1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
ACS Chem Biol. 2010 May 21; 5(5): 477-487. doi:10.1021/ch900282€.

Rescue of glaucoma-causing mutant myocilin thermal stability by
chemical chaperones

J. Nicole Burns®”, Susan D. Orwig®", Julia L. Harris?, J. Derrick Watkins, Douglas
VoIIrathb, and Raquel L. Lieberman®1

a School of Chemistry & Biochemistry, Georgia Institute of Technology, 901 Atlantic Drive NW,
Atlanta, GA 30332

b Departments of Genetics and Ophthalmology, Stanford University School of Medicine, 300 Pasteur
Drive, Stanford, CA 94305

Abstract

Mutations in myocilin cause an inherited form of open angle glaucoma, a prevalent
neurodegenerative disorder associated with increased intraocular pressure. Myocilin forms part of
the trabecular meshwork extracellular matrix presumed to regulate intraocular pressure. Missense
mutations, clustered in the olfactomedin (OLF) domain of myocilin, render the protein prone to
aggregation in the endoplasmic reticulum of trabecular meshwork cells, causing cell dysfunction and
death. Cellular studies have demonstrated temperature-sensitive secretion of myocilin mutants, but
difficulties in expression and purification have precluded biophysical characterization of wild-type
(wt) myocilin and disease-causing mutants in vitro. We have overcome these limitations by purifying
wt and select glaucoma-causing mutant (D380A, 1477N, 1477S, K423E) forms of the OLF domain
(228-504) fused to maltose binding protein (MBP) from E. coli. Monomeric fusion proteins can be
isolated in solution. To determine the relative stability of wt and mutant OLF domains, we developed
a fluorescence thermal stability assay without removal of MBP, and provide the first direct evidence
that mutated OLF is folded but less thermally stable than wt. We tested the ability of seven chemical
chaperones to stabilize mutant myocilin. Only sarcosine and trimethylamine N-oxide were capable
of shifting the melting temperature of all mutants tested to near that of wt OLF. Our work lays the
foundation for the identification of tailored small molecules capable of stabilizing mutant myocilin
and promoting secretion to the extracellular matrix, to better control intraocular pressure and
ultimately delay the onset of myocilin glaucoma.

INTRODUCTION

Open angle glaucoma (OAG) is a recent addition to the family of protein conformational
disorders. OAG is a heterogeneous disease characterized by irreversible vision loss often
associated with elevations in intraocular pressure (1,2). The mechanisms that lead to intraocular
pressure increase are poorly understood, but are thought to occur in the anterior region of the
eye within the anatomical pathway for outflow of aqueous humor, which includes the trabecular
meshwork extracellular matrix (TEM) (3,4). In the last 10 years, causative genes that account
for inherited, autosomal-dominant glaucoma cases have been identified, of which mutations
in myocilin are by far the most common (1). Myocilin (gi accession: 4557779, genelD 4653),
a secreted glycoprotein (3), is proposed to play a structural role in the TEM and limit the
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migration of human trabecular meshwork (HTM) cells (5). Myocilin contains a signal
sequence, a linker with a putative N-glycosylation site, a coiled-coil/leucine zipper for
multimerization and interactions with certain extracellular matrix proteins (6-8), and a ~30
kDa olfactomedin (OLF) domain in which the majority of genetic lesions leading to OAG are
located. More generally, emerging roles of OLF domains include involvement in adhesion as
well as neuronal growth, as well as in development in the mammalian brain (9). The prevalence
and sequence conservation (~60-80% identity among mammals) of OLF domains among
eukaryotes underscores the need for structural and functional studies.

Recent evidence supports a toxic gain-of-function disease mechanism for mutant myocilin.
Instead of secretion to the TEM, mutant myocilins have been shown to accumulate in the
endoplasmic reticulum (ER) of HTM cells with toxic consequences (10,11). In cell-based
assays, growth at lower temperatures enables the secretion of mutant myocilins, suggesting
that when protein production is slowed, toxicity is reduced (11-13). The myocilin variants
secreted at permissive temperatures likely retain a native-like three-dimensional structure, but
have compromised stability due to a local perturbation caused by the mutation. Importantly,
mice heterozygous and homozygous for a myocilin knock-out allele (14) and human
individuals with N-terminal myocilin mutations (15) do not exhibit ocular abnormalities.

Proteins like mutant myocilins that are folded in the ER are prevented from cellular trafficking
if they are not folded correctly. ER quality control proteins recognize features/flaws in a newly
folded protein. A misfolded protein is then either refolded to its native state, or targeted for
degradation. Even minor defects in structure remote from a functional site of the protein cannot
escape the highly redundant ER quality control system that can detect exposed hydrophobic
patches in soluble proteins, mobile loops, and general reduced compactness, i.e. biophysical
properties (16). ER quality control does not test newly folded proteins for function, which may
be preserved for a missense mutant that retains a native-like structure.

Ineffective clearing of mutant myocilins leads to aggregation, cell stress and eventually death
(10,12,17-19). HTM cell dysfunction death is thought to lead to a compromised TEM unable
to properly control eye pressure, and eventually, the retinal degeneration characteristic of
glaucoma. Thus, the pathophysiology is not linked directly to abolished intrinsic function, but
first to a defect in myocilin stability, then to a defect in cellular trafficking, ER stress, and
finally to reduced function of the TEM.

Mechanisms that stabilize a mutant protein in its native state or accelerate the rate of folding
and enable it to meet ER quality control standards hold promise as therapy for protein
misfolding diseases (20). The ability to traffic mutant protein with residual function out of the
ER is hypothesized to reduce toxicity and cell stress, allowing for partial restoration of function,
which will ultimately delay the onset of clinical symptoms (21). In the case of mutant proteins
without a known ligand or molecular structure, such as myocilin, screening for tailored small
molecules that accomplish these goals requires a top-down approach, i.e. without knowledge
of specific surface binding patches.

Although one of the major challenges to studying molecular properties of myocilin has been
the difficulty in recombinant expression of a soluble, well-behaved species, we have overcome
this limitation. We developed a new high-yield expression and purification system for the C-
terminal region of myocilin (MYOC-OLF) comprising the OLF domain, and representative
glaucoma-causing mutants. We also developed a facile fluorescence thermal stability assay
and used this system to gain insight into the biophysical characteristics of wt and mutant
myocilins and to identify chemical chaperones that thermally stabilize the mutant proteins.
Taken together, our results set the stage for studies to further evaluate the nature of the
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aggregated myocilin species, as well as to identify therapeutic compounds that both exert a
specific stabilizing effect on myocilin and enhance mutant myocilin secretion in cells.

RESULTS AND DISCUSSION

Expression and purification of wild-type MYOC-OLF

We focused on the myocilin OLF domain because this is the location of 90% of all known
glaucoma-causing mutations (http://www.myocilin.com/variants.php). MYOC-OLF is a
monomer, harbors no predicted glycosylation sites and has a single disulfide bond (22,23).

A major challenge to the study of myocilin is its propensity to aggregate. Myocilin inclusions
have been observed for both overexpressed wt myocilin in D. melanogaster eyes (19) as well
as mutant myocilin in cell culture (17), suggesting that myocilin aggregation may be relevant
to both sporadic and inherited forms of glaucoma. Poor yield and solubility is common among
previous reports of in vitro expression of myocilin and/or the OLF domain in a soluble form
using a variety of heterologous hosts (6,23,24), or refolded from E. coli inclusion bodies (25,
26). Experiments conducted on recombinant myocilin and/or OLF have been limited to
concentrations of 0.05-0.1 mg mI~1, with aggregation observed at higher concentrations (6).

We generated a soluble OLF construct that can be produced at high yield (~2 mg purified
protein L1 culture), purified to homogeneity, and concentrated to at least 10 mg ml~ (Fig.
1a) by fusion to MBP via an 8 amino acid linker. MBP is known to facilitate proper folding of
difficult proteins in E. coli (27). The short linker proved superior to longer-linker fusion
constructs we tested in which the purified protein co-eluted with the E. coli folding chaperone
GroEL. Expression levels of MBP-OLF were increased, and GroEL was eliminated, with the
use of a codon-correcting E. coli strain, rich media, and growth after induction at 18°C.

Cytosolic wild-type MBP-OLF (MBP-OLF(wt)), purified first by amylose affinity
chromatography, is a mixture of aggregated, monomeric MBP-OLF, and MBP likely from
cleavage by cellular proteases. Fractionation by size-exclusion chromatography (SEC) reveals
these species. A ~ 72 kDa MBP-OLF monomer is isolated (Fig. 1b) in which the OLF disulfide
bond remains intact (Supplemental Table S1). A second void volume peak corresponds to a
cytosolic aggregated species. The intensity of this peak compared to that of monomer is not
sensitive to incubation at 4°C (Supplemental Fig. S1), freeze-thaw, or concentration loaded on
the column. Reducing sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE, Supplemental Fig. Sla(inset)) reveals that the aggregates are identical to monomeric
MBP-OLF, but the species do not interconvert (Supplemental Fig. S1a, b). The relationship of
this cytosolic E. coli aggregate species to inclusions observed in cellular glaucoma studies
(19,28) is unknown, but could be further evaluated in the context of improper disulfide bond
formation as well as the observed high p-sheet content for OLF (23), and its predicted amyloid
propensity (29).

As a consequence of the short link, accessibility of Factor Xa to the cleavage site is
compromised. Cleavage for monomeric MBP-OLF(wt) is only observed at 37°C. Cleaved
MYOC-OLF (~ 31 kDa) can be isolated from uncleaved MBP-OLF and MBP upon further
purification (Fig. 1a). No precipitation is observed for MYOC-OLF concentrated to over 5 mg
ml~1, nor appreciable aggregation or degradation is observed by SEC or SDS-PAGE, even
after prolonged incubation at 4 °C (Supplemental Fig. S1).

Expression and purification of mutant MBP-OLFs

The four mutant myocilins selected for this study are well documented in terms of prevalence
among glaucoma patients and aggregating behavior in cells. They represent mild (D380A)
(30), moderate (1477S) (31), and severe phenotypes ((1477N (32), K423E (33)), as well as
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changes in size, polarity and charge. The locations of these mutations within the OLF structure
are not known. In cellular studies (12,13), both D380A- and 1477S- mutant myocilin secretion
could be rescued by low temperature culture, whereas little or no secretion could be rescued
with 1477N- or K423E-mutant myocilin. The latter two mutants are also observed as aggregates
in the ER, and induce the unfolded protein response (10,19) (Summarized in Table 1).

Expression and purification of MBP-OLF mutants followed closely that of MBP-OLF(wt) (Fig.
1c), with similar yields (~1 mg purified mutant protein/L culture). Experiments with mutants
were conducted within a few days of purification. Like MBP-OLF(wt), three species were
isolated by SEC, but based on peak height, the amount of aggregate mutant MBP-OLF in the
void volume relative to that isolated in a monomeric form, varied from ~ 1.8 + 0.4 for MBP-
OLF(wt), 3.4 + 0.2 for the D380A OLF domain mutant (MBP-OLF(D380A)), 12.1 + 2.1 for
the 1477N (MBP-OLF(1477N) and 14.2 + 2.0 1477S mutant MBP-OLF(1477S), and 33.4 + 3.6
for the K423E OLF domain mutant (MBP-OLF(K423E)). These ratios were unaffected by
protein handling or concentration. Prolonged incubation at 4 °C leads to degradation of the
OLF domain as observed by SDS-PAGE (not shown); interconversion between aggregates and
monomer is not seen (Supplemental Fig. S1). Thus, OLF appears to harbor inherent aggregation
propensity, in spite of cytosolic isolation from E. coli. After 37 °C incubation with Factor Xa,
OLF is degraded, and cleavage could not be optimized to isolate the mutant OLF. However,
at room temperature, circular dichroism (CD) spectra of the monomeric MBP-OLF mutants
exhibit a mixture of the predominantly a-helical MBP (minima at 208, 222 nm) and
predominantly B-sheet OLF (23) (minimum at 217 nm), with some variation in overall intensity
indicative of primarily local changes in structure (Supplemental Fig. S2). The disulfide bond
remains intact in all of these mutants (Supplemental Table S1).

Thermal stability assay

The ability to express and purify site-directed MBP-OLF mutants in E. coli similar to MBP-
OLF(wt), combined with similar CD signatures and disulfide bond retention, suggests that
these mutants are folded and retain a native-like structure at or below room temperature. Thus,
we developed a stability assay to compare wt OLF with that of mutants using a method that
could be modified to test many mutants and stabilizing compounds.

We adapted the fluorescence thermal shift assay described originally for screening buffer
conditions and stabilizing compounds (34) to compare wt to mutant MBP-OLFs as fusion
proteins. The assay uses a real time (RT)-PCR instrument to conduct a slow melt while
measuring fluorescence. The excitation and emission settings of the RT-PCR instrument are
compatible with Sypro Orange, a dye known to bind to hydrophobic regions of proteins, which
become increasingly exposed as the temperature of the protein-dye solution is raised. The Tm
is the midpoint of the transition given the upper and lower limits of the fluorescence signal,
and assumes a two-state transition. Whereas other studies using fluorescence thermal shift
assays have explored protein stability as a function of buffer or ligand (35,36), or mutants of
a small four-helix bundle (37), our study appears to be a novel application of the assay to an
explicitly aggregation-prone domain with disease relevance.

The fluorescence assay provides a reproducible, precise (~ £1°C; Table 2), and convenient
way to measure relative protein stability. The assay was used first to evaluate the melting
temperature (Tm) of cleaved, wt MY OC-OLF, which exhibits a reproducible transition at 52.7
+ 0.3°C at neutral pH (Fig. 2a). To expand to mutant MBP-OLF fusion proteins, which cannot
be cleaved with Factor Xa, we examined next the thermal stability of MBP alone (Fig. 2b) and
compared MBP-OLF(wt) and cleaved OLF each with and without maltose (Fig. 2a, ¢). Apo
MBP, which was isolated after Factor Xa cleavage of MBP-OLF(wt), exhibits a transition at
56.1°C, and the addition of excess maltose shifts the Tmto 67.1°C. These values are somewhat
lower than those obtained for MBP from E. coli K-12 by differential scanning calorimetry (~
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64°C without and ~ 72°C with maltose at neutral pH) (38,39), but two amino acid sequence
differences and the C-terminal linker may contribute to this discrepancy. MBP-OLF(wt)
without maltose exhibits a broad transition with a Tm of 51.8°C. With maltose, two discrete
transitions are observed for MBP-OLF(wt), one at 52.7°C and the other at ~67°C. The former
overlaps well with cleaved OLF (Fig. 2a), and indicates that the first transition in the MBP-
OLF fusion protein corresponds to the OLF domain. Compared to results with MBP, the second
transition in MBP-OLF with maltose present is likely maltose-bound MBP. The Tm of cleaved
MY OC-OLF is not affected by the presence of maltose (Fig. 2a). These experiments establish
that in the presence of maltose at pH 7, the Tm of the OLF domain is not affected by the presence
of either MBP or maltose.

In comparison to MBP-OLF(wt), all four MBP-OLF mutants tested were destabilized, but
retained a discrete melting transition expected for a folded protein (Fig. 2d, Table 2). The
transitions for MBP overlap well (not shown), reinforcing the independence of the two domains
in the assay. MBP-OLF(D380A), associated with a mild glaucoma phenotype, exhibited the
highest Tm (46.1°C). This result is consistent with the observation that MBP-OLF(D380A)
was expressed and purified in the highest yield among the mutants, and in cell studies is partially
secreted at 37°C (12) and largely secreted at 30°C (12,13). MBP-OLF(1477S), associated with
a moderate myocilin glaucoma phenotype, showed the next highest Tm of 41.9°C, while the
remaining two mutant proteins exhibit similar melting temperatures to each other, near 40°C.
Given that the temperature of the anterior eye is ~ 35°C (40), a significant population of
unfolded, aggregation prone mutant OLF domain is expected to be present. MBP-OLF(K423E)
exhibits a weak pre-transition prior to the major unfolding transition, which may have origins
in extra instability conferred by charge inversion at this location in the OLF domain. The trend
in Tm appears to follow generally the severity of aggregation and disease, although a strong
correlation with disease phenotype will require the assessment of the stability of numerous
other disease-causing MYOC-OLF mutants.

Stabilization of MBP-OLFs with osmolytes

A shift of the population to a more stable, native-like myocilin could be effective therapeutic
intervention for myocilin glaucoma that could be delivered topically to the eye. Compounds
could include those with general stabilizing ability called chemical chaperones, or those
tailored to bind a particular target, called pharmacological chaperones. There are several ways
that a chaperone may help trafficked proteins, both wt and mutant, meet the ER quality control
requirements, which include both thermodynamic- and kinetics-based mechanisms. For
example, the chaperone could (1) accelerate folding, reducing the chance that it will be
recognized as unfolded; (2) bind and stabilize a fully folded protein so that it is less likely to
unfold or to be recognized as misfolded; (3) stabilize the protein for post-translational
modification or interaction with a binding partner required for proper trafficking; or (4) all or
some combination of the above.

Numerous studies on potential pharmacological chaperones are focused on thermodynamic
stabilization (20,41-43). Even in the case of transthyretin, in which chaperones decrease the
rate of amyloid fibril formation, the tetrameric state of protein is stabilized (44). Thus, drawing
upon these examples, we believe that an important feature of a therapeutic compound for
myocilin glaucomawill be restoration of myocilin stability to near wt levels. We further suggest
that therapeutic agents should enable mutant myocilin to pass ER quality control, be secreted
from HTM cells, and prevent myocilin from aggregating in the TEM. The latter effect could
also include promoting proper interactions that maintain TEM integrity.

As proof-of-principle that mutant myocilins can be stabilized, we selected a subset of chemical
chaperones called osmolytes, low molecular weight agents that improve protein homeostasis
in eukaryotic cells in response to osmatic stress (45). Osmolytes stabilize proteins not by direct
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ligand interaction but by destabilizing the unfolded state of the protein relative to that of the
native, an effect thought to be due largely to unfavorable interactions of the protein backbone
with the osmolyte-rich environment (46-49). In this study, we examined the effects of betaine,
glycerol, proline, sarcosine, sucrose, trimethylamine N-oxide (TMAO), and 4-phenylbutyrate
(4-PBA) on MYOC-OLF and MBP-OLF mutants (Fig. 3). The last compound, 4-PBA, is not
explicitly an osmolyte, but is a chemical chaperone originally identified for treatment of urea
cycle disorders. Although these compounds do not necessarily bind to MYOC-OLF as ligands,
any that are found to stabilize myocilin are in principle of therapeutic potential, and are
therefore good test cases for evaluating the effects of small molecules on myocilin using the
fluorescence stability assay.

First, we compared the effects of these chemical chaperones on MBP alone, MBP-OLF(wt),
and MYOC-OLF, at several concentrations. As expected, there is a concentration dependence
of the chaperone on the extent of stabilization. We focused on 3 M chaperone, except for 4-
PBA and TMAO where indicated, based on previous in vitro studies (50-53), ease of preparing
solutions, and significant stability enhancement observed (Table 2, Fig. 3). Comparison of
MBP-OLF(wt) and cleaved MYOC-OLF reveals only a small difference (~0.3°C) in melting
temperature for all compounds tested (not shown). For this reason, we report in Table 2 only
the results for MBP-OLF and corresponding mutants. In addition, compared to MBP-OLF, the
extent of MBP stabilization is generally lower magnitude (Table 2). Thus, the comparison of
mutant MBP-OLF stability reflects the effect on the MYOC-OLF domain alone.

The chaperone effects on MYOC-OLF(wt) rank as follows: sarcosine ~ TMAO ~ sucrose (8-
10°C) > proline ~ betaine ~ glycerol (2-4°C) > 4-PBA (~ 0°C) (Table 2, Fig. 3). Given that
osmolytes confer only limited stability to proteins via side chain effects (46), the degree of
stabilization of the mutants should be relatively consistent with that of MYOC-OLF(wt).
Notably, sarcosine is structurally similar to the less effective betaine, illustrating the complexity
of protein stabilization by osmolytes.

Sarcosine, TMAQO, and to a lesser extent sucrose, were effective at 3 M in improving mutant
MBP-OLF stability. For MBP-OLF(D380A), better than wt stability (Fig. 3b) was achieved
for all three osmolytes, a result that is not surprising given that the ATm between MBP-OLF
(wt) and MBP-OLF(D380A) is smaller than the ATm of MBP-OLF(wt) with the same
osmolytes (Table 2). For both 1477 variants (Fig. 3c,d), sarcosine gave the highest ATm; the
OLF domain is stabilized to the same degree when substituted with either the small Ser or
similar-sized Asn side chains. By contrast, MBP-OLF(K423E) (Fig. 3e) is relatively resistant
to stabilization by chemical chaperones. For each, the extent of stabilization of MBP-OLF
(K423E) was less than for wt and the other three mutants. Even in the presence of 5 M TMAO,
the Tm could only be increased to a value between wt and MBP-OLF(D380A) without
osmolytes (Table 2). Moreover, transitions observed for MBP-OLF(K423E) with TMAO and
sarcosine, while shifted considerably, were correlated with more modest changes in Sypro
Orange fluorescence signal in the assay. The effects of the strongly stabilizing osmolytes on
MBP-OLF variants observed here are consistent with evidence for more compact protein
structures in osmolyte solutions (54), which is expected to be most challenging to accomplish
for the charge inversion in MBP-OLF(K423E).

Compared to the transitions observed for osmolyte-stabilized MBP-OLF(wt), all of which
appear to have the same shape, those of the corresponding melting curves for mutants differ.
A shallow pre-transition is observed for MBP-OLF(D380A) with proline and TMAO, whereas
the remaining osmolytes follow closely the shape of the curve in the absence of osmolyte (Fig.
3b). Pre-transitions are also apparent for MBP-OLF(1477N) with glycerol and sucrose (Fig.
3d). Conversely, sharper transitions are seen for MBP-OLF(1477S) in the presence of sarcosine
compared to other osmolytes. These comparisons suggest a deviation from assumed two-state
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behavior of a single domain unfolding. An intermediate species enabled by non-native
interactions may exist in mutant myocilins prior to full denaturation. In sum, the effects of
osmolytes, which are generally believed to be an effect due to interactions with the protein
backbone, may also be influenced by the side chains, either in terms of unfolding pathway or
by unfavorable side chain environment such as charge inversion that limit the extent of stability
achievable.

Our stabilization results differ from previous cellular trafficking studies using green
fluorescence protein (GFP)-tagged mutant myocilin (C245Y, G364V, P370L, Y347H) (28) or
FLAG-tagged mutant myocilin (D380N) (55). These studies monitored myocilin secretion at
a single concentration (mM) of glycerol (28), 4-PBA (28) or TMAOQ (28) by
immunoprecipitation/Western blot of myocilin in the media, in combination with
immunofluorescence to detect myocilin retained in the ER. Chaperones 4-PBA and TMAO
showed a two-fold increase in secretion. Chemical chaperones act non-specifically, so cellular
studies do not establish a direct stabilizing effect on myocilin. Whereas no effect on secretion
was seen with glycerol in cell studies (28), we found a modest increase in mutant OLF stability,
albeit at much higher concentrations not tested in cells. In addition, in contrast to rescue of
secretion observed with 4-PBA, this compound had no direct stabilizing effect on wt MYOC-
OLF in vitro at low mM concentrations, and was strongly destabilizing above 10 mM (not
shown). Only TMAO appears to both stabilize in vitro and promote secretion from HTM cells,
although the effects were observed with different mutants. These limited comparisons stress
the need for complementary studies to evaluate molecules that stabilize mutant myocilins
directly and promote its secretion in cells, both of which are key to developing a new treatment
for myocilin glaucoma.

METHODS

Molecular Biology

The MYOC-OLF gene was amplified (5-PRIME Master Mix, Fisher Scientific) from a plasmid
reported previously (56), annealed into the pET-30 Xa/LIC vector (Novagen), then subcloned
into the pMAL-c4x vector. The final pMAL-c4x construct incorporates an 8-amino acid linker
between MBP and OLF (SSSEIGR), where the Factor Xa cleavage sequence is leftover from
pET-30 Xa/LIC. After plasmid replication in NovaBlue Gigasingles (Novagen), the plasmid
was isolated (QIAPrep, Qiagen). Mutant MBP-OLFs were generated by the site directed
mutagenesis (QuikChange, Stratagene) Kit. Primers are listed in Table 3. All plasmids were
verified by DNA sequencing (Operon).

Protein Expression and Purification

Wild type and mutant plasmids were transformed into Rosetta-gami 2(DE3)pLysS (Novagen)
cells and cultured in Superior Broth (US Biological) to an optical density of ~0.7 at 600 nm,
cooled to 18°C, and induced with 0.5 mM isopropyl f-D-thiogalactopyranoside (IPTG). After
overnight growth (12-16 hours), cells were pelleted, flash frozen, and stored at —80°C.

Cell pellets were lysed by French Press in the presence of 50 mM HEPES pH 7.5, 200 mM
NaCl, 1 mM EDTA (Buffer A), supplemented with Roche Complete Protease Inhibitor. Cell
debris was removed by centrifugation (5000 x g for 15 min) and supernatant loaded onto a 20
ml High Flow Amylose Resin (New England Biolabs) column equilibrated with Buffer A. The
MBP-OLFs were eluted with Buffer A plus 10 mM maltose, concentrated using an Amicon
Ultra YM-10 centrifugation device, and either flash frozen and stored at —80°C, or loaded on
a gel filtration on a Superdex 75 prep grade column (GE Healthcare) equilibrated with 10 mM
Phosphate (Na/K), 200 mM NaCl, pH 7.2 (Buffer B). Only those fractions corresponding to
monomeric MBP-OLF were pooled for further use.
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Cleavage of MBP-OLF(wt) was accomplished by overnight (~ 16 h) incubation with Factor

Xa (New England Biolabs) in 50 mM Tris pH 8, 100 mM NaCl, 5 mM CaCl,. After capture

of Factor Xa (Xarrest, Novagen), cleaved OLF was fractionated from uncleaved material and
MBP by taking the flowthrough fraction from amylose resin for purification on Superdex 75.
MBP used in these studies was also isolated this way. Protein in experiments was used within
three days of purification. SDS-PAGE analysis was conducted as described (57).

Thermal Stability Assay

Sypro Orange (Invitrogen), supplied as a 5,000X solution in dimethylsulfoxide, was diluted in
the buffer solution (1:1000) and mixed well just prior to preparing samples for the assay.
Reactions of 30 uL were prepared at room temperature and delivered to 96-well optical plates
(Applied Biosystems) before sealing with optical film. To the protein solutions at a final
concentration of 0.5-1.5 uM in Buffer B, 3 uL of diluted Sypro Orange were added. Except
when indicated otherwise, maltose was present at 50 mM. Compounds tested for stability
enhancement were obtained from commercial sources. Where indicated, TMAO and sarcosine
were tested at 5 M in the reaction buffer, whereas 4-PBA was tested in a concentration range
of 1 mM to 0.5 M. For all others, a 5 M stock was diluted to 3 M in Buffer B. Plates included
a baseline control containing Sypro Orange with no protein. The pH of the final solutions did
not deviate significantly from 7.

Fluorescence data were acquired on an Applied Biosciences Step-One Plus RT-PCR instrument
equipped with fixed excitation wavelength (480 nm) and ROX® emission filter (610 nm).
Melts were conducted from 25-95°C with a 1 °C per min increase. No difference in Tm was
observed when the rate of heating was slowed to 0.5 °C per min. Above a minimum threshold
of protein concentration required to observe a discrete transition, no dependence of protein
concentration on Tm was observed. Data were processed using GraphPad Prism. After baseline
subtraction, data were trimmed to include the boundaries and the transition of interest and
normalized. The reported Tm is the inflection point of the sigmoidal curve, which was fit as
described previously (34).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2345

Protein purification. a) SDS-PAGE analysis of purified MBP-OLF(wt) and cleaved MYOC-
OLF. Left: lane 2, purified, concentrated (monomeric) MBP-OLF(wt) (72 kDa, ~ 10 mg
ml~1). Right: lane 2, cleaved MYOC-OLF (~31 kDa, ~ 0.5 mg mI™1) by SDS-PAGE. b) SEC
chromatograph of MBP-OLF(wt) displaying aggregated MBP-OLF and monomeric MBP-
OLF. c¢) SDS-PAGE analysis of purified MBP-OLF mutants. Lane 2, MBP-OLF(D380A); lane
3, MBP-OLF(1477S); lane 4, MBP-OLF(1477N); lane 5, MBP-OLF(K423E). Low levels of
MBP (~ 40 kDa) do not impede thermal stability measurements (see text). Gels include

molecular mass standards as lane 1.
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Melting curves. a) Cleaved MYOC-OLF with and without maltose. b) MBP melting with and
without maltose. c) MBP-OLF with and without maltose. d) Comparison of mutant MBP-OLF
stability.
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Effects of osmolytes on MBP-OLF stability. a) MBP-OLF(wt). b) MBP-OLF(D380A). c)
MBP-OLF(1477N). d) MBP-OLF(1477S). e) MBP-OLF(K423E). For b)-e), MBP-OLF mutant
(no osmolyte) appears as the leftmost melting curve using the same scheme as in Fig 2d, and
MBP-OLF(wt) appears as a grey. f) Color key to osmolytes.
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Primers used in this study

Table 3

MYOC-OLF cloning

Plasmid Template | Target Vector Primer Used
pcDNA pET-30XaLIC | Forward | 5-GGTATTGAGGGTCGCTTGAAGGAGAGCCCATCTG

Reverse | 5-AGAGGAGAGTTAGAGCCTTATCACATCTTGGAGAGCTTGATG
pET-30XaLIC pMAL-c4x Forward | 5-CGCCGAGCTCTATTGAGGGTCGC

Reverse | 5-GCCGAATTCAGGAGAGTTAGAGCCTTATCA

Mutagenesis

D380A 5-GCTACACGGACATTGCCTTGGCTGTGGATG
K423E 5-GGGAGACAAACATCCGTGAACAGTCAGTCGCCAATGCC
1477N 5-GTACAGCAGCATGAATGACTACAACCCCCTGG
1477S 5-GTACAGCAGCATGTCTGACTACAACCCCCTCG
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