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ABSTRACT

Myocilin-associated glaucoma is a protein-conformational disorder associated with formation of
a toxic amyloid-like aggregate. Numerous destabilizing single point variants, distributed across
the myocilin olfactomedin B-propeller (OLF, myocilin residues 245-504, 30 kDa) are associated
with accelerated disease progression. In vitro, wild type (WT) OLF can be promoted to form
thioflavin T (ThT)-positive fibrils under mildly destabilizing (37°C, pH 7.2) conditions.
Consistent with the notion that only a small number of residues within a protein are responsible
for amyloid formation, 3D *C-**C solid-state NMR spectra show that OLF fibrils are likely to be
composed of only about one third of the overal sequence. Here, we probe the residue
composition of fibrils formed de novo from purified full-length OLF. We were able to make
sequential assignments consistent with the sequence Sg31-G-S-L3zs. This sequence appears once
within a previously identified amyloid-prone region (P1, GssAVVY SGSLY FQ) internal to OLF.
Since nearly half of the pairs of adjacent residues (di-peptides) in OLF occur only once in the
primary structure and almost all the 3-residue sequences (tri-peptides) are unique, remarkably
few sequential assignments are necessary to uniquely identify specific regions of the amyloid
core. This assignment approach could be applied to other systems to expand our molecular

comprehension of how folded proteins undergo fibrillization.
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A decade ago, the 30 kDa olfactomedin (OLF) domain of myocilin was added to the list of
disease-associated proteins that can aggregate to form fibrils with characteristics of amyloid™.
Numerous missense mutations within OLF are genetically associated with ~5% of cases of
primary open angle glaucoma (POAG), leading to early-onset vision loss” 3. Myocilin is robustly
expressed in the trabecular meshwork, an anatomical region of the anterior eye that loses
cellularity over time and is diseased in most forms of glaucoma’®. Whereas full-length myocilin is
a secreted glycoprotein®, mutant myocilins aggregate within the endoplasmic reticulum of cells®
" causing cell stress and cell death’. Compared to wild-type (WT) OLF, disease variants are
thermally destabilized® and adopt non-native tertiary states that facilitate aggregation at pH 7.2
and 37 °C’,

At present, there are limited studies involving amyloid formation by large, non-model proteins
such as OLF, a 30 kDa 5-bladed B-propeller with an internal metal center (Figure 1a). The cross-
B motif common to amyloid structure is compatible with a wide range of peptide and protein

sizes, including peptides as small as 100 Da (around two amino acids)'®*2

and proteins as large
as 95 kDa (thousands of amino acids)™. Previous results for larger proteins, such as
transthyretin®* or -2-microglobulin™, indicate that the amyloid core involves only a portion of
the residues. Other residues retain partially folded structures, constituting turn regions between
B-strands in the amyloid structure, or remain unstructured. The mechanism of fibril formation is
thought to proceed by the templating of amyloid prone region(s) exposed during partial
unfolding until mature fibrils precipitate out of solution'®. Model proteins have been shown to
adopt partially folded structures upon chemical denaturation'” *®, addition of heat’® %,

mutation™®, dissociation of a higher ordered oligomer such as tetramer™ or dimer® to monomer,

or loss of metal®. Overall, we are still lacking a fundamental understanding of how partial
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unfolding is initiated and propagated for fibril formation and how many amino acids in a large
protein (> 20 kDa) are involved in forming fibril cores.

Here we employed solid-state NMR to identify approximately how many, as well as what
specific residues, participate in the amyloid core of the full-length myocilin WT OLF formed de
novo e.g. without seeding. Further, we sought experimental evidence of the previously reported
amyloid-forming stretch of residues 326 to 337 within the OLF fibril core. This residue stretch
corresponds to peptide P1 (Gs26AVVY SGSLY FQ, Figure 1a), which was identified by amyloid
prediction software and experimentally shown to form amyloid-like fibrils’. We previously
reported a possible connection between peptide P1 and OLF protein aggregation: AFM showed
similarities in nanoscale morphologies between P1 amyloid and OLF fibrils formed under
different protocols. OLF fibrils formed via incubation a 37°C with gentle rocking appear
morphologically similar to those formed by P1 peptide alone®. Figure 1b shows an example of
fibril morphology of OLF fibrils observed from negative stain transmission electron microscopy
(TEM). For the NMR experiments herein, we used previously established protocols to express
and purify uniformly **C and N labeled OLF?® and form fibrils previously shown to exhibit
multiple characteristics of amyloid®.

Initial two-dimensiona (2D) **C-3C dipolar assisted rotational resonance (DARR) spectra of
OLF fibril samples identified residue types involved in forming the aggregated species. To
determine the residues involved in forming the amyloid core, we first collected 2D DARR at 50
ms mixing time (Figure 1c, red) to partially assign *C chemical shifts to **C atoms within a
single residue. Figure 1c shows preliminary chemical shift assignments consistent with I, G, P,
M, K, L, F Y, R, and D residues, based on known chemica shift ranges from the Biological

Magnetic Resonance Data Bank®* %°. We observed *C NMR peak linewidths in the range of ~ 2
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to 3 ppm, which are more broad than previously reported linewidths of 1 to 2 ppm within highly

ordered Alzheimer's amyloid-p fibrils®® #. However, linewidths of 2 to 3 ppm are not atypical

for amyloid formation and can indicate a degree of heterogeneity in the structure.
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Figure 1. 2D *C-*C solid-state NMR and TEM of OLF fibrils. (A) Location of P1 peptide
identified in black on the OLF structure (PDB 4WXQ). Theinternal calcium and sodium ions are
represented as pink and red spheres, respectively. (B) Representative negative stain TEM of an
OLF fibril deposited on a positively charged grid surface, fibril is stained with 2% uranyl acetate
(UA) and image was collected on a 120 kV Talos e ectron microscope. (C) 2D-DARR spectrum.
Cross-peaks from intra-residue **C-**C correlations shown in colored pathways or labeled with
arrows. Comparing red spectrum (50 ms DARR mixing) to black spectrum (100 ms DARR

mixing) identifies adjacent residues.
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We conducted additional 2D DARR measurements on the fibrils at 100 ms mixing time to
observe off-diagonal crosspeaks between adjacent residues (Figure 1c, black). We detected inter-
residue crosspeaks between S and T residues (Figure 1c). Since the appearance of 2D DARR
crosspeaks does not provide information about the sequential arrangement or the N- to C-
terminus direction of the residues, we also analyzed the OLF sequence for direction-dependent
ST and T-S connections. Analysis of the OLF amino acid sequence revealed three ST
connections, one of which directly precedes the previously identified P1 peptide sequence (Supp.

Fig Sla-b).

To determine whether stretches of residues from the P1 peptide comprise the fibril core of
OLF, we conducted 3D NMR NCACX and NCOCX experiments. In these experiments, spin
polarization is transferred first from proton to the backbone N site, and then to *3C sites (*Ca
for NCA transfer and *C’ for NCO transfer) using optimized adiabatic cross polarization to
make sequential backbone chemical shift assignments. These transfers were then extended with a
non-specific **C-homonuclear transfer step obtained with DARR mixing to obtain “CX,” where
X denotes any carbon. We looked for serine and threonine residues within the NCACX and
NCOCX spectra collected on the OLF fibrils™, as these residues have distinguishable chemical
shifts* %. Based on Gaussian peak fitting to *>N-*3C 2D projections, we estimated 7 S peaks and
10 T peaks involved in the formation of the fibril (Supp Fig. S2). Our estimation represents, on
average, about one third of the amount of each residue in the full OLF sequence (Supp. Table
S1), suggesting ~ 36% of the 277 amino acids in the OLF sequence (~ 98 residues) are involved
in forming the fibril core. However, overlapping peaks are possible and less than 98 residues

may be involved in forming the fibril core.
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Figure 2. Assignment of P1 sequence “Sg31-G-S-Lass” in OLF fibrils. (A) C/Cx strip plots
were extracted from NCACX and NCOCX 3D spectra Residues were connected via N
chemical shifts and identified by their characteristic *C chemical shifts (labeled). (B) Due to
relatively poor spectral resolution in the nitrogen dimension, assignments were predominantly
made using C/Cx strip plots. N/Cx strip plots were used for validation of these assignments.
Alternating N/Cx strips from the NCOCX and NCACX spectra are shown for each residue, and
lines are drawn in to show sequential connections. Chemical shifts for each amino acid are listed
in Figure 3 and Table S1.
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The high number of di-peptide and tri-peptide stretches that only appear once within the OLF
sequence (124 unique di-peptides, 267 unique tri-peptides) (Supp Fig. S3) alowed for
unambiguous assignment of a unique 4-peptide stretch in the OLF fibril spectra. The N/CX and
C/CX strip plots, or strips, illustrate the assignment procedure (Figure 2). Both spectra were first
scanned at *°N frequencies around 120 ppm (the typical range for N backbone atoms) for
unique fingerprint patterns belonging to either G or $** %. Namely, G only has two peaks in the
carbon dimension for any given nitrogen frequency (Co. ~ 41 ppm, C' ~ 171 ppm), and S has a
unique Co/Cp crosspesk at ~ 54 ppm/ ~ 62 ppm®. We identified a G spin system at a *°N
frequency of 121.0 ppm in a strip from the NCOCX experiment (Figure 2a). To complete a
sequential assignment for the S residue in the i 4+ 1 direction the corresponding C/CX strip was
scanned at 121.0 ppm, and an S Coa/Cf crosspeak (55.4 ppm/ 63.4 ppm) was detected (Figure
2d). These initial chemical shift assignments established the sequential connection of G-S.
Although there are 23 G residues within the OLF sequence, the sequential G-S dipeptide is
present only once and is within the previously identified amyloid-prone region of P1 (Supp Fig.

S1). Thus, Gzz-Ssaz Was assigned with confidence.
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Figure 3. Assigned Sg31-G-S-Lsz peptide with corresponding chemical shifts. Representation of
the assigned stretch Sg3;-G-S-Lass, With chemical shifts for Ca in blue, CB in orange, CO in
purpleand N in red. An exampleof i — 1, i, and i + 1 directionality, which is used in the text, is
labeled.

To support the Gszo-Ssaz sequential assignment, we next conducted a series of sequential walks
through the set of 3D spectra. If assigned correctly, Gas-Ssss should be flanked by the Szs;
residueinthei — 1 direction, (Figure 3, Supp. Fig. S1). Thus, we looked for signals that support
the connection for Ss-Gsso. We scanned C/CX strips at N frequencies to locate possible S
Co/CP crosspeaks. At a N frequency of 117.1 ppm, we observed both a peak at 44.5 ppm,
which is the Gsz; Ca frequency observed in the NCOCX spectrum, and a S Ca/CP crosspeak
(55.9 ppnmV/ 64.2 ppm) (Figure 2b). These sequential walks support the assignment of “Sg3;-G-
Ss33”. Thus far, the unique chemical shifts of S Co and CB allowed chemical shift assignments
from NCACX and NCOCX spectra that support S connections to either side of G. These
assignments illustrate that we can identify sequential residues even from low-resolution 3D
spectra.

From analysis of the OLF sequence, we observed that Szs;-G-Sgzs, like theinitial Ggzp-Saas, isa
unique peptide stretch in the OLF sequence and the only possible assignment in the i + 1
direction is L334 (Figure 3, Supp. Fig. S1). Unfortunately, uniquely identifying L peaks is
expected to be more challenging because other amino acids have overlapping **C chemical
shifts®. Theidentification of a Ca/Cp crosspeak at ~ 51 ppm/ ~ 41 ppm would be consistent with
an L residue. Nonetheless, we were able to locate the Sz Co/CB crosspeak (55.4 ppm/ 63.4
ppm) in the NCOCX spectrum, at a N frequency of 123.2 ppm. This nitrogen frequency was
then scanned in the NCACX spectrum, and a C/CX crosspeak at ~ 52.5 ppm/ ~ 41.5 ppm was

identified, which could be attributed to Lszs. While it is difficult to confirm that these peaks are

10
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uniquely due to L334 because of the low resolution, the spectra do not contradict an Sz3;-G-S-L 3z
assignment. Figure 3 and Supplementary Table S2 show the full set of current chemical shift
assignments for carbon and nitrogen atoms within Sz3;-G-S-L sz, residues.

Either ends of Sg31-G-S-L 334 are capped by Y residues, which is another difficult chemical shift
assignment in multidimensional NMR. Although Y has unigue chemical shifts in the aromatic
region, aromatic peaks typically have minimal signal to noise and are difficult to detect in
multidimensional NMR®. Our 2D DARR spectra displayed possible *C peaksfor Y (Figure 1b).
However, we were not able to detect any well-resolved peaks in the 3D spectra connecting Y to
S residues. While we cannot make connections beyond Sgzi-G-S-L3ss, We are confident in this
assignment from our analysis of the OLF sequence, which revealed this tetrapeptide stretch is
unique.

Building on indirect methods that suggested P1 as an amyloid-prone region in OLF, we now
have evidence that the amyloid core formed by OLF fibrils comprises at least in part by the
sequence represented by P1°. We identified crosspesks from NCACX and NCOCX
measurements consistent with Szz;-G-S-L334 connections and determined that this tetra-peptide
stretch is unique in the entire OLF sequence. In natively folded OLF, P1 formsaB-hairpin and is
buried in the interior of the protein (Figure 1a). Thus, like better studied model systems** *°, OLF
must undergo partial unfolding to expose aggregation-prone region(s) for fibrillization.

Further, our results demonstrate that solid-state NMR techniques can be adapted for the
identification of residues in the amyloid core of samples that give relatively low-resolution
spectra. Rather than assigning all peaks in a spectrum to determine a molecular structure, we
combined low-resolution spectra with knowledge of the amino acid sequence to determine

whether a predicted stretch of residues participates in the amyloid core. High resolution spectra

11
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can be obtained by increasing homogeneity, for example by seeding®, to alow a single
morphology to predominate. However, it is now thought that heterogeneous fibrils may be
disease relevant®. The NMR measurements presented in this work alone are not sufficient to
comment on the nature of the heterogeneity within fibrils formed by WT OLF and there is no
biological evidence to suggest that pathologically relevant fibrils formed by mutant myocilin are
highly homogeneous. Nevertheless, our study shows that in spite of the challenges associated
with heterogeneous fibril samples, even limited assgnments from low-resolution spectra can

provide novel insight into the process of fibrillization of complex systems.
Experimental M ethods

Expression and purification of *C/*°N labeled OLF

The plasmid for WT OLF, which encodes for an N-terminal maltose binding protein
(MBP) and Tobacco Etch Virus protease (TEV) cleavage site before the OLF domain® was used
for expression in E. coli T7 Express cells using the protocol previously reported®, with minor
adjustments. Prior to resuspension in 500 mL minimal media, the T7 express cells (pelleted from
500 mL of rich media) were washed twice with ~100 mL of 1x M9 sdts (26 g-L™
NagHPO,-7H,0, 3 g-L ™' KH,PO,, 0.5 g-.L* NaCl, 1 g-L ™ ®NH,4CI). 20 mL of 20% “*C glucose per
liter of media (sterile filtered) was used as the carbon source. The minimal media was also
supplemented with 1 mL of 1000X trace-elements solution (40.8 mM CaCl,*2H,0, 21.6 mM
FeSO,*7H,0, 6.1 mM MnCl;*4H,0, 3.4 mM CoCl;*6H,0, 2.4 mM ZnSO,*7H,0, 1.8 mM
CuCl>*2H,0, 0.3 mM Boric Acid, 0.2 mM ammonium molybdate, 5 g/L EDTA) (sterile

filtered), 0.1 mL of 1 M CaCl; (sterile filtered) and 2.5 mL BME vitamins (Sigma Aldrich,

12
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B6891-100ML) (sterile)). Cells were lysed and OLF was purified as previously described =.

Sample purity was assessed with standard SDS-PAGE with Coomassie staining.

OLFfibrillization

Uniformly **C/**N labeled WT OLF in 10 mM Na/K phosphate buffer with 0.2 M NaCl
pH 6.8 was concentrated to 30 uM using Amicon filtration devices with a 10 kDa MWCO.
Absorbance at 280 nm was measured on a UV/Vis spectrometer and concentration was
calculated using the Beer-Lambert law with an extinction coefficient of 68425 M™cm™. Purified
13C/™N labeled OLF (30 pM, 2 mL) was added to a5 mL microtube (Cat. No. T2076S-CA). The
tubes were sealed with parafilm and added to a 2D rocker in a 37°C incubator for 96 hours. The
experiment was conducted in triplicate. The same procedure was performed with unlabeled WT

OLF to generate fibrils for TEM imaging.

TEM imaging

Microscopy was conducted at the Emory University Robert P. Apkarian Integrated
Electron Microscopy Core. Fibrils (2 puL) were deposited directly onto a positively glow-
discharged, 400 mesh carbon-coated copper grid. After a 1-minute incubation, the sample was
blotted from the grid with Whatman no. 4 filter paper and washed 2x with water droplets. The
grids were negatively stained with adrop of 2% uranyl acetate and imaged using a FEI Talos 120

kV standard transmission electron microscope equipped with a LaB6 and 4k Ceta detector.

2D and 3D solid-state NM R experiments

All solid-state NMR experiments were conducted on a Bruker narrow-bore 11.7 T

magnet (*H frequency of 500 MHz), equipped with a 3.2 mm low-E HCN magic angle spinning

13
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(MAYS) probe. Samples were ultracentrifuged for 30 minutes into Bruker 3.2 mm NMR rotors at
4 °C and 150,000 xg using a Beckman Optima XPN-100 centrifuge with Ultra-clear tubesin a
SW-41 Ti swinging bucket rotor. Rotors were paced using a custom-made funnel widget to

channd the centrifuge pellet into the NMR rotor.

For 2D *C-*C DARR experiments, continuous *H irradiation was used with a power
corresponding to 11 kHz during the **C-**C mixing period, which is the same as the MAS
spinning rate *. Two-pulse-phase modulation (TPPM) was the proton decoupling method used
with a power set to 110 kHz. The pulse power was set to 50 kHz for all **C pulses, including the
cross-polarization spin lock and the hard pulses. The mixing period was 50 ms for detecting
inter-residue crosspeaks and 100 ms for detecting intra-residue crosspeaks. Signal averaging was

conducted over 36 h.

For sequence-specific assignments, NCOCX/NCACX spectra were acquired. Frequency-
selective heteronuclear ®N-**C correlations, specifically between amide *°N and the **Co. (NCA
transfer) or the C' (NCO transfer), were done using optimized adiabatic cross polarization®. The
pulse sequence hNCaCX3D.dcp was used for both NCACX and NCOCX experiments. For the
first step of *H to °N polarization, we used the following pulse powers and lengths: 4 ms
duration, 50 kHz >N pulse power, 50 to 100% *H pulse power ramp to 100 kHz. For the second
step of N to **C polarization, we used the following pulse powers and lengths: 9 ms duration,
45 kHz N pulse power optimized for the best N to *C transfer, 100 kHz 'H decoupling
power, 71 kHz **C pulse power with 50% tangential shape. The N to **Ca. transfers were then
extended with a non-specific **C-homonuclear transfer step done with a DARR mixing time of

30 ms to obtain “CX,” which denotes any carbon. Signals for NCACX were averaged over 3
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days. Signalsfor NCOCX were averaged over 6 days. Appropriate 2D dlices were extracted from

both the NCOCX and NCACX spectra and exported into Mathematica.

Associated Content

Supporting Figures S1-S3 and Tables S1-S2 are available in the accompanying Supporting

Information file.
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