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Synopsis

Motivation

The three-dimensional structures of large and dynamic protein complexes could elucidate
their functional roles in various molecular/cellular phenomena. Typically, 3D structures
are determined by techniques such as X-ray crystallography, NMR spectroscopy, SAXS,
etc., that can render structural information from near atomic to nano-meter resolution. In
macromolecular complexes especially those with non-globular components, usually a
single experimental technique cannot resolve the 3D structure on its own. In such cases,
integrative modeling could be used to determine the structures of the complexes [1-4].
The idea is to combine structural data, obtained from experiments at different resolution
using computational techniques to construct a three-dimensional model. Such integrative
methods have solved many protein complexes that otherwise would not have been
possible with conventional techniques [5-10].

Literature review and Problem Statement

This thesis focuses on macro-molecular assembly formed by a family of fibrous proteins
known as Intermediate filaments. Intermediate filaments (IFs), microtubules and
microfilaments are the three major filament systems of the cytoskeleton of metazoan
cells[11]. The network of these integrated filament systems imparts mechanical stability
and is involved in several cellular processes such as cell signaling, transport and
differentiation, metabolism of cholesterol, supporting/anchoring cell organelles etc.[12—
15]. IFs, unlike the other two-cytoskeletal filaments, are different in different cell types.
For instance, in humans, there are ~75 different IF proteins expressed in various tissues
[11,16]. They are classified into six classes based on sequence homology. In general,
Type | and Type Il IFs co-expressed to form a heterodimer whereas Type 11 to Type VI
IFs form homodimers[17]. An IF dimer is composed of two alpha-helical chains in
parallel orientation forming a coiled-coil structure. Unstructured head and Tail domains
flank conserved coiled-coil domain of IFs[18-20]. About 90 different diseases, such as
Alexander disease, Dowling degos disease, etc. have been associated with single point
mutations in IF genes[21]. Similar point mutations in the Type I-Type Il heteromer, also
known as Keratins, leads to various “Keratin disorders” such as Epidermolysis Bullosa
Simplex (EBS) with an incidence rate of 1 in 3000 [22]. The resulting amino acid change

in the gene product leads to the destabilization of the filament, leading to diseased



conditions. Despite the severity of these diseases, little is known about the Keratin IF
assembly and the molecular mechanism of the onset of disease conditions. Three-
dimensional (3D) structural information of these filaments could give insights into their
physical properties and functions.

Objectives

The main objective of this study is to construct the 3D structure of the Keratin IF using
Integrative modeling. The modeling protocol uses chemical cross-links and X-ray
crystallography data combined with computational methods. The 3D structural model was
validated in five different ways. 1) ldentify cross-links that were not utilized in the
modeling procedure. 2) Comparing model with the low-resolution profiles of SAXS and
TEM. 3) Rationalizing disease-causing mutations by using structural rules obtained from
the model. 4) Prediction of new filament disrupting substitutions even cases such as
hydrophobic to hydrophobic substitutions. 5) Predicting temperature-sensitive mutations
for keratin filament.

Other objectives of this study were to use the structural rules obtained from the model in
various applications such as designing inhibitors for coiled-coil proteins, designing new

stable coiled-coil proteins and predicting the oligomeric state of any coiled-coil assembly.

Methodology

The Keratin intermediate filament structure was determined using Integrative modeling
technique described in the following sections.

Dimer Modeling: Initially, the coiled-coil dimer of the heteromeric K5-K14 was
constructed using homology modeling. The template chosen was a construct of 17
molecules of leucine zippers (PDB:2ZTA) to span the entire K5-K14 dimer target
sequence. Heptad repeats that are inherent to the coiled-coil structures guide the target-
template alignment. The keratin K5-K14 dimer model was validated and employed in the
tetramer modeling protocol.

Tetramer Modeling: The K5-K14 dimer model was duplicated to satisfy the chemical
cross-links computationally. The exhaustive sampling of all possible dimer-dimer
configurations was performed to identify all 19 inter-dimer cross-links observed in the
experiment. All inter-dimer configurations that parsimoniously satisfy the cross-links

were employed in the filament modeling protocol.
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Filament Modeling: Inter-dimer configurations for a filament comprising of 16 dimers
results in 10'® possibilities. Simulating all configurations on a three-dimensional model
is an intractable problem. To solve this problem, Disctransformation software was created
that converts the 3D object into a quasi-3D object. Each keratin dimer was mapped as a
two-dimensional disc by taking a projection along the dimer axis. The software can then
sample and score all possible configurations exhaustively. Models were selected in
sequential steps using different scoring criterion at each step. In all 699 models were
clustered into six topologically different configurations. The cluster with the optimal
packing of the dimers was chosen as the final model of keratin filament.

Filament Validations: Disctransformation model was reverse mapped into a 3D structure
along with succeeding and preceding filaments to obtain three unit lengths of the whole
keratin (K5-K14) filament at near atomic resolution. The stability of this 500,000-atom
model was verified using the 50ns Molecular Dynamics (MD) simulation. One thousand
snapshots from the MD simulation trajectory were obtained to infer experimental data not
utilized during modeling. The validations included identification of cross-linkable
residues, comparing SAXS and radial density profile of keratin filaments with the model,
fitting the filament bundle model into TEM images and identification of substitutions that
could lead to filament disruption.

Molecular determinants of stability: The analysis of the 3D structures of the keratin
filaments and coiled-coil proteins provide the molecular basis of their stability and
specific pairing. The molecular determinants include coiled-coil core packing density,
charge distribution, amino acids pair preferences, hydrogen bonding, and salt bridges.
These structural properties were tested thoroughly on various molecular dynamic
simulations and subsequently used for the prediction of mutants.

Prediction of Mutations: The molecular determinants derived from the Keratin
Intermediate filament structure explain 86% (105/122) of K5-K14 disease causing
mutants. The molecular determinants were then used to score novel filament destabilizing
mutations obtained through in-silico saturated mutagenesis of all IF family members. The
validations of the predicted filament disrupting mutants were performed through in-vivo
cell culture experiments on K5-K14 Intermediate filament system. In all 16 different
substitutions were predicted and the experimental outcomes agreed with the predictions.
The molecular determinants of the K5-K14 filament provided temperature-sensitive
substitutions that would greatly help researchers to study the effects of filament assembly

at restrictive temperatures.
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Applications: Molecular determinants of the stability of coiled-coil structures were
subjected to various applications such as predicting the oligomeric state of a coiled-coil
assembly. The method can predict the oligomeric state of any coiled-coil with near perfect
accuracy (0.99) and Mathews Correlation Coefficient (0.98).

The determinants were also used to design inhibitors for Nipah Virus Fusion protein (F
protein). Nipah F protein has a coiled-coil 6HB domain that exists in two different states.
A small helix (inhibitor) was designed that would bind to the 6HB domain. This inhibitor
would then interfere with the transition process of the protein, thereby affecting the virus
life cycle.

The structural rules were also used to design novel anti-parallel eight helices coiled-coil
protein. This coiled-coil topology was not seen in the PDB database. Six variants of anti-
parallel octamer were designed and analyzed in-silico. These designs are currently under

laboratory testing.

Conclusion

This is among the first 3D structure of an IF filament and could be used as a template to
model other IFs. This structure could also serve as an attractive starting point for the
rational design of therapeutic agents. This work has many potential applications such as
designing inhibitors of coiled-coil proteins and predicting temperature-sensitive
mutations for IF. Most importantly, the method can be used to predict complementary

substitutions that will stabilize the unstable disease-causing IF variants.

Thesis Organization

This dissertation is organized into nine chapters. Following is the list of thesis chapters

and their summary.

Chapter 1: Introduction
Chapter 1 introduces macro-molecular assemblies and techniques for determining
their 3D structure. The chapter first introduces integrative modeling technique
through the previously published Nuclear-pore structure. It then highlights the
advantages of Integrative modeling technique over other methods for constructing
large macromolecular complexes such as intermediate filaments.

Chapter 2: Background and Related Work
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The focus of this chapter is to introduce the coiled-coil proteins and their structural
properties such as heptad repeats. It also describes the existing coiled-coil
databases, software and experimental studies related to coiled-coils. The focus
then shifts to a coiled-coil family of protein known as Intermediate filaments (IFs).
The chapter highlights the Intermediate filaments classification, functions, and the
current understanding of the molecular architecture. The last section deals with
the introduction to the keratin intermediate filaments and their associated diseases.

Chapter 3: IF Dimerization and Stability Determinants.
Chapter 3 introduces the molecular determinants of Intermediate filament
dimerization and stability. All Intermediate filament dimers were constructed and
validated for structural correctness. The analysis of the Intermediate filament
dimers provides the molecular basis of their stability and specific pairing. The
structural properties include coiled-coil core packing density, charge distribution,
amino acids volume, and pair preferences. These properties were tested
thoroughly using molecular dynamic simulations and subsequently used to
rationalize and predict new filament disrupting mutants at heptad positions a/d.
The chapter ends with the validations of the predicted filament disrupting mutants
through in-vivo experiments on K5-K14 Intermediate filament system.

Chapter 4: Integrative Modeling of 3D Structure of Intermediate filament
This chapter describes the three Integrative modeling steps performed to
determine the structure of Keratin Intermediate filament. Step 1) Construction of
Keratin K5-K14 dimer model using homology modeling. Step 2) Construction of
possible tetramer models by computationally satisfying the chemical cross-links.
Step 3) Filament construction by simulating all Inter-dimer configurations
between 16 dimers. The chapter then introduces the Disctransformation software
that simulated and scored ~10'® possibilities exhaustively. The Root Mean Square
Deviation values cluster the structurally similar models into different sets. The
chapter concludes with the reverse mapping of the Disctransformation model to
provide the 3D coordinate of the best representative of the Keratin K5-K14
filament model.

Chapter 5: Validation of 3D Structure of Intermediate filament
Chapter 5 describes the validation methodologies performed on whole Keratin
(K5-K14) filament model. The stability of the 500,000-atom model was verified

using Molecular Dynamics (MD) simulation. The 50ns MD simulation trajectory
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of Intermediate filament model was utilized to infer experimental data. The
comparison of these deductions with the experimental data not employed during
the modeling validates the model. The validations included identification of cross-
linkable residues, comparing SAXS and radial density profile of keratin filaments
with the model, fitting the filament bundle model into TEM images and
identification of substitutions that could lead to filament disruption.

Chapter 6: Intermediate filament Assembly and Stability Determinants
This chapter highlights the methodology involved in obtaining the molecular
determinants of intermediate filament stability. Keratin K5-K14 filament model
provides the stability parameters such as inter-dimer hydrogen bonding and salt
bridges from the heptad positions b/c/e/f/g. These parameters provide a foundation
to rationalize and predict new filament destabilizing mutations along with
temperature-sensitive mutations in K5-K14 filament.

Chapter 7: Applications of Intermediate filament Structural Properties
The chapter describes the potential applications of this work by subjecting
molecular determinants to various research issues. The applications include
predicting the oligomeric state of a coiled-coil assembly, designing inhibitors for
Nipah Virus Fusion protein (a coiled-coil protein), and designing new coiled-coil
proteins. The description of the detailed methodology used in addressing these
research issues and their successful applications.

Chapter 8: Discussions and Outlook
Chapter 8 summarizes the critical conclusions from this study and discusses
various ways through which the scientific community could use the knowledge
gathered in this work.

Chapter 9: Appendices
Appendices contain a detailed description of software and algorithms developed
during this study. All these software are open source under LGPL License and
available for download from the links provided in their respective sections.
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CHAPTER 1 | Introduction

1.1 Background and Motivations

Three-dimensional structures of large and dynamic protein complexes could elucidate
their functional roles in various molecular/cellular phenomena. These functions are
mediated through interactions with other molecules inside the cell. Typically, 3D
structures are determined by techniques such as X-ray crystallography, NMR
spectroscopy, SAXS, etc. that can render structural information from near atomic to nano-
meter resolution [23]. A single experimental technique alone cannot resolve the 3D
structure of protein complexes, usually those with non-globular components. Although
computational methods such as ab-initio modeling, iterative threading assembly
refinement, and homology modeling can also predict structures [24-31]. However, the
accuracy of these methods is usually lower than that of the experimentally determined
structures. In such cases, integrative modeling could be used to determine the structures
of the complexes [1-4].

Table 1-1 Examples of experimental methods that produce structural information
Structural information obtained from experiments combined with molecular modeling to

compute 3D structure. Adapted from [32]

Method Measured Data Structural data generated  |Example

Small Angle X-[Scattering intensity as a|Pair distribution function;|[33,34]

Ray Scattering|function of momentum|shape envelope

(SAXS) transfer

Circular Mean residue ellipticity as|Secondary structure content |[35]

Dichroism (CD) |a function of wavelength

Forster Resonance|The yield of fluorescence|Distance between donor and|[36]

Energy  Transfer|energy transfer acceptor pair

(FRET)

Electron Dipole-dipole  coupling|Spin label environment and|[37,38]

Paramagnetic between electron spins  |distance between pairs of

Resonance (EPR) spin labels

Deuterium Rate constant of H/D|Solvent exposure [39]

Exchange  Mass|exchange

Spectroscopy

(DXMS)

Radical Rate constant from the|Solvent exposure [40]

footprinting dose-response curve

Chemical Mass/charge ratio of joint|Upper limit on pair distance|[41-43]

crosslink fragmentation between reacted groups

Mutagenesis Yield from ALISA Interfaces or binding sites of |[44-46]

interacting proteins

Coevolution Pairwise correlation|Interacting amino acid pairs |[47,48]

between mutations
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The idea of integrative modeling is to combine structural data obtained from multiple
experiments at different resolutions using computational techniques to construct a three-
dimensional model. Previously, several studies employed experimental techniques that
provide structural data at different levels of resolution (Table 1-1). Integrative methods
have successfully combined these structural data to solve many protein complexes that
would not have been possible with conventional techniques alone [5-10,27,30,31,49].
Models determined through integrative approaches could be used to design and analyze
new hypotheses and experiments. These experiments in turn, enhance the resolution and
speed up the process of structure determination. Integrative modeling is akin to solving a
sophisticated 3D-jigsaw puzzle where data from various sources integrated to determine

the structure.

1.2 Introduction to Integrative Modeling

Unbound Proteins Optimization Multi-Component Complex

7
2
£
@
=
®
o
—_
o
=
©
o
(0}

SAXS
Cross-linking
DXMS
FRET
Mass-Spec

Figure 1-1 Schematic of Integrative modeling protocol of macromolecular assembly.

Individual proteins structures (unbound proteins) were determined through X-ray
crystallography, NMR, etc. Interaction between unbound proteins provides spatial
restraints among themselves obtained from experimental techniques such as SAXS, cross-
linking, etc. The protein entities optimized computationally along with spatial restraints
(Purple Arrows) to determine the multi-component macromolecular assembly. The multi-
component complex shown in the figure is Rad51 filament assembly in an active state
with six Rad51 monomers bound on DNA (blue) along with BRC repeat (gray) [30]. Some
of the studies that incorporate such integrative modeling protocol to determine their
structures involve nuclear pore complex[5], 26S proteasome[50], RyR1 channel[51], 80S

Ribosome[52], etc. among others (Table 9-2).
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1.2.1 Integrative Modeling Overview

Integrative modeling follows the standard scientific cycle of collecting data, proposing
hypotheses, followed by testing and refining those hypotheses. It can utilize
computational optimization along with experimental data to build structural models
(Figure 1-1). The models are evaluated using data from experiments that were not
involved in structure construction. The construction of Nuclear-pore complex describes

the integrative modeling protocol in the following section.

1.2.2 Anexample of Integrative Modeling: The Nuclear-pore complex

The nuclear envelope, along with a double membrane contains many macromolecular
assemblies known as the nuclear pore complex (NPC). NPC functions as the mediators
in the bidirectional exchange between nucleoplasmic and cytoplasmic compartments
[53]. NPC is one of the largest macromolecular assemblies inside the cell. The structure
determination of NPC represents a significant challenge to conventional approaches for
structure determination. Owing to its massive size along with a high degree of flexibility,
no single experimental technique including the computational approach would by
themselves resolve the shape of the molecular complex. Proteomics experimental data
combined with computational methods were then used to determine the NPC structure

[2]. Following section describes the stages of integrative modeling of NPC.

Stage 1: Data Collection.

The first step in integrative modeling is to collect data from various experimental and
computational procedures that provide structural information. Sometimes statistical data
could supplement experimental observations. The amount and quality of the data can
significantly increase the accuracy of the models. Data relevant to the structure of the

NPC explained as follows.

1. NPC component list and stoichiometry. A single NPC contains about 30 nucleoporins
that constitute the assembly with multiple copies of each nucleoporin [54].

2. Shape and size of each component and symmetry within NPC. Shapes of each
nucleoporin was estimated using sedimentation coefficients determined by
ultracentrifugation [2]. Electron microscopy and cryo-electron microscopy provide
the overall shape and symmetry of the NPC. Heparin treatment of isolated NPC
provided an upper bound diameter of the NPC [55].

3. The localization of each component in NPC. The constituent proteins of the NPC have

24



CHAPTER 1 | Introduction

been localized using the immune localization map generated from immuno-EM
method [54].

Stage 2: Representation and evaluation.

Ideally, computational modeling requires spatial restraints from the experiments. Only
few experimental methods such as NMR, X-Ray crystallography etc. directly provide
spatial restraints for modeling. Otherwise data collected from other experimental methods
need to be represented using a scoring function. The representation depends on the type
of experimental data collected. For instance, chemical cross-linking may provide
maximum possible distances between the cross-linked pair of atoms and thus represented
by an upper bound function. Similarly, EM data represented as volume restraints to fit
structures onto the density maps. The global optimum of this function corresponds to the
native assembly structure [56,57]. An example of such function is a joint probability
density function (pdf), p(C|I), given by the product of individual pdf’s, p;(C|I;), each
describing the assembly features such as angles, distances, relative orientations, etc. The

scoring function, F(C), would then be defined as the negative logarithm of joint pdf.
F(C) = —In pr (cliy)
f

where C stands for the Cartesian coordinates of assembly given prior information I about
the system. The experimental data generated from a proteomics study of NPC provided
spatial restraints between protein entities. Spatial restraints include protein shape,
stoichiometry, contacts, localization, envelope surface, etc. A probability distribution
function defines the scoring scheme, which encodes the structural information of the
system. This scoring scheme evaluates the model consistency and the corresponding score

determines the model quality. A good scoring model should satisfy all the restraints.

Stage 3: Sampling and Optimizing.

The computational assembly starts with sampling a random configuration. The scoring
scheme constructed in stage 2 evaluates the 3D structure/model. The optimizer minimizes
the violated restraints in the models. The final score calculated for the optimized models
defines the quality of the models by setting a pre-defined cutoff. This optimization
protocol was repeated for different initial random configurations to generate an ensemble

of valid configurations.
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Stage 4: Analyze resulting models.

The structural similarity scores cluster the ensemble of valid configurations generated in
the stage 3. Analysis of the obtained clusters provides protein positions, contacts and the
localization probability distributions. The localization probability distributions should
peaks at a single value with little standard deviation (single narrow maximum). This
validates that the input restraints were sufficient to determine the protein positions. The
occurrence of relative contact frequency of any two proteins can give the measure of
protein proximities. Contact frequency defines the number of times two proteins come
close to each other in an ensemble. A well-defined structure must have a single narrow
maximum. Thus, the relative contact frequency should be highly conserved in the
ensemble. At this stage, data not used in the structure construction/optimization was
utilized to validate the models. Analyses such as electrostatic complementarity, EM

density map fitting and suggesting wet lab experiments would further validate the models.

Valid Integrative Model
The output of the integrative modeling may lead to many clusters of models that satisfy
the restraints. This clustering leads to three possible outcomes.
o A single cluster satisfies all restraints.
Implies that the data is sufficient for determining the unique native structure.
o Two or more clusters satisfy the restraints.
Implies that data is insufficient to resolve a unique native structure or there are
multiple conformations of the system.
e No cluster satisfies the restraints.
Implies that either the data were wrong or there was an error in data interpretation.
The structural differences among the models inside a cluster is an estimate of the quality
of the models generated through the integrative approach.
An Integrative modeling approach was able to solve the structure of NPC using the
diverse proteomics data. The assembled structure was consistent with the unused
experimental data during modeling. NPC structure, when viewed as projections of the
nucleoporins mass density, resembles the EM maps obtained earlier [58—60]. These EM
maps independently validate the NPC structure. The diameter of the transport channel,
~39nm, was also consistent with the diameter established earlier [61]. The structure of

the NPC was robust as omitting the 10% of the randomly chosen subset of the interaction
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data do not change the localization probability. The structural model of NPC provided
abundant insights into the function and evolution of the cell [5]. For instance, how NPC
restricts the entry of inert molecules but allows the entry of selected cargo molecules
[62,63]. It also provides a reason why certain nucleoporins were crucial in the assembly
of NPC [64]. Including the additional high-resolution structural data concerning different

stages of a dynamic process may provide NPC's assembly and transport mechanisms [65].

1.2.3 Advantages over conventional approaches.

Several methodologies exists to determine the structure of macromolecular assemblies
(Figure 1-2). However, Integrative modeling provides a way to determine structures using
information collected from different experiments. This methodology is especially useful
when no single experimental technique alone can determine the structure. There are many
advantages of the integrative modeling approach over traditional methods briefly

described below.

1. Using Diverse and new data.

Integrative modeling provides the flexibility to incorporate the diverse and new
information into the models. This incorporation is useful when a single type of structural
data was insufficient to describe the system whereas a combination of different types can

help assemble the whole system.

2. Increasing accuracy, precision, and completeness.

The models generated through integrative modeling satisfy the variety of restraints
derived from the collected data. Thus, final models were more complete, precise and

accurate compared to the models built using data from a single source.

3. Acquiring model dynamics and function.

The exhaustive sampling done in this approach generates all possible models that satisfy
the given restraints. Thus, multiple models may capture the dynamic functionality of the
protein (or any bio-molecule in general) and helps in understanding the protein's function

inside the cell.

4. Experimentation planning.

Computationally testing the speculative information available from the generated models

could help design further wet lab experiments.
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Figure 1-2 A general approach to determine the macromolecular assembly.

This approach uses computational techniques and is necessary when no single
experimental method can determine the structure. Various experimental methods provide
structure of individual protein molecules. Few experimental methods directly provide the
interactions between individual proteins (purple arrows). Otherwise, protein-protein
docking exhaustively samples and scores configurations to provide the docked structures
(gray arrows). Integrative modeling using unbound proteins (dashed arrow) or bound
protein structures along with other spatial restraints determine the macro-molecular

complex. Adapted from [1].

1.2.4 Previous studies incorporating Integrative Modeling

Previously, Integrative modeling protocol determined the 3D structures of biologically
important macromolecular complexes (Figure 1-3 and Table 1-2). The dimensions of
these macromolecular assemblies range from 18nm to 6pum (See Table 9-2 in Appendix

for a complete list of Integrative modeling studies).
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Figure 1-3 Examples of structures determined using Integrative modeling.

Pictorial

representation of structures determined using

integrative modeling

[2,50,51,66-71]. The ordering of the structures was according to their approximate sizes

in nanometer (Y-axis).

Table 1-2 Selected Integrative Modeling Examples

Table list selected list of models determined through Integrative modeling protocol. See

Table 9-2 in Appendix for a complete list of studies. 1% and 2" Column lists the solved

macromolecular complex and the experimental data used in the construction respectively.

3 column gives the resolution of the final model.

Model System Structural Data

Resolution

Reference
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26S proteasome Cryo-EM, X-Ray, Cross-linking, | ~8.4 A [50]
Mass spectrometry
RyR1 Channel Cryo-EM, Homology Modeling ~9.6 A [51]
TriC/CCT chaperonin | Cryo-EM, Homology Modeling ~15.0 A [66]
Bacterial type II pilus | Cryo-EM, EM, NMR, Cross-linking | ~12.5 A [68]
Actin-scruin complex | X-Ray, Chemical cross-linking, ~9.5A [69]
Chromatin Cryo-EM, Mass spectrometry ~5-25 A [70]
Eukaryotic Ribosome | Cryo-EM, Homology Modeling ~11.7 A [72]
Mammalian Ribosome | Cryo-EM, Homology Modeling ~8.7 A [73]

1.3 Software for Integrative Modeling.

Integrative Modeling Platform (IMP) software package provides a wide range of modules
for integrative modeling applications [74]. The software assists in the development of
new model representations, scoring schemes, sampling algorithms, and various analysis
methods for macromolecular assemblies. IMP encodes the models as a collection of
particles, each of which could represent a part of the system. For instance, a single IMP
particle could represent an atom, a molecule, a protein chain, or a complete protein. This
feature of IMP helps reduce the complexity of the system.

For any system, IMP generates an atomic-level detail, coarse-grained or a hierarchical
representation depending on the data available for modeling. Thus, IMP provides a
straightforward method to represent any bio molecular system at various resolution levels.
During modeling, IMP provide flexibility to represent different parts of the protein using
different entities/particles. Every IMP particle has inbuilt attributes like coordinates,
atomic symbol, mass, residue name, etc. It also provide modules for adding new
attributes. All models within IMP could be evaluated using scoring functions rendered by
the spatial restraints. For any configuration, the number of spatial restraints satisfied
determine the overall score. The computational optimization of these configurations
provide the high scoring models that satisfy the restraints. There are various sampling and
optimization algorithms available in IMP. Optimization algorithms include Monte Carlo
[75], conjugate gradients [76], the simplex optimizer from Gnu Scientific Library GSL
[77]. Simulation schemes include molecular and Brownian dynamics [78], sampling
schemes like Gibbs sampler [79], replica exchange [80] and a divide and conquer sampler

named as DOMINO sampler [81]. IMP also provide modules for comparing, clustering
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and analyzing the models.

1.4 Conclusions, Challenges and Possible Solutions

The Integrative modeling technique provides a standard scientific methodology to
construct and analyze the 3D structures of bio-molecules and bio-molecular complexes.
This technique is particularly useful when no single experimental method on its own can
construct the structures. Integrative approaches have an advantage over traditional
methods as they provide a system to combine vastly different experimental information
and then integrate them into a structural model. If the experimental data is not enough to
determine the structure, the integrative approach could provide structural models for
testing new hypotheses.

Identifying the amount of data needed to uniquely determine the structure is one of the
problems in Integrative modeling. Sometimes available data may not be sufficient to
determine the structure uniquely. A diverse range of expertise is needed to combine and
derive explicit experimental restraints for generating the missing data. This enhances the
resolution of the assembled structure. Techniques such as the incorporation of sub-
sequences of amino acids as fluorophores, cross-linkable groups, and EPR labels have to
be developed at low cost to simplify the process of deriving experimental restraints.
Combining these with the development of an efficient and automated software system for
experimental data analysis can produce rapid and low-cost structural information.
Another major problem in this approach is combining the spatial restraints at different
levels of resolution. For instance, structural data for a protein will give information about
its overall shape as well as about finer atomic details. Combining the data that has
different resolution is a time-consuming and challenging task. Efficient and intelligent
algorithms to automate this process would ease the modeling protocol. Various
techniques like machine learning, computational geometry algorithms, support vector
machines, etc. are well developed but have not been used extensively for this kind of
applications. A variety of learning algorithms targeted to solve this problem would be
useful.

Resolution of a model is an important parameter in determining the specificity in protein
interactions, functions and dynamics. It provides specific details with a certain level of
confidence. Itis often difficult to determine the resolution of the structures generated from
the integrated modeling approach. This is a big challenge as different parts of the model
have a different resolution. Clustering of the assembled models could provide resolution
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of the overall model. Defining the resolution of different parts of the model could also be
a possible solution. An automated software that combines the various data at different
resolutions and reports the resolution of the assembled models would be useful.

At this stage, focused efforts from diverse experimentalist groups together on a particular
problem can generate data at various levels of resolution quickly and efficiently. This
type of data will be more oriented towards integrative modeling applications and hence
easy to interpret. Combining data from different experiments can overcome the
limitations of a single experimental and computational method. Integrative modeling
technique is progressing very rapidly, and at this stage, we can build time-resolved
models. The experimental data at various time points could help capture the dynamics of
the system. Structurally oriented bio-informatics is currently the need for better and more
efficient structure determination through integrative modeling. Integrative approaches are
a recent innovation, and it is expected that the few existing examples would grow to many

more in the immediate future.
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2.1 Introduction to Coiled-coil proteins

2.1.1 Coiled-coil Protein Architecture

A coiled-coil is a frequently occurring structural motif formed by a set of alpha helices
that wind around each other to form a supercoil. Approximately 3-5% of all amino acids
in proteins are coiled-coils [82,83]. They consists of two to seven alpha helices aligned
parallel or antiparallel to one another [84]. Interactions between the alpha helices in a

coiled-coil guide their orientation.

2.1.2 Amino acid Sequence Patterns and Coiled-coil Geometry

Coiled-coil protein sequences exhibit a pattern of hydrophobic and hydrophilic amino
acids with the smallest unit known as a repeat. There are different types of repeats such
as a heptad repeat and a hendecad repeat. The most common of them is a heptad repeat
which is a sequence of seven amino acids and positions labeled as a/b/c/d/e/t/g [20,85].
Heptad positions a and d contains hydrophobic amino acids that form the core of the
coiled-coils whereas charged groups occupy heptad positions e and g and facilitate the
formation of inter-helical salt bridges (Figure 2-1). Polar residues that form the outer
surface of the coiled-coil occupy heptad positions b, ¢ and f. The amino acids at these
heptad positions interact with the solvent molecules. Though these are the most common

patterns observed, deviations also exist in many coiled-coil protein sequences.

2.1.3 Databases and Software for Coiled-coil Proteins

There exist a range of databases and software for characterizing and predicting coiled-
coil proteins. Software such as PCOIL, Paircoil2, MARCOIL, Multicoil2 and DeepCoil
can detect the heptad repeats in protein sequences [82,86-90]. They compare the protein
sequence with the sequence of known coiled-coil structures over the sequence window
lengths of 14, 21 or 28. Other software such as SOCKET, assign the heptad repeat to the
protein sequence by detecting knob into hole packing of side chains [91]. These programs
have been used to detect the coiled-coil geometry packing in known PDB structures and
housed in CC+ database [92]. Additionally, the coiled-coil structures can be defined
mathematically using parametric equations [93]. Despite this simplicity in the structure,
the molecular determinants of the coiled-coil stability and specific pairing are still not

clear [94-96].
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Figure 2-1 Schematic representation of coiled-coil and heptad geometry.

(A) Schematic representation of a 2-helix coiled-coil labeled with heptad repeats a-b-c-
d-e-f-g (apostrophe indicates partner helix). The circle around heptad repeat represents
the residues in the helix connected through gray lines. Green and brown color shows
positions of polar and apolar residues favoring possible salt bridges (green dotted line)
and hydrophobic core respectively. (B) The cross-sectional view of a 2-helix coiled-coil
in ribbon representation labeled with heptad positions. Side chains at heptad position d
point towards each other whereas side chains at heptad position a are anti-parallel to
each other. (C) A coiled-coil helix (gray ribbon) with amino acids at heptad positions a

and d forms the core of the coiled-coil (brown spheres).

2.1.4 Experimental Studies on Coiled-coil Proteins

Many experimental studies have attempted to determine the stability of coiled-coils by
changing one amino acid at a time and then measuring the change in free energy [97—
101]. Several other studies attempted to determine the role of buried residues at heptad
positions a/d and the relative orientation of the helices [102—106]. There were few studies
that predict the interaction specificity directly from coiled-coil sequence and predict the
oligomerization states [87,107,108]. Few studies try to identify the molecular

determinants of the oligomerization-state specificity, core packing geometry, inter-helical
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electrostatic interactions [109—111]. These studies provide information on the stability
and specificity of the coiled-coils. However, the exact molecular mechanisms of coiled-
coil stability and the molecular determinants associated with them are not clearly
understood.

Experimentally, it is difficult to study all free parameters for the coiled-coil proteins.
Parameters include free energy change due to mutations at various heptad positions,
addition of polar residues in the hydrophobic core, the distance of mutation from N and
C terminus, and the distribution of salt bridges (ion-pairs) along the coiled-coils [112—
119]. Studies that determine the frequency of the amino acids at different heptad position
gave insight about the pair preferences between the coiled-coil forming helices [120].
Such studies individually gave enormous amount of information about the coiled-coils.
However, these studies do not satisfactorily account for all the disease-causing

substitutions in the coiled-coils.

2.1.5 Coiled-coil Stability and Specificity

The “Peptide Velcro” (PV) hypothesis outlines the elements involved in the formation of
coiled-coils [121]. The hypothesis rationalizes the formation of hetero-dimeric coiled-
coils by destabilizing homo-dimeric coiled-coils. It outlines the three structural elements
categorized based on the heptad repeat positions. 1) Coiled-coils are stabilized through
hydrophobic contacts with heptad positions a/d occupied by hydrophobic amino acid. 2)
Coiled-coils are stabilized (electrostatic attraction) or destabilized (electrostatic
repulsion) through charged groups present at heptad positions e and g. 3) Polar groups at
the b, ¢, and f positions help in stabilizing the coiled-coil through the interaction with the
solvent molecules. The variants of these interactions determine the specificity, orientation

and oligomerization state of the two participating helices.

2.1.6 Biological Implications of Coiled-coils

Many proteins involved in the cell growth, proliferation, development of bones and
cartilage, and some DNA binding proteins such as Fos and Jun transcription factors have
coiled-coil domains [122,123]. Coiled-coils have been shown to function as antibody
stabilizers, anti-cancer drugs, temperature regulators, purification tags and linker systems
[83]. Varied distribution of coiled-coil domains and their simple geometry that can be
explained using parametric equations, makes them potential biochemical and therapeutic
agent [93,124]. The structural and functional diversity associated with coiled-coil proteins

makes them a suitable model system for current studies [125].
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2.2 Introduction to Intermediate Filaments (IFs)

2.2.1 Intermediate Filaments and Functions

Actin microfilaments (MFs), microtubules (MTs) and intermediate filaments (IFs) are the
three leading filament system of the cytoskeleton of metazoan cells [11]. The network of
these integrated filament systems imparts mechanical stability and is involved in several
cellular processes such as cell signaling, transport and differentiation, metabolism of
cholesterol, supporting/anchoring cell organelles etc. [12—15]. Among these, IFs are one
of the most abundantly found proteins in metazoan cells and tissues [126]. They have
derived their name from the diameter, about 8-12 nm, that is in between that of MFs and
MTs. Among the three classes of filaments, IFs were discovered first by electron
microscopy of skeletal muscle cells and analyzed by X-ray crystallography. They are a
class of filaments first discovered by electron microscopy of skeletal muscle cells and one
of the first to get analyzed by X-Ray crystallography in 1930 [127]. The sequences of
Intermediate filaments are highly conserved irrespective of their origin [128—130]. IFs
are the principal structural elements in the nucleus, cytoplasm, and epithelial cells [131—
134]. They are similar to non-IF like proteins such as myosin, collagen, and fibrinogen
but distinctly different when compared to globular proteins [135]. They are highly
insoluble and require specific mechanism or proteins such as kinases to solubilize them
[136]. The mesh formed by IF inside the cell provides resistance to mechanical stress
during cell division or migration, thereby protecting the cell from external and internal
processes [136—138]. The stress buffering functionality of the Intermediate filaments
protects the cell from various types of stress such as chemical, microbial and physical
[139,140]. This stress buffering system due to their filamentous structure is most
prominent in the epithelial layer of the skin that are exposed to changing environment.
Experimental studies have shown that the Intermediate filaments can stretch up to 3.4
times the original length while exposed to physical stress [141]. These properties of

Intermediate filaments is one of the current topic of research [139].

2.2.2 Types of IFs, Architecture and Assembly

IFs, unlike the other two cytoskeletal filaments, are different in different cell types. For
instance, in humans, 73 genes code for various IF proteins that get classified into six
classes based on the sequence homology and functions [11,16,142] (Table 2-1). IFs of

Type-I and Type-II are co-expressed in tissues to form heterodimers whereas Type III to
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Type VI IFs in general form homodimers [17]. There are few exceptions such as
Vimentin-Desmin that assemble as heterodimers when co-expressed in-vivo [143].

The dimers are the basic building blocks of all IFs. Various experiments and sequence
analyses have confirmed the presence of 3 domains in the IF dimer, i.e., Head domain,
Central domain and tail domain [18-20,144]. Electron Microscopy (EM) study revealed
the coiled-coil IF protein dimers as distinct 45-50 nm long rod-like molecules [145].
These dimers consist of long, often uninterrupted, segments of parallel alpha helices that
wind around each other to form central coiled-coil rod domain. The 8-17 amino acids
long non coiled-coil linker domains (L1, L12, and L2) connects the parallel coiled-coil
segments of alpha helices (1A, 1B, 2A, 2B) [11,146]. The central coiled-coil domain
contains about 624 amino acids sandwiched by non-alpha helical Head (N-terminal) and
Tail (C-terminal) domains [18-20,144,147]. Head/Tail domains are inherently
unstructured due to the presence of a large number of glycine and serine amino acids that
provides more flexibility to their overall structure [148]. They also make essential
molecular interaction with the neighboring dimers for the formation of the tetramer or
higher oligomers [16,149].

Table 2-1 Classification of Intermediate filaments.

Classification of different types of Intermediate filaments. Six types of IFs (Row 1), the
examples of Intermediate filaments (Row 2), and example for type of tissues in which they
are found (Row 3).

IF types Type | Type Il | Type llI Type IV TypeV | Type VI
(Acidic) (Basic)
Example | Keratin Keratin | Vimentin | Neurofilament, | Lamin Phakinin,
of IF K10 to K18 | K1to K8 | Desmin | Peripherin, filensin
GFAP, Nestin
Example | Simple epithelial, Blood Nervous Nucleus | Eye Lens
Location | Epidermal, hair, nails | vessels | system

The molecular mechanism of assembly of IF protein dimers into 10-nm thick filaments is
still unclear [150—152]. The concept of IF assembly is summarized using the schematic
representation (Figure 2-2). Cross-section of the IFs consists of 24 to 40 monomers
according to mass-per-length measurements by Scanning Transmission Electron
Microscopy (STEM) with a peak at about 32 monomers [149]. One of the main problems

in understanding the mechanism is the unavailability of the complete molecular structure
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of the IF protein dimer. The second biggest challenge is to construct the complete filament

structure along with head/tail domains.

Monomers

Dimers

Tetramers

Unit Length
Filaments

Filament

Figure 2-2 Schematic of IF filament architecture and assembly process

The assembly process of Intermediate filament starts with two different monomers with
central alpha helical domain (blue and red) flanked by non-alpha helical head/tail
domains (green/yellow). Initially, different monomers combine to form parallel coiled-
coil heterodimers. The coiled-coil dimers then interact in anti-parallel arrangement to
form tetramers and higher order oligomers. Adapted from www.interfil.org [21].

2.2.3 Current Status of 3D Structure of Intermediate Filament

In the past 50 years there were considerable improvements in getting more insights about
the structure of Intermediate filaments [135,153—155]. Among Intermediate filaments, the
majority of the studies were done on Keratin and Vimentin [156—158]. The technological
advances limit our knowledge about the 3D organization of Intermediate filament.
Various groups have tried to crystallize the Intermediate filaments dimers. However, with
current technology only segments of crystal structures of Intermediate filament dimers
(PDB ID: 3S4R [159], 3UF1 [160], 3SWK [159], 3G1E [161], 3TRT [162], 1GK4 [147],

4ZRY [163]) were obtained. These segments were short coiled-coil dimers and have large
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deviations from the standard coiled-coil geometry. These deviations, established by large
beta factor values, was always near the linker domains. Such coiled-coil segments of
Intermediate filament dimers tend to show crystal artifacts and have variable pitch as in
the case of Vimentin study [159].

Many groups have modeled the coiled-coil domain of Intermediate filament dimer by
joining various crystal structure segments [164,165]. This was done by aligning and
stitching together different crystalized segments on an axis [159]. The temperature
fluctuations in the crystal segments leads to tilted/bent models. These models deviate
from standard coiled-coil geometry leading to packing defects. Complete filament models
constructed using such non-straight and improperly packed dimers could lead to incorrect
and functionally infeasible models.

Similar study on the Keratin Intermediate filament built the model of Keratin dimer.
Along with the central coiled-coil domain of the dimer, a possible head and tail domain
was constructed through random placement with prior information. The complete model
was then subjected to molecular dynamics simulation for trajectory analysis [19].

A computational study models the Vimentin Intermediate filament with the low-
resolution SAXS data. However, the study provides no conclusive model as a randomly

arranged dimer model of the filament fits best with the experimental data [166].

3D Structure of
Intermediate Filament

AN —

Experimental Xray | | Cross-inking | [ EM/saxs | [ Cryo-EM DXMS
Technique
Structural Small segments|| Neighboring Low Resolution || Radial Density Bundling of Solvent Exposed
Information of dimer residues No. of Subunits Filaments Residues

2 o 2 2 2 2

= ® = = | 2

[0] > [0} @ = =

3 g 3 3 g g

= < = = < <

Analysis Dimer, Tetramer|| Neighboring Dimer fitting || 2D Disc Model ||Filament packing|| Solvent Exposed
Outcome Modeling domains filament Model of filament geometry Residues

Figure 2-3 Summary of studies relating to structure of Intermediate Filament.

Studies for determining 3D structure of the intermediate filaments (coral box) utilizes
several experimental methods such as X-ray crystallography, cross-linking amino acids,
electron microscopy etc. (gray boxes). These experimental techniques provide
structural/spatial information (pink boxes). Subsequently, the modeling/analysis of the

structural information provide insights about the structure of the dimer/filament (blue

boxes).

40



CHAPTER 2 | Background and Related Work

A deuterium exchange experiment provides some knowledge about the accessibility of
the amino acids with the solvent. The study provides regions on the filament that were
masked by head/tail domain [167]. Deuterium exchange data provide essential interaction
information between head/tail domain and coiled-coil domains. However, the absence of
3D structure of head/tail domains remains the bottleneck in modeling the complete
filament models.

A significant study that provided the 2D topology of the filament at the proto-fibril level
justifies the “8+0” model rather than “7+1” model. The study uses fitting of Intensity
transform profile of single dimer to match with that of complete filament. This was done

by 2D models considering a single dimer as a disc [168].

2.2.4 Keratin Intermediate Filament

Keratins are the members of the Intermediate Filament family of proteins (Type I and
Type II) that line the periphery of the epithelial cell (Section 2.2.2, Table 2-1) [169]. They
are also called as cytokeratins and account for most of the Intermediate filaments
[19,148]. Keratin encodes for 54 functional genes out of the 73 human IF genes
[11,16,136]. Unlike most other IFs that form homodimers, keratin assembles with Type-I
and Type II IFs to form heterodimers [17]. Different epithelial cells co-express more than
one kind of keratin pair leading to another subdivision of the keratins [138,170,171].
These include ‘structural keratins’ of trichocyte that form hard appendages such as nails,
hairs, horns (K86-K36, K82-K80, K71-K25), ‘simple keratin’ of one layered epithelium
(K8-K18) and ‘barrier keratins’ of stratified epithelia (K1-K10, K3-K12, K5-K14)
[21,148]. Simple and barrier keratins are also known as soft keratin or epithelial keratin
whereas ‘structural keratin’ are known as hard keratin or trichocyte keratin owing to their
rigidity due to additional disulfide cross-links within the structure [172,173]. Soft keratin
redistributes mechanical forces across the cell membrane, thus, preventing the cell from
damage and keeps it in its native shape [131,174]. Soft keratin IF network is one of the

major contributing factors of the elastic properties of the skin.

2.2.5 Keratin Intermediate Filament and Associated Diseases

Expression of Keratin genes (or in general IFs) is highly specific in patterns related to the
epithelial type and stage of cellular differentiation. Keratins in the epithelial cytoskeleton
play a significant functional role in mechanical stability and integrity of the cells through

cell-cell contacts. They are also involved in providing rigidity to the nuclear shape [175].
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They also play a role in intracellular signaling pathways; for instance, wound healing,
protection from stress, and apoptosis. Consequently, they are an inherent part of the
system at various levels of cell organization from single cell to tissue formation.
Mutations in the keratin genes lead to more than 70 hereditary diseases also known as
“Keratin disorders” such as Epidermolysis bullosa simplex and its subtypes, Dowling-
Degos disease, and Epidermolytic palmoplantar keratoderma [21]. The incidence rate of
keratin disorders are 1 in 3000. In diseased individuals, keratin is susceptible to
fragmentation. The importance of the genetic constitution of keratin has been studied
extensively using transgenic mice models [22,176]. Approximately 119 distinct diseases
such as Alexander disease, EBS etc. have been associated with single point mutations in
IF gene [21]. The resulting single amino acid change in the gene product leads to a
destabilization of the IF filament or the IF network, leading to diseased conditions.
Complete information about the Intermediate filament proteins and their associated
diseases could be found in the Intermediate filament database hosted at

http://www.interfil.org [21].

2.2.6 Structural Instability within Intermediate Filament dimers

Despite the severity of the Intermediate filament associated diseases, little is known about
their molecular mechanism. For instance, disease conditions are attributed to the
replacement of one hydrophobic amino acid by another hydrophobic amino acid. Studies
on the factors that stabilize coiled-coil structures, throw little or no light on why
hydrophobic to hydrophobic substitutions cause structural instability. Few studies have
been done that takes in to consideration of pairing preferences of amino acids [108,120].
However, these pairing preferences would not be able to explain structural instability
caused by hydrophobic to hydrophobic substitution.

To determine the structural instability, various substitutions have been made for different
heptad positions of the coiled-coil proteins [110,177]. Several groups have identified
packing preferences that play significant role in the IF dimer stability [97,100,118,177].
A single amino acid change can change the oligomerization state of the monomer. Other
rules such as presence of beta branching amino acids at heptad position d destabilize the
standard coiled-coil dimers due to atomic clashes. However, IF dimers have beta
branching amino acids and remains stable. This remains a topic of interest in the field and

holds the key to the mechanism of disease causing or filament destabilizing mutations.
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The previous chapter discusses about the preferential binding of two Intermediate
Filaments (IFs) monomers to form a coiled-coil dimer (Section 2.2.2). IFs of Type-I and
Type-I1 are co-expressed in tissues to form heterodimers whereas Type 111 to Type VI IFs
in general form homodimers [17]. The molecular interactions within a coiled-coil
geometry govern the stability of IFs dimers. This chapter describes the methodology
involved in determining the Intermediate filament dimerization principles and the
molecular determinants governing the stability and specificity of any coiled-coil
(including IF) dimer.

3.1 Constructing the Database of IF Sequences for Stability Analysis

To determine the Intermediate filament dimerization principles, 21 human intermediate
filament sequences were downloaded from www.interfil.org [21]. Total 35 IF sequence
pairs (dimers) were constructed and equally divided into five sets under two categories
(1) Naturally occurring or native dimers comprising of co-expressed heterodimers of type
I-11, homodimers of type Il1 to type VI, and (2) synthetic or non-native dimers consisting
of non-co-expressed type I-11 heterodimers, homodimers of type | and type Il. The dimer
types along with the examples is shown in Table 3-1. The molecular determinants of IF
dimers pair-preferences were extracted from the naturally occurring dimers while the non-
native dimers served as a negative control. From here on, the “IF Dataset” will represent
the pairwise sequences of native and non-native dimers described in Table 3-1, unless
mentioned otherwise. The following sections describes the sequence and structural
analysis of the coiled-coil domains from all the dimers in the dataset (Refer Section 2.2.2
for details on coiled-coil domains). The analysis of the IF dataset leads to various
molecular determinants that provide stability and specificity to the coiled-coil dimers.
The next few sections briefly describes the methodology used to align the coiled-coil

domains of IFs.
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Table 3-1 Data set of native and non-native IF Dimers.
First column indicates whether the IF dimers are naturally occurring or non-native
dimers. Second and third column provides IF dimer type and their lists respectively. All

Intermediate filament sequences were obtained from www.interfil.org [21].

IF Type IF Dimers

Type I-11 Hetero-dimer|Keratins: K1-K10, K3-K12, K4-K13, K5-

(co-expressed) K14, K6a-K16, K6b-K17, K8-K18
Naturally — (Type 111-VI Light (NFL) and Medium (NFM)
Occurring dimer | Homo-dimer Neurofilament, Peripherin, Vimentin, o-

internexin ~ (ANX), Desmin, Glial
fibrillary acidic protein (GFAP)

Type | Homo-dimer Keratins: K10-K10, K12-K12, K13-K13,
K14-K14, K16-K16, K17-K17, K18-K18

Type Il Homo-dimer  |Keratins: K1-K1, K3-K3, K4-K4, K5-K5,
K6a-K6a, K6b-K6b, K8-K8

Non-native Dimer

Type I-11 Hetero-dimer|Keratins: K1-K18, K3-K10, K4-K12, K5-
(non-co-expressed) K13, K6a-K14, K6b-K16, K8-K17

3.2 Sequence alignment and Conservation across IF dimers

3.2.1 Heptad repeat based alignment

The Intermediate filament coiled-coil domains are about 41% identical to one another
(Table 3-2). Within different classes of IFs, Type Il IF is the least diverging with 65%
identity when compared to other IFs (Table 3-2). The alignment of all Intermediate
Filament sequences was performed by aligning the coiled-coil domains guided by PCOIL
predicted heptad repeats [87]. Heptad repeats of the linker domains (see Section 2.2.2)
were interpolated from the heptad repeats of the neighboring coiled-coil segments. The
resulting alignment (refer to file: ALL_IF_alignment.txt in Supplemental Material) was
used for collecting statistics such as frequency of different amino acids, pairwise volumes,
atomic density, polar and charge interactions, etc. for various heptad positions. Being a
coiled-coil structure, the hydrophobic core (formed by heptad positions a/d) stabilizes the
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IF dimers. This chapter will discuss the stability and specificity of the IF dimers inferred

based on the heptad positions a/d.

Table 3-2 Intermediate filament sequence identities and similarities.

In addition to IFs described in Table 3-1, following IFs were also utilized to calculate
identity and similarity. Keratin K2, Kéc, K7, K9, K15, K19, K20, K23-28, K31-40, K71-
86. Following amino acid groups were considered for similarity calculations: Aromatic:
F, Y, W. Aliphatic: V, I, L. Positive charged: R, K, H. Negative charged: D, E. Small: S,
T. Polar: N, Q.

Intermediate Average |Standard Deviation| Average |Standard Deviation
Filament Sequence (Identity) Sequence (Similarity)
Identity Similarity
Type | 57.2% 11.9% 67.2% 9.7%
Type Il 65.0% 11.2% 74.1% 8.3%
Type HI-VI 54.8% 7.3% 67.8% 7.1%
ALL Sequences 41.3% 17.2% 54.7% 14.5%

3.2.2 Distribution of Disease Causing Mutations in IF dimers

All native dimers (Table 3-1) were analyzed for 438 disease causing single point
mutations at different heptad positions along the length of coiled-coil domain (amino acid
numbers from 1 to 325). The analysis suggest (a) 220 (about 50%) of all the disease-
causing mutations were present at the ends of the coiled-coil domains (Figure 3-1). (b)
153 mutations of the total 438 (~35% of mutations) were observed to occur at the heptad
positions a/d (Table 3-3). (c) The 86 heptad position a/d mutations out of 153 (~56% of
all a/d mutations) were present at the ends of the coiled-coil domains (Figure 3-1). This
suggests that IF coiled-coil dimer is susceptible for destabilization at the hydrophobic
core formed by amino acids at heptad positions a/d. This is an important parameter for IF
dimer coiled-coil stability. However, the occurrence of mildly destabilizing disease
mutations such as hydrophobic to hydrophobic substitutions cannot be explained. Thus,

a more robust analysis at the molecular level is required to explain the onset of diseases.
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Table 3-3 Intermediate filament disease causing mutations at heptad a/d
All disease-causing mutations for Intermediate filaments described in Table 3-1 were

obtained from www.interfil.org [21].

IF Mutant | IF Mutant | IF Mutant | IF Mutant | IF Mutant
Desmin | L274P | K1 F191l K12 | Y429C | K16 | L124P | K5 D328E
Desmin | L274R | K1 F191C | K12 | L433R | K16 | L124H | K5 A428T
Desmin | L338R | K1 F191L | K14 | M1191 | K16 | L128Q | K5 A428V
Desmin | N342D | K1 L208P | K14 | M119V | K16 | K354N | K5 L463P
Desmin | L345P | K1 F231L | K14 | M119T | K16 | L421P | K5 1467L
Desmin | 1367F | K1 D340V | K14 | L122F | K17 | M88T | K5 1467T
Desmin | L370P | K1 D340G | K14 | Y129D | K17 | M88K | K5 1467M
GFAP | M73R | K1 L437P | K14 | Y129C | K17 | L91P K5 Y470H
GFAP | M73K | K1 1479F | K14 | V133L | K17 | L95Q | K5 E477K
GFAP | L76F | K1 1479T | K14 | V133M | K17 | L95P K5 E477G
GFAP | L76V | K1 Y482C | K14 | V133A | K17 | Y98D | K5 E477D
GFAP | Y83H | K1 L486P | K14 | L136Q | K17 | V102M | K6a 1167N
GFAP | V87L | K1 L486R | K14 | L136P | K17 | N109D | K6a 1167S

GFAP | V87G | K1 E489K | K14 | N140S | K17 | L388P | Kb6a L170F
GFAP | L90OP K10 | M150R | K14 | L143P | K17 | L388R | Kba F174V
GFAP | L97P K10 | M150T | K14 | I176M | K18 | 1150V | K6a F174S
GFAP | L101P | K10 | L153V | K14 | R211P | K18 | Q285R | K6a F174C
GFAP | E207K | K10 | Y160D | K14 | D273G | K3 ES09K | Kb6a 1462S
GFAP | E207Q | K10 | Y160S | K14 | I377N | K4 E520K | Kb6a 1462N
GFAP | L235P | K10 | K439E | K14 | 1377T | K5 1172V | Kb6a Y465H
GFAP | Y242D | K10 | L442Q | K14 | L384P | K5 L175F | K6a Y465C
GFAP | Y257C | K10 | 1446T | K14 | L401P | K5 F179S | K6a L469R
GFAP | L331P | K10 | Y449D | K14 | L408M | K5 V186L | Kb6a L469P
GFAP | L352P | K10 | Y449C | K14 | 1412F K5 V186M | Kb6a E472K
GFAP | L359V | K10 | L453P | K14 | 1412N | K5 V186E | Kb6a E472D
GFAP | L359P | K12 | M129V | K14 | Y415H | K5 N193K | K6b E472K
GFAP | Y366H | K12 | M129T | K14 | Y415C | K5 R265P | NFL L94P
GFAP | Y366C | K12 | L132P | K14 | L419Q | K5 V324D | NFL 1213M
GFAP | E373K | K12 | V143L | K14 | E422K | K5 V324A | NFL L268P
GFAP | E373Q | K12 | 1426V | K16 | M121T | K5 D328H | NFL L333P
GFAP | E373D | K12 | 1426S K16 | M121K | K5 D328V | NFL E396K
K1 L187F | K12 | Y429D | K16 | L124R | K5 D328G | PRPH | D141Y

47


http://www.interfil.org/

CHAPTER 3 | IF Dimerization and Stability Determinants

o
n —
All Mutation
. a/d Mutation
o
> 2 7
Q
-
o
=]
28 -
C ]
o
1A 1B 2A 2B A
I I I I I [ I [
0 50 100 150 200 250 300 350

Amino acid numbers
Figure 3-1 Distribution of Disease Causing Mutations in IFs.

The frequency distribution (y axis) of disease causing mutations along the length of
coiled-coil dimer (x axis: amino acid residue position). Mutations at all heptad positions
(blue bars) were plotted along with mutations at only heptad positions a/d (red bars).

Residue numbers (1 to 325) starts from the coiled-coil domain.

3.3 Intermediate Filament Stability Feature determination

The stability analysis of any protein at the molecular level requires determining its
molecular interactions. As coiled-coil proteins follow heptad repeats, its amino acid
sequence was mapped to a standard geometry to infer information about the amino acid
positions (Figure 3-2 A, C). The mapped amino acids then provide interactions within a
coiled-coil structure. For instance, in a coiled-coil protein sequence, the predicted heptad
repeat sequence maps ASN amino acid at heptad position a. Since heptad a pairs with
heptad a of partner helix, a hydrogen bond is assumed to be formed between ASN amino
acids of the two helices in a coiled-coil structure (Figure 3-2 B). Similarly, electrostatic
repulsion was assumed if two similarly charged amino acids were mapped at both a/d
heptad positions (Figure 3-2 B, C). Only heptad positions a/d/e/g of the two helices
directly interact with one another. Such interactions determine the stability and specificity
of coiled-coil structures. In the following section, the methodology adopted to extract
various features important for a coiled-coil structure stability is discussed. The features
include molecular determinants such as amino acid hydrophobicity, branching, charge

position, volume and heuristic (Table 3-6).
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(A) Cross-Sectional View (C) Lateral View

polar residues ~ Salt Bridge polar residues

polar residues Salt Bridge polar residues

(B) Coiled-coil a/d interactions

Hydrogen Bond Electrostatic Repulsion

Figure 3-2 Elements of a coiled-coil heptad repeat.

(A) Schematic represents heptad positions a-b-c-d-e-f-g and a’-b’-c’-d’-e’-f-g’ as
labeled circles on two different helices of a coiled-coil in a cross-section view. Gray lines
connect the positions, solid and dotted lines indicate different planes. Polar (green) and
apolar (brown) residues form salt bridges (green dotted line) and hydrophobic core
respectively. (B) The ribbon representation of coiled coil indicates the interactions at
heptad positions a and d. Sphere represents hydrophobic core formed by side chains at
heptad position a/d. The interaction types at heptad positions a/d is represented as: (Left)
Hydrogen bond formed by ASN-ASN and (Right) Electrostatic repulsion from charged
amino acids (ASP-ASP). (C) Representation of a coiled-coil helix (gray ribbon) in a
lateral view with amino acids at heptad positions a (green) and d (blue). Salt bridges

between e-g’ and e’-g are shown in green color dotted lines.

3.3.1 Pairwise Distribution of Amino acid

Heptad positions a/d forms the hydrophobic core of a coiled-coil dimers with amino acids
at heptad pairs a-a' and d-d'. The hydrophobic interaction at a-a' and d-d" heptad
positions plays the dominant role in keeping the two helices together, whereas
electrostatic interactions provide specificity [83,100,104,121,177]. Native IF dimers
from the “IF Data set” (Table 3-1) and non-intermediate filament coiled-coil dimer

49



CHAPTER 3 | IF Dimerization and Stability Determinants

sequences were used to calculate amino acid pair preferences. Non-intermediate filament
coiled-coil dimer sequences were downloaded from CC+ database [92]. All two helices
parallel homodimers and heterodimers sequences were considered from the database that
contained at least 28 amino acids per helix. The analysis of dimer sequences combined
with heptad positions provided the frequency of amino acid pairs at heptad positions a-a*
and d-d’. This identified the differences in amino acid pair preferences between coiled-

coils and IF proteins.

(A) Coiled-coil a-a' Heptad Pairs (B) Coiled-coil d-d' Heptad Pairs
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Figure 3-3 Pairwise Residue frequency of Coiled-coil and IF dimers.

Frequency of pairwise occurrence of amino acids at heptad positions is represented as a
heatmap for coiled-coil in (A and B) and for IF in (C and D). Pairwise occurrence in the
coiled-coil dimers at heptad positions of (A) a-a' and (B) d-d" and in IF dimers at heptad
positions of (C) a-a' and (D) d-d'. Color bar represents normalized frequency 0 (green)

to 100 (red) of amino acid pairs. Amino acid residues are represented on X and Y axis.

50



CHAPTER 3 | IF Dimerization and Stability Determinants

This analysis provides dimerization rules by comparing the naturally occurring
intermediate filament dimer with the non-native dimers. To make these rules more general
and applicable to all coiled-coil proteins, we have collected the statistics of amino acid
pairs of all coiled-coil and intermediate filament proteins separately. Heptad position d-
d’ shows less variability as compared to heptad positions a-a’ in both coiled-coils and
intermediate filaments (Figure 3-3). At heptad position d-d, Leu-Leu amino acid pairs
were the most predominant pair in both coiled coil and intermediate filaments. At heptad
position a-a’, Leu-Leu, lle-lle, VVal-Val and Asn-Asn amino acid pairs were the most
dominant pair in coiled-coil whereas Leu-Leu, lle-lle, Leu-Ile amino acid pairs were
dominant in intermediate filaments. In general, the distribution of amino acids in both
Intermediate filament dimers and coiled-coil dimers are similar. Hence, the obtained rules

apply to coiled-coil dimers as well.

3.3.2 Inter-helical hydrogen bonds, electrostatic repulsions, and attractions.
Among the interactions formed by coiled-coils, inter-helical hydrogen bonds and inter-
helical repulsions determine the helix pairing specificity [83,121]. However, there is no
knowledge about the number of interactions required to quantitate whether a dimer stable
or unstable. To determine the significance of inter-helical interactions, native or naturally
occurring IF dimers were compared with the non-native or artificial IF dimers (Table 3-1).
Thus, the non-native dimers acts as a negative control. The comparison between native
and non-native IF dimers (Table 3-1) involve the following interactions:
1. Inter-helical ASN-ASN hydrogen bonds at heptad position a and a’.
2. Inter-helical electrostatic repulsion between a-a', d-d*, a-g' and d-e" heptad pairs.
Similarly charged residues could be tolerated at e-g* and e’-g pairs [110].
3. Inter helical electrostatic attraction between a-a', d-d', a-g', e-g', g-e¢' and d-e'
heptad pairs.
Pairwise interactions between amino acids were assumed if they were spatially proximal
to one another. These interactions provide a measure of the stability and specificity of the
IF dimers. The total number of all possible destabilizing (electrostatic repulsions) and
stabilizing (electrostatic attraction, hydrogen bonds) inter-helical interactions were
computed for all native and non-native IF dimers (Table 3-4). The non-native dimers on
average are expected to have more destabilizing interactions when compared to the native

IF dimers.
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Table 3-4 Inter-helical polar interactions in native and non-native dimers.
Average number of possible electrostatic repulsions, attractions and hydrogen bonds in
native and non-native IF dimers. These numbers accounts for possible interactions

between a-a’, d-d', a-d', a-g' and d-e' heptad pairs.

Native IF dimer Non-native IF dimer
Type I-11| Type 11I-VI | Type | Type Il | Type I-1l Hetero-
Hetero-dimer |Homo- Homo- |Homo- |dimer (nhon co-
(co-expressed) |dimer dimer dimer expressed)
Repulsions 9.85 13.28 9.42 13.42 10
Attractions 4 6.85 4.28 4.28 4
Hydrogen bonds 1 1.85 2.14 1.14 1
Salt bridges Conserved Repulsion but compensated Conserved
K14-K14 H-Bond by complementary charges H-Bonds
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K5-K5 . -
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Figure 3-4 Visualization of critical heptad Interactions within IF dimers.

(A) Type I-1 homo-dimer (K14-K14), (B) Type II-1I homo-dimer (K5-K5), (C) Type I-11
heterodimer (K5-K14). Purple encircled regions show conserved repulsion sites whereas
blue encircled regions highlight sites without repulsion in comparison to K5-K5 homo-

dimer.
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A higher number of favorable electrostatic attractions and hydrogen bonds complemented
the electrostatic repulsions of native Type I11-VI homo-dimers. However, in non-native
Type Il homo-dimer, the average electrostatic repulsions were more in comparison to all
other dimers. Thus, Type Il homo-dimers are least stable compared to all other dimers
(Figure 3-4). Native Type I-1lI heterodimers show similar trends for repulsions and
attractions as compared to non-native Type I-11 heterodimers and non-native Type |
homodimers. Thus, Inter-helical interactions (hydrogen bonds and electrostatic
repulsions) at a-a’> and d-d’ heptad pairs provides pairing specificity through
destabilization between different IF pairs as also previously observed [121]. A single
conserved hydrogen bond in native IF dimers provides orientation to the coiled-coil dimer
(parallel or anti-parallel) at the cost of destabilizing the hydrophobic core. Additional
hydrogen bonds may destabilize the coiled-coil dimer due to the loss of hydrophobic core.

3.3.3 Hydrophobic Core Atomic Density

The coiled-coil forming helices interact through their spatially proximal amino acids at
heptad positions a, d, e, and g. These interactions play a crucial role in stabilizing and the
specific pairing of the IF dimers [83,97,100,104,121,177]. Heptad pairs a-a’ and d-d’
interactions constitute the hydrophobic core of the dimer. The apostrophe indicates the
heptad position of the partner helix. The amino acids at heptad pairs a-a’ forms the
periphery of the hydrophobic core whereas amino acids at the heptad pairs d-d” occupy a
more central location (Figure 2-1 B). This is sometimes also referred to as knob into hole
packing [20]. The following section discusses packing of atoms in two ways. 1) Pairwise

interactions (a-a’ and d-d’) and 2) Extended pairwise interaction (ada and dad).

1. Atomic Density Distribution at a-a" and d-d’ pairs

To determine the favorable packing of atoms at heptad pairs a-a' and d-d’, the optimal
number of atoms that can be packed for each position were computed for the entire dimer
length. Every amino acid was assigned a score computed as the total number of non-
hydrogen atoms at B and y positions (Table 3-5). Amino acids having the following atoms
were given extra scores as indicated; C*sp? hybridized carbon = +1, S* = +1.5, S® = +0.5,
C? sp® hybridized carbon = +0.25. These extra scores accounted for the bulkiness/size
(such as an S atom being bulkier than C) and degrees of freedom (for sp? hybridization,
planer molecule). All other atoms at C® and beyond were ignored, as they do not

contribute to the hydrophobic core of the coiled-coil dimer.

53



CHAPTER 3 | IF Dimerization and Stability Determinants

(A) Heptad a-a' Heptad d-d'
[ T T ®
£
[
£ k-]
£°7 3
- 4
° £
§- 2
E 2
=] — K10K10
z, ] — KizK12
K13K13
[ — K14K14
. HE R — KIEK16
-1 - 1A 1B 2A 2B A -1 - 1A KI7K17
T T T T T T T T T T T T T T T T T T T T I T TTTT] L A
(B) (G)
7 - : 7
@ 6 — ; 5 -
E \ 3 :
25 \ : 5
© \ | .
5 4 L v 4 -
E 2 5
3
z, .
R S L L IS Lo — Keakéa
1 — 1A 1B 2A 2B A - 1A 1B 2A 2B A KebKeb
TTTTTT T T I T T T T T T T T T T I T T T T T T T T I T 0T L o o
(C) (H)
" ‘ o
7 § _ o
a6 & 5 E
E 3 k-1
S 5 5 — : Q v
4 V| g3
) ! = e
— ' -—
_83_ 3 - ‘ [}
E 2 2 - ' =
S I — Kkio
=z 4 4 1 - — K3K12
K4K13
0 - 0 - — K5K14
! H A . H ' [ —— K6aK16
1 1A 1B 2A 2B A 1 1A 1B 2A 2B A K6bK17
TTTTTTT T T T T T T T T T T T T T T T T T T T T I I
(D) )]
7
@ 6 —
£
2 5+
©
5 4 4
bt
-83— 3
E 2 2
=3
= 1
0 — — R 0 - — NFM
1~ 1A 1B 2A 2B A 4 - 1A 1B 2A 2B A FHPF\V
TTTT T T T I T T T T T T T T T T T I T T T T T TITTTTIT1T] TTTTTT T T T T T T T T T T T T T T T T T T T T T T ][ Yimenin
)] @
@
7
) £
7
5 o
.
+ 8
©
2
.
A
[ . EEEE 0
44 TA 8 A 2B A a4
TTTT T T T T T T T T T T T T T T T T T T T T T T I TTTT7]
°2R39RBRE33RE9B3R8R32R3SRERE82288
mmmmmmmmmmmmmmmmmmmmmmmm
Dimer Length Dimer Length

Figure 3-5 Density scores of a-a’ and d-d’ residue pairs.

(A, F) Type I homodimers, (B, G) Type Il homodimers, (C, H) Type I-11 heterodimers, (D,
1) Type 111-VI homodimers and (E, J) Type I-1l heterodimers non co-expressed. Density
scores of a-a’ and d-d’ heptad pairs calculated from C# and C” atoms of amino acid.
Color indicate different dimers. The blue horizontal line represents the coiled-coil
domain of the dimer. Caret (") symbol shows the location of the stutter region.
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Table 3-5 Molecular determinants score values for amino acid.

Hydrophobicity | Branching of Charged Stacking | Volume | Proline
Amino acids Score (in A% | Absence

A 1.8 1 0 0 88.6 1
C 2.5 3.5 0 0 108.5 1
D -3.5 3 -2.666 0 1111 1
E -3.5 2 -2 0 138.4 1
F 2.8 3 0 1 189.9 1
G -0.4 0 0 0 60.1 1
H -3.2 3 2 0 153.2 1
I 4.5 3.25 0 0 166.7 1
K -3.9 2 1.6 0 168.6 1
L 3.8 2.5 0 0 166.7 1
M 1.9 2.5 0 0 162.9 1
N -3.5 3 0 0 1141 1
P -1.6 4 0 0 112.7 0
Q -3.5 2 0 0 143.8 1
R -4.5 2 1.32 0 173.4 1
S -0.8 2 0 0 89 1
T -0.7 3 0 0 116.1 1
\Y 4.2 3 0 0 140 1
W -0.9 3 0 1 227.8 1
Y -1.3 3 0 1 193.6 1

Total score of every a-a' or d-d" amino acid pair was determined by adding the individual
scores of amino acids at these positions. The total scores of all a-a" and d-d" heptad
positions were calculated and compared with the scores of the non-native dimer sets. The
non-native dimers were expected to have large variability in the packing (less stable).
Several studies have determined the amino acid preferences across various heptad
positions in coiled-coil dimers [100,118,177]. However, no study has reported pairwise
preference in the coiled-coil dimers. In an ideal coiled-coil dimer, heptad pairs a-a” and
d-d’> should complement each other resulting in an evenly distributed atomic density
along the length of coiled coil. An uneven density (low/high) in coiled-coils either
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destabilizes dimer or favors the formation of trimer and higher order structures
[104,178,179]. However, intermediate filaments and other coiled-coils often have high
and low-density regions. This is possible only through re-distribution of the atomic
density in the adjacent heptad pairs so that the overall distribution remains uniform. Beta-
branching amino acids at heptad position d increases the atomic density in the
hydrophobic core that should be complemented by the low atomic density partner at
heptad d’ and sandwiching heptad a-a’ pairs (Figure 3-5). The re-distribution of atomic
density was accomplished by locally changing the pitch of the coiled-coil dimer. The
change in pitch creates enough space to accommodate extra atoms and thereby

maintaining the uniform density along the coiled-coil.

2. Atomic Density Distribution at ada and dad hex pairs

Atomic density distributions of heptad pairs a-a" and d-d* were extended by appending
the preceding and succeeding a-a' and d-d’ pairs density. This accounts for cases where
a high-density heptad pair is surrounded by low-density heptad pairs or vice versa. This
arrangement of atoms is represented here as ada and dad hex pairs. A dad hex pair is a
set of twelve amino acids at heptad position a-a’, sandwiched by d-d’ and e-e’/g-g’ pairs.
Similarly, ada hex pair is a set of twelve amino acids at heptad position d-d’, sandwiched
by a-a’ and e-e’/g-g’ pairs. For instance, a dad pair consists of heptad positions 1d, 1d’,
2a,2a’,3d, 3d’, 1e, 1¢’, 29, 2g’, 3e and 3¢’ where the number before heptad signifies the
position (from start to end) along the length of a coiled-coil dimer. Atomic distribution
scores for ada and dad hex pairs were calculated as follows.
Score(a, —a';) + Score(ay —a'y) — 2 * Score(d; — d';)

2
Score(d, — d,) + Score(dy —d',) — 2 * Score(az —a';)

2
Score of every a-a' and d-d" pair was calculated as explained in the previous section (See

Score(adaz) =

Score(dadj) =

Section 3.3.3-1 for more details). The subscript indicates the position of ada or dad hex
pairs.

A low-density region at the heptad pair a-a’ allows invasion from solvent molecules. The
solvent molecules could easily penetrate the hydrophobic core, thus destabilizing the
coiled-coil dimer. A stable coiled-coil should have complemented high-density heptad
pairs around low-density heptad pairs (Figure 3-6). In such cases, the neighboring ionic
interactions protect the exposed low-density hydrophobic cores through hydrophobic

methylene groups of the participating LYS and ARG amino acids.
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Figure 3-6 Density scores of ada and dad residue pairs.

(A, F) Type I homodimers, (B, G) Type Il homodimers, (C, H) Type I-11 heterodimers, (D,
1) Type 111-VI homodimers and (E, J) Type I-1l heterodimers non co-expressed. Density
scores of ada and dad heptad pairs calculated from C# and C” atoms of amino acid. Color
indicate different dimers. The blue horizontal line represents the coiled-coil domain of

the dimer. Caret (") symbol shows the location of the stutter region.
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The hydrophobic core atomic density scores suggests that a uniform density is stable
whereas the non-uniform density is unstable. For instance, a substitution that decreases
the atomic density of hydrophobic core could destabilize the dimer due to invasion of
water molecules [180]. The invasion that fills the hydrophobic core with water molecules
were seen in several coiled-coil crystal structures (PDBID: 1ZIM, 4DME, 1132, IMG1,
1Y4M, 1IMOF, 2EBO). Similarly, a substitution that increases the atomic density of the
hydrophobic core would favor the formation of trimer or higher-order oligomer structures
but not dimer [181].

3.3.4 Volume distribution of Amino acids at a-a’ and d-d’ positions

The total volume of amino acids at a-a" and d-d" heptad pairs were calculated for all
dimers in the “IF Data set” (Table 3-1) to account for the bulkiness of the amino acids.
The total volume of each amino acid pair was calculated by adding the individual volume
of amino acids [182]. The volume of the amino acids also plays a significant role in the
formation of the dimer. Only amino acid pairs with appropriate volume can form a well-
packed structure. Large protrusion of amino acids from the hydrophobic core could be
destabilizing especially in the context of the filament. In this section, the volume
preferences of the native IF dimers were compared with non-native IF dimers. Non-native
IF homo-dimers of Type | and Type Il have many irregular volume pairs at heptad
position a-a’ and d-d’ (Figure 3-7). However, native IF hetero-dimers of Type I-11 have
a narrow band of allowed pair volume suggesting the importance of uniformity in the
volume of hydrophobic core.

Apart from that, a lower hydrophobic core volume in native IF dimers was always
compensated by a hydrophobic methylene groups of LYS/ARG amino acids while
forming ionic interactions. Non-native IF homo-dimers of Type | and Type Il do not show
these trends. Native IF homo-dimers of Type I11-VI, however, show few fluctuations but
were always protected by methylene groups of salt bridge forming amino acids. Type I-
Il non-native heterodimers also have a narrow band suggesting their capability to form
stable heterodimers. The volume analysis suggests that the volume of pairing amino acid

is an essential factor in dimerization.
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Figure 3-7 Volume of a-a’ and d-d’ residue pairs.

(A, F) Type I homodimers, (B, G) Type Il homodimers, (C, H) Type I-11 heterodimers, (D,

[) Type 111-VI homodimers and (E, J) Type I-Il heterodimers non co-expressed. Color

indicate different dimers. The blue horizontal line represents the coiled-coil domain of

the dimer. The asterisk (*) symbol provides the position of salt bridge formed by the

neighboring e-g' pair. Caret (") symbol shows the location of the stutter region.
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3.3.5 Distribution of Hydrophobic and Hydrophilic Amino acids

To understand the distribution of hydrophobic amino acids across various heptad repeats,
amino acids were categorized into hydrophobic and non-hydrophobic residues. Amino
acids Ala, lle, Leu, Met, Phe, Trp, Tyr, and Val were considered hydrophobic, while other
12 amino acids were considered non-hydrophobic. For all native and non-native dimers,
the percentage of hydrophobic and non-hydrophobic amino acids were recorded for all

heptad pairs.

Percentage of Hydrophobic amino acid

o
o —
Type |-l
o | Type Ill to VI
o Type I-Il decoy
Type | decoy
S I Type Il decoy

70
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a b c d e f g
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Figure 3-8 Distribution of hydrophobic amino acids across heptad positions.
The percentage of hydrophobic amino acids at various heptad positions along the x axis.
Error bar indicates standard deviation. The bars are grouped according to different types

of intermediate filament dimers i.e. native and non-native dimers (decoys).
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Coiled-coil dimers in heptad positions a and d are known to have hydrophobic amino
acids whereas polar amino acids occupy heptad positions b, ¢, and f. However, heptad
positions ¢ and f in non-native dimers deviate from the standard distribution when
compared against native dimers (Figure 3-8). The hydrophobic residue percentage for
Type | non-native homodimers are ~12 and ~33, for Type 11 non-native homodimers are
~28 and ~17 whereas for naturally occurring dimers the percentage is ~20 and ~25. The
difference is about 8% (13 amino acids out of 157) for heptad position ¢ and f when
compared with naturally occurring dimers. Similarly, the difference for heptad position d
is about 5% (4 amino acids out of 79) when compared to the native dimers.

Previously, Intermediate filaments were shown to have hydrophobic patches on the dimer
surface (heptad positions b, c, and f) that stabilize the dimer-dimer contact [159]. The
differences shown here are significant enough to cause destabilization because of
unbalanced hydrophobic amino acid patches along the length of non-native homodimers.
The analysis provides critical positions for dimer-dimer contact as well as the fact that
the deviations in the distribution of hydrophobic amino acids play a crucial role in the

intermediate filament stabilization.

3.3.6 Heuristic Features

Other than the molecular determinants obtained from the sequence analysis of native and
non-native IF dimers, it has been observed that the presence of Proline amino acid induces
a kink in the coiled-coil helix [183]. The kink in the helix leads to the loss in intra-helical
hydrogen bonds, thereby affecting the coiled-coil stability. Thus, the presence of Proline
amino acid in the coiled-coil dimer was used as another molecular determinant. The
stability of coiled-coil dimers also depends on other factors such as the neighboring amino
acids, stacking interaction of aromatic residues etc. Disrupting such interactions could

cause the functional breakdown of the intermediate filaments.

3.3.7 Summary of structural features

The previous sections discussed the methodology adopted for determining the structural
features obtained for the Intermediate filament dimers. The features were obtained by
comparing the molecular determinants of the native IF dimers with the non-native IF
dimers. In all six features provided maximum contrast between native and non-native IF
dimers. Table 3-6 highlights a brief summary of structural features, their physical
significance along with the calculation methodology. These structural features in their
numerical form (Table 3-5) were used for classifying the hex pair stability. The next

61



CHAPTER 3 | IF Dimerization and Stability Determinants

section will discuss the construction of neural network schema that would use these

structural features to classify the hex pair stabilities.

Table 3-6 Physical significance of features and their calculation methodology.

Table list the features and their physical significance that was used for predicting the

coiled-coil stabilities and the calculation methodology to obtain the corresponding

numerical values.

Feature Physical significance Calculation method
Hydrophobicity of |Heptad positions a and d are Hydrophobic index
residues generally hydrophobic.

Branching of

residues

Heptad positions a and d have
different preference of branching

residues.

Total number of atoms at CP

and C" positions.

Position of charged

atom

This rule provides a measure of
how far is the charge from the

hydrophobic core.

Charge on amino acid divided
by number of atoms between
the charged atom and C*

atom in amino acids.

Stacking of residue

Residues at heptad positions a
and d appear to have stacking
interaction with the partner

residues

Stacking interaction is
assumed if aromatic rings
were present at heptad
position a and d' and vice

versa.

Volume of residues

This rule provides a measure of

bulkiness of the residues

Total volume of amino acid

pair.

Addition of Proline

Proline is well known to kink the
alpha helix. Disease causing
mutations also shows large

number of Proline mutants.

Proline substitution has
higher value.
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3.4 Construction of Neural Network Schemas

3.4.1 Obtaining training and testing data

When single point mutants cause disease, it was conjectured that this is because of the
destabilization of the IF filament and/or IF dimer. In this study, a multi-layer perceptron
(MLP) network was used to characterize and predict the effects of point mutations on the
stability of the IF dimer. The multi-layer perceptron network learns the weights of the
network from the input hex pairs (see Section 3.3.3-2) obtained from naturally occurring

dimers and their corresponding disease causing variants.

3.4.2 Representing and scoring hex pairs

A hex pair (Figure 3-9 A) was represented as a column vector of twelve amino acids
(V12 x 1) (Figure 3-9 B). Each amino acid in the vector V;, x ; was mapped to six scores
given by its molecular determinants (Table 3-5), thereby generating a score matrix
(M, x ¢) (Figure 3-9 C). All elements of the score matrix (in row major order) were
normalized across features that feeds in to the input layer of the neural network schema
(Figure 3-9) (Figure 3-9 D). The hidden layer of the schema has logistic activation
function. For every hex pair the output layer provides a probability value in range 0 to 1

(O stable hex pair, 1.0 unstable hex pair).

3.4.3 Bootstrapping and Performance

The molecular determinants numerical values for heptad pairs a-a’> and d-d> were
different for native dimers when compared to non-native dimers (Figure 3-5, Figure 3-6,
Figure 3-7). Owing to this difference, two independent neural network schemas were
constructed. One of the schema was trained on ada hex pairs whereas other was trained
on dad hex pairs. To ensure that there was no over-fitting, 50 bootstrap iterations were
performed for both schemas by dividing their corresponding input into training and
testing set in ratio 0.7 and 0.3 respectively. Training and testing data are of size 186 and
82 for dad pairs schema whereas 196 and 85 for ada pairs schema respectively.

The method had an average accuracy of about 0.944 and 0.938 for heptad position dad
and ada respectively (Table 3-7). The specificity of the method is about 0.982 and 0.974
for heptad position dad and ada respectively (Table 3-7). The method is nearly perfect in
determining non-disease causing substitutions. Overall the trained model has Mathew
correlation coefficient (MCC) 0.757 and 0.722 for heptad position dad and ada

respectively.
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3.4.4 Neural Network Implementation parameters

Neural network schemas (multi-layer perceptron) were developed using scikit-learn
library with the following parameters; optimization algorithm = 'l-bfgs’, regularization
rate = 0.05, number of neurons in hidden layer = 10, activation function of each neuron =
"logistic’, learning rate = 0.3, tolerance for optimization = 0.000001, number of iterations
= 50000 [184].

(A) (B) (C} (D)
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Hentad oosition of Neural Network
eptad position o
interest (3d) ) ) RI(L) — S
Residues at given N 7
L Heptad pos%:y RZ(L) \\\\
8 . 3d | =L R3(L) — Q) '\
53 g . 3d —>V R4(L) — /
< 5% 2g — K R5(L) —= O
z 2'g =K R6(L)
—>2a —>A
Za — A LT T T I
ge — E) R1(Y) = O /
£ e —
5. ol s R2(Y) = () |
%‘% 4g — K R3(Y) — O
2 da — L E E R4(Y) —=
= 4a' — Y R5(Y) —»
-
i ; j—é Extracted Converting residues  Input Hidden
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Figure 3-9 Schematic showing conversion of a hex pair to neural network input.

(A) A hex pair (ada and dad) extracted from a coiled-coil protein. A sliding window (gray
box) around the helix shows an ada hex pair. (B) Extracted heptad positions and
corresponding amino acids. (C) Conversion of amino acids to numerical values
according to six molecular determinants represented in the figure as R1 to R6 (see Table
3-5 for details about molecular determinants). (D) Neural network with input layer,
hidden layer and output layer. All input layer nodes were connected to all other hidden

layer nodes.

Table 3-7 Performance of trained neural network model.
Rows indicate heptad position whereas Column indicate various statistical measures such

as Accuracy, Sensitivity, Specificity, and Mathew correlation coefficient (MCC).

Accuracy | Sensitivity | Specificity | Precision MCC
Schema dad 0.944 0.711 0.982 0.877 0.756
Schema ada 0.938 0.706 0.974 0.816 0.722

64



CHAPTER 3 | IF Dimerization and Stability Determinants

3.5 Using Neural Network Schema for classifying hex pairs

Once the neural networks schemas were trained to distinguish between stable and
unstable (disease causing) dad and ada hex pairs, they could be used to predict the effects
of substitutions at heptad positions a and d respectively. Following sections describes the

usage of trained models for classifying hex pairs as stable or unstable.

3.5.1 Prediction of Novel filament disruptive substitutions in all IF dimers

The trained neural network models were utilized to predict new filament destabilizing
substitutions for all Intermediate filament family menbers. Every heptad position a and d
in the intermediate filament dimers was substituted to the other 19 amino acids. The
stability of the hex pairs generated through in-silico saturated mutagenesis was classified
using trained neural network schemas (see Section 3.4 for details). The trained models
provide a probability value (representative of stability) for every hex pairs. A hex pair
with a probability value greater than 0.9 was considered unstable whereas probability less
than 0.1 was considered stable. Hex pairs with probability values in range 0.1 to 0.9
cannot be classified as stable/unstable with confidence, hence were marked as ‘“Not
Confident”. Table 3-8 list the total number of filament disrupting substitutions and control
mutations (little or no effect on the stability) for all intermediate filament family. No
restrictions were applied (such as hydrophobic to polar substitutions) on the type of
filament disrupting mutations. The control mutations for all Intermediate filaments were
low in number compared to filament disrupting mutations. This suggests that the heptad
positions a/d provide little space for variability and hence explains the high conservation

of Intermediate filaments coiled-coil domain sequences.

3.5.2 Experimental validation of novel K5-K14 mutations

To validate the in-silico predictions of filament disrupting substitutions, keratin K5-K14
was selected as a model system. The neural network models provided around 635
filament-disrupting substitutions along the length of dimer (Table 3-8). Majority of these
predicted mutants were hydrophobic to polar/charged amino acids. These extreme
substitutions were likely to be filament destabilizing and hence do not need experimental
validation. However, all hydrophobic to hydrophobic predicted mutants have similar
chemical nature and hence, are not trivially validated. Thus, all hydrophobic to
hydrophobic residue mutants along with their predicted controls were experimentally
validated (Table 3-9). GFP-tagged K14 plasmids for all mutants were generated through
site directed mutagenesis. These plasmids were co-transfected with DsRed-tagged K5
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wild-type plasmid into PtK2 cells [185]. The cells were then analyzed for keratin
aggregates using light microscopy. Sixteen different substitutions at six positions were
validated and agree with the computational predictions. For every position, the filament
disrupting substitutions were predicted along with a possible control substitution. Most
of these substitutions (Table 3-9) disrupt the filament without the need of hypo-osmotic
stress. Two representative images of L126 position substitutions (control and filament
disrupting) show the Keratin K5-K14 aggregates (Figure 3-10). However, mutant 1169G
was filament destabilizing only when the cell was subjected to hypo-osmotic stress with

150mM Urea followed by 1 hour recovery (Figure 3-11).

Table 3-8 Filament disrupting substitutions for all Intermediate Filaments

Column 1 lists native IFs, Column 2 lists number of filament disrupting mutations
predicted in the coiled-coil domain through neural network schema. Column 3 list
number of control substitutions predicted for each type of Intermediate filament. Control

substitutions would have little or no effect on the stability of the Intermediate filaments.

Intermediate Filament | Filament disrupting substitutions Control substitutions
(no effect)

K1-K10 619 S7
K3-K12 628 63
K4-K13 641 64
K5-K14 635 67
K6a-K16 639 63
K6b-K17 644 62
K8-K18 616 53
Desmin 210 34
GFAP 197 31
NFL 198 30
NFM 207 32
Peripherin 196 29
Vimentin 211 30
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Table 3-9 List of all in-vivo validated list of substitutions.

Column 1 provide six different position along the length of K5-K14 Intermediate filament
dimer coiled-coil domain. Column 2 provide the predicted filament disruptive substitution
details with wild type amino acid with position and corresponding substitution. Column
3 and 4 provide average probability predicted from 50 bootstrap iterations and the
corresponding predicted effect (Intact and Disruption). Column 5 provides effects

observed in the in-vivo experiments. * indicates filament aggregates observed in some

cells.
Position | Substitution |  Average Predicted Effect Experimentally
Probability Observed Effect
L126 L126F 0.01 Intact Intact
L1261 0.92 Disruption Disruption
L126A 1.00 Disruption Disruption
L126G 1.00 Disruption Disruption
Y162 Y162I 0.17 Intact Intact
Y162M 0.96 Disruption Disruption
1169 1169V 0.00 Intact Intact
1169G 0.94 Disruption Disruption on stress
V186 VV186F 0.28 Intact Not confident*
V186M 0.98 Disruption Disruptive
1239 1239V 0.00 Intact Intact
1239M 0.92 Disruption Not confident*
1239G 1.00 Disruption Disruptive
1412 1412W 0.99 Disruption Disruption
1412M 1.00 Disruption Intact
1412 1.00 Disruption Intact
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K14 WT Predicted Control Filament Disrupting Filament Disrupting Filament Disrupting
L126 L126F L126A L126G L1261

Figure 3-10 Experimental validations of K5-K14 novel K14-126 mutant.

Representative images of K5-K14 keratin filaments and aggregates in WT and mutants.
(First column:) Keratin K14 filaments in the wild type Ptk2 cells. (Second column:)
Keratin K14 filaments in the predicted control mutant and (third to fifth columns:)
Keratin K14 aggregates in the predicted filament disrupting mutants. Mutants were co-
transfected with DsRed-tagged K5, and GFP-tagged K14 in K5, K14 null PtK2 cells and
residues substituted at the position K14-126 for L126A, L126G, L126l. (Blue: DAPI
labelled nucleus, Green: K14 Keratin). Experiments: Dr. Birgit Lane’s group, IMB

Singapore.

K14 WT Predicted Control Predicted Control Filament Disrupting Filament Disrupting
1169 1169V (Osmotic stress) 1169V 1169G (Osmotic stress) 1169G

Figure 3-11 Experimental validations of K5-K14 novel K14-169 mutant.

Representative images of K5-K14 keratin filaments and aggregates in WT and mutants.
(First column:) Keratin K14 filaments in the wild type Ptk2 cells. (Second column:)
Keratin K14 filaments in the predicted control mutant. (Fourth column:) Keratin K14
aggregates in the predicted filament disrupting mutants. (Third and fifth column:) K14
filament mutants subjected to hypo-osmotic stress followed by 1-hour recovery Mutants
were co-transfected with DsRed-tagged K5, and GFP-tagged K14 in K5, K14 null PtK2
cells and residues substituted at the position K14-169 for 1169V, 1169G. (Blue: DAPI
labelled nucleus, Green: K14 Keratin). Experiments: Dr. Birgit Lane’s group, IMB

Singapore.
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3.5.3 Determining unstable positions in native and non-native dimers

Molecular determinants (listed here Table 3-6) decide the stability of any given position
across the IF coiled-coil dimers. These determinants were used to construct neural
network model that scores any hex-pair and classify them as stable or unstable (Figure
3-9 Section 3.4 Section 3.5). Every molecular determinant provided contrasting
difference between native and non-native dimers without considering the effects of other
molecular determinants. Thus, their combined effect on the dimer stability should
independently classify them as native or non-native dimers.

The trained neural network model verifies the stability of all unique hex-pairs from native
and non-native dimers. The non-native dimers were expected to have at least one or more
filament destabilizing hex-pairs whereas native dimers should not have any unstable hex-
pairs. The hex-pairs with probability greater than 0.9 were considered unstable (as
previously done in section 3.5.1). All non-native homo-dimers of type Il have an unstable
hex-pair at a specific position, whereas non-native homo-dimers of type | do not have
such unstable hex pairs (Table 3-10). This suggests that type 1 homo-dimers could form
stable dimers whereas type 11 homo-dimers are unstable. Similarly, no native dimers (type
I-11 hetero-dimer and type 111-VI homo-dimers) had any filament destabilizing hex pairs.
An important thing to note here is that non-native “non co-expressed type I-1l hetero-
dimer” also do not show any filament destabilizing hex pair. This agrees with the
previously observed non co-expressed pairing of Intermediate filaments. See section 3.7
for more details on stability analysis of native and non-native dimers. In the hex-pair
stability analysis, Asn-Asn hydrogen bonding pairs were excluded as they were
functionally important and favor the formation of parallel dimer at the cost of
hydrophobic core disruption [102,113,186].

Table 3-10 Native And Non-native Dimers Independent Validation

Independent testing of filament destabilizing substitutions using trained neural network.
Column 1 represents the different category of dimer (“IF Data set”), Column 2 represents
IF type, Column 3 gives substitution position and probability, Column 4 states presence
of filament destabilizing hex-pair (probability cutoff >0.9) and Column 5 provides reason

for disruption.

IF Type Position & Unstable Reason for disruption
(Probability) hex-pair
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Type | K10-K10 | None detected No Not applicable
homodimers | K12-K12 207 (0.89) No Not applicable
K13-K13 | 32(0.97), 322 Yes High density core
(0.97) followed by a repulsive
pair E-E
K14-K14 280 (0.89) No Not applicable
K16-K16 77 (1.0) Yes Proline pair followed by a
repulsive pair E-E
K17-K17 Not detected No Not applicable
K18-K18 Not detected No Not applicable
Type Il K1-K1 53 (1.0) Yes A Repulsive pair E-E
homodimers followed by low density
K3-K3 |53 (1.0), 88 (0.9) Yes Same as above
K4-K4 53 (0.99) Yes Same as above
K5-K5 53 (1.0) Yes Same as above
K6a-K6a 53 (1.0) Yes Same as above
K6b-K6b 53 (1.0) Yes Same as above
K8-K8 53 (1.0) Yes Same as above
Type I-11 K1-K18 Not detected No Not applicable
hetero-dimer | K3-K10 Not detected No Not applicable
Non co- K4-K12 Not detected No Not applicable
expressed K5-K13 Not detected No Not applicable
K6a-K14 Not detected No Not applicable
K6b-K16 Not detected No Not applicable
K8-K17 Not detected No Not applicable
Type I-11 All dimers Not detected No Not applicable
hetero-dimer
Type 11 to VI| All dimers Not detected No Not applicable
homo-dimer
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3.6 Homology modeling of native and non-native dimers

To get insight into the structural properties of intermediate filament dimers, the coiled
coil domain structures of native and non-native dimers were constructed using multi-
template homology modeling [28].

The first template for modeling was constructed through end to end linking of different
segments (1A, 1B, 2A, 2B) of crystal structures of vimentin (PDB ID: 3S4R [159], 3UF1
[160], 3TRT [162], 1GK4 [147]). The linking was done by superimposing the overlapping
residues using CLICK [187,188]. The redundant residues were removed after
superimposition to make one continuous molecule. The obtained model was not straight
owing to large atomic displacements towards the ends of the crystal structures. Analysis
of vimentin segments showed that the structures have large B-factor values especially at
the ends of the segments (Figure 3-12). The vimentin segments also have large deviations
in pitch values. The pitch of the structures were calculated using an in-house script that
works by considering C* atoms [189]. The outliers (values outside the range 100 A to
200 A) were removed during pitch calculation. The average pitch of the coiled-coil
domain was ~140 A. Thus, along with this template, a second straight template having

pitch of about ~140 A was required for multi-template modeling.

e 18.86
o 30

Beta Factor values

- > -
3S4R 3UF1 3TRT 1GK4
Figure 3-12 Vimentin dimer model with temperature factor.

Vimentin dimer model constructed using crystal structure segments (sphere
representation). The spheres were colored according beta factor values ranging from
18.86 (blue) to 30 (white) to 246.67 (red). Coiled coil dimer near linker region L12 shows

high beta factor values suggesting uncertainty in the position of coiled coils.

The second template was built using the Leucine zipper (~40 A; 31 residues in each chain;
PDB id: 2ZTA), a coiled coil dimer with a pitch of 143 A similar to Vimentin. A straight
long coiled coil model was constructed by linking together 17 molecules of leucine
zippers using the program CLICK [187,190]. Ten residues at C-terminal of one 2ZTA
molecule were superimposed with the ten residues at N-terminal of another 2ZTA

molecule. The residues found redundant after superimposition were removed to make one
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continuous molecule with two chains winding around each other forming an unbroken
coiled-coil dimer of 714 residues. The resulting template had a coiled-coil cylindrical

geometry (Figure 3-13).

Figure 3-13 Template for homology modeling of IF Dimer.

Ribbon representation of Leucine zipper, a 17-mer molecule (PDB id: 2zta). a) Side view
of the template b) Cross-sectional view of the template. The model have two right-handed
alpha helices wrapped around each other to form left-handed super coil structure.

This straight long coiled coil dimer was selected as another template for homology
modeling. By considering the above two templates, multi-template homology modeling
of all native and non-native dimers from “IF Data set” (Table 3-1) was performed using
the Modeller suite of programs with default parameters [26,191].

3.6.1 Structural analysis of Energy minimized models

Structural models of native and non-native IF dimers from the “IF Data set” were prepared
for energy minimization. The system was placed in the triclinic water box around the
dimers using GROMACS software package [192]. The water box contains explicit SPCE
water model with the boundary extended by 25 A around the dimer. The total charge of
the system was neutralized by adding counter ions equal to the total charge (Table 3-11).
The energy minimization was performed for 5,000,000 steepest gradient steps. Energy
minimized models were then used for further structural analysis.

Table 3-11 Number of counter lons added for every IF dimer

IF dimer | lons | IFdimer | lons | IFdimer | lons | IFdimer | lons | IFdimer | lons
K10-K10 | 48 K1-K1 30 | KI-K10 | 39 | K1-K18 | 30 ANX 32
K12-K12 | 46 K3-K3 30 | K3-K12 | 38 | K3-K10 | 39 Desmin 38
K13-K13 | 42 K4-K4 24 K4-K13 33 K4-K12 35 GFP 40
K14-K14 | 40 K5-K5 24 K5-K14 32 K5-K13 33 | Peripherin | 40
K16-K16 | 40 | K6A-K6A | 22 | K6A-K16 | 31 | K6A-K14 | 31 | Vimentin | 48
K17-K17 | 42 | K6B-K6B | 22 | K6B-K17 | 32 | K6B-K16 | 31
K18-K18 | 34 K8-K8 30 | K8-K18 | 32 | K8-K17 | 36

3.6.2 Dimer stability assessment using Molecular Dynamic (MD) Simulations
Section 3.3.3, section 3.3.7, and section 3.5 establishes that non-uniform atomic density

destabilizes the coiled-coil dimer. However, the dynamics involved in the destabilization
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of the hydrophobic core was not clear. This section first provides the structural analysis
of small coiled-coil dimers and presents the dynamics involved at the molecular level.
The next part of this section provides the structural analysis of IF dimers taking the cues
from small coiled-coil dimers.

1. Analysis of Leucine Zipper and its Variants

To study the factors that influence the robustness of coiled-coil structures, eight variants
of leucine zipper structure (PDB id: 2ZTA) were generated by mutating residues using
the Chimera swapaa command (Table 3-12). Case 1 was the actual crystal structure of
leucine zipper that act as a control for verifying the robustness of the coiled-coil
structures. Case 2 to case 8 provide variants of leucine zipper representing various
possibilities for the hydrophobic core density and corresponding salt bridges (Table 3-12,
Figure 3-14 D). In Figure 3-14 D, case 2/3/4 present uniform densities of hydrophobic
core, whereas case 5/6 present high-density core followed by low-density core. Case 7/8
provide low and high-density core at single position respectively. In some of these cases,
salt bridges were incorporated to negate their effect in the coiled-coil stability. The leucine
zipper structure and its variants were energy minimized as done for the IF Data set (see
section 0). All energy-minimized models were equilibrated for 1 ns in NVT ensemble
followed by 1 ns in NPT ensemble. MD simulations were performed on the equilibrated
systems having 16064 atoms for 100 ns using GROMACS[192-194]. Snapshots of the
trajectories were extracted at intervals of 0.1 ns.

Table 3-12 Variants of Leucine zipper structure

Amino acid substitutions in variants (Case 2 to Case 8) of leucine zipper sequence (Case
1:2ZTA) are shown in bold.

Variant name Sequence
Heptad Sequence gabcdefgabcdefgabcdefgabcecdefgab
Case 1: 2ZTA RMKQLEDKVEELLSKNYHLENEVARLKKLVG
Case 2 RMKQLEDKVEELESKVYHLENEVARLKKLVG
Case 3 RMKQLEDKVEEIESKLYHIENEVARLKKLVG
Case 4 RMKQLEDKVEEIESSLYHISNEVARLKKLVG
Case 5 RMKQLEDKVEEIESSIYHASNSAARLSKLVG
Case 6 RMKQLEDKVEEIESSIYHARKNEAARLSKLVG
Case 7 RMKQLEDKVEELESSVYHASNSAARLSKLVG
Case 8 RMKQLEDKVEEIESSIYHLSNSVARLSKLVG
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An independent confirmation of the stability through the redistribution of atomic density
can be seen in the molecular dynamics simulations trajectory of Leucine zipper (PDB ID:
2zta) and its variants (Table 3-12, Figure 3-14). Case 1 was the crystal structure (PDB id
2zta) and case 2 was N16V variant to remove the bias due to (16N-16N) inter helical
hydrogen bond. Both of these structures were control simulations and did not show any
unusual fluctuation in RMSD/RMSF. Case 3 and case 4 both have high-density core due
to 121, 191. Even though case 3 has more salt bridges, it shows mild increase in distance
between two helices. The increase was due to inter helical repulsion from 20E and 22E
amino acid pairs along with neighboring large density core. This phenomenon agrees with
the theory that repulsion inversely governs the stability whereas salt bridges give
specificity [121]. Case 5 has a high-density region when followed by low-density region
that destabilizes/break the coiled-coil dimer completely (Figure 3-14 B, D, Figure 3-15)
and shows gradual increase of distance between two helices. In case 6, two salt bridges
were included to protect the low density hydrophobic core from the methylene groups of
lysine. However, due to extremely low-density core, the fluctuation occurred after 30 ns
and did not stabilize the structure completely. This was an extreme case of destabilization
simulated to differentiate the stable and unstable density distribution. Case 7 and case 8

were controls to show that only consecutive high and low density core destabilizes the

dimer.
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Figure 3-14 MD Simulations of coiled-coils with variable atomic density.

(A) Schematic of standard coiled-coil with heptad a/d forming the hydrophobic core and
heptad e/g forming the salt bridges. (B) Distance between C#-C# atoms over 100 ns. (C)
Distance between C#-C# atoms as a function of dimer length. (D) Schematic lateral view
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of the coiled-coil dimers sequence from N to C terminus (top to bottom). First column
presents the position number of only heptad repeats a/d/e/g. Case 1 presents the sequence
of Leucine zipper whereas case 2 onwards provides different variants. Amino acids at
heptad positions a/d are shown in red color, whereas amino acids at heptad positions e/g

are shown in black color that forms the salt bridges (green dotted lines).

Previous section describes a set of 100 ns Molecular Dynamics (MD) simulation of
standard coiled-coil protein leucine zipper and its variants. In these variants, the atomic
density either remains constant, increases or decreases along the coiled-coil. The MD
simulation trajectory of constant density structures (crystal structure and controls)
remains stable. The non-uniform density structures leads to larger fluctuation in the
coiled-coil dimer and eventually breaks the structure. A high atomic density region
followed by low-density region breaks the coiled-coil immediately. The salt bridges at e
and g heptad positions could partially protect a less dense core through hydrophobic
methylene groups of Lysine and Arginine amino acid side chains. Similarly, high atomic
density at consecutive heptad a-a’ and d-d’ pairs temporary destabilizes the dimer. The
exposed hydrophobic core of high-density region favors the formation of trimers and

higher order oligomers.

(A)

LV
Uniform Density (stable) Non-Uniform Density (Unstable)

Figure 3-15 Snapshots of two coiled-coil system after 100 ns MD simulation.

A) Snapshots corresponds to Case 2. (B) Snapshot corresponds to Case 5. For a movie of

complete 100 ns MD simulation trajectory, refer to the following files: C2C2_movie.mpg

and C5C5_movie.mpg in Supplemental Material.

2. Analysis of IF dimers (K5-K5, K5-K14, K14-K14)

The energy minimized models (see section 0) of Type | homo-dimer (K14-K14), Type Il
homo-dimer (K5-K5) and Type I-11 hetero-dimer (K5-K14) were equilibrated for 1 ns in
NVT ensemble followed by 1 ns in NPT ensemble. MD simulations were performed on
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the equilibrated systems having ~300,000 atoms for 100 ns using GROMACS[192-194].
Snapshots of the trajectories were extracted at intervals of 1 ns for IFs. The following
analyses were performed on the MD simulation trajectories:
e RMSD of atoms at a-a" and d-d* heptad positions.
Distances between C®-C* and CP-CP atoms of amino acids at heptad positions a-
a' and d-d" along the length of dimer averaged over all time intervals. The analysis
identified the unstable or fluctuating atomic positions along the length of the
dimer.
e RMSF of atoms at a-a’ and d-d* heptad positions.
Distances between C®-C* and CP-CP atoms of amino acids at heptad positions a-
a’ and d-d" across all time intervals averaged over dimer length. The average
distance between the monomers were calculated by summing up distances of all
a-a’/d-d" amino acid pairs divided by the total number of pairs. The analysis
identified the fluctuating atomic positions over time intervals.
The above results (redistribution of atomic density) were also independently seen in the
molecular dynamics simulations trajectory of naturally occurring K5-K14 hetero-dimer,
K5-K5 and K14-K14 non-native homo-dimers. An overly dense region shows RMSD
fluctuation compared to an averagely dense region in K14-K14 homo-dimer (Figure 3-16
A). This region correspond to the beta branch amino acids pairs 186V-186V and 190I-
1901 at heptad position d/a respectively followed by low-density core 193A and 197A.
This was similar to the case 5/6 in Figure 3-14.
A similar fluctuation is also seen in K5-K5 homo-dimer in heptad position d with 261E-
261E pair and in heptad position a with 265R-265R pair. These residues were consistent
across Type Il intermediate filament. Due to repulsion, the atomic density reduces locally
and water could penetrate the hydrophobic core. This repulsion-induced invasion of water
molecules destabilizes the dimer and prevents the formation of Type Il intermediate
filament dimers/filaments.
Above described variations in non-native homo-dimers also leads to increase in RMSF
over time as compared to the native heterodimers showing Type | and type Il non-native

homodimers were transiently stable and unstable respectively (Figure 3-16 B).
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Figure 3-16 RMSD and RMSF of amino acid pairs at a-a’ and d-d’ heptad positions.

(A) Average distance between C/-C? along the length of dimer. The distances are
averaged over 100 ns simulation and are only accounted for amino acids at heptad
positions a-a" and d-d". The highlighted region with blue circle show the fluctuation in
the distances with respect to K5-K14 dimer. Caret (*) symbol shows the location of the
stutter region. (B) Average distance between C/-C# atoms over 100 ns MD simulation.

The distances are averaged for all a-a’ and d-d’ residue pairs.

3.7 Equilibrium between homodimers and heterodimers

To explain the dimerization preference of Intermediate filaments, the simulation of the
reaction system of homogeneously mixed intermediate filament monomers was
performed describing the kinetics. In the reaction system, monomers reversibly react with
one another to form homo-dimers and hetero-dimers (see below equations).

kq
M; + M; = D,_; Monomers of Type I interact to form Type | homo-dimer
ka

ks
M;; + My, = Dy Monomers of Type Il interact to form Type 11 homo-dimer
ky

ks
M; + M,; = D,_;; Monomers of Type I and Il interact to form Type I-11 hetero-dimer
ke

Where M and D stands for Monomer and Dimers of Intermediate filaments. Subscript
indicates the Type of Intermediate filament (Type I, Type II). ki indicates rate constants
for the forward and reverse reactions.

A Kinetic Monte Carlo simulation using the Gillespie algorithm was used to numerically
solve for this system [195]. The system consists of six equations (above equations) with
initial concentration of Monomers equal to 100 (in arbitrary units). Rate constants of the
reactions were chosen to meet the following criteria:

e Type Il homo-dimer is unstable due to many unfavorable interactions. Hence, the
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rate constant for the formation of the Type Il homo-dimer should be less than its
dissociation rate.

e The rate constant of the stable reaction should be greater than the unstable
reaction. The values for the rate constants were chosen from the kinetic studies
done on coiled-coil FOS-JUN proteins [123,196]. The chosen values were
sampled exhaustively in the range of 10* to 107 for stable reactions and 6x1072 for
unstable reaction. Choosing a single value for unstable reaction do not change the
outcome, as the system was analyzed only for the qualitative behavior (Refer to
file: Analytical Solution IF Equilibrium.pdf in Supplemental Material). The
results only highlight the stability and not the actual concentrations in the
equilibrium mixture.

A simulation run was performed until the system attained equilibrium (i.e. there was no
change in the concentration) over the period. The next section discusses the insights

obtained from the Kinetic Monte Carlo simulation on Intermediate filament assembly.

3.7.1 Type I intermediate filaments are a meta-stable species

For an optimal packing, the high-density residue pair 186V-186V at heptad position d in
Type | intermediate filament dimers should be surrounded by low-density residue pairs
at position 183 and 190. However, the neighboring pair 1901-190I also has high atomic
density (see section 3.3.3 and section 3.6.2-2 for details of atomic density). Moreover, the
other neighboring pair 183N-183N forms a strong hydrogen bond, thereby restricting the
inter-helical movement to accommodate high density of atoms. This asparagine-
asparagine hydrogen bond is also consistent in all Type | intermediate filaments. The
redistribution of atomic density at the cost of breaking a stable hydrogen bond make the
Type | intermediate filaments homo-dimers a meta-stable species as shown in the Monte-
Carlo simulations (Figure 3-17). The meta-stability of Type | Intermediate filaments was
previously been seen in the assembly experiments [197]. Type | could theoretically form
homo-dimeric filaments in the absence of appropriate Type Il intermediate filament just
like K16, K17 and K18 are already known to form filaments [198,199]. The formation of
type I-11 heterodimers along with trace quantities of type I and type Il homo-dimers were

seen in the equilibrium mixture as also observed during in-vitro assembly experiments.
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Figure 3-17 Equilibrium concentration of different IF dimers over time.

(A to D) Concentration (Y axis) of reactants and products (Type | and Il monomers, Type
I-1 and Type H1-11 homodimers and Type I-1l heterodimers) as a function of time (x axis).
Range of rate constant values were chosen proportional to stability parameter (box at the
top of the plots). Irrespective of the rate constant values, hetero-dimers (pink curve)
dominate the equilibrium mixture. Plots (A to C) shows Type | homo-dimer (red curve)
was meta-stable as compared to Type Il homo-dimer (cyan curve).

3.8  Summary

In this chapter, the molecular basis of Intermediate filament diseases caused due to point
mutations has been determined. Analysis of the structures and sequences of coiled-coil
proteins, provides the molecular determinants of their stability and specific pairing. The
numerical form of these molecular determinants was used to train neural network schema
that explains 35% (153/438) of disease mutants with 94% accuracy, accounting for most
mutations in the heptad positions a and d. The method was nearly perfect in determining
the filament destabilizing substitution. The trained models were then used to score new
filament destabilizing mutations obtained through in-silico saturated mutagenesis of all
IF family member. To validate these findings, K5-K14 IF system mutations were
validated through in-vivo tissue culture experiments. The stability determinants also
establish the meta-stability of Type | homo-dimers and unstable nature of Type Il homo-
dimers. This leads to rationalize preferential pairing of IFs. i.e. why type Il to type VI
intermediate filaments form homodimers whereas type | and type Il form heterodimers

using kinetic Monte Carlo simulations.
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4.1 Experimental Information utilized for construction of filament.

Experimental information related to Intermediate filament structure exists in bits and
pieces (Figure 2-3). As these experiments provide information at various levels of
assembly, information from a single experiment alone cannot be used to construct the
structure. This chapter provides the methodology developed/adopted to construct the full
atom models based on the experimental data. It describes the structural information
obtained from experiments such as K5-K14 filament cross-links, small X-ray segments
of IF dimers, heptad repeat geometry from bioinformatics analysis etc. Other
experimental information such as K1-K10 filament cross-links, EM, Cryo-EM, TEM etc.
were utilized to validate the K5-K 14 filament model (see CHAPTER 5 for validation).

4.1.1 Geometry of individual dimer

Keratin filament or any Intermediate filament is an assembly of individual IF dimers
[200-202]. These coiled-coils IF dimers are the basic building blocks of the filament. A
coiled-coil dimer is a stable protein assembly and their structure could be described in the
form of heptad repeats [20,93] (see Section 2.1.1 and Section 2.2.2). Thus, utilizing their
sequence information and mapping them into structural coordinates through techniques
such as homology modeling, energy minimization etc. are core to building the individual
dimer. The coiled-coil dimers are structurally conserved even with low sequence
identities. Thus, smaller variations (due to side chain packing) during homology modeling

would make the Keratin dimer model close to near atomic level resolution.

4.1.2 Cross-linking Experiments

Cross-linking experiments [203—205] were done earlier on intact and reassembled Keratin
Intermediate filament with cleavable bi-functional reagent Disuccinimidyl Tartrate (DST)
[206]. All reactions were performed for 30 minutes and then quenched with 0.1M
NH4HCOs. Cross-linked Lysine amino acids were then digested using trypsin enzyme.
They were resolved using reverse phase HPLC column with 60 minute gradient of 0.1%
trifluoroacetate and 0-40% acetonitrile. The cross-linking experiment had shown that
10% of proteins undergo modification and 50% of available lysines get cross-linked. In
this experiment, two lysine amino acids cross-linked at their N positions with a cross-
linker that has an arm length of 6.4 A (Table 4-1). Cross-links identified in the experiments
were used as spatial distance restraints between cross-linked lysine residues. It provide a

LYS C*C*upper bound distance restraint of 19.4 A obtained by adding the length of the
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stretched lysine side chains and the cross-linker arm length. These distance restraints were
used for determining the orientation of the dimer-dimer interaction within the filament.
There were 23 inter-molecular cross-linking restraints, out of which 19 were inter-dimer
cross-links. Other than these restraints, the cross-links of homologous K1-K10 Keratin
Intermediate filaments could also be used during the modeling procedure [204]. This
includes LYS-LYS and CYS-CYS cross-links. In this study, K1-K10 cross-links were

used to validate the models (see Section 5.4.7 for validation protocol).

Table 4-1 List of all cross-linked lysine amino acids

First column provides the interacting mode of cross-link sets and the oligomer (dimer)
size of protein. Second and third columns provide the cross-linked lysine identities (LYS1,
LYS2) and modified identities according to coiled-coil domain respectively. First amino
acid number in the coiled-coil domain starts from 1 to 313 for K5 and 14 to 624 for K14.

Interacting Modes www.Interfil.org numbering Coiled-coil Numbering
Type K5:169-481, K14:429-739 K5:1-313, K14:314-624
LYS1 LYS 2 LYS 1:heptad | LYS 2:heptad

K5:209 K5:443 41:.c 275:e

K5:264 K14:641 96:9 526:e

onggr?i? 9/3 . K5:178 K5:472 109 304:f
K14:556 K14:610 441:e 495:¢

K14:480 K5:431 365:f 2639

K5:264 K5:383 96:9 215e

O”'\é'gg]‘z o K5:426 K14:480 258:D 365:F
K5:343 K14:564 175 449:f

K5:178 K14:610 10:g 4959

K5:264 K5:264 96:9 96:9

K5:255 K5:276 87:e 108:e

onZﬁSrBz}s . K14:480 K14:563 365:f 448:e
K14:480 K14:564 365:f 449:f

K14:488 K14:556 373:g 441:e

K5:185 K5:343 179 175

K5:276 K5:257 108:e 89:g

OI'}’;‘;‘;‘:E?; 5 K5:276 K14:516 108:¢ 401:g
K5:304 K14:480 136:e 365:f

Mode B2 K5:404 K5:443 236:e 275:e
Oligomer 2/3/F K5:404 K5:441 236:e 273:c
Mode B2 K5:383 K14:718 215:e 603:a
Oligomer 2/3 K5:405 K5:443 237:f 275
K5:185 K14:445 17:9 330:g

K5:257 K14:516 89:9 401:g

Intra-dimer K5:383 K14.641 215e 526:e
Oligomer 1/2/3/F K5:364 K14:622 196:9 507:g
K5:304 K14:563 136:e 448:e

K5:304 K14:564 136:e 449:f
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Cross-linking studies also yield relative frequency of each cross-links. The relative
frequency of cross-links provides an additional restraint. However, due to poor resolution
given by the HPLC at the time of the experiment (year 1993), provides little confidence

in the relative frequencies of the cross-links.

4.2 Estimating the number of dimers in the filament.
The estimation of the number of dimers in the unit length filament was done in two ways

that leads to approximately same result.

4.2.1 Mass of Keratin filament and dimer

To estimate the number of dimers in the cross-section, the mean mass of the Vimentin (a
homologue of Keratin) unit length filament (1.7 MDa) as determined by SAXS [142] was
divided by the mean mass of a single dimer (107 KDa).

1700

Number of Dimers = o7 = 15.88 = ~16 dimers

4.2.2 Volume of Keratin filament and dimer

The volume of a K5-K14 dimer was computed by summing the volumes [182] of
individual residues.

Volume of K5 Keartin chain = 73.84 nm?3

Volume of K14 Keratin chain = 60.99 nm3

Volume of dimer = Volume of K5 + Volume of K14 = 134.83 nm?3

Length of a dimer = 46 nm [205]

Radius of the dimer = i/Volume of dimer/46 x 3.14 = 2\/134.83/46 * 3.14 nm
=0.966 nm = ~1nm

Volume of dimer per unit length = 3.14 X (1)? = 3.14 nm?

Average Filament Diameter = ~10nm [16,207,208]

Assuming the filament as cylinder along the filament axis.
Volume of filament per unit length = 3.14 x (10/2)? = 78.5 nm?

Volume of Filament

Number of dimers in the filament = X packing density

Volume of dimer

—78'5x071—1775
3140 T T

The packing density considered here was for the interior of a globular protein domains

[209]. In the Keratin filament, packing density of the dimers would be lower (than 17.75)
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as it is the packing of already folded domains (dimers). Hence, the number of dimers
(from 17.75) was rounded to 16 as it contains an inherent symmetry consideration. The
number 16 was also in agreement to mass measurements (see Section 4.2.1). This
computation estimates the number of dimers in the cross-section to be 16 which is also
consistent with the number of dimers in the Vimentin Intermediate filaments as measured
using STEM [210].

The 3D structure of the Keratin dimer was not known in its entirety and its structure was
needed to determine their arrangement through possible interactions within the Keratin
filament. Homology modeling was used to construct the Keratin dimer as described in the

next section.

4.3 Homology Modeling of K5-K14 dimer

The structure of the coiled-coil dimer was constructed using homology modeling [26—-28]
(see Section 3.6). A good template was mandatory to minimize the errors during
homology modeling. Since, no crystal structure cover the entire length of the keratin
dimer. Thus, a straight modeling template was constructed using coiled-coil leucine
zipper protein (see Section 3.6 for modeling details). The resulting template had a coiled-
coil cylindrical geometry (Figure 3-13).

To further increase the accuracy of the side chains packing, the Vimentin dimer model
was built from multiple available fragments (see Section 3.6 for modeling details).
Vimentin dimer model was utilized as another template in the multi-template homology
modeling (Figure 3-12).

Along with a good template structure, a sequence alignment of the target and template
was also required for homology modeling. In general, a sequence alignment done by well-
established methods was used for this purpose. Here template was chosen by considering
structural similarity rather than sequence similarity. Therefore, the alignment was done
by considering the heptad repeat geometry. Heptad positions of the vimentin structure
and the computationally constructed long 2ZTA molecule were extracted from their 3D
structure. Similarly, heptad geometry of the keratin K5 and K14 sequences was predicted
using PCOIL Server [87,120]. The heptad repeats guide the alignment of the target (K5-
K14 sequence) and templates for model building by matching the heptad positions.
Keratin dimer models were then built using modeller by considering template structure
and the target-template alignment [26,211]. Five models were constructed and the model
with the lowest “Discrete Optimized Protein Energy” (DOPE) score [57] was considered
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for further analysis. DOPE score is an atomic distance-dependent statistical potential
derived from native structures. All other parameters of the Modeller were set to their
default values. The selected model was energy minimized and then optimized through
Molecular Dynamics simulation for 10 ns using GROMACS package [192]. This was to
ensure that the models were in low energy state and packing of the atoms were efficient.
The final K5-K14 dimer model was a straight long coiled-coil molecule of length
approximately 465 A and about 45 heptad repeats (Figure 4-1). The dimer model contains
624 amino acids with 313 amino acids from K5 keratin and 311 from K14 keratin. As
there was no template available for modeling the unstructured head/tail domains, the
filament modeling methodology chosen such that it remain in-sensitive to head/tail
domains. Only coiled-coil domain of the dimer model was utilized for integrative filament
modeling.

Figure 4-1 Homology model of coiled-coil domain of K5-K14 dimer.

Ribbon representation of Keratin K5(cyan)-K14(pink) dimer model constructed through
homology modeling. a) Side view of the keratin dimer b) Cross-sectional view of keratin
dimer. The straight coiled-coil domain with K5 monomer helix wound around K14

monomer helix to form a super-coil structure.

4.4 Incorporation of Head and Tail domain in K5-K14 dimer

The K5-K14 filament modeling strategy was in-sensitive to the presence of unstructured
Head/Tail domain of K5-K14 dimer. However, some of the filament validations such as
dimensions, comparison of radial density etc. required head/tail domains (see Section
5.2.2 and Section 5.3). This section describes the methodology utilized to build the
models of head/tail domains. Previously, head/tail domain of the K1-K10 dimer model
was constructed computationally by minimal sampling that satisfies a small set of cross-
links [19]. The study provided plausible models for K1-K10 head/tail domains. The
Intermediate filament head/tail domains were known to be unstructured and construction

of the models with limited sampling (25 samples) could provide completely wrong
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models. Thus, the accuracy of the K1-K10 dimer models could not be ascertained.
However, as there was no template for modeling, the K1-K10 head/tail domain model
was used to build the head/tail domain of K5-K14 dimer.

The homology modeling of complete K5-K14 dimer model involves alignment of
head/coiled-coil/tail domains with respective template structures. The K1-K10 head/tail
domains acts as template for K5-K14 head/tail domains whereas K5-K14 coiled-coil
domain model (see Section 4.3) acts as template for itself (Figure 4-2). The sequences
were aligned using Modeller align2d module (Refer file: K1K10_K5K14 alignment.ali
in Supplemental Material) [26,211]. Homology modeling of complete K5-K14 dimer was
performed using Modeller suite of programs with “refine level” parameter set to “very
slow”, “dynamic_coulomb” and “dynamic lennard” set to True [26,191]. Modeling
produced a long straight K5-K14 dimer model with globular head/tail domains (Figure
4-2).

K1-K10 Head K1-K10 Tail
Domain Structure Domain Structure

Template Structure 2

K5-K14 Coiled-Coil Domain Structure
alignment ¢alignment alignment
K5-K14 Head K5-K14 Coiled-Coil Domain Sequence KSK14 Tal
Domain Sequence Domain Sequence
Target Sequence Target Sequence

Multi-Template
Homology Modeling

''''''''''''''

..........
\\\\\\\\\\\\\\\\\\\\\\\

...............
\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Figure 4-2 Homology modeling of K5-K14 dimer with Head/Tail domains

Construction of K5-K14 dimer model. Schematic representation of the templates used for
the model construction. Keratin K1-K10 head/tail domain structures acts as template for
K5-K14 head/tail domain sequences (Gray boxes). K5-K14 coiled-coil domain structure
is a template for itself with identical self-alignment (purple box). After multi-template
homology modeling, keratin K5-K14 dimer model ( K5:blue and K14:pink) with globular

head/tail domain (spheres) and straight long coiled-coil domain (ribbon) is represented.

The K5-K14 head/tail domain model was based on a template (K1-K10 model) that was

in-turn dependent on the cross-linking information. This raises uncertainty in the atomic
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positions of most (except cross-linked atoms) head/tail domain atoms. However, the
overall position of the entire head/tail domain with respect to the coiled-coil domain was
certain. Thus, the entire head/tail domains were replaced with equivalent unstructured
atomic density of carbon atoms.

The number of carbon atoms in the head/tail domains were calculated by dividing the
mass of head (26365.7 kDa) and tail (14628.7 kDa) with molecular weight of carbon atom
(12 Da). For head domain, number of carbon atoms (Nn) were 2195 whereas for tail
domain (N;) they were 1217. The shape of head/tail domains were assumed to be ellipsoid
with protein packing density (d) as 0.7 [212-214]. The volume of a carbon atom (V;) was
calculated by considering the Van der Waals radii as 1.7A.

4 o
V. = §TL’ 1.73 = 20.56 A3
The volume of the ellipsoid with radius (rx, ry, rz) was given by the following equations.

4
Vellipsoid = §7T I y?z = (Nh,t *V.)/d

For elongated ellipsoid in x direction, radius of head/tail (1, ): 21, = 1, = 21, = 2r;,

Substituting values for 7, 13, 73, radius of head/tail (r,;) was given as

4
T2 = (N *Ve)/d

3 3 3 3
e = J (g (Ne %) = J (53 (Nee + 2056))

For a given number of head/tail atoms, the above relation was used to determine the radius

of head/tail domain next to coiled-coil domain (Figure 4-3). The obtained K5-K14 dimer
model was utilized to build the complete Keratin model. The following few sections

describe the validation protocol for the K5-K14 dimer model.
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Figure 4-3 K5-K14 dimer with unstructured atomic density of head/tail domains.
The representation of the unstructured head/tail domains (shaded circles) as ellipsoids of
the same atomic density (yellow spheres). Coiled-coil dimer shown in ribbon (blue and

pink) and sphere representation (cyan and pink).

4.5 Assessment of K5-K14 Dimer

45.1 Hydrophobic core Analysis

To validate the Keratin dimer model, the amino acids in the heptad positions [a-g] should
follow the standard coiled-coil guiding principles. A stable super-coiled structure should
have a dominant hydrophobic core formed by residues in heptad positions a and d. Amino
acids in the dimer model were categorized as hydrophobic and non-hydrophobic (see
Section 3.3.5 for classification). The frequencies of hydrophobic and non-hydrophobic
amino acids were recorded for every heptad position in the coiled-coil dimer. The heptad
positions a and d were predominantly (more than 70%) hydrophobic (Figure 4-4 A). The
rest 30% of amino acids at heptad position a/d that were not hydrophobic were mostly

present in the non-coiled-coil domains (linker domains).

4.5.2 Solvent accessible surface area analysis

Due to coiled-coil geometry, the amino acids at heptad position a and d remain
inaccessible to the solvent. The Solvent Accessible Surface Area (SASA) of amino acids,
provides a measure to determine the solvent accessibility. To validate the inaccessibility
to the solvent of amino acids at heptad a/d, SASA for all amino acids were computed
across heptad positions for the K5-K14 dimer model. All atom solvent accessible surface
area of amino acids at heptad positions a and d were below 30%, whereas for all other
positions it was above 50% (Figure 4-4 B). Heptad position g showed values around 40%
due to the presence of partially buried side chains of charged amino acids such as lysine

and arginine.
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Figure 4-4 Distribution of hydrophobic amino acids and SASA across heptad.

(A) Frequency of hydrophobic residues (red bars) across heptad positions (x axis).
Heptad positions a/d have more than 70% of hydrophobic residues in contrast to other
heptad positions. (B) All atom smooth Solvent Accessible Surface Area (SASA) in
percentage (y axis) was plotted against the dimer length (x axis) for residues at heptad
positions a to g (different colors). SASA of residues at heptad position a/d was consistently

low as compared to residues at other heptad positions.

4.5.3 Comparison with the crystal structure

The Keratin dimer model was compared with a recently crystalized 2B segment (PDB
code 3TNU) [175] of the Keratin dimer. The Keratin dimer model had a Root Mean
Square Deviation (RMSD) value of 0.9 A (Figure 4-5), the fraying at the ends

notwithstanding. This implies that our model is accurate to within atomic resolution.

Figure 4-5 Comparison of Model with crystal structures.
Comparison of Keratin 2B segment crystal structure (PDB id: 3TNU) with Keratin dimer
model. Superimposition of dimer model (pink) with crystal structure (cyan). Inset shows

larger view of superimposition.
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4.5.4 Electrostatic Analysis

Electrostatic calculations were performed to determine the charge distribution in the
Keratin dimer model. The charge distribution is helpful for determining the interaction
sites of the Keratin dimer. At pH 7.0, coiled-coil domain have net negative charge -32
units whereas the head and tail domain has net positive charge +12 and +7 units
respectively. The charges were localized in various positions of the coiled-coil domain
(Figure 4-6). The negative charge was present in different pockets along the coiled—coil
dimer. Some of these sites could be the binding sites for head and tail domains. All
electrostatic calculations were performed using Adaptive Poisson Boltzmann Solver
(APBS) [215] and Poisson Boltzmann Equations solver (PBEQ-Solver) online server
[216] and visualized in Pymol (http://pymol.sourceforge.net/) and Chimera [191].

-3kT/e T T 3kT/e

Figure 4-6 Electrostatic potential of Keratin dimer model.
Keratin dimer model (surface representation) showing rendered electrostatic potential in
dimensionless units of kT/e. Blue and red colors represent positive and negative charges

respectively.

4.5.5 Intra-dimer cross-links analysis

Along with the inter-dimer cross-links, the cross-linking experiments [203,204] obtained
six intra-dimer cross-links (cross-links within a dimer) (Table 4-1). All intra-dimer cross-
linked residues were at g-g’ and e-e’ heptad positions. Due to coiled-coil geometry, both
heptad pairs were at two opposite ends of the coiled-coil dimer. Theoretically, cross-
linker needs to pass through the hydrophobic core to form an intra-dimer cross-link
(Figure 4-7 A). Since the K5-K14 dimer model was consistent with the X-ray crystal
structure (Figure 4-5), there were no ambiguities in the heptad repeat pairs g-g’ and e-e’.
Thus, the only way to form cross-link was to disrupt the hydrophobic core, which also
leads to protein modification. The cross-linking experiment had shown 10% of proteins
having a modification and 50% of available lysines getting cross-linked [204].
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Figure 4-7 Schematic of Intra-dimer and Inter-dimer cross-link.
(A) Theoretically possible Intra dimer cross-links at g-g’ and e-e’ positions. Straight lines
(turquoise) between heptad positions represents bond between residues, lysine side-chain
atoms (purple circles) cross-linked via N¢ atom (blue circle), cross-linker (yellow circles)
and the hydrophobic core (shaded region). (B) Schematic of Inter-dimer cross-links
between dimer 1 and dimer 2.

4.6 Modeling K5-K14 Tetramer (dimer-dimer) Configurations

4.6.1 Getting Restraints between Neighboring Dimers (Inter-dimer restraints)

To deduce the possible dimer-dimer (tetramer) configurations, two dimers (individual
dimer construction details in section 4.3) were constructed parallel and anti-parallel to
one another separated by an inter-axial distance of 18.5 A. This was the closest possible
distance between the two dimers without atomic clashes. The dimer axes (determined
from the first principal component of dimer Cartesian coordinates) were made
parallel/anti-parallel with appropriate spatial transformation to prevent atomic collisions
during configuration search. All required transformations were determined through
standard 3D geometry formulas.

All possible dimer-dimer configurations were exhaustively sampled by translating and
rotating one dimer with respect to the other dimer (Figure 4-8). The step size of
longitudinal shear along the dimer axis was 5 A, whereas the step size of rotation of first
and second dimer was 5 degrees. Since the dimer length was about 470 A, the total
number of possible dimer-dimer configurations were 974592.

In all these configurations, lysine amino acids whose side chains were within 6.4 A of
one another were likely to form cross-links. As our modeling was not sensitive to relative

side chain orientations, C*-C® distances were considered for distance restraints. The upper
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bound distance between C*-C*atoms was the sum of length of stretched lysine side chains
and the cross-linker arm length. Thus the upper bound distance was estimated as 19.4 A
(Figure 4-7 B). The cross-links (lysine C*-C®distances) were recorded in each of these
configurations. Similarly, all possible configurations for anti-parallel dimers (two parallel
dimers pointing in opposite directions) were also explored. All possible configurations
(interacting modes) were stored in a MySQL database of size approximately ~100 Giga
bytes.

Overall, in the MySQL database of dimer-dimer configurations (total size 974592), 128
configurations satisfy Mode A cross-links and 296 configurations satisfy Mode B cross-
links. Since these configurations were based on lysine C*-C® distances, the dimer-dimer
configurations was further reduced using the availability of lysine side chains. Full atom
models of all configurations (128 + 296) were modeled again with N¢ atom of cross-linked
lysine restrained to 6.4 A distance (cross-linker arm length). Configurations where lysine
N¢ atom could not come within the cross-linking distance were discarded. After lysine
side chain modeling, Mode A had 106 possible configurations whereas Mode B had 164
possible configurations. All these configurations were utilized for filament construction
(see Section 4.8).

Translation »
of Dimer 1 &

Rotation %
of Dimer 2
Rotation Mode A Mode B Mode C

of Dimer1 = emmmmmmmmmmmmmmmmmmmmmee—mmmmmmm———————

Figure 4-8 Configuration Search.

Sampling all possible configurations between two dimers. OA and OB are the rotation of
dimer A and dimer B around the dimer longitudinal axis. Three modes of association
were determined to parsimoniously satisfy the crosslinks. Mode A and Mode B are anti-
parallel modes whereas Mode C is parallel mode.
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4.6.2 Sub-division of Interacting configurations

Sampling of the dimer-dimer configurations was performed to determine the inter-dimer
configurations that could form cross-links. Three anti-parallel modes and two parallel
modes parsimoniously satisfied all cross-links. Choosing configurations parsimoniously
allows minimum number of configurations to satisfy all cross-links. The chosen
configurations also accounts for lysine amino acid pairs that were within the cross-linking
distance but were not cross-linked in the experiments. These residue pairs could not form
cross-links either due to masking by head/tail domains or due to steric clash with other
atoms. Such residue pairs were marked as false positives and would be used later to filter
out the incorrect models. One of the anti-parallel modes (Mode B1) was just the axial
translation of one dimer (equivalent to the dimer length) to form other anti-parallel mode
(Mode B2) (Figure 4-9). Thus, Mode B1 and Mode B2 were combined into one mode
labeled as Mode B. Similarly, one of the parallel mode (Mode C1) was combined with
another parallel mode (Mode C2) to form Mode C (Figure 4-9). Together these
interaction modes (Mode A, Mode B, Mode C) between any two dimers (a tetramer)
should satisfy all the cross-links observed in the experiment. The assumption here was
that the filament contains multiple self-similar building blocks rather than unique

tetramers as seen in many studies [17,217-219].

Anti-parallel Modes Parallel Modes

-
1 Tetramer |: Tetramer Tetramer  Tetramer
Mode A Mode B1  Mode B2 Mode B

etramer Tetramer Tetrameri
ode C1 Mode C2 Mode C

&

= =

R T L L LT T

Figure 4-9 Keratin dimer-dimer configuration.

Tetramer Mode A, Mode B1, Mode B2 were anti-parallel modes whereas tetramer Mode
C1 and Mode C2 were parallel modes. Tetramer mode B1 and B2 were combined to get
tetramer Mode B whereas tetramer mode C1 and C2 combined to get mode C. Each of

these interacting modes have a range of values for axial shear and rotations.
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4.7 Assessment of K5-K14 Tetramer Configurations

4.7.1 Tetramer models electrostatics

One of the possible tetramer configuration (see Section 4.6.1) was analyzed with APBS
generated electrostatics of individual dimers [216]. Head domain of each dimer was
positively charged whereas tail domain was negatively charged. Head domain in all the
interaction modes (Mode A, Mode B, Mode C) were close to a negatively charged region
in an adjacent dimer (Figure 4-10). This charge complementarity was present in all other
dimer-dimer configurations due to limited longitudinal shear values. This implies that all

the selected dimer-dimer configurations were energetically favorable.

Head
Téﬂ
Mode A
H
Tail Bad
Mode B Head

JEcom— MF

Mode C “

Head
Head

Tail
Tan

-3kT/e T T 3KT/e

Figure 4-10 Electrostatic complementarity of tetramers.
Each tetramer has two dimers with head and tail domains. The encircled regions show
electrostatic complementarity. Scale bar -3kT/e (red) to 3kT/e (blue) represents

electrostatic potential in the dimensionless units of kT/e.

4.7.2 Disease causing mutations and their implications on Tetramers

More than 442 different disease-causing mutations were known to fragment intermediate
filaments (Section 2.2.5), out of which 143 were in keratin K5-K14 filament (Table 4-2).
Since the basic building blocks (Mode A, Mode B and Mode C) were tetramers (Section
4.6.2), the disease mutants at heptad positions b/c/e/f/g should affect their stability. More
than 442 different disease causing mutations exist in Intermediate filaments, out of which
143 were in keratin K5-K14 intermediate filament (Table 4-2). Qualitative analysis of
few mutants show less stability of dimer-dimer modes (tetramers) compared to the wild

type (Figure 4-11). A more accurate quantitative analysis needed for all mutants. This

94



CHAPTER 4 | Integrative Modeling of 3D structure of IFs

could be done by comparing free energy of mutants and the wild type tetramers. The
structure of keratin filament and its analysis could directly be implied to other IF's

structure and diseases.

Table 4-2 Disease causing mutations in K5-K14 Intermediate filament

K14 Heptad a/d Mutations
M1191 | M119V | M119T | V133L | V133M | V133A | N140S | R211P | I377N 1377T
L384P 1412F 1412N L419Q L122F | Y129D | Y129C | L136Q | L136P | L143P
D273G | M294T | L401P | L408M | Y415H | Y415C | Y415S | E422K
K5 Heptad a/d Mutations
1172V F179S | V186L | V186M | V186E | N193K | R265P 14671 1467T | 1467M
L175F | L203M | L203P | V324D | V324A | D328H | D328V | D328G | D328E | A428T
A428V | L463P | Y470H | E477K | E477G | E477D
K14 Heptad b/c/e/flg Mutations
Q120R | Q120P | R134C | R134P R148C | A413T | A413P | S128P | V268D | T319P
K116E | K116N | N123S | N123K | L130P | E144A | V270M | V270A | A274D | R288L
E381K | R388C | R388G | R388H R388P R416P R417P | R125C | R125G | R125S
R125H | R125P | R125L | M272R | M272T | E411K | L418V | L418Q
K5 Heptad b/c/e/flg Mutations
K173N | A180P | A180D | R187P E475K | E475G S181P | L202Q | V323A | V323G
T469P | G476D | R169G | R169P N176S 1183F 1183V 1183M | E190K | E190D
L311R L325F L325P N329S | N329K | R352S | A424P | A438D | E466D | R480G
K404E | K443E | K443N | R471C | R471H | E478K | E170K | E170G | N177S | Q191P

T198S | K199T | K199R | K199M | K199N | M327T | M327K | R331C | R331G | R331S

R331H

R125 Wild type Y129 Wild Type
R125L Mutant Y129D Mutant

-3kT/e I T 3KT/e

Figure 4-11 Comparison of electrostatic potential of mutants and wild types.

(A) Comparison of wild type R125 and R125L mutant. (B) Comparison of wild type Y129
and Y129D mutant. Scale bar -3kT/e (red) to 3kT/e (blue) represents electrostatic
potential in the dimensionless units of kT/e. Encircled regions show position of the wild

type and mutant.
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4.8 Modeling the Filament

The filament was assembled from the dimers using the possible interaction modes through
“divide and conquer” approach. In this approach, tetramer of dimers (octamers) were
assembled first to reduce the sampling space. Considering octamers in the next level of
hierarchy was an implicit symmetry consideration. All the assembled octamers having
clashes were removed from the sampling space. Non-clashed octamer configurations
were then used to construct filament models. However, the number of possible
configurations were extremely large for complete full atom model simulations. To solve
this problem the Disctransformation software was constructed (See Appendix 9.1 for
more details). The Disctransformation software convert the 3D structure to a quasi-3D
structure, thereby reducing the sampling space. Following section describes the
methodology adopted to convert the 3D structure to a quasi-3D structure.

4.8.1 Converting 3D models to quasi-3D models.

The 3D model of keratin dimer was a straight long rod like structure. The projection of
the dimer on a plane perpendicular to the dimer axis would be a 2D circular disc. Thus,
the dimer was approximated as a circular disc with radius given by the radius of the dimer
(Figure 4-12).

Each keratin dimer was sandwiched between globular head/tail domains that also
provides the orientation of the dimer with respect to the other dimer. Thus, different
colored discs (red/green) represents the orientation of a dimer. If the position of head
domain is up and tail domain down, the disc would be red in color. Similarly, if tail is up
and head is down, then disc would be green in color (Figure 4-12).

The rotation of the disc around its center provides the rotation of the dimer along the
dimer axis (Figure 4-12). Thus, a disc model with appropriate color and rotation
completely represents the keratin dimer.

Any dimer-dimer (tetramer) configuration was specified by rotation of dimer 1 (61),
rotation of dimer 2 (62), relative longitudinal shear (S;) and their axial distance (Ad). A
tetramer configuration in disc models was represented by two discs separated with
distance (Aq) and were arranged appropriately using their corresponding rotations values
(©1 and ©2). A small arc on both the connecting discs represents the point of contact of
the two cross-linked dimers. The length of the arc gives the conformation flexibility

between the discs/dimers (Figure 4-12). During the conversion of the dimer-dimer model
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to the two disc model, the relative shear value between dimers was mapped in the discs
and hence retaining the 3D information of the models.

Disctransformation representation described above provide the exact conversion of 3D
models to quasi-3D models without any loss of the structural information. The biggest
advantage of this representation was the coarse graining of a 3D dimer to a single disc.
Since, the filament has many self-similar units (dimers), the assumption that all the units
in the filament have similar structure doesn’t affect the overall structure of the filament.
The next section describes the sampling and scoring methodology used in constructing

the filament models.

Tetramer Tetramer Tetramer Unit Filament Model
Mode A Moe B Mode C

All Possible
inter and intra
tetramer
combinations

Conformation Flexibility

Disctransformation Repesentation

Figure 4-12 Conversion of Full atom models to Disctransformation models.

Disctransformation space consists of red or green colored disc representing a single
coiled-coil dimer with head upwards or downwards. The two discs connect to each other
(forms cross-link) at a specified angle given by dimer-dimer interaction mode. Black line
on the discs represent zero degree position on the dimer. Yellow, blue and cyan arcs on
the disc represents all valid angles in a particular dimer-dimer configuration (Mode A,
B, C) respectively. Combination of 16 discs (dimers) represent a unit length filament in

Disctransformation space.

97



CHAPTER 4 | Integrative Modeling of 3D structure of IFs

4.8.2 Sampling longitudinal space

1. Representation of filament topology in Disctransformation

The first step for exhaustive sampling of filament models was to enumerate all possible
filament topologies. A filament topology was defined by the set of all dimer-dimer
configuration types (Mode A, Mode B) in the filament. The topology do not account for
the actual numerical values of dimer-dimer configurations (Si, ©1, ©2). A convenient
mathematical way to represent a filament was via the square adjacency matrix (Figure
4-13). Rows and columns of the matrix represents the dimers in the filament. The value
of the matrix for a particular row (say dimer d1) and column (say dimer d2) provides the
interacting mode (mode A or mode B). If the two dimers were not connected (no cross-
link) via an interacting mode, its value in the matrix would be zero (Figure 4-13). Thus,
a complete filament model topology was represented with this adjacency matrix. To
enumerate all possible filament topologies, all dimer-dimer associations in a filament

were accounted in the adjacency matrix.

Topology Adjacency Matrix

o a ~A W N
©c O O O O

Disctransformation model
with only shear values

Figure 4-13 Schematic of filament topology through adjacency matrix

Schematic representation of six-dimer model (1-6) with connections described in the
upper diagonal adjacency matrix (Mode A or Mode B). The adjacency matrix provide an
effective representation even in cases of non-linear connections such as dimer 4 (4™ disc)

was connected to both dimers 5 and 6 (5" and 6" disc).

98



CHAPTER 4 | Integrative Modeling of 3D structure of IFs

2. Filament construction in longitudinal space

A filament model consists of 16 dimers that was sub-grouped into four “tetramers of
dimers” or four Octamers. The longitudinal shear values of each dimer, connected
through an interacting mode were obtained from the cross-linking analysis of dimer-dimer
configurations. For sampling the longitudinal space of the filament, four octamers
(“tetramers of dimers”) were constructed along with an additional octamer. This
additional octamer should overlap with the first octamer in the filament. In the
overlapping octamers, at least one dimer from each tetramer should have identical shear
(see Figure 4-16 for schematic representation). This overlap restraint ensures that the 2D
model remains closed with respect to longitudinal shear (Figure 4-14). All possible
models that satisfy longitudinal shear restraint were considered for sampling cross-

sectional space. Next section describes the filament sampling in longitudinal space.
805 ! .

690 @ |
0 @ ®
L
575
| Mode A
Shear 0
460 [y L
L i . @ (
= M
= =
) 345 , ? = = { ﬁ
2 - N
= ] | @
'g 230 L[ i
= e © [
% E | Mode B
5 1S S ) I =1 Shear -170/-180
o o © H
115 ﬂ ﬂ

-230

Mode C
Shear 105-125

Shear values

~345 ' possible modes

1 2 3 4 5 6 e 8 9 10 11 12 13 14 15 16 1
Dimer Identity

Figure 4-14 Sampling shear values in 2D filament matrix.

Schematic representation of filament model considering only the longitudinal shear
values in 2D. A coiled-coil dimer (gray bar) with head (green) and tail (red) domain were
aligned parallel to filament axis. Every dimer (x axis) has an absolute longitudinal shear
value (y axis) given by the interacting mode. In the schematic, dimer 1 is connected to
dimer 2, dimer 2 connected to dimer 3 and so on. A filament model starts from dimer 1
and ends at dimer 16. The 17" dimer show identical shear value with respect to the first

dimer. Legend shows the possible shear values of the interacting modes.
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4.8.3 Sampling cross-sectional space

In the previous section, all filament models were constructed by connecting dimers
through an interacting mode. Each interacting mode has its relative longitudinal shear (S)
along with rotation of dimer 1 (©1) and dimer 2 (62). Relative longitudinal shear values
were considered for longitudinal space sampling. For cross-sectional sampling, angle
values of interacting mode (©1 and ©2) were accounted. Thus, every sample in the
sampling space has a 2D structure given by the coordinates of the discs. All models that
satisfies the longitudinal restraint (described in previous Section 4.8.2) were considered
for cross-sectional sampling. Every model in the cross-sectional samples were scored
with various scoring functions. The following paragraphs describes the scoring functions

utilized for building filament models.

e Clash score function:

A clash score was a quantitative measure of the dimer-dimer clash. The distances between

every dimer/disc with other dimers/discs were calculated within a model. A clash score

has a negative value if the two discs overlap each other otherwise zero (Figure 4-15).
"clash score" = fi(x) = —k x Y1, xi?

where n is the total number of clashes, xi is the length of the overlapping region between

disc pairs, k was taken as 1 which could be adjusted according to the weightage needed

for this score.

e Compactness score function:

A compactness score was a binary score (values 0 and 1), that represents whether a model
was a compact model or not. Models that were confined in a given region were considered
compact (Figure 4-15).

1, x < cutof f
0, x = cutoff

"compactness score" = f,(x) = {
where x was the distance between the two farthest discs in the model, cutoff value was
decided based on the maximum distance allowed between two discs. Maximum distance
covered by n number of discs is (n-1)*diameter. For instance, for 16 discs model, cutoff
was calculated using eight discs as explained below.

cutof f = (8 — 1) X Diameter = 7 X 20 = 140 .
“Compactness score” was a binary score which will either accept the model (score=1) or

reject the model (score=0).

100



CHAPTER 4 | Integrative Modeling of 3D structure of IFs

e Hard Clash Count Score function

A clash count score counts the number of hard clashes between the discs. At most one
disc was allowed to clash with other discs. The cutoff value of the hard clash was
calculated by determining the radius of dimer excluding side chain atoms. Backbone
radius of keratin dimer is ~8.0A.

1, x <2
0, x=2

where x was the total number of discs clashing with overlap greater than ~8.0A.

"Hard Clash Score" = f3(x) = {

e Parallel mode cross-link function

As the relative frequency of the parallel mode (Mode C) cross-links were minuscule, this
mode was not considered for determining dimer-dimer interactions. However, Mode C
was used as a restraint during sampling/scoring of the models. “Parallel mode score”
accounts for presence of at least one parallel mode between the interacting dimers (Figure
4-14, dimer 1 and dimer 5). In this score, angle values were excluded from the scoring
function due to low relative frequency and ambiguity in angle values.

1, 125 > 5, > 105

"Parallel Mode Crosslink Score" = f,(S;) = {0 105 > S, > 125
) - J] =

where S; was the longitudinal relative distance between the two dimer.

e Closed-ness score function

Sampling methodology provides large number of models that would have gaps in the 3D
structure. A correct 3D structure would be closed structure such that the last “tetramer of
dimers” (Octamers) should be interacting with the first octamer. The interaction specified
by the dimer-dimer configuration (relative shear, rotation of dimer 1, rotation of dimer 2)
that could be from any of the possible modes of associations. An example of closed-ness
was illustrated in (Figure 4-16).

1, m € {mode A,mode B}
0, m & {mode A,mode B}

where m is a set of (S;, ©61, 62) defining an interacting mode.

"Closedness Score" = fs(m) = {
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Bad Models
(A) (B)

compactness score=0 compactness score=1
clash score = -19 clash score = -1125

Figure 4-15 Schematic of clash and compactness scoring function.

A dimer is represented as a disc with head domain above (green) and below (red) the
plane of paper. Numbers on the discs represents the dimer identity. Arrows indicate the
farthest discs. Each model was assigned a score using various scoring functions.
Examples of bad models (low scoring models). A) Clash free but not compact model. B)

Compact model but have clashes.
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Figure 4-16 Schematic of closed-ness scoring function
A 16 dimer model sub-grouped into four octamers (O1 to O4) along with an additional
octamer 5 (O5) that should overlap on top of octamer 1. A sample would be valid model

if at least one disc from the octamer 1 and 5 overlap.

Final score of the given model is the product of all the scores.
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Frnodget =1 f2 f3 fa fs

Since all the scoring functions except fi provide binary values (either accept or reject a
model), the scoring function were applied to the models one by one in the increasing order
of time complexity. This reduces the execution time of the simulation and prevent
sampling of invalid models. The optimization was done by using Disctransformation that

generated 699 models satisfying all the scoring functions (summarized in Table 4-3).

Table 4-3 Scoring functions for sampling and scoring
Column 1 list the scoring function name. Column 2 provides a brief description of the
scoring functions. Column 3 lists the number of models obtained after implementing the

corresponding scoring function.

Scoring Function | Description No of models
Soft Clash Partial overlap of discs 2060883
Compact-ness Maximum distance between two discs 441114

Hard Clash count | At most 1 hard clash allowed between discs 174895
Parallel mode At least 1 disc pair have parallel mode shear 70724
Closed-ness First and last octamer should interact with mode | 699
Clustering Hierarchical clustering in RMSE space. 6 clusters

4.8.4 Clustering of models

Every disc in the model has the coordinates of the disc center and the corresponding disc
rotation. To differentiate the amount of rotation between the two overlapping disc, a fixed
point on the disc edge at an angle of zero degrees was obtained. Thus, every disc in the
model was defined using two coordinates (Disc center and a fixed point on the disc edge).
For a 16 disc models, total 32 coordinates were utilized to determine Root Mean Square
Error (RMSE). Assignment of coordinates for RMSE calculations were done based on
the disc labels. All 699 models were hierarchically clustered in RMSE space obtained by
all verses all RMSE calculations (Figure 4-17). The cutoff RMSE value (300) to
determine the number of clusters were obtained by visual inspection of clusters. Models

that had identical topology were placed in a single cluster.
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Figure 4-17 Hierarchical Clustering of models based on RMSE distance.

RMSE space distance (y axis) between the models were calculated using UPGMA method
that provided six clusters (C1 to C6). The number of models in each cluster shown within
brackets (x axis). Dotted line shows the cutoff value for deciding the number of clusters.

All models below the dotted line were topologically identical.

4.8.,5 Model Selection

The 699 models were clustered according to topological similarity (RMSE space). Total
six clusters were obtained that satisfy all scoring restraints (see Section 4.8.2 and Section
4.8.3). Cluster 4 having 128 models (Figure 4-17 x-axis) was selected as a representative
model of the keratin filament because of the distribution of head/tail domains (Figure
4-18). Since head/tail domains have net positive charge, a close proximity of similarly
charged domains would be destabilizing. The shear values of models from cluster 4
positions head/tail domain spatially separated by around 115A. Whereas in all other
clusters head/tail domains were spatially proximal. Thus, cluster 4 provides the best
arrangement of head/tail domains without having repulsions from similarly charged
residues of head/tail domains (Figure 4-14).

Along with this, the cluster 4, cluster 5 and cluster 6 had a low-density region in the center
of the filament as seen in experiments [172,220]. However, cluster 5 and 6 were ruled out
due to the presence of crooked dimers (discs 0, 1 in C5 and disc 2, 3, 14, 15 in C6) that
prevents the formation of regular filament bundles (see Section 5.1.3) [207,221]. Thus,

only the models in the cluster 4 were chosen as appropriate for further validation.
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a0
c2 )

o N

Figure 4-18 Clusters of models obtained after Disctransformation simulation.

Disctransformation simulation clusters topologically different models (green and red
discs) into different clusters (C1 to C6). For all models, their possible associations with
extra dimers are highlighted (pink discs). These extra dimers provide seed positions for
filaments bundles to form. Encircled model cluster 4 (C4) was chosen as the

representative model.

4.8.6 Mapping 2D disc models to full atom models

The top scoring cluster (cluster 4) obtained from the Disctransformation simulation was
used to represent the filament model (Figure 4-18). This 2D model was converted to full
atom models through reverse mapping of the Disc models to full atom models. The disc
model provide relative rotations of discs along with relative shear values obtained through
dimer-dimer associations. Using a full atom dimers and their interacting modes (relative
shears and rotations), a Unit Length Filament (ULF) corresponding to disc model was
constructed (Figure 4-19). Since in a ULF there are 16 dimers, 1% and the 17" dimer
should overlap (see Section 4.8.2). A mapping of cross-section and longitudinal section
provide the arrangement of dimers in a ULF. Six ULF models were constructed by
longitudinally shifting the ULF model with the length of dimer. This shifting was also
equivalent to interacting mode B2 (Figure 4-20). A cross-section of 3 unit length
filaments was extracted to generate a 3ULF model having central ULF succeeded and
preceded by ULFs (Figure 4-20).
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Figure 4-19 Reverse mapping of 2D Disc model to ULF model

Disctransformation model (red and green discs) provide cross-section arrangement of
dimers. Shear values obtained from dimer-dimer associations provide longitudinal
arrangement of dimers. Cross-section and Longitudinal sections were mapped (blue

arrows) using dimer labels. A combination of the two sections provide a ULF model.
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Figure 4-20 Reverse mapping of 2D Disc model to complete full atom models.

Disctransformation model mapped to longitudinal section as explained in Figure 4-19.
Longitudinal section was extended by using tetramer mode B2 (equivalent of end to end
joining of dimer) to generate ULF2 to ULF 6. A section comprising of 3ULFs
(rectangular box) were extracted (multi-color picture at bottom). This section has

filament model with succeeding and preceding filament.
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4.8.7 Integrative Modeling Summary and Statistics

In this chapter, the Integrative modeling (see Chapter 1 for Introduction) of Keratin
Intermediate filament was discussed. The different experimental and computational data
related to Keratin filament provided restraints at different levels of resolution. Starting
with the keratin K5 and K14 sequence, a K5-K14 dimer model was constructed from the
bioinformatics data including homology modeling. Volume and mass measurements
(obtained from SAXS data and sequence), provided the number of copies of K5-K14
dimers in the Keratin filament. Cross-linking data provided the information about how
the neighboring dimers were arranged in the 3D space (interaction modes). Valid dimer-
dimer interaction modes were chosen for further analysis and were analyzed for
electrostatic complementarity. To get the filament model, the sampling of the 16 Keratin
K5-K14 dimers was performed along with interaction modes such that all the available
restraints were satisfied. A brief summary of Integrative modeling protocol applied for

Intermediate filament was discussed (Figure 4-21).

Spatial Information Filament Assembly Validation Length
from experiments Construction Path Methodology Scale
, Sequence
Coiled-coil geometry) Homology Modeling q :
Crystal struct :
et + Crystal structure, SASA
) . 3-4 A
D _/—) Intra-dimer Cross-links
Cross-links Dimer-dimer fmer
No. of dimers Sampling >
L Predict & Validate 5 A
Tetramer Disrupting Substitutions
Structural Disctransformation
Properties Sampling & Scoring 2 Rationalize Disease
2 5A
= Mutants
. Unit Length Filament 2 —— _
Cross-links, Dimer-dimer @ Neighboring Residues 510 A
dimer length Interaction Mode €
@
i ® Radial Atomic Density 5-70 A
o i ) Filament w
Interaction Sites Disctransformation - -
Cross-links Sampling & SM Dimensions | | 60-130 A |
Filament Lattice
Filament Bundles | |120-1000 A‘

Figure 4-21 Summary of Integrative modeling protocol of Keratin Filament

Spatial information extracted from experimental techniques performed on Keratin and its
homologs (red box). Spatial information incorporated with sampling and optimization
techniques (red arrows) at different positions in the filament assembly. The obtained
structural models were then used for the construction of filament at various length scales
(blue panel). Every structure constructed through optimization was validated using
different structural data (green box) and at different length scales (purple box). The

filament structure was validated on an ensemble of models (blue arrows).
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The model built in this work was among the largest near atomic resolution model ever
created for Intermediate filament coiled-coil domains. The model also has low-resolution
head/tail domains. The filament model consists of three Unit Length Filament (ULF)
along the filament axis, a central ULF with preceding and succeeding ULF. Each ULF
has 16 dimers arranged according to the interaction modes. A single K5-K14 dimer has
624 residues and ~10,000 atoms (with head/tail domains 1062 residues and ~15,000
atoms). A full atom keratin intermediate filament model has ~30,000 residues and
~500,000 atoms (with head/tail domains ~51,000 residues and ~720,000 atoms). The final
full atom model was validated using the experimental data not used during the modeling

protocol (see CHAPTER 5 for validation protocol).

4.9 Summary

The chapter discusses about the Integrative modeling protocol applied for determining
the structure of Intermediate filament. Initially, the heteromeric K5-K14 coiled-coil dimer
was constructed by homology modeling. The model was then validated using various
structural properties and compared with available segments of crystal structure. Two
computationally duplicated K5-K14 dimer models provide configurations that
parsimoniously satisfy dimer-dimer cross-links observed in the experiment. Each keratin
dimer was converted to a 2D disc by taking a projection on a plane. Disctransformation
software then exhaustively sampled and scored all possible configurations (10
possibilities). In all, 699 valid models were clustered into six topologically different
configurations. The cluster with the optimal packing of the dimers was chosen as the final

model of keratin filament for further validation.
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CHAPTER 5
Validation of 3D structure of IF

SALIENT FEATURES

Bundling of Filament

X/
°

¢ Bundle Construction & Hexagonal Lattice
e Comparison with TEM data
e Improved filament-lipid model
% Dimension and Packing
e Dimensions of lower and Higher order structures
e Packing of head/tail domains
% Radial Atomic Density
e Calculation of radial density distribution
e Comparison with Cryo-EM data
% Cross-link Analysis
e MD simulation and Ensemble generation
e Analysis of K5-K14 cross-links
e Parallel mode cross-links relative frequency
e Validation using homolog K1-K10 crosslinks
% Model Properties using Voronoi Volumes
e Classification of protein into chemical groups
e Volume statistics of known protein structures
e Comparison with volume statistics of K5-K14 filament model

% Summary
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The previous chapter provided the details of the Keratin K5-K14 filament model obtained
through Integrative Modeling. However, the model needs to be validated extensively,
which is an essential step of the Integrative Modeling. Since different experiments
provide spatial information at various levels of details, individual components of the
models have different resolutions. Thus, validation of the models at different length scales
is an indicator of robustness. For instance, a range of experimental data providing
information at different length scales (1000A to 5A) could validate keratin filament model
(Figure 5-1). This chapter provides the details of the five major validation protocols. The
filament model and filament bundles (length scale 1000A to 120A) were validated using
Transmission Electron Micrographs (TEM) data, thereby providing details of the higher
order organization of intermediate filaments. The overall model dimensions (length scale
130A to 60A) and the relative position of head/tail domains were validated with the
experimentally observed values. The high-resolution details of the models such as atomic
density distribution (length scale 80A to 5A) and neighboring residue pairs (length scale
10A to 5A) were validated using Cryo Electron Microscopy (Cryo-EM) data and cross-
linking data (Figure 5-1). Each of these experimental data validates the filament model at
various length scales, thereby indicating the robustness of the obtained models. The next

few sections provides the validation protocols applied to the keratin filament.

Validation Methodology

. Dimensions & Radial Atomic Neighboring
Filament Bundles Packing Density Residues
= e
headtail S| Dl 0'5"‘”"‘”

volume
b

Density (Arbitrary Units)

Representation

Radius (nm) ) Protein 1 Protein 2

1000 Ato 120 A 130 Ato 60 A 80Ato5A 10Ato5A

Length Scale
Figure 5-1 Validation performed across different length scales.
Keratin K5-K14 Intermediate filament model was validated using spatial information
(green and blue boxes) obtained from the experiments performed at different length

scales.
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5.1 Bundling of filaments

5.1.1 Bundle construction

A single filament model was constructed by joining interacting dimer pairs in all possible
ways (see Section 4.8). However, peripheral dimers of the model have exposed interacting
sites for other dimers to bind (Section 4.8.3 and Figure 4-12). These interactions were
essential for the formation of higher-order structures by providing seed positions for inter-
filament interactions. To validate the filament model, a filament lattice was constructed
through its exposed interacting sites (Figure 5-2 A). All the exposed interacting sites were
connected to dimers through Mode A or Mode B (Figure 5-2 B). These exposed dimers
were then connected to another copy of the filament model. The procedure was repeated
for all exposed sites. The filament bundle models that have inter-filament clashes were
removed from the possible solutions. Models having a regular geometry were chosen, as

it provides an effective packing of filaments (Figure 5-2 C).

(A) (B)

Filament 2

Filament 1

O,
@063 % 4
Mo e®
i g w®
N, - .

Filament 3

Figure 5-2 Filament lattice construction methodology

(A) Keratin filament model (red/green discs) shown along with possible dimer positions
representing filament interacting sites (pink circles) on the periphery of the filament. (B)
Interacting modes (Mode A and Mode B) between three keratin filaments through the
exposed interacting sites. (C) Filament bundle model constructed that have a regular

geometry of filaments (dotted circle).

5.1.2 Hexagonal lattice

The filament lattice model constructed in the previous step were analyzed for packing
properties. The lattice vectors of a hexagonal lattice should follow standard geometry
rules (Figure 5-3 A). Lattice vectors a and b should be equal and together define the
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hexagon plane. Whereas vector ¢ defines the distance between two parallel hexagon
planes. The angle y formed by vectors a and b should be 120° whereas angles o and 3
should be 90° (Figure 5-3 A). The filament bundle follows the hexagonal geometry with
keratin filaments occupying vector c (Figure 5-3 B). The vectors a/b define the hexagonal
plane (formed by the filament cross-section or 2D models) and their magnitude provides
the inter-filament distance in the filament bundle lattice (Figure 5-3 C). This distance
along with the hexagonal packing were used to compare with the TEM experiment

provided measurements of keratin bundles.
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Figure 5-3 Hexagonal lattice of keratin intermediate filament bundle model.

(A) A hexagonal lattice showing lattice vectors and angles between them. (B)
Arrangement of keratin filaments in hexagonal arrangement obtained from bundle model.
(C) A 2D projection of hexagonal filament bundle lattice along the vector ¢ on a-b plane

with lattice parameters.

5.1.3 Comparison with TEM data

The keratin filament bundle obtained as a consequence of interacting filaments had a
hexagonal packing (Figure 5-3). In the models, the filament center-to-center distance was
measured as ~10 nm. This was in agreement with the Transmission Electron Microscopy
(TEM) images of keratin intermediate filaments obtained from native vitreous epidermis.
The filament appear to be packed in hexagonal arrangement with filament center to center
distance in the range of 9-13 nm with median as ~11 nm calculated over 10 samples

(Figure 5-4) [207,221]. The variability in the measurements could be attributed to
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experimental procedures (chemical fixation methods, resolution etc.) and filament

interaction with other molecules (amino acids, water, lipids etc.).

Figure 5-4 Comparison of filament bundle models packing with TEM images.

(A) TEM images of Keratin intermediate filaments obtained from native vitreous
epidermis. (B) A zoomed image of the bundle highlighting each filament (red circles).
Packing of the filaments shows hexagonal arrangement. (C) Filament bundle model

highlighting the hexagonal packing (black circles). (A) and (B) adapted from [221].

5.1.4 Improved filament-lipid model

Keratin filaments were known to have close association with lipid molecules/membranes
[207,222,223]. Specifically, filament head domain has a strong binding affinity towards
lipid molecules/membranes [224]. Cryo-transmission electron microscopy images of
keratin intermediate filaments provide significant insights into the higher order
organization of keratin filaments. A filament-lipid model was suggested where cornocyte
keratin filaments were arranged in hexagonal lattice surrounded by lipid membrane [207].
These filament bundles upon prolonged exposure to water molecules lead to ~25%
increase in the thickness of filament bundles. However, in dehydrated filament bundles,
the distance between filament edges reduced to a minimum [225]. Existing filament-lipid
model explains most of the observations relating to keratin filament bundles, however, it
cannot explain the ~25% swelling of bundles upon prolonged exposure to water (known
as swelling behavior).

The keratin bundle model constructed in this study was in agreement with filament-lipid
model. The model mimics the partially dehydrated state and provides enough space (~2.5
nm for bi-lipid non-polar core) for lipid molecules to interact with the filaments (Figure

5-5 A, B). The interaction with the lipid molecules were only possible with the peripheral
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dimers of the filaments (Figure 5-5-B gray colored region). The filament anchor points
(dimers connecting two filaments) in the bundle remain inaccessible to lipid molecules.
Thus, inter-filament distances (~10nm) remain unchanged with only lipid molecules.
However, with prolonged exposure to water molecules, interactions of the filament
anchor points would be replaced by water mediated interaction (charge/hydrogen bonds).
Lipid molecules would eventually replace these water-mediated interactions and form a
single lipid layer. This lipid layer being in the proximity to other lipid layers around the
filaments forms a bi-lipid layer cage in the filament bundles (as seen in Cryo-EM images).
The addition of bi-lipid layer hydrophobic core of length ~2.5nm at the filament anchor
points increases the inter-filament distance from ~10nm to ~12.5 nm (25% increase). The
phenomenon thus explains the ~25% swelling of the filament bundles upon prolonged

exposure to water and lipid molecules.

(A) (B)

Positively

Charged

Head/Tail
Keratin dimer head/tail Filament bundle with Filament bundle with head/tail
association with lipids head/tail in dehydrated state in association with lipids

Figure 5-5 Schematic of filament-lipid model with bi-lipid layer around filament.

(A) Schematic diagram showing the interaction of positively charged head/tail domain
(gray circle) of a keratin dimer (green/red disc) with negatively charged lipid heads
(yellow circle). (B) Filament bundle along with head/tail domains (gray) in the
dehydrated state. (C) Schematic of the expanded filament bundle upon exposure to lipid
molecules. Hydrophobic tail of lipid molecules (pink) around the filament forms bi-lipid

layer with lipid molecules bound to the neighboring filament.

The cryogenic electron micrographs (Cryo-EM) provide a low-resolution information of
keratin filaments higher order organization (filament bundles). However, it provides
valuable information for the validation of filament models. Since the bundles were
constructed directly from dimer-dimer interactions, their agreement with the experimental

data validates the model.
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5.2 Dimensions & Packing

5.2.1 Dimensions

Previous section validates the filament model at length scale of filament bundles (see
Figure 5-1 for length scales). One of the most important validation was the comparison
of dimensions of the filament and lower order structures (tetramers and octamers). Due
to low-resolution data/images provided by various experimental techniques, it was
difficult to measure the exact dimensions of the filaments and sub-structures. However,
rough estimates from the experimental data provided dimensions of filament and lower

order structures (Table 5-1).

Table 5-1 Comparison of keratin filament and sub-structures dimensions

Comparison of the octamer/filament dimensions obtained from the experiment and
models (with and without head/tail domains). Experimental values were obtained from
[226].

Experiment Model Model with Head/Tail
Octamer ~6 nm ~5.56 nm ~6.50 nm
Filament 94 +27nm ~9.22 nm ~12.50 nm

None of the dimensions mentioned in Table 5-1 were considered explicitly during the
intermediate filament modeling. However, the dimensions of the selected model agree to
the observed values. Other possible models in the clusters (other than C4) obtained during
the integrative modeling would have provided dimensions that would not be in agreement
with the experimentally determined data (see Figure 4-18 and Section 4.8.5). Thus,

choosing the cluster 4 (C4) as the selected model was appropriate and best choice.

5.2.2 Dimension and packing of head/tail domains

Keratin filament models constructed using Integrative modeling approach did not involve
positioning of head/tail domains with respect to the dimer orientation. Head/tail domains
were constructed by considering them as diffused density of atoms (see Section 4.4).
However, the analysis of the full atom models (and 2D models) provides us with valuable
information about the relative positioning of head/tail domains. In the filament models,
the dimers occupying the central positions (blue outline discs) were surrounded by four

peripheral dimers (Figure 5-6 A). The head/tail domains of these buried dimers could only
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fit in the central cavity (dashed blue circle). To validate this, the volume of the cavity was
calculated and compared with the volume required for head/tail domains of four buried
dimers. The following paragraph outlines, the steps for volume calculations (refer to
Figure 5-6 B).

Since, the length (perpendicular to the plane of paper) of a single dimer was about 47nm.
Volume of dashed cylinder V .y, = m(1.7%)47 = 426.9 nm?
Volume of a dimer V; = m(0.95%)47 = 133.3 nm?
Volume of a shaded regionV, =V, /2
Volume of cavity Vg = Viyq — 4Vs = 426.9 — 4(133.3/2) = 160.3 nm?

Figure 5-6 Relative position of head/tail domains in keratin filament model.

(A) Filament model without head/tail domains had central cavity (dashed circle) size of
approximately 1.7nm radius. (B) Measurements for determination of cavity volume Vcay
using volume of the overlapping dimers (Vs) and volume of the dashed cylinder (Vcya). (C)
Predicted positions of head/tail domains (shaded circles) in the filament models.
Overlapping circles (head/tail domains) in 2D arrangement were axially separated by

the relative shear between the discs.

The molecular weights of K5-K14 head/tail domains were calculated from the sequence.
K5 Head = 16081.6 Daltons, K5_Tail = 9563.2 Daltons, K14 Head = 10284.1 Daltons,
K14 Tail=5065.5 Daltons.

Assuming the volume of globular proteins as 1.01 A3 per Dalton [168,214].

The Volume K5 Head = 16.24 nm?, Volume K5_Tail = 9.66 nm?, Volume K14 Head =
10.39 nm?, Volume K14 Tail = 5.12 nm®.
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Total volume of head/tail domain = 41.41 nm?. Total volume of head/tail domain of four
dimers = 165.64 nm?®.

The volume of the cavity (160.3 nm?®) matches closely with the volume of the head/tail
domains (165.64 nm?) of four internal dimers (blue outlines dimers Figure 5-6 A) as
predicted by the model. A close inspection of the internal dimers orientation reveals that
all four dimers have same orientation relative to the cavity (Discs 1, 5, 9, 13 Figure 5-6
C). Thus, a favorable position of head/tail domain was near the end of line of discs/dimers
(Figure 5-6 C). For peripheral dimers, identical relative position of head/tail domains was
considered to build the full filament models for further analysis.

Other arrangements such as all head/tail domains (volume 662.56 nm®) occupying central
cavity were ruled out based on the volume of the cavity (volume 160.3 nm?) available for
head/tail domains. Only the arrangement discussed in Figure 5-6 C favors the optimal

packing of head/tail domains.
5.3 Radial Atomic Density

5.3.1 Calculation of radial density distribution

Radial atomic density organization of intermediate filaments provides a comprehensive
knowledge of atomic packing across radial axis. Given that the intermediate filaments are
made up of multiple copies of dimers, a radial atomic density profile would provide an
indirect measurement of dimer packing along the axis perpendicular to filament axis.
Since the model built using integrative modeling protocol do not have head/tail domains,
an unstructured density of atoms equivalent to head/tail domains for every dimer were
constructed (see section 4.4 and section 5.2.2 for details) (Figure 5-7 A). The obtained
filament model with head/tail domains was then projected on a plane perpendicular to the
filament axis (Figure 5-7 B). The plane was divided with concentric rings (centered on
the mean coordinates of filament) of radius 0 to 8 nm and width 0.1 nm. The molecular
atomic density for each ring was calculated by adding the molecular weight of all the
atoms present in the ring divided by the area of that ring. The following section describes
the comparison of this atomic density with the experimental data of trichocyte keratin
filaments [172,220].

5.3.2 Comparison with the known experimental data
Radial density of trichocyte keratins were calculated from cryo-EM micrographs by

averaging over various segments along the filament axis [220]. The radial density profile
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was then compared with the profiles calculated for the K5-K14 intermediate filament
model with head/tail domains (Figure 5-7 C). The radial density of the models was in
agreement with the experimentally calculated profile. The two profiles however deviate
near the center of the filament (radius 0-2 nm) which was occupied by the head/tail
domains (Figure 5-6). The experimental profile near the center of the filament also shows
the larger error bar indicating the diffusive/flexible head/tail domains. Since head/tail
domains were represented as unstructured density, an accurate head/tail domain models

in the context of filament structure would provide better estimates of radial density.
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Figure 5-7 Comparison of radial atomic distribution of K5-K14 filament.

(A) Keratin K5-K14 coiled-coil dimer (cyan and pink) with head and tail domains (dark
yellow) as diffusive atomic density. (B) Schematic of filament model (gray bundle of
dimers) showing radial density projection (shaded concentric rings). (C) Comparison of
radial density profile of K5-K14 filament with the experimental data obtained from
[172,220].

The comparison made here was between trichocyte keratin (hard keratins) and K5-K14
keratin model (soft keratin). Hard keratin was known to have better packing of head/tails
domains compared to soft keratin. The head/tail domains of keratin dimers interact with
succeeding and preceding dimers shown by the cross-linking experiment [205,227]. In
hard keratin filaments, the absence of water increases the electrostatic attraction between
positively charged head/tail domains with negatively charged coiled-coil domains. The
stronger electrostatic attraction between the two domains leads to closer packing of
head/tail domains with the neighboring dimers. This leads to unavailability of head/tail

domains of internal dimers in the core of the filament (Figure 5-6 C). The redistribution
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of the head/tail domains of hard keratin results in the lower atomic density in the core
compared to soft keratins (Figure 5-7 C). Similar redistribution of head/tail domains of
peripheral dimers leads to the lesser radius of the hard keratin filaments as compared to
soft keratins (Table 5-1) [220]. The keratin K5-K14 filament model was thus consistent
with the previously proposed idea that coiled-coil domains were surrounded by the
head/tail domains [228].

5.4 Cross-link analysis

Chemical cross-linking with an appropriate cross-linker could provide spatial information
at high resolutions. The modeling of the keratin K5-K14 filament model was dependent
upon the cross-linking of lysine amino acids through DST cross-linker [203,204,206].
Fourteen cross-links (Mode A and Mode B) obtained on intact keratin filaments were
used to construct the filament models (Table 4-1). However, cross-links that were
observed in tetramer and octamers structure (Mode C) were not used during modeling
procedure. All these K5-K14 cross-links (including intact filament cross-links) had to be
satisfied in the model. Apart from these, nineteen cross-links obtained in a similar cross-
linking experiment done on homologous K1-K10 keratin filament should also be satisfied
through mapping of amino acids [151]. Next few sections discuss the methodology used

to validate the models using cross-linking data.

5.4.1 MD Simulation for generating ensemble

To ensure that the cross-links satisfied in a range of configurations, an ensemble of K5-
K14 keratin filament models were generated through molecular dynamics simulation. A
three unit length filament (3ULF) model without head/tail domains was used for
generating ensembles. The MD simulations were carried out using GROMACS [192—
194] with the Gromos54a7 force field [229,230]. A rhombohedral water box was
generated around the filament with explicit SPCE water model having boundary extended
by 10 A in each dimension. The system was neutralized by replacing solvent molecules
with 32 sodium ions. Particle mesh Ewald sum method [231] was used for electrostatic
interactions and LINCS [232] was used to constraint hydrogen bond lengths. The whole
system was minimized for 1 ns with integration time step of 2 fs using steepest gradient
algorithm. The system was then equilibrated with NVT ensemble simulation followed by
NPT simulation at 300K for 1 ns. The production run was simulated for a 50 ns and the
trajectory was recorded at every 100 ps. Total ~800 GB of trajectory generated during
simulation containing ~3.2 million atoms with 312864 protein atoms. Coordinates of the
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filament at every 200 ps were extracted to get 100 snapshots of the filament in the PDB

format.

5.4.2 MD Simulation trajectory analysis

Residue wise temperature factor are representatives of thermal fluctuations during the
simulation. Average temperature factor of the 3ULF model and central ULF was
determined by superimposing C* atoms of all three ULFs and then measure the
fluctuations for all snapshots. This procedure was repeated for central ULF2
independently (Figure 5-8). The amino acids in the model shown in sphere representation
were colored according to temperature factor (blue to red). End domains of dimers that
do not have proper interactions due to missing head/tail were more likely to fluctuate (red)

compared to central domain (blue) (Figure 5-8).
Central ULF

L -
126 4078

Figure 5-8 Temperature factor of central unit length filament (ULF).

Central unit length filament (ULF) colored according to average temperature factor (blue

to red) of amino acids obtained during the simulations.

To determine the deviation of the filament during the simulation, root mean square
deviation (RMSD) was measured with respect to the initial structure. RMSD calculations
were done for the filament (3ULFs) and the central ULF2 independently. Both RMSD
calculations show sudden increase in RMSD values at around ~2.0 ns and then gradual
decrease with the saturated RMSD values of about ~1.5/2.0 nm (Figure 5-9). The sudden
increase in the RMSD values were due to the unfolding of terminal amino acids in the
coiled-coil dimers. This unfolding pushes succeeding and preceding dimers
longitudinally along the filament axis leading to increase in filament length (Figure 5-10
at 2ns). However, the increase in length was reversed due to N terminus — C terminus
dipole interaction of coiled-coil dimers (Figure 5-10 from 5ns onwards). The movement
of filament backbone diminished after 30ns, indicating the stability of the overall
structure. Since the missing positively charged head/tail domains were known to interact

with negatively charged coiled-coil domains, their addition would have further increased
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the stability of the filaments [205,227]. Hundred snapshots from the trajectory at equal

intervals were extracted to determine lysine-lysine cross-links.
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Figure 5-9 RMSD plot of Filament and central ULF.
Root Mean Square Deviation (RMSD) (y axis) of filament model having 3ULFs (red line)
and RMSD of central ULF (ULF2) (blue line) during the course of simulation (x axis).

Both curves shows increase in RMSD at around 2-3 ns and then gradual decrease.

Dimer Head I s Dimer Tall
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Figure 5-10 Snapshots of MD simulation trajectory at various time steps.
At various time steps (0, 2, 5, 50 ns) a snapshot of central ULF with each dimer colored
from blue (dimer head) to red (dimer tail). For a movie of complete 50 ns MD simulation
trajectory, refer to the file: IF_MD_Movie.mp4 in Supplemental Material.
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The following section discusses about the cross-links used to construct filament model
and the validation using all other unused cross-links (including the K1-K10 cross-links).

This would further help validate the filament model at amino acid level.

5.4.3 Analysis of K5-K14 cross-links

As discussed in the previous sections (section 4.6.2 and Figure 4-9), K5-K14 cross-links
were sub-grouped according to dimer-dimer configurations as mode A, mode B (mode
B1 + mode B2) and mode C (mode C1 + mode C2). These dimer-dimer configurations
were based on the lysine-lysine N¢ distances restrained to 6.4A (cross-linker arm length).
The maximum C*C*distance of two cross-linked lysine was ~19.4 A (see Section 4.6.1
and Figure 4-7 B). Since the lateral distance between the two dimer (each one having a
cross-linked lysine) in the filament was unknown, they were laterally separated with the
minimum possible distance of 18.5 A (see Section 4.6.1). Approximately 2A relaxation
was given for distance measurements. Lysine being a positively charged amino acid, two
lysines repel each other during the simulation. Thus, considering N-N¢ distance for
determining the possibility of a cross-link would not be appropriate. Hence, C*-C*
distance with upper limit of 22A and CP-CP distance with upper limit of 19A was chosen
as cross-linking criteria. Any two lysines following the above criteria were assumed to be

cross-linked.

During the simulation all possible lysine-lysine distances following the distance criteria
were recorded. As a first check, the mode A and mode B cross-links that were used to
construct the filament models should be satisfied according to distance criteria. The
distribution of distances between two cross-linked lysine of mode A and mode B would
indicate the extent of cross-link formation during the simulation (Figure 5-11). All mode
A and mode B cross-links that were used in the construction of the filament satisfied the
distance criteria. All mode A and mode B cross-linked lysines were checked for solvent
accessibility using DEPTH [233-235]. The lysine should be exposed to the solvent in the
filament model to covalently bind the DST cross-linker. A depth value cutoff of 6.0A was
used to determine solvent accessibility of the cross-linked lysine. Depth distribution of
mode A and mode B cross-links shows that a significant number of cross-linked lysine
pairs were exposed to the solvent (Figure 5-12). Thus, all mode A and mode B lysine

pairs were likely to get cross-linked.
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Figure 5-11 Cross-link distance distribution in Mode A and Mode B
Distribution of number of cross-link (y axis) with respect to C,- C, distance (x axis)
between the cross-linked lysine amino acids. Mode and cross-linked lysines labeled at the

top of each sub-figure. See Table 4-1 for details of cross-linked lysines.
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Figure 5-12 Cross-links depth distribution in Mode A and Mode B

Distribution of cross-linking density (y axis) with respect to maximum depth among two

cross-linked lysine amino acids (x axis). Mode and cross-linked lysines labeled at the top

of each sub-figure. See Table 4-1 for details of cross-linked lysines.
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Figure 5-13 Distance and depth distribution in Mode B2 cross-links.
Distance (blue histograms) and depth distribution (red histograms) of mode B2 cross-

links formed in the 2/3 oligomer and in the intact filaments.

5.4.4 Analysis of K5-K14 cross-links not used for filament construction

Mode A and mode B (excluding mode B2) cross-links were used to construct the filament
model. However, there were more cross-links observed in the cross-link experiment that
were not used in the modeling procedure [204].

During the experiment, mode B2 cross-links were obtained in tetramers, octamers and
filament (See Table 4-1). In the simulation trajectory, mode B2 showed significant
number of cross-linked pairs after applying both the distance and depth cutoff (Figure
5-13). Since mode B2 was just the longitudinal translation (equal to dimer length) of a
dimer in mode B (Figure 4-9), the satisfaction of mode B2 cross-links validates the
longitudinal separation between two dimers.

Other than mode B2 cross-links, cross-links formed in tetramers and octamers were also
obtained (sub-grouped in mode A/B) in the experiment [204]. These cross-linked lysine
pairs were not utilized in the filament construction. However, they were analyzed after
applying the distance and depth cutoff as done for mode A and mode B filament cross-
links. Mode A and mode B tetramer/octamer cross-links were also satisfied according to
distance and depth criteria (Figure 5-14). It was hypothesized that though these lysine
pairs satisfy the cross-link criteria, they could not form cross-links in the experiment due

to their interaction with head/tail domains.
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Figure 5-14 Mode A and Mode B cross-links in oligomers not in filament.
Distance (blue histograms) and depth distribution (red histograms) of mode A and mode

B cross-links formed in the 2/3 oligomer but not in the intact filaments.
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5.4.5 Difficulties in comparing relative frequency of cross-links

The number of cross-links obtained from the model was correlated with the relative
frequency of the cross-links obtained in the chemical cross-link experiments. This would
also provide a robust way to validate/improve the models. The next few paragraphs
discuss the technical difficulties in comparing cross-links with relative frequency.
Counting Methodology

One of the difficulties was to accurately count the valid cross-links. Counting the cross-
links through the C®C® and CP-CP distance along with residue depth cutoff could
sometimes be misleading. The distance between lysine pairs could be within the cutoff
distance but having a covalently bound cross-linker could be physically impossible due
to steric clash from neighboring molecules. Due to the large number of atoms in the
model, it was difficult to model the cross-linker in the filament. One of the ways to surpass
this is to look at the atomic density between the two cross-linked lysines and decide
whether two lysines can cross-link or not.

Multiple Partners

Another important factor that decides the relative frequency of cross-linked lysine pairs
was the presence of multiple partners for cross-link. A specific partner may be preferred
depending upon several factors such as accessibility to solvent, distance between lysine
pairs, temperature factors, local residue packing and stability. Since these governing
factors are dynamic in nature, a large number of trials at various time points were
attempted to determine the relative frequency of crosslinks. However, no good match was
obtained when compared to the relative frequency as observed in the experiments. A more
robust algorithm needs to be implemented considering various factors and large number
of atoms in the model.

Interaction with Head/Tail domains

The availability of the lysine for cross-link was also dependent on its interaction with the
head/tail domains. Head/tail domains are known to interact with coiled-coil domains that
could mask some lysines and thus prevent them from forming cross-links.

Resolution of the experimental technique

The resolution of the experimental technique used to determine the relative frequency
plays a major role. The K5-K14 and K1-K10 cross-links used in this study were obbtained
by HPLC column, thus the accuracy of the relative frequency values could not be
ascertained. A similar chemical cross-linking experiment followed by mass spectrometry

(instead of HPLC column) would further increase the confidence in the model.
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5.4.6 Parallel mode cross-link relative frequency

Though there were technical difficulties in quantitative comparison of relative frequency
values, they could be compared qualitatively. Parallel mode cross-links (sub-categorized
as mode C) were obtained only after using stronger reducing agent compared to Anti-
parallel mode crosslinks (sub-categorized as mode A and mode B) [203]. Many non-
reproducible cross-links were also obtained in the experiment [203]. The relative
frequency value of parallel mode cross-links were miniscule equivalent to the lowest
possible resolution of the experiment. This indicates the presence of few lysine pairs
within cross-linking distance, or the lysines were not exposed to the solvent and cross-
link only with protein modifications.

The keratin K5-K14 filament model was analyzed for parallel mode cross-links. Example
of parallel mode cross-link distribution shows fewer cross-links compared to anti-parallel
modes (Figure 5-15). In most of these cross-links lysine side chains had to be completely
stretched (C-C* distance around 19.5 A) to form covalent bond with cross-linker. The
stretched side chains of lysine makes it difficult to form a cross-link. The depth values
(representative of solvent accessibility) of cross-links shows many lysine pairs were
buried (depth greater than 6.0 A). Thus, making it difficult for the cross-linker to reach

lysines. The models could explain the low relative frequency values of parallel mode
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Figure 5-15 Distance and depth distribution of parallel mode cross-links
Examples of mode C or parallel mode cross-links showing distance (blue histograms) and
depth distribution (red histograms) in the filament model trajectory.
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5.4.7 K1-K10 crosslinks

To further validate the keratin K5-K14 filament model, the homolog K1-K10
intermediate filament cross-link data has been utilized [151]. The cross-linking data
reports nineteen lysine pairs cross-linked with DST cross-linker. Since the K5-K14 and
K1-K10 intermediate filaments are homologous with high sequence identity, their
sequences were aligned and mapped to one another. The K1-K10 lysine amino acids
crosslinks were mapped to the corresponding amino acids in the K5-K14 filament. The
mapped amino acid could sometimes be amino acid other than lysine. Since only C*-C*
and CP-CP distances were used to validate the cross-links, the residue identity was not
significant. All nineteen cross-links (196-330, 124-495 and others listed in Figure 5-16)
were reported with the lysine identities obtained according to the K5-K14 filament. The
cross-links were sub-grouped according to K5-K14 filament model. Out of nineteen
cross-links, seventeen cross-links (within a cutoff 22.0 A as used for K5-K14) and
eighteen cross-links (within a cutoff 22.3 A) were satisfied with significant relative
frequency (Figure 5-16). Among these eighteen cross-links, two crosslinks were common
when compared to the K5-K14 filament. Hence, effectively the K1-K10 model satisfies
the sixteen out of eighteen cross-links independently. The satisfaction of lysine-lysine
cross-links in the homologous K1-K10 filament shows the robustness of the K5-K14
model and validates it at the residue level resolution.

Two cross-links 196-330 from mode A and 124-495 from mode B in K1-K10 filament
could not satisfy the cross-link criteria. These cross-links were near the flexible loop
region that were known to interact with head/tail domains. It was hypothesized that in
K1-K10 filament, head/tail domains interactions with the flexible loop region could have
locally changed the helix configuration. A slight change in the helix configuration would
have been sufficient for lysine pairs to form cross-link. However, due to absence of

head/tail domains in our models, a similar effect could not be observed.
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Figure 5-16 K1-K10 cross-links mapped on the K5-K14 filament

Each panel shows distribution of K1-K10 cross-links density (with y axis range 0 to 0.68)
with respect to Ca- Ca: distance of cross-linked amino acids (with x axis range 0 to 22 A).
Cross-links were sub-divided in mode A, mode B and mode B2 similar to K5-K14 cross-
links. Two unsatisfied cross-links (196-330 from mode A, and 124-495 from mode B) was

not shown in the plot.
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5.5 Model properties using Voronoi packing volumes

5.5.1 Classification of protein into chemical groups

To understand the atomic level packing of the filament model, it was subjected to the
volume measurements at the sub-residue level. A chemical group is a sub-residue
grouping of atoms based on similar chemical properties (Figure 5-17). Every amino acid
was sub divided into sixteen chemical groups (rl to r16). This classification was essential
to understand the packing of atoms having similar chemical properties. For instance,
Lysine amino acids is composed of chemical group rl, r2, r2, r2, r5 (Figure 5-17).
Chemical group rl is a peptide bond, r2 is methylene carbon, and r5 is positively charged
amino group. All three groups have different properties and packing volumes which could

not be studied with the conventional classification.

5.5.2 Getting volume statistics of known protein structures

To generate the packing statistics of known protein structures, an old technique of
partitioning the 3D space known as VVoronoi diagrams have been utilized. This was coded
in the software GARLIC (see section 9.2 for technical details). This software partitions
the 3D space considering each chemical group as a single point. A database of 2579 single
domain non redundant proteins was obtained from the PDB database [236]. To construct
this database following parameters had been chosen: sequence identity <= 30%,
resolution <= 1.81, R-factor <= 0.25 and sequence length 100 to 220. The missing
residues in these structures were then modeled using MODELLER suite of programs with
default parameters [26,211]. Voronoi volumes could be unbounded for chemical groups
that were on the surface of the protein. To solve this issue, a single hydration layer was
generated around the protein using the DEPTH [233-235] software. The hydrated
structures were then subjected to VVoronoi volume calculations using GARLIC. The
Voronoi volumes of every chemical group in all the structures were clubbed and stored

for comparison with the keratin filament model.

5.5.3 Getting volume statistics of K5-K14 filament model

Snapshots of the MD simulation trajectory of the filament model were extracted to
generate the ensemble of models. Each structure was first solvated with one hydration
layer and then subjected to GARLIC software (see section 9.2) for calculation of VVoronoi
volumes of the chemical groups. The comparison of the statistics from redundant protein

structure database and K5-K14 filament model is discussed in the next section.
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Figure 5-17 Sub-division of amino acids as chemical groups

Every amino acids (label at the top of boxes) was sub-divided into chemical groups (Boxes
with 16 different colors). An amino acids structure could thus be represented in terms of
various combinations of 16 chemical groups (labeled as rl to r16 next to the colored
box). Each of these different chemical groups have different chemical/biophysical

properties.
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Figure 5-18 Assessing VVoronoi volume distributions of K5-K14 filament

(A) Comparison of Voronoi volume distribution of chemical group r1 generated from a
set of non-redundant protein database (cyan) with the ensemble of K5-K14 filament
models (coral). (B) A schematic example of two covalently bonded amino acid with side

chains R and chemical group rl.

5.5.4 Comparison of packing volume of the K5-K14 filament model

Voronoi volumes of all 16 chemical groups were extracted from non-redundant protein
structure database (see section 5.5.2 for details). They have different means and standard
deviations that was used to differentiate the chemical groups. Using the volume statistics,
a quantitative score was developed to determine the quality of packing of chemical groups
in any model. These distributions were used as to benchmark the Voronoi volume
distribution of the K5-K14 filament model ensemble (see section 5.5.3).

Volume distribution of r1 chemical group (that form the peptide bond) generated from
the ensemble of K5-K14 models shows characteristics similar to protein database (Figure
5-18 ). Packing artifacts due to thermal fluctuations (indicated by wide range of volume)
would increase with an increase in the side chain length. Since chemical group r1 form
the backbone, packing artifacts due to temperature fluctuations would be minimum for
these groups. All these observations shows the packing of the filament backbone was in
agreement with the protein database. The comparison of other chemical groups is
currently under progress.

The protein database used in this study provides volume statistics for single domain

proteins without considering any protein-protein interactions. However, the unit length
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K5-K14 filament model is an assembly of 32 proteins dominated by charge-charge
interactions. Thus comparing the two distributions governed by different interactions was
likely to bias results. A possible solution to overcome this difficulty is by replacing single
domain protein database (used in this study) with the protein-protein interface database.

Along with this, the thermal fluctuation bias needs to be adjusted during MD simulations.

5.6 Summary

In the previous chapter, the ~500,000 atom Keratin K5-K14 filament model was
constructed using Integrative modeling. However, being a computational model, it needs
to be validated using the experimental data that have not been used to construct the model.
In this chapter, the validation of the filament model was performed using five different
types of available experimental data at various length scales. The validations included 1)
Low resolution TEM micrographs of keratin filament bundles (length scale 100 nm to
~12 nm), 2) comparing lower and higher order structure dimensions (length scale ~13 nhm
to ~6 nm), 3) radial density of atoms using cryo-EM micrographs (length scale ~8.0 nm
to ~0.5 nm), 4) identification of cross-linkable residues (length scale ~1.0 nm to ~0.5
nm) and 5) atomic packing volumes of chemical groups (length scale ~0.7 nm to ~0.3
nm). In the next chapter, validation of the keratin filament model through rationalization
of disease causing mutations and prediction of new filament destabilizing substitutions

would be discussed.
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CHAPTER 6
IF Assembly and Stability Determinants

SALIENT FEATURES

Exploring Micro-environments in the Filament

X/
°

e Classification of chemical environments
e Hydrogen bonding residues pairwise assignment
¢ Determining molecular determinants of filament stability
e Inter-dimer hydrogen bond depth and length distribution
e Dimer-dimer interfaces
% Rationalization of disease causing mutations

e Analysis of depth and hydrogen bond profiles of mutants

X4

Prediction of filament disrupting mutations

L)

e C(lassification of filament disrupting mutations
e Prediction of new mutants by saturation mutagenesis
e Prediction of temperature sensitive mutations

e Experimental testing of new mutants

o%

¥ Summary
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The previous two chapters (CHAPTER 4 and CHAPTER 5) provide the construction and
validation details of the K5-K14 filament model. One of the main utilities of the 3D model
is to help rationalize all known disease causing mutations (see Section 3.5). Previously
(in CHAPTER 3), it was established that coiled-coil hydrophobic core packing could
destabilize the filament assembly. The stability determinants were determined and
validated by predicting substitutions in the hydrophobic core (at heptad positions a/d)
(see Section 3.3.7 and Section 3.5.1). Predicted substitutions were tested by in-vivo tissue
culture experiments (see Section 3.5.2). This also led to rationalization of most disease
causing mutations observed at heptad positions a/d.

Studying the disease causing mutants at heptad position a/d requires only the intra-dimer
interactions. However, dimer-dimer interactions were required to study disease-causing
mutants at other heptad positions b/c/e/f/g. The inter-dimer interactions were obtained
from the 3D structure of the Keratin K5-K14 model. This chapter discuss about the

molecular determinants of stability at all non a/d heptad positions (Figure 6-1).

Filament Stability

Intra-dimer Interactions Inter-dimer Interactions

Residue position
along dimer

Atomic Packing Density
Amino acid Pair Preference

Inter-dimer hydrogen bonds
Inter-dimer Salt Bridges

Charge Distribution
Helix Kinks

3
Amino acid Residue Depth

Hy

Figure 6-1 Molecular determinants of stability of filament.

A schematic of intra-dimer (left box) and inter-dimer (right box) interactions in the
filament. Big boxes provide a zoomed picture of dimer and dimer-dimer interactions.
Each box lists molecular determinants of stability (colored text) for both intra-dimer and

inter-dimer interactions.
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6.1 Exploring Micro-Environments in the Filament

(A) Dimer of dimer (B) Filament (C) Tetramer of dimers

Tetramer of
dimers

@ O ©‘ apoarreswes s
.@,a'po\ar reswdut!@ . (=) ‘ ......... ‘@

dimer T4

* apolar residues . #

&4

Figure 6-2 Schematic of inter-dimer interactions within the filament

(A) Two dimers (red circles) could possible interact only with amino acids at heptad
positions b/c/e/f/lg. Amino acids at heptad positions a/d form hydrophobic core of coiled-
coil. (B) Two dimensional filament model specifying four “tetramer of dimers” (octamer)
with dimer id’s Q1/R1/S1/T1. Possible interactions (black arrow) within “tetramer of
dimer” represented with id’s Q1/R1/S1/T1.

6.1.1 Classification of chemical environments

In a coiled-coil dimer, amino acids at heptad positions a/d interact with one another to
form hydrophobic core (see Figure 2-1). Aliphatic side chains of amino acids at heptad
position e/g also corroborate this hydrophobic core (see Section 3.3.4). Any two dimers
within a filament (Inter-dimer) interacts only with amino acids at heptad positions b/c/f
(polar amino acids) along with charged amino acids at heptad position e/g (Figure 6-2 A).
Thus, for extracting the inter-dimer molecular determinants of stability, the search space
was restricted to polar interactions such as hydrogen bonds. Due to inherent symmetry in
the model, only a “tetramer of dimers” (octamer) with id’s “Q1/R1/S1/T1” was considered
for predicting mutations (Figure 6-2 B, C). Since there were four identical K5-K14 dimers
in every octamer, every amino acid could have as many as four different chemical

environments depending upon the orientation of each dimer within the filament.

6.1.2 Hydrogen bonding pair assignment

To determine the inter-dimer hydrogen bonding pairs in the Q1/R1/S1/T1 octamer, all
hydrogen bonding donor/acceptor pairs that were within the distance cutoff of 4A and
angle greater than 100° (donor-acceptor-acceptor antecedent angle). All donor/acceptor
pairs that were part of the main chain would be contributing to the helix hydrogen bonds

(keratin is an all alpha helix protein) and thus ignored. Only inter-dimer side chain
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hydrogen bonds were considered for further analysis. Since hydrogen bond determination
was dependent only on distance and angle cutoff, a large majority of donors/acceptors
have multiple partners. However, at a given instant a donor/acceptor pair could form only
one hydrogen bond. Thus, donors/acceptors need to be assigned appropriately to one
another so that they form a unique hydrogen bond at a given instant.

To solve this unique assignment problem, the probability of every hydrogen bond forming
donor-acceptor pairs were determined from 1000 snapshots of MD simulation trajectory
of K5-K14 filament (see Section 5.4.1). Using this probability in the cost function,
Hungarian Algorithm was used to obtain the unique assignment as explained in the
following steps [237]. The cost of assigning a donor a to an acceptor d is given by C,q =
—log(P,4) Where P, is the probability of hydrogen bond formed by acceptor-donor (ad)
pair. Let A be a Boolean matrix such that A[a, d] = 1 if and only if acceptor a is assigned
to donor d. Then the optimal assignment have the cost min )., >4 Caq Aaq SUch that each
donor is assigned to only one acceptor or vice versa. Solution to this equation provide an

optimal set of hydrogen bonds with maximum probability of occurrence.
6.2 Determining molecular determinants of filament stability

6.2.1 Inter-dimer hydrogen bond depth distribution

The inter-dimer hydrogen bonds provide stability to the dimer-dimer interaction within
the filament. Destabilizing these interactions would lead to reduced filament stability.
Due to a disease causing mutation, the donor/acceptor pair that forms a hydrogen bond in
the wild type would get destabilized with the presence of lone acceptor/donor atom.
Higher residue depth of these lone donor/acceptor atoms (especially charged atoms)
would contribute more to the instability. To ascertain the impact of substitution of buried
amino acid on the stability of the filament, average residue depth of all hydrogen bonding
residue pairs was calculated. The depth of all hydrogen bonds were compared to the depth
of hydrogen bonds at disease causing positions (Figure 6-3). The disease causing
mutations were more prominent in the terminal regions of the dimers (Residue positions
K5:1-31, Kb5:298-313, K14:314-346, K14:609-624). These regions were used to
rationalize/predict new substitutions that would destabilize the filament (Figure 6-3). The
depth values ranging from 4 to 6.5 have the most disease causing mutations (Figure 6-3).
However, the reported depth values were given for all the possible environments

(Q1/R1/S1/T1) and doesn’t necessary provide a correct profile of instability.
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Figure 6-3 Depth distribution of hydrogen bonds across dimer length

The depth (y axis) of hydrogen bonding residue pairs (circles) from all four environments
along the dimer length (x axis). Residue positions were labeled from 1-313 for K5 and

314-624 for K14. Residue pairs formed at disease mutant position (filled circles).
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Figure 6-4 Maximum depth distribution for disease mutants

Maximum depth value (y axis) of hydrogen bonds across environments (Q1/R1/S1/T1) at
positions (x axis) affected by disease mutants. Amino acid positions were labeled from 1-
313 for keratin K5 and 314-624 for K14.
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To verify the effect of residue depth, the maximum depth of hydrogen bonds across
possible environments (Q1/R1/S1/T1) was calculated. Mutating a deeper residue should
have higher impact on stability compared to surface residues. The minimum residue depth
of disease causing mutations at which lone donor/acceptor atom was present without
having a interacting partner was around 5.0 (Figure 6-4). Thus, any lone acceptor/donor
having depth greater than 5.0 was considered unstable and was used for

rationalizing/predicting intermediate filament disease causing mutations.

6.2.2

To further quantify the stability of the intermediate filament, the hydrogen bonds were

Inter-dimer hydrogen bond length

characterized by measuring the “effective hydrogen bond lengths” (EHBL) (see 6.1.2 for
hydrogen bond assignment). The EHBL for any hydrogen bond was calculated by adding
the distances between C*—donor and C®-acceptor (Table 6-1) [238]. The change in EHBL
due to mutation was calculated by subtracting EHBL of wild type and mutant hydrogen
bond. A significant decrease in the EHBL would suggest the absence of hydrogen bond.
The change in EHBL were estimated for every disease causing mutations (Figure 6-5).
Most disease causing mutations have a positive change (greater than zero) in the EHBL
suggesting disruption in the hydrogen bond. AIll negative changes were due to

hydrophobic amino acids.

Table 6-1 Distance between C* atom and donor/acceptor atom
Side chains of amino acids that do not have both acceptor and donor atoms were given
value -1.0. Whereas value 0.0 was assigned if donor is present and acceptor is absent or

vice versa. Distance values were obtained from [238].

Amino C*-Donor | C*-Acceptor | Amino C*-Donor | C*-Acceptor
acid distance (A) | distance (A) acid distance (A) | distance (A)
CYS 2.805 0.0 GLN 4918 4,313
HIS 3.702 0.0 TYR 6.438 6.438
TRP 4.520 0.0 GLY -1.0 -1.0
LYS 6.334 0.0 PRO -1.0 -1.0
ARG 6.634 0.0 MET -1.0 -1.0
ASP 0.0 3.225 LEU -1.0 -1.0
GLU 0.0 4,592 ALA -1.0 -1.0
SER 2.427 2.427 VAL -1.0 -1.0
THR 2.424 2.424 ILE -1.0 -1.0
ASN 3.725 2.794 PHE -1.0 -1.0
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Figure 6-5 Change in effective H-bond length due to disease causing mutation.

Change in effective hydrogen bond length (EHBL) (y axis) calculated by subtracting the
EHBL of wild type and disease causing mutation. Amino acid positions (x axis) were
labeled from 1-313 for keratin K5 and 314-624 for K14.

7 T T T T T T T
@ Disease Mutant
w 6 @ @ @ @
@
®
=
o O @
—
=
o
QD 4 @ Qo @
o
®
- 3 @ @ Qoo @
(@]
| —
2
c 2 e @ @ ] @
>
=
1 @ @
. = K5 T kia >
—-100 0 100 200 300 400 500 600 700

Amino acid Number
Figure 6-6 Number of affected interface due to disease causing mutation

Number of affected dimer-dimer interfaces (among Q1R1, Q1S1, Q1 T2, R1S1, RiT1, R1To,
and SiT1) in the filament (y axis) due to the disruption of hydrogen bonds caused by

disease causing mutation.
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6.2.3 Number of dimer-dimer interacting interfaces

Since there were four copies of an amino acid in an octamer (Q1/R1/S1/T1), a single
mutation could affect more than one interface (Figure 6-2 C). The number of affected
dimer-dimer interfaces (namely Q1R1, Q1S1, Q1 T2, R1S1, R1T1, RiT2, and S1T1) for a given
mutant also contributes to the stability of the filament. For every disease causing
mutation, the number of unique interfaces corresponding to destabilized hydrogen bonds
were recorded (Figure 6-6). More than 78% (32/41) of disease causing mutations disrupt
two to four dimer-dimer interfaces. Due to the absence of control mutations from non-
disease positions, it was difficult to classify any amino acid substitutions as stable or
unstable. However, a substitution that affects more than two interfaces was more likely

to destabilize the filament.

6.3 Rationalization and Prediction of filament disrupting mutations

The molecular determinants governing the stability of the filaments was used to explain
the mechanism of the disease causing mutations. Following molecular determinants were
extracted from the model. 1) Number of hydrogen bonds, 2) Residue depth distribution
of hydrogen bonds, 3) Position of mutation along the dimer, 4) Effective hydrogen bond
length, and 5) Number of destabilized dimer-dimer interfaces. To predict all substitutions
that would destabilize the dimer-dimer interfaces, an in-silico saturated mutagenesis was
performed for all positions in a K5-K14 dimer. Each mutation was scored using the
effective hydrogen bond length (EHBL) (see Section 6.2.2). The change in the EHBL
suggest whether the hydrogen bond would form between the mutated K5-K14 dimers. An
absence of hydrogen bond destabilizes the filament with different intensity level. Any
substitution with the change in EHBL greater than 3.0 considered severely filament
destabilizing (see Figure 6-5). Following presents a working example of severely
destabilizing mutation.

For instance, in K5-K14 wild type filament Lys at position 5 was assigned to Glu at
position 198 to form 5Lys-198Glu hydrogen bond (see assignment detail in Section
6.1.2). The EHBL for this hydrogen bond EHBLy,+ = 6.334 + 3.225 = 9.559. With a
mutation Lys5Ser, the new EHBL for this hydrogen bond EHBLyyy,: = 2.427 + 3.225 =
5.652. The change in EHBL was AEHBLyyr_pyyu: = 9.559 — 5.652 = 3.907. Since the

change was greater than 3.0, the mutation Lys5Ser was considered severely destabilizing.
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The strength of the destabilization depends on various other factors such as the affected
number of hydrogen bonds, the number of affected dimer-dimer interfaces, residue depth
profile and position along the dimer (see Section 6.2). Due to the absence of convincing
proof in support of these factors, they were not considered for predicting filament
destabilizing mutations. For every position in the dimer, all filament destabilizing
mutations were compared with the known disease causing mutations.

In a K5-K14 dimer, heptad positions b/c/e/f/g have 71 disease causing mutations. Out of
71 mutations, wild type position in 15 mutations occupied by hydrophobic amino acids
(Table 6-2) whereas 56 mutations have polar/charged amino acids (Table 6-3). Since
majority of the heptad positions b/c/e/f/g occupied by polar/charge amino acids, the inter-
dimer interactions were mostly hydrogen bonds and salt bridges (Figure 6-2 A). This
chapter focus on the molecular determinants governed by polar/charged interactions.
Hence, all 15 disease causing mutants having wild type position occupied by hydrophobic
amino acids were eliminated. Thus, in this study only 56 disease-causing mutations were
analyzed. The methodology used here could rationalize 54/56 disease causing mutations
(Table 6-3). The two mutations that could not be explained were T30S and K31R. Since
these mutations were near the linker domain L1, they might be interacting with head/tail
domain and could have functional importance associated with them. All these 56
mutations were present in only 35 out of 624 possible positions in the dimer. The in-silico
saturated mutagenesis scan lead to identification of 257 key interacting positions.
Experimental validation of new filament disrupting mutations (selected from 257 key

interacting positions) is currently being done through in-vivo setup (data not shown).

6.4 Prediction of temperature sensitive mutations

An amino acid substitution in a protein that features normal function/phenotype at low
temperature but altered function/phenotype at higher temperature was generally referred
as Temperature sensitive mutation. Keratin was known to have a E475G temperature
sensitive mutation [239]. Keratin filament with E475G mutation in K5 remains intact at
37° Celsius but the filament reversibly disrupts at 43° Celsius. Such mutations would
greatly help researchers in controlling the cytoskeleton assembly. This section provides
the methodology to determine the temperature sensitive mutations for K5-K14 filament.
The previous section explained the In-silico saturated mutagenesis of the filament that
provided filament-disrupting mutations. Many of these mutations would be disrupting the

filament severely. However, there were substitutions with minimal change in donor-
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acceptor distance (less than 2) as compared to wild type filaments (Figure 6-5). The
hydrogen bonds in these cases could form by locally changing the pitch of the dimer, thus
retaining the filament structure intact. For instance, consider E307D mutant in K5. The
wild type Glu307 forms the hydrogen bond with neighboring Thr365 in K14 with a
distance of 3.5 A (Figure 6-7 A). However, the mutant E307D increases the distance
between donor-acceptor pair to 4.8 A (Figure 6-7 b). The hydrogen bond in the mutant
structure could only form with the helix readjustment. Thus, taking the mutant filament
to a high-energy state (due to readjustment) at room temperature. However, at higher

temperatures such hydrogen bonds would be disrupted leading to filament fragmentation.

(A) Wild Type Glu i (B) Mutant Glu to Asp

Figure 6-7 Schematic example of temperature sensitive of mutant
(A) Wild type protein with dimer-dimer (blue-turquoise) hydrogen bond (dotted line)
between Glu-Thr amino acids. (B) Mutant protein (Glu to Asp) with equivalent hydrogen

bond (dotted line) between Asp-Thr amino acids.

This idea forms the basis of predicting the temperature sensitive mutations. All predicted
filament-destabilizing mutations were categorized into two parts. A) Severely filament
disrupting mutations and, B) Partially filament disrupting mutations or temperature
sensitive mutations. All mutations that have EBHL less than 3.0 (Figure 6-5) were chosen
to be temperature sensitive mutations (see Table 6-3 for the list of mutations).
Temperature sensitive mutations were more likely to be present near the terminal regions
as a coiled-coil dimer are flexible for spatial adjustment only near the terminal domains.
Currently, prediction of temperature sensitive mutations do not incorporate other
parameters such as spatial position of the mutant along the dimer, position of head/tail
domains etc. These parameters need to be included in the scoring scheme for predicting

mutations with higher confidence.
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Table 6-2 Disease causing mutants with wild type hydrophobic residue

Table lists the disease causing mutants at heptad position b/c/e/f/lg having wild type

hydrophobic residue. Columns: IF=Intermediate Filament, CC=Coiled-coil numbering,

AA=Residue numbering, H=Heptad repeat, WT=Wild type residue.

IF CcC AA H WT Disease Mutations

K5 12 180 b A D,P
K5 15 183 e I F,V,M
K5 34 202 c L Q
K5 143 311 e L R
K5 256 424 g A P
K5 270 438 g A D
K5 308 476 c G D
K14 328 130 e L P
K14 611 413 b A T,P
K14 616 418 g L V,Q

Table 6-3 Predicted filament disrupting and temperature sensitive mutations

Table list the predicted filament disrupting mutations at sites previously known to have
disease-causing mutations. All hydrophobic mutations were not listed in the table as these
will completely disrupt the hydrogen bond interactions and were considered in severely

filament disrupting category. Columns: IF=Intermediate Filament, CC=Coiled-coil

numbering, AA=Residue numbering, H=Heptad repeat, WT=Wild type residue.

IF CC | AA |H| WT Disease Predicted Predicted TS
Mutations Severe Mutations Mutations
K5 1 169 | e R G,P C,DEG,PST H K,N, QWY
K5 2 170 | f | E G, K C,G,H,K,P,R,W D,N,Q,S, T
K5 5 173 | b | K N C,D,E,G,PST H,N, QW
K5 8 176 | e N S D, E GH KPR CS T, W
K5 9 177 | f | N S D,EG,P C,H, KRST, W
K5 13 181 | ¢ S P D, EGHK,PR C, T, W
K5 | 19 | 187 |b| R P C,D,E,G,PST H K,N,QW,Y
K5 22 190 | e E D, K C,GH KPR W D,N,Q,ST
K5 | 23 | 191 |f| Q P C,D,E,GH,KP, R, W N,S, T
K5 30 198 | f T S D, EGH KPR C,W
K5 | 31 | 199 |g| K M,N,R, T C,D,E,G,PST H,N, QW
K5 | 184 | 352 |g| R S C,D,E,G,PST H, K,N,QW,Y
K5 | 236 | 404 | e | K E C,D,E,G,PST H,N, QW
K5 | 275 | 443 | e K E, N C,DEG,PST H N, QW
K5 | 298 | 466 | g E D C,GHKPRW D,N,Q,ST
K5 | 301|469 |c| T P D,EG,P C,H K,R,W
K5 | 303 | 471 | e R C,H C,DEG,PST H K,N,Q W,Y
K5 | 307 | 475 | b | E G, K C,G,H KPR, W D,N,Q,S, T
K5 | 310 | 478 | e E K C,GHKPRW D,N,Q,ST
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K5 | 312 | 480 |g| R G C,DEGPST H KN, QWY
K14 | 314 | 116 | e | K E,N C,DEGPST H,N,Q W
K14 | 318 | 120 | b | Q P,R C DEGHKP R, W N,S, T

K14 | 321 | 123 |e | N K,S D,E,G HK,P,R C,S T, W
K14 | 323 | 125 |g| R | CGH,.LP,S C,DEGPST H KN, QWY
K14 | 326 | 128 |c | S P D,EG,P CHKRTW
K14 | 332 | 134 |b | R C,P C,DEGPST H KN, QWY
K14 | 342 | 144 |e | E A C,GHKPRW D,N,Q,S T
K14 | 346 | 148 | b | R C C,DEGPST H KN, QWY
K14 | 486 | 288 | e | R L C,DEGPST H KN, QWY
K14 | 517 | 319 |c | T P D,E,G HK,P,R C,w

K14 | 579 | 381 |e | E K C,GHKPRW D,N,Q,S, T
K14 | 586 | 388 | e | R C,GHP C,DEGPST H K,N, QWY
K14 | 609 | 411 |g | E K C,GHKPRW D,N,Q,S, T
K14 | 614 | 416 |e | R P C,DEGPST H KN, QWY
K14 | 615 | 417 | f | R P C,D,EG,PST H,K,N,Q W, Y

6.5 Summary

The analysis of the 3D structure of keratin filaments provides the molecular basis of their
stability and specific pairing. Molecular determinants of the Intermediate filament
stability was classified into two types. 1) Intra-dimer stabilizing molecular determinants
and 2) Inter-dimer stabilizing molecular determinants. Most intra-dimer interactions were
comprised of hydrophobic interactions whereas inter-dimer interactions were
polar/charged interactions. CHAPTER 3 discussed about the intra-dimer molecular
determinants and their validation using in-vivo experiments. This chapter discussed the
inter-dimer polar/charged interactions such as hydrogen bonding, residual depth etc.
Starting from classifying the chemical environments in the filament that was coupled with
the donor-acceptor assignment for hydrogen bonding residues. The hydrogen bond
analysis provides five inter-dimer molecular determinants. 1) Number of hydrogen bonds,
2) Residue depth distribution of hydrogen bonds, 3) Position of mutation along the dimer,
4) Effective hydrogen bond length, and 5) Number of destabilized dimer-dimer interfaces.
These molecular determinants provide 257 previously unknown critical interacting
positions in the filament. The inter-dimer polar/charge interactions could explain 54/56
known disease causing mutations and predicted several temperature sensitive mutations
that are currently under experimental testing. The study of inter-dimer hydrophobic

interactions is required to rationalize the 15 mutations excluded in this study.
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CHAPTER 7
Applications of IF Structural Properties

SALIENT FEATURES

Designing Novel Coiled-coil proteins

X/
°

Analysis of dimer, trimer, and tetramer pair preferences

Selecting a novel coiled-coil topology (Anti-parallel octamer)

Optimization of coiled-coil rules to determine sequence composition

Modeling designed sequence and analyzing stability

R/
A X4

Designing inhibitor for Nipah Virus F protein
e Modeling F protein in two states (pre-fusion and post-fusion)
e Modeling intermediate states
e Applying coiled-coil rules in designing inhibitor
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CHAPTER 7 | Applications of IF Structural Properties

The knowledge obtained during the construction and analysis of Intermediate filament
structure was used to address several challenges related to coiled-coil proteins. The
challenges includes, 1) Given a topology of the coiled-coil protein, determine the
compatible amino acid sequence (Section 7.1), 2) Given an amino acid sequence,
determine its coiled-coil structure and oligomerization state (Section 7.3), 3) Given a
known coiled-coil structure/assembly, design an inhibitor peptide to disrupt the assembly

(Section 7.2). Each of these challenges are discussed in the following sections.

{(A) Color represents plane perpendicular to helix (B) Parallel coiled-coil trimer with anti-parallel helices
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Figure 7-1 Schematic representation of coiled-coil in 3D

(A) A single big circle represents helix going into the plane of paper (light blue circle)
and helix coming out of the plane of paper (light yellow circle). Every big circle has
helical heptad repeats from a-b-c-d-e-f-g. Rainbow colors in cyclic order (Violet, Indigo,
Blue, Green, Yellow, Orange and Red) of the heptad repeats denote the plane
perpendicular the helix axis. Cyclic separation between colors provides spatial proximity
of residues along the helical axis (such as OH1(d) and IH1(e)). (B) An example of parallel
coiled-coil trimer surrounded by anti-parallel helices.

7.1 Designing novel coiled-coil proteins with given topology

The PDB database contain protein structures having different types of coiled-coil
topologies (see Section 2.1.1). The coiled-coil structures were classified into various
topologies using inter-helices interactions [91,92]. The most common coiled-coil
topology was 2-helix homo/hetero dimers (see Figure 2-1). Other well-known coiled-coil
topology is six-helix bundle (6HB) observed in fusion proteins of many viruses (see

Section 7.2). A schematic example of 6HB domain shows three parallel helices forming
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CHAPTER 7 | Applications of IF Structural Properties

a coiled-coil trimer in the core along with additional anti-parallel helices on the outside
(Figure 7-1 B). A similar 8HB coiled-coil topology with four parallel helices forming the
tetramer core surrounded by four anti-parallel helices (anti-parallel octamer) was not
observed in the PDB database [92]. Hence, this hypothetical anti-parallel octamer
topology was chosen to design novel coiled-coil protein (see schematic representation in
Figure 7-4). Since, there was no template available for anti-parallel octamer, amino acid

interaction rules obtained from the analysis of coiled-coil structures would be utilized.

7.1.1 Determining the amino acids distribution across heptads

Pair preferences of amino acids at various heptad positions would determine the stability
and specificity of any coiled-coil structure (see Section 3.3.1, Section 3.3.3, and Section
3.3.4 for details). A helix with a heptad repeat pattern could form dimer, trimer or tetramer
depending upon the amino acid content. Amino acid preference for dimers
(133)/trimers(69)/tetramers(13) at various heptad positions were obtained to determine
the distribution (Figure 7-2). The frequency distribution was obtained from parallel
coiled-coil homo-mers having two/three/four alpha helices. All coiled-coil sequences that
were less than 50% redundant and had minimum 21 amino acids were considered. The

raw amino acid frequency values were sum normalized across various heptad repeats.
Dimer Heptads Trimer Heptads Tetramer Heptads
| |

1 I | 1 | | | | | I 1 1

55

30

20

10

5

0
7 I~ Residue
= Frequency

abcde fg abcde f 9 abcdef g
Figure 7-2 Amino acid distribution in parallel dimer, trimer and tetramers

Amino acid (y axis) distribution across heptad positions for dimer, trimer and tetramer
(x axis). For each oligomer the frequency values were sum normalized across heptad

repeat and multiplied by hundred. The residue frequency range from 0 (green) to 55 (red).
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CHAPTER 7 | Applications of IF Structural Properties

The final values were converted to percentage by multiplying with hundred (Figure 7-2).
The comparison of the three distribution (dimer/trimer/tetramer) shows the striking
difference only at heptad positions a/d and of amino acids I/L/V. The dimer distribution
shows abundance of Leu at heptad a/d whereas the trimer distribution shows abundance
of Leu in heptad d but Ile in heptad a. However, tetramer distribution shows a contrasting
trend with Ile abundant at heptad d and Leu abundant at heptad a. These results
corroborated the previous conclusions about hydrophobic core density formed by heptad
positions a/d (see Section 3.3.3 for more details). The striking difference between the
amino acid distributions of various oligomers ensures confident selection of amino acids,
and thus driving the assembly towards specific oligomerization state. These frequency
plots were also able to distinguish parallel dimer/trimer/tetramer coiled-coil forming
sequences from one another with high accuracy (see Section 7.3).
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Figure 7-3 Frequency of interacting amino acids in anti-parallel trimers.

Frequency (max-normalized) of amino acid pairs in anti-parallel trimers between two
parallel Inner helices (IH1 & IH2) (x axis) and one anti-parallel Outer helix (OH) (y
axis). (A), (B), (D), and (E) Hydrophobic interactions at heptad pairs a-b, a-g, d-e and d-

c respectively. (C), (F) Polar interactions at heptad pairs e-b and g-c.
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The anti-parallel octamer topology consists of two parts; A) a parallel tetramer core and
B) anti-parallel helices bound on the parallel tetramer (Figure 7-4). The amino acid
sequence for the part A (parallel tetramer core) would be based on the frequency
distribution obtained from the parallel dimer/trimer/tetramers. The sequence should
follow tetramer distribution but negate the dimer/trimer distribution. Whereas the amino
acids sequence for the part B (anti-parallel helices) were based on the frequency
distribution of anti-parallel trimers. Since the three helices (IH1, IH2, OH1) in the 6HB
domain of fusion proteins contains anti-parallel trimers (Figure 7-1 B). Thus, 250
homologs of 6HB domain was used to obtain the anti-parallel trimer distribution (Figure
7-3). The homologs (Refer file: APT_UP_ID.txt in Supplemental Material) were obtained
by using the 6HB domain of Nipah virus fusion protein (UniProtKB id: Q9IH63) as a
query against the UniProtKB database [240].

7.1.2 Designing Anti-parallel octamer

Color Key Anti-parallel Octamer

helix axis

T @y .
prowiinal

Interactions Types

Hydrophobic ~  wummmminmm
Salt Bridge/H-Bond

Covalent Bonds
plane of paper

below the plane = - = =
of paper

Figure 7-4 Schematic representation of Anti-parallel octamer and interactions

A schematic representation of a hypothetical anti-parallel octamer with four Inner Helix
(1H) (light blue circles) and four Outer Helix (OH) (light yellow circles). Colored lines
and dots represent different interaction types between helices at each heptad position.
The color key gives spatially proximal interacting heptad positions (see color key details
in Figure 7-1 A). For instance, OH(d) and IH(e) both have yellow color, denoting they

are spatially proximal.
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CHAPTER 7 | Applications of IF Structural Properties

A schematic representation of hypothetical anti-parallel octamer with possible inter-
helical interactions (Figure 7-4). Four blue right-handed helices going into the plane of
paper, hereby referred as Inner Helices (IH). Four gray colored right-handed helices
coming up from the plane of paper forming an anti-parallel interaction with parallel
tetramer, hereby referred as Outer Helices (OH). Four IH forms the hydrophobic core
through heptad positions a-a and d-d. Every OH interacts with two IH with hydrophobic
interactions at heptad pairs a-b, a-g, d-e and d-c and polar interactions at heptad pairs e-
b and g-c. Selecting an appropriate sequence for OH and IH satisfying these interactions
would result in a stable structure.

Anti-parallel octamer similar to the schematic shown in Figure 7-4 was constructed in
two steps. Step 1 determines the optimal amino acid sequence corresponding to the anti-
parallel octamer. Step 2 models the structure of anti-parallel octamer corresponding to the

sequence determined in step 1. The following paragraphs discuss the two steps in details.

Interactions Types

Hydrophobic

Salt Bridge/H-Bond

RULLLITTPM
£,

w

Covalent Bonds

plane of paper

below the plane
of paper

Figure 7-5 Different types of interactions in Anti-parallel octamer.

Different types of interactions observed between two Inner helices (IH) and one outer
helix (OH) in the anti-parallel octamer. Other OHs interactions with IHs will be identical
to the shown interaction owing to symmetry. Every OH interacts with two IH through
hydrophobic amino acids at heptad pairs (a-g, d-e) or aliphatic side chains at heptad
pairs (a-b, d-c). The hydrophobic core formed by these positions are surrounded by
polar/charged interactions (e-b and g-c).
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1. Sequence Determination:

A heptad repeat template for all the eight helices in the proposed Anti-parallel octamer
topology was constructed (Figure 7-4). This topology was chosen as it was similar to
fusion protein in many viruses. Hence, a part of the fusion protein was utilized in
modeling template (see part 2 of this section). The heptad repeat template should specify
the orientation of helices with respect to other helices (Figure 7-4).

Generate initial population (N,) with random genes Evaluate population fitness

Gene pool (amino acid residues)

{A,C,D,E,F,GH LK LMNPQRSTVW,Y} ,
Interactions map Scores
Residues in OH S, (Ron)
IMSY]AAD' INF’T ViFimY] Residues in IH S, (Riy)
Res%ﬁ_?Halrs in S; (Row-Rip)

18! Individual N Individual

Individual fitness
f(l=S,;+S8,+8S;,

o change in top
individual's fitness for next
6000 generations

Rank individuals with fitness f(I)

y _Generate (i+1)"" generation population (N;.,,)
Old Population (N;)
Top 10% individuals

Top 50% individuals
random selection with replacement |

Elite Children Mutated Children Crossover Children
lterate over all genes Iterate over all genes Iterate over all genes
parent random parent random parent 1 o random parent 2

H H : H : H H H H H H H H H H H H H C’l H H H H H H

KiEiG|viPimiL| [KiEiiG|ViPimiL| [KiEi=iG]viPieiL] |A [RiQ=H]LiKi=iC]
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\ y :
KIEimH|LiKiiL] [KIEi=iH[LiKi=iL| KIEiH|LiKi=iL]
elite child mutated child crossover child

Constitute 10% of N,

Constitute 10% of N,

Constitute 80% of N,

Figure 7-6 Genetic algorithm to determine OH and IH sequence.

Algorithm has four major parts (blue labels). 1) Generating Initial population, 2)
Evaluation of population and ranking of individuals, 3) Termination criteria, and 4)
Constructing next generation. Following representation was used in the figure. Genes:
Amino acid sequence; Chromosomes (coral and turquoise): OH/IH sequence; Individual:

OH-IH sequence pair; Population: set of OH-IH sequence.
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The heptad repeat template guides the possible interactions between the various heptad
positions. For instance, heptad positions a/d of all Inner helices IHs (a/d) forms the
hydrophobic core of the tetramer. Similarly, heptad positions b/c/e/g of IH interacts with
heptad positions a/d/e/g of the neighboring anti-parallel helix OH (Figure 7-5).

Starting with the random sequences of Inner helix and outer helix, a search for the optimal
sequence was performed using genetic algorithm (Figure 7-6). An individual in the
algorithm has two chromosomes (coral and turquoise) containing one inner helix (IH) and
one outer helix (OH) amino acid sequence. Each individual has genes that could be any
of the twenty amino acids. An initial population of 100 individuals (No) with randomly
assigned genes were initialized (Figure 7-6 Initialization box).

Evaluation of an individual form the population has three components. IH residue scores,
OH residue scores and IH-OH interacting residue scores. Residues in IH and OH were
obtained directly from the individual’s sequence. OH-IH interacting residue pairs were
obtained from the anti-parallel octamer topology. Following were the scoring functions

for evaluating the three components (Figure 7-6 Evaluation box).

( 1.0/FD;e:(Riy), heptad € a,d
0.1, HR, heptad €e, g
1, non HR, heptad € e, g
"IH residue scores" = S,(R;y) =1 0.1, NPR, heptad € b, c
1, non NPR, heptad € b, c
0, Serine, heptad € f
\ 1, non Serine, heptad € f

Where HR means Hydrophobic residues, NPR stands for negative/polar residues and
FDret stands for frequency distribution of parallel tetramers (Figure 7-2).

0.1, HR, heptad € a,d

1, non HR, heptad € a,d

. ) . )01, PPR, heptad € e, g

OH residue scores" = S;(Roy) = { 1, non PPR, heptad € e, g
0, Serine, heptad € b, c, f

\ 1, non Serine, heptad € b,c, f
Where HR means Hydrophobic residues, PPR stands for positive/polar residues.

1-O/FDtrimer(R1H)r vIP
"OH — [H residue scores" = S3(Roy—iz) =3 0.1, OC, heptad pairs € eb, gc
1,non OC, heptad pairs € eb, gc

Where OC stands for Opposite Charge, IP stands Interacting pairs and FDtrimer Stands for

frequency distribution of anti-parallel trimer (Figure 7-3).
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The algorithm stops when the score of the fittest individual in the population do not
change over 6000 generations. If the optimal solution was not obtained during the
optimization, then the next generation individuals (children) were constructed in three
ways (Figure 7-6 Generate new population box). 1) Elite children (10%), 2) Mutation
children (10%) and 3) Crossover children (80%). Top 10% of the individuals were 10
elite children and directly go to the next generation without any change to the sequence
(genes). The top 50% of the old population was used to generate 10 mutated children and
80 crossover children. The mutated children were generated by randomly selecting a
parent from the old population and copy its genes to the child with a mutation frequency
of 0.05. The crossover children were generated by mating of two randomly selected
parents from the population. During mating, each parent provide 45% of its randomly
selected genes while rest 10% of genes were obtained by random sampling from the gene

pool. The size of the next population remains identical to the old population.

Base Template
indicates amino acid change

IH1_Hep defgabcdefgabedefgabedefgabed- * with respect to base template
IHl_SEq IVSALEEIVSALEEIVSANEEIVSALEEM-
0H1_Seq -VSSLKSKASSLKSKASSLKSKASSLKSKI
OH1l_Hep -dcbagfedcbagfedcbagfedcbagfed
Variant 1 Variant 4
IHl Var = =—-——=-—- Fo e —— IHl_Var = --—--- e o
IHl_Seq IVSALEQIVSALEEIVSANQEIVSALEEM- TIH1_ Seq IVSALEQIVSALQEIVSANEEIVSALEEM——
OHl_Seq -VSSLISKSSSLKSKASSSKSGASSLKSKI OHl_Seq -VSSLISKSSSSKSLASSLKSKASSLKSKI
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OH]_ Var _____ S I ko — OHl Var PR T U e e L L S ——
Variant 3 Variant 6
IHl Var = ———=—-= [ —— K e IHl_Var  —-—————————mmmmmmmm e [
IHl_Seq IVSALEQIVSALQEIVSANEETIVSALEEM- IH1_Seq IVSALEEIVSALEEIVSANQQIVSALEEM-
OHl_Sseq —VSSLISKSSSSKSGASSLKSKASSLKSKI OHL1 Seq -VSSLKSKASSLKSKASSSISLSSSLKSKI
OHl Var = ---—- ek OH1l_Var =  ——-———————mm—m—eem ek dk e

Figure 7-7 Anti-parallel octamer Inner and Outer helix sequences.

Anti-parallel octamer base template sequences (OH1 and IH1) were designed to
construct variant sequences (OH1 and IH1). Sequence in all variant (1 to 6) were marked
with (*) indicating change in amino acid with respect to Base template sequence.
Sequences of other IHs and OHs was identical to OH1 and IH1.

The fittest individual corresponds to the lowest score for the given heptad repeat template
of anti-parallel octamer (Figure 7-7, Base template). Since outer helix (OH) sequence
could also independently form dimer/trimer/tetramer, the sequence was modified to
prevent independent oligomerization without Inner helix. Serine amino acid was not

preferred at heptad position a/d in homo-dimers/trimer/tetramers but preferred in anti-
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parallel trimers (Figure 7-2 and Figure 7-3). Thus, serine amino acid was added in inner
helix at a/d heptad positions and corresponding changes were made in the other
interacting positions to generate six variants of Anti-parallel octamers (Figure 7-7).

2. Structure Modeling

The sequence determined in the previous section was optimized for the Anti-parallel
octamer topology. The 8-helix bundle topology was chosen, as it was similar to fusion
protein in many viruses. An Anti-parallel octamer template was constructed by
structurally superimposing "a parallel homo-tetramer similar to four Inner Helices (IHs)"
and "an anti-parallel trimer similar to one Outer Helix (OH) and two Inner Helices (IHs)".
Parallel homo-tetramer coordinates were obtained from Nipah virus phosphoprotein
tetramerization domain (PDB id: 4N5B) and anti-parallel trimer coordinates were
obtained from Nipah virus fusion core (PDB id: 1WP7). Two parallel helices from
parallel homo-tetramer (IH1-1H2) were superimposed with two parallel helices of anti-
parallel trimer using CLICK [187,190]. The procedure was repeated for IH2-1H3, IH3-
IH4, IH4-1H1 parallel helix pairs thereby generating Anti-parallel octamer structure. This
structure was used as a template to model the Anti-parallel octamer with the sequence

determined in the previous section.

(A) Target-Template Alignment

Template EIPKIINKLESIDRVLAKTNTALSTIEGHLVSMM/EIPKIINKLESIDRVLAKTNTALSTIEGHLVSMM/
sequence EIPKIINKLESIDRVLAKTNTALSTIEGHLVSMM/EIPKIINKLESIDRVLAKTNTALSTIEGHLVSMM/
DISSQISSMNQSLQQSKDYIKEAQRLLDTV/DISSQISSMNQSLQQSKDYIKEAQRLLDTV/
DISSQISSMNQSLQQSKDYIKEAQRLLDTV/DISSQISSMNQSLQQSKDYIKEAQRLLDTV*

Target ----IVSALEQIVSALEEIVSANQEIVSALEEM-/----IVSALEQIVSALEEIVSANQEIVSALEEM-/

sequence ----IVSALEQIVSALEEIVSANQEIVSALEEM-/----IVSALEQIVSALEEIVSANQEIVSALEEM-/
. -IKSKLSSAGSKSSSAKSKLSSSKSILSSV/ -IKSKLSSAGSKSSSAKSKLSSSKSILSSV/
variant 1 - 1KSKLSSAGSKSSSAKSKLSSSKSILSSV/ -IKSKLSSAGSKSSSAKSKLSSSKSILSSV*

(B) Cross-section View (C) Longitudinal View

Figure 7-8 Ribbon representation of Anti-parallel octamer model.

(A) Target sequence and variant one sequence alignment. /" and ‘*’ indicates chain and
sequence break respectively. Other variants also align identically (B) Cross-sectional
view of Anti-parallel octamer model with N-terminus (blue) to C-terminus (red). (C)

Longitudinal view with Inner helices (blue) and Outer helices (pink).
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The template was aligned with all target sequences (variants 1 to 6 in Figure 7-7 of "Anti-
parallel octamer" using heptad repeats (Figure 7-8 A). Targets were then modeled using
Modeller set of routines with default parameters [26,211]. Total five models of each
variants were generated and the model with the least DOPE score was chosen as the best
model (Figure 7-8). Every variant model were energy minimized for 200ps followed by
200ps equilibration through NVT and NPT simulations (see technical details of MD
simulations in Section Oand section 3.6.2). The molecular dynamics simulations of all
variants were performed for 100ns for stability analysis.

7.1.3 Structural stability analysis of all Anti-parallel octamer variants

Structures of all six variants of anti-parallel octamer (Figure 7-7) were subjected to
molecular dynamics simulation. The 100ns trajectories were analyzed for Root Mean
Square Deviation (RMSD) (Figure 7-9) and Root Mean Square Fluctuations (RMSF)
(Figure 7-10).
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Figure 7-9 RMSD of Anti-parallel octamer variants.

Root Mean Square Deviation (RMSD) profile (y axis) of all six variants of Anti-parallel
octamer calculated across 100ns. RMSD values saturates between 0.3nm to 0.5nm.
RMSD values of all six anti-parallel octamer variants shows an increase in RMSD values
to 3A in the first 3ns. After 3ns, the RMSD values saturates between 3A to 4.5A. The
initial rise in the RMSD values was due to inappropriate packing of outer helices (OHs)
with respect to inner helices (IHs) obtained from the artificially made template structure.
However, after 3-4ns the outer helices repacks against inner helices to obtain the low
energy state. All anti-parallel octamer variants do not show significant structure change

over the course of simulation and remain stable.
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Figure 7-10 RMSF profile of Anti-parallel octamer variants.

Root mean Square Fluctuation (RMSF) profile (y axis) of all six variants of Anti-parallel
octamer calculated over 100ns. IH1 to IH6 stands for Inner Helices, and OH1 to OH6

stands for Outer Helices with their residue numbers (1 to 29) indicated on x axis.

RMSF values of all six anti-parallel octamer variants show fluctuations between 1A to
2A for all the amino acids (except terminal residues). Two to three terminal amino acids
of all eight helices show high RMSF values between 3A to 7A due to unfolding of helices
during the simulation. Since there were no anchoring residues at the terminal domains to
dampen the thermal fluctuations, such simulation dynamics were expected from any
coiled-coil helices including simulation of high-resolution crystal structures (see an
example in Figure 3-14). A more robust way to test is to do free energy-based simulations
that would provide more confidence in the design and stability. Apart from the terminal
regions, the 8-helix bundle assembly of anti-parallel octamer remains stable over the
simulation. The experimental validation of this novel coiled-coil protein is currently being

done in the lab of Dr. Raghavan Varadarajan, 11Sc Bangalore.

7.2 Designing inhibitor for Nipah Virus F protein

The infection caused by Nipah Virus (NiV) leads to the death of many individuals [241-
245]. Currently there are no drugs to treat or prevent NiV infections [241]. The NiV
genome encodes six structural proteins (G, F, M, N, L, P) and three non-structural proteins
(C, W, V) [246,247]. Each of these proteins are involved in mediating the viral infection.
In our recent study, the peptide/drug inhibitors corresponding to each of these proteins
was designed using various computational approaches [248]. This section describes the

construction of the peptide inhibitor corresponding to the coiled-coil domain of F protein.
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F protein mediate the fusion of viral and host membrane through its coiled-coil HRA
(blue) and HRB domain (red) (Figure 7-11). The fusion mechanism involves the transition
of F protein in pre-fusion conformation to intermediate state followed by post-fusion
conformation (Figure 7-11) [247,249,250]. During the fusion event, pre-fusion
conformation bound to the viral membrane (via HRB domain coiled-coil trimer) changes
its conformation to an intermediate state that forms a coiled-coil trimer of HRA domain.
HRA domain punctures the host membrane while the HRB domain still binds to the viral
membrane. HRA domain along with HRB domains subsequently helps lipid membranes
to fuse while having change in conformation from intermediate state to post-fusion state.
This results in the formation of a stable 6-helix bundle (6HB) coiled-coil assembly. The
aim of this study is to determine the helical peptide that would bind to HRA domain
stronger than HRB domain, thereby inhibiting the host-viral membrane fusion.

7.2.1 Modeling F protein Post-Fusion conformation

NiV F protein is known to exist as homo-trimer in two stable states. Pre-fusion/post-
fusion states indicates its conformation before/after the fusion of viral and host membrane
[251]. The structure of the pre-fusion complex was solved experimentally (PDB id:
5EVM) (Figure 7-11 A). However, the structure of the post-fusion complex is unknown
that could provide vital information in designing an inhibitor for NiV F protein. Since the
NiV F protein shares 40.5% similarity and 26.4% identity with Human Parainfluenza
Virus (HPIV) F protein, the structure of the post-fusion state was modeled using
homology modeling considering HPIV F protein (PDB ID: 1ZTM) as a template. The
alignment between target and template sequences was done using CLUSTAL O (v1.2.4)
[252]. A trimer of the post-fusion state was modeled using Modeller suite of programs
with default parameters (Figure 7-11 C).

7.2.2 Modeling F protein intermediate state conformation

The pre-fusion and post-fusion complex structures were used to model the intermediate
state conformation using linear morphing of the two structures (Figure 7-11 B). The
morphing was done using AlMorpher tool (see section 9.4 for details and algorithm). The
morphing tool generates a range of intermediate structures using linear/non-linear
interpolation. The tool could generate morph structures between multiple meta-stable
intermediate structures. Considering meta-stable states during morphing provides more
accurate morphed structures compared to conventional morphing. In case of F protein, it

was known that at least one meta-stable conformation was present [253] (Figure 7-11 B).
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Thus, a two-step morphing considering one intermediate state and one final state was
done to obtain 50 intermediate states between pre-fusion and post-fusion conformations.
The intermediate structures were generated to identify the flexible residues/domains
during large-scale movements. The interpolated structures may not corresponds to the
actual transition trajectory. A more accurate way to determine the intermediates are using
tools that generate interpolated structures along with minimization [254]. The interpolated

structures were not used in any form to design the inhibitor.
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Figure 7-11 Pre-fusion state to post-fusion state transition of F protein

Schematic representation of F protein transition from pre-fusion state (A) to intermediate
state (B) followed by post-fusion state (C). The blue arrow indicates the movement of
HRA domain (3 cyan helices) from pre-fusion to intermediate state. The red arrow
indicates the movement of HRB domain (3 cyan helices) from intermediate state to post-
fusion state to form 6HB domain. In 6HB domain, HRA domain formed by three helices

(cyan) were sandwiched by three helices of HRB domain (red).

7.2.3 Modeling Inhibitor of F protein transition event

F protein contains two helical domains namely HRA and HRB. Initially, HRA domain
forms a three-helix coiled-coil bundle which then associates with three helices of HRB
domain to form a six-helix coiled-coil bundle (6HB) [250] (Figure 7-11). Formation of
six-helix bundle domain is essential for fusion of viral and host membrane. Both HRA
and HRB that fold into a coiled-coil structure in the post fusion state following a heptad
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repeat pattern (see Section 2.1 for details on coiled-coils) [255]. A coiled-coil and ribbon
representation of both the HRA (blue) and HRB (yellow) domains shows the position of
each heptad relative to the six-helix bundle (Figure 7-12, A, C). An alignment of HRA
and HRB domain sequence provides the amino acids that forms the core of the six-helix
bundle (Figure 7-12, E).

(A) (B)

(E) (F)

HRA1 PVLNTNIYDOLATLVYVTKEATEQLKVVAENTSEISSKLKNINDANK HRA1l PVLNTNIYDQLATLVYVTKEATEQLKVVAENTSEISSKLKNINDANK
HRA2 PVLNTNIYDQLATLVYVTKEATEQLKVVAENTSEISSKLKNINDANK a H :f
Hept cbagfedcbagfedcbagfedcbagfedcbagfedcbagfedcbagf  Inhb Ikl;(sksyISP:(AQELL ————————————
COYre ——Fmmm KoK KK KK KK h KK : B :

HRA2 PVLNTNIYDQLATLVYVTKEATEQLKVVAENTSEISSKLKNINDANK
HRB1 PPVFTDKVDISSQISSMNQSLQQSKDYIKEAQRLLDTVNPSLISMLS
Hept bcdefgabcdefgabecdefgabecdefgabecdefgabedefgabedef —Core  ——F———d ook bk ok ko ko
Core R PRV . KmmmF e K e [N RN DR S - Fmmm Kk e

Figure 7-12 Six-Helix bundle domain inhibitor design and interactions.

A) Heptad repeat representation of the 6-HB domain formed by HRA (blue) and HRB
(yellow) domain helices. Every helix (big blue/yellow circle) have amino acid (small
circles) at heptad positions a-g. B) Heptad repeat representation of HRA domain (blue)
and bound inhibitor (pink) replacing HRB domain. C) Crystal structure of 6HB bundle
with HRA domain (blue) in surface representation and HRB domain (yellow) in ribbon
representation. D) Full atom model of inhibitor (pink) in ribbon representation bound to
HRA domain (blue) in surface representation. E) Heptad repeat (Hept) assignment of
HRA domain helices (HRA1 and HRA2) with HRB domain helix (HRB1) along with
hydrophobic core a/d positions (Asterisk) F) Interactions of an inhibitor bound to two
helices of the HRA domain (HRA1 and HRA2). The inhibitor interacts through the salt
bridges (green dotted lines) and the hydrophobic core (gray bar).
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An amino acid sequence mimicking the heptad repeat of the HRB domain was designed
such that all hydrophobic amino acids occupy a/d heptad positions (Figure 7-12 B, D).
The amino acids were selected such that inhibitor forms the same number of salt bridges
(green dotted lines) to each helix of HRA domain (Figure 7-12 F). Polar amino acids
occupy the heptad positions that were exposed to the solvent and were not making any
interaction with the HRA domain. Once the sequence was determined for the inhibitor
(Figure 7-12 F, Inhb), its heptad repeat guided alignment was performed against six-helix
bundle domain (Figure 7-13). The alignment was used to model the inhibitor using
Modeller with default parameters [26,211]. Total 5 models were built and the model with
the least DOPE [57] score was selected as final model (Figure 7-12, Panel D).

Target-Template Alignment

Template HRA1  KNADNINKLKSSTESTNEAVVKLQETAEKTVYVLTALQDYINTNLYPTIDKISCK/
sequence HRB1  PPVFTDKVDISSQISSMNQSLQQSKDYIKEAQRLLDTVN/
HRA2  KNADNINKLKSSIESTNEAVVKLQETAEKTVYVLTALQDYINTNLVPTIDKISCK*

Target HRA1 KNADNINKLKSSIESTNEAVVKLQETAEKTVYVLTALQDYINTNLVPTIDKISCK/
sequence Inhibitor -------------------- IKKS KSYISKAQELL ----/
HRA2 KNADNINKLKSSIESTNEAVVKLQETAEKTVYVLTALQDYINTNLVPTIDKISCK*

Figure 7-13 Alignment of Inhibitor against six-helix bundle domain
Target sequence comprise of HRAL helix and HRAZ2 helix and neighboring HRB1 helix.
Target sequence has both HRA1 and HRA2 helices along with Inhibitor sequence

mimicking HRB1 helix. */” and “*’ indicates chain and sequence breaks.

7.2.4 Assessment of six-helix bundle-inhibitor complex

MD simulations were carried out in triplicates for the predicted six-helix bundle inhibitor
complex. The simulations were carried out using GROMACS [193,194] with the
Amber99SB-ILDN force field [256]. A cubic water box whose sides were at a minimum
distance of 12 A from any protein atom (total 3417 protein atoms) was used for solvating
each of the systems (total 37176 solvent atoms). In all nine chloride ions were added to
achieve charge neutrality. Electrostatic interactions were treated using the particle mesh
Ewald sum method [231] and LINCS[232] was used to constrain hydrogen bond lengths.
A time step of 2 fs was used for the integration. The whole system was minimized for
5000 steps or until the maximum force was less than 1000 kJ/mol/nm. Using a Berendsen
thermostat, the system was then heated to 300K in an NVT ensemble simulation for 100

ps. The pressure was stabilized in an NPT ensemble simulation for 100 ps using a
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Parrinello-Rahman barostat. The system was simulated for a maximum of 100 ns and
structures were stored after every 10 ps. The temperature, potential energy and kinetic

energy were monitored during the simulation to check for anomalies.

7.2.5 Stability of Six-helix bundle domain inhibitor complex
The inhibitor against F protein was designed with the amino acid sequence
IKKSKSYISKAQELL following the heptad repeat pattern, to prevent the formation of

six-helix bundle (6HB) (see Section 7.2.3 for construction details).
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Figure 7-14 MD simulation stability analysis of F protein inhibitor

Triplicate MD simulations (red, green, blue) over 100ns (x axis). A) Energy (y axis) of
the F protein-inhibitor complex. B) Distance (y axis) of the centers of the inhibitor and F
protein. C), D) Number (y axis) and existence matrix of hydrogen bonds (rectangular
color box) between the F protein-inhibitor complex. E), F) Root mean square deviation

(y axis) and fluctuation (y axis) of the inhibitor residues (x axis) during the simulations.

The formation of 6HB is essential for the fusion of the virus in the endocytic vesicle

membrane. The designed peptide would hence bind competitively preventing viral entry
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into the cell. Three independent MD simulations for 100 ns were performed to assert the
stability of the complex. For each of the trajectories the total potential energy, distance
between protein-peptide, total number of protein-peptide hydrogen bonds, existence
matrix of hydrogen bond, RMSD and RMSF of the peptide were analyzed. The total
potential energy of the system remains at an average value of -510178 kJ/mol (Figure
7-14 A). The peptide remain bound to the protein with an average center-to-center
distance of 1.9 nm (Figure 7-14 B). The F protein peptide inhibitors forms an average of
five hydrogen bonds (Figure 7-14 C). The existence matrix of the hydrogen bond
provided 11 uniquely indexed hydrogen bonds (see Table 7-2 for details of indexes)
across 100 ns simulation (Figure 7-14 D). Each rectangular color box represent the
presence of hydrogen bond for a particular run. Hydrogen bonds with index 2, 3, 4, and 8
provide consistent main chain — side chain interactions and thus crucial in stabilizing the
protein-peptide inhibitor complex. The strength of binding were also corroborated by an
average peptide RMSD of 0.25 nm (Figure 7-14 E) and average peptide RMSF (Figure
7-14 F) of 0.11 nm. The mean and standard deviation values for all structural properties
shows the consistency across independent runs (Table 7-1). The F protein inhibitor
appears stable as estimated from the hydrogen bonding analysis. This inhibitor would
putatively prevent the pre to post fusion transition of F protein required for viral entry and

therefore could be used as a lead compound for further drug development.

Table 7-1 Stability parameter values of F protein inhibitor

Mean and standard deviation of the energy, distance of the center of the inhibitor with
the center of the protein, number of hydrogen bonds between the inhibitor and the protein,
RMSD and RMSF of the peptide residues obtained from the three 100ns MD simulations

of F protein-inhibitor complex.

_ _ Number of
Protein-peptide
Energy (kJ/mol) | Hydrogen | RMSD (nm) | RMSF (nm)
RUN distance (nm)
Bonds

Mean SD Mean SD Mean| SD |Mean| SD |Mean| SD

1 |-510162 | 1093 | 193 | 005 | 554 |1.48| 0.23 | 0.04 | 0.11 | 0.03

2 |-510194 | 1084 | 189 | 0.05 | 499 [1.74|0.28 | 0.04 | 0.11 | 0.05

3 |-510179 | 1090 | 1.87 006 | 462 |132|0.26 | 0.04 | 0.11 | 0.04

Mean| -510178 1.90 5.05 0.26 0.11
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Table 7-2 Hydrogen bonds existence percentage across different independent runs
F protein HRA domain has chain ids A, C, E and Inhibitor has chain ids chain B, D, F.

Each row corresponds to the number of times a hydrogen bond. Inhibitor residue numbers

in chain D (56.D-70.D) and neighboring protein chains C and E.

Hydrogen Hydrogen Run1 Run 2 Run 3
Bond Index Bond (in percentage) | (in percentage) | (in percentage)
1 56.D-26.E 1 1 1
2 56.D-28.C 41.6 55.4 59.4
3 59.D-19.E 100 1 12.9
4 59.D-24.C 77.2 75.2 68.3
5 60.D-24.C 5.9 18.8 17.8
6 65.D-15.E 5.9 22.8 5
7 65.D-18.E 2 42.6 1
8 66.D-12.E 97 64.4 97
9 67.D-14.C 2 12.9 1
10 67.D-17.C 36.6 2 31.7
11 69.D-8.E 4 6.9 6.9

7.3 Predicting Oligomeric state of coiled-coil assembly

Various software exist for determining the oligomeric states of coiled-coil proteins
[82,257-260]. However, except LOGICOIL, other software could only predict the
oligomerization state of parallel dimers or trimers. LOGICOIL works by using bayesian
variable selection approach and outperforms most software with AUC value 0.9 and
accuracy 0.95 [257]. LOGICOIL addressed the oligomerization state prediction problem
for a comparatively small set of coiled-coil dimers, trimers, and tetramers. However,
coiled-coil assemblies are much more complex and are not limited to
dimer/trimer/tetramers [92]. This section describes a method “RFMCOIL” (on a much
bigger dataset) that predicts the oligomerization state of any coiled-coil assembly
irrespective of the number of monomers. The coiled-coil structural rules described

previously in this report were used for determining the oligomerization state.
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7.3.1 Obtaining the coiled-coil data

All canonical parallel homo-oligomeric 2/3 helices coiled-coil structures, greater than 14
amino acid and less than 50% redundancy were obtained from the CCPLUS database
[92]. A total of 196 dimers, 88 trimers and 22 tetramers were obtained from the database.

7.3.2 Conversion of dataset into sliding windows

For each coiled-coil structure from the above dataset, its amino acid sequence and heptad
repeat pattern were extracted. The mapped amino acid sequence and the corresponding
heptad repeat pattern were translated into sliding window dataset. The amino acid sliding
windows were obtained by considering only continuous a/d heptad positions, i.e. “adad”
and “dada”. The known states (dimer/trimer/tetramer) of every sliding window in the
complete database were recorded. Each amino acid in the sliding window was converted
to a numerical score with the Atomic density packing feature established earlier (see

section 3.3.3 for details).

7.3.3 Training and testing of Random Forest classifier model

A 10-fold cross-validation method was used to train and test the random forest ensemble
model with 500 decision trees. Random 90% from the total number of
dimers/trimmers/tetramers were used for training the model whereas rest 10%
dimers/trimmers/tetramers were used to test the predictions. After selection of the random
training and testing set, the data were converted to sliding windows as explained in the
next section. The random forest model was then trained on the training sliding windows
set. After training the model, it was used to predict the state of each sliding windows in
the testing set. Predicted state of a dimer/trimer/tetramer in the training set was
determined as the state having the most number of identical predictions. After each
prediction, Matthews Correlation Coefficient (MCC) and confusion matrix were
computed. The process was repeated for 10 times in accordance with the standard 10-fold

cross-validation methodology.

7.3.4 Results and Drawbacks of the RFMCOIL method
Across 10-fold cross-validation, average MCC value is 0.97£0.04 indicating a near
perfect classification of dimer, trimers and tetramers. Table 7-3 highlights various

prediction parameters of a single run (having MCC 0.98) of the random forest model.
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Table 7-3 Classification report of random forest model

Accuracy Precision Recall F1 score
Dimer 0.99 0.99 1.00 0.99
Trimer 0.99 1.00 0.99 0.99
Tetramer 0.99 1.00 0.95 0.98
Average 0.99 0.99 0.98 0.98

Table 7-4 Comparison with existing oligomerization prediction software

First column list out the software name, second column gives area under curve value for
predictions; third and fourth column provides recall and accuracy respectively. Table
adapted from [257]

Algorithm AUC Recall Accuracy
(dimer/trimer/tetramer)
LOGICOIL 0.90 1/0.88 0.95
SCORER 2.0 0.85 0.86/0.24 0.71
PrOcaoil 0.89 0.97/0.60 0.88
Multicoil 0.591 0.09/0.00 0.06
Multicoil2 0.66 0.35/0.20 0.32
RFMCOIL 0.99 1/0.90/0.95 0.99
(this work)

The results obtained from RFMCOIL were compared with the known software (Table
7-4). However, the comparison with other software was not appropriate due to very
different datasets. The method described here out performs all other software. However,
the main utility of this work is to be able to predict the oligomerization state of any coiled-
coil assembly. The number of structures for higher order coiled-coils were very less (one
or two in some cases during testing). The sliding window approach makes use of previous
knowledge of the oligomerization state (see Section 7.3.2). Thus, the method needs to be
redesigned such that it works without explicitly using the structural information and
utilize only the coiled-coil rules (see Section 3.3.7, Section 3.5 and Section 6.2 for coiled-

coil structural rules).
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7.4 Summary

Coiled-coil structural rules obtained from the Keratin models and other coiled-coil
structures were employed to three applications. 1) Designing novel coiled-coil structures,
2) Designing inhibitors for coiled-oil proteins and 3) Predicting the oligomeric state of a
coiled-coil assembly.

In the first application, a novel coiled-coil assembly of 8-helix bundle was constructed
without using any known template (Not seen in the PDB database until date). The
sequence and structure was determined purely from the structural rules developed in this
work. Genetic algorithm was used to determine the best possible sequence for the
specified geometry. The scoring scheme for the optimization was developed using the
structural rules. The model for the best scoring sequence was analyzed for structural
stability.

In the second application, the coiled-coil structural rules were applied to design inhibitor
for Nipah Virus Fusion protein (F protein). Nipah F protein has a coiled-coil 6 helix
bundle (6HB) domain that exists in two different states. A small helix (inhibitor) was
designed that would competitively bind to this domain. The inhibitor would be interfering
with the transition process of the protein, thereby affecting the virus life cycle.

In the third application, the structural rules were used to predict the oligomeric state of a
coiled-coil assembly with near perfect accuracy. The method outperforms the existing
methods until date and is currently in development to incorporate all kinds of coiled-coil

assemblies.
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CHAPTER 8

Discussions and Outlook

SALIENT FEATURES

% Summaries and Conclusions of the study on Intermediate Filaments

% Following main topics and possible future prospects were covered
e Intermediate filament dimerization principles
e Integrative modeling of Keratin filament
e Assessment of Keratin filament models

e Applications of knowledge gained from Intermediate filaments
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This chapter summarizes the work done on the Intermediate filaments and discusses the
key findings and future prospects of the study (Figure 8-1). The study was divided into
four main topics. 1) Principles of Intermediate filament dimerization, 2) Integrative
modeling of Keratin filament, 3) Assessment of the Keratin filament models 4)
Applications of Intermediate filaments structural rules. These topics would be discussed

in the individual sections along with their possible future directions.

Filament Assembly Validation Methodology
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Figure 8-1 IF assembly, validation, applications and significance

Schematic diagram represents Keratin intermediate filament assembly pathway (blue
box), the validation methodology performed at each step of filament construction (green
box), the possible applications of the knowledge obtained during filament modeling
(purple box) and the future outlook in cytoskeletal interactions (red box). The arrows
indicate the knowledge transfer from different structural representation. The study at
various level of details eventually leads to the knowledge of interactions between various

cytoskeletal elements.
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8.1 Intermediate Filament Dimerization Principles

8.1.1 Overview of Dimerization Principles

The study started with understanding the molecular basis of preferential dimerization of
Intermediate filaments (IFs) and their associated diseases. A database of 61 Intermediate
filaments was constructed, and their coiled-coil domains were aligned against each other.
Using this database, the molecular determinants influencing the stability and specificity
of IF dimers were derived. The molecular determinant includes atomic density
fluctuation, pair preferences, volume/charge distributions, hydrophobicity and kinks in
the helices. The numerical form of these molecular determinants was learned using an
artificial neural network schema model. The trained neural network models were used for
classification and prediction of dimer destabilizing residue pairs at heptad positions a/d.
The neural network model rationalized 35% (153/438) of disease mutants, accounting for
all mutations in the heptad positions a/d. The models were utilized to score new filament
destabilizing mutations obtained through in-silico saturated mutagenesis of all IF family
members. K5-K14 IF family mutations were chosen to validate these findings. 16
mutations were validated through in-vivo tissue culture experiments. Molecular
determinants for artificial type 11 IF homodimers suggest unstable residue pairings. This
leads us to rationalize preferential pairing of IFs. i.e., why type 11l to type VI intermediate
filaments form homodimers whereas type | and type Il intermediate filaments form
heterodimers using kinetic Monte Carlo simulations

8.1.2 Future prospects

The molecular determinants derived from the Intermediate filament database classify
the dimer/filament destabilizing residue pairs. The stability of residue pairs near terminal
regions is less when compared to residues pairs at the center of a coiled-coil dimer
[112,115,117]. This was also evident from the distribution of intermediate filament
disease causing mutations (Figure 3-1). A residue pair could be stable at the center of
the dimer but may become unstable when present near the terminus. The position
dependency on the stability of residue pairs were not incorporated in the neural network
schema. This addition would further improve the classification accuracy. The stability of
residue pairs were used to rationalize the preferential dimerization of K5/K14 monomers
using kinetic Monte Carlo approach. However, the major limitation of this approach was

the absence of rate constant values. It is impossible to scan all possible rate constant
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values for any system. However, an analytical solution of this system is currently in
progress. It would provide a robust solution to the preferential dimerization problem and
would be applicable to other systems. Preferential dimerization problem was also
addressed through quantitative electrostatic calculations using APBS software [215].
This package seems to work fine for globular proteins but fails for unusually elongated
proteins in one dimension (such as IF dimer). Electrostatic potentials were largely
inconsistent when compared with coulomb potential. PBEQ online server [216] was
giving much better results with long dimers but it was unable to support large system
size with complex calculations. The probable origin of the erratic performance is due to
the uneven density of grid points in different dimensions. The length of the Intermediate
filament dimer is about ~50 times more compared to its width. The APBS works using
equidistant grid points that forms a 3D mesh around the protein. Thus, for a given number
of mesh points in the smaller dimension, the number of mesh points in larger dimensions
are separated very far leading to inaccurate results. Other factor could be the
implementation of decay of permittivity as pointed out by the reviewer. Implementing
decay of permittivity specifically for fibrous protein could be another solution to this
problem. Thus, there is a need for a software that could calculate electrostatic potential

accurately for such systems.
8.2 Integrative Modeling of Keratin Filament

8.2.1 Overview of Modeling Protocol

This part of the work discusses about the Integrative modeling applied for determining
the structure of Intermediate filament. Integrative modeling requires spatial information
obtained by inferring experimental data. Initially, a hetero-meric K5-K14 coiled-coil
dimer was constructed using homology modeling. Known coiled-coil structures and
heptad repeat guided sequence alignment guide the homology modeling protocol. The
K5-K14 dimer model was validated using various structural properties and compared with
the available segments of the X-ray crystal structure. The number of possible dimers in
the K5-K14 filament cross-section was determined using mass and volume
measurements. The K5-K14 dimer model was sampled exhaustively against its duplicate
to obtain valid dimer-dimer configurations. The configurations that parsimoniously
satisfy cross-links observed in the experiment were recorded. Each K5-K14 dimer was

converted to a 2D disc by taking a longitudinal projection on a plane. Disctransformation
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software was then used to sample and score all possible configurations exhaustively (10
possibilities). 699 models were obtained that were clustered in six topologically different
configurations. The cluster with the optimal packing of the dimers was chosen as the final
model of keratin filament. The 2D model was then mapped back to obtain the full atom
3D model.

8.2.2 Possible Future Directions

In this study, the keratin filament model at near atomic resolution was successfully
constructed. Robustness of these models could be tested by excluding a few cross-links
during the modeling procedure. These excluded cross-links should be satisfied in the final
model. The relative frequency of cross-links could not be ascertained due to the limitation
of the HPLC based cross-link data. Due to the presence of sixteen identical dimers in the
assembly, the number of possibilities between the dimers satisfying the cross-links
became extremely large. To solve this issue, the lateral distance between the dimers had
to be fixed depending upon the inter-atomic clashes. A more robust experiment such as
mass spectrometry instead of HPLC would have provided the exact relative frequency of
each cross-link. This would decrease the number of configurations to search and would
increase the confidence in the model.

During modeling, symmetry was not explicitly incorporated in the models. All possible
sampling was done to avoid missing the valid models. The head and tail domains were
not accounted during the filament modeling. Head/tails domains were added later to the
final model. They were represented by the density of virtual atoms (equivalent to the
head/tail domains) near N- and C- terminus of each dimer. These models could be used
to superimpose on the low-resolution electron density map of keratin filaments. A good
match of the electronic density would validate the models. These models could also help
in explaining the discontinuity in the regularity of molecular packing. The protruding
head and tail domains on the filament surface could produce a seam along the axis of the
keratin filament observed in experiments [261]. Initial filament models have a similar
seam along the filaments produced by the head and tail domains. Analysis with the exact
measurement of the spiral pitch needs to be done as a model validation procedure.
Prediction of the exact location of the head/tail domains is among the future aims of this
work. Such prediction will greatly help in understanding the mechanism of filament

assembly and growth. Electrostatics of keratin full-atom model could help explain the
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interaction region on the filament surface. This could help explain why intermediate

filaments cannot keep growing larger in diameter.
8.3 Validation of Keratin Filament Models

8.3.1 Overview of Validation Methodologies

In the previous section, the ~500,000 atom Keratin K5-K14 filament model was
constructed using Integrative modeling. However, being a computational model, it needs
to be validated using the experimental data that was not used to construct the model. This
section talks about the validation of the filament model performed using six different
types of available experimental data at various length scales. The experimental
validations includes 1) comparing low-resolution TEM micrographs of keratin filament
bundles, 2) comparing lower and higher order structure dimensions, 3) comparing radial
density of atoms from cryo-EM micrographs, 4) identification of cross-linkable residues,
5) atomic packing volumes of chemical groups, and 6) determining key residues
important for filament assembly.

The analysis of the 3D structure of keratin filament provides the molecular basis of their
stability and specific pairing. Molecular determinants of the Intermediate filament
stability were classified into two types. 1) Dimer stabilizing molecular determinants and
2) Dimer-dimer stabilizing molecular determinants. Dimer level interactions comprised
of hydrophobic interactions whereas dimer-dimer level interactions were polar/charged
interactions. Dimer stabilizing molecular determinants were extracted from dimer models
and validated using in-vivo experiments. However, dimer-dimer stabilizing polar/charged
interactions such as hydrogen bonding, residue depth, etc. were extracted from the
filament models. The classification of the chemical environments in the filament was
coupled with the donor-acceptor assignment for hydrogen bonding residues. The analysis
of various hydrogen bonding residues provides 257 previously unknown critical
interacting positions in the K5-K14 filament. The dimer-dimer interactions rationalized
K5-K14 disease-causing mutations (54/56 disease mutants). The interactions were also
used to predict several temperature-sensitive mutations that are currently under

experimental testing.

8.3.2 Future Prospects
The keratin K5-K14 intermediate filament model was constructed and validated using

experimental data available in the literature. Some of the experimental data used for
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validating epithelial K5-K14 keratin filament model was obtained from both hard
(trichocyte keratins) and soft (epithelial) keratins. Though the two types of keratins have
~55% identical coiled-coil domains, their head/tail domains share ~17% sequence
identity. This shows that the overall structure of the two types of keratins has identical
topology given by the coiled-coil domains. However, their head/tail domains could pack
very differently thereby providing large variability across different keratin types. In hard
keratins, head/tails could pack tighter compared to soft keratins. Thus, comparing the
experimental data across different types of keratins are justified if it involves coiled-coil
domains. The best solution to this problem is to generate experimental data targeted for a
particular system and use it to build models along with head/tail domains.

Head/tail domains are known to interact with various cytoskeletal elements (Example
plectin). A keratin filament model with accurate placement of head/tail domains would
be of extreme importance in the context of cytoskeletal interactions. The position of
head/tail domains could be predicted accurately by iteratively optimizing their position
with respect to the coiled-coil domains. The configuration that fits across a range of
experimental data such as EM, SAXS, DXMS, Cryo-EM, etc. would be the best
representative of the filament model with head/tail domains.

Relative frequencies of intra-dimer and inter-dimer cross-links could be used to validate
the models. However, it is a difficult and tricky task. The relative frequency of the models
should be similar to the relative frequency of the cross-links in the experiment. If the
model shows inconsistencies in the relative frequency of cross-links, then this data itself
could be used to refine the models. However, relative frequency values obtained from
HPLC experiment were not accurate and could not be used for validation.

The keratin K5-K14 model built in this study could be used as a template for building
other intermediate filament models using homology modeling. A range of mutations for
all intermediate filament family members could be predicted that would greatly help
researchers to study the effects of filament assembly. Along with these, temperature-
sensitive mutations for all intermediate filaments would provide an alternative route to

study cytoskeletal reorganization at restrictive temperatures.
8.4 Applications of Structural Rules from IF modeling

8.4.1 Summary and Future prospects
Coiled-coil structural rules obtained from the Keratin models and other coiled-coil

structures were employed to three applications. 1) Designing novel coiled-coil structures,
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2) Designing peptide inhibitors for coiled-oil proteins and 3) Predicting the oligomeric
state of a coiled-coil assembly.

In the first application, a novel coiled-coil assembly of 8-helix bundle was constructed
without using any known template (Not seen in the PDB database until date). The
sequence and structure was determined purely from the structural rules developed in this
work. Genetic algorithm was used to determine the best scoring sequence for the specified
geometry. The structural model of the best scoring sequence was analyzed for stability.
The completely automated version of this software is currently in development that has
inbuilt propensities inferred from the known coiled-coil interactions. Such software could
be used to design any coiled-coil assembly with maximum stability. This would be of
tremendous importance in developing targeted drug delivery systems.

In the second application, the coiled-coil structural rules were applied to design peptide
inhibitor for Nipah Virus Fusion protein (F protein). Many viruses have the class 1 fusion
protein that have domains similar to NiV fusion protein 6HB domain. In this study, a
small helix (inhibitor) was designed that would competitively bind to 6HB domain and
interfere with the virus life cycle. Rigorous experimental testing of the inhibitor could
potentially be useful as a template for the development of inhibitors for other viruses as
well.

In the third application, the structural rules were used to predict the oligomeric state of a
coiled-coil assembly. The method outperforms the existing methods until date and
currently in development to incorporate all kinds of coiled-coil assemblies. The method
would be useful for modeling of various protein assemblies that follow heptad repeat
pattern but do not give a clue about the number of helices in the assembly. Once a
geometry and oligomerization state is predicted, it could be clubbed with the coiled-coil

generator software to build and validate the model.

8.5 Concluding Remarks

Using integrative modeling, 3 unit lengths of the whole Keratin (K5-K14) filament at near
atomic resolution was assembled along with low-resolution head/tail domains. This ~
500,000-atom model of Keratin was validated by inferring experimental data that were
not used in structure construction. The validations included identification of cross-
linkable residues, comparing the TEM profile with the experiments, the lower/higher
order structure dimensions, comparing radial density distribution from Cryo-EM

micrographs, amino acid packing and identification of substitutions that could lead to
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filament disruption. The model could further be validated by fitting into low-resolution
EM maps and SAXS profile. This is among the first 3D structure of an Intermediate
filament and could be used as a template to model other Intermediate filaments. This
structure could also serve as an attractive starting point for the rational design of
therapeutic agents.

Apart from determining the filament structure, the study also tries to decode the assembly
mechanism of intermediate filaments. The analysis of the 3D structures of the keratin
filaments and coiled-coil proteins provide the molecular basis of their stability and
specific pairing. The structural properties include coiled-coil core packing density, charge
distribution, amino acids pair preferences, hydrogen bonding, and salt bridges. These
structural properties were tested thoroughly on various molecular dynamic simulations
and subsequently used for the prediction of mutants. The structural rules derived from the
IF family dimers and Keratin IF structure explains 43% (215/502) of disease mutants.
These rules were then used to score new filament destabilizing mutations obtained
through in-silico saturated mutagenesis of all IF family. To validate these findings, K5-
K14 IF system mutations was tested through in-vivo cell culture experiments. 16 different
substitutions were validated, that also agree with the computational outcome.
Temperature-sensitive mutations for the K5-K14 filament were also predicted, that would
greatly help researchers to study the effects of filament assembly at restrictive
temperatures.

The methods developed in this study were shown to be used for a variety of applications
including designing novel coiled-coil proteins, oligomerization state prediction, and
designing inhibitors of coiled-coil proteins. Most importantly, the method can be used to
predict complementary substitutions that will stabilize the unstable disease-causing IF
variants.

Intermediate filaments are integral elements of the cytoskeleton. They interact with other
cytoskeletal elements with proteins known as Intermediate Filament Associated Proteins
(IFAP). Some of the examples of IFAPs are plectin, desmosomes, hemidesmosomes, etc.
[262—-264]. Plectin cross-links microtubules and various IFs (Vimentin, Lamins, etc.).
Desmosomes directly connect to IFs of two neighboring cells at cell-cell junction whereas
hemidesmosomes directly connect IFs in one cell to the extracellular matrix. Until date,
very few IFAPs have been discovered due to difficulty in controlling the IF organization
and assembly. Three-dimensional (3D) structural information of these filaments could

give insights into the interaction mechanism. A library of possible IFAPs could be
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developed by predicting the interactions of IFs with other proteins. Interactions could be
predicted by scanning through all the protein sequences along with their heptad repeats
(if present) combined with the filament sequence/structure in the genetic algorithm based
software. The 3D structure of keratin intermediate filament determined in this study opens
a wide variety of research fields that were previously not possible. The structural
information about intermediate filaments provide crucial information in the context of
cytoskeletal interactions. This study would make a huge impact on the current and future
research on the Intermediate filaments and coiled-coil proteins in general.
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CHAPTER 9
APPENDICES

SALIENT FEATURES

¢+ Detailed description of Software developed during this study

% Following software/algorithms discussed

1. Disctransformation 2. GARLIC
3. Cell_List 4. AlMorpher
5. MonteCarlo Sampler 6. ATP Binding Predictor

7. SUMO Server

179



CHAPTER 9 | APPENDICES

In the previous chapters, software and algorithms discussed includes Coiled-coil sequence
visualizer (section 3.3.2), Coiled-coil stability predictor (section 3.4), Disctransformation
(section 4.8), Coiled-coil assembler (section 7.1), and Coiled-coil oligomerization
detector (section 7.3). This chapter provide brief descriptions of software/algorithms that

was not discussed in earlier chapters.

9.1 Disctransformation

Disctransformation is a software package which packs the 2D objects in a given geometry.
The 2D objects can be approximations of molecular objects (entire molecules, domains
of molecules, etc.) whose size can be altered by the user. The objects are packed in
accordance with a user-specified arrangement that follows a particular interaction
topology. Sampling algorithms such as Monte Carlo, Divide and conquer can be used in
conjunction with Disctransformation to get the optimal packing of the objects.
Disctransformation can be used for the development of new model representations and
combining various scoring schemes to solve the packing optimization problems. The
result can be visually inspected and evaluated using the output written by the code.
Disctransformation could be used with front-end graphical user interface (GUI) or

directly from the command line (Figure 9-1).

9.1.1 Relevance to the molecular architectures

Disctransformation is useful in instances where molecular interactions can be envisaged
as quasi-2D problems, or when the focus of the problem is on a cross-section of the
structure. For instance, the packing of helices in a bundle. The modes of interactions
between helices, each of which could be approximated by a disc, are obtained from
experimental sources (e.g., FRET or chemical cross-linking). DiscTransformation has the
capacity to distinguish between different vertical orientations of the helices (N above and
C below or vice versa could be denoted as parallel and anti-parallel orientations
respectively in the input file). The program is hence a quick visual guide to the possible
solutions to the molecular arrangement problem. For further analysis, other (external)
scoring schemes could be used to distinguish between the different solutions.

Code stats: ~4000 lines of modular code which can be integrated with external scripts
easily. This software is under LGPL license and available for download from the

following link. https://github.com/neeleshsoni21/disctransformation
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Disctransformation

Load Example| 2| Build Model | 2l Quit‘

‘ Simulation Parameters

Number of Discs 2| 24 Live Visualization ?|

Radius of Discs 2| 25
Overlap between Discs . .
Load Adjacency Matrixl 2l Label Discs ?2 [y . . .
Adjacency Matrix 7 Output File ? Browse . . . .
Add Interaction Modes 2 | . . . .
D |240 [300 | 0 Add .

N}
=

Label Thetal Theta2 Orientation

Interaction modes list ‘ .
A 30 150 1
B 30 150 1

C 120 60 0

Figure 9-1 Disctransformation GUI interface

Disctransformation could be used with the frontend GUI with user specified example. The
user needs to provide simulation parameters, interacting modes and adjacency matrix of
various interacting discs (or molecular objects). The GUI would then provide the
visualization of the model upon clicking on the “Build Model” button. All simulation
parameters could also be provided from the input file in a specified format. A user can
use external scoring schemes provided in the code to score a model and optimize it with
sampling algorithms.
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9.2 GARLIC

GARLIC stands for Geometric Assessment of Residues using Locally Interacting
Chemical groups. It is a software package that can efficiently predict the packing defects
in a protein. The software uses chemical groups (can be defined in the input file) as the
basic building blocks of a protein. Chemical groups were obtained by partitioning amino
acids according to their chemical properties (Figure 5-17). This software is particularly
useful in determining the improperly packed regions (or side chains) in a protein model.
The scoring scheme provided by this software could then be used in any optimizer to
rebuild the model with minimum packing defects. A schematic algorithm of the GARLIC

was provided with training and testing methodology (Figure 9-2).

PDB Protein

>

Database

Model

Legend

Read chemical
group definitions

—> Training
—» lesting

Record chemical

group volumes /
7y Parse pdb file & extract

chemical group coordinates

f Y

End

If iterate
over Generate Voronoi diagram Identify reqions with bad
pdb files with mean of chemical fy reg

chemical group packing
A

done?
group as seeds

! !

Use tesselation to calculate
volume of chemical groups

Calculate Z score
for all chemical
groups volumes

Calculate'mean &
standard deviation

\

Figure 9-2 Flowchart of GARLIC showing training and testing methodology

The software is divided into two parts namely training or collecting statistics (green
arrows) and testing any protein model (red arrows). During training protein coordinates
obtained from PDB database were used to determine the packing of chemical groups. The
partitioning and volume calculations of every chemical group were done using Voronoi
and Delaunay tessellations respectively. After iterating through all protein coordinates
the mean and standard deviations were determined for every chemical group for
calculation of Z score. During testing protein model would be accessed through
previously calculated Z score to identify improperly packed regions.
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The software is based on an old technique of partitioning the 3D space known as VVoronoi
diagrams [213]. Voronoi diagrams divide the 3D space by using perpendicularly bisecting
planes between any two seed points. In this case, centroid of every chemical group were
considered as seed points. Once the Voronoi diagram was generated, every chemical
group would have a 3D Voronoi cell having specific volumes. A properly packed
chemical group expected to have narrow distribution of volumes. This distribution
provides the basis for differentiating between high resolution protein coordinates (PDB
file) and a protein model. High-resolution PDB files was assumed to have an effective
packing density of the chemical groups. The software generates statistics on the database
of 2579 single domain high-resolution non-redundant proteins.

The software was tested on two different datasets. 1) Incorrectly threaded model, in which
all beta sheet structure threaded to all alpha helix structure (Figure 9-3), and 2) Melo’s
dataset, that contain both good and bad models (Table 9-1) [265].

PDB id: 3BD3 Deliberately build bad model

Threading

>
Alpha helix
as template

PDB id: 1THRB

Z Score 0.61 Z Score 0.85

Figure 9-3 GARLIC testing on deliberately built bad model
An all beta sheet protein structure (PDB id: 3BD3) (pink) was remodeled with template
(PDB id: 1HRB) having all alpha helices (blue). This deliberately built bad model should

have higher Z score (red text) value compared to native structure.
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Table 9-1 GARLIC testing on Melo’s dataset.

Melo’s dataset contains five different sets represented by their corresponding X-Ray
structures. Each of these sets has deliberately built good and bad models. GARLIC
provided Z Scores for every model in the dataset.

Dataset Structure Type Number of Average Z Score
structures Range
X-Ray 1 0.63
Melo’s Set 1 Good Models 9 0.83t01.70
Bad Models 3 3.1t09.04
X-Ray 1 1.1
Melo’s Set 2 Good Models 2 0.82to0 1.47
Bad Models 4 1.52t0 2.76
X-Ray 1 0.71
Melo’s Set 3 Good Models 3 0.71t0 0.82
Bad Models 8 1.12to0 22.4
X-Ray 1 1.13
Melo’s Set 4 Good Models 4 0.88t06.77
Bad Models 9 0.89102.63
X-Ray 1 0.96
Melo’s Set 5 Good Models 66 0.6t029
Bad Models 7 0.88t0 8.4

In both the test datasets, the software seems to identify the incorrectly packed regions
identified by the high Z scores compare to the Z scores of native (Table 9-1). However,
the Z score vary with the protein structure. Thus, an absolute Z score that do not vary with
protein structure was required to identify the incorrectly packed regions in an unknown
protein model. Currently this software is under development under LGPL license. Code

stats: ~5000 lines of code.

184



CHAPTER 9 | APPENDICES

9.3 CellList

CellList is a tool to determine pairwise distances between atoms within some cutoff
distance efficiently. A brute force approach for finding pairwise distances has complexity
O(N?) whereas improved cell list algorithm used in this tool does it in linear time with
complexity ®(N). Using a brute force approach for large protein system takes enormous
amount of time. CellList is especially helpful for large proteins where one has to find the
pairwise distances repeatedly. For instance, for determining the clashes between atoms or
for calculating the electrostatic energy for a set of atoms. CellList tool was built
considering the flexibility needed for the users working with protein system. It includes
various features such as finding distances between specific pair or atoms/chemical
groups/residues/chains without the need for modifying the input pdb file. CellList could
be used directly as python library after installation. It is currently under LGPL license.
Code stats: ~500 lines of code.

(B)

(A) S
@ Parsers for different
(—f_ kinds of input/types

Y ® e:a pomtg

Read concerned subset o o, o
of atoms from PDB file = s :
Y _ No ovlgtglrlaggns /s e

Subdivide the domain done?
in small 3D cells with
side equal to cutoff In 2D cell List

4 neighbor cells/focal cell

Y For each focus cell calculate

Periodic boundary

-

condition was added

using ghost cells

(| all pairwise distances with

neighboring 13 cells
(index = focal index)

In 3D cell list
13 neighbor cells/focal cell

Figure 9-4 CellList tool flowchart and schematic of distance calculation

(A) Flowchart of CellList tool specifying the methodology used for algorithm
implementation. (B) Schematic showing focal cell (green), neighboring cells (red), and
ghost cells (blue) along with data points (gray circles) for pairwise distance (red arrows)

calculation.
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9.4 AlMorpher

AlMorpher is an ultrafast linear morphing tool specifically designed for macro-molecular
assemblies. As an input, AIMorpher requires initial and final state of any proteins along
with the number of intermediate states. Unlike other morphing tools, AlMorpher do not
require two input states to have identical sequence. Any two un-related proteins could be
used to generate linearly morphed conformations. The mapping between amino acids
required for morphing was done by sequence alignment between the two states. The
software uses its own substitution matrix for global alignment. However, standard
substitution matrices such as BLOSUM, PAM, etc. could also be provided as an input.
The utility of AIMorpher was shown by morphing Nipah virus fusion protein (Figure
9-5). The AlMorpher was used to generate fifty intermediate states between pre-fusion
and post-fusion complex of fusion protein. The software is currently under development
for improvisation such as adding flexibility for macromolecular assemblies, sampling
along with linear morphing, and a scoring scheme for the selection of best conformation

during sampling.

g\’ Linearly interpolated Intermediates
66\ between pre & post fusion complex

Figure 9-5 Example of morphing by AlMorpher

A pre-fusion and post-fusion complex of Nipah fusion protein shown in ribbon
representation with amino acids colored from blue (N-terminus) to red (C-terminus).
Large-scale movement of domains were shown by the trajectory of intermediate states.

Only five intermediate states are shown for clarity.
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9.5 Monte Carlo Sampler

Monte Carlo Sampler is a sampling and scoring software designed to randomly sample
conformations along with a scoring scheme. The software is currently used in
Disctransformation and AlMorpher as an external sampling and scoring methodology. It
was used to generate possible head/tail domain configurations of Keratin filament. The
utility of this software is shown with the help of PPII peptide-protein system. An
approximate location for modeling PPII peptide in the query protein was done with the
help of CLICK and various structural rules (unpublished work done by Dr. Binh Thanh
Nguyen). Monte Carlo Sampler was then used to build the PPII in the predicted location.
The following section describes the sampling and scoring steps used by the Monte Carlo

Sampler.

9.5.1 Sampling and Scoring
In PPII-protein system, the rigid body sampling was done on PPII coordinates.
e Translation of random amplitude (default range -5 A and +5 A) along a random
direction vector passing through the mean coordinates of the PPII.
¢ Rotation of random angle (default range -20° to 20°) around a randomly chosen
direction vector passing through the mean coordinates of the PPII.
The default scoring scheme in the Monte Carlo Sampler comprised of Hydrogen bond
(number and distance), Atomic clashes and Pseudo Van der Waals interactions as
described below.
1. Number of Hydrogen Bonds Score (NHBS)
NHBS = hb? where hb is the total number of hydrogen bonds.
Square of the number of hydrogen bonds was used to harmonically weight the score. A
hydrogen bond is assumed to form if the distance between acceptor and donor distance is
less than 3.5 A and the angle between donor, acceptor and acceptor antecedent is greater
than 100°. NHBS score maximizes the total number of hydrogen bonds at any given point
of the simulation.
2. Restrained Hydrogen Bonds Score (RHBS)
RHBS is the sum of distance score (D (x)) and angle score (A(x)) calculated as follows.

D(x) = 6400« (x —25)*(x—4.2) Vx<250rx>4.2
0 V25 <x<42

where x is the distance between donor and acceptor. A factor of 6400 was multiplied to

give more weight to distance score.
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1+x(x—80)*(x—180) V x <80orx>180
0 v 80 <x <180
where x is the angle between donor, acceptor and acceptor antecedent.
RHBS = D(x) + A(x)
RHBS ensures the formation of hydrogen bond between Tryptophan amino acid and

Alx) =

Donor atoms of PPII.

3. Clash Score (CS)
Any two atoms were considered to be clashing if the distance between them was less than
2.8 A. Depending upon the clashing atoms type, these clashes were categorized as Main
chain-Main chain clash (MCMC), Main chain-Side chain clash (MCSC) and side chain-
side chain clash (SCSC). Clash score was calculated as follows:

CS =100 * MCMC?* + 5 MCSC?* + 5 * SCSC
Square terms were used for MCMC and MCSC to harmonically increase the score
compared to the SCSC clashes that could be tolerated up to some extent. The scaling
factors for each term were chosen approximately such that their scores follow the
following inequalities.

MCMCscore > MCSCscore > SCSCscore

4. Pseudo Van der Waals Score (PVWS)
PVWS was the total number of atom pairs whose distances were in the interval of 2.8 to
5.0 A. This score is used to maximize the Van der Waals energy term by increasing the
density of protein atoms around PPII.

Total energy (E) of the system at any given point was calculated as follows:

E =—NHBS + RHBS + CS — PVWS
Temperature of the simulation was kept constant at 400°C (T') and Gas constant (R) as
2*10-3 kcal*mol-1*degree-1

9.5.2 Selection/Rejection criteria.

Metropolis criteria were used with a probability (P),

P = exp(—beta * AE) where beta = ﬁ
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40 independent runs (initialized by random seed) of Monte Carlo Simulations was
performed with 4000 Monte Carlo steps in every simulation. Every independent run leads
to a unique model.

All 40 models were clustered into two sets using scipy hierarchical clustering “fcluster”
module with “maxclust” criterion. The linkage matrix was created with “average”
method. The model that had minimum RMSD with other models in the largest cluster was
chosen as the representative model. A pictorial representation of sampling is shown with
PPI1I-Protein system.

PDB id 4cc2 PDB id 4wsf PDB id 5J3T
Figure 9-6 Model PPI1-Protein system using Monte Carlo Sampler.

The initial predicted conformation of PPII (brown) on three different proteins (PDB ids
4CC2, 4WSF, 5J3T) was optimized using Monte Carlo Sampler. The cluster with the
maximum number of PPII peptides was chosen as the representative model. The native
position of PPII peptides (blue) overlap with the predictions.
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9.6 Predicting ATP/ADP Ligand Binding Site

In this work, the method for predicting the ATP/ADP binding site was developed. A
library of descriptor set from the ATP (and its homologs) binding protein was created
which was used to determine the ATP binding site in 14-3-3 family of proteins. Every
representative descriptor from the library defines the possible donor/acceptor in an ATP
bound state. Using CLICK every descriptor was searched to get possible alignments on
the surface/cavities of the query protein. All possible alignments were scored using
number of hydrogen bonds, LJ potential and charge complementarity. DEPTH software
and other possible interactions was used to filter out most of the binding sites predicted
by CLICK. In case of 14-3-3 family of proteins, matches was scored using the presence
of nucleophile around ATP as 14-3-3 family is known to hydrolyze ATP. ATP
coordinates as given by CLICK were inserted in the query protein. The final model was
energy minimized for 10 ns. All hydrogen bond interactions of ATP with the query
protein was recorded. These interactions were listed as possible sites for experimental
testing. Preliminary experimental results in collaboration with Dr. V. Prasanna validates
the predicted ATP binding site (Figure 9-7).
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Figure 9-7 Schematic of methodology adopted for predicting ATP binding site

(A) The construction of descriptor library of hydrogen bonds donor and acceptor. (B)
Every descriptor was searched on the query protein using CLICK. (C) Filtering of the
possible models using DEPTH predicted cavities. (D, E) Models scored according to the
type of interactions descriptor has with query protein. F() Top scoring model was selected
as representative of ATP/ADP binding site.
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9.7 SUMO Server

SUMO server is a database of SUMOylated proteins in Drosophila and annotations of
plausible homologous sumoylated proteins (Figure 9-8). The database was previously
published and was obtained in collaboration with Dr. Girish Ratnaparakhi [266]. Along
with the database annotation, the aim of this work is to predict the sumoylation sites on
various proteins. Many sumolyation sites have the consensus motif YKXE [267-269].
There are many proteins that have YKXE motif but still do not get sumoylated. While,
there are others that do not have the YKXE motif and still get sumoylated. The idea is
that these proteins have a 3D motif i.e. the WKXE residues come close together from
different parts of the protein sequence in specific geometry. Prediction of sumoylation
sites is currently under development. Currently the database server is available at the
following link (local IISER network): http://192.168.8.70/sumo-server.com/public_html/
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Figure 9-8 SUMO server example screen image
(Top panel) Home page of the SUMO server provide input search boxes and
classifications. (Bottom panel) Output of an example search for “Ribosomal” that result

in various proteins with “ribosomal” in their descriptions.

191


http://192.168.8.70/sumo-server.com/public_html/

9.8 Example structures solved through Integrative Modeling

Table 9-2 List of studies solved through Integrative modeling.

List includes only those studies that incorporate experimental methods along with

computational technique.

Model System Structural Data Used Reference
Phosphoinositide 3- SAXS, Cross-linking [270]
Kinase p85a
Homodimer
Yeast Mediator complex | Cross-linking, Mass spectrometry, X-Ray |[[271]
crystallography, homology modeling,
Cryo-EM
Chromatin Mass spectrometry, Cryo-EM [70,71,272,273]
Human and Yeast TFIIH | Cross-linking, Mass spectrometry, [274]
biochemical analysis, Electron microscopy
Bilitranslocase Bioinformatics, NMR, FRET [275]
Transmembrane Domain
Yeast elF3:elF5 Cross-linking, Mass spectrometry [276]
complex
DNA Repair Complex | X-Ray crystallography, Single particle EM |[277,278]
of Human Rad9-Hus1-
Radl/FEN1/DN
Ubiquitin-modified SAXS [277,279]
PCNA
Photoreceptor Cross-linking and Mass spectrometry [280]
phosphodiesterase PDE6
catalytic dimer (a3)
Actin-scruin complex | X-Ray crystallography, Cross-linking [69]
SEA complex Affinity purification, Cross-linking [281]
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40S-elF1-elF3 Electron microscopy, Cross-linking, Mass |[282]
Translation Initiation spectrometry
Complex
26S proteosome X-Ray crystallography, Cross-linking, [50]
Mass spectrometry, Cryo-EM
Nucleo-pore Complex, |Ultracentrifugation, Quantitative [2,283,284]
Nup84 complex immunoblotting, Affinity purification,
overlay assay, Electron microscopy,
Immuno-EM, Bio-informatics, Membrane
fractionation, Cross-linking, Mass
spectrometry, X-Ray crystallography,
homology modeling
Proteasomal lid (back | Mass Spectrometry, Proteomics, ion [285]
calculate) mobility-MS, Cross-linking
Proteasome interacting |Mass Spectrometry, Proteomics, ion [285]
proteins (PIPs)(back mobility-MS, Cross-linking
calculate)
Chaperone involved in | Mass Spectrometry, Proteomics, ion [285]
formation proteasomal | mobility-MS, Cross-linking
base complex (back
calculate)
Collicin-immunity X-ray crystallography, Mass spectrometry |[9]
protein and dnase
complex (back
calculate)
Eukaryotic Ribosome  |Cryo-EM, Homology Modeling [72]
Mammalian Ribosome |Cryo-EM, Homology Modeling [67]
Exosome on Homology modeling, Electron microscopy |[286]

polyribonucleotide

phosphorylase (PNPase)
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RNA polymerase Il with | X-Ray crystallography, Homology [286]

RPB4/7 modeling, Electron microscopy

Chaperonin CCT and X-Ray crystallography, Electron [286]

phophoducin 2(PLP2) | microscopy

and G protein homolog

VID27

Ski complex Homology modeling, Electron microscopy |[286]

RNase P (POP) complex | Electron microscopy [286]

Bacterial type Il pilus  |Cryo-EM, EM, NMR, Cross-linking [68,287]

Ryanodine receptor Cryo-EM, Homology Modeling [51]

channel

TriC/CCT chaperonin | Cryo-EM, Homology Modeling [66]

y-tubulin small complex |Cryo-EM, Cross-linking, Homology [288]
Modeling

Triprptidyl peptidase 11 |Cryo-EM, Homology Modeling, MD [289]
fitting, Single particle analysis

Dam1 kinetochore Cross-linking [290]

complex
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Details of the additional research data can be obtained from the following link.
http://cospi.iiserpune.ac.in/cospi/IF/IFresearchdata.zip
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