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Abstract

Amyloid Conformational Diversity Accessed By Truncations of a Native Protein
Fold

By Savannah J. Johnson

Neurodegenerative diseases have gained more attention in the last decade due
in part to advances in genomic information, structural definition and imaging
technology. Thedevelopment of devastating neumegenerative conditions, such as
Al zhei mer 6s disease (AD), i's associated wi
neuronal apoptosis. These fibers are predominantly comprised of the amyldd
peptide, Ab(1-42), and its truncations, Ab(1-40) and Ab(1-39). Recently, Ab amyloid
formation in retinal diseases such as glaucoma and macular degeneration have been
shown to eventually lead to neuronal cell death and subsequent irreversible
blindness, and recent data has correlated amcrease in development of glaucoma or
macular degeneration of patients with AD. Although many theories have been
postulated regarding the true cause of these retinal diseases, including increased
intra-ocular pressure and oxidative stress resulting in m¢hondrial damage and the
release of cytochrome c, the relationship between AD and glaucoma has only
recently been investigated. Genomic studies of patients with the most common form
of glaucoma has shown that mutations in three particular genes highly egpsed in
the ocular tissues (optineurin, myocilin, and WDR36) result in prglaucomatous
conditions that degrade the optic nerve over time. WDR36 has a membrabeund

b-propeller and, similar to the wellknown signal transduction associate®-propeller



G-protein, each propeller blade is made of a repeating Winit that folds into a b-
meander composd of four strands. Myhypothesis is thatb-propeller structures, such
as the b subunit of the G Protein and WDR36, provide a nucleation site for
converting the Ab peptide into amyloid fibers resulting in damage to retinal ganglion
cells. Here, | show that subunits andb-strand fragments of theb-propeller fold
modulate the morphology Ab(16-22), the nucleating core of the amyloicd peptide,
allowing for the seltassembly of diverse conformations. These observations may
provide insight to both the tissuespecificity of amyloid strains as well as the
heterogeneous nature of the amyloid deposits found in the disease state.
Understanding sequence contributions and hawy the ability to control the
morphology and dimensions of selassembling peptide nanostructures has relevance
to disease etiology, development of therapeutics and the design of future-inispired

nanomaterials.
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Chapter 1

Protein Misfolding and Amyloid Tissue Specificity

SeltAssembly is a Hallmark of Living Systems

Biomolecules utilize a variety of chemical interactions and recognition
elements to organize intatheir functional networks. DNA and RNA rely on base-
pairing and stacking to transfer informationdigitally with high fidelity. Lipids self
assemble by clustering hydrophobiregionsto create a bilayer capable of serving as a
container for other cellular components as well as allowingr preventing the
diffusion of small molecules into and out of thesystem. Proteins serve asatalysts,
transforming and maintaining populations ofraw materials and alsoas scaffolds for
the organization and maintenance of many cellular functions. The many
combinations of secondary and tertiary protein foldsafford a wide variety of

guaternary units that can interchange depending on tmequired function.

Protein folding is a highly orchestrated process that depends on both inter
and intra-molecular forces and, in some cases, the assistance of profeiding
chaperones. Uhelices and b-sheets comprise the majority of protein secondary
structure in nature. b-sheets, in particular, have been highlighted due to their
involvement in certain disesasessuch as Al zhei mer denand
protein misfolds or is partially digested to a less stable formt can interact with itself
or other peptides to form intracellular aggregates. The cell can use enzymes to digest
smaller aggregates or push them into the wacellular environment, but some

aggregates cause detrimentaffects leading to apoptosis or cell deatfMarkesbery



1997, Wirths, Multhaup et al. 2004, Lee, Zhu et al. 200§. Peptide aggregateghat
hydrogentbond into extendedb-sheets and laminate to one another can form fibrils
with an ordered crossh structure where crossh refers to the perpendicular
diffraction lines formed when the fibrils are analyzed usingX-ray or electron
diffraction (Wormell 1954; Eanes andGlenner 1968 Sunde, Serpell et al. 1997
Nelson, Sawaya et al. 2006 These cros$ aggregatesare called amyloids and have
been implicated in the development of neurodegenerative diseases such as

Al zhei mer 0s.

In efforts to develop method t o det ect and tr Bat Al zt
produced amyloids formedn vitrohave been showmot to recapitulate the toxicity of
the aggregates formed within the brairfPodlisny, Stephenson et al. 1992Meyer-
Luehmann, Coomaraswamy et al. 2006 Though the amyloid b peptide is expressed
ubiquitously throughout the body, its deposition is much higher within neurons in
the brain(Verdier, Zarandi et al. 2004. The family of amyloid diseases has recently
been expandedwith the finding that proteins specific to other tissue types can also
misfold into amyloid and are correlated with disease, such @ar ki nsonds di
(Conway, Harper et al. 2000, Hunt i ngt (&chéranged Bittler et 211999
McGowan, van Roon-Mom et al. 2000, Type Il diabetes(Hoppener, Ahrén et al.
2000 Hull, Westermark et al. 2004 and amyotrophic lateral sclerosis(Kolde,
Bachus et al. 1996Elam, Taylor et al. 2003. These findings suggesthat protein
misfolding and amyloid selfassembly isggreatly dependenbn thetissue type and the

cellular environment



Glaucoma: An Ocular Amyloidosis

As previously discussed, protein mfslding into amyloid can lead to cell
death and there are many diseases that share the cifossnyloid structure, though
the originating misfolded protein may differ(Soto 2003. This family of misfolded
proteins indudes prions in diseases such as Cruetzfeldcobs, amyloid b in
Al zhei merd6s disease plaques, and, mo s t
several ocular diseaseSurguchev and Surguchov 203)0Glaucoma and glaucoma
related diseases are the leading cause of blindness worldwide and asyvas half of
those affected remainundiagnosed for many years. Glaucoma is a disease of the
optic nerve and is often associad with increased intraocular pressure due to poor
flow of the aqueous humor through the trabecular meshwork of the eya,situation

which can place added stress on the ner¢i¢won, Fingert et al. 2009 (Figure 1-1).

r

ecC
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Figure 1-1. Schematic of the interior of the eye showing normal flow of fluid out of
the trabecular meshwork (TM). In glaucomatous eyes, the TM is blocked by
aggregates, increasing pressure on tbptic nerve Courtesy: National Eye Institute,

National Institutes of Health (NEI/NIH) . (NIH )

The aqueous humor is constantly being replaced in normal eyes and increased fluid
buildup can cause irreversible blindres in some patientgBand, Hall et al. 2009.
Currently, loss of vision cannot be restored and thgypical treatments require a
lifetime of medications, eye drops, and, in some cases, advanced laser surgeries, to
maintain a healthy intraocular pressureFor these reasons, mch work has been
done recently in attempts to eluciate the role of genetic mutations inproteins

associated with the development of this diseasg€yin 2008). Amyloidogenic



aggregates have been recordeth multiple cases of glaucomaand some
ophthalmological researchersiow referto glaucoma as ocular amyloidosigNelson,

Edward et al. 1999 Surguchev and Surguchov 203@Figure 1-2).

Figure 1-2. A slit-lamp photograph showing extensivebrillar amyloid deposits seen

over the anterior lens surfacgNelson, Edward et al. 1999

Plagues removed from the lenses of glaucoma patients were composed of the
amyloid b peptide, also found in the neuronal plaques of Alzheimr 6 s pati en
(Bayer, Keller et al. 1999Nelson, Edward et al. 1999 Goldstein, Muffat et al. 2003
(Figure 1-3). These plagues can be stained with Congo Red, a common histological
dye used to identify amyloid structure, and form fibrils visible by transmission

electron microscopy, though they are heterogeous(Nelson, Edward et al. 1999.
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Figure 1-3. (Left) Anti-Ab SELDI mass spectrometry of human lens extract showing
that the amyloid b peptide is a major conponent of the aggregates removed from the

lenses of glaucoma patients. (Right) Total lens protein extracted from the plagues

forms heterogeneous protofibril aggregates and bind a#tb coated nanopatrticles in

an immunogold electron microscopy experimentifack dots are nanoparticles)Scale

bar=100nm. (Goldstein, Muffat et al. 2003

When these lens aggregates were analyzed, they were shown to be much less toxic

cellassayshan t he amyl oi d extracts

acquired

(Goldstein, Muffat et al. 2003 Guo 2007). This difference in toxicity may be due in

large part to the two aggregates having two distinct amyloid conformations. These

differences in conformation wouldlikely be influenced by the environment of the

peptide as it is assembling into the fibrilsThe physiological environments of the eye

and the brain are quite similar, with optic neurons and brain neurons having a near

post



identical cellular morphology, pH and salt distribution (Chesler 2003. There are
dramatic differences, however, in the types of genes uprégped and proteins

expressed in these two cell typé€Balaratnasingam, Morgan et al. 2000

Due to it being the only organ in the body not protected by a layer of skin, the
eye is constantly assaulted by UWradiation. Because of this, the cells in the optic
tissue have evolved many defenses, including being able to produce and quickly
utilize antioxidant small molecules as well as housing an army of proteins dedicated
solely to capturing reactive oxygen spges (Carper, Sun et al. 1999 Akpek and
Gottsch 2003 Shamsi, Chaudhry et al. 2007 Lassen, Black et al. 2008 Other
proteins that are much more common in the eye also include those responsible for
repairing damaged biopolymers (both nucleic acids andrgieins) and degrading
nonfunctional proteins that have misfolded(Akpek and Gottsch 2003 Surguchev
and Suguchov 201Q. Due to the cellular environments of the eye and the brain
having very different proteomecompositions | considered whether thanteractions
of amyloid b with specific native protein folds unique to each cell typeould play a
role in the differing morphologies and relative toxicities of the final aggregates.
Specifically, | predicted that the great propensity of amyloii to form b-sheet
aggregates would make it likely to interact with proteins containing preorganizéd
sheets within ther structures. Little is known about how the amyloidb peptide
interacts with other proteins as the plaques are typicalheterogeneousand difficult
to analyze (Miller, Papayannopoulos et al. 198). Some proteins may interact

nonspecifically with the amyloid after it has already formed a fibril, but others may



interact with the amyloid monomers or oligomers to provide a nucleating site for the

propagation of amyloid aggregates with new conformans.

Amyloid Assembly is Context Dependent

For reasons not entirely known,under the right conditions, proteins can
assemble into amyloid(Chiti and Dobson 2009 and certain misfolded proteindhave
been correlated with damage to certain types of cell€arrell RW 1997). The
devdopment of drugs and therapeutics to combat this aggregation hasen difficult
due to the heterogeneous nature odmyloid plaques. Investigations of peptide
sequences derived from amyloid, which forms fibril aggregates around neurons
reveal that metalion binding and small molecule interactions may tune the toxicity
of the fibrils, suggesting ion levels in different types of cells may induce a more toxic
fibrillar arrangement(Dong 2007 Ryu, Girigoswami et al. 2008 Hindo, Mancino et

al. 2009.

To understand formation of these misfolded amyloid aggregates, prdous
studies have been focesl on discerning the pathway othe formation of highly-
ordered crossh structure from peptide monomers This process of assembly has
several intermediate stepsapon an increase inlocal concentration peptids cluster
togetherto exclude waterand create molten globule aggregates (also referred to in
the literature as oligomers or particleKayed, Head et al. 2003Glabe 2006 Cheon,
Chang et al. 2007 Fawzi, Ying et al. 2010. These oligomers are proposed to serve as

environments where the peptide camdesolvate andtransition into a more ordered



crystalline b-sheet arrangementhat templates theaddition of monomer (Liang, Guo
et al. 2008 Childers, Anthony et al. 2013. There has been debate as to which of
these structures is the most toxim AD , but recent evidencegygests thabligomers
themselves arastoxic, if not more toxic, than the fibrils (Glabe 2006 Cheon, Chang
et al. 2007 Haass ad Selkoe 2007 Yin, Chen et al. 2008 Laganowsky, Liu et al.

2012).

Crystalline-phases within the ggregates form in a nucleatioependent
manner wherein there is a lag phase after the monomers associate and before the
elongation of the fibrils from theb-sheet nucleugHarper and Lansbury 1997 Stine,
Dahlgren et al. 2003 Hellstrand, Boland et al. 2009 This lag phase can be bypassed
by addition of a nucleating speciewhich serves as a templaté.omakin 1996; Cruz,
Urbanc et al. 200% Lazo, Grant et al. 2005 Shorter 2005 Hills and Brooks 2007

Linse, CabaleircLago et al. 2007 Liang, Lynn et al. 2010 (Figure 1-4).
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Figure 1-4. Amyloid self-assembly is a nucleatiordependent processFibers form
only after lag phase in reetions that are not seeded (gregnBy contrast, fibers form

rapidly without a lag phase upon addition of preformed nucléred). (Kumar 2011)

The nucleation, or seeding, of myloid structures has been studied extensively
Addition of short preformed fibers can initiate fiber growth bypassing the lag phase
(Figure 1-4). Surface interactions, including airsolvent, metal andinteractions at
lipid membranes, can significantly chage both the pathway of the assemblgnd the
conformation of the structures formed (Giacomelli and Norde 2005 Ryu,
Girigoswami et al. 2008 Evers, Jeworrek et al. 2000 Interactions such as these have

the potential to alter he nucleus, which may also lead to a&hange in the final

structure.
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The amyloid b peptidef ound i n Al z haggregatecdngain potha q u e s
the full-length, Ab(1-42), as well as1-40 and 1-39 truncations. Through mutational
studies the region most crucial for nucleation of the assemblyas found between
amino acids 1322, with the minimum nucleating species beingresidues 1&22
(Wurth, Guimard et al. 2002). Ab(16-22), Ac-KLVFFAE -NH,, is able to assemble
into fibril structures at neutral pH that aremorphologically similar to those formed
by the full-length amyloid b peptide (Balbach, Ishii et al. 2000 Mehta, Lu et al. 2008
(Figure 1-5a). Ab(16-22) fibrils have been extensively characterizagsing multiple
biophysical techniques and arecomposed of antiparallel irregister b-sheetsthat
hydrogenbond along the longaxis of the fibril which then laminate together through
side chan interactions, which contributes to the width of the structures(Liang,
Pingali et al. 2008 Mehta, Lu et al. 2008. When the peptide is allowed to incubate
in acidic conditions, it assembles into hollow peptide nanotubes witbxtended b-

sheet lamination(Lu, Jacob et al. 2003Mehta, Lu et al. 2008 (Figure 1-5b).

Figure 1-5. TEMs of 2mM Ac -KLVFFAE -NH , which forms fiber when incubated at

neutral pH (a) and nanotubes at acidic pH (b).
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The sheets helically coil to form tubes with the Hbonds of the b-sheets
running at an angle of 23%Figure 1-6). The extended lamination of theb sheets in
the tubes is due to thehange n peptide registry to antiparallel oubf-register to
better accommodatethe packing of ValAla and PhePhe residuefLiang, Pingali et
al. 2008 Mehta, Lu et al. 2008. The transition to nanotubesis accomplished by
protonation of the Glu22 and breaking ofthe stabilizing saltbridge that is formed
with the Lys16 of the adjacent pepde. The breaking of the salt bridge can also be
accomplished by replacingthe V18 side chain with a tbutyl group, forcing the
peptides to adopt an antiparallel oubf-register conformation even at neutral pH
(Liang, Pingali et al. 200§. By making an E22L mutation, the peptide assembles into
nanotubes with an antiparallel ouof-register arrangement andthis nanotube
formation is pH independent. Our current knowledge is consistent with imegister
antiparallel or parallel b-sheets alwaysselfassembling ito a fibril morphology and
out-of-register antiparallelb-sheets forming nanotubes (Kun Lu, Thesis 200%igure

1-6).
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Figure 1-6. Cartoons of Ab(16-22) fibril formed at neutral pH (left) and nanotube
formed under acidicconditions (right) showing hydrogen bonding in the &axis and

lamination of side chains in the xaxis. Side chains have been omitted for clarity.

(Mehta, Lu et al. 2008

Based on atomic force microscopyAFM) and small-angle X-ray scattering
(SAXS) data, he wall thickness of the nanotubesvas determined to bednm, which
corresponds to the distance of two peptides (2nm long) stacked eaend (Lu,
Jacob et al. 2003Mehta, Lu et al. 2009. This data, along with solidstate NMR
data, show that thepeptides in the tubes g arranged ito a bilayer similar to a lipid
membrane (Childers, Mehta et al. 201Q. It has been shown that otherchemical

moieties can be covalently attached to the peptidend are incorporated into the
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structures(Dong, Lu et al. 2006 Childers, Anthony et al. 2012 Ni, Childers et al.
2012. These results demonstrate that evefor the short, severresidue peptide,
Ab(16-22), morphology is contextdependent. Due to the simplicity of the sequence
in comparison to Ab(1-40), structural analyses allow for direct correlation between
amino acid composition, morphology ad environment. Its ease of synthesis and the
critical role that Ab(16-22) plays in nucleation of the fullength amyloid b peptide
have made it a very useful model system forexamining the peptide-peptide

interactionscritical to structural and morphological changes in amyloid assembly.

By covalently attaching afluorophore to the N-terminus of the peptide,t has
been shown that he assembly processan be followedand the ends of the tubean
be locatedspatially with fluorescence microscopyLiang, Guo et al. 2008 Liang,

Lynn et al. 2010 (Figure 1-7).
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Figure 1-7. (a) Schematic of Rhodamine 110 labeled #16-22) coassembled with
unlabeled Ab(16-22) to allow for visualization of the nanotubes by fluorescence
microscopy. (b) Tubes of A(16522):Rh16322 coassembly at 250:1 molar ratio, and

&, = 780 nm. Scale bar10em. (Liang, Lynn et al. 2010

The ability of the labeled peptide to be incorporateihto the peptide nanotule

demonstrates that the assembly has plasticity and can accommodate heterogeneity
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while still maintaining long-range order. The equilibrium that exists between
monomer and the assembled structure can be tuned in a variety of ways and is
reversible over meaurable timescale¢Childers, Anthony et al. 2013. Thus, amyloid
assembly is influenced to a great extent by the environment and its conformation can
differ greatly from one set of conditions to another The assembliescan be
heterogeneous,which may be caused byunique cellular environments providing
insight into the tissue specificity of the amyloid plaques and differences in their

relative toxicities.

These aggregates form in a nucleatieshependent process wherein the peptide
monomers need a template to organize intthe crossb fold. The pathway from
monomer to aggregate is contexdependent and can be affected by pH, small
molecules, airsolvent interfaces and surfaces, giving rise to a wide variety of possible
conformations. In this thesis, | have asked whether amgil b assembly might be
nucleated by protein folds that are specific to the eyeto a different conformation,
which may help to explain why these aggregates havdower toxicity. By
investigating the possible interactions between amyloid and these nativefolds, |
have developed a modebhnd a new mechanism of amyloid nucleation that may
provide insight to the great diverdly of amyloid conformations and potentiallytheir

tissuespecific toxicity.
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Chapter 2

Models of a Glaucoma-Related b-Propeller Fold

Introduction

Given the correlation between amyloid plaques and neuronal death in the
brains of Al z h enyloide vy dggreggbea havee lmeénsanalyzed using
methods such assize-exclusion chromatography inan attemptto isolate the nost
toxic agent within the plaques(Glenner and Wong 1984 Masters 1985 Prell,
Castano et al. 1988 Iwatsubo, Odaka et al. 1995 This has proven to be quite
challenging because the plagues are made up of a variety of cellular components,
possibly due to the immune response of the cells trying to degrade the large
structures. It has beenhypothesizal that the aggregatescan grow long enough to
puncture the deadny ® spoptosisierdiarn Zarandi et al. 2004
Engel, Khemtémourian et al. 2008 or that the fibrils can sequester small molecules
or metals to produce reactive oxygen speciéBong, Lu et al. 2006 Dong, Canfield
et al. 2007. There are alsareports that the fibrils are not the toxicspecies but that
the oligomers are the most detrimental to the cell and that their toxicity is mitigated
when they transition into fibrils (Kim 2003; Glabe 2006 Ferreira, Vieira et al. 2007

Sakono and Zako 201D

Regardless of which form is the most toxjcthe fibrils in the plaques have
been shown to be primarily composed of amyloid peptide with a combination of

other proteins, such as proteoglycans, proteases and proteins used in copper
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homeostasis, as well as metals, lipids and even nucleic acidMiller,

Papayannopouloset al. 1993 (Figure 2-1).

e f \‘\,A
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Figure 2-1.Pr ot eins commonly found in amyloid pl

brain homogenate(Miller, Papayannopoulos et al. 1993

In an attempt to allevate stress on the cell, it has been proposed that
cytokines and proteases are recruited to destroy the amylgeptidesand possibly
get trapped on its hydrophobic surface rather than functioning as they would with
typical misfolded proteins that are moresoluble and globular(Ishii, Haga et al. 197%
Meda, Baron et al. 1999 Gitter, Boggs et al. 2000 Strohmeyer and Rogers 2001

The interactions with these proteins is postulated to occur after the amyloid
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aggregates have already begun to assemblmto their fibril form (Miller,
Papayannopoulos et al. 1993watsubo, Odaka et al. 1994 but very little is known
about the interactions of the monomeric or oligomer forms of amyloié with native

protein folds.

In the context of amyloid aggregates found in the eyes of glaucoma patients,
there are several protein risk factors that could potentially interact with amyloiol
Human genetic screes have identified several proteinswith mutations that are
correlated with an elevated incidence of glaucoma diseasacluding myocilin
(MYOC), optineurin (OPTN) and WDR36 (WDR36 gene) (Stone, Fingert etal.
1997 Rezaie, Child et al. 2002 Monemi, Spaeth et al. 2005Nakano, |Ikeda et al.
2009. Both myocilin and optineurin affect the severity of primary openrangle
glaucoma (POAG), the most common form of the disease, though their functions
and their involvement in the disease statemainsunder investigation(Libby, Gould
et al. 2005. Of these, he most wdl-studied is myocilin (Tamm 2002 Nagy 2003
Fautsch, Vrabel et al. 2009, a highly-expressedb5-57kDa glycoproteinin the human
trabecular meshwork that surrounds the lens of ¢heye. Mutations in myocilin
correlate with slower clearance of the protein, resultingn higher intraocular pressue
(Jacobson, Andrews et al. 20QITamm 2002). Mutations in optineurin correlatewith
normal-tension glaucoma, a less commorvariant of the disease. ndeed these
mutations were bund in individuals without glaucoma, suggesting that optineurin is
primarily a modifier of the disease onset and severitfRezaie, Child et al. 2002

Alward, Kwon et al. 2003; Libby, Gould et al. 2005.
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WDR36, or WD repeat domain 36, whichalso appeardo be a modifier of the
disease(Hauser, Allingham et al. 2006 Hewitt, Dimasi et al. 2006 Miyazawa, Fuse
et al. 2007 is expressedas a 100kDa monomercontaining a guanine nucleotide
binding WD40 repeat, a reductaséike domain, an AMP-dependent synthase/ligase,
and a Utp21-like WD40 repeat (Monemi, Spaeth et al. 200k Studiesin zebrafish
have shown that thisprotein is critical for rRNA processing, is involved in nucleolar
stability and accumulatesin highest levels in the eye and central nervous system
(Skarie and Link 2008. Loss of the WDR36 homologue in zebrafish results in
activation of the p53 stessresponse pathway, disruption in nucleolar morphology
and RNA processing. Mutationsin WDR36 can cause functional defects in a yeast
system(Footz, Johnson et al. 2008 and causedisruption in retina homeostasis in a
POAG mouse model (Chi, Yasumoto et al. 2010, both thought to bedue to the
destabilization of the hydrogerbonding network that is key to keeping the WD40
domain properly folded. ThisWD40 b-propeller domain appeas to be vital to the
stability of the protein andto its function, which led me to investigate this 6ld in

more detail.

The proteins in the WD40 repeat family have b-propeller tertiary folds The
propellers can contain muiple blades that contain fourantiparallel b-strandseach

(Figure 2-2).
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Figure 2-2. Representative members of the WD repeat family ob-propellers
including the b subunit of the G Protein Coupled Receptor (DfValeyev, Downing et

al. 2008.

This family of proteins provide unique docking stes for multiple protein complexes
involved in cell signaling (Fulop and Jones 1999 van Nocker 2003 Chen,
Spiegelberg et al. 200Nikkhah, Jawad-Alami et al. 2006, Schuetz, Allali-Hassani et
al. 2006 Chaudhuri, S6ding et al. 2008 As discussed in Chapter 1, amyloid fibers
are detected in the ocularavity of patients with glaucoma and, sd hypothesize that

mutations in one or all of the protens (myocilin, optineurin and WDR36) result in
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destabilization of the native protein fold and provide a template for amyloid
assembly With no structureavailablefor the WDR36 protein, | have usedhomology
modeling to predict the structure, properties ad conformational changesof this
protein upon mutation (Footz, Johnson et al. 2009Chi, Yasumoto et al. 2010. In
this chapter | have created homology models of théhree majorproteins implicated
in glaucoma usingestablishedhomology modeling protocols and demonstratethat
the b-propeller is destabilized by mutations that may allow it to form a more

conformationally-flexible surface that mayinteract with the Ab peptide

Results

Building Homology Models of Proteins Implicated in Glaucoma

A set of homology models were producedbr optineurin (OPTN), myocilin
(MYOCI/TIGR), and WDR36 using HHPred

(http://toolkit.tuebingen.mpg.de/hhpred ). Homologues for each sequence were

found using Basic Local Alignment Search Tool (BLAST) andhe structural PDB
information from the highest-scoring protein was used to threathe desired sequence
through the PDB structure. This structure was then minimized and scored to
evaluatehow well the threaded sequence fit on the homologous protein scatfolrhe
percent identity varied depending on whether the entire sequence or truncations were
used for the BLAST search Their percent compositions are: OPTN (58.93%
helical/2.08% extended/38.99% random coil), MYOC (33.73% helical/21.63%

extended/44.64% ran@m coil), and WDR36 (28.08% helical/48.16%


http://toolkit.tuebingen.mpg.de/hhpred
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extended/23.76% random coil). Myocilin contains two conserved domains, one of
unknown function that is present in many bacteria and another that is an
Olfactomedin-like (OLF) domain. As the highest scoring sequee in the PDB for
the full-length sequencédiad only 19.6% similarity, | chose to make a model for both
the full-length (Figure 2-3) as well as the OLF domain that hada higherscoring

homologue with 29.6% similarity (E-value = 0.0049, 0.14)Figure 2-4).
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Figure 2-3. Myocilin full-sequencealignment (top), homology model from iron-
responsive element binding protein lfrom H. sapiengPDB# 2B3X) (left) and

Ramachandran plot(right) showing mixture of Uhelical and b-sheetcharacter.



27

‘ ﬁU 40 ?U 60
MYOC-OLF CPGL KGVYQSEHLFESDNNNNHQS C P~~NLQASNNDKIYYMPWTPYRTDTLTE S5K100%
1lcl GCGERVWVGEPLTLRTAET~ITGK MRBPKP~TYPYTQETTWRIDTVGTDVRQVFEMDLI 53%
3845607 GCGVEMWVGEPVTLRTAET~ITGK MREBPKP~THPYTQETTWRIDTVGTGIRQVFEMSQOT 55%
17865343 ACGFKETGISDPVTVKTSG~~~~SR MTBP~~~LAPEGDNRVWYMDG~YHNNRFVREMKSM 58%
585611 QHOGEAHISKPNLMQLNWKGNAYKS G AWNTTKKSLYWVAPLNTDGRVLESIRINMFEPSM 44%

70 100 110 120
P I PR |.. A \.. B IO B (U R (PP (PR

MYOC-OLF DDEIAGRPTTTYKMEPHRVD~ ~~ -~~~ G DG. NKERTRNIVKF RIKSGE100%
lcl SQEMQGYPSKVHIMEBRPLE ~ ~~ v v G 5GS QGAESRTVIRYE ETVKAE 53%
3845607 SQEEQGYPSKVHVEEQALE ~~ ~ ~ v~ ST AGS QGAESRTVLRYE ETVKAE 55%
17865343 VDEMNTDNEFTSHRBPHPWS ~ ~~~ v~ GITIGO NGS NKFQSHIIIRF ETILKT 58%

585611 SDLOMYKNPIDLPESMLIKNKLNNTFAGQG NN NCFNSHDMCRASETSGVYQ~K 44%

ﬁ30 ﬁ40 ﬁSU ﬁ?ﬂ ﬁBD
MYOC-OLF AIIA RWGGKS LA IS5 PYTLRIEGT A100%

lcl KEIP SWGGYT LA LS PENLELEQTWEEN 533
3845607 KEIP AWGGYT LA .8 PENLELESTWETN 55%
17865343 RSLD AWGGHS LM Is PVSLQILQT S 5g%
585611 KPLL AGTMFQ FSs VG VATETVDNIWIET 443

180 210 220 230 240 250

P B P (PR (P
MYOC-OLF Y VVKSVYEDDDNEATGNKIDY T DQSKDSLVDVPEPNSYQYIAAVIQ00%
lcl I TVSg§~~~~~~YTSADATVNE. GTGISKTLTIPEKNR¥KYSSMT 53%
3845607 I TVSg~~~~~~¥YSSVHATINE. INTGISKTLTIPEKNRYKYSSMV 55%
17865343 VTN~~~ ~~~r~GYSGGTKVHY. QENASTYEYIDIPEQNKYSHISML 58%
585611 VTR.NNNNNNLGPKMEEVFY KTGKEGHLSIMMEKMAEKVHSL 44%

ﬁ60 ﬁTU ﬁsu ﬁgo ﬁuu ﬁlo

B P I (PR (PP IOt (R IR [ IV I IVRPRP I
MYOC-OLF PRDNLEBYVWNNYHVV SLDFGPL 100%
1lcl PLEK E. DNLNMVTEDIKLSEKM 53%
3845607 PLER E DNFNMVTEDIKLSEM 55%
17865343 PKDRALYAWNNGHQTLENVTLFHV 5%
585611 SNDR Y] SEGYLLHEDIALKP~ 44%

180

150

120

-120

-150

180 L e [ ] | 1 1 - 1
-180 150 -120 90 &0 30 ] 30 &0 90 120 150 180
Phi [degrees)

Figure 2-4. Alignment of the OLF domain of myocilin with highestscoring

homologues in the OLF domain family (top), homology model from MNMC2 from
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Aquifex AeolicugPDB# 3VYW) (left)and Ramachandran plot (right) showing

mixture of U-helical and b-sheetcharacter.

For the optineurin sequenceée. oli Colicin IA (PDB# 1CII ) was identified as
the highegs-scoring structural homologuewith 30.2% similarity (E-value = 0.18)
Alignments were createdfor optineurin and Colicin IA to generate the structural
model (Figure 2-5). Optineurin is proposed to be a membranrembedded protein and
the extended codcoil shown in the model supports this hypothesis since it haso
domains at either end thatould function as sites for inéractions with other proteins

or smallFmoleculegRezaie, Child et al. 2002Bond, Peden et al. 2011
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Figure 2-5. Optineurin alignments with highestscoring homologuegtop), homology
model from Colicin 1A from E. Coli (PDB# 1CIl) (left) and Ramachandran plot

(right) showing high degree of+helical character.
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Two homology models were constructed for theWDR36 protein based on
full-length alignments and best partial alignmefitone containing two b-propellers
rotated by 90° with respect to each other andonnected by a short coi(E-value =
8.2E-38) (Figure 2-6) from a sequencewith 22.3% similarity, and anaher that
contained only a single b-propeller (Figure 2-7) from a sequence with27.4%
similarity . Despite the discrepancy tiis clear that this protein containst least oneb-
propeller domainand has a high percentage df-sheet For the following analyses, |
use the double b-propeller model because the single propeller model left the
remaining portion of the protein as a disorganized random coil, leading to difficulties

in localizing ordered regions for further comparison.
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Figure 2-6. Sequence aligment of WDR36 with its closest homologue, Utp21 from
yeastand AIP1 from C. elegangtop), homology model from AIP1 from C. elegans
(PDB #1NRO) (middle) and Ramachandran plot(bottom) showing high degree ob-

sheeftcharacter.
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Figure 2-7. Sequence aligment of WDR36 with highestscoring homologues with a

PDB structure (top) homology model from the F-box/WD repeat protein 7 from H.

SapiengPDB #20VP) (left) and Ramachandran plot(right) showing high degree of

b-sheetcharacter.
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The common feature used to characterize all amyloid is the
arrangement of extended-strands into a cros$ paracrystalline phase (Eanes and
Glenner 1968 Sunde, Serpell et al. 1997 Based on this defining characteristic, |
proposed that the likelihood ofb-sheet rich folds, such agredicted inthe WDR36
protein homology model, would serve as the best nucleating surfaces for thewth
of b-sheetamyloid aggregatesEach blade of theb propellerin WDR36 is composed
of four-stranded antiparallel b sheets. Thesé sheetsare connected to one another
via connecting sequencesAs shown in a representativeb-propeller GPBS, he b
strands are ypically labeled A, B, C, and D (Figure 2-8) starting from the N-
terminus to the Gterminus (from the center of the structure outward in a radial

fashion).

A
J 1LE-9fiLA-92

mé;\:? bXE:88 gy g5

c;

Figure 2-8. G Protein b-Subunit (GPBS: 1A0R) with blade in detail showing the

common nomenclature for the strands of eacbh-sheet.
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In many cases, theoverall shape of the propelletakes on a funnelappearanceand
the sequencesit the center of the blade interfacesre more hydrophobicthan those
in the center of the strandsHigure 2-9) (Gettemans 2003.

Loop regions: Found within or

outside of the 4-strand scaffold,
and they vary in lengths

External surfaces: Ligand binding (for
example, haemopexin and tachylectin-
2) and protein-protein interactions (for
example, Gf and clathrin)

Hydrophobic positions: Repeated electrostatic interactions:

Conserved at sheet-to-sheet Between aspartates and turn positions

interfaces (for example, haemopexin and WD
repeats)

Central cavity: Prosthetic groups (for
example, PQQ in methanol
dehydrogenase/glucose dehydrogenase
and haem in nitrite reductase) and
catalytic residues (for example, sialidase
and galactose oxidase)

Modular -sheet unit:
Internal repeats
generally present (for
example, tachylectin-2
and YWTD)

Figure 2-9. Conserved features ob-propellers of the WD40 repeat familyGettemans

2003.

The length of strands A, B, and Care typically conseved in each blade of the
propeller, but strand D is often of variable length, even among blades within the
same propeller structureThis trait may have evolved toprotect the outermost strand
from undesirable edgdo-edge hydrogenbonding interactions tha may lead to
protein aggregation and cell dea(Fulop 1999. There are many subfamilies within
the superfamily of theb-propeller fold, including WD40 repeat, RCC1, kelch and
others that share similar sequence motifs within their family blade portions. iEhfold
presens an intriguing complexity of structure and diversity of functionwithin a b-
sheet rich scaffold that may serve as a preorganizednygate for the nucleation of

amyloid b.
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As a model for studying possible interactions betweeb-propellers and

amyloid b peptides | also chose the crystal structure of theb-subunit from the

ubiquitous G-protein coupled receptor (GPBS, PDBRAOR), which is a welt

characterized member of the WD40 repeat family ob-propellers that includes

WDR36. This allowed meto distinguish b-strands from the surrounding random coill

loops. The four antiparallel b-strands, delineated as A, B, C and D from the

innermost to outermost strandn Figure 2-8, were aligned for each ofthe positions

within the blade. Alignmentswere created for both theGPBS crystal structure and

the WDR36 model and illustrated a greger diversity in the b strand sequence

located in the outermosD strand positions. (Figures 2-10and 2-11).

GP2
GP2
GP2
GP2
GP2
GP2
GP2

GP2
GP2
GP2
GP2
GP2
GP2
GP2

Figure 2-10. Alignment of the individual b strands from the G ProteindoSubunit
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~CLG~VTD 0%
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[ R (PR
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~~NCNVWD 50%
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Position B

1 10

| T | Ty
RLLLSA~ 100%
NYVACG~ 17%
NQIVTS~ 67%
RLFVSG~ 67%
NAFATG~ 17%
RLLLAG~ 83%
~AVATGS 29%
Position D

1 10

| P [
~NKVHAIP 100%
~RVSRELA 14%
~~~TTTFT 0%
GMCRQTF~ 0%
~QELMTYS 29%
~~RAGVLA 29%
~RTLR~~~ 14%

(GPBS)crystal structurewith percent homology scoring based othe identity to the
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top sequenceColor indicates regions of highest sequensamilarity based on amino

acid properties

Position A Position B
1 ]iO 1‘ 1|0
WDR36 ~ICCMAA~ 100% WDR36 ~RFYVTT~ 100%
WDR36 EIHFLQ~~ 29% WDR36 RLVFAA~~ 14%
WDR36 ~FKISAI~ 17% WDR36 ~HIISVD~ 0%
WDR36 ~VTALQQ~ 33% WDR36 ~KILLGS~ 50%
WDR36 ~ITSISF~ 50% WDR36 ~DVVAIG~ 0%
. 14% WDR36 ~~LLVTGN 29%
WDR36 ~~KRVKR~ 17% WDR36 QQILSA"""’ 14%
WDR36 ~BYFLKP~ 17% WDR36 ITKFAA~~ 14%
WDR36 ~IHRGSF~ 33% o
WDR36 ITATAV~~ %
WDR36 ~ILIHSV~ 33%
WDR36 KIVREF WDR36 ~RGVAVD~ 17%
~~ 14%
: WDR36 ~NIMLLH~ 172
WDR36 LIDCFL~~ 29%
WDR36 ~~RALGLF 143 WDR36 INDMAF-~-~ 0%
WDR36 LNVSMS~~ 295
Position C Position D
1 10 1 10
P IO P T I
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WDR36 ~EIVHIF~ 50% WDR36 ~~~FSA~FAR 33%
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WDR36 ~KLLYTF~ 33% WDR36 ~~~LQL~WN~ 40%
WDR36 ~ETLMKF~ 17% WDR36 ~~~~VIIHN~ 33%
WDR36 ~KLINQM~ 33% WDR36 ~~HIGL~WD~ 33%
WDR36 ~RLLLRF~ 33% WDR36 ~~RIWI~FD~ 33%
WDR36 ~~FNKSLG 0% WDR36 ~~~LQS~FS~ 40%
WDR36 ~~SCSTWN 14% WDR36 ~~~DGIIAC~ 0%
WDR36 ~~~VDVYN 29% WDR36 FAVIGL~~~~ 0%
WDR36 LKFWN~~~ 0% WDR36 ~~~LTVTTG~ o
WDR36 ~~~ISVLD 43% WDR36é ~~ILGLALD~ 14%
WDR3&é ~~SIRTWD 14% WDR36 ~~~RWL~ISA 0%
WDR36 ~~GIYLWS 29% WDR36 ~~FLAT~SH~ 17%

Figure 2-11. Alignment of the individual b strands frompositions A, B, C and D of
the double-bladed WDR36 homology model with percent homology scoring based
on the identity to the top sequenceColor indicates regions of highest sequence

similarity based on amino acid properties.
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The A strandsequencs from the GPBStypically had low homology between
14% and 33% possibly due to thelocations of residues in some sequences that have
metal-coordinating functions, such as cysteine or histiding¢Figure 2-10). The B
strand sequencs exhibited muchhigher homology up to 83%and usually contained
a charged residue followed by an extended safthydrophobic residues. The C strand
sequencs aligned quite welland had higher homologybetween 5667% due to the
WD -repeat found at the Germinus of each strand,a characteristicthat gives the
name for this family of b-propellers Eigure 2-10). The conservation of the
hydrophobic residues within the internal B and C strands may be important in
stabilizing the core of the repeating blade units as they pack against the neighboring

blade.

Alignments of all strands of the WDR36double-bladed homology model
were poor and showed very littlesequence conservationegardless of their positions
(Figure 2-11), which may be due to the low homology between the WDR36
sequence and the template used for threading@B #20VP) (Figure 2-7). This was
also true for thesinglebladed WDR36 model. Given the ability for the sequences to
form a b-propeller, the ability of the individual strands to aggregate was evaluated.
Predictions were made for each set of sequences at positions A, B, C andrbm
GPBS, 10 crystal strutures of members of theb-propeller family and the WDR36
homology model usingthe Aggrescanservetr which uses sequence information from
known aggregationprone domains to calculate the likelihood of a particular
sequence to aggregat@~igure 2-12). The agyregation propensity for each position

was compared to the central nucleating core of the PApeptide, Ab(16-22). As
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discussed in Chapter 1, this peptide assembles into amyloid fibers at neutral pH

(Balbach, Ishii et al. 2000.

Predicted Aggregation Propensities of G Protein 3-Strands
Averages Normalized to Ap(16-22)
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Predicted Aggregation Propensities of 3-Strands from Ten pB-Propellers

Averages Normalized to AB(16-22)
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Figure 2-12. Aggrescan predicted aggregation propensities (ibp) b-strands from

the G Protein b-Subunit (PDB: 1AR0) and (bottom) aggregation propensities ob-
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strands from PDB: 1TBG, 2TRC, 1ERJ, 1JV22CES8, 1RI6, 3FGB, 3HXJ, 1DFC,
3C5M. Each column represents the average score for each set of A, B, C or D strands
from each structure: sts of 7 strands for the -bladed GPBS and sets of 14 for the 14

bladed WDR36. Sequences used can be found Appendix I .

The D strand sequencs in GPBS had the lowest predicted aggregation
propensities of all positions, possibly due to the high number bfdrophilic residues
and prolines found within these sequencesinlike the exposed D strands,ite most
internal A and B strand sequences had the highest predicted aggregation
propensities, consistent with their hydrophobic sequence characteristics, thoungime

scoredas high as A(16-22).

Predicted Aggregation Propensities of WDR36 B-Strands

100 Averages Normalized to Ap(16-22)

100
80
60 -

40

20

Propensity for Aggregation

-20 -

-40

Figure 2-13. Aggrescan predicted aggregation propensities of thestrands from the
WDR36 double-bladed homology model. Each column represents the average score

for each set of sequences in the A, B, C or D positiorofn each sequence.
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This pattern is consistent when the same procedure is repeated for ten other members
of the b propeller family, with sets of strands being scored and averaged for each
position (Figure 2-12). There is less distinction between the averageores forthe
sequences taken from different positions WDR36 model (Figure 2-13). The clear
outlier of the WDR36 homology model is the D strand aggregation propensity. This
may be due to low template homology or thenisalignment of the treaded sequece
within the template crystal structure. However, WDR36 B and C strands have
similar aggregation scores to the propellers ifigure 2-12. WDR36 strand A
aggregation scores are quite different than the propellerskhigure 2-12, but similar

to the score fo the A strands in GPBS.

Mutations Destbilize theb-Propeller Fold

Using the double-bladed homology model for WDR36, the locations of
diseaserelated mutations and their possible effects on the structural stability of the

protein were investigatedFigure 2-14).
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Figure 2-14. Double-bladed homology model of WDR36 with glaucomarelated

mutations highlighted (red).

The mutations within this structurecould lead to loss of function, as seen in
the yeast homologue(Footz, Johnson et al. 2009 but could also cause loss of
structural integrity by opening up theb-propeller, exposing hydrophobicb-sheet
stretches that would normally be buried in the core of the structure. Though the
mutations within our model seem to occur in both inner and outeb-strands, each of
these could have a significant effect on the ability of the protein to maintain its

compact fold Figure 2-15).
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H212P
. A163V Disrupts intersheet . N3.563
Disrupts blade H-bonding network Disrupts intersheet

packing H-bonding

Blade 2 Blade 3 Blade 7
D658G
A449T R529Q Disrupts intersheet H-

bonding network with
neighboring blade

Disrupts blade Disrupts intrasheet
packing salt-bridge

Blade 10 Blade 13

Figure 2-15. Locations of glaucoma mutations in theb-propeller WDR36 homology

model and potentialstructural effects of theiisubstitutions.

The interior of the b-propelleris tightly packed, with each blade within a few
angstroms of the two adjacent blades, such that internal strand mutations from
unbranched to branched amino acids (A163V or A449T) cause disruption in the
blade packing of the model Hydrogen bonding networks ofside chains typically
Asp-His-SerTrp motifs or Asn, play important roles in stabilizing the tertiary
structures of b-propellers (Wu, Chen et al. 2010 Wu, Zhang et al. 201Q.
Modifications that break this network (H212P, N356S,and D658G) greatly
destabilize the folded structurein the model Likewise, the loss of important

interstrand el ectrostatic i nt er a b-gtrandsn s

wou
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within the sheets, which could lead to the exposure of internal portions of the fold.
Exposed regions may form extendef@-strands that may serve as a template for the
hydrogenbonding of an exogenoud-sheet forming peptide, such as #1-42). This
model and the positions of the diseaselated mutations are comparable to models
predicted by other groupswhich describe thein vivoloss of function, destabilization
and aggregation of the protein fold due to these mutatior(§&ootz, Johnson et al.
2009 Chi, Yasumoto et al. 2010. If the protein is degraded by cellular machinery
due to the effects of the mutabns, it would also create a high local concentration of
b-sheetforming fragments, which could also interact withthe amyloid b peptide
Thus, there are several possible mechanisms for the nucleating core 6{1A42) to

interact with b-strands from theb-propeller fold.

The diseaseelated mutations from Figure 215 were made within the
sequence of the WDR36homology model, the structuwe was minimized again and
the secondary structures of the backbone angles wemevaluated For these
mutations, there is a significant change in the backbone phi and psi angles
represented in the Ramachandran plots, corresponding to changes in the secondary

structure of the mutantgFigure 2-16).
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These mutations in WDR36 were also studieth vivoin yeast and it was found that,

although some mutationsé ad t o

RNA, this was not enough to elicit the characteristics of the glaucoma phenotype
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(Footz, Johnson et al. 200R The fact that the mutations alone lad to growth

impairment and not cell death point to the necessity of environmental factors or

other interactions for development of the glaucoma disease state.
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Discussion

Using homology modeling, | have constructedmodels of glaucoma disease
related poteins that have no current crystal structures in the PDB. The myodaili
model shows a mixture of Uhelix and b-sheet consistent with previous
reportgJacobson, Andrews et al. 20Q1Burns, Orwig et al. 2A0). The optineurin
model shows a primarily extended alph#elical nature which would be consistent
with the evidence that it i;embedded in a membran@ezaie,Child et al. 2002 Park,
Tibudan et al. 2007 Bond, Peden et al. 201)1 The WDR36 homology model shows
a pair of b-sheet rich propeller domains with short-helices connecting the two
subunits and another shows a singleb-propeller structure Since the amyloid
aggregates associated with glaucoma have a different morphology and relative
toxicity, perhaps the amyloid nonomer interacts with adifferent set of proteins prior
to assembly into fullength fibrils and the protein folds unique to the eye, such as the
b-sheet rich WDR36, are capable of altering the pathways of amyloid assembly. This
would be one explanation fo differences in the aggregates between the brain and the
eye. As the WDR36 protein is proposed to have a high percentage lbsheet
character, theb-propeller may be the most likely to interact with the amyloidb

peptide.

When aligned, there are discreparies in the segment alignments in the
WDR36 model that are not observed in the GPBS alignents, suggesting that either
WDR36 shares fewer homologous residues with the WD repeat famityr improper
threading through the host crystal structurelhe individual aggregation propensities

for the GPBSb-strands decrease from internal strands A to external strands D. This
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pattern is common when ten other representatiiepropeller structures are subjected
to the same analysis, which may be a property evolved to providesheetedge
protection, as well ago increase the solubility of the overall structureAlthough this
trend is not observed in the WDR36 homology model, the aggregation propensity for
the A strand is similar to GPBS and B and C are similar to the ten representative

propeller structures.

When diseaserelated mutations were highlighted within the model structure,
| was able to determine several interactions thatould be negatively impacted,
leading to destabilization of the fold.To examine this further these mutations were
energyminimi zed, with the recalculated secondary structure composition shavg a
greater number of coils and helicegFigure 2-16), consistent with the mutations
destabilizing the b-sheet arrangementdeading to a more conformationally flexible
state Interestingly, though the model and the positions of the mutations are
consistent with those in the literature, none of these mutations or combination of
mutations is enough tocauselargescale unfolding events that could lead to the
disease state, suggesting that there are other contributors to the development of the
glaucoma phenotypeThis could also be due to the use of the Amber foe fieldused
in the minimization. More extensive molecular dynamics simulations would need to
be done to be sure that this structure is not trapped in a local minimurithe
observation that the more internal sequences have a much higher propensity for
aggregating may mean that removal or displacement thfe external D strands at any
position may lead to the exposure of more aggregatiggmone strands that could

readily template other aggregatioprone sequences
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One model that could lead to ab-propeller structure being very prone to
aggregate whout complete unfolding of the propeller foldss the displacement of the
external D strand In the following chapter, | will describe this model in more detail,
as well as determine the ability of the D strand to mitigate aggregation of the more
aggregationprone internal strands. Because the folds are highly homologous across
the family and the aggregation propensitiegt each positionappear to be conserved, |
use the GPBS crystal structurefor the following experiments as it is a well

characterized and represeaative member of the WD40b-propeller family.
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Materials and Methods

Glaucomdrelated Protein Sequence Alignments and Homology Modeling
Sequences of OPTN, MYOC, and WDR36 were all subjected to similar analyses:
homologous sequences were foundsing the Basic Local Alignment Search Tool

(BLAST, http://blast.ncbi.nim.nih.gov/ ). The sequences were aligned usirgjther

the online Clustalw2 Multiple Alignment Tool
(http://www.ebi.ac.uk/Tools/msa/clustalw 2/) or the multiple sequence alignment

tool available in the Maestro BioLuminate program available from Schrodinger

(http://www.schrodinger.com/ ). Once aligned, the sequences were submitted to the
HHPred (Homology detection & structure prediction by HMM-HMM comparison,
http://toolkit.tuebingen.mpg.de/hhpred ) server for analysis using the most current
HMM database (Soding, Biegert et al. 2006 Following the second alignment in
HHPred, the secondary structure of each alignmemsetwas scored using PSIPRED
(Protein secondary structureprediction based on positiorspecific scoring matrices

to increase alignment sensitivity (Jones 1999 The highestscoring structural
homologues (not necessarily sequence homologues) were selected and the PDBs
were downloaded. Sequences of each protein were threaded through their structural

homologues using either Modeller fttp://toolkit.tuebingen.mpg.de/modeller ) (g a | i

Potterton et al. 199% or by using the Protein Homology Model Builder within the

Maestro 9.3 toolbox from Schrddinger {ttp://www.schrodinger.com/ ). This

process resulted in three final PDB filesone for each threaded sequencéhat were
rendered using  POV-Ray (Persistence of Vision Raytracer,

http://www.povray.org/ ).



http://blast.ncbi.nlm.nih.gov/
http://www.schrodinger.com/
http://toolkit.tuebingen.mpg.de/modeller
http://www.schrodinger.com/
http://www.povray.org/
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Mutations were made in the WDR36 model using Maestro and thigew structure
was minimized in implicit water using AMBER force-field and PRCG method for 5k
iterations using aconjugategradient with tolerance of0.05. The Ramachandran was

recalculated following minimization within the Maestro program.

Alignment ob-Propeller Blades and Aggregation Propensities

Individual i -strand sequences were located using the crystal structure of the G
Protein i Subunit (PDB: 1A0R) and were collated by their position into individual
text files. The sequences were submitted to ha Aggrescan server

(http://bioinf.uab.es/aggrescan/ ) as individual peptide fragments from five to eight

amino acids in length(Conchillo-Sole, de Groot et al. 200y The Aggrescan analysis
givesan aggregation profile,amino-acid aggregatiorpropensity valueaverage (&),
Total Hot-Spot Area (THSA) and aTHSA per residue (THSAr), which is the THSA
divided by the number of residuesni the input aminc-acid sequence Only the
THSAr value was used for calculating the average score for each set of sequences,
one set each for strands AB, C and D. The total average score for each position was
normalized to the THSAr value for the Al (16-22) sequence, KLVFFAE, which was
0.680. All normalized scores were plotted as columns using OriginPro 8d¥aphing
software (http://www.originlab.com/ ). This procedure was repeated for the
WDR36 model and also for ten other -propellers. Strands werdocated using the
PDB files and were collated into separate files for each position prior to submission

to the Aggrescan server.


http://bioinf.uab.es/aggrescan/
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Chapter 3
b-Propeller Fragment Assembly and Modulation of Self-Assembly in

Peptide Chimeras

Introduction

The b-propeller structure has been the focus of many protein evolution studies
because of its modular nature and the important role that these structures play in
signal transduction pathways. Theb-propeller fold typically requires chaperones to
fold correctly when expressed due to its complexity and the blade subunits have
conserved residues that sit in the overlap region between the blades to ensure the
most stable packing arrangemer{iVitarto and Sode 2001 Springer 2002. Though a
few b propellers have been shown to be relatively stable upon unfolding, it is
generally observed that destabilization of the propeller fold can lead to extensive
aggregation (Juhasz, Szeltner et al. 20Q5Nikkhah, Jawad-Alami et al. 2006
Chaudhuri, Séding et al. 2008 Wang, Huang et al. 2008. Recently, Tawfik and
coworkers showed that several blade subunits of tachyleefna symmetrical five
bladed b-propeller, could be truncated from the full propeller structure and then
reassemble on their own, but only after using directed evolution techniques to evolve
more soluble subunits(Yadid and Tawfik 2007 Yadid and Tawfik 2011). They
observed the aggregation of theild type subunits, but, as it was not the focus of

their experiment, did not characterize thesaggregates.

It has beenproposed that theb propeller fold has evolved a negative design

feature at its externalb-sheet edges to decrease the propensity for edgedge
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hydrogenbonding that can lead toextended b-sheet formation (Richardson and
Richardson 2002. Because may external D strand (seeFigure 2-9 for strand
positions) sequences contain prolines ocharged residues, the surface that is most
exposedin the propeller structureis more random coil in natureand may even
contain short Uhelices that would be unabled hydrogen bond with a1 extendedb
strand (Richardson and Richardson 2002FarzadFard, Gharaei et & 2008). The
concept ofb-sheet edgecapping is of great interest in the fields girotein evolution
and designing therapeutics to prevent or decrease amyldidassembly inmodels of

Al z h e idisemases® well as other amyloid diseases

The Nowick group at UC-Irvine has been successful in designing macraig
molecules that can inhibitthe assembly of amyloidb. These molecules have two
facesi one that is a recognition sequence, such a$(16-22), and another that has a
b-sheet blocker,designed to boh stabilize the upper strand and prevent infinitd®
sheet hydrogerbonding along the lower strandFigure 3-1) (Khakshoor, Demeler et
al. 2007. Commonly, the blockers t r and n a isa tipeptited-strand mimic
that decreases the hydrogelmonding capability of the lower strand.The identity of
the side chainsin both the recognition and blocking strands direct assembly into
dimers and tertramers with hydrophobic interactions driving their assembly

(Khakshoor, Demeler et al. 2007Liu, Sawaya et al. 2011 Zheng, Liu et al. 201).
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Figure 3-1. Macrocycle peptide consisting of an uppeb-strand and lowerb strand
connected by twod-linked ornithine turns. The pentapeptide RR5 is amyloidogenic
while positions R6 and R7 are substituted witlside chainsthat increase stability and

solubility (Liu, Sawaya et al. 201)L

By varying the recognition sequence, they were able to show that the macrocyélic
sheet peptides were able to significantly inhibit amyloid assembly ieveral systems
by capping the growing oligomers and protofilamentd={gure 3-2) (Zheng, Liu et al.

2011).
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Figure 3-2. Schematic showing the capping mechanismproposed to halt the
elongation of extended amyloid hydrogen bondingLiu, Sawaya et al. 201). If the
macrocycle associates with itselftop), it can form a dimer which prevents it from
interacting with the amyloid. At lower concentrations, the macrocycle can interact
with the amyloid oligomers or protofilamerts (bottom) to inhibit the growth of theb-

sheet byblocking the hydrogerbonding capabilities of the exposed-strand.

Using the same principles, the external strands of tiepropeller fold in the D
position of each blade may have a similar role in capping tHe sheetby inhibiting

extendedb-sheet formationto keep the fold stable and soluble. The perturbation of
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these D strands would allow for exposure of internal strands that can more readily
hydrogen bond with nearby peptide monomerssuch asamyloid b. | proposed that
the internal strandswhich have a high propensity to aggregate, were being protected
and oceadpgpeed 6 by the D strands. | f t his
blade subunits should be modulated by the removal of the D strantio determine if

the blade subunitscould aggregateon their own or if they could interact with the
amyloid b peptide, it was necessary to break down ttepropeller fold into its blade
subunits and study these as both whole units (around 40 residues) as well as to

separate these further into smalldr hairpins (about 20 residues)Kigure 3-3).

) ns-s!‘“"”ms .
&, VX288 4qy.5s
%

( Hairpin

Figure 3-3. Structure of ab-propeller fold showing an individual blade subunit and

an external hairpin subunit within the bladgPDB: 1A0R).
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Here, | show that the blade subunits of the GPBS propeller have theildp to self-
assembleinto amyloid and the hairpin segments of these subunitscan modulate the

assembly of A(16-22).

Results
Blade Fragments of G ProteselfAssemble intdmyloid

As a crystal structure for WDR36 does not yet exist, the assembly
characteristics of another welstudied member of the WD40 repat family (as
discussed in Chapter 2)the b subunit of the heterotrimeric Gcoupled protein
receptor, was chosenbecausethe hypothesisthat the D strand caps the core of the
blade should betrue for all b-propeller structures. Utilizing the sequence ancdrystal
structure (PDB: 1A0R), | selected a blade sequence that contained a similar charge
hydrophobic-charge pattern as A(16-22) (KLVFFA [E), which is essential for &(1-
42) assembly into fibers(blue indicates positively chargedside chains grey
hydrophobic and red negatively charged)Initially, the full blade was tested to
determine if it would remain as a monomerin solution, form higher-mass oligomers
or assemble into fibers without the protection of the surrounding blades in the fully
folded propelle structure. Several fulength blade peptides (382 residues) of the G

protein b subunit were synthesize@nd characterized Table 3-1).
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Table 3-1. Blades extracted from the G Proteib subunit (GPBS, PDB: 1A0R)
showing theb-strands in blue,U-helicesin orange and random coil linker regions in
gray. Blade 7 is capped by a paan at the N-terminal portion of the protein that is

not directly connected in sequence to the labtstrand.

Blade Position Blade Sequence

1 IYAMHW -GTDS-RLLLSA -SQDG-KLIIWD -SYTT-NKVH AIP

(residues 584)

2 VMTCAYA -PSGNYVACGG -LDNI -CSIYNL -KTRE-GNVRS

(residues 106€136)

3 LSCCRF-LDDN -QIVTSS-GDT -TCALWD -IETG-QQTTTFT

(residues 146181)

4 VMSLSLA -PDT-RLFVSG-ACDA -SAKLWD -VREG-MCRQTF

(residues 187222)

5 NAICFF -PNG-NAFATGS -DDAT -CRLFDL -RAD -QELMTY
(residues 23e264)

6 ITSVSFSKSG-RLLLAG -YDDF -NCNVWD -ALKA -DRAGVL
(residues 27308)

7 VSCLGVT-DDGM -AVATGS -WDSF-LKIWN ¢é é é RTRRTL

(residues 315340

and 4651)
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The peptide sequences corresponding bdades one, two, three and four of the GPBS
were dissolved ina mixture of 60% water and 40% acetonitrile at neutral pH todep
them soluble. The concentration at which the peptides have a high enough local
concentration to begin to selassociate, or critical assembly concentration, varies
from peptide to peptide. For A(16-22), this concentration is between 5@M and
1mM depending on batchto-batch variations in water content of synthesized
peptide. Because of these variations, a lower (ImM) and a higher concentration
(4mM) were used when solvating the GPBS peptides.liguots were pulled over
several time points for analysis ly circular dichroism spectroscopy (CD),
transmission electron microscopy (TEM) andnfrared spectroscopy(FT-IR). After a
week of incubation, the blade peptides formilril structures at neutral pH as
observed by TEM (Figure 3-4). TEM can be used to visualze the different
morphologies present in a sample but does not report on the local environmemt

molecularlevel arrangement of the peptides in the aggregates
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Figure 3-4. TEM micrographs of individual blades(a) one, (b) two, (c) three and (d)
four of the GPBS potein (1mM, neutral pH) after incubation at room temperature

for two weeks

The TEM micrographs indicate that the peptide sequences corresponding to
blades one to four of GPBS all assemble into fiberBhe fibrils formed from the
propellerblades of the GPBS have CD and FTIR signatures that are consistent with

the peptides being arranged intb-shees. The lack of an IR band at 1690cmh
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suggests that these peptides form paraliesheetsthough it is not clear if these have

similar registry (Figure 3-5).

FT-IR of GPBS Blade Fibrils
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Figure 3-5. FTIR of the Amide | region of the GPBS bladesassembld as fibers at
1mM at neutral pH show characteristic absorbance increase at thesheet stretching

frequency near 1621 crh

Another characteristic of amyloid isthe ability to bind the histological dye, Congo
Red (CR). When addedto these GPBSfibrils, Congo RedUV/Vis signal at 498nm
increasesn intensity and a red shiftis observedin its UV spectrum presumablydue
to the organization of the molecule along the amyloid surte (Childers 2009

(Figure 3-6).
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UV/Vis Spectra of Congo Red Assay
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Figure 3-6. UV/Vis spectra of Congo Red alone (dashed red) and Congo Red with
20CeL ADb(16-22) fibers(ImM) (green) and 200L GPBS blade fibrilsat 1mM (blue,
orange, cyan and mgenta) showing the characteristic change in absorbance due to
the Congo Red molecules binding to the surface of the amyloid fibiiGhilders

2009).

CD can be used to deternmie average populations othelix, b sheet, or random coil
structures. b-sheet has a negate CD signature at 215nm,Uhelix has a negative
signature at 210nm and 220nnand the random coil signature isnear 200nm. GPBS
fibers exhibit the characteristib®-sheet signature when measad by CD (Figure 3-7),
Taken together, theTEM, FT-IR, CR binding and CD results demonstrate thathe

fibers have high population ob-sheet secondary structure and form amyloid.
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CD of GPBS Blade Fibrils

Blade 1
Blade 2
Blade 3
Blade 4

CD [mdegs]
N
1

-10

180 l 1530 I 2(IJO ' 2‘10 l 250 : 2:I$O . 2410 / 2&0 ' 2€|30 ' 2;0 i 2EIBO : ZéO I S(I)O
Wavelength (nm)
Figure 3-7. Circular dichroism (CD) spectra of the GPBS blades after 1 weeK

incubation (1mM at neutral pH).

Because it is likely that the blades do not fold into their antiparallel, Greek
key motifs outside of the native protein fold| have developedseveralmodels for
how the full-length blade of the G protein could be assbling into fibrils. One
possibility is thatthe hydrophobic similarities between Strand A and C becomthe
driving force for their association and subsequent assembly, whiphshes the more
highly-charged srand D out into solution to create uniquely chaged surface that
may provide a positive charge for the negatively charged sulfonamups of Congo
Red (Figure 3-8). Another model is that the peptides hydrogen bond in a linear
extended fashionafter completely unfolding with the selfassociation letween the

individual strands
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-
=

Figure 3-8. Models of GPBS fibril assembly(a) by blade stacking(b) with D strand
extended into solution and (b) with allstrands forming an extended-sheet.In this
cartoon, the A strand is blue, B strand is green, C strand is purple and D strand is

red.

Though more work is needed to confirm the orientation of the peptides in these

GPBS blade fibrils, these models suggest that the hydrophobic intdretands of the
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blades have a high propensity for aggregation that cannot be mitigated by the single

hydrophilic D strand (red in Figure 3-8).

| proposed that the D strand may be able to inhibit the assembly irbahairpin
containing only the C and D stands. Shorterhairpin fragments of the blade subunits
consisting of the GD portion of the strand were synthesized removing the more
aggregationprone internal strands. If the D strand vere capable of blocking one face
of hydrogen bonding by forming a harpin, | proposed that these hairpin fragments
should form only dimers or tetramers in solution, similar to those observed by the
Nowick group(Khakshoor, Demele et al. 2007 Liu, Sawaya et al. 2011 Zheng, Liu
et al. 201). If properly folded, these hairpins would have a recognition face with
more hydrophadbic residues (C strand) and a face blocking further hydrogen bonding

(D strand), si mi |l afbshdetomadiocysiegiEigurg 3-9).i nhi bi t or vy

A B #

=

C Strand-D Strand C Strand-D Strand
Monomeric Form Dimer Formation

Figure 3-9. Models of only the C and D strands of the GPBS blade. (a) The C strand
is connected to the D strand via a linker and the pair have complementary

electrostaticside chainsto stabilize the hairpin folding. (b)At higher concentration,
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the more hydrophobicside chainsof the C strand would cluster with the C strand of

another hairpin, leading to the formation ofdimers.

Secondary structure predictionfrom the submission of sequences to the SSPred
servershow that the G-D hairpin consists of ab strand followed by a sequence with
high random-coil nature, consistent with the D strand being less welefined than
the C strand Figure 3-10), though this gives us no indication of hairpin formation
After incubation for 2 weeks, heterogeneous fibrilsere observed by TEM showing
that this sequence still retains its propensity to form amyloid despite my prediction
that extendedb-sheet formation would be effectively inhibited by the D strand

consistent with this peptide not folding into a hairpin
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Figure 3-10. SSPred secondary structure prediction (left) and TEM (right) of-C

SYTT-D fragment of GPBS after 2 weeks incubation (1mM at neutral pH).
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ADb(16-22) Assembly is Attenuated mHairpins

| made several modelsaken from the nativeb-propeller fold of the GPBS of
how the b hairpins could assemble or be capped by th2 strand. When | covalently
connected A(16-22) to another A(16-22) sequence via a linker, the peptide could
fold into a hairpin to hydrogen bondalong its peptide backbone, simalr to Ab(16-22)
alone. It could also be extendedwith both of the sequences being involved in

intermolecular hydrogen bonding Figure 3-11).

o}
_© o
AB(16-22) +'—> °
AB(16-22) ==~ AB(16-22) - AB(16-22)
= AB(16-22) %
(I AB(16-22) % _—
o)
o
@] (0]
Multimer Form Extended Form

D Ak
- — ]
D o= ApB(16-22)
— AB(16-22
AB(16-22) === ! 2 ) Lf (16-22)
Monomeric Form +
Dimer Form
Should Not
Assemble

Figure 3-11. Potential arrangements of the amyloid/amyloid chimera and the

amyloid/D strand chimera. Stabilizing electrostatic interactions are highlighted in

red.
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When the Ab(16-22) sequence is placed in the-B hairpin to replace the lower C
strand, | predicted that the A(16-22) could still hydrogen bond to form a dimer, but
would not be able to form extended sheet structures due to the interference of the D
strand sequenceRigure 3-11). This arrangement is dependent on the closure of the
hairpin via an electrostatic satbridge formed by sidechains from the C and D
strands. The D strand sequence contains ays that would give a complementary
charge to the Glu in Ab(16-22), forming a saltbridge that would stabilize theb-
hairpin formation (Figure 3-12), though the SSPred results do not indicate that these

would necessarily form stable hairpins.

Figure 3-12. Electrostatic interactions leading to stabilize@-hairpinsin the GPBS C
and D segment (left) and the A(16-22) chimera with the D strand (right) This
would remove the need for complete cyclization as shown in the macrocyclic

inhibitors mentioned previously.

To determine the effects of the D strand on #(16-22) assemblythe C and D
strands in this hairpinwere replacedwith the Ab(16-22) sequence, KLVFFAE. The

secordary structure prediction of the KLVFFAE-inker-KLVFFAE chimera was



69

consistent with a b strand connected to anotheb strand by a random coil linker
(Figure 3-13). After incubation for 2 weeks at neutral pH, | observed a
heterogeneous mixture of fibrils and particles dy TEM. The heterogeneity of the

sample may be due to the linker usk which will be discussed later in this chapter.
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Figure 3-13. SSPred secondary structure prediction (left) and TEM (right) of
KLVFFAE -SYTT-KLVFFAE chimera after 2 weeks incubation (ImM at neutral

pH).

| also replaced the lower C strand in the @ hairpin with the Ab(16-22) sequence,
KLVFFAE. The secondary structure prediction for KLVFFAE-linker-D strand
sequence was almost identical to theild type C-D hairpin sequence with & strand
followed by a random coil region Figure 3-14). TEM shows that this sequence also

assembles into fibrils, though the rate of assembly was much slower than KLVFFAE
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alone under these conditions, suggesting that the D strand miaipder the b sheet

organization.
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Figure 3-14. SSPred secondary structure prediction (left) and TEM (righof

KLVFFAE -SYTT-D chimera after 2 weeks incubation (1mM at neutral pH).

The KLVFFAE -linker-D strand sample also exhibited several intermediates
throughout the assembly that could bebserved byTEM. Whereas the KLVFFAE
sequencealone selfassembles very wjckly into fibrils at neutral pH (fibrils can be
seen as soon as 20 minutesfter solvation), this sequence formed large spherical

particles after several hours thatersistedfor at least 2 daysKigure 3-15).
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e

/
Figure 3-15. TEM of KLVFFAE -SYTT-NKVHAIP c himera after incubation for two

days (1mM at neutral pH) shows that the peptide has assembled into large spherical

particles(red arrows)

After 6 days, there were very small, fine fibrils visible by TEM, but also some
remaining particles. The fibrils wee shorter and curlierthan wild type Ab(16-22)
fibrils had many branching points where fibrils twisted around other fibrild§gure 3-

16).
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Figure 3-16. TEMs of KLVFFAE -SYTT-NKVHAIP intermediate s after 6 days of
incubation (1mM at neutral pH) showingtwisted fibrils and particles(a) and fibril

branching (b and c)
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When the assembly of these chimeras was followed by monitoring thesheet
CD signature at 215nm, itwas apparentthat, although the chimeras still assembled
into fibrils, the presence of the D strand significantly slowed the asskly rate of

ADb(16-22) versus the chimeraontaining only the Ab(16-22) sequenceRigure 3-17).

Figure 3-17. CD intensity of the chimera assemblies monitored over time at 215nm.

Curves were fitted using a single exponential decay.

The slower assembly rat observed for the €D and KLVFFAE -D chimeras does not
necessarily correspond to the thermodynamic stability of the final aggregatieough
it does support that the D strand addition is capable of altering the assembly

pathway.


















































































































































































































































































































































































































