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Abstract
Myocilin is a protein found in the extracellular matrix of the trabecular meshwork (TM) tissue, the
anatomical region of the eye involved in regulating intraocular pressure. Wild-type (WT) myocilin
has been associated with steroid-induced glaucoma, and variants of myocilin have been linked to
early-onset, inherited glaucoma. Elevated levels and aggregation of myocilin hasten increased
intraocular pressure and glaucoma-characteristic vision loss due to irreversible damage to the optic
nerve. In spite of the reports of intracellular accumulation of mutant and WT myocilin in vitro,
cell culture and model organisms, these aggregates have not been structurally characterized. In this
work, we provide biophysical evidence for the hallmarks of amyloid fibrils in aggregated forms of
WT and mutant myocilin, localized to the C-terminal olfactomedin (OLF) domain. These fibrils
are grown under a variety of conditions in a nucleation dependent, self-propagating manner.
Protofibrillar oligomers and mature amyloid fibrils are observed in vitro. Full-length mutant
myocilin expressed in mammalian cells forms intracellular amyloid-containing aggregates as well.
Taken together, this work provides new insights into and raises new questions about the molecular
properties of the highly conserved OLF domain, and suggests a novel protein-based hypothesis for
glaucoma pathogenesis for further testing in a clinical setting.
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Introduction
The molecular origins of glaucoma, the prevalent neurodegenerative ocular disorder
characterized by a loss of visual field, are poorly understood1. Typically, the hallmark
retinal degeneration within the optic nerve is preceded by an increase in intraocular pressure
(IOP)2, which is caused by changes in the circulation of aqueous humor in the anterior
region of the ageing eye, particularly in the drainage of fluid through the trabecular
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meshwork (TM)3. The optic nerve damage cannot be ameliorated, but current treatments
that reduce IOP slow glaucoma onset and progression4. Thus, an understanding of the
complex mechanisms that change the overall resistance could lead to better treatments for
this heterogeneous disorder.

Emerging evidence supports the hypothesis that the autosomal dominant, early-onset form
of glaucoma caused by genetic defects in myocilin5; 6, a ~57 kDa protein found in the TM
and other locations1; 5, constitutes a proteinopathy. First, amino-acid changing mutations in
the gene encoding for myocilin predispose the myocilin protein to aggregation into a
detergent insoluble species7. Several studies note intracellular sequestration of mutant
myocilin8; 9; 10; 11. Some studies further report an endoplasmic reticulum (ER) stress
response12; 13, including explicit colocalization of large juxtanuclear myocilin aggregates
with known ER chaperones9; 14 leading to apoptosis and cell death9; 13; 14. The majority of
myocilin variants examined, located in the ~30 kDa myocilin C-terminal olfactomedin
domain (myoc-OLF)5, thermally destabilize the domain but in vitro retain secondary
structure similar to wild-type (WT); age of diagnosis follows the extent of destabilization of
myoc-OLF15. At physiological temperatures, a less stable myocilin variant may accumulate
a partially unfolded population, which should be cleared by ER associated degradation
(ERAD)16. It appears that for myocilin variants, clearance mechanisms of the aggregation-
prone unfolded protein are insufficient to prevent downstream cellular effects. Second,
consistent with a gain of toxic function, diminished secretion of WT myocilin is observed
when WT and mutant myocilin are co-expressed17, demonstrating that mutant myocilin can
recruit WT myocilin to generate a pathogenic response in heterozygotes. Conversely, neither
individuals harboring a rare N-terminal truncation mutation18 in myocilin, nor myocilin
knock-out mice19, exhibit glaucoma symptoms. Finally, rescue of myocilin stability and
cellular trafficking by chemical chaperones has been demonstrated in vitro20, in cells21; 22,
and very recently, in mice23, lending further credibility to hypothesis that myocilin
glaucoma is a protein conformational disorder.

Even though myocilin is not a susceptibility gene for sporadic forms of glaucoma24, WT
myocilin is associated with aggregation and glaucoma symptoms when present at high
levels25. Prior to genetic linkage studies, and in an effort to understand steroid-induced
glaucoma, myocilin was identified as a dexamethasone-induced protein in cultured human
TM cells26. In addition, when overexpressed in the eyes of transgenic flies, myocilin
aggregates in the ER, and the unfolded protein response is induced27. These studies raise the
possibility that WT myocilin aggregation could be involved in age-onset glaucoma as well, a
process that would be accelerated in the presence of mutations, or other destabilizing
conditions such as oxidative and mechanical stress that are well-documented in open angle
glaucoma28.

In spite of the observations of mutant and WT myocilin aggregates in vitro and cell culture,
they have not been structurally characterized. Here we demonstrate that aggregated forms of
WT and mutant myoc-OLF exhibit hallmarks of amyloid fibrils. These fibrils are generated
under a variety of conditions in a nucleation dependent, self-propagating manner. Both
protofibrils and mature amyloid fibrils are observed in vitro. Mutant full-length myocilin
expressed in mammalian cells forms intracellular aggregates containing amyloid fibrils as
well, linking our conclusions in vitro to the body of work that proposes the pathogenic
nature of myocilin aggregation for glaucoma. Taken together, this work provides new
insights into the biophysical properties of myocilin and suggests a novel molecular-based
hypothesis for glaucoma pathogenesis.
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Results
Initial identification of an amyloid-containing species from maltose binding protein (MBP)-
OLF fusions purified from E. coli

From our original preparative-yield expression system, we noted that after purification by
amylose affinity column chromatography, the MBP-OLF fusion protein is fractionated by
Superdex-75 size exclusion chromatography (SEC) into two well-separated species, one in
the void volume corresponding to a large MBP-OLF species, and the expected MBP-OLF
monomer (20 and Figure 1a). Reducing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) confirmed that both species in the SEC chromatograph were
composed exclusively of MBP-OLF20. The intensity of the void-volume species compared
to that of the monomer was not sensitive to length of incubation time at 4 °C, freeze-thaw,
concentration loaded on the column, nor did the species interconvert20. These observations
indicated that the observed void-volume species is most likely formed prior to cell lysis and
is not influenced by sample handling. When further subjected to fractionation on an SEC
column with a much larger pore size, a distribution of high molecular weight MBP-OLF
species is observed (Supplemental Figure S1), indicating that a large, possibly non-globular,
and heterogeneous species is present in solution, distinct from the MBP-OLF monomer. A
similar species eluting in the void-volume of the SEC chromatograph has further been
observed for all ~30 variants of myoc-OLF studied in our lab, with varying intensity
compared to monomer (15 and see Figure 1a for examples of MBP-OLF(Y437H) and MBP-
OLF(P370L) corresponding to variants associated with severe cases of glaucoma29; 30).
Finally, the ratio of the void-volume and monomeric MBP-OLF species is consistent among
purification attempts. Taken together, it appears that MBP-OLF isolated from E. coli is
already in either the monomeric or an apparent misfolded form.

Due to the presence of this high molecular weight MBP-OLF species purified in two steps
from E. coli, combined with the high β-sheet content for the myoc-OLF domain observed by
circular dichroism (CD)20; 31 and its predicted amyloid propensity by ZipperDB32

(Supplemental Figure S2), we tested the hypothesis that the void-volume SEC fraction
constituted amyloid. First, an increase of thioflavin T (ThT) fluorescence, which detects
mature fibrils but not precursor protofibrils, monomers or amorphous aggregates33, is
observed for the MBP-OLF void-volume species over the constituent monomer (Figure 1b).
Similarly, void-volume species of disease-causing MBP-OLF variants studied in our
lab15; 20 exhibit high levels of ThT fluorescence (see for two examples, MBP-OLF(Y437H)
and MBP-OLF(P370L), Figure 1b). Second, treatment of the MBP-OLF void-volume
species with proteinase K (PK), a protease highly active against globular or disordered
proteins but not against densely packed cross-β regions34; 35, followed by purification by
SEC, reveals again a ThT positive void-volume elution peak (Figure 1a,b) composed of
smaller protein segments, detected by tricine gel electrophoresis as small as ~ 3 kDa
(Supplemental Figure S3). Third, transmission electron microscopy (EM) images of
negatively-stained MBP-OLF void-volume samples, disease-causing variants MBP-
OLF(Y437H) and MBP-OLF(P370L), and PK-treated material, reveals discs and toroids, as
well as unbranched curvilinear strings of different lengths, possessing a width of ~8-11 nm
similar to the dimensions of amyloid fibrils of ~10 nm36 (Figure 1c), and morphologies
similar to those observed for amyloid-β peptide (Aβ)37; 38 and α-synuclein39. Consistent
with this observation, we positively identified prefibrillar oligomers (Figure 1d), the
pathogenic species proposed for Alzheimer37 and Parkinson disease39, using the sequence-
independent A11 antibody that recognizes soluble oligomers and not soluble monomers, low
molecular weight oligomers, or fibrils40. Finally, control experiments conducted to clarify
that the aggregated species was a result of OLF and not MBP (not shown) are consistent
with the extensive literature touting the favorable solubility profile of MBP as a fusion
protein41, the reversibility of its unfolding42, and the ability of MBP to form of amorphous,
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resoluble, non-amyloid precipitate43. We also note that as part of the protein purification
procedure, the cytosolic MBP-OLF is stringently stripped of all insoluble material by
ultracentrifugation, such that only soluble material is subjected to affinity chromatography
and SEC, thus eliminating the possibility that the aggregates isolated were contaminated
with amyloid-containing inclusion bodies44.

Conditions that promote spontaneous, de novo, fibrillization of myoc-OLF in vitro
We next examined whether the cleaved, monomeric myoc-OLF alone could be converted to
a fibrillar form (Figure 2). Fibril formation of myoc-OLF in mild buffer takes multiple days
with gentle rocking at 37 °C (t1/2 ~ 48 h, Figure 2a), exhibiting both the expected nucleation
and extension phase45; 46. No fibrils are formed when myoc-OLF is incubated at 4 °C for the
same time frame (Table 1) or for over a month20. Incubation in a circulating water bath at 37
°C, i.e. without any agitation, over a longer period of 2 weeks, does not result in an increase
in ThT fluorescence consistent with fibril assembly. For myoc-OLF incubated with gentle
rocking at 37 °C for 95 hr, EM images reveal typical unbranched, twisted ropes amyloid
morphology (Figure 2b), consistent with the depletion of monomeric myoc-OLF, plateau of
the high ThT fluorescence signal (Figure 2a), lack of protofibrillar oligomers by A11
antibody detection (not shown). The myoc-OLF(Y437H) disease-causing variant forms
fibrils more readily than WT. Fibril formation proceeds without agitation in a 37 °C
circulating water without a lag phase (Figure 2f, closed circles). It has proved challenging to
isolate preparative quantities of myoc-OLF(Y437H) devoid of nuclei and observe the
expected lag phase for fibril formation.

The nucleation process requires the self-assembly of pro-amyloid monomers, and therefore
is the rate-limiting step, but fibril formation can be accelerated by exposing the protein to
slightly destabilizing conditions. For example, anionic detergents such as SDS below the
critical micellar concentration (0.8 mM) accelerate the kinetics of amyloid fibril formation,
as seen for β2-microglobulin47 and α-synuclein48; 49. Similarly, for myoc-OLF, SDS
stimulates fibril formation (Table 1) at an optimum of 0.5 mM. At concentrations above 1.0
mM, fibrillization was significantly reduced and only amorphous aggregates were observed
by EM (Supplemental Figure S4). When monomeric myoc-OLF is incubated in a water bath
at 30 °C in a buffer containing 0.5 mM SDS, no lag phase is observed and a plateau in ThT
fluorescence is reached after 30 hrs (Figure 2d, black curve), compared to ~ 70 hr required
without SDS at 37 °C (Figure 2a).

Kinetics were further investigated using preformed myoc-OLF fibrils generated, as
described above, by overnight incubation of myoc-OLF with 0.5 mM SDS. These fibrils
exhibited elevated ThT fluorescence and a CD spectrum with a minimum near 220 nm
(Figure 2c) reported for other amyloids38; 50. Fibrils were fragmented into seeds by
sonication and added at a 1:1 or 2:1 molar ratio to purified monomeric myoc-OLF in buffer
containing 0.5 mM SDS, and incubated at 30 °C. As expected, the rates of fibril formation
were accelerated (t1/2= ~3 hrs with 1:1 seeds:monomer and t1/2= ~1.5 hrs for 2:1 ratio,
Figure 2e) compared to the rate of fibril formation without seeds (Figure 2d, black curve).
The self-seeding propensity of myoc-OLF was further evaluated by conducting multiple
rounds wherein the fibrillized material from a previous round was used to seed the next51.
Each subsequent round (Figure 2d, red and blue curves) exhibited a faster rate until the third,
indicating maturation of the fibrils had been achieved. Finally, seeds of myoc-OLF can
readily template the fibril formation of myoc-OLF(Y437H) (Figure 2f, open circles), at a
rate faster than without additional seeds. This result suggests that the underlying amino acids
responsible for fibrils are present in both WT and the disease-causing variant.

We attempted to mimic in vitro the oxidative stress expected during the aging eye
process52; 53 that may promote fibrillization by treating myoc-OLF with varying
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concentrations of hydrogen peroxide. The addition of 1.5% hydrogen peroxide led to a high
level of ThT fluorescence after 24 hr compared to when no peroxide was present for 95 hr
(Table 1). Fibrils of peroxide-treated myoc-OLF were also apparent by EM (Figure 2g).
Like with SDS, higher levels of peroxide beyond an upper limit led to decreased ThT
fluorescence and amorphous aggregates by EM (data not shown).

Identification of full-length myocilin amyloids from mammalian cell culture
We found evidence for amyloid fibrils derived from mammalian cell culture expressing full-
length myocilin by ThT staining of intact cells54 and by using a boiled-gel electrophoretic
mobility experiment described for yeast prions55. The latter boiled-gel assay relies on the
fact that low concentrations of SDS (1%) are insufficient to disaggregate amyloids, causing
them to migrate poorly, if at all, through the resolving SDS-PAGE gel; applying steam to the
jammed amyloid fibrils results in their disaggregation and migration into the gel upon a
second electrophoresis step. Poor and heterogeneous electrophoretic migration is also known
for Aβ56, and has been seen for Triton X-100 (TX)-soluble and TX-insoluble aggregates of
several other glaucoma-causing myocilin variants (D380A, E323K, Y437H, G364V, and
K423E) expressed in mammalian cells where higher SDS concentrations in the loading
buffer were used9.

For the gel mobility experiment, equivalent amounts of total protein from TX-soluble and
TX-insoluble forms of myocilin7 isolated from CHO cells were applied to lanes of an SDS-
PAGE gel and after electrophoresis, analyzed by immunoblot via a C-terminal S-tag. It is
apparent that the TX-insoluble sample of myocilin(P370L) variant contains more myocilin
than the other lanes, and some material does not appear to have entered the resolving gel at
all (Figure 3a, left). This trapped species was observed to a lesser extent in the TX-soluble
sample of myocilin(P370L) and TX-insoluble WT myocilin samples but not in vector
control nor in TX-soluble WT samples (Figure 3a, left). After disaggregation by steam, the
aggregated samples entered the resolving gel (Figure 3a, right). An analogous migration
pattern was obtained using in vitro MBP-OLF aggregates (Supplemental Figure S5).

To explicitly test for myocilin amyloid in cell culture, CHO cells expressing either WT or
the P370L myocilin variant were stained with ThT and observed under a fluorescent
microscope54. There was minimal ThT fluorescence in the WT sample (Figure 3b, top
panels), signifying low levels of amyloid fibrils formed as a result of myocilin
overexpression. By contrast, CHO cells transfected with P370L-mutant myocilin exhibited
strong ThT fluorescence (Figure 3b, bottom panels), consistent with results obtained in vitro
(Figure 1). There was no discernible extracellular staining for either sample.

Localization of the amyloidogenic protein sequence within OLF
To date, our attempts to identify the amino acid sequence(s) responsible for myoc-OLF fibril
formation by N-terminal sequencing or mass spectrometry have not yielded unambiguous
results (data not shown). As an alternative approach, we attempted to localize the
amyloidogenic core(s) by systematically assembling the myoc-OLF domain in ~20 residue
segments by C-terminal fusion to MBP (Figure 4, Supplemental Figure S6). After amylose
affinity purification of these MBP constructs isolated from the E. coli cytosol, fractionation
by SEC was employed to identify void-volume species analogous to MBP-OLF isolated
from E. coli (Figure 1a). Surprisingly, the construct containing the first 17 residues (MBP-
OLF228-244) (Figure 4a,b), as well as all larger constructs tested, yielded void-volume SEC
species with high ThT fluorescence (Figure 4c,d, Supplemental Figure S6a,b). As observed
by SEC, fibril formation was abrogated when a stop codon was introduced in the middle of
MBP-OLF228-244, at Tyr 235 (Figure 4a, blue), to create MBP-OLF228-234 (Figure 4b-d,
red). Incubation of either MBP or MBP-OLF228-234 under conditions for facile OLF
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fibrillization (95 hrs at 37 °C in the presence of 0.5 mM SDS) did not lead to an increase
ThT fluorescence (Figure 4e), indicating that neither accumulated appreciable levels of
mature fibrils, especially when compared to myoc-OLF and MBP-OLF (Figure 1a)
evaluated under identical assay conditions. The ability of the N-terminal region of myoc-
OLF to form a ThT-positive aggregate was unexpected because this region is only weakly
predicted to form amyloids in silico (Supplemental Figure S2).

Additional fibril forming segments beyond the N-terminal 17 amino acids were identified
with two more constructs (Figure 4c,d). First, a truncated version lacking the first 17
residues (MBP-OLF245-504) (Figure 4a,b, green) was generated, resulting in a ThT-
fluorescent void-volume species by SEC. Second, the N-terminally truncated construct was
further shortened at its C-terminus to mimic the structural core-OLF domain31, generating
MBP-OLF245-455 (Figure 4b, orange). Again, a ThT-fluorescent void-volume species was
observed by SEC (Figure 4c,d). These results point to the strong possibility that at least one
more amyloidogenic sequence resides within the structural core of the myoc-OLF domain,
specifically between residues 245 and 455, but does not exclude the possibility that an
amyloidogenic stretch is also present in the removed C-terminal residues (456-504). Future
work will be focused on elucidating which of the numerous predicted and possibly cryptic
amyloidogenic stretches exist for myoc-OLF.

Discussion
Amyloid formation, in which a seemingly innocuous protein is converted to a fibrillar form,
is recognized as a major contributor to numerous human diseases57, including those of the
eye (reviewed in58), such as the in the lens (cataract), and the in retina (age-related macular
degeneration). The deposition of disease-relevant amyloids from non-ocular diseases, such
as Alzheimer disease (amyloid precursor protein59, Aβ60 and tau61) and Creutzfeldt-Jacob
disease (scrapie protein62) within a variety of ocular tissues, has been observed as well. To
date, amyloid contributions to glaucoma have been restricted to Aβ, which have been
specifically implicated in retinal ganglion cell death60. The addition of myocilin expands the
context in which to explore amyloid deposits as a molecular basis of both inherited and
sporadic glaucoma, as discussed below. Future treatments could include drugs that prevent
or stop myocilin amyloid formation, or degrade existing fibrils.

Indeed, recombinant WT myoc-OLF is a stable, monomeric globular domain with high β-
sheet content that can be converted to a fibrillar morphology under mild conditions. While
there is no definitive test for amyloid, an assortment of MBP-OLF and myoc-OLF variants
exhibit several of the tell-tale signatures of amyloid. These features include tinctorial affinity
for the ThT dye, resistance to proteolysis by the promiscuous PK, as well as curvilinear,
toroidal, and twisted roped-shape aggregates seen by EM, recognition by the oligomer-
specific A11 antibody, and limited electrophoretic mobility in SDS-PAGE. Monomeric, WT
myoc-OLF can spontaneously form fibrils that appear as intertwined ropes within a few
days, in the nucleation-specific manner expected of an amyloid when incubated under
physiological conditions with only gentle rocking. Destabilizing conditions such as low
concentrations of SDS form ThT-positive fibrils that exhibit a familiar CD signature, and
these seeds accelerate myoc-OLF fibril formation with rates altered by their concentration.
The myoc-OLF(Y437H) variant, which is significantly less stable (Tm ~43 °C) than WT
(Tm ~54 °C)15, forms fibrils more readily, and agitation is not required. Further, cross-
seeding reactivity with WT is suggestive of a common amyloidogenic peptidic core that can
recruit new monomer, possibly providing an explanation for the dominant glaucoma
phenotype exhibited by individuals heterozygous for myocilin mutations.

Orwig et al. Page 6

J Mol Biol. Author manuscript; available in PMC 2013 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In agreement with the findings from myoc-OLF expressed in E. coli, ThT-positive amyloid
fibrils accumulate intracellularly when full-length myocilin harboring the P370L lesion, is
expressed in CHO cells. Our observations in cell culture link our conclusions in vitro to the
body of studies that point to the disease-relevance of myocilin aggregation. Notably, the
full-length myocilin protein, approximately twice the size of the OLF domain alone, harbors
an N-terminal region with a coiled-coil for dimerization. Future directions will include
validating fibril formation by myocilin in vivo, verifying myoc-OLF as the site of fibril
formation for full-length myocilin, as well as elucidating whether kinetics of amyloid
formation are altered by the presence of the N-terminal region and/or by having OLF
domains in close proximity.

The TM provides a microenvironment primed to facilitate WT myocilin fibril formation.
Over time, the filter-like region of the inner TM loses efficiency at clearing debris, rendering
the juxtacanalicular region of the TM, the site of aqueous humor outflow, partially
obstructed63. The morphological changes to the TM in the aging eye, which are due in part
to loss of TM cells (see below), are thought to underlie the increase in IOP leading to
glaucoma. Interestingly, myocilin is one of the more highly expressed matricellular
proteins64 present in the juxtacanalicular tissue of the TM65, where it interacts with
extracellular matrix proteins and modulates cell-matrix interactions66; 67.
Immunohistochemical analysis of TM tissue from patients reveals fine fibrils in both
steroid- and open angle glaucoma that have been attributed in part to collagens68, a known
facilitator of fibril formation69. Similarly, among the many cofactors known to enhance or
influence amyloid fibril formation70, glycosaminoglycans in the extracellular millieu can
provide a scaffold for myocilin fibril formation71; 72; 73. It is not known to what extent TM
changes after loss of TM cells are due to dysregulation of free radical species, loss of ability
to remodel after mechanical stress, toxicity of stress response elements when present on a
chronic basis, or protein modification63, but we have shown that myoc-OLF domain readily
forms fibrils with mild destabilization by SDS or peroxide. The contribution of fibrils of WT
myocilin, both within the juxtacanalicular and other regions of the TM, to the detrimental
changes in TM morphology with aging will be an interesting line of inquiry in model and
patient-derived systems.

TM cell loss that contributes to morphological changes in the TM extracellular matrix may
be due to challenges to function and maintenance of homeostasis upon the accumulation of
amyloid-forming myocilin intracellularly. This condition is expected to be significantly
worse for TM cells expressing mutant myocilin congenitally, leading to deleterious effects
much sooner. Phagocytosis, an important debris-removing function of these cells that keeps
the juxtacanalicular region clear3, is one key function likely weakened as TM cells
unsuccessfully cope with removing intracellular aggregates of myocilin. Protein synthesis
occurring as part of proper TM turnover is another process likely damaged. Impaired
degradation74 of myocilin aggregates presumably leads to aberrant accumulation in other
relevant cellular compartments9; 13; 14; 75; 76; 77; 78, affecting protein folding and other
cellular processes more generally. Under these conditions, even degradation by autophagy79,
which, in the case of mutant myocilin may be assisted by peroxisomes8, likely cannot
compensate sufficiently for ERAD inhibition, leading to apoptosis9; 13; 14. Once TM cells
die, it is straightforward to foresee that cellular debris would be detrimental to TM function
and proper outflow, leading to IOP elevation. However, the presence of myocilin amyloid
fibrils, whether mutant or WT, may compound the insult by providing a template for any
natively-folded, secreted myocilin to form new fibrils. To assess the contribution of amyloid
fibril formation to TM loss, localizing the intracellular fibrils and elucidating effects on
cellular machinery, as well as discriminating fibril formation among different cell types, will
be required, followed by identifying the toxic species. For example, although to date TM
cells seem to be the primary cell type affected by aberrant behavior myocilin, an intriguing
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possibility is that myocilin amyloid deposition in other glaucoma-relevant regions of the
eye, such as the optic nerve, could have direct toxic effects.

Aside from its association with glaucoma, the normal biological function of myocilin and
OLF domain, as well as its structure, and folding or unfolding pathway, remain rather
enigmatic yet highly intriguing, particularly now in light of its proclivity to convert to an
amyloid form. The importance of elucidating these features for the OLF domain is
underscored by its conservation among higher eukaryotes. OLF domains are prevalent in
neural tissue80, are involved in chemoreception81, cell-cell82 cell-matrix interaction83, and
are implied in gastrointestinal cancers84 among other roles; yet, many details, such as
binding partners, are missing80. From what is known about OLF structure based on in silico
prediction85, the OLF domain harbors a poorly-predicted N-terminal region but an overall β-
propeller-like fold, and CD spectra reveal nearly exclusively β-sheet secondary structure in
solution31. Given that many different globular proteins can form a diversity of amyloid fibril
structures57; 86, it will be interesting to clarify the amyloidogenic region(s). Our truncation
fusion constructs support the notion that fibril formation ensues from multiple peptide
segments in different regions of the ~30 kDa protein; there many not be a clear domain
responsible for fibril formation, as seen for example, in the yeast prion sup3587. In addition,
the current lack of evidence for multiple smaller domains within OLF31 indicates that the
native folding pathway for myoc-OLF may be quite complex and prone to populating
aggregation-prone intermediates88. Once conditions for reversible unfolding have been
found, any commonalities in the accumulated intermediate(s) among the ~70 glaucoma-
causing OLF variants can be explored in detail. Of particular interest is the folding pathway
of disease-causing variants with WT-like stability, which still produce MBP-OLF aggregates
at a higher level than for wild-type15. In sum, aside from the tantalizing possibility of
pathological relevance for myoc-OLF amyloid fibrils, the myriad open molecular
biophysical questions surrounding OLF molecular structure, folding pathways, and function,
will be captivating for further study.

Materials and Methods
Protein Expression and Purification

The plasmid for MBP-OLF with a Factor Xa cleavage site was cloned as described
previously20; 31. Myoc-OLF mutants and truncated forms of MBP-OLF were generated by
site-directed mutagenesis (QuikChange, Stratagene) of the MBP-OLF encoded plasmid. All
plasmids were verified by DNA sequencing (MWG Operon). Cell culture and protein
expression in E. coli Rosetta-Gami 2(DE3)pLysS cells (Novagen), and purification were
carried out as described previously20; 31. Briefly, cells were lysed by French Press,
ultracentrifuged at 100,000 × g to remove all insoluble material, and the supernatant was
purified over an amylose affinity column using an Akta FPLC system (GE Healthcare). The
purified material was further subjected to SEC (Superdex 75 pg or GL, GE Healthcare) to
identify oligomeric state(s) of the construct of interest. Cleavage of myoc-OLF from MBP
was accomplished by incubating with Factor Xa (Roche or NEB Biolabs) and additional
chromatographic steps to remove all traces of MBP, as described previously20; 31. The use
of tandem Akta FPLC instruments ensured that protein purification was completed within
one week.

ThT Binding
As a tinctorial indicator for the presence of mature amyloid fibrils, binding of ThT to
various constructs of interest (30 μM) was confirmed by monitoring the fluorescence
intensity using a RF-5301 PC spectrofluorophotometer (Shimadzu) after 1 min incubation
with 5 μM ThT (Ex λ: 440 nm; Em λ: 485 nm). Phosphate buffered saline (PBS, 10 mM
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Na2H/KH2PO4, 200 mM NaCl, pH 7.2) concentration was controlled for by diluting a 5X
stock. All spectra were blank-subtracted. All ThT binding experiments were conducted
under identical conditions except where noted in at least duplicate.

In vitro Fibril Formation
Monomeric myoc-OLF (30 μM) in PBS was incubated in the presence of various
destabilizing agents at 37 °C for 24-95 hr including SDS (0-10 mM), H2O2 (0-2.9%), The
SDS samples were incubated in a dry incubator, whereas samples incubated in peroxide
conditions were incubated in a circulating water bath. The presence of amyloid fibrils was
assessed by ThT fluorescence (above), EM, and CD, as described in the text.

Spontaneous and Seeded Aggregation Assays
Spontaneous fibril formation of myoc-OLF without the addition of SDS or other
destabilizing reagent was conducted by incubating ~30 μM myoc-OLF in PBS placed on a
two-dimensional rocker in a 37 °C dry incubator. For each time point, an aliquot was
removed for ThT fluorescence measurements, as above. In the case of myoc-OLF(Y437H),
30 μM of protein with 5 μM ThT were incubated in a 37 °C circulating water bath and
fluorescence reading taken at hourly intervals. For the seeding assays, preformed myoc-OLF
fibrils (0.5 mM SDS, 37 °C incubation in a water bath overnight) were pelleted at ~4000 × g
and washed in PBS to remove the SDS. To fragment the fibrils, 20 pulses at a 20% duty
cycle using a sonicator (Branson Sonifier 450) were applied. Monomeric myoc-OLF was
inoculated with 15 μM, or, only in the case of myoc-OLF, 30 μM seeds in a 100 μL
reaction volume in with PBS, 0.5 mM SDS, and 40 μM ThT. For myoc-OLF(Y437H), the
procedure differed from that of myoc-OLF in that protein and seed concentration were both
15 μM. Fluorescence intensity was monitored as described above while the sample
incubated at 30 °C in a circulating water bath. In the case of the multiple round seeding
assays, myoc-OLF fibrils of the previous round were used as seeds for the next round using
a 1:1 ratio seeds to monomer (15 μM each). Fibril formation was followed by increase in
ThT fluorescence, as above.

Proteinase K Digestion
Proteinase K digestion was carried out similar to a protocol described before34. In short,
proteinase K (1.2 U, NEB) was added to 2 mL of 8 μM MBP-OLF fibrils diluted in reaction
buffer (50 mM Tris HCl, pH 8.0 and 150 mM NaCl) and incubated for 1 hr in a 37 °C water
bath. The reaction was then purified by amylose affinity resin, and the unbound flowthrough
fractions were subjected to SEC using Superdex 75 pg. The elution fractions corresponding
to the void volume were concentrated using filtration device and analyzed by ThT
fluorescence as described above and by Tricine-SDS-PAGE (16%/ 6 M urea separating gel,
10% spacer gel, and 4% stacking gel)89.

Circular Dichroism
Circular dichroism spectra were acquired was performed on a Jasco J-810
spectopolarimeter. 13 μM preformed myoc-OLF fibrils (0.5 mM SDS, 37 °C incubation in a
water bath overnight) was prepared in PBS. The profiles were monitored between 200 and
300 nm in a 0.1 cm cell. Ten spectra were scanned for each sample at a scan rate of 500 nm
min−1 and were then averaged. The averaged spectrum was background-corrected and
converted to mean residue ellipticity [Θ]= Mres × Θobs/10 × d × c, where Mres = 112.9 is the
mean residue ellipticity calculated from the protein sequence; Θobs is the observed ellipticity
(degrees) at wavelength λ; d is the pathlength (cm); and c is the protein concentration (g/
mL).
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Identification of Prefibrillar Oligomers by the Conformationally Specific Antibody A11
For MBP-OLF derived samples, 2 μL of 1 μM protein was spotted onto a pre-wet PVDF
membrane (Bio-Rad) and allowed to air dry. The membranes were blocked in 10% non-fat
milk for one hour followed by a washing step and subsequent incubation in either the
oligomer-specific A11 (0.5 μg/mL, Invitrogen) or anti-MBP (0.2 μg/mL, NEB) primary
antibodies for one hour. The membranes were then washed and incubated with anti-rabbit
IgG conjugated with horseradish peroxidase (HRP) (0.1 μg/mL, AnaSpec) for one hour. The
blots were developed with chemiluminescent HRP detection reagent (Denville). For PK-
treated samples, 0.5 μg of total protein was blotted using A11 in a similar manner.

Transmission Electron Microscopy
Samples containing aggregated material were visualized by transmission electron
microscopy. Sample volumes of 2 uL were pipetted onto carbon-coated 400-mesh copper
grids and blotted after 1 min with Whatman #4 filter paper. Immediately after blotting, a 2
uL aliquot of 1% uranyl acetate was added to the grid and again blotted after 30 s. Images of
negatively stained samples were collected with a JEOL JEM-1400 transmission electron
microscope. Samples were screened at low magnification with an Orius SC1000 CCD
camera and any samples exhibiting bacterial contamination were eliminated from further
analysis. Once fibrils were identified, images were collected with an UltraScan1000 CCD
camera at a magnification of 20,000x – 30,000x.

Creation of Stable Cell Lines with Tetracycline Inducible Myocilin Expression
To place myocilin cDNAs under the control of a tetracycline-inducible promoter, DNA
fragments encoding wild type or P370L mutant myocilin fused at the 3′ end with a sequence
encoding the 15 amino acid S-peptide tag90 were inserted into the PmeI site of pcDNA4/TO
(Invitrogen). DNA sequence analysis was performed to confirm that coding sequences were
correct and in-frame with the S-peptide tag. To create stable cell lines with inducible
myocilin expression, plasmids pcDNA4/TO-Myoc WT-S-tag and pcDNA4/TO-Myoc
P370L-S-tag and the vector pcDNA4/TO control were individually transfected into T-REX-
CHO cells (Invitrogen) using Lipofectamine plus (Invitrogen). Two days after transfection,
50 μg/mL zeocin was added to select transfectants. Single cell colonies were picked
following selection with zeocin (Invitrogen) for about two weeks. The expression of
recombinant myocilin protein was induced by adding 1μg/mL tetracycline (Invitrogen) and
verified by immunoblot at 48 hr post-induction. Cloned cell lines were designated T-REX-
CHO (pcDNA4/TO-Myoc-WT-S-tag), T-REX-CHO (pcDNA4/TO-Myoc-P370L-S-tag) and
T-REX-CHO (pcDNA4/TO vector). For experiments, stable inducible cells were grown in
Ham’s F12 medium (Cellgro) supplemented with 5% FBS (Invitrogen), 1% penicillin-
streptomycin (Invitrogen), 2 mM glutamine (Invitrogen), 10 μg/mL blasticidin (Invitrogen),
and 50 μg/mL zeocin.

In-cell ThT Staining
Overnight, 6 × 104 cells were grown on poly-D-lysine-coated cover slips and the expression
of myocilin was then induced by adding 1 μg/ml tetracycline for 48 hr. Cells were processed
for ThT staining essentially as described54. Briefly, cells were fixed in 4%
paraformaldehyde at room temperature for 15 min and washed in PBS three times. Cells
were stained with Mayer’s hematoxylin for 2 min, washed in water for 5 min, then incubated
in 1% (w/v) ThT for 3 min, rinsed in water again for 5 min, and finally incubated in 1% (v/
v) acetic acid for 20 min. After the stained cells were washed thoroughly in water, cover
slips were mounted with FluorSave Reagent (Calbiochem) for 2 hr. Fluorescence
microscopy was used to identify and quantify ThT positive cells, which appeared green.
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Triton X-100 Extraction and Boiled Gel Analysis
Cell pellets from pcDNA4/TO-Myoc-WT-S-tag, pcDNA4/TO-Myoc-P370L-S-tag, and
pcDNA4/TO expression were thawed from −80 °C on ice, resuspended in 400 μL of
extraction buffer (1X PBS, pH 7.4, 5 mM EDTA, 1% Triton X-100 (TX) with Complete
protease inhibitor cocktail (Roche)), incubated on ice for 30 minutes, and centrifuged at
~13,000 g for 15 minutes. The supernatant was then transferred to a new microcentrifuge
tube and set aside as the TX-soluble fraction. The pellet, the TX-insoluble fraction, as
solubilized in 100 μL of SDS buffer (1% SDS in PBS) for 10 minutes at room temperature.
After addition of 300 μL extraction buffer, the sample was sonicated for 20 s using a 50%
duty cycle.

The boiled-gel protocol was adapted from a protocol for purification of yeast prion polymers
from cell lysates55. In brief, a loading dye containing 1% SDS was added to TX-soluble and
TX-insoluble samples of CHO-cell derived myocilin (40 μg total protein). Samples were
loaded without boiling and subjected to SDS-PAGE for 45 minutes. The electrophoresis step
was halted and the wells for one gel were sealed upon polymerization of a new aliquot of
stacking gel. This sealed gel was incubated over a boiling water bath for 10 minutes, cooled
to room temperature, and then subjected to a second electrophoresis step for an additional
hour. Material from gels were transferred to Immun-Blot PVDF membrane (Bio-Rad) and
probed by Western Blot using anti-S-tag primary antibody (S-probe (K-14), Santa Cruz
Biotechnology) and visualized by chemiluminescence.

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

TM trabecular meshwork

WT wild-type

OLF olfactomedin

IOP intraocular pressure

ER endoplasmic reticulum

ERAD ER associated degradation

MBP maltose-binding protein

SEC size exclusion chromatography

SDS-PAGE sodium dodecyl sulfate – polyacrylamide gel electrophoresis

CD circular dichroism

ThT thioflavin T
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PK proteinase K

EM electron microscopy

Aβ amyloid-β

TX Triton X-100

CHO Chinese Hamster Ovary

PBS phosphate-buffered saline.
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Figure 1.
MBP-OLF fibrils and pre-fibrillar oligomers isolated from E. coli. (a) Overlay of Superdex
75 chromatographs from WT MBP-OLF, MBP-OLF(P370L), MBP-OLF(Y437H), and PK-
treated MBP-OLF. (b) Corresponding ThT fluorescence of monomeric and aggregate MBP-
OLF variants, as well as de novo formed myoc-OLF fibrils (asterisk, see text). (c)
Micrographs of aggregates isolated in (a). Scale bar = 100 nm with two measured fibril
widths indicated. (d) Detection of protofibillar oligomers in aggregates isolated in (a) using
the A11 antibody. Anti-MBP used as a positive control where possible.
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Figure 2.
De novo and seeded fibril formation of myoc-OLF. (a) Representative nucleation-dependent
fibrillization of myoc-OLF incubated at 37 °C monitored by ThT fluorescence. (b)
Micrograph of de novo formed myoc-OLF fibrils generated in the same procedure as in (a).
Scale bar = 100 nm with measured fibril width indicated (c) CD spectrum of myoc-OLF in
vitro fibrils prepared by overnight incubation at 37 °C with 0.5 mM SDS (see text). (d)
Representative multiple-round seeding kinetics with myoc-OLF. (e) Seeding kinetics with
different quantities of seeds. (f) Representative de novo fibril formation of myoc-
OLF(Y437H) and fibril formation initiated with WT myoc-OLF seeds. (g) Micrograph after
treatment of myoc-OLF with 1.5% H2O2 incubated at 37 °C.

Orwig et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2013 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Myocilin fibrils isolated from CHO cells. (a) Gel mobility of Triton X-100 soluble and
insoluble isolates from vector control (VC), WT myocilin, and myocilin(P370L). Left: gel
without boiling. Accumulation of material appears at the stacking interface. Right: gel after
steaming. Accumulated protein from stacking interface has entered the resolving gel. S =
soluble, I = insoluble fraction, as designated by TX-100 fractionation. (b) In-cell ThT
fluorescence of WT and P370L variants of myocilin. Overlay of differential interference
contrast (DIC) and ThT fluorescence confirm intracellular aggregation.
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Figure 4.
Assembly of MBP-OLF fragments to identify regions of high amyloid propensity. (a)
Myocilin sequence. Shaded area comprises the N-terminal signal sequence and coiled-coil
not present in our OLF construct. Blue and green denote myoc-OLF. (b) Pictorial
representation of MBO-OLF fragments discussed in text. (c) Overlay of Superdex 75
chromatograph of five MBP-OLF fragment constructs. (d) ThT fluorescence of void volume
species isolated in (c). (e) ThT fluorescence of MBP and MBP-OLF228-234 after incubation
in a 37 °C water bath for 95 h with 0.5 mM SDS.
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Table 1

Conditions that promote myoc-OLF fibrillization
a
.

Additive ThT Intensity, 485 nm (afu)

myoc-OLF (4 °C) 1.5 ± 0.9

0 mM SDS 0.8 ± 0.3

0.5 mM SDS 341.3 ± 35.6

0% H2O2 17.6 ± 5.3

1.5% H2O2 240 ± 6.4
b

2.9% H2O2 27.3 ± 7.5

a
All fluorescence intensity readings were acquired after 95 h incubation and are the average of two or more independent experiments.

b
After 24 h incubation.
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