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Glaucoma, a leading cause of blindness from retinal degen-
eration, is a heterogeneous disorder with complex traits,

including an early-onset, inherited formclosely linked tomutations in
the gene encoding myocilin.1 More than 70 glaucoma-causing
mutations have been documented within the myocilin gene, pre-
dominantly within its olfactomedin (OLF) domain, from unrelated
families of different racial and ethnic backgrounds.2 Among several of
its known intra- and extracellular locations in the eye and throughout
the human body,3,4 myocilin is found in high levels in the trabecular
extracellularmatrix (TEM), the region of the eye believed to regulate
intraocular pressure.5 Missense mutations leading to altered amino
acid sequences result in its nonsecretion from6 and intracellular
sequestration within7,8 trabecular meshwork cells. The molecular
mechanism(s) by which a mutant myocilin leads to altered fluid
flow9 and increased intraocular pressure, a common risk factor for
glaucoma,10 is an active area of investigation.4

Clues about the molecular pathogenesis of myocilin glaucoma
come from the cellular studies of mutant myocilins. Overexpressed
myocilins have been shown to form toxic aggregates that induce an
ER stress response11,12 and, eventually, result in cell death.12,13 In
vitro, aggregates of mutant myocilin are not soluble in Triton X-100
(TX100),14 and in several model cell systems, some secretion can be
rescued when cells are cultured at 30 �C,15�17 an experimental
condition known to reduce the rates of cellular protein folding and
accumulation of potentially toxic protein. For select mutants tested,

the addition of nonspecific chemical chaperones such as glycerol,
phenyl butyrate,18 and trimethylamine N-oxide (TMAO)19 also
improves secretion. Finally, when cotransfected with wild-type
(WT) myocilin, aggregates of hetero-oligomers are observed intra-
cellularly, consistent with the general autosomal-dominant inheri-
tance pattern observed for myocilin glaucoma.20

On the basis of these data, an attractivemodel for the pathogenesis
of myocilin glaucoma involves a toxic gain-of-function for mutant
myocilin in trabecular meshwork cells. In the ER, the proteostasis
network assists in nascent polypeptide folding and carefullymonitors
the folded protein to ensure that only correctly folded proteins
continue on thepath tomaturation and cellular trafficking; otherwise,
the degradation process is initiated.21 In the case of mutant myocilin,
itmay be the case that degradation pathways cannot keep upwith the
accumulation of newly synthesized mutant myocilins that are largely
incompetent for secretion to the TEM, which leads to aggregation
and ER stress that cannot be alleviated. Additional support for this
pathogenesis proposal comes from the findings that glaucoma does
not develop in myocilin knockout mice22 or in individuals with
premature stop codons that prevent translationofmyocilin entirely.23

Nevertheless, it is noted that the toxic gain-of-function hypothesis for
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ABSTRACT: Myocilin variants, localized to the olfactomedin
(OLF) domain, are linked to early-onset, inherited forms of
open-angle glaucoma. Disease-causing myocilin variants accu-
mulate within trabecular meshwork cells instead of being
secreted to the trabecular extracellular matrix of the eye. We
hypothesize that, like in other diseases of protein misfolding,
aggregation and downstream pathogenesis originate from the
compromised thermal stability of mutant myocilins. In an
expansion of our pilot study of four mutants, we compare 21
additional purified OLF variants by using a fluorescence stability assay and investigate the secondary structure of the most stable
variants by circular dichroism. Variants with lower melting temperatures are correlated with earlier glaucoma diagnoses. The
chemical chaperone trimethylamine N-oxide is capable of restoring the stability of most, but not all, variants to wild-type (WT)
levels. Interestingly, three reported OLF disease variants, A427T, G246R, and A445V, exhibited properties indistinguishable from
those of WT OLF, but an increased apparent aggregation propensity in vitro relative to that of WT OLF suggests that biophysical
factors other than thermal stability, such as kinetics and unfolding pathways, may also be involved in myocilin glaucoma
pathogenesis. Similarly, no changes from WT OLF stability and secondary structure were detected for three annotated single-
nucleotide polymorphism variants. Our work provides the first quantitative demonstration of compromised stability among many
identified OLF variants and places myocilin glaucoma in the context of other diseases of protein misfolding.
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myocilin glaucoma, particularly ER sequestration and stress followed
by apoptosis, does not converge with all of the available data forWT
behavior in cells24�27 or observations of mutant myocilin effects in
transgenic mice;7,8 thus, additional work in the area is needed.

The purpose of this study is to compare the thermal stabilities
of numerous OLF missense mutants with WT OLF to lend further
credibility for the categorization of myocilin glaucoma as a protein
misfolding disorder. This large disease superfamily includes p53-
related cancers,28 SOD1-related amyotrophic lateral sclerosis
(ALS),29 certain subtypes of diabetes,30 lysosomal storage disorders
such as Gaucher disease,31�33 among others. A feature common to
these disorders is a missense mutation(s) in a gene that leads to
altered protein behavior, aberrant cellular or extracellular activity,
and detrimental downstream effects that ultimately manifest in
disease. Complementary to cellular studies, animal model studies,
genetic analysis, and clinical diagnosis, biophysical analysis of the
behavior of purified mutant proteins in vitro is an integral part of
comprehending the underlying genotype�phenotype relationships
that contribute to pathogenesis.

The disease-causing mutants selected for this stability study
(see Figure 1), which together comprise ∼40% of all reported
glaucoma-causing myocilin mutations,2 have been evaluated
previously for aggregate solubility in TX10014,34 and/or tem-
perature-sensitive secretion.16,17 We also studied three amino
acid-altering single-nucleotide polymorphism (SNP) variants,
which appear in at least 1% of the population.35 These OLF

variants are presumed to be benign, and one had been investi-
gated in the solubility assay. Two major disadvantages of the
study of OLF, especially compared to p53 or SOD1, are the
inability to postulate a correlation between mutation and func-
tion and to categorize mutations by mapping their location on
the three-dimensional structure of the protein. Unfortunately,
homology modeling with distantly related structural models
covers only half of the available OLF sequence, and in these
models, the cysteine residues known to form a disulfide bond36,37

are not proximal to each other (not shown). Nevertheless, the
new stability data set presented here provides the first quantita-
tive demonstration of compromised stability among most, but
not all, reported OLF variants and, combined with results of
previous assays and age of glaucoma diagnosis, expands the
possible disease mechanisms for myocilin glaucoma in the
context of a protein misfolding disorder.

’EXPERIMENTAL PROCEDURES

Expression and Purification of the Maltose Binding
Protein�OLF Fusion (MBP�OLF) and Corresponding
Mutants. The plasmid for MBP�OLF was cloned as we
described previously.36 Mutant MBP�OLFs were generated
by site-directed mutagenesis (QuikChange, Stratagene) using
the primers listed in Table S1 of the Supporting Information.
Mutated plasmids, verified by DNA sequencing (MWGOperon),

Figure 1. Multiple-sequence alignment of the myocilin OLF domain and nonocular amassin OLF domain. The alignment includes myocilin OLF
domains fromHomo sapiens (gi accession number 3065674), Danio rerio (gi accession number 62632725), Bos taurus (gi accession number 74356501),
Sus scrofa (gi accession number 47522798),Mus musculus (gi accession number 15077142), and Rattus norvegicus (gi accession number 3845607) and
the amassin OLF domain from Strongylocentrotus purpuratus (gi accession number 28453877). Blue represents similar residues, red represents identical
residues, and asterisks represent the site of mutation in this study. The alignment was generated using PROMALS3D.70
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were transformed into Rosetta-Gami 2(DE3)pLysS cells
(Novagen), cultured, induced, and harvested, as described
previously.36 Procedures for isolation and purification also
followed closely procedures described in ref 36. Briefly, after
lysis with a French press and ultracentrifugation to remove all cell
debris and insoluble materials, MBP�OLFs were purified using
an amylose affinity column and further fractionated into two
major species by size exclusion chromatography (SEC), namely,
cytosolic aggregates that elute in the void volume and a mono-
meric species that elutes at the expected retention volume for the
fusion protein, ∼72 kDa (Figure S1 of the Supporting In-
formation). The intensity of the monomer peak was highly
variable among the mutants described in this study (Figure S1
of the Supporting Information) but consistent within prep-
arations of each mutant, as noted previously.36 Two variants,
P370L and W286R, could be isolated only as aggregates; an
insufficient quantity of monomer could be isolated for further
study. SEC results were normalized by first subtracting the
baseline absorbance and then dividing by the highest absorbance
value observed in the chromatograph. PurifiedMBP�OLFs used
in experiments were stored continuously at 4 �C and used within
3 days.
Cleavage of MBP�OLF to isolate OLF proteins for circular

dichroism (CD) experiments (below) was accomplished by
overnight (∼16 h) incubation at 37 �C (WT MBP�OLF and
mutants G246R, E352Q, E396D, K398R, A427T, and A445V) or
room temperature (mutants V426F, Y437H, and I499F) with
Factor Xa (New England Biolabs or Roche) in 50 mM Tris (pH
8) or 50 mMHepes (pH 7.5), 100 mMNaCl, and 5 mM CaCl2.
Cleaved OLF variants were fractionated from uncleaved material
and MBP by amylose affinity purification followed by fractiona-
tion of the unbound material by using a Superdex 75 GL column
(GE Healthcare) at 4 �C, to remove all traces of Factor Xa.
Cleaved OLFs were subjected to CD analysis immediately after
purification.
Differential Scanning Fluorimetry (DSF). The stability of

OLF variants in the context of MBP�OLF was assessed using a
sensitive, quantitative, and relatively high-throughput SYPRO
Orange (Invitrogen) fluorescence melt assay that follows the
increase in accessible hydrophobic regions as a protein is
unfolded.36 The addition of 50 mM maltose, which binds to
and stabilizes MBP only, serves to shift the melting temperature
(Tm) of MBP completely out of the range for OLF (67 �C) and
conveniently allows an independent, and simultaneous, measure-
ment of the Tm for MBP and OLF.36 MBP�OLF variants were
subjected to this assay in at least triplicate using a Step One Plus
(Applied Biosciences) real time (RT) polymerase chain reaction
(RT-PCR) instrument, as described previously.36 Data were
analyzed using Graphpad Prism as detailed in ref 38 to identify
the midpoint of the transition, the definition of Tm.
The DSF assay was also used to monitor the responses of OLF

variants to 3 M TMAO (Figure S2 of the Supporting In-
formation), an osmolyte found previously to be stabilizing for
both the WT and select mutants.36 TMAO is a small molecule
thought to exert its stabilizing influence mainly on the peptide
backbone rather than the side chain39 and thus would be
expected to stabilize all variants to the same extent. The inability
of 3MTMAO to rescue proteins toWT levels (without TMAO)
was used as a guideline to cluster the least stable OLF variants
(see below).
CircularDichroism (CD).To compare the secondary structure

of selected cleaved OLF variants (5�10 μM) with that of WT

OLF, CD spectra were recorded at room temperature on a Jasco
J-810 CD spectropolarimeter. Samples were prepared in 10 mM
Na/K phosphate and 0.2MNaCl (pH 7.2) and placed in a 0.1 cm
cell for data collection. Thirty to forty consecutive scans ranging
from 200 to 300 nm, using a bandwidth of 1 nm at a continuous
scanning rate of 500 nm/min, were averaged for each sample.
Each spectrum was background-subtracted and converted to
mean residue ellipticity: [θ] = (Mresθobs)/(10dc), in which Mres

equals 112.9 and is the mean residue ellipticity (based on protein
sequence), θobs is the observed ellipticity in degrees at a specific
wavelength, d is the path length in centimeters, and c is the
protein concentration in grams per milliliter. Melts for V426F,
Y437H, and I499F variants were conducted in duplicate and were
analyzed using Boltzmann sigmoid analysis as described
previously.40

Statistical Analysis. Statistical analyses were performed using
Graphpad Prism. Where appropriate, Pearson’s correlation is
reported and considered significant at a level greater than R =
0.05. Unpaired and one-sample t tests were also conducted, and
two-tailed p values of <0.05 were considered significant. For the
correlation of age of diagnosis with Tm, the average Tm values for
explicitly reported diagnosis ages were included for analysis.
Otherwise, no reported data were excluded from Table 1 prior to
analysis.

’RESULTS

All of the monomeric OLF mutants tested in this study unfold
in the Tm range of 40�55 �C (Table 1 and Figure 2) with a
precision of ∼1 �C. We estimate the accuracy of the DSC Tm

measurement to within 2 �C. This evaluation is based on
previous work comparing Tm results for WT OLF obtained by
DSF with Tm values obtained by traditional biophysical techni-
ques such as CD and tryptophan fluorescence melts40 as well as
in this work, in which the unfolding of three OLF disease-causing
variants [V426F, Y437H, and I499F (Figure S3 and Table S2 of
the Supporting Information)] was examined by CD. Spectra of
V426F, Y437H, and I499F are similar to that ofWTOLF (Figure
S3a of the Supporting Information), namely, the β-sheet signa-
ture at∼214 nm and the β-turn shoulder at∼230 nm,40 and for
melts, minor deviations were observed in Tm of the main 214 nm
feature compared to DSF values (Table S2 of the Supporting
Information). A limitation of the accuracy of Tm values obtained
for aggregation-prone OLF by any method is that conditions for
reversibility of the transition have not yet been identified.
However, in addition to using different methods to measure
the Tm, the scan rate dependence for several techniques has been
examined,40 and experiments described here were conducted at
the same slow rate consistent with unfolding under microscopic
equilibrium conditions.
Least Stable Variants (group A). The least stable OLF

variants include K423E, I477N, and Y437H, with Tm values of
∼40 �C by DSF (ref 36, Table 1, and Figure 2, group A).
Included in group A are also the two variants for which no
monomeric protein could be isolated. The stability of the three
isolated variants could not be rescued to WT levels by TMAO
(Table 1 and Figure S2 of the Supporting Information), but the
three variants are folded proteins with minimal perturbation in
secondary structure observed by CD (see ref 36 and Figure S3 of
the Supporting Information). In relation to previous results using
TX100 solubility to characterize myocilin aggregates (Table 1),
these OLF mutants were found to generate insoluble aggregates.
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Likewise, the variants in group A showed no secretion from cells
at 37 �C and little, if any, secretion at 30 �C. Finally, these variants
are associated with the overall earliest ages of glaucoma diagnosis.
The mutation associated with the earliest age of diagnosis, 10
years, is P370L. The I477N and K423E mutants have been
diagnosed as early as ages 18 and 19, respectively. For Y437H, the
range of diagnosis is 8�41 years.41

Notably, K423 and Y437 are strictly conserved among myoci-
lins from related mammals such as mice, rats, fish, and cows
(Figure 1). Given the fact that the mutation results in an amino
acid similar in size to the WT amino acid, side chain interactions
and properties are likely important at these sites. For example, as
indicated by the different melt profiles observed for 214 and
229 nm (Figure S3c of the Supporting Information, Tm values in
Table S2), Y437H melts in a less cooperative manner than other
variants (Figure S3b,d of the Supporting Information) and WT
OLF,40 suggestive of non-native interactions. Likewise, K423 may
be located within the interior of the protein, where positive charge
would be stabilized by a neighboring anionic charge. By contrast,
I477 is not conserved (Figure 1). Val and Leu are found in this
position inD. rerio and the nonocularOLF domain of S. purpuratus
amassin, respectively, suggesting I477 is located in a hydrophobic
pocket that cannot accommodate a polar residue such as Asn.
Moderately Stable Variants (group B).The majority of OLF

variants lie in the midrange of stability, more stable than the most

severe mutants and statistically less stable than WT, at Tm values
between 42 and 48 �C (Table 1, Figure 2, group B, p < 0.0001).
Variants in this group include changes in size, polarity, and
charge, and overall, in the absence of knowledge about how the
mutations map on the three-dimensional structure of OLF, it is
not straightforward to reconcile the effects of certain mutations
on protein stability. For example, charge inversion in E323K
appears to cause an only moderately destabilizing effect, but as
noted above, the opposite charge inversion in K423E results in a
severely compromised protein. Similarly, substitution of I477
with a Ser, a small polar residue, results in a low-stability protein,
whereas a less detrimental effect is seen when the similarly small
G367 is replaced with the large, positively charged, Arg.
All group B variants can be rescued to at least WT stability by

the addition of 3 M TMAO (Table 1), and most OLF mutants in
this range unfold with sharp transitions, suggestive of two-state
transitions. Two exceptions are C433R and I499F, which exhibit
shallower unfolding transitions, implicating possible intermedi-
ates in the unfolding pathway. In the case of the invariant cysteine
at position 433 (Figure 1), the single disulfide bond36,37 is
disrupted and could result in a change in the unfolding pathway.
We note, however, that the C433R variant is a well-behaved
monomer in solution; no heterodimerization by oxidation of the
lone cysteine 245 has been observed (not shown), suggesting
that the WT OLF disulfide bond is not surface-accessible. By

Table 1. Compilation of Data for Myocilin Variants from This Study and Previous Studiesa

aVariants are listed in order of melting temperature (Tm). Abbreviations: NA, not available; �, not applicable; I, insoluble; PI, partially insoluble; S,
soluble; N, no secretion;þ/�, little secretion;þ,þþ, andþþþ, increasing amounts of secretion as defined in ref 17. bData from ref 14 and/or ref 34.
cData from ref 16 and/or ref 17. dCommas separate ages reported in order of references, with a slash indicating multiple ages reported, pop. indicating
the population study with no age of diagnosis provided, and fam. indicating a familial study with no age of diagnosis provided. eAccession numbers for
Database of Single Nucleotide polymorphisms (dbSNP, Build ID 131), available from: http://www.ncbi.nlm.nih.gov/SNP.
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contrast, the observed result for I499F may be an artifact of
interactions with the Sypro Orange dye. Although the Tm values
measured by DSF and CD (Table S2 of the Supporting In-
formation) are similar to one another, a more cooperative
transition is observed by CD, with no obvious difference in Tm

measured at either of the two spectral features (Figure S3d of the
Supporting Information). In addition, this region of OLF is not
part of the identified core structural domain.40

Finally, in terms of the solubility of aggregates, most myocilin
variants in this group were previously found to produce insoluble
aggregates according to the TX100 assay (see Table 1), with the
exception of four variants that partitioned into both the soluble
and insoluble fractions: I499F and G364V as well as D380A and
T377M. The latter two variants are the most stable of group B;
their behavior is consistent with a general trend of increasing
TX100 solubility with Tm (see Discussion). Group B variants
also exhibit little or no secretion at 37 �C but, with the exception
of C433R and S502P, are secreted to some degree at 30 �C (see
Table 1). In terms of age of diagnosis, there is a wide variation
between 15 and 52 years, with an average of 29 years.
Most Stable Variants (group C). Of the annotated disease-

causing mutants we studied, three (A427T, G246R, and A445V)
unfold within 2 �C of WT OLF (Tm = 52.7 ( 0.8 �C36) in
the absence of TMAO, indicating they have WT-like stability
(p> 0.8). These variants were further probed for structural changes
by CD and found to be comparable toWTOLF (Figure 3a). The
ratio of aggregate to monomer isolated as part of the purification
procedure is higher for these three mutants than for WT,
however (Figure 3b, Figure S1 of the Supporting Information,
and Discussion). The three SNP variants (K398R, E396D, and
E352Q) that were identified through genome-wide sequencing
efforts and are not associated with glaucoma exhibit stability that
is similar to or exceeds that of WT OLF. Comparison of the CD
spectra of cleaved OLF SNP variants reveals no significant
differences in structure (Figure 3a). In contrast to the other
WT-like disease-causing mutants, the ratio of aggregate to
monomer for SNPs is at least as favorable as that of WT OLF
(Figure 3c). Finally, group C OLF variants exhibit WT OLF
behavior in the aggregate solubility and cell secretion assays,

namely, high solubility in TX100 and ample secretion at 37 �C
(Table 1). The main outlier in this group is G246R (see below).
This group of variants also exhibits a broad range of age of
diagnosis with an average of 52 years with a span from 20 to
73 years.

’DISCUSSION

Trends. Taken together (Table 2), group A comprises the least
stableOLF variants that form largely insoluble aggregates, cause the
most severe cellular effects, and, overall, have the earliest diagnosis
of glaucoma. Those variants in group B are in the intermediate
range of glaucoma cases in terms of stability, age of diagnosis, and
cellular defects. Mutant proteins in this group correspond to
myocilin aggregates that are soluble or partially soluble in the
TX100 assay and mutant myocilin that can be secreted to some
extent from cells cultured at 30 �C. For group C, variants exhibit
WT levels of stability and cellular secretion, are soluble in TX100,

Figure 2. Melting thermograms for myocilin OLF variants: (solid black
line) WTOLF, (red lines) group A, (blue and dashed black lines) group
B, and (green and gray lines) group C. Note two dashed black curves
corresponding to C433R and I499F deviate from the apparent two-state
transition. Asterisks denote curves published in ref 36. No thermograms
were obtained for W286R or P370L.

Figure 3. Features of most stable OLF variants. (a) Circular dichroism
spectra for group C variants. The asterisk denotes the spectrum for WT
OLF reported in ref 40. (b) Comparison of relative aggregate and
monomer isolated for disease-causing variants in group C with W286R
and WT OLF by size exclusion chromatography. (c) Comparison of
relative aggregate andmonomer isolated for SNP variants withWTOLF
by size exclusion chromatography. Each trace has been normalized.
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and receive the latest diagnosis of glaucoma. All OLF variants we
have examined to date byCD retain a secondary structure similar to
that of WT OLF.
With a substantial protein stability data set now in hand, the

statistical significance of specific trends can be evaluated. First,
given the caveat that “age of diagnosis” is the best available proxy
for ill-defined parameters such as “age of onset” and “disease
severity” for glaucoma patients, the parameter is positively
correlated with Tm [correlation coefficient of 0.54, statistically
non-zero slope of 0.154, p < 0.0005 (Figure 4a)]. The age of
diagnosis is expected to vary among patients because (a)
glaucoma is painless and can go unnoticed until loss of visual
field occurs (asymptomatic patients under 40 years of age are
rarely examined by ophthalmologists10) and (b) age data are only
available for a subset of recorded variants. In addition, the age of
diagnosis for a patient harboring WTOLF is not defined, but the
trend is supported if WTOLF (52.7 �C) is included for an age of
40 years, the threshold for adult-onset open-angle glaucoma.1

Second, in terms of aggregates categorized by the TX100 assay,
there is a difference between the Tm of variants with insoluble or
partially insoluble aggregates and the Tm of variants with soluble
aggregates [p = 0.0002 and 0.0009, respectively (Figure 4b)].
Similarly, poorly secreted myocilins at 37 or 30 �C exhibit lower
OLF Tm values than their well-secreted counterparts [for non-
secretion vs secreted at 37 �C, p = 0.0022, and for 30 �C, p = 0.01
(Figure 4c,d)]. Overall, correlations betweenTm and aggregation
or nonsecretion are consistent with the definition of Tm, which
relates to the relative balance of unfolded protein compared to
folded at a given temperature; the higher the proportion of
unfolded protein, the greater the exposure of interior hydro-
phobic and aggregation-prone residues.
Outliers. In spite of trends for most myocilin variants, the

presence of several categories of outliers illustrates the nuanced
effects of mutations on the biophysical properties of OLF that
may contribute to myocilin glaucoma pathogenesis. First, three
amino acid substitutions observed in the moderately stable
group, R272G, N480K, and P481L, result in a poor response
to stabilization by TMAO. On average, 3 M TMAO exerts an
impressive and consistent 10 �C improvement in stability versus
WT and nearly all mutant OLFs, but these outliers lie well
outside the lower boundary for the 95% confidence interval and
one standard deviation below the mean (Figure 4e). Sequence
alignment with myocilin from other organisms (Figure 1) reveals
that these three positions are highly conserved, suggesting they
are key to the structural integrity of OLF. Among the six species
aligned, R272 is substituted only once, in D. rerio (Gln), and the
other two residues are invariant. It is possible that an interaction
utilizing the side chain of Arg or Asn contributes significantly to
overall stability, and effects of TMAO on the polypeptide main
chain cannot compensate for the loss of either of these interac-
tions. In addition, conformationally restrictive Pro residues are
typically found in specialized roles in the polypeptide backbone
that cannot be filled by a Leu substitution.

Table 2. Overall Trends of OLF Variant Stability

Tm solubility of aggregates in TX100 cell secretion average age of diagnosis

group A lowest insoluble limited at 30 �C 19

group B moderate insoluble or partially insoluble some at 30 �C 29, highly variable

group C wild-type largely soluble secretion at both 37 and 30 �C 52

Figure 4. Statistical analyses conducted in this study. (a) Correlation
between Tm of an OLF variant and the age of glaucoma diagnosis. (b)
Significance ofTmdifferences and aggregate solubility using theTX100 assay.
(c and d) Significance of Tm differences and extent of secretion from cells
cultured at 37 and 30 �C, respectively. For panels b�d, see the symbol
definitions inTable 1. (e)ΔTm for eachOLFvariantwith the additionof 3M
TMAO plotted as a function of Tm without TMAO. Dashed lines indicate
95% confidence intervals, and the slope does not statistically deviate from
zero (p > 0.5). Red, green, and blue colors indicate variants found in groups
as defined in Table 1; outliers discussed in the text are labeled. Asterisks
denote a statistical difference with p of <0.05 as described in text.
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Second, aggregates of the moderately stable variants G364V
and I499F are partially soluble in the TX100 assay, whereas all
but the most stable variants in this group are insoluble in the
assay. Another common factor between these two variants is their
low, but detectable, secretion from cells at 37 �C. In the well-
studied nonocular myocilin homologue, S. purpratus amassin,
G364 is replaced with Asp, suggesting that in principle, a smaller
side chain, such as Val, may be accommodated. In the case of the
I499F variant, other hydrophobic residues such as Val (D. rerio)
and Leu (S. purpuratus) are tolerated in this position, suggesting
Phe should be tolerated as well. Genetic evidence consistent with
the finding of favorable solubility and secretion behavior for
I499F is incomplete penetrance; within a single family, only
seven of nine individuals harboring this mutation were diagnosed
with glaucoma.42 However, a molecular rationale for favorable
solubilization and secretion behavior of these two moderately
stable OLF variants is not apparent and remains an open area for
further investigation.
Third, unlike all other moderately stable variants that exhibit

some secretion from cells cultured at 30 �C, inexplicably, C433R
and S502P do not. One possibility for this phenotype is that the
resulting aggregates are particularly harmful. Any unfolding inter-
mediates (see Results and Figure 2) in C433R may stably expose
part of its hydrophobic core that could inadvertently recruit other
nascent polypeptides prior to aggressively forming inclusions, for
example. For S502P, alteration to the inflexible Pro residue may
compromise the structural integrity of this C-terminal region,40

although smaller and larger amino acids, charged and hydrophobic,
appear to be tolerated in this position (see Figure 1).
Lastly, it is curious that certain mutants exhibit WT OLF

stability, CD spectral features, aggregate solubility, and cell
secretion profile. At first glance, it might be tempting to dismiss
disease-causing group C variants as mislabeled. To the best of our
knowledge and unlike the SNP variants, A427T and G246R have
been reported just once, A445V has been reported twice
(Table 1), and individuals reported to harbor the A427T or
A445V substitution were diagnosed at 63 or 73 years of age,
respectively,43 outside the threshold for early-onset glaucoma1

(Table 1). However, upon closer inspection, there are differences
between WT OLF and G246R, A427T, and A445V that suggest
they may be pathogenic. First, G246R is an outlier in stabilization
enhancement by TMAO (Figure 4e); other variants with Gly to
Arg mutations (G252R and G367R) are less stable but do not
share this feature. G246R is also an outlier in terms of the TX100
(Figure 4b) and cell secretion assays (Figure 4c,d). In addition,
although the phenomenon is not understood, all OLF variants
expressed and purified to date in E. coli exhibit a characteristic,
noninterconverting, and reproducible ratio of void volume-to-
monomer peak ratio (see ref 36 and Figure S1 of the Supporting
Information), with a higher relative yield of monomer for
nonpathogenic compared to disease-causing variants. The SEC
profiles for G246R, A427T, and A445V follow the less favorable
ratio similar to disease-causing variants, and not that of the SNPs
(Figure 3b,c). In summary, these variants harbor defects that are
apparent by SEC but not protein stability measurements, the
details of which will need to be investigated further.
Comparison to Other Protein Conformational Disorders.

The findings for OLF variants in this study fit well with
observations in other diseases of protein misfolding in which
pathogenic variants exhibit compromised thermal stability, as
well as impaired biological function, changes in kinetics of
folding, and/or changes in the folding pathway. For example,

more than 150 temperature-sensitive, oncogenic p53 mutants
have been identified.44�46 However, somemutations localized to
a loop in p53 weaken its DNA binding, an activity critical to its
function as a transcription factor, without appreciably destabiliz-
ing the overall protein.46 The specifics of the mutation in p53
correlate with breast cancer prognosis and response to
treatment.47 Similarly, numerous,29 but not all, ALS-provoking
SOD1 mutations alter protein stability.48 One of the most
prevalent SOD1 variants found in North America, A4V, is an
example of a nondestabilized variant.49 Mapped onto the SOD1
structure, pathogenic mutations in the main β-barrel typically
lead to destabilized SOD1, whereas variants on the metal binding
loop do not affect protein stability.49 Notably, there is limited
consensus about the mechanism by which a particular SOD1
mutant becomes aggregation-prone and pathogenic.50 For ex-
ample, changes in the net repulsive charge on SOD1 have been
shown to trigger51 or be protective of50,52 pathogenic behavior.
In addition, it is unclear whether aggregates are even the toxic
species.53 Finally, in neonatal onset diabetes mellitus, mutations
that introduce an additional cysteine residue in proinsulin30 lead
to disulfide shuffling and kinetic trapping of misfolded inter-
mediates,54 yet non-cysteine missense mutations in proinsulin,
located in a region not even present inmature, processed, insulin,
can alter folding efficiency.55

In summary, this study of OLF variants reveals general
relationships among protein stability, age of diagnosis, and
protein behavior, and identifies notable outliers, including var-
iants with traits indistinguishable from those of WT. These
complexities are paralleled in other protein conformational
disorders and should prompt further work to assess the con-
tribution of biophysical properties other than protein stability,
such as folding pathways or kinetics, in myocilin glaucoma. In the
long term, complementary functional and structural studies will
also be required to fully comprehend the effects of mutations on
the OLF domain of myocilin, which together may ultimately
allow therapeutic intervention.
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