shown in Figure 3.5. As the system progresses, we see a rapid initial shift of HIII. This shift
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consisted of HIII moving roughly 4 A away from HIV and turning almost 35° until the system
had entered the described period of stability. The turn itself was anchored near the cEF binding
site, with the N-terminal end of HIII experiencing the greatest degree of movement. While very
little change in HIII was observed during this time, it was observed to slowly reorient by almost
10°. The intermediate conformation can be observed in both Figure 3.6 and 3.7. Following this
intermediate conformation, HIII was observed to undergo a second period of rapid conformation
change as the system reached the holo conformation, as shown in Figure 3.8. However, these

analyses cannot completely characterize the formation of the hydrophobic patch.

Previous work completed by Lee et al. utilized Siah-1 Interacting Protein (SIP) to
develop a novel mode for S100 protein recognition.”’ Specifically, a peptide sequence of SIP was
identified to interact with the hydrophobic patch of SI00A6 using residues L42, 144, ES2, 153,
L56, F76, L80, and 183. Using these identified residues, we calculated the solvent accessible
surface area (SASA) to understand the possibility of interactions between S100A6 and partner
proteins throughout the path. We see that the initial conformation change of HIII corresponds to
a rapid increase in surface accessibility and partial formation of the hydrophobic patch, as shown
in Figures 3.6 and 3.9. The accessible surface area was observed to fluctuate around 700 A?
during the intermediate conformation. Immediately prior to and during the second major
conformation change of HIII, the SASA was observed to more steadily decrease until it reached

590 A2,

Throughout the course of the intermediate conformation, the described fluctuation was
observed to trend towards greater accessibility despite a single period of rapid decrease. We

attribute this to the behavior of the linker region connecting the pEF and cEF, in which it slowly
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peels away from the hydrophobic patch region. This introduced the question of what is the
physiological utility of the extended intermediate conformation? A potential explanation for this
lies in the fact that S100 proteins most easily undergo the major hydrophobic patch formation in

the presence of partner proteins.”!!:1?
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Figure 3.9: Plot of the solvent accessible surface area throughout the SI00A6 pathway.
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While it is known that sufficient concentrations of Ca** ions are capable of causing patch
formation without partner protein assistance, it is also known that the presence of partner
proteins greatly increases the affinity with which S100 proteins bind Ca**. It is possible that
patch residues, in this highly accessible state, can form interactions with target proteins. The
formation of these interactions can assist in positioning HIII such that the interactions between
the cEF binding site and HIII occur more rapidly, thus decreasing the possibility of Ca** ions
escaping. It is observed that within this period, binding site formation has only partially
progressed and has not met full formation. In the absence of a fully formed binding site, Ca®"
ions are less restricted and more easily able to escape the binding site. By more easily forming,
the cEF binding site would more often retain ions, increasing the binding affinity of Ca**. Given
the slow rate at which the intermediate conformation progresses, internal mechanisms are likely
slow to meet conditions required for the final turn of HIIL. In the presence of a partner, many of

these mechanisms can be bypassed while also increasing binding affinity for Ca®".

3.3.3 Contact Analysis

The work from Okazaki et al. has, thus far, been supported by several completed
analyses in this study.” Specifically, HIII appears to transition to between apo and holo
conformations in a shearing motion although we observed this to occur in steps. This has been
confirmed both visually and through the characterization of HIII motion, as shown in Figure
3.2C. Additionally, the system appears to break initial contacts prior to forming contacts native

to the holo conformation. To investigate the sequence in which the conformation occurs, the
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pairwise distance between all residues was calculated for the beginning, middle, and end of the

pathway, as shown in Figure 3.10
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Figure 3.10: Pairwise distance between residues at Images 0 (A), 15 (B), and 31 (C). The region
within the black square has been enhanced for greater detail. The regions within the blue and
green squares indicate regions of contact loss and formation, respectively.
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We see in Figure 3.10A, the linker-HIII region exists primarily in contact with HIV while
maintaining loose association with HII. Although close contact is not observed, it can also be
observed that HII is in relative proximity to HIV. These interactions contributed to a condensed
shape in which the protein's surface appeared rounded. In this shape, the hydrophobic regions of
the protein were well protected from solvent interactions. For reference to the shape of the
protein surface throughout the conformation pathways, see Figures 3.5-3.8. Due to this, the

conformation of the protein was not conducive to the formation of partner protein interactions.

We see that as the system progresses, there is a significant decrease in the contacts
between HIII and HIV. Conversely, we also see a gradual strengthening of contacts between the
linker-HIII region and HII. As these changes occured, HII shifted away from HIV, elongating the
protein structure. Given that this calculation occurred within the intermediate conformation,
partial hydrophobic patch formation had occurred, and the patch was, to some extent, revealed.
The small reorientation of HIII had also been completed and the surface of the protein was
similar to what is shown in Figure 3.7. It was at this point that we observed the largest degree of
patch residue availability, as observed in Figure 3.9. Having not yet fully broken contacts with
HIV or fully forming contacts with HII, HIII was positioned in a more exposed state, resulting in

the residues of the patch becoming more accessible.

This trend of decreasing contact with HIV and increasing contact with HII continues as
the system progresses to the fully formed holo conformation. Here, it can be observed that
almost all associations between the linker-HIII region and HIV have been broken, with strong
contacts having formed between the linker-HIII region and HII. Similarly, the largest distance
between HII and HIV was observed here. This provided the protein with an elongated shape,

differing from the rounded shape observed in the first calculation. Although this calculation
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includes the fully formed hydrophobic patch, a decrease in availability is observed in this
conformation. However, it must be noted that the patch residue accessibility is significantly
higher here than in the apo conformation, as shown in Figure 3.9. Given the correlation between
contact formation and decrease in accessibility, it is likely that linker-HIII and HII interactions
are directly responsible. Specifically, HIII appears to exist in a more stable position given its
interactions with HII that likely serve to prevent hydrophobic patch closure. This conformation
also corresponds to a fully formed binding site, which as previously mentioned, likely assists in

retaining Ca** ions.

3.3.4 Residue Contributions to Hydrophobic Patch Formation

Large scale protein conformations are key to the overall function of the protein itself. By
understanding what conformation changes occur, we can better grasp how to treat various
pathologies. However, understanding what conformation changes occur does not complete the
entire story. To do this, we must also identify the underlying mechanisms in place that allow for
the conformations to occur. We completed MMGBSA calculations to assist in better
understanding the residue contributions to hydrophobic patch formation in our system.
Combined with visual inspection, we identified several residues that we believe are essential in
most S100 proteins, not just SIO0A6. These MMGBSA calculations were used to determine the
differences in pairwise residue interaction energies between the apo and holo conformations.
These results, along with a table of all interactions with an absolute energy value greater than 5
kcal/mol are reported in Figure 3.11 and Table 3.1. While this calculation does not fully
describe interactions along the pathway, it can be used to identify some of the most important

residues involved in the formation of the hydrophobic patch. From these calculations, we
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identified two residues that are significant throughout the path. Namely, these residues are K31

and D50. However, there are a number of other residues that contribute to strong interactions.
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Figure 3.11: Diagram of the differences in pairwise interaction energies in S100A6. Interactions
with absolute energy values greater than 10 kcal/mol have been labeled.

Table 3.1: Pairwise interactions in SI00A6 with absolute energy value greater than 5 kcal/mol.
Bolded residues indicate discussed interactions.

Residue 1
GLU 58
GLU 52
LYS 31(2)
GLU 58(2)
GLU 58
LYS 89(2)
ASP 59
LYS 31
GLU 52(2)
LYS 40(2)

Residue 2
ARG 62
ARG 55
ASP 50(2)
LYS 64(2)
LYS 64
GLY 90(2)
ARG 62
ASP 59
LYS 89(2)
GLU 41(2)

Difference (kcal/mol)
17.73854022
-16.70533702
-16.60712841
-14.76811368
-13.9044986
13.713246
12.84153648
12.30901863
12.28442344

12.09753023
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ARG 55
GLU 52(2)
GLU 86
ASP 59(2)
LYS 32
LYS 31
LYS 18
LYS 18(2)
ARG 22
ARG 62(2)
LYS 89
LYS 35(2)
LYS 35
GLU 52
LYS 32(2)
LYS 35(2)
LYS 31(2)
LYS 35(2)
GLU 23(2)
LYS 35
ASN 85(2)
LYS 46
ASN 85
ASN 85(2)
ASP 59(2)
GLU 36(2)
ASN 85(2)
ARG 22(2)
GLU 23
TYR 84(2)

LEU 82

GLU 58
ARG 55(2)
LYS 89
ARG 62(2)
GLU 33
ASP 50
GLU 41
GLU 41(2)
GLU 33
GLU 72(2)
GLY 90
GLU 58(2)
ASP 50
LYS 89
GLU 33(2)
ASP 50(2)
GLN 66(2)
ASP 61(2)
LYS 32(2)
ASP 61
GLU 86(2)
ASP 6(2)
GLU 86
GLY 90(2)
ASN 63(2)
LYS 40(2)
LYS 89(2)
GLU 33(2)
LYS 32
ASN 85(2)

ASN 85
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11.99537689
-11.8370138
-11.65111798
11.64847626
11.40481279
-11.37472859
-10.79075433
-10.42526588
10.35993303
-10.25760889
10.13397593
9.678010942
-9.336346639
9.211958879
9.129797832
-8.959258382
8.837407026
8.69157647
8.687060795
8.502230489
-8.233643394
8.184248358
-7.862288661
-7.856896876
7.187606411
-6.9867035
6.692690736
6.479774738
5.941028376
-5.924957246
-5.709020514



ASN 69(2) GLU 72(2) 5.650732778
GLU 23(2) GLU 33(2) |5.60485398
GLU 52(2) ASN 85(2) 5.588972414
ARG 62(2) THR 75(2) -5.540135666
HIE 17 LYS 26 15.479461078
ILE 44(2) GLN 49(2) 5.371881975
ARG 22(2) GLU 36(2) 5.342271378
LYS 31 GLN 66 5.251493721
THR 28 GLU 67 5.238533679
ASP 61 LYS 64 5.150710314
THR 28(2) ASN 69(2) -5.120776602
GLY 24(2) GLU 33(2) 15079015428

While previously discussed, both R22 and R62 were implicated in strong interactions due
to their association with residue complexes. Further inspection of R22 revealed that it remains
positionally stable throughout most of the path, sharing strong interaction with E33 in both
monomers (-10.4 & -9.1 kcal/mol). However, a shift of residue E33 from this complex to the
pEF binding site corresponded to movement of R22. Specifically, R22 more strongly interacted
with E35 in the absence of E33. While the exact effect of this change is hard to characterize, we
believe that R22 assists in stabilizing the nearby pEF binding loop and that this residue complex,

as a whole, is involved.

Further review of R62 confirmed its initial association with a residue complex located on
HIII. While we initially thought that this residue may assist in stabilizing HIII within the apo
conformation, very little correlation was found between R62 contact loss and movement of HIII.

These results indicate that this residue may assist in the positioning of the cEF binding loop in
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the absence of Ca®" alongside its role in membrane interactions, as previously discussed. In the
absence of Ca®", R62 strongly interacts with D59 in both monomers (-12.8 & -11.6 kcal/mol). In
this position, R62 is located at the junction between HIII and the cEF binding loop itself such
that the binding loop is held open. As S100A6 transitioned into the holo conformation, some
secondary structure was lost as the loop containing R62 began to rearrange. Once this interaction

was broken, the loop was more easily able to roll over and condense around the binding site.

Visual inspection revealed that residue D50 is located at the point which the linker and
HIII regions meet. This point is at the opposing end of HIII from where the cEF binding site is
positioned, meaning that it experiences strong movement as HIII turns. Prior to the turn, D50
was observed to interact with very few residues in a stable manner, indicating a very minor role
outside of the intermediate and holo conformations. Furthermore, D50 was identified to interact
strongly with K31 once the turn of HIII was complete (-16.6 & -11.3 kcal/mol). Once this
interaction formed, both ends of HIII were anchored in place, fully forming the hydrophobic
patch. Similarly, D50 was observed to interact strongly with K35, but not as strongly as with
K31, within the holo conformations (-9.3 & -9.0 kcal/mol). While both K31 and K35 are
involved in stabilizing HIII through interactions with D50, our results indicate K31 is the

primary interaction partner.
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Figure 3.12: (A) Plot of the 7 strongest pairwise interaction energies between K31 and residues
along its conformation path in SI00A6. (B-E) Diagrams of the residue interactions of K31
throughout Images 0, 10, 20, and 32. These residues include D50 (B), D59 (C), D61 (D), and
Q66 (E). Only a single monomer was included in the diagrams to ensure clarity.

While the aforementioned residues are likely involved in a number of functions, visual
review of K31 revealed that it is likely key to the mechanism by which HIII turns. This residue is
initially located within the binding region of the pEF. However, the sidechain of K31 is

positioned within the cEF binding site. Throughout the pathway, it was observed that K31
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undergoes a long interaction path where it forms the described interaction with D50. In the path
itself, K31 appeared to interact with a number of residues along the side of HIII. These
observations warranted further study to understand the path of K31 and identify the role of the
residue itself. To accomplish this, MMGBSA calculations were performed for the total pathway.
In this K31 interacted strongly with several residues. The strongest of these have been plotted
against each other to establish a timeline of K31 interactions, as shown in Figure 3.12. The
difference in pairwise residue interaction energy between apo and holo conformations was useful
in identifying both D50 and D59 as key stabilizing interactions at the start and end of the
pathway, respectively. Further analysis confirms these residues as being the primary interacting

agent in their respective conformations.

While D59 was the predominant interaction partner of K31 in the apo conformation,
several other residues were involved in a complex. These residues include L60, D61, N63, and
Q66. We observed that this complex acts as a mechanism by which the structure of the cEF loop
is maintained in the absence of Ca** in addition to being the initial Ca®" sensor. As binding site
formation occurs within the cEF, an ejection of K31 from the site occurred (see Figures 3.2A,
3.12A, and 3.12B1-2). During this ejection, the first turn of HIII was also observed in addition to

a shift in position of HII.

The position of K31 following the ejection was such that it could form a stronger
interaction with D61 once the ejection occurred, as shown in Figures 3.12A and 3.12D1-3.
While D61 is local to the cEF binding loop, this interaction corresponded to the small
reorientation of HIII that occurred during the intermediate conformation as the K31-D61
interaction reached its most stable point (<-15 kcal/mol). This correspondence indicates that the

K31-D61 interaction may assist in positioning HIII in the exposed state. Given the possibility
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that the exposure of HIII may increase the efficiency of SI00A6 by allowing protein interactions,
it is also possible that this interaction may act as a checkpoint to prevent HIII from falling back

to the apo conformation.

While the interaction between K31 and D61 exists during most of the intermediate
conformation, a rapid decrease in interaction energy was observed at image 22. Structurally, this
did not appear to coincide with any major events within the pathway. However, this change
occurred almost simultaneously to the start of a steady decline of accessibility observed in the
pathway's later stages (see Figures 3.9 and 3.12A). As the K31-D61 interaction diminished, Q66
became the primary interaction partner of K31 (see Figures 3.12A, 3.12D4, and 3.12E1-4).
While this interaction was not as strong as many of the other K31 interactions, it was by far the
strongest occurring at that point in the pathway. As previously mentioned, Q66 was observed to
rotate through the cEF binding site. We observed the rotation to allow for interactions between
Q66 and K31, where it appeared to act as a guiding mechanism. Given that K31 is known to
have a long interaction path, it would be reasonable to expect some mechanism to assist in this
process. We observe Q66 to fulfill this role in S100A6, allowing for K31 to regulate the position
of HIII throughout the entire pathway. In the absence of Q66, the only remaining interaction
partners for K31 during this period would have much smaller interaction energies and a

decreased ability to maintain K31 position and orientation.

The conclusion of the K31 pathway is composed of the interaction formed with D50,
anchoring the position of HIII, and maintaining the full hydrophobic patch. From apo to holo
conformations, K31 is directly involved through all stages of the conformation. While
contributions from a number of residues assist in hydrophobic patch formation, the four major

contributors are those discussed here: K31, D50, D59, and D61, as shown in Figure 3.12A.
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Interactions between these residues and K31 correspond to four major stages throughout the
pathway and are integral to the process as a whole. Specifically, D50 and D59 define the apo and
holo conformations, respectively, while D61 and Q66 define two stages associated with the
intermediate conformation. While we have proposed one answer as to why the intermediate

conformation exists, results indicate that this period also allows for K31 to traverse this path
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Figure 3.13: Pairwise interaction energy of E67 with the four strongest interaction partners in
S100A6.

without external assistance.

While residue E67 was not identified as having any strong differences in interaction
energy between apo and holo conformations, it is believed to have a role in communicating Ca**
binding between the binding loops. To further study this, MMGBSA calculations were extended
to include this residue. The results from these calculations are shown in Figure 3.13.

Positionally, E67 is located within the cEF binding loop and resides near binding loop residues of
the pEF. Throughout the path, E67 held a relatively fixed orientation. Instead of directly
interacting with the binding site, the side chain of E67 was observed to interact strongly with

residues T28-K31. E67 interactions with L29 and K31 were observed to fluctuate throughout the
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path but did not exhibit any significant changes. However, both T28 and S30 were observed to

peak at various stages of the conformation change.

The interactions between E67 and T28 appeared somewhat random, although they
corresponded to the major periods of cEF binding site formation. Namely, this interaction energy
was observed to peak in the range of -4 to -7 kcal/mol during or immediately prior to the major
periods of formation (see Figure 3.2A and Table 3.1). It is possible that these interactions serve
as signaling events. However, the exact cause of the signal initiation is unclear. An explanation
for this may lie, once again, with the positioning of K31. Given the relative proximity of T28 to
K31, some indirect influence may be present. At each of the points of T28 interaction energy
peaking, we also observe some change in position of K31. Specifically, the first peak
corresponded to the ejection of K31 while peak two corresponded with the small reorientation of
HIII caused by the K31-D61 interaction. The third peak did not occur in direct conjunction with
any spike of K31 interaction energy but does occur as the cEF binding residues undergo a
reorientation. An effect of this rotation was that of Q66 being brought closer to K31 which, as

previously described, has been indicated to guide K31 to D50.

We see that as the second turn of HIII is in progress, interactions between E67 and S30
strongly and stably interact throughout its duration. While these results may further indicate that
E67 may be involved in signaling Ca** binding, they are also not completely conclusive. Instead,
we believe that K31 is more directly involved in signaling cEF binding to the pEF binding loop,
occurring via the initial binding of Ca®" to the cEF. As previously mentioned, the ejection of K31
was observed to correlate with a positional shift of HIIL. This is part of a rearrangement that is

likely involved in Ca** binding. Once K31-D61 interactions had reoriented HIII, we also
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observed the shift of E33 towards the cEF binding site. Only then did the pEF show signs of

binding site formation, however gradual.

3.3.5 Mutation Studies
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Figure 3.14: Diagrams and SASA calculations of the WT (A), K31A (B), DS0A (C) and E67A
(D) systems. These include the apo (1-2) and holo (3-4) conformations. Only HIII and HIV have
been shown in the cartoon representation to ensure clarity.
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Having identified several key residues and their potential roles, further study of these
residues was warranted. To accomplish this, mutations to alanine were completed for the residues
of K31 (K31A), D50 (D50A), and E67 (E67A). Our goal with these mutations was to observe
resulting changes in residue availability. The results from these calculations are shown in Figure
3.14. Similarly, we calculated the average angle between HIII and HIV in all systems to
determine how each mutation may have affected the position of HIII. These results are shown in
Table 3.2. Accelerated molecular dynamics simulations were completed for both apo and holo
starting conformations for all systems. Through these simulations, we were able to compare

differences with wild type systems (WT).

Table 3.2: Average angle between HIII and HIV in apo (A) and holo (H) systems.

SYSTEM AVERAGE ANGLE (°)

WT-H 95.4557620784005
WT-A 26.179378862643
K31A-H 104.094922259832
K31A-A 36.9889839489173
D50A-H 41.8179449130769
D50A-A 31.665811305381
E67A-H 60.2631253636774
E67A-A 19.4227677027816

The WT apo starting conformation system (WT-A) was not observed to exhibit any major
conformation changes. However, both K31A and D50A apo starting conformations systems
(K31A-A and D50A-A, respectively) displayed significant increases and decreases of their patch
residue availability, respectively (see Figures 3.14A1-2, 3.14B1-2, 3.14C1-2). The K31A-A
system was observed to have decreased stability in the region surrounding the cEF binding loop.
Normally, K31 would rest within this binding site to stabilize this region with contributions from

R62, as indicated previously in Figure 3.12A. These results indicate that either R62 does not
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assist in stabilizing or is not capable of stabilizing the loop, alone, in the absence of K31. This
destabilization resulted in an increase in surface area within this region as the C-terminal end of
HIII was observed to shift further away from HIV, resulting in an increased average angle
between the helices compared to the WT-A system (26.2° and 37.0°, respectively). However, the
patch was still observed to be in a closed state, with the rest of HIII adopting a position typical to
the apo conformation. It is possible that the lack of K31 affects the binding of Ca®" in some way,
given that the loop can more easily conform. It is also possible that this may have some
detrimental effect if the loop tends toward some conformation that is suboptimal for Ca**
binding. Most importantly, this mutation may disrupt or alter progress along the path between
apo and holo conformations. While we are unable to fully prove this given the difficulties in
simulating the turn of HIII, the prior implication of K31 throughout the path indicates that it may

be required or at least beneficial.

The D50A-A system was observed to significantly decrease in patch residue accessibility.
While the causes of this change were more difficult to identify than in the K31A-A system, it
appeared to be due to a rearrangement associated with residues in the linker region. Within the
NEB pathways, we observed a number of hydrophobic interactions between the linker-HIII
region and HIV, as indicated by the blue box in Figure 3.10A. In the absence of a functioning
D50 residue, this region appeared to interact more tightly and caused a decrease in residue
availability as the linker-HIII junction interacted more strongly than in the WT system.

Interestingly, a slight increase in angle was observed here compared to the WT-A system (26.2°

and 31.7°, respectively) despite the decrease in SASA.

The E67A apo starting conformation system (E67A-A) was not observed to correlate with
any significant changes in residue accessibility (see Figure 3.14D1-2). In this system, HIII was
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observed to position itself in a manner somewhat different from the WT-A system, resulting in a
decreased angle in relation to HIV compared to that of the WT-A system (26.2° and 19.4°,
respectively). Given the lack of residue accessibility change, it is possible that this conformation
change is within physiological bounds as HIII itself was observed to simply fluctuate in position.
This fluctuation can also be observed in Figure 3.14E2 in which residue accessibility varied

more here than compared to the WT-A system.

In the WT holo starting conformation (WT-H) we observed the maintenance of the
hydrophobic patch throughout the entire simulation (see Figure 3.14A3-4). While some
fluctuation was observed, the patch remained open for the entire of the trajectory. However, in
both K31A and D50A holo starting conformation systems (K31A-H and D50A-H, respectively),
significant changes were observed. In the K31A-H system, we observed that the hydrophobic
patch actually increased in availability, as shown in Figures 3.14A3-4 and 3.14B3-4.
Throughout the NEB pathways, K31 was observed to interact significantly with HIII. Previous
results indicate this relationship serves to assist in regulating the position of the HIII and to assist
in the turn itself and prevent it from falling back into the closed conformation. Here, in the
absence of K31, we observed no such interactions and HIII was allowed to turn further here than
in the WT-H system (104.1° and 95.5°, respectively). We observed D50, the typical holo
conformation interaction partner of K31, and it appeared to search for a new interaction partner
that would allow for the stabilization of HIIL. These results suggest that K31 is involved in both
assisting in turning HIII in addition to preventing an overturn. Physiologically, there is reason to
believe that a stop mechanism would be utilized. Given that protein shape determines function, a

structure undergoing too large of a turn may disrupt the ability of a partner protein or molecule to
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interact properly. Thus, our results indicate that K31 acts as a stop mechanism to prevent this

problem from arising.

The D50A-H system displayed a significant decrease in patch residue availability, as
shown in Figures 3.14A3-4 and 3.14C3-4. Upon viewing, it was noted that K31 formed
interactions with residues along HIII in the absence of D50. These newly interacting residues
were located in closer proximity to both K31 and the cEF binding loop itself and resulted in a
significantly decreased angle compared to that of the WT-H system (41.8° and 95.5°,
respectively). Given that K31 may prevent turning just as much as assisting in it, it is possible
that these interactions result in premature termination of the turn. This change in conformation
occurred rapidly within the simulation and was stable throughout it. These results confirm our

belief that D50 is significant and is required for proper hydrophobic patch stabilization.

Similar to the E67A-A system, the E67A holo starting conformation system (E67A-H)
did not display significant changes in patch residue accessibility. However, the patch did appear
to close somewhat regarding the angle of HIII in which a 60.3° turn was observed, rather than
the 95.5° of the WT-H system. This indicates that E67 may indeed have some role in stabilizing
the patch. However, it is possible that this is limited to its influence upon the binding loop, where
any change may disrupt the ability of the loop to effect proper conformation change. While HII
did appear to adopt a conformation like that of the DS0A-H system, the protein's surface was not
observed to close in the patch region. The lack of change in patch residue accessibility here
combined with the lack of changes observed in the E67A-A system indicate that while E67 may
be involved, no conclusion can yet be derived as to E67 roles. It is possible, however, that E67
would have an increased role within the system's path and that our simulations were unable to
capture the full extent of the mutations effect.
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3.4 Conclusions

In this work, aMD and NEB methods were applied to SI00A6. Given the highly
conserved nature of S100 proteins and strong similarity within the conformation changes in these
proteins, we believe that SIO0A6 provided a suitable model protein. In these simulations,
hydrophobic patch formation was observed to occur along a similar pathway. The results of this
study agree with the literature as HIII was observed to undergo a shearing motion throughout the
path. However, we observed the presence of an intermediate conformation. The described
shearing motion led both into and out of the intermediate conformation. It was also observed that
contact breakage and formation occurred similar to what was described in the literature. Native
apo contacts involving HIII were observed to break prior to the formation of native holo contacts
between HII and HII. However, there is a degree of overlap that occurs while the system is

within the intermediate conformation in which contacts are breaking and forming in concert.

Residue contributions to hydrophobic patch formation were also studied here. We
identified the residues of K31 and D50 as having strong influence upon patch formation. While
we believe that D50 is primarily involved in stabilizing the holo conformation, K31 is strongly
implicated as being involved throughout the entire pathway. It is likely that K31 assists in the
stabilization of the cEF binding loop and has a role in Ca** binding communication, positional
regulation of HIII, and stabilization. E68, having been identified through the literature, was also
studied here. We believe that there is some evidence to support that E68 is involved in Ca*"
binding communication between loops. However, this evidence did not conclusively prove
specific function. Mutations to these residues further support the described roles of these

residues.
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Chapter 4: Characterization of Ca’* Induced Conformation Changes in S100B and the

Comparison of Internal Mechanisms Common to S100 Proteins

4.1 Purpose

The characterization of calcium-induced conformation changes in S100A6 revealed
several mechanisms involved in hydrophobic patch formation. The purpose of this study was to
further investigate similar mechanisms in other model S100 systems. In this work, we applied
similar methodologies to find evidence of mechanisms involving residues here in S100B that are
comparable to those of K31, D50, and E67 in S100A6. Similarly, this study also had the goal of

characterizing the turn of HIII in S100B.
4.2 Computational Methods

4.2.1 System Details

In this work, aMD and NEB methods were used to study the path between apo and holo
conformations in S100B. To identify relevant starting and ending conformations, a similar
protocol was performed here as with ST00A6. The use of aMD simulations paired with PCA and
KDE allowed for the identification of these structures. In the aMD simulations, the crystal
structures for S100B in the apo (1B4C) and holo (1QLK) were used.”**® PCA and KDE were

used to identify the most highly sampled structures in the aMD simulations.

4.2.2 Simulation Details

Both aMD and NEB simulations utilized the protocols established in the study of
S100A6. Similarly, the NEB simulations were completed in pentaplicate, allowing for proper
sampling of the conformational pathway. The aMD simulations utilized an explicit solvent, using

OPC water models and 12-6 OPC ion parameters.”®!%° The boost factors were calculated using



the same parameters as in SI00A6. However, the energy values used in these calculations
differed, given that they were calculated from S100B specific cMD simulations. Simulations
using the NEB method utilized an implicit solvent with no Ca?" ions being present. No additional

simulations were completed in which various residues had been mutated.

Unlike with S100A6, the structure chosen for the endpoint exhibited differences between
either monomer. Specifically, the conformation of M2 was similar to that observed in S100A6
with HIII undergoing a full turn and the linker region peeling away from the hydrophobic patch.
This allowed us to compare internal mechanisms between M2 and those of SI00A6. M1
exhibited similar behavior but contained slight variations, primarily regarding the linker region.
Here, we observed the linker region in M1 to peel away from the patch area in a more limited
fashion. It is possible that the different conformation in M1 allows for some physiological
function, warranting investigation. The differences between these monomers allowed for both
comparisons to suspected mechanisms in SI00A6, and between fully and partially formed

hydrophobic patches.
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4.3 Results

4.3.1 Ca’" Binding Site Formation

To understand the direct cause of the conformation change in S100B, we calculated the
average pairwise distance between known Ca?" binding residues. These results are shown here in
Figure 4.1A. The atoms used in the calculation for the pEF were S19@0O, E22@OEI,
E22@OE2, D24@O0, K27@O0O, E32@OE1, and E32@OE2. The atoms used in the calculation for
the cEF were D62@OD1, D64@0OD2, D66(@0OD1, E68@0O, D70@0OD1, D70@0OD1,

E73@OE], and E73@OE2.
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Figure 4.1: (A) Average pairwise distance between Ca”* binding atoms in both pEF (orange) and
cEF (blue) binding loops in S100B. (B1-4) Cartoon and surface representations of the structures
throughout the path. (C) Distances (black) and angles (red) between HIII and HIV in S100B
throughout the pathway.
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We see that, unlike in S100A6, a more gradual formation throughout the entirety of the
path, rather than periods of rapid formation progress. The cEF binding loop, while more gradual,
remained similar in shape to that of the SI00A6 cEF binding loop. The periods with the highest
rate of formation correspond to those in S100AG6 but the rate itself is decreased here. The most
significant difference lies in the formation of the pEF binding site. The differences between the
distance of each oxygen atom in the cEF binding site and the average pairwise distance was
calculated for each image and are shown in Figure 4.2. These results allowed us to characterize

binding site formation on the per-residue level.
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Figure 4.2: Plot of the distance between each oxygen atom and the average pairwise distance
between Ca2+ coordinating atoms within the cEF binding site. The oxygens are colored
according to each residue: Backbone (red), OE1 (Blue), OE2 (orange), OD1 (purple), OD2
(green), OH (yellow), and OG (cyan). Known Ca2+ interacting residues are underlined.
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The cEF binding loop contains a high concentration of aspartic acid residues and they
contribute significantly to formation via side chain interactions. Similar to in S100A6, this
binding loop appears to have three distinct periods which are located at the beginning, middle,
and end. However, most of these residues contribute primarily at the beginning and end of the
path, with only D64 and E73 exhibiting progress in the middle of the path. Interestingly, the
movement of D64 corresponds to the surrounding region rolling over the rest of the binding loop,
similar to what was observed in S100A6. Similarly, we also saw that the binding loop condensed
around E73 rather than E73 conforming to the binding loop. This is due to its positioning on HIV

which is positionally restrained.

Within the pEF, we observed a greater degree of residue rearrangement than in SI00A6.
While some of these residues do not exhibit significant rearrangement, we saw a more gradual
movement in the residues that did. Namely, the residues exhibiting the highest contribution to
binding site formation were E22, D24, K25, and K31-E32, as shown in Figure 4.3. The lack of
rapid formation progress differs significantly from what is observed in S100A6, in which E33
was observed to rapidly shift from its apo to holo conformations. We also saw differences at the
junction between HI and the pEF binding loop. Here, those junction residues exhibited a
behavior to gradually shift away from the center of the binding site. While S19 has been
identified as residue capable of interacting with the loop, it was not observed to remain in
proximity here. Rather, it was observed to interact with F15. This was due to the position of the

pEF binding site, which repositioned farther from S19 to more tightly interact with the cEF
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binding loop. The period in which the repositioning occurs corresponded to a gradual condensing

of the pEF binding loop combined with the system undergoing a final conformation change.
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Figure 4.3: Plot of the distance between each oxygen atom and the average pairwise distance
between Ca2+ coordinating atoms within the pEF binding site. The oxygens are colored
according to each residue: Backbone (red), OE1 (Blue), OE2 (orange), OD1 (purple), OD2
(green), OH (yellow), and OG (cyan). Known Ca?" interacting residues are underlined.
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There are several potential reasons for this difference in binding site formation. Typically,
this could be attributed to variation in residue composition between these two proteins. However,
the residues of these binding loops share a high degree of similarity, as in most S100 proteins.
While the composition of the binding loops remained similar, some difference was observed in
both HI and HIV. Interactions between the pEF binding loop and the C-terminal residues of the
opposing monomer were present in SI00A6. However, this appeared to be involved in
homodimerization where it would play a role in stabilizing the association between the two

monomers.

Here, a difference in this interaction strongly influences the structure of the pEF binding
loop. In S100A6, residue H28 of each monomer interacted with G90 of the opposing monomer.
This appeared to stabilize the position of G90, which is in a region of high flexibility and
conforms to the position of H28 and subsequently the pEF binding loop. In S100B, HI and HIV
appeared to more tightly interact due to the composition differences in these helices with the
presence of both F87 and F88, in S100B, inducing in this tight interaction. The result of this is
that the C-terminal residues of the opposing monomer are more positionally restrained. H25 in
S100B, which is comparable to H28 in S100A6, must conform to the positionally restrained C-
terminal residues. Subsequently, the pEF binding loop is in a more open conformation here than

in S100A6 and must undergo a longer path for binding site formation.

As previously discussed, a complex of residue interactions was located at either end of
the pEF binding site. These residues, including R22 and E33, appeared to serve a role in
stabilizing the binding loop in a more restricted position. The period of greatest formation
corresponded to a change in this complex, in which E33 rearranged to face the binding site.

However, this complex was observed to differ in S100B, with R21, the most comparable residue
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to R22 in S100A6, instead interacting with E40 in one monomer and E32 in the other. These

interactions seemed more direct, lacking the full residue complex observed in SI00A6.

4.3.2 Hydrophobic Patch Formation

S100B was observed to undergo a shift of HIII and hydrophobic patch formation along a
similar pathway in all NEB simulations, as shown in Figure 4.1B1-4 and 4.1C. The shift of HIII
consisted of a turn of 80°, with the patch itself opening by 7 A. These results are similar to that
of S100A6, in which the turn was 86° and the patch opened by 8 A. Whilst the linker of M1 was
not observed to fully peel away from the patch region, we still observed evidence of hydrophobic

patch formation.

Figure 4.4: Cartoon and surface representations of
S100B along the path at Image 0.
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Figure 4.6: Cartoon and surface representations of
S100B along the path at Image 20.

Figure 4.5: Cartoon and surface representations of
S100B along the path at Image 10.
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Figure 4.7: Cartoon and surface representations of S100B
along the path at Image 31.

The difference in hydrophobic patch formation between each monomer can be most easily
observed in Figures 4.6 and 4.7. While the patch in M1 was smaller, we believe that it would

still be possible for a partner protein to partially interact and possibly induce full formation.

Like S100A6, we saw a long intermediate conformation in S100B that appeared to fill a
similar role in both proteins. This conformation likely allows for internal mechanisms to slowly
transition the protein between apo and holo conformations, while also allowing for partner
proteins to assist in this process by interaction prior to full patch formation. It appeared as if M1

was restricted into a conformation containing elements characteristic of the intermediate
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conformation. Specifically, this refers to the lack of the linker having transitioned to an open

conformation.
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Figure 4.8: Plot of the solvent accessible surface area throughout the S100B pathway.

To characterize the availability of the hydrophobic patch, SASA calculations were
completed in this work. For this, we identified residues known to interact with S100B in the

hydrophobic patch region, including the linker region. These were identified by McClintock et
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al., in which TRTK-12 was utilized in target recognition for S100B.!! The residues included in
this calculation are 137, L41, H43, L45, E46, 146, V51, K56, V57, T60, M80, V81, A83, C84,
and F89. With these calculations, we observed the patch residues to rapidly become more
accessible, prior to fluctuating around 1350 A2. We do see a gradual decrease in accessibility
coinciding with the final turn of HIII, although the residues are still significantly more accessible
in the holo conformation than in the apo conformation. However, this decrease does not initially
appear as large as seen in S100A6 (see Figure 4.8). This is likely due to the number of residues
participating in the calculation itself, given that many more residues were included here than in
the S100A6 calculation. The apparent accessibility of the patch residues, combined with the
presence of the intermediate conformation, indicates that SI00B may bypass many of the internal

mechanisms via partner interactions, as occurs in S100A6.

4.3.3 Residue Contributions to Hydrophobic Patch Formation

Here, we completed MMGBSA calculations to identify the differences in interaction
energies between apo and holo conformations with the goal of examining similarities between
S100A6 and S100B. The results from these calculations are reported in Figure 4.9 and Table

4.1.
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Figure 4.9: Diagram of the differences in pairwise interaction energies in S100B. Interactions
with absolute energy values greater than 10 kcal/mol have been labeled.

Table 4.1: Pairwise interactions in S100B with absolute energy value greater than 6 kcal/mol.
Bolded residues indicate discussed interactions.

Residue 1
ARG 21(2)
ARG 21
LYS 27(2)
ASN 39
ASP 24
LYS 25
ARG 21(2)
LYS 30
GLU 46
LYS 30
GLU 46

GLU 90

Residue 2
GLU 22(2)
GLU 40
GLU 68(2)
GLU 40
LYS 29
GLU 92(2)
GLU 35(2)
ASP 66
LYS 49
ASP 55
MET 1(2)

LYS 25(2)

[Difference (kcal/mol)

18.25796
16.30307
14.31636
-13.9408
13.465
-12.6398
-12.6109
12.50727
11.07667
-10.9911
-10.9672
10.41281
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LYS 49
LYS 30(2)
ARG 21
GLU 92
LYS 34
LYS 34
LYS 30
LYS 30
LYS 30(2)
LYS 34
MET 1
LYS 27
LYS 49(2)
LYS 34
LYS 27(2)
LYS 27
LEU 41
LYS 27(2)
LYS 49(2)
LYS 39(2)
LYS 29(2)
GLU 40
ARG 21(2)
ALA 84(2)
LYS 49
GLU 3(2)
LYS 30(2)
ASP 24
PHE 44
GLN 17

GLN 17

GLU 87
GLU 52(2)
GLU 35
LYS 27(2)
GLU 52
GLU 59
ASP 64
GLU 73
GLU 63(2)
ASP 55
GLU 5
GLU 68
GLU 92(2)
ASP 62
ASP 66(2)
GLU 87(2)
GLU 5(2)
ASP 70(2)
GLU 87(2)
ASP 55(2)
GLU 32(2)
SER 2(2)
GLU 32(2)
CYS 85(2)
HIE 86
LYS 6(2)
ASP 62(2)
LYS 27
GLU 5(2)
GLU 3(2)

ARG 21

10.29832
-10.0299
-9.9036

-9.67795
-9.41232
9.298822
9.248868
9.186758
9.157172
-8.80603
8.789495
8.592283
8.547875
8.437663
-8.40355
-8.37712
8.290999
8.175378
8.172947
-8.04145
-7.6536

7.633263
7.418415
-7.32456
7.218516
-7.14307
7.132523
7.038209
6.994476
6.987113
6.967849
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SER 42 GLU 5(2) 6.937212
LYS 30(2) ASP 66(2) 6.779074
ARG 21 GLU 32 16.76546
HIE 43 GLU 5(2) 6.62189

LYS 25 HIE 92(2) 16.33565
LEU 42(2) LYS 49(2) 16.24218
ASP 13(2) GLN 17(2) 16.23473
ILE 37(2) LYS 49(2) 6.1458

GLU 35 ASN 39 6.041705
ASP 13 GLN 17 6.02885

Here, we see a number of interactions involving similar residues as to those observed in
S100AG6 (see Figures 3.11 and 4.9, Tables 3.1 and 4.1). These residues include R21, K30, E32,
and residues located along HIII itself. Although previously discussed, both R21 and E32 were
once again identified due to their contribution to residue interactions near the pEF. We observed
significant differences between R21 in either monomer, with stronger interaction occurring
between R21 and E40 in M1 than R21 and E32 in M2 (-16.3 and -7.1 kcal/mol, respectively).
Additionally, we observed that R21-E32 interactions occurred within the holo conformation of
M1 (-6.7 kcal/mol) whereas E32 shifted towards the pEF binding site in M2. These results,
combined with the M1 exhibiting other characteristics of the intermediate conformation, as
shown in Figures 4.4-4.7, indicate that M1 is simply further behind on the conformation
pathway. This further indicates, along with results from S100A6, that these residues are involved
in formation of the pEF binding site. This is to stabilize the loop itself for Ca’>* binding while

also being involved in the smaller pEF conformation changes.
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Given the indicated significance of K31 in S100A6, we believe that the comparable
residue, in S100B, may have similar utility. To study this further, MMGBSA calculations were
extended to include the entirety of the pathway regarding these residues. The results of these

calculations are displayed in Figures 4.10. Additionally, given the lack of conformation change

in M1, these calculations were performed using M2.

Energy (kcal/mol)
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Figure 4.10: (A) Plot of the 6 strongest pairwise interaction energies between K31 and residues
along its conformation path in S100B. (B-E) Diagrams of the residue interactions of K30
throughout Images 0, 10, 20, and 31. These residues include E52 (B), D55 (C), D62 (D), and E68
(E). Only a single monomer was included in the diagrams to ensure clarity.
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In S100B, K30 was observed to exhibit behavior similar to that of K31 in S100B. We see
that the side chain of K30 is positioned within the cEF binding site while in the apo
conformation where it interacts with several binding site residues. As binding site formation
occurs, we observed an ejection of this side chain. In Figure 4.10A, we see K30 interact with
several residues along the pathway. The most notable of these are E52, D55, D62, and E68.
Several other residues were observed to interact but were generally observed to interact less
strongly than the aforementioned residues. These include both D64 and D66. Within the apo
conformation, a complex of interactions served to form around K30, suggesting its role in
stabilizing the loop. As the system progressed, interactions with D62 were observed to become
stronger while many of the other interactions weakened. This K30-D62 had a long lifespan and
was only observed to break apart once the system had progressed well into the intermediate

conformation, as shown in Figures 4.10A and 4.10D1-4.

In M2, which exhibited the largest degree of hydrophobic patch formation, a K30-E68
interaction took place in a manner similar to the K31-Q66 interaction in S100A6 (see Figures
3.12E1-4 and 4.10E1-4). Specifically, E68 appeared to rotate outside of the binding loop where
it was observed to interact with the backbone residues of K30. This interaction appeared to push
the side chain of K30 towards HIII. The resulting position of K30 allowed for interactions with
both E52 and D55, occurring in the latter stage of the pathway and existing in the holo
conformation (see Figures 4.10B1-4 and 4.10C1-4). This interaction served to stabilize the
position of HIII itself, given the positions of these residues toward the N-terminal end of HIII

and close to the linker region.

Given that hydrophobic patch formation differed between monomers, initial review of

K30 and E68 behavior in M1 presented additional differences. K30 did not appear to fully
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interact with E52 nor D55. Rather, K30 appeared fixated on D62. Additionally, unlike in M2, we
observed no guiding mechanism, assisting in the reorientation of K30. While E68 completed this
in M2, we observed E68 remain fixed in an upright position in M1 with no evidence of a rotation
occurring within the cEF. Similarly, we observed K30 of M1 to never reach and form interactions
with E52. Rather, the strongest holo conformation interaction of K30 in M1 was with D55 (-11.0
kcal/mol), further suggesting that M1 was still within the latter stages of hydrophobic patch

formation and the pathway as a whole.

4.4 Conclusions

In this work, aMD and NEB methods were applied to SI00B systems with the goal of
identifying mechanisms of similar function to those previously identified in SI00A6. We
observed the formation of the hydrophobic patch region along similar pathways in all NEB
simulations. An intermediate conformation of S100B was identified along the path. This
conformation had an extended lifespan, accounting for most of the path. Differences between
monomers were observed to be present in the holo conformation, with M1 exhibiting different
linker region behavior. However, the full hydrophobic patch formation in M2 allowed us to draw
comparison between mechanisms in SI00A6 and S100B. Similarly, we were able to compare

mechanical differences between the functional and potentially nonfunctional monomers.

Here, we observed a number of comparable residues in SI00A6 and S100B that we
believe are functionally similar. The most important of these residues is K30/K31. While the
behavior of these residues slightly differed between proteins, we observed a remarkable
similarity in function and pathway between these residues. Similarly, we believe that residues
comparable to D50 or E52 are vital to proper hydrophobic patch stabilization. The interaction of
residues located proximal to the pEF binding loop and those at the junction between HIII and the
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linker are likely vital in the turn of HIII. Residues displaying residues similar to those described
in this study have been identified in other S100 systems. These include but are not limited to

S100A2, S100A4, S1I00AS, S1I00A 10, S100P, and S100Z. '0>-107
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