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Abstract

Mutations in myaocilin, predominantly within its olfactomedin (OLF) domain, are causative for the
heritable form of open angle glaucoma in humans. Surprisingly, mice expressing Tyr423His
mutant myocilin, corresponding to a severe glaucoma-causing mutation (Tyr437His) in human
subjects, exhibit a weak, if any, glaucoma phenotype. To address possible protein-level
discrepancies between mouse and human OLFs, which might lead to this outcome, biophysical
properties of mouse OLF were characterized for comparison with those of human OLF. The 1.55
A resolution crystal structure of mouse myocilin OLF reveals an asymmetric 5-bladed p-propeller
that is nearly indistinguishable from previous structures of human OLF. Wild type and selected
mutant mouse OLFs mirror thermal stabilities of their human OLF counterparts, including
characteristic stabilization in the presence of calcium. Mouse OLF forms thioflavin T-positive
aggregates with similar end-point morphology as human OLF, but amyloid aggregation kinetic
rates of mouse OLF are faster than human OLF. Simulations and experiments support the
interpretation that kinetics of mouse OLF are faster because of decreased charge repulsion arising
from more neutral surface electrostatics. Taken together, phenotypic differences observed in
mouse and human studies of mutant myocilin could be a function of aggregation kinetics rates,
which would alter the lifetime of putatively protofibrillar intermediates.
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INTRODUCTION

Mouse models offer valuable insights into human disease progression and are often the first
testing grounds for novel treatments. In the case of protein misfolding disorders, however,
mouse models have been somewhat less successful, either failing to replicate key disease
phenotypes found in humans or exhibiting a weaker phenotype. In mouse models of tau-
based Alzheimer disease and transthyretin-based amyloidosis, 2 differences in observed
phenotypes have been attributed to differences between the mouse and human proteins. At
the molecular level, it is known that even minor changes in protein sequence can have
dramatic effects on protein structure, stability, and misfolding properties in the cell.3

A recent addition to the list of protein misfolding disorders is a heritable sub-type of the age-
onset ocular disease glaucoma, a worldwide leading cause of blindness. Mutations in human
(Homo sapiens) myocilin (Uniprot Q99972), predominantly within its olfactomedin
(HsOLF) domain, are causative for glaucoma in approximately 3 million of the 70 million
total glaucoma patients.* ® The predominant pathogenic mechanism is a toxic gain of
function: mutant myocilin is prone to cytotoxic aggregation within the trabecular meshwork
(TM) cells that maintain the extracellular matrix that serves as an anatomical sieve to drain
aqueous humor. This cytotoxicity hastens the causal risk factor of elevated pressure leading
to retinal ganglion cell (RGC) death and vision loss characteristic of glaucoma.® Typically,
individuals expressing a mutant form of myocilin, such as the variant Tyr437His, exhibit
severely elevated intraocular pressure (IOP, 44 mmHg vs 20 mmHg in control population) at
a young age (20 years old)’: 8. Data to date indicate that myocilin is not otherwise a
susceptibility gene for sporadic forms of glaucoma®.

Numerous glaucoma rodent models are available and widely used in the field'9, but for
myocilin-associated glaucoma, a robust 0P elevation phenotype accompanied by RGC loss
has been a challenge to elicit in mouse. In two mouse models that express either the human
Tyr437His myocilin mutation!? or its equivalent in Mus musculus myocilin (Uniprot
070624), Tyr423His!2, modest 10P elevation was measured!? 12, but only in older mice. In
these models, which both used the bacterial artificial chromosome method that
overexpresses the target protein, IOP elevation was accompanied by some degenerative
features in RGCs!! 12, No increase in 10P was observed in mice when Tyr423His was
introduced in the endogenous mouse myocilin genel3. In a fourth transgenic model, high
levels of human mutant myocilin Tyr437His expressed specifically in eye drainage structures
and sclera using cytomegalovirus methods, exhibit the strongest and earliest glaucoma-like
phenotypes to datel?.

Here we test the hypothesis that molecular level differences in HsOLF and mouse OLF
(MmOLF) explain the differing phenotypes observed in these myocilin-glaucoma models.
Although HsOLF and MmOLF share high sequence identity (87%), differences are observed
in regions thought to template amyloid aggregation!®, raising the possibility this could
contribute to species-based differences in disease phenotype, as in other misfolding
disorders. We compare structural, biophysical, and aggregation properties of MmOLF with
well-studied characteristics of HsOLF. Our results demonstrate high levels of similarities
between the two proteins in their folded state and final aggregated states, but faster
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aggregation rates observed for MmOLF point to the possibility that a toxic species relevant
to glaucoma is hidden in a transiently present protofibrillar intermediate.

MATERIALS AND METHODS

Molecular biology.

Codon-optimized MmOLF was synthesized and sub-cloned by Genscript into pMAL-c4x
vector similar to previously published HsOLF, except that the Factor Xa cleavage site was
replaced with a tobacco etch virus (TEV) protease cleavage sitel®. Maltose binding protein
(MBP)-MmOLF fusion variants Ala413Thr, Asp366Ala, Tyr423His and Ile485Phe, and
MBP-HsOLF variant Ile431Val/Thr435lle were all produced by site-directed mutagenesis
following manufacturer’s recommended protocol (Quick-Change Lightening Il Kit, Agilent)
and verified by DNA sequencing (Operon or Genscript). Primer sequences are provided in
Table S1.

Expression and purification.

HSOLF and MsOLF were purified as previously described.18 £, co/i Rosetta Gami 2 cells
transformed with myocilin plasmid were inoculated to ODggg ~ 0.1 and grown in Superior
Broth (US Biological) at 37 °C to ODggg of 0.8 to 1.0, cooled to 18 °C, then induced with
0.5 mM isopropyl-B-D-thiogalactopyranoside and 1 mM CaCl, overnight. Cells were
harvested by centrifugation, flash cooled in liquid nitrogen, and stored at —80 °C. Cell paste
(5 g) was gently suspended in 20 mL chilled phosphate buffered saline composed of 10 mM
NayHPO4/KH,PO4, 200 mM NaCl (PBS), supplemented with half an EDTA-free Roche
Protease Inhibitor tablet and 1 mM EDTA, lysed by French press (Sim-Aminco French
Press, 25 mL FA-023 cell from Thermo Electron Corporation) and centrifuged at 110,000xg
(Beckman Avanti JXN3, JS-24.15 rotor). Clarified cell lysate was purified on AKTA Pure
and Purifier systems (GE Healthcare) by amylose affinity chromatography (25 mL column
packed with NEB Amylose Resin), equilibrated with PBS, eluted with PBS supplemented
with 10 mM maltose, and concentrated in 15 mL 30 kDa-cutoff Amicon filters (Millipore)
prior to fractionation by size-exclusion chromatography (SEC) with a Superdex-75 pg (GE
Healthcare) in PBS buffer. For Tyr423His and Ile485Phe MBP-AMmOLF variants, fractions
proximal to 55 mL elution volume were concentrated and further purified using a
Superdex-75 GL (GE Healthcare) to eliminate residual aggregated protein. Fractions
containing monomeric MBP-OLF fusion proteins were cleaved by TEV proteasel’ using a 1
TEV:5 MBP-OLF mass ratio overnight at room temperature, then purified by nickel affinity
(ImL HisTrap FF, GE Healthcare), amylose affinity and SEC as previously described?6.
After cleavage, pure protein was concentrated with 15-mL 10 kDa-cutoff Amicon filtration
units (Millipore).

For aggregation Kinetics assays, cleaved MmOLF was subjected to cation-exchange after the
first amylose step to bind and remove trace TEV protease. This was accomplished by
diluting OLF-containing fractions to 50mM NaCl with 10 mM NayHPO4/KH,PO,4, and
applying the sample to a HiTrap CaptoS column (1mL, GE Healthcare) equilibrated with 10
mM NayHPO4/KHoPO4, 50 mM NaCl. Residual TEV protease was eluted from the column
with gradient to 2M NaCl.
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Protein purity was assessed by standard SDS-PAGE analysis with Coomassie staining.
Protein concentrations were determined by spectrophotometry using molar extinction
coefficients for fusion proteins (human: 134,775 M~cm=1, mouse: 133,285 M~1cm™1) or for
cleaved OLF (human: 68,425 M~ cm~! and mouse: 65,440 M~cm™1) calculated by
ExPaSy ProtParam?8. Predicted isoelectic points were also calculated in ExPaSy.

Crystallization and structure determination.

Rectangular prismatic crystals of MmOLF, 50-70 pM in diameter, grew within 3 weeks at
16 °C in 4 pL sitting drops containing 1:1 (v/v) of 30 mg/mL MmOLF in PBS pH 7.2 and
mother liquor solution containing 10% PEG-8000, 200 mM MgCl,. Diffraction data were
collected at the Southeast Regional Collaborative Access Team (SER-CAT) 22-1D beamline
and processed using HKL-3000.1° The MmOLF structure was solved by molecular
replacement in Phaser?® using the HsOLF structure 4WXQ as a search model. The MmOLF
model was iteratively built and refined using Coot?! and Phenix.refine20. The structure has
been deposited to the PDB with ID: 6NAX. Figures were prepared in PyMOL?2, and
electrostatics using APBS-PDB,PQRZ3,

Thermal stability assay.

Thermal stability was measured by differential scanning fluorimetry using Sypro Orange
(Invitrogen), as previously described8. Final mixtures of 30 pL were prepared at room
temperature in 96-well optical plates (Applied Biosystems) and contained protein solutions
at a final concentration of 0.5-1.5 pM in HEPES-buffered saline (10 mM HEPES pH 7.5,
200 mM NacCl). Where indicated, 50 mM maltose and 10 mM CaCl, were present. Each
experiment contained control wells accounting for background protein, maltose and calcium
fluorescence. Fluorescence data were collected on an Applied Biosciences Step-One Plus
RT-PCR instrument equipped with fixed excitation wavelength (480 nm) and ROX®
emission filter (610 nm). Thermal melts were performed from 25-95 °C with a 1 °C per min
increase and acquired data were analyzed with Igor Pro, version 6.37 (WaveMetrics).

Thioflavin-T (ThT) endpoint fluorescence and de novo aggregation assays.

Aggregated MBP-MmOLF species fractionated by Superdex-75 pg were concentrated to 30
UM protein and supplemented with 10 uM ThT in PBS. Aliquots (40 uL) were dispensed in
triplicate in half-area flat-bottomed 96-well non-binding plates (Corning #3993). After
incubation for 10 min, ThT fluorescence was measured at room temperature using excitation
filter 440/30 nm and emission filter 485/20 nm (BioTek Synergy 2). Results represent the
average of two biological replicates.

For de novo aggregation assays, which were conducted as described and validated in ref 15,
triplicate samples comprising 150 pL of 30 uM cleaved, monomeric MmOLF, HsOLF, or
HSOLF variant 11e431Val/Thr435lle and 10 uM ThT in PBS were incubated at 42 °C in
black flat-bottom medium binding plates (Greiner Bio One #655076), Fluorescence was
monitored over 72 hours at 10-minute intervals using the same BioTek plate reader and
filters as listed abovel®. Representative results were normalized to the maximum
fluorescence of wild type ASOLF and plotted in Origin Professional 2016.
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Coarse grain (PRIME20) molecular dynamics (cgMD) simulations.

Discontinuous molecular dynamics (DMD)?24, a fast alternative to conventional molecular
dynamics, was used in conjunction with PRIME?20, a coarse-grained protein model
developed in the Hall group?®, to simulate the aggregation of MmOLF derived peptides,
which are analogous peptides to those of human peptides?5. In the PRIME20 model, each of
twenty different amino acids has three backbone spheres (NH, Ca and CO) and one
sidechain sphere (R). Glycine does not have a sidechain sphere. Each sidechain sphere of the
twenty different amino acids has a distinct hard sphere diameter (effective van der Waals
radius) and distinct sidechain-to-backbone distances (R-Ca, R-NH, R-CO). The two major
types of non-bonded interactions captured in PRIMEZ20 are directional hydrogen bonding
between backbone NH and CO spheres modeled as a directional square well potential and
sidechain-sidechain square well interactions between any pair of the twenty different amino
acids. Cheon et a/2" used a perceptron learning algorithm to reduce the 210 possible
independent square well depths between the 20 different amino acids to 19 different
parameter groups while maintaining the 210 independent square well widths to ensure
physically meaningful pair interaction energies in discriminating decoys from native
structures in the PDB database. All the other non-bonded interactions are modeled as hard
sphere interactions. A detailed description of the derivation of the geometric and energetic
parameters of the PRIME20 model is given in earlier work2 27: 28,

DMD/PRIME20 simulations of mouse P1 and P3 peptide aggregation were performed in the
canonical ensemble (fixed number of particles, constant volume and temperature). The
simulation temperature was maintained constant by using the Andersen thermostat2®. The
system contained eight monomeric peptides in a cubic box with box length equal to 110.0 A
corresponding to a total peptide concentration of 20 mM. The reduced temperature was
defined as T*= kgT/eng, Where the hydrogen bonding energy, epg=12.47 kd/mol. The
reduced temperature T* was chosen to be 0.2, which corresponds to 342 K in real
temperature39. Ten independent simulation runs were performed, each lasting for at least
220 ps.

The aggregation propensities of human and the mouse P3 were calculated by introducing the
amyloid-forming propensity, B, using the following equation:

1~
S

i=1 nSiIe(i)

)

where n is the total number of backbone hydrogen bonding sites (NH and C=0 beads)

5D
on the i peptide in the aggregate that form B-sheet hydrogen bonds, and ng;, (i) is the total

number of NH and C=0 beads on the i peptide in the aggregate. N is the total number of
peptides in the system. g ranges from 1 for a perfect p-sheet structure with strong amyloid
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forming propensity, to 0 for a monomeric state or disordered oligomer with weak amyloid
forming propensity.

Atomic force microscopy (AFM).

Immediately after the ThT aggregation assay above, triplicate samples comprising 150 pL
each were removed, combined into a 1.5 mL centrifuge tube, and left at room temperature
overnight to pellet by gravity. After visible separation of the insoluble aggregates into a
pellet, 40 pL of the pellet sample was deposited onto freshly-cleaved mica for 30 minutes,
rinsed for 3 seconds with ultrapure water, and left to dry overnight in a Petri dish. After
drying, the 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 60-80 kHz in alternating current mode and a scan rate of
0.5 Hz with 512 x 512-pixel or 1024 x 1024-pixel resolution. Raw image data were
corrected for image bow and slope using software provided by Asylum Research.

RESULTS

MmOLF structure.

To gain insight into the structural similarities and differences between native MmOLF and
HSOLF, we solved the crystal structure of MmOLF, to 1.55 A resolution (Table 1). The 5-
bladed p-propeller is nearly identical to that of HSOLF (root mean squared deviation
(RMSD) = 0.7 A, Figure 1A). The disulfide clasp that covalently links the N and C termini
is conserved, and the heptacoordinate Ca2*, the pentacoordinate Na* and corresponding
coordinating ligands identified for HsOLF3! are all present and in similar conformations
(Figure 1B). However, while the surface electrostatics of HsOLF are predominantly
negative,3! the MmOLF surface is more varied, with distinct positively-charged patches at
both top and bottom faces of the propeller (Figure 1C).

Glaucoma-associated HSOLF mutations were selected as representatives for further
inspection and study in the context of MmMOLF, and represent a range of thermal

stability1® 32 and disease phenotype33. These variants range from Ala427Thr, associated
with variable glaucoma phenotypes (familial and sporadic, all diagnosed past the age of 65)
in a small sample34 and which might only be causative in presence of other genetic risk
factors, to the severe Tyr437His mutation which results in juvenile-onset glaucoma
symptoms and dramatic elevation in IOP8 (Figure 2A). Tyr437His and the moderate
I1e499Phe variant are located within the hydrophobic interface between propeller blades,
while Ala427Thr and Asp380Ala are proximal to the calcium-binding site (Figure 2A).
Inspection of these positions in the context of MmMOLF reinforces the similarity between the
HsOLF and MmOLF structures. Tyr423 in MmOLF (due to a shorter N-terminal signal
peptide in MmMOLF numbering is offset from HsOLF by 14 amino acids) participates in
hydrophobic packing and water-mediated beta-turn stabilizing hydrogen bonding
interactions (Figure 2B), both of which are expected to be strongly impacted by mutation to
histidine. Ala413 in MmMOLF is located under surface loops known to be mobile in HsSOLF3!
and other OLF domain family members3°, and should be able to accommodate conservative
mutations (Figure 2C). Mutation of Asp366 abolishes calcium binding (Figure 2D) by
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removing a key metal-coordinating side chain31- 36, 11e485 is engaged in hydrophobic
packing, which is likely disrupted by the increased steric hindrance of mutation to
phenylalanine (Figure 2E). Thus, based on structure, these mutations to MmOLF are
expected to have an impact on stability and misfolding similar to that previously observed
for HSOLF.

Thermal stability of wild-type and mutant MmOLFs.

Expression and purification of MmOLFs proceeded as for H/sOLF, published previously16,
utilizing a N-terminal maltose binding protein (MBP) fusion to enhance folding efficiency
and as a purification handle. Similar to purification of ASOLF, the initial MBP-MmOLF
fusion protein is isolated from £. coliin two forms (Figure 3A): a misfolded, thioflavin-T-
positive aggregate suggestive of amyloid (Figure 3B,C) and a properly folded form used
subsequently for characterization, including the structural analysis above, thermal stability
and de novo aggregation kinetics assays below. Thermal stability of wild-type MmOLF
resembles that of HSOLF (Table 2, Figure S1). All four disease variants (Ala413Thr,
I1e485Phe, Asp366Ala, and Tyr423His) result in compromised MmOLF stability, with
decreases in melting temperature (ATm) similar to those of corresponding HsOLF
variants1®, albeit with slightly higher melting temperatures (Table 2). Wild-type MmOLF, as
well as MmOLF variants Ala413Thr, 11e485Phe, and Tyr423His, were stabilized in the
presence of calcium, confirming that a calcium binding site is retained as in HsOLF31. 36,
The outlier is MmOLF Asp366Ala (Table 2), confirming the critical importance of Asp366
to calcium binding in MmOLF, as suggested in the crystal structure (Figure 1, 2) and by
analogy to its HsOLF equivalent, Asp38036.

Aggregation properties of MmOLF.

Given the result of ThT-positive cellular aggregates produced by £. coli during expression,
coupled with nearly identical thermal stabilities and native structures of MmOLF and
HsOLF, similar /n-vitro aggregation kinetics were expected. Surprisingly, MmOLF forms
ThT-positive aggregates faster than HsOLF under assay conditions developed previously for
HsOLF, namely aggregation at 42 °C without agitation in a fluorescence plate reader®
(Figure 4A), with statistically significant differences in ThT fluorescence (p < 0.0001,
ANOVA) at 24 and 72 hour timepoints.

One possible explanation for the increased initial rate of MmOLF aggregation includes
differences in the MmOLF sequence within previously-identified HsOLF amyloidogenic
peptide regions®. These amyloidogenic stretches (Figure 4B) comprise HsOLF residues
326-337 (P1, MmOLF residues 312-323) and residues 426-442 (P3, MmOLF residues
412-428). Peptides P1 and P3 replicate disparate fibril morphologies associated with
different aggregation conditions for the full #sOLF domain®®. For the experimental
conditions used here, which provide high throughput /n-situ ThT Kinetic data (Figure 4A,
and experimental section), aggregation is thought to be promoted by P3. We previously
validated the end point aggregate formed in this non-nucleation dependent growth process as
amyloid by using Congo Red absorbance, Fourier transform infrared spectroscopy, and
AFM26,
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To test whether differences in aggregation propensity between HsOLF and MmOLF might
originate in sequence differences in respective P1 (Ala to Ser) or P3 (lle to Val, Thr to Leu)
regions (Figure 4B), we first turned to coarse grain molecular modeling using DMD/
PRIME20, a method we used recently to simulate aggregation of P1 and P3 peptides derived
from HsOLF26, For P1, no obvious differences were identified between mouse and human
P1 aggregation simulations (Figure S2, S3), consistent with the single conservative
substitution. By contrast, mouse P3 peptides, initially in random coil configurations,
aggregate to form a parallel, in-register protofilament with a predominantly L-shaped
backbone conformation in eight out of ten runs (Figure 4C, S4), a different shape and a more
homogeneous aggregate compared to human P3, which formed a U-shaped backbone
conformation in just two out of ten runs (Figure 4D)28. Based on the average number of
inter-peptide hydrogen bonds formed per residue calculated over the last third of the
simulation trajectories (Figure 4E), the two different residues, Val417 and lle421
(corresponding to human residues lle431 and Thr435), result in higher average p-sheet-
forming propensity in the C-terminal region of the peptide and less variability than for
human P3. The average p values or amyloid forming propensities for the entire peptide
sequence are p(mouse P3) = 0.52 + 0.05, and p(human P3) = 0.43 + 0.19, suggesting that mouse
P3 has a stronger amyloid forming propensity than human P3 (Figure 4F). These differences
do not reach statistical significance (p < 0.0985 by normal distribution test), likely due to the
heterogeneous conformational landscape of simulated human P3 aggregates, but in principle
suggest variations in P3 may explain experimental differences in kinetics between MmOLF
and HsOLF.

To experimentally evaluate whether the two amino acid differences in mouse P3 sequence
account for more facile MmOLF aggregation, the double AHsOLF variant 1le431Val/
Thr435l1le was generated and subjected to an aggregation assay, in parallel with wild type
HsOLF and MmOLF (Figure 4A). Surprisingly, aggregation kinetics were more similar to
HsOLF than to MmOLF, indicating that the specific residues in the mouse P3 sequence are
not sufficient to increase MmOLF aggregation rates or increase ThT binding of the end-
point aggregate. Differences between HsOLF wild type and the 1le431Val/Thr435lle variant
were not statistically significant at 24 hours (p = 0.1645), though they were at 72 hours (p =
0.0074, ANOVA). From this study, we infer that other sequence differences, scattered
throughout the rest of the MmOLF domain, facilitate changes in the aggregation properties
relative to HsOLF.

Comparison of end-point aggregate morphologies of MmOLF and HsOLF.

Although sequence differences in P3 do not fully explain differing aggregation kinetics of
HsOLF and MmOLF, cgMD results suggest structural differences in the aggregate at the
molecular level. To determine whether these structural changes translate into a detectable
morphological difference, the end-point aggregates were imaged by AFM. Both MmOLF
and HsOLF samples show flat spherical oligomers ~ 6 nm in height and 1-2 um in diameter
(Figure S5). These species are similar in height, diameter, and circular morphology to our
previous results for HSOLF using the same assay’®. Still, the aggregates observed in these
images are not identical. In the MmOLF sample there are additional curvilinear aggregates
of varying length with similar height (~6 nm) to the spherical oligomers. The background of
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the HSOLF is more pronounced than that of MmOLF, perhaps suggesting long-lived smaller
oligomeric species. Further studies, such as AFM studies at different time points during
aggregation, and systematic changes to the deposition surface, would be required to
delineate the statistical significance of these differences.

DISCUSSION

Myocilin-associated glaucoma resembles other amyloid diseases like Alzheimer3 in that
numerous genetic mutations lead to a similar disease phenotype® °. From other well-studied
amyloid systems, we know that specific amino acid substitutions, including naturally-
occurring variants across species38: 39 and disease-associated mutations#0—42, can lead to
drastic changes in amyloid morphology and structural composition relevant to the severity of
disease phenotypes. On the other hand, amyloid-forming stretches with limited sequence
similarity often exhibit similar aggregate structures*3, underscoring the complexity of
biophysical principles underlying amyloid formation.

In the case of myocilin, non-synonymous mutations in AsOLF result in a non-native protein
that recruits properly folded myocilin into a template-assisted amyloid aggregation
processt® 44, leading to cell stress and death*5-48. In vitro, modifying parameters such as
elevated temperature, low pH, slow agitation, and redox manipulation also access a partially-
folded state of wild-type HsOLF, which in turn facilitates fibrilizationl® 44, Other animals
with with similar eye anatomy to humans'® and mutations in the myocilin gene (e.g.
monkey*9) do not develop glaucoma, and robust phenotypes are not readily induced in
micell 13, prompting us to consider the possibility that myocilin homologs exhibit
biophysical features that protect against aggregation or facilitate cellular degradation of
aggregates.

Previously, the leading explanation for the weak phenotype for mouse myocilin involved a
putative cytosolic peroxisomal targeting sequence unique to ASOLF, proposed to be exposed
only upon misfolding®0. HSOLF structures, however, reveal that the far C-terminal end of
native HSOLF containing the suspected obscured signal sequence extends beyond the p-
propeller structural domain, in a fully solvent-accessible conformation in the native state31,
so the sequence is not hidden. Another proposed culprit for varied glaucoma phenotypes
across murine myocilin glaucoma models is genetic background. Genetics are known to play
an important role in eliciting a glaucoma phenotype in DBA/2J mice, which are predisposed
to severe ocular-hypertension and RGC death®!. Genetic backgrounds vary among the mice
used to generate the currently available myocilin glaucoma mouse models, and could
modulate phenotype severityl% 51, Notably, adenovirus-induced overexpression of human
Tyr437His myocilin resulted in elevated 10P in A/J, BALB/cJ and C57BL/6J mice, but not
in C3H/HeJ mice®2, Finally, mutant myocilin expression levels may influence resultant
phenotypes. High expression appears important for an 1OP elevation phenotype in available
myocilin glaucoma mouse models. TM cells, like neurons, are long-lived and highly
sensitive to protein misfolding, and may not require high levels of mutant myocilin to
present aberrant phenotypes, but myocilin is present at relatively high concentrations in the
cellular secretion studies®3—5 as well as in our experiments. Whether mutant myocilin
overexpression is a general phenotype among myocilin glaucoma patients is currently
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unclear, but a recent histological analysis of a very rare sample of a glaucomatous donor eye
harboring Tyr437His myocilin appears to support the finding that overexpression of mutant
myocilin (relative to wild type levels in control eyes) is a factor®S.

Our characterization of MmOLF structure and aggregation in this study, combined with
prior cellular secretion studies demonstrating intracellular accumulation of selected mouse
myocilin variants®3 to an extent similar to human disease-causing counterparts8: 32, would
predict a robust aggregation phenotype upon mutation in mouse. Namely, even though native
structure and thermal stability are relatively unchanged, MmOLF aggregation kinetics are
faster than HSOLF, which cannot be adequately explained by the two hydrophobic
alterations found in the mouse P3 sequence. Increased ThT fluorescence seen for MmOLF
could be attributed to charge or structural differences in the aggregate species®’. Thus, one
molecular level insight from our study is that differential surface electrostatics could be
altering the aggregation profile of MmOLF. Compared to the largely negative HsOLF
surface (calculated pl 5.0), the somewhat more neutral and varied MmOLF (calculated pl
5.8) is expected to exhibit faster initial aggregation, as seen in systematic studies of other
model amyloid systems®8: 59, Another molecular explanation could be the relative toxicity of
the aggregates. There is an overall resemblance in endpoint morphology for AMmOLF and
HsOLF aggregates, but we know from other amyloid diseases that the intermediate
aggregates are likely the neurotoxic species, not the final endpoint aggregate8% 61, Perhaps
by aggregating more quickly, the putatively more toxic intermediate in MmOLF does not
have time to populate, and instead is driven to the less toxic endpoint aggregate. Since OLF
is a relatively new addition to the amylome, details of such intermediates including their
structure and toxicity, as well as aggregation of OLF when tethered to a coiled-coil region by
a long linker®2, remain open questions. Taken together, our findings motivate further work
into dissecting the factors that elicit glaucoma in mice, to further support their use in
glaucoma research.
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Hs Homo sapiens

Mm Mus musculus

™ trabecular meshwork

I0P intraocular pressure

RGC retinal ganglion cell

TEV Tobacco Etch Virus

RMSD root mean squared deviation

ThT thioflavin-T

MBP maltose binding protein

SEC size exclusion chromatography

PBS phosphate buffered saline

DMD discontinuous molecular dynamics

ER endoplasmic reticulum
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Figure 1.
MmOLF and HsOLF share key structural features. (A) Superposition of MmOLF structure

(dark red, 1.55 A resolution) and H#sOLF (PDB code 4WXQ, gold, 2.15 A resolution), view
of top face, RMSD = 0.73 A. (B) Ca2*, Na*, and corresponding coordinating residues in the
central cavity of MmOLF and HsOLF are nearly identical. Waters are shown as red spheres,
and hydrogen bonding interactions < 3A are shown as dashed lines. (C) Surface
electrostatics demonstrate similar potentials across the top face, but increased positive

Biochemistry. Author manuscript; available in PMC 2020 April 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Patterson-Orazem et al. Page 16

charge on the bottom face of MmOLF relative to HsOLF. Surface potentials are colored
negative (red, =5 kT/e-) to positive (blue, +5 kT/e-).
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Figure 2.
Biochemical environment of glaucoma-causing myocilin mutations. (A) Representing a

range of clinical phenotypes (table to the right)33, select myocilin mutations are either in a
hydrophobic interface between the blades, highlighted by triangles, or near the calcium-
binding site, indicated by shaded circle. (B-E) Overlay of mouse, dark red, and human, gold,
OLF structures demonstrate similarities in the biochemical environment of (B) human
Tyr437 and its mouse equivalent Tyr423; (C) Ala427 and mouse Ala413; (D) Asp380 and
mouse Asp366; and (E) 11e499 and mouse 11e485. Waters are shown as red spheres, and
hydrogen bonding interactions < 3A are shown as dashed lines.
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Figure 3.
Aggregates of MBP-MmOLF isolated from £. coliare ThT-positive, a hallmark of amyloid.

(A) Aligned chromatograms from Superdex-75 purifications of wild-type and mutant MBP-
MmOLF fusion proteins. (B) ThT fluorescence of MBP-MmOLF aggregates compared to
selected monomeric MBP-OLFs and (C) corresponding SDS-PAGE analysis demonstrates
that, for equal amounts of protein, the average ThT fluorescence is similar for human and
mouse.
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Figure 4.
MmOLF aggregation kinetics, and DMD/PRIME20 simulations of amyloidogenic mouse

P3. (A) Aggregation of purified MmOLF, HsOLF and HsOLF variant 1431V/T435I
monitored by ThT fluorescence at 42 °C over 72 hours; * (p < 0.01) and *** (p < 0.0001)
represent statistically significant differences relative to HsOLF at 24h and 72h. (B) Location
of amyloidogenic stretches P1 and P3 within the OLF domain (left), and sequence alignment
of mouse and human P1 and P3 (right). (C) Simulated L-shaped mouse P3 protofilament in
schematic representation (above) with hydrophobic and polar residues indicated in white and
green, respectively, and representative final simulation snapshot (below). (D) Simulated U-
shaped conformation of human P3 protofilament in schematic representation (above) and
representative final simulation snapshot (below). (E) Average number of interpeptide
backbone hydrogen bonds (H-bonds) formed per residue and (F) average B-sheet
propensities calculated for human and mouse P3 peptides. All error bars represent standard
deviation.
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Data collection and refinement statistics for the structure of the olfactomedin (OLF) domain of mouse

myocilin, PDB 6NAX.

Data Collection

Space group
Cell dimensions
a b, c(A)

a, B, y (degrees)
Resolution (A)

P4

112.0, 112.0, 44.1
90, 90, 90
33.11-1.55(1.61 - 1.55)

Reflections

Total 355,190 (29,541)
Unique 79,283 (7,499)
Redundancy 45 (3.9)
Completeness (%0) 98.5 (95.2)
Wilson B-factor 11.6

Rsym 0.0671 (0.210)
Il 18.0 (6.1)
ccir 0.996 (0.950)
cc* 0.999 (0.987)
Refinement

Resolution (A)
Reflections

Used in refinement
Used for R-free
R-work/R-free

CC (work) / CC (free)
Molecules

Protein residues
Ligands

Solvent

B-factor: average
Protein residues
Ligands

Solvent

RMS
Bond-lengths (A)
Bond-lengths (deg)
Ramachandran
Favored (%0)
Allowed (%)
Ouitliers (%)

33.11-1.55(1.61 - 1.55)

78,413 (7,499)

2,000 (193)

0.158 (0.173) / 0.178 (0.201)
0.968 (0.934) /0.970 (0.916)

518
29
623
15.0
13.2
26.8
26.3

0.01
0.88

96.69
3.31
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Data Collection

Clashscore
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Thermal stability of wild-type and mutant MmOLF resemble HsOLF counterparts. Melting temperature (Ty)

measured by differential scanning fluorimetry.

Protein Mouse Human
™Mo i, ™9 T,

wild Type 523+01 +7.8 530+05 +6.6
A413T (A427THP 508401 +81 483+03 +6.9
D366A (D380A)Y  47.5£02 -12 466+03 -15
1485F (1499F)? 43905 +85 428+01 +76
Y423H (va37H)?  421+01 +938 403+04 +83
(1431V/T4351)¢ n/a n/a 54+2 +8.8

a . .
Numbering for ASOLF mutants shown in parentheses.

bLiterature values36 listed.

cVaIues obtained using cleaved HsOLF.
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