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Abstract

The glaucoma-associated olfactomedin domain of myocilin (myoc-OLF) is a recent addition to the
growing list of disease-associated amyloidogenic proteins. Inherited, diseasecausing myocilin
variants aggregate intracellularly instead of being secreted to the trabecular meshwork (TM),
which is a scenario toxic to TM cells and leads to early onset of ocular hypertension, the major
risk factor for glaucoma. Here we systematically structurally and biophysically dissected myoc-
OLF to better understand its amyloidogenesis. Under mildly destabilizing conditions, wild-type
myoc-OLF adopts non-native structures that readily fibrillize when incubated at a temperature just
below the transition for tertiary unfolding. With buffers at physiological pH, two main end-point
fibril morphologies are observed: (a) straight fibrils common to many amyloids and (b) unique
micron-length, ~300 nm or larger diameter species that lasso oligomers, which also exhibit
classical spectroscopic amyloid signatures. Three disease-causing variants investigated herein
exhibit non-native tertiary structures under physiological conditions, leading to accelerated growth
rates and a variety of fibril morphologies. In particular, the well-documented D380A variant,
which lacks calcium, forms large circular fibrils. Two amyloid forming peptide stretches have
been identified, one for each of the main fibril morphologies observed. Our study places myoc-
OLF within the larger landscape of the amylome and provides insight into the diversity of myoc-
OLF aggregation that plays a role in glaucoma pathogenesis.
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Myaocilin glaucoma is a recent addition to the family of protein misfolding disorders. When
it harbors one of numerous non-synonymous mutations, myacilin, the gene product most
closely linked to inherited forms of primary open glaucomal, forms cytotoxic

aggregates? 3: 45 within human trabecular meshwork (HTM) cells located in the anterior
segment of the eye. The toxic gain-of-function pathophysiology leading to the early onset of
ocular hypertension, the major risk factor for glaucoma that leads to retina degeneration, is
not well understood. On a cellular level, mutant myocilin interacts with endoplasmic
reticulum (ER)-resident chaperones in a way that sabotages its ability to be retrotranslocated

© 2013 Elsevier Ltd. All rights reserved.

"Corresponding author: raquel.lieberman@chemistry.gatech.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hill et al.

Page 2

and then cleared by the proteasome®. Upon HTM cell death, debris is presumed to block
outflow of fluid through the trabecular meshwork tissue, which in turn affects intraocular
pressure. Elevated levels of wild type myocilin are also associated with glaucoma induced
by steroid treatment’, but the pathogenic mechanism for this glaucoma subtype, is likewise
unclear. Biophysical characterization of the olfactomedin domain of myocilin (myoc-OLF)8,
the location of nearly all known glaucoma-causing mutations®1°, has revealed that
glaucoma-causing mutations lead to decreased thermal stability that correlate with age of
disease diagnosis112. Moreover, aggregates of this calcium-binding domain®3 were recently
found to exhibit hallmarks of amyloid fibrils in vitro, and sequestered mutant myocilin
forms thioflavin T (ThT) positive aggregates in cell culture 14,

Viewed through the new lens of disease-relevant amyloid proteins, which share a non-native
cross-p core structurel®, myocilin has intriguing features. First, mutant myocilin cytotoxicity
originates in aggregation of mutant myocilin within the ER3: 16 whereas amyloid proteins
are generally found to accumulate in the cytosol or extracellularlyl’. Second, although
glaucoma is a neurodegenerative disease of the retina leading to irreversible vision loss!é,
thus far myocilin has not been directly implicated in neurotoxicity like numerous other well-
studied amyloid proteins. Relatedly, myocilin is expressed in tissues throughout the body,
and is conserved among higher eukaryotes where homologs are expressed in neural
tissues!?; aggregation in such tissues may be relevant but is currently unexplored. Third,
beyond intracellular aggregation of mutant myaocilin, extracellular, wild-type myocilin is
subjected to the full complement of age-onset misfolding triggers: repeated mechanical
insults, pH imbalance, UV radiation, and reactive oxygen species2® 21, Even though such
conditions induce myoc-OLF to fibrillize in vitro4, and glaucoma is highly prevalent
worldwide?2, the vast majority of the aging population does not have glaucoma, suggesting
that myocilin can generally withstand these insults in the extracellular milieu. Fourth,
recombinant ~30 kDa myoc-OLF is well-folded, thermally stable proteing, and does not
aggregate under physiological pH and temperature except with agitationl4. The core
structural domain, ~ 25 kDa, contains high levels of beta-sheet secondary structure®, in a
yet-unknown three dimensional architecture. The remaining ~5 kDa is sensitive to
proteolysis, and circular dichroism (CD) deconvolution corroborates that the myoc-OLF
contains a significant contribution from unstructured polypeptide8. Amyloid formation is
well-known for both folded and natively unfolded proteins, and the combination of the two
in a single domain presents an interesting platform to study nuances of amyloidogenesis.

To gain further insight into myocilin amyloidogenesis we undertook a detailed molecular
biophysical study of myoc-OLF. Here we describe a spectrum of populated states of wild-
type myoc-OLF from native to the acid-induced unfolded, and identify key features and the
conditions prone to fibrillization or non-specific aggregation. Of the states that readily form
fibrils, different experimental conditions such as pH, salt, temperature, and details of
experimental materials and equipment, lead to different fibril morphologies. Two main
structures have been identified by atomic force microscopy (AFM), typical long straight
fibrils and a highly unusual, micron-length circular species that encase oligomers. Both fibril
forms are ThT positive, Congo Red sensitive, and exhibit vibrational spectroscopic
signatures of amyloid. The three disease-causing myoc-OLF variants investigated here form
analogous fibrils under physiological buffers and temperatures; the calcium-depleted D380A
variant forms the circular morphology. Two peptide stretches identified by bioinformatics
fibrillize into these disparate structures, suggesting they contain the core sequences
responsible for these fibrils in myoc-OLF. Besides expanding our knowledge of the
amylome superfamily, our findings raise some new issues regarding myocilin glaucoma
pathogenesis.

J Mol Biol. Author manuscript; available in PMC 2015 February 20.
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We systematically perturbed the myoc-OLF structure to identify features that lead to facile
amyloid formation. Structural and stability changes of wild-type myoc-OLF at five pH
values above and below the calculated pl (~5) were monitored by far- and near-UV CD
spectra and thermal melts. Effects due to charge screening were accounted for by comparing
results with and without 200 mM NaCl. The corresponding extent of exposed
hydrophobicity was tested using anilinonaphthalene-1-sulfonate (ANS) fluorescence at room
temperature. To relate the identified partial unfolded states with amyloid propensity, kinetics
of fiber formation were monitored using the fluorescent amyloid indicator dye ThT23,
Experiments were carried out over the course of 18-90 h in a cuvette or plate reader held at
36 °C to approximate the physiological temperature of the eye2* or at a slightly elevated
temperature of 42 °C (see below). End point morphologies were then visualized by AFM.
Neutral pH wild-type fibers were further characterized by Fourier Transform Infrared
Spectroscopy (FTIR) and Congo Red absorbance. In addition to wild-type myoc-OLF,
experiments were conducted on four representative variants and selected peptides at
physiological pH and temperature.

pH screen of wild-type myoc-OLF fibrillization in buffers lacking NaCl

The secondary structure of myoc-OLF is relatively unchanged over the pH range of 7.2 to
3.4 but notable changes in tertiary structure are seen. Across this pH range, the far-Uv CD
spectrum exhibits the same, previously reported® minimum around 215-217 nm typical of f-
sheet structure and a shoulder at 230 nm (Fig. 1a). The more pronounced 230 nm trough in
the pH 4.6 and pH 3.4 spectra is consistent with changes to the environment of aromatic
residues?®, as detailed in the near UV spectrum where the shoulder between 280 - 250

nm?26: 27 appears to broaden (Fig. 1b). At pH 2, myoc-OLF is reminiscent of an acid-induced
unfolded state as evidenced by the altered secondary structure in the far-UV CD spectrum
(Fig. 1a) and loss of tertiary structure indicated by the flat near-UV CD signal?8: 29 (Fig. 1b).
CD thermal melts reveal that whereas secondary structure unfolding appears to follow a
sigmoidal transition (Fig. 1c), tertiary thermal transitions exhibit a shallow pre-transition
phase followed by a sharp main unfolding event (Fig. 1d). Thermal melts following changes
in intrinsic tryptophan fluorescence confirm this pre-transition slope, with a 0.4 nm shift in
maximum fluorescence to lower energies every 10 °C (Supplemental Fig. S1). Myoc-OLF is
least stable in acidic buffers where the protein is highly positively charged, and thermal
stability decreases as the protein is shifted to buffers with pH values below its predicted pl
(Table 1). ANS fluorescence is highest for myoc-OLF at pH 2 and pH 3.4, consistent with
high levels of exposed hydrophobic residues (Fig. 1e). ANS measurements reveal a 17-fold
higher fluorescence (Table 1) for myoc-OLF destabilized at pH 3.4 compared to the more
compact state at pH 4.6 (Fig. 1e).

Of the conditions tested, only the distinct partially unfolded state accessible at pH 3.4 is
primed for fibril formation at 36 °C (Fig. 1f). None of the other conditions led to fibril
growth at this temperature, including the acid-induced unfolded state at pH 2 and the
natively folded state at pH 7.2 (Fig. 1f). Corresponding AFM images of fibrils grown in pH
3.4 buffer at 36 °C reveal characteristic straight amyloid morphology (average contour
length: 271 + 164 nm, height: 0.9 £ 0.4 nm, and actual width: 8 + 2 nm), as well as less
ordered laterally assembling oligomers (average contour length: 126 + 71 nm, height: 2.0 £
0.5 nm, and actual width: 10 + 2 nm) (Fig. 1g). AFM images confirm that no fibrils grew
from experiments conducted at pH 7.2, pH 5.8, or pH 4.6 at 36 °C (Supplemental Fig. S2 a,
b, ¢). Finally, although samples deposited from conditions at pH 2 appear as disordered
aggregate (Fig. 1h), we believe that these are an artifact of the deposition of unstructured
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monomers on the mica surface because the average particle height (4.2 + 0.3 nmand 1.3 £
0.4 nm) is comparable to monomeric myoc-OLF prior to aggregation (Supplemental Fig.
S3) and no increase in scattering at 600 nm during the incubation period was seen
(Supplemental Fig. S4). Shorter fibril heights of ~ 1 nm, such as those seen in AFM images
at pH 3.4 (Fig. 1g), are consistent with dehydrated myoc-OLF monomer deposited on mica
for AFM (Supplemental Fig. S3 b, c).

pH screen of wild-type myoc-OLF fibrillization in buffers supplemented with 200 mM NacCl

Similar to results obtained with buffers lacking NaCl, the secondary structure of wild-type
myoc-OLF is unchanged for myoc-OLF in buffers at pH 7.2, pH 5.8 and pH 4.6 with
200mM NacCl (Fig. 2a). For pH 4.6, there is a slight increase in the feature at 230 nm, again
suggesting a change in the aromatic environment (Fig. 2a). This interpretation is supported
by a significantly broadened shoulder in the near UV-CD spectrum between 280-250 nm?2627
(Fig. 2 a, b). Unlike the parallel case without salt, however, the addition of 200mM NacCl at
pH 3.4 leads to extensive disorder in tertiary structure and altered secondary structure (Fig. 2
a, b). For pH 2, the presence of 200mM NaCl does not change the extent of order compared
to samples incubated without salt (Fig. 2 a, b). Secondary structure melts are best modeled
as sigmoidal with a melting temperature several degrees Celsius higher than tertiary
unfolding, which, as without salt (Fig. 1 c, d), follows a shallow pre-transition step before
the main unfolding event (Fig. 2 c, d). In comparison to that in the absence of NaCl, the pre-
transition in the presence of 200mM NacCl is less pronounced, most likely due to increased
electrostatic screening of charged residues3® (Fig. 1d, 2d). CD results are corroborated by
ANS fluorescence, which is highest for pH 2 and pH 3.4, and low for all other pH values,
including pH 4.6 (Fig. 2e and Table 1).

Fibril assays (Fig. 2f) combined with AFM imaging (Fig. 2g) reveal that when salt is
present, only the partially unfolded state accessed at pH 4.6 is primed for typical fibril
growth. Over the 2-day incubation, there is an exponential increase in ThT fluorescence
seen, along with primarily long, straight fibrils by AFM (average contour length: 2,643 £
600 nm, height: 1.1 £ 0.5 nm, actual width: 12 + 2 nm) (Fig. 2g). Notably, myoc-OLF
samples at pH 3.4 and pH 2 showed enhanced ThT fluorescence at the start of the
incubation, but no significant change is observed over time. Analysis by size exclusion
chromatography confirms that myoc-OLF incubated at pH 3.4/200mM NacCl is aggregated
at the start of the incubation while myoc-OLF at pH 4.6/200 mM NaCl remains monomeric
(Supplemental Fig. S5). Images from incubation at pH 3.4 reveal some fibril-like aggregates
(average contour length: 127 + 61 nm, height: 0.8 £ 0.3 nm, and actual width: 9 + 2 nm), but
many are clumped together into large disordered structures (Fig. 2h). The unfolded state at
pH 2 exhibits a wide distribution of heights ranging from 10.8 to 42.2 nm suggestive of
extensive aggregation in the sample prior to deposition (Fig. 2i). The two remaining myoc-
OLF samples, at pH 7.2 and pH 5.8, do not form fibrils, even after the 2 day incubation at 36
°C (Supplemental Fig. S2 d, e).

Fibrillization of wild-type myoc-OLF at neutral pH and elevated temperatures

Although myoc-OLF does not readily form fibrils at neutral pH when incubated at 36 °C
(Fig. 1f, 2f) or at 37 °C without agitation!4, myoc-OLF can form fibrils when incubated at
42 °C, the temperature at the onset of the main tertiary unfolding transition (Fig. 1d, 2d,
Supplemental Fig. 6b). In the absence of NaCl, the time to half-maximal ThT fluorescence
(t1/2) is 2.0 hours, whereas fibrillization is considerably slower with the addition of 200mM
NaCl, with a ty/» of 27.7 hours (Fig. 3a, 3b Table 1). The increased ThT aggregation rate for
wild-type myoc-OLF in the absence of NaCl is likely because of its lower stability (Table 1)
due to charge repulsion, not because of an intrinsic difference in the structure at 42 °C prior
to aggregation (Supplemental Fig. 6a). In addition, light scattering kinetics in the absence of
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NaCl show a typical sigmoidal growth curve for amyloid fibrils, with a lag phase of ~5
hours (Fig. 3a). In the presence of salt, the lag phase is reduced to 30 minutes or less (Fig.
3b) with an increase in the ratio of ThT fluorescence to scattering intensity suggesting an
increase in non-specific aggregation (Fig. 1b). For both samples, ThT-positive structures are
seen by AFM upon the termination of the fibrillization experiment after 90 hours, but
unexpectedly, the presence or absence of salt in the buffer leads to different fibril
morphologies. In the absence of NaCl, a mixture of fibrils and oligomers are present (fibril
average contour length: 334 + 289 nm and height: 1.0 £ 0.3 nm) (Fig. 3c) while in the
presence of 200mM NacCl, the predominant species appears as oligomers (3.9 + 1.9 nm in
height) enclosed by closed, or nearly-closed, loop fibril structure of 10.9 + 2.5 nm in height
and microns in length (average contour length of 2,440 = 1240 nm and an average end to
end distance of 48 + 35 nm) (Fig. 3d, Supplemental Fig. S7). Both morphologies exhibit the
expected amyloid-associated shift in Congo Red absorbance (Supplemental Fig. S8). FTIR
spectra also display key shifts in the amide | region from the prototypical native p-sheet
signature in the monomeric samples at 1635 cm™1 compared to the corresponding amyloid
feature at 1621 cm™1 observed in the aggregated samples (Fig. 3e,f). Deconvolution of the
smoothed spectra in this region reveals that for both the straight and curved morphologies,
~70% of the secondary structure in the aggregates is amyloid (Table 2).

Non-native structure, fibril growth, and fibril morphologies of myoc-OLF variants under
physiological conditions

Next, four representative myoc-OLF variants® were evaluated for their structure, stability,
and amyloid fibrillization propensity under physiological conditions (pH 7.2/200 mM NacCl,
36 °C): (a) K398R, a wild-type-like single-nucleotide polymorphism variant,12 (b) A427T, a
disease-causing variant with near wild-type stability,12 (c) D380A, a disease-causing variant
lacking a calcium ion cofactor,13 and (d) 1499F, a disease-causing variant with significantly
reduced thermal stability compared to wild-type.12 Purity and monomeric state of each
myoc-OLF variant were confirmed by size exclusion chromatography!2 and SDS-PAGE
(Supplemental Fig. S9). Whereas for all four variants secondary structure CD spectra are
nearly superimposable with wild-type (Fig. 4a) the three disease-causing variants, A427T,
D380A, and 1499F exhibit significant non-native tertiary features (Fig. 4b). The tertiary
structure of K398R is indistinguishable from wild-type (Fig. 4b), but both A427T and
D380A have broader negative features in the phenylalanine range (270-250 nm)26 (Fig. 4b),
correlating with their reduced thermal stability (Table 1). The 1499F variant is likewise non-
native but positive in this region of the near-UV spectrum (Fig. 4b), which may be due to the
additional phenylalanine residue. Like wild-type myoc-OLF, unfolding of tertiary structure
for all four variants involves a pre-transition followed by a major unfolding event (Fig. 4 d);
secondary structures melt in an apparent sigmoidal transition 2-3 °C higher (Fig. 4c and
Table 1). Melting temperatures are consistent with previously reported values determined by
other methods.1% 13 Comparison of ANS fluorescence levels reveals that the three disease
variants are less compact proteins compared to wild type myoc-OLF or K398R to an extent
comparable with wild-type at pH 4.6/200mM NacCl, but less unfolded than wild-type is at
pH 2 (Table 1, Fig. 2e, 4e).

Kinetics of amyloid formation were evaluated next for each variant at 36 °C. For K398R,
low constant levels of ThT fluorescence indicate no fibrillization, like wild-type myoc-OLF
under these conditions. By contrast, all three disease-causing variants form ThT-positive
structures (Fig. 4f). The less stable variants fibrillize faster, as measured by ty,» (Fig. 4f,
Table 1). AFM imaging confirms that A427T, D380A, and 1499F aggregate into diverse,
amyloid-like morphologies (Fig. 4 g, h, i), while the K398R does not (Supplemental Fig.
S2f). For A427T and 1499F, a significant population of the aggregates appears as oligomers
as well as a few fibrils with heights and contour lengths of 3.3 + 0.4 nm and 166 + 101 nm
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(A427T) and 3.0 £ 0.4 nm and 282 + 143 nm (1499F), respectively. Fibrils of D380A,
resemble wild-type myoc-OLF incubated at pH 7.2 with salt 42 °C (Fig. 3d), appearing as
closed or nearly closed fibril loops surrounding oligomers (Fig. 4h). The oligomers have a
height of 1.2 + 0.3 nm and a surrounding fibril border 1.4 £ 0.4 nm tall with an average
contour length of 2,119 + 887 nm.

Identification of amyloidogenic peptides within the myoc-OLF sequence

To assess whether different amino acid sequences within myoc-OLF could be responsible
for forming the two major mature aggregate morphologies observed, namely, long straight/
curvilinear fibrils (Fig. 1g, 29, 3c, 49, 4i) or lassoed oligomers (Fig. 3d, 4h), the amino acid
sequence myoc-OLF was evaluated using four amyloid-prediction algorithms, Waltz31,
PASTA32, AmylPred33, and TANGO34, The three highest scoring sequences,
G326AVVYSGSLYFQ (P1), G3g7LWVIYSTDEAKGAIVLSK (P2), and
V426ANAFIICGTLYTVSSY (P3) (Supplemental Fig. S10), were identified with consensus
priority for amyloid of P3>P1>P2, and synthesized for further evaluation. Indeed, incubation
of P1 and P3, but not P2 for 20 hrs at 36 °C, reveals a high level of ThT fluorescence (Fig.
5a). Additional incubation of P2 for 72 hours still did not lead to a change in ThT
fluorescence (data not shown). While the growth of P1 is exponential over the course of the
experiment, rates could not be slowed to observe a clear lag phase. P3 fibrillization is nearly
instantaneous upon dilution of the DMSO-dissolved peptide into buffer, which could not be
slowed by altering experimental conditions like further dilution, temperature, or buffer. In
support of our hypothesis, P1 appears as straight amyloid fibrils by AFM, with an average
height and contour length of 0.9 £ 0.2 nm and 700 + 537 nm (Fig. 5b) akin to myoc-OLF
(Fig. 1g, 24, 3c), P2 is not aggregated (Fig. 5¢), and P3 aggregates into closed amyloid
fibrils with an average height and contour length of 1.4 + 0.6 nm and 1,566 *+ 298 nm (Fig.
5d), similar to wild-type myoc-OLF in pH 7.2/NaCl and 42 °C (Fig. 3c) and D380A (Fig.
4h).

DISCUSSION

Amyloid formation is a kinetically driven, self-assembly process that results in common
characteristic filaments3® among disparate proteins3®. Often associated with diseases,
including Alzheimer, Parkinson, and Huntington, where they are neurotoxic, amyloid can
also play a functional rolel”, may represent an ancient protein fold38, and can be formed by
model proteins3”. Amyloids are believed to share a core interdigitated, so-called cross-beta
steric zipper3940 that forms via an accessible partially folded state and is controlled by
colloidal stability and kinetics.38 Bioinformatics approaches can evaluate sequences with
high amyloid propensity from chemical aspects of amino acid sequence*!. However,
observed supramolecular morphologies vary widely and are critically dependent on the
precise experimental conditions or amino acid substitutions that perturb protein structures to
enable access to one or more amyloidogenic peptide stretches?3: 30; 42 43; 44,

To address the molecular details of amyloid formation by myoc-OLF, a newly identified
amyloid proteinl4, and enable comparison with other highly studied amyloids, we identified
and characterized a spectrum of populated conformations. The native state CD signature
involves previously identified secondary structural features at ~215 nm and a 230 nm
shoulder8; here we add the additional characteristic of native tertiary structure consisting of
tight double troughs at 282 and 291 nm. Native state CD spectra are superimposable
regardless of the presence of salt. At the other extreme is the acid-induced unfolded state
that lacks tertiary structure, maintains some secondary structure, but has a high level of ANS
fluorescence (Fig. 1). In the absence of salt at pH 2, the high positive charge (26 Arg, Lys
residues) leads to charge repulsion that enables an unfolded state to exist that does not
aggregate or form fibrils. The addition of salt at pH 2 (Fig. 2) introduces charge shielding
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and attractive intermolecular forces commonly described by the second virial coefficient By,
that lead to immediate bulk, disordered aggregation30: 45- 46

At intermediate pH values we have identified a spectrum of partially unfolded myoc-OLF
states, and it is these non-native, destabilized states that are prone to fibril formation under
distinct experimental conditions. In the presence of NaCl, we characterized one partially
folded state with altered tertiary structure at pH 4.6; at other pH values, myoc-OLF was
either a largely aggregation-prone unfolded state or indistinguishable from its native
conformation (Fig. 2). In the absence of NaCl, we identified several non-native states from
pH 3.4 to 5.8 (Fig. 1), likely due to decreased charge screening.46 All of these states are less
thermally stable than native, but of variable levels of exposed hydrophobic environments.
Fibrillization can proceed from many of these states under our non-agitating assay
conditions when incubated at a temperature near the onset of tertiary unfolding. 4°

The importance of the non-native and destabilized conformational state requirements for
fibril formation under conditions of favorable intermolecular interactions is underscored by
our results for wild-type myoc-OLF and variants under physiological conditions. In the case
of pH 7.2/NaCl, wild-type myoc-OLF will fibrillize without agitation at 42 °C, the onset of
tertiary unfolding of myoc-OLF at this pH value. We previously reported!4 that incubation
at 37 °C for at least 2 weeks does not lead to fibril formationl4. Rather, to grow fibrils at 37
°C, agitation is required4, which likely introduces a combination of mechanical local
unfolding, effects due to the liquid/air interface, and concentration fluctuations that create
nuclei for amyloid formation.3”: 47 48 We also demonstrated that other destabilizing
reagents like acid spike or peroxide, which mimic aging conditions, presumably act
similarly to accelerate fibrillization of myoc-OLF under conditions that it would otherwise
not form fibrilsl4. The three disease-causing myoc-OLF variants, A427T, D380A, and
1499F investigated in this study (Table 1) are destabilized to variable extents under
physiological buffer and temperatures. They exhibit a non-native tertiary structure such that
fibrils can form at 36 °C, a temperature consistent with that found in the eye, and within the
window where fibrils would be expected to form along the unfolding pathway based on our
pH study. We infer that fibrillization at 36 °C is a common feature of the many other
disease-causing variants whose measured T,s12 are bracketed by the broad spectrum
represented by A427T, D380A, and 1499F.

A variety of fibril morphologies were observed in this study under different experimental
conditions, including an unprecedented end-point structure of a large fibrillar closed ring
that appear to encapsulate oligomers. Myoc-OLF aggregate morphology is highly dependent
on pH, salt, and temperature of incubation. In several conditions myoc-OLF forms straight
fibrils expected for amyloids, with dimensions common to other amyloid fibrils#. As
illustrated for fibrils grown from wild type myoc-OLF at pH 7.2 without salt after incubation
at 42 °C, amyloid signatures in FTIR, and the expected shift of Congo Red absorbance, are
present. For 30; 42the large fibril loops with enclosed oligomers grown in the presence of
salt at neutral pH at 42 °C, the amyloid character was confirmed by a Congo Red absorbance
shift and signature resonances in FTIR, but additional studies will be necessary to clarify its
three dimensional structure. Annular aggregates have been reported for a few other amyloid
proteins including equine lysozyme®® and a-synuclein®l, but these are less than 100 nm in
circumference, and are short-lived intermediates on the pathway to fibril formation. In the
case of myoc-OLF, the closed fibril loops grow with exponential growth, are ThT-positive,
and end-point morphologies are on the order of microns in circumference. To the best of our
knowledge, there is just one other protein reported to form fibrils with any resemblance to
these structures, the non-diseaseassociated N-terminal domain of Escherichia coli HypF
(HypF-N)32, HypF-N fibrils are ThT-positive crescents of similar size to myoc-OLF, but
there are numerous differences. First, the predominant structure is crescent-shaped, and
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devoid of material in the center; closed rings, when observed, are transient. Second, HypF-N
crescents grow from 30% TFE at pH 5.5 over the course of three days at room temperature,
unlike our mild and more biological conditions. Finally, HypF-N crescents or rings
disappear and form twisted long ribbons form by five days, whereas closed-ring myoc-OLF
fibrils do not morph into such ribbon-like fibrils. Unexpectedly, in addition to wild-type
myoc-OLF, the D380A disease variant, which is depleted of its calcium ion13, also forms
these ring like structures. Emerging evidence from other amyloids such as equine
lysozymeS0 and gelsolin®3 support the hypothesis that metal-binding, and calcium in
particular, affects fibril formation and morphology, by changing local protein structure and/
or electrostatics that affect intermolecular interactions; both could be in play in the case of
D380A or other variants that affect calcium binding.

Individual prediction programs vary widely on how many amyloidogenic sequences myoc-
OLF harbors in total, but inspection of the program outputs side-by-side led to the selection
of our three top candidate peptides, P1-P3, which have predicted pl values of 5.5 - 6.0 and
thus, like myoc-OLF, would be negatively charged at neutral pH. P1 forms long straight
fibrils of typical amyloid morphologies similar to myoc-OLF at pH 7.2 without salt,
exhibiting exponential growth upon dilution into physiological buffer at 36 °C. P3
aggregated upon dilution, forming large rings similar to myoc-OLF at pH 7.2/NaCl and
D380A. These data support the hypothesis that the two main morphologies seen for myoc-
OLF derive from these peptide stretches, although we cannot exclude other amyloidogenic
peptide stretches within myoc-OLF. While it is surprising that P2 did not form fibrils given
the high level of prediction, particularly for the N-terminal sequence GLWVIY, perhaps this
is because P2 has the least overall predicted secondary structure. The ring structures seen
with P3 suggest that the fibril core is more flexible or kinked than in P1. Perhaps this is a
consequence of the presence of an internal Cys; in myoc-OLF, there is a disulfide bond
involving this Cys, which may influence the unfolding pathway under certain experimental
unfolding scenarios. Computational prediction using PASTA3Z also indicates that P3 may
form antiparallel B-strands, compared to P1, for which parallel strands are more likely.
Further studies to elucidate the closed ring morphology, including the structure(s) of the
encased oligomers apparent in both myoc-OLF and D380A, are warranted.

In sum, myoc-OLF is a newly identified disease-related protein that can form bona fide
amyloid fibrils with a variety of morphologies initiated by access of a partially folded state
via particular experimental parameters. The finding that the three disease variants examined
here form different fibril morphologies raises some questions about the molecular
recognition of mutant myocilin by ER-resident chaperones like Grp948. Specifically it is of
interest whether such recognition is sequence dependent, and if so, if all known disease
mutants expose this sequence. Alternatively, chaperone recognition could be dependent on
fibril morphology, requiring different chaperones depending on the variant. Regarding wild-
type myacilin, it is perplexing that a broad role for aggregation in glaucoma is currently only
speculative given that fibrillogenesis is relatively facile in vitro and given the fact that the
physiological environment of the TM has abundant known facilitators of fibril formation
like glycosaminoglycans®# 55 56, We would predict that morphologies we reported here
could damage TM tissue and in turn influence the balance of fluid flow and intraocular
pressure, akin to oligomers of AB, which form membrane-spanning channels that release
calcium ions®’. If indeed protective mechanisms are at play in the TM that suppress
extracellular myocilin aggregation, such knowledge could be of high value to other amyloid
systems.
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METHODS

Protein expression and purification of Myoc-OLF

Myoc-OLF and variants were expressed as MBP-OLF fusion proteins and isolated after
cleavage by Factor Xa, as previously described®: 11 12:13 or by cleavage with the Tobacco
Etch Virus (TEV) protease. For cleavage with the TEV protease, the original pMAL-c4x
construct with the Factor XA cleavage site (SSIEGR) between MBP and OLF was mutated
to a TEV protease cleavage site (ENLFYQS) using the site directed mutagenesis
(QuikChange, Stratagene) kit. Primers are listed in the Supplemental Table S1. All plasmids
were verified by DNA sequencing (Operon). Expression and purification of MBP-
OLF(TEV) proceeded as previously described for MBP-OLF(Factor Xa). Cleavage of MBP-
OLF(TEV) was accomplished by overnight (~18 hours) incubation with TEV protease at
room temperature in 10 mM Nay,HPO4/KH,PO4, 200mM NaCl, pH 7.2 buffer. TEV
protease was produced in house using the pRK793 plasmid (Addgene) as described
previously®8. After cleavage, the TEV protease (6xHis-tag) was captured by nickel affinity
using a ImL His Trap (GE Healthcare), followed by removal of MBP with amylose affinity
chromatography, and isolation of monomeric OLF by gel filtration using the Superdex 75
(GE healthcare).

Buffers for pH study

Myoc-OLF was examined in five buffers, with or without 200 mM NaCl: 10 mM NayHPO,4/
KH,PO4 pH 7.2, 10 mM NayHPO4/KH,PO,4 pH 5.8, 10 mM sodium acetate pH 4.6, 10 mM
citrate pH 3.4, and 10 mM phosphate (KH,PO4/phosphoric acid) pH 2. Immediately prior to
any experiment, purified myoc-OLF was concentrated at 4 °C and re-diluted three times into
the appropriate buffer using an Amicon Ultra-15 Centrifugation device. The final protein
concentration was determined after buffer exchange using the predicted molar extinction
coefficient at 280 nm of 68,425 M~tcm~1. Myoc-OLF variants were purified using 10 mM
NayHPO4/KH,PO4, 200 mM NaCl, pH 7.2 directly and used without further buffer
exchange.

Circular dichroism (CD)

CD studies were conducted using a Jasco J-810 or J-815 spectropolarimeter equipped with a
Neslab RTE 111 circulating water bath and a Jasco PTC-4245/15 temperature control
system. Far-UV CD spectra were acquired in a 0.1 cm cuvette from 300 nm to 200 nm, at 4
°C, with a scan rate of 500 nm min~1 and a data pitch of 1 nm. Protein concentration was
10-12 uM, and for each buffer, the reported spectra are an average of duplicate
measurements of 10 scans that were background-subtracted. Far-UV CD melts were
performed by increasing the temperature at 2 °C min~1 from 4 °C to 70 °C and a delay time
of 60 seconds before each acquisition. The spectrum at each temperature is an average of 10
scans using above parameters. Averaged spectra were converted to mean residue ellipticity
0= (Mggx0O0bs) / (10xdxc), where My=112.9 is the mean residue mass calculated from the
protein sequence; Oqps is the observed ellipticity (degrees) at wavelength A; d is the
pathlength (cm); and c is the protein concentration (g/ml). The Ty, was determined using
mean residue ellipticity values recorded at 214 nm via Boltzmann Sigmoid analysis in Igor
Pro.

Near-UV CD spectra were acquired using a 0.1 cm cuvette at 4 °C, from 320 nm to 250 nm
with a scan rate of 50 nm min~1 and a data pitch of 1 nm. Protein concentration was 40-50
uM and the reported spectra for each buffer are an average of duplicate measurements from
10 scans that were background-subtracted. Near-UV CD melts, performed in duplicate, were
conducted by increasing the temperature by 2 °C min~1 from 4 °C to 70 °C, with a delay
time of 60 seconds before each acquisition. The spectrum at each temperature is an average
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of 10 scans using aforementioned scan parameters. The near-UV spectra were baseline-
subtracted from an average spectrum value calculated from spectra acquired during the melt
at each temperature, to account for aggregation observed due to higher protein
concentrations (range of 320 to 310 nm). The T, was determined using mean residue
ellipticity values at 291 nm or 292 nm and fit using a combination of a linear and sigmoidal
functions in Igor Pro.5°

ANS Fluorescence

Fibrillization

ANS fluorescence was measured on a Shimadzu RF-530/PC spectrofluorophotometer at
room temperature, with an excitation wavelength of 380 nm (slit width 3 nm) and an
emission range of 400 nm to 600 nm (slit width 1.5 nm). Stock solutions of 10 mM ANS in
deionized water were diluted to 600 pM working stock solutions in appropriate buffer. Each
sample, composed of 10 uM myoc-OLF and 100 pM ANS, was prepared 15 minutes prior to
data acquisition. Five accumulations were averaged and background-subtracted for each
measurement. Reported spectra are an average of two independent experiments.

assay

Amyloid aggregation was monitored by ThT fluorescence. Myoc-OLF and variants at 30
UM were incubated over time in a variety of buffer conditions. A stock solution of 1 mg/mL
ThT in deionized water was diluted to 200 uM working solutions in appropriate buffer, and
dispensed for a final concentration of 10 uM for aggregation experiments. For experiments
without NaCl, data were acquired on a Shimadzu RF-530/PC spectrofluorophotometer using
a 200 pL low head space cell (Starna 26.50LHS-Q-10/Z15). ThT fluorescence was recorded
every 10-30 minutes using an excitation wavelength of 440 nm (slit width 3 nm) and
emission range of 450 nm to 600 nm (slit width 3 nm). The change in the maximum ThT
intensity at 485 nm plotted versus time. Experiments in the presence of NaCl were
conducted using a Biotek Synergy microplate reader equipped with a 440 nm excitation
filter and 485 nm emission filter. Myoc-OLF samples (150 uL) were prepared in 1.5 mL
centrifuge tubes, transferred to a 96-well microplate (Grenier), and then sealed with clear
MicroAmp PCR film (Applied Biosystems). Measurements were recorded every 10 minutes
and background-subtracted with a corresponding buffer-only solution supplemented with 10
uM ThT. At the termination of the assay (18-90 h), samples were removed from the
microplate and stored in microcentrifuge tubes until imaging by AFM (see below). All
presented fibrillization assay data are an average of at least two independent experiments
rescaled as AF/F,, where F, is the initial fluorescence. Aggregation was also monitored by
light scattering using a Zetasizer Nano S (Malvern Instruments, Worchestershire, UK) with
a He-Ne laser (A = 633 nm) or by monitoring absorbance (A = 620 nm) using a Biotek
Synergy microplate reader. All presented light scattering data are rescaled as Al/l,, where I,
is the initial scattering intensity or initial absorbance.

Peptide synthesis and fibril formation

Peptides were synthesized by Celtek Peptides (Nashville, TN). Peptides
G3o6AVVYSGSLYFQ (P1) and G3g7LWVIYSTDEAKGAIVLSK (P2) are >95% pure and
peptide V4o6ANAFIICGTLYTVSSY (P3) was desalted. Peptides were prepared as stock
solutions in DMSO (5 mg/ml) and stored at room temperature. For reported fibrillization
assays, peptides were diluted to 500 pM in 10 mM NayHPO4/KH,PO4, 200 mM NaCl pH
7.2 and 10 uM ThT. Aggregation was monitored as above for experiments with myoc-OLF
at pH 7.2 without salt.
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Atomic force microscopy

A few hours after the termination of the aggregation assay, 40 pL was removed from the
bottom of the 1.5 mL microcentrifuge tube and left to be adsorbed onto freshly cleaved mica
for 30 minutes, rinsed for 3 seconds with deionized water, and left to dry overnight in a Petri
dish. For myoc-OLF at pH 3.4 and pH 2 in the absence of NaCl, pH 7.2 in the absence of
NaCl at 42 °C, myoc-OLF(D380A), and P3, samples were diluted 100-fold prior to
deposition. Dry samples were imaged in air with a MFP-3D atomic force microscope
(Asylum Research) using PPP-FMR (NanoAndMore) silicon tips with nominal tip radii less
than 7 nm. The cantilever was driven at 60—70 kHz in alternating current mode and a scan
rate of 0.5 Hz with 512 x 512-pixel resolution. Raw image data were corrected for image
bow and slope using the software provided by Asylum Research. Dimensional analysis for
average height and width was performed using the particle analysis software provided by
Asylum Research, ignoring particles with an area less than 25 nm? and a height less than 0.5
nm. The actual width was deconvoluted from the average apparent width using Wyt =
Wopp-2[H(2R-H)]*2 where Wi is the actual width of the fibril, Wi, is the apparent width
of the fibril, H is the height of fibril, and Rt is the radius of the tip®0. Due to the large
statistical range in the measured apparent width, the standard deviation reported for the
actual width is calculated using the equation for W, the average apparent width, and the
error in the height. For all calculations, the radius of the tip, R, was assumed to be 7 nm as
provided by the manufacturer. Contour length and end to end distances were manually
measured using the freehand line scan option provided by Asylum research.

Fourier Transform Infrared Spectroscopy (FTIR)

ATR-FTIR spectroscopy was performed on a Bruker Optik Vertex 70 (Ettlingen, Germany)
spectrometer equipped with a BioATRcell Il accessory (Harrick Scientific Products, Inc) as
previously described®?. Briefly, 30uL of freshly prepared monomer or pelletized aggregate
was placed on a silicon crystal equilibrated to 24 °C. Sample spectra were acquired from
1000 to 3000 cm~1 with 4 cm™! resolution after background subtraction of the buffer
solution, both recorded for 1000 scans. The spectra presented are an average of 5 such
sample spectra. Combined peak and deconvolution analysis was performed within the OPUS
software analysis package (Bruker Optik). After a horizontal baseline correction and
smoothing algorithm (13 to 17 smoothing points), Gaussian curves were fitted from 1500
cm~1 to 1700 cm~1 with fixed peaks identified by second derivative analysis. As previously
described®2, native B-sheet bands were assigned from 16301641 cm™1, amyloid -sheet
bands from 1611-1630 cm™1, turns from 1663-1695 cm™1, and disorder from 1647-1654
cm1,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Myoc-OLF olfactomedin domain of myocilin

™ trabecular meshwork

HTM human trabecular meshwork

ER endoplasmic reticulum

ThT thioflavin T

CD circular dichroism

AFM atomic force microscopy

ANS anilinonapthalene-1-sulfonate

ti time to half-maximal fluorescence

P1 amino acid sequence G36AVVYSGSLYFQ

P2 amino acid sequence G3g7LWVIYSTDEAKGAIVLSK

P3 amino acid sequence V4o6ANAFIICGTLYTVSSY

Tm melting temperature

HypF-N N-terminal domain of Eschericia coli HypF-N
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Figure 1. Biophysical characterization of wild-type myoc-OLF as a function of pH, without NaCl
(a) Secondary structure of myoc-OLF as a function of pH measured by far-UV CD. (b)
Tertiary structure of myoc-OLF as a function of pH measured by near-UV CD. (c) Thermal
unfolding of secondary structure monitored by CD at 214 nm. Fit is sigmoidal. (d) Thermal
unfolding of tertiary structure monitored by CD at 291 nm. Fit is linear plus sigmoidal. (e)
ANS fluorescence as a function of pH. (f) ThT fluorescence as a function of pH at 36 °C
monitored for 18 hours. (g) Fibrillar end point morphology for samples incubated at 36 °C in
pH 3.4 buffer (h) Disordered aggregates from samples incubated at pH 2.0 buffer at 36 °C,
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upon deposition (see text). For (g) and (h), two left panels scale bar = 300nm and two right
panels scale bar = 50nm.
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Figure 2. Biophysical characterization of wild-type myoc-OLF as a function of pH, in the

presence of 200mM NaCl

(a) Secondary structure of myoc-OLF as a function of pH measured by far-UV CD. (b)
Tertiary structure of myoc-OLF as a function of pH measured by near-UV CD. (c) Thermal
unfolding of secondary structure monitored by CD at 214 nm. Fit is sigmoidal. (d) Thermal
unfolding of tertiary structure monitored by CD at 292 nm. Fit is linear plus sigmoidal. (¢)
ANS fluorescence as a function of pH. (f) ThT fluorescence as a function of pH at 36 °C
monitored for 50 hours. (g) Fibrillar end point morphology for samples incubated at 36 °C in
pH 4.6 buffer. (h) Deposits of curvilinear fibrils from samples incubated at 36 °C in pH 3.4
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buffer. (i) Disordered aggregates for samples incubated at 36 °C in pH 2.0 buffer. For (g-i),
two left panels scale bar = 300nm and two right panels scale bar = 50nm.
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Figure 3. Fibrillization of wild-type myoc-OLF incubated at 42 °C in neutral pH buffer
(a) ThT fibril growth curves including scattering intensity kinetics for incubation at 42 °C
without NaCl and (b) with 200mM NacCl. (c) Extended fibril morphology observed for
samples incubated in the absence of NaCl. (d) Loop morphology observed for samples
incubated in the presence of 200mM NaCl. Scale bar for both conditions (c, d) is 300nm. (e)
FTIR spectral analysis for monomers and aggregates without NaCl and (f) with 200mM

NaCl.
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Figure 4. Biophysical characterization of myoc-OLF variants K398R (SNP), D380A, A427T, and
1499F (disease-causing) in physiological buffers
(a) Secondary structure measured by far-UV CD. (b) Tertiary structure measured by near-
UV CD. (c) Thermal unfolding of secondary structure monitored by CD at 214 nm. Fit is
sigmoidal. (d) Thermal unfolding of tertiary structure monitored by CD at 292 nm. Fit is
linear plus sigmoidal. For (a)-(d), wild-type myoc-OLF at neutral pH with 200 mM NaCl is
overlayed for comparison. (¢) ANS fluorescence as a function of pH, with overlay of wild-
type myoc-OLF at pH 7.2/200 mM NaCl and 4.6/200mM NacCl. (f) ThT fluorescence at 36
°C monitored for 50 hours. (g) End-point morphologies seen for myoc-OLF(A427T) are
fibrils and oligomers. (h) Deposits of myoc-OLF(D380A) appear as curvilinear and circular
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fibrils enclosing smaller globular aggregates. (i) Morphologies seen for myoc-OLF(1499F)

are fibrils and oligomers, similar to myoc-OLF(A427T). For (g)-(i), two left panels scale bar
= 300nm and two right panels scale bar = 50nm.
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Figure 5. Fibrillization of peptides P1-P3 incubated at 36 °C in physiological buffer

(a) ThT fibril growth kinetics. (b) Straight fibril morphology observed for P1 (c) No
aggregates observed for P2 (d) Closed loop morphology observed for P3. Scale bars for (b,
¢, d) are 300nm.
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