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Preface

I have been fortunate to start my graduate research in biochemistry/biophysics with
an excellent biochemist/biophysicist. My introduction to research started with basic
knowledge of chemistry which helped in my graduate days to connect with bio-
chemistry. Knowledge of basic chemistry helped me to understand biochemistry in
better ways. When I started working with Dr. Bal Ram Singh, I did not have any
clue what biochemistry is. But, I learned many aspects of biochemistry during my
Ph.D. days. I am, of course, most indebted to my research supervisor, Dr. Bal Ram
Singh, who has proved to be a good mentor and human being. Supervisor and
student are always said to be the analogue of master and apprentice, and I believe
Dr. Singh and I complemented this aspect very well.

Also, in building theoretical knowledge, discussion with Dr. Valeri Barsegov
(an expert in theoretical biochemistry) helped me very much to clarify several ideas.

Finally, I gratefully recognize the Institute of Advanced Sciences for supporting
me with financial and research resources. This book is a good opportunity for me to
enhance my knowledge in this area and put forward my thoughts/ideas about pro-
tein chemistry of toxins.

Professor Singh and I conceptualized this book a few years ago. We wanted to
turn the table around and promote toxin as a congenial molecule rather than a mol-
ecule we needed to be scared off. We wanted to promote the unique characteristics
of this molecule which is rare in other classes of protein family. A very important
perspective about toxin, which we wanted to highlight, through this book, is flexi-
bility and its utility in evolution, in general.

The effort has been made to keep each chapter of this book largely simple, self-
contained, and with acceptable arguments, wherever necessary. This is meant to be
for the ease of following the subject by the reader. References are carefully selected
for each chapter. We have described protein folding (in general along with various
theories), one of the longest ongoing problems in science (in Chap. 2). Other chap-
ters are dedicated to the existence of toxin in different unique conformational states,
intrinsically disordered proteins and molten globule, and biological meanings of
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these conformations. The existence of toxin in these forms explains their adaptability
in the host environment. Finally, we discuss the evolutionary characteristics of toxin
molecules.

Although most of the information in this book is available in the database, there
is no concise information available specially relating to the toxins. As a result, sci-
entists have mostly negated or paid less attention to several unique molecular char-
acteristics of the toxins. Toxin as a molecule, with its uniqueness, has a lot to offer
for protein chemists, in particular, and scientists from across the fields, in general.

I hope readers will find the book useful, and it will trigger other provocative
thoughts of novel avenues of looking at molecular evolution.

Dartmouth, MA Raj Kumar
June 2016
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Chapter 1
Introduction

Raj Kumar and Bal Ram Singh

The particular field which excites my interest is the division
between the living and the non-living, as typified by, say,
proteins, viruses, bacteria and the structure of chromosomes.
The eventual goal, which is somewhat remote, is the description
of these activities in terms of their structure, i.e. the spatial
distribution of their constituent atoms, in so far as this may
prove possible.

Francis Crick

Keywords Protein Folding ¢ Inverse Protien Folding ¢ Protein Conformation ¢
Protein Flexibility ® Protein Dynamics ¢ Protein Toxins ¢ Botulinum Toxins ¢ Protein
Science

Every new scientific discovery unleashes a new excitement and fresh concerns:
generates several valid and invalid questions. Some people will be in favor of that
some oppose. Linus Pauling and Robert Corey published several papers on the inner
workings of proteins—molecules regarded as the building blocks of life—which are
the key to understanding biology at the molecular level. They might or might not
have realized that they are throwing a very important and essential problem to solve
for getting the answer of the existence of biological life in this universe. Protein fold-
ing problems (PFP) started with the discovery of the structure of the first protein and
attracted attention from all kinds of people irrespective of their fields. But this also
started a long ongoing quest to answer how these structures form. Over the last 50
years, enormous advancement has been made to understand protein folding mecha-
nisms. But consensus between experimental and theoretical explanation has not
reached. Both these approaches are in agreement to some extent for small and simple
peptides, but for large and complex proteins any agreement is quite far. PFP has
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2 1 Introduction

three important questions: (a) thermodynamic question: how inter-atomic forces act
on an amino acid sequence, (b) Kinetic question: how protein can fold so fast, and
(c) computational/technological question: how to predict protein structure. In fact,
every protein is unique in its structure and function. Even the homologous proteins
are different in their organizations. Part of the problem lies in our approach in design-
ing experiments for studying this phenomenon. We mostly use recombinant protein
and study folding-unfolding in the non-native environment using buffer, tempera-
ture, chaotropic agents, or protecting osmolytes. We ignore a very important aspect
that these are not the natural environment of the protein, and that is the reason why
we have a time-lag of denaturation/renaturation process in biochemical labs in com-
parison to biological lab, the cell. The natural environment of a protein is the cellular
environment. When we want to study and get some definite answer then we need to
look into this problem in a holistic manner. We need to design our experiment such
that we can learn the choreography of this process in its natural milieu, which can be
extrapolated to outside environment. Another option for solving PFP is using inverse
protein folding (IPF) approach. Here the question is exactly opposite to what we
were considering earlier. How the requisite sequence emerges from the functional
need for the conformation via evolution or any other method of sequence selection.
So, first choose required fold and get the stable fast folding amino acid sequences. In
other word, natural end of IFP is the prediction of stable fast folding sequence which
folds in situ to biologically useful target conformation/ensemble. A solution to pro-
tein folding problem is of enormous intellectual importance, in that it will provide us
a “missing link” of information flow from DNA to complete 3D-structure. Not sur-
prisingly, solution to this problem has applications outside the basic research in pro-
tein chemistry, such as design of drugs and enzymes.

Whilst occurring quickly, the folding of a protein typically does not happen in
one step, as believed previously; it proceeds with several intermediately folding
states. Each intermediately folded state is lower in energy than the unfolded state
and higher in energy than the completely folded state. These intermediate states,
which have key contacts, are important steps in folding that are crucial in directing
the steps of folding. One of the important intermediates is termed as molten globule
(detailed in Chaps. 2 and 3). In many globular proteins, the molten globule confor-
mation is observed in the early stage of folding. Existence of molten globule in
early stage of folding might be a way by which protein can avoid huge conforma-
tional space and reduce the time of folding. Because of diversity in a molten glob-
ule conformation, it is difficult to get the clear structural detail of this state. It
creates confusion too, because in one instance this state forms a flexible native-like
tertiary fold (example: cytochrome c¢ and apomyoglobin), while in other instances
it forms non-native tertiary structure (example: equine lysozyme). Nevertheless, it
is widely accepted that a thermodynamically stable conformation state exists
between native and unfolded state. Dry molten globule, wet molten globule and
pre-molten globule states are other forms of this state. This important conformation
state does not only have structural implications but it has functional effects too.
This conformational state plays an important role in various biological processes.
The non-native conformations are required in various translocation processes
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across a biological membrane. Various molecular chaperones recognize non-native
states to fold them properly after the functional need for unfolded structure is over.
Various genetic diseases can be caused by the misfolding or non-native structure of
translated polypeptides. Because the molten globule is regarded as a non-native
structure under physiological conditions, it definitely assumes some role in the
above mentioned phenomena in vivo (details in Chap. 3). However, there is a much
greater diversity in the non-native conformations of proteins along with the confor-
mations characterized as the molten globule state. That is one of the reasons that
PFP problem is getting bigger and bigger. More technological advancements are
not helping us. Although technological advancements are helping us in understand-
ing PFP, but they are also unleasing new dimension to this problem.

Growing structural biology evidence is suggesting that protein dynamics and
flexibility are more relevant in function than the structure itself. This whole
paradigm in which functional state of a protein needs a fixed three-dimensional
structure is challenged with the discovery of intrinsically disordered proteins (IDPs).
Despite their lack of structure, IDPs are a very large, diverse and functionally
important class of proteins. Discovery of IDPs strengthens the following hypothesis
by Dr. Matveev: “Native aggregation is regulated aggregation that occurs when
interacting protein form new temporary structures through highly specific interac-
tions.” According to this hypothesis, cell function can be considered as a transition
between two states; resting state and active states. Resting state is a state when
protein is natively unfolded states or globular state. In this state cell is transparent.
When a cell is activated, secondary structures appear in the natively folded state,
which interacts very specifically with the secondary structures of the other proteins
and cell becomes turbid. This definition or cellular action fits with the action of
IDPs. IDPs can adopt a fixed three-dimensional structure after binding to other mac-
romolecules. To align with the above hypothesis it can also be interpreted that dur-
ing the transition from resting to the active state of cells protein molecules can
transform from IDPs to three-dimensional folded state. Protein conformations in
IDPs are flexible enough to facilitate this transition. Because of the inherent struc-
tural flexibility IDPs can play an important role in several cellular functions such as
protein stability, inhibition, signaling, binding, and regulations. IDPs have been
shown to be largely functionally associated with signaling and recognition path-
ways, cell-cycle regulation, and gene expression. These pathways are also heavily
linked to many types of cancers and disease which make IDPs a valuable and chal-
lenging therapeutic target.

To study these important aspects of proteins, a model is needed. The selection
criteria for a well-defined model would be; (a) it should provide sequence, structural
and functional diversity, (b) it should have structural and dynamical flexibility, and
(c) a protein class, which covers various aspects of protein chemistry. One class of
protein which fits in all the above criteria—Protein Toxins. Toxins are ubiquitous
and spread in all three forms (microbial, plant, and animals) of life. They are found
in the form of small molecule, simple protein, mixture of proteins and large protein
complexes as well. Various animal and bacterial protein toxins provide a structural
and sequence diversity, such as the three-finger toxin, A-B toxin. In many cases,
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toxins have unique folds and novel combination of domains of known folds.
Recombination between toxin genes and sequence divergence has resulted in a wide
range of host specificities. This diversity of protein toxins is associated with their
structural flexibility. Mostly protein toxins are subjected to host response related
stress. Structural flexibility offers a unique ability in adapting to an unfamiliar envi-
ronment in performing functional actions of these toxins. These toxins affect vari-
ous cellular functions, such as ion-channel functions, neurotransmitter release,
protease activity, aggregation, activation/deactivation, etc. Because of their struc-
tural flexibility toxins can exist in several structural conformations such as IDPs and
molten globules. These toxins are ubiquitous and because of that, they have
unlimited targets. Structural flexibility and diversity in structure and function make
toxin family a good candidate to study the evolutionary phenomenon. Since most
protein toxins are produced by animal or bacteria and affect different species, they
are also a good candidate for examining symbiotic relationships which is the goal of
every living species for survival. There are several unanswered questions related to
the existence of these molecules—(a) Why these molecules are synthesized, (b)
How these toxins find their cellular targets, and (c) Do these molecules play any
physiological role for the organism producing such molecules, and (d) how a com-
plex unit of toxins comes together. Careful study and adequate experimental data
are needed to answer these questions. On an entirely separate note, these molecules
are very useful therapeutic candidates. The difference between a harmful molecule
and a beneficial drug is largely the concentration. At therapeutic dose, toxins can be
a wonder drug, such as snake venom and botulinum toxin.

This book summarizes unique aspects of protein toxins, mainly concentrating on
various aspects of toxins which will be defining its utility in protein chemistry. The
book is a sincere effort to establish toxin molecules as a better candidate to be con-
sidered as a model of protein chemistry. This is a first attempt of its kind, and we
hope to have succeeded in at least some interesting questions, and in shedding some
light on interesting possibilities of basic and applied research in protein science.
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Introduction to Protein Folding
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2.1 Introduction

It is universally accepted fact that organizations of proteins are not simple, repetitive
units, like DNA, but consist of compact folds which are difficult to predict. The protein
folding problem (PFP) is one of the longest elusive problems, drawing attention of many
scientists from several disciplines. In regards to the PFP there are several questions that
need to be considered: (a) Is there any code that exists to guide translation from the
sequence of amino acids to a completely folded structure; (b) What are the molecular
factors that direct and control rate of the folding process; (c) What are the factors that
stabilize a native structure; and (d) What is the evolution of folding nucleus, if it exists,
and folding kinetics? Coded language of protein folding and functions lies in its sequence
and conformations. Folding of a protein occurs through various pathways. Understanding
these pathways is an interesting challenge because of the fact that these are determined
through the sequence of hundreds of amino acids and various intermolecular forces.
There is a definite path (or at least a set up pathways) proteins follow, as a random trials
through all conformations would cost an enormous amount of time, approximately 10'®
years to fold a simple 100 residue protein (Anfinsen 1973; Bryngelson et al. 1995).
Earlier, protein folding was believed as a cooperative process: simple two state
process involving transition between folded and unfolded state. Privalov (1989) eval-
uated the criteria of cooperative transition in several proteins. This model of protein
leads to theories like polymer collapse (Ptitsyn et al. 1968), side chain packing
(Shakhnovich and Finkelstein 1989), directional or three-body interactions (Hao and
Scheraga 1998), special folding pathways (Dill 1985), or statistical-mechanical theo-
ries (Ramanathan and Shakhnovich 1994; Sfatos et al. 1993). But discoveries of
stable intermediates vindicate the idea of cooperative two step transition (Baldwin
and Rose 1999). Shallow transition characteristics were observed for many proteins,
which leads us to hypothesize that neither the native state nor the unfolded state can
be defined as a single conformational state, rather both these states are a collection of
several conformational states. For simplification, Protein folding has four general
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Fig. 2.1 Proteins and protein regions may exist in at least four different states of structural orga-
nization: ordered, molten globule, pre-molten globule, and coil-like. Protein function is associated
with any of these distinct states or with transitions between them. Entire proteins or protein regions
in the pre-molten globule state or coil-like state display no unique tertiary structure. These
Intrinsically Disordered Proteins (IDPs) and Intrinsically Disordered Regions (IDRs) are involved
in key biological processes including transcription regulation, cell cycle control, recognition, and
signaling. Reproduced with Permission from (http://en.bioinformatyk.eu/contest-articles/
prediction-and-application-of-intrinsically-disordered-regions-in-practice.html)

structures, according to the Protein Quartet Model —unfolded (random coil), pre-
molten globule, molten globule, and ordered (Fig. 2.1; Gorka 2011).

Research has been directed not only to understand the native and unfolded states;
acceptance is growing to understand the conformation of intermediates, such as
molten globule. In addition, Levinthal’s paradox exposes us to the basic conundrum
wherein an ordered state emerges spontaneously from an unordered state. The
unfolded/unordered state is a generic term, and is very diverse to have specific defi-
nitions. More precisely, the denatured chain or unfolded state behaves like a statisti-
cal coil and can be described as a rotational isomeric state model (Flory and
Volkenstein 1969). However, it is possible to measure the degree of expansion and
contraction, by their radius of gyration, R (Eq. 2.1).

@2.1)

Where Rg; is the distance of atom i from the center of gravity and N is the number
of atoms in the molecule (Fleming and Rose 2005). For a statistical coil polymer
with excluded volume, the radius of gyration is (Flory and Volkenstein 1969).
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Where Ry is a constant that depends on the intrinsic chain stiffness, n is the number of
residues, and v is the exponent of interest that depends on solvent quality, range from
0.33 (for compact structure) to 0.60 (for denatured protein). Experimentally it is dem-
onstrated that mean radii is consistent with the theory (Tanford 1968). In summary,
individual molecules can exist as unfolded in denaturing conditions, but can adopt a
unique native condition under favorable folding conditions.

However, the protein folding story is not just about native state folding or ensem-
ble of conformations at native state, it has another dimension too. Contrary to earlier
belief, a protein does not need a complete compact structure for its function. Folding
of proteins is not just a theoretical idea, it has a biological implications. It also raises
a fundamental question, is folding necessary for biological functions? Several pro-
teins exist without a closed packed structure, such as intrinsically disorder proteins
(IDPs, discussed in Chap. 3). IDPs are proteins with significant amount of disorder
present in their native state. Existence of IDPs and complexity of an organism has a
relationship, more complex the organism more IDPs involved in their cellular func-
tion. Eukaryotes have more than 50 % of proteins which are classified as IDPs.
Instead of closed packing, flexibility is the driving force of complexity and ultimately
the evolution. Concept of native aggregation, in which protein secondary structure
interacts specifically with the secondary structure of another protein (Matveev 2010),
forced us to rethink if folding is an ultimate requirement for biological function.

Concept of IDPs and native aggregation gave PFP problem an entirely different
dimension and challenged conventional view of protein folding in which native
state of a protein is a well packed functional structure. This confusion arises because
of existing disconnect between the understanding of in-vitro and in-vivo processes.
Nevertheless, folded state is a well defined state, and search of protein molecules
for this state out of several possible states itself generates a scientific excitement.
In subsequent sections, we will focus on understanding protein molecules in terms
of their structure and folding behavior.

2.2 Classification of Protein Family

Protein classification is as complex as its structure and folding. Although it can be
simply classified as simple proteins: if they yield only amino acids after digestion
with hydrolases (Albumins, Globulins, Glutelins, Prolamines etc.), and conjugate
proteins: if they yield amino acids and additional products after digestion with
hydrolases (Lipoproteins, chromatoproteins, metalloproteins, nucleoproteins etc.).

Another classification could be on the nutritional basis: complete protein, if they
supply all the essential amino acids and incomplete protein, if they are deficient in
one or more essential amino acids. But more sophisticated and scientific classifica-
tion will be based on family of proteins. There are various kinds of proteins which
can be divided in structural, transport, storage, enzyme, etc. (Table 2.1).
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Class of protein

Function in the body

Examples

Structural

Provide structural components

Collagens, Keratin, Elastin

Contractile

Move muscles

Myosin, Actin

Transport Carry substances from one part Hemoglobin, Myoglobin and
of the body to other part; one part | Lipoproteins
of cells to other part of cells
Storage Store nutrients Casein, Ovalbumin, Ferritin,
Globulines, Prolamines, Glutelins
Hormone/regulatory | Regulate body metabolism and Insuline, Adrenalin, Thyroxin
nervous system
Enzyme Catalyze biochemical reactions in | Trypsin, Pepsin, ATPases,
the cells Cytochrome C, Lactase,
Ribonuclease, Fumarase
Protection Recognize and destroy foreign Immunoglobins (different classes),
substances Fibrins
Genetic Carry, store and protect genes Nucleoproteins, Histones
Toxic Mostly their functions are to kill | P53, Lectin (endogeneous).

cells Ricin, Abrin, SEB, Botulinum
Neurotoxin (Exogeneous bacterial

proteins)

Other classes of proteins could be fibrous proteins (long thread like molecule),
and globular proteins (spheroid shape molecules).

Another common way of classification is to divide all proteins or protein domains
(defined in the next section) into five major groups; all a, all f, o/p, a+p and a fifth
group of proteins which do not fit in any other categories. The o/p and o+ § proteins
differ in that the a/f} proteins are mainly built up of parallel strands connected by
helices (Bof motifs), while the o+ proteins have strands and helices connected in
a more irregular fashion. Within each group there are many folds.

2.3 Types of Fold

Protein fold is defined as a structural arrangement of secondary structure in three
dimensional space. For example, Rossman Fold (named after the discoverer M. G.
Rossman; Fig. 2.2) of co-enzyme dehydrogenase. Similarly, there are other folds
like Jelly roll fold, TIM (Triosephosphate isomerase) fold known to us. According
to SCOP (Structural Classification of Proteins) there are 1393 folds and CATH
(Class, Architecture, Topology and Homologous Family) has 1282 folds.

SCOP database is based on a manual classification of the folds. The levels of the
hierarchy are classes, fold, superfamilies and families. The domains within a family
are supposed to be homologous, having a common ancestor from which they
diverged. Proteins within one superfamily have the same fold and related function,
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Fig. 2.2 Rossman fold is composed of seven parallel B-sheets, first two strands are connected by
a-helix (a). Rossman fold is frequently occurring domain in nucleotide binding proteins.
Triosephosphate isomerase (TIM) fold consists of eight a-helix and eight parallel B-strands that
alternate along peptide backbone (b)

possibly having a common ancestor, but they can differ in sequence and function.
At the next level, the fold, the proteins have the same topology, but there is no evi-
dence of evolutionary relationships. Finally, the protein in the fold can have similar
secondary structural organizations such as all alpha, all beta, etc.

CATH is a similar structure database, which uses automated procedures for
classification. It is similar to SCOP but the architectural level is not defined as in the
case of SCOP. Proteins with the same overall secondary structure, but with different
connections are termed as the same architecture. Because of this difference there are
some differences in grouping of the proteins.

There are two more databases which are not hierarchic but are based on struc-
tural comparison of the known structure: FSSP (Fold classification based on
Structure-Structure alignment of Proteins) and Enterz database.

2.4 Domains of Proteins

A domain of proteins can be defined as the basic building block of a protein structure,
although many proteins only contain a single domain. Some proteins exist in multiple
domains. Even though it is not necessary to have a specific function for each domain,
certain protein domains have some clearly defined functions associated with them,
like the Rossmann-fold domain, also called coenzyme-binding domain or botulinum
toxin has endopeptidase domain, translocation domain and binding domain. Such
domains often “carry” their function with them when they get inserted into different
proteins during evolution. A domain may be characterized by the following:

1. A spatially separated unit of the protein structure.
2. Sequence and/or structural resemblance to another protein structure or region.
3. Specific function associated with that segment of the protein.
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2.5 Protein Folding

Proteins are the essential part of an organism and virtually take part in all the functions
within a cell. Each protein has its unique sequence and that sequence is encoded in its
gene. Encoded genes are first transcribed into pre-messenger RNA, which is processed
into mature messenger RNA (mRNA). mRNA has all the information, including post-
transcriptional modification and is used as a template for protein synthesis by the ribo-
somes. Proteins are always biosynthesized from N-terminus to C-terminus. After
translation, a protein exists as unfolded polypeptide lacking any three-dimensional
structure. Various interactions of amino acids lead to the development of a well-defined
three-dimensional structure, known as the native state. The process of formation of a
well-defined three-dimensional structure from an unfolded structure is known as fold-
ing. A correct folding is essential for the proper function of a protein. Failure to fold
produces an inactive protein, which may be toxic. Several neurodegenerative diseases
are believed to result from the accumulation of misfolded protein.

An essential question in protein folding studies is how an unstructured peptide
folds into its unique active state and what is the governing mechanism of this process.
To get to this state a protein has to go through an astronomically large number of
possible conformational states (Levinthal’s Paradox). The presence of folding path-
ways in which some intermediates are well populated could be the answer to this
paradox and could help us to select these conformational intermediates. A typical
small protein can fold reversibly, in vitro, undergoing a first order transition between
the folded and unfolded state. Not only finding a native state is desired, exquisite side
chain packing in the protein core, binding sites, and catalytic sites are important for
molecular recognition and protein function. Contrary to this view, an intermediate
state in protein folding can adopt native state and have very specific interactions even
in the absence of side-chain close-packing. Proteins are large biomolecules consist-
ing of one or more chains of amino acids. In spite of their enormity of size in terms
of number of atoms the overall size of proteins is a few nanometers in diameter.
Because of folding the proteins are often termed as nano-machines. Proteins have
mainly four levels of structure: primary, secondary, tertiary and quaternary (Fig. 2.3).
In addition to these levels of structure, proteins change its structure in response to the
environment as well, to perform their functions. These transitions in structure, which
is mainly associated with tertiary and quaternary structure (sometimes there is a sig-
nificant change in secondary structure as well), coupled with side chains rearrange-
ments are referred as conformational changes. Such conformational changes are
typically associated with binding to substrate molecule, thermal vibrations of solvent
molecules or due to interaction with other molecules (molecular crowding).

A few pertinent open questions regarding protein structures and foldings are as
follows. (a) What is the correlation between sequence and three-dimensional fold-
ing? (b) What is the role of intermediates in protein folding? (c) How does a protein
discard undesired conformations? (d) Intermediates are markers of protein folding?
(e) Does disorder in protein structures play a role in protein function?, and (f) What
is the role of the microenvironment and internal structure of protein in folding a
functional structure of a protein?
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2.5.1 Conventional Views on Protein Folding

Some proteins spontaneously fold into the correct 3D structure under a reasonably
wide range of conditions. This view is not universally true.

— Many proteins only adopt their functional structure in very specific environments,
e.g., membrane proteins.

— Some proteins require assistance to fold the correct way. Molecules known as
chaperones assist these polypeptides to fold incorrect conformations.

— Protein folding is a delicate and complex process. But misfolding can occur even
with right primary sequence, such as prions in mad cow disease. Many neurodegen-
erative diseases are associated with an accumulation of such misfolded proteins.

Protein folding has been a widely studied and debated topic in biology for decades.
The challenge of understanding the pathway producing a folded protein has been
daunting as each protein begins as a single strand of hundreds/thousands of amino
acids and relies on a series of intramolecular forces (hydrogen bonds, hydrophobic
interactions, interactions between charged residues, covalent links, backbone angle
preferences, chain entropy) and potentially molecular chaperone proteins to reach
the final native state within a timescale of as low as microseconds (Hartl et al. 2011).
An understanding of protein folding is essential to better understand how a cell oper-
ates with such an abundance of (about 300400 g/L concentration) proteins (Hartl
et al. 2011) and nature of proteins which control biological activities such as cellular
trafficking, cell growth, differentiation, enzymatic activity, and even acting as a chap-
erone for assisting other proteins fold correctly (Dobson 2001; Hartl et al. 2011).

There is a definite path protein follow as a random search through all conforma-
tions would cost an enormous amount of time, approximately 10'° years to fold a
simple 100 residue protein (Bryngelson et al. 1995). Newly synthesized peptides
from the ribosomes are in a high state of energy due to the flexibility and lack of any
intramolecular structure and tend to migrate to a lower energy state through a series
of intramolecular or intermolecular interactions. This decrease in energy can include
the formation of secondary structure (a-helices or p-sheets), formation of oligomers
or the formation of amorphous aggregates or amyloid fibrils (Hartl et al. 2011).
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This protein energy funnel contains many local energy minima which allow for rapid
interconversion with only small changes in the energy levels (Bryngelson et al. 1995).

Typically, proteins would tend to avoid any unfolding or disorder, since this would
result in an increase in aggregation or misfolding. Increasing the stability of the
protein to prevent this would increase the rigidity of the structure. With these issues
in mind and the fact that there are many examples of natively unstructured proteins,
proteins with disordered fragments, and proteins which adopt a molten globule state,
there has to be some significant benefit to these proteins to remain flexible.

2.5.2 Possible Mechanisms of Protein Folding

In 1950, Anfinsen proposed that the amino acid sequence itself can determine the
three-dimensional structure of the protein. It would be very useful to be able to
predict the structure of a protein from its primary sequence.

1. Predicting the folding and stability of protein will be easy.

2. A better understanding of folding helps to understand better about the biological
functions of proteins.

3. Instead of using expensive techniques, such as NMR and X-ray crystallography,
one can easily predict the protein behavior just by knowing the sequence.

4. Synthesize novel proteins for different industrial and research purposes.

However, the idea of predicting 3D structures of proteins from the primary
structure holds true to some extent only for small globular proteins at best. Use of
chaperones for protein folding makes this issue more complicated. Folding of pro-
teins in general and large proteins, in particular involves several intermediates.
Frauenfelder and Wolynes (1994) state that the final stages of folding will depend
on the specific sequence of amino acids, whereas earlier folding stages/intermedi-
ates should be mostly insensitive to details of the sequence. Although mutation of
native structure is more or less robust and has less or no impact on the structure, the
enzymatic activity does not have similar mutational freedom as even single muta-
tion can reduce or disrupt the activity.

There are various concepts that attempt to explain how exactly a protein under-
goes folding and organization from the unfolded or random coil state to the natively
folded state. Logically protein folding should not be random and unbiased search-
ing of all possible conformations; it should follow some definite pathways. First
proposed mechanism—nucleation-growth mechanism—states that tertiary struc-
ture propagates rapidly from an initial nucleus of local secondary structures. Second
proposed mechanism evolved after the discovery of intermediates of the proteins.
This leads to a framework model mechanism — diffusion model, in which secondary
structures form first, then the collapse of secondary structure yields the native con-
formation. In the framework model, formation of large amount of secondary struc-
ture proceeds from a denatured state. Another mechanism, and the most accepted
mechanism, is the hydrophobic collapse model, which says hydrophobic collapse
drives compactness of protein to native form (Fig. 2.4). The hydrophobic driving
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Fig. 2.4 Models of protein folding (Reproduced with permission, Radford 2000)

forces coupled with expulsion of water from the nonpolar residues, allows the formation
of secondary structure due to the collapse. Finally in a jigsaw model suggesting that
folding of every protein is unique and can follow a different or mixed path.

As discussed above, theory of protein folding is based on four models. Earlier it
was believed that the presence of tertiary structure is essential for the formation of
stable secondary structure (Epand and Scheraga 1968). Although the idea, provided
by Epand and co-workers, does not true in totality as hydrophobic and other interac-
tions stabilize the secondary structure (de Prat et al. 1995), but the study on helical
peptides provided a different perspective. When the secondary structure is stable in
isolation, it tends to adopt a-helical and p-turn structure and less likely to form
[-sheet structures.

The starting point of nucleation model is the concept of a folding nucleus (FN),
which is defined by two conditions: (a) formation of a nucleus or set of contacts that
constitutes the nucleus, leading to a very fast subsequent folding; (b) the presence of a
pattern of contacts related to the folding nucleus in the folding conformations (native
contacts are relatively small), leading to a very fast subsequent folding. The defined
nucleus is common to all the possible conformations of the protein. Interestingly, the
folding nucleus has the cooperative character of the folding transition (Hao and Scheraga
1994; Chan et al. 2004; Faisca et al. 2004; Faisca and Plaxco 2006; Prieto and Rey
2007). Mathematically, folding nucleus can be defined as a set of most probable native
contacts which are separated from the native conformation as far away as possible, and
yet fold with high folding probability, Pg,;>0.9. The concept of folding probability was
coined by Du et al. (1997). In practical term, Py, is defined as a conformational state in
which a particular conformation folds before it unfolds. So, P;;;>0.5 of a conforma-
tional state indicates that this conformational state is likely to fold first. Similarly,
Pr,1a<0.5 is likely to unfold first than to fold, P;;q=0.5 can go in either direction.
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The multiple nuclei model was also proposed by Klimov and Thirumalai (1998).
In this model, the formation of the folding nucleus is the rate limiting step, which is
identified as the folding transition state (TS). This model argues involvement of
multiple nucleus. Depending on the initial conformations many nuclei can be
involved. Instead of having one transition state, an ensemble of transition states is
possible (TSE; Klimov and Thirumalai 1998). In a single folding nucleus nonlocal
contacts are predominant, whereas in the multiple nuclei model both local and non-
local contacts are present but local contacts are predominant. Using psi-value analy-
sis, Sosnick et al. (1994) showed that there are two classes of TS heterogeneity, a
single TS nucleus (as in the case of Ubiquitin) and multiple TSE corresponding to
multiple FN (dimeric GCN4 and titian 127). Thus, it is possible that a group of con-
tacts is required for a single nucleus model or having a single nucleus with
microscopic heterogeneity. Since FN involves non-native interactions, these inter-
actions affect the whole process in the TS. The relation between non-native interac-
tions and the nucleus mechanism was explored by Shakhnovich (1998) and Li et al.
(2000). They examined the FN with the fraction of native contacts Q=0.41 in a
single nucleus with microscopic heterogeneity. Interestingly, 45 % of the FN con-
tacts are non-native and predominantly non-local. The transition state resembles a
distorted form of the native structure, with the least distorted part being loosely
defined as the nucleus, and the distortion tends to increase with increasing distance
from the nucleus (Daggett 2002). Studies also indicated that the native geometry
determines the distribution of the FN along the protein chain, but the specific loca-
tion of FN is modulated by protein sequence. In brief, nucleation condensation
mechanism invokes both the hydrophobic collapse and framework mechanisms.
This mechanism invokes the long range and other native hydrophobic interactions
in the transition states to stabilize the secondary structures. Although the nucle-
ation-condensation mechanism was introduced to help explain mainly two state
folding, it is not limited to a single domain proteins. Although protein appears to
fold in two-state folding, but at the atomic level this may not be the case. For exam-
ple, unfolding of chymotrypsin inhibitor (CI2; Fig. 2.5a) at 100 C using MD simula-
tion. Denatured state of this protein had residual structure and hydrophobic clusters
near to the central part of the protein. Residual structure and hydrophobic clusters
could be nucleation sites, and collapse and condensation can occur about these sites
(Fig. 2.5b) (Daggett and Frenst 2003). Another example, Barnase is two semi-
autonomous domains (Fig. 2.5¢). Its folding-unfolding pathway has been studied by
MD (molecular dynamics), NMR and other experimental techniques. In its denatured
state Barnase has a residual structure, which helps to set up loose, native topology
within the denatured state. The transition state identified from the simulation is in
quantitative agreement with the experimental phi-values (Fig. 2.5d).

MD simulation analysis of CI2 demonstated that secondary and tertiary structure
collapse can proceed together, nucleation-condensation mechanism suggesting
hydrophobic collapse and nucleation can happen together. Whereas MD simulation
of barnase showed that every secondary structure is actively aiding the formation of
other secondary structures via side-chain interactions. This phenomenon is called
‘contact-assisted’ secondary structure formation.
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Fig. 2.5 Folding of chymotrypsin inhibitor 2 (CI2). Crystal structure of CI2 (a). Structures of CI2
at different time point of thermal unfolding simulation (100 °C) of the folded state to unfolded
state. D is denatured state, 7S is transition state, and N is native state (b). NMR structure of barnase
(c). Snapshots of unfolding of barnase taken from a 225 C simulation in water (d). (Reproduced
with permission, Daggett and Frenst 2003)

Although Barnase is small protein, it is reasonable to assume that other larger
proteins will follow a similar pathway. Scientists are not sure of success in search
of a unifying mechanism. But if the secondary structure is sufficiently stable in
the absence of significant tertiary interactions, folding can proceed in a more step-
wise, hierarchical manner. It is possible that the diffusion—collision mechanism
(hydrophobic collapse and framework) combined with nucleation condensation
model (nucleation model) give rise to a stable secondary structure. So the coupling
between secondary and tertiary structures is important for folding. If this is weak,
then it favors framework model, if strong, then it leads to a stable transition state.
In other words, two state folding depends on the particular primary structure and
balance of various forces.
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2.5.3 Prediction of Folding from Sequence

The inverse protein folding problem is most often approached by seeking the
sequence that is similar to the sequence of a protein whose structure is known. If a
sequence-folding relation is known then it will be easier to predict the fold of pro-
tein by knowing the sequence. But the problem is not as simple as it is stated. If the
sequence-folding relation is known then it can be inferred that the protein of
unknown structure adopts a fold similar to the protein of known structure. Accurate
de novo prediction of 3D structure from sequence would rapidly enhance overall
knowledge of protein chemistry. This fundamental question can be approached by
starting a much simpler question: What is required for determination of particular
secondary structure; o-helix, p-sheets, turns or coil? Residues such as alanine,
glutamate, leucine tend to be present in alpha-helix, whereas valine and isoleucine
tends to be part of beta-sheets or strands. Glycine, asparagine, and proline have a
propensity for being in turns. Proline is also termed as helix breaker.

Table 2.2 is based on Chou-Fasman rule, which is the most commonly used
algorithm. This rule measured frequencies at which each amino acid appeared in
particular types of secondary structure. This rule assigns the propensity of amino
acids P(a), P(b), and P(turn) of a-helix, -sheets, and turn, respectively. Also, assign
four turn parameters based on the frequency at which they were observed in the
first, second, third or fourth position of a beta turn; f(i), f(i+ 1), f(i+2), and f(i+3),
respectively. First this rule identifies helix and sheet nuclei, and then applies a set of
rules to determine if the particular amino acids are sufficient to nucleate a region of
a-helix or B-sheet.

For helix: 4 out of 6 amino acids with P(a)>1

— extend the nucleus in each direction until reach four amino acids in a row with
P(a)<1.

— for each of these regions, add up all the P(a) and all the P(b) values.

— if the total P(a) is larger than the total of P(b) and the run is more than five amino
acids then it is predicted to be alpha helix.

For sheet: 4 out of 6 amino acids with P(b)>1 (or use 3 out of 5)

— extend the nucleus in each direction until reach four amino in a row with P(b)<1.

— for each of these regions, add up all the P(a) and all the P(b) values.

— if the total P(b) is larger than the total P(a), the run is more than five amino acids
long, and the average P(b)>1 then it is predicted to be beta sheet.

For beta turn:
P(t) for amino acid at position i=f(i)+f(i+1)+fi+2)+f (i+3)
For predicting a beta-turn at position i if the following criteria are met:

— the calculate P(t)>0.5,

— the average P(t) for amino acids i to i+3 is>0.1,

— the sum of the P(t) values for amino acids i to i+3 is larger that the sum of P(a)
and P(b) values.
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Table 2.2 Relative frequencies of residues in secondary structures

Name P(a |P(b) | P(turn) | f(i) fi+1) | fi+2) | fi+3)
Alanine 142 083 066 0.060 0.076 0.035 0.058
Arginine 098 093 0.5 0.070 0.106 0.099 0.085
Aspartic acid 1.01 054 0.146 0.147 0.110 0.179 0.081
Asparagine 067 089 | 1.56 0.161 0.083 0.191 0.091
Cysteine 070 119 |1.19 0.149 0.050 0.117 0.128
Glutamic acid 151 037 074 0.056 0.060 0.077 0.064
Glutamine L1110 0.98 0.074 0.098 0.037 0.098
Glycine 057 075 | 1.56 0.102 0.085 0.190 0.152
Histidine .00 0.87 095 0.140 0.047 0.093 0.054
Isoleucine 1.08 | 1.60 047 0.043 0.034 0.013 0.056
Leucine 121 130 059 0.061 0.025 0.036 0.070
Lysine L14 074 101 0.055 0.115 0.072 0.095
Methionine 145 105 0.60 0.068 0.082 0.014 0.055
Phenylalanine 113 138 0.60 0.059 0.041 0.065 0.065
Proline 057 055 152 0.102 0.301 0.034 0.068
Serine 077 1075 143 0.120 0.139 0.125 0.106
Threonine 083 | 1.19 096 0.086 0.108 0.065 0.079
Tryptophan 108 137 096 0.077 0.013 0.064 0.167
Tyrosine 069 147 |1.14 0.082 0.065 0.114 0.125
Valine 106 170 0.50 0.062 0.048 0.028 0.053

Reproduced with permission, Chou and Fasman (1978)

Depending on the protein this rule predicts secondary structure with 50-85 %
accuracy, with average accuracy ~ 70 %.

Another commonly used algorithm is GOR (Garnier, Osguthorpe and Robson).
This algorithm uses a 17 amino acids window to predict secondary structure. The
rationale behind this is that the experiment showed each amino acid has a significant
effect on the conformation of amino acids up to eight positions in front or behind it.
This uses a 17 x20 matrix to calculate the propensity of each amino acid within the
17 a.a. windows. Accuracy is about 65 %.

Many other similar programs for modeling secondary structures and motifs are avail-
able, such as SIMPA96 (Similarity Peptide Analysis; Levin 1997), DSC (Discrimination
of Secondary Class; King and Stenberg 1996), DPM (Double Prediction Method;
Deleage and Roux 1987), PHD (neural network) (Rost et al. 1994).

Challenge of sequence-to-structure is enormous and remains unresolved.
Computational method that uses fragment libraries or other conformational search
followed by energy optimization and molecular dynamic simulation has been very
successful at predicting the 3D structures of smaller proteins (Bradley et al. 2005;
Simons et al. 1999; DeBartolo et al. 2009; Yang et al. 2007). Although various com-
puter simulation techniques, such as molecular dynamics, Monte Carlo simulation,
have come a long way to simulate protein dynamics, but these techniques have yet
to achieve folding of extended polypeptides to the native fold.
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2.6 Theories of Protein Folding

Among all biological molecules, proteins are the workhorses and important biomol-
ecules for living organisms. The linear chain of amino acids becomes functional
only when it folds into a three-dimensional structure. Although it is possible to
decode a linear sequence of amino acids, three-dimensional structure predictions is
not possible. Like structure, folding of a protein molecule is a very complex process
and very specific, which is a central problem in biophysics or molecular biology. As
mentioned above, various concepts had been established, such as nucleation-
collapse (Guo and Thirumalai 1995), thermodynamics and kinetic intermediate
(partition) theory (Guo et al. 1992; Peng et al. 2011; Stigler et al. 2011), minimum
energy compete structure (Camacho and Thirumalai 1993; Lin and Zewail 2012),
and scaling of folding rates as a function of protein size (Thirumalai 1995). A
thought provoking experiment was performed in 1960 by Nobel Laureate Christian
Anfinsen and his colleagues. They used a 124 a.a. long protein called ribonuclease.
Using this protein they were able to demonstrate that folding-unfolding transition
processes are completely reversible. They concluded that the folding information of
a protein is present in their amino acid sequence. Foldability of a protein varies from
structure to structure, but the specificity of structure arises from the heterogeneity of
the protein chain. The time scale of folding, complexity of structure and interac-
tions, and different specific possible path for protein molecules makes folding a
difficult problem to study by experimental as well as computational methods.

2.6.1 Ramachandran Plot

In a polypeptide the main chain N-Ca and Ca-C bonds are relatively free to rotate.
These rotations are represented by the torsion angles phi and psi, respectively.
Ramachandran et al. (1963) used a computer model of small polypeptides to
systematically vary ¢ and y with the objective of finding stable conformations. For
each conformation, the structure was examined for close contacts between atoms.
Atoms were treated as hard spheres with dimensions corresponding to their van der
Waals radii. Therefore, phi and psi angles which cause the spheres to collide corre-
spond to satirically disallowed conformations of the polypeptide backbone.
Ramachandran plot is a two dimensional representation of torsion angle ¢ (angle
between N(i—1), C(i), Ca(i), and N(i)) and y (angle between C(i), Ca(i), N(i), and
C(i+1)). All the torsion angles are not possible along the peptide backbone due to
steric hinderances/interferences of the side chains. Plotting the torsional angles of
each residue in a peptide bond defines the allowed angle in which adjacent residues
can be arranged. This exercise discards many angle combinations and sterically
stressed conformations between neighboring residues. All the residues (except ala-
nine and proline) can occupy one of the three major “allowed” regions (Fig. 2.6).
a and B-region combinations give rise to a-helices and f-strands, respectively.
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Fig.2.6 Ramachandran plot of Human UDP-galactose polymerase (PDB ID: 1EK6). Combination
of ¢ and y angles of different secondary structures is plotted

These regions are “allowed” in the sense that when the peptide atoms are given
standard radii they do not collide. An additional region, sometime called bridge
region becomes allowed if the atoms are given smaller radii that present the smallest
values that could be considered plausible.

* Quadrant I shows a region where some conformations are allowed. This is where
rare left-handed alpha helices lie.

e Quadrant IT shows the biggest region in the graph. This region has the most
favorable conformations of atoms. It shows the sterically allowed conformations
for beta strands.

* Quadrant IIT shows the next biggest region in the graph. This is where right-
handed alpha helices lie.

* Quadrant IV has almost no outlined region. This conformation (y around —180
to 0°, ¢ around O to 180°) is disfavored due to steric clash.

Exceptions from this principle of clustering around based on torsion angles are
glycine and proline. Glycine does not have a complex side chain, due to which it has
high flexibility in a peptide chain. That is why Glycine is often found in loop regions.
In contrast to glycine, proline has fixed torsion angles which are very close to those
of the extended beta-sheet. That is why proline is often found at the end of helices
and function as helix breaker. Theoretically, the average phi and psi values for
a-helices and B-sheets should be clustered around —57 to —47 and —80 to +150,
respectively.
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2.6.1.1 Utility of Ramachandran Plot

Torsion angles normally fall in disallowed region (of Ramachandran plot) of bad or
wrong homology models (Fig. 2.7, left figure of plot I) . That is why the Ramachandran
plot is widely used in assessing the quality of experimental protein structures or
structures built using homology modeling. Generally, the low resolution structures
tend to have bad clustering due to bad geometry (Fig. 2.7, left figure of plot I),
whereas high resolution structures have better clustering (Fig. 2.7, right figure of plot
I). In bad structures, there is a lack of clustering around the allowed regions and also
exhibit many dots in the disallowed regions (Fig. 2.7, left figure of plot II). Better
structures have better clustering in allowed regions and almost none in the disallowed
regions (Fig. 2.7, right plot II). Thus torsion angles outside the allowed regions
should be examined carefully to resolve the problems in structures of protein.
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helix
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Fig. 2.7 Comparison of Ramachandran Plot. Plot I: Ramachandran plot of 11 amino acid residue
protein (left). Mutation of one amino acid, tyrosine to serine, reduced the energetic state and stabi-
lized the secondary structure to a-helix (right) (Reproduced from Akhmaloka et al. 2008). Plot II:
Ramachandran plot of a protein structure obtained computationally; unrefined (left) and refined
(right) (open access, Kleywegt and Jones 1998)
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2.6.2 Lattice Theory of Protein Folding

In the absence of the availability of better sampling techniques, study of protein
folding or identification of conformation can be done by using following approaches:
(a) Empirical approaches, biophysical techniques such as X-ray, CD (Circular
Dichroism), NMR (Nuclear Magnetic Resonance), SAXS (Small Angle X-ray
Scattering), (b) Semi-empirical approaches, using bioinformatics, (c) computa-
tional approaches, such as MD and Monte Carlo simulation, and (d) simplification
of conformational spaces.

Lattice theory is a simplified computer model to investigate and understand pro-
tein folding, which utilizes the concepts for simplifying conformational spaces.
This is achieved by use of a 2D system as a model for the molecules in 3D space. In
this model each residue is modeled as a bead or point and placed at the vertices of
the lattice. To ensure the connectivity each residue on the backbone is placed on the
same lattice vertex. Protein is considered as a linear chain of n amino acids. Each
amino acid is either a polar (P) or non polar (H, Fig. 2.8) (Lau and Dill 1989).
Discrete conformational space is using the lattice backbone. One important and
valid assumption is that contact between HH has a free energy less than zero, and
all the other combination has a free energy equal to zero.

2.6.3 Energy Landscape Theory of Protein Folding

The protein folding process sees the protein in terms of an energy landscape as
depicted in Fig. 2.9 (Hartl et al. 2011). Energy landscape is a mapping of all possible
conformations of protein folding comprising kinetic and thermodynamic intermedi-
ates. The key concept in this is folding funnel hypothesis (Fig. 2.9). Wolynes and
colleagues (1991) proposed that the overall energy landscape of protein folding

Fig. 2.8 2D representation P P P P P P
of a model protein
according to lattice model
(Reproduced with
permission, Lau and Dill
1989)
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Fig. 2.9 Competing reactions of protein and aggregation. Scheme of the funnel-shaped free-
energy surface that proteins explore as they move towards the native state (green) by forming
intramolecular contacts. The ruggedness of the free-energy landscape results in the accumulation
of kinetically trapped conformations that need to traverse free-energy barriers to reach a favorable
downbhill path. In vivo, these steps may be accelerated by chaperones. When several molecules fold
simultaneously in the same compartments, the free-energy surface of folding may overlap with that
of intermolecular aggregation, resulting in the formation of amorphous aggregates, toxic oligo-
mers or ordered amyloid fibrils (red). Fibrillar aggregation typically occurs by nucleation-
dependent polymerization. It may initiate from intermediates populated during de novo folding or
after destabilization of the native state (partially folded states and is normally prevented by molec-
ular chaperones) (Reproduced with permission, Hartl et al. 2011)

should be a funnel shape. No matter where one starts, it will follow the gradient
towards a lower energy state. In a downhill path protein gradually accumulates
favorable interactions, rejecting unfavorable ones, consequently reducing the search
for native state. Newly synthesized peptides from the ribosome are in a high state of
energy due to the flexibility and lack of any intramolecular structure, and tend to
migrate to a lower energy state through a series of intramolecular or intermolecular
interactions. This decrease in energy can include formation of secondary structures
(a-helices or B-sheets), formation of oligomers, or formation of amorphous aggre-
gates or amyloid fibrils (Hartl et al. 2011). Studies of chain entropies showed com-
pactness is followed by lesser available conformations indicating that protein-folding
energy landscapes are funnel-shaped. This protein energy funnel contains many
local energy minima which allow for rapid interconversion with only small changes
to the energy levels (Bryngelson et al. 1995). Protein folding landscapes are narrower
at the bottom, suggesting that there are few low-energy, native-like conformations
and many more open folded structures.
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2.7 Molten Globule: An Important Intermediate
in Protein Folding

Globular proteins are defined on the basis of their intrinsic viscosity and shape is
approximately spherical. Their structural stability is due to the fact that non-polar
residues are inside and polar residues are outside, promoting hydrophobic interac-
tions (Dill 1990). In all globular proteins, the polarity of the faces of secondary
structure is complimentary to the overall conformation of the proteins implying an
interdependence of secondary structure and globular structure. When protein fold,
from unfolded state to folded state, they go through a pathway consists of various
intermediates. Two distinct intermediates can be identified in the folding pathway —
kinetic and thermodynamic intermediate. Molten globule is one of the thermody-
namically stable intermediate states, which exist between native and unfolded
states. The resistance of such states depends upon a fine balance of stabilizing inter-
actions such that the free energy difference between the native and intermediate
states is less than that between the native and unfolded states, and this state appears
to be less cooperative (Fig. 2.10). Sometime, the term “molten globule” is used for
the state with similar but not identical, which accumulate during the folding process.
These states may or may not have properties similar to molten globule.

Much of the detailed characterization of molten globule state is done under
mild denaturation conditions where a protein is shown to have thermodynamically
stable conformational state, between native and unfolded state. These states are
found under acidic, basic, removal of cofactors, high temperature, and intermediate

Fig. 2.10 Schematic representation of native and molten globule state (Reproduced from http://
what-when-how.com/molecular-biology/molten-globule-molecular-biology/)
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concentrations of urea or guanidine hydrochloride. The main characteristics of
this state are:

. Presence of secondary structure

. Less stable tertiary structure

. Globular shape

. The tendency of Stable intermediates to aggregate,
. Thermodynamic behavior as if “molten” states

DN kA W -

One of the most important questions about the molten globule state is whether it
is a specific thermodynamic state of protein molecule or whether it is similar to a
slightly disordered native state or a squeezed coil. The existence of a thermody-
namic state is based on the criteria that there should be a phase transition between
two given states. So this first order transition is coupled with the drastic change of
at least one of the thermodynamical parameters such as enthalpy.

As mentioned above, an intermediate is distinguished during folding, which is
between native and unfolded state, and termed as “molten globule” based on defined
characteristics (as listed above). Initially the term was referred as a wet molten
globule—a conformational state which admits solvent and lacks close packing,
while retaining native like secondary structure (Ptitsyn et al. 1968). However, the
degree of side chain packing in molten globule is less clear. Protein denaturation is
shown to be a first order phase transition (Privalov 1979), and Uversky and Ptitsyn
(1994a, 1994b, 1996; Ptitsyn 1995) showed that the molten globule is separated by
intermolecular first-order phase transitions from the native and unfolded states and
therefore is a specific thermodynamic state of the protein molecules.

Recent observation indicated the existence of a closed packed molten globule
conformation, which is an extended form of the native protein and does not allow
solvent to penetrate the core—called dry molten globule (DMG). So the character-
istic difference between DMG and MG is that the water is squeezed out of the core
in the former. Although water cannot penetrate DMG but urea can (Hua et al. 2008).
The governing thermodynamical features of close packing are, (a) a favorable
change in conformational entropy that drives the process, (b) a compensating unfa-
vorable change in enthalpy, and (c) an overall change in free energy that is much
smaller than the change in —TdS, where T is temperature and S is entropy.

Molten globules are believed to have dynamic hydrophobic cores as evidenced
by a non cooperative unfolding pattern, loss of signal in the near-UV CD spectrum,
the broadening of NMR signals of aromatic groups (Dolgikh et al. 1981; Ohgushi
and Wada 1983; Kjaergaard et al. 2010), rapid backbone amide exchange with sol-
vents and high affinity for hydrophobic dyes (Kumar et al. 2014). Recent experi-
ments demonstrated specific side chain interactions in a-lactalbumin in the molten
globule state (Mok et al. 2005).

Similar to phase diagram of fluids, protein folding can be also viewed as a N/U/
MG phase diagram (Fig. 2.11; Pande and Rokhsar 1998). Each state corresponds
to a thermodynamic phase and the transition between two distinct phases corre-
sponds to the exchange of stability following first order cooperative transition.
Like the vapor-liquid, U-MG phase boundary appears to end at a critical point,
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Fig. 2.11 Phase diagram of protein folding (Reproduced with permission, Pande and Rokhsar
1998; Copyright (1998) National Academy of Sciences, USA)

beyond which native interactions are destabilized (Uversky and Ptitsyn 1996;
Schulman and Kim 1996).

The most interesting aspect of molten globule is its flexibility. Due to inherent
flexibility this state has implications both for biological function and material sci-
ence. The molten globule state has been confirmed by a number of experiments
that the molten globule may be present in the cell and taking part in a number of
cellular processes (Chap. 4). They have a potential role in genetic diseases (Chap. 4).
Further research on molten globule will help to narrow the gap between protein
physics and biology.

2.8 Concluding Remarks

Either by self assembly or with the help of chaperone proteins can acquire a well
defined secondary and tertiary structures, involving two states (native and unfolded).
The idea of the existence of only two states was challenged through demonstration
of the existence of an intermediate state, molten globule. Existence of molten glob-
ule gave a whole new dimension to the five decade old problem of protein folding
(PFP). PFP has evolved since its inception. Recent developments include statistical
model and phase transition model, shifting the focus from a microscopic search to
step-by step milestones on the pathways—unfolded state, transition state, native
state and intermediate states. Another change in the approach has been the consid-
eration of each state as an ensemble of conformations, rather than a single confor-
mational state. These developments bring theory and experiments closer. However,
the search of the generalized folding mechanism is not over yet. Probably we would
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not be able to have a generalized mechanism due to the nature of the forces involved
in a given folding process. We may have a better understanding and prediction of
the model of experimentally established conformational states, which will help us
to design better drugs against several diseases, especially those associated with
folding problems.
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Chapter 3
Relevance of Intrinsic Disorder in Protein
Structure and Function

Thomas M. Feltrup, Raj Kumar, and Bal Ram Singh
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neurotoxin

3.1 Definition of Intrinsically Disordered Proteins (IDPs)

A traditional view of protein folding requires a well-defined secondary structure
(a-helices and B-sheets) forming a compact, globular tertiary structure; this globu-
lar structure determines what the protein’s target and function will be (Wright and
Dyson 1999; Dunker et al. 2002; Uversky 2002a, b). It has been generally consid-
ered that proteins would tend to avoid any unfolding or disorder in the active state
since this would result in an increase in aggregation or misfolding with a loss of
activity (Braselmann et al. 2013). This “lock-and-key” classification works for
many proteins. However, functional proteins having some disordered regions or
completely disordered has become a recently accepted idea in proteomics (Tompa
2011; Uversky 2013b). The significant number of functional proteins with at least
some disorder has changed the way protein structure is classified. An ‘ordered’
protein no longer consists only of proteins with a well-defined globular structure,
while a ‘disordered’ protein does not necessarily imply an inactive protein. With
disordered states now shown to be active, the differentiation in secondary and
tertiary structures between disordered proteins and ordered proteins was described
over a decade ago (Fig. 3.1; Dunker et al. 2001). This is a modification of the
“structure-function paradigm” which requires a defined 3D structure before a
function is possible. The number of proteins with at least some disorder continues
to climb as better techniques and predictors are developed (Dyson and Wright
2005; Tompa 2012).
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AA Sequence Ordered Ordered
-a, B, T, aperiodic -Alla, all B, o + B,

and amphomorphic o/ B, and other

Disordered Disordered

- Intermittent disorder - Random coil

- Constant disorder - Molten globule

Fig. 3.1 Primary, secondary, and tertiary structure classification of ordered and disordered pro-
teins. At the secondary structure level, disordered proteins can exist in either intermittent disorder,
such as a disordered-to-ordered transition upon binding, or in constant disorder where the protein
maintains disorder in both the resting and active state. At the tertiary level, disordered proteins can
either maintain some loose, global structure, the molten globule state, or be completely disordered
and exist in a random coil state (Reproduced with permission, Dunker et al. 2001)

Intrinsically disordered proteins (IDPs) are characterized in two major categories.
The first category includes proteins/regions resembling random coils. This characteriza-
tion can encompass both a global structure of the protein or a localized region of a
protein. Proteins in this group have little to no secondary or tertiary structure in the
disordered region, resembling a denatured state of an ordered protein (Uversky
2002a; Tompa 2005). These proteins, or regions, have no clear equilibrium state and
maintain dynamic backbone torsion angles; their energy landscapes contain many
local minima without a global minimum, unlike an ordered protein (Uversky 2013a).
While these proteins rapidly interconvert between conformations there are some
distinct characteristics for all IDPs (Tompa 2005). IDPs identified have a low
sequence complexity with a distinct amino acid composition where the proteins
have a higher disorder-promoting amino acid composition (A, R, G, Q, S, P, E, and
K) while lacking order-promoting amino acids (W, C, F, 1, Y, V, L, and N) (Fig. 3.2)
(Dunker et al. 2001; Tompa 2005; Dyson and Wright 2005). To better maintain a
flexible, disordered structure, the IDPs typically contain a high global net charge,
typically negative, along with a low mean hydrophobicity (Hemmings et al. 1984;
Tompa 2005). B-factors appear to also be correlated with the abundance of certain
amino acids in IDPs. Amino acids with higher B-factors show a higher degree of
electron density smearing in high-resolution X-ray crystallography and therefore a
more flexible environment (Parthasarathy and Murthy 2000). As expected, amino
acids with higher B-factors are more abundant in IDPs (B-factor increases left to
right in Fig. 3.2).

A second group of IDPs can be classified as molten globules (including the pre-
molten globule proteins). The molten globule state is a conformation composed of
structural elements somewhere between the ordered and denatured states of the pro-
tein. The secondary structure of the molten globule state has been characterized as
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Fig. 3.2 Amino acid composition profile. The prevalence of each amino acid in disordered
regions/proteins compared to ordered proteins calculated based on proteins characterized by X-ray
crystallography, NMR, CD, or homology based on an initial set of 32 proteins. A negative peak
indicates depletion of that amino acid in disordered regions/proteins while a positive peak indi-
cates enrichment in that amino acid in disordered regions/proteins. Residues are arranged in
increasing residue flexibility from left to right based on B-factor estimates, also known as Debye-
Waller temperature factors (Reproduced with permission, Dunker et al. 2001)

near “native-like” in which the secondary structure based on far-UV CD, NMR, and
IR spectroscopy is identical or nearly identical to the folded state (Dolgikh et al.
1981; Ohgushi and Wada 1983; Ptitsyn 1987). The distinguishing characteristic of
the molten globule state is a loosened tertiary structure; this loosened structure is
easily visualized using near-UV CD (shown by a decrease in signal), the increased
exposure of the hydrophobic core (measured using 1-anilino-8-napthalene sulfonate
(ANS) binding), (Dolgikh et al. 1981; Ohgushi and Wada 1983; Dunker et al. 2001;
Cai and Singh 2001) and deuterium exchange (Dolgikh et al. 1981, 1984, 1985).
While not as flexible as the random coil proteins, molten globule proteins do show
a significant amount of disorder in their domains with the pliable nature of the ter-
tiary structure allowing for many of the same advantages.

As of 2003, only 30 % of the proteins listed in PDB were fully ordered with no
disordered regions (Obradovic et al. 2003). With the rapidly expanding library of
disordered proteins, the DisProt database was created to provide structural and
functional information on both types of IDPs— partially disordered proteins (mol-
ten globules and pre-molten globules), and fully disordered proteins (Vucetic et al.
2005). With disordered proteins now more centrally located in a database, it has
become more convenient to compare the frequency of disordered proteins across
different cellular systems all the way up to different kingdoms of life.
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3.2 Experimental Tools to Identify Intrinsically Disordered
Proteins

3.2.1 X-ray Crystallography

X-ray crystallography is a powerful tool when determining the structure of a protein
crystal. This technique can provide a detailed map at the atomic scale with the loca-
tions of protein secondary and tertiary structure. While a powerful and popular tech-
nique, X-ray crystallography has several important limitations when dealing with
IDPs. Proteins in a crystal state are required for characterization using X-ray crys-
tallography; crystallography of disordered regions of the protein, whether the disor-
der is local (such as a loop or small region) or global, becomes very difficult, if not
impossible (Dunker et al. 2001).

With these limitations, structural details cannot be resolved for these regions or
proteins; however, locating the potential disorder in proteins is possible by examin-
ing the residues missing in the electron density maps, such as in the case of the
ammonia channel, glycerol uptake facilitator protein, and calcineurin (Fig. 3.3)
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Fig. 3.3 Protein structures containing regions of disorder. Regions colored in red are intrinsically
disordered. (a) The ammonia channel (PDB ID: 2NMR) has disordered regions at N-terminal Alal,
182-194, 302-310, and 387-406. (b) Glycerol uptake facilitator protein (PDB ID: 1FX8) shows
disorder at the N-terminal (1-5) and the C-terminal (260-281). (¢) Calcineurin is composed of two
subunits with a large region of disorder. The A subunit (yellow) contains a phosphatase domain and
binds to the B subunit via a helix extension. A 95 residue region of the protein connecting the auto-
inhibitory peptide to the helix extension of the A subunit was identified by a lack of electron density
in the crystal structure and therefore is unobserved (Reproduced with permission, Xue et al. 2009
and Dunker et al. 2001)
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(Romero et al. 2000; Dunker et al. 2001; Xue et al. 2009). As research on disordered
regions and proteins continues to grow and the importance of this disorder becomes
better understood, the limitations of X-ray crystallography have become more pro-
found and must be used along with other tools to get a complete picture.

3.2.2 Small Angle X-ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) spectroscopy allows for the determination of
the overall size and shape of a protein molecule in solution (Eliezer et al. 1993).
SAXS is a time-resolved technique which can characterize the kinetics of processes
and reactions. Other useful information gathered from data is the protein molecular
weight, excluded particle volume, maximum dimension (D,,,), and radius of gyra-
tion (R,) (Kikhney and Svergun 2015). Proteins can be qualitatively identified by
the data as globular or disordered by a Kratky Plot (Fig. 3.4); from the data, a low
resolution model can be reconstructed with further validation from higher resolu-
tion techniques such as X-ray crystallography and NMR spectroscopy (Kikhney
and Svergun 2015).

While this technique can only give the overall size and shape of the protein and
not information at the atomic level like X-ray crystallography, when dealing with
proteins with disorder this technique provides some structural information which is
not possible with X-ray crystallography.

3.2.3 Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) spectroscopy is an important and versatile tool for study-
ing protein structure. CD spectroscopy can be separated into far-UV and near-UV;
far-UV CD can determine the overall secondary structure of a protein in solution

a b
s?l(s)
(sRg)?I(s)/1(0)
Globular

Partially unfolded  Natively unfolded

Natively unfolded

Partially unfolded
GloHular
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Fig. 3.4 Simulated data from three 60 kDa proteins. Folding includes globular (dark blue), 50 %
unfolded (light blue), and fully disordered (gray). (a) Kratky plot of s?I(s) vs. s. (b) A normalized
Kratky plot (sR,)*(s)/I(0) vs. sR, (Reproduced with permission, Kikhney and Svergun 2015)
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while near-UV CD can help in determining the presence of tertiary structure.
The diminished secondary structure can be monitored by observing the signal at
about 210 and 240 nm (Romero et al. 2000). CD spectroscopy is only semi-quanti-
tative and unlike X-ray crystallography, it is not able to give structural information
at the residue level (Dunker et al. 2001); however, CD spectroscopy does allow
monitoring of protein structures in solution as well as obtaining information for
disordered proteins which X-ray crystallography is unable to.

3.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is a very sensitive technique which can provide dynamic infor-
mation about proteins on the order of 107>~10° s and has been used in proteins as
large as the 900 kDa GroEL complex (Fiaux et al. 2002; Boehr et al. 2006). NMR
provides the benefit of determination of structures in a solution state while also
providing data at the residue level (Ishima and Torchia 2000; Dunker et al. 2001);
SN-'H heteronuclear NOE measurements are able to detect the difference between
ordered residues and disordered residues based on the value of the signal (Evans
1995; Ishima and Torchia 2000; Bracken 2001). An example of IDP and ordered
protein "H-'"N HSQC spectra can be found in Fig. 3.5. These benefits do have limi-
tations as NMR requires a relatively high protein concentration in which aggrega-
tion does not occur; NMR analysis can also be difficult with disordered proteins due
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Fig. 3.5 'H™-'"N HSQC spectra of (a) the intrinsically disordered protein BASP1 and (b) the ordered
protein AlgH. "HN-'SN HSQC spectra of IDPs are characterized by a narrower spectral range than
ordered proteins (Reproduced with permission, (a) Konrat 2014; (b) Urbauer et al. 2015)
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to resonance broadening or lack of chemical shift dispersion (Dunker et al. 2001;
Fontana et al. 2004). Despite these limitations, NMR spectroscopy has been a vital
tool in the characterization of disordered proteins.

3.2.5 Protease Digestion

The general flexibility of a specific protein can be monitored using a protease to
digest the sample (Fontana et al. 1993, 1997). Proteolysis of the target of interest
can occur if the protease can bind to the target (typically about a ten residue unfolded
region) (Hubbard et al. 1994) and adapt to the stereochemistry (Dunker et al. 2001).
Rigid peptide structures are not easily bound by proteases and therefore not cleaved;
more flexible structures on the other hand are more readily bound and cleaved by
proteases. The amount of cleaved peptides present in a digested sample is related to
the flexibility of the protein target. Figure 3.6 shows an example of a protein digested
with trypsin; regions are marked with white lines to show all potential cleavage sites
and sites not cleaved suggest a more rigid region in the protein. While this

[T [T TN

30-265

Fig. 3.6 All potential trypsin cleavage sites of xXPA are identified by white lines in the black line
representing the full-length xXPA. Fragments were identified by ESI-FTICR mass spectrometry;
amino acid positions for each fragment are listed (Reproduced with permission, Iakoucheva et al.
2002)
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technique, like many of the other techniques, does not give specific information at
the atomic level, it can be combined with techniques such as mass spectrometry to
help determine the regions of higher disorder (Iakoucheva et al. 2001).

3.2.6 Hydrodynamic Radius

Proteins with abnormally high radii compared to their molecular weight typi-
cally show disorder to some degree. While chemically denatured proteins
exhibit predictable behavior based on random coils, IDPs can possess non-ran-
dom structure (Marsh and Forman-Kay 2010). The hydrodynamic radius can be
calculated using equation 1 and measured using techniques such as SAXS or gel
filtration:

k,T
R, =2 3.1
R (3.1

The R, has been used to identify disorder based on an abnormally high hydrodynamic
radius (Hernandez et al. 1986; Weinreb et al. 1996). Marsh and Forman-Kay plotted
protein length vs. R;, values for folded, chemically denatured, and intrinsically disor-
dered proteins (Fig. 3.7) and then proposed a relationship in the following equations
in which N is the number of residues:

Rhfuldetl — 4.92N0285 (32)
R:enatured :2.93N0'549 (33)
R;,DP — 2'49N0.509 (34)

0 50 100 150 200 250 300
Number of residues
Fig. 3.7 Protein size vs. R, values of 20 folded proteins (solid squares), 27 chemically denatured

proteins (solid circles), and 32 IDPs (open diamonds) (Reproduced with permission, Marsh and
Forman-Kay 2010)



3.3 Protein Structural Disorder Predictors and Disorder Database 37

If a larger than anticipated radius is observed, other techniques like the ones listed
above are used in tandem to better understand the amount and location of disorder
in the protein (Marsh and Forman-Kay 2010).

3.3 Protein Structural Disorder Predictors and Disorder
Database

Since direct observation and characterization of disordered regions can be difficult
with many of the current experimental techniques using a prediction based tech-
nique can be highly useful. There are a number of available prediction tools to
identify ordered/disordered regions in protein sequences which are briefly
described below.

3.3.1 Prediction of Natural Disordered Residues (PONDR)

The prediction of natural disordered residues, or PONDR, was initiated after studies
on calcineurin (CaN) which showed long regions of disorder. From this result,
Romero et al. (1997, 2001) designed a series of rules to better predict disorder in
proteins based on the sequence. The low aromatic amino acid content was a com-
mon occurrence in disordered regions and was the first rule adopted into the PONDR
prediction. If a contiguous region of more than 80 amino acids in a protein have an
average aromatic amino acid content of less than 6.5 % then that region is predicted
to have a long disordered region (LDR), this is the rule-based predictor portion of
PONDR.

A neural network predictor was developed for varying lengths of disordered regions.
After compiling a sufficiently large set of proteins with at least a disordered region of
seven residues based on the Protein Data Bank (PDB), the disordered regions were
classified as short disordered regions (SDR, 7-21 residues), medium disordered regions
(MDR, 2244 residues), and long disordered regions (LDR, 45+ residues). Based on
this set of disordered proteins, the additional defined characteristics are low amounts of
both Cys and His and high amounts of Glu, Asp, Ser, and Lys. Low amounts of Cys
prevent disulfide bridges to maintain more flexibility in the region; High amounts of
charged residues promote charge imbalance and promote disorder in the region while
Ser increases the solubility of the region.

The prediction accuracy of each of these neural network predictors (SDR, MDR,
and LDR) had an approximately 70 % success rate when predictors were used on the
same length class of protein; however, when predicting different length class of
proteins, the prediction accuracy fell. Using this framework, Li et al. (1999) were
able to improve predictions of disorder in proteins based on whether the disorder
was located near the C-terminus, N-terminus, or located internally.

Each of the PONDR predictors can be accessed at: http://www.pondr.com/.
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3.3.2 FoldIndex

FoldIndex is based on a predictor first described by Uversky et al. (2000). The
equation proposed included the mean net charge (I<R>l) and mean hydrophobicity
(<H>) based on the Kyte/Doolittle scale. Prilusky et al. (2005) rearranged Uversky’s
equation to give the FoldIndex equation:

I}” =2.785H-|R|-1.151.

Using this equation (the known boundary of disordered vs. ordered) and combining
a boundary created using the logical limits of the charge-hydropathy space
(IkR>I=1.125-1.125 <H>), an accessible area plot was created (Fig. 3.8).

A positive value represents a folded protein/domain where a negative value
represents an unfolded protein/domain. This predictor was tested on 39 reported
disordered proteins as well as 151 ordered proteins from the OCA Protein Data
Bank. FoldIndex correctly predicted the unfolded structure of the 39 unfolded pro-
tein set 77 % of the time; this success rate was higher than PONDR, DISOPRED,
and GlobPlot. When used to predict the 151 folded proteins, FoldIndex correctly
predicted the proteins 88 % of the time. This prediction was not as accurate as the other
methods used, however; DISOPRED (98 %), PONDR (93 %), and GlobPlot (99 %) all
outperformed FoldIndex in correctly predicting the folded proteins. A sample of
FoldIndex can be seen in Fig. 3.9.

The FoldIndex can be accessed at: http://bip.weizmann.ac.il/fldbin/findex.
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Fig. 3.8 Charge-hydropathy plot for ordered proteins (blue squares) and IDPs (red circles).
Available space for ordered proteins is shown in cyan; available space for IDPs are in pink
(Reproduced with permission, Uversky 2013b)
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Fig. 3.9 FoldIndex plotted for (a) Cat-muscle (M 1) pyruvate kinase which shows nearly no disor-
der and is folded (PDB-ID 1PKM; Swiss-Prot: P11979), (b) Human p53 tumor suppressor protein
has large regions of disorder with some folded regions (PDB-ID 1TSR; Swiss-Prot P04637), (c)
Chicken gizzard caldesmon is unfolded (Swiss-Prot 12957) (Reproduced with permission, Prilusky
et al. 2005)

3.3.3 DISOPRED?2

The DISOPRED?2 prediction method was designed by Ward et al. (2004) to analyze
genomes for disordered proteins and then investigate which processes were most
influenced by the presence of disordered proteins (Fig. 3.3). The accuracy of
DISOPRED? is largely due to the fact that it considers disorder promoting
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sequences, such as Pro-X-Pro-X-Pro or Lys-X-X-Lys-X-Lys, rather than amino
acid composition, hydrophobicity, or charges. The DISOPRED?2 system was used to
classify the proteome of representative genomes from eubacteria, archaea, and
eukaryotes (Chen et al. 2006; Pancsa and Tompa 2012). The increased abundance
of disorder in eukaryotic genomes was observed and discussed further in this paper.

3.3.4 DisEMBLE

The DisEMBLE prediction tool uses a combination of three main criteria to predict
disorder within a protein developed by Linding et al. (2003). The first is whether the
region is found in a loop or coil; these regions found in a loop or coil tend to be
disordered. The second is based on hot loops which use the C, temperature factors
(B factors) that predict high levels of mobility in the loop. The final factor is the
crystal structure located in PDB which has the restriction of having only published
structures along with many crystals using truncated versions of proteins due to flex-
ibility/disorder.

This composite prediction tool is able to predict >60 % of hot loops with a low
error rate. The DiSEMBLE predictor can be accessed at: http://dis.embl.de/.

3.3.5 GlobPlot

The GlobPlot disorder prediction is a propensity based tool. Linding et al. (2003)
developed an algorithm based on propensities of amino acids, called the Russell/
Linding propensities, to be in a globular or random coil/disordered state. The
GlobPlot algorithm initially correctly predicted the presence of disorder in all 20
selected proteins from the review paper by and compared favorably to other predic-
tors such as PONDR and SMART. The GlobPlot predictor can be accessed at: http://
globplot.embl.de/.

3.3.6 DisProt Database

A centrally compiled database of proteins with complete disorder along with pro-
teins with smaller sections of disorder was created in 2005 (Vucetic et al. 2005).
Included proteins are mainly identified by X-ray crystallography where regions
showing missing electron density along the backbone are further investigated
(Vucetic et al. 2005). Most proteins classified in DisProt have been analyzed by
multiple methods to confirm the disorder; these methods include NMR, CD spec-
troscopy, SAXS, protease digestion, and the hydrodynamic radii (Vucetic et al. 2005;
Sickmeier et al. 2007).
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The DisProt database works in tandem with other databases including PDB,
SWISS-PROT, TrEMBL, GenBank, and PIR by providing links to proteins found in
multiple databases (Vucetic et al. 2005). The description of the protein includes,
among other items, a description of the function, map of the disordered regions, and
analysis of the disordered regions (Sickmeier et al. 2007).

3.4 Classification and Examples of Intrinsically Disordered
Proteins

The number of proteins classified as IDPs has expanded considerably over the last
decade as more predictors have been developed. With more information being gath-
ered, classifications of the functional, structural, and regulatory roles of IDPs can be
made (Fig. 3.10). IDPs can be classified as falling into one of four general catego-
ries: entropic chains, protein modification, molecular assembly, and molecular rec-
ognition (Dunker et al. 2002). Further subdivisions can be created based on
mechanism, structure and targets. A brief overview of the function of each of the
four major classes is given below; a brief list of disordered proteins with their dis-
ordered regions is presented in Table 3.1. More extensive lists of IDPs along with
their detection method and function have also been described (Dunker et al. 2002;
Uversky 2002a, b; Sickmeier et al. 2007; Romero et al. 1998).

3.4.1 Entropic Chains

The functions of entropic chain IDPs rely directly on the flexible conformational
state and perform functions unable to be performed by a folded state (Dunker
et al. 2002; Tompa 2005). Entropic chains can function as springs, bristles and
spacers, linkers, clocks, and possibly more (Dunker et al. 2002; Uversky 2015b).
Some of the proteins falling into this category include titin (spring), K* channel
ball and chain (clock), fd pIII protein (linker), and neurofilament H (bristle)
(Dunker et al. 2002).

Entropic springs, such as titin, provide a structural support in which a PEVK-
enriched disordered region can help restore overstretched muscle cells (Trombitds
et al. 1998; Dunker et al. 2002). A flexible linker found in tripartite Tc toxin was
shown to exist as an entropic spring in its native state and aid in the insertion of the
toxin into the host membrane by contracting (Fig. 3.11) (Meusch et al. 2014).

Entropic clocks, such as the K* channel ball and chain, can use disorder to con-
trol entry to a channel in response to a stimulus like a voltage gradient (Antz et al.
1997; Dunker et al. 2001; Zandany et al. 2015).

Linkers are flexible regions of proteins, typically exposed, connecting domains.
These linkers are susceptible to protease digestion, suggesting the exposed nature of
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Fig. 3.10 (a) The general functional, structural, and regulatory roles of IDPs. (b) The entropic
roles and activities of IDPs based on disorder-to-ordered and ordered-to-disordered transitions
(Reproduced with permission, Uversky 2015b)

the region (Dunker et al. 2001). This flexibility allows for the reduced time necessary
to find the correct docking position and may act as a shock absorber and are more
likely to be found in proteins involved in transcription and cell signaling (Dunker
et al. 2001; Blackledge 2010).
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Table 3.1 A brief list of proteins predicted to contain Long Disordered Regions (LDR)
(Reproduced with permission, Romero et al. 1998)

Seq. Max | Disorder Avg.

SWID Protein description length |LDR | location strength

SANT_PLAFW s-Antigen-plasmodium 640 |576 | 51-627 0.99

SANT_PLAF7 s-Antigen-plasmodium 593 1490 | 68-557 0.93

VG48_HSVSA Hypothetical gene 48 protein 797 308 |413-720 0.96
from herpes virus saimiri

MLH_TETTH Micronuclear linker histone poly | 633|278 | 173-450 0.96
protein from tetrahymena

CYCLI_HUMAN | Human cyclin (fragment) 598 255 |238-492 0.98

NFH_MOUSE Neurofilament triplet h protein 1087 239 | 523-761 0.92

RTOA_DICIDI Slime mold rtoa protein 400 227 | 77-303 0.96

SR75_HUMAN Human pre-mRNA splicing 494|225 186410 0.96
factor, srp75

RPBI_CRIGR Chinese hamster DNA-directed 1970 221 | 1610-1830 | 0.98
RNA polymerase: largest subunit

LSTP_STAST Staphylococcus staphyloyticus 480 168 |56-223 0.92
lysostaphin precursor

YHFI_SALTY Salmonella typhimurium, 416 | 154 | 57-210 0.99
hypothetical protein (orf3)

T2FA_DROME Drosophila melanogaster 577 153 |246-398 0.97
transcription factor iif, a-subunit

H1_PEA Garden pea histone H1 265 152 100-252 0.97

110K_PLAKN Plasmodium knowlesi, 110 kD 296 | 148 | 135-283 0.91
antigen (fragment)

XYNA_RUMFL | Bifunctional endo-1,4 B-xylanase | 954 129 | 248-376 0.90
precursor from ruminoccus
flavefaciens

VIT2_CHICK Vitellogenin ii precursor from 1850 | 125 | 1142-1266 |0.96
chick

SNWA_DICIDI Snwa protein from slime mold 685 124 1 398-521 0.97

FHL1_YEAST Pre-RNA processing protein fhll | 936 | 123 | 800-923 0.95
from baker’s yeast

HYRI_CANAL Hyphally regulated protein from 937 121 | 621-741 0.93
Candida albicans (yeast)

ANKB_HUMAN | Ankyrin, brain variant 1 from 3924 1120 | 1778-1897 0.94

human

Entropic bristles offer structural support by occupying space and can produce an
entropically based repulsion when confined by another protein; binding rates can be
also controlled through the motion of the bristle (Fig. 3.12a) (Hoh 1998; Dunker
et al. 2001). Entropic bristle proteins like dehydrins have also been used as fusion
proteins to help solve solubility issues of recombinant proteins (Fig. 3.12b) by
increasing the net charge, decreasing the hydrophobic residue content, and having
larger excluded volumes (Santner et al. 2012).
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Fig. 3.11 (a) The structure of the TcA prepore shows a stretched entropic spring. (b) The pore
complex of TcA shows a contracted entropic spring (Reproduced with permission, Meusch et al.
2014)
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Fig. 3.12 (a) Schematic of an entropic bristles as a domain of a protein. Initially the bristle occupies
one conformation (arbitrary). Over the timescales of ps to ns, the bristle adopts many different con-
formations. At the ps timescales, the bristle will occupy all the possible conformations and is repre-
sented as a “fuzzy” region to illustrate all conformations (Reproduced with permission, Hoh 1998).
(b) Schematic representation of how entropic bristles can solve protein aggregation problems
(Reproduced with permission, Santner et al. 2012)
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3.4.2 Protein Modification

Protein sites subject to posttranslational modifications (PTM) such as phosphorylation
or protease cleavage are preferentially located in regions of disorder (Kriwacki
et al. 1996; Dunker et al. 2002; Iakoucheva et al. 2004). Phosphorylation has been
shown to be overrepresented in disordered regions (Iakoucheva et al. 2004; Gao
et al. 2010). In a study by Gao and Xu, they concluded that many of the PTM pref-
erentially occurred in regions of disorder, including: phospho-serine/-threonine/-
tyrosine, hydroxylation, sulfotyrosine, S-geranylgeranyl cysteine, deamidated
glutamine, 4-carboxyglutamate, 6’-bromotryptophan, and most of methylation
(Gao and Xu 2012). IDP functions can be tightly regulated by PTM; failures to do
so can cause misfolding, disruption of signaling pathways, or toxic buildup of the
proteins (Uversky et al. 2014).

3.4.3 Molecular Assembly

The primary benefit to IDPs, when assembling larger complexes, is the ability for
the proteins to overcome steric constraints and gain either local or global structure
upon binding (Tompa 2005; Uversky 2010). A more rigid ordered protein would not
be able to be assembled with other rigid proteins without some reorganization of
domain structure (Namba 2001). As complexes are assembled, disordered proteins
can start to form a loosely packed formation which can then range from wrapping
around the whole target or forming a more interweaved complex and then tighten to
form the final complex as proteins undergo a disordered-to-ordered transition
(Namba 2001; Dunker et al. 2002; Uversky 2010). One such example is the binding
of SNAP-25, which is initially disordered, to botulinum neurotoxin type A. The
SNAP-25, initially in a fully-disordered state, binds to the toxin at distant regions to
the active site and wraps around the protein (Washbourne et al. 1997; Breidenbach
and Brunger 2004). This example will be discussed in further detail in a later sec-
tion. Disordered proteins are associated in the assembly of ribosomes, the cytoskel-
eton, transcription pre-initiation complex, in chromatin, among others (Tompa
2005). Table 3.2 provides a summary of the types of IDP complexes formed with
examples for each (Uversky 2010).

3.4.4 Molecular Recognition

Molecular recognition IDPs can be classified as either effectors or scavengers
(Sickmeier et al. 2007). Effectors bind to their substrate or ligand using a disorder-
to-order transition while scavengers bind small molecules such as metals, also
through a disorder-to-order transition (Sickmeier et al. 2007). Cell signaling is the
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Fig. 3.13 An illustration
of the “fly casting”
mechanism. When a
protein approaches the
binding site from a
distance of R.,,, DNA in
this case, the IDP offers a
larger capture radius
compared to the folded
structure. The initial
contacts made by the IDP
are weak, but they allow
the protein to “reel” itself
into the binding site to
complete the process
(Reproduced with
permission, Shoemaker
et al. 2000)

one of the most common pathways reliant on many IDPs. The flexible nature of the
proteins allows for one-to-many signaling as well as many-to-one signaling using a
low affinity binding approach, well-suited for cell signaling (Sickmeier et al. 2007,
Dunker et al. 2002). The specific binding coupled with low affinity yields a rapid
association response (Fig. 3.13) to initiate the signaling/binding and then quickly
dissociate when finished (Babu et al. 2011).

3.5 Functional Impact of Intrinsically Disordered Proteins

Some proteins exist in their native state with varying degrees of disorder in their
structures. This disorder can either be global (molten globule, pre-molten globule)
or local and can play an important role in protein stability, inhibition, signaling, or
binding. These proteins can either maintain the disorder upon performing its func-
tion while some have been shown to become more ordered while performing its
specific function. Both forms of disorder have been shown to offer advantages over
a more rigid molecule.

Proteins involving disorder at some point during their lifespan can assist in over-
coming steric constraints more effectively than static structures due to the malleable
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nature of the disordered protein (Wright and Dyson 1999; Dunker et al. 2001). This
flexibility can help play a role in proteins associated with protein-protein binding,
protein-DNA binding, protein-RNA binding, cell-cycle control, cell signaling and
longevity of the proteins.

Structural flexibility can affect the rate of association and dissociation between
two partners, a necessity in regulatory systems such as transcription and translation
(Dyson and Wright 2005). The rate of association between disordered proteins with
a target would more typically be increased as a more flexible protein would be able
to initiate binding at more than one point through a series of low affinity binding sites,
unlike static structures (Wright and Dyson 1999; Dunker et al. 2002). A loosened,
flexible structure allows for binding with both high-specificity and low-affinity via a
“fly-casting mechanism” (Shoemaker et al. 2000; Tompa and Csermely 2004;
Sickmeier et al. 2007; Varadi et al. 2015). This “fly-casting mechanism” gives the
disordered protein a larger capture radius to make contact over several low-affinity
binding sites initially and then bind and fold simultaneous (Fig. 3.14). This may be a
significant improvement over a more static globular structure which would have a
higher affinity, yet a smaller capture radius (Shoemaker et al. 2000). Dissociation
rates could be controlled since the bound disordered protein, which could become
ordered upon binding, is bound using low-affinity contact points that can be reversed
through a conformational or environmental change.

Flexibility of the protein conformation has been shown to aid in both a one-to-many
and many-to-one binding approach between proteins and their targets (Sickmeier et al.
2007; Uversky 2013b; Varadi et al. 2015). Unbound proteins with high degrees of
flexibility can more easily adapt to a variety of binding partners to perform their function;
unbound ordered proteins with similar structures which can obtain flexibility upon bind-
ing can allow for several different proteins targeting the same binding partner (Wright
and Dyson 1999; Dunker and Obradovic 2001). Intrinsic plasticity is especially useful
for signaling and regulatory proteins which must recognize a range of sometimes
unrelated protein conformations, such as misfolded proteins.

On a per residue basis, IDPs have a higher interaction surface area compared to
more rigid counterparts (Uversky 2013b). By having a large exposed interface, IDPs
allow for a smaller required protein size to perform their specific function compared
to using a globular protein. Requiring a smaller protein to perform the necessary
functions is an energetic benefit to cells in terms of translation and transcription
(Gunasekaran et al. 2003).

In terms of the lifespan, disorder could play an important role in the longevity of
certain proteins. A more flexible protein is able to adapt many conformations would
help it bind to many cell surface molecules to gain entry or target several intracellular
binding partners, while potentially delaying degradation through an immune response
or ubiquitin tagging due to the flexibility (Uversky et al. 2014). In the case of cell-
signaling, a more rapid turnover of the proteins would be more advantageous to main-
tain the tightly regulated function and a highly exposed IDP would be an easier target
of proteolysis (Wright and Dyson 1999; Uversky 2013b). As mentioned before, the
smaller size of the disordered proteins could allow cells more freedom to degrade
IDPs involved in signaling with less of an energetic impact when more are needed.
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3.6 Physiological Implications of Intrinsically Disordered
Proteins

IDPs have been shown to be largely functionally associated with signaling and rec-
ognition pathways, cell-cycle regulation, and gene expression as described earlier.
These vital processes are also heavily linked to many types of cancers and disease
indicating a role of IDPs (Iakoucheva et al. 2002; Ward et al. 2004; Tompa 2005;
Uversky et al. 2014; Cabral et al. 2015; Singh et al. 2015; He et al. 2015; Wu et al.
2015). Disease proteins can be created through genetic mutations that change an
amino acid, truncating the protein, or expanding the protein through added amino
acids. Mutant proteins can become harmful to the cell if the native function is lost
through structural changes or altered binding regions, the ability to be degraded is
diminished causing an accumulation of the protein, or a detrimental protein function
is created. These mutations can then be potentially inherited by future generations
(Uversky et al. 2014).

3.6.1 Intrinsically Disordered Proteins in Neurodegenerative
Disorders

Many neurodegenerative diseases can be caused by the misfolding or aggregation
of proteins in cells. The involvement of IDPs in these disorders is more common
than folded proteins; many of the functional benefits of IDPs can also be the cause
of serious damage in cells if the proteins are not able to function properly (Uversky
2015a). The role of IDPs in neurodegenerative disorders is not surprising consider-
ing their implication in signaling pathways, regulation, recognition, and the ability
to control the activities of their binding partners in which their interactome is highly
extended. These processes can be interrupted after mutations to the IDPs or changes
to the environment causing a cascade of issues throughout the interactome of that
particular IDP (Uversky 2015a). A list of neurodegenerative diseases accompanied
by the involved proteins can be seen in Table 3.3 (Uversky 2015a). This table high-
lights the disordered nature of these proteins along with the extended network of
interactions they form.

3.6.2 Intrinsically Disordered Proteins in Cancers

The increased role of IDPs in many cell signaling pathways and as transcription
factors makes them an obvious candidate in many types of cancers. For cancers, a
study showed 79 % of cancer-associated proteins contained disordered regions of at
least 30 residues (Iakoucheva et al. 2002). Mutations to IDPs such as p53 and
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Table 3.3 A list of IDPs with their associated disease(s)

51

Protein (# of residues)

Disease(s)

Disorder by
prediction
(%)"

Number of
binding partners
on BioGrid®

AP (42)

Alzheimer’s disease

Dutch hereditary cerebral
hemorrhage with amyloidosis

Congophilic angiopathy

16.9 (28.6)

1975 (for the Ap
precursor
protein)

Tau (758)

Tauopathies

Alzheimer’s disease
Corticobasal degeneration
Pick’s disease

Progressive supranuclear palsy

77.6 (99.1)

73

Prion protein (231)

Prion diseases
Creutzfeld-Jacob disease
Gerstmann-Striussler-
Schneiker syndrome
Fatal familial insomnia
Kuru

Bovine spongiform
encephalopathy

Scrapie
Chronic wasting disease

55.8 (61.0)

60

a-Synuclein (140)

Synucleinopathies
Parkinson’s disease

Lewy body variant of
Alzheimer’s disease

90.7 (37.1)

416

Diffuse Lewy body disease
Dementia with Lewy bodies
Multiple system atrophy
Neurodegeneration with brain
iron accumulation type I

B-Synuclein (134)

Parkinson’s disease
Diffuse Lewy body disease

87.3(52.2)

16

y-Synuclein (127)

Parkinson’s disease
Diffuse Lewy body disease

100 (56.8)

26

TDP43 (414)

Amyotrophic lateral sclerosis
and frontotemporal lobar
degeneration

57.3(35.8)

286

FUS (526)

Amyotrophic lateral sclerosis

90.7 (72.6)

105

Huntingtin (3144; polyQ
tract: 16-37 Qs in norm; >38
Qs in pathology)

Huntington’s disease

35.5(30.4)

193

DRPLA protein (1185; polyQ
tract: 7-23 Qs in norm; 49-75
Qs in pathology)

Hereditary dentatorubral-
pallidoluysian atrophy

89.5 (84.2)

98

(continued)
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Table 3.3 (continued)

Disorder by | Number of
prediction | binding partners

Protein (# of residues) Disease(s) (%)* on BioGrid®
Androgen receptor (919; Kennedy’s disease or 53.9 (46.7) 219
polyQ tract: 15-31 Qs in X-linked spinal and bulbar

norm; 41-81 Qs in pathology) | muscular atrophy

Ataxin-1 (816; polyQ tract: Spinocerebellar ataxia 1 76.6 (73.4) | 254
6-39 Qs innorm; 41-81 Qs | Neuronal intranuclear

in pathology) inclusion disease

Ataxin-2 (1312; polyQ tract: | Spinocerebellar ataxia 2 93.8 (76.9) 44
22-31 Qs in norm; >32 Qs in

pathology)

Ataxin-3 (376; polyQ tract: Spinocerebellar ataxia 3 52.1(47.1) |76
12-40 Qs in norm; 55-84 Qs

in pathology)

P/Q-type calcium channel Spinocerebellar ataxia 6 53.0 (49.3) |94

alA subunit (2505; polyQ
tract: 4-16 Qs in norm; 21-28
Qs in pathology)

Ataxin-7 (892; polyQ tract: Spinocerebellar ataxia 7 89.5(70.2) |83
4-35 glutamines in norm;
36-306 glutamines in
pathology)
TATA-box-binding protein Spinocerebellar ataxia 17 53.9 (52.5) | 145
(339; polyQ tract: 2542
glutamines in norm; >42
glutamines in pathology)

Glial fibrillary acidic protein | Alexander’s disease 82.4 (68.5) |33
(1493)

DNA excision repair protein | Cockayne syndrome 56.8 (47.8) |40
ERCC-6 (1493)

Survival motor neuron protein | Spinal muscular atrophy 69.7 (60.2) | 186
(294)

Reproduced with permission, Uversky (2015a)

“Disorder was predicted by two predictors, PONDR® VSL2 and VLXT (given in parenthesis),
respectively. PONDR® VSL2 was chosen because of its high accuracy, whereas PONDR® VLXT
was chosen because this predictor was shown to be very sensitive for the presence of molecular
recognition features, which are disordered polypeptide segments that are predicted to acquire
secondary structure upon forming complexes with binding partners

“Interactivity of neurodegeneration-related proteins was evaluated by BioGrid

BRCAL (breast cancer type 1 susceptibility protein) are associated with most types
of cancers due to the large signaling network, especially with transcription factors
controlling cell cycle regulation and apoptosis (Uversky et al. 2008; Uversky et al.
2014). In the case of p53, approximately 70 % of the interactions are mediated by
the IDR located within the protein while most of the 50+ interactions of BRCA1
occur at the disordered regions (79 % disorder in BRCA1).
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3.6.3 Intrinsically Disordered Proteins as Drug Targets

IDPs are an interesting target for therapeutics because of their overrepresentation in
cell signaling pathways and disease (cancer, neurodegenerative, cardiovascular,
diabetes) (Iakoucheva et al. 2002; Metallo 2010; Babu et al. 2011; Uversky 2015a).
Targeting IDPs offers distinct advantages over targeting ordered proteins because of
the increased surface and interface areas per residue which acts more dynamically
than ordered proteins (Dunker and Uversky 2010; Wang et al. 2011; Zhang et al.
2015). However, as of now, only a few studies have been successful in inhibiting
IDPs (Chéne 2003; Srinivasan et al. 2004; Erkizan et al. 2009; Hammoudeh et al.
2009; Sievers et al. 2011; Yuzwa et al. 2008; Zhang et al. 2015).

Disrupting the binding of an IDP to its target can be accomplished in several
ways with small molecules to decrease the bioavailability: bind to the interface of
the IDP binding target (IDP involved drug development), bind to the disordered
region of the IDP to prevent binding (IDP targeted drug development), or, in the
case of IDPs which gain structure before binding, prevent that refolding and there-
fore binding (IDP targeted drug development) (Chéne 2003; Babu et al. 2011;
Zhang et al. 2015). Decreasing the bioavailability of the IDPs has been shown to be
a viable target using regulatory enzymes which post-translationally modify IDPs
(Yuzwa et al. 2008; Powers et al. 2009; Puca et al. 2010; Babu et al. 2011).

There is hope that IDPs are a more viable druggable target than ordered proteins
and studies have shown some success, as summarized in Table 3.4. This was char-
acterized by showing an average probability of predicted druggable cavities in
IDPs was 9 % compared to 5 % in ordered proteins (Zhang et al. 2015). With IDP
targeted/involved drug development in the early stages, there are still significant
issues. Unlike drug development using ordered proteins, which has well estab-
lished strategies, IDPs pose challenges due to the lack of a defined 3D structure
and dynamic flexibility (Dunker and Uversky 2010; Zhang et al. 2015). Novel
approaches to these issues will be needed to take full advantage of the potential
IDP drug targets.

3.7 Toxins as Intrinsically Disordered Proteins

3.7.1 Botulinum Neurotoxin

Botulinum neurotoxin (BoNT) is a member of a family of clostridial neurotoxins
(CNTs) and is the most toxic substance known with a mouse LDs, on the order of
107" ng/kg body weight (Montecucco and Schiavo 1993; Cai et al. 1999, 2006;
Schiavo et al. 2000; Binz et al. 2010). BoNTs are produced by the anaerobic,
Gram-positive, spore forming Clostridium bacteria and include seven serotypes
labeled as A—G which contain exclusive immunological properties and similar



54

3 Relevance of Intrinsic Disorder in Protein Structure and Function

Table 3.4 Examples of IDP drug targets with their therapeutic importance

Drug target | Therapeutic importance Inhibitor Inhibitor target
p53-MDM?2 | p53 is the most commonly mutated Nutlin Ordered partner
gene in human cancer. Activating the
p53 pathway would be an important
therapeutic solution
c-Myc-Max | C-Myc is a deregulated transcription Peptidomimetic IDP
factor associated with human cancers inhibitors
10058-F4 and IDP
10074-G5
EWS-Flil EWS-Flil is an oncogenic fusion YK-4-279 IDP
protein involved in Ewing’s sarcoma
family tumors
AF9-AF4 AF9 is a mixed lineage leukemia Peptide PFWT IDP
(MLL) fusion protein causing Non-peptide IDP
oncogenic transformation of compounds
hematopoietic cells. The AF4 target is
the most common fusion protein in
acute leukemia
PTP1B PTBIB is a negative regulator of MSI-1436 Disordered
insulin and leptin signaling and a terminus
therapeutic target of diabetes, obesity,
and breast cancer
Aggregating | Involved in neurodegenerative Molecular tweezers | IDP
IDPs diseases such as Alzheimer’s disease, Non-natural Amyloid form
Down’s syndrome, Parkinson’s amino-acid peptide | of IDP
disease, and prion diseases D-TLKIVW
ELN484228 IDP

Reproduced with permission, Zhang et al. (2015)

pharmacological properties (Harvey et al. 2002; Sharma and Singh 2004; Fujinaga
et al. 2004). Each of these serotypes causes botulism; the result of intoxication is
flaccid muscle paralysis by blocking the release of acetylcholine at neuromuscular
junctions (Singh 2000).

BoNTs consist of a 50 kDa light chain (LC) and a 100 kDa heavy chain (HC)
linked through a disulfide bond (Montecucco and Schiavo 1995). Upon binding
specifically to presynaptic nerve membrane, BoNT is internalized through endocy-
tosis, and the LC is translocated through a membrane pore formed by the transloca-
tion domain (TD) of the HC (Li and Singh 2000). The LC acts as an endopeptidase
with remarkable substrate specificity requiring a substantially long peptide
sequence of up to 50 amino acids, depending on the serotype (Segelke et al. 2004).
This is unique to BoNTs as other microbial metalloproteases can recognize
sequences as short as a dipeptide (Silvaggi et al. 2007). Serotype A cleaves SNAP-
25 (25-kDa synaptosome associated protein) and the light chain of BoNT/A will
be examined in this paper (Li and Singh 1999; Kukreja and Singh 2007; Barash
and Arnon 2013).
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3.7.1.1 BoNT LGC:s as Intrinsically Disordered Proteins

Based on disorder predictors such as PONDR (XL1-XT; PONDR score of >0.5 is
considered disordered) and FoldIndex, the BoONT LC, types A, B, and E, do show
regions of disorder (Figs. 3.14 and 3.15) with up to 46 % predicted in the case of
LCE. The LC fragment of BoNT/A (LCA) and BoNT/B (LCB) both exists in a
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Fig. 3.15 FoldIndex analysis of botulinum neurotoxin light chains for (a) BoNT/A LC, (b)
BoNT/B LC, and (¢) BoONT/E LC
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molten-globule-like state called the pre-imminent molten globule enzyme confor-
mation (PRIME) at 37 °C as well as a molten globule between 50 and 53 °C for
LCA and at 47 °C for LCB (Kukreja and Singh 2005; Kumar et al. 2014).

CD spectroscopy initially characterized the LCA, LCB, and LCE over tempera-
ture where the Ty for the secondary structure was 48 °C, 52 °C, and 54 °C respec-
tively; the tertiary structure melting temperatures of LCA, LCB, and LCE were
47 °C respectively (Kukreja and Singh 2005; Kumar et al. 2014). This allows for a
small window where there is still secondary structure present while the tertiary struc-
ture has collapsed for each LC. At 37 °C, both LCA and LCB exhibit an intermedi-
ate state where the secondary structure is very similar to the native state and the
tertiary structure is still largely present, however, is less compact allowing for
greater conformational flexibility.

ANS binding of LCA, LCB, and LCE were observed over temperature with the
highest ANS binding found at 50 °C, 47 °C, and 47 °C, respectively, and indicates
the proteins existing in a molten globule state (Kumar et al. 2014). In the case of
LCA and LCB, there is a small deviation in the ANS binding trend observed at
37 °C which could represent a unique conformation formed in which the tertiary
structure is loosened with the secondary structure remaining in-tact. Interestingly,
this correlates with both the biologically relevant temperature of the LC and the
temperature of optimum activity (Kukreja and Singh 2005; Kumar et al. 2014).

The use of UV/Vis spectroscopy and fluorescence also indicated the presence of a
molten globule structure and PRIME structure in the case of LCA and LCB. The a/b
ratios of LCA and LCB both showed an intermediate at 37 °C, indicative of increased
Tyr exposure (Kukreja and Singh 2005; Kumar et al. 2014). This increase in Tyr expo-
sure is evidence of a refolding of the tertiary structure as the temperature is raised to
the biologically relevant temperature. The fluorescence emission spectrum of LCA
becomes red-shifted as temperature is increased; at 20 °C the emission is 318 nm and
shifts to 329 nm at 60 °C. This shift in emission is characteristic of the Trp becoming
more exposed to a polar environment.

The LCA was also characterized under different pH conditions which showed
the formation of a molten globule conformation (Cai et al. 2006). The secondary
structure of LCA remained unchanged when pH was 4.5, 5.0, 5.5, and 7.0. The Trp
lifetime was longer as pH decreased which suggests a loosely packed tertiary struc-
ture with a high amount of secondary structure. ANS binding was higher at pH 4.7
compared to pH 7.0 (Li and Singh 2000) while there was a sharp increase observed
between pH 5.5 to pH 5.0 (Cai et al. 2006). These observations indicated a molten
globule is formed at low pH. This conformation change was also observed using
anisotropy; anisotropy indicates an elongated shape at lower pH which may play a
significant role the translocation of LCA across the membrane.

Along with a globally loosened structure at the physiological temperature, the
BoNT/A LC has a highly flexible C-terminus loop spanning the final 24 residues
which has prevented researchers from crystalizing the full-length LC (Mizanur
et al. 2013). In place of the full-length LC, crystal structures have been solved for
truncated versions of the LC including a 424-residue LC (PDB ID: 2IMC; Silvaggi
et al. 2007), a 424-residue LC with a small SNAP-25 peptide (PDB ID: 3DDA;
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Kumaran et al. 2008), and a 424-residue LC bound with the sn2 domain of SNAP-
25 (PDB ID: 1XTG; Breidenbach and Brunger 2004) among many others. Since
BoNT proteins recognize the tertiary structure of their respective substrate and due
to this not only binding is affected with respect to size of substrate or enzyme,
endopeptidase activity is also severely affected (Baldwin et al. 2004).

According to theoretical predictions, BONT LCs (types A, B, and E) have signifi-
cant amount of disorder present in their structure (Figs. 3.14 and 3.15). The solution
structures of LCA and LCB at 25 °C appear to be ordered, but the optimally active
conformations at 37 °C appear to be less ordered or partially disorder, known as the
PRIME conformation (Kukreja and Singh 2005; Kumar et al. 2014). LCE did not
clearly show the presence of a PRIME conformation, however, it exists in a molten
globule conformation at 47 °C and is optimally active at that temperature with its
full-length substrate (Kumar et al. 2014). Above observations indicated the presence
of intrinsically disordered conformation in BoNT LCs, which is in accordance with
their requirement of long substrate.

3.7.1.2 BoNT/A as a Molten Globule

In its optimally active form, the BoN'T/A holotoxin and the BoNT/A endopeptidase
have been shown to exist as molten globule structures (Cai et al. 1999; Kukreja and
Singh 2005). The critical factor for the molten globule structure for the holotoxin is
the reduction of the disulfide bond between the heavy chain (HC) and the light chain
(LC), while pH and temperature are responsible for the molten globule structure of
the LC.

In a study done by Cai and Singh (2001), BoNT/A was shown to exist in a molten
globule structure when the disulfide bond between the HC and LC was reduced,
however, when this bond was intact, the toxin remained in a folded form. The non-
reduced form of BoNT/A showed no structural differences based on far- and near-
UV CD between 20 and 37 °C and had a Ty of 53 °C for both the secondary and
tertiary structure which showed a cooperative unfolding. This is a distinct difference
from the reduced BoN'T/A as the reduced toxin loses almost all tertiary structure by
37 °C (Ty of 35 °C) with only small amount of secondary structure lost (Ty of
44 °C), each with a non-cooperative unfolding pattern. This 9 °C difference in the
Ty of the secondary and tertiary structure allows for a significantly loosened struc-
ture with a high degree of flexibility.

The state of the hydrophobic structure was monitored using ANS binding. An
ANS binding ratio for both the non-reduced and reduced toxin was first calculated
in which the reduced form could bind 110 molecules of ANS while the non-reduced
sample could only bind 50 molecules. The non-reduced toxin showed peak ANS
binding at 53 °C where there is almost no secondary or tertiary structure which is
typical for a non-molten globule protein. The reduced toxin showed highest levels
of ANS binding at 35-37 °C, a temperature which coincided with a lack of tertiary
structure but the presence of a high amount of the secondary structure, typical of a
protein with a molten globule type conformation.
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This molten globule structure found for the reduced toxin around 35-37 °C also
showed maximum activity with the full-length SNAP-25 substrate (tagged with
GST). This molten globule structure may facilitate in the binding of SNAP-25 as
this process is very selective. Assuming the BoNT molecule remains in a molten
globule state upon substrate binding, a maximally active molten globule is unique to
BoNT and other proteins have yet been discovered with this feature; however, one
alternative explanation is BoNT undergoing a disorder-to-order transition upon
binding of SNAP-25 and returning to a molten globule state once in its unbound
state. In either case, the BONT molecule relies on disorder for its activity.

3.7.1.3 Longevity of BoNT Intoxication

One of the most unusual characteristics of BoNT is the longevity of action on cells
which is one of the features that has made it such a versatile therapeutic. Each sero-
type shows a varying lifetime of action with BoNT/A having the longest duration in
humans (typically 3—6 months but up to 1 year for some conditions) (Scott 2004;
Blumenfeld et al. 2004; Glogau 2004). While BoNT/B and /E show considerably
shorter lifetimes than BoNT/A they remain very potent and can survive for weeks to
months with type E showing the shortest lifetime among the three types mentioned
(Foran et al. 2003). Since each serotype has been shown to have a flexible structure
(PRIME structure for LCA and LCB; optimally active molten globule for LCE) and
the enzymes having a prolonged lifetime of action, the question of whether their
flexible nature is responsible for this longevity arises.

As discussed earlier, a more flexible protein would increase its survival in cells
by delaying degradation (Uversky et al. 2014). Some of the proposed mechanisms
for BoNT survival include Tyr-phosphorylation (Ferrer-Montiel et al. 1996),
increased resistance to ubiquitination (Raiborg and Stenmark 2009), palmitoylation
of cysteine residues (Montal 2010), and S-nitrosylation (Montal 2010). Each of
these pathways may be affected by the varying flexibility of the LCs and the longev-
ity differences between serotypes may be due to those differences.

3.7.2 Other Toxins as IDPs and the Importance of Disorder
in Their Biological Function

The DisProt database is currently made up of nearly 700 proteins; at least 14 of
those are toxins, or toxin associated proteins (Table 3.5). Other protein toxins,
including BoNT/A, BoNT/B, BoNT/E, tetanus toxin, diphtheria toxin, and anthrax
lethal factor, were analyzed using PONDR (XLI1-XT) and showed significant
amounts of disorder (Fig. 3.16). With such wide ranging advantages of disorder in
the proteome, toxins would also benefit from IDRs. Many toxins function by
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toxin (21.43 %), (e) Diphtheria toxin (37.20 %), and (f) Anthrax lethal factor (53.35 %)

disrupting cell processes with the end results often times being cell or organism
death. Obviously, cells would try to prevent damage from foreign toxins which
would then force toxins to find ways around the cell protection.

A more flexible toxin able to adapt many conformations increases its chances to
bind to cell surface molecules to gain entry past the first line of defense for cells, the
plasma membrane (PM) (Uversky et al. 2014). Once bound to a receptor on the PM
or endosome, many toxins, both ordered and disordered, have mechanisms of trans-
locating through the PM; some of these toxins use disordered regions to assist in
their translocation, such as colicin-E9 and colicin-N.

Once inside the cells, disorder gives proteins the freedom to adopt many different
conformations which could give toxins an advantage in selectively recognizing sub-
strates. Flexible toxins could more readily identify and optimize binding to cellular
targets using this disorder. Long-lasting toxins, such as BoNT, could be explained by
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the flexible nature of the proteins. Toxins could delay degradation through an immune
response or change in ubiquitin tagging due to the flexible nature (Uversky et al. 2014).

3.8 Conclusions

Intrinsic disorder in proteins is a relatively recently discovered field of protein
structure research that has reshaped the way researchers view the structure-function
relationship of proteins. The number of articles on this topic has continued to grow
since the first papers were published in the early-1980s, and the topic was largely
unrecognized until the mid-1990s (Sickmeier et al. 2007; Wright and Dyson 2015).
Prediction tools developed have enhanced the discovery of disorder within proteins
by providing convenient methods to study a large number of proteins in shorter
periods of time. By first predicting the disorder, a more targeted approach to exam-
ining the disorder with experiments can be developed.

Continued technical advances in both experimental techniques and predictors
have allowed for further progress in understanding the mechanisms behind IDPs.
The limitations of techniques such as X-ray crystallography with IDPs hinder the
characterization of proteins with larger amounts of disorder. NMR and fluorescence
based techniques offer great hope in furthering the understanding of this class of
proteins and improvements to these techniques have allowed for increased sensitiv-
ity, larger proteins to be studied, and characterization in natural cellular systems
(Berlow et al. 2015; Wright and Dyson 2015). A further understanding of the mech-
anisms behind IDPs will offer great insight into protein folding, protein binding/
interactions, cell signaling, and other cellular processes with IDPs now clearly play-
ing a vital role in the proteome.

As more studies are performed it has become clear that IDPs are heavily involved
in important cellular processes such as signaling and recognition pathways, cell-cycle
regulation, and gene expression. The flexible nature of these proteins allow for regula-
tion of association/dissociation constants, life cycle of the protein, and provide a mech-
anism for both many-to-one and one-to-many binding. Due to the cellular dependence
on these proteins, many diseases are also involved with IDPs making IDPs an interest-
ing target for therapeutics (Berlow et al. 2015; Wright and Dyson 2015).

The relationships between complexity and amount of IDPs in the organism cou-
pled with structural flexibility associated with IDPs qualify this class of proteins a
better candidate for evolutionary studies. IDPs in the primordial world may have
offered an evolutionary advantage to organisms because of their versatility
(Vamvaca et al. 2004); a more versatile protein would favor organisms by decreas-
ing the necessary genomic size and energy costs needed to produce the proteins
needed to survive. These proteins can be used as a model for evolutionary theory,
which fulfils the requirement of adaptability and natural selection. Careful study of
this class of proteins can provide us a better evolutionary theory and possibly be
used as therapeutic starting points where these flexible proteins can be altered to
better solve current catalytic needs.
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4.1 Introduction

Molten globule (MG) states are characterized by the presence of significant amount
of native secondary structure and compactness in overall protein structure (Dolgikh
et al. 1981; Ohgushi and Wada 1983, 1984; Bychkova et al. 1988). Molten globules
(MGs) also known as partially denatured states, lack rigid tertiary structure and pos-
sess loosely packed hydrophobic core with higher accessibility of hydrophobic sur-
face area to solvent, as demonstrated in earlier reports utilizing different biophysical
techniques such as microcalorimetry, circular dichroism (CD), fluorescence (polar-
ization and lifetime measurements), nuclear magnetic resonance (NMR), deuterium
exchange mass spectroscopy, and others (Dolgikh et al. 1985; Gil’manshin and
Ptitsyn 1987; Semisotnov et al. 1987) for the study of MG structure. MGs are either
defined as equilibrium state or as kinetic intermediates (Gil’manshin and Ptitsyn
1987; Bychkova et al. 1988), observed during the unfolding transition of protein
structure. The equilibrium MG state is either observed at an acidic pH (~3.6), an
alkaline pH or at an intermediate concentration of a strong denaturant such as ~2 M
guanidinium chloride, where the MG state is stably populated. The examples
include bovine carbonic anhydrase (BCA) (Wong and Tanford 1973; Henkens et al.
1982; Dolgikh et al. 1983; Ptitsyn et al. 1983), alpha-lactalbumin (Dolgikh et al.
1981; Gil’manshin et al. 1982), bovine pancreatic ribonuclease A (Denton et al.
1982), cytochrome ¢ (Ohgushi and Wada 1983; Naeem and Khan 2004), and apo-
myoglobin (Eliezer et al. 1997). In the case of globular proteins (such as cytochrome
¢ and apomyoglobulin), where alkaline or acidic environment induced denaturation
leads to the substantial formation of unfolded state without the formation of
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intermediate, the salt-induced refolding from the unfolded state is known to cause
the formation of equilibrium intermediate MG state. Alcohol, sodium dodecyl sul-
fate (SDS), hydrostatic pressure, and weak salt denaturants are some of the other
agents which are known to cause the formation of the MG state (Iram and Naeem
2012; Marion et al. 2015; Rahaman et al. 2015). Proteins which do not demonstrate
equilibrium MG state are commonly known to unfold as a kinetic intermediate
(Dolgikh et al. 1984; Kuwajima et al. 1985; Gil’'manshin and Ptitsyn 1987,
Semisotnov et al. 1987; Craig et al. 1987; Chen et al. 2008; Nishimura et al. 2008).
Examples include the states of proteins which are trapped by chaperones right after
their biosynthesis or before they become fully folded (Ptitsyn et al. 1995; Bychkova
and Ptitsyn 1993; Bychkova et al. 1988) and the intermediates that are produced as
a result of point mutations eventually preventing polypeptides from complete fold-
ing (Ptitsyn et al. 1995; Bychkova and Ptitsyn 1995).

The ability of the MG state to retain the memory of its native structure makes
it suitable for existence in the constantly changing living cell environment. The
progress made in recent years for a better understanding of MG states has enabled
scientists to establish the role of these structures in biological processes. The
establishment of the cellular role was first suggested by the group of Ptitsyn in
1988 (Bychkova et al. 1988). The study became a paradigm for the establishment
of functional roles for MG states at the cellular level. Examples of biological
functions of the MG state includes, the recognition of proteins by chaperones
(Martin et al. 1991; van der Vies et al. 1992), to facilitate release or interaction of
protein ligands (Bychkova et al. 1992; Uversky and Narizhneva 1998; Uversky
2003), involvement in the interaction or penetration of proteins into cell mem-
branes or organelles (van der Goot et al. 1991, 1992; Bychkova et al. 1996), the
transfer of retinal from its bloodstream carrier to the cell-surface receptor
(Bychkova et al. 1992, 1998), and the pore-forming domains of toxins or proteins
that act as carriers of large hydrophobic ligands which form MG states to fulfill
their functions (Bychkova and Ptitsyn 1993; Ptitsyn 1995; Uversky and Dunker
2010). The present chapter enlists details about the roles of the MG state in the
biological processes. The physiological roles of MG structures can be divided
into five major groups— (1) functional native molten globule, (2) role in cellular
processes, (3) enzymatic activity, (4) translocation of toxins/proteins across the
membranes, and (5) genetic diseases (Fig. 4.1). The understanding of the func-
tions of MGs in biological processes is of utmost importance in order to study the
relevance of structure—function relationship of MGs in the physiological system.
The study of MGs act as a bridge between the biophysical (structural) and bio-
logical sciences in order to understand many unexplained mechanisms of cellular
processes as well as of diseases. Overall, the present chapter will help in the
understanding of two important aspects of protein chemistry —(1) the structural
and mechanistic role of the MG state in protein folding, and (2) the impact of the
MG conformation in the mechanism of action of proteins/toxins in the cellular
environment.
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Fig. 4.1 Schematics of MG and its functions

4.2 Functional Native MG

There are certain proteins which are known to possess domains in their native struc-
ture that exist in the MG state. The examples of such proteins include clusterin, the
nuclear co-activator binding domain (NCBD) of cyclic adenosine monophosphate
(cAMP)-responsive element-binding protein (CREB), toxoplasma P2, a ribosomal
protein produced by Toxoplasma gondii, and nucleosome core particle.

4.2.1 Clusterin

Clusterin is a multifunctional glycoprotein that constitutes a native molten globular
region and an ordered domain. Clusterin, also known as sulfated glycoprotein-2,
was first found as a component of secretion from Sertoli cells (Sertoli 1865). These
cells are found in close association with developing germ cells within the testis.
Sertoli cells are known to nurse the germ cells by providing nutrients and regulatory
factors (Griswold 1995). Clusterin function is similar to small heat shock chaperone
proteins, that binds to misfolded or stressed proteins to prevent stress-induced
aggregation or keep them in a certain folded state which is suitable for binding to
other proteins (Poon et al. 2000; Trougakos and Gonos 2006). Clusterin exists in
both intracellular and extracellular chaperone forms, with the latter one being better
understood (Trougakos and Gonos 2006).

The structural characterization of clusterin has been unsuccessful owing to its
property of aggregation and sticking to hydrophobic surfaces. However, such prop-
erties also indicate towards the existence of molten globular domain in the native
structure of clusterin. The currently known structure of clusterin is based on
computational modeling. The mature secreted clusterin (rat) protein consists of two
subunits, a (34 kDa) and p (47 kDa), linked via five disulfide bonds (Bailey et al.
2001) (Fig. 4.2). There are six N-linked glycosylation sites unevenly distributed
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Fig. 4.2 Schematic representation of processes leading to the formation of clusterin MG structure
and its functions. The black triangles denote N-glycosylation, s---s—disulfide bond, blue arrows—
trypsin cleavage site, red boxes— putative amphipathic helix and blue boxes— predicted disordered
regions. ‘*’ denotes resistant trypsin digestion site within the predicted disordered region in ANS-
bound clusterin. The clusterin (rat) structure is based on the predictions and experiments con-
ducted by Bailey et al. (2001). Clusterin scaffold in the center is indicated by a blue circle including
disulfide bond sites and N-glycosylation sites. The four arms are represented by four black arrows
directing outward from the scaffold including disordered and ordered structures. The disordered
clusterin structure with amphiphilic regions forms the MG structure which helps in binding to vari-
ous ligands to exert its functions (Reproduced with permission, Bailey et al. 2001)

among the two subunits. Bailey et al. (2001) performed sequence analysis experi-
ment for disordered structure prediction that showed the presence of a MG like
structure in the three long disordered regions. The N-terminus of -subunit shows
the presence of longest disordered region and the C-terminus of a-subunit shows the
next longest region (Fig. 4.2). The disordered and ordered regions exist in opposite
order to each other in the two subunits, providing polarity of disorder and order
structure. The disordered clusterin regions were found to be highly conserved
among rat, bovine, and human species. The amphipathic alpha-helices present in the
long, flexible regions of both the subunits provide multiple dynamic binding sites
for amphipathic ligands. The disordered regions were also demonstrated to contain
~80 % of the active trypsin digestion sites, indicating towards the possibility of the
existence of a MG like conformation in the predicted disordered structure. Clusterin
is known to bind to various ligands, such as proteins, lipids, and peptides. Its prop-
erty of binding to 8-anilinonaphthalene-1-sulfonic acid (ANS), a commonly used
hydrophobic probe was effective in conducting binding studies. The effect of urea
denaturation on the clusterin-ANS binding was studied by titrating clusterin-ANS
complex against increasing concentration of urea (Bailey et al. 2001). The urea
titration of ANS fluorescence showed unfolding at a lower urea concentration along
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with the absence of typical sigmoidal curve or cooperativity, which are the typical
characteristics of MG protein (Yang et al. 2001). The results further strengthened
the hypothesis of the existence of MG structure in the predicted disordered regions,
when compared to other MG proteins (apomyoglobin, and alpha-lactalbumin). In
addition, the ANS-bound clusterin also showed protection of one trypsin digestion
site within the predicted disordered region, indicated by ‘*’ in the Fig. 4.2. The find-
ings of this study strongly suggest the presence of a MG state in the ANS binding
region of clusterin. As shown in the Fig. 4.2, most of the N-terminal glycosylation
sites are present within or close to the disulfide bonds, indicating the formation of
a clusterin scaffold in the middle, along with negatively charged carbohydrates
localized within the scaffold and the ordered as well as disordered structures with
amphiphilic helices extending outward from the scaffold as arms. The amphiphilic
helices present on the arms interact with each form to form an antiparallel four-
helix bundle.

The clusterin requires binding to a variety of hydrophobic ligands (of different
sizes and shapes) for the exertion of its functions such as clearing of cell debris,
which could be possible due to the presence of various amphipathic alpha-helices in
its structure (Tsuruta et al. 1990; de Silva et al. 1990). However, the structure should
also be flexible or at least possess few dynamic sites required for binding to various
ligands. Bailey et al. (2001) have also demonstrated the function of clusterin as a
proteinaceous detergent (shown by its ability to dissolve bacteriorhodopsin) that has
been proposed to help in binding to or maintaining solubility of various hydropho-
bic complexes and denatured proteins required for the tissue remodeling process
(Bailey and Griswold 1999). Overall, the above-mentioned studies suggests that the
natively disordered regions along with amphiphilic helices in clusterin could form a
flexible MG binding state that could aid in its binding to a variety of ligands, which
could help in execution of its diverse cellular functions such as cell remodeling in
sperm maturation, building projections from the cell bodies in brain, lipid transport,
removal of apoptotic debris, and protective effect against cellular stresses (Bailey
and Griswold 1999; Dunker et al. 2001; Bailey et al. 2001).

Another vital function of clusterin is to act as a chaperone, which has been
demonstrated by: (1) inhibition of the stress-induced (heat or reduction) irreversible
precipitation of different proteins or substrates (for example, undiluted human
serum) under in vitro as well as in-vivo conditions (Humphreys et al. 1999; Poon
et al. 2000; Rosenberg et al. 2002) and (2) binding to stressed proteins for formation
of solubilized and stable high molecular weight complexes involving an adenosine
triphosphate (ATP)-independent mechanism (Poon et al. 2000). This process
helps in creating a reservoir of inactive but stable protein complexes which can be
later utilized by ATP-dependent chaperones to retrieve functional proteins (Poon
et al. 2000). Generally, an elevated temperature is known to increase chaperone
activity of the intracellular small heat shock proteins (iHSPs) proteins. For example,
mammalian aA-crystallin and yeast HSP26 (form non-aggregated dimeric forms
from the oligomeric structure at elevated temperature) (Bova et al. 1997; Haslbeck
et al. 1999). However, the increased temperature showed either no effect on disso-
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Fig. 4.3 Schematic representation of the chaperone action of clusterin. The native proteins such
as lysozyme, BSA or GST at low pH conditions undergo unfolding transitions by forming interme-
diate ordered (MG1 or I1) and disordered (MG?2 or 12) states. The active heterodimeric clusterin
produced as a result of low pH exposure forms a complex with MG2 or 12 state of native protein
to inhibit its aggregation and further stabilizes the protein by forming high molecular weight com-
plex (Reproduced with permission, Poon et al. 2002a, b)

ciation of clusterin heterogeneous aggregates or very little effect on chaperone
activity of clusterin (Poon et al. 2002b). Poon et al. (2002b) showed that the chap-
erone action of clusterin increases at mildly acidic pH by using CD and bis-ANS
binding experiments. Interestingly, clusterin is the only known chaperone to increase
its activity under acidic pH conditions. According to the mechanism proposed by
Poon et al. (2002a) the acidic pH leads to the unfolding of the native protein (stressed
proteins such as, lysozyme, bovine serum albumin (BSA), and glutathione-S-trans-
ferase (GST)) and hence adopting series of intermediates (MG1/11 and MG2/12) as
MG state in the proteins (Fig. 4.3). Once the intermediate state exposes enough
hydrophobic regions it forms aggregates and enters the irreversible aggregation
form by following the slow off-folding pathway. The role of the chaperone-active
heterodimeric form of clusterin starts along this pathway where it binds to interme-
diate form (MG?2) of the protein and gets sequestered into large clusterin-intermedi-
ate complex (Fig. 4.3). The clusterin aggregates were demonstrated to dissociate at
low pH forming more heterodimeric clusterin from the oligomeric clusterin result-
ing in an increase of its chaperone activity. The authors also proposed that the dis-
sociation at low pH occurs due to the increase of solvent exposed hydrophobicity,
as very little secondary or tertiary structure changes were observed in the structure
of clusterin at acidic pH. Clusterin presents a unique example of a MG state func-
tion, where it not only involves a native MG domain but also in its ability to bind to
stressed native MG state proteins in order to inhibit their precipitation.



4.2 Functional Native MG 79
4.2.2 NCBD

The NCBD of CREB has also been demonstrated to possess a native MG domain.
The functions of NCBD include interaction of CREB with number of other proteins
such as the steroid receptor co-activators (Li and Chen 1998, p. 53; Gu et al. 1997,
p. 73; Burge et al. 2009), the interferon regulatory proteins (IRF) 3 and 7 (Lin et al.
1998, 2000) and the viral protein Tax (Scoggin et al. 2001). NCBD binds majorly to
two ligands, (1) antibody-coupled T-cell receptor (ACTR) or (2) interferon regulatory
transcription factor (IRF)-3 eventually leading to formation of two varied ligand spe-
cific folding states, NCBD,ACTR, and NCBD,IRF3 (Demarest et al. 2002; Waters
et al. 2006; Qin et al. 2005). In the ligand-free state, the NCBD forms a compact struc-
ture with a high degree of helicity along with the lack of sigmoidicity in the unfolding
curve (Demarest et al. 2002, 2004; Ebert et al. 2008) suggesting the existence of native
MG state. Kjaergaard et al. (2010) demonstrated that the MG state of NCBD, ACTR
complex is similar to the NCBD in a ligand-free state using NMR spectroscopy.
However, NCBD, IRF3 was shown to possess a different topology than the ligand-free
state. The results indicate that the ACTR is able to selectively bind to a prefolded struc-
ture of NCBD existing in an MG state (Kjaergaard et al. 2010). The authors propose
that NCBD is able to exist in a number of unfolded or partially folded (MG) states,
which in turn aid in binding to structurally diverse ligands.

4.2.3 Toxoplasma P2

Toxoplasma P2, a ribosomal protein, is produced in Toxoplasma gondii, a parasite
which causes toxoplasmosis. Toxoplasma P2 is a part of the supramolecular assem-
bly in the ribosome and is also known to be involved in extra-ribosomal functions
(Mishra et al. 2015). Mishra et al. (2015) have demonstrated for the existence of
intrinsically MG state in toxoplasma P2, using gel filtration, biophysical spectro-
scopic techniques (CD, fluorescence spectroscopy and differential scanning calo-
rimetry (DSC)), and NMR at different pH and temperature conditions. The protein
structure showed the presence of a monomer at low pH (2.0) and multimer at higher
pH. Interestingly, the structure of Toxoplasma P2 shows the presence of helices and
unstructured regions (Mishra et al. 2015) indicating towards the presence of flexible
and dynamic MG state. The protein sequence constitutes flexible C-terminal
(with MG state) at the one end and helices at the N-terminal end. To summarize, the
inherent or native dynamic MG structure of Toxoplasma P2 has been proposed to be
responsible for the extra-ribosomal activities of the protein.

4.2.4 Histone Octamer

A native MG state exists in the histone octamer which is a part of nucleosome core
particle. The histone octamer is known to be wrapped by 1% turns of double-
stranded DNA consisting of 146 base pairs. The histone octamer structure is made
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up of positively charged tails which are found to be sensitive to protease digestion
(Ausio et al. 1989). Remarkably, the charged tails remain undetected in the nucleo-
some X-ray structure (Luger et al. 1997; Luger and Richmond 1998). The proper-
ties of the tail structure suggest the presence of disordered structure in the native
state. Hyperacetylation of these nucleosome tails have also been suggested to have
a role in DNA replication, (Waterborg and Matthews 1983; Chahal et al. 1980)
RNA transcription, (Chahal et al. 1980; Mizzen and Allis 1998), and chromosomal
remodeling (Dunker et al. 2001). Electron microscopy scans suggest deformation of
the hyperacetylated nucleosomes on the carbon surface as compared to the regular
nucleosomes (Oliva et al. 1990). One of the reasons pointed out by the authors for
the observance of such difference is that hyperacetylation causes nucleosomes to
become much more sensitive to the forces encountered during electron microscopy
sample preparation, leading to the deformation of nucleosomes (Oliva et al. 1990).
However, hyperacetylation also increases the overall negative charge on the nucleo-
somes, which leads to overall increase in charge repulsion and reduced rigidity in
the nucleosome structure (Dolgikh et al. 1981; Ptitsyn and Uversky 1994; Kuwajim
1996). Dunker et al. (2001) have also reported less rigidity in the structure of hyper-
acetylated nucleosomes as compared to normal nucleosomes by using (contact
mode method) atomic force microscopy (AFM) imaging. AFM imaging has an
advantage over the electron microscopy because of its ability to control the amount
of force applied on the nucleosomes particles as well as the experiment can be carried
out in a hydrated state similar to physiological environment (Dunker et al. 2001).
To summarize the above reports, the hyperacetylation in nucleosome core particles
has been proposed to cause an increase in negative charge in the nucleosome
particles which increases the charge imbalance, similar to as induced by high or low
pH eventually leading to a transition to MG state (Dunker et al. 2001).

Not much is known about the mechanisms by which the native MGs bind to their
ligands to form fully folded complexes, required for the functioning of proteins in cel-
lular processes. The direct role of native MG in cellular function is yet to be established,
but this state is definitely required for proper protein-protein interactions as indicated by
the above-mentioned studies, needed for several cellular functions. The presence of
native MGs is further supported by the existence of their functioning in the cells, which
is a fairly sufficient reason for exploring more about the mechanism of such states.

4.3 Role of MGs in Cellular Processes

There are certain proteins or domains in the protein structure which exist in the
native state but they must denature to perform their biological functions. A precise
mechanism of how these proteins can exist or denature in the physiological environ-
ment is still unclear. However, it could be reasoned out that the presence of nucleo-
protein complexes, membrane proteins, cytoskeletal proteins, and organelles in the
cellular environment could assist in the existence of MG states (Ptitsyn et al. 1995).
Protein denaturation at the membrane surface that aids in MG existence can be
explained mainly via two factors (Ptitsyn et al. 1995): (1) The presence of negative
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charge near the cell membrane which could possibly attract protons and can lead to
a decrease of local pH (van der Goot et al. 1991), (2) The presence of organic moi-
eties near the membranes which could lead to a decrease in the local dielectric
constant (Bychkova and Ptitsyn 1993). Hence, the most appropriate experiment to
study MG state in the physiological environment involves studying denaturation of
a protein in the water-organic mixture at either moderate or low pH.

The MG states of proteins are involved in various cellular processes mainly
involving interaction or release of protein ligands, translocation of proteins to spe-
cific organelles by remaining in their unfolded states in the cytoplasm or near the
membrane surfaces (Randall and Hardy 1989; Hartl and Neupert 1990), and aiding
chaperones in the implementation of their function. The examples of the above-
mentioned processes are explained below in detail and have been summarized in a
tabulated form in Table 4.1.

Table 4.1 Summary of the functions of MG state in cellular processes

Proteins

Molten globule state

Function in molten
globule state

References

Retinol-binding
protein (RBP)

— Atlow pH between
5.5.and 3.0
Moderately low pH
and the moderately
low dielectric

Release of protein
ligand (retinol) at low
pH conditions

Bychkova et al. (1992,
1998), Bychkova and
Ptitsyn (1993)

constant
a-fetoprotein At pH 3.0 in water Allows release of Ptitsyn et al. (1995),
solution unsaturated fatty acids | Uversky et al. (1995)
and estrogens to
embryonal and few
cancer cells
Alpha- Acylated form of Requires binding to Herlax and Bakas
hemolysin toxins fatty acids for exertion | (2007)
(HlyA) of hemolytic and
cytotoxic effects
Plastocyanin Intermediate protein Electron transfer at the | Li et al. (1990), Koide

state during refolding

luminal side of the
thylakoid membrane
of chloroplasts

et al. (1993)

Cytochrome ¢

Moderately low pH and
moderately low
dielectric constant

Intermediate in protein
folding

Ohgushi and Wada
(1983), Bychkova et al.
(1996)

Steroidogenic
acute regulatory
protein (StAR)

Active form of protein
present proximal to the
membrane

Switch control for
cholesterol entry into
the mitochondria

Bose et al. (1999)

Nucleosome
core particle

Hyperacetylation

DNA replication and
RNA transcription

Kuwajim (1996),
Dunker et al. (2001)

Ribosomal
proteins (for
example, HIV-1
Rev, BIV Tat,
L11-C76, YP2b)

Possess disordered
RNA recognition sites
and exists in the
absence of RNA

Helps in binding to
RNA

Yonath and Franceschi
(1997), Surendran et al.
(2004), Shojania and
O’Neil (2006), Markus
et al. (1997), Zurdo

et al. (1997)
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4.3.1 Ligand Binding

Temperature changes, pH changes, or interaction with ligands or biomolecules are
the important factors known to enhance the chances of transition of a native protein
structure into an MG state. The release of non-polar ligands upon denaturation of
proteins is a crucial feature of MG state. The examples of ligand carriers include
Retinol-binding protein (RBP), a-fetoprotein (AFP), Alpha-hemolysin or alpha-toxin
(HlyA), and ribosomal proteins.

4.3.1.1 Retinol-Binding Protein (RBP)

The very first report of a protein involved in such mechanism was that of RBP
which is a carrier of large non-polar ligand i.e. retinol (Bychkova et al. 1992).
Regulation of RBP is crucial mainly because of its function of helping in proper
retinol exposure to the embryo during pregnancy and its successful transport at the
maternal-fetal interface. The deficit of either one of the proteins is related to early
embryo mortality or developmental malformations. Bychkova et al. (1992) reported
the release of retinol by RBP at low pH, (5.5-3.0) concurrent with transitioning of
protein into the MG state. Ligands, such as retinol, are tightly packed in the core of
a rigid protein via non-polar groups, therefore, the existence of MG or denatured
state becomes critical where ligands are less tightly packed which could aid in the
release of ligand (Bychkova and Ptitsyn 1993). The observance of MG state in RBP
has also been shown at moderate pH in water—methanol mixtures (Bychkova et al.
1998). The reports by Bychkova et al. (1998) demonstrated removal of retinol
from RBP and denaturation of RBP occurrence by the concerted action of moder-
ately low pH as well as moderately low dielectric constant. The solutions used for
the experiments contained a mixture of low ionic strength buffer and methanol in
variable proportions at 37 °C (with a range of values expected to exist in the in vivo
microenvironment). These reports indicated towards the idea of MG existence in
the cellular environment and their function in the biological processes.

4.3.1.2 «a-fetoprotein (AFP)

Binding of AFP to its non-polar ligand also involves MG or denatured state (Ptitsyn
et al. 1995). AFP is also known as alpha-1-fetoprotein, alpha-fetoglobulin, or alpha
fetal protein. It is a major plasma oncofetal protein which is produced by the yolk
sac and the liver during fetal development (Mizejewski 2004). However, not much
is known about the exact biological functions of AFP during fetal and perinatal
development. Instead, higher levels of AFP in the serum often serve as a fetal defect
marker for detection of cancer predominantly predating in the detection of birth
defects, malformations, and congenital anomalies (Tomasi 1977; Mizejewski 2004).
AFP is also known to be involved in the transfer of unsaturated fatty acids and
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estrogens to embryonal and fewer cancer cells (Abelev 1993). Reports by Uversky
et al. (1995) demonstrated the existence of AFP from human cord serum in an MG
state at pH 3.1 in water solution with characteristics of MG such as native-like far-
ultraviolet (UV) CD spectrum, tryptophan (Trp) fluorescence spectrum, strong ANS
binding, and non-cooperative melting temperature. Uversky et al. (1997) demon-
strated the release of ligands from AFP while simultaneously causing a significant
rearrangement of the protein structure with predominant characteristics of MG. The
reports also suggested the existence of ligand-free form in a compact and native-
like secondary structure with the absence of rigid tertiary structure. Interestingly,
the authors also reported that the native AFP structure was not able to reconstitute
by adding back of ligands after the release of ligands or formation of MG state.
Overall the above-mentioned reports indicated the possible existence of MG state
for the a-fetoprotein, that allows the release of unsaturated fatty acids upon denatur-
ation or transformation into the MG state.

4.3.1.3 Alpha-Hemolysin (HlyA)

HlyA (110 kDa), a pore-forming toxin secreted by pathogenic strains of Escherichia
coli is an another example of proteins involving MG conformation required for
binding to ligands. These toxins are known to be involved in causing urinary tract
infections and septicemia (Cavalieri et al. 1984). HIyA toxins are also part of RTX
(repeats in toxin) family proteins, where the glycine- and aspartate-rich peptide
tandem repeats are found near the C-terminal ends (Cotte 1992). HIyA is the first
identified protein member of the pore-forming beta-barrel toxin family (Bhakdi and
Tranum-Jensen 1991). HIyA toxins are known to form heptameric units that create
a beta-barrel pore on the cell membrane after binding to specific cell surface recep-
tors, eventually, which leads to cell death due to DNA degradation as a result of the
exchange of monovalent ions through the pores (Bantel et al. 2001). Two steps are
required for activation of toxins in the extracellular environment, firstly, toxins need
to bind with calcium ions (Ostolaza et al. 1995; Bakds et al. 1998), and secondly,
process of acylation or covalent binding to fatty acids required for oligomerization
(Soloaga et al. 1996; Bakds et al. 2006; Herlax and Bakas 2007; Herlax et al. 2009).
Both steps are important for binding of toxins to the membranes for their hemolytic
and cytotoxic effects. Using disorder prediction analyzes, Herlax and Bakas (2007)
showed that HlyA contains nine regions composed of 10-30 natively disordered
amino acids. The experiments carried out using chemical denaturants, the ANS
binding parameters, and protease digestions also suggested the presence of MG
structure in the acylated form of HlyA toxins. To summarize the above reports,
Herlax and Bakas (2007) proposed that the MG conformation of HlyA is induced by
acylation process, which helps the toxins to bind to cell surface receptors such as,
CD11a and CD18 subunits of 2 integrin in human target cells HL60 (Lally et al.
1997), glycoprotein glycophorin in horse erythrocytes (Cortajarena et al. 2001), and
various unknown molecules during its mechanism of action.
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4.3.1.4 Ribosomal Proteins

Ribosomal proteins are associated with various cellular and viral regulatory pro-
cesses. Ribosomal proteins are well known to undergo folding transitions upon
RNA binding required for protein-RNA recognition and in the stabilization of the
resulting structure (Yonath and Franceschi 1997). Ribosomal proteins are known to
exist in the disordered or MG state required for RNA binding (Fig. 4.4). Ribosomal
proteins such as transcriptional antitermination N proteins of bacteriophages, 4 (Su
etal. 1997) and P22 (Cai et al. 1998), and the Human immunodeficiency virus type
1 (HIV-1) regulatory proteins, Tat (transactivator of transcription) (Debaisieux et al.
2012), and Rev (Karn et al. 1991) constitutes the family of proteins that possesses
an RNA-binding domain with arginine-rich motif (ARM) (Bayer et al. 2005). These
proteins play an important role in the regulation of HIV-1 replication and in treating
latently infected cells. HIV-1 Rev and Bovine immunodeficiency virus (BIV) Tat
ribosomal proteins are known to possess disordered RNA recognition regions in the
solution state, which later adopt stable alpha-helical and beta-hairpin conformations
upon binding to the Rev-Response Element (RRE) and Trans-Activation Response
(TAR) recognition element, respectively (Calnan et al. 1991; Surendran et al. 2004;
Shojania and O’Neil 2006; Casu et al. 2013). Another example includes the ribo-
somal protein L11-C76 (C-terminal domain of 50S ribosomal protein L11 in
Geobacillus stearothermophilus), in which a 15-residue loop is known to possess a
disordered and highly flexible structure that becomes structured upon RNA binding
(Markus et al. 1997). L11-C76 forms a part of the ribosomal stalk that helps the
ribosome to interact with GTP-bound translation factors (Markus et al. 1997). Yeast
ribosomal protein YP2b is also known to display characteristics of an MG state in
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Fig. 4.4 Schematic representation of the possible roles of MG structure at different molecular
levels of protein expression and cellular processes. MG state exists in the RNA-binding site of
ribosomal proteins, binding or release of ligands that are required for cellular processes of proteins
and during transfer to membrane surface either as MG by conversion from native or unfolded
protein states due the membrane surface exposure or via the assistance of chaperones
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the absence of RNA (Zurdo et al. 1997). In summary, RNA-binding sites of various
ribosomal proteins undergo through the MG state transition (that makes the structure
flexible) during the folding process which eventually aids in RNA-binding.

4.3.2 Protein Trafficking

The irregular shape and dynamic nature of the proteins in the MG state have been
related to protein trafficking as well as translocation (Ptitsyn 1995). The close prox-
imity of MG state proteins to the membrane aids in their easy passage through the
membrane as compared to the native folded states of the protein. One explanation
for the occurrence of a process of membrane transport, as suggested by Bychkova
et al. (1996), is that the locally lowered pH and negative electrostatic potential
around the membrane surface leads to a local region rich in proteins in their MG
states. It was also proposed that membranes do not only need MG for translocation
or trafficking of proteins, but the membranes also have an innate capacity to turn a
protein into MG state due to the presence of local negative potential (Bychkova and
Ptitsyn 1993). Eisenberg et al. (1979) proposed based on the conducted experiments
and electrostatic theory, “that a membrane with a strong negative potential has the
capacity to decrease the pH locally by 2 units at 5-15 A distance from the mem-
brane surface due to the attraction of protons”. Another well known of source of
decrease in local pH is the efflux of protons via the proton pumps in the membrane
channels (Skulachev 1988). Schatz’ group has also shown that the partial unfolding
of proteins near the membrane surface occurs due to the presence of negative
charges and also being similar to folding intermediates (Endo and Schatz 1988;
Eilers et al. 1989; Endo et al. 1989). Along with the decrease of pH, another impor-
tant feature is lower dielectric constant that strengthens electrostatic interactions
near the membranes, aids in the transformation of native protein into the MG state
(Bychkova and Ptitsyn 1993).

pH-induced MGs are the well-known conformational states involved in vari-
ous membrane-binding proteins (Ptitsyn 1992). The precursor of OmpA protein
of E. coli (present at the outer membrane) is the first protein for which existence
of MG state near the membrane was established (Lecker et al. 1990). MG state
of proteins such as cytochrome c, plastocyanin, and steroidogenic acute regula-
tory protein (StAR) are also known to be involved in the trafficking process
across the cellular membranes, the details of the processes involved have been
described below.

4.3.2.1 Cytochrome ¢

Cytochrome c, a heme protein, is involved in the electron transport chain at the inner
membrane of mitochondria. It is one of the examples of MG state proteins involved
in protein trafficking. Occurrence of a MG state has been established in cytochrome
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¢ by two methods: (1) using low pH and high salt concentration (pH 2.0 and 0.5 M
KCl) conditions (Ohgushi and Wada 1983), and (2) methanol-induced conforma-
tional transitions (moderately low pH and moderately low dielectric constant)
which simulates the physiological conditions near the negatively charged mem-
brane surfaces (Bychkova et al. 1996). The MG state showed the conservation of
native secondary structure with loosely packed protein interior. The MG state of
cytochrome c has been proposed to be involved in an intermediate state of protein
folding which could be important for its function in the cells. Various spectro-
scopic techniques such as near- and far-UV CD, Trp fluorescence, microcalorim-
etry, and diffusion measurements have been used to establish the occurrence of the
MG state in cytochrome ¢ (Bychkova et al. 1996). De Jongh et al. (1992) also
demonstrated the existence of the MG state for cytochrome c in the presence of
12-PN/12-Pglycol (9,1) micelles using NMR. The MG state was found to partially
lose the tertiary structure, which was remarkably different from its aqueous solu-
tion structure of tightly folded protein with secondary and tertiary structure levels.
Apocytochrome ¢, which is a precursor of cytochrome ¢ was also suggested to
exhibit secondary folding changes upon interaction with micelles in comparison to
its random coil structure in solution phase (de Jongh et al. 1992). The authors also
proposed that this lipid-induced dynamic folding or MG state of the cytochrome c
structure could be possibly responsible for the translocation of proteins across the
membranes.

4.3.2.2 Plastocyanin

The plastocyanin is a photosynthetic copper-containing monomeric protein (present
in green plants and many algae), involved in electron transfer in photosynthesis at
the lumen-side of the thylakoid membrane of chloroplasts. It remains unfolded as a
high molecular mass precursor protein (apo-plastocyanin) before transport into the
chloroplast (Merchant and Bogorad 1986; Li et al. 1990) and is known to refold
very slowly in vitro (Koide et al. 1993). The NMR experiments of french bean
apo-plastocyanin by Koide et al. (1993) suggests the presence of compact interme-
diate state with flexible beta-sheets and altered the packing of the hydrophobic core
during the refolding reaction, indicating the presence of MG state.

4.3.2.3 StAR

StAR is known for its involvement in the transport of cholesterol from the outer
leaflet to the inner leaflet of mitochondrial membrane. The active form of StAR has
been shown to exist in a MG state (Bose et al. 1999) that facilitates mitochondrial
entry of the protein as well as acts as a switch control for cholesterol entry into
the mitochondria. In this case protein, proximity to the membrane has also been
postulated to act as a determining factor for the formation of MG state.
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4.3.3 Role of MG States in Chaperone Function

Chaperones are well known to interact with partially denatured or folded intermediates
of proteins. Basically, chaperones prevent the proteins from folding too fast as well
as prevent them aggregating. Remarkably, chaperones have also been associated
with the transfer of MG state proteins across the cell membranes or for involvement
in the biological processes (Fig. 4.4). Some of the well-known examples of the
chaperones that binds to MG state proteins include GroEL, alpha-crystallin, Domain
V of 23S rRNA, and peptidylprolyl cis-trans-isomerase (PPI).

The chaperone GroEL is known for its binding to MG state intermediates which
expose hydrophobic surfaces during early stages of folding (Laminet et al. 1990;
Martin et al. 1991; Weissman et al. 1995). The alpha-crystallin is also known for
its ability to interact with aggregation-prone refolding intermediate of lysozyme as
well as for the formation of stable complexes with the MG state of alpha-lactalbumin
and bovine carbonic anhydrase (BCA) (Raman et al. 1997; Rajaraman et al. 1996,
1998). BCAII and lysozyme are known to form equilibrium MGs under mildly
denaturing conditions (Ikeguchi et al. 1986; Uversky et al. 1992; Dobson et al.
1994; Radford et al. 1992; Wang et al. 2010). Domain V of 23S rRNA (acts as
chaperone) of E. coli ribosome has been demonstrated to be able to interact with
various folded states of BCAII and chicken egg white lysozyme MG structure, and
it was also found to be suppressing the aggregation and reactivation states under
refolding conditions (Pathak et al. 2014). The results were also supported by the
experiments conducted with variants of domain V RNA and its mutants where the
retaining time of chaperone bound substrate state played an important factor in
determining the ability of chaperones to prevent or suppress aggregation (Pathak
et al. 2014). PPI has also been shown to bind to it’s substrate, MG state BCA which
helps in prevention of aggregation and eventually helps in fastening of the last
steps of folding (Freskgard et al. 1992). The prevention of aggregation was found
to be related to restoration of 100 % enzymatic activity in PPI (Freskgard et al.
1992). PPI has also been reported to be identical to the cyclophilins, a class of heat-
shock proteins (molecular weight 56-59 kDa) (Schreiber 1991). The above-men-
tioned reports suggested that the PPI might be acting as a chaperone in initial
stages of folding for binding with MG state substrate and acts as a catalyst during
the last steps of folding.

4.4 Impact of MG States on Enzymatic Activity

MG states of most of the enzymes are known to be inactive in terms of their enzy-
matic activity (Ptitsyn et al. 1990; Tsou 1995). However, MGs of enzymes such as
xylanase and dihydrofolate reductase have been shown to retain some enzymatic
activity (Ldpez et al. 2011; Uversky et al. 1996; Vamvaca et al. 2004), or no
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activity in case of homocysteine thiolactone (Kumar et al. 2014b). Other than the
above-mentioned enzymes, endopeptidase activity of botulinum neurotoxin
(BoNT) or its catalytic domain have been demonstrated to retain full enzymatic
activity in the MG state (Cai and Singh 2001; Kukreja and Singh 2005; Kumar
et al. 2014a).

4.4.1 Botulinum Neurotoxins

BoNTs are the most potent toxins reported to date (Gill 1982; Arnon et al. 2001).
The BoNT/A structure consists of two major domains, heavy chain (HC, 100 kDa)
and light chain or catalytic domain (LC, 50 kDa) connected via a disulfide bond and
non-covalent interactions. The cleavage of disulfide bond takes place in the cytosol
and is vital for its toxic effects. HC is involved in the binding to neurons and subse-
quent formation of channel across the endosomal membranes, and LC is involved in
the cleavage of synaptosomal-associated protein, 25 kDa (SNAP-25) at the presyn-
aptic membrane, thus inhibiting neurotransmitter (acetylcholine) release (Lacy
et al. 1998; Schiavo et al. 2000; Singh 2000) and causing flaccid muscle paralysis.
BoNT is the only known protein which has a fully enzymatically active MG state
that makes it a biologically important MG structure (Cai and Singh 2001; Kukreja
and Singh 2005). Cai and Singh (2001) for the first time reported the presence of a
fully enzymatically active MG state in disulfide reduced form of BoNT type A,
under physiological conditions, i.e. 37 °C. The CD spectroscopy and ANS binding
results showed the presence of significant native secondary structure along with the
loss of most of the tertiary structure. The temperature profile of BoNT type A
showed a strong correlation with the existence of the MG structure and optimum
endopeptidase activity at 37 °C under reducing conditions. Remarkably, the non-
reduced BoNT/A showed enzymatically inactive toxin with no MG structure, indi-
cating the importance of reduction of the disulfide bond in the occurrence of
enzymatic activity of the LC that leads to its toxicity. Kukreja and Singh (2005) also
reported the presence of a prominently biologically active 61 % molten-globule
structure of catalytic domain of BoNT/A, i.e. LC at 50 °C. Notably, the same study
also reported the presence of an novel pre-imminent molten-globule enzyme
(PRIME) state of BoNT/A catalytic domain that is optimally active. Under the
PRIME conformation, the catalytic domain retained its secondary structure along
with fluidic tertiary structure, which is more likely to accommodate specific interac-
tion with the substrate, SNAP-25, ultimately aiding in selective and optimum enzy-
matic activity (Kukreja and Singh 2005). The finding of active MG state in BoNT is
of utmost importance in view of it being the most toxic protein as well as regarding
its extreme specificity to the substrate, which is important for it a mechanism of
action and cellular toxicity. The MG state of BONT will not only help in unfolding
of the mechanism of action but will also provide vital information on enzymatically
active molten-globule structures.
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4.4.2 Homocysteine Thiolactone

Another example of a process involving the role of MG state in enzyme activity is
of homocysteine thiolactone. Homocysteine thiolactone is produced from homocys-
teine via a process known as ‘protein N-homocysteinylation’, resulting in the for-
mation of amide bonds with a e-amino group of lysine residues. Homocysteine is a
byproduct of methionine metabolism pathway. The production of homocysteine
thiolactone results in the loss of enzyme function, generation of oxidative stress and
occurrence of an autoimmune response against N-homocysteinylated self-protein
(Undas et al. 2004; Kumar et al. 2014a, b). Protein N-homocysteinylation has also
been reported for formation of toxic aggregates or amyloid formation, both of which
are involved in neurodegenerative diseases (Mattson and Shea 2003; Obeid and
Herrmann 2006; Paoli et al. 2010; Stroylova et al. 2012). Studies on native proteins
that undergo covalent modification by targeting lysine residues have shown the exis-
tence of MG state leading to aggregate formation. Kumar et al. (2014a, b) reported
the effect of protein N-homocysteinylation on the structural conformation of three
different proteins (cytochrome-c from bovine heart, bovine alpha-lactalbumin and
lysozyme from chicken egg white) at different time intervals. All three proteins dif-
fer in physicochemical properties and lysine residues. The results suggested that the
protein N-homocysteinylation results in the formation of MG state in cytochrome-c
and alpha-lactalbumin, however, no structural changes were observed in lysozyme.
The authors proposed that the MG state might act as an intermediate during the
protein folding pathway, which could be responsible for protein aggregation and
eventual loss of enzyme activity.

4.5 Translocation of Toxins/Proteins Across the Membranes

MGs acting as partly unfolded denaturation states have been proposed to be an
essential requirement for the translocation of proteins or toxins across the mem-
branes (Bychkova et al. 1988) either by insertion, penetration, or channel formation.
Some toxins, as well as proteins, are known to undergo through MG intermediate
states during membrane insertion at low pH conditions required for their biological
activity. Bychkova et al. (1988) points out that the translocation competent state
could be MG state owing to the four properties of protein at the membrane surface,
firstly, non-native structure of protein at membrane required for translocation; sec-
ondly, existence of this non-native structure as an folding intermediate; thirdly, high
potential barrier between native and non-native structure required for translocation;
and lastly, existence of this state for a long period after renaturation. Eliers et al.
(1988) introduced a very important aspect of the translocation of proteins across the
membranes by stating that “a cell organelle can partly unfold on its surface precur-
sors which must be imported into this organelle and that it is unlikely that this reac-
tion is physiologically irrelevant”. The concept of MG as a translocation competent
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state started from the above-mentioned reports. Many toxins have also been reported
to be involving MG state for their translocation across the host cell membrane to
exert their functions or toxic effects.

Toxins are substances created by plants and animals that are poisonous to humans.
Toxins at low doses can also act as drugs, but turns out to be poisonous once used in
large amounts. Apart from the biological functions, they also have an interesting
structural organization. Various toxins have been reported to exist in MG conforma-
tion at different stages of their biological function. For example, the acid-induced
transition leads to the formation of MG state from the native state during the endocy-
tosis step. Some of the toxins that undergo acid induced transitions include colicins
(Bourdineaud et al. 1990a, b; van der Goot et al. 1992; Lakey et al. 1992), diphtheria
toxin (DT) (Zhao and London 1986; Ren et al. 1999), Pseudomonas exotoxin A
(Farahbakhsh and Wisnieski 1989; Jiang and London 1990), Staphylococcus aureus
a-toxin (Vécsey-Semjén et al. 1996), botulinum neurotoxin (BoNT) (Cai and Singh
2001; Cai et al. 2006), and anthrax toxins (Krantz et al. 2004).

4.5.1 Colicins

Colicins were the first toxins where the correlation between MG structure and mem-
brane insertion or translocation competent state was established (Bourdineaud et al.
1990a, b; van der Goot et al. 1992; Lakey et al. 1992). Colicin toxins are a group of
toxins known to kill cells via loss of potassium ions. The colicin toxin A constitutes
three major domains each responsible for one of the three steps involved in its
mechanism of action. The mechanism of action for colicin includes three major
steps— (1) receptor binding of colicin on the outer membrane of the cell, (2) trans-
location through the membrane, and (3) permeabilization or pore formation of the
membrane. The C-terminal domain is responsible for pore formation and its con-
sists of ten a-helices out of which eight are amphiphilic which surrounds the non-
polar hairpin formed by the remaining two helices, also protecting the core from
water (Parker et al. 1989). The toxin penetration into the membrane was found to be
dependent on the transition of the C-terminal or pore-forming domain of colicin A
into the MG state as a result of a decrease in pH near the negatively charged mem-
brane (van der Goot et al. 1991). The pore formation was found to increase between
pH 5.5 and 4.2 (van der Goot et al. 1991), suggesting a role of low pH in the trans-
location process. The positively charged phospholipids were proposed to either ori-
ent the molecule at the bilayer surface (Parker et al. 1989) or decrease the surface
pH locally for facilitation of formation of MG structure (Gonzdlez-Mafias et al.
1992). To sum up, van der Goot et al. (1992) suggested two explanations for the
existence of MG state in colicin A, (1) the local pH near the membrane surface leads
to the denaturation of the pore forming or C-terminal domain, that transforms the
native structure into MG state (Lakey et al. 1992). The MG state converts the pore
forming domain into the more flexible structure, eventually allowing the
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hydrophobic hairpin to form pores in the membrane. (2) Formation of MG state by
either binding to the receptor proteins or chaperones during the translocation step.

Colicin E1 (Merrill et al. 1990), another type of colicin toxins shows a similar
translocation mechanism to colicin A toxin. However, colicin N, which shares
>50 % sequence identity with colicin A, does not show the formation of an MG state
at low pH conditions unlike colicin A (Fridd and Lakey 2002). Notably, it is possi-
ble for the subtypes of the same toxin to follow different translocation mechanisms.
The & toxin from Bacillus thuringiensis (Li et al. 1991) has also been reported to
involve a MG state at low pH for pore formation. The above-mentioned reports of
involvement of a MG state in pore formation provided a new direction to the under-
standing of the translocation process of toxins.

4.5.2 Staphylococcus aureus a-Toxin

Staphylococcus aureus a-toxin is an another example of the toxins that utilizes a MG
state for channel or pore formation. It was the first bacterial exotoxin known to be a
pore former. Staphylococcus aureus secretes a pore forming a-toxin as a soluble
monomeric protein. These toxins act on rabbit erythrocytes, human platelets, mono-
cytes, endothelial cells, and non-specific receptors. At high concentration, this toxin
causes membrane damage as well as many secondary cellular reactions triggered via
a calcium ions influx through the pores formed (Bhakdi and Tranum-Jensen 1991).
Few of such reactions include the stimulation of arachidonic acid metabolism,
triggering of granule exocytosis, and contractile dysfunction (Bhakdi and Tranum-
Jensen 1991). The C-terminal half of the a-toxin has been known to be required for
channel formation. Various spectroscopic techniques have been used to analyze the
effect of low pH on the kinetics of channel formation as well as on the conformation
of the toxin, suggesting the occurrence of protein unfolding (Vécsey-Semjén et al.
1996). However, the most important step in unfolding was found to be related to the
C-terminal half of the toxin, which is of utmost importance in consideration to MG
state. The MG state has been suggested to be occurring simultaneously with the
exposure of hydrophobic regions on the surface of the protein as well as with the
onset of channel formation (Vécsey-Semjén et al. 1996). Overall, the results by
Vécsey-Semjén et al. (1996) suggested that the C-terminal half of the toxin needs to
undergo partial unfolding or MG state formation for channel formation.

4.5.3 Diphtheria Toxin (DT)

DT includes two major fragments, namely A (27 kDa) and B (37 kDa), linked via a
disulfide bond (London 1992a, b, Choe et al. 1992). Fragment A is a catalytic
domain which gets released into the cytosol and kills the cell by ribosylating
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Fig. 4.5 Schematic representation of the role of MG state in DT intoxication. DT binds to the
receptor and undergoes endocytosis at the cell membrane. In the endosomes, first fragment B and
later fragment A undergo acid-induced transition to the MG state that aids in their insertion into
the endosomal membrane. Fragment A then passes through the pore and enters the cytosol where
its disulfide bond is reduced due to reductases. Fragment A refolds at cytosol pH 7.0 and causes
inhibition of protein synthesis

elongation factor 2, which is required for protein biosynthesis. Fragment B is fur-
ther divided into two domains —a receptor-binding domain which consists of a flat-
tened P barrel, and translocation domain consists of nine helices, with two
hydrophobic alpha-helices, buried inside (Choe et al. 1992). The translocation or
pore-forming domain of DT is similar to colicin A (Parker et al. 1989) and 9 toxin
(Li et al. 1991). DT have been studied extensively in terms of existence of MG state
in both fragments A and B at low pH as well as higher temperature conditions
(Dumont and Richards 1988; Zhao and London 1988; Cabiaux et al. 1989; Ramsay
et al. 1989; Ramsay and Freire 1990; Jiang et al. 1991; London 1992a, b; van der
Goot et al. 1992; D’Silva and Lala 1998). The MG state of DT has also been dem-
onstrated to correlate with the degree of membrane insertion (Papini et al. 1987;
Dumont and Richards 1988; Zhao and London 1988; Cabiaux et al. 1989). van der
Goot et al. (1992), suggested the coexistence of DT MG state with the events of
insertion into the endosomal membrane, and translocation process (Fig. 4.5) as fol-
lowing, firstly, fragment B of DT transforms into a MG structure which aids in its
insertion into the endosomal membrane for channel formation. Then, the fragment
A undergoes transformation into MG state at low pH of the endosome, which leads
to its insertion as well as translocation across the membrane. Remarkably, the MG
state of fragment A is reversible as compared to fragment B (which is irrevers-
ible) indicating refolding of fragment A back into the native structure in the cyto-
plasm (pH 7.0) to exert its activity or function.
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4.5.4 Pseudomonas aeruginosa Exotoxin A

The translocation, or pore forming, domain of Pseudomonas aeruginosa exotoxin A
is majorly alpha-helical (Allured et al. 1986) and similar to the DT in the overall
organization of three domains. These toxins also undergo endocytosis in the cells to
blocks protein synthesis by ADP-ribosylation of elongation factor 2, causing cell
death. These toxins have been suggested to undergo a partial unfolding or MG state
existence in order for insert into the membrane (Farahbakhsh and Wisnieski 1989;
Jiang and London 1990; Ptitsyn 1995).

4.5.5 Role of MG State in Channel Formation for BONT

The MG conformation of BoONT LC type A (BoNT/A LC) had been proposed to
have a role in translocation of BONT/A LC across the endosomes to the cytosol (Cai
and Singh 2001; Cai et al. 2006). The reduced form of BoNT/A LC has been known
to adopt M@ state after undergoing unique structural changes under low pH condi-
tions, which exposes a substantial number of hydrophobic groups (Cai et al. 2006).
The MG state is associated with the retention of secondary structure, and significant
loss of tertiary structure as determined by using circular dichroism (CD) spectros-
copy and enhancement in ANS fluorescence intensity upon its binding to LC at low
pH conditions (Cai et al. 2006) (Figs. 4.6 and 4.7). The tryptophan fluorescence
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Fig. 4.6 Far UV CD spectra of BONT/A LC at pH 7.0, 5.5, 5.0, and 4.5. The UV spectra showed
no significant changes in the molar ellipticity at 222 nm for pH 5.5, 5.0, and 4.5 as compared to pH
7.0. The results indicate no significant changes in the secondary structure of BoNT/A LC with pH
change (Reproduced with permission, Cai et al. 2006)
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Fig. 4.7 Effect of ANS binding of BoNT/A LC on the fluorescence intensity as a function of
pH. The fluorescence intensity was recorded at 488 nm with excitation wavelength of 370 nm. The
insert figure shows fluorescence emission spectra of ANS and ANS bound BoNT/A LC at pH 7.0
and 5.0. The error bars represent the standard deviation from three independent experiments.
The ANS fluorescence intensity increases for ANS bound BoNT/A LC with decrease in pH with
significant changes at pH 5.0-5.5. The exposure to acidic pH results in conformational changes in
the protein due to exposure of LC hydrophobic surfaces or clusters to ANS, suggesting a major
structural transition (Reproduced with permission, Cai et al. 2006)

lifetime distribution of BONT/A LC also showed a significant broader peak at pH 5.0,
suggesting a significant increase in the heterogeneity of emission at low pH
(Cai et al. 2006). The MG state in BONT/A LC has been proposed by Cai et al.
(2006) to be required for translocation of BONT/A through the narrow endosomal
membrane channel, which is approx. 15 A observed in electron micrographs of
BoNT/B in two-dimensional lipid arrays (Schmidt et al. 1993). The proposed mech-
anism of Cai et al. (2006) involves tertiary structural level changes in BONT/A LC
at low pH which leads to formation of an elongated MG molecule, however retain-
ing specific interactions with the HC and lipid bilayer through hydrophobic clusters
which are critical for passage of LC through the HC channel under a refolded state
(Fig. 4.8). Similar to DT, BoNT/A LC also further renatures or refolds in the cytosol,
and regains its endopeptidase activity. Hence, BONT/A presents a unique example
of molten globule state involved in channel formation at low pH conditions, being
temperature independent.

4.5.6 Anthrax Toxin

Anthrax toxin consists of three major components, the translocase component,
protective antigen (PA), and two enzyme components: lethal factor (LF, a Zn*
metalloprotease) and edema factor (EF, a calcium ion, and calmodulin-activated
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Fig. 4.8 Schematic representation of MG state existence in Botulinum neurotoxin type A.
The green colored balls represent the non-polar side chains which are tightly packed in the native
conformation of BoNT/A at pH 7.0. At pH 5.0, BoONT/A LC undergoes transformation into an
elongated MG state structure, wherein the hydrophobic regions are exposed to the surface of the
channel retaining specific interactions with the HC and lipid bilayer, eventually aiding in its trans-
location through the HC channel. The PRIME state facilitates the binding of substrate SNAP-25 at
37 °C (Reproduced with permission, Cai et al. 2006)

adenyl cyclase) (Collier and Young 2003). Anthrax toxins are known to enter
mammalian host cells via acidified endocytic route and once it’s inside the cytosol
the enzymatic components disrupt cell-signaling pathways which lead to general
immune system dysfunction and eventually death. Active holotoxin complex con-
sists of a ring-shaped PA oligomeric (octameric or heptameric) pre-channel which
can bind to 3/4 copies of LF and EF. Under the acidic conditions of endosomes, the
PA pre-channel undergoes a conformational change required for insertion into the
membrane by forming a cation-selective channel. The proton motive force and low
pH in the endosomes unfolds and translocates enzymatic components LF and EF
through the protein-conducting channel formed by translocase component PA
(Krantz et al. 2005; Thoren et al. 2009). The solution state studies of EF and LF
indicate toward the destabilization of under mildly acidic pH conditions (pH 5-6)
(Krantz et al. 2004). It was also shown in the same study that N-terminal of LF and
EF shows the formation of compact MG-state under mildly acidic pH conditions,
displaying major secondary structure and disrupted tertiary structure (Fig. 4.9).
Krantz et al. (2004) also suggested that the toxins with a large amount of secondary
structure can be translocated through the narrow membrane channels, however,
same cannot be attained with rigid tertiary structure, indicating towards transforma-
tion into the MG state. An interesting model proposed by Krantz et al. (2005, 2006)
gives a novel approach to the mechanism about how the MG state of a protein
(partially unfolded) could be fully unfolded and linearized during translocation
(Fig. 4.8). Krantz et al. (2005) identified Phe-427, a hydrophobic residue at the
channel’s cap region, and showed the presence of the small hydrophilic residues
lined up around the channel lumen along the cap as well as the B-barrel stem
region (Nassi et al. 2002). Their studies further indicated the presence of a
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Fig. 4.9 Mechanism of action and illustration of role of MG state of anthrax toxin. PA denotes
protective antigen, LF —lethal factor, and EF —edema factor. Active holotoxin translocase com-
plex consists of a ring-shaped PA oligomeric pre-channel which can bind to 3/4 copies of LF and
EF. Under the acidic conditions of endosomes, the PA pre-channel undergoes a conformational
change and inserts into the membrane. Low pH and proton gradient induces MG state in the
N-terminal of LF and EF structure, inside the endosomes to aid in their translocation into
the cytosol. ®-clamp (Phe residues constitute hydrophobic core) leads to complete unfolding of
the substrate from the MG state during translocation, thereby reducing the energy penalty of
exposing hydrophobic sequences

radially-symmetrical aromatic clamp site (made up of Phe residues) known as “®
clamp” (Krantz et al. 2005), which is required for translocation of the protein, by
acting as the polypeptide binding site in the channel. Mutation studies of these resi-
dues suggested inefficient translocation of the protein (Krantz et al. 2005; Janowiak
et al. 2010). Further studies by Thoren et al. (2009) also suggests that the ®-clamp
site actively unfolds N-terminal of LF during translocation. The studies suggest the
role of binding of the translocation chain to the ®-clamp (hydrophobic core) for the
efficient unfolding of the substrate during translocation (Fig. 4.9). The clamp region
creates an surrogate environment similar to the hydrophobic core of the unfolded
protein that helps in complete substrate unfolding from the MG state, thereby reduc-
ing the energy penalty of exposing hydrophobic sequences to solvent (Krantz et al.
2006). Krantz et al. (2004) showed that the substrate unfolding and translocation
occurs by stabilization of the unfolding intermediates via a series of interactions
with many chemical groups and a-helical structure. Krantz et al. (2006) suggested
that the cooperative functioning of ApH driving force and a functioning ®-clamp
site is required for the unfolding of the substrate for efficient translocation process
(Thoren and Krantz 2011).
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4.5.7 Role of Pre-MG or MG State in RTX Toxins

Some proteins exhibit partial folding of the intrinsically unfolded proteins in the
presence of cations such as calcium, and zinc. Example of calcium binding proteins
includes Repeat-in-toxin (RTX) toxins and that of zinc binding proteins includes,
human sperm protamines (P2 and P3) (Gatewood et al. 1990), thymosin a 1 (Grottesi
et al. 1998), prothymosin (Uversky et al. 2000b), and phosphodiesterase y-subunit
(Uversky et al. 2002). Uversky et al. (2001) demonstrated partially folded Human
a-synuclein in the presence of several divalent and trivalent metal ions. These proteins
have been shown to be transformed into the pre-MG state from intrinsic coils.
The RTX toxins require a pre-MG or MG state domain for passage through the
channel and dependent on the calcium ion presence instead of low pH as observed
in other toxins such as colicin, DT, anthrax, and BoNT. RTX proteins are the group
of cytotoxins which are produced by a wide range of gram-negative bacteria (genus
including Bordetella, Escherichia, Proteus, and Pasteurellaceae) (Lally et al. 1999;
Frey 2011) as well as by Vibrio genus (V. cholerae and V. vulnificus, produces
mainly multifunctional autoprocessing RTX toxins (MARTX)) (Linhartova et al.
2010). RTX motifs commonly occur as C-terminal located glycine and aspartate-
rich sequences of nine amino acids referred to as [GGXGXDXI[L/I/V/W/Y/F]X]
motif (where X represents any amino acid) (Satchell 2007). These proteins are also
known as toxins because of various secreted lipases and proteases involving the
RTX motif. The RTX toxins can be divided into two groups, pore-forming leuko-
toxins (including hemolysins) and MARTX toxins. RTX family toxins are mainly
characterized by two major features, (1) number of repeats in the toxin protein
sequences, and (2) ATP-binding cassette (ABC) transporter-based system for extra-
cellular secretion by the type I secretion system (T1SS). T1SS proteins are known
to form oligomeric secretion channels spanning both the outer and inner membrane
of the bacterial cell wall. T1SS recognizes first the C-terminal motif of RTX toxins,
hence aiding in the passage of these toxins via channels from bacterial cytosol
directly into the extracellular space by preventing their exposure to the periplasmic
space between the outer and inner membrane (Linhartovd et al. 2010). The RTX
motifs act as a site of calcium binding, which helps in RTX protein folding follow-
ing its export via T1SS, the latter being encoded within the rx operon (Linhartova
et al. 2010). The RTX cytotoxins share a common feature of cation-selective pore
formation among their toxin family (Bumba et al. 2010). RTX toxins/proteins dis-
play a diverse number of functions owing to their belonging to a large and diverse
family of proteins. Some of the functions include Cyanobacteria motility, acting as
synergistic virulence factor that causes tissue damage by stimulating the production
of inflammatory mediators, acting as bactericins, rounding of epithelial cells occur-
ring due to catalyzed covalent cross-linking of actin (Vibrio cholera), and many
others. However, the biological role of RTX toxins is still not well understood.
The calcium ion requirement in RTX toxins was first reported for Uropathogenic
Escherichia coli a-hemolysin (HlyA) (Short and Kurtz 1971) and Bordetella per-
tussis adenylate cyclase toxin (CyaA) (Hanski and Farfel 1985). RTX proteins are
well known to possess hallmarks of intrinsically disordered proteins in the absence
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Fig. 4.10 Diagrammatic representation of the involvement of pre-MG state in the process of
secretion of RTX toxins/proteins, dependent in calcium ion concentration. Calcium ion are repre-
sented by black circles. RTX domain is highlighted in green color and RTX protein (CyaA) in
black color. Pre-MB state of RTX protein is shown to pass through the T1SS pore to the extracel-
lular space (Open Access, Sotomayor-Pérez et al. 2015)

of calcium. The pre-MG state of RTX proteins has been proposed for aid in their
secretion through the channel formed by T1SS (Fig. 4.10). In general, the disor-
dered structure leads to the adoption of pre-MG state and displays a strong hydra-
tion which occurs due to the electrostatic repulsions between negatively charged
residues in the structure (Sotomayor-Pérez et al. 2015). The disordered or pre-MG
state has been proposed to be induced in RTX due to either of the following, elec-
trostatics binding to a cell-surface receptor, pH or membrane association
(Sotomayor-Pérez et al. 2015). The calcium binding (2 mM CaCl,) process leads
to the folding and subsequent stabilization of the secondary as well as tertiary
structure states of RTX by a reduction in the net charge, dehydration, and compac-
tion of the structure (Fig. 4.10). Hence, protein secretion is regulated by calcium
gradient across the bacterial cell walls via pre-MG state formation. Two examples
of the RTX toxins showing pre-MG state, namely, CyaA and HlyA have been dis-
cussed below.

CyaA is one of the major virulence factors of Bordetella pertussis (known to
cause whooping cough) (Weiss and Hewlett 1986; Ladant and Ullmann 1999). The
C-terminal region of receptor binding domain (701 amino acids) of CyaA contains
~40 calcium-binding RTX motifs (Cotte 1992; Welch 2001). Chenal et al. (2009)
showed the existence of disordered, highly hydrated and weak structure of RTX
domain in the absence of calcium. In the same report, authors showed compaction
and dehydration of the RTX domain upon addition of calcium ions leading to
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the formation of stable 3-dimensional structure. Chenal et al. (2010) showed the
existence of a pre-MG state in this toxin in the absence of calcium using various
spectroscopic techniques (far-UV CD, Trp fluorescence, Fourier transform infrared
spectroscopy (FTIR)). The pre-MG state of RTX has been characterized by high
content of random coil structure and a lower amount of #-sheets and turns (Chenal
et al. 2010). The thermodynamic analysis was performed by using urea or guanidine
chloride induced protein denaturation (Chenal et al. 2010). To sum up, the pre-MG
conformation change occurs due to the strong internal electrostatic repulsions in the
RTX motif between the negative charges of the aspartate-rich polypeptide sequence.
On the other hand, calcium binding showed strong compaction as well as the pres-
ence of secondary and tertiary structures indicating a functional 3-Dimensional
structure. The sodium ions were also shown to be able to screen the charges, how-
ever, allowing only partial compaction of the protein without inducing any folding
which leads to the formation of a 3-Dimensional structure. The role of pre-MG state
exists in the transfer/secretion of CyaA from the bacterial cytosol (a low-calcium
environment) to external medium via a channel formed by T1SS (Chenal et al.
2010) (Fig. 4.10). Once in the external medium, CyaA adopts its functional struc-
ture in the presence of calcium ions i.e. turning into an active, receptor-binding
competent conformation (Fig. 4.10).

Similarly, HlyA has also been proposed to exhibit MG state required for its func-
tion. HlyA is known to be cytolytic towards heme-rich erythrocytes and also other
cell types such as epithelial cells and leukocytes from human and animal hosts
(Cavalieri et al. 1984; Forestier and Welch 1991). Similar to other RTX toxins,
HlyA (110-kDa multidomain polypeptide), the C-terminus region constitutes hall-
mark RTX domain with a consensus sequence, GGXGXDXwyX (y represents a
bulky hydrophobic residue) (Welch 1991, 2001). This domain once bound to cal-
cium has been shown to possess a f3-roll structure, which stabilizes the structure due
to conformational changes exposing peptide sequences/surfaces required for inter-
action with host cell membranes (Sdnchez-Magraner et al. 2007, 2010, Schindel
etal. 2001). Wiles and Mulvey (2013) proposed a mechanism for Hly A pore forma-
tion based on the earlier reports as following, The pore formation starts as a result
of bound calcium to HlyA monomers, which leads to formation of electrostatic
interactions within N and C-termini resulting in binding to specific surface recep-
tors on the target cells (Lally et al. 1999; Ostolaza et al. 1997; Bakads et al. 1996).
Once associated with the target cell membrane, the MG state of HlyA toxins inter-
acts with the outer leaflet proceeding toward the membrane insertion process
involving irreversible anchoring of the domain (Soloaga et al. 1999; Herlax and
Bakas 2007). Herlax et al. (2009) showed oligomerization of HlyA within host cell
membranes by using fluorescence resonance energy transfer (FRET). The protein-
protein interactions at the membrane are suggested to be the result of exposure of
disordered regions of the HlyA toxins (Herlax et al. 2009). As a result, HlyA forms
oligomeric pores in the host cell membranes depending on it lipid raft content
(Herlax et al. 2009; Bakas et al. 2006) and exerts its function.



100 4 Implication of Molten Globule on the Function and Toxicity of a Protein

4.5.8 Proteins Involving MG State in Translocation Process
Independent of pH

Other than the toxins many proteins or bacteriophages also utilize MG state for their
insertion into the cell membrane independent of acidic pH. Few examples, include
fd bacteriophage, human complement C9 protein, and myelin basic protein (MBP).
Filaments of fd phage are known to convert into shortened rods known as I-forms at
low temperature and then to spheroidal structures known as S-forms at a slightly
higher temperature, demonstrated by chloroform—water interface experiment
(Griffith et al. 1981; Manning et al. 1981, 1982; Manning and Griffith 1985; Dunker
et al. 1991a). I-forms have been proposed to mimic the coat proteins that insert into
the inner membrane of the E. coli (host) and S-forms as the membrane inserted
forms (Dunker et al. 1991a; Roberts and Dunker 1993). The I- and S-forms are rich
in a-helix structure and are known to exist in a MG state (exhibiting non-rigid side-
chain packing) that aids in membrane penetration of fd phage into the host mem-
brane. The four major observations that support the existence of MG state are as
following: (1) both I- and S- forms exhibit substantial fragility when subjected to
conditions for electron microscopy (Dunker et al. 1991b) (Fig. 4.11), (2) tend to
aggregate with increasing temperature (Dunker et al. 1991b), (3) showed sensitivity
of tryptophan fluorescence to nonpolar quenchers suggesting their absorbance into
the hydrophobic interiors of the I-forms and S-forms due to non-rigid side-chain
packing (Roberts and Dunker 1993), and (4) enhancement of extrinsic fluorescence
of ANS (Dunker et al. 1991b). The non-rigid side-chain packing of the intermediate
forms helps in sliding of subunits of fd phage which aids in the phage infection
process (Dunker et al. 1991a).

Human complement C9 protein has been suggested to have MG state involve-
ment for membrane penetration. This protein has been shown to exist in a partially
denatured form at 36 °C (Lohner and Esser 1991), which coexists with the process

Fig. 4.11 Electron
micrographs of fd phage,
I-form and S-forms treated
using chloroform/water
two phase system. Panel
(a) fd phage, Panel (b)
I-form, Panel (c¢) S-form.
The fd phage panel shows
filamentous structures, the
I-form shows the shortened
rod structures, and S-form
shows the spheroidal
structures (Reproduced
with permission, Dunker
etal. 1991a, b)
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of conversion of water-soluble structure into an integral membrane oligomer
required for membrane penetration. MBP is a major constituent of the multilamellar
membranous myelin sheath surrounding the nerve axons. The water soluble form of
myelin has also been shown to exist in intrinsic coil structure. However, its binding
to lipids transforms the protein into the MG state (Polverini et al. 1999). Other
examples, include retinal phosphodiesterase which also shows folding into a
MG-state upon self-association of the intrinsically folded y-subunit of the protein
(Uversky et al. 2002). The coil structure of the fragment (77-262) of the glucocor-
ticoid receptor (Baskakov et al. 1999) and N-terminal of HIV-1 integrase (Zheng
et al. 1996) also undergoes structural rearrangements in the presence of trimethyl-
amine N-oxide and zinc, respectively, leading to MG state formation.

4.6 Genetic Diseases

Folding intermediates can be introduced as a result of misfolding of translated
polypeptides resulting from gene mutations. Such mutations eventually lead to the
formation of mutant proteins which are not able to fold completely under normal
physiological conditions (Bychkova and Ptitsyn 1995). Certain proteins (for exam-
ple, beta-lactamase PC1 from Staphylococcus aureus, the N-terminal domain of
lambda repressor) have been reported to form such intermediates due to the intro-
duction of point mutations. In the case of genetic diseases such as cystic fibrosis,
point mutations are often related to mislocation of proteins (Yang et al. 1993). The
MG state is either involved at the intermediate stages of the unfolding of proteins or
it could also act as the last stage leading to the closure of the unfolding process
(Craig et al. 1985; Lim et al. 1992). Bychkova and Ptitsyn (1995) have also sug-
gested that such mutations which cause genetic diseases by changing intracellular
pathways of proteins could also act as the last step of protein folding. Hence, MG
states of such proteins are either associated with chaperones or would aggregate,
thus preventing them from interfering in the normal trafficking in the cell (Ptitsyn
et al. 1995). The last action of MG could be helping in location and eventual degra-
dation of mutated proteins. However, the protein conformational diseases might
also occur due to misidentification or missignaling other than protein misfolding.
The involvement of protein misfolding in such diseases could be beneficial in the
design and development of drugs in forms of ligands or factors required for correct
conformation of these proteins.

4.7 Conclusions

Cell signaling, human diseases, and intrinsic disorder are interrelated, perhaps having
intriguing connections. It is now well-known that non-native conformations also
play important biological roles in the functioning of cells along with the native
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states. Membrane transport of proteins provides an exceptional instance of the
mechanisms by which the cell engineers the process to achieve desired results by
manipulating the structure of the protein. The MG state of proteins is believed to be
part of the cell engineering which forms important intermediate conformations
required for protein folding. The non-native conformations not only involve trans-
membrane translocation but also become a part of processes taking place within the
cells. The MG state exists as a part of these non-native conformations. The MG
conformations are required for various biological processes including translocation
of proteins across the organelles or cell membranes, assisting molecular chaper-
ones, binding to proteins to prevent them from aggregating until the quaternary
structure is formed, ligand transfer, binding to multiple ligands, protein degradation
at the acidic pH, channel or pore formation under low pH conditions, and for enzy-
matic activity. Proteins that form MGs rather than ordered structure under physio-
logical conditions continue to be discovered. Another interesting role of MG state
includes genetic diseases which occur due to mutations. Genetic diseases are mostly
caused by misfolding of translated polypeptides that lead to increase in mutant pro-
teins production resulting in various non-native conformations. The MG state defi-
nitely plays some role in such genetic diseases owing to their existence in the
denatured state under physiological conditions. However, the diverse nature of non-
native conformations can also not be ignored which involves conformations other
than a MG. More native MG structures need to be unraveled to better understand the
unfolding process of proteins. The growing database of bacterial as well as human
genomes will help in the further understanding of native MG structures.

Various members of toxin family have demonstrated to acquire the functional
state by transforming their native conformation to molten globule conformation.
The vital role of the MG structure is significant in translocation of various toxins in
view of their exquisite specificity of their mechanism of actions. The remarkable
utility of unraveling of MG state in the steps of intoxication will help in designing
of effective diagnostics and specific antidotes against their effects. More informa-
tion about such states will also help in unraveling of unknown folding pathways as
well as enzymatic activities. Careful investigation of MGs in toxins is necessary to
unravel various unknown and the less clear phenomenon of protein chemistry. This
family of proteins provides an integrated model to study various aspects of protein
chemistry including factor affecting structural conformations of a protein, specificity,
binding, translocation, longevity and various cellular functions.
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Evolution of Toxin
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5.1 Introduction

Biological evolution is generally considered as the basis of diversity of life on Earth,
and is expressed through genetic variation caused by random mutations. It is notable
that the gene products, the proteins, are the functional biomolecules which are ulti-
mately responsible for the changes in phenotypes responsible for natural selection
under changed environment. However, physico-chemical and molecular bases of
mutations and mechanism involved in linking molecular changes to the slow evolu-
tion process, remain unknown. One of the ways to explore the forces of evolutionary
pressure and mechanisms involved in the molecular behavior to identify a func-
tional group of molecules from different sources for comparative analysis. We have
therefore identified a group of molecules, toxins, which are certainly a special group
of highly effective biological molecules which are generally involved in the survival
of the organisms possessing such elements in their system.

A substance, which can be harmful to plant/animals/humans at low concentration,
can be termed as a toxin. The toxins can be small molecules, pesticides or proteins,
which can cause disease through interaction with biological macromolecules. Their
molecular weight can vary between 100 and 100,000 or more. Unlike chemical
toxins, biological toxins are more diverse and toxic. Biological toxins are produced
mainly by animals or bacteria, although plants and fungi are also known to produce
toxins. The common name for animal toxins is venoms. Whereas for microbial toxins,
produced by bacteria or fungi, are termed as exotoxin or endotoxin. For the under-
standing evolution of toxins, one needs to understand the evolution of these two
toxins producing kingdomes.

A venom can be simply defined as a secretion produced by a gland in animal and
delivered into the target animal through the infliction of wounds. The delivered mate-
rial contains molecules that disrupt normal physiological processes in the targeted
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Table 5.1 Comparison of exotoxins and endotoxins

Exotoxins Endotoxins

Excreted by organisms, living cell Integral part of cell wall

Found in both gram positive and gram negative bacteria | Found mostly in gram negative bacteria
It is a polypeptide It is lipopolysaccharide complex
Highly antigenic Weakly immunogenic

Highly toxic Moderately toxic

Usually bind to specific receptors No specific receptors

animal. This process is used by the venomous animal to facilitate feeding or for
defense. Most animal venoms are a highly complex cocktail of bioactive compounds,
containing proteins, peptides, salts, organic compounds, amino acids and neurotrans-
mitters (Fry et al. 2009, 2012; Olivera 2002; Escoubus and King 2009). The protein-
aceous components are generally most abundant in the delivered material.

On the other hand, microbial toxins are one of the most potent molecules known
to us. They directly damage the host tissue and the immune system. They are gener-
ally classified as endo or exotoxins. Exotoxins are generally secreted by bacteria,
whereas endotoxins remain part of the host and released after lysis of host cells
(Table 5.1).

In this chapter, we will describe these two groups of toxins separately. Both
groups offer interesting insights into pharmacology, drug discovery, immunology
and structural biology. First, we will discuss the evolutionary characteristics of ven-
oms and bacterial toxins. In the second part, we will discuss the mechanism of
evolution of animal and bacterial toxins.

5.2 Animal Venoms and Bacterial Toxins

One of the most interesting aspects of venom science is that it offers an unparallel
model for investigating the relationship between predator and prey, protein neofunc-
tionalization, and influence of natural selection in molecular evolution. Venoms
serve multiple functions in the animal kingdom. They act as a defense in some (such
as lizards, fish, insects, etc.), foraging adaptation among trophically venomous taxa
(mammals, lizards, snakes, spiders, etc.), and potentially for intraspecies conflicts
(platypus). Animal venoms are rich sources of peptides and proteins with various
physiological effects. Generally, venoms consists of numerous peptides, proteins
and chemicals. This diversity of function makes venom an important candidate for
evolutionary innovations (Table 5.2), and is one of the main reasons why they are
found across the animal kingdoms (Fig. 5.1). To spread throughout the animal kingdom
venoms utilize several innovative structures, such as the beak, fangs, teeth, spins,
sprays, harpoons, etc. (Fry et al. 2009; Smith and Wheeler 2006).



Table 5.2 Animal toxins with their source and activity

Toxin activity

Toxin

Animal source

Vasodilation by kinin releasing
activity

Blarinatoxin

Kallikrein

Blarina

Peptidase S1 toxins

Toxicoferan reptiles

Vasodilation by kinin-like
activity

Tachykinin-like peptides

Cephalopods and
Hymenopteran insects

Inhibition of epinephrine-induced | Type III phospholipase A, Auguimorph lizards
platelet aggregation Type 1B phospholipase A, Snakes
Inhibition of ADP-induced Snake venom metalloproteinases | Snakes

platelet aggregation

Type IB phospholipase A,

Type IIA phospholipase A,

Apyrase

Hymenopteran insects

Inhibition of collagen-induced
platelet aggregation

C-type lectins

Snake venom metalloproteinases

Snakes

Platelet aggregation inhibition by | Disintegrins Snakes
GPIIb/IIa receptor antagonism Mambin/dendroaspin
Prothrombin activation Factor V Snakes
Factor X
Snake venom metalloproteinases
Thrombin activation C-type lectins Snakes
Textilinins
Type IIA phospholipase A,
Fibro(geno)lytic activity Snake venom metalloproteinases | Snakes

Peptidase S1 toxins

Toxicoferan reptiles

Neurotoxin activity

Sodium channel blockers

p-Conotoxins

p-O-conotoxins

Cone snails

Cn-11 Scorpions
Hainatoxin-I Spiders
Protoxin-II
Sodium channel activators B-Toxins Scorpions
(site-4-toxins) §-Palutoxins Spiders

p-Agatoxins

Sodium channel prolongers

3-Conotoxins

Cone snails

Uncharacterized toxins

Irukandji jellyfish

o-Toxins

Scorpions

Sea anemone sodium channel
inhibitory toxins

Sea anemones

d-Atracotoxins

Spiders

Potassium channel blockers

k-Conotoxins

Cone snails

Apamin

Hymenopteran insects

Short scorpion toxins

Scorpions

Cnidaria Kunitz-type proteinase
inhibitors

Sea anemone type 3

Sea anemones

Dendrotoxins

Snakes

k-Atracotoxins

Spiders

CRISP toxins

Toxicoferan reptiles

(continued)
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Table 5.2 (continued)
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Toxin activity

Toxin

Animal source

Calcium channel blockers

o-Conotoxins

Cone snails

Calcicludine Snakes
Claciseptine/FS2

w-Neurotoxins Spiders

CRISP toxins Toxicoferan reptiles

Nicotinic receptor antagonists

o-Conotoxins

Cone snails

a-Neurotoxins Snakes
Muscarinic receptor antagonists Uncharacterized toxins Scorpions
Phospholipase A, toxins Snakes

Type-A muscarinic toxins

Type-B muscarinic toxins

Metazoa

‘Ecdysozoa’

Sponges
Jellyfish,sea anenomes
Velvet worms
Spiders

Mites

Scorpions
Crustaceans
Millipedes
Centipedes
Grasshoppers
True bugs
Beetles
Ants,wasps,bees
Flies

Butterflies, moths

Flatworms
B

A

Bilateria

Lophotrochozoa

Polychaetes,earthworms
Clams

Snails,slugs
Octopuses,squid
Starfish

Echinodermata

Deuterostomla

Vertebrata

Mammalia

Sea urchins
Sea cucumbers
Tunicates
Lampreys
Rays,sharks
‘Bony fish’
Lungfish
Amphibians
Turtles

Snakes lizards
Tuatara
Crocodiles, alligators
Birds
Monotremes
Marsupials
Eutherians

TRENDS In Ecology & Evolution

Fig. 5.1 Schematic tree of venomous life in animal kingdom (Reproduced with permission,
Casewell et al. 2013)
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The composition of venoms depends on their function and target. For example,
defensive venoms are highly conserved whereas predatory venoms are more com-
plex and variable in composition and action. On the other hand, bacteria harm the
host by releasing toxins— proteins that are exceptionally effective poisons. Toxins
are the most important virulence factor of bacterial harmful weaponry. Always tar-
geting essential molecules, toxins typically go after molecules that are either scarce
or whose role is to send important signals. This may be one of the reasons why
bacterial toxins are most potent molecules on Earth. In both cases, only a small
number of toxin molecules are required to cause the damage. In contrast, some tox-
ins appear to deviate from these strategies by targeting highly abundant proteins.
Most bacterial toxins have an A-B structure, B being a polypeptide which binds to
the receptor and A being an enzyme. Many toxins are activated, either when pro-
duced by the bacterium or when bound to the membrane receptor, by proteases
(nicking). Most toxins act on the target cells to which they bind (Botulinum Toxin),
and to a lesser degree ascend axons and affect more distant structures (Tetanus
Toxin). Several toxic effects caused by bacteria have been described. A few toxins
have been identified, characterized, and their mode of action determined at the
molecular level.

5.3 The Role of Natural Selection/Adaptive Evolution

Diversity in animals producing venoms as depicted in Fig. 5.1, and consideration of
venom function, indicates towards natural selection. Biodiversity in animal and
plants results in diversity in venoms. Although strong evidence is not present to sug-
gest the venom composition as adaptive, the composition is correlated to diet (for
example Malayan pit viper; Daltry et al. 1996). Also, in the natural environment, the
amount of venom injected into prey is often greater than 100 times the lethal dose
required (Mebs 2001). So it is difficult to establish the relationship between a com-
ponent of a given venom and predator-prey co-evolution, due to varying composi-
tion of venoms.

Generally, gene duplication and functional divergence are responsible for the
formation of functionally distinct genes. Interestingly these genes are evolutionarily
related which is a fundamental process of adaptive evolution (Hughes 1994). Gene
duplication is of significant biological importance in adaptive evolution where it can
(i) provide a direct solution to the selection problem, (ii) facilitate further adapta-
tion, and (iii) create new gene functions. Only the redundancy created by gene
duplication allows these genes to escape the negative selection pressure and finally
evolve into a new function. Once a duplicate gene has adapted to its specific func-
tion, purifying selection predominates. Purifying selection allows the number of
synonymous substitutions (dS) to catch up to and eventually exceed the number of
non-synonymous substitutions (dV). But in a limited period of time diversifying
selection can be detected and in this time period, dN is larger than dS. The ratio
between these rates (w=dN/dS) is the most common way to measure selection in
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protein-coding genes. Comparison of the rates of synonymous and non-synonymous
substitutions in duplicated genes can provide information on the relative role of
natural selection and genetic drift in the functional diversification of genes. Values
of =1, <1 and >1 indicate neutral selection, purifying and positive selection.
An excess of dN over dS is a molecular indicator of adaptive evolution (Hughes
and Nei 1998; Hughes 2000). When there is a strong purifying selection pressure
(indicated by @ < 1) to act upon a specific sequence region, there is a high sequence
homology maintained by low ® value in that sequence region. There is always a
negative correlation between ® value and sequence homology/similarity most of the
time during the evolution. Alternatively, we can state that the  value has the posi-
tive correlation with sequence diversity. In animal toxins, very often dN is larger
than dS, indicative of positive Darwinian selection, such as PLA, (Ohno et al. 1998),
PLA, inhibitor genes (Nobuhisa et al. 1997), three—finger toxin (Gong et al. 2000),
serine proteinases (Deshimaru et al. 1996), and conotoxins (Duda and Palumbi
1999). ® value can be misleading in following cases (a) when recombination rates
are high, (b) when bacteria/species have nucleotide composition biases (generally
AT-rich), and (c) small effective population size. These cases lead to relaxed con-
straints on protein sequences, increase deleterious mutations resulting in inflated o
value (Toft and Andersson 2010). Adaptive evolution is not concentrated only on
active sites, sometimes it operates to subdomains also (Nobuhisa et al. 1997).

Another example of adaptive evolution is botulinum toxin (BoNT). Calculations
of the o value of different serotypes suggest that there is no accelerated evolution
rate in either among the different serotypes of BoNT or within the same serotype
of BoNT. Interestingly, the scenario is quite different for the subunits of BoNT
(light and heavy chains). BoNT/E light chain and TeNT heavy chain apparently
have high o value (o >1) which means a strong positive selection pressure is acting
on those regions. It will lead to a conclusion that BoNT/E light chain and TeNT
heavy chain region are still evolving and have a faster evolution rate compared to
the other regions or domains of this protein. Therefore, it is possible that the next
novel serotype of endopeptidase (perhaps in the recognition of a new substrate)
will evolve from BoNT/E and the next new receptor binding capability will evolve
from TeNT (recognition of a new receptor). This is a great prediction of adaptability
of toxin (Chang 2011).

5.3.1 Adaptive Evolution of Animal Toxin Structure

In general, three-dimensional or tertiary structures are more conserved than primary
structure indicating that the fold is more important in the interactions. This also allows
more variations in the primary structure during evolution. Compared to other proteins,
in most animal toxins larger proportion of amino acids, particularly cysteines, are
responsible for maintaining overall structures (in most proteins 3—4 % residues are
responsible for maintaining the overall structure; Rost 1997).

In animal toxins, the existence of structural plasticity allows them to evolve as
highly specific toxins for their respective targets. Specific binding of snake venoms
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Fig. 5.2 Molecular evolution of derived 3FTx. Three dimensional homology model of various three-
finger toxins. Three-dimensional homology models of various three-finger toxins (top: surface-fill;
bottom: wireframe), depicting the locations of positively selected sites are presented. Site-model 8
computed omega and the total number of positively selected sites detected by its Bayes Empirical
Bayes (BEB) approach (PP=0.95) are also indicated. Disulphide bonds and arrangements of loops
are shown (model picture on the left) (Reproduced with permission, Sunagar et al. 2013)

PLA, to its acceptors is due to the presence of pharmacological sites located on the
surface which is other than the active sites (Kini 1997). These surface modifications
have a significant role in the evolution of new pharmacological effects (Kini and
Chan 1999). In all three-fingered toxins the core region consists of four disulfide
bridges, the B-strands, and the c-terminal loops (Fig. 5.2). The overall structure is
the same. Binding regions of different three-fingered toxins involve loop I and loop
II (Fig. 5.2). Although they have similar fold but their different biological functions
are achieved by the different arrangements of exposed loops (Menez 1998; Ohno
et al. 1998). Most of the conformational differences among three-fingered toxins are
due to the conformational differences in the loop regions. Comparison of several 3D
structures revealed that the orientation of the loops can vary considerably, suggest-
ing that these loops determine their biological specificity (Fig. 5.2).

Inhibitor cysteine knot (ICK) structural motif is a disulfide cross-linked polypep-
tide which has a different fold. This structure is characterized by three p-sheets
stabilized by a cysteine knot (Figs. 5.2 and 5.3f). It is interesting that ICK fold is
present in several toxins from organisms as diverse as spiders, snails, plants, and
fungi. The structure—function studies of ICK motifs also demonstrated that most
important regions for toxicity lie in the loop region (Nortan and Pallaghy 1998).
Similarly, all scorpion toxins possess the same o/ “scorpion fold”. They also have
structural plasticity. Resistance to change in fold due to sequence mutation and
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Guanggxitoxin-1E (Ky channel) GsMTx-4 (Mechanosensitive Hainantoxin-l (Nay channel)
Zscore 2.8,rmsd 1.3 A channel) Z score 2.7, rmsd 1.6A Z score 2.8, rmsd 1.3 A

Purotoxin (P2X3 receptor) K-hexatoxin-Hv1c (K¢, channel)
Z score 2.9, rmsd 1.3 A Z score 2.7, rmsd 1.7 A

Fig. 5.3 Three-dimensional structure of various spider toxins. Overlay of Ul-LITX-Lwla and
structurally homologous ICK toxins. The NMR structure of Ul-LITX-Lwla (red) is overlaid on
the structures of different structurally homologous spider ICK toxins (gray), including (a) guangxi-
toxin (PDB ID code 2WH9), (b) GsMTX-4 (PDB ID code 1TYK), (¢) hainantoxin—I (PDB ID
code INIX), (d) purotoxin (PDB ID code 2KGU), and (e) k—hexatoxin—Hvlc (PDB ID code
1DLO). The two central disulfides of the ICK toxins, shown as gray tubes, overlap with the two
disulphides of U1-LITX-Lw1a (shown as gold tubes). Additional disulfide bonds in the ICK toxins
are shown as blue tubes. The molecular target of each spider toxin is indicated. (f) Graphical rep-
resentation of the DDH and ICK motif shown in orange and green, respectively. The third disul-
phide necessary for the formation of the ICK motif is shown in blue (Reproduced with permission,
Smith et al. 2011; Copyright (2008) National Academy of Sciences, USA)

multiple substitutions are common characteristics of animal toxins. These
characteristics allow them to conserve their toxicity in different environments. It is
not difficult to hypothesize that the structural plasticity is one of the characteristics
needed for evolution.

5.4 Adaptive Evolution in Bacterial Toxins

Bacterial adaptation to new environmental conditions mainly involves two different
mechanisms: alteration of gene regulation without any inheritable genetic change or
selection of novel adaptive phenotypes conferred by stable mutations. In bacteria,
gene duplication and amplification are the most frequent mutation type (Sandegren
and Andersson 2009).

Another mechanism of bacterial adaptation is “chemotaxis”. This involves the
ability to move toward nutrient (positive chemotaxis) and away from noxious com-
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pounds (negative chemotaxis). Bacteria also have feed-back mechanisms, such as
catabolite repression of transcription, in which an external signal is transduced through
histidine protein kinases (Stock et al. 1990). These mechanisms help bacteria respond to
changing the external environment and help with adaptation. Adaptive potential of
pathogenic bacteria may depend on the host immune system. The pathogenic person-
ality of bacteria, intracellular and intercellular locations, and antagonistic responses
give shape to co-evolutionary processes. Because of a large population and short gen-
eration time, bacteria have evolutionary flexibility. So in changing environment, bac-
teria may respond through phenotypic variations or increasing the rate of their
propensity.

Bacterial evolution is often considered as symbiotic evolution. They follow a co-
evolutionary process with their hosts. There are two general models to explain the
co-evolutionary process: (a) trench warfare model (Bergelson et al. 2001), (b) red
queen model (Clay and Kover 1996). Although trench warfare model advocates
polymorphism as the source of genetic diversity, but in principle both these models
suggest that back and forth evolution between the bacterial protein and the targeted
eukaryotic molecules. Positive selection on favorable alleles yields genetic variation
over time, but at the same time reduces polymorphisms in the populations. One way
to identify adaptation process at the molecular level is through estimation of @ (dN/
dS) (discussed in Sect. 5.3). Another way involves functional divergence in some
lineages in a particular protein region. Functional divergence is a process in which
genes shift their function from and ancestral genes, after gene duplication. This leads
to subfunctionalization, or nonfunctionalization through deleterious mutations. This
process mostly uses a horizontal or lateral gene transfer (see further discussion later).

5.5 Mechanisms of Venom Evolution

There could be two ways an animal can acquire toxic substance: intrinsic or extrin-
sic. Animals carrying or showing toxin activity either use their own genetic material
or that of other organisms for the production of these compounds. Gene expression
leads to direct translation to a peptide or proteins which are toxic to targets. In a
second way, animal produces some metabolites which will be transferred into a
target, triggering numerous chemical reactions leads to secondary metabolites
exhibiting allelochemical activity, such as toxic activity. Another way of acquiring
toxins is through using toxic metabolites for own purpose or by having a symbiotic
relationship, for example, microorganisms which produce toxins eventually used by
the host. In this way, the animal need to develop resistance to the toxin’s action by
involving changes in ion channels, receptor, potential targets of toxin, and/or to
develop a compartment where acquired toxin can be stored without risk of intoxication.
Also, the organism needs to rely on a particular food source for proper metabolism
in the presence of toxic material or provide appropriate conditions for accommodating
toxin producing symbionts.

Diversity in toxin could be due to the gene pool which encodes a toxic protein
and peptides. Point mutations, gene duplications, recombination, and post-
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translational modification of genes lead to a wide variety of proteins and peptides.
This diversity coupled with a limited change in structural frameworks is demon-
strated in several venomous animal toxins (Figs. 5.2 and 5.3).

The complexity of snake venoms is associated with high variability of their com-
ponents: enzymes and toxins. For example phospholipase A, changes their original
function, digestion, and turned into highly lethal toxins like f-bungarotoxin, taipoxin
or notexin (Kini and Chan 1999; Harris 1998). The venoms of the Australian brown
snake are known to contain numerous isoenzymes of phospholipase A, (Takasaki
etal. 1990a, b). Individual variability was demonstrated and each venom has its own
sets of isoenzymes. Variability in venom composition occurs at all levels: interfa-
milial, intergeneric, intra- and interspecies (Chippaux et al. 1991). Gene duplica-
tion, accelerated evolution, gene conversion, and positive Darwinian selection
contribute to the molecular evolution of PLA, enzymes. Natural substitutions occur
primarily on the surface of PLA, to maintain similar folds but changing specificity.
By altering the molecular surface, nature has developed a strategy to keep the same
fold with different functions (Kini and Chan 1999; Table 5.2 and Figs. 5.2 and 5.3).

Venom system provides a unique opportunity to investigate the interrelations
between natural selection and the genetic and molecular processes responsible for
variability in species. Although gene duplication was suggested for toxin evolution
and variability, it is not a prerequisite for the toxin recruitment. Similar to phospho-
lipase A,, several venom genes have been found to be homologous to gene loci that
are physiologically expressed in non-venomous genes. Alternative splicing has also
been proposed as a mechanism capable of generating non-venomous and venomous
forms. There is a paradoxical phenomenon that venomous animals may have in
common: the non-coding part of the toxin gene, the introns, represents highly
conserved elements, whereas the coding parts, the exons exhibit great variability.
The conservation of the intron sequences enables homologous recombination with
other genes during meiosis, which contributes to even greater expansion. Another
method for gene recruitment for toxin or venom gene is through alteration in the
structure of domains. In this process, both single multidomain and multiple single
domain products will be formed (Fig. 5.4).

In particular, positive selection appears to be a general phenomenon among ven-
omous taxa (Duda and Palumbi 1999; Fry et al. 2003; Binford et al. 2009; Weinberger
et al. 2011). The A-superfamily of conotoxin genes isolated from venomous con-
tains some of the most rapidly evolving protein-coding genes identified in metazo-
ans to date (Chang and Duda 2012).

Mainly three theories are proposed for diversity in multiple gene families: (a)
Divergent evolution, (b) Concerted evolution, (c) Birth and Death model (Nei et al.
1997; Nei and Rooney 2005). Divergent evolution is the accumulation of differ-
ences between groups which can lead to the formation of new species. The mecha-
nism of this model of evolution involves diffusion of the same species to a different
and isolated environment, which blocks the gene flow among the distinct populations
allowing the differentiated fixation of characteristics through genetic drift and natural
selection. Divergent evolution can be applied to genes and proteins. This is possible
with both orthologous genes (resulting from a speciation event) and paralogous
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Fig. 5.4 Schematics showing the mechanism that underlies toxin evolution. (a) Gene duplication
of a physiological gene and subsequent evolution of a duplicate gene into a venom toxin, (b) modi-
fication of a physiological gene into venom genes, (c) alternate splicing of exons resulting in physi-
ological and venom toxins encoded by the same genes, (d) duplication of an ancestral domain
resulting in multidomain products or multiple single domain products, and (e) consecutive loss of
domain from duplicate multidomain precursor genes produce multiple related venom toxins.
Circles signify gene duplication events (Reproduced with permission, Casewell et al. 2013)

genes (resulting from gene duplication within a population). Because of the latter, it
is possible for divergent evolution to occur between two genes within a species.

In the case of divergent evolution, similarity is due to the common origin, such
as divergence from a common ancestral structure or function has not yet completely
obscured the underlying similarity. In contrast, convergent evolution arises when
there is some sort of ecological or physical drivers toward a similar solution, even
though the structure or function has arisen independently, such as different charac-
ters converging on a common, similar solution from different points of origin. This
includes analogous structures. Concerted evolution was originally proposed to
explain a high degree of sequence similarity among member genes of a multigene
family (Smith 1973). Two models were suggested for the concerted mechanism. In
the first model, interlocus recombination mechanism was suggested, which generates
new duplicate genes and delete some extant duplicate genes. In the second model,
interlocus gene conversion or recombination is regarded as a mechanism of increasing
genetic diversity (polymorphism) for a locus or a set of loci by introducing new
variants from different loci. Therefore, all loci are assumed to be polymorphic,
and polymorphism at different loci evolves in unison as a result of concerted evo-
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Fig. 5.5 Schematic representation of Divergent, Concerted and Birth and Death Model of evolu-
tion. Open circles stand for functional genes and closed circles for pseudogenes (Reproduced with
permission, Nei and Rooney 2005)

lution. In the “birth and death model”, duplicate genes are produced by various
mechanisms and some of the duplicate genes diverge functionally but others
become pseudo-genes owing to deleterious mutations or are deleted from the
genomes (Fig. 5.5).

Many venom toxins are thought to evolve via the “birth and death” process (Nei
et al. 1997) of gene evolution (Figs. 5.5 and 5.6). In this process, a gene encoding
normal physiological genes is duplicated and duplicated gene is expressed in the
venom gland (Kordis and Gubensek 2000). Proteins expressed by these genes
expressed physiological proteins and exhibit diverse ancestral activities in differ-
ent cells (Fry et al. 2012; Fry 2005). Once a particular gene is incorporated the
gene duplication introduces various functional activities and potencies to the toxin
genes (Fry et al. 2003; Weinberger et al. 2011). However, as per earlier theory
incorporation of physiological genes to toxin genes is not a one-way process.
Toxins can be ‘reverse recruited’ from the venom gland for a role in physiological
processes (Fig. 5.6).

5.6 Mechanism of Evolution of Bacterial Toxins

Evolution of bacterial toxin must comprise of two elements: (a) evolution of a func-
tional progenitor, and (b) adaptation of the gene within the different generation/
strains/species. The evolutionary arms race is very apparent in the case of bacteria
which build a bewildering variety of toxic peptides and protein to deploy against
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Fig. 5.6 The recruitment and evolution of toxin families under the ‘birth and death’ model. (a)
and (b) schematics and gene tree of gene duplication and incorporation into the venom gland. (c)
and (d) schematics and gene tree of reverse recruitment (Reproduced with permission, Casewell
etal. 2013)

their neighbors or host. Diversity in bacterial toxins, due to evolutionary arms race,
makes it difficult to form any hard and fast rule for their evolution. Although some
toxin genes are chromosomal, in most cases these are attached with mobile genetic
elements such as plasmids, phages, and transposons. For evolution, bacteria must
conserve their genetic material and should be able to pass this from one generation
to another. Bacteria survive in the changing environmental condition and adapt to
the new environment. For this genetic materials need to be flexible. Here genetic
materials mean genome plus proteome. Bacteria use point mutations, recombination
between homologous DNA sites, the action of transposable genetic elements, and
lateral gene transfer as possible mechanisms by which bacteria can have genetic
flexibility. Bacteria are able to lose or gain of DNA during adaptation.

Point mutations are considered as driving forces in the slow evolutionary process.
During replication, point mutations can be generated by slipped-strand mispairing,
resulting in expression or non-expression of particular genes. Regulatory genes
which control coordinated gene expression under changing environmental condi-
tions have also been found to be a subject of point mutations or deletion. Random
mutagenesis offers bacteria a strong advantage under a selection pressure, which
enables bacteria to become more pathogenic without the acquisition of additional
genes (Sokurenko et al. 1999). Point mutations in genes contribute to virulence or
resistance lead to new variants with new properties. Pathogenicity of bacteria
involves two mechanisms: short time interval mechanism (microevolution), and long
time interval mechanism (macroevolution).
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Lateral gene transfer also plays a significant role in the evolution of bacterial
genomes and provides them with a ready to use a novel gene pool. This mechanism
is responsible for variation among strains. Documented evidence shows that later-
ally acquired genes can transform an otherwise avirulent bacteria into a virulent
form (Wren 2000; Hacker and Kaper 2000), antibiotic resistance (Alcaine et al.
2005), metabolic diversity (Sullivan and Ronson 1998; Pal et al. 2005), and/or con-
fer an ability to develop a new strain (Campanaro et al. 2005).

There is several nucleotide sequence heterogeneity in the structural genes for
some bacterial toxins, such as the heat-labile and heat-stable enterotoxins of E. coli.
On the other hand, toxins such as botulinum neurotoxins, there are several different
antigenic types with similar biological function. Bacterial toxins, in general, have
no known role in the physiology of the host bacteria. Bacterial toxins are recognized
by their pathogenicity to the eukaryotic organisms. These toxins may have evolved
through one of the following processes. First, structural genes for the toxin may be
evolved from ancestral genes of eukaryotic proteins which are introduced into pro-
karyotes and become part of their genes. Second, evolution in prokaryotes may have
resulted in the evolution of endogeneous proteins that recognized specific targets in
eukaryotes. Finally, due to lateral gene transfer from bacteria and venomous animal
(Cordes and Binford 2006).

The diversity of domains, fold composition and extreme sequence divergence are
common features of bacterial toxins (Maagd et al. 2003). “Evolutionary arms race”
leads to rapid sequence evolution and diversity. This is why it is common to find
weak sequence similarity in toxin genes with considerable structural rearrange-
ments (for example, botulinum toxin A (PDB ID: 3BTA) and botulinum toxin E
(PDB ID: 3FFZ)). Although, the evolutionary origin and profile of bacterial toxins
are not very clear, enough information is available to speculate on a few important
possibilities. (a) Surface components of bacterial cells that help in colonization,
which is very specific for particular animal host, (b) most bacterial proteins are
multifunctional, (c) bacterial proteins are made of different domains, (d) structural
similarities among different domains are very less, (e) variation in cell surface
receptors, binding, cellular targets are common characteristics of bacterial toxins.
These differences could contribute to species-specific susceptibility or resistance
and also to the evolution of these toxins.

5.7 Co-evolution

As mentioned earlier, antagonism is the heart of rapid evolutionary change, and
life evolves with increasingly complex traits. How do these complexities emerge?
Is natural selection is responsible for this or it is just an artifact of adaptation?
One of the suggested ideas to answer this question is “coevolution”. Several
authors have proposed that coevolutionary “arms race” lead to increased com-
plexity. This results in adaptation and counter-adaptations, which ultimately
favors complex traits.
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The virus, bacteria, parasites, and other microbial pathogens are the foreign
invaders that cause illness and death. But most of the pathogens have evolved through
a close mutual interaction with their hosts. Because of this interaction, both species
develop some unique and specific process either to defend or invade. On one hand,
host cells use plasma membrane, antibodies, cytokines, phagocytosis, lysosomes,
reactive oxygen species (ROS), low pHs, protease and other factors to prevent inva-
sion by foreign substances, pathogens have developed effective strategies for host
defense systems on the other. Pathogen strategies include producing proteins to
antagonize ROS effects, inhibit phagosome maturation, block phagosome-lysosome
fusion, or produce toxins to disarm the host cell defense.

In general, it is believed that bacterial pathogens have evolved over a long period
of time that allows a large number of random interactions of pathogens and host spe-
cies, possibly leading to coevolution. Further, as suggested earlier, lateral gene trans-
fer could be one of the possible mechanisms of co-evolution? This mechanism is
possible when there is some kind of interaction with two kingdoms or species. In
general, LGT involves the transfer between prokaryotes. Although examples of LGT
involving a transfer between eukaryotes and bacteria are rare, spider toxin sphingo-
myelinase D (SMaseD) is found to have evidence of this transfer. Notable, SMaseD
activity has not been found elsewhere in any other organism except bacteria
(Corynebacteria; Soucek et al. 1967; Fig. 5.7). SMaseD of spider and bacteria are
similar in size, isoelectric point, enzyme kinetic and substrate specificity (Bernheimer
et al. 1985; Truett and King 1993; Van Meeteren et al. 2004). These similarities
indicate their distant homology.

In another example, Ambrose et al. (2014) reported LGT of a bacterial toxin gene
into a fungus. The bacterial Mcf proteins are considered critical components of the
overall insect toxicity of bacteria. Its acquisition by ancestral Epichole fungal endo-
phytes of grass was suggested through LGT (Ambrose et al. 2014). Newly acquired
genes, through LGT, can also confer a new capability to the recipient species (Acuna
et al. 2012). The exact mechanism of co-evolution is not sure, but it certainly helps
in evolution of both the pathogen and the host. Zaman and colleagues demonstrated
through their computational experiment that coevolution drives complexity of host
(Zaman et al. 2014). Organism evolution is a complex process, requiring interactions
of not only environment and biological processes, but also molecular and sub-
molecular processes which provide the chemical and physical basis for biological
adaptation and function.

5.8 Structural Diversity and Its Connection with Evolution

Evolution of protein involves a compromise between rigidity and flexibility. Both
these factors allow various structural and functional combinations. Internal motion
and dynamics are increasingly been recognized as an essential requirement for protein
function. One of the naturally existed conformation of the protein, the molten globule
state, provides a good model as it has less rigidity and more flexibility than the native
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Fig. 5.7 (a) Active site superposition of E. coli cytoplasmic and periplasmic GDPDs
(Glycerophosphoryl diester phosphodiesterase) (1T8Q, 1YDY_A and 1YDY_B, all green),
Thermotoga maritime GDPD (101Z, cyan), Thermus thermophilus GDPD (1V8E, blue) and
Loxosceled laeta SMase I (1XX1_A, red). For 1T8Q and 1XX1, all chains in the asymmetric unit
showed similar rotamers for all residues. For 1YDY, one of the two chains showed a conformation
for His 47 (SMase I numbering) similar to that of the E. coli cytoplasmic GDPD (1T8Q), while the
other showed a conformation similar to that of the other GDPDs and the L. laeta SMase 1. SMase
originate from divergence of GDPDs. Phylogenetic scenarios representing hypothetical mecha-
nisms of origin of SMaseD activity (gray) from within the glycerophosphoryl diester phosphodi-
esterase (GDPD) family. (b) Independent duplication and functional divergence in both bacteria
and spiders. (¢) Duplication and functional divergence in spiders followed by LGT to bacteria. (d)
Duplication and functional divergence in bacteria followed by LGT to spiders. Variants of (b) and

(c) are also possible in which acquisition of SMaseD activity occurs independently in bacteria and
spiders following an LGT event (Reproduced with permission, Cordes and Binford 2006)

state. It is now believed that molten globules retain their functional activities, even
though the other sites are fluctuating or in misfolded conformations, for example bot-
ulinum toxins (Chaps. 3 and 4). Flexibility gives several advantages. (i) A large num-
ber of variations are possible without much effect on the structure or function.
Variations are presumable either neutral or compensated by proper mutations. (ii) The
highly flexible regions, in turn highly evolving, serves as substrate recognition sites.
This also pointed out that conformational adaptability is also important in physico-
chemical specificity (Luque and Freire 2000; Dobbins et al. 2008). (iii) If the
interaction (for example, binding) surface area is large, then because of flexibility
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pre-organization of residues with restricted and higher mobility is possible. This helps
in stabilizing bound conformer, which is able to compensate unfavorable entropic
factors with favorable enthalpic elements. (iv) As a result of flexibility, it is easier for
species or molecules to make a balance between physical adaptability, chemical speci-
ficity, and stability in the hostile environment. (v) Intrinsic flexibility is intimately
related to the formation of protein complexes (Marsh and Teichmann 2012).

Protein toxins are either multi-domain or complex proteins. Is there any role of
flexibility in the assembly of these toxins? Proteins which form a larger surface area
of interactions or larger inter-subunit interfaces have less surface area available to
bury intra-molecularly are more likely to be flexible in isolation. In addition, sub-
unit flexibility should be strongly associated with the formation of interaction within
the complex. Is there any relationship between flexibility and symmetry? It is easy
to imagine that flexibility would be beneficial in case of the asymmetric heterolo-
gous molecules. Dimeric isologous interfaces involve self-complementary surfaces.
In other words, if there is conformational change on one side of a dimeric isologous
molecule, then there must be equivalent conformational change on the other side.
This requirement makes intrinsic flexibility, less advantageous for these molecules.
So it is easy to hypothesize that asymmetric surfaces require larger flexibility
than the homomers or dimers. However, flexibility has a significant correlation
with the secondary structure; o proteins tend to be more flexible than p-proteins
(Marsh 2013). A very good example to support above arguments is botulinum neu-
rotoxin. Botulinum neurotoxin (BoNT) is a protein complex (LL complex is
~900 kDa, L complex is ~600 kDa and M complex is ~300 kDa) in which toxin
molecule is surrounded by several non-toxic proteins. These surrounded proteins
have a role in stability, transport and functional activity of the toxin. Assembly of
these proteins requires flexibility of toxins as well as subunits. This flexibility is one
of the reasons for having several serotypes and subtypes for this protein family, and
assists in trafficking (through the harsh environment of gut and blood) and substrate
specificity. Two members of this family, BONT/A and BoNT/E, are optimally active
in their native molten globule conformation (Cai and Singh 2001; Kukreja et al.
2010). A toxin molecule of BoNT complex utilizes most of its surface for interac-
tions with NBP (Neurotoxin Binding Protein). This may be the reason for the exis-
tence of flexible structure in isolation and for the existence of a biologically active
molten globule conformation (as mentioned earlier in this paragraph). The structure
of toxin alone is very interesting which consists of a binding domain ($-sheet pro-
tein), a translocation domain (a-helix protein), and a catalytic domain (a/f protein).
This unique structure is self-explanatory; for binding molecule needs some rigidity
which is provided by binding domain secondary structural organization (f3-sheets),
for translocation molecule need fluid structure (a-helix), and for catalysis needs
binding as well as function (a/p). This structural organization and exquisite coordi-
nation between different parts of this molecule makes this the most potent
molecule.

Contrary to the above view, cry proteins (Maagd et al. 2003), three-finger and
spider toxins are mainly f-sheets proteins with structural and functional divergence
(described above). The structural and functional divergence, and inherent flexibility
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of these proteins is the result of the differential organization of B-sheets and loops. So,
it may not be appropriate to directly relate flexibility of protein to secondary struc-
ture. The flexibility of any protein is a fine play between the organization of second-
ary structure, the arrangement of loops, and overall tertiary structure. This in turn
helps molecules to survive, adapt, and evolve.

5.9 Molecular Flexibility and Functional Implications

As mentioned, flexibility could be an important parameter for functional implica-
tions. Best example for this is the most potent molecule known: Botulinum
Neurotoxins (BoNTs). The protein is produced by one of the oldest organisms
(anaerobic organism estimated to be ~2 billion years old), and seem to have evolved
into at least seven known serotypes and dozens of subtypes which target an entire
process of exocytosis, rather than an individual molecule as one would expect for
the evolution of a group proteins with very strong specificity. BoNTs, though endo-
peptidase of thermolysin type, are extremely specific, and do not proteolyze any
other than three SNARE proteins involved in the exocytosis process. This endopep-
tidase has very low turnover compared to other enzymes, but because of its high
specificity, selectivity, physiological response, and exceptionally high stability
inside cell, is extremely effective. It provides a rich and a unique biological system
to understand and describe the versatility of nature.

The protein smartly avoids its destruction in the endosome by avoiding lysosomal
attack. In addition, it is now well known that it can survive intracellularly for several
months, a feature unknown for any other exogenous protein. Structural and host
response features are beginning to provide clues, albeit at times contradictory, to the
mystery of this protein.

The role of its dynamic tertiary structure is significant in determining its specific-
ity towards its substrates, SNARE proteins (Kumar et al. 2014). To the best of our
knowledge BoNT is the only example of fully enzymatically active molten globule
(MG). Our latest experiments have revealed the following: (a) The unfolding pattern
BoNT/A endopetidase domain has a very unique intermediate state showing dual
unfolding. We believe this protein has inherent flexibility which is due to its back-
bone vibrations leading to a set of folding domains not predictable from the crystal
structure (Kumar et al. 2013a, 2014). (b) The substrate peptide undergoes pre-
interaction molecular motion (as indicated by decreased fluorescence anisotropy),
before its binding to the enzyme and subsequent cleavage (unpublished data). (c)
Among the three BoNT serotypes (BoNT/A, B, and E) examined for structural flex-
ibility, BoONT/E provides the most flexible structure, which matches with evolution-
ary dendrogram based on BONT sequence analysis showing BoNT/E to be
evolutionarily latest BONT serotype (Kumar et al. 2013b; Chang 2011). Such find-
ings may be revolutionary in suggesting molecular flexibility and dynamics as crite-
ria for molecular evolution. Interestingly, light chains (LCs; A, B, and E) of these
serotypes behave differently in solution, both structurally and functionally (Kumar
etal. 2014).
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Furthermore, catalytic domain of this protein (LC) has Zn?* in its active site
and is believed to have both structural and functional roles (Li and Singh 2000).
This may provide additional evidence that the Zn?** binding in the active site may
influence the dynamics of the protein.

Other steps involved in BoNT’s mode of action, in addition to the enzyme activity,
also seem to incorporate protein flexibility. In one of the models describing BONT
translocation into cytosol from endosomes, the LC undergoes molten globule tran-
sition at low pH. Both the BoNT/A toxin and the catalytic domain were shown to
have molten globule states. Structural changes observed for BONT/A LC at low pH
leading to elongated molten globule (Cai et al. 2006) is believed to facilitate trans-
location of BoNT/A LC into the cytosol, where it renatures and regains its endopep-
tidase activity. The flexibility of molten globule may not only be relevant to the
protein chemistry involved in the functioning of the BoONT molecule, but may also
play a major role in the survival of the protein molecule intracellularly for months.
In substrate-ligand binding, anchoring and alignment regions involve hydrophobic,
salt bridge and hydrogen bond interactions indicating common evolutionary origin
with substrate.

There are reports of other proteins to involve molten globule state for insertion
and translocation (see Chap. 4). Structural analysis of physiologically relevant inter-
mediates and molten globule states of BONT will provide valuable information on
the questions related to this molecule as well as about the critical role of biophysical
forces and processes in the protein chemistry.

5.10 Summary

Toxins are some of the oldest and most evolve molecules on this Earth. Structural
and functional diversity, co-evolution, and complex symbiotic relationship with
their host hinder experimentalists/theorists in developing an evolutionary theory
for these molecules. But these unique molecules provide an important natural
model, which can provide better mechanistics of evolution at the molecular level.
These molecules are perfect candidates to study predator-prey relationship, mutu-
ality, parasitic, commensalism, and mimicry. Several models are suggested in the
literature and every model fundamentally indicates towards organism or molecu-
lar flexibility. Molecular flexibility allows toxins to adapt and diversify. For
example, alteration of protein surface allows the molecule to have the same fold
with different functions (Sect. 4.5). This is followed by rapid transfer of molecu-
lar properties from one organism to another to facilitate co-evolution. On the
other side, molecular flexibility also allows organization of different domains
required by toxin molecules to counter hostile environment of the target. Due to
co-evolution toxin molecules are able to find a new target, function and establish
the new relationship with their host/prey. Finally, because of the newly estab-
lished relationship, due to co-evolution, toxin molecules redefine their role in the
evolution.
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Epilogue

Chose a job you love, and you will never work a day in your life.

Confucius

This book is a concise effort of presenting toxin as a model for examining various
aspects of protein chemistry. Toxin family offers a unique group of molecules which
is structurally and functionally diverse. In addition to this, they also add another
unique dimension to study protein structure and function.

Toxin as Molten Globule

After the discovery of protein folding intermediates, the study of intermediates
become important in Protein Folding Problem (PFP). One of the folding intermedi-
ates is molten globule. This state is very important in the structure and function of
the toxins. Disorder state is often transiently populated during protein folding.
Generally speaking, highly dynamic protein states do not exhibit catalytic activity.
For example, I116G/L186G of adenylate kinase and S45G/P55N of RNase T1 in the
partial disordered state (higher dynamic state) is 5 and 40 % active, respectively. In
contrast, acylphosphatase in its partially disordered state is 79 % active. Also, in
molten globule state DHFR (Di-Hydrofolate Reductase) and human topoisomerase
I are 5 and 11 % active, respectively. Whereas mutated SNase (F34W/W104F) in
molten globule conformation is ~87 % active. Until now none of the native enzymes
in molten globule conformation is optimally active, except botulinum toxin. Several
toxins have been shown to acquire the functional state by transforming into a molten
globule conformation. Not only for catalytic activity, molten globule conformation
of toxins is also suggested for membrane insertion, channel formation, transloca-
tion, chaperon activity, binding, ligand transfer and other activities. Examples are
colicins, diphtheria toxin, botulinum toxin, anthrax toxin, etc.
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Toxin as IDPs

Toxins have a great amount of pressure to escape from the damage caused by the target
environment. Toxins mastered this by getting inherent flexibility which facilitates them
to exist in several functional conformations. Flexibility gives toxins the required
freedom which is advantageous in interaction, binding, selectivity, and longevity.
According to DisProt database, out of 700 know disordered proteins 14 are toxin or
toxin associate proteins. Also BoNT/A, BoNT/B, BoNT/E, tetanus, diphtheria and
anthrax lethal factor have significant amount of disorders.

Toxins as Evolutionary Model

In the primordial environment, organisms need molecules which can adapt to changing
environment. The existence of toxins as IDPs and molten globules offers two advan-
tages to organisms; (a) better flexibility provides a sophisticated mechanism for
many-to-one and one-to-many interaction, and (b) reduce energy cost to store and
maintain genomic size (reduce the need to have large gene pool). Structural and
functional diversity, possibility of co-evolution with the substrate, and complex
symbiotic relationship offer two concepts about these molecules; (a) hinders in
developing a consensus conventional evolutionary theory, and (b) makes them a
good tool to redefine evolutionary paradigm.

In summary, this book addresses various aspects of protein functions and introduces
toxin as a better model to understand molecular basis of their existence and action.
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