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Abstract

Mutant myocilin aggregation is associated with inherited open angle glaucoma, a prevalent optic
neuropathy leading to blindness. Comprehension of mutant myocilin aggregation is of
fundamental importance to glaucoma pathogenesis and ties glaucoma to amyloid diseases such as
Alzheimer’s. Here we probe the aggregation properties of peptides derived from the myocilin
olfactomedin domain. Peptides P1 (residues 326-337) and P3 (residues 426-442) were identified
previously to form amyloid. Coarse-grained discontinuous molecular dynamics simulations using
the PRIME20 force field (DMD/PRIME20) predict that P1 and P3 are aggregation-prone; P1
consistently forms fibrillar aggregates with parallel in-register B-sheets whereas P3 forms p-sheet-
containing aggregates without distinct order. Natural abundance 13C solid-state NMR spectra
validate that aggregated P1 exhibits amyloid signatures and is less heterogeneous than aggregated
P3. DMD/PRIMEZ20 simulations provide a viable method to predict peptide aggregation
propensities and aggregate’s structure/order which cannot be accessed by bioinformatics or readily
attained experimentally.
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Introduction

A recent addition to the list of proteins associated with amyloid-based diseases is the
myaocilin olfactomedin domain (mOLF)~. Inherited non-synonymous mutations in mOLF are
causative for early-onset open angle glaucoma, an ocular neurodegenerative disease leading
to blindness. Mutant myocilins aggregate instead of being secreted to the trabecular
meshwork (TM), a key anatomical structure responsible for maintaining eye pressure that is
dysregulated in most cases of glaucoma. Whereas cells typically deal with mutant proteins
with an efficient degradation system mediated by molecular chaperones, this process is
significantly compromised in TM cells expressing mutant myocilin. Mutant myocilins
accumulate intracellularly— where they exhibit aberrant interactions with molecular
chaperones™, leading to TM cell death that hastens glaucoma onset. Cumulatively, such
behavior suggests that mutant myocilins might be aggregating into amyloid, which are well-
known for their high thermochemical stability and resistance to degradation.”

Initial evidence for the amyloid behavior of mOLF includes thioflavin-T (ThT) positive
aggregates generated /n vitro, demonstrating a sigmoidal growth curve composed of a lag
phase followed by exponential growth, as well as a positive ThT signal from full-length
mutant myocilin that has accumulated within mammalian cells. The mOLF amyloid
aggregation parameters and associated biophysical features have been evaluated further (Fig.
1), leading to the identification of two different fibril morphologies, long straight fibrils (Fig.
1A) and more unusual lassoed oligomers (Fig. 1B). These morphologies are also observed in
aggregates of glaucoma-associated variants, A427T and D380A, respectively (not shown).
Subsequent bioinformatics analysis (Fig. S1) to determine the amyloidogenic regions on
full-length mOLF protein revealed three consensus sequences: G326AVVYSGSLYFQ (P1),
G3g7LWVIYSTDEAKGAIVLSK (P2) and V46ANAFIICGTLYTVSSY (P3).
Experimentally, two of these peptides, P3 and P1, formed ThT-positive aggregates (Fig. 1C)
whereas P2 remained soluble. At low concentrations, P1 aggregation exhibits the expected
lag phase, whereas conditions for observing a lag phase for P3 aggregation have not yet been
obtained (data not shown). Upon solving the mOLF crystal structure, we learned that P1 and
P3 are in the interior of the p-propeller, confirming our earlier finding that fibril formation is
initiated from a partially folded state. The fibril morphologies of P1 and P3 (Figs. 1E, F)
recapitulate morphologies seen for the full mMOLF protein domain (Figs. 1A, B), suggesting
that P1 and P3 are the core stretches responsible for the observed morphologies adopted by
the full protein.

To further comprehend amyloidogenesis by mOLF-derived peptides and its molecular
relationship to better-studied amyloids like amyloid-p~, we performed discontinuous
molecular dynamics simulations (DMD) combined with the PRIME20 force field™ to predict
fibrillar structure, as well as solid-state NMR to experimentally evaluate the extent of
structural order of aggregated P1 and P3. In addition to providing new molecular insight into
mOLF aggregation, our study demonstrates proof-of-concept for the applicability of DMD/
PRIMEZ20 to predict peptide amyloidogenicity and fibril structure.
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Methods
DMD/PRIMEZ20 simulations.

PRIME20 is a 4-sphere-per-residue coarse-grained protein model (three backbone spheres
Ca, NH, CO and one sidechain sphere) developed in the Hall group that was specifically
designed for DMD-based simulation of protein aggregation—, and has unique geometric and
energetic parameters for each of the 20 different amino acids. Specifically, each sidechain
sphere of the 20 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 potential
energy function between two amino acid sidechain beads is modeled as a square well
potential. The potential energy parameters between the 20 different amino acids (except for
glycine) include 210 independent square well widths and 19 independent square well depths.
The backbone hydrogen bonding interactions are modeled as a directional square well
potential. The detailed description of the derivation of the PRIME20 geometric and energetic
parameters along with their values are given in our earlier work.: ~ The reduced temperature
is defined as T*=kgT/enp. It is related to a real temperature by T [K] = 2288.46T*-115.79;
this equation was obtained by matching the folding temperature of alanine-rich polypeptides
in DMD simulation in our previous work to the experimental values. The reduced time unit
is Atrequced = 0.96 ns; this was obtained by matching the self-diffusion coefficient of Ap(16-
22) obtained from DMD simulations to that calculated from atomistic MD simulation.

The simulation system consists of eight peptides in a cubic box with peptide concentration
C=20mM at T=342K. The simulation temperature is chosen to optimize the likelihood that
P1 and P3 aggregate to form stable ordered p-sheet-rich protofilament. If the temperature is
too high, the peptides do not aggregate and if it is too low they get trapped in local energy
minimum states. The peptides are initially at random locations and in random coil
conformations. We performed ten independent runs for the P1, P2 and P3 peptides. Over the
course of the simulation, the peptides spontaneously aggregate, constantly rearranging into
more-stable structures as they move towards the equilibrium state. The simulation times for
the P1, P2 and P3 systems are 223ps, 353us and 476ys, respectively.

Peptide synthesis and experimentation fibril formation.

P1 and P3 peptides were synthesized by CPC Scientific (Sunnyvale, CA) to >95% purity for
P1 and 88.8% for P3. Both peptides were prepared as a 5 mg mL™1 stock solution in DMSO
and stored at room temperature. Fibrils were generated by dissolving 500 uM peptide into 10
mM NayHPO4/KH,PO,4 buffer at pH 7.2 containing 200 mM NaCl plus 10 uM ThT and
incubating at 36 °C for 24-48 hours, as previously published. For P1 the products of three 4-
mL reactions were combined for NMR while for P3 a one 4-mL reaction was found to be
sufficient for a robust signal. Insoluble aggregates were isolated for solid-state NMR
characterization by ultracentrifugation (164,700 xg for 15 minutes at 25°C).

Solid-state NMR measurements.

The 1H-13C CPMAS experiments~ were performed on a narrow-bore Bruker 11.75 Tesla
(500-MHz H NMR frequency) solid-state NMR system with an Avance I11 console and a
3.2 mm magic angle spinning (MAS) HX NMR probe. The MAS spin rate was kept at 10
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kHz for all measurements. For the 2 ms cross polarization, a 50 kHz pulse on 13C channel
and a calibrated ramped pulse on IH channel was used. After the cross polarization,
decoupling of 1H was employed with a radio-frequency field power of 100 kHz during the
detection period, with two-pulse-phase modulation (TPPM). The predicted CPMAS
spectrum was generated by a summation of all the Gaussian peaks at the chemical shifts of
all 13C in the peptides. The line width (full width at half maximum, FWHM) of each
Gaussian peak was identical.

Results & Discussion

P1 peptides aggregated into ordered B-sheet-rich oligomers in all ten independent DMD/
PRIME20 simulation runs (Figs. 2 and S2), predicting that P1 has a strong amyloid-forming
propensity. P1 peptides formed a U-shaped protofilament (Figs. 2A (red curve, top panel), B,
D) in two out of ten runs and an S-shaped protofilament (Fig. 2A (black curve, bottom
panel), C, E) in the remaining eight runs. P1 aggregates formed within the first 10us (Fig.
2A), indicating fast aggregation kinetics during simulations. The Kinetics are consistent with
other simulation- studies indicating that, in general, amyloidogenic peptides tend to form
fibrils with fast aggregation kinetics if they contain sixteen or fewer amino acids. The U-
shaped P1 protofilament adopted a backbone turn at 332Gly (Figs. 2B, D), forming a
hydrophobic core containing residues 328Val, 330Tyr, 334Leu and 336Phe. The S-shaped
P1 protofilament adopted two turns, one at 332Gly and the other near the C-terminal (Fig.
2C, E). Analysis of the average number of inter-peptide backbone hydrogen bonds formed
within the last half of the ten trajectories by each of the residues reveals that the whole P1
sequence, except C-terminal 336Phe and 337GIn, has a high propensity to form -sheet
structure (Fig. 3A). The DMD/PRIMEZ20 result is consistent with bioinformatics predictions
(Fig. S1) and experiments (Fig. 1C, E) indicating that the P1 region 326GAVVYSGSLY335 js
an amyloid forming peptide within mOLF, and adds key new molecular insight into possible
arrangements of the amyloid.

In DMD/PRIME20 simulations, P2 formed disordered oligomers (Fig. S3) containing a
small amount of B-hairpin or B-sheet structure in nine out of ten simulation runs. In just one
of ten runs, P2 aggregated into a fibrillar structure. In contrast to bioinformatics analysis, but
in line with experimental results, P2 has a low aggregation propensity as it forms only a
small number of inter-peptide hydrogen bonds along the whole sequence (Fig. 3B).

P3 peptides aggregated in DMD/PRIME20 simulations to form parallel in-register U-shaped
protofilaments in two out of ten runs and polymorphic p-sheet-rich oligomers in the
remaining eight runs (Fig. 4, S4). From Fig. 4A(black curve, bottom panel), P3 aggregated
into a disordered pB-sheet-rich oligomer at t =70.6s, formed a U-shaped trimer at t =149.5us
and grew into a stable U-shaped octamer protofilament at t= 176.3us (Figs. 4C, D). Note that
the potential energy dropped precipitously as P3 grew from a trimer to an octamer. In
contrast when P3 forms polymorphic structures (Fig. 4A (red curve, top panel), B) the
potential energy is relatively constant. Note that all the disordered B-sheet-rich P3 oligomers
(Fig. S4) are in local minimum states that are metastable with respect to ordered fibrillar
state (global minimum). These P3 oligomers may eventually come out of the local minimum
states and form a more ordered fibrillar structure, but, based on current computation
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resources, it’s hard to predict the occurrence probability of such events. P3 is found to have a
much slower aggregation kinetics than P1. One reason is that P3 has six more amino acids
than P1 and thus has more degrees of freedom in its backbone chain movement which adds
complexity to the aggregation pathways and increases nucleation time: ~. Within the U-
shaped P3 protofilament, the sidechains of residues 430Phe, 432lle, 436Leu, 439Val on P3
closely contact each other to form a hydrophobic fibril core (Fig. 4D). In addition, the
stretch of P3 that forms a large number of inter-peptide hydrogen bonds is
4Z8NAFIICGTLYTVS*0 (Fig. 3C), consistent with bioinformatics analysis (Fig. S1).
Simulations support experimental results in that ThT positive aggregates with variable-sized,
lassoed oligomer morphologies were observed (Fig. 1C, F), but these aggregates grew
quickly in experiment. The ThT Kinetic data further suggests that P3 forms less-ordered
aggregate structures than P1, based on the intensity of the ThT fluorescence which was
lower than P1 even though qualitatively the two peptides appeared to aggregate at sufficient
quantities with similar amounts of insoluble material. The simulations support this
hypothesis, as the polymorphic B-sheet rich oligomers observed in the P3 simulations likely
bind ThT, but possibly with a lower fluorescence emission intensity or affinity when
compared to better ordered P1 aggregates. In addition, our simulations suggest that a high
level of templated order in a P3 fibril may be achievable if experimental conditions can be
driven towards the U-shaped conformation.

In order to quantitatively compare the amyloid forming propensities of P1, P2 and P3
peptides based on DMD/PRIME20 simulation results, we define B(Pj) as the propensity of a
specific peptide sequence Pj (e.g. P1, P2 or P3) to aggregate and form a 3-sheet amyloid:

N n

(i)
. 1 HB

pP)) = = -
N ,';1 nizeld)

where nHB(i) is the total number of inter-peptide hydrogen bonds formed by the it peptide in

the aggregate, and nSite(i) is the total number of backbone hydrogen bonding sites (NH and

C=0 beads) on the it peptide in the aggregate. N is the amino acid length of peptide Pj.
B(Pj) ranges from 1 for a perfect B-sheet structure with strong amyloid forming propensity,
to O for a monomeric state or disordered oligomer with weak amyloid forming propensity.
The values of p(Pj) for P1, P2 and P3 with standard deviations over the last one-third of the
trajectories of ten runs are p(P1) = 0.64+0.06, p(P2) = 0.25+0.07 and p(P3) = 0.44+0.07,
indicating that the order of amyloid forming propensity of the three mOLF peptides is
P1>P3>P2 (Fig. 3D), which is consistent with experimental data (Fig. 1C, E, F) that P1 and
P3 form fibrils but P2 does not.

To experimentally evaluate the extent of molecular order for aggregated P1 and P3, we
aggregated peptides P1 and P3 under physiological conditions as before and then acquired
1H-13C Cross-Polarization Magic Angle Spinning (CPMAS) solid-state NMR spectra.
Consistent with DMD/PRIMEZ20 predictions, P1 and P3 showed dramatically different
CPMAS spectra (Figs. 5A, C), confirming dissimilar structures. The spectrum of P1 fibrils is
consistent with structurally ordered amyloid fibrils' =, namely, narrow NMR line widths
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(~1.2 ppm, Fig. 5A). In addition, though many 13C peaks on the P1 CPMAS spectrum
overlap with others, some peaks with special chemical shifts can be assigned to a residue
type based on the known chemical shift ranges of different 13C sites™ (Fig. 5B, Table 1).
Indeed, by comparing the chemical shifts of the distinguishable peaks with those from
random coil peptides, all the secondary chemical shifts imply a strong trend to p-strand
structure. The observed structural order in the P1 CPMAS spectrum suggests that this
sample will be compatible with future solid-state NMR structural methodologies. By
contrast, the spectrum of P3 fibrils provides experimental evidence for a heterogeneous
aggregate mixture, namely, broad line widths (> 14 ppm, Fig. 5B). In contrast to P1, the P3
sample is unlikely to yield readily interpretable structural constraints, unless experimental
aggregation kinetics can be modified to yield a homogeneous sample.

Conclusion

In summary, this study demonstrates the capability of DMD/PRIMEZ20 to predict peptide
amyloidogenicity and fibril structure. DMD/PRIME20 simulations both recapitulated
mOLF-derived peptide aggregation propensities seen experimentally, and predicted the
extent of homogeneity in assembly into particular structural arrangements, which we
validated by solid-state NMR. Structure predictions obtained from DMD/PRIME20 can now
serve as a basis for choices of 13C- and 1°N-labeled sites required for P1 structural NMR
experiments, and provide direction for optimizing P3 aggregation experiments with the goal
of obtaining a homogeneous sample suitable for structure determination. Taken together,
DMD/PRIMEZ20 results contribute new insights into cytotoxic myocilin aggregates,
specifically, by predicting possible molecular arrangements of the amyloid core structure of
the full-length mOLF for further study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
mOLF peptide stretches P1 and P3 recapitulate disparate morphologies of amyloid

aggregates derived from full-length mOLF seen by AFM. (A) mOLF fibrils grown at 37 °C
with mechanical rocking exhibit straight morphology by AFM while (B) mOLF fibrils
grown at 42 °C without rocking exhibit disparate circular morphology. (C) Fibrilization of
predicted amyloidogenic peptide stretches, P1, P2 and P3, incubated in 10mM
Nay,HPO4/KH,PO,4 pH 7.2 buffer containing 200mM NacCl at 36 °C, monitored by ThT
fluorescence. (D) Amyloidogenic peptide stretches P1 (green) and P3 (purple) identified in
(C) highlighted in the context of the native mOLF structure (PDB code 4WXS). (E) P1
fibrils appear straight while (F) P3 fibrils are circular when visualized by AFM. Scale bar is
300 nm for images A, B, E, and F. Images A, B, C, E, F reproduced from ref. Reprinted
from Journal of Molecular Biology, 426, S. E. Hill, R. K. Donegan and R. L. Lieberman,
The Glaucoma-Associated Olfactomedin Domain of Myocillin Forms Polymorphic Fibrils
that are Constrained by Partial Unfolding and Peptide Sequence, pages 921-935, Copyright
(2014), with permission from Elsevier.
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Figure 2.
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100

DMD/PRIME20 simulations of P1. (A) A plot of potential energy of P1 peptide aggregation
versus simulation time. Also shown are simulation snapshots of eight random coil P1
peptides aggregating to form U-shaped (top panel corresponding to the red curve) and S-
shaped (bottom panel corresponding to the black curve) P1 protofilaments. Each of the eight
peptides has a distinct color. (B) and (C) are the final simulation snapshots of the S-shaped
(B) and U-shaped (C) P1 protofilaments, respectively. (D) and (E) are the schematic
representation of peptide conformation in the U-shaped and S-shaped P1 protofilaments.
Hydrophobic and polar residues are shown in white and green, respectively.
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Figure 3.
Average number of inter-peptide backbone hydrogen bonds formed per residue of P1 (A) P2

(B) P3 (C). (D) B-sheet propensities calculated for P1, P2 and P3 peptides.
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Figure 4.
DMD/PRIME20 simulations of P3. (A) A plot of potential energy of P3 peptide aggregation

versus simulation time. Also shown are simulation snapshots of eight random coil P3
peptides aggregating to form a disordered oligomer (top panel corresponding to the red
curve) and a U-shaped P3 protofilament (bottom panel corresponding to the black curve).
Each of the eight peptides has a distinct color. (B) and (C) are final simulation snapshots of
the disordered P3 oligomer and U-shaped P3 protofilament, respectively. (D) The schematic
representation of peptide conformation in the U-shaped P3 protofilaments. Hydrophobic and
polar residues are shown in white and green, respectively.
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Figure5.
1H-13C CPMAS 13C spectrum of P1 and P3 aggregates with no 13C enrichment. (A) The

spectrum of P1 fibril (red) and the predicted spectrum (generated by summing all Gaussian
peaks at the chemical shifts of all 13C in the peptides) with FWHM = 1.2 ppm (black). (B)
The region of aliphatic carbons in Panel A. (C) The predicted CPMAS spectrum of P3 fibril
(red) and the predicted spectrum with FWHM = 14 ppm (black).
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Table 1.
The secondary chemical shifts of the distinguishable 13C peaksin the CPMAS spectrum
of P1 aggregates.

For residues within B-strands, CO and Ca peak frequencies are expected to be at least 0.5ppm under

corresponding random coil values (measured from random coil model peptides)~ and Cp peak frequencies are
expected to be at least 0.5 ppm above corresponding random coil values.

Carbon | Random Coil Shift (ppm) | Measured Chemical Shift (ppm) | Secondary Chemical Shift (ppm)
SCpB 62.1 64.3 +2.2
V Ca 60.5 58.9 -1.6
ACa 50.8 49.8 -1.0
QCB 271.7 30.6 +2.9
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