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ABSTRACT

INVESTIGATIONS INTO PROTEIN FOLDING AND MISFOLDING

Jason Charles Collins
Old Dominion University, 2015
Director: Dr. Lesley H. Greene

Proteins are the fundamental building blocks of all living organisms. They are
critical in the proper function of virtually all cellular processes and without them
biological life would be impossible. Since their discovery, understanding the transition of
DNA to functional protein has been separated into two distinct areas of research; 1) how
are they synthesized from genetic material and 2) once formed how do they fold into their
native tertiary and quaternary structures. Understanding how genetic material encodes the
primary structure of amino acids was the basis of the first-half of the genetic code. This
in part sparked a technological race to solve the sequence of whole genomes, leading to
the human genome project and its completion in 2006. The second-half of the genetic
code is known as the ‘protein folding problem,” which is the primary focus of this work.
This problem is focused on understanding the fundamental features that dictate how the
primary structure of amino acids transition along a thermodynamic and kinetic pathway
into a functionally folded native-state.

The protein folding problem is a multifaceted and interdisciplinary area of
research. Two key avenues of investigation include the folding of a protein into its native
structure and the second is misfolding into an amyloid fibril structure. In the first-half of
this work, we investigated the folding of the B1 domain of the Streptococcal
immunoglobulin-binding domain of protein G (GB1) as our model system. Using

bioinformatics approaches we investigated the origin and evolution of GB1. We also



elucidated a group of conserved residues and a network of long-range interactions which
we propose are key determinants in dictating the stability, folding and native structure of
the protein. GB1 was initially characterized using a combination of biophysical and high-
resolution techniques such as stopped-flow and equilibrium fluorescence, circular
dichroism and nuclear magnetic resonance spectroscopy. A microbial system was
developed to facilitate testing the role of conserved long-range interactions through site-
specific ’C-labeling of tryptophan and phenylalanine. In the second-half, we investigated
the transition of the Fas-associated death domain, an all a-helical Greek-key protein, into
a misfolded amyloid-like state using additional techniques such as transmission electron
and atomic force microscopy. From this work we were able to determine the extreme
non-physiological conditions that would be required to allow for this transition. This
result supports the ‘generic amyloid hypothesis’ that proposes that all proteins have the
ability to form this alternative structure. In summary, this body of research has
contributed to further advancing our understanding of the protein folding problem and

laid the foundation for future atomic-level resolution studies.
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CHAPTER 1

INTRODUCTION

PROTEIN FOLDING PROBLEM
Protein folding is an interdisciplinary area of research that has gained significant

attention from the scientific community [1]. The increase in interest in protein folding is
mostly due to the growth in protein sequences and the overwhelming appeal of solving
one of the most fundamental cellular processes. A key aspect of biological life is the
ability to synthesize functional proteins from genetic information. Proteins play a pivotal
role in the survival and function of all organisms by performing a myriad of biological
processes, from cell division to apoptosis. Since the discovery of DNA and the
subsequent solving of its structure, understanding how the primary sequence of amino
acids is synthesized from genetic material was the basis of the first-half of the genetic
code. In addition, the complexity and magnitude of genetic material sparked a
technological race to solve the sequence of whole genomes, leading to the human genome
project and its completion in 2006 [2-5]. Solving the first-half of the genetic code led to
the advancement of biological techniques which enhanced the ability of researchers to
investigate the second-half of the genetic code, centered on understanding how the
primary sequence dictates the native conformation of proteins.

Currently, there are two approaches to solving the protein folding problem. The
first is to use computational methods to predict the three-dimensional (3D) structure of a

protein from the sequence of amino acids and the second is to understand the relationship

The Journal for this Dissertation is BMC Chemical Biology



between the folding mechanism and the protein sequence. Since the discovery by
Christian Anfinsen that proteins have the ability to spontaneously fold into its native-state
structure understanding this process has been a foundational area of biochemical research
[1]. The structure and function of a protein’s native-state is determined by the sequence
of amino acids [1, 2]. Understanding how the amino acid sequence encodes and directs
the folding of a protein into its native-state is termed the ‘protein folding problem’. It is
also significantly important to understand protein folding, because many protein
misfolding diseases arise from the improper folding of proteins into their native-state.
The archetypal example of a misfolded protein is the variant Glu6Val, of hemoglobin
which leads to sickle cell anemia. Understanding the underlying determinants of the
protein folding problem will provide the tools for protein engineering and the design of
protein therapies.

Proteins are polymeric in nature. They are composed of a string of amino acids
linked together by a covalent bond between the carboxyl carbons of one amino acid to the
amine nitrogen of the following amino acid in a condensation reaction (Figure 1). The
sequence of amino acids in the polymer makes up the primary structure of a protein.
There are twenty naturally occurring amino acids which gives rise to a large diversity of
possible protein sequences (Figure 2). In addition, they can be further diversified though
amino acid modifications. The secondary structure of proteins is characterized by specific
local structures which include a-helices, 3-sheets and B-turns stabilized by hydrogen
bonding of the protein backbone. The tertiary structure is defined as the overall
topological arrangement of the secondary structure in 3D space. This would also be the

native-state structure for a globular single domain protein. There are three major



classifications of tertiary structure; all a-helical, all B-sheet and mixed o/B (Figure 3).
Forming and maintaining the tertiary structure stability is in large part due to cumulative
hydrophobic and ionic interactions, hydrogen bonding and disulfide bonds. The
quaternary structure refers to the packing of several individual protein chains together
into a higher order protein structure. The formation of multimeric states (i.e. homo- or
heterodimers) also increases functional diversity and increases the complexity of the
protein folding problem. It’s quite amazing that despite the large number of divergent and
functionally diverse proteins, nature evolved proteins to share common topologies, such

as the Greek-key or the TIM barrel topology.

I I
H 0 H o

— _
Ny—ca—c? s Sn—en—c”
o B~ “\oH

Hydrolysis Condensation
)
H |l | 0
7
NN CH—C = NH - CH—¢7
o on

Figure 1. Formation and structure of peptide bonds. Peptide bonds can be formed and

broken by condensation and hydrolysis reactions, respectively.
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grouped by cyan borders into unsubstituted (dotted), aromatics (solid), hydroxyl (short-

dash), carboxamide (long-dash), dicarboxylic (dash-dot-dot) and diamino (dash-dot) type.

R-groups are highlighted and grouped by character: non-polar (blue), polar (brown),

acidic (red) and basic (green). Proline, methionine and cysteine are grouped as

heterocyclic, thioether and mercapto, respectively. These structures were drawn by hand

in Microsoft Power Point (version 2010).
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Figure 3. Classification of protein tertiary structure. Representations of each of the

tertiary structure classes. The PDB codes for the structures shown are 10P1 (Left), 1TIT

(Center) and 1TIM (Right).

Cyrus Levinthal in the late 1960’s postulated that if you had a protein whose
primary structure contained 100 amino acids and folding occurred by attempting each
possible conformation the length of folding time would be astronomical. Levinthal
showed mathematically that even using a sampling rate of 10" nanoseconds this process
would take 107 years to find the native fold [6-8]. Since experimental evidence showed
that proteins could fold on the millisecond time scale, Levinthal proposed that the process
could not be random and the process must follow a specific pathway. Interestingly,
directed folding was further supported by the proposal that sampling time could be
significantly reduced if during the sampling process correct interactions were maintained

while incorrect interactions are either not formed or not maintained and are broken to



continue sampling conformational space [7]. It was becoming clearer that protein folding
was a directed process guided by underlying intermolecular interactions based on the
work later done by Anfinsen. Anfinsen’s dogma indicated that the well-defined native-
state is predetermined solely on the interactions of the amino acids, which led to him
winning the Nobel Prize in 1972 [9, 10].

Being able to visualize what a folding protein looks like and the orientation of
each atom with angstrom-level resolution is vital to understanding how proteins fold. To
solve the structure of a protein we use two primary methods, X-ray crystallography and
nuclear magnetic resonance (NMR) spectroscopy, both of which can solve the structure
of a protein down to the atomic-level. Once protein structures are solved they are stored
in the Protein Data Bank (PDB) for open access to the world. Being able to visualize
these 3D forms allows us to classify proteins into groups dependent on topology. SCOP
(Structural Classification of Proteins) and CATH (Class, Architecture, Topology and
Homology) are the two major databases that are used to classify protein structures into
related groups such as families and superfamilies [3, 4].

Proteins fold according to a pathway or mechanism that outlines the transition
from the unfolded state to the native-state. There are currently four dominant mechanisms
that describe the protein folding process: framework, hydrophobic collapse, nucleation-
condensation and folding funnel models [11, 12]. It seems that in the universe of protein
folding size is important in the folding of a protein. Small proteins generally fold rapidly
in a two-state mechanism that involves only the denatured and native-states. The two-

state mechanism of proteins containing less than 100 amino acids is characterized by



rapid folding that appear to have no kinetically detectable intermediates. However, larger
proteins increase in complexity and are often described by a multiphasic process.

In the framework model, folding begins with the formation of secondary structure
elements prior to the formation of the tertiary structure (Figure 4). Following the
intermediate formation is the assembly of the secondary structure into a tightly packed
native tertiary structure either by random assembly or by the careful propagation of
ordered tertiary interactions [12, 13]. This model was highly supported by experimental
work on small peptides early on and it was believed that the secondary structure could
not form without some tertiary interactions due to lack in stability [8]. A few examples of
proteins that demonstrates the framework model is acyl-coenzyme A-binding protein
(ACBP), engrailed homeodomain and protein A which are all a-helical proteins and
ribonuclease A, a mixed o/ protein [8, 14-16]. In the case of ACBP twenty-six residues
were identified as evolutionarily conserved. Mutagenesis studies on ACBP showed that
modification of conserved hydrophobic residues in helices 1 and 4 had a significant
depressing effect on the folding rates [15]. In their investigation they determined that the
formation of long-range interactions was favorable based on the spatial orientation of
helix 1 and 4. This indicated that the short-range hydrogen bonding of both helix 1 and 4
formed prior to the formation of tertiary structure in order to bring certain hydrophobic
residues into close proximity for initial tertiary structure formation. Once the initial
stacking of helix 1 and 4 occurs, the final two helices form and collapse onto the structure
forming the native topology. The formation of native interactions between two secondary
structure elements as the rate-limiting step prior to tertiary structure formation in the

folding of ACBP is an excellent example of a successive framework model [15]. In



addition, the framework model has been proposed as the mechanism for both T4
lysozyme and ribonuclease T1 based on high-resolution hydrogen-deuterium exchange
experiments coupled with two-dimensional (2D) NMR [17, 18]. In both cases, the folding
intermediates retained hydrogen bonds corresponding mostly to secondary structure
features, indicating the formation of secondary structure prior to tertiary structure

formation [17, 18].
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Figure 4. Models for protein folding. Shown is a schematic of the Framework model,
Hydrophobic collapse and Nucleation-condensation mechanism models of protein

folding. Image redrawn and modified from information and images in references [11, 12].



Interestingly, there is a predominance of a-helical type proteins that fold
according to the framework model indicating that the formation of B-strands in this model
appears to be relatively more difficult [8]. Similarly, the most commonly found
secondary structures isolated in peptides was a-helical and turn structures and the least
common B-hairpins [8, 19-21]. In this model the secondary structures formed from short
peptide sequences could be considered starting points for protein folding. However, in
practice these strong conformational preferences are not commonly seen and typically
proteins will adopt a random coil for these peptides when included in a larger protein
[22]. So it seems that the instability of these peptides in larger proteins is stabilized by the
formation of tertiary interactions as seen in the investigation of a series of peptides of
chymotrypsin inhibitor 2 (CI2) in which secondary structure did not form until the
sequence of peptides included residues involved in long-range interactions [23].

In the hydrophobic collapse model of protein folding the unfolded protein initially
collapses in a relatively uniform fashion, followed by a formation of ordered secondary
structure elements (Figure 4) [24-26]. This process is directed by hydrophobic driving
forces based on the expulsion of water by hydrophobic residues being attracted to each
other in an aqueous environment [12]. It is believed that stable secondary structure can
only form after the initial collapse of hydrophobic interactions. Folding of cytochrome c,
an all a-helical protein containing a haem group, is one of the most well characterized
proteins and is a relatively good model of the hydrophobic collapse [27]. The initial
collapse of the unfolded cytochrome c involves the formation of an intermediate state
which was shown by circular dichroism (CD) to contain about 20% of the native

secondary structure content. In the fine-tuning phase continued compaction allows for
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stabilizing contacts to form a second intermediate resembling a molten globule-like
topology. The native conformation results from the folding of the remaining secondary
elements and complete coordination to the haem group. In this case since most of the
protein collapses into a hydrophobic core around the haem group prior to approximately
80% of the secondary structure forming, it seems that the hydrophobic collapse model
better describes the folding mechanism of cytochrome ¢ {27]. Interestingly, it seems that
the haem group may function as a hydrophobic nucleus in which the initial collapse is
focused. Another more controversial example of the hydrophobic collapse model is the
folding of the ribonuclease barnase inhibitor protein (barstar).

The folding of barstar begins with a collapse of non-specific hydrophobic acids
into a compact core intermediate without detectable secondary structure formation [28].
Rapid-mixing experiments on barstar in concert with secondary and tertiary structure
detection via CD indicated that the biphasic rate constants for the formation of tertiary
structure is 7000 s™ and 11 s™" whereas for secondary structure they are 4000 s and 4 s”'
for the fast and slow phases, respectively [28]. The biphasic amplitude distributions for
the rates of tertiary structure formation are 30 and 70 % whereas for the secondary
structure formation they are both 50 %. The ANS binding experiment shows that 70 % of
the hydrophobic collapse occurs in the 4 ms dead time prior to any observable folding.
According to the data the rate of formation of the core is an order of magnitude greater
than that for the formation of secondary or tertiary structure as calculated by CD. This
data suggests that the folding follows the hydrophobic collapse model. However, a few
years later it was shown experimentally using ®-value analysis, which will be discussed

later in this chapter, that the folding of barstar also follows the nucleation-condensation
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model of protein folding [12, 29]. This was one of the first examples of a protein
containing evidence of two folding models, which indicated that there could be a more
unified mechanism of protein folding. In this example the phi-value analysis provided
greater resolution into secondary and tertiary residue interactions that could not be
discerned by CD.

The concept that folding occurs by a collapse of non-specific hydrophobic
interactions has a few known intrinsic problems associated with it. One being that the
excess interactions that could form in the tertiary structure during the collapse will limit
the ability of the protein to reorganize the backbone and fine-tune amino acid orientations
for the growth of the secondary structure elements [8]. This collapse would induce an
energy barrier associated with dissolving and rearrangement of these interactions, which
would be energetically unfavorable. Second, the denatured state may not be completely
random and unstructured without any side-chain interactions. Instead, the unfolded
protein is dynamic because there appears to be fluctuating interactions that can form
variable secondary structures or even pockets of hydrophobic clusters [8]. Because the
unfolded state may contain residual structure, which can be native-like or non-native, it is
proposed that the initial hydrophobic collapse also results in the formation of some
secondary structure elements [8]. It’s unclear if the residual structure in the unfolded state
is simply a limiting of solvent accessibility or if the interactions are important in the
folding process by directing folding towards the native conformation. Thus, more than
likely there is some specificity or organization to the hydrophobic collapse.

With the advances of experimental techniques for monitoring the fine details

involved in the structural changes during the protein folding process it has become
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clearer that the vast majority of proteins fold via the nucleation-condensation model
(Figure 4) [8, 12, 30-33]. The development of the nucleation-condensation mechanism of
folding came from two major events in science; the first being the recognition that
proteins could fold in a simple two-state reaction mechanism without the accumulation of
detectable intermediates and second is the development of @-value analysis technique
which is an indirect method to detect the presence of interactions in the transition-state.
This model for protein folding combines both the framework and hydrophobic collapse
models in which some discrete secondary and tertiary contacts or regions form in a
concerted process [8, 12, 33-35]. The initial collapse in the nucleation-condensation
model is the formation of what is known as the folding nucleus made up of secondary and
tertiary interactions that form the initial native-like topology and catalyze the folding
process. These interactions and participating residues are now thought to be conserved in
evolution. The folding nucleus is comprised of some native-like secondary interactions
that are only stable in the presence of correctly formed long-range tertiary interactions
[11, 12]. Following the collapse is the hierarchal assembly of native interactions, which
are less conserved, as more structure condenses until the final stable native topology is
achieved [36]. There are several well studied proteins like CI2, barstar, avian
myeloblastosis transcription factor, tenascin, lysozyme and the 12-kDa FK506-binding
protein that display the nucleation-condensation model of protein folding [11, 12, 29, 37-
41].

The first example of this particular folding model is the folding of CI2 which is
described as the archetypal protein. Investigations of scanning microcalorimetry and

refolding kinetics showed that the folding of CI2 fits a two-state folding mechanism [34,



13

42, 43]. Detailed investigation of the role of specific residues on the transition-state of
CI2 (a small protein consisting of 8 B-strands and 2 a-helices) using ®-value analysis
showed the presence of a folding nucleus and a stabilization of the helix by interactions
between Alal6, Leud49 and Ile57 in the hydrophobic core. The initial nucleus had low
stability which stabilizes as the protein forms more native-like contacts once the folding
energy barrier has been overcome [43]. The folding of barstar, an 89-amino acid protein
containing a three stranded parallel B-sheet and four a-helices, was shown to be a
reversible two-state reaction mechanism. In the ®-value analysis of barstar there is a
stabilization of helix 1 and 4 in the initial consolidation towards the transition-state. The
folding process for barstar is triphasic as the diffuse nucleus and its growth towards the
transitions state was mapped in three steps; 500 us, I ms and 100 ms. The native-like
topology emerges after about 100 ms as the structure is stabilized by further propagation
of tertiary and secondary interactions [12]. Experimental investigations of CI2 and barstar
showed that they both fit the nucleation-condensation model of protein folding because
they both fold in a two-state reaction mechanism and form a folding nucleus comprised
of regions of secondary structure stabilized by a discrete set of correctly formed native
tertiary interactions [12, 43]. The nucleation-condensation model may explain the rapid
folding nature of proteins as opposed to a random sampling method. Interestingly, the
expectations found in the folding funnel model, discussed in the next paragraph, coincide
with data obtained from ®-value analysis used to monitor the transition-state folding
nucleus. The framework, hydrophobic and nucleation-condensation models are discussed

in reference to small proteins with no intermediates and single transition-states. However,
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each model can be related to larger proteins that may have several intermediate states
during their folding reaction.

The folding funnel model begins with a large ensemble of unfolded
conformations which transition down a funnel shaped energy landscape in which there is
a decrease in the available conformational space during the folding reaction (Figure 5)
[44, 45]. In this model depending on the environmental conditions the unfolding
polypeptide can proceed towards a native-state topology or a misfolded state. If the
environment is conducive to intramolecular contacts protein folding proceeds to the
native-state, whereas if the environment is more favorable for intermolecular contacts
protein misfolding can occur. The energy landscape model considers protein folding on a
scale of free energy in which unfolded or partially folded intermediates of a higher free
energy transition towards a global minimum free energy and entropy [46-49]. This model
assumes that the native-state structure is considered the global free energy minimum.
During the transition from the unfolded to the native fold, the conformational free energy
decreases as the number of favorable native contacts increases. The protein folding
funnel model begins with multiple folding pathways which later converge into a single
pathway as more native contacts form. It is understood that hydrophobic residue
sequestration away from the aqueous solvent is the underlying driving force in the
folding funnel model to overcome the folding energy barrier. Similar to the multitude of
unfolded conformations, the molten globule is believed to be an interrelated ensemble of
folding intermediates that have formed from a hydrophobic collapse of fluctuating
interactions. The molten globule intermediate is similar to the transition in the framework

model containing most if not all of the secondary structures with very little tertiary
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structure [50]. The molten globule may be present in all the previous models and some
believe may belong to a unique class of proteins called intrinsically disorder structures
[51]. The importance of the molten globule state is still under intense scrutiny, however
its importance as an intermediate in the folding of several proteins, such as
apomyoglobin, a-lactalbumin, calcium-binding lysozyme and cytochrome ¢ is becoming
more evident [52-59]. It is becoming increasingly more prevalent in protein research to
isolate the molten globule state or key structural features in vitro under a specific set of
conditions, such as low pH as it is easier to study an equilibrium form than a kinetic

intermediate [57, 59-61].
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Figure 5. Energy landscape scheme of protein folding and aggregation. The blue
surface shows the multitude of conformations ‘funneling’ to the native-state via
intramolecular contacts and the purple area shows the conformations moving toward
amorphous aggregates, off-pathway and potentially cell-toxic oligomers or low-energy

amyloid fibrils via intermolecular contacts. This image is adapted from [62].

In relation to the folding funnel model the free energy of folding can be
thermodynamically illustrated in the following equations:
AGiotat = (AHiotal) - T(AScota)-

AGtolal = (AHpro!einA + AHsolvenl) - T(Asprotein_ + ASsolvem)'lvent).
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In the equations, AGxa is the change in total Gibbs free energy between the
native and unfolded state of the folding reaction, which is related to the changes in
enthalpy and entropy before and after the folding reaction [63]. AH is the sum of total
enthalpy of the protein (AHroein) and the solvent (AHgovent). ASiorat is the sum of total
entropy of the protein (ASprein) and the solvent (ASgqvend) [63]. The enthalpy and entropy
of protein folding is directly related to the intermolecular forces and chemical
characteristics of the amino acid groups that underlie protein folding. The stability of the
protein is largely related to the contributions of the entropy and enthalpy of the solvent as
it relates to the character of the amino acid side chains. Hydrophobic side chains provide
a positive solvent entropy and the polar residues contribute a negative solvent enthalpy,
which sum to an overall negative Gibbs free energy [63]. Since the free energy is
negative this thoroughly supports the spontaneity of the protein folding process
discovered by Anfinsen. The folding process and rate of the reaction is regulated by the
rate at which the unfolded polypeptide chain overcomes a free energy barrier, catalyzed
by the formation of a transition-state structure [63].

There are a multitude of theoretical studies that show that the protein folding rate
is influenced by size, stability and topology [13, 30, 46, 64-81]. Interestingly, there is
strong computational evidence for predicting the folding rates of proteins based on their
relative contact order. Those proteins with greater local contacts tended to fold more
rapidly than those with more non-local interactions [82]. The importance of local and
non-local interactions in the native structure and there effect on the rate of the folding

reaction was shown to significantly correlate to the relative contact order [82].
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The mechanisms of protein folding have been previously described by
experimental work, and the process has been shown to be spontaneous process in vitro.
However, when we look at protein folding in vivo there are other factors that we need to
account for and the process can be quite different. Proteins in vivo are only considered
marginally stable which makes them highly susceptible to misfolding. In addition, the
environment of the cell is quite different due to a high crowding effect (300-400 mg/ml
of protein and other macromolecules) that is not seen in vitro, which can result in
disruptions in the folding process leading to non-functional aggregates [63, 83, 84]. So
far I have for the most part only discussed the folding mechanisms as they relate to small
(~100 amino acids) monomeric single domain proteins with a simple two-state folding
reaction. However, the complexity of protein folding increases astronomically as many
proteins within the cell have multiple domains and the average protein size for eukaryotes
is approximately 450 amino acids [85]. In addition, once folded many proteins gather into
multimeric protein assemblies to perform their function, only further increasing the
complexity. So how does the cell rapidly fold thousands of large proteins under what
seems to be extremely unfavorable conditions as many proteins are intolerant to high
concentrations? In addition, the range of available conditions (i.e. buffer, pH and
temperature) for folding inside a cell are limited and very narrow unlike the wide range
of in vitro conditions.

To compensate, the folding process can be assisted by molecular chaperones and
chaperonin [84, 86]. The molecular chaperone network functions in a large array of
proteostasis but one of its key functions is to prevent protein misfolding, which is

particularly important during cellular stress. Any protein that interacts with and aids the
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folding of another protein without being part of the final native structure defines the role
of a chaperone. Chaperones interact with proteins either by direct interaction with the free
nascent polypeptide chain or by interacting with the ribosome during translation and
restricting unfavorable interactions [84]. Chaperonins and heat shock proteins (Hsps) are
adenosine triphosphate (ATP) regulated chaperones which bind to the free nascent
protein chain whereas, trigger factor, nascent-chain-associated complex and Hsp70L1 are
some examples of ribosome bound chaperones that interact with the nascent protein chain
as it exits the ribosomal tunnel [84]. In both cases, recognizing and binding hydrophobic
segments of proteins that are typically found in the buried portion of the natively folded
protein prevents the formation of improper intermolecular interactions [84]. Chaperones
essentially act as kinetic partitions and redirect the polypeptide away from the pathway of
aggregation by preventing the interaction of exposed hydrophobic residues. Binding the
hydrophobic residues for a short time limits the available conformational space and
allows formation of native interactions [84]. The importance of protein quality control
chaperones cannot be over emphasized as there are many disorders related to deficiencies
in proteostasis, such as the formation of aggregated a-synuclein secluded into Lewy
bodies in Parkinson’s disease [87, 88].

One of the major goals in computational biochemistry has been solving the
protein folding problem using computer based prediction methods. Using computational
algorithms to fold the primary structure of amino acids into its native structure is
fundamentally important. It has the potential to accelerate drug discovery by replacing
lengthy structural studies with rapid structural simulations as well as provide insight into

the structure and function of many as yet unsolved proteins in the genome [89]. There are
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two major avenues in the approach to solving the structure of a protein using
computational methods. The distinction in the two molecular dynamics (MD) approaches
is that one relies on inference of structure and the other does not (ab initio). The more
predominant approach to protein prediction uses protein databases to infer protein
structure [89]. This originally began with databases for secondary structure prediction
algorithms followed by the incorporation of computational physics such as atomic force
fields and Monte Carlo simulation [90-94]. Further developments in the computational
prediction of protein folding included homology modeling algorithms which looked at
databases for homologous sequences to gain insight into structure [95]. Using these
algorithms the fold of unknown sequences could be predicted based on a database of
solved 3D structures with similar sequence and inferring similar folds [96]. In ab initio
methods the protein structure is predicted only using known information about the
underlying forces of protein folding.

The field of protein prediction was significantly advanced and influenced by the
invention of the CASP (Critical Assessment of Techniques for Protein Structure
Prediction) which was a community-wide test for the prediction of unknown structures
[97]. Since the development of the CASP the native structure prediction of small, single-
domain proteins using databases and advanced software have come to within 2-6 A of the
structure verified by experiment [98-102]. In addition, the advances in rapid homology
modelling are impressively able to compute the approximate folds for whole genome
sequences [103, 104]. Most significant and notable advances have occurred in the ability
to align targets with homologs, detect evolutionarily distant homologs and the

development of reasonable models for the most difficult proteins which excitingly



21

contain new folds [89, 98-100]. However, with these advances in native structure
prediction there are still many obstacles to overcome. This includes refining the
homology models, reducing the modeling error to consistently below 3 A specifically for
those large difficult proteins containing new folds, low homology or large (8 content {89,
98-100]. In addition, significant challenges still lie in the handling of large multidomain,
domain-swapped proteins, membrane proteins and the prediction of protein-protein
interactions [89, 98-100].

In the field of MD simulation for protein folding, one of the greatest challenges
not related to protein folding, is to overcome available computing power. Although MD
has been used to study the folding process from multiple aspects, the ultimate goal of MD
is to develop an all-atom modelling method the encompasses the full folding process.
However, even the fastest-folding proteins overwhelm the most advanced physics-based
simulations when it comes to all-atom approaches requiring years of simulation time for
even 1 millisecond folding time. It is quite impractical to run simulations for years, thus
much of conventional MD is focused on specific characteristics of the folding process
with little work being done on the complete folding trajectories of all atoms with atomic-
resolution [105-107]. However, with the development of ANTON, a specialized
supercomputer for high-speed MD simulations, the ability to compute all-atom, extended
physics-based and explicit-solvent simulations has been extended by orders of magnitude
in comparison to what was previously possible [108-110]. Using ANTON, detailed
mechanistic analyses of the folding process for the folding of proteins up to ~100 amino
acids which naturally fold rapidly can be examined [111, 112]. With the advent of

ANTON it is estimated that 10% of the single-chain proteins in the protein data bank are
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now accessible to MD simulations [108]. With this increase in accessibility of all-atom
full folding pathway simulations, MD is now becoming more dependent on force field
accuracy. There are a number of force field programs currently used in protein folding
MD. A few of those most recently updated include Amber99SB-ILDN, GROMOS and
CHARMM force fields [113-119]. These force-fields are shown to provide accurate
representations of the structure and dynamics of small globular proteins on the
submicrosecond scale, however they prove to be problematic on larger proteins due to
longer folding timescales [120]. Now that MD simulation can exceed the millisecond
timescale due to advanced computing power and the accuracy of the simulation is largely
limited by the force field accuracy there has been a significant step in solving accurate

fully atomistic physic-based models of fast-folding proteins [108].
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METHODS TO STUDY PROTEIN FOLDING: EQUILIBRIUM
FLUORESCENCE

Studying protein folding, structure and stability in protein chemistry usually
requires a spectroscopic probe that provides insight into the changing environment of the
protein structure. Typical spectroscopic probes for protein structure and folding under
equilibrium conditions utilize intrinsic fluorescence of the aromatic amino acids, mainly
tryptophan (Figure 6A) [121-123]. However, tryptophan, phenylalanine and tyrosine
typically exist in proteins naturally only at very low percentages i.e., approximately 1
mole percentage for tryptophan alone [124]. The application of tryptophan, phenylalanine
and tyrosine relies on the maximal absorption wavelengths of their aromatic structure and
natural hydrophobicity which makes them sensitive to the polarity of the immediate
environment of each probe [124]. Phenylalanine, tyrosine and tryptophan absorb
approximately 260 nm, 280 nm and 285 nm wavelengths of light respectively.
Tryptophan is the most commonly used probe for investigating folding and unfolding due
to its significantly larger molar extinction coefficient and fluorescence intensity in
comparison to those of phenylalanine and tyrosine [124]. Changes in the local
microenvironment of tryptophan typically correspond to an overall loss in native
structure due to the cooperative nature of most unfolding transitions associated with
many proteins [121-123]. Fluorescence probes allow for monitoring structural changes in
a folding reaction induced by chemical denaturants, heat, pH or pressure [121]. In our
investigation of the folding of the Bl immunoglobulin-binding domain of protein G
(GB1) we used 295 nm as our excitation wavelength to specifically detect the intrinsic

fluorescence of the single tryptophan at position 43. Typically a protein with a tryptophan
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buried in its native structure will present with a shorter and higher maximum emission
wavelength and intensity, respectively, in comparison to the denatured structure.
Exposure of a tryptophan to a polar solvent reduces its emission potential as the
excitation energy is dissipated by transfer into the solvent [124]. Consequently, the

transition from native to denatured state results in a decrease in tryptophan fluorescence

intensity (Figure 6B).
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Figure 6. Aromatic amino acids and schematic of equilibrium fluorescence. (A)
Three aromatic residues used as intrinsic or synthetic spectroscopic probes of protein
folding in equilibrium fluorescence experiments. (B) A visual schematic of equilibrium
fluorescence data and the effect on aromatic residue emissions during the transition from

unfolded to folded states.
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Using the equilibrium fluorescence intensity in relationship to the denaturant is
useful in determining free energy values of folding [121]. The inherent difficulties in
using tryptophan and tyrosine residues as fluorophores for studying protein folding lie in
the inability to distinguish the emission contribution of each individual amino acid when
there are multiple residues in the primary structure [121, 125]. Proteins with multiple
fluorophores are limited in interpretation of the structural and dynamic properties of the
side chains due to overlap of emission signals in addition tryptophan fluorescence can be
quenched by neighboring acid or basic residues, cysteine or disulfide bridges [121, 124,
125]. However, a potential solution to this limitation is to use site-directed mutagenesis to
replace a specific amino acid, with non-fluorescent residue. In the case of a protein
containing two fluorescent amino acids you can gain additional information by
comparison of the single mutation to the wild-type (WT) protein which can reveal the
importance of the specific amino acid in the stability and folding. An example of this has
been shown using the tryptophan aporepressor protein from E.coli whose dimer interface
appeared to be disrupted by the loss of either tryptophan [121]. Intrinsic tryptophan
fluorescence has been used for many years to investigate protein folding and is
foundational for chemical and thermal denaturation curves which provide perquisites for

techniques such as ®-value analysis and stopped-flow kinetic analysis.
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METHODS TO STUDY PROTEIN FOLDING: ®-VALUE ANALYSIS

®-value analysis is a protein engineering method originally initiated by the
Fersht laboratory [126]. This method has seen much attention and has been used in the
past two decades to investigate well over 500 variants of more than 21 different proteins
[127]. Some examples of proteins that have been studied by @-value analysis include
chymotrypsin inhibitor, SH3 domains, barnase, chicken brain a-spectin, ubiquitin, E3-
binding domain of the dihydrolipoamide succinyltransferase (BBL), Fas-associated death
domain (Fadd-DD) and individual domains of proteins L and G [128-135]. Using ®-
value analysis we can study the role of specific amino acids on the folding kinetics and
conformational stability of the protein folding process by determining the AG of the
transition-state relative to the folded state [136, 137]. This method of investigating the
folding transition-state is most amenable to small domain proteins that follow a two-state
transition reaction. The transition-state is relatively unstructured and because it is
transient in solution, studying the structure of the transition-state is difficult for high
resolution techniques like protein NMR or X-ray crystallography. Using site-directed
mutagenesis select amino acids can be modified or removed by substitution with a similar
amino acid or alanine, respectively. In the ®-value analysis the effect of an engineered
point mutation on the AG of the protein molecule is used as a probe of the structure
formation along the folding pathway [126, 129, 136-138]. The ®-value is obtained once
the WT protein is compared with those of the engineered protein variants. The ®-value is
an indirect measure of the mutated residues molecular interaction contribution to the
formation of the transition-state structure, and in turn reflects what percentage of the

native-like interaction with the mutated residue remains in the transition-state [137].
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Typically, positions that show the highest ®-values are considered part of the folding
nucleus as they are found in the most structured positions in the transition-state [137].
Due to advances in the modern laboratory techniques, mutations can be rapidly
introduced into the plasmid construct using polymerase chain reaction (PCR) and readily
purified using His-tagged or anion-exchange methods. In typical ®@-value analysis
investigations, an impressive quantity of kinetic information can be gathered by rapidly
mutating a large percentage of the available amino acids in a relatively short time. In this
protein engineering method, selection of the appropriate mutations is quite important as
non-conservative and disruptive mutations can result in a change in the native-state
structure and alter the folding pathway completely [137]. In addition substituting a polar
residue with a non-polar one can alter the proteins interaction with the solvent and result
in solvation artifacts in the folding pathway [137]. ®-value mutations typically are as
conservative and mildly-disruptive as possible to prevent off-pathway folding, such as
substituting Ile-> Val which removes a single methyl group. Although this minor change
is quite sensible, typically researchers have opted to substitute alanine in any position
selected for mutation for three main reasons [137]. First, using a unified substitution
method is convenient, particularly when there are a high number of mutations that are
being performed. Second, mutations that are too conservative often have changes that are
too small and beyond the detectable limits of the method to calculate accurate ®-values.
Lastly, substitution of alanine of all the amino acids is the least likely to form new non-
native interactions during the folding process and results in a sufficient loss of those
interactions [137]. Interestingly, using ®-value analysis on the substitution of a variety of

amino acids at the same position can provide a significant amount of additional
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information on the types of interactions that are important in transition-state stability

[137]. The @ value is defined using the following equations [137]:

®;= AAG/AAGe, = (VTAGL, — "™ AG /(Y TAGe, - MAGy) 3)
AAGg, = —RT In(™%/™ kg - RT In(""%/" k) (4)
AAG;, = -RT In(M*%4/" kp) (5)

In the equation 3 ¥ 'AG., and M"AG,., represents the change in free energy
between the transition-state and unfolding state of the WT and mutant respectively.
WTAGt., and M"AG¢., represent the change in free energy between the folded and
unfolded states of the WT and mutant respectively (Figure 7) [8, 137]. Thus, the ®; value
is a ratio of the amount of intramolecular destabilization presented by the mutated residue
in comparison to the native interaction from the WT protein. The @ value ranges from 0
to 1 with values near O suggesting that the selected amino acid has no native interactions
and is most likely surrounded by unstructured regions in the transitions state. Values near
1 indicate that the specific interactions of this particular residue position in the native-
state are fully formed in the transition-state. Partial ®r values indicate that only a fraction
of the native-state interactions are formed at that position in the transition-state. In Figure
7A, the effect of the mutation on the energy of the transition-state is equivalent to the
native-state transition-state energy, which calculates to a AAG,, = 0, which results in a @
= 0. In opposition, in Figure 7B, the energy difference of the WT and mutant in the
transition-states compared to the native-state results in AAG;., = AAGg,, which results in
a O¢= 1. AAG,,, and AAGg, are calculated using equations 4 and 5 by substituting the
folding rate constants (k;) for the WT and mutants into the ratio. Experimentally, the

Gibbs free energies for the WT and mutants are determined from chemical and thermal
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denaturation folding curves. The folding rate constants and equilibrium constants,

determined using stopped-flow measurements and a chevron plot, are required for

calculation of the ®¢ [137].
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Figure 7. Energy diagram for ®@-value analysis of protein folding. The solid line
shows energy levels of the unfolded, folded and transition-state for the WT protein, and

the dotted line shows the levels for a mutant. (A) ® = 0 and (B) ® = 1. Modified and

redrawn from references [8, 137].



30

METHODS TO STUDY PROTEIN FOLDING: STOPPED-FLOW
SPECTROSCOPY

One of the most widely used methods for determining the folding kinetics of a
protein is a rapid-mixing stopped-flow technique. In this type of experiment the folding
process is initiated by rapidly mixing a chemically denatured protein into an appropriate
refolding buffer initiating spontaneous refolding by dilution of the denaturant (Figure 8).
In a similar fashion the unfolding of a protein can be monitored by rapidly mixing a
native protein solution with a concentrated denaturant in an appropriate buffer. Forming
denatured protein can be accomplished using several other methods in addition to
chemicals, such as altering temperature and pH. The process of stopped-flow folding
kinetics can be monitored in real-time by several spectroscopic methods including
fluorescence, near- and far-UV CD, X-ray scattering, Fourier transform infrared
spectroscopy (FT-IR) and real time NMR spectroscopy [50, 124, 139-144]. Using
intrinsic fluorescence probes such as tryptophan emission radiation (excitation = 295
nm), the overall folding process can be monitored in real-time as the microenvironment
of the tryptophan moves from a solvent exposed to a buried environment during the
refolding process. Using CD, discussed in the next section, as the detection method
allows for direct monitoring of structural information of a protein as it folds. These two
detection methods are the most commonly used in the folding community [145]. Much of
what is known about the kinetics of folding and unfolding is due to the enormous amount
of information that has come from stopped-flow methods. There is a fundamental
limitation to the information gathered by stopped-flow methods which is associated with

poor time resolution. The time required to mix the solutions to initiate either unfolding or
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refolding and move the solution into the observation head requires in general at least a
few milliscconds. This time delay is called the “dead time™ of the instrument. This puts a
limit on the observable changes associated with folding, as in some cascs all the
spectroscopic changes have alrcady occurred during the dead time [53, 146-148]). There
arc also studics that show that the formation of secondary structures such as a-helices in a
synthetic polymer system is too fast to be observed by stopped-flow techniques [149].
However, there are some researchers dedicated to pushing the boundarics and have built

systems that can monitor refolding on the microsecond time scale [150-152].

Unfolded Protein
— Mono-
chromator

Stop Syringe

Flow Cell

Buffer

Figure 8. Schematic of a traditional stopped-flow instrument. Here the denatured
protein in one syringe is rapidly mixed with refolding buffer from another syringe in the
follow cell and monitored. The detector can be for example, fluorescence, absorption or

CD. This figure was redrawn and adapted from [153].
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In the past 20 years there have been a significant number of advances in our
experimental and theoretical approaches to studying the mechanism of protein folding
[47, 154-156]. Initially it was established that it was critically important to characterize
the kinetics and thermodynamics of simple protein systems to establish a foundation to
studying protein folding. It makes sense that the initial studies of protein folding would
begin with small single domain proteins such as the 83 amino acid CI2, which does not
contain any of the complexity of disulfides, cofactors or metal associations. Investigation
of CI2 revealed a two-state folding mechanism with no kinetically detectable
intermediates [34]. In following work on CI2, mutations were made and the relative
effect on the folding rate and the participation of specific amino acids in the transition-

state was monitored [31, 136]. The work with CI2 folding led to further investigations

into the thermodynamics and kinetics of a number of other single domain proteins [1,
157]. Kinetics data obtained from stopped-flow methods are used to calculate folding
rates and goodness of fit with multi-parameter exponentials using a graphing and fitting

program like SigmaPlot.
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METHODS TO STUDY PROTEIN FOLDING: FAR- & NEAR-UV CIRCULAR
DICHROISM

In structural biology, CD is one of the fundamental spectroscopic methods for
gathering structural information on proteins in biologically relatable environments. CD is
a spectroscopic technique used in protein structure analysis because it can be used to
identify the secondary and tertiary structure of proteins. This technique uses the
differential absorption of circularly polarized UV light by chiral molecules (Figure 9A)
[139, 158]. Unlike absorbance spectroscopy the left- and right-handed circular
components of polarized light are absorbed differently by each of the chiral centers
resulting in the CD spectrum (Figure 9B). In addition, non-protein cofactors like haem
groups, pyidoxal-5’-phosphates, flavins and chlorophyll moieties can be seen in CD
spectra [139, 159]. UV light in the far region (240 nm and below) of the spectrum are
preferentially absorbed by the backbone amide of the peptide bond due to n—r* and i1
—r* electronic transitions, thus data obtained in this region correspond to the orientation
of the polypeptide backbone or protein secondary structure (Figure 10) [139, 158, 159].
Far-UV CD allows for the determination of the three common types of secondary
structures as well as disordered or irregular structure associated with denatured or
intrinsically disordered proteins. For example, all a-helical proteins result in a strong
negative differential of far-UV absorption with a distinctive double minimum around 208
and 222 nm. In contrast to that, all $-sheet proteins show a single minimum between 210
and 225 nm with a significant decrease in the strength of the negative differential [158].
Disordered structures show a loss of all peaks with a near O differential absorption

between 205 and 250 nm. Advances in software analysis algorithms of far-UV spectra
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allow for determination of the relative percentage each secondary structure contributes to
the native structure of the protein molecule [139, 158]. This observation of the secondary
structure is extremely useful in detecting changes in a protein structure due to changes in
environmental conditions or functional changes. It is also quite valuable when predicting
the structure of a protein, when compared to reference spectra of proteins whose structure
has already been solved by either NMR or X-ray crystallography. There is a large
collection of algorithms and datasets that are currently used to compare secondary
structure. DICHROWERB is an online CD server that allows analysis of secondary
composition directly from instrumental data, hosting the most commonly used algorithms
including CDSSTR, SELCON, VARSLC, K2D and CONTIN [160-168]. However, there

are limitations to the database analysis when it comes to small oligopeptide structures,
which are not included in the database unless they are under conditions ideal for specific

secondary structures.
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A 4

Wavelength
Figure 9. Origin of the CD effect. (A) The left (L) and right (R) circularly polarized
components of plane polarized radiation: (I) the two components have the same
amplitude and when combined generate plane polarized radiation; (II) the components
are of different magnitude and the resultant (dashed line) is elliptically polarized. (B) The
relationship between absorption and CD spectra. Band 1 has a positive CD spectrum with
L absorbed more than R; band 2 has a negative CD spectrum with R absorbed more than
L; band 3 is due to an achiral chromophore. This image was redrawn and modified from

[139].
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Figure 10. Far-UV CD spectra associated with various types of secondary structure.
Solid line, a-helix; long dashed line, anti-parallel B-sheet; dotted line, type I B-turn; cross
dashed line, extended 3,¢-helix or poly (Pro) II helix; short dashed line, irregular

structure. Image reprinted from [139].
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In the near-UV region (260-320 nm) the spectra obtained is related to tertiary
structure of the protein structure due to the quantity, mobility and environment of the
aromatic amino acids. Tryptophan, tyrosine and phenylalanine show peaks in the 290-305
nm, 275-282 nm and 255-270 nm regions respectively (Figure 11) [139, 158]. The
structural resolution of the specific aromatic regions is due to the differences in the
vibrational excitation states of each aromatic amino acid [139]. Although the near-UV
CD spectra are unique to each protein there is information that can be gained though
coupling with techniques such as site-directed mutagenesis. Even though the theoretical
structural analysis is limited, specific features can be assigned by selectively removing
specific aromatic residues and monitoring the effect on the tertiary structure. A few
examples of this can be seen in the case of human carbonic anhydrase II, bovine
ribonuclease and the molybdate-binding transcription factor ModE form FE.coli [169-
171]. The CD data obtained in the near-UV is quite valuable as a reference fingerprint for
the tertiary structure, which is extremely important in identifying molten globule states or
when comparing protein variants against the WT structure. Unlike the specific structural
elements assigned in far-UV, near-UV analysis provides very little information to the 3D

orientation of the structure of a protein.
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Figure 11. The Near-UV CD spectrum for type II dehydroquinase from
Streptomyces coelicolor. The wavelength ranges corresponding to signals from Phe, Tyr
and Trp side chains are indicated, but it should be emphasized that there can be

considerable overlap between the Tyr and Trp signals. Figure adapted from [172].

CD is a versatile method and is extremely important in structural biology, for
example as a comparative reference for secondary structure content which is relatable to
solving of protein structures using X-ray crystallography and NMR. CD can be used to
analyze the stability and changes in protein secondary and tertiary structures as a function
of temperature, pH, chemical denaturant and mutation [139]. The advantage to CD

spectroscopy is that it is a quick method for gathering structural information on proteins,
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on the order of minutes to hours depending on the instrument. In addition, it involves
very little protein and does not require extensive post-experiment data processing,
allowing a significantly large amount data under various types of conditions to be rapidly
obtained. The detailed analysis of structure provided by CD allow for the investigation of
conformational changes due to solvent, ionic strength, temperature, pH and the binding of
ligands involved in biological function. The rate of change of the secondary and tertiary
structure in proteins can be determined in real-time when coupled with a stopped-flow
instrument. Because high resolution structural studies like X-ray crystallography are not
as amenable to peptides or insoluble aggregates, CD is one of the most predominate
methods for studying structural changes associated with amyloid fibril formation [139].

This technique is invaluable in studying the transition from a-helix to B-sheet associated
with amyloid fibril formation involved in the misfolding of globular proteins or peptides

such as prions [173].
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METHODS TO STUDY PROTEIN FOLDING: NUCLEAR MAGNETIC
RESONANCE

The NMR spectrometer is composed of a magnet, radiofrequency system, probe
and possibly a variable temperature controller (Figure 12) [174]. The magnet stack in
NMR of biological molecules is almost universally a helium-cooled persistent
superconducting magnet of the highest field strength available. The radiofrequency
system is composed of five components; the transmitter, decoupler, power amplifiers,
receiver and field-frequency lock system [174]. The transmitter generates broadband
excitation pulses at the select nucleus frequency to be observed and can be adjusted to
cover all nuclei of interest [174]. The decoupler is a second source of broadband
excitation similar to the transmitter. The power amplifiers boost the excitation pulse
power to very high wattage levels for non-selective frequency pulses. The receiver
detects the free induction decay of nuclear spins and operates over a wide range of
frequencies for various nuclei detection [174]. The field-frequency lock system uses an
internal reference, typically deuterium, as a constant reference to ensure constant
magnetic field. Corrections to the magnetic field are made in response to drift in the
reference signal to maintain a uniform magnetic field [174]. Probably the most important
component in the NMR spectrometer is the probe. The primary two functions of the
probe is to convert the radiofrequency power into oscillating magnetic fields that can be
applied to the sample and detection of oscillating magnetic fields generated by the
relaxing nuclei [174]. Probes can accommodate different sample sizes although typically

S mm probes are most common for biological NMR [174].



Figure 12. Schematic of an NMR instrument. Shown is the general set-up for
conducting NMR with biological samples. Here the macromolecules are placed in an
NMR tube which is inserted into the spectrometer. The tube is positioned between two
magnets where the atoms of interest are aligned and detected. Image was redrawn from

Agilent technologies (http://www.agilent.com/labs/features/2011_101_nmr.html).

NMR is a continually evolving high resolution method for studying complex
molecules with atomic-level sensitivity. The NMR spectrum of pancreatic ribonuclease
performed on a 40 MHz spectrometer, first reported in 1957, was the first proton NMR

analysis of a complex macromolecule. However, the information that could be deduced

41
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from this early analysis was extremely limited. In the next several decades the power of
NMR instrumentation and methodology has evolved enormously, providing the ability to
investigate conformations and interactions of biological molecules on the atomic scale.
The most notable developments include increased sensitivity due to much higher
magnetic field spectrometers, development of pulse Fourier transformation methods and
multi-dimensional NMR methods. In the most modern applications of NMR, 2D analysis
or higher are commonly used to study biological macromolecules. Information of a
typical one-dimensional (1D) analysis provides distinct spectral peaks for each atom of
interest whereas 2D analysis can provide cross-peak (CRPK) information about
connections between atomic resonances. However, the specifics of the information
gathered depend on the type of experiment being run. CRPK’s can be observed through
interactions of bonded atoms up to four atoms apart, interactions of atoms through-space
that are within range of each other or through exchange interactions of the same atom in
differing environments in the same sample. In example, the dipolar-assisted rotational
resonance (DARR) pulse method is used to monitor 13C-C interactions through space by
a transfer of magnetization (Figure 13) [175, 176]. In this method CRPK’s are produced
through an initial transfer of magnetization from 'H to covalently bonded 13C followed by
subsequent transfer to 13C carbons that are close in space. Short mixing times allow for
intra-residue *C-">C CRPK’s while longer mixing times allow for inter-residue CRPK’s

[175, 176].
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Figure 13. Schematic of the 2D DARR method. This schematic shows the intra-residue

(black arrows) and inter-residue (grey arrows) magnetization transfers between 'H (blue)
and '*C (pink). Magnetization transfers between non-covalently bonded atoms result in a
CRPK in the 2D spectrum. This figure was redrawn by hand in Microsoft Power Point

(V. Higman, University of Bristol).

NMR spectroscopy is possible because atoms of the same element, oriented by a
strong magnetic field, produce distinct spectral signals depending on their atomic
environment when irradiated with characteristic radiofrequency radiation. The resolution
of NMR is very high because the signal is derived from individual atoms and their atomic
interactions. The most commonly used isotopes used to study proteins in NMR are 'H,

13C, °'N and '°F. However, because the natural abundance of the NMR active isotopes of
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carbon, nitrogen and fluorine is small in natural biological molecules, typically isotopic
labelling can be used to make a biological molecule more NMR sensitive. When studying
proteins the first and rate-limiting step of any NMR experiment is the assignment of all
the resonances to specific nuclei. However, the relative complexity of the spectrum
obtained in the single-dimension and even the second-dimension for proteins is extremely
convoluted due to spectral overlap of signals. Moreover, in terms of applications in
structural molecular biology, being able to combine high resolution structural date and in
vitro experimental information makes NMR spectroscopy in valuable in protein folding.
In addition, the advance in increased magnetic field strength is continually growing. In
the last decade, 700 and 800 MHz magnets are becoming more common and the most

advanced spectrometers at 900 MHz and higher are gradually gaining a foothold.
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PROTEIN MISFOLDING

In the past decade there has been an increase in the identification of protein
misfolding related diseases which include systemic amyloidosis and neurodegenerative
diseases [88, 177]. With about 20 different diseases associated with the deposition of
amyloid fibrils, there is a need to better understand fibril etiology, pathogenesis, as well
as the structure and mechanism of fibrillogenesis. The term amyloid has been defined by
the Nomenclature Committee of the International Society of Amyloidosis as extracellular
deposits of protein fibrils with the cross-B X-ray diffraction pattern, fibrillar
characteristics under electron microscopy and an affinity for Congo red with a resulting
apple green birefringence [178]. However, the structural biology and biochemistry
community is looking to elucidate the molecular structure, biophysical characteristics and
mechanism of amyloid or amyloid-like formation, and have limited the definition to
fibrillar polypeptide aggregates with cross-f§ conformation [178]. Fibrillation results from
the rearrangement of a naturally soluble protein or peptide into a stacked B-sheet rich
insoluble ordered aggregate filaments (Figure 14), which accumulate into either
extracellular deposits in the organs or tissues associated with the specific protein and in
some instances leads to amyloidosis [88, 177]. Conversion of proteins into amyloid fibrils
is proposed to produce its adverse effect in specific cases by either a loss-of-function or
gain-of-function mechanism [88, 177]. It appears the process of fibrillation is not limited
to a specific class of proteins, which indicates that the fibrillation process and resulting
fibril morphology may be independent of the native secondary and tertiary structure and
appears to be an intrinsic property of the primary sequence of amino acids (179, 180]. A

fundamental molecular condition for fibrillation is the destabilization of the overall native
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structure which allows the primary structure to explore alternative conformations or
digestion of the protein resulting in aberrant peptides [88, 177]. It is not clear exactly how
fibril aggregates form, but it has been proposed that every protein has the ability to form
amyloid fibrils under the appropriate environmental conditions [181]. Interestingly, many
proteins not associated with diseases have been shown to form into amyloid fibrils,

indicating that fibril formation is an alternative pathway for structural diversity [181-

183].
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Figure 14. Mechanism of protein amyloidogenesis. Schematic was adapted from
concepts in the following papers [184-186] and published in the present reproduced form

in [187]. K, and K, are equilibrium values of nucleation and growth, respectively.
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To better understand the process of amyloid fibril formation we must also better
understand the exact key determinants and interactions of protein folding. In normal
protein folding the conditions for folding are relatively specific so as to prevent formation
of disordered amorphous aggregates and yield a biologically active form [88, 177]. In
fibrillogenesis, environmental conditions are similarly specific directing an alternative
conformation [88, 177]. In contrast to normal protein folding, the mechanism underlying
ordered protein aggregation relies on the destabilization of globular proteins reducing the
dynamic stability of the tertiary structure, resulting in the formation of either a molten
globule-like state or partially unfolded conformation (Figure 4) [88, 177]. Intrinsically
disordered proteins (IDP) do not have structural elements and must first adopt a partial
fold before transitioning into amyloid fibrils [177]. The molten globule-like or partially
folded conformation allows access to the kinetically alternative folding pathways for
conversion into the B-sheet rich amyloid fibril structure [88, 177].

Formation of disease state amyloid deposits in vivo 'typically result from
instability in native protein structure or cleavage of peptides, at relevant physiological
conditions, due to mutations, environmental changes, chemical inducers or
overexpression of proteins which all result in the induction of conformational plasticity
[188]. Amyloid fibrils are structurally defined as an unbranched protein polymer with a
repeating substructure composed of cross B-sheet structure of indefinite length (Figure
15) [88, 189, 190]. However, it is a multifactorial problem and other factors such as
intercellular protein processing also play a role. Amyloid aggregation is distinguished by
the formation of the cross-p structure substructure with a 4.7 A internal strand distance

and 10 A spacing [191, 192]. Recent work revealed two unique types of core interaction
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patterns, termed “dry” and “wet” interactions, found within the nucleus of the fibril
structure, which indicate that the base unit underlying the amyloid fibril is a pair of
stacked B-sheet structures [189]. Differences between these interactions are unique and

specific to the amino acid sequence and classified according to amino acid character

[189].
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Figure 15. Representative structures of amyloid fibrils and their common X-ray
diffraction pattern. (A) Model of fiber forming segments of A with the cross-f3
diffraction pattern (PDB code: 30W9) [192], (B) X-ray diffraction patter of characteristic
amyloid cross-f reflections, reproduced from reference [193] and (C) molecular structure
of AB40 fibrils isolated from Alzheimer’s patients (PDB code: 2M4J) [190]. Areas of the
backbone colored yellow are indicated as B-strand region. Images A and C were drawn

with RasMol (Ver. 2.7.2.1.1).
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Fibrillation is not only related to disease states, there are many proteins that adopt
a non-cytotoxic amyloid fibril form as a native structure to perform normal biological
activities, called “functional amyloids,” which may indicate a fundamental alternative
fold in protein evolution (Figure 16) [189, 194]. These functional amyloids are capable of
accessing a higher level of protein activity in that they are capable of crossing the
boundary of solubility, making them able to perform functions soluble proteins are
unable to attain [195]. Functional amyloids can be distinguished from other ordered
protein filamental structures by the unique formation of cross-p sheet structure, whereas
structures found in the assembly of actin filaments, microtubules, fibroins, some silk,
collagens and keratins do not form the cross-p motif [196-199]. Transition to or from
the functional amyloid form can regulate biological activity in which there is
interconversion between active and in-active amyloid form. [200-202]. In the case of
HET-s prion protein the transition is accompanied by a gain of protein function, whereas
the yeast prion protein is accompanied by a loss of function [200-202]. Functional
amyloids have been shown to perform a variety of functions such as ligand binding,
extracellular adhesion, biofilm formation, sorting, storage and release of hormones (Table
1). Interestingly, of 42 peptide and protein hormones in the secretory pathway, 31 form
amyloid fibrils in vitro under either granule-relevant pH alone or in the presence of
heparin, a common granule glycosaminoglycan (GAG) and are biologically necessary for
the development and survival of many organisms [195]. It is curious to find that
fibrillation of a hormone would be a functionally relevant form as the amyloid fibril is
considered to be a very stable low energy form [191]. Meaning that the functional

monomeric hormones would be locked in the fibril substructure remaining non-functional
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and disassembly of the fibril structure must be a condition required for biological activity.
This requirement is met by afnyloid hormones upon dilution into the extracellular matrix
releasing monomeric biologically active hormones [195]. The underlying mechanism of
amyloid disassembly is still not completely understood. However, the ability of proteins
or peptides in the secretory pathway to the form densely packed granules containing
insoluble amyloids followed by secretion and disassembly into the extracellular space is
significantly important in the evolution of the amyloid form. This transition appears to be
regulated and controlled environmentally by changes in pH as well as presence of a
cofactor GAG [195]. This reversible conversion of hormone proteins into amyloid fibrils
as a packaging, storage and release mechanism in the secretory pathway appears to be

uniquely evolved system that does not discriminate between proteins of differing

secondary or tertiary structures. This function is unique and may hold key information in

conditions and requirements required for the disassembly of highly stable amyloid fibrils.
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Figure 16. Schematic that represents the possible polypeptide fates following
translation. Each fate is tightly regulated by various control mechanisms and the
formation of each state is dependent on the thermodynamic and kinetic accessibility

requirements of formation. Reproduced from reference [203].
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Table 1. Examples of small a-helical polypeptide hormones known to be functional

amyloids. Adapted from [195].

Protein/Peptide Organisms Reﬁigfles Tissue Type
Corticotropin Releasing Factor Rat/Human 41 Hypothalamus
Urocortin I Human 38 Hypothalamus
Urocortin I Human 38 Hypothalamus
Glucagon Human 29 Pancreas
Glucagon-like Peptide 1 Human 37 Pancreas
Glucagon-like Peptide 2 Human 33 Pancreas
Gastric Inhibitory Polypeptide Human 42 Gastrointestinal tract
Exendin4 Lizard 39 Salivary Gland
Neuromedin K Porcine 10 Spinal cord
Neuropeptide Y Porcine 36 Hypothalamus

The sequence of amino acids dictates the fold of a protein and a part of solving
the protein folding problem surrounds the question; can we predict the fold of a protein
from its primary structure? There is a very large area of research dedicated to
understanding the sequence determinants of amyloid fibril formation and developing
prediction methods which is the flip-side of the native protein folding problem. It is
thought that residues important in fibrillation are different from those found in normal
protein folding even though there appears to be cross over in residues that play critical
roles in hydrogen bonding and forming hydrophobic surfaces [204]. There is a clear
indication that specific sequences of amino acids tend to have a higher propensity to
aggregate even though most of the polypeptide chain can be a part of the fibril
substructure [188, 205]. In comparison to the nucleation or hydrophobic collapse models

of protein folding where a specific set of amino acids form a critical folding nucleus or
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hydrophobic core respectively, short sequences of amino acids have been shown to
induce aggregation of larger proteins that were otherwise normal, indicating the
possibility of a similar set of critical amino acids that govern fibrillogenesis [32, 206,
207]. It was efficiently described using mutational analysis of acylphosphatase, that the
chemical characteristics, concentration and environmental conditions of the polypeptide
chain dictate the rate and propensity for fibril formation [208, 209].

Today, prediction programs such as TANGO and WALTZ can be used to
determine the propensity of the entire polypeptide chain or possible patches of residues
within a given sequence of amino acids to be susceptible to amyloid fibril formation
respectively [210, 211]. Aggregation prediction further support the mechanistic need of
globular proteins to form partially unfolded intermediates before fibrillation can occur
because aggregation prone regions are not unique to a single type of secondary structure
or location within the protein [191]. However, it should be noted that a protein that is
misfolding can transition down either aggregation or fibrillation pathways exclusively,
although in some instances aggregation can precede fibril formation. Despite the success
of these programs they are still incomplete and further development of these algorithms
to better hone their predictive capabilities is required for aggregation prediction in vivo.
Analysis of full genomic proteins using the aforementioned prediction methodology
revealed an important separation in protein evolution [212, 213]. Sequences of amino
acids encoding functional proteins are significantly less amyloidogenic when compared
to random sequences of amino acids, indicating that some external stimuli have adapted
proteins to avoid the amyloid form {212, 213]. It is normal to assume that IDP’s would be

more aggregation prone but in fact they are less susceptible than globular proteins to
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ordered aggregation [214]. It appears that nature has evolved internal prevention
measures such as placing -sheet resistant or charged residues near sequences of amino
acids that are prone to B-sheet aggregation, using proline residues in helical membrane
proteins to protect from improper folding, B-bulges to protect edge strands in native $-
sheet proteins or specifically conserved glycine, all resulting in an overall reduction of
amyloid propensity [213, 215-217]. Experimental evidence of these evolutionary designs
can also be found in globular proteins such as B2-microglobulin (B2M), transthyretin
(TTR), superoxide dismutase (SOD), acylphosphatase and fibronectin [217-221].
However, in $2M prolonged renal dialysis as well as mutations or truncations in TTR and
mutations SOD can disrupt these designs and induce fibrillation [222-226]. It is believed
that the protective nature of the designs mentioned above functions in increasing or
introducing new high energy barriers that prevent the formation of intermediate unfolded
or molten-globule like states required in the conversion to B-sheet rich aggregates [218].
It is imaginable that repetitive sequences of amino acids that alternate in polar and non-
polar character would inevitably result in rapid amyloid aggregation, but nature has
developed proteins to avoid this sequence, further reducing aggregation propensity while
maintaining the ability to fold into a functional protein [227]. It is truly amazing how
proteins have evolved to avoid amyloid fibrillation while still maintaining key features
that allow for rapid folding to the functional native state.

In this section we will discuss the fascinating fibrillation process with all proteins
that share the all a-helical secondary structure. This will be a unique opportunity to
investigate similarities and differences in specific conditions required for the formation of

amyloid fibrils within a specific class of proteins. Understanding how an all a-helical
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protein transitions into B-sheet amyloid fibrils is also of significant importance because it
is the most extreme case of significant structural modifications required for fibrillation
through an a-to-p conversion. Depositions of several a-helical proteins are associated
with known disease states (Table 2). Four of these all a-helical proteins are
apolipoprotein A-, insulin, lung surfactant protein C (LSP-C) and prolactin (Figure 17)
[88, 180]. Deposition of these fibrils can be deleterious to the life and function of an
organism so here we will discuss the a-helical proteins whose amyloid deposition is
associated with a disease state (Table 2). Formation of disease state amyloid deposits in
vivo typically result from instability in native protein structure, at relevant physiological
conditions, due to mutations, environmental changes or overexpression of proteins which
all result in conformational plasticity. It has been established that the in vitro formation of
amyloid fibrils requires the destabilization of the native state of the protein by extreme
conditions, mutations or chemical inducers. Mature fibrils found in clinical plaques are
typically found associated with many different species such as GAG’s, metals and
lipoproteins to name a few (61, 62). However, gross-morphologically similar amyloid
fibrils can be formed from in vitro isolation of native protein or recombinant native
proteins in the absence of binding species (i.e. GAG’s, metals or lipoproteins) using
destabilizing conditions to accelerate formation (1). Five all a-helical proteins; the
androgen receptor protein, apolipoprotein Al, insulin, LSP-C and prolactin protein have
links to disease states [88, 180]. Thus, understanding the transition of all a-helical
proteins into amyloid fibrils has been critical to better understanding the key determinants

of amyloid fibril formation.
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Figure 17. Molecular structure of a-helical proteins related to amyloidogenic
diseases. The a-helical proteins shown are a truncated homotetramer form of
apolipoprotein A-I (A), monomeric apolipoprotein A-I (B), lung surfactant protein C (C),
a monomeric insulin-like molecule (D) and human prolactin (E). The PDB codes are

shown next to each structure. Images were made in Jmol (Ver. 13.0.4.).
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Table 2. List of all a-helical proteins known to form amyloid fibrils clinically, in

vivo or in vitro. Adapted from [180].

Disease Related all a-helical Proteins
...

Protein/Peptide Disease Fibrillation Conditions (g‘;“:)
. . Hereditary systemic .
Apolipoprotein A-1 amyloidosis (i.e 100 mM Tris-HCI buffer 10
[228] atherosclerosis) (pH7.4)at 37°C
. Injection-site HCI (pH 1.6) at 60 °C
Insulin [229] amyloidosis and 70 °C 7
Lung surfactant Pulmonary alveolar CHCI:/CH;0H/0.1 M 14
protein C [230] proteinosis HCl at 37 °C
5% D-Mannitol (pH 5.5),
. Age-related pituitary 0.4 mM chondroitin
Prolactin [231] amyloidosis sulfate A, at 37 °C, 50 30
Ipm agitation
Non-Disease Related all a-helical Proteins
Protein/Peptide Fibrillation Conditions Time
(Days)
Apoptotic protease
activating factor-1
caspase activating and Glycine-HCl buffer (pH 2.1) at 60 °C 4
recruitment domain
[232]
Apomyoglobin [182] Na,;B40;7 buffer (pH 9.0) at 65 °C 25
E‘;g‘]“e cytochrome ¢ Tris-HC buffer (pH 9.0) at 75 °C 0.5
Bovi Ibumi Tris-HCl buffer (pH 7.4), 75 °C;
[2%21n§38§]rum atburmin Glycine-HCI buffer (pH 3.0), 12.5
> 50 mM Na(l, 65 °C
Cytochrome css;
(Cys11Ala/Cys14Ala) Physiological Conditions (pH 7.3) 56
[236]
Fas-associated death 20 mM Glycine-HCI buffer (pH 2.1), 150 mM 34
domain [183] NaC(l, at 50 °C, 180 rpm agitation
a-helical hormones 5% D-Mannitol (pH 5.5), with or without 0.4
mM heparin, at 37 °C, 50 rpm agitation (0.01 % 30

[195]

azide)
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Since the discovery that proteins not associated with disease or formed in vivo can
undergo the fibrillation process there have been several a-helical proteins that have been
induced to form amyloid-like fibrils in vitro (Table 2). It is also of interest to note that
there are a number of mainly a-helical proteins that have also been shown to convert into
an amyloid-like form such as lysozyme [237]. Additionally, there are a select number of
IDP and peptides, such as AP, a-synuclein and calcitonin that form all a-helical structures
upon exposure to additives (for example, PG vesicles, metals, fluoroalcohols or SDS
micelles). We intend to specifically review the process for a-helical proteins to form
aggregated species and the transition to amyloid fibrils and discuss any patterns that may

have emerged.

Alpha-helical proteins associated with disease states
Apolipoprotein A-1

Blood contains many transport proteins that move small molecules throughout the
body. The deposition of either WT apolipoprotein A-I (Figure 17A) or N-terminal
fragments (Figure 17B) has been linked to several systemic forms of amyloidosis such as
age-related pulmonary artery amyloid found commonly in dogs or atherosclerotic plaques
found in humans [238-241]. Apolipoprotein A-I belongs to a group of plasma
exchangeable apolipoproteins that functions in cholesterol transport in the circulatory
system in either high density lipoprotein bound or the less abundant lipid-poor/lipid-free
forms {242, 243]. Approximately 19 mutations of apolipoprotein A-I have been
associated with different types of hereditary and non-hereditary forms of amyloidosis

[240, 241, 244-249]. These fibrils are found in senile plaques and have been linked to
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interactions with amyloid-f;.4) indicating possible involvement in Alzheimer’s
pathology [228]. Recent research has identified a short N-terminal sequence of residues
46-59 of apolipoprotein A-I that may be responsible for fibrillogenesis of the full length
protein [250]. It is worth mentioning that fibrillation of apolipoprotein A-I under
physiological conditions may occur because of intrinsic conformational instability due to
natural methionine oxidation and/or the ability to form higher order oligomers which
confer structural plasticity [251-253].
Insulin

Insulin is a small 51 residue covalently linked a-helical heterodimer (Figure 17D)
which functions in the regulation and metabolism of glucose [254, 255]. Soluble insulin
forms higher order multimeric species under relevant physiological conditions to
facilitate storage [256]. Association of insulin monomers is regulated by a variety of
environmental conditions (for example, pH, concentration, ionic strength and presence of
metals) [256, 257]. Dysfunction in insulin production resulting in improper regulation of
glucose is considered one of the hallmarks of diabetes. Improper regulation of insulin in
diabetes patients requires frequent injections of insulin as the predominant treatment. It
seems that the deposition of insulin fibrils is possible in humans, either obtained naturally
by aging, diabetic dysfunction or by surface deposition at insulin injection sites [256,
258-260]. The mechanism of insulin fibril formation in vivo is believed to require the
reduction of higher ordered insulin species to the monomeric form before proceeding as
expected with a destabilization of the native structure in favor of a partially unfolded
intermediate [180, 256]. Fibrillation of insulin in vitro can occur under variety of

conditions but typically require high temperatures, organic solvents, acidic pH and
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hydrophobic surfaces [261, 262]. The kinetics of insulin amyloid-like aggregation can be
modulated by accelerants such as urea or inhibitors such as trimethylamine N-oxide
[261]. Modulation of the hydrophobic core of insulin seems to be a critical key in
inducing amyloid fibrillation [256]. Also differences in amino acid composition between
differing species, such as differences between bovine and human insulin sequences,
affect the aggregation kinetics of insulin [263].
Lung surfactant protein C

LSP-C (Figure 17C) plays a role in the very rare pulmonary alveolar proteinosis
in which accumulation of surfactant protein amyloid-like fibrils impair respiration [230].
Etiology of this rare disease has been associated with improper clearance of aberrant
surfactant proteins by macrophages [230]. LSP-C is one of the most hydrophobic
peptides known to exist naturally and functions in concert with a complex mixture of
proteins and phospholipids in the lungs to reduce surface tensions at the alveoli interface
[264]. This small protein is believed to be post-translationally cleaved from a larger
precursor protein upon insertion into a lipid-bilayer [264, 265]. Hydrogen/deuterium
exchange experiments show that the transition of a to B occurs through short lived and
almost completely unfolded intermediate [264]. Despite destabilizing conditions, this
transition is relatively slow due a significant energy barrier associated with the nature of
LSP-C’s rigid a-helical structure [265]. It is interesting to think about how nature has
dealt with the polyvaline sequence in LSP-C which is prone to B-sheet formation [264,
266]. Even though the structure of LSP-C is very stable it is of importance to note that the
precursor form may be more stable when not embedded in the lipid-bilayer and may

indicate an evolutionary adaptation to prevent the aggregation of the active protein until
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cleavage of the precursor protein occurs [264, 265]. Also palmitoylation of two N-
terminal cysteine’s may also indicate further evolutionary selection for native structure
stability because depalmitoylation of LSP-C reduces the stability of the a-helical
structure, decreases the energy barrier for unfolding and increases the fibrillation rate of
LSP-C [230, 264, 265]. It appears nature has evolved this highly conserved small peptide
in many facets most likely due to its high importance in proper lung function.
Prolactin

The all a-helical 23 kDa hormone prolactin (Figure 17E) contains 199 amino
acids in its mature form and is predominately, but not limited to secretion by the pituitary
gland [267]. Prolactin functions in a significant number of biological processes (>300)
making it one of the most diverse functioning peptide hormones [267]. Prolactin post-
translational modifications such as polymerization, phosphorylation and glycosylation
provide functional plasticity [267]. Prolactin seems to be associated with group of
functional amyloid hormones that use transient aggregation mechanisms to store high
hormone concentrations in secretory vesicles [195, 231]. Aggregation of prolactin in
secretory granules is believed to be a more efficient method for hormone release [195,
231]. In an investigation of spontaneous aggregation of functional amyloid hormones,
prolactin spontaneously formed amyloid fibrils in the presence of a unique prolactin
GAG (Table 1) [195]. Amyloid structure was verified by specific binding of Thioflavin T
(ThT) and Congo red (CR), transmission electron microscopy (TEM) imaging and X-ray
diffraction which will be discussed later in this chapter [195]. There are a number of
other small a-helical hormones (Figure 18) that have been shown to form amyloid fibrils

under similar conditions as prolactin however, with different GAG’s (Table 2) {195].



63

~,
4 ~ //"/\
7 Y £
{
A C D
7
1go9 1gen 1dOr L
-~ ¢
|
C 'y
~
F G H ~
1pof \
. N
- 2rmg S .
y 2170 18p 2rmh

Figure 18. Molecular structure of small hormone a-helical proteins. Hormones
shown are corticotropin-releasing factor (L-Phe12 to D-Phe/Leul$ variant) (A), exendin-
4 (B), glucagon (C), glucagon-like polypeptide 1 & 2 (D & E), glucose-dependent
insulinotropic polypeptide (F), neuromedin K (G), neuropeptide Y (H), urocortin II and
I (I & J). The PDB codes are shown next to each structure. Images were made in Jmol

(Ver. 13.04.).
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Alpha-helical proteins not associated with disease
All a-helical proteins that function in apoptosis

Apoptosis can be activated by either intrinsic or extrinsic stimuli both resulting in
programmed cell death via release of protein specific proteases [268]. In the apoptotic
cell signaling pathway, there are two all a-helical Greek-key proteins which are members
of the death domain superfamily, apoptotic protease activating factor 1 (Apaf-1) with an
N-terminal caspase recruitment domain (CARD) (Figure 19A) and the death domain of
the Fas-associated death domain (Fadd-DD) (Figure 19B), that have been induced to
form fibrils in vitro [183, 232].

The multi-domain Apaf-1 CARD protein functions as an activator of the caspase
cascade in response to intrinsic cellular stimuli such as endoplasmic reticulum stress or
DNA damage [269, 270]. This protein has been shown to fibrillate under a specific set of
extreme conditions (Table 2). The transition had a lag phase of ~9 h followed by a typical
exponential elongation phase and maturation after ~80-100 h [232]. This process of
amyloid fibril formation for Apaf-1 CARD appears to be pH dependent and proceed by
possible rearrangement of a destabilized molten globule like structure [232]. At pH 4
there are structural changes that indicate the presence of a molten globule-like state of the
protein that may be a possible intermediate conformation that facilitates structural
rearrangement and formation of protofibrillar oligomers under lower acid conditions
[232]. Interestingly, the addition of NaCl for ionic strength appears to stabilize the molten
globule state by reducing surface electrostatic repulsions, quite possibly reducing the
ability to alter conformation. At lower pH (pH 2.1) in the absence of NaCl there is an

indication that the molten globule-like protein rearranges in a manner that reduces
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hydrophobic surfaces and forms precursor aggregates, which are capable of forming

protofibrillar structures followed by mature amyloid-like fibrils [232].

D

Figure 19. Molecular structure of a-helical proteins not related to disease. The a-
helical proteins shown are (A) apoptotic activating factor-1 caspase activating and
recruitment domain, Fas-associated death domain (B), cytochrome css; (C), bovine
cytochrome ¢ (D), myoglobin (E) and bovine serum albumin (F). The PDB codes are

shown next to each structure. Images where made in Jmol (Ver. 13.0.4.)
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The Fas-associated death domain proteins are adaptor proteins that facilitate the
formation of the death-inducing signaling complex in response to external stimuli [270].
They appear to play a prominent role in the apoptotic pathway initiated by AP plaques in
Alzheimer’s disease [271, 272]. Interestingly, the Fadd-DD protein also has the ability to
form into amyloid-like fibrils in vitro [183]. The condition for amyloid-like fibrillation of
the Fadd-DD protein is similar to that of Apaf-1 CARD requiring similar buffer and pH.
However the conditions deviate significantly in ionic strength, temperature and
mechanical agitation. The fibrillation of Fadd-DD seems to proceed through a
destabilization of the native structure resulting in a partially unfolded state that still has a-
helical composition [183]. Unlike Apaf-1 CARD, the need for ionic strength seems to be
critical in the formation of Fadd-DD amyloid-like fibrils by possibly stabilizing
electrostatic interactions that might cause unordered aggregation [183]. Since amyloid
fibril formation is considered an alternative low energy conformation unique to the
polypeptide chain, how have proteins avoided this evolutionary conformational level? It
appears that these a-helical proteins have evolved in a manner where amyloid formation
is avoided by requiring extreme conditions for fibrillogenesis [270].

Prosthetic all a-helical proteins

Respiration via the mitochondria is present in all eukaryotic organisms. Two
small all a-helical c-type cytochrome proteins both functioning as electron transport
molecules have been shown to form amyloid fibrils under unique methodologies. Both
cytochrome css; from Hydogenobacter themophilus (Figure 19C) and bovine heart
cytochrome ¢ (Figure 19D) covalently bind a haem group in their native structure and

contain 80 amino acid and 104 amino acids, respectively. In the case of cytochrome css;
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Cys11Ala/Cys14Ala variant there is a clear structural destabilization of the native
structure upon loss of the haem group [236]. This destabilization allows this small all a-
helical protein to form into amyloid-like fibrils under physiological conditions (Table 2)
[236]. The presence of thioether linkages to haem may indicate why cytochrome css, does
not form amyloid fibrils in vivo and an evolutionary step in avoiding amyloid fibrillation.
However, another approach using bovine cytochrome c indicate that damage, but not
removal, of the haem group also results in the formation of amyloid aggregates as the
protein adopts a predominant random coil to allow for conformational rearrangement
[233].

Another prosthetic protein not related to a disease that has been shown to form
amyloid-like fibrils in vitro is myoglobin (Figure 19E). The most commonly described
function of myoglobin is the storage of dioxygen in muscles, however it has also been
described in nitric oxide scavenging and as a hypoxic nitrite reductase [273-275]. After
removal of its haem group, apomyoglobin was induced to form amyloid fibrils under
basic conditions found in Table 1 [276]. Interestingly, apomyoglobin maintains its helical
content after removal of the haem group under mild conditions (22 °C), whereas at 65 °C
apomyoglobin dramatically destabilized resulting in fibrillation [276]. However,
investigation into this process revealed that at higher temperatures (i.e. 90 °C) fibrillation
is significantly disrupted whereas at lower temperatures (i.e. 50 °C) protein folding
appears to suppress the formation of amyloid fibril structures [182]. Mutations of WT
myoglobin such as Trp7Phe/Trp14Phe destroys the ability of myoglobin to bind its haem
group and Val10 significantly reduces its stability allowing this a-helical protein to form

amyloid fibrils at physiological pH [277-279]. It appears that the evolution of protein
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function with prosthetic groups such as haem seems to also function as a stabilizing
factor that prevents these types of protein from forming amyloid fibrils in vivo.
Serum albumins in plasma

Serum albumins are large multi-domain all a-helical plasma proteins that function
in the transport of small molecules (i.e. metals, hormones, fatty acids and drugs) to
specific tissues, regulate osmotic pressure, maintenance of blood pH and serve as
predominant plasma antioxidants [280, 281]. Bovine serum albumin’s (BSA) triangular
structure (Figure 19F) is composed of three homologous domains with two subdomains
each, stabilized by 17 disulfide bridges that provide rigidness but still allow for functional
flexibility [234, 280, 281]. BSA was optimally formed into ordered amyloid-like fibrils
with a cross B-sheet structure under the conditions found in Table 2 [234, 281]. The
process of BSA fibrillation deviates from typical, lacking a defined lag phase similar to
acylphosphatase, a small mixed o/ protein, indicating that the nucleation step may be
highly favorable [181, 234]. Also BSA aggregates deviated from the robust resistance to
protease typically seen in amyloid fibrils comprised of AP peptide, lysozyme or B2-
microglobulin {234, 282-284]. BSA aggregation under both conditions supports the
general multistage fibrillation mechanism where under a specific set of conditions BSA
becomes destabilized and partially or fully unfolded, forming a molten globule-like state
under low pH and denature state under physiological pH, respectively. This results in a
decrease in a-helical content, giving rise to an increase in f-sheet content [234, 281, 285].
The aggregation rate of BSA can be modulated by the addition of NaCl which appears to
prevent local monomer repulsions and accelerate aggregation [281]. The propensity of

BSA to readily form amyloid aggregates appears to be increased by the ability of BSA to
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form dimers [234]. It appears that a single unpaired cysteine at position 34 facilitates the
aggregation process of BSA [234]. It is also interesting to discuss a temporary functional
stability that may indicate an evolutionary advantage for BSA to avoid amyloid
formation. Binding of BSA to a ligand inhibits the formation of amyloid-like fibrils by
stabilizing the native state [234, 286]. It is clear that aggregation into ordered amyloid
fibrils is not limited to single domain a-helical proteins and there are conditions that
allow for rapid formation of amyloid fibrils.

Despite the significant advancements through the study of amyloid fibril
formation and structure there is still much to be determined. One of the largest problems
associated with furthering our understanding is obtaining the detailed atomic structure of
amyloid fibrils. The heterogeneous size and insolubility of fibrils make them difficult to
crystallize or study via solution-state NMR. However, advances in solid-state NMR
methodology, spectroscopic techniques and the formation of microcrystals have paved
the way to eventually obtaining high-resolution amyloid fibril structures. Of particular
importance is resolving the structures of on pathway soluble oligomeric species as they
are now believed to play a critical role in cytotoxicity in some fibril associated diseases
such as Alzheimer’s [287]. Many fascinating and essential questions still drive current
research and are likely to provide greater understanding of the balancing act between
protein folding, misfolding and aggregation as the field continues to progress into the

future.
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METHODS TO STUDY PROTEIN MISFOLDING: THIOFLAVIN T AND
CONGO RED BINDING FLUORESCENCE

In order to diagnose amyloid related diseases and study the mechanism of
fibrillation there is an important need for molecular probes. The B-sheet rich morphology
of amyloid fibrils is susceptible to the binding of histological dyes for biomedical assays.
The' most commonly used dyes used for the detection of amyloid fibrils are ThT and CR
(Figure 20). It is not clearly understood how molecular probes bind the amyloid structure
because high-resolution techniques are not possible due to the insolubility and
heterogeneous nature of amyloid fibrils. ThT is a fluorescent dye that shows a large
fluorescence enhancement with excitation and emission maxima at about 450 and 480 nm
respectively, once bound to amyloid fibrils; and is used as both a visualization and
quantification method [288, 289]. It is still quite controversial as to how the ThT binding
to amyloid fibril structures causes a photophysical enhancement in the fluorescence
[289]. ThT fluorescence microscopy is used to investigate fibrillation in vitro and as an
amyloid diagnosis in some clinical investigations of tissue sections [288, 290, 291]. Other
spectroscopic uses of ThT include direct observation of fibrillation by internal reflection
and anisotropy fluorescence [292-294]. Amyloid fibril quantification is possible using
ThT due to the proportionality of fluorescence intensity to the fibrillar weight
concentration for a given protein under a specific set of conditions [288, 295]. However,
it should be noted that several factors may affect the spectral fluorescence intensity when
used under different conditions. These include the specific protein used, fibril
morphology (high viscosity), ThT concentration, pH, ionic strength and the recognition

that ThT may sometimes bind to tissues themselves [294, 296-302]. Unfortunately, it
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appears that ThT may actually promote amyloid aggregation to a small degree thus in
vitro uses are becoming more limited [292, 294, 303]. In addition, there is evidence that
suggests that ThT is also unable to interact with the protein fibrils and potentially

neurotoxic prefibrillar species such as oligomers [287, 304-306].

Figure 20. Chemical structure of two commonly used molecular probes for amyloid

fibril detection. Structures shown are (A) ThT and (B) CR.

For almost a century CR has been used as a histological staining dye for to
diagnose amyloid related diseases {307, 308]. It is the most common diagnostic test for
detection and identification of amyloid aggregates in tissues in combination with
polarized light microscopy {307, 308]. The binding of CR to the amyloid structure results
in an apple-green birefringence when examined by polarization microscopy (Figure 21).

In addition, using UV-Vis absorption spectroscopy, there is a characteristic shift in the
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absorbance maxima of CR from 490 nm to about 540 nm when bound to the amyloid
form [292, 309-312]. CR absorption has been used as a quantification method for insulin
and amyloid B aggregates in vitro, although the binding of CR is limited by a lack of
sensitivity at low amyloid concentrations [313, 314]. CR absorption analysis is also
poorly suited to in situ detection because it has been reported to interfere in fibrillation by

either inhibiting or enhancing the process [311, 312, 315-318].

Figure 21. Congo red apple-green birefringence for the rare laryngeal amyloidosis.
Amyloid fibrils in this image involve a protein immunologically identical to the variable
region of the light chain fragment of immunoglobulin. This image was reproduced from

[319].
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Both ThT and CR have been proposed to bind in different molecular forms, such
as monomeric [311, 320-328], dimeric [324, 329] or micellar [330-333].The orientation
of ThT and CR in the binding pocket of fibrillar structures has been investigated via
molecular dynamics simulations indicating the possibility of either parallel or
perpendicular binding to the B-strands in the B-sheet of the fibrillar structure [334].
Parallel binding would indicate intercalation between the B-strands however, X-ray fiber
diffraction experiments show that the interstrand spacing of 4.8 A is unchanged upon
binding [288]. A change in the internal B-strand distance would be expected due to the
ThT binding. Binding of ThT or CR is more commonly believed to orient and bind in a
perpendicular fashion to the f-strands intercalating between the B-sheets parallel to the

long axis of the fibril strand [320]. X-ray fiber diffraction revealed a change in the inter-
sheet distance from 11 A to 16 A when bound to ThT [288]. It is essential to further
understand the binding modes of these molecular probes and there derivatives for a
number of reasons. Complete understanding of how these aromatic structures bind to the
amyloid structure will also inform the design of nontoxic small molecule inhibitors as
there is much evidence that derivatives of ThT and CR have been shown to inhibit fibril
formation [315, 335-337]. We can also improve interpretation of the amyloid signature

and enhance our understanding of the amyloid structure.
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METHODS TO STUDY PROTEIN MISFOLDING: TRANSMISSION
ELECTRON MICROSCOPY

In the study of amyloid fibril structure and morphology one of the most crucial
techniques is the application of TEM. TEM opens the door to understanding the
polymorphisms associated with amyloid fibrils. It is also one of the primary methods for
investigating amyloids formation by providing snapshots of the gross fibrillation process.
The ability to resolve and analyze structural details on the nanoscale provides significant
insights into the area of protein misfolding. TEM has advanced tremendously in the last
50 years in their design, preparation protocols and analysis capabilities {338]. The TEM
is an advanced imaging system that utilizes electrons passed through a sample to produce
contrast, similar to how objects in front of a light source produce a shadow. TEM can
image the details of a sample with magnifications of up to 10° times and with a resolution
of less than a tenth of a nanometer [338]. The TEM is composed of four integrated
systems: the illumination system, the sample manipulation system, imaging system and
the vacuum system (Figure 22). The illumination system is at the top of the microscope
and produces the uniform electron beam of homogeneous energy that is directed onto the
sample [338]. There are a two predominate types of electron emitters: the typical electron
gun with a tungsten wire or lanthanum hexaboride cathode and the field emission gun
using a tungsten crystal [338]. The sample manipulation is quite a sophisticated system in
that the sample stage must be able to move smoothly in the x and y plane over a distance
of 250 mm in steps as fine as 10 nm. In addition to the ultrafine movement control, it
must also be able to maintain a stable stationary position varying no more than 0.1 nm for

a minimum of 3 seconds for imaging purposes [338]. The imaging system uses
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electromagnetic lenses to form, focus and magnify the sample image onto the viewing
screen or imaging system. Of these electromagnetic lenses the objective lens is the single
most important lens in the TEM as it is responsible for forming and focusing the initial
image [338]. The viewing system at the base of the TEM uses electron phosphors to
image the electrons that were not scattered when passing through the sample which
shows up bright while places where electrons were scattered will show up darker [338].
The final integrated component is the vacuum system which is fundamental in its
operation because the illuminating electrons would be easily deflected by collisions with

any gas molecules that were present [338].
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Figure 22. Schematic of the column design of a standard high-resolution TEM. The
TEM is generally divided into the illumination system (filament, bias shield, anode and
gun alignment coils), the sample manipulation system (specimen exchanger rod) and

imaging system (screen, lens and apertures). Image reproduced from [338].
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When imaging biological samples it is critically important to consider the
appropriate sample preparation required for high resolution imaging of a sample. When
microbiological samples are used preparation involves chemical fixation, sectioning and
staining. Chemical fixation is a preservation method for stabilizing tissues and cells in as
close to a “life-like” state as possible for imaging without apoptotic artifacts.
Formaldehyde and glutaraldehyde are a few examples of chemical fixatives that are
commonly used. In TEM the electrons must pass through the sample in order to be
visualized. This can be problematic as most samples of interest are too thick for electrons
to penetrate. Thus, ultramicrotomy is employed using a diamond tipped knife to cut
cross-sections of a sample ranging from 60 to 80 nm which is thin enough to allow
electrons to pass. In studying the amyloid fibril structure in vitro, chemical fixation and
sectioning is not necessary to visualize them by TEM. However, where sample
preparation plays a critical role for the study of amyloid fibrils is in the staining process.
In the preparation of most samples TEM grids are used as a scaffold for the sample to be
stained and imaged. Because all biological material is composed of predominantly
carbon, nitrogen and oxygen, imaging by TEM is extremely difficult as electrons are not
deflected or scattered by these atoms. To overcome this heavy metal stains are used to
coat and/or stain samples which are ideal for deflecting electrons due to their heavy
nuclei. In studying amyloid fibrils some of the common stains used, i.e. uranyl acetate
and lead citrate, can lead to a significant contrast increase. Due to the heterogeneity and
solubility issues of amyloid fibrils in solution, TEM serves as one of the best methods for
investigating the structure of these polymers. In an extensive investigation of the

polymorphic amyloid structure of the amyloid B-peptide (1-40), TEM was critical in



78

showing the unique twists formed during fibrillation [339]. In a more recent study of hen
egg white lysozyme fibrillation treated with functionalized gold nanoparticles TEM was
used as the primary high-resolution imaging method to observe the resulting effect [340].
Interestingly, a curcumin-functionalized gold nanoparticles was shown to not only inhibit
amyloid fibril formation but also were able to dissolve the fibril structure [340]. The
value of TEM in the investigation of amyloid fibrils and protein misfolding is

immeasurable.
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METHODS TO STUDY PROTEIN MISFOLDING: ATOMIC FORCE
MICROSCOPY

Atomic force microscopy (AFM) was developed in 1986 by Gerd Binnig and is a
surface technique for studying surface topologies with atomic-level resolution [341, 342].
AFM was developed as an offshoot of scanning tunneling microscopy (STM) in which
the sharp tunneling tip is replaced by a force-sensing cantilever. In STM atomic
resolution is achieved by bringing an electrically conductive tunneling tip to within
angstrom distance from the surface and measuring the tunneling current that is induced
[343]. Distance of the tip and the current induced are inversely proportional allowing for
topography imaging of a surface with atomic-level resolution. However, the drawback to
this method is the material needs to be electrically conductive and placed in an ultra-high
vacuum [343]. With those restrictions imaging biomolecules like proteins or amyloid
fibrils is next to impossible. By replacing the tunneling tip with a force-sensing
cantilever, the requirement for electrical conductive material is eliminated and a more
diverse set of sample types can be visualized. In addition, these samples could now be
visual under ambient conditions with high-level resolution. The AFM also retained the
ability to visualize samples up to the atomic-level using ultra-high vacuums, previously
achieved by STM [343]. Later, AFM was further developed by the introduction of the
dynamic vibrating probe which provided increased versatility and resolution for material
topometry [344-346]. Because of its versatility, dynamic AFM techniques are becoming
the predominate method for imaging DNA, proteins and polymers in both liquid and air
mediums [347-350]. A schematic of the fundamental design of AFM is shown in Figure

23A. Amplitude (AM) and frequency (FM) modulation AFM are the two major modes
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used in force microscopy [344, 345, 351]. The force-sensing cantilever in dynamic AFM
has a chemically or mechanically etched tip on a stiff microlever. AM-AFM (also known
as tapping-mode) is a direct contact method for imaging surface dynamics [346]. The tip
is excited at its resonance frequency and the oscillation amplitude is used to measure the
surface dimensions [346]. Once in contact with the sample, changes in the z-axis
increases or decreases the oscillation amplitude and are visualized as changes in surface
topology. In addition, information about the material properties can be gained by looking
at the phase shift between the driving force and tip oscillation [346]. An example of AM-
AFM image on a protein structure is shown in Figure 23B. On the other hand, in FM-
AFM (also known as non-contact mode) the cantilever oscillation amplitude is fixed and

the image contrast comes from the forces between the sample and tip [346]. Attractive
and/or repulsive forces of the cantilever to the surface modulated the resonance frequency
of the free lever providing differentiation of the surface dimensions. Typically, FM-AFM
is used in an ultra-high vacuum for atomic-level resolution whereas AM-AFM is used

predominantly in air or in liquid samples for nanoscale topography [346].
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A Diode Photodetector

Solid-State
Laser

Force-Sensing
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Figure 23. A fundamental schematic of the design of afm and example image
obtained by AM-AFM. (A) Image of the cantilever tip is taken from Nanotec
(http://www.team-nanotec.de/index.cfm). (B) AM-AFM image taken of B-synuclein
fibrils using a Veeco DiNanoscope 3D AFM. The x-axis is in pm and the z-axis scale bar

is from 0-50 nm.
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HIGH-RESOLUTION ANALYSIS OF a-HELICAL PROTEIN FIBRILS AND
THEIR POLYMORPHISMS

The amyloid fibril structure is composed of regular repeating highly ordered
macrostructures composed of a stacked array of misfolded cross B-sheet proteins along
the fiber axis [88, 177]. The preliminary association monomeric cross f3-sheet proteins
make up the protofibrillar species, typically 2-5 nm in diameter, which further associate
resulting in formation of single fibril strands ranging from 5-13 nm in diameter
depending of the conditions of fibrillation [88, 352]. There is a clear indication that the
fibrillation process can occur via multiple pathways (Figure 24) {353]. Detailed
investigations of the fibril morphology is typically done using high-resolution electron
microscopy and atomic force microscopy imaging, which have revealed repetitively
twisted cross B-sheet filaments of variable morphology and length (Figure 25) [339].
Polymorphisms of amyloid fibrils appear to be diverse and not dependent on the amino
acid sequence. Here we will compare the unique polymorphic structures of amyloid
fibrils obtained from all a-helical proteins. Because transition of all a-helical proteins
into the B-sheet rich amyloid fibril form represents the most extreme conversion this
section will focus on the all a-helical protein fibril morphology. Understanding the subtle
differences in morphology may hold the key to developing pharmaceuticals that

specifically target toxic amyloid structures.



83

Nucleation and Growth
intertwining of
Partially Unfolded Protofilaments

Monaomer Protofilament
{Nucleus) Protoﬁbnls

pH 2 Tem
pH7

& 09-13nm zlznm 219-23nm @3 3-7nm
Hexamer  Dimer Monomer

o

Fibrils

Native Lateral Aggregation 1
Elongation
Lateral, scaffold-assisted growth | &
® —_—
x‘,y
~9nm
~2nm
~10 nm
Periodic and branched forms

Polymorphism of mature fibrils
Figure 24. Schematic of the proposed polymorphic aggregation mechanism of
insulin. In the nucleation and growth phase the native-state transitions to a fibril form.
These associate through lateral aggregation into a higher-level and more complex state.
Lastly, these lateral forms can have variable morphologies which are unique
polymorphisms specific to mature fibril types such as insulin. Reproduced from reference

[229].
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Figure 25. Imaging and modeling of a non-helical protein and associated amyloid
fibril morphologies. (A) Transmission electron microscopy of types of polymorphic
amyloid fibril structures. (B & C) Models of several organizational patterns for the
association of protofibrillar species into various morphologies. Reproduced from

reference [339].



85

Apolipoprotein A-1

Apolipoprotein A-I presents with what appears to be two fibril morphologies, one
is that of a twisted ribbon with irregular twisting pattern and the other is a similarly
twisted circular fibril loop (Figure 26) [253]. The ribbon-like structure may be due to
lateral associations of fibril strands producing a flat ribbon of 11 nm in width [253]. The
circular morphology indicates that the fibrils formed by apolipoprotein A-I may be
dynamic in flexibility allowing the fibril ends to find one another. A similar morphology
is seen in the fibrillation of apolipoprotein CII [354, 355]. Interestingly, X-ray diffraction
indicates that the formation of amyloid fibrils from a specific Leul74Ser mutant of
apolipoprotein A-I presented with a heterologous substructure of crossed-f and coiled-

coil helical morphologies [356].
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50 nm

Figure 26. Circular polymorphism of apolipoprotein A-1 amyloid fibrils. Electron
microscopy imaging of (A) circular and (B) filamentous apolipoprotein A-I amyloid
fibrils. Close up of a (C) circular and (D & E) linear form of apolipoprotein A-L

Reproduced from reference [253].

Insulin

The fibrillation of insulin is one of the most well studied aggregation processes
and demonstrates a highly polymorphic nature under various conditions for fibrillation. It
has been shown that fibril morphology of insulin is altered by differences in fibrillation
conditions [229, 353]. In an extensive investigation of insulin fibrils using high resolution

AFM we can clearly see the polymorphic assembly of insulin amyloid fibrils (Figure 27)
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[229]. The aggregation of insulin fibrils seems to only rely on the formation of non-
covalent interactions under destabilizing conditions mentioned previously [229]. Higher
ordered fibril associations of insulin fibril strands occur rapidly within 30 minutes of
incubation at 60 or 70 °C forming branched, twisted and lateral associations of amyloid
fibril structures [229]. According to AFM height distributions of protofibrillar forms of
insulin, the association of insulin into amyloid protofibrils produces aggregates that are
1.1 nm in diameter [229]. Fully assembled single strands of insulin fibrils shown by TEM
and AFM are 1-1.2 nm in diameter [229, 357]. Strands of insulin protofibrils assemble
into intertwisted and laterally associated early fibrillation strands that are ~4.4 nm in
diameter when incubated at 60 °C and 2.9 or 6.5 nm at 70 °C with a regular repeating
helical rotation [229]. In one case, twisting of the insulin fibrils produced braid like
threads of 2.2 nm indicating two intertwined strands [261]. Maturation of insulin fibrils
results in an increase in polymorphic structures currently classified as parallel tubular
fibers, twisted ribbon-like structures, rod bundles and ropelike textures with increasing
sizes ranging from 4-9 nm in diameter (Figure 27A) [229]. Mature insulin fibrils are able
to assemble into amyloid-like fibrils via a multiple pathway process, which include a
hierarchy of strand intertwisting or assemble via lateral associations of twisted threads,

producing different structural polymorphisms (Figure 24).
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Figure 27. AFM imaging of insulin fibrils and their associated polymorphisms. The
various morphologies of insulin include (A) twisted morphologies with different fibril
diameters (arrows), (B) laterally connected double strand fibers, (C) highly-twisted with
overlapping morphologies and (D & E) chain-like stacking of preformed amyloid
subunits. (F) The interior canal of a single insulin fibril thread is visible by AFM.

Reproduced from reference [229].

Lung surfactant protein C

LSP-C fibrils isolated from patients with pulmonary alveolar proteinosis and
imaged with TEM show long amyloid fibrils of various twisted morphologies however
higher resolution imaging is necessary for clearer determinations to be made (Figure
28A) [230]. However, to our knowledge, high resolution polymorphisms of in vitro

amyloid-like fibril formation of LSP-C have not been assessed.
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Prolactin

Amyloid fibrils formed from prolactin (Figure 28B) and other hormone peptides
except for glucagon and gastric inhibitory polypeptide appear to be homogeneous in
morphology and further higher resolution investigations into the possibility of
polymorphisms needs to be further evaluated (Figure 28C-L). Glucagon is a unique case
in that at equilibrium its native state appears to include both unfolded and a-helical
species in solution, however it has been shown to form three distinct polymorphic
structures similar to those discussed in insulin [358]. Gastric inhibitory polypeptide
appears to have a regular twisting pattern indicating the presence of possible alternate
morphologies. However, further investigation is also required to assess alternative

polymorphic structures.



Figure 28. Amyloid fibril imaging of other a-helical proteins associated with a
disease state or functional amyloid form. Electron microscopy imaging of (A) lung
surfactant protein C, (B) prolactin and helical hormones; (C) glucagon, (D) corticotropin
releasing factor, (E) exendin-4, (F) gastric inhibitory polypeptide, (G & H) glucagon-like
peptide | & 2, (I) neuromedin K, (J) neuropeptide Y and (K & L) urocortin II & III.

Scale bars indicate 500 nm distances. Reproduced from references [195, 230].
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Bovine Serum Albumin

There are indications that under different conditions the aggregation process of
BSA may follow different pathways and form morphologically distinct fibrils (Figure
29G & F). BSA fibrils formed at 65 °C only bound ThT dye and CR, forming curly
fibrils which were ~10 nm in diameter [234]. At 60 °C ThT indicated fibrillation
occurring whereas CR was negative, which indicates that there may be a distinction in
fibrillar structures at these two temperatures [234]. However, more detailed investigations
of BSA aggregation are required as the curly fibril structures indicate that the conditions
for fibrillation may not be optimal. Interestingly, BSA fibrillation at a more basic pH
produces aggregates that are 2-4 nm in diameter however no distinction between the
possibility of polymorphisms were assessed [235]. Under acid pH conditions BSA
amyloid fibrils appeared more morphologically similar to typically seen thread like
filaments found in AP peptide and lysozyme indicating that these conditions may be more
optimal and visual examination of TEM show fibrils of significantly different sizes
indicating the presence of differing morphologies [281].
Apomyoglobin

Morphology of WT apomyoglobin mature fibrils (Figure 29E) appears to be
indistinguishable from fibrils formed in disease state amyloids; whereas fibrils formed
from Trp7Phe/Trp14Phe apomyoglobin exhibited branching after long periods of
incubation (Figure 29F) [182, 276]. Visual analysis of TEM of WT apomyoglobin fibrils
show two types of fibril structures, curly and rod-like, having approximate diameters of
10 and 14 nm respectively [276]. Interestingly, fibrils formed from the

Trp7Phe/Trp14Phe apomyoglobin mutant formed fibrils that were on average much
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larger in size, 20-50 nm in diameter. Conversely, fibrillar aggregates formed by mutants
of residue Vall0 appeared twisted and smaller in size having a diameter of ~7-10 nm
[279]. In these cases TEM data suggest that there may be polymorphisms that have yet to
be distinguished in the current research of these proteins.

Cytochrome csy;

Based on electron microscopy imaging of cytochrome css; amyloid fibrils have a
typical 6-13 nm diameter with variable lengths indicating the presence of possible
polymorphic structures (Figure 29C) [236]. Electron microscopy imaging of the fibrils
produced from the bovine homolog of cytochrome ¢ (Figure 29D) showed similar fibrous
thread-like fibrils. However, no indications were provided as to the morphology or the
possible presence of polymorphic structures [233]. Visual analysis of the TEM image
indicated large fibril structures ~15-30 nm in diameter [233]. Further, detailed
investigations would be required to identify polymorphic assemblies of cytochrome css»
and bovine cytochrome c.

Apoptotic Protease Activating Factor-1 Caspase Activation and Recruitment Domain

The process of Apaf-1 CARD fibrillation is believed to proceed from a
destabilized molten globule-like intermediate into precursor aggregates which assemble
into protofibrils and elongated fibrils [232]. Analysis by AFM shows that the precursor
aggregates are ~2.1 nm in diameter indicating they may not be fully formed into the
crossed B-sheet structure indicative of amyloid fibrils [232]. Interestingly, protofibrillar
and elongated fibrils produced by the Apaf-1 CARD protein are heterogeneous in length,
but homogeneous in morphology with a single width distribution of ~2.6 nm indicating

that there is no intertwining of fibrillar strands (Figure 29A) [232]. This is interesting as it
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does not fit the structural variety typically seen in amyloid fibril morphology having
larger twisted structures containing multiple strands. These sizes are much smaller than
what is found in a classical amyloid fibril, which may indicate that the conditions for
fibrillation in this case may not be optimal for aggregation.
Fas-associated Death Domain

Interestingly, agitation seems to be pivotal in tipping the balance between ordered
and unordered aggregation conditions for Fadd-DD fibrillation [183]. The Fadd-DD
fibrils that formed optimally are rod-like filaments that are uniquely shorter than fibrils
generally seen (Figure 29B) [183]. Analysis of fibrillation using TEM indicates that
Fadd-DD fibril length can be modulated by differences in agitation conditions [183].
High agitation (180 rpm) results in a predominance of morphologically shorter Fadd-DD
amyloid fibrils, approximately 0.5 um in length, whereas lower agitation (75 rpm) results
in approximately a doubling in fibril length to 1.0 um on average, but is accompanied by
the formation of unordered aggregates [183]. Using AFM analysis of morphology of the
Fadd-DD aggregation process indicates that protofibrillar species are on average 4 nm in
diameter [183]. It appears that association of protofibrillar species results in the formation
of single filaments, with similar size to protofibrillar structures, of mature amyloid-like
morphology [183]. From the AFM size data analysis of mature fibril aggregates after
about 11 days show two types of average size distributions, the second size being 8 nm
indicating a possible twisting of two fibril strands [183]. Further investigation of the
possible presence of polymorphic structure within Fadd-DD fibrillation needs to be

further investigated.
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Figure 29. Amyloid-like fibril imaging of a-helical proteins not associated with a
disease state or functional amyleid forms. Proteins shown are (A) Apaf-1 CARD, (B)
Fadd-DD, (C) cytochrome css;, (D) bovine cytochrome ¢, (E) myoglobin, (F) myoglobin
Trp>Phe variant, (G) bovine serum albumin (pH 7.4), (H) bovine serum albumin (pH

3.0). Reproduced from references [182, 183, 232-236].
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RESEARCH GOALS

This dissertation is focused on gaining insight into the folding and misfolding
process of the relatively small globular proteins GB1 and Fadd-DD, respectively. As
previously discussed protein folding is a complex and dynamic process that is the
foundation to the protein folding problem and misfolded forms are associated with a
number of disease states. In both cases understanding both protein folding and misfolding
are critical to not only progressing our scientific understanding of proteins but can be
critical in guiding the design of therapeutic drugs for protein misfolding diseases and
ultimately curative methods. This dissertation contains computational and experimental
chapters that investigate the protein folding and misfolding problem.

In chapter II, the protein structure of GB1 was investigated from a computational
stand point. Evolutionarily conserved features believed to be important to produce the
a+4B fold of GB1 are revealed. The results of a bioinformatics structural alignment are
detailed to determine both positional conservation and amino acid character conservation.
In addition, bioinformatics investigations were done to determine a possible evolutionary
divergence that separated GB1 from a structurally different 3-helical bundle albumin-
binding domain of protein G (GA) shown to have an alternative fold while retaining up to
98% similarity in sequence. Using GB1 and GA as our target, position-specific iterative
basic local alignment search tool (PSI-BLAST) examinations are conducted to determine
a possible common ancestral protein. Molecular modeling is used to construct a possible
structure for the resulting sequence.

In chapter III, we use protein engineering methods such as the PCR and site-direct

mutagenesis in order to truly understand how individual amino acids that have been
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shown to be conserved in structure and are important in the folding process. Using PCR
and site-directed mutagenesis we remove select amino acids and investigate the resulting
effect on the transition-state stability. This chapter discusses the work currently
completed in collaboration with John Bedford (Graduate Student, ODU) on the site-
directed mutagenesis of GB1. It will discuss the residues selected for mutagenesis and the
conditions to investigate the transition state stability.

In chapter IV, we investigate the structure, thermodynamic stability and kinetic
behavior of GB!. Uniformly and specifically 13C 1abeled GB1 were synthesized using
BL21(DE3) and an E. coli auxotroph bacteria, respectively. Both uniform and
specifically labeled GB1 are synthesized to ultimately investigate a specific set of long-
range tertiary interactions found in the core of GB1 by solution- and solid-state-NMR
(ssNMR). Initial 'H and 3C NMR studies are conducted. In addition, pH-dependent 2D
heteronuclear-single quantum coherence (HSQC) experiments were done on the
specifically labeled GB1. We also investigated 13C-13C interactions using DARR ssNMR.

In chapter V, we use Fadd-DD as our model system to explore the hypothesis of
Christopher Dobson (Professor, University of Cambridge), which proposes that every
protein has the potential to form amyloid fibrils. In this chapter the specific extreme
conditions required to transition the all a-helical Greek-key Fadd-DD protein into the
amyloid-like fibril form is demonstrated. The fibrillar transition is further studied in
detail by CD and high-resolution TEM and AFM. In addition, the extremely narrow
pathway of Fadd-DD fibrillation is discussed as it relates to evolution of the protein

structure.
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CHAPTER 11

BIOINFORMATIC ANALYSIS OF THE IMMUNOGLOBULIN-
BINDING AND THE ALBUMIN-BINDING DOMAINS OF PROTEIN

G: A LOOK INTO A POSSIBLE EVOLUTIONARY ANCESTOR

OVERVIEW

Since the completion of the human genome project the growth in the amount of
sequence information available has increased significantly and has amplified the need for
bioinformatics techniques. With over 23,000 genes in the human genome alone being
able to quickly and accurately compare an unknown protein with respect to all the
sequences that are uploaded to the gene bank is a great achievement. Bioinformatics is a
multidiscipline field of biology, biochemistry, computer science and mathematics
methods, that can complement experimental methods to investigate protein structure and
function [36, 359, 360]. Techniques employ sophisticated computer algorithms to
compare and analyze protein or gene sequences to a large database of known sequences
in order to elucidate complex structural, functional and evolutionary relationships [361].
One of the most common bioinformatics techniques currently used is the PSI-BLAST
[362-364]. PSI-BLAST functions by constructing a multiple sequence alignment of the
BLAST similarity search output. It then constructs a position-specific scoring matrix
sequence and performs a BLAST database search using the matrix sequence as the query
[363, 364]. The process may be iterated multiple times as new sequences are found from
the search and added to the position-specific scoring matrix sequence construct [363,

364). Generally, the matched sequences will be a part of an evolutionarly related
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superfamily. Resulting sequences and their relationship to the query can be analyzed
using a multiple sequence alignment.

A protein superfamily is similar to a family lineage tree in that proteins originate
from a common ancestor and will typically share similar sequence, structural and
functional features (Figure 30). In terms of sequence similarity it has been determined
that proteins that contain >40 % similarity are conserved in function {365]. Whereas,
sequences conserved in fold only need to contain <25 % and a significant degree of
functional diversity. This method of searching and developing a consensual sequence
signature, common structure and/or function is very useful. The potential structure and
function of an uncharacterized protein can be guided from that of its relatives whose
native structure and function have already been determined. Even though there will be
evolutionary drift as a protein diverges from a common ancestral sequence, there will be
some sequence and structural features retained as they are responsible for the structural
stability and function of the progeny protein [361, 366]. Being able to gain insight into
the structure and function of an uncharacterized protein is particularly important as it still

requires a significant amount of time to determine the structure and function of a protein.
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Figure 30. Representative schematic of a superfamily. Individual families of proteins

are linked together into a superfamily structure.

We are interested in looking at the evolutionary aspects of proteins capable of
switching folds. A protein capable of adopting more than one folded state is now more
commonly called a metamorphic protein [367]. The most classic example of proteins
with conformational malleability of the polypeptide chain that allow them to switch folds
are prions. They are proteins capable of switching from a mostly a-helical fold to a toxic
B-rich folded state [368]. In contrast to the toxic prion there are some naturally occurring
examples of proteins that can switch folds. These include lymphotactin, mitotic arrest
deficient 2 protein and chloride intracellular channel protein 1 which implies that this
ability to switch folds may be a more general phenomenon [369-372]. In these types of

proteins there is an environmental transition which shifts the equilibrium from one fold
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topology to another. These changes can include factors like ionic strength, presence or
absence of a ligand and redox state [373]. In other investigations of fold switching
involving the Cro family of repressors and the RfaH protein there is a strong indication
that evolution may have developed an evolutionary short-cut where a new fold is created
from switching an existing structure as opposed to independently developing [374, 375].
The switchable folds have a few commonalities that include, flexible regions and
diminished stability required for large conformational changes, a significant degree of
uniqueness in the core region to retain the new fold and the development of new
functional attributes that stabilize the new fold in order to expand function [376].

In addition to naturally occurring fold switching proteins there have been a
number of experimental protein designs used to investigate the nature of the fold
switching phenomenon [377-381]. To trace the origins of proteins that switch folds we
can use bioinformatics approaches which include searching for related protein sequences
and structures and analyzing the nature of their relationship. In this chapter we endeavor
to elucidate a possible common ancestral protein between the GB1 and the phage-
selected domain-1 (referred to as GA in this dissertation), a construct built from 7
albumin-binding domains (Figure 31) [382]. Both GBI and GA are 56 residue domains
that function in the multidomain Streptococcus cell surface protein G but have unique
folds [383]. GBI has the 4p+a fold and functions in binding immunoglobulin G whereas,
GA has a conformational 3-helical bundle and functions in binding albumins found in
human serum (Figure 32) [384-387]. GB1 and GA were mutated simultaneously using
site-directed mutagenesis in a binary fashion in which only the amino acids of the two

proteins are used to increase identity between them [388]. These two proteins have been
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shown experimentally to be able to switch folds with a very high (>85%) degree of
sequence identity [388-390]. In addition, NMR structures were solved for both GB1 and
GA at identities of 88% and 95% and both still retained different folds [389, 390]. The
ability of these two proteins to switch topologies with unique single point mutations

indicates a possible method by which new functions can evolve.
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Figure 31. Images of the folds of GB1 and GA. (A) Shows the 4f+o fold of GB1 and
(B) shows the 3-helical bundle fold of GA. On the left are ribbon drawings and the right,
the a-carbon backbone with side chains surrounded by Van der Waals radii. The
secondary structures a-helices are colored in pink and B-strands colored in yellow. The

loop regions, N- and C-terminal are colored grey. All images were created in RasMol

(Ver. 2.7.2.1.1).
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Figure 32. Structural images of ligand bound GB1 and GA. (A) Image of GBI (red)
bound to the Fc region of IgG (PDB code: 1FCC). (B) Image of GA (blue) bound to
human serum albumin (PDB code: 1TFO). All images were created in RasMol (Ver.

27.2.1.1).
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RESULTS AND DISCUSSION

Understanding how proteins evolve is important in elucidating how function and
fold can be conserved and will be significant in guiding the engineering of proteins in the
future. Fold switching is an important part of protein evolution and GB1 and GA are
potentially excellent examples of this phenomenon. In order to truly understand GB1 and
GA we need to determine how these two proteins evolved. Did they evolve from one
another or are they the result of a larger protein separating into two small ones.
According to the ground breaking work by He et al. there are three critical residue
positions that result in the populated fold switching between the a-helical bundle of GA
and the 4p+a fold of GB1 (Figure 33). At positions 20, 25 and 45 there is a reversible
fold switch from a-helical bundie to the 4p+a fold by a point mutation: Leu to an Ala, Ile
to Thr or Leu to Tyr, respectively [373]. This indicates that they could have evolved from
one another, in which the fold switch could have occurred from a point mutation in either
GBI or GA and resulted in a stabilization of the alternate fold over time. However, in my
investigation, PSI-BLAST searches of both GB1 and GA did not result in hits of either
start protein sequence. This indicates that these two proteins may have evolved from a
common ancestral protein rather than the result of an evolutionary fold switch in which a
new function is obtained by simply switching the conformation of an existing protein.
Rationally, for the folds to switch so easily in vitro by a point mutation all of the
stabilizing residues for either fold would have to be removed or changed resulting in a

significant loss in stability.
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Figure 33. Single amino acid mutations leading to fold switching. (A) Alignment of
amino acid sequences for the four proteins with 98 % identity, highlighting the positions
at which changes lead to switching between 3a and 4p+a folds. (B) Representative
structures from the NMR ensembles of GA98, GB98, GB98-T25I, and GB98-

T25I,L20A. Residues mutated are highlighted. Figure reproduced from [373].

Using a sequence alignment between GB1 and GA show that they have a
sequence similarity of 26.9% (Figure 34). This indicates that they are both significantly
different from each other. However, investigating further showed that there seems to still
be some degree of similarity between GB1 and GA. A sequence alignment of 7 randomly

selected small proteins ranging from 50-58 residues with GB1 and GA was constructed
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using Multiple Sequence Comparison by Log-Expectation (MUSCLE). The resulting
alignment provided an average random sequence identity of about 8 % between the 9
aligned proteins (Figure 35). An alignment of GB1 and GA alone seems to be more
related in some aspect as they have almost three times the sequence identity than what is
found in a random sampling. Because this was a pairwise comparison of GB1 and GA we
needed to see if there was a difference in comparing each sequence with GB1 or GA
individually. The comparison resulted in a differing amount of random sequence identity.
Thus, a pairwise comparison of GB1 with each of the 7 small proteins using MUSCLE
resulted in an increase in average sequence identity to about 12 % (Table 3). This value is
still less than half the sequence identity found between GB1 and GA suggesting that there

is some relatedness between them indicated by the significant sequence identity.

GA  ——-—---- MEAVDANSLAQAKEAATKE ==Lk
GB1 MTYKLILNGKTLKGETTTEAVDAATAFKVEK(Y

GA GIGDYYIKLINNAKTVELVESLKNEILKALPTE
GBl A---—=-~-—== HDNGVDCEWTYDDATKTETV.'E

Figure 34. MUSCLE sequence alignment of GB1 and GA. Positions colored in red are
positions with the exact same amino acid composition. Positions colored in blue are

positions with high conservation in amino acid character.
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Table 3. List of random small proteins from the protein data bank

PDB Descriotion Residue % ldentity % ldentity
Code Scrip Count with WT-GB1 with WT-GA
g ... ]
1J3S IBiD, Domain of CBP/p300 50 12.2 8.0
Type o Transforming
IYUF Growth Factor 50 8.9 6.0
2178 Adrenomedullin 53 13.5 13.0
1ZRP Rubredoxin 53 14.3 15.2
2JOT Huwentoxin-XI 55 14.8 15.1

Domain-I of the Kazal-type

IKMA " Thrombin Inhibitor Dipetalin 120 122
Conserved Golgi Complex-
IMM4 targeting Signal in 58 107 14.6

Coronavirus Envelope
Proteins
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GA -MEAVDANSLAQAKEAAIKELKQYGIGDYYI

GBl -~----- MTYKLILNGKTLKGETTTEAVDAATA
133 -------=-—- GAHMALQDLLRTLKSPSSPQ
1YUF ------ VVSHENDCPDSHTQFCFHGTCRELV
2L7S  —=m——- YRQSMNNFQGLRSFGCRFGTCTVQK
1ZRP AKWVCKICGYIYDEDAGDPDNGISPGTKFEE
2J0T =---IDTCRLPSDRGRCKASFERWYFNG--R
1KMA ------ FQGNPCECPRALHRVCGSDGNTYSN
2MM4 --——-- ETGTLIVNSVLLFLAFVVFLLVTLAI

GA KLINNAKTVEGVESLKNEILKALPTE=~----
GBl EKVFKQYANDNGVDGEWTYDDATKTFTVTE--
1JJS QQQQOVLNILKSNPQLMAAFTIKQRTAKYVAN--
1YUF OQEDKPACVCHSGYVGARCEHADLLA-------
2L7S LAHQIYQFTDKDKDNVAPRSKISPQGYX----
1ZRP LPDDWVCPICGAPKSEFEKLED----------
2J0T TCAKFIYGGCGGNGNKFPTQEACMKRCAKA--
1KMA PCMLTCAKHEGNPDLVQVHEGPCDEHDHDE--
2MM4 LTALRLAAYAANIVNVSLVKPTVYVYSRVKNL
Figure 35. MUSCLE sequence alignment of GB1 and GA with 7 small random
proteins. Sequences where aligned and there were no positions of similarity of identity.

Bolded sequences are the target sequences for comparison.

Investigations of both GB1 and GA using PSI-BLAST resulted in a number of
common protein sequences primarily in the immunoglobulin-binding cell surface proteins
(Table 4). A MUSCLE alignment of the common sequences with both GA and GB! is
found in Figure 36. From the sequence alignment both GBI and GA align almost fully
onto two separate portions of the common sequences. Because the albumin-binding and
immunoglobulin G-binding (IgG) domains are found in the protein L or G, it makes sense
that both proteins would find their respective relatives. This could indicate that either GA

or GB1 may have evolved from a duplication event in either the IgG, albumin-binding
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family or other cell surface proteins. The duplication event would then be followed by
sequence and functional divergence in which mutations lead to a destabilized structure
swapping to a new structure and function. The new function is then stabilized by
mutations favorable to the new structure and function. GA and GBI are similar in that
they both bind proteins found in the blood and this new function would be advantageous
to the survival of the bacteria. Recently, He ef al. showed experimentally that these two
proteins could be evolved from each other over time and what’s even more interesting is
that during this synthetic evolution it appears that function is maintained and even at
some point towards sequence convergence both functions persisted [373, 390]. In light of
He et al.’s work it seems plausible that they could have evolved from one another.
However, based on the results of Figure 36 which reveals high sequence identity but also
that they align on separate portions of the common sequences (Figure 37), it seems
unlikely that any of these proteins (Table 4) are ancestral proteins from which GA or
GBI evolved. A true ancestral protein would have overlapping sections of sequence
alignment with GA and GB1 and be accompanied with low sequence identity due to

evolutionary modification.



Table 4. PSI-BLAST common sequences between GB1 and GA
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E-Value % ldentity
A ion ID Code Description —
ceessio P GBI GA GB1 GA
AAA26599.1 AAA4  BBM3XM ([Staphylococcus xylosus] 3e-05 Se-10 67 58
AAA26600.1 AAA3 BBXM [Staphylococcus xylosus) 2e-05 le-10 67 58
AAA26921.1 AAAl  mag [Streptococcus dysgalactiae) le-17 2e-05 87 638
cell surface protein precursor
AAAB6832.1 AAA2  [Streptococcus equi subsp. 2e-13 Te-07 73 74
zooepidemicus]
cell surface protein precursor
BADOO711.2 BADI1  [Streptococcus equi subsp. 7e-14  te-10 71 68
zooepidemicus|]
CAA27638.1 CAA1 protein G [Streptococcus sp.] le-16 2e-09 100 S8
Immunoglobulin G-binding protein G;
P06654.1 POA!  Short=IgG-binding protein G; Flags: 6e-18  3e-09 100 57
Precursor
Immunoglobulin G-binding protein G;
P19909.1 PlAl  Short=IgG-binding protein G; Flags: 4e-17 8e-10 100 58
Precursor
YP_002123072.1 YPA5 |80 binding protein Zag [Streptococcus ¢ 14 qo10 71 8
equi subsp. zooepidemicus)
Ig, alpha2-macroglobulin and albumin
YP_002744821.1 YPA7 binding protein Zag [Streptococcus 9e-14 2e-07 73 74
equi subsp. zooepidemicus)
Ig, alpha2-macroglobulin and albumin
YP_002746070.1 YPA8 binding protein Eag [Streptococcus le-13  2e-07 73 74
equi subsp. equi 4047}
Immunoglobulin G-binding protein
YP_002997067.1 YPA3  [Streptococcus dysgalactiae subsp. Se-18  6e-10 100 58
equisimilis)
YP_006013485.1 YPA4 |£G binding protein Zag [Streptococcus 5, 15 9o 19 g5 g
dysgalactiae subsp. equisimilis)
cell surface protein precursor
YP_006042603.1 YPAG ({Streptococcus equi subsp. 6e-14 7e-07 73 74
zooepidemicus]
Immunoglobulin G-binding protein
YP_006859906.1 YPAL [Streptococcus dysgalactiae subsp. 4e-18  3e-11 98 58
equisimilis}
Immunoglobulin G-binding protein G
YP_006904988.1 YPA2 [Streptococcus dysgalactiae subsp. Se-18  6e-10 100 58
equisimilis]
Immunoglobulin G-binding protein G
ZP_12571139.1  ZPAl  (Streptococcus dysgalactiae subsp. le-17  2e-10 100 58
equisimilis]
U O IR




GAl = e e
AAR3  —mmmmmmmmmmo MKKKN--IYSTRKLGVGIASVTLGTLLISGGVTPAANAAQ----HDEA
AAR4  ~mmm—mmmmmmo MKKKN--IYSIRKLGVGIASVTLGTLLISGGVTPAANAAQ---~HDEA
BAD1l  —===--m=—-—-- MEKNKNVSYFLRQSAVGLASVS-AAFLVGTSSVGALDAAT----VLEP
YPAS  MSKFFEKSEGGKMEKNKNVSYFLRQSAVGLASVS-AAFLVGTSSVGALDAAT----VLEP
YPAE  —————=—m==-o MEKNKNVSYFLRQSAVGLASVS-AAFLVGTSSVGALDATT----VLEP
ARAR2  —-==mmm-——oo MEKTKTVSYFLRQSAVGLASVS-AAFLVGTSSVGALDATT----VLEP
YPAB  ————mmmm—eme MEKNKKVSYFLRQSAVGLASVS-AAFLVGTTSVGALDAAT~--~VLEP
YPAT  —mm———mmmmme MEKNKKVSYFLRQSAVGLASVS-AAFLVGTTSVGALDAAT-~~~VLEP
ARR]l  —-=mmm—-m-o- MEKEKKVKYFLRKSAFGLASVS-AAFLVGTAVVNAEESTVSPVTVATD
POAl  —--==—=-m--- MEKEKKVKYFLRKSAFGLASVS-AAFLVGSTVF-AVDSPI~~~~EDTP
YPAL  MCWHIKIKKGEKMEKEKKVKYFLRKSAFGLASVS-AAFLVGSTVF-AVDSPI----EDTP
YPA4  —mmmmmmmm—e- MEKEKKVKYFLRKSAFGLASVS-AAFLVGSTVF-AVDSPI-~--EDTP
YPA2  —mmm—-mmmee- MEKEKKVKYFLRKSAFGLASVS-AAFLVGSTVF-AVDSPI-~-~EDTP
YPA3  mmm——mmmmmee MEKEKKVKYFLRKSAFGLASVS-AAFLVGSTVF-AVDSPI---~EDTP
CAAl  —=—=m=———===n- EFNKYGVSDY YK~ ===~ === m o mmmm o e
PIAl  ===mm=————om MEKEKKVKYFLRKSAFGLASVS-AAFLVGSTVF-AVDSPI----EDTP
BBl mmm e o
GAl mm e e

AAA3 VDANFDQEFNKYGVSDYYKNLINNAKTVEGVKDLQAQVVESAKKARISEATDGLSDFLKSQ
ARA4 VDANFDQFNKYGVSDYYKNLINNAKTVEGVKDLQAQVVESAKKARISEATDGLSDFLKSQ

BAD1 TTAF-——===~=- IREAVREINQ--~=~~ LSDDYADNQE-LQAVLANAGVEALAADTVDQ
YPAS5 TTAF-—-===>-— IREAVREINQ-—===~ LSDDYADNQE-LQAVLANAGVEALAADTVDQ
YPAG TTAF~-———==~—~ IREAVREINQ--=—-—~ LSDDYADNQE-LQAVLANAGVEALAADTVDQ
AAA2 TTAF~—~=—==~—- IREAVREINQ~--=—~ LSDDYADNQE-LQAVLANAGVEALAADTVDQ
YPAS TTAF-=====~—~ IREAVREINQ---—-~ LSDDYADNQE-LOAVLANAGVEALAADTVDQ
YPA7 TTAF-——-——~—~ IREAVREINQ--——-~ LSDDYADNQE~-LQAVLANAGVEALAADTVDQ
AAAL AVIT---——=~—-— SKEALAIINK----—-- LSEDNLNNLD-IQEVLAKAGRDILASDSADT
POA1 IIRN=-==——=~== GGELTNLLGNSETTLALRNEESATAD-LTAAAVADTVAAAARENAGA
YPAl ITIRN=-====mm~—~ GGELTNLLGNSETTLALRNEESATAD-LTAAAVADTVAAARAENAGA
YPA4 IIRN==~ = ——— GGELTNLLGNSETTLALRNEESATAD-LTAAAVADTVAAAAAENAGA
YPAZ2 ITRN--===———= GGELTNLLGNSETTLALRNEESATAD-LTVAAVADTVAAAARAENAGA
YPA3 IIRN--——-==~—- GGELTNLLGNSETTLALRNEESATAD-LTAAAVADTVAAARAENAGA
CAAl  ==r—=———m——mm—— NLINNAKTVEGVKDLQAQVVESAKKARISEATDGLSDFLKSQ
Plal IIRN-=-=——=~-~ GGELTNLLGNSETTLALRNEESATAD-LTAAAVADTVAAAAAENAGA

Figure 36. MUSCLE alignment of common PSI-BLAST protein sequences. Sequence
colored in red is the aligned portion for GA (3-helical bundle) and the sequence in blue is
the aligned portion for GB1 (4B+a fold). Bolded sequences are the target sequences for

comparison.
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Figure 36. Continued.
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