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ABSTRACT

Detection of amyloidogenic peptides or domains in proteins is of paramount
importance towards understanding their role in amyloidosis in conformational diseases.
This thesis explores different methods towards detection and prediction of amyloidogenic
peptides using a variety of bioinformatic analytical methods. Bioinformatic analysis of
secondary structural changes is employed to determine whether classes of structurally
ambivalent peptides, mainly discordant and chameleon sequences, are efficient predictors
of amyloidogenic segments. This analysis elucidates statistical relationships between
discordance, chameleonism, and amyloidogenicity across a database of protein domains
(SCOP), a subset of amyloid-forming proteins, and the prion family. The presented
results stress upon the limitations of these peptides as predictors of amyloidogenicity, and
raise issues on the predictive power that can be reaped from secondary structure
prediction methods. In another bioinformatic approach, detection of conformationally
variable segments in tertiary structures of PrP globular domains has been performed
using Principal Component Analysis. This technique succeeded in identifying five
conformationally variable domains within PrP, and ranking these subdomains by their
ability to differentiate PrPs based on non-local structural response to pathogenic mutation
and prion disease susceptibility. The presented results are corroborated by previous
observations from experimental methods and molecular dynamic simulations, suggesting
that this approach serves as a fast and reliable method for detection of potential
amyloidogenic segments in amyloid-forming proteins. Finally, a structural, functional,
and evolutionary bioinformatic analysis is conducted to assess the prevalence of the first
experimentally verified amyloid fibril fold in nature, and whether this fold can serve as a
prototype for other amyloid-forming proteins. The results indicate a limited scope of this
fold in amyloid-forming proteins and across the protein universe, and have implications
on future identification of amyloid-forming proteins that share this fold. Collectively, the
presented thesis compares these different methods and discusses their efficacy in

detection of amyloidogenic segments.
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ABREGE

La détection de peptides ou de domaines amyloidogéniques dans les protéines est
d’une importance primordiale dans la compréhension de leur réle dans ’amylose dans les
maladies conformationnelles. Cette thése explore différentes méthodes en vue de la
détection et la prédiction des peptides amyloidogéniques utilisant une variété de
méthodes d’analyse bio-informatique. L’analyse bio-informatique des changements
structurels secondaires est employé afin de déterminer si les classes des peptides
structurellement ambivalentes, principalement des séquences discordantes et caméléons,
sont des prédicteurs efficaces de segments amyloidogéniques. Cette analyse ¢lucide des
relations statistiques entre la discordance, la chameleonism et 1’amyloidogénicité a
travers une base de données de domaines protéiques (SCOP), un sous-ensemble de
protéines formées d’amyloides, et de la famille prion. Les résultats présentés soulignent
les limites de ces peptides en tant que prédicteurs d’amyloidogénicité, et soulévent des
questions sur le pouvoir prédictif qui peut étre récolt¢ de méthodes de prédiction de
structure secondaire. Dans une autre approche bio-informatique, la détection de
segments de conformation variables dans les structures tertiaires de domaines globulaires
PrP a été effectuée utilisant « Principal Component Analysis ». Cette technique a réussi a
identifier cinq domaines de conformation variables au sein de la protéine PrP, et a classer
ces sous-domaines par leur capacité a différencier les PrP fondés sur des réponses
structurelles non-locales a la mutation pathogéne et la susceptibilité aux maladies prion.
Les résultats présentés sont corroborés par des observations antérieures a partir de
méthodes expérimentales et de simulations de dynamique moléculaire, ce qui suggere que
cette approche sert comme une méthode rapide et fiable pour la détection de segments
amyloidogéniques potentiels dans les protéines formées d’amyloides. Finalement, une
analyse structurelle, fonctionnelle et évolutive bio-informatique est menée afin d’évaluer
la prévalence du premier pli de fibrille amyloide dans la nature vérifié
expérimentalement, et si ce pli peut servir de prototype pour d’autres protéines formées
d’amyloides. Les résultats indiquent une portée limitée de ce pli dans les protéines
formées d’amyloides et a travers I’univers des protéines, et ont des répercussions sur
I’identification future de protéines formées d’amyloides qui partagent ce pli.
Collectivement, la thése présentée compare ces différentes méthodes et discute leur

efficacité dans la détection de segments amyloidogéniques.
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conversion Process.
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the prevalence of the HET-s B-solenoid fold in nature, and determine the role this fold

plays in amyloidosis. This is the first study that indicates a limited distribution of the
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HET-s fold outside of the fungal kingdom, and its limitations for amyloidosis across the
wider protein universe. The challenges of other HET-s homologs in adopting the solenoid
shape are demonstrated. The implications of this study in the future identification of other

amyloid-forming proteins that share the solenoid fold are also discussed.
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CHAPTER
I

General Introduction



1.1 The Prion Protein

1.1.1 Structure of the Prion Protein

The unique common molecular trait underlying Transmissible Spongiform
Encephalopathies (TSEs) is the misfolding of a host-encoded cellular prion protein, PrP,
into a pathogenic scrapie form coined PrP*° [1]. The structural change behind this
conversion is a drastic alteration in secondary structure in which the PrP*° acquires a
much higher B-sheet content (43% B-sheet vs. 30% a-helix) than the predominantly
helical PrP® (42% a-helix vs. 3% B-sheet), despite having the same amino acid sequence
[1-3].

PrP€ is a monomeric, GPI-linked glycoprotein attached to the outer leaflet of the
plasma membrane of the cell. Following cleavage of the N-terminal signal peptide (22
residues) and cleavage of a C-terminal peptide (23 residues) on addition of the GPI
anchor, PrP%, in its mature form, is a 208-209 residue protein that consists of an
unstructured N-terminal region (around 100 residues), and a globular C-terminal made of
three a-helices and a two-strand antiparallel B-sheet (Figure 1.1, sections A-B) [2, 4-6].

The structurally less-defined N-terminal (residues 23-124, hPrP numbering)
contains several distinguishing features, including a variable number of octapeptide
PHGGSWGQ repeats (OR) [4]. In mammals, five octarepeats are flanked by two
positively charged clusters CC1 and CC2 [2, 4]. While the exact repeat sequences differ
from organism to organism, this region is generally an unstructured, but likely helical,
copper binding domain rich in glycine [7, 8]. Binding of copper induces a-helix
formation of the peptides and is also involved in prion pathogenesis [2, 8]. Downstream
of the octapeptide repeats is a highly hydrophobic and conserved alanine-rich profile
(HC) that may form a transmembrane region in some disease-associated products [2, 4,
9].

Globular PrP¢ exhibits a high degree of sequence and structural identity within
mammals [10]. Interestingly, despite low sequence identity between the mammalian
isoforms and chicken, frog, or turtle PrPC, the major structural features of PrP€ are
preserved in these nonmammalian species [11]. The domain is arranged (hPrP

numbering) in three helices, H1: 144-154, H2: 173-194, and H3: 200-208, with an
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antiparallel B-pleated sheet flanking H1 (residues 128-131 and 161-164) [4]. Helices H2
and H3 are connected by a disulfide bond (Cys179-Cys214) that stabilizes the covalent
homodimer [1, 2, 6, 9]. Full length PrPC is found in non-, mono-, or di-glycosylated
forms, depending on occupancy of the two N-linked glycosylation sites at residues
Asnl81 and Asn197 [4, 6], but the physiological role of PrP® glycosylation remains
unknown [4]. Notably, studies on covalent posttranslational modifications have not

shown consistent differences between PrP¢ and PrP>° [5].

Figure 1.1: Structure of the Prion Protein

(A) Linear representation of the N-terminal and globular domains of PrP. Within the N-
terminal, Octapeptide repeats (OR) and charge clusters (CC1 and CC2) are highlighted.
Glycosylation sites and the disulfide bridge within the globular domain are also indicated. Figure

from Aguzzi and Calella, 2009 [4].
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1.1.2 Physiological Functions of PrP¢

Developing an understanding of the physiological role(s) of PrP© has been proposed
to help in understanding the pathophysiological properties of prions. A number of
functions have been attributed to PrP, and some of these functions are highlighted here.

One of the most interesting functions attributed to PrP® - in stark contrast against
PrP*° pathology - is a neuroprotective, or cytoprotective role for PrP. PrP® decreases the
rate of apoptosis after induction of apoptotic stimuli such as Bax or TNF-a; co-expression
of PrP® can reverse Bax-mediated induction of apoptosis in human neuronal cells [12,
13]. In addition to an anti-apoptotic function, PrP* also plays a role in anti-oxidative
stress and resistance to copper toxicity. The N-terminal octarepeats of PrP have been
proposed to play a role in copper binding [2], and studies on rat pheochromocytoma cells
indicate that cells resistant to copper toxicity or oxidative stress showed higher PrP¢
levels [14]. PrP also plays a role in signal transduction and growth. PrP is reported to
play a role in cell-signaling pathways [14, 15]. For example, the ERK1/2 and MAP
kinases are activated by binding of PrP® binds to the adaptor protein Grb2 (growth factor
receptor binding protein) [15].

Despite the plethora of functions that have been attributed to PrP®, interestingly, the
only well-defined phenotype of Prnp knockout mice is their resistance to prion
inoculation [4]. Postnatal depletion of PrP€ in neurons does not result in
neurodegradation [4]. The uncertainty of the exact PrP® role in physiology, and by
extension pathophysiology, raises the intriguing and yet unanswered argument of whether

TSE pathology is a result of PrP€ loss of function, PrP* gain of function, or both.

1.1.3 Models of Prion Replication

Stanley Prusiner coined the term ‘Prion’ to represent a “proteinaceous and
infectious particle that lacks nucleic acid” [1]. Indeed, increasing acceptance of the
“protein-only hypothesis” by which a prion protein replicates and spreads within its host
defies the standard dogma that protein production and replication are mediated by nucleic
acids [1, 2]. The protein-only hypothesis proposes that prion replication involves a self-

propagating conversion of PrP® to its pathogenic isoform PrP* [16]. Two models for this



process of conformational conversion have been proposed: a “template-assisted” or
“refolding” model, and a “nuclear polymerization” or “seeding” model (Figure 1.2).

The template-directed refolding model suggests a mechanism whereby PrP*
induces a catalytic cascade using PrP or a partially folded intermediate (PrP<") as a
substrate to produce more PrP>* molecules. In this model, a PrP* monomer binds to PrP®
or a partially unfolded intermediate, PrP", that arises from fluctuations in PrP®
conformation [2, 4, 16, 17]. This dimerization lowers the activation-energy barrier for
PrP“/PrP" to convert into PrPC. As such, the exogenous PrP%¢ acts a template for
conversion of endogenous PrP®; according to the model, conformational change is
kinetically controlled, as a high energy barrier would prevent spontaneous conversion of
PrP¢ to PrP*° [2, 4, 16, 17].

The seeded model, as opposed to the template-mediated model, is based on the
assumption that PrP® to PrP*° conversion process is thermodynamically controlled. In this
model, both PrP¢ and PrP* molecules are in equilibrium [2, 4, 16, 17]. In a non-disease
state, PrP€ is strongly favored, and minute amounts of PrP*° would coexist with PrP°.
The infectious agent, according to this hypothesis, is a highly ordered aggregate of PrP*°
molecules. This aggregate is formed by the recruitment and addition of PrP> monomers
onto an existing crystal-like “seed” of PrP>® aggregates [2, 4, 16, 17]. Accordingly to the
model, monomeric PrP* would be harmless, but might be prone to incorporate nascent

PrP% aggregates to generate oligomeric PrP* in the diseased state [2, 4] .
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Figure from Aguzzi and Calella, 2009 [4].



1.1.4 Proposed Models of PrP>

In contrast to high resolution data for the PrP® monomer, structures of pathogenic
PrP%° as well as fibrillization intermediates (PrP*-like aggregates) responsible for
infectivity and neurodegenration remain elusive. Several models of the PrP*° structure
have been proposed, many of which are theoretical models based on molecular modeling
and dynamics simulations [18, 19], as well as more recent models based on experimental
data [20]. Some of these models, and their implications for PrP> pathogenesis, are

highlighted here.

1.1.4.1 Features of the left-handed helix (LpH) fold

The parallel B-helix fold is a repetitive protein fold with a B-helical coil formed by
segments of B-strands as its repeating unit [21-24]. Each rung of the B-helix is composed
of 2-3 B-strands interrupted by turns or loops, and the rungs are aligned such that
elongated B-sheets connected by hydrogen bonds lie parallel to the helical axis. Structural
repetition of these coils creates a cylindrical hydrophobic core characterized by buried
stacks of similar side chains [21, 22]. The left-handed beta helix (LBH) fold, as opposed
to the right-handed beta-helix (RBH), is more rigid and repetitive, with each B-helical turn
made of three B-strands that are connected by three loops of 1-2 residues (Figure 1.3)
[21, 23]. Several models have been proposed for PrP* based on the left-handed beta helix
(LBH) fold [18, 19], given experimental observations that amyloid fibrils are protease-
resistant filaments with dominant -sheet structures organized in a cross-3 spine

arrangement [25].
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Figure 1.3: Structural representation of the LBH fold. B-sheets are represented as yellow
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ribbons and turns are in green. Figure from Choi et. al., 2008 [21]



1.1.4.2 Theoretical models based on the LBH fold

“Beta-helix” [19] and “spiral” [18] models have been proposed for PrP* using
molecular modeling and dynamic simulation techniques.

The ‘spiral”’ model proposed by De Marco and Daggett [18] is derived from
molecular dynamic simulations, based on the idea that simulations with the required
environment for PrP conversion, namely the presence of mutations and low pH levels,
should be able to model the conversion process and allow for the analysis of prefibrillar
aggregates. Simulations performed on the Syrian hamster PrP (with D147N mutation,
hamster numbering) in a low pH trajectory indicate a radical conformational change
involving the extension of B-structures within residues 116-164. These residues were
argued to be the B-core of PrP®, consisting of parallel and antiparallel p-strands, while
the remaining helices of the globular protein retained their native conformation [18]. The
B-structure adopted by this N-terminal core is composed of a three-stranded -sheet, E1-
E3, as well as an isolated strand, E4 (Figure 1.4). Using this model of extended
secondary structure, the authors modeled a protein aggregate that agrees with electron
microscopy. In the aggregate (protofibril) form, PrP* molecules are docked together such
that the N-terminal of E1 is docked to the hydrophobic E4 sheet, forming a continuous
four-stranded sheet that is aligned by interstrand backbone hydrogen bonding [18].
Propagation of this bonding forms a spiraling protofibril of PrP (Figure 1.4).

The ‘B-helix’ model proposed by Govaerts et. al. [19] is obtained by threading part of
the PrP sequence through a left-handed B-helical protein, based on increasing evidence
arguing for a parallel B-sheet organization in amyloids structures. Using this approach,
the authors threaded the amyloid core of PrP27-30, residues 89-175, against a left-handed
beta helix protein, while the C-terminal H2 and H3 helices retain their a-helix
conformation. By comparing potential threading of the amyloid core against the Right-
handed beta helix, the authors contend that PrP is more compatible with the LH fold,
from which a trimeric B-helical model has been postulated based on low resolution 3D
structures of PrP° derived from electron crystallographic data [19]. The monomer of this
PrP27-30 model is composed of the threaded B-helix amyloid core, to which the C-
terminal of the PrP is connected. In the trimeric assembly, the C-termini are located

outside of the trimer, with glycosylated asparagines pointing away from the center, which
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is composed of the packed B-helices (Figure 1.5). An oriented fibril can be produced by a

head-to-tail arrangement of B-helices, linked by hydrogen bonds between the molecules.
Collectively, both models suggest that the amyloid core of PrP*¢ is based on the

unstructured N terminus adopting the B-structure, while major helices within the globular

structure (H2 and H3) remain intact.

1.1.4.3 Experimentally-derived models

In contrast to largely theoretical models, a recent model based on experimental data
suggests that PrP® conversion involves refolding of the C-terminal o-helical region. By
analyzing amyloid fibrils of recombinant human PrP90-231 using site-directed spin
labelling (SDSL) and EPR spectroscopy, Cobb et. al. [20] proposed that the amyloid core
of PrP maps to the C-terminal residues 160-220 of PrP, which stack on top of one another
in a parallel in-register alignment of -strands (Figure 1.6). In the native PrP structure,
these residues encompass helix 2, part of helix 3, and the loop between both helices. To
account for the native disulfide bridge between Cys179 and Cys214, limiting the loop
regions between them implies the existence of bulges. Accordingly, to satisty this
requirement and ensure that the structure is thermodynamically stable by reducing the
number of charged residues in the dry intersheet interface, the authors proposed a model
containing a pair of bulges introduced within the disulfide bridged loop. The model
succeeds in positioning glycosylation sites of the PrP (N181 and N197) on the outside of
the intercysteine loop, making them unrestrained and compatible with a glycosylated PrP
amyloid. Accordingly, the proposed experimental model differs from its in silico
predecessors with respect to location of the B-core, as well as the folding motif of the

amyloid core region [20].
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Figure 1.4: Overview of the spiral model of PrP conversion. Top panel: 4-sheet PrP® model
under low pH. Bottom panel: Formation of a spiraling protofibril based on the 4-stranded sheet.

Figure from DeMarco and Daggett, 2004 [18].

Figure 1.5: Trimeric B-helical model for PrP* based on threading against the LBH fold.
Adapted from Govaerts et. al., 2004 [19].

Figure 1.6: Parallel in-register arrangement of PrP*. Figure from Cobb et. al., 2007 [20].
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1.1.5 Key Proposed Areas of PrP Involved in Conversion and
Disease

While several models of PrP* fibrils have been suggested using modeling methods
[See Section 1.1.4.2 for a summary of PrP* models], experimental methods, molecular
modeling and dynamic simulations have also been used to determine the effect of
pathogenic mutations on PrP conversion, that stability of PrP mutants, and
conformational changes in PrP during the conversion process.

One of the key regions of PrP under heavy scrutiny as a candidate site for TSE
transmissibility studies is the S2-H2 loop. Comparative studies on the flexibility of this
loop indicate a difference between disease-prone and disease-resistant species, with
greater degrees of flexibility in disease-resistant species, as evidenced when comparing
MD trajectories from species such as elk and hamster to frog, turtle, and chicken [26, 27].
Similar observations have been previously described in structural comparisons of human,
chicken, turtle, and frog NMR structures, insinuating that this region could serve as a
“structural signature” for different evolutionary groups [11]. Interestingly, this loop also
exhibits varying flexibility within mammalian species [26-28]. These structural variations
make the S2-H2 loop, in conjunction with structural changes of the H2 and H3 helices, a
candidate site for epitope recognition by potential chaperones. Using 50ns molecular
dynamic simulations on wildtype human PrP and hPrP mutants, Rosetti et. al.
[29]demonstrated that differentiating factors in the mutant structures include the
increased flexibility of the H3 helix, increased solvent exposure of Y169, loss of the salt-
bridge network in the H2-H3 region, and increased proximity between the S2-H2 loop
and the C-terminal of H3; these findings concur with previous literature that suggested
that Y169 along with the S2-H2 loop and the C-terminal of H3 form a disease-linked
epitope for a monoclonal antibody [29]. This is further discussed under Section 3.5.2
(Chapter III).

The involvement of H1 in the conversion process remains a topic of debate. H1 had
been suggested as a primary interaction site with PrP> [1], but conserved sequence and
structural identity between TSE-prone and susceptible species seem to negate this claim
[10]. Studies on the unusual hydrophilic sequence pattern of H1 indicates that its charge

distribution, and possible formation of salt bridges between charged residue pairs, would
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ultimately stabilize the helix and prevent its conformational change during the PrP
conversion process [8, 30-32]. While the PP spiral model of De Marco and Dagget [18]
proposes that the H1 helix converts into -sheet to form a continuous 4 strand B-sheet,
experimental analysis on C-terminal truncated forms of PrP have shown that H1 is not
converted into -sheet [32]. Notably however, these results do not exclude the possibility

that the H1 helix might be shortened in PP [32].

1.1.6 Evolution of the Prion Concept

The prion family has expanded to include other PrP-like molecules of
neuropathological relevance, including the paralogs Doppel and Shadoo, as well as

“functional” yeast prions that are beneficial to their host.

1.1.6.1 PrP Mammalian Paralogs: Doppel & Shadoo

The Doppel (Dpl) protein is a paralog of PrP that shares a similar native fold to
PrP, despite its low sequence identity (about 20%) [33]. Doppel contains a globular
domain with a PrP-type fold, in addition to a flexibly disordered N-terminal tail 26
residues long [33, 34]. The Doppel globular fold is composed of four helices and short
two-stranded antiparallel B-sheets [33, 34]. Like PrP, the functions of Dpl in the healthy
organism are unknown, but mice with Dpl and devoid of PrP have been observed to
develop signs of ataxia and degeneration of Purkinje neurons, causing a different type of
neurological disease [33, 35]. Interestingly however, Doppel does not convert to a scrapie
form [33, 35]. Studies on this protein may help elucidate differences in stabilization and
unfolding/misfolding rearrangements that are that the basis of neurodegenerative disease
[35].

The Shadoo (Sho) protein, another PrP paralog, was mainly discovered in
zebrafish but is also found in mammals (human, rat, mouse) and Fugu [36]. Unlike PrP
and Dpl, the Shadoo protein lacks a defined globular structure, as the C-terminal
prediction indicates mostly a coil conformation with weak prediction of secondary
structure elements [36]. Interestingly, Shadoo does share structural similarities with the

N-terminal of PrP, as it is the only known PrP homolog containing a conserved middle
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hydrophobic region, and an unusual composition of aliphatic residues as for PrP and PrP-
like proteins [36, 37]. Despite a lack of structural similarity to PrP, Sho and PrP
demonstrate a functional and pathogenic linkage, as they both can counteract Doppel
neurotoxicity in a similar way [38]. The ability to for Sho to convert to amyloid-like

forms under native conditions has also been demonstrated [39].

1.1.6.2 Yeast Prions

Recent identification of functional prions in yeast challenges the notion of the
‘prion’ as detrimental, infectious proteins to their hosts, and suggests that prions share a
greater biological role than previously thought. Yeast prions are structurally and
functionally different from their mammalian namesakes, and are not homologous to
vertebrate PrPs at the level of amino acid sequence identity [16]. The [URE3], [PSI'],
[PIN], and Het-s prions are self-propagating amyloids of the Ure2p, Sup35p, Rnqlp
proteins identified in Saccharomyces cerevisae, as well as the HET-s protein of the
fungus Podospora anserina. The discovery of these proteins has helped shed light on the
mechanism of prion conversion and propagation, whose underlying molecular basis had
not been fully understood within the mammalian system [40]. Compared to mammalian
prion ‘infectivity’, yeast prions mimic mammalian non-mendelian inheritance, such that
they are able to transmit disease without requiring nucleic acid [16, 41, 42]. This
behavior explained ‘cytoplasmic inheritance’ in yeast and other fungi, as each of these
proteins forms cytoplasmic amyloid that leads to a particular phenotype, in some cases
beneficial, that can be transmitted to offspring of the ‘mutated’ cell upon division [16, 43-
45]. Sup35 for example, is a translation termination factor of S. cerevisae that ensures
cessation of protein production [43, 46]. Its prion, [PSI+], results in increased read-
through of termination codons, which generates phenotypic diversity by creating an
altered proteome [43, 46]. Cells containing [URE3] and [PSI+], the prion determinants of
Ure2p and Sup35, respectively, can be distinguished from prion-free cells by phenotypic
differences at the cellular level, as well as biochemical differences in relation to solubility
of the underlying prion protein [44]. [PSI+] variants, for example, can be differentiated
by simple screens involving colony color and protein analysis that reflect conformational

differences and the extent of protein aggregation [40, 44].
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1.2 The Nature of Amyloid

1.2.1 Unifying Events and Patterns in Conformational Diseases

A growing number of diseases, including Systemic Amyloidosis, Alzheimer’s disease
(AZ), Parkinson’s disease, and Prion diseases are characterized as protein misfolding and
protein aggregation diseases. Despite their varying pathologies, there is increasing
substantial evidence of common structural and pathogenic features that underlie their
protein aggregation and amyloidosis, including the accumulation of aberrant or misfolded
proteins, protofibril or amyloid formation, and altered states of neurotransmission and
excitotoxicity [47].

A large group of protein misfolding diseases are associated with conversion of
specific peptides or proteins from their soluble functional states into highly organized
fibrillar aggregates that accumulate into amyloid fibrils or plaques [48]. These amyloid
fibrils exhibit common characteristics under the microscope, mainly their ability to bind
to the dyes Congo red and thioflavin T and exhibit characteristic green-yellow
birefringence of Congo red [49]. Amyloid fibrils exhibit an elongated, unbranching
morphology suggestive of an ordered arrangement of subunits [49]. This is a multilevel
arrangement, such that multiple protofibrils (or protofilaments) are twisted together to
form a rope-like fibril or long ribbons of amyloid structure [48, 50]. The assembly of
multiple protofibrils (typically 2-6 fibrils, each 2-5 nm in diameter) creates an
unbranched protein fibril with a diameter ranging from 3-10 nm [48, 50]. X-ray fiber
diffraction data have shown that the underlying conformation behind these (3-sheet rich
protofilaments is a cross-f} arrangement (Explained in more detail in Section 1.2.3.1)

[48, 50-52].

1.2.2 Functional Amyloids

The observation that amyloid fibrils can be exploited by living systems in a
functional, non-pathogenic manner challenges the notorious association amyloid fibrils
share with disease. ‘Functional amyloids’ that are unrelated to protein aggregation
diseases have been observed to natively form fibrillar aggregates that share many of the

biophysical qualities of amyloids, including morphological, structural, and tinctorial
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properties [43, 48, 53-55]. Structural proteins, such as myoglobin, form in vitro B-rich
myoglobin fibrils that share a cross-f amyloid fold and similar reactions in tinctorial
assays involving thioflavin and Congo red, making them indistinguishable from
pathological amyloid fibrils, despite that the native state of the protein is predominantly
a-helical and lacks B-sheet structure [56, 57]. Another critical protein, human Pmell7, is
involved in biosynthesis of the pigment melanin. Pmel17 is responsible for formation of
fibril structures found in melanosomes, highly specialized secretory lysosome organelles
found in melanocyte cells of the skins and eyes [58]. Melanosomes with these fibers
enhance the rate of melanin formation by accelerating polymerization of melanogenic
precursors and functioning as a receptor that templates their polymerization [43]. Within
the past decade, functional amyloids have also been identified in lower, non-mammalian
organisms, including bacteria [59-63], insects [64, 65], and fungi [66-70]. Bacteria such
as E.coli and Salmonella spp. utilize extracellular proteinaceous fibrils formed by the
protein curlin for cell adhesion to host proteins, as well as colony formation [59-61, 63].
The filamentous, soil-dwelling bacteria Streptomyces coilecolor secretes Chaplins, a
family of 8 proteins whose B-sheet rich fibrils support aerial hyphae and allow for spore
formation [62]. Similar structures and functions to curli are also observed in fungal
Hydrophobins, amphipathic proteins that assemble into fibers at hydrophobic-hydrophilic
interfaces, enabling surface attachment in pathogenesis, as well as formation of aerial
structures such as spores and fruiting bodies [66-70]. In the silk moth (Antheraea
polyphemus) as well as other egg-laying creatures in insects and fish, eggshells are
composed of arrays of fibers of Chorion proteins, that serve as a protective barrier against
proteases, microorganisms, physical stress, or other hazards [64, 65]. All of the above-
mentioned examples and numerous others in the literature highlight the wide range of

organisms that exploit the physical properties of amyloid.
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1.2.3 Experimentally verified structures of Amyloid fibrils

1.2.3.1 The Cross-p spine motif

Despite a lack of sequence and structural similarity among fibril-forming proteins, X-
ray fiber diffraction studies have particularly shown that amyloid-like fibrils of different
proteins have a common “cross-f3 spine” pattern (Figure 1.7) [48, 49, 52, 71]. Electron
microscope examinations by Cohen and Calkins (1959) of amyloid deposits in diseased
tissue revealed elongated, unbranched fibrils [72] whose nature was further demonstrated
by Eanes and Glenner (1968) in X-ray fiber diffraction experiments [71]. Aligned
amyloid fibrils give a cross-f diffraction pattern, with a meriodional reflection at ~4.7°A
(along the fiber axis) and an equatorial reflection around ~8-11°A [49, 73]. The 4.7°A
reflection corresponds to the 4.7°A packing of B-sheet strands that run perpendicular to
the fibril axis, while the ~8-11°A reflection corresponds to spacing of B-sheets that are
parallel to the fibril axis [49, 73]. The notion of a common molecular core structure was
supported by the finding that amyloid fibrils from 6 different proteins, each with its own
clinical syndrome, show common reflections similar reflections in addition to those at
4.7°A and 10°A [74].

Although these data gave insight into the arrangement of the amyloid fibril core, the
exact molecular structure of this core was determined in a key study involving X-ray
diffraction on a 7-residue peptide from the protein Sup35, a yeast prion [52]. The peptide
GNNQQNY is a fibril-forming segment at the amino terminus of the prion-determining
domain of Sup35. In the initial X-ray structure determined from microcrystals of
GNNQQNY, GNNQQNY p-strands form in-register B-sheets that are parallel to the long
axis of the microcrystal, while the individual sheets are perpendicular to the long axis of
the microcrystal (Figure 1.8) [52, 73]. For each pair of sheets, strands in one sheet are
antiparallel to those in the mating sheet, with a shift between the strands of 4.87°A such
that side chains from a strand in a sheet nestle between side chains of two strands from
the mating sheet [52]. The B-sheets are packed in the crystal with two distinct interfaces
between them, coined the “dry” and “wet” interfaces (Figure 1.8). The wet interface is
composed of water molecules that separate GNNQQNY molecules (aside from a contact

between Tyr7 residues in neighboring sheets) about 15°A, suggesting that the stable
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structural unit of the microcrystals is composed of a pair-of-sheets organization in cross-3
motif [52, 73].

The analysis of the dry interface in this newly introduced pair-of-sheets organization
also introduced the concept of the “steric zipper” motif [52]. The dry interface between
B-sheets is devoid of water (aside two molecules at the end of the peptide segments), and
is primarily composed of interdigitation of complementary side chains by van der Waals
interactions between Asn and Gln ladders (Asn2, Gln4, Asn6) [52, 73]. These
interdigitating side chains form a “steric zipper”. Subsequent analysis has revealed a
prevalence of the cross-f§ spine with steric zipper side chain interactions in the
oligomerization of a variety of fibril-forming proteins, including Alzheimer’s amyloid-f3
and tau proteins, Insulin, and PrP, suggesting that steric zippers are a general principal of
protein complementation in amyloid structures [75]. Variations of the basic steric-zipper
structure indicate that there are theoretically 8 possible classes of steric zippers, based on
distinguishing characteristics including 1) whether -strands in sheets are parallel or anti-
parallel, i1) whether sheets pack with “face-to-face” or “face-to-back™ surfaces adjacent to
one another, and iii) whether sheets are oriented parallel or antiparallel with respect to
one another (Figure 1.9) [75]. Of these 8 classes, five classes were identified in the 13
atomic-resolution structures for peptide segments of fibril forming proteins (Figure 1.9)
[75]. Collectively, the studies on cross-f spine and steric zipper motifs suggest that these
motifs are fundamental units of amyloid-like fibrils, with the possibility of more

complicated geometries in full-length amyloid fibrils.
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Figure 1.7: Schematic representation of the pairs of sheets in the cross-p spine motif, as
determined from analysis of amyloid fibrils and cross-B-diffraction studies.
Figure from Maji et. al., 2009 [73].
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Figure 1.8: Atomic structure of the cross-p spine from Sup35.

Left panel: Opposing sheets of the fibril, showing parallel B-sheets with B-strands perpendicular
to the fibril axis.

Right panel: Overview of the wet and dry interface within and between pairs of B-sheets.

Figures from Nelson et. al., 2005 [52] and Maji et. al.,2009 [73] .

18



Parallel

| Face-oface

Face-to-back |

Class 1 L

Up—-up

GHNNQGQNY {forms 1and 2, NNQQNY,
| SSTSAA VONYK, NNQQ (form 2)

Class 2 !

Class § 1

= down

Up

Mot observed yet

Up—up

w Class 3
:
= )
2 4 6
Not observed yet GEVVIL, NMNOO fomm 1)
Antiparallgl
! Face-oface Face-to-back !
! Class @ !

""'"'Notobsar\-\gd ywat
Up—down

Class 7

=back

Face

LY QLEN, VEALYL

Class 8 !

Parallal

Antipar kel

MMGGNY Supas

w’fm“‘

. GHHNCGNYF 1 a.npas GNNCONY Form 2 SJpG-S
'§ H *ﬂé
w

NNQOForm 2 5up3s

Lup

CEVWIA Aol f PB4 NNOQ Form 1 Supas

Clasa7

Facetokack

| l—chowwn
1

LYQLEM Insulin VEALYL Inzuin

=Back
Up—up

Face

Ll p—dowin

Figure 1.9: Variations of the steric-zipper structure and existing examples in nature. Left

panel: Schematic representation of the 8 possible classes of steric zippers. Right panel: Five

classes of steric zippers identified in 13 structures of peptides segments of fibril forming proteins.

Figures from Sawaya et. al., 2007 [75].

1.2.3.2 The B-Solenoid Fold

The 3D structure of the HET-s (218-289) amyloid fibrils is the first well defined
structure of an amyloid fibril, a left-handed B-solenoid with each 72-residue peptide

forming two helical windings [76, 77]. The four B-strands compromising residues 226-

234 (B1), 237-245 (B2), 262-270 (B3), and 273-282 (B4) are parallel and in-register, with
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pseudorepeats between B1- B3 and 2- B4. The structure is stabilized by a dense
hydrophobic core, intra- and inter-molecular hydrogen bonds between the pseudorepeats,
three salt bridges (K229-E265, E234-K270, R236-E272), and two asparagines ladders
(N226 and N262) (Figure 1.10) [76, 77]. Because the charged residues are stacked
parallel to one another such that charge is compensated, the formation of the salt bridge
and charge compensation could be both intra-molecular (within the same molecule) or
inter-molecular (between the different molecules) [76, 77]. Collectively, these structural
characteristics result in a zipper-like structure with an overall B-helix characteristic fold
[73, 77] [See section 1.1.4.1 for description of LBH fold], and give insights into a
higher structural complexity for amyloid fibrils than for short peptide fibrils.

Figure 1.10: Schematic representation of the -solenoid fold.
Top and side views are presented. The secondary structure is represented in white ribbons, salt
bridges are in red and blue. The hydrophobic core (yellow) and asparagines ladder (green) are

also indicated. Side and top views are shown. Figures from Maji et. al., 2009 [73].

1.2.4 Models of Amyloid fibrils

A number of amyloid fibril models have been developed for a variety of prions and
amyloid-forming proteins, some of which are based on the cross-p spine motif and LH
fold, and others which are devoid of these structural elements. A “parallel superpleated

sheet model” has been proposed for the N-terminal Asn-rich “prion” domain of Ure2p
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yeast prion (Figure 1.11) [42, 78]. In this model, the prion domain is divided into 9,
seven-residue segments whose B-strands are parallel to one another. Each of the 7-residue
segments is composed of a four-residue strand and three-residue turn, that zig-zag in a
planar serpentine arrangement. The sheets are packed parallel to each other in an in-
register orientation that is maintained by favorable interactions between aligned amino
side chains [49, 78]. The parallel in-register arrangement indicates that each residue of
the prion domain is in contact with the same residue of adjacent molecules in the filament
[46]. The ‘polar zipper’ structure is another such model whereby a parallel in-register
arrangement which allows glutamine side chains hydrogen bonds with one other in

amyloids fibrils [79, 80].

prion domain functional globular domain
1 70 a5 354
REREERY B s

Figure 1.11: Space filling and linear representation of the Ure2p serpentine model.
Figure from Baxa, 2008 [50].

A variety of amyloid models have been developed for amyloid-forming proteins,
based on the left-handed beta helix fold (LBH) [See section 1.1.4.1 for description of
the LBH fold]. Indeed the LBH fold forms the basis for several models of PrP*° [See
section 1.1.4.2], as well as other amyloid-forming proteins such as insulin and AB [See

section 1.3.2 for examples].
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1.3 Computational Techniques towards Identification
and Prediction of Amyloidogenic Segments

1.3.1 Predicting B-structures and aggregation based on
physicochemical properties of proteins

Given strong evidence for B-structure in amyloids, a variety of algorithms have been
designed to predict B-structures, and to calculate aggregation propensities of proteins and
protein segments. This section addresses tools that make such predictions based on an
analysis of physicochemical properties and motif recognition of B-sheet proteins. Such
properties, for example, include a general and repetitive packing pattern of buried core
residues dominated by hydrophobic side chains, as well an amphipathic mosaic surface of
polar and hydrophobic side chains [21, 81].

Several computational methods to predict globular B-structures have been
developed based on long-range pairwise interactions and the prediction of potential
strand-pairs in a protein sequence [82-84]. Statistically, this seems to be a reasonable
approach, supported by evidence that residues involved in -sheet formation which are in
close spatial proximity exhibit strong statistical biases [85]. However, to exploit this
information requires the use of structures with topological regularity, such as -sheets
and B-trefoil structures. The BETAWRAP program was first developed to predict strand-
pairs based on structure-specific knowledge derived from templates of the right-handed
beta-helix (RBH) SCOP class [82, 84]. Statistical correlations between pairs of residues
in adjacent B-strands were calculated to determine if a query protein aligns well to the
structural template of the RBH motifs [84]. However, this limited the program to the role
of a fold recognizer for only one-sub family of beta-helices, while falling short of
producing a single global alignment of the putative structure of query proteins to those
templates [84, 86]. Subsequently, an extension of this algorithm, BETAWRAPPRO, has
been developed to perform fold recognition for the B-helix and B-trefoil motifs, coupled
with evolutionary information from sequence profiles that lend information about residue
conservation and substitutions [84]. Yet another algorithm, BETAPRO, relies on neural
networks to predict pairwise probabilities based on profiles, secondary structure, and

solvent accessibility information, and uses these probabilities in subsequent dynamic
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programming and graph matching techniques to predict the B-sheet architecture of the
protein [83]. A recently developed program, AmyloidMutants, predicts amyloid
structures and amyloid fibril conformations based on mutational landscapes extracted
from the cross-f sheet and B-solenoid folds [87]. Generally, tailoring these algorithms to
B-structural folds remains an improvement over the shortcomings of ‘generic’ secondary
structure prediction algorithms, such as PSIPRED and PHD, which are hindered by the
low sequence identity and lack of sequence commonalities in amyloid-folding proteins
[88].

A variety of other approaches have been developed for reliable detection and
prediction of aggregation propensities in proteins, i.e., identifying aggregation-prone
regions in proteins [89]. Seminal work by Chiti ez. al. [89] indicated that physicochemical
properties can be used to determine changes in aggregation rates that arise from amino
acid mutations. Subsequent algorithms that have been developed to harness this
predictive power include empirical tools that try to predict such regions based on amino-
acid properties, or structure-based tools that rely on 3D structures of known fibril-
forming peptides to predict determinants of amyloid aggregation [90]. Empirical
algorithms rely on amino acid properties observed from experimental results, such as
hydrophobicity, B-propensity, and solubility [90]. The TANGO algorithm, for example,
uses a statistical mechanics approach to identify -aggregating regions of a protein based
on the assumption that all residues of an aggregate are hydrophobically buried and will
satisfy their hydrogen-bonding potential [91]. Yet another algorithm, ZYGGREGATOR,
models aggregation propensity per residue based on secondary structure propensity,
hydrophobicity and charge, and the pattern of alternating hydrophobic and hydrophilic
residues over a sliding window [92]. Structure-based algorithms, unlike empirical tools,
are based on the study and observation of the spatial structures of peptides as well as
native proteins belonging to structural classes of interest [90]. The PASTA algorithm, for
example, calculates a singleton and pairwise energy functions for individual residues and
residue pairs in a B-sheet, according to a Boltzmann energy function calculated from a
database of 500 annotated structures [93, 94]. Similarly, AMYLOIDFOLD uses a scaling
approach based on calculations of the observed packing density and statistics of hydrogen

bonds in a database of 3769 proteins from the four main SCOP classes (all-a, all-B, a/B,
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a+P) [95, 96]. The BETASCAN program determines strands and strand pairs based on
likelihood scores that have been calculated from correlations observed in parallel B-sheet
structures [86]. To date, approximately 14 computational tools have been published that
include equal numbers of empirical and structure-based models [90], and this list is

continually growing.

1.3.2 Structural modeling of protein segments and protein
fibrils

Sequence analysis algorithms were among the first methods developed towards
analysis of determinants of amyloid structure. One of the barriers to effective sequence-
based computational analysis, however, is the relatively small amount and diversity of
experimentally validated amyloidogenic sequences, making it difficult to gather enough
information that can effectively distinguish amyloids from amorphous aggregates [86],
[97]. Amyloid- and prion-forming domains are identified as unstructured random coils in
secondary structure prediction algorithms, or, in the case of amyloid-forming domains,
are excluded by low-complexity filters of sequence alignment tools such as BLAST [86].
Structural methods, including threading and molecular dynamic simulations, have
capitalized on the structural characteristics of amyloid fibrils while overcoming the
barrier of poor sequence homology. Some of the studies that utilize these approaches are
highlighted here.

One of the first pioneering studies in this field involved threading six-residue peptides
of proteins through the microcrystal structure of the Sup35 NNQQNY peptide, to identify
new fibril-forming segments [97]. Each hexapeptide of the query protein is mapped onto
an ensemble of templates that have been generated by translation of one or two B-sheets
relative to other along three orthogonal directions. Threading of hexapeptides against this
‘3D profile’ and evaluation of the energetic fit between the query and templates allowed
for the identification of fibril-forming segments that could adopt the cross-f spine fold
[97]. Inclusion of parameters such as apolar interactions, hydrogen bonds, and steric
overlaps in the energetic calculation improves selection of fibril-forming segments, as
opposed to selection of segments based on simple residue properties such as

hydrophobicity or B-strand propensity. In that study, Thompson et. al. demonstrated that
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the 3D profile template method can localize predictions to experimentally determined
fibril-forming segments [97]. Variations to this method have been developed [98] with
comparable results.

Molecular modeling and simulations can be used to sample the conformational space
of a given system and assess structural changes that arise at the atomic level over a given
period of time [99]. Several amyloid-forming proteins have been modeled against B-helix
folds in an attempt to determine the potential structure and stability of their ensuing
amyloid fibrils. Choi et. al. attempted to model the monomeric subunits of the insulin
amyloid fibrils against the B-helix and B-roll folds, and ascertained which of those folds
exhibits greater stability using molecular dynamics simulations [100]. Analysis of the
physicochemical properties of the rung structures for both models indicated that both
models satisfy the sequence and structural features of the B-roll and B-helix folds, but
molecular simulations suggested that the B-roll subunit model exhibits greater stability as
possible subunits of fibrillar insulin. Construction of polymeric fibrils based on the -roll
and B-helix subunits also suggested that fibers composed of 6 twisted B-roll
protofilaments are the most reasonable fit supported by previous experimental data [100].
Previous and ongoing studies of similar nature were conducted on different sizes of AP
peptides [101, 102]. A structural model for amyloid fibrils of the A protein was
achieved by successful modeling of the AP(15-36) peptide against parallel B-helical
proteins, thus supporting experimental evidence on full-length AP fibrils that suggested
an in-register, parallel arrangement for the fibril core [102]. Collectively, these studies
and many others suggest that LBH-like structures serve as models of misfolded human
proteins associated with disease, an intriguing concept since there are no known human
or mammalian proteins that have been documented to incorporate these folds to date [21].

In addition to focused studies on the globular PrP structure, several studies have
focused on amyloid-forming peptides, such the Sup35 peptide for example, to obtain
deeper understanding about the amyloid core and the oligomerization process [103-105].
Molecular dynamic simulations on the Sup35 hexapeptide GNNQQNY indicated that the
hexapeptide B-strands stack in a parallel in-register arrangement during aggregation, and
that this arrangement is favored over anti-parallel stacking because side-chain hydrogen

bonds and aromatic stacking stabilize the aggregates [103]. Studies on the aggregation
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and polymerization of different oligomer sizes (3-mer, 12-mers, 20-mers) for this
hexapeptide also indicated that 20-mer oligomers adopt elongated structure reminiscent
of the zipper-spine of fibril microcrystals, but would need to be stabilized by establishing
contacts with multiple copies of the same structure to evolve into a full fibril [105]. As
such, the use of molecular dynamics in these studies has provided valuable information

about structural changes that arise at the atomic level upon amyloid fibril formation.

1.3.3 Benefits of predicting amyloidogenic segments in proteins

The development of computational tools and algorithms to predict amyloidogenic
segments in proteins promises significant predictive power that can be reaped in a variety
of applications. Some of these multi-faceted benefits are discussed in the following

sections.

1.3.3.1 Metascale Analysis of Aggregation Propensity in Proteomes

In addition to protein-specific identification of potential fibril forming segments,
and analysis of the effect of mutations on aggregation propensity in these proteins, the
availability of computational tools has allowed for rapid and systemic analysis of full
proteomes [106, 107]. This, in turn, sheds light on the distribution of aggregation-prone
proteins in different proteomes, as well as functional and structural characteristics that
may be associated with these proteins. Using an analytical model to predict f-aggregation
rates and aggregation-prone segments based on physicochemical properties, Tartaglia and
Caflisch [107] analyzed the Saccharaomyces cerevisae proteome and demonstrated links
between amyloidogenic propensity and certain biological functions, as well as preferred
localization of B-aggregation prone proteins. The authors observed that B-aggregation
prone proteins are “accrued in molecular transport, protein biosynthesis, and cell wall
organization processes, while they are underrepresented in ribosome biogenesis, RNA
metabolism, and vitamin metabolism” [107]. Yeast transporters, for example,
demonstrated the highest level of aggregation potential, and as several of these proteins
demonstrate significant sequence matches with known amyloidogenic proteins to the

human proteome, this suggests that transport proteins have the highest B-potential in a
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proteome [107]. Another study on the aggregation propensity in the human proteome
revealed a discrepancy between aggregation propensities of proteins taking the secretory
pathway, versus proteins operating in intracellular compartments [106]. Interestingly, that
study also demonstrated that while different subpopulations of the proteome have
different aggregation propensities, the aggregation propensity of proteins involved in
protein deposition diseases does not differ extensively from the human proteome as a
whole [106]. This finding supports that idea of amyloid fibril formation as a generic
property of proteins.

1.3.3.2 Design of Beta Breakers & Inhibiting p-helix aggregation

One of the approaches to prospective treatment of prion disease, as well as other
amyloid-forming proteins, is preventing amyloid formation using aggregation inhibitors.
In the case of PrP, one possible approach is to disrupt the interaction between PrP and
PrP5C; this has been attempted through the design of beta-breakers that specifically
interact with prion protein conversion and slow disease progression [108, 109]. Beta-
sheet breaker peptides consist of sequences of the target protein with extra proline
residues inserted, which inhibit its formation into the desired B-sheet [109]. The 13-
residue B-sheet breaker peptide (iPrP13) designed by Soto et al [110], corresponding to
residues 115-122 of PrP, was demonstrated to reduce PrP° in an in vitro experiment with
scrapie infected brain homogenate. Similar compounds have been developed to inhibit
AP fibrillogenesis in Alzheimer’s disease [111], and a-synuclein fibrillogenesis in
Parkinson’s disease [112]. An example of such an extensively studied peptide is the five-
residue peptide, iABS, designed against hydrophobic region of the N-terminal domain of
the AB protein. This peptide succeeded in inhibiting amyloid formation of the AP 1-40
and AP 1-42 peptides, as well as inhibiting AP neurotoxicity [111].

1.3.3.3 Design of Therapies against Amyloid-forming proteins

Identification of aggregation-prone regions in amyloid-forming proteins facilitates
the development of a variety of therapeutic methods, including the development of

monoclonal antibodies (mABs) or chemical drugs [113]. For the sake of simplicity, the
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examples listed here focus on PrP, although these techniques are equally applicable to
other amyloid forming proteins.

Given knowledge of key regions in a protein that adopt conformational changes,
structure-based drug design and molecular docking can be used to design drugs and
identify drugs against these potential target sites. Perrier ef al. [114] designed drugs to
mimic a four-residue epitope on PrP® that represents the Protein X binding site. These
residues were demonstrated to confer and mimic dominant negative inhibition of the
prion protein. A notable strategy by Kuwata et al [115] uses a dynamics-based drug
discovery approach to identify hot spots of pathogenic conversion in PrP€, based on the
observation of residues that undergo conformational changes in the high-energy PrP*
states. Identification of these ‘hot spots’ allowed for the identification and development
of novel anti-prion drugs [115]. There are numerous studies of similar nature that rely on
drug discovery, with different variations on how the target sites are determined, what

molecular docking tools are used, or how the experimental assay is undergone.
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1.4 Objectives of the Research

The analysis of secondary and tertiary structure conformational changes in
proteins to detect potential amyloidogenic segments can be achieved via bioinformatic
sequence and structural analysis of prions, amyloid-forming proteins, and the protein
universe. Accordingly, the presented thesis is a bioinformatics-based thesis that

specifically aims to:

1. Analyze conformational changes in secondary and tertiary structures of native
prions and other amyloid-forming proteins, and discuss the ramifications of

conformationally-variable segments on the prediction of amyloidogenic segments.

2. Analyze the distribution of the first atomic fibril structures in proteins, and
determine the extent to which prions and amyloid-forming proteins can adopt that

structure.

Chapters II and III of this thesis address the first aim, while Chapter IV addresses the

second aim.

Chapter II is a bioinformatic sequence analysis study that aims to analyze the
distribution of conformationally variable segments observed in secondary structures,
mainly discordant and chameleon sequences, and test their efficacy as predictors of
amyloidogenic segments. To this end, a meta-scale statistical analysis of the distribution
of these segments has been conducted in a database of protein domains, a subset of
amyloid-forming proteins, and the prion family.

Chapter III is a bioinformatic structural analysis that attempts to identify
conformationally-variable segments in prions via an analysis of the tertiary structures of
the globular domains of prion proteins. Dominant motions within PrP are determined
using a multidimensionality reduction technique, Principal Component Analysis (PCA),
on the backbone of prion structures. PCA transforms the high-dimensional representation
of correlated variables of protein motion into a lower-dimensional representation, called
principal components, which can highlight structural differences between proteins and

allow for identification and characterization of interconformer relationships. Residues

29



and domains that contribute the most to the variation along the principal components
(PCs), and ultimately separate structures based on their conformational differences, are
considered ‘conformationally variable’. The study conducted on PrP aims to identify
conformationally variable domains that may be involved in the conversion process
between PrP“> PrP®, and ultimately, amyloidogenesis in this protein.

Chapter IV combines both bioinformatic sequence and structural based analyses,
as well as evolutionary analysis, to identify homologs to the HET-s prion-forming
domain (PFD), which is the first atomic structure of a functional amyloid fibril to date.
Searching for structural homologs to the PFD aims to determine potential fibril-forming
proteins that are amenable to adopting this specific, highly-structured B-aggregate. This
search also aims to determine the prevalence of this fold in nature, and whether such as

fold can serve as a common prototype of an amyloid fibril in amyloid-forming proteins.
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CHAPTER
1

Discordant and chameleon sequences:
Their distribution and implications for
amyloidogenicity

Amyloid fibrils are characterized as highly ordered and distinct -sheet-rich
aggregates of many copies of a peptide or protein. This molecular aggregation is
contingent on the ability of a native protein or peptide to undergo a secondary structure
change such that it acquires substantial B-sheet content. Arguably, identification of these
conformationally variable regions in a protein may be indicative of potentially
amyloidogenic segments. Chapter Il analyzes two classes of structurally ambivalent
peptides observed in secondary structures, mainly discordant and chameleon sequences,
and tests their efficacy as predictors of amyloidogenic segments. A meta-scale
distribution of these segments is conducted on a database of protein domains and several
cohorts representing amyloid-forming proteins as well as the prion family. Through this
sequence-based analysis, statistical relationships are derived between each class of
segments and amyloidogenicity, and the ramifications of these relationships on future

prediction of amyloidogenic proteins is discussed.

A version of this chapter is originally published as:

Gendoo, D. M. and Harrison, P. M. (2011), Discordant and chameleon sequences: Their
distribution and implications for amyloidogenicity. Protein Science, 20: 567-579.

doi: 10.1002/pro.590
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2.1 ABSTRACT

Identification of ambiguous encoding in protein secondary structure is paramount
to develop an understanding of key protein segments underlying amyloid diseases. We
investigate two types of structurally ambivalent peptides, which were hypothesized in the
literature as indicators of amyloidogenic proteins: discordant a-helices and chameleon
sequences. Chameleon sequences are peptides discovered experimentally in different
secondary-structure types. Discordant a-helices are a-helical stretches with strong -
strand propensity or prediction. To assess the distribution of these features in known
protein structures, and their potential role in amyloidogenesis, we analyzed the
occurrence of discordant a-helices and chameleon sequences in nonredundant sets of
protein domains (n = 4263) and amyloidogenic proteins extracted from the literature (n =
77). Discordant a-helices were identified if discordance was observed between known
secondary structures and secondary-structure predictions from the GOR-IV and
PSIPRED algorithms. Chameleon sequences were extracted by searching for identical
sequence words in a-helices and B-strands. We defined frustrated chameleons and very
frustrated chameleons based on varying degrees of total f propensity >a propensity. To
our knowledge, this is the first study to discern statistical relationships between
discordance, chameleons, and amyloidogenicity. We observed varying enrichment levels
for some categories of discordant and chameleon sequences in amyloidogenic sequences.
Chameleon sequences are also significantly enriched in proteins that have discordant
helices, indicating a clear link between both phenomena. We identified the first set of
discordant-chameleonic protein segments we predict may be involved in amyloidosis. We
present a detailed analysis of discordant and chameleons segments in the family of one of

the amyloidogenic proteins, the Prion Protein.

2.2 INTRODUCTION

Identification of ambiguous encoding in protein secondary structure is paramount
to develop an understanding of key protein segments underlying many conformational
diseases. Amyloid diseases, such as prion disease, for example, are characterized by

major conformational changes whereby native proteins stretches can adopt B-sheet
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conformations and stabilize into multimeric assemblies that are highly pathogenic (1-3).
This behavior is linked to many human diseases, including Transmissible Spongiform
Encephalopathies (TSEs), and has been experimentally observed in dozens of other
proteins (2; 3). The resultant amyloids are fibrillar assemblies of P—sheets with a
characteristic 'cross—f3' configuration, i.e., with B—strand axes orthogonal to the major
long axis of the fibrils (4-6). Accordingly, a key task is to understand how the protein
sequence can encrypt these alternative conformations and configurations of protein
chains, in additional to their normal, cellular forms. Two sequence feature types that
evidence ambiguous encoding of secondary structures, and which are hypothesized in the
literature as indicators of amyloidogenic sequences, are “discordant” and ‘“chameleon”
sequences.

The phenomenon of discordance (7; 8) refers to sequences of a native a—helix
which may sometimes have a high intrinsic B propensity; this may arise because of
specific long-range side-chain interactions causing the conservation of amino acids that
would otherwise prefer to be in B—strands. Kallberg et al. detected 37 incidences of
'discordant' a—helices in >1300 protein structures, of >7 residues in length. These
'discordant' oa—helices were predicted to form [-strands by multiple orthogonal
secondary-structure algorithms, even though they had been determined to be a—helices in
known experimental three-dimensional structures (7; 8). These o—f discordant stretches
were hypothesized to be associated with amyloid fibril formation (8), although no
statistical relationship between discordance and amyloidogenicity was discerned.

Another aspect of ambiguity in encoding secondary structure is the existence of
chameleon sequences. Chameleon sequences are short peptide stretches experimentally
shown to adopt multiple secondary structure conformations in different proteins (9; 10).
Chameleons are thus structurally ambivalent peptides, because they assume different
secondary structures in different contexts (11-13). Short 5-mer chameleon sequences in
the PDB were first reported in a study of the use of sequence homology for protein
structure prediction (14), and later studies reported hexapeptide chameleon sequences in a
larger PDB database (9). The longest 'chameleon-HE' (i.e., Helix (H) vs. Sheet (E))

sequence reported to date is seven residues long (115 12; 15). Chameleon sequences that
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adopt both a-helical and B-sheet conformation are of particular interest in the analysis of
the sequence determinants of amyloidogenicity.

The discordant a-helix and chameleon sequence phenomena are possibly strong
indicators of conformational plasticity, and prime candidates for causation of
amyloidogenicity.

In this work, we decided to rigorously test the hypotheses that discordant a-
helices and chameleon sequences have a causative link to amyloid formation. To this end,
we have performed a meta-scale statistical analysis of the distribution of discordant and
chameleon sequences in a database of protein domains (SCOP), as well as in
amyloidogenic proteins and their determinants. From our analysis of discordant stretches
in protein domains, we suggest protein functions where structurally-ambivalent peptides
may be of importance. We also discuss the enrichment we have observed for various
definitions of discordant o-helices and chameleon sequences, in amyloidogenic
determinants. We introduce the first set of identified discordant-chameleonic segments
that may be involved in amyloidosis. Finally, we explore in detail the specific important

case of chameleon and discordant segments in the PrP protein family.

2.3 RESULTS

2.3.1 Distribution of discordant o—helices

The distribution of discordant a—helices of length >5 residues was analyzed in a
non-redundant data set of 4263 SCOP protein domains (see Methods for details). Using
the consensus of the GOR-IV and PSIPRED secondary-structure prediction algorithms,
we identified 119 discordant o-—helices (Table 2.1). The complete list is in
(Supplementary Table S2.1). a—f Discordances or 'mispredictions' by the individual

secondary-structure prediction algorithms are also tabulated.
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Table 2.1: Occurrences of Discordant Stretches in Amyloidogenic Proteins and

SCOP Domains.
Amyloidogenic | SCOP domains | Significance | Comments
protein chains | (n=4263) *
(n=77)
Total Number of | 11939 800218 | e | e
Residues in the [3810 residues [273330 residues
dataset in a—helices >5 | in a—helices >5
residues long] residues long]
Discordant 5 1r | - Consensus
proteins [1300 total [28348 total % %k %k
residues] residues]
Discordant 5 119 0.027 Consensus
helices % % [30] [667] % %k %k
Discordant 40 907 <0.000001 GOR %% %
helices % % [266] [6352]
Discordant 9 280 0.018 Psipred
helices % % [59] [1689] % %k &k

% Binomial probability (one-tailed test, using a Poisson approximation) of obtaining the
observed number (or a larger number) of initial residue positions in discordant alpha-
helical stretches in the alpha-helices >5 residues in length in the amyloidogenic protein
set, compared to the same statistics for the SCOP domain set. Subtracting the maximum
possible disallowed positions (i.e., from other positions within the discordant alpha-
helical stretches, and the residue positions immediately adjacent to the start and end of
them) has a negligible effect on the calculations.

% & Uninterrupted stretches of discordant residues with a length of 5 or greater constitute
a discordant helix. The number of discordant residues is indicated in brackets.

%k k&K As comparison to our consensus approach, the number of discordant helices

obtained using one secondary structure prediction tool is demonstrated.

The discordant a—helices occur in 111 protein domains, with eight domains having two
discordant stretches each (Figure 2.1). These 111 domains are dubbed 'discordant protein
domains'. Most discordant stretches were 5 residues long, with stretches greater than 7
being exceedingly rare (Figure 2.1). The list of discordant protein domains includes

known amyloidogenic proteins, including pilin, alpha-lactalbumin (pdb 1b90), chicken

43



lysozyme (pdb 3lzt), triacylglycerol lipase (pdb ltca), cytochrome ¢ (pdb 1gu2), and
human PrP (pdb 1i4m) (8; 16-18). The list also includes the PrP paralog Doppel (which
has not been shown experimentally to make amyloid), and a yeast prion candidate,
MCM1, which ranked amongst the top 10 yeast prion candidates in an experimental
screen (19). Interestingly, almost 10% of the discordant protein domains are viral
proteins; conformational changes of proteins in viral envelopes facilitate host membrane
fusion and entry of viruses. The discordant protein domains do not have a general
tendency for increased 3 propensity, compared with protein domains in general (Figure
2.2, section A); this is further demonstrated by the discordant stretches clearly having
greater B than o propensity, compared with random samplings from these protein
domains of a—helical stretches of the same length (Figure 2.2, section B; P-values for

two-tailed #-tests <10 for all stretch lengths).
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Figure 2.1: Distribution of 119 discordant stretches by length. There are 119
discordant stretches in 111 discordant proteins. Protein chains with multiple discordant

stretches are identified in red brackets.

44



Beta Propensity

Average Secondary Structure Propensities of Discordant Proteins and SCOP Protein Domains

X » Discordant Stretches
+ Scop Domains
+ Discordant Proteins

xX=Y

1.05 11 1.15 12 125 13
Alpha Propensity

(B)

Propensity Difference vs. Length of 119 Discordant Stretches
07
06 pe ®Random Sampling 1
4 . #Discordant Segments
& 05 *+
@ . .
e 04 £ 3
> 3 .
£ 03 l ’ <
§ 02 1 -
g H 2 .
5 01
2 0
=3
<= 0.1
T
ES 02
£% 03 l l :
& l :
§ 0.4 - & - T
g o5 : ' - .
2 08 - ‘ =
g ) °
= 07 -
[
g 08 a
e 09
4 5 6 7 8 9 10 1
Length of Discordant Stretch

45




Figure 2.2 (previous page): (A) Comparison of average secondary structure
propensities of the discordant proteins and the SCOP database. For the discordant
proteins, propensities of the discordant stretches as well as the average of helices for each
of the discordant proteins are shown. For the SCOP domain dataset, the average of entire
helices for each protein is shown.

(B) Net gain in secondary structure propensity of discordant segments. The
difference between beta and alpha propensities of discordant segments (black) compared
to 600 random helical segments of the same length (pink) is shown. P-values for
comparing the discordant stretches to the random helical samples are 8.36529E-26,
3.29408E-10, 3.5661E-06, 2.173E-03, 8.11975E-06 for 5-mer, 6-mer, 7-mer, 8-mer, and

9-mer fragments, respectively, based on a two-tailed t-test assuming equal variance.

2.3.2 Distribution of chameleon sequences

Chameleons were defined as peptides of five or six residues in length that occur in
both a—helix and B—strand secondary assignments made by the DSSP algorithm (10-12)
(see Methods for details). In the ASTRALSCOP protein domain data set analyzed, we
observed that a sizeable fraction (~14%) of all 5-mer a—helical peptides are chameleons
(Table 2.2); however, a much smaller fraction of 6-mers o—helical peptides are also
observed in B—strands (0.6%). Very Frustrated chameleons were defined as the subset of
these chameleon sequences that have 3 propensity >1.5x their a propensity (Figure 2.3,
section C). These sequences are thus predicted to be more 'frustrated' when in an
o—helical state, ie., the specific local side-chain environment of the oa—helix is
'frustrating' the propensity for the sequence to adopt a B conformation. These sequences
are very unusual, occurring at the rate of only 1 in ~890 a—helical 5-mers, and almost

non-existent for 6-mers (just 2 cases).
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Table 2.2: The number of helical segments, chameleons, and frustrated chameleons for each cohort.

SCOP domains with | Discordant Proteins Amyloidogenic Proteins | Amyloidogenic
<40% lIdentity (n=119 chains) with <40% Identity Determinants
(n=4263 chains) (n=77 chains) & (n=45) ¥ ¥k
S5-mer 6-mer 5-mer 6-mer 5-mer 6-mer S5-mer 6-mer
Total Helical 213854 160843 9035 7341 2786 2436 120 99
Fragments
Chameleons in Helices | 29645 986 1329 49 (0.66%) | 364 15 20 2
(13.86%) (0.613%) (14.70%) (13.06%) (0.615%) (16.7%) (3.36%)
Frustrated Chameleons | 16283 498 846 29 197 6 16 2
in Helices % % % (7.614%) (0.310%) (9.363%) (0.395%) (7.071%) (0.246%) (13.3%) (3.36%)
Very Frustrated 240 2 14 (0.15%) 0 6 (0.215%) 0 2(7.09%) |0
Chameleons in (0.1122%) | (0.0012%) (1.68%)
Helices % % %
% Frustrated 0.8095 0.2028 1.053 0 1.648 0 18.18 50
Chameleons in
Chameleon Fragments
Pchameleon M KEK | oo | o 0.01 0.29 0.89 0.53 0.22 0.12
PrrustratedChameleon | =mmmmmmm | mmmmem 2.9X10_10 0.11 0.15 0.37 0.02 0.04
3% % %k %k
PveryFrustratedChameleon | ========== | ===mmmm-m- 0.15 0.92 0.10 0.97 0.008 |-
% %k %k %k
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(continued from Table 2.2, previous page)

Significance of identified chameleons (See Pchameleon and  PrrustratedChameleon and
PvVeryFrustratedChameleon) 18 calculated using a hypergeometric test against the number of
chameleonic fragments identified in SCOP (for all other cohorts than SCOP).

¥ Single-chain domains of 77 Amyloidogenic protein structures are selected for the
analysis.

¥ ¥ From the selected determinants (n=45), determinants with experimentally verified
secondary structure were selected for analysis. Of these, 17 determinants had helical
structures >5 residues.

¥k&K Frustrated Chameleons and Very Frustrated Chameleons are calculated as
described in the Methods section. We defined frustrated chameleons as chameleons with
higher B propensity than o propensity, and very frustrated chameleons as chameleon
sequences with very high [ propensity values (operationally, with total B propensity
>1.5x% o propensity).

%k&kk*k This is the length-specific binomial probability of finding chameleon or
frustrated chameleon sequences in each of the cohorts in comparison to the numbers of
chameleon and frustrated chameleons observed in all helices in the SCOP database. A
Poisson approximation is used for expected values <0.1. Significant P-values (P<0.05)
are in bold. All counts in categories with P<0.05 are also significant for tests of
significance against non-redundant sets of whole protein chains, derived from the DSSP

database with a 40% sequence identity threshold, using BLASTCLUST (52).
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Prop(p)

Prop(a)

Figure 2.3: Schematic of definition of discordance, chameleon and very frustrated
chameleon. (A) A discordant a-helix is any stretch in a known a-helix >5 residues long
that is predicted as P-strand. These are annotated using the GOR and PSIPRED
algorithms (43; 44). The list of cases that are assigned by either or both algorithms have
been analyzed. (B) A chameleon is a protein sequence word that is observed in both a-
helices and B-strands in known protein structures. (C) A very frustrated chameleon is a

chameleon with B propensity [Prop(B)] greater than or equal to 1.5x the a propensity
[Prop(a)].
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One might expect that chameleon sequences would have a tendency to low
sequence complexity, i.e., sequences that fit into both a and 3 secondary structure might
have an enrichment of amino-acid runs in them. To test this hypothesis, we analyzed the
distribution of amino-acid runs in the 5-mer and 6-mer chameleon sequences from the
ASTRALSCOP domain data set (Table 2.3). We examined runs of size 4, 5 and 6 for all
twenty amino-acid residue types. We found that a small number of amino-acid run types
are significantly over-represented in chameleon sequences (most frequently runs of

alanine, histidine, valine and leucine) (Table 2.3).

Table 2.3: Analysis of Sequence Complexity in Pentameric and Hexameric

Chameleons of the SCOP domain dataset.

Sequence and Length of | Count Count

Run Observed in | Observed in

Length Sequence Pentameric | Hexameric

(4X,5X,6X) | Observed Chameleons | Chameleons
of non- of non-
redundant | redundant
SCOP data | SCOP data
set set (n=986)
(n=29,645)

4 AAAA 47% 7t

4 HHHH 4+ 2%

4 LLLL 45% 0

4 TTTT 1 0

4 VVVV 157 0

5 AAAAA 8T 0

5 HHHHH 3 1

Identified same-residue runs of lengths 4-6 are shown, and their corresponding counts in
the chameleon sets.

1 P<0.01 for a Poisson distribution given observed frequency of each run in all a—helices
in the SCOP database. There are no significantly underrepresented runs in the

chameleons.
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2.3.3 Are discordant, chameleon, and frustrated chameleon sequences
over-represented in amyloidogenic sequences?

To assess whether these ambiguous encoding segments are enriched in
amyloidogenic determinants and their proteins, a set of amyloidogenic proteins from the
current literature (16-18; 20 ) were reduced for sequence redundancy (with a 40%
sequence identity threshold) using the PISCES tool and manual curation (21). We
identified five cases of discordant a—helices (identified as the consensus of
mispredictions by both the GOR-IV and PSIPRED algorithms) in amyloidogenic proteins
(Tables 2.1 and 2.4). This is a moderately significant enrichment (Table 2.1). All but
one of these discordant stretches are not in amyloidogenic determinants of these proteins
(Table 2.4); the lone exception being in an amyloidogenic determinant of the Prion
Protein PrP. Interestingly, comparison of discordance using only one prediction tool
indicates a highly significant enrichment of discordant a—helices that were identified

through GOR-IV 3 mispredictions alone (Table 2.1, P<0.000001).

Table 2.4: Identified Discordant Segments in Amyloidogenic Proteins.

Protein PDB | Discordant | Discordant | Chameleon | Amyloidogenic
Region Segment Sequence | Determinant?
Coagulation lex0:A | 239-244 IKVSRV NONE NO
factor XIII [H.
sapiens|
Lysozyme 1jsf:A 28-33 WMCLAK NONE NO
[H. sapiens]
Cytochrome ¢ | 1ppj:T 52-58 VAFYLVY NONE NO
[B.taurus|
Prion Protein | 3hak:A 56-60 VNITI le4k:C, YES
[H. sapiens] ledj:A,
1fnl:A, 1hfl,
lop8&:F,
lop8:C,
lop8:D,
2Vvov:A,
2VOwW:A,
2vox:A
Triacylglycerol | 3icv:A | 255-260 FSYVVG NONE NO
lipase [C.
antartical

The discordant segments and corresponding chameleon proteins are identified.
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We investigated whether chameleon and frustrated chameleon sequences are
enriched in amyloidogenic proteins, and more specifically, in their experimentally-
defined amyloidogenic determinants. We compared these chameleon occurrences to those
observed for the non-redundant SCOP protein domain sets (Table 2.2). As one would
expect, in all cohorts analyzed, there is an over-abundance of pentameric chameleon
sequences over hexameric ones. Counting up chameleon sequences simply, we find
marginal significant enrichments in amyloidogenic determinants of frustrated and very
frustrated chameleons (Table 2.2, binomial P-values <0.04). However, arguably, one
should remove over-lapping cases of chameleon 5-mers and 6-mers in protein sequences.
After doing this, we only observe a significant enrichment of 6-mer frustrated
chameleons in amyloidogenic determinants (Table 2.5). This indicates a marginal link of

o—f chameleons in known a—helices to amyloidogenicity.
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Table 2.5: Non-overlapping Counts of Chameleons and Frustrated Chameleons for
each Cohort.

SCOP domains | Discordant Amyloidogenic Amyloidogenic
with <40% Identity | Proteins Proteins with Determinants
(n=4263 chains) (n=119 chains) <40% Identity (n=45) ¥ ¥k T
(n=77 chains) %
5-mer 6-mer 5-mer 6-mer | 5-mer 6-mer 5-mer 6-
mer
Total Helical | 46199 36255 2045 1627 632 506 33 25
Fragments
Chameleons in | 15577 888 661 42 208 12 11 2
Helices (33.7%) | (2.5%) (32.3%) | (2.6%) | (32.9%) (2.4%) (33.3%) | (8%)
Frustrated 8056 443 393 24 106 5 8 2
Chameleons in (17.4%) | (1.2%) (19.2%) | (1.5%) | (16.77%) | (0.988%) | (24.2%) | (8%)
Helices % % %
P Chameleon 0.09 0.38 0.35 0.53 0.56 0.12
3% % 3%k &k
PFrustratedChameleon 0.02 0.20 0.35 0.41 0.21 0.04
% %k

% Single-chain domains of 77 Amyloidogenic protein structures are selected for the
analysis.

%¥ & From the selected determinants (n=45), determinants with experimentally verified
secondary structure were selected for analysis. Of these, 17 determinants had helical
structures >5 residues.

+ Adding the small transmembrane protein 1SFP amyloidogenic determinant does not
change the significances, except for making an enrichment of 6-mer chameleons
generally (P=0.03).

¥k&K Frustrated Chameleons and Very Frustrated Chameleons are calculated as
described in the Methods section. We defined frustrated chameleons as chameleons with
higher B propensity than a propensity, and very frustrated chameleons as chameleon
sequences with very high B propensity values (operationally, with total B propensity
>1.5% o propensity).

%AkkAk This is the length-specific binomial probability of finding chameleon or
frustrated chameleon sequences in each of the cohorts in comparison to the numbers of
chameleon and frustrated chameleons observed in all helices in the SCOP database. A
Poisson approximation is used for expected values <0.1. Significant P-values (P<0.05)
are in bold. All counts in categories with P<0.05 are also significant for tests of
significance against non-redundant sets of whole protein chains, derived from the DSSP
database with a 40% sequence identity threshold, using BLASTCLUST (52).
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2.3.4 Segments that are both chameleon and discordant

Although we have demonstrated that both discordant and chameleon segments are
moderately or marginally linked to amyloidogenicity, respectively, we discovered that 5-
mer chameleons are significantly enriched in the discordant protein domains we had
identified (Table 2.2). This indicates a clear link between the two phenomena, and any
sequence segment can occur as both phenomena. We wished to discern whether
combining both phenomena may improve predictions of amyloidogenic segments. We
identified 28 discordant a—helical segments that also contain chameleon sequences that
occur in at least one further protein (Supplementary Table S2.2), as described in
Methods. The subset of these that are also predicted by the algorithm Pafig (22) to be
amyloidogenic are listed in (Table 2.6). Notable examples of discordant o—helical
segments exhibiting chameleon conformational behavior include the discordant stretch of
Human PrP helix 2 (which to date is the only example of a known amyloidogenic protein
with a combined discordant and chameleonic sequence segment), and the only identified
chameleon sequence of the PrP paralog Doppel, in its most N-terminal a—helix. The list
includes other interesting candidates, such as HSV Glycoprotein D; HSV is proposed to

be linked with amyloidogenicity in Alzheimer’s disease.

Table 2.6 (next page): Conformationally-flexible protein segments from SCOP that
are both discordant and chameleonic, and additionally predicted to be
amyloidogenic by the Pafig algorithm.

Proteins are sorted in descending order by the reliability score (RS) of the Pafig fibril-
forming hexapeptide segment.

** The reliability score is not shown for some proteins which were part of the training set

of the Pafig support vector model.
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PDB Discordant | Protein Pafig | Chameleon Sequences
Segment [Organism] RS
lcew:B | 306-310 Glutamate mutase, large | 9 lhzp:A, lhzp:B, ImIm:A,
GVIVT subunit ImIm:B, lokk:D, 11j9:A,
[Clostridium cochlearium] lube:A, 1ube:B, 1ubs:A, 1u6s:B,
2ahb:A, 2ahb:B, 2aj9:A, 2aj9:B,
2cnw:F, 2cnw:E, 2cnw:D,
2iyl:D, 2j7p:E, 2j7p:D, 2q9a:A,
2q9a:B, 2q9b:A, 2q9b:B,
2q9c:A, 2q9c:B, 2qnx:A,
2qnx:B, 2qny:A, 2qny:B,
2qnz:A, 2qnz:B, 2q00:A,
2q00:B, 2qO1:A, 2qOl1:B,
2gx1:A, 2gx1:B, 3dii:A, 3dii:B,
3dij:A, 3dij:B
lgxy:A | 70-74 Eukaryotic ~ mono-ADP- | 9 Ijxh:A, 1jxi:A, 1jxi:B, 2eay:A,
TALVA ribosyltransferase ART2.2 2eay:B, 2uzh:C, 2uzh:A, 2uzh:B,
[Rattus norvegicus] 3ddy:A, 111j:A
lidm:A | 62-66 Prion protein domain ek ledk:C, ledj:A, 1fnl:A, 1hfl,
VNITI [Homo sapiens] lop8&:F, lop8:C, lop8&:D,
2vov:A, 2vow:A, 2vox:A
Ijma:A | 233-237 HSV glycoprotein D 9 1a22:B, laxi:B, lhwg:B,
VYSLK [Herpes simplex virus lhwg:C, lThwh:B, 3hhr:B,
type 1] 3hhr:C, 1kf9:F, 1kf9:E, 1kf9:C,
1kf9:B, 2aew:A, 2acw:B
Inth:A | 273-277 Monomethylamine 8 Infg:C, Infg:A, Infg:B, Infg:D,
TTIVD methyltransferase MtmB InuS:A
[Archacon Methanosarci-
na barkeri]
Itca:A | 232-236 Triacylglycerol lipase 7 liic:A, liic:B, liid:A, 2nmt:A,
FSYVV [Candida antarctica), form 2p6e:F, 2p6e:E, 2p6e:C, 2pbe:A,
b] 2p6e:B, 2p6e:D, 2p6fiF, 2p6fE,
2p6f:C, 2p6f:A, 2p6f:B, 2p6f:D,
2p6g:F, 2p6g:E, 2p6g:C,
2pbg:A, 2p6g:B, 2p6g:D
1v74:A | 99-103 Colicin D nuclease | 5 1s30:A, 1s30:B, 2dud:A,
RIYLE domain 2dud:B,3ull:A, 3ull:B
[Escherichia coli]
Ixg7:A | 149-153 Hypothetical protein | 5 2hew:F, 2hey:F, 2hey;G
IVFTV PF0904
[Pyrococcus furiosus]
Imuk:A | 505-509 Reovirus polymerase | 9 lknx:C, 1knx:B, 1knx:D
SVAIL lambda3

Reovirus [TaxId: 10891]}
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2.3.5 Chameleons and discordance in the Prion Protein (PrP) family

In our data set here, PrP was the only known example of an amyloidogenic
protein with a sequence segment that is both chameleonic and discordant (Table 2.7).
Using new sequences for echinoderms, reptiles and birds (23) we re-examined the
phylogenetic distribution of the a—helical discordance in PrP helix 2, and found that it
not only occurs in mammals, but also in birds, and is absent from amphibian and reptilian
prion protein family members (Table 2.7 and Supplementary Table S2.3). However,
globular PrP domain structures from amphibians and reptiles do contain chameleon
sequences (Supplementary Table S2.3). Analysis of the PrP discordant segments using
Consurf (24) indicates deep conservation in mammals for residues that have high beta
propensity, such as Valine (Supplementary Figure S2.1, section A). This conservation
trend is also correlated with an increased predicted relative importance for these residues
as determined by the Evolutionary Trace algorithm (25; 26); 80% of the discordant
stretch is found within the top 68% of important residues of the protein (Supplementary
Figure S2.1, section B).

The discordant stretch contains an N-glycosylation site (N-x-[T or S], where x is
any residue); we checked whether this was a general phenomenon for discordance, but
observed no significant association, with PrP being the only such case. However, one
notable tendency is that the orthogonal bundle is the most observed protein architecture
amongst the discordant proteins (20% of the protein list, Supplementary Figure S2.2),
and is the same as that of the PrP fold (7; 27).

Interestingly, the combined chameleonic and a—helix discordant region was
highly conserved throughout mammals (as VNITI or VNITV) (Supplementary Table
S2.3). Discordant stretches that are also chameleonic, are additionally observed in the
first helix of Doppel (Table 2.7), thus providing a prediction for an amyloidogenic

determinant in this protein.
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Table 2.7: Discordant and Chameleon Segments in Representatives of the Prion

Protein (PrP) family.

Discordant Protein Discordant Discordant Chameleon
Chain Segment Sequence Sequences
Ixyx:A PrP Mouse 60-64 VNITI ledj:A, ledk:A,

(Mus musculus) 1fnl:C, 1hfl:A
1b10:A PrP Golden 56-60 VNITI ledj:A, ledk:A,
hamster 1fnl:C, 1hfl:A
(Mesocricetus
auratus)
lidm:A PrP Human 62-66 VNITI ledj:A, ledk:A,
(Homo sapiens) 1fnl:C, 1hfl:A
ly2s:A PrP Sheep (Ovis | 62-66 VNITV liz6:A
aries)
Ixyw:B PrP American Elk | 60-64 VNITV liz6:A
(Cervus elaphus
nelsoni)
ludm:A PrP Chicken 64-68 ITVTE
(Gallus gallus)
Ixyj:A PrP Cat 60-64 VNITV liz6:A
(Felis silvestris
catus)
Ixyk:A Prp Dog 60-64 VNITV 1iz6:A
(Canis familiaris)
Ixyq:A Prp Pig (Sus 60-64 VNITV liz6:A
scrofa)
21j3:A PrP Rabbit 56-60 VNITV liz6:A
(Ornithorhynchus
anatinus)
1dx0:A PrP Bovine 57-61 VNITV liz6:A
2k56:A PrP Bank Vole 62-66 VNITI ledj:A, ledk:A,
(Clethrionomys 1fnl:C, 1hfl:A
glareolus)
llgd:A Human Doppel 25-29 RYYEA la6bc:A
(Homo sapiens)
1i117:A Mouse Doppel 27-31 RYYAA lerf:A
(Mus musculus)
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2.4 DISCUSSION

We have performed an exhaustive study for sequences capable of being found in
secondary structure types, either explicitly, such as chameleons, or potentially, as is the
case with discordant stretches. Conformational plasticity of these sequences makes them
prime candidates for amyloidogenic segments, which are largely characterized by a
conformational change from an a-helix to B-sheet conformation. To test this hypothesis it
was imperative to first develop an understanding of the distribution of these segments in
protein domains in general, to facilitate statistical comparisons with the subset of
amyloid-forming proteins.

Our meta-analysis of discordant proteins in a non-redundant dataset of protein
domains suggests possible roles of discordance which have been overlooked in previous
publications addressing this topic (8). We have observed that discordant protein domains
are enriched for specific protein-fold types and functional categories. For example, using
Gene Ontology (GO) terms, we have observed that the most frequent molecular functions
of discordant proteins were 'Metal-ion binding' (GO:0046872) and 'hydrolase' activity
(GO:0016787), with more than a quarter of the discordant proteins exhibiting either
activity (Supplementary Table S2.4). Discordant proteins were found frequently in the
'Extracellular’ region (GO:0005576, 16 proteins), and 'Membrane' (GO:0016020, 16
proteins) of cells, while the most frequent biological process of these proteins was
"Transport' (GO:0006810, 9 proteins). These results complement our findings that almost
10% of discordant proteins are viral proteins, where such functions are imperative for
host interaction and viral replication and survival. An analysis of 3D folds using CATH
also indicated significant enrichment of the orthogonal bundle (P<107' using
hypergeometric probability) and three-layer afo sandwich (P<10") architectures
(Supplementary Figure S2.2), suggesting that amino acid orientations in these folds
may promote discordance. The effect of these folds on the discordant stretches, and their
implications on the overall function of their respective discordant proteins would be an
interesting point for future research. Taken collectively, our findings shed light on other
protein functions — besides amyloidogenicity — where discordance may be of importance,

including protein-ligand interactions and viral replication.
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Testing for enrichment of discordant and chameleon segments in amyloid proteins
has revealed, contrary to our expectations, that these characteristics are poor predictors of
amyloidogenic segments. When ‘discordance’ was first proposed by Kallberg et al. (8),
the authors proposed that discordant segments are associated with amyloid fibril
formation, but no significant statistical relationship between the two was discerned.
Interestingly, many more publications have since emerged involving sequence analysis of
discordant segments and experimental analyses of ‘discordant’ proteins from the Kallberg
study, such as the Alzheimer AP peptide and lung surfactant proteins (28-30). However,
none of the subsequent publications had rigorously tested for a statistical relationship
between amyloid proteins and discordance, despite the increasing availability of protein
domains and continuous identification of new amyloid sequences. Since the pioneering
study of Kallberg (8), this is the first study to discern a statistical relationship between
discordance and amyloidogenicity, to determine whether such segments are truly
associated with amyloids. Our analysis raised a couple of important points, mainly that
prediction of discordance is heavily dependent on the prediction algorithm. A decade
after its publication, and with the current protein databases more than triple in size than
the initial discordance study, our study indicates that discordant segments are only
“moderately enriched” in amyloid proteins. Although our results, using the consensus
predictions from both GOR and PSIPRED, are significant (p = 0.027), they are only
“moderate” in comparison to the “high” enrichment observed using either of the tools
separately, such as GOR (p<0.000001). The GOR-IV algorithm works through
considering all possible residue pair frequencies in a sliding window of 17 residues in
length; it thus just considers the local sequence environment in a basic way; in contrast,
the neural-network based PSIPRED method is a 'black-box' machine-learning technique
(31; 32). We opted for a consensus approach to increase stringency of our selection
criteria, and prevent bias by the use of only one prediction algorithm. Comparing
discordance predictions using GOR with other state-of-the-art algorithms is an interesting
point for future research.

With respect to chameleon segments, to our knowledge, this is the first study that
attempts to derive a statistical relationship between chameleons and amyloidogenicity.

An initial analysis of chameleons in amyloid proteins and their determinants indicated a
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significant enrichment between frustrated and very frustrated chameleons and amyloid
determinants, but a more rigorous analysis (removing overlapping chameleon segments)
severely limits the classes of chameleons that still share a significant association (Table
2.5). Hexapeptide frustrated chameleons are the only class of chameleons that remains
enriched in these segments, but that significance is marginal (p= 0.04). Taken
collectively, the paucity of chameleons and frustrated chameleons in observed amyloid
proteins and their determinants, and their poor or marginal enrichment in these proteins,
suggests that chameleons are not reliable predictors of amyloidogenic segments.

It was interesting to discover a significant enrichment of chameleons in discordant
proteins (Table 2.2), even after the removal of overlapping chameleons (Table 2.5). This
suggested a clear link between the phenomena and raised the question of how sequences
sharing both characteristics may play a role in amyloidosis. Although our observations
indicate that discordant and chameleon sequences, taken separately, are not reliable
predictors of amyloidogenic segments, we found that 32% of the sequences with both
phenomena may be prone to amyloidogenicity. These discordant-chameleonic segments
and their proteins (identified in Table 2.6) include already known amyloidogenic proteins
such as PrP. Prion proteins (PrP) are responsible for a variety of neurodegenerative prion
diseases, including human Creutzfeldt-Jakob Disease (CJD), sheep scrapie, and Bovine
Spongiform Encephalopathy (BSE) in cattle (15 33). Notably, our analysis of a conserved
discordant segment in PrP helix 2 within mammals is further supported by genome-wide
analysis (34) and MD simulations (34; 35) of the PrP helices, which indicated
conformational instability in the second half of helix 2, and a drastic decrease of a-helical
content accompanied by an increase of B-strands during transition of PrP from its cellular
form (PrP%) to its pathogenic, aggregated form (PrP%). Interestingly, our analysis of
ambiguous encoding in the prion family also identified a discordant-chameleonic
segment in its paralog, Doppel, which may suggest an evolutionary importance for
discordant-chameleonic segments. Notably, this segment in Doppel was the only
identified chameleon segment for that protein, but its relationship to discordance had not
been previously elucidated. The discordant-chameleonic segments we have identified in
Table 2.6 also include other proteins, such as HSV Glycoprotein D (1jma:A), whose

homologs are already involved in amyloidogenicity. HSV1 is a member of the herpes
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virus and is proposed as a strong risk factor for Alzheimer’s disease, which is primarily
characterized by Amyloid Beta (AB) amyloid plaque formation in the brain. Neuronal and
glial cells infected with HSV1 led to the increased production and rise in intracellular
levels of AP amyloid protein, and AP amyloid plaques have been observed in mouse
brains after HSV1 infection (36). Indeed, homology has been observed between the
carboxyl-terminal region of the AP peptide with an internal sequence of HSVI1
Glycoprotein B (gB), subsequently shown to form B-pleated sheets, self-assemble into
fibrils, and accelerate AP fibril formation in vitro (37). In HSV1, gB is responsible for
attaching the HSV protein to the cell surface, whereas glycoprotein D (gD) facilitates
binding of the virus to cell surface receptors. Our discovery of discordance in HSV
Glycoprotein D suggests that, like Glycoprotein B, HSV may contain several discordant
proteins that facilitate its viral entry and ultimately contribute to amyloidosis.
Experimental analyses of HSV Glycoprotein D and other interesting candidates from
Table 2.6 would we required to verify their role in amyloidosis, and to shed light on how
the combined discordant-chameleonic effect may play a role in amyloid formation.

Although this study has focused on discordant and chameleonic segments, and
their potential for amyloidogenicity based on secondary structure predictions and
sequence analysis, it is worth noting that energy barriers also influence their potential for
amyloidogenicity. As has been demonstrated for the VGSN peptide in AP (38),
overcoming the large energy barriers of peptide interactions must first happen before
aggregate structures can be formed. One aspect for future research, which is beyond the
scope of this study, would be to analyze and compare the peptide interactions and energy
barriers of discordant segments, chameleon segments, and discordant-chameleonic
segments.

We have performed a meta-scale analysis of chameleon and discordant stretches
in protein domains and amyloidogenic proteins and their determinants, to understand the
extent to which these segments contribute to conformational flexibility in proteins, as
well as their relationship to amyloid formation. From our analysis of discordant stretches
in protein domains, we propose several protein functions where conformationally
variable segments may play a strong role. Our analysis of discordant stretches in

amyloidogenic proteins and their determinants indicates an enrichment of discordant

61



stretches in amyloid determinants, but this enrichment is dependent on the prediction
algorithm. To our knowledge, this is the first study to also address the statistical
relationship between chameleons and amyloids, and after alleviating sources of potential
bias, we conclude that chameleons are not reliable predictors of amyloidogenic segments.
We have however uncovered interesting exceptions where a combination of discordant-
chameleonic segments may be heavily involved in amyloidosis, but further experimental
analysis would be required to develop an understanding of how they contribute to

amyloid formation.

2.5 MATERIALS AND METHODS

2.5.1 Protein Data Sets

We explored the distribution of discordant a—helices and chameleon sequences in
three separate cohorts of protein sequence data: (i) single-chain protein domains from the
SCOP database, (ii) known amyloid-forming proteins, and (iii) the Prion Protein (PrP)

protein family.

(i) SCOP protein domains:

We downloaded a non-redundant set of 'genetic' single-chain domain protein
sequences (n=4263) from ASTRALSCOP (39), based on PDB SEQRES records (release
1.73, astral-scopdom-seqres-gd-all-1.73). This was the non-redundant set made such that
all sequences in it have pairwise sequence similarity <40%).

Also, we derived a data of single protein chains from the entire DSSP database

(40), also with a 40% sequence identity threshold (n=10940).

(ii) Known amyloid-forming proteins:

We identified pathogenic and non-pathogenic amyloid-forming proteins through
cross-referencing the current literature with the UniProt database (16-18; 20; 41). In

Uniprot, 59 identifiers were mapped to 1346 PDB structures. Of these, we selected a non-
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redundant set of PDB sequences with less than 40% identity, using the PISCES procedure
(n=77) (Supplementary Table S2.5) (21).

Amyloidogenic determinants are defined as the union of overlapping
subsequences within amyloidogenic protein chains that have been experimentally
determined to be amyloidogenic. We determined a non-redundant list of 45
amyloidogenic determinants from the current literature (Supplementary Table S2.6)

(165 20); of these, 17 determinants had an a—helical sequence of >5 residues.

(iii) The Prion Protein (PrP) protein family:

We selected representative prion and doppel three-dimensional structures from
the PDB and SUPERFAMILY databases (42), ignoring mutant or engineered models. For
species with multiple structures, we selected one structure per species as designated by
SUPERFAMILY. A total of 16 PDB structures were selected, comprising 2 Doppels
(Human: 1lg4; Mouse: 1i17) and 14 Prion Proteins (Mouse: 1xyx; Hamster: 1b10;
Human: 1i4m; Sheep: 1y2s; Elk: 1xyw; Chicken: 1u3m; Turtle: 1u5l; Frog: 1xu0; Cat:
Ixyj; Dog: 1xyk; Pig: 1xyq; Bovine: 1dx0; Bank Vole: 2k56; Rabbit: 2fj3). We selected
from Genbank additional prion sequences for which a three-dimensional structure was
not available. A total of 24 such sequences were selected (Fruit Bat: gi|27733840;
Eurasian bat: gi|27733844; Silky Anteater: gi|27733872; Nine-banded Armadillo:
gi1|202071082; Asiatic elephant: gi|27733858; African Bush elephant: gi|182636942;
Sunda flying lemur: gi|27733816; Large tree shrew: gi|27733818; Aardvark:
gi|27733864; Elephant shrew: gi|27733866; Carribean manatee: gi|27733860; Platypus:
gi|171473244; Hottentot Golden mole: gi|27733870; Short-tailed opossum: gi|91680539;
Tammar Wallaby: gi|[49618779; Sperm whale: gi|27733856; Zebrafish: gi|45387601;
Zebra finch: gi|123303169; Bottle-nosed dolphin: gi|61743503; Hippopotamus:
gi|27733854; Roe Deer: gi|50442322; Domestic goat: gi|119489906; Chimpanzee:
gi|56122310; Orangutan: gi|474369).

2.5.2 Experimentally Determined and Predicted Secondary Structures

Secondary structures assignments of three-dimensional protein structures were

extracted from the Dictionary of Secondary Structure of Proteins (DSSP) (40). DSSP
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defines eight classes of secondary structures based on hydrogen bond patterns: a-helix
(H), 3i0-helix (G), m-helix(I), extended strand (E), isolated PB-bridge (B), hydrogen
bonded turn (T), bend (S), and coil (). To facilitate comparison of DSSP with secondary
structure prediction tools, these classes were reduced to three states (Helix, Strand, and
Loop), as in previous analyses (8). Secondary structures predictions on selected proteins
were performed using the GOR-IV (43) and PSIPRED (44) algorithms, with default
parameters. Both programs employ a three-state classification of secondary structures

('Helix', 'Strand', and 'Loop' (or 'Coil")).

2.5.3 Identification of Discordant Stretches

A schematic of the definition of discordant a-helices is illustrated in (Figure 2.3,
section A). Discordant a-helices were identified if discordance was observed between
DSSP secondary-structure assignments and: (i) the GOR-IV secondary-structure
prediction algorithm alone; (ii) the PSIPRED secondary-structure algorithm alone; (iii)
the consensus of the GOR-IV and PSIPRED secondary structure prediction algorithms

(8). Discordant stretches >5 residues were selected for further statistical analysis.

2.5.4 Structural and Functional Analysis of Discordant Proteins

Classification of protein architectures was determined using CATH (45). Over-
representation of CATH architectures was calculated using hypergeometric probability.
Molecular functions and biological processes were determined using the Gene Ontology
(GO) (46) database, and functional relationships between GO terms and protein sequence

sets were mapped using GOLEM (47) and DAVID (48).

2.5.5 Identification of Chameleon Sequences

Using an in-house script, we identified o—3 chameleon sequences by searching
for the same 5-mer and 6-mer protein sequence words in both a—helices and B—strands

from DSSP secondary structure assignments (40), in SCOP protein domains (39) (Figure
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2.3, section B). NetCSSP (49) and ChamSequence Finder (50) were also used to identify

additional cases.

2.5.6 Calculation of secondary structure propensities

Conformational preferences for a—helix or f—strand for any protein subsequence
was determined by averaging the respective amino acid propensities of the whole
subsequence using the physiochemical scales of Chou and Fasman (51). For chameleon
sequences, we defined 'frustrated chameleons' as chameleon sequences with higher 3
than a propensity, and ‘very frustrated chameleons’ as chameleon sequences with very
high B propensity values (operationally, with a >1.5-fold occurrence of beta propensity

over alpha propensity) (Figure 2.3, section C).

2.5.7 Prediction of amyloid fibrillogenicity

We used the algorithm Pafig (22) to identify sequence segments that predict as
fibril-forming hexapeptides. Pafig uses a support vector machine (SVM) to identify fibril-
forming hexapeptides based on a classifier of 41 physiochemical properties of amino
acids, with an overall prediction accuracy (Q2) of 81% and a Matthews correlation
coefficient of 0.63. Predictions generated includes a reliability index (RI) based on the

output of the SVM. Fibril-forming segments are defined as having RIs >5 (out of 10).

2.5.8 Evolutionary Conservation

Evolutionary conservation was analyzed using the tool Consurf (24). Data
Residue Variety for each of the amino-acid positions in each segment was noted, as and
the greatest and least occurring amino acid per position in a multiple sequence alignment.
Evolutionary importance of conformationally-variable segments was also determined

using the Evolutionary Trace Report Maker (25) and Evolutionary Trace Viewer (26).
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CHAPTER
1

The Landscape of the Prion Protein's
Structural Response to Mutation Revealed
by Principal Component Analysis of
Multiple NMR Ensembles

The recent application of multivariate analytical methods towards computational
modeling of protein folding facilitates the understanding of dominant protein motions
underlying key biological functions. This is particularly advantageous for proteins
involved in conformational diseases, as identification of protein peptides or domains
likely to undergo conformational change during fibrillogenesis can be determined by
analyzing molecular motions of protein tertiary structures. In Chapter I1I, computational
modeling of protein flexibility in the Prion family is conducted via a Principal
Component Analysis (PCA) on the backbone of prion structures. The presented analysis
succeeds in identifying protein segments that are likely to undergo a conformational
change during the PrP conversion process, and thus likely involved in fibril formation in
these proteins. Interestingly, the identified domains facilitate the differentiation of PrP
structures based on non-local structural response to pathogenic mutation and prion
disease susceptibility. The novelty of this approach with respect to the prion family is
discussed, as well as the potential for adapting this approach towards structural

identification of conformationally-variable segments in other amyloid-forming proteins.

A version of this chapter has been submitted as:

Gendoo, D. M. and Harrison, P. M. (2011), The landscape of the Prion Protein structural
response to mutation revealed by PCA analysis of multiple NMR ensembles.

Submitted to Plos Computational Biology

70



3.1 ABSTRACT

Prion Proteins (PrP) are among a small number of proteins for which large numbers
of NMR ensembles have been resolved for sequence mutants and diverse species. Here,
we perform a comprehensive principle components analysis (PCA) on the tertiary
structures of PrP globular proteins to discern PrP subdomains that exhibit conformational
change in response to point mutations and clade-specific evolutionary sequence mutation
trends. This is to our knowledge the first such large-scale analysis of multiple NMR
ensembles of protein structures, and the first study of its kind for PrPs. We conducted
PCA on human (n=11), mouse (n=14), and wildtype (n=21) sets of PrP globular
structures, from which we identified five conformationally variable subdomains within
PrP. PCA shows that different non-local patterns and rankings of variable subdomains
arise for different pathogenic mutants. These subdomains may thus be key areas for
initiating PrP conversion during disease. Furthermore, we have observed the
conformational clustering of divergent TSE-non-susceptible species pairs; these non-
phylogenetic clusterings indicate structural solutions towards TSE resistance that do not
necessarily coincide with evolutionary divergence. We discuss the novelty of our

approach and the importance of PrP subdomains in structural conversion during disease.
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3.2 AUTHOR SUMMARY

Prion Proteins (PrP) cause of variety of incurable TSE diseases, and are among a
small number of proteins for which large numbers of NMR ensembles have been
resolved for sequence mutants and diverse species. Here, we perform a comprehensive
principle components analysis (PCA) study to assess conformational variation and
discern the landscape of the PrP structural response to sequence mutation. This is to our
knowledge the first such large-scale analysis of multiple NMR ensembles for a specific
protein, and the first study to perform a multivariate PCA on the native globular
structures of PrP. We conducted exhaustive PCA on three subsets of PrP, human and
mouse PrP subsets that include structures of sequence mutants, and the set of wild-type
PrP globular proteins (representing 16 PrP species). PCA shows that different non-local
patterns of variable subdomains arise for different pathogenic mutants. These subdomains
may thus be key areas for initiating PrP conversion during disease. Furthermore, we have
observed that some evolutionarily divergent species that are not susceptible to prion
diseases, have surprising structural similarities in their prion proteins. We discuss the
novelty of our approach with respect to the prion protein, and the advantage of this
analysis as a fast, reliable starting point to identify domains of interest that may warrant

further experimental and computational analysis.
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3.3 INTRODUCTION

The extraordinary conformational change witnessed between the normal, non-
pathological prion protein, PrP, and its virulent pathological form, PrP°¢, in which the
latter acquires substantial B-sheet content, is a significant contributor to the role this
protein plays as an agent of many incurable Transmission Spongiform Encephalopathies
(TSEs). Such diseases, including human Creutzfeldt-Jakob Disease (CJD) and Bovine
Spongiform Encephalopathy (BSE), are caused by the misfolding and subsequent
aggregation of PrP* to produce amyloid fibrils, highly ordered and distinct p-sheet-rich
molecular aggregates [1,2]. The PrP protein is a 208 residue protein (residues 23-230,
hPrP numbering) composed of a largely disordered N-terminal tail (23-124) and a C-
terminal globular domain (125-231), in addition to two signal peptides (1-23, 232-253)
[3,4]. The globular domain contains three a-helices (H1,H2,H3) and two anti-parallel -
sheets (S1,S2). Globular domains of multiple PrP species have been resolved to develop
an understanding of PrP structures in relation to TSE-susceptibility, and discern
subdomains of the protein that are involved in the PrP conversion process [4,5,6,7,8,9].
The S2-H2 loop and H2-H3 regions, for example, demonstrate structural plasticity in
pathogenic PrP and are proposed to be involved in the conversion process, making them
candidate sites for transmissibility studies and potential target sites for drug design
[10,11,12,13,14,15]. The prion protein is one of few proteins with a large number of
pathogenic mutants, and the increasing availability of these structures in the protein
databank (PDB) provides ample material for a multivariate analysis of structural
plasticity of PrP domains.

Principal Component Analysis (PCA) [16] is a dimensionality reduction
technique that can be used to analyze protein structures by reducing variation observed
within 3D atomic coordinates of the protein structures. PCA has been used on several
protein families to analyze key regions of interest, including ligand-binding sites and
cavities [17,18], receptor sites [19], catalytic subunits [20], as well as large-scale analysis
of whole proteins [21]. Most interesting is the recent application of PCA towards
modeling protein flexibility computationally, and characterizing structural variation of

protein domains [22,23]. Identifying structural plasticity within protein domains is
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especially advantageous for proteins involved in conformational diseases, such as
amyloid-forming proteins.

In this work, we perform an exhaustive PCA analysis on the tertiary structures of
PrP globular proteins to discern PrP subdomains that exhibit conformational plasticity in
response to pathogenic point mutations and clade-specific evolutionary sequence
mutation trends; these subdomains may thus be key areas for initiating the conversion of
PrP€ to PrP°C. To our knowledge, this is the first PCA study on native globular structures
of PrP, using NMR ensembles, and without relying on structures generated from protein
dynamics methods. We focus our analysis on three subsets of PrP, human and mouse PrP
subsets that include structures of sequence mutants, and the set of wild-type PrP globular
proteins (representing 16 PrP species). From this analysis, we identify five
conformationally variable subdomains of PrP whose relative importance changes for
different pathogenic mutations and species groupings. Also, PCA indicates that PrPs
exhibit a marked non-phylogenetic clustering, with some notable divergent pairs of
species that are non-susceptible to TSEs. We discuss the implications of these results for

the conformational basis of TSEs.
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3.4 RESULTS

3.4.1 Analysis of Human PrP Proteins

PCA was conducted on the NMR ensembles of 11 human wildtype, variant and
mutant prion proteins (230 models in total), to examine major conformational changes
between the structures and map them onto a lower (mostly 2-dimensional) space. The
resulting eigenvalue contribution of PCA shows that 65% of the total mean-square
displacement of atom positional fluctuations was captured in the first three components
(Figure 3.1, section C).

Plotting of the hPrP structures onto the two most significant principal components
(PC1 and PC2) characterizes conformational relationships between the hPrP structures
that are reflective of human prion TSEs. Four major conformational clusters have been
observed, of which the largest cluster (encircled in the black oval in Figure 3.1, section
A) corresponds to PDB structures of WT proteins, as well as hPrP artificial variant
structures [PDBs 1E1G, 1E1P, IE1U, 1HOL] that maintain a similar structure to WT PrPs
(mPrP, shPrP) [26,27]. For each of the remaining three clusters, each cluster is composed
of the models of the NMR ensemble representing the PDB structure of each of the
human TSE diseases of GSS (red oval) [PDB 2KUN] [24], FFI (blue oval) [PDB 2K1D],
and CJD (green oval) [PDB 1FO7] [25] (Figure 3.1 sections A, B). These four clusters,
as observed by projection of the hPrP structures onto PC1 and PC2 (Figure 3.1, section
A), as well as PC1 and PC3 (Figure 3.1, section B), indicate that these principal
component projections facilitate the discrimination of key, pathogenic mutant structures
that reflect PrP diseases. Interestingly, such projections also highlight variation between
models within an NMR ensemble, as is clearly demonstrated for the structure 2K1D
(encircled in blue in Figure 3.1, section A), whereby an additional hierarchical cluster is
introduced for some models (model numbers 8, 14, 16, 20, encircled in a dashed brown
oval in Figure 3.1, section A) which cluster further away from the 2K1D ensemble along
PCI1 (Figure 3.1 sections A, B). This contrasts with other NMR ensembles whose models
remain tightly clustered together along the PCs, such as 1FO7 (encircled in green in

Figure 3.1, section A).
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The contribution of each residue in hPrP to each of the first three PCs is
displayed, whereby the height of each bar indicates the maximum atomic displacement of
each residue for a given PC, and regions of increased displacement highlight structurally
variable subdomains in the hPrP structures (Figure 3.2, sections A, C-E). The mutant
structure ensembles are separable on the conformer plots (Figure 3.1) because of distinct
patterns of variable subdomains observed in the residue contribution plot (Figure 3.2,
section A). The variable subdomains captured by PC1 include the S2-H2 loop and the C-
terminal end of H3. PC2, which contributes to the large separation between the FFI and
GSS clusters on the conformer plot (Figure 3.1, section A), is characterized by concerted
structural variability of the H2-H3 loop, the N-terminus of the globular domain, and S1.
The remaining variations captured by PC3 include the S1-H1 loop, and increased
displacement of the S2-H2 loop region witnessed in PC1. In total, 5 variable subdomains
have been identified: the N-terminal region of the globular domain and S1, the S1-H1
loop, the S2-H2 loop, the H2-H3 loop, and the C terminus of H3 (Figure 3.2, section B).
Strikingly, these subdomains of structural variation are not localized to the variant or
mutation spots of the protein, which reflects on the nonlocal changes in the protein that

are induced by these highly localized substitutions (Figure 3.2, section B).
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Figure 3.1: PCA analysis on 11 hPrP structures reveal structural perturbations
correlated with prion disease.

(A) Projection of hPrP NMR ensembles onto PC1 and PC2.

(B) Projection of hPrP NMR ensembles onto PC1 and PC3.

For (A) and (B), each point on the conformer plot represents an NMR model, and the
models are colored to reflect NMR ensembles. For each NMR ensemble, the NMR
representative model that has been selected by OLDERADO [42] is indicated by a black
triangle. Ovals indicate dominant clusters that represent the hPrP diseases of CJD (green
oval), FFI (blue oval), GSS (red oval), as well as the set of WT and variant proteins
(WT+V, black oval). The ovals representing hPrP disease are also labeled, with the PDB
code of their corresponding NMR ensemble in brackets. 2K1D models which cluster
separately from the rest of the 2K1D ensemble are circled (dashed brown oval).

(C) Eigenvalue contribution of PCs to variance of the dataset.
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Figure 3.2: PCA analysis results of 11 hPrP structures.

YYQRGS

(A) Contribution of each residue of hPrP to the first three principal components.
Subdomains of concerted displacement in each PC are indicated by colored boxes and
labeled.

(B) Subdomains of concerted displacement in each of the PCs are highlighted against the
reference structure 1QLZ (WT hPrP), and color-coded by their first appearance in a PC.
From our dataset, pathogenic mutations causing familial disease (D178N, E200K,
Q212P, causing FFI, CJD, and GSS, respectively) are indicated (black boxes), as well as
nonpathogenic variants (M129V, M166V or M166C, S170N, R220K, E221C)(blue
boxes).

(C-E) Structural interpolation of atomic displacements from the mean structure for PCI,
PC2, and PC3, respectively (reference structure 1QLZ). Subdomains exhibiting
displacement in each PC are indicated by arrows, and the arrows are color-coded to

match the boxed subdomains in (A).
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For comparison, we also performed a PCA analysis just on the structural variation
observed in the WT PrPs (totaling 4 NMR ensembles), while excluding NMR ensembles
of mutant and variant PrP structures. The resultant residue contribution plot indicates that
all five subdomains of concerted variation contribute to PC1 of the WT dataset (Figure
3.3, section A), implying that they share equal degrees of importance in representing
variance between the structures (PC1 captured 30% of the variance of the dataset)
(Figure 3.3, section B). Intriguingly, displacement of the H2-H3 loop and the C terminus
of H3 are not readily observed in PC2, but are observed in PC3. The lack of additional
clustering between the NMR ensembles in PC3, except for the dispersion of models
within each NMR ensemble, suggests that these subdomains might play a greater role in
discerning conformational changes between models of the NMR ensembles (not shown).
Conversely, the N terminus and the S1-H1 loop are readily observed in PC1 and PC2, but
not in PC3, showing that these regions play a greater role in separation of the NMR
ensembles, instead of inter-model variation.

To check which subdomains vary in a mutant-specific way, we performed three
separate analyses, each analysis consisting of the set of WT and variant hPrP structures
(encircled by the black oval in Figure 3.4, section A) and an NMR ensemble from each
of the CJD, FFI, and GSS mutant structures (Figure 3.4, sections B-D). The resultant
conformer plots indicate that the pathogenic mutant structures are successfully separated
from the WT and non-pathogenic hPrP structures (Figure 3.4, sections B-D).
Comparison of residue contribution to each PC indicates that the C-terminus of H3, as
well as the S2-H2 loop, differentiate the mutant structures for all analyses, as both
subdomains appear in PC1 (Figure 3.4, sections B-D). This observation is reinforced by
comparison to the residue contribution plot of the WT, variant, and mutant hPrP
structures (Figure 3.4, section A). The remaining subdomains representing the N
terminus, S1-H1 loop and H1, and the H2-H3 loop display different levels of importance
that are reflective on each of the mutant structures. For example, the H2-H3 loop is
strong contributor to conformational separation of the CJD mutant structure, as it appears
in PC1 in the residue contribution plot (Figure 3.4, section B), compared to the FFI
mutant where it appears in PC3 (Figure 3.4, section C). Similarly, the S1-H1 loop and N

terminus of H1 exhibit greater importance in differentiating the GSS mutant structure
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(Figure 3.4, section D), as they appear in a later PC for the FFI and CJD structures
(Figure 3.4, sections B-C). To ascertain our observations, we calculated the residue
difference profile between each of the datasets in (Figure 3.4, sections B-D) with hPrP
WT and variant dataset (black oval in Figure 3.4, section A) for PC1 (Supplementary
Figure S3.1). The resultant plots (Supplementary Figure S3.1) indicates the residue
contribution that is specific to each of the hPrP mutant structures, from which we confirm
our observations that the S2-H2 loop exhibits the greatest conformational perturbation for
all three mutant structures, and that the H2-H3 loop is clearly important for structural
differentiation of the CJD mutant (Supplementary Figure S3.1).

In aggregate, these PCA analyses succeed in delineating and ranking structural

subdomains in terms of their relative importance for different pathogenic mutants.
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Figure 3.3: PCA analysis of the WT hPrP subset.

(A) Contribution of each residue to the first three principal components (reference
structure 1QLZ). Each subdomain of concerted displacement is indicated by a box that is
color-coded across all 3 PCs.

(B) Eigenvalue contribution of PCs to variance of the dataset.
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Figure 3.4 (next page): Comparative analysis of conformer plots, residue
contribution, and structural interpolation of hPrP mutant NMR ensembles
structures versus WT and variant hPrP.

Each row of the figure represents one PCA analysis and contains, from left to right, a
conformer plot, residue contribution plot, and structural interpolation diagram. An
explanation of the conformer plots is provided in Figure 3.1. Residue contribution to
each PC is color-coded by PC (red=PC1, green=PC2, purple=PC3) in all residue
contribution plots. For structural interpolation diagrams, PC1 is represented as equidistant
atomic displacements from the mean structure (reference 1QLZ), and corresponding
subdomains are indicated (red arrows).

(A) Combined set of WT, variant and mutant hPrP NMR ensembles plotted onto PC1
and PC2. The conformer plot is identical to Figure 3.1, section A. In the conformer plot,
NMR ensembles of mutant structures are encircled in green, red, and blue ovals and
labeled by their corresponding human disease, as well as the PDB code corresponding to
the NMR ensemble (in brackets). The set of WT and variant hPrP structures (encircled
by the black oval) have been labeled as WT+V.

For rows (B-D), each analysis consists of the set of WT+V and an NMR ensemble from
each of the CJD, FFI, and GSS mutant structures, respectively. The NMR ensemble of
the mutant structure is encircled by an oval (color-coded to (A)), and labeled by the
human disease it represents, and the PDB code corresponding to the NMR ensemble (in
brackets).

(B) CJD mutant (PDB 1FO7) and WT+V,

(C) FFI mutant (PDB 2K1D) and WT+V,

(D) GSS mutant (PDB 2KUN) and WT+V.
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3.4.2 Analysis of Mouse PrP (mPrP) Proteins

We conducted PCA analysis on a set of 14 wildtype, variant, and mutant mouse
PrPs NMR ensembles (280 models in total) to examine structural differences between
mPrP structures and compare these changes to hPrP. Aside from WT mPrP [PDBs
I1XYX, 2L1H, 2L39], 9 PrPs contain mutations in the S2-H2 region (between residues
166-175), and 2 PrP structures [PDBs 2KFM, 2L1K] contain mutations at the C-terminus
of H3 (Y255A and Y226A). PCA analysis of mPrP including 2KFM and 2L1K reveals a
prominent concerted variation of the C-terminus of H3 that far exceeds any other atomic
displacement in the protein, for all three PCs (Supplementary Figure S3.2). One might
argue that 2KFM and 2L 1K, as the only two structures with conformational differences in
H3, are “conformational outliers” that contribute to the displacement of the H3 region in
all PCs and overshadow structural differences of the H2-H3 loop. To test this hypothesis,
we re-ran the analysis without 2KFM and 2L 1K, such that the mPrP dataset consisted
only of the WT and variant structures and those with mutations in the S2-H2 loop.
Contrary to our expectations, the observed pattern of atomic displacements indicates that
the H3 subdomain, in addition to the N terminus of the proteins, remains responsible for

conformational variation.

3.4.3 Analysis of Wildtype PrP proteins

PCA was conducted on NMR ensembles of 16 species of WT PrP (21 PDB
ensembles corresponding to 420 models in total) (Figure 3.5). Among the species
studied, 8 species (mouse, bovine, human, hamster, cat, pig, elk, bank vole) are known to
develop TSEs, and 7 species (dog, horse, rabbit, chick, turtle, frog, and wallaby) are
“TSE-non-susceptible”, taken collectively here to refer to PrP species that are
experimentally proven to be resistant to TSEs or for which TSEs remain undetected. In
our analysis, sheep is the only species which has been considered in both categories, as
sheep with the H168 polymorphism [PDB 1XYU] are TSE-susceptible, but those with
the R168 variant [PDB 1Y2S] are highly resistant to disease [28]. PCA successfully
clusters many of the TSE-non-susceptible species from TSE-susceptible ones, as
indicated by the conformer plots (Figure 3.5, sections A-C). PC1 separates chicken
(chPrP) and turtle (tPrP) from the rest of the species, such that they form their own
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subgroup (Figure 3.5, section A). This is to be expected since they are divergent species
evolutionarily. Detailed analysis of residue contribution in this PC indicates that the H2-
H3 loop undergoes a significant displacement relative to the rest of the protein (Figure
3.5, sections G-H). However, unexpectedly from an evolutionary point of view, PC2 also
contributes to the clustering of the two TSE-non-susceptible species, frog and rabbit
(Figure 3.5, sections A-B) (when n=3 in hierarchical clustering). Residue contribution to
PC2 characterizes the concerted maximum displacement of the S2-H2 loop and the H1
helix (Figure 3.5, sections G-H). With the exception of an additional clustering for pig
that is introduced in PC3 (Figure 3.5, sections B-C), analysis of the residue contribution
to PC3 does not introduce any newer subdomains than those identified in PC1 or PC2.
Thus, the first two PCs are sufficient in describing the range of structural differences
between PrP species.

As the H2-H3 loop is longest in chPrP compared to other PrP species [5,15], we
wished to assess whether the concerted displacement of the H2-H3 loop in PC1 is the
biased result of major conformational differences in chPrP. To this end, we performed a
PCA analysis on all the WT PrPs without chPrP (Figure 3.5, sections D-F). Despite the
removal of chPrP, the dominant feature described by PC1 remains the displacement of
the H2-H3 loop, followed by the displacement of the S2-H2 loop and HI in PC2 (not
shown). Similarly, no additional regions of displacement are witnessed in PC3. With
respect to conformational clustering, removal of chPrP has decreased the amount of
variation observed in the first 3 PCs (46% compared to 51% with chPrP). Conformational
clusters of the dataset without chPrP indicate that the turtle, frog, rabbit, and cat species
cluster further away from the TSE-susceptible species (Figure 3.5, sections D-F), and
the clustering of the NMR ensemble for pig PrP is also observed in PC3 (Figure 3.5,
sections E-F). However, an additional clustering of the sheep resistant R168
polymorphism (PDB 1Y2S) is observed at PC3, while the TSE-susceptible sheep
polymorphism H168 (PDB 1XYU) remains closely clustered with the TSE-susceptible
PrPs (Figure 3.5, sections E-F). In summary, we demonstrate that our PCA analysis
detects major “structural signatures” for PrPs of different evolutionary groups, and

highlight PrP subdomains that are worthwhile to explore in TSE-transmissibility studies.
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Figure 3.5 (previous page): PCA analysis of the 21 NMR ensembles of WT PrP
structures.

(A-C) Projection of the structures, including chPrP, onto PCs 1-3

(D-F) Projection of structures, excluding chPrP, onto PCs 1-3.

For (A-F), each point on the conformer plot represents an NMR model, and the models
are colored to reflect NMR ensembles. For each NMR ensemble, the NMR representative
model that has been selected by OLDERADO [42] is indicated by a black triangle.
Identifiable clusters of NMR ensembles have been labeled by the species they represent,
with the corresponding PDB code of the ensemble in brackets.

(G) Regions of concerted displacement in PC1 and PC2 of the residue contribution plot.
(H) Regions of concerted displacement are labeled (black boxes) onto the primary
structure (reference structure 1QLZ (hPrP)). Residues that do not contribute to the core

alignment are shaded in black.
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3.4.4 Analysis of Mammalian WT PrPs

PCA analyses of the entire WT dataset (Figure 3.5, sections A-C) raises the
following question: does the structural variation in these analyses reflect upon species
evolutionary relationships, and is there discernible clustering that reflects TSE
susceptibility and non-susceptibility/resistance? Analysis of WT PrP reveals that
distantly-related, non-mammalian species (frog, chicken, and turtle) form separate
clusters from the mammalian cluster in the conformer plot (Figure 3.5, section A). To
discern the behavior of PrP subdomains in the evolutionary and structural separation of a
large subset of closely-related species, we ran PCA on a set of 13 mammalian TSE-non-
susceptible and TSE-susceptible PrP NMR ensembles. The resultant conformer plots
(Figure 3.6, section A-C) show that rabbit and pig PrP structures quickly separate from
the remaining PrPs. Analysis of residue contribution to the PCs indicates a different
pattern of “subdomain importance” that differentiates between the mammalian PrPs
(Figure 3.7, section A), compared to the complete WT species set that includes non-
mammalian PrPs (Figure 3.5, section G). The residue contribution plot of the
mammalian PrPs (Figure 3.7, section A) indicates that the C-terminus of the H3, as
opposed to the H2-H3 loop, exhibits the largest atomic displacement in PC1, while the
remaining four subdomains appear in PC2 and PC3.

We compared subdomain displacement of the mammalian dataset (n=13 total
species) (Figure 3.7, section A) to subsets of TSE-non-susceptible mammals (n=5
species, including Sheep R168 variant) (Figure 3.7, section B) and TSE-susceptible
mammals (n=9 species, including Sheep H168 variant) (Figure 3.7, section C). With
respect to the combined set of mammalian and non-mammalian TSE-non-susceptible PrP
structures (presented in Supplementary Figure S3.3, part B), removal of the non-
mammalian PrPs from that set shifts subdomain importance from the H2-H3 loop
(Supplementary Figure S3.3, part B) to the C-terminus of H3 in the TSE-non-
susceptible mammalian dataset (Figure 3.7, section B), such that the pattern of
conformational variation and subdomain importance is similar to the total WT
mammalian dataset (Figure 3.7, section A). Notably however, HI and its flanking loops
still exhibit strong displacement at PC2 in both TSE-non-susceptible residue contribution

plots (Figure 3.7, section B, and Supplementary Figure S3.3), which suggests that for
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all TSE-non-susceptible species, including or excluding non-mammals (Figure 3.7,
section B, and Supplementary Figure S3.3), H1 represents a large percentage of
conformational variation within that dataset.

It is interesting to note that PCA analysis of mammalian PrPs (n=13), and TSE-
non-susceptible mammals (n=5), indicates that TSE-non-susceptible mammals (ex: horse,
wallaby, rabbit) exhibit a “structural differentiation”, such that they cluster at the
periphery of the conformational space away from TSE-susceptible mammals (Figure 3.6,
sections A, D-F). This indicates different structural solutions towards resistance that
don’t necessarily coincide with evolutionary divergence. This is clearly demonstrated by
examination of a PC-based cluster dendrogram of all of the 16 PrP NMR ensembles (420
models) under study and of a neighbor-joining tree for the PrP sequences of the 16
species (Supplementary Figure S3.4); horse and wallaby, for example, are closely
clustered together in the PC-based dendrogram, even though they are evolutionarily

divergent species.
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Figure 3.6: Projection of mammalian PrP NMR ensembles onto PCs 1-3.
(A-C) Mammalian PrP structures (n=13 species)
(D-F) TSE-non-susceptible mammals (n=5 species, including Sheep R168 variant).
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colored by PDB name to reflect NMR ensembles, and identifiable clusters of NMR ensembles have been labeled by the species they

represent.
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3.4.5 Summary of PCA analyses on PrP datasets

Five subdomains displaying structural plasticity in PrP have been identified in
NMR ensembles of hPrP, mPrP, and WT datasets (Figure 3.8). The pattern of concerted

displacement of these subdomains for all three PCs, for each of the datasets, is

summarized (Table 3.1).

C-term H3 (220-228)
-Increased flexibility in mutants due to breakdown of 52-H2 |09 165-]_'75_
salt bridges between H2 and H3 - Conformatlona.llly flexible in
- Location for disease-linked epitope of a monoclonal e .
antibody (combined with $2-H2 loop) . -Wee?kened- Hydrophobic
-H3: independent folding unit, forms parallel in- interactions with C-te_rm of H3,
registered B-sheet backbone of recombinant fibrils Ex: ¥163-+175-Y216n E200k
& Q212 mutants
-Increased solvent exposure in
mutants, especially residue
s Y169, disruption of the
aromatic residues and further
increase in flexibility
- Location for disease-linked
epitope of a monoclonal
antibody (combined C-term of
H3)

$1-H1 loop & H1
(140-149)
N\ /

-Breakdown of sal
bridge (E146)
- DLMs : R148H
- Polymorphisms: G142S

H2-H3 loop (189-197) >
-Breakdown of salt bridge N-term & S1 (125-133)

between H2 & H3 (E196) -Potential interaction site identified in
- DLMs: T193I, E196K WT (MD simulations)

Figure 3.8: Conformationally variable subdomains in hPrP.

Subdomains are colored in cyan, and labeled by region. Important polymorphisms and

disease-linked (DLMs) mutations in each section are also depicted.
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TABLE 3.1: Summary of PCA analyses on PrP datasets.

DATASET DESCRIPTION # # Subdomain Contribution to each PC
PDBs | Models PC1 PC2 PC3
Human (hPrP) | NMR ensembles of wildtype, variant, and mutant 11 230 S2-H2 loop, | N-terminus & S1, | S1-H1 loop & H1
PrPs C-terminus H3 H2-H3 loop
Wildtype hPrP 4 non-pathogenic hPrP 4 80 All H2-H3 loop, C- N-terminus, S1-
subdomains terminus H3 H1 loop
Mutant hPrP 7 Variant and mutant PrP structures 7 150 S2-H2 loop, N-terminus, H2- S1-H1 loop
C-terminus H3 H3 loop
Wildtype hPrP | 8 WT & Variant hPrP structures + the CJD 9 190 S2-H2 loop, - N-terminus, S1-
+ CJD Mutant | Mutant structure (E200K), (PDB 1FO7) H2-H3 loop, H1 loop & H1
C-terminus H3
Wildtype hPrP | 8 WT & Variant hPrP structures + the FFI 9 180 S2-H2 loop, N-terminus S1-H1 loop &
+ FFI Mutant | Mutant structure (D178N), (PDB 2K1D) C-terminus H3 H1, H2-H3 loop
Wildtype hPrP | 8 WT & Variant hPrP structures + the GSS 9 180 S2-H2 loop, N-terminus, S1- -
+ GSS Mutant | Mutant structure (Q212P), (PDB 2KUN) C-terminus H3 | HI loop & H1,
H2-H3 loop
WT PrP with | 16 PrP species, including chicken (chPrP), both 21 420 H2-H3 loop HI, S2-H2 loop -
chicken TSE-susceptible & TSE-non-susceptible
WT PrP 15 PrP species, excluding the conformational 20 400 H2-H3 loop H1, S2-H2 loop -
without outlier chPrP
chicken
Mammalian 13 WT PrP Species, excluding chicken, turtle, 18 360 C-terminus H3 S1-H1 loop & N-terminus
PrPs frog H1, S2-H2 loop,
H2-H3 loop
TSE-non- Subgroup of mammalian PrPs 5 95 C-terminus S1-H1 loop & H2-H3 loop
susceptible (n=5 species, including Sheep R168), H3, N- H1, S2-H2 loop
Mammals excluding chicken, turtle, frog terminus
TSE- Subgroup of mammalian PrPs 9 265 N-terminus, S1-H1 loop H1
susceptible (n=9, including Sheep H168) S2-H2 loop,
Mammals H2-H3 loop,
C-terminus H3
Mouse (mPrP) | 3 non-pathogenic and 11 mutant PrP structures 14 280 C-terminus H3 - -
Mouse (mPrP) | Removal of conformational outliers 2KFM and 12 240 C-terminus H3 - -
without 2KFM | 2LIK to determine influence on variation in S2-
& 2L1K H2
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3.5 DISCUSSION

3.5.1 Delineating and ranking important PrP conformational
subdomains

We have conducted exhaustive PCA analyses on a large set of PrP globular
structures, as well as several subsets representing particular species of interest (human
and mouse), or groupings which hold biological significance (TSE susceptibility or non-
susceptibility); from these analyses we identified five conformationally variable
subdomains in PrP undergoing varying levels of correlated movements in all datasets,
and which are thought to be significant for the PrP conformational conversion process
that underlies prion disease. We have demonstrated the benefits of exploring prion
protein conformational variation using PCA, and the importance of the identified
subdomains towards understanding the PrP conformational conversion process.

One obvious concern with the PCA analysis is that increased structural plasticity
in the loop regions and protein termini would bias selection toward these regions, and
outweigh identification of other regions in ordered, structured subdomains of the protein.
However, for several of our PCA runs, structural variation within the protein datasets
does not directly result from increased displacement in protein termini (the WT PrP set is
an obvious example). In datasets where termini play a significant role in conformational
differentiation of the structures, this variation is supported by weakened NMR definition
in the protein (for example, hPrP and its variants vary in length and definition of residues
220-228 of H3 [26]). Additionally, our analysis identified structural variation within
regions with repetitive secondary structures (ex: S1 and H1). Finally, for all PrP datasets
we considered, structural plasticity of the loop regions has only been identified for
selected portions of the loops, not the entire loop. For example, we only identify the latter
half of the S1-H1 loop as conformationally variable in the hPrP and WT datasets, but the
first half of the loop (residues 134-138, hPrP numbering) is relatively invariable.

To our knowledge, the presented work is the first study to perform a multivariate
PCA on the native globular structures of PrP. Generally, few publications on prion
structural biology have utilized multivariate analysis to comprehend the structural

complexity of this protein and model protein flexibility computationally, with the
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exception of a couple that have conducted PCA of MD simulations to determine protein
flexibility [10,15]. Strikingly, some of the structurally variable subdomains we have
identified (e.g., the S2-H2 loop) are “complementary” to the ‘domains of collective
movement’ (rigid domains) identified by these studies [10,15]. Much of the
computational analysis on PrP structures, however, involves the use of molecular
dynamic simulations [13,29,33,34], or longer dynamic simulations such as normal mode
analysis (NMA) [35]. Such methods, as in the case with molecular dynamics, are
continuously challenged by their computational expense, involvement of complex force
fields, size of the query protein, and long time spans required to run the simulations
[23,36]. Comparatively, our PCA analysis on native PrP, without the reliance on any
structures generated by long- or short-term dynamics studies, succeeds in identifying key
regions that may be involved in the conversion process and which have been previously
highlighted in MD and NMA studies [10,14,15,29,34,35]. Accordingly, PCA is
advantageous in rapid identification of important subdomains in PrP while saving
computational time and effort, and may be used as starting point to identify key
subdomains that can be further analyzed over longer time scales using protein dynamics.
This study is the first large-scale analysis of multiple NMR ensembles for a specific
protein, and it poses unique challenges for principal component data analysis and
interpretation. While static X-ray structures only provide a snapshot of potential motions
of proteins, ensemble analysis of multiple X-ray structures may provide insight into the
conformational changes of proteins and elucidate structural mechanisms of biological
activity. The abundance of X-ray models for several protein families in the PDB
facilitated PCA analysis of these proteins [37,38,39], and development of computer tools
for systematic multivariate analysis of X-ray ensembles is gaining increasing importance
[40,41]. In the case of the PrP family, however, few X-ray structures of PrP exist in the
PDB (<40% of all deposited PrP structures in the PDB), and even fewer structures
represent globular PrP (as opposed to peptide segments, for example). For this analysis,
we could only identify 11 relevant crystal structures, as opposed to the 41 NMR
structures we have selected. Use of a reduced sample size based on X-ray structures
severely limits the number of PCA analyses that could be performed on PrP subgroups

and produces inaccurate estimates of collective motions in PrP. Structural analyses with
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multiple NMR ensembles, while increasing the sample size multi-fold, poses a
considerable analytical challenge as two sources of structural variation need to be
considered: variation of models within an ensemble, and variation between ensembles.
As variation between ensembles is expected, and sought for by PCA, eliminating
variation within the ensemble remains an issue. To reduce the effect of inter-model
variation, we have opted to use entire NMR ensembles, as random selection of any model
may inadvertently introduce biases if the selected model is a structural outlier within the
ensemble. Additionally, where selection of ensemble representatives was warranted, we
used OLDERADO [42] to select for models representing the largest central core of the
NMR ensemble, i.e., the “average” of the ensemble. Accordingly, PCA on the NMR
ensembles allowed for identification of structural differences between NMR ensembles,

but also successfully outlined inter-model differences within the ensembles.

3.5.2 The structural response to pathogenic mutation

Our PCA analysis has indicated that different subdomains are variable in different
pathogenic mutants of PrP structures. Our PCA analysis has succeeded in providing a
ranking for these subdomains that correlates with pathogenicity. In hPrP for example, by
comparing displacements in residue contribution plots of the combined hPrP dataset and
the mutant hPrP subset, we have demonstrated that the S2-H2 loop (residues 165-175)
and the C-terminus of H3 (residues 220-228) are the first subdomains to differentiate
pathogenic and nonpathogenic PrP structures. The S2-H2 loop is one of the most affected
regions of PrP in terms of structure and flexibility, and may influence stability of PrP
during PrP“> PrP°¢ conversion [29]. Mutant hPrPs exhibit weakened hydrophobic
intramolecular interactions between this loop and the H3 helix, compared to native hPrP
[29]. Weakened interactions between Y169-F175-Y218 have been reported for the
E200K and Q212P mutants, as well as M166-Y225 n-stacking interactions [29]. The
mutual orientation of aromatic residues in S2-H2 loop is affected by increased solvent
exposure of Y169 in mutant PrP, yielding higher flexibility and greater solvent exposure
of these hydrophobic residues compared to the observed stabilized aromatic interactions
of Y163-Y169-F175 in the native hPrP [24,29,43]. As weakened hydrophobic

interactions of the S2-H2 loop also weaken the interactions with H3 helix, it is not a
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surprise that the C-terminus of H3 (residues 220-228) is equally important in
differentiating wildtype from mutant PrPs. The C-terminus of H3 is observed to gain
flexibility as a result of a breakdown in salt bridges between the H2 and H3 helices
[13,14,29]. Interestingly, our conformer plot of all hPrP structures succeeds in separating
the E200K, Q212P, and other pathogenic mutants displaying similar behavior (ex:
D178N) from the remaining hPrP, reflecting on the specificity of the PCA in
differentiating the structures by the plasticity of S2-H2 loop. This is particularly
intriguing, as the S2-H2 loop (residues 166-170, hPrP numbering) and the C-terminal of
H3 (residues 215-230) form a solvent-accessible disease-linked epitope for monoclonal
antibody, and may serve as a recognition area for “protein X’ involved in the conversion
process [44]. Additionally, the S2-H2 loop has been observed to exhibit varying levels of
flexibility within TSE-susceptible species, and is rigid in TSE-non-susceptible species,

making it a prime candidate for PrP transmissibility studies [10,15].

3.5.3 PrP structural evolution and TSE susceptibility

PCA of WT PrP structures has summarized areas that change concertedly over
evolution, e.g. the H2-H3 loop. This was a particularly interesting result, as the H2-H3
loop is longer for chicken (the most outlying protein structure) than in any other species,
and compared to other TSE-non-susceptible PrPs, is a flexible subdomain within that
protein [5]. Generally, the structural variation observed does not correlate
phylogenetically with organismal speciation. Intriguingly, the two most ‘non-
phylogenetic’ clusterings are for TSE-non-susceptible species, rabbit (a placental
mammal) clustering with frog, and horse (a placental mammal) clustering with wallaby (a
marsupial). This is evidence for evolutionary 're-visiting' of different structural solutions
to TSE resistance, in different evolutionary lineages. PCA profiles clearly show that
different PrP subdomains vary amongst the TSE-susceptible and TSE-non-susceptible
mammalian subsets. Also, the NMR ensembles for TSE-non-susceptible mammalian PrP
structures tend to be peripheral on the PCA conformer plots, and overall, show a greater
structural diversity, suggesting that TSE susceptibility may be linked to a greater degree

of PrP structural similarity between infecting and receiving species/organisms.
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To conclude, we performed an exhaustive analysis of PrP globular structures to
identify subdomains of conformational change, as these subdomains of structural
plasticity may contribute to PrP conversion and misfolding, and ultimately, to TSEs. Our
PCA analysis succeeds in ranking these subdomains of as a function of species variation
and disease-susceptibility. This is the first study to perform a multivariate PCA analysis
on the native structures of the globular PrP, and one of very few studies to conduct PCA
on NMR ensembles to detect biologically significant conformational variability in
proteins and protein families. Our identified subdomains within PrP for all datasets
studied compare favorably against those identified in computationally-intensive dynamic
simulations and experimental data, suggesting that PCA analysis of the native structures
can be used as a fast, reliable starting point to identify regions of interest that may

warrant further analysis by computational and experimental methods.

3.6 MATERIALS AND METHODS:

3.6.1 PDB Structures

We collated all known PrP structures in the RCSB Protein Data Bank [45], by
searching for all proteins within the ‘Prion-like’ family and superfamily of SCOP [46],
proteins which match the architecture of the Major Prion Protein as specified in CATH
[47] (Mainly alpha, orthogonal bundle, 1.10.790), as well as searches based on PFAM
[48] Hidden Markov Models (HMMSs) representing the Prion-like protein Doppel
[PF11466], Prion/Doppel alpha-helical domain [PF00377], and the major prion protein
bPrP-N terminal [PF11587]. These searches yielded a total of 112 prion PDB structures,
from which only PrP globular domains were selected. The list of PrP globular domains
was further refined to exclude dimers (ex: [PDB 3079]), domain-swapped structures (ex:
[PDB 114M)), and pdb models representing the average minimized structure of an NMR
ensemble (ex: [1E1J, 1E1S, 1IE1W, 1FKC, 1HIM, 1QLX, 1QMO0, 1QM2] in human PrP,
[IAG2] in mouse PrP, and [IDWY], [IDXO0] in bovine PrP). A total of 41PDB structures,

all of which are NMR-derived, were selected for analysis.
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The analysis was performed on three separate cohorts of PrP globular proteins: (i)
all human PrP (hPrP), (ii) all mouse PrP (mPrP), and (iii) all wildtype (WT) PrP,
representing 16 species of PrP.

(1) The 11 PDB files of hPrP include: [1E1G, 1E1P, 1E1U, 1FO7, 1HOL, 1HJN, 1QLZ,
1QM1, 1QM3, 2K1D, 2KUN]

(i1) The 14 PDB files of mPrP include: [1XYX, 2K50, 2KFM, 2KFO, 2KUS, 2KU6,
1Y15,1Y16, 21D, 2L1E, 2L1H, 2L1K, 2139, 21.40]

(1ii1) The 21 PDB files of WT PrP include (species in parenthesis):[ 1XYX] (mouse);
[1IDWZ, 1DX1] (bovine); [1HJIN, 1QLZ, 1QM1, 1QM3] (human); [1Y2S, 1XYU]
(sheep); [1B10] (hamster); [1XYJ] (cat); [1XYQ] (pig); [1XYW] (elk); [2K56] (bank
vole); [1XYK] (dog); [2KU4] (horse); [2FJ3] (rabbit); [1U3M] (chicken); [1USL]
(turtle); [1XUO0] (frog); [2ZKFL] (wallaby)

3.6.2 NMR Ensembles

For each of the datasets studied, an analysis was performed all models of the PDB NMR
Ensembles, as well as the subset of representative models for each ensemble, identified

using EBI OLDERADO [42].

3.6.3 Structural Superposition & Principal Component Analysis (PCA)
of PrP structures

For each dataset being studied, a multiple sequence alignment of all structures,
based on ATOM residues, was generated using EBI MUSCLE [49]. This alignment and
the corresponding structures were used as input in the Bio3D [41] package within the R
statistical program [S50]. Iterated rounds of structural superposition of PrP structures by
Ca atoms, ignoring gap/insertion regions and missing residues, was performed to identify
invariant core residues of PrP with a 1°A core cutoff. The structurally invariant core was
used as a reference frame for structural alignment of the PrP NMR models, and Cartesian
coordinates of the aligned Ca atoms were used as input for principal component analysis
(PCA).

PCA maps high-dimensional data into fewer dimensions by a linear

transformation [16], and has been employed in several studies to provide insight into the
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nature of conformational changes within proteins and protein families. In this study, PCA
finds axes along which the high-dimensional ensemble of PrP protein structures can be
best separated. The input is a coordinate matrix, X, composed of N by P dimensions,
where N represents the number of structures and P represents three times the number of
residues [23,39], and each row of the matrix corresponds to the Ca coordinates of each
structure. PCA 1s based on diagonalization of the covariance matrix, C, with elements C;;

built from X as follows:

Cij = < (Xi-<X>)(X-<X>) >

where
1,j = all pairs of 3N Cartesian coordinates
<> =average over N atoms under consideration

Principal components (orthogonal eigenvectors) describe axes of maximal
variance of the distribution of structures, and eigenvalues provide the percentage of
variance (total mean square displacement) of atom positional fluctuations captured along
each PC. Projecting PrP structures onto the conformational subspace defined by the
largest PCs produces a low-dimension “conformer plot” which allows for the
identification of dominant conformational changes and the characterization of inter-
conformer relationships [41]. Additionally, the relative displacement of each residue
described by a given PC can be represented in a “residue contribution” plot. Collectively,
both plots allow for the identification of “conformationally variable subdomains” that are
responsible for conformational clustering of the PrP structures, and which contribute to
the structural variation observed in the datasets. These subdomains represent the largest
segments of structural plasticity within the prion protein, making them candidate sites in
the PrP conversion process.

Variation within models of an NMR ensemble poses a challenge for PCA
analysis: how does the selection of a particular model influence the structural variation of
a dataset? To test the extent to which inter-model variation within an NMR ensemble
influences identification of variable PrP subdomains, we conducted PCA analyses on
randomly selected NMR models within the hPrP and mPrP datasets. Using the total hPrP
(11 PDBs) and mPrP (14 PDBs) datasets listed above, an NMR model was selected at
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random from each of the NMR ensembles within that set, creating a subset of
‘representative’ NMR models for all the structures. The process was repeated 50 times
and PCA was performed on each of the selected subsets. These random PCA runs on
NMR models (Supplementary Figures S3.5, S3.6) succeed in identifying the same
variable subdomains as those identified using ensembles, for hPrP (Supplementary

Figure S3.5), and for mPrP (Supplementary Figure S3.6).

3.6.4 Molecular Graphics

Molecular figures have been rendered using PyMOL [51] and VMD [52].

99



3.7 REFERENCES

1. Aguzzi A, Sigurdson C, Heikenwaelder M (2008) Molecular mechanisms of prion
pathogenesis. Annual Review of Pathology-Mechanisms of Disease. Palo Alto:
Annual Reviews. pp. 11-40.

2. Prusiner SB (1998) Prions. Proceedings of the National Academy of Sciences 95:
13363-13383.

3. van der Kamp MW, Daggett V (2009) The consequences of pathogenic mutations to
the human prion protein. Protein Engineering Design & Selection 22: 461-468.

4. Zahn R, Liu AZ, Luhrs T, Riek R, von Schroetter C, et al. (2000) NMR solution
structure of the human prion protein. Proceedings of the National Academy of
Sciences of the United States of America 97: 145-150.

5. Calzolai L, Lysek DA, Perez DR, Guntert P, Wuthrich K (2005) Prion protein NMR
structures of chickens, turtles, and frogs. Proceedings of the National Academy of
Sciences of the United States of America 102: 651-655.

6. Garcia FL, Zahn R, Riek R, Wuthrich K (2000) NMR structure of the bovine prion
protein. Proceedings of the National Academy of Sciences of the United States of
America 97: 8334-8339.

7. Gossert AD, Bonjour S, Lysek DA, Fiorito F, Wuthrich K (2005) Prion protein NMR
structures of elk and of mouse/elk hybrids. Proceedings of the National Academy
of Sciences of the United States of America 102: 646-650.

8. Lysek DA, Schorn C, Nivon LG, Esteve-Moya V, Christen B, et al. (2005) Prion
protein NMR structures of cats, dogs, pigs, and sheep. Proceedings of the
National Academy of Sciences of the United States of America 102: 640-645.

9. Riek R, Hornemann S, Wider G, Billeter M, Glockshuber R, et al. (1996) NMR
structure of the mouse prion protein domain PrP(121-231). Nature 382: 180-182.

10. Blinov N, Berjanskii M, Wishart DS, Stepanova M (2009) Structural Domains and
Main-Chain Flexibility in Prion Proteins. Biochemistry 48: 1488-1497.

11. Christen B, Hornemann S, Damberger FF, Wuthrich K (2009) Prion Protein NMR
Structure from Tammar Wallaby (Macropus eugenii) Shows that the beta 2-alpha
2 Loop Is Modulated by Long-Range Sequence Effects. Journal of Molecular
Biology 389: 833-845.

12. Lee S, Antony L, Hartmann R, Knaus KJ, Surewicz K, et al. Conformational diversity
in prion protein variants influences intermolecular beta-sheet formation. Embo
Journal 29: 251-262.

13. Meli M, Gasset M, Colombo G (2011) Dynamic Diagnosis of Familial Prion Diseases
Supports the beta 2-alpha 2 Loop as a Universal Interference Target. PLoS ONE
6: 10.

14. Rossetti G, Giachin G, Legname G, Carloni P (2010) Structural facets of disease-
linked human prion protein mutants: A molecular dynamic study. Proteins-
Structure Function and Bioinformatics 78: 3270-3280.

15. Santo KP, Berjanskii M, Wishart DS, Stepanova M (2011) Comparative analysis of
essential collective dynamics and NMR-derived flexibility profiles in
evolutionarily diverse prion proteins. Prion 5.

16. Jolliffe IT (2002) Principal Component Analysis: Springer New York.

100



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Andersson CD, Chen BY, Linusson A Mapping of ligand-binding cavities in proteins.
Proteins: Structure, Function, and Bioinformatics 78: 1408-1422.

Naumann T, Matter H (2002) Structural Classification of Protein Kinases Using 3D
Molecular Interaction Field Analysis of Their Ligand Binding Sites: Target
Family Landscapes. Journal of Medicinal Chemistry 45: 2366-2378.

Berglund A, Rosa MCD, Wold S (1997) Alignment of flexible molecules at their
receptor site using 3D descriptors and Hi-PCA. Journal of Computer-Aided
Molecular Design 11: 601-612.

Okazaki K-i, Takada S (2011) Structural Comparison of F1-ATPase: Interplay among
Enzyme Structures, Catalysis, and Rotations. Structure 19: 588-598.

Gunnarsson I, Andersson P, Wikberg J, Lundstedt T (2003) Multivariate analysis of
G protein-coupled receptors. Journal of Chemometrics 17: 82-92.

Miguel LT, George N. Phillips, Jr., Lydia EK (2002) A dimensionality reduction
approach to modeling protein flexibility. Proceedings of the sixth annual
international conference on Computational biology. Washington, DC, USA:
ACM.

Teodoro ML, Phillips GN, Kavraki LE (2003) Understanding Protein Flexibility
through Dimensionality Reduction. Journal of Computational Biology 10: 617-
634.

Ilc G, Giachin G, Jaremko M, Jaremko L, Benetti F, et al. (2010) NMR Structure of
the Human Prion Protein with the Pathological Q212P Mutation Reveals Unique
Structural Features. PLoS ONE 5: 11.

Zhang Y, Swietnicki W, Zagorski MG, Surewicz WK, Sonnichsen FD (2000)
Solution Structure of the E200K Variant of Human Prion Protein. Journal of
Biological Chemistry 275: 33650-33654.

Calzolai L, Lysek DA, Giintert P, von Schroetter C, Riek R, et al. (2000) NMR
structures of three single-residue variants of the human prion protein. Proceedings
of the National Academy of Sciences 97: 8340-8345.

Zahn R, Giintert P, von Schroetter C, Wiithrich K (2003) NMR Structure of a Variant
Human Prion Protein with Two Disulfide Bridges. Journal of Molecular Biology
326: 225-234.

Belt P, Muileman IH, Schreuder BEC, Bosderuijter J, Gielkens ALJ, et al. (1995)
IDENTIFICATION OF 5 ALLELIC VARIANTS OF THE SHEEP PRP GENE
AND THEIR ASSOCIATION WITH NATURAL SCRAPIE. Journal of General
Virology 76: 509-517.

Rossetti G, Cong X, Caliandro R, Legname G, Carloni P (2011) Common Structural
Traits across Pathogenic Mutants of the Human Prion Protein and Their
Implications for Familial Prion Diseases. Journal of Molecular Biology 411: 700-
712.

McColl IH, Blanch EW, Gill AC, Rhie AGO, Ritchie MA, et al. (2003) A New
Perspective on Beta-Sheet Structures Using Vibrational Raman Optical Activity:
From Poly(l-lysine) to the Prion Protein. Journal of the American Chemical
Society 125: 10019-10026.

Martin TC, Moecks J, Belooussov A, Cawthraw S, Dolenko B, et al. (2004)
Classification of signatures of Bovine Spongiform Encephalopathy in serum using
infrared spectroscopy. Analyst 129: 897-901.

101



32. Sayers EW, Barrett T, Benson DA, Bryant SH, Canese K, et al. (2009) Database
resources of the National Center for Biotechnology Information. Nucleic Acids
Research 37: D5-D15.

33. van der Kamp M, Daggett V (2011) Molecular Dynamics as an Approach to Study
Prion Protein Misfolding and the Effect of Pathogenic Mutations

Prion Proteins. Springer Berlin / Heidelberg. pp. 169-197.

34. van der Kamp MW, Daggett V (2010) Pathogenic Mutations in the Hydrophobic
Core of the Human Prion Protein Can Promote Structural Instability and
Misfolding. Journal of Molecular Biology 404: 732-748.

35. Samson AO, Levitt M (2011) Normal Modes of Prion Proteins: From Native to
Infectious Particle. Biochemistry 50: 2243-2248.

36. Freddolino PL, Harrison CB, Liu Y, Schulten K Challenges in protein-folding
simulations. Nat Phys 6: 751-758.

37. Bakan A, Bahar I (2009) The intrinsic dynamics of enzymes plays a dominant role in
determining the structural changes induced upon inhibitor binding. Proceedings of
the National Academy of Sciences 106: 14349-14354.

38. Grant BJ, McCammon JA, Caves LSD, Cross RA (2007) Multivariate Analysis of
Conserved Sequence-Structure Relationships in Kinesins: Coupling of the Active
Site and a Tubulin-binding Sub-domain. Journal of Molecular Biology 368: 1231-
1248.

39. Yang L, Song G, Carriquiry A, Jernigan RL (2008) Close Correspondence between
the Motions from Principal Component Analysis of Multiple HIV-1
Protease Structures and Elastic Network Modes. Structure 16: 321-330.

40. Bakan A, Meireles LM, Bahar I ProDy: Protein Dynamics Inferred from Theory and
Experiments. Bioinformatics 27: 1575-1577.

41. Grant BJ, Rodrigues APC, ElSawy KM, McCammon JA, Caves LSD (2006) Bio3d:
an R package for the comparative analysis of protein structures. Bioinformatics
22:2695-2696.

42. Kelley LA, Sutcliffe MJ (1997) OLDERADO: On-line database of ensemble
representatives and domains. Protein Science 6: 2628-2630.

43. Corsaro A, Thellung S, Bucciarelli T, Scotti L, Chiovitti K, et al. (2010) High
hydrophobic amino acid exposure is responsible of the neurotoxic effects induced
by E200K or D202N disease-related mutations of the human prion protein. The
International Journal of Biochemistry & Cell Biology 43: 372-382.

44. Telling GC, Scott M, Mastrianni J, Gabizon R, Torchia M, et al. (1995) Prion
propagation in mice expressing human and chimeric PrP transgenes implicates the
interaction of cellular PrP with another protein. Cell 83: 79-90.

45. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, et al. (2000) The Protein
Data Bank. Nucleic Acids Research 28: 235-242.

46. Chandonia J-M, Hon G, Walker NS, Lo Conte L, Koehl P, et al. (2004) The
ASTRAL Compendium in 2004. Nucl Acids Res 32: D189-192.

47. Orengo CA, Michie AD, Jones S, Jones DT, Swindells MB, et al. (1997) CATH - a
hierarchic classification of protein domain structures. Structure 5: 1093-1108.

48. Finn RD, Mistry J, Tate J, Coggill P, Heger A, et al. The Pfam protein families
database. Nucleic Acids Research 38: D211-D222.

102



49. Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Research 32: 1792-1797.

50. Team RDC (2011) R: A Language and Environment for Statistical Computing.

51. Schrodinger, LLC (2010) The PyMOL Molecular Graphics System, Version 1.3r1.

52. Humphrey W, Dalke A, Schulten K (1996) VMD: Visual molecular dynamics.
Journal of Molecular Graphics 14: 33-38.

3.8 SUPPLEMENTARY MATERIAL

Supplemental data includes 6 figures that can be found in Appendix B.

103



CHAPTER
v

Origins and Evolution of the HET-s Prion-
Forming Protein: Searching for Other
Amyloid-Forming Solenoids

Chapters II and III investigated conformational changes in the secondary and
tertiary structures of native prion and amyloid-forming proteins to identify protein
stretches with the potential for fibril formation. In Chapter IV, a functional, structural,
and evolutionary analysis of homologs is conducted against the HET-s prion-forming
domain (PFD), the first atomic structure of a functional amyloid fibril to date. Searching
for homologs to the HET-s PFD aims to identify potential fibril-forming proteins that are
amenable to adopting this specific, highly-structured B-aggregate. The results of this
study shed light on the distribution of the HET-s B-solenoid fold in proteomes, and the
overall implications towards identification of newer amyloid-forming proteins that can

adopt a similar amyloid fold.

A version of this chapter is originally published as:

Gendoo DMA, Harrison PM (2011) Origins and Evolution of the HET-s Prion-Forming
Protein: Searching for Other Amyloid-Forming Solenoids. PLoS ONE 6(11): €e27342.
doi:10.1371/journal.pone.0027342
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4.1 ABSTRACT

The HET-s prion-forming domain from the filamentous fungus Podospora
anserina 1s gaining considerable interest since it yielded the first well-defined atomic
structure of a functional amyloid fibril. This structure has been identified as a left-handed
beta solenoid with a triangular hydrophobic core. To delineate the origins of the HET-s
prion-forming protein and to discover other amyloid-forming proteins, we searched for
all homologs of the HET-s protein in a database of protein domains and fungal genomes,
using a combined application of HMM, psi-blast and pGenThreader techniques, and
performed a comparative evolutionary analysis of the N-terminal alpha-helical domain
and the C-terminal prion-forming domain of HET-s. By assessing the tandem evolution
of both domains, we observed that the prion-forming domain is restricted to
Sordariomycetes, with a marginal additional sequence homolog in Arthroderma otae as a
likely case of horizontal transfer. This suggests innovation and rapid evolution of the
solenoid fold in the Sordariomycetes clade. In contrast, the N-terminal domain evolves at
a slower rate (in Sordariomycetes) and spans many diverse clades of fungi. We
performed a full three-dimensional protein threading analysis on all identified HET-s
homologs against the HET-s solenoid fold, and present detailed structural annotations for
identified structural homologs to the prion-forming domain. An analysis of the
physicochemical characteristics in our set of structural models indicates that the HET-s
solenoid shape can be readily adopted in these homologs, but that they are all less
optimized for fibril formation than the P. anserina HET-s sequence itself, due chiefly to
the presence of fewer asparagine ladders and salt bridges. Our combined structural and
evolutionary analysis suggests that the HET-s shape has “limited scope” for amyloidosis
across the wider protein universe, compared to the ‘generic’ left-handed beta helix. We
discuss the implications of our findings on future identification of amyloid-forming

proteins sharing the solenoid fold.

4.2 INTRODUCTION

The exact atomic structure adopted by amyloid fibrils is a topic of intense debate,

as high molecular weights and the polymeric character and insolubility of amyloid fibrils
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remain obstacles for high resolution structure determination methods such as nuclear
magnetic resonance (NMR) spectroscopy [1,2,3]. Several structural studies of peptide
amyloid fibrils have shown that the fibrils are arranged in a “cross-beta” sheet, a pattern
characterized by repetitive arrays of beta-sheets that are parallel to the fibril axis, with
their strands perpendicular to the axis [1,2,3,4,5]. While atomic-resolution structures of
the infectious fibrils for many prions and amyloid-forming proteins are still lacking,
recent studies have presented the first well-defined atomic structure of a functional
amyloid, based on amyloid fibrils of the HET-s yeast prion [6,7].

The het-s gene locus has two antagonistic alleles, set-s and het-S, which encode
for HET-s and HET-S, respectively, and which give rise to the compatibility phenotypes
[Het-s] and [Het-S] [8,9,10]. In comparison to its polymorphic variant, HET-S, only
HET-s undergoes a transition to an infectious prion state. The HET-s prion of the
filamentous fungus Podospora anserina is involved in heterokaryon incompatibility, a
programmed cell death reaction that regulates the fusion between genetically distinct
individuals [8,9,10,11]. HET-s is a 289 residue protein with an N-terminal domain
(residues 1-227) and a prion-forming C-terminal domain (residues 218-289). The crystal
structure of the HET-s N-terminal domain comprises an alpha-helical fold of 8-9 helices
and a short two-stranded beta sheet [8]. The HET-s prion forming domain (PFD) is
necessary and sufficient for amyloid formation in vitro, as well as prion propagation in
vivo [8,11,12]. Fibrils formed from this PFD are described as a left-handed B-solenoid
composed of four parallel, stacked pseudo-repeated B-helices; the pseudo-repeats are a
result of one molecule forming two turns of the solenoid [6,7]. The first three B-strands
of each pseudo-repeat enclose a dense triangular hydrophobic core [6,7]. In addition to
intra- and inter-molecular hydrogen bonds between the pseudo-repeats, the solenoid
structure is also stabilized by favourable side-chain contacts, such as salt bridges,
between oppositely charged residues facing outside of the triangular core [6,7].

Since its discovery, the HET-s solenoid, both in its native and fibrillar forms, has
been well characterized [6,7,10,11]. However, studies on the evolutionary analysis of this
fold, and identification of possible homologs to HET-s, remain largely lacking, despite
the observation that a structural homolog of HET-s contributes to efficient cross-seeding

of the amyloid form [10]. Accordingly, analysis of the evolution of the complete HET-s
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protein may allow for the identification of newer, potential amyloid-forming proteins that
can adopt the HET-s solenoid shape. To this end, we perform an exhaustive search for all
homologs of the prion-forming solenoid, as well as the homologs to the HET-s N-
terminal domain. Based on our findings, we perform an evolutionary analysis of both
domains to determine when the solenoid fold arose in evolution, and its point of
attachment to the HET-s N-terminal domain. Additionally, we identify and model
structural homologs to the C-terminal solenoid fold, and we present an analysis of the
conserved physicochemical properties we have observed in these generated solenoids,
and how they compare to the current understanding of the B-solenoid structure. Our data
sheds light on the relationship between the HET-s solenoid fold and understanding the

amyloid disease state.

4.3 METHODS

4.3.1 Datasets

We downloaded the NCBI NR (non-redundant database: 14,261,927 protein
sequences, database assembly dated 5/31/2011) from
ftp://ftp.ncbi.nih.gov/blast/db/FASTA/. The Podospora anserina proteome (21,408
sequences) was downloaded from the NCBI Taxonomy Browser [13] (Taxonomy ID
5145). An additional 99 fungal proteomes (including mitochondrial proteomes, where
available) from finished and ongoing projects were downloaded from the Broad Fungal
Genome Initiative [14]. The 100 proteomes (Supplementary List S4.1) were grouped
together into one in-house database (total of 715,255 protein sequences), and will be

collectively referred to as BROAD throughout the manuscript.

4.3.2 Identification of HET-s homologs using sequence analysis

Using the genomes from NR and BROAD, we searched for homologs to the HET-
s protein using (i) the N-terminal domain (residues 1-227), and (ii) the C-terminal prion-
forming domain (PFD) (residues 218-289). For each query, sequence similarity searches
were performed using Psi-blast [version 2.2.23] [15] with default parameters and

masking for low complexity regions. Searches were performed until convergence was
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reached or up to a maximum of 20 iterations, whichever was earlier. Significant hits were
considered with E value<0.0001.

HMMs (Hidden Markov Models) for each of the queried regions were generated
using HMMER [version 3.0, March 2010] [16], based on blastp [version 2.2.23] [15,17]
hits of each query against the NR database. For the N-terminal domain, 86 hits were
identified from which only significant hits (E< 0.0001) were used to create the HMM
(n=52). For the PFD, separate HMMs were generated for significant hits (E< 0.0001) to
the PFD from blastp (n=7) as well as psiblast (n=12). HMMs were also generated using
the entire sequences of all members that shared a conserved prion domain (n=12), as
indicated by CDART (Conserved Domain Architecture Retrieval Tool) [18]. The
CDART sequences were also refined and an HMM was generated only from the
subsequences that match the prion-forming domain itself. A final HMM for the prion
domain was generated based on sequences of the HET-s 218-289 family from Pfam
(PF11558) (n=2) [19]. While such small number of sequences may raise concern about
the quality of the resulting PFD HMMs, for HMMs generated from blastp, psiblast, or
pfam multiple sequence alignments, we opted to generate these domain-specific HMMs
to reduce the number false positive homologs to the solenoid fold when querying the
HMM against NR, as opposed to relying on an HMM based on a multidomain (Nterm
and Cterm PFD) sequence alignment. The pfam-based HMM is an extreme case of a
“restricted” HMM, but which reflects on the highly restricted nature of the HET-s
solenoid. Conserved protein domains were identified by querying the HMMs against the
NR database to increase chances of detecting remote homologs to the Nterm and C-term

PFD.

4.3.3 Identification of structural homologs based on protein fold
recognition

All significant hits from Psiblast runs against NR and BROAD, as well as
significant hits from HMMER searches were threaded against the HET-s solenoid [PDB:
2RNM] chains A-E, using pGenThreader [20]. Corresponding alignments of the
significant hits were used to generate 3D models with MODELLER [21]. If needed, these

alignments were modified based on sequence-alignments of the C-terminal region of
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HET-s and its homologs [10]. 500 models for each protein were generated and the best
model was selected with the lowest Discrete Optimized Protein Energy (DOPE) score.
Stereochemistry of the models was assessed using the PROCHECK summary [22] of EBI
PDBsum [23]. Selected models were viewed and rendered in PyMOL [24]. The RMSD
calculation between the generated model and 2RNM template was calculated based on a
structural alignment using the ‘super’ function in PyMOL [24]. Where applicable, the
presence of salt bridges at specific positions within the models was determined using the

ESBRI Server [25].

4.3.4 Functional analysis of homologs

We downloaded a non-redundant set of ‘genetic’ single-chain domain protein
sequences (n=10,569) from ASTRALSCOP, based on PDB SEQRES records (release
1.75). This was the non-redundant set made such that all sequences in it have pairwise
similarity <40%. Entire protein sequences of all the identified homologs to the prion-
forming and N-terminal domains were searched against this dataset using Blastp [version
2.2.23] [15,17]. Significant hits from ASTRALSCOP (E <0.0001) were submitted to the
SUPERFAMILY HMM search engine for further classification of protein domains and
protein domain families [26,27]. To search for HET-s/LopB (HeLo) domains specifically,
an HMM was constructed based on a previously identified loss-of-pathogenicity (LopB)
protein and HeLo domains (n=24 sequences) [8,28], and queried against the entire
sequence of the N-terminal homologs identified from this study. Significant hits were
selected based on a cutoff E <0.0001. Protein sequences of identified structural
homologs to the HET-s PFD were also searched against the Conserved Domain Database
(38,392 PSSMs) using the NCBI CD-Search and Batch Web CD-Search Tools
[29,30,31].

4.3.5 Phylogenetic analysis

The NCBI taxonomy browser [13] and the taxonomy common tree generation
tool (http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi) were used to
determine the taxonomic lineage for identified homologs. Additional taxonomic trees

were generated using the Interactive Tree of Life (iTOL) server [32]. PHYLIP v3.69 [33]
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was used to make neighbor-joining majority-rule consensus trees based on MUSCLE
[34] multiple alignments. These trees were produced based on 100 replicates using the
PHYLIP seqboot, protdist, neighbor, and consense programs. Briefly, 100 bootstrapped
datasets were generated using segboot. Bootstrapped datasets were then used as input into
protdist, and distance matrices were generated for all sets using the Janet-Taylor-
Thornton (JTT) matrix, with default parameters. Neighbor joining trees were generated
based on these distance matrices using neighbor. Lastly, the consense tool was used to
pick the final neighbor-joining bootstrapped tree. Selected trees were viewed using
TreeDyn [35] within the Phylogeny.fr server [36]. Similarity matrices for N- and C-
terminal domains of PFD homologs were generated based on the BLOSUM matrix using
the EBI ClustalW [37] program, at default settings.

To make the neighbor-joining tree for phylogenetic analysis of horizontal transfer,
we used the CLUSTALW [37] phylogenetic option, with 1000 bootstrap iterations. The

tree was visualized using ProWeb tree server (www.proweb.org/treeviewery/).

4.4 RESULTS

4.4.1 Identification of homologs to the HET-s domains

Homologs of the HET-s N-terminal and prion-forming domain (PFD) have been
searched against the non-redundant database (NR) and genomes from the Broad Fungal
Genome Initiative (here, termed 'BROAD"), using Psiblast and HMMER as described in
Methods. A total of 408 significant hits against both domains were observed, 217 hits
were from NR and an additional 191 hits were from BROAD. In the initial
comprehensive homology search, 29 hits were observed to match the prion-forming
domain (PFD), and 400 hits matched against the HET-s N-terminal domain. Using
Blastclust to remove identical sequences (100% identity cutoff), 16 hits to the PFD and

338 hits to the N-terminal domain are observed.

4.4.2 Evolution of the Prion-Forming Domain

Despite the inclusion of the NR database, which represents all kingdoms of life,

all the identified homologs of the prion-forming domain are restricted to the fungal
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kingdom, and they all belong to Saccharomyceta, more specifically, the Sordariomyceta
(Figure 4.1). Twenty-nine homologs to the PFD were identified using Psiblast and
HMMer, in the initial comprehensive homology search. Manual curation to remove
different genbank entries for the same gene (including provisional genbank entries), as
well as removal of allelic variants with very high sequence similarity (>80% sequence
identity) yielded 10 homologs to the PFD that were used in further evolutionary study
(Supplementary List S4.2). In addition to Podospora anserina, these 10 homologs were
from 4 other fungal species, including Nectria haematococca mpVI 17-13-4, Fusarium
oxysporum, Fusarium graminearum (Gibberella zeae), and Fusarium verticilliodes
(Figure 4.1). Almost all of these hits from our initial homology search have been
previously identified as homologs to HET-s [37], with the exception of a newly identified
homolog, EEU39630.1 [GI: 256726268] from Nectria haematococca mpVI 17-13-4.

Interestingly, searching through non-significant hits to the HET-s PFD revealed
the presence of newly-identified remote HET-s homologs that lend a more complete
picture about the evolution of the HET-s PFD within fungi. We identified a HET-s
homolog with a PFD domain in Grosmannia clavigera kw1407 [Genbank: EFX05012.1,
GI: 320592582], which is a species that also belongs to the Sordariomyceta (Figure 4.1).
This protein was identified in the NR database with marginal significance levels
(E<=0.010 in psiblast iterations). Performing a reverse PSI-BLAST of this homologous
PFD domain in the NR database yields a significant match to Podospora anserina HET-s
residues 218-282 (E-value<0.005). We have also observed the presence of another small
s protein annotation in Arthroderma otae CBS 113480 (anamorph: Microsporum canis
CBS 113480), which is a more divergent Saccharomyceta species (Figure 4.1). This
protein was identified in both the NR [Genbank: XP 002843091, GI: 296804478] and
BROAD (MCYG_08174) datasets with marginal significance levels in BROAD
(E<=0.030 in psiblast iterations). Unlike the PFD homolog identified in G. clavigera,
which spans almost the entire length of the PFD (68 residues in G. clavigera compared to
72 residues in HET-s), the subsequence of 4.ofae matching against the PFD is much
shorter (49 residues). By taking the segment in 4.otae that matches only the PFD of
HET-s, and performing a reverse PSI-BLAST with default parameters for short

sequences, we find a significant match to Podospora anserina HET-s residues 271-289
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(E-value<0.005). Interestingly, the N-term of the A.otae small s protein exhibits
significant homology to the N-term of HET-s (E-value 2e-35 in a web-based search).
Given that the remote homology of the A. otae segment to HET-s PFD is unlikely to
occur beside a homology to the N-terminal HET-s domain, simply by chance, this
marginally detectable homology likely indicates a horizontal transfer from the
Sordariomycetes to Arthroderma otae (a Eurotiomycetes species). Indeed, the most
similar sequences to the N-terminal domain of the 4. otae protein come from the
Sordariomycetes species P. anserina and Fusarium oxysporum (43% and 42%
respectively, over 215 residues). Also, 6/10 of the most similar N-terminal domain
sequences come from Sordariomycetes species, and not Eurotiomycetes). To investigate
further this likely horizontal transfer, neighbor-joining phylogenetic analysis was
performed on the N-terminal domains of HET-s orthologs that significantly align to the
A. otae N-terminal domain protein sequence (Supplementary Figure S4.1). Regardless
of the parameters used, the 4. ofae sequence always clusters with high bootstrap support
(>80%) with the sequence from Fusarium oxysporum, within a larger grouping of
Sordariomycetes sequences (green box in Supplementary Figure S4.1). Indeed, this is
the only well-supported clustering between sequences from different phylogenetic fungal
classes.

To compare the evolution of the N-terminal and C-terminal (prion-forming)
domains that occur in the HET-s protein, we generated a similarity matrix for all proteins
containing significant homologs of both HET-s domains (n=11) (Figure 4.2,
Supplementary Table S4.1). We compared all pairwise similarities for the N-terminal
domains to the corresponding pairwise similarities for the C-terminal PFD (Figure 4.2,
Supplementary Table S4.1). The plot clearly shows that the C-terminal PFD is evolving
more rapidly that the N-terminal domain, with higher percentages of sequence identity
between the N-terminal domains as opposed to the C-terminal domains, and only one
pairwise comparison in disagreement amongst HET-s sequences from species other than
Podospora anserina. Despite this, the majority-rule consensus neighbor-joining trees
have similar clusterings of sequences (ignoring the tree branchings with <60% support)
(Figure 4.3). Taken collectively, the rapid evolution of the HET-s PFD we have
demonstrated, coupled with the limited phyletic distribution of PFD homologs we have
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observed, suggests innovation of the PFD in Sordariomyceta, followed by rapid evolution
in this domain, relative to the N-terminal domain. The additional marginal homolog in 4.
otae most likely arose by horizontal transfer, after innovation of the domain in

Sordariomycetes.
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Figure 4.1 Taxonomic lineage of homologs to the HET-s PFD.

The expanded taxonomic lineage of all species is presented. Actual species of HET-s
PFD homologs are highlighted in bold and underlined. The non-significant PFD
homologs from Arthroderma otae and Grosmannia clavigera (red boxes) are also

included for comparison.
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Figure 4.2 Graphical representation of the similarity matrix between N- and C-
terminal homologs of the PFD.

Each point on the graph represents the percent similarity of the C-terminal domains and
the N-terminal domains for a pair of PFD homologs. In addition to HET-s, ten PFD
homologs are represented. Pairs of homologs that include the HET-s or HET-S proteins
have been colored differently for comparison. Comparison of Podospora anserina

sequences to each other are circled (purple).

115



— L FGO08145.1 A
o0 100 FVEG_13490
200 FOXG_14669
N L EEU39630.1
100 — oe 100 EEU47148.1
71 — EEU38121.1
| o FG10600.1
72 100 HET-s
L0 HET-S
L FOXG 17103
L EEU42351.1
50.
Ll EEU47148.1 B
100 EEU38121.1
100 100 EEU39630.1
e L0 HET-s
QU HET-S
— FOXG_17103
i Los FG10600.1
EE N - EEU42351.1
— ——— FGO08145.1
— FVEG_13490
FOXG_14669
50.

Figure 4.3 Phylogenetic trees of homologs to the HET-s prion-forming and N-
terminal domains. (A) Phylogenetic tree of homologs to the HET-s prion-forming
domain. (B) Phylogenetic tree of homologs to the HET-s N-terminal domain.

The generated trees are neighbor-joining majority-rule consensus trees composed of 11
sequences. Sequences starting with EEU represent Nectria haematococca mpVI1 77-13-4,
FOXG represent Fusarium oxysporum f. sp. lycopersici, FVEG represent Fusarium
verticillioides (Gibberella moniliformis), and FG represent Fusarium graminearum
(Gibberella zeae). Branch numbers indicate the number of times the partition of the
species into two sets which are separated by that branch occurs among the trees, out of

100 trees, as described by Phylip consense program [33].
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4.4.3 Distribution of the HET-s solenoid fold in HET-s homologs

Threading of all identified homologs to the HET-s N-terminal and PFD against
the prion-forming solenoid [PDB: 2RNM] using pGenThreader [20] , identified 11
structural homologs from 5 species, almost all of which had already been previously
identified in the sequential analysis (Table 4.1). One of these homologs (FG10600.1) has
been addressed in a previous publication and a model similar to HET-s has been proposed
based on experimental analysis [10]. Two of the identified homologs (FOXG17103 and
FOXG17314) are 100% identical and were considered henceforth as one model (Table
4.1). Interestingly, in addition to these homologs that have been identified both by
sequential and structural analysis, we also identified one further potential structural
homolog through threading alone, i.e., TSTA 087480, in Talaromyces stipitatus (Table
4.1). However, for this case, absence of other known homologs to TSTA 087480
precludes further bioinformatic analysis.

We were able to successfully generate solenoid structural models for all identified
structural threadings of the C-terminal PFD using the MODELLER tool [21] and
pGenThreader-generated sequence alignments (Figure 4.4). The RMSD and
PROCHECK [22] calculations of our generated models compare favorably against the
template solenoid fold [PDB: 2RNM] (Table 4.1). Similar to the HET-s PFD, the
modeled proteins adopt a pseudorepetitive structure, where one chain is composed of two
turns of the solenoid, in addition to a conserved triangular hydrophobic core with similar
compositions of alanine (A) and the bulky hydrophobic residues of valine (V), isoleucine
(D), and phenyalanine (F) (Figure 4.4, Figure 4.5). The asparagine ladder, as previously
noted by Wasmer et al. [10] also remains largely conserved throughout the homologs
(Figure 4.5), although in some sequences, asparagines ladder residues are missing at the
appropriate positions. Few of the models retain the ability for formation of a salt bridge
pair at positions comparable to that of the 3 salt bridges of the PFD structure.
Additionally, we have observed changes in the length of the pseudorepeats which may
hinder the formation of a stable, repetitive fibril. For example, we have observed that the
first pseudorepeat “rung” is shorter by 2 residues than the second rung in the homologs
FVEG13490, FG08145, and FOXG14669. This length difference would yield an

irregular fibrillar stacking of the solenoid.
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We attempted to model structurally the small s proteins of the more divergent
PFD sequence homologs from Grosmannia clavigera and Arthroderma otae, to
determine if the conserved physicochemical properties of the HET-s structure could be
observed in these marginal remote homologs. The small s protein from G.clavigera could
easily be modeled against the solenoid structure, and similar to the other homologs,
retains pseudorepeats, a conserved hydrophobic core, and asparagines ladders.
Contrastingly, for the A.otae small s protein, all threading attempts using the entire
sequence were ranked as “GUESS” in pGenThreader [20], with the exception of chain A
of the solenoid structure [PDB: 2RNM], which ranked as “LOW” at 19% sequence
identity. Interestingly, an unambiguous sequence alignment in the 4. otae sequence could
be generated for only one rung of the PFD solenoid (not shown), indicating perhaps that

it comprises an obligate oligomer with a single solenoid rung.
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Table 4.1: HET-s homologs showing significant structural homology to the 2RNM solenoid.

Threading Accession Protein DB Structural Model
Score Number” Template Chain % RMSD! | Procheck®
Identity*
LOW [GI: 242774612] | Hypothetical protein, Talaromyces NR C 17.7 0.816 88.1
stipitatus, TSTA 087480
LOW EEU47148.1 Hypothetical protein, Nectria BROAD A 36.7 0.616 84.7
haematococca mpVI 77-13-4
LOW EEU42351.1 Hypothetical protein, Nectria BROAD C 31.6 0.736 82.8
haematococca mpVI 77-13-4
LOW EEU39630 Hypothetical protein, Nectria BROAD C 24.1 1.048 82.3
haematococca mpVI 77-13-4
MEDIUM EEU38121.1 Hypothetical protein, Nectria BROAD A 354 0.487 77.6
haematococca mpVI 77-13-4
LOW FOXG14669 Conserved hypothetical protein, BROAD C 342 1.460 81.8
Fusarium oxysporum
LOW FOXGI17103 or | Conserved hypothetical protein, BROAD C 29.1 1.073 80
FOXG17314 Fusarium oxysporum
LOW FVEG13490 Fusarium verticilliodes, hypothetical BROAD C 26.6 1.172 80.7
protein
LOW FG 08145.1 Hypothetical protein, Fusarium NR D 31.6 0.667 75
[GI: 46127535] | graminearum
MEDIUM FG 10600.1 Hypothetical protein, Fusarium NR A structure based on experimental analysis is proposed
[GI: 46138171] | graminearum by Wasmer et al, 2010 [10]
LOW [GI: 320592582] | Small s protein, Grosmannia NR A 26.6 0.492 83.3
clavigera kw1407

a: The Genbank (GI) identification number from NR and BROAD accession numbers are provided, where available.
b: NR: non-redundant database, BROAD: Broad Fungal Genomes Initiative
c: Percentage identity based on comparison with template in pGenThreader.
d: RMSD calculations are performed against the NMR model 9 of the [PDB: 2RNM] template.
e: Represents percentage of residues in the most favored region
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Figure 4.4 (next page)

Models of HET-s homologs with structural homology to the HET-s PFD.

The original solenoid [PDB: 2RNM] [6,7] is shown in the top left corner. Ten structural
homologs are represented, including the small s protein homolog from G. calivigera. The
structure of FG10600.1 has been shown by Wasmer ef a/ [10] and is not included here.
For each structure, two rungs for each solenoid are represented, with the first rung at the
top. Amino acids are color-coded as follows: acidic (Asp, Glu) in red, basic (Arg, Lys,
His) in blue, nonpolor (Met, Phe, Pro, Trp, Val, Leu, Ile, Ala) in white, polar (Ser, Thr,

Asn, Gln, Tyr) in green, and the protein backbone in yellow.
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Figure 4.5 Conserved physicochemical properties of the HET-s structure in
homologous solenoid models. The three chains of 2RNM (A, C, D), used as templates in
MODELLER, are represented (top). Beta sheet positions (as rendered in PyMOL) are
highlighted in yellow (unless colored to represent other physicochemical properties), and
helices are highlighted in red. The three salt bridge pairs (K229-E265, E234-K270, R236-
E272) of HET-s are highlighted in dark blue, light blue, and light green, respectively.
Asparagine ladders are represented in red boxes. The same coloring scheme has been
adapted to the 11 generated models against the HET-s solenoid structure. The small s
protein from G. clavigera (here, represented as Grosmannia), is also included for
comparison against its 2rnm:A template. For all models, gapped positions have been
removed for clarity, and the number of amino acids spanning the HET-s PFD are

indicated (out of 72 residues). The secondary structure of each model has been placed

above each sequence. Beta-strands are represented by yellow arrows and alpha-helices by
red boxes. Blank spaces between the yellow arrows represent 3 arcs within each solenoid
rung, and the long connecting loop between the two solenoid rungs in each model has
been represented by a grey flat line.
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4.4.4 Evolution of the HET-s N-terminal Domain across fungal clades

As opposed to the prion domain, which was likely innovated in Sordariomycetes,
homologs to the HET-s N-terminal domain are more widespread within fungi (Figure
4.6); however, the domain was not discovered outside of the fungal kingdom. As noted
above, analysis of the N-terminal domains of the PFD homologs indicates that, while
almost all of the domains share <50% identity with the HET-s or HET-S N-terminal
domains, the sequence similarity between these domains still exceeds that of the PFDs
(Figure 4.2). Comparing the N-terminal domains of the homologs to one another also
indicated that 8 pairs of homologous sequences (aside from those involving HET-s or
HET-S) share >50% sequence identity, twice the number observed for the C-terminal

PFDs (Supplementary Table S4.1).
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Figure 4.6 Taxonomic lineage of homologs to the N-Term domain. Species with
proteins homologous to the prion domain are highlighted in the red box. The marginal
additional homologs observed in Grosmannia clavigera and Arthroderma otae are
highlighted in the navy boxes.
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While an initial screen of the homologous sequences that contain the N-terminal
HET-s domain indicates that many are labeled as hypothetical or predicted proteins,
protein domain assignments reveal a wide diversity of domain architectures in HET-s
homologs (Figures 4.7 & 4.8). Forty HET-s homologs were mapped to 65 SCOP
domains (Supplementary Tables S4.2 and S4.3). Using the SUPERFAMILY HMM
search engine [26,27], these domains could be categorized into 10 superfamilies, with
ankyrin being the most prevalent, followed by the WD40 repeat-like and the UBC-like
domains (Figure 4.7). A phylogenetic analysis of these 40 homologs indicates that the
ankyrin repeat is largely predominant in Sordariomycetes (Figure 4.8). Using HMMs, we
also checked for the presence of HeLo (HET-s/LopB) domains in the entire sequences of
identified homologs to the HET-s N-terminal domain, and we identified 212 HeLo
domains in that set (Supplementary Table S4.4). The HeLo domain had been previously
identified based on >30% sequence similarity between the HET-s N-terminal domain and
a fungal loss-of-pathogenicity (LopB) protein from Leptosphaeria maculans [8,28]. In
this study, we identified a second LopB protein [GI: 189205459] from Pyrenophora
tritici-repentis Pt-1C-BFP with 30% similarity and 14% identity to the N-terminal
domain. Searching for the conserved HelLo domains using the HMM also yielded a
significant match to a HET-s/LopB domain from Metarhizium anisopliae ARSEF 23 [GI:
322703231, E-value 1.6e-10], as well as marginally significant matches [GI: 310797955,
GI: 317157340, GI: 317033349] in several proteins from Glomerella graminicola,
Aspergillus oryzae RIB40, and Aspergillus niger CBS 513.88, respectively
[corresponding E-values 0.0042, 0.00082, 0.00083]. We visually inspected the remaining
homologs of the N-terminal for any other HeLLo domain-containing proteins and
identified 3 more hits that are classified as containing a HeLo domain but which are not
detected using the HMM ([GI:212532807] from Penicillium marneffei ATCC 18224,
[G1:242776556] from Talaromyces stipitatus ATCC 10500, and [GI: 327353076] from
Ajellomyces dermatitidis ATCC 1818).
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Figure 4.7 Classification of 65 SCOP domains into superfamilies. These are the SCOP
domain superfamilies that co-occur with the HET-s protein domains. Ten superfamilies

are represented.
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Figure 4.8 SUPERFAMILY associations with the N-terminal homologs (n=36). A

majority-rule consensus tree is generated for N-terminal homologs which are

significantly associated with families identified using SUPERFAMILY. The clades of the

different proteins are also annotated, especially for proteins which belong to

'Sordariomycetes' or 'Eurotiomycetes'. Superfamilies associated with each protein are

indicated, and are abbreviated as follows:

CTCR: C-term (heme d1) of cytochrome reductase
P-loop NTH: P-loop containing nucleoside triphosphate hydrolase
NDST: Nucleoside-diphospho-sugar transferase
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4.5 DISCUSSION

The HET-s solenoid remains the only atomic resolution of a fibril known to date,
which raises an intriguing question of whether other amyloid-forming proteins that adopt
the HET-s solenoid shape exist, and whether they can be identified. To probe this
question, we have performed an exhaustive study for homologs of the HET-s prion-
forming solenoid domain to identify potential amyloid-forming proteins that adopt such a
shape in their native form or fibril states. Additionally, we investigated the evolutionary
relationship between the prion-forming solenoid, and the HET-s N-terminal domain.

Our evolutionary analysis of the prion-forming domain reveals that the PFD,
compared to the N-terminal domain, has limited phyletic distribution and has evolved
rapidly. Despite the use of the NR database and multiple queries based on psi-blast and
HMMs of the PFD, all results converge to the same set of homolog hits (n=11). This
indicated that a “restricted” profile HMM based on a small number of blast sequences has
not influenced the results. Remote homologs to the P. anserina PFD were identified (in
G. clavigera and A. otae), but with the exception of the remote homolog from 4.otae, all
the PFD homologs remain restricted to one fungal clade, Sordariomycetes. In several
species, the HET-s homologs exist as paralogous gene families, as we observed a single
HET-s protein in Podospora anserina, two in F. graminearum and four in N.
haematococca. A comparison of the sequence similarities for the PFD and N-terminal
domain of these homologs indicates a rapid divergence of the PFD compared to their
companion N-terminal alpha-helical domains, as indicated by their sequence similarity
matrix (Figure 4.2, Supplementary Table S4.1). In stark contrast to the limited phyletic
distribution of the PFD, we have identified a set of N-terminal homologs almost 14 times
larger than the PFD homolog set, and not surprisingly, with a larger evolutionary spread
within fungi (Figure 4.6). Based on the phyletic distribution of these domains, the
evolutionary point of attachment of the HET-s N-terminal domain and prion-forming
domain can be attributed to Sordariomyceta, with a marginal homolog in 4.otae that
probably arose by horizontal transfer. Parsimoniously, horizontal transfer is a more likely
event compared to multiple parallel gene loss events of the PFD in several fungal clades

associated with the N-terminal domain.
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The striking abundance and widespread phyletic distribution of homologs to the
N-terminal domain implies that it may serve several functions beyond heterokaryon
incompatibility and amyloidogenicity in many fungal species. Our protein domain
assignment analysis of the homologous sequences that contain the N-terminal domain
identified a wide diversity of protein domain partners. While many of the homologs to
the N-terminal domain are hypothetical proteins, we have successfully identified 10
proteins superfamilies, based on SCOP and SUPERFAMILY, in 10% of our homolog
dataset (Figure 4.7). The most common superfamily is the ankyrin repeat, followed by
the protein kinase-like (PK-like) domain, WD40 repeat-like, and UBC-like domains,
among others. Interestingly, all of the above-mentioned families are involved in protein-
protein interactions. The ankyrin repeat is of particular interest, as this repeat is
predominant in the HET-s homologs in Sordariomycetes (Figure 4.8). This repeat is a
common protein-protein interaction motif found in a variety of functionally diverse
proteins such as enzymes, toxins, and transcription factors [38]. Similarly, proteins
containing WD40 or tetratricopeptide (TPR) repeats serve as platforms for protein
complexes [39,40,41]; WDA40 repeats are found in G proteins that participate in
transmembrane signaling machinery, as well as proteins involved in RNA-processing
complexes [39,40].

In addition to protein-protein interactions, another underlying functionality we
have observed, both in the HET-s N-terminal and prion-forming domains, is that of
‘pathogenicity’. While previous studies of the N-terminal homologs did not identify any
homologs with a known function, a new HET-s/LopB (HeLo) domain had been identified
based on a 31% similarity of the HET-s N-terminal domain to the loss-of-pathogenicity
(LopB) protein from the Dothideomycete fungus Leptosphaeria maculans, a fungus that
causes blackleg disease of Brassica napus [8,28]. In current literature, 23 representative
HeLo domains have been identified to date [8,28]. We searched for these proteins in our
list of homologs, and in addition to these representative proteins, we identified a second
loss-of-pathogenicity protein (LopB) in the Dothideomycete fungus Pyrenophora tritici-
repentis, and 212 HeLo domains in more than 40 species (Supplementary Table S4.4).
Notably, we observed that the species of many of the PFD structural homologs we have

identified, such as Nectria haematococca mpVI 17-13-4, Fusarium oxsyporum, and

128



Fusarium graminearum, are all plant pathogens, causing diseases such as wheat
headblight disease and Fusarium wilt disease [42,43].

Our evolutionary search for sequential homologs to the HET-s PFD, and
subsequent analysis on structural homologs to the HET-s solenoid structure, sheds light
on the contribution of the HET-s solenoid fold to fibril formation and stability in
amyloid-forming proteins. As the HET-s solenoid shape remains the only atomic
structure for a fibril to date, to what extent do other proteins share this fold? From an
evolutionary perspective, our analysis of the PFD solenoid, and the limited phyletic
distribution of PFD structural homologs we have observed, suggest that the HET-s
solenoid shape has ‘limited scope’ for amyloidosis. The restriction of this particular left-
handed B-solenoid to filamentous ascomycotes strikingly contrasts against that of a
‘generic’ left-handed beta-helix found in almost all phyla [44], and which is the current
proposed model for fibrils of prions and other amyloid-forming proteins that are not
necessarily fungal [45,46,47,48,49,50,51]. Interestingly, at face value, the HET-s
solenoid is an attractive candidate for the formation of stable fibrils in the structural
homologs we have identified: this shape is easily modelled in the homologs we have
identified (despite poor sequence identity), and could even be modelled in remote
homologs to the PFD, such as the small s protein of G. clavigera (Figure 4.4 and Figure
4.5), and even in A4.otae. Several characteristic physicochemical properties of HET-s
remained conserved within these models, such as a conserved triangular hydrophobic
core with enrichment for hydrophobic bulky residues, and conserved asparagine ladders
at comparable positions to the HET-s PFD (Figure 4.5). Such characteristics are
amenable for fibril formation in some structural homologs such as FG10600.1, whereby
the structural conservation in this solenoid allowed for HET-s and FG10600.1 amyloid
cross-seeding experiments [10]. However, a closer inspection of structural homologs to
the PFD indicates that the potential for salt-bridge formation is largely lacking, with
several homologs only partaking in one possible salt-bridge pair compared to the 3 salt
bridges in HET-s (Figure 4.5). Additionally, in at least three of the structural homologs
we have analyzed, we observe a discrepancy in the length of the rungs composing the
pseudorepetitive solenoid, such that the first rung is shorter than the second rung in the

solenoid monomer. If these homologs do indeed form fibrils, they would be built on the
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stacking of structurally different units, and as such, there would a noticeable “shift” in the
hydrophobic core, asparagine ladders, and salt bridges between different units of the
solenoid. These shifts in the inter- and intra-molecular bonds of the solenoid monomers
may hinder stability of the resultant fibril; this remains to be determined by experimental
analysis. Based on our analysis however, the contribution of the HET-s shape to future
amyloid forming proteins is quite limited, and for many of the structural homologs that
can adopt that shape, structural and energetic hindrances would need to be overcome
before formation of a stable fibril.

We have performed an evolutionary, functional, and structural bioinformatics
analysis of homologs to the HET-s prion-forming domain, and we compare our findings
against the identified homologs of the HET-s N-terminal domain. Based on phylogenetic
analysis, we conclude that the HET-s PFD has a limited phyletic distribution in the
kingdom of life, especially within fungi, but is also highly evolving compared to the N-
terminal domain. Using fold recognition techniques, we have predicted a set of PFD
homologous structures which are amenable to adopting a B-solenoid fold, but which lack
many of the characteristics of the HET-s solenoid that promote the formation of stable
fibrils. Accordingly, we conclude that the HET-s shape has ‘limited scope’ for
amyloidosis across the wider protein universe. Additionally, we assessed the tandem
evolution of the HET-s N-terminal and prion-forming domains and identified functional
linkages of the N-terminal homologs. Our research suggests that the HET-s N-terminal
domain has a widespread phyletic distribution and may contribute to several protein-

protein interactions besides heterokaryon incompatability.
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Identification of ambiguous encoding in protein secondary sequences and tertiary
structure is paramount to develop an understanding of key protein segments underlying
many conformational diseases. Critical assessment of these structurally-ambivalent
peptides is especially important for virulent proteins whose amyloid formation leads to a
vast array of neurological disorders. Much of the research in this thesis centers
specifically on the prion protein, for which a self-templating mechanism towards fibril
and amyloid formation has been proposed, and which has become a precedent for a
growing paradigm witnessed in many amyloid-forming proteins. The analysis on PrP
serves as a template for which similar studies can be conducted on amyloid-forming
proteins, given the parallels observed in amyloid formation, structures and morphologies
across these proteins. The presented thesis exploits on a common theme underlying
amyloid formation: the necessity for a protein to adopt a conformational change into a f3-
sheet rich isoform that facilitates its packing into pathogenic assemblies. To this end,
Chapters II and III analyze for conformational change in PrP and amyloid-forming
proteins via bioinformatic analyses of secondary sequences and tertiary protein
structures, respectively. Chapter IV analyzes for conformational change on a grander
scope, by attempting to identify protein sequences that are able to adopt an alternative
fold that resembles that of an amyloid fibril.

Prediction and identification of amyloidogenic segments in proteins remains a
compelling and challenging endeavor, despite experimental and computational
advancements in this area. The premise that conformationally-variable segments in
proteins are potentially amyloidogenic is a straightforward one, but as I have
demonstrated in Chapter II, this relationship is not clear-cut across the protein universe.
Understandably, secondary structural conformational change is an intrinsic factor in
algorithms that predict amyloidogenic segments in proteins, and its exact association with
amyloidogenicity warrants a study in its own right. The novelty of the research presented
in Chapter II is the elucidation of the statistical relationship between amyloidogenicity
and each of the structurally ambivalent discordant and chameleon peptide classes.
Despite that discordance was hypothesized to be associated with amyloidogenicity more
than a decade ago, the work presented here demonstrates, for the first time, that

discordance is weakly tied to amyloidogenicity and may serve instead other protein
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functions that rely on conformational variability, such as protein-ligand interactions and
viral replication. Compared to discordance, the natural phenomenon of chameleonism
observed in proteins is no more advantageous in amyloidogenesis, as enrichment of
chameleon peptides in amyloid-forming proteins is severely lacking. From a biological
perspective, this study categorically refutes the erroneous assumption that ‘every protein
segment demonstrating conformational change from a—> 3 secondary structure is equally
prone to amyloidogenicity’. From a computational perspective, this study stresses the
shortcomings of secondary structure prediction algorithms to predict amyloidogenic
segments. Indeed, identified enrichment levels of discordant and chameleon peptides in
amyloid-forming proteins, however slight, are heavily dependent on the predictive
algorithm being used to identify them. Such inconsistencies are problematic for
sequence-based amyloid prediction algorithms that rely on ‘secondary structure
propensity’ as a main factor in their decision making.

Assessment of protein flexibility by analysis of tertiary protein structures is a
logical step that overcomes many limitations posed by secondary-structure algorithms in
proper prediction of amyloidogenic segments. Computational modeling of protein folding
facilitates the understanding of dominant protein motions underlying key biological
functions, knowledge that can be harnessed to improve prediction of amyloidogenic
segments in proteins involved in conformational disease. While this seems to be a
forgone conclusion, the greatest caveat of such an approach is extracting true biological
information from hordes of background noise. Experimental methods towards elucidation
of structures, such as X-ray and NMR, are designed mainly to provide a static 3D
representation of biomolecules, and accordingly, fail to provide a full description of
structural changes undergone by proteins as function of time [1]. Overcoming this
constraint using Molecular Dynamic simulations has introduced its own problems
however, mainly the requirement for long time-scales to observe a single folding event,
and a large number of trajectories to obtain reasonable statistics and provide a complete
picture of the folding process [2]. Chapter III adopts a different approach that maximizes
on the structural information provided by X-ray and NMR structures while refraining

from the multidimensional complexities of MD simulations.
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The presented PCA analysis in Chapter III adopts a novel and interesting
approach to analyzing protein motions within prion proteins. While the use of PCA in
multidimensionality reduction and elucidation of protein motion is not a novel concept in
itself, the novelty of the presented work is two-fold, both biological and computational.
Biologically, this novelty stems from the application of the technique onto native
globular structures of the Prion family, the first study of its kind for PrP, and indeed any
amyloid-forming protein. Accordingly, this analysis exemplifies futuristic studies that
can be conducted on amyloid-forming proteins and the benefits that can be reaped from
such an analysis. Computationally, the application of the technique onto multiple NMR
structures represents a new target base for PCA-based analysis, and the use of a PC-based
domain ranking method represents a new overture towards utilizing knowledge reaped
from PCA in understanding biological phenomena.

The proposed PC-based domain rankings presented in Chapter III succeed in
reflecting species variation and TSE susceptibility of PrPs, and have applications in
future studies of PrP mutant structures in specific species and across the wider spectrum
of TSE-non-susceptible or TSE-susceptible prion structures. In the analysis of human PrP
mutant structures for example, I have demonstrated domain perturbations arising from
each mutation that reflect upon the human TSE diseases of GSS, FFI, and CJD. The
highest-ranking domains in terms of their importance with each of the diseases indicates
‘localized hot spots’ within these mutant structures that can be further assessed
experimentally, and which can ultimately serve as potential target sites for inhibitors
against that particular disease. An analysis of PrP structures across multiple species has
also succeeded in identifying “structural signatures” for PrPs of different evolutionary
groups. This is particularly intriguing for TSE transmissibility studies, given the added
observation that the structural differentiation observed in the PrP structures does not
necessarily coincide with evolutionary divergence. These results raise new questions
about the possible interplay between different structural solutions to TSE resistance.

The results presented in Chapter III are strengthened by experimental and
computational observations that reflect the importance of the identified domains in the
PrP conversion process, as well as the strength of the employed technique. As we have

demonstrated in the discussion Chapter III, the results are supported by experimental and
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computational analyses that have highlighted variable domains of PrP during the PrP
conversion process. Arguably, another way to confirm validity of the conformationally
flexible domains identified here is to compare them against studies that have identified
rigid domains of PrP, which would represent the ‘reverse complement’ of this analysis.
PCA had been applied on MD simulations of PrP [3,4] to characterize local flexibility in
8 different species, including human, cow, elk, cat, hamster, chicken, turtle and frog. In
these studies, the authors identified ‘dynamic domains’ that represent correlated motion
of protein movement (same direction, speed, and time) throughout a simulation; these
dynamic domains represent rigid domains of the protein. Based on this analysis, the H2
& H3 helices represent the largest dynamic domain, followed by H1, while the S2-H2
loop exhibits varying degrees of flexibility in TSE-resistant species [3,4]. These results
complement the presented work in Chapter IV and indicate that the method presented in
this thesis is can produce competent results in a faster and reliable manner.

Collectively, Chapters II and III test for conformational changes in secondary
sequences and tertiary structures of prions and amyloid-forming proteins. The latter
analysis in Chapter III suggests key areas of PrP that are prone to conversion between the
PrP® and PrP°¢ isoforms. While this conversion process remains disputable, an equally
interesting puzzle, whether in PrP or other amyloidogenic proteins, is the final adopted
shape of an amyloid fibril. As previously discussed, this shape has been alluded to
experimentally in the form a common cross-f spine core and parallel in-register
arrangements on protein peptides, as well as speculative LBH-based structures derived
from molecular modeling and simulation exercises. The recently solved amyloid fibril
structure of HET-s raises the question of whether the HET-s solenoid fold serves as an
archetype for the complete atomic structure of all amyloid fibrils. At the onset, the HET-s
solenoid fold, being a left-handed beta-helix with the common characteristics of a cross-f3
spine arrangement, seems to be an ideal prototype. Arguably however, LBH-structures
have not been documented in humans or mammals, which encompass the larger number
of pathogenic, amyloid-forming proteins. The analysis presented in Chapter IV answers
these contradictions by assessing the prevalence of the HET-s B-solenoid across the wider
protein universe. Such an assessment also serves the added purpose of identifying new,

potential amyloid forming proteins that may adopt the solenoid fold in their native form
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or fibril states. The limited scope of the HET-s solenoid fold in amyloidosis, as
demonstrated using structural and evolutionary analyses, indicates that the HET-s
solenoid fold is not the typical atomic structure of an amyloid fibril. This still however
leaves the possibility of ‘generic’ left-handed beta-helix amyloid fold, but that remains to
be discovered by experimental methods.

The research presented within this thesis lays the groundwork for similar and
future studies that can be conducted on known amyloid-forming proteins or potential
amyloidogenic candidates. Detection of amyloidogenic segments in proteins remains of
paramount importance towards understanding the role these peptides and domains play in

amyloidosis in conformational diseases.
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A.1: Figures

FIGURE S2.1
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FIGURE S2.2
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A.2: Tables

TABLE S2.1: Complete List of 119 discordant stretches identified from the SCOP domain dataset. The amino acids positions of

the stretches (numbered from the start of each protein chain) are recorded. Details of the discordant protein (PDB, chain, CATH,

Protein representations, and species) are shown.

A Snapshot of the table is shown here. For the entire table, please consult the online supplementary material of this

article (Supporting Information Table I) at: http://onlinelibrary.wiley.com/doi/10.1002/pro.590/full

Uniprot SCOP PDB & Discordant Region
Accession | domain Chain Stretch Length Area CATH Protein Organism
Mainly alpha, | Influenza virus
up-down matrix protein Influenza A virus
P03485 dlaa7a laa7:A fvftlt 6 62-67 | bundle M1 [TaxId: 11320]}
Alpha Beta, Bacteriophage
alpha-beta lambda lambda [TaxId:
P03697 dlavqa lavq:A smwvt 5 163-167 | complex exonuclease 107107}
Alpha Beta, Bacteriophage
alpha-beta lambda lambda [TaxId:
P03697 dlavqga lavq:A rtifef 6 91-96 | complex exonuclease 10710]}
Mainly alpha, Human (Homo
orthogonal alpha- sapiens) [TaxId:
P00709 dlb9%ca | 1b9%0:A lictmf 6 26-31 | bundle Lactalbumin 96061}
Transcription
Mainly alpha, | factor MotA,
orthogonal activation Bacteriophage T4
P22915 dlbjaa lbja:A tyiik 5 4-8 bundle domain [TaxId: 10665]}
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TABLE S2.2:

Discordant stretches from SCOP which exhibit chameleon conformational

properties. 28 discordant stretches with chameleonic properties are identified.

Corresponding chameleon proteins are represented in the format

(PDB:chain).DS=Discordant Stretch

DS DS
PDB Region | Sequence | Protein Chameleon Sequences
TYTLVL | Trichodiene
1kiy:A 94-99 synthase 1v5v:A, 1v5v:B
VNITI ledk:C, 1edj:A, 1fnl:A, 1hfl, 1op8:F,
Prion protein 1op8:C, 1op8:D, 2vov:A, 2vow:A,
lidm:A 62-66 domain 2vox:A
FSYVV liic:A, liic:B, liid:A, 2nmt:A,
2p6e:F, 2p6e:E, 2p6e:C, 2pbe:A,
2p6e:B, 2p6e:D, 2p6f:F, 2p6fE,
2p6f:C, 2p6f:A, 2p6f:B, 2p6f:D,
Triacylglycerol | 2p6g:F, 2p6g:E, 2p6g:C, 2p6g:A,
Itca:A | 232-236 lipase 2p6g:B, 2p6g:D
VYSLK 1a22:B, laxi:B, 1hwg:B, 1hwg:C,
lhwh:B, 3hhr:B, 3hhr:C, 1kf9:F,
HSV 1kf9:E, 1kf9:C, 1kf9:B, 2aew:A,
ljma:A | 233-237 glycoprotein D | 2aew:B
IIVFY Retinoblastom
a tumor
suppressor lamo:A, lamo:B, 1blc:A, 1j9z:A,
Igux:B | 108-112 domains 179z:B, 1ja0:A, ljal:A, 1jal:B
LRVAV 1bl7:A, 1di9:A, 1kvl:A, 1wfc:A,
Inh7:A, 1nh8:A, louk:A, louy:A,
love:A, lozl:A, 1r3c:A, Iw7h:A,
1w82:A, 1w83:A, 1w84:A, 1wbn:A,
Iwbo:A, Iwbs:A, 1wbt:A, I1wbv:A,
Iwbw:A, 1yqj:A, 1zyj:A, 1zz2:A,
2bak:A, 2bal:A, 2baq:A, 2cvh:A,
2cvh:B, 2fju:B, 2fsl: X, 2fsm:X
Allene oxide 2fs0:X, 2fst: X, 2gfs:A, 2i0h:A,
synthase- 2npq:A, 20kr:A, 20kr:D, 2onl:B,
lipoxygenase 2onl:A, 2p5Sa:A, 2pkj:A, 2ptj:A,
protein, N- 2pv5:A, 2pv8:A, 2rg6: A, 3bv2:A,
terminal 2bv3:A, 3bx5:A, 3c5u:A, 3d7z:A,
luSu:A | 346-350 domain 3d83:A, 3dtl:A, 3e92:A, 3e93:A
RYYAA | Prion-like
1i117:A 27-31 protein Doppel | lcfr:A
1fjh:A 82-86 | VVSVN 3-alpha- 1dfa:A, 1ef0:A, 1vde:A, 1vde:B,
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hydroxysteroid
dehydrogenase

2thi:A, 2thi:B, 3thi:A, 1jva:A,
Ijva:B, 1lws:A, lum2:A, lum2:B,
2r41:C, 2rdi:A, 2r4i:B, 2r4i:D

GVIVT lhzp:A, 1Thzp:B, ImIm:A, ImIm:B,
lokk:D, 11j9:A, 1ube:A, 1ube:B,
lu6s:A, 1u6s:B, 2ahb:A, 2ahb:B,
2aj9:A, 22j9:B, 2cnw:F, 2cnw:E,
2cnw:D, 2iyl:D, 2j7p:E, 2j7p:D,
2q9a:A, 2q9a:B, 2q9b:A, 2q9b:B,
2q9c:A, 2q9¢:B, 2gnx:A, 2gqnx:B,
2qny:A, 2qny:B, 2qnz:A, 2qnz:B,

Glutamate 2q00:A, 2q00:B, 2qO1:A, 2qO1:B,
mutase, large 2qgx1:A, 2gx1:B, 3dii:A, 3dii:B,
Iccw:B | 306-310 subunit 3dij:A, 3dij:B
IWVSY Nicotinamide
mononucleotid
e (NMN)
adenylyltransfe
1f9a:A 80-84 rase Ijnd: A, 1jne:A
TALVA Eukaryotic
mono-ADP- 1jxh:A, 1jxi:A, 1jxi:B, 2eay:A,
ribosyltransfer | 2eay:B, 2uzh:C, 2uzh:A, 2uzh:B,
lgxy:A 70-74 ase ART2.2 3ddy:A, 111:A
VITTH Hypothetical Irla:1, 2hwd:1, 2hwe:1, 2hwf:1,
Imgp:A | 259-263 protein TM841 | 1rla:4
RIYLE Colicin D
nuclease 1s30:A, 1s30:B, 2dud:A,
1v74:A | 99-103 domain 2dud:B,3ull:A, 3ull:B

GVTWV lorv:C, lorv:B, lorv:A, lorv:D,
lorw:C, lorw:A, lorw:B, lorw:D,
2aj8:A, 2aj8:B, 2aj8:D, 2ajb:C,
2ajb:A, 2ajb:B, 2ajb:D, 2ajc:C,
2ajc:A, 2ajc:B, 2ajc:D, 2ajd:C,

Microbial 2ajd:B, 2ajd:D, 2bua:C, 2bua:A,
transglutamina | 2bua:B, 2bua:D, 2buc:C, 2buc:A,
liud:A 66-70 se 2buc:B, 2buc:D

TTIVD Monomethyla

mine
methyltransfer | Infg:C, Infg:A, Infg:B, Infg:D,
Inth:A | 273-277 ase MtmB Inu5:A

IVVVV Potassium 2iut:A, 2iut:B, 2iuu:F, 2iuu:A,

lors:C 21-25 channel KVAP | 2iuu:E, 2iuu:B, 2ivu:D, 2iuu:C

RLVLL Hypothetical

protein
AT5G08430 lzsw:A, 2dbs: A, 2dbs:B, 2i6t:A,
1v32:A 67-71 (rafl09-47-k03) | 2i6t:B, 2k6v:A, 3d12:A, 3d12:B
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1k8k:G

129-133

IVRVL

Arp2/3
complex 16
kDa subunit
ARPCS5

2dgy:A

1w7b:A

267-271

VLIRI

Annexin 1

2hé6e: A

3pvi:A

88-92

VIIAK

Restriction
endonuclease
Pvull

2g81:A, 2g81:B, 3bgw:A, 3bh0:A,

1jb0: A

399-403

IFMVR

Apoprotein al,
PsaA

2vvg:A, 2vvg:B

1kf6:D

14-18

FWGLF

Fumarate
reductase
subunit FrdD

3cmg:A

2mev:1

33-37

VAFFY

Mengo
encephalomyo
carditis virus
coat proteins

1jy:A, 1tm2:A

I1xg7:A

149-153

IVFTV

Hypothetical
protein PF0904

2hew:F, 2hey:F, 2hey;G

Imuk:A

505-509

SVAIL

Reovirus

polymerase
lambda3

1knx:C, 1knx:B, 1knx:D

lotk:A

TAYTL

Phenylacetic
acid
degradation
protein PaaC

11pd:A, 1r10:A

Irlg:A

10-14

VKCVA

Neurotoxin
bmk37

Ibdg:A

lgu2:A

32-36

KIFFN

Cytochrome c"

1d9k:A, 1kb5:H
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TABLE S2.3:

Complete list of discordant and
chameleon segments in the prion-like
superfamily. For segments which are
also chameleonic, corresponding PDBs
(PDB:Chain) are shown. Chameleon
sequences recorded are only those
which are observed in known helices.
Predicted fibril-forming hexapeptides
are provided for the entire protein
sequence.

A Snapshot of the table is
shown here. For the entire table,
please consult the online
supplementary material of this article
(Supporting Information Table III)
at:
http://onlinelibrary.wiley.com/doi/10.
1002/pro.590/full

Prion
Database
Entry

Species

Discordant
Segment &
Sequence

Chameleon
Segaent &
Sequence

Predicted Fibril
Hexapeptide

ley=: A

PrP House [Mu= musculus]

60-64: WHITI

9z-86 : DVEMH
§7-91 : ERVVE
g0-84 : ETDVK
88-92 : RVVEQ
60-64 : VHITI
95-99 : VTQVQ
99-93 : VVEOQH

1-6: WVGGLG

16-21: REFMIHF
18-23: MIHFGH
19-24: THFGHD
26—31: EDEYVE
2=7: WGGLGGE

27-32: DRYYRE
28-33: RYYREN
29-34: YVYREEWH
30-35: YRENMY
32-37: ENMYRY
S6—61: WHDCVH
57-62: HDCVNHI
58-63: DCVHIT
59-64: CVNITI
60-65: WHITIK
61-66: NITIKQ
62-67: ITIKQH
63-68: TIKQHT
64-69: IEKQHTV
65-70: KQHTVT
66—71: QHTVTT
67-72: HTVTTT
68-73: TVTTTT
86-91: MERVVE
§7-92:. ERVVEQ
98-93: EVVEQH
89-94: VVEQMC
90-95: VEQHCY
91-96: EQMCVT

1bl0:A

FrP Golden hamster [Hesocricetus
auratus]

S56-60: WHITI

93-87 : ERVVE
5-9 : MLGSA

62-66 : QHTVT
84-88 : RVVEQ
77-81 : TDIKI
56-60 : VHITI
95-89 : VVEOQH

22-27:. EDRYYR
23-28: DRYYRE
24-29: REYYREN
25-30: YYREEWH
44-49: QYNHNON
52-57: WHDCVH
53-58: HDCVNI
54-59: DCVHIT
55-60: CVHITI
S6-61: WHITIK
57-62: NITIKQ
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TABLE S2.4: Discordant Proteins with metal-ion binding properties. All discordant

proteins that are metal-ion binding are listed (first row). Subsequent rows indicate

discordant proteins associated with GO children terms (numbered according to GO tree).

Proteins which exhibit hydrolase activity are in bold & italics.

Molecular Number of Discordant Proteins
Function Discordant
Proteins

Metal ion binding 15 Single-stranded DNA-binding protein; Polyphenol

GO:0046872 oxidase I, chloroplastic; Vanadium chloroperoxidase;
Cytochrome c"; Lambda Exonuclease;
Peptide deformylase; Hemophore HasA; Peptidyl-Lys
metalloendopeptidase; Type-2 restriction enzyme
NgoMI1V; Allene oxide synthase-lipoxygenase
protein;
Cytochrome c oxidase subunit 1; Cytochrome b6;
Photosystem I P700 chlorophyll a apoprotein Al;
Type-2 restriction enzyme Pvull; Extracellular small
neutral protease

1. Calcium 6 Annexin; Annexin A2; SPARC;

Ion Binding Alpha-lactalbumin; Allene oxide synthase-

GO:0005509 lipoxygenase protein; Extracellular small neutral
protease

2. Magnesium 6 BstYI; Lambda Exonuclease; Intron-associated

Ion Binding endonuclease 1; Photosystem I P700 chlorophyll a

G0:0000287 apoprotein Al;
Type-2 restriction enzyme NgoMIV;
Type-2 restriction enzyme Pvull

3.Transition |  ---—--

Metal Ion Binding

G0:0046914

3A.Copper lon 4 Major prion protein; SPARC;

Binding Cytochrome c oxidase subunit 1;

G0:0005507 Polyphenol oxidase I, chloroplastic

3B. Iron Ion 6 Cytochrome c"; Cytochrome b6;

Binding Peptide deformylase; Hemophore HasA;

GO:0005506 Allene oxide synthase-lipoxygenase protein;
Photosystem I P700 chlorophyll a apoprotein Al;

3C. Zinc Ion 3 Single-stranded DNA-binding protein;

Binding Peptidyl-Lys metalloendopeptidase;

G0:0008270 Extracellular small neutral protease;

3D. Cobalt Ion 2 Methylaspartate mutase E chain;

Binding Adenosylcobalamin-dependent ribonucleoside-

G0O:0050897 triphosphate reductase
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TABLE S2.5:

List of Pathogenic and Non-pathogenic Amyloid-forming Proteins (n=50) used in

this study for chameleon analysis.

Uniprot PDB Protein Pathogenic
Identifier (PA) or Non-
pathogenic
(NA)
ACYP2 HORS | 1APS Acylphosphatase PA
E
ADHI1 _YEAST | 2HCY | Alcohol dehydrogenase 1, Saccharomyces NA
cerevisiae
HMGBI1 RAT | 1CKT Amphoterin, rat PA
HMGBI1 RAT | 2GZK Amphoterin, rat PA
A4 HUMAN | 1AAP Amyloid beta A4 protein PA
A4 HUMAN | IMWP Amyloid beta A4 protein PA
A4 HUMAN | 1RW6 Amyloid beta A4 protein PA
A4 HUMAN | 2FMA Amyloid beta A4 protein PA
A4 HUMAN | 2G47 Amyloid beta A4 protein PA
A4 HUMAN | 3DXE Amyloid beta A4 protein PA
ANDR HUMA | 2AX6 androgen receptor protein PA
N
ANDR HUMA | 3BTR androgen receptor protein PA
N
CY552 HYDT | 1YNR Apo-cytochrome C552, H. thermophilus NA
T
APOA1 HUM | 2A01 Apolipoprotein Al PA
AN
APOA2 HUM | 20Ul Apolipoprotein A2 PA
AN
APOC2 HUM 115J Apolipoprotein C-1I NA
AN
SYUA HUMA | 1XQ8 a-synuclein PA
N
ATX1 HUMA | 10AS8 Ataxin-1 PA
N
ATX2 HUMA | 3KTR Ataxin-2 PA
N
ATX3 HUMA | 2JRI Ataxin-3 PA
N
ANF HUMAN | 1YKO Atrial Naturetic factor PA
B2MG HUMA | 1K5N B2 Microglobulin PA
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N

LACB BOVIN | 1BEB B-lactoglobulin NA
F13A HUMA | 1EXO0 Coagulation factor XIII, H. sapiens NA
N
CSPB_ BACSU | 2ES2 | Cold Shock Protein, cspB, Bacilus subtilis NA
CYTC HUMA | 3GAX Cystatin C PA
N
CY1 BOVIN 1PPJ Cytochrome c, B.taurus NA
COIA1 HUM | 1BNL Endostatin NA
AN
COIA1 HUM | 3HSH Endostatin NA
AN
FIBA HUMA | 1FZD Fibrinogen a-chain PA
N
FINC MOUSE | IMFN Fibronectin, Mus musculus NA
GAGA DROM | 1YUI GAGA factor, Drosophila NA
E
GELS HUMA | 1KCQ Gelsolin PA
N
GELS HUMA | 1T44 Gelsolin PA
N
GELS HUMA | 2FHI1 Gelsolin PA
N
Q03689 2RNM Het-S NA
GB _HHVIK | 2GUM HSV glycoprotein B NA
CYTB_HUMA | 20CT Human Stefin B/Cystatin B PA
N
INS HUMAN | 1MSO Insulin PA
IAPP_HUMAN | 3G7W Islet Amyloid Polypeptide PA
BGH3 HUMA | 2VXP Kerato-epithelin/Transforming growth PA
N factor-beta-induced protein ig-h3
TTHY HUMA | 1F86 Lactoferrin/lactotransferrin PA
N
TRFL HUMA | 1H45 Lactoferrin/lactotransferrin PA
N
LAMA1 MOU | 2JD4 Laminin alpha-1 chain, G-like domain, PA
SE mouse
LYSC HUMA | 1JSF Lysozyme PA
N
AMPM PYRF | 1XGS Methionine aminopeptidase, P. furiosus NA
U
MONB_DIOC | 209U Monellin NA
U
MYG HORSE | 2VIF Myoglobin, horse heart NA
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PABP2 HUM | 3B4D Nuclear poly(A) binding protein PA
AN
P53 HUMAN | 1DT7 pS3 protein NA
P53 HUMAN | I0LG p53 protein NA
P53 HUMAN | 2B3G pS3 protein NA
P53 HUMAN | 3D06 p53 protein NA
P53 HUMAN | 3DAC p53 protein NA
P85A BOVIN | 1003 p85 phosphatidyl inositol-3-kinase (SH3 NA
domain)
P85SA BOVIN | 1PNJ p85 phosphatidyl inositol-3-kinase (SH3 NA
domain)
P85A BOVIN | 1QAD p85 phosphatidyl inositol-3-kinase (SH3 NA
domain)
P85B BOVIN | 3L4Q Phosphatidylinositol 3-kinase (P13-SH3) NA
PGK YEAST | 1FW8 phosphoglycerate kinase, yeast NA
PRIO_ HUMA | 3HAK Prion PA
N
CBPA2 HUM | 1DTD | Procarboxypeptidase A2 activation domain, NA
AN H. sapiens
CBPA2 HUM | 106X | Procarboxypeptidase A2 activation domain, NA
AN H. sapiens
PRL HUMAN | 3D48 Prolactin PA
RNSA STRAU | 1LNI RNase Sa, S. aureofaciens NA
SODC HUMA | IMFM Superoxide dismutase PA
N
TBP_ HUMAN | 1ICDW TATA-box-binding protein PA
LIPB CANAR | 3ICV Triacylglycerol lipase, C. antartica NA
URE2 YEAST | 1KOD Ure2p yeast NA
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TABLE S2.6:

List of Amyloidogenic Determinants (n=45) for chameleon analysis. For determinants for which a 3D structure is known, the

corresponding PDB:Chain and start and end positions are indicated. Of the determinants with a 3D structure representation, 17

determinants had helices >5 residues long (bold).

Start
PROTEIN AMYLOIDOGENIC DETERMINANT PDB Pos. End Pos.
_ GVATVA Sl 56
a-Synuclein VGGAVVTGVTAVAQKTV 1XQ8:A 66 82
GSIAAAT 86 92
DIQKVAGTWY 11 20
. KYLLFCMENS 101 110
b-Lactoglobulin SLVCQCLVRTP 116 126
HIRLSFEN IBEB:A 146 152
SNFLNCYVSGFHPSDIEVDLLK 20 41
B2-Microglobulin KDWSEFYLLYYTEFTPTEKDEYACRVNHVTLSQPKIVKWDRDM 1B0OG:B 58 99
RVQGVCFRMYTEDEAR 16 31
Acylphosphatase, human muscle | SKLEYSNFSIRY 1APS:A 87 98
Amphoterin, rat MSSYAFFVQTCREEHK 1CKT:A 12 27
Apolipoprotein C-11 MSTYTGIFTDQ 1SOH:A 60 70
Cold shock protein, cspB, MLEGKVKWENSEKGFGFIEVEGQDDVEVHFSAIQGEGFKTLEEGQA
Bacillus subtilis VSFEIVEGNRGPQAANVTKEA 2ES2:A 1 67
Gelsolin SFNNGDCFILDLGNNIHQWCGSNSNRYER 1IKCQ:A 182 210
Human complement receptor type
1 STNRENFHYGSVVTYRS 1GKG:A 1038 1054
LYQLEN 1XDA:A 13 18
Insulin LVEALYL 1XDA:B 11 17
Kerato-epithelin FSMLVAAIQSAGLTETLN 1X3B:A 515 532
Lactoferrin NAGDVAFV ILFH:A 538 545
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Laminin alpha-1 chain, Glike

domain, mouse SAKVDAIGLEIV 2JD4:A 2919 2930
Lysozyme, human IFQINS IREX:A 56 61
GLSDGEWQQVLNVWGKVEADIAGHGQEVL 1 29
Myoglobin, horse heart IKYLEFISDAITIHVLHSK IWLA:A 101 118
AGAAAAGAVVGGLGG 113 127
SAMSRPIIHFGSDYEDRYYRENMHRYPNQ 132 160
SNONNF 170 175
Prion protein, human, hPrP DCVNITIKQHTVTTTT 1QLX:A 178 193
GAARCQVTLRDLFDRAVVLSHYIHNLSS 7 34
Prolactin RYTHGRGFITKAINS 1IRWS:A 43 57
RepA of Pseudomonas pPS10
plasmid LVLCAASLI 1HKQ:A 26 34
Transthyretin YTIAALLSPYS ITTA:A 105 115
AB protein precursor EVHHQKLVFFAEDVG 1AMB:A 11 25
SNNFGAILSS
Islet amyloid polyprotein, TNVGSNTY IKUW:A 20 29
(Amylin) (AIAPP) 2KB8:A 30 37
Lung surfactant protein C VVVVVVVLVVVVIV ISPF:A 9 22
Tau (neurofibrillary tangles) VOIVYK 3FQP:A 1 6
Polyadenine-binding protein 2 AAAAAAAAAA - - -
Tau (neurofibrillary tangles) VQIVYK - --- -—-
(Pro)calcitonin (ACal) DENKF - --- ---
ABri RTVKKNITEEN --- --- ---
ADan LEFLNSQEKHY --- --- ---
APin MPYVFSEFKMPOEQGOMFQYYPVYMVLPWEQPOQTVRRSPOOTROQQ --- --- ---

a-S2C Casein (ACas)

ALNEINQFYQKFPQYLOYLYQGPIVLNPWDQVKRNAVPIPTPTLNR

Serum amyloid A protein (AA) or
its fragments

SFFSFLGEAFD
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APPENDIX B

Supplemental Data for Chapter Il

The Landscape of the Prion Protein's Structural
Response to Mutation Revealed by Principal
Component Analysis of Multiple NMR Ensembles
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B.1: FIGURES

Figure S3.1: Difference profile demonstrating residue contribution towards PC1 for
the CJD, FFI, and GSS mutant structures. Each row of the plot represents the residue
difference profile between each of the datasets in (Figure 3.4, sections B-D) with the
hPrP WT and variant dataset (black oval in Figure 3.4, section A) for PC1. Negative
values indicate residues that differentiate between WT structures, positive values indicate

residues that differentiate the mutant structure from the remaining WT and variant

dataset.
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Figure S3.2: PCA analysis of mPrP structures. Contribution of each residue to the first
three principal components is indicated, and subdomains displaying concerted atomic
displacement in each PC are labeled (black box) and numbered (reference structure

1XYX).
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Figure S3.3: Results of PCA on TSE-susceptible and TSE-Non-Susceptible PrP
subsets.

(A) Residue contribution to the first three PCs in the TSE-susceptible subset, based on
reference structure 1QLZ. Coincidentally, this set consists entirely of mammalian
species, and is thus identical to Figure 3.7, section C, but has been placed here for
comparison with (B).

(B) Residue contribution to the first three PCs in the TSE-non-susceptible subset, based

on reference structure 1XYK. This set consisted of both mammalian and non-mammalian

species.
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Figure S3.4 (next page): Comparison of Neighbor-joining tree and PC-based
dendrogram of 16 WT PrP species (n=420 models).

(A) PC-based dendrogram of 420 models. Edges of the tree are colored to reflect
different species. Species have been labeled and colored blue or red to reflect TSE-
susceptibility or resistance, respectively.

(B) Neighbor joining tree of 16 PrP species representatives generated by Clustal W, using
the Blosum algorithm. This is a bootstrapped tree (100 bootstraps). Bootstrap values are

indicated.
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Figure S3.5: Residue contribution plot for S0 random runs of the hPrP dataset.
Using the hPrP dataset of WT, variant, and mutant structures from Figure 3.1, section A
(11 PDB structures in total), an NMR model was selected at random from each of the
NMR ensembles within that set, creating a subset of 11 ‘representative’ NMR models for
all the structures. The process was repeated 50 times and PCA was performed on each of
the selected subsets. The average of the plots is indicated (black line), and regions of

concerted atomic displacement are highlighted and labeled (blue boxes).
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Figure S3.6: Residue contribution plot for S0 random runs of the mPrP dataset.
Using an mPrP set of 14 NMR ensembles, an NMR model was selected at random from
each of the NMR ensembles within that set, creating a subset of 14 ‘representative’ NMR
models for all the structures. The process was repeated 50 times and PCA was performed
on each of the selected subsets. The average of the plots is indicated (black line), and

regions of concerted atomic displacement are highlighted and labeled (blue boxes).
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APPENDIX C

Supplemental Data for Chapter IV

Origins and Evolution of the HET-s Prion-Forming
Protein: Searching for Other Amyloid-Forming
Solenoids
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C.1: DATA LISTS

LIST S4.1 List of Proteomes constituting the BROAD database.
Allomyces macrogynus ATCC 38327
Allomyces macrogynus ATCC 38327 mitochondria
Arthroderma benhamiae CBS 112371
Aspergillus clavatus

Aspergillus flavus

Aspergillus fumigatus

Aspergillus nidulans FGSC A4
Aspergillus niger e_gwl

Aspergillus niger est GW1 _C
Aspergillus niger est GWPlus C
Aspergillus niger est_fgel pg C
Aspergillus niger est_fgel pm C
Aspergillus niger fgel kg C
Aspergillus niger fgel pg C
Aspergillus niger fgel pm C
Aspergillus niger gw1

Aspergillus oryzae

Aspergillus terreus

Batrachochytrium dendrobatidis
Blastomyces dermatitidis ATCC 18188
Blastomyces dermatitidis ER-3
Blastomyces dermatitidis SLH14081
Botrytis cinerea

Candida Albicans sc5314 assembly 21
Candida albicans WO1

Candida guilliermondii

Candida lusitaniae

Candida parapsilosis

Candida tropicalis

Capsaspora owczarzaki ATCC 30864
Chaetomium globosum

Coccidioides immitis H538.4
Coccidioides immitis RMSCC 2394
Coccidioides immitis RMSCC 3703
Coccidioides immitis RS
Coccidioides posadasii RMSCC 3488
Coccidioides posadasii Silveira
Coprinopsis cinerea okayama7#130
Cryptococcus neoformans grubii
Debaryomyces hansenii

Fusarium graminearum

Fusarium oxysporum f. sp. lycopersici
Fusarium solani

Fusarium solani f.pisi

Fusarium solani subsp. pisi

Fusarium verticillioides

Histoplasma capsulatum G186AR
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Histoplasma capsulatum G186AR mitochondria
Histoplasma capsulatum H143

Histoplasma capsulatum H88

Histoplasma capsulatum NAml

Laccaria bicolor

Lodderomyces elongisporus

Magnaporthe grisea (M. oryzae) 70-15
Microsporum canis CBS 113480

Microsporum gypseum CBS 118893

Monosiga brevicollis

Nectria haematococca mpVI 77-13-4

Nectria haematococca mpVI

Neosartorya fischeri

Neurospora crassa OR74A

Neurospora crassa OR74A mitochondria
Paracoccidioides brasiliensis Pb01
Paracoccidioides brasiliensis Pb03
Paracoccidioides brasiliensis Pb03 mitochondria
Paracoccidioides brasiliensis Pb18
Paracoccidioides brasiliensis Pb18 mitochondria
Podospora anserina

Podospora anserina S mat+

Puccinia graminis f. sp. tritici

Puccinia graminis f. sp. tritici mitochondria
Puccinia triticina 1-1 BBBD

Pyrenophora tritici-repentis

Rhizopus oryzae

Rhizopus oryzae RA 99-880 mitochondria
Saccharomyces cerevisiac RM11-1a
Salpingoeca rosetta

Schizosaccharomyces cryophilus OY26
Schizosaccharomyces japonicus yFS275
Schizosaccharomyces japonicus yFS275 mitochondria
Schizosaccharomyces octosporus mitochondria
Schizosaccharomyces octosporus yFS286
Schizosaccharomyces pombe 972h-

Sclerotinia sclerotiorum

Sclerotinia sclerotiorum mitochondria
Spizellomyces punctatus

Stagonospora nodorum

Thecamonas trahens ATCC 50062
Trichophyton equinum CBS127.97
Trichophyton rubrum CBS 118892
Trichophyton rubrum CBS 118892 mitochondria
Trichophyton tonsurans

Trichophyton tonsurans CBS 112818 mitochondria
Trichophyton verrucosum HKI 0517
Uncinocarpus reesii

Ustilago maydis

Verticillium albo-atrum VaMs.102

Verticillium dahliae VdLs.17
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LIST S4.2 FASTA sequences of 10 homologs to the HET-s prion-forming domain
(PFD).

>gi|2739337|gb|AAB94631.1| small s protein [Podospora anserina]
MSEPFGIVAGALNVAGLENNCVDCFEYVQLGRPFGRDYERCQLRLDIAKARLSRWGEAVK
INDDPRFHSDAPTDKSVQLAKSIVEEILLLFESAQKTSKRYELVADQQDLVVEFEDKDMKP
IGRALHRRLNDLVSRROKQTSLAKKTAWALYDGKSLEKIVDQVARFVDELEKAFPIEAVC
HKLAEIEIEEVEDEASLTILKDAAGGIDAAMSDAAAQKIDAIVGRNSAKDIRTEERARVQ
LGNVVTAAALHGGIRISDQTTNSVETVVGKGESRVLIGNEYGGKGEFWDN

>FOXG_14669T0 | FOXG 14669 | Fusarium oxysporum f. sp. lycopersici
conserved hypothetical protein (288 aa)
MAEIFGTVAGAISIAGLENNCVDCENYVQIARHFGODEFSRYQLRLDVAKSRLARWGASID
INNNRRFSLIEPADQTVISAQDILOEIVARFETARKISRRYETRTKEQGLRIYTEADLGP
VSHRLHSREDGITKQORYKSLGLMKKTCWALYDKSYMGRMIDDIIASIEDLEKVEFPSTPQL
TSQLVOMETEEINDEQELELTHDVTEGVDPVLSDASKNKSLETAGKNSAGRITGPGRVNI
GNSFLTESFPNSQGVRVDTVNHVDEINTAEPSRVHIGNTWGGKGEFWD*

>FOXG_17103T0 | FOXG 17103 | Fusarium oxysporum f. sp. lycopersici
conserved hypothetical protein (289 aa)
MAETIFGVVASALSVAVLENNVVDCFEYIQLGRNFGEDYQTCQVKLDIARLRLSRWGDAAK
INNDSREFTEVKPSNNQVRVAKNTLEQLLNLFRNAHTESSNFKLGEGEEELALFDPSTNTN
OAVVALRNTMRDLAHKROKTTSLSKKISWALYKOKSFMRLIEDIQELLDGLEAIFPQQET
YKRMVEIEIEEVGEGPSLOVLSDAAQETDDLLOQEAASRRLEALGSSNAIDQAKVAETAKV
KVGNEYIFQAVPSRTGITTNRIGDLDAQGRSRVLVGDSHGTKGFMDSD*

>FOXG 17314TO0 | FOXG 17314 | Fusarium oxysporum f. sp. lycopersici
conserved hypothetical protein (289 aa)
MAEIFGVVASALSVAVLENNVVDCFEYIQLGRNFGEDYQTCQVKLDIARLRLSRWGDAAK
INNDSRETEVKPSNNQVRVAKNTLEQLLNLFRNAHTESSNFKLGEGEEELALEFDPSTNTN
QAVVALRNTMRDLAHKROQKTTSLSKKISWALYKOKSFMRLIEDIQELLDGLEAIFPQQET
YKRMVEIEIEEVGEGPSLQVLSDAAQETDDLLOQEAASRRLEALGSSNAIDQAKVAETAKV
KVGNEYIFQAVPSRTGITTNRIGDLDAQGRSRVLVGDSHGTKGEFMDSD*

>FVEG _13490T0 | FVEG 13490 | Fusarium verticillioides conserved
hypothetical protein (288 aa)
MAEIFGTVASAISMAGLENNCVDCEFSYIQIAKHFGODFSRYQLRLDVAKCRLARWGESIN
INNDQRFSLAQPTDPMVVLAQGILEEIVARFEAAYKVSRRYTARTEEEGLSICTKADLGA
VSQRVHSRFDVFTKQRYKSLGLMKKTGWALYDKSYMGRMIDDITASIEDLEKVEPGTPQV
TSQLVEMEIEEVNDEQELEVIQDAAEGLDPLLSDASKNKILEIAGKNTAGKITGPGMVNV
GNSFVTESFSSSQGIRVSTINHVDEVNTTESSKVNVGNTWGGKGEWD*
>gi|256733801|gb|EEU47148.1| hypothetical protein NECHADRAFT 99486
[Nectria haematococca mpVI 77-13-4]
MAEVFGIVTGAIGLAGLFQQCVECFEYVQLGRHFAQDFGMYQLKLDIAKRRLHRWGEAVN
INDNPREFNAPGEDDTLVQOEVQAILEEIALLFQTIQKSSKRYTIKAPKEDLECLTEENLQP
VFRRLHAGWTNTTRRPGOKKVNFAKKASWALYDAKNFEKLIEQVSGFLDDLEMLEFPAEEL
NRRRLVKLEIEDIADEESLTVLHQTAVEADPLLADVVKEKVKVISVRNSVKVINSSEDAN
VRLGNDWSTAALNAAIEDRTRNEADSVFAEGSSVVHIGNRYG
>gi|256728996|gb|EEU42351.1| hypothetical protein NECHADRAFT 79833
[Nectria haematococca mpVI 77-13-4]
MTEIFGAVSGAISIAALEFNDCVDCFEYIQLARHFGKDYSRCQLRLDVAKWRLDRWGAAID
INNDPRFRSGAPANESVRHAQDILREIVGSIEGAYKVSRRYEQSTPDONRVTLTHADLDP
ASQQLRNEFQTITKKRODRTSLIRKTGWALYDKKRLGNLIDNIVTSIDELELVEPSVAQA
SVDLARAEIQKVDDQQSLHLIRDAADGLDPVLNDLAKQKLAGVEVONFAARVKTSESGKF
EIGNIFTKEASGOSVGFPYRNTNRVEDIEVKGDSGVHVGDTYGGKGEWG
>gi|256726268|gb|EEU39630.1| hypothetical protein NECHADRAFT 82003
[Nectria haematococca mpVI 77-13-4]
MGGEAVGVNTEPRFATDNSDDITAQRVCRVLEETRLCFEGVHRLSSRYSPPADSRGLTHS
ELTPVARNLHSRMEDIVHQROQKRGKLLEKASQALYSNKYLDQLIGDIAGLVGNLENLYPV
OMORRRFVGLEMEAVDDDMSLSTLKNAGSGTDGVLSEVVTNKMOAIADRTEAITGKLEAT
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ATRNEPGKTLVEEMERIRVGNEWSESVLNQGALVMDRTENKALAITARGGATIHIGSSFEG
RRSIFD

>gi|256724752|gb|EEU38121.1| hypothetical protein NECHADRAFT 48298

[Nectria haematococca mpVI 77-13-4]
MAETFGIVTGAIGLAGLFQQCVECFEYVQLGRHEFVQDFGRCRLKLDIAKRRLNRWGEAVN
IHENPQFTDTESEEIQEILEEIANLEFDTIQRSSKRYERKAPKEELECLSDENLQPVFRGL
HARWAKISPPKQRDVSLMRKTTWALYDAKYFEKLIGEVTGFVDDLEKVFPAEQAQCHLVQ
IEIEDISDEESLTVLQETANGTDCLLAAAVKEKTNTISVRNYVREIQGEENAKVRLGNDW
STSALSTAIGLDDRTRNEAGSVTAKGSSTVHIGNRYGD
>gi|46127535|ref|XP_388321.1| hypothetical protein FG08145.1
MAEVFGAVAGAIGIAALFNNCIDCFDYIQIARHFGDDFSKYQLRLDVAKCRLSRWGAAIN
VNSDPRFSNNTSKDQTTTLAETLLGEIVARFESAQKSSLLYKTVSRDQEMOQVCSEADLGA
VPOQRLHSHLRTLTMHRONRVGLTKKAYWAIYDKNEMGRMIDDIFDLINDLEKVEFPATPQA
TSRLAEMEIQEVNDQOGLKMIQDTAQDLDPILADTTKRKLOQEITGONTARCISGKGRTNI
GHTEFVNDSFVQSKGFCDSTFNHVDEINLDETARVNIGNTYGGKGEWDS
>gi|46138171|ref|XP_390776.1| hypothetical protein FG10600.1
MAEIFGIVSGALSVAAIFNNCVDTFEYIQLGRRFGEDFQRYQLKLDLAKTRLGRWGEAIS
INNEPRFSSFASADKEVNIAREILEDIASCFEGAQKKSSRYADRADQGELEIFGESDMNP
MLRRLHRHSKDIARQRQKTTSIIKKTKWALYDAKSLERTIDQICSWIDELEKLFPEQSAQ
TQLVEREIEKIDDKPTLEALKDAASGVDPVMEDAVORKLNMIEGHNSAEFVNLEGSAKFL
VGNVFSEKFLORDVLLNDRTKNSMRTVSATNQSRLQVGNVYGGRGIWED
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C.3: TABLES

TABLE S4.1 Blosum similarity matrix for the N-terminal domains and C-terminal domains of the homologs to the PFD. A
percent similarity matrix is provided for each of the N-terminal and C-terminal domains based on 10 homologs to the PFD. Naming of

the homologs matches the naming scheme of (Figure 4.3).

(A) Similarity matrix for the C-term domain of the homologs to HET-s PFD (n=10)

FOXG
14669 100
FOXG
17314 24 100
FVEG
13490 75 28 100
EEU
47148.1 23 23 26 100
EEU
42351.1 33 32 31 26 100
EEU
39630.1 17 25 11 36 19 100
EEU
38121.1 21 27 22 69 28 37 100
HET-S 37 30 39 44 33 23 40 100
HET-s 39 32 40 46 35 26 42 95 100
FG
08145.1 56 17 56 23 32 17 25 34 35 100
FG
10600.1 20 21 24 33 32 28 34 36 37 28 100
FOXG FOXG FVEG EEU EEU EEU EEU FG FG
14669 17314 13490 47148.1 42351.1 39630.1 38121.1 HET-S HET-s 08145.1 10600.1
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(B) Similarity matrix for the N-term domains of the homologs to the PFD (n=10)

FOXG14669 100
FOXG17314 33 100
FVEG13490 79 37 100
EEU47148.1 43 35 42 100
EEU42351.1 54 38 52 38 100
EEU39630.1 31 28 30 37 29 100
EEU38121.1 43 36 42 70 40 32 100
HET-S 44 42 44 49 46 35 48 100
HET-s 44 44 45 48 46 35 48 95 100
FG08145.1 57 35 59 40 50 28 38 41 41 100
FG10600.1 50 44 48 46 48 36 45 54 54 43 100
FOXG FOXG FVEG EEU EEU EEU EEU FG FG
14669 17314 13490 47148.1 42351.1 39630.1 38121.1 HET-S | HET-s | 08145.1 10600.1
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TABLE S4.2
List of N-terminal homologs with significant hits to SCOP domains (n=40). For each

homolog, the number of hits against the SCOP domains is also shown.

Number of Hits
Against SCOP

N-TERM HOMOLOG § domains
ANID 07985T0 1
ATET 01076 | ATEG_01076 | Aspergillus terreus conserved

hypothetical protein (940 aa) 30
BCIT 07009 | BC1G_07009 | Botrytis cinerea vegetative

incompatibility protein HET-E-1 (1066 aa) 30
FGSG 04769T0 1
FOXG _08877T0 | FOXG_08877 | Fusarium oxysporum f. sp.

lycopersici conserved hypothetical protein (1124 aa) 53
FVEG 12584T0 | FVEG_ 12584 | Fusarium verticillioides

conserved hypothetical protein (492 aa) 2
FVEG 12585T0 | FVEG 12585 | Fusarium verticillioides

conserved hypothetical protein (810 aa) 15
FVEG 12617T0 | FVEG 12617 | Fusarium verticillioides

conserved hypothetical protein (1154 aa) 71
gi|115385204|ref|XP_001209149.1| predicted protein

[Aspergillus ... 2
2i|116200448 1
gi|145602215|ref|XP_359683.2| hypothetical protein

[Magnaporthe ... 1
gi|156039651|ref|XP_001586933.1| hypothetical protein

SS1G 11962... 9
gi|169623385|ref|XP_001805100.1| hypothetical protein

SNOG 14931... 36
gi|170940475|emb|CAP65703.1| unnamed protein product

[Podospora anserina S mat+] 8
gi|171681034|ref|XP_001905461.1| hypothetical protein

[Podospora... 8
2i/189204452 1
21|238482849|ref]lXP_002372663.1| ankyrin putative

[Aspergillus ... 85
21|239608912|gb|[EEQ85899.1| tetratricopeptide repeat-

containing ... 6
2i|255950182|ref]XP_002565858.1| Pc22g19550 [Penicillium

chrysog... 144
g1|256724277|gb|EEU37648.1| hypothetical protein

NECHADRAFT 87396 [Nectria haematococca mpVI 77-13-4] 21
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2i|261187596[ref]XP_002620217.1] tetratricopeptide repeat-

contai... 6
21|302419471|ref]XP_003007566.1] ankyrin-1 [Verticillium

albo-at... 115
€1/302499925|ref|XP_003011957.1| hypothetical protein

ARB 01712 ... 60
€1|302661580|ref|XP_003022456.1| hypothetical protein

TRV 03406 ... 60
€1|302888950|ref|XP_003043361.1| hypothetical protein

NECHADRAFT 87396 [Nectria haematococca mpVI 77-13-4] 21
gi|310790406|gb|EFQ25939.1| hypothetical protein

GLRG 01083 [Glo... 83
21315053299 58
gi|317141171 76
gi|326471669 53
gi|326485414 54
gi|327309496 61
gi|327348314 1
gi|327354081 6
gi]46126459|ref]lXP_387783.1| hypothetical protein FG07607.1

[Gib... 80
2146133835|ref]XP_389233.1| hypothetical protein FG09057.1

[Gib... 7
21|46139775|ref]XP_391578.1| hypothetical protein FG11402.1

[Gib... 84
2167901996 1
MGYG_05262T0 | MGYG_05262 | Microsporum gypseum

CBS 118893 hypothetical protein (1322 aa) 53
SNOT 10976 | SNOG_10976 | Stagonospora nodorum

hypothetical protein (1011 aa) 2
VDAG _00673T0 | VDAG_00673 | Verticillium dahliae

VdLs.17 conserved hypothetical protein (612 aa) 1

§ Clusters of 100% Identical Sequences as determined by Blastclust are included below.
All sequences are represented in the table, but identical matches for each cluster are
highlighted in yellow.

Clusterl: gi|239608912, gi|261187596, gi|327354081

Cluster2: gi|256724277|gb|EEU37648.1|, gi|302888950|ref|XP_003043361.1]

Cluster3: gi|302499925, gi|302661580
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TABLE S4.3
SCOP domains that are significant (E<0.0001) to the HET-s N-terminal homolog
proteins (n=65). 65 SCOP domains are represented, with a description of each domain,

and the number of hits against the homologous proteins of the N-terminal domain.

Number of Hits
SCOP to N-TERM
DOMAIN Homologs SCOP DOMAIN DESCRIPTION
Protein phosphatase 5 {Human (Homo sapiens)
dlal7a 4 [TaxId: 9606]}
GA bindinig protein (GABP) beta 1 {Mouse (Mus
dlawcb 118 musculus) [TaxId: 100901}
Cell cycle inhibitor p19ink4D {Human (Homo
dlbd8a 69 sapiens) [TaxId: 9606]}
Erg potassium channel, N-terminal domain {Human
dlbywa 1 (Homo sapiens) [TaxId: 9606]}
Pyk2-associated protein beta {Mouse (Mus musculus)
dldcqgal 19 [TaxId: 100907}
dlelra 3 Hop {Human (Homo sapiens) [TaxId: 9606]}
dlelwa 4 Hop {Human (Homo sapiens) [TaxId: 9606]}
Tupl, C-terminal domain {Baker's yeast
dlerja 11 (Saccharomyces cerevisiae) [TaxId: 49321}
Groucho/tlel, C-terminal domain {Human (Homo
dlgxra 8 sapiens) [TaxId: 9606]}
Cyclin-dependent PK, CDK2 {Human (Homo sapiens)
dlgz8a 1 [TaxId: 9606]}
dli2ma 2 Ran {Human (Homo sapiens) [TaxId: 9606]}
Ubiquitin conjugating enzyme UBC {Human (Homo
dli7ka 1 sapiens), ubchl0 [TaxId: 9606]}
dlihgal 3 Cyclophilin 40 {Cow (Bos taurus) [TaxId: 9913]}
I-kappa-B-alpha {Human (Homo sapiens) [TaxId:
dliknd 75 96061}
26S proteasome non-ATPase regulatory subunit 10,
gankyrin {Baker's yeast (Saccharomyces cerevisiae)
dlixva 67 [TaxId: 49321}
Ubiquitin conjugating enzyme, UBC {Human (Homo
dljasa 1 sapiens), ubc2b [TaxId: 9606]}
dlklaa 93 bcl-3 {Human (Homo sapiens) [TaxId: 9606]}
Surface layer protein {Archaecon Methanosarcina
d110ga2 2 mazei [TaxId: 22091}
Glycogenin {Rabbit (Oryctolagus cuniculus) [TaxId:
d1112a 1 99861}
dllv7a 1 AAA domain of cell division protein FtsH
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{Escherichia coli [TaxId: 562]}

dlmhla 2 Rac {Human (Homo sapiens) [TaxId: 9606]}
dlmyoa 110 Myotrophin {Rat (Rattus norvegicus) [TaxId: 10116]}
dinlla 103 Ankyrin-R {Human (Homo sapiens) [TaxId: 9606]}
Putative blue light receptor, phot-lovl domain {Green
din9la 1 algae (Chlamydomonas reinhardtii) [TaxId: 3055]}
Cdc4 propeller domain {Baker's yeast (Saccharomyces
dlnexb2 10 cerevisiae) [TaxId: 49321}
Actin interacting protein 1 {Nematode
dlnrOal 9 (Caenorhabditis elegans) [TaxId: 62391}
Actin interacting protein 1 {Nematode
d1nr0a2 2 (Caenorhabditis elegans) [TaxId: 62391}
Mycobacterial protein kinase PknB, catalytic domain
dlobya 1 {Mycobacterium tuberculosis [TaxId: 1773]}
Neurogenic locus notch receptor domain {Fruit fly
dlot8a 86 (Drosophila melanogaster) [TaxId: 72271}
Transcription factor inhibitor I-kappa-B-beta, IKBB
dloy3d 54 {Mouse (Mus musculus) [TaxId: 100901}
F-box/WD-repeat protein 1 (beta-TRCP1) {Human
d1p22a2 12 (Homo sapiens) [TaxId: 9606]}
Actin interacting protein 1 {Baker's yeast
dlpgual 1 (Saccharomyces cerevisiae) [TaxId: 4932]}
gamma-subunit of glycogen phosphorylase kinase
dlphka 1 (Phk) {Rabbit (Oryctolagus cuniculus) [TaxId: 9986]}
dlr2qa 2 Rab5a {Human (Homo sapiens) [TaxId: 9606]}
Myosin phosphatase targeting subunit 1, MYPT1
d1s70b 85 {Chicken (Gallus gallus) [TaxId: 90317}
betal-subunit of the signal-transducing G protein
dltbga 10 heterotrimer {Cow (Bos taurus) [TaxId: 9913]}
26S proteasome non-ATPase regulatory subunit 10,
dluoha 151 gankyrin {Human (Homo sapiens) [TaxId: 9606]}
dluwha 1 B-Raf kinase {Human (Homo sapiens) [TaxId: 9606]}
Type I TGF-beta receptor R4 {Human (Homo sapiens)
dlvjya 3 [TaxId: 9606]}
Platelet-activating factor acetylhydrolase IB subunit
dlvyhcl 8 alpha {Mouse (Mus musculus) [TaxId: 10090]}
O-GlcNAc transferase p110 subunit, OGT {Human
dlw3ba 3 (Homo sapiens) [TaxId: 9606]}
RNase L, 2-5a-dependent ribonuclease {Human
dlwdya 83 (Homo sapiens) [TaxId: 9606]}
dlwmsa 2 Rab9a {Human (Homo sapiens) [TaxId: 9606]}
Ubiquitin conjugating enzyme, UBC {Human (Homo
dlwzval 1 sapiens), E2 L6 [TaxId: 9606]}
GTP-binding protein RheB {Human (Homo sapiens)
dlxtqal 2 [TaxId: 9606]}
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Ubiquitin conjugating enzyme, UBC {Human (Homo

dly8xal 1 sapiens), E2 M [TaxId: 9606]}
dlycsbl 78 53BP2 {Human (Homo sapiens) [TaxId: 9606]}
dlyhwal 1 pakl {Human (Homo sapiens) [TaxId: 9606]}

Ubiquitin conjugating enzyme, UBC {Human (Homo
dlyrval 1 sapiens), E2 U [TaxId: 9606]}
d1z06al 2 Rab-33b {Mouse (Mus musculus) [TaxId: 100901}
dlz2aal 2 Rab23 {Mouse (Mus musculus) [TaxId: 10090]}

Ubiquitin conjugating enzyme, UBC {Caenorhabditis
d1z2ual 2 elegans, E2 2 [TaxId: 6239]}

Ubiquitin conjugating enzyme, UBC {Human(Homo
dlzdnal 1 sapiens), E2 S [TaxId: 9606]}

Hypothetical protein LPG2416 {Legionella
d2ajaal 1 pneumophila [TaxId: 446]}

Ubiquitin conjugating enzyme, UBC {Human (Homo
d2awfal 1 sapiens), E2 G1 [TaxId: 9606]}

STIP1 homology and U box-containing protein 1,
d2c2lal 3 STUBI1 {Mouse (Mus musculus) [TaxId: 10090]}
d2folel 69 Lin-12 {Caenorhabditis elegans [TaxId: 62391}

MAP kinase p38 {Human (Homo sapiens) [TaxId:
d2gfsal 1 96061}

Aurora-related kinase 1 (aurora-2) {Human (Homo
d2j4zal 1 sapiens) [TaxId: 9606]}

Serine/threonine-protein kinase Nek2 {Human (Homo
d2javal 1 sapiens) [TaxId: 9606]}

F-box/WD repeat-containing protein 7, FBXW7
d2ovrb2 10 {Human (Homo sapiens) [TaxId: 9606]}

MAP kinase activated protein kinase 2, mapkap?2
d2ozaal 1 {Human (Homo sapiens) [TaxId: 9606]}

Ubiquitin conjugating enzyme, UBC {Human (Homo
d2uyzal 1 sapiens), ubc9 [TaxId: 9606]}

Cell division protein kinase 9, CDK9 {Human (Homo
d3blhal 1 sapiens) [TaxId: 9606]}
d3raba 2 Rab3a {Rat (Rattus norvegicus) [TaxId: 10116]}
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TABLE S4.4:
212 HeLo domains identified in N-terminal homologs using HMMER. The HMMER output is shown. §

A Snapshot of the table is shown here. For the entire table, please consult the online supplementary material of this

article (Table S4.xls) at: http://www.plosone.org/article/info%3Ado0i%2F10.1371%Z2Fjournal.pone.0027342

E-value
]
]
0
]
]

4.20E-285
4.20E-285
5.20E-282
3.B0E-274
2.30E-208
3.00E-186
1.60E-185
6.30E-172
1.90E-149
1.00E-130
1.70E-130
3.70E-130

score
1503
1116.2
1069.2
1970
1025.8
943.4
943.4
933.2
907.1
689.2
616
613.5
368.6
434.1
4321
431.3
430.2

bias E-value
0.2 ]

] ]

0.6 ]

0 ]

0 ]

0 3.30E-284

0 3.50E-284

0 5.80E-282
5.1 4.30E-274
0.6 3.20E-187
6.7 3.30E-180
7.6 1.90E-185
10.3 7.00E-172
0 8.10E-127
3.5 1.30E-130
3.8 2.20E-130
0 4,10E-130

score
1437.5
1116
1068.7
1369.7
1025.6
940.3
940.3
933
906.9
619.2
815.8
613.4
368.4
419.2
431.7
431
430.1

Best 1 Domain

bias
0.1
]
0.4

== ==

o
4.6
3.3
7.1

o
2.4
2.7

o

exp

=e
== R R

e T e N R R =R

1

Sequence
1 FG5G_13510T0
1 gi|115385204 | ref|XP_001209149.1|
1 gi| 169623385 | ref| XP_001805100.1|
1 gi|46133835 |ref|XP_389233.1|
1 gi|9453820|emb | CAB93388.1|
1 gi|256722211|gb|EEU35598.1|
1 gi| 302884834 |ref|XP_003041311.1|
1 gi| 116205553 | ref|XP_001228587.1|
1 gi| 296817429 ref|XP_002849051.1|
2 NCUL11978T0
1 gi| 212541562 | ref|XP_002150936.1|
1 gi|67523131 |ref|XP_659626.1|
1 gi| 242800108 | ref|XP_002483519.1|
2 gi| 164423377 | ref|XP_001728051.1|
1 est_fgel pg C_405559.1
1 gi|317032996|ref|XP_003188845.1|
1 gi| 156039651 | ref|XP_001586333.1|

Description
| FG5G_13510 | Fusarium graminea
predicted protein [Aspergillus.
hypothetical protein SNOG_14931.
hypothetical protein FG09057.1 [
related to small s protein [Neur
hypothetical protein NECHADRAFT _
hypothetical protein NECHADRAFT.
hypothetical protein CHGG_10660.
kinesin light chain [Arthroderm.
| NCU11978 | Neurospora crassa O
conserved hypothetical protein .
hypothetical protein AN2022.2 [A
conserved hypothetical protein .
hypothetical protein NCU11388 [.
| est_fgel pg C_ 40559 | Aspergil
hypothetical protein ANI_1_22360
hypothetical protein S51G_11962.

§ The significance values and bit scores are shown for the entire sequence, as well significance values for the '""best domain" if
the target sequence only contained the single best-scoring domain.

Exp = expected number of domains in the target sequence, according to HMMER
N = number of domains identified and annotated in the target sequence
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