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SUMMARY

The inherited form of primary open angle glaucoma, a disorder characterized by
increased intraocular pressure and retina degeneration, is linked to mutations in the
olfacomedin (OLF) domain of the myocilin gene. Diseaaesing myocilin variants
accumulate within trabecular meshwork cells instead of being secreted to the trabecular
extracellular matrix thought to regulate agueous humor flow and control intraocular
pressue. Like other diseases of protein misfolding, we hypothesize myocilin toxicity
originates from defects in protein biophysical properties. In this thesis, the first
preparative recombinant higheld expression and purification system for thée@ninal
OLF domain of myocilin (myo€OLF) is describedTo determine the relative stability of
wild-type WT) and mutant OLF domains, a fluorescence thermal stability assay was
adapted to provide the first direct evidence that mutated OLF is folded but less thermally
stable than WTIn addition, nutant myocilincan be stabilized bghemical chaperones
Together, this work provideshe first quantitative demonstration of compromised
stability among identified OLF variants and placing myocilin glaucoma in the context of
other complex diseases of protein misfolding.

Subsequentnvestigations into the biophysical properties of WT m@id-
provide insight into its structure and function. In particular, m¥IcF is stable in the
presence of glycosaminoglycans (GAGSs), ad a®bvera wide pH range in buffers with
functional groups reminiscent of such GAGs. Mot F cont ai n-shegangni f i c
b-turn secondary structuras revealed by circular dichroism analys#g¢ neutral pH,
thermal melts indicate a highly cooperagivtransition with a melting temperature of

~55°C. A compact core structural domain of OLF was identifigdimited proteolysis

XXi



and consists of approximately residues-288, which retains the single disulfide bond
and is as stable as the full myOtF caonstruct. This construct also is capable of
generating 3D crystals for structure determinationis Tatg presentedn Chapter 3,
inform new testable hypotheses for interactions with specific trabecular extracellular
matrix components.

To gain furtherinsight into the biological function of mye©OLF, a facile
fluorescence chemical stability assay was designed to identify possible ligands and drug
candidates. In the assdgscribed in Chapter, 4he target protein is initially destabilized
with a chemichdenaturant and is tested forstbilization upon the addition of small
molecules. The assay requires no prior knowleafgbe structure and/or function of the
target protein, and it is amendable to kigloughput screenind\pplicationof the assay
using a library of 1,280 compounds revealed 14 possible ligands and drug candidates for
myocOLF that may also generate insights into m@id-= function.

Due t o t-dne cohtengdi mdnomeric myeOLF and presence of an
aggregated species upon myOLF purification, the ability of myc®©LF to form
amyloid fibrils was suspected and verified. The fibril forming region was confirmed to
reside in the OLF domain of myocilin. Kinetic analyses of fibril formation reveal a self
propagating process common dmyloid. The presence of an aggregated species was
confirmed in cells transfected with WT myocilin, but to a greater extent in cells
transfected with P370L mutant myocilin. Both cell lines stained positive for amyloid.
Taken together, these results pravidirther insights into the structure of myocilin and

suggest a new hypothesis for glaucoma pathogenesis.
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Finally, in a related study, small molecule drug candidates were investigated to
t r eat -gleasidate (BCase), the deficient lysosomal enzym@aiacher disease,
another protein conformational disorder. Three new GCase aitevelirected 3,4,5;6
tetrahydroxylazepane inhibitors were synthesized that exhibit half inhibitory
concentrations (I§y) in the low millimolar to low micromolar range. Although the
compounds thermally stabilize GCase at pH 7.4, only one of the synthesized analogs
exhibits chaperoning activity under typical assay conditions. This successful
pharmacological chaperonie also one in which GCase is in its proposed active
conformation as revealed by-rdy crystallography. Probing the plasticity of the active
site of GCase offers additional insight into possible molecular determinants for an

effective small molecule therapy f@D.
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CHAPTER 1

INTRODUCTION

1.1 Glaucoma

Glaucoma is an irreversible, chronic, degenerative optic neuropf#uoting 70
80 million people worldwvide and is secondnly to cataracts as a causfeblindnesg1].
A patient is considered to have glaucoma when at least one elgethagpical structural
and functional defects, that is to say damage to the optic disc and subsequent visual field
loss [2]. Damage to the optic disc wigisualized by ophthalmologistsas a topical
deepening and widening of the cup due to loss of retinal gangliofRé&C) axons along
with supporting glial and vasculature, and the deformation of connective tissues
supporting the optic disf3]. Injury to RGC axons occurs by a variety of factors, only
some of which are understood. In its initial phase, glaucoma is asymptomatic and
painless. Patients with glaucoma typicdlhge peripheral vision first and may lose all
vision if not treateckarly.

Classification ofglaucomas based on three factord) etiology, depending on if
the symptoms present themselves on their own (primary) or if the symptoms are a result
of dise@e or injury to the eye (secondary?) anatomy of the anterior chamber, open
angle or closg angle, and(3) by the age of onset. Based on these classifications,
glaucoma may be broken down into three categories: primary open angle glaucoma
(POAG), primay acute closed angle glaucoma, and primary congenital glaucoma. Of
these, POAG is the most commnid.

Glaucoma is a heterogeneous disorder and is frequently associated with elevated
intraocular pressure (>21 mm Hg, IOP). However, increased IOP is neither necessary nor
sufficient for onset or progssion of the disea$®], and it is not clear how elevated IOP

leads to visual field log$]. The anterior chambef theeye iswhere the increase in IOP



occurs. Since the lens and cornea lack a blood supply, the anterior chamber has its own
circulatory system and is filled with aqueous humor. This clear fluid is produced in the
ciliary body and circulates throughout theaexior chambe(Fig. 1.1)

Aqueous humor outflow is regulated by the trabecular meshwork (TM) in the
iridocorneal angle (angle formed by the iris and cornea) and drainage occurs through the
Schl e mmqgr$ The @M ia & filterlike structure compsed of trabecular beams of
extracellular matrix (ECM) andndothelial cells (TM cells). TM cells help regulate eye
pressure by controlling the drainage of the fluid from the eye as new fluid is produced
[8], and structural abnormalities in the TM are believed to obstruct aqueous humor
outflow and lead to elevated IOP. Themefoincreased IOP does not result from an
increased production of aqueous humor, but rather from a reduced outflow. Since the
optic nerve damage cannot be treated directly, focus in the field has been directed to treat
the only known risk factor that cdre modified, elevated IOP. Clinical trials have shown
that reducing IOP slows the onset and progression of glau¢@h@] and current
research focuseon identifying the site of resistaneathin the TM and the mechanism

that changes the overall resistance

1.1.1Myocilin Linked with POAG

Myocilin was first discovered as a result of research directed towards
understandingsteroidinduced glaucoma. Corticosteroids are widely used as anti
inflammatory agents for the treatment of ocular inflammatory conditions. However, a
link between the exogenous administration of corticosteroids and elevated IOP has been
known since the 19506s, a [l#-13]c Taeatméneod T t o s e
cells in vitro with corticosteroids in particular dexamethason®ex), induced the
expression of a 55 and 66 kDa proteimimme and dosedependent manner similar to the

elevated |IOP observed in patiefitd-16]. Theseproteinproducts were determinead
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Figure 1.1 Circulation of the aqueoushumor. This anterior segment of the eye shows
the circulation of the aqueous humor from the ciliary body through the mipilthe
anterior chamber. The aqueous humor then passes through the traimasilaork into
Schlemn® €analand travels from there into the episcleral venous system. A smaller
amount of aqueous humor leaves the eye throligliace of the ciliary body, just below

the trabecular meshworkigure was reprinted with permission fr¢y].



arise from the same genehich was named Trabecular Meshwork Glucocorticoid
Responsive (TIGR) ger{@8-19] and isnow known as myocilin (see below)

Attempts to identify promoter elements in the TIGR geneeiplain the
hypersensitivity of individuals to the corticosteroids and theagulation of TIGRwere
unsuccessful20], and the finding of @elayed response - hr9 to induction by Dex
suggested thafl | GR6s transcriptional regul ati on
response and not a direct stimulatj@f]. However genetic linkage studies conducted in
a single large Caucasian family in USA with an autosomal dominangreedior early
onset POAG (juvenile OAG, JOAG)calized a genetic defect BLC1A, mappedto
chromosome 1g21g31[22]. Thisgenewas confirmed by subsequent studies with other
families diagnosed with JOAG. The TIGR gene wasen identifed within chromosome
1q[23], and itslocation wa confirmed in an unrelated siuf4]. The gene product was
permanentlyrenamed myocilin based ats homdogy to the Nterminal domain with
norrmuscle myosin, as well as the identification of the gene product in the connecting
cilium of photoreceptor cellR4].

To date, at last 20 genetic locssociated witiPOAG have been reportg¢as],
but anly three genes have beeonfirmedto be linked to POAG so far: myociliMyOQ
[23], optineurin OPTN) [26], and WD repeat domain 38&/OR3§ [27]. Only myocilin is
establifed as directly glaucoma causative, while the roles of optineurin and WD36
remain unclear due to conflicting evidence. Mutations in the myocilin gessdtribute

to 4% of adulonset POAG cases and-36% of juvenileonset case28-30].

1.2 Myocilin

Myocilin (gi accession: 4557779, genelD 46%33a 504 amino acid glycoprotein
(~55 kD@ [18, 24] consisting of three structural domaias32 residue Merminal signal
sequence for secreti¢h8], amyosinlike coiled-coil region (residues 11184) anda G

terminal olfactomedin (OLF) domain (residues B04) (Fig.1.2) [31]. Interestingly,



myociinpossesses a uniquel y bhelipphMtte rtnei nswesc oanndda
sheet in the @erminal domain, and is believed to have evolved from two separate
proteins[32]. The coiledcoil domain contains twaelcine zippers, which are found in a

wide variety of proteins and have the ability to form hemmoheteromeric complexes. It

is this region that is responsible for multimerizatj88-34] and interactions with certain
extracellular matk proteins[33, 3536]. Current knowledge of the function of myocilin

is primarily restricted to thisegion Very little is known about the function of OLF

domains which are highly conserveatrosshigher eukaryotspeciesMore than90% of

glaucomaassociated mutations are found wittiie myocilin OLFdomain.

1.2.1Localization and Function

The normal functionand localization of myocilin are topics of active and
controversial research, as myocilin is expressed in almost every ocular tissue, and,
depending on the tissue, it is observed extraintracellularly[37]. Within the eye,
myocilin is expressed in the trabecular meshwodknea, lamina cribosa, ciliary body,
iris, retina, post laminar optic nerve head, vitreous and aqueous H8id@334, 37
39]. Of these tissues, the highest level of expression is within the TM, the region of the
eye believed to regulate IJB0-41]. Moreover myocilin is found in a variety of tissues
outside the eye and, of these, its highest levels were found in the skeletal muscle and
heart[18, 29, 31]

Myocilin is a secreted protei (Fig. 1.3A), confirmed by theisolation of
recombinant myocilinfrom conditioned medium of cultured TM cell39, 42]. Given
that secreted proteins are generally synthesized, folded, and processed through the
endoplasmic reticulum (ER) and golgi apparatuss ihot surprising that myocilin has
also been found within organelles associated with the secretory patiBs6].

Myocilin has been reported be cleaved in the ER by calpainnto two fragments; a 20
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Figure 1.2. Scheme of myocilin protein domains.Myocilin contains an Nerminal

signal sequence (red), coiledil domain (blue), and a-@rminal olfactomedin domain
(green). Numbers 203 and 243 correspond to the amino acid sequence of the linker

domain contained in exon 2, whereas 504 marks thedsisiue of myocilin.
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Figure 1.3. Proposed pathways for normal secretion of myocilin into the aqueous
humor and for secretion reduced by aMYOC mutation. In Panel A, wildtype
myocilin protein (green symbols) is produced in the endothelial cells afrdabecular
meshwork and passes throutjie secretory pathway to reach the extracellular space. In
the first step in this process, messenger RNA (mMRNA) is transcribed frometie
encoding myocilin MYOQ and is delivered to ribosomes at the endoplasnticuiem,

where the mRNA directs the synthesis rofocilin. Next, transport vesicles convey
myocilin to the cell membrane through the Golgi apparatus. These vesicles fuse with the
cell membrane and release myocilin into the extracellular space and aqueoas h
Along the secretory pathway, molecules of myocilin raagociate with each other and
form multimers (dimers and tetramers are depicted). In Panel B, heterozygous mutations

of the MYOC geneare associated with an autosomal dominant form of glaucoh®ea. T



wild-type copy ofMYOC encodes normal myocilin protein (green symbols), and the
mutantMYOC copy encodes mutant myocilin protein (red symbols). Myocilin protein
forms multimers that may be compos#doth wildtype and mutant subunits. Secretion

of mutant myocilin protein and multimers containing mutant subunits is greatly reduced,
leading to the retention of the mutant protein in the endoplasmic reticulum and
intracellular vesicles of trabeculareshwork cells.This figure was reprinted with

permisgon [17].



kDa N-terminal fragment and a-términal 35 kDa olfactomedin containing fragment

[47]. Both the 35 kDa fragment and fléingth myocilin have been reported to be
secreted to the ECM and are present in aqueous humor and select monolayer cells
engineered tmver express myocilin, and thus hypothesized to maintain a normal ECM
structure[34, 4849].

Despite the evidence supgag myocilin as a secreted protein that would
normally function in the ECM, myocilin is also believedpiay an intracellular rolg24,

37]. Sakaiet al and others have shown that myocilin associates with mitochondria
membrane$50-52]. However, these interactiomppear to beell-type specific as they

are only observed in trabecular meshwork and astrocyte cells, but not in corneal
fibroblasts[52-53]. Finally, myocilin has been shown to interact with microtubye4.

Karali et al argue that while the observéatracellular staining patterns suggest some
intracellular localization, it isot clearwhether some of the staining represented exgitra
intracellular staining and whether some of the intracellular staining represents cells
synthesizing large amount§myocilin for secretion to the extracellular sp$8¢].

During the subsequent 14 years since the linkage of myocilin to early and late
onset POAG, considerable effort has been invested to determine its function in normal
eyes, and how changes in myocilin expression or mutations may lead to glaucoma. It is
critical to determine the function of myocilin to see if it is important in the regulation of
IOP and normal trabecular meshwork functiddyocilin is likely a multifunctional
protein, as it has been identified both intaad extracellularly. Inside the cefhyocilin
may influence mitochondrial function as ovepression in TM cells reduced
mitochondria respiration, which sensitizes cells and triggers apoptotic §@htghis is
consistent with the observed loss of TM callPOAG [55]. Overall, in spitereports of
potential intracellular functions, myocilin ilieved to be largely an ECM protein. Full
length myocilin associates with components of the ECM via interactions with the Heparin

(Hep) 1l domain of fibronectin, laminin, decorin, and collagens types I, Ill, IV, V and VI



[36, 51, 5658]. These interactions lead to a possible role inroallrix interactions and
regulation of these interactions in the TE86]. Myocilin is thought to modifycell
signaling events mediated by the Hep Il domain of fibronectin, which ingpeak
attachment and migration of humanrskbroblasts[59]. Myocilin is also hypothesized

to control the adhesive properties of the ,cdl overexpression in TM ells results in a

loss of cellular adhesn [60]. Myaocilin is also presumed to play a ratestress response,
which is consistent with the expression being inducible by environmental factors such as
steroid treatment with Dex, hesihock, mechanical stretch, and oxidative stf&8s 40,

45, 61] In support of this hypothesis, targeted deletion of the myocilin gene does not
result in glaucomd6], which suggests myocilimay not be critical for normal eye
function and that a stress response may be ndedes a diseasmusing phenotype.

Taken together, myocilin shares mafgatures of ECM o r Amatricel |l
proteinsthatdisplay diverse functions including the ability to bind to the ECM, influence
cell-matrix interactions, and serve as stress and injury response proteins. Matricellular
proteins can function both intraand extracellularly{62-63]. For example similar to
myocilin, tenascirC hasde-adhesive effects when presented as soluble proteins to cells
in a strong adhesive staf@4]. However, myocilindiffers from tenascinC because it
does not block cell attachment to fibrone¢88]. Whether or not myocilin functions as a
extracellularmatricellular protein remains to l®nfirmed as well as its roles in other

regions of the eye and other organs

1.2.2Myocilin -AssociatedPOAG

The first hypothesis regarding association of myocilin to POAG was that elevated
IOP may be caused by increased levels in myoailttich in turn leadsaa reduction of
outflow facility either byphysically obstructing the outflow path and/or affecting-cell
mediated processes that control outfl88]. The basis of thigiotion is founded on

studies in whichhuman TM cells treated with Dex displayed increased myocilin

1C



production in a dosdependent manner that correlated with the timing and increase of
IOP [14, 45] Immunohistochemical stainingf POAG eyes showedn increase in
myocilin levels [65]. More recently, the levels of myocilin have been found to be
statistically elevated in human aquedusnor of POAG patientf66] further supporting
the connection between increased myocilin levels and POWGyenet al. hypothesized
that increased levels of myocilin may accumulate within the TM and interfere with
normal flow patterns, thus resulting in increased I{AB]. This hypothesis was
corroborated by a studg which human eyes treated with recombinamtocilin showed
an increase in IOP over 12 hours, increasing outflow resistance[®ARoCultured
anterior segments of porcine and human eyes perfused with recombinant OLF domain of
myocilin did not result in changes of outflow facility, indicating the observed elevations
in IOP may be the result of thetlrminal myosidike domain interactions in the ECM
[49].

A complicating factor in studies involving animal models is that only a couple
species are genetic carriers for POAG, including [@&$ and some canine breefBo-
70]. Rats that spontaneously develop increased IOP hadfal8.ihcreasan myocilin
transcription[68]. Conversely, ats treated with Dex display elevated I0P, but the protein
and mRNA levels of myocilin in the trabecular meshwork and around Schlemm's canal in
the steroietreated eyes were the same as the confirdls However, h canine models,
aqueous humor levels of myocilin were elevated in dogs with either primary or secondary
OAG [69] and beagleshad increased dvels of myocilin in the aqueous humor
proportionate to the severity of the disedg6]. To further complicate the matter,
transgenic mice heterozygous -+and homozygous-/£) for the nullMYOC mutation
were both viable and fertilie and no ocular abnormalities were observed indicating
myocilin is not required for normal developm¢@i.

As highlighted by the animal model studies, Hypothesis that increased levels

of myocilin lead to decreased aqueous humor outflow, and ultimately P@x&ins
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controversial. Human anterior segment cultureserexpressingthe recombinant N
terminal domairof myocilin resulted in a construct that was sequestered in the cell, but
displayedan ircrease in outflow facility resulting in decreased IQR2], which is
contrary to previous reports that thet&tminal domain is responsible for elevated IOP as
mentioned abov@9]. Based on the conflicting data, it is unclear if the differences that
were observed are due to species variations (i.e2 domot naturally acquire POAG) or

due to the mode of delivery of the ov@pressed myocilinin humans hemizygous
deletion of myocilin[73] or the presumed homozygous null mutation (R46S{@g)

does not result in POAG, which suggests that elevated myocilin levels may be a
secondary effect of elevated IOP and not the primary cause. Therefore, increased levels
of myocilin would not ause the elevated I0OP, but may be the result daken together,
evidence supports involvement of high myocilin levels in POAG, but the mechanism is

unclear.

1.3Mutant Myocilin and POAG

The most common inherited form BOAG is linked to pint mutations inthe
myocilin gene accounting for 4% of adutinset cases and ~10% of juvenile forms of the
diseasd23, 7576]. The vast majority (>90%) of mutations are missenséations in the
C-terminal OLF domainhighlighting the functional importance of this domain in POAG
pathogenesigFig. 1.2) [77] . Mutations in the first exon containing the coteall
domain account for the remaining glaucemducing mutations, and no mutations are
located in the second exon, which encodes a linker region between the two d@gains
1.2) [77]. According to the myocilin allele specific phenotype database
(www.myocilin.com), there are currently 79 known diseeaesing mutations located in
the OLF domain alongr8]. These mutations are generally associated with a juvenile or
earlyonset form of POAJ79], but patients with Q368Stop mutation typically have a

later adukonset[73]. Myocilin mutationslead to high IOP that frequently requires
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surgical intervention tananagethe glaucoma It is interesting to note that although
myocilin is such widely distributed in many tissues throughout the body as discussed
above, it is only associated with POAG, an eye disease.

Mutations in myocilin reducéts secretionin vitro and in vivo, resulting in a
reduction orabsence of myocilin in th€M of patients with glaucomassociatedMYOC
mutations[80]. Myocilin variantsaccumulate in the ER either as howlmomers or
hetereoligomers when cog@ressed with WT myocilifFig. 1.3B)[72, 81-86], resulting
in a significantly redued level of functional myocilin in the ECM of the T]&0, 8283,

86]. However,the reduced myocilin levels these tissues aret believed tacausethe
POAG phenotype, as both myocilin kneckt mice[6] and patients with the R46Stop
mutation do not acquire POA[B4]. Instead, sequestration of myocilin mutants in the ER
likely results in a toxic gahof-function, unrelated to the normal functiohmyaocilin [6].
These aggregates have been shown to be detergent ing8ible

Under normal homeostasis in the cell, molecular chaperones are present in the ER
to carefully monitor and assist proteins to their native conformations and continue on
their path to maturity and cellular trafficking. ER quality control mechanisms engire th
nascent proteins that fail to fold or assemble correctly are retained in tf@8ER is
believed that the quality control machinery of the ER recognizes general biophysical
properties shared by incompletely folded proteins, including exposed hydrophobic
patches, mobile loops, amdack of compactne$89]. If the protein continues to misfold
after multiple attempts of refolding, it igenerally targeted for degradation and
trangorted to the cytosol where it is rapidly degraded by an ubigmédiated
proteolytic pathway90].

In this ER associated degradation (ERAD) process, the aberrant protein must first
be extracted from the ER lumen to be degraded by the proteasome, &sepes
structure which requires the substrate to be unfolded to gain access into the active site

[90-91]. However, if the rate of synthesis of a protein exceeds the folding and

13



degradation rates of a cell, accumulation of the protein will o@2jr Mutations, as in

the case of myocilin, that interfere with protein folding as well as environmental factors
may exacerbate this problem and trigger ER stress respom particular, the unfolded
protein responsqUPR) induces the upregulation of genes encoding ER resident
chaperone$93-94] such as GRP78 (also called B{Pp] or protein disulfide isomerase
(PDI) [96]. Ultimately, programmed cell death is initiated if ER stress is not alleviated.

In myocilinassociated POAG, diseasausingvariantsof myocilin apparently
possessa folding defect and lead to aggregation in cells. For examguige Imyocilin
juxtanuclear aggregates have been observed within the ER of HEK and differentiated
primary human TM cell§97]. Sequestration of mutant myocilin triggers the UPR and the
apoptotic pathwa)[{83, 86, 98] characteristicof an ER storage disease. Both the
molecular chaperone GRP78 and the folding enzyme PDI have been shown to be up
regulated in HTM cks expressing mutant myocilifd3, 84] Aggregation of mutant
myocilins in cultured HTM cells leads to a deformed cellular morphology and diminished
cell proliferation [84]. The subsequent breakdown of TM cell structure leads t
obstruction of aqueous humor outflow pathw@R], ocular hypertension, and,

ultimately, POAG17].

1.3.1Potential Myocilin-POAG Therapy

Many diseases are the resultarhino acid substitionsin a protein leading to
either a lack of functional protein (the result of ERAD) and/or due to toxic effects of the
misfolded protein or aggregates. This may directly or indirectly influence the atfility
the cellto function properly andanleadto cell deaththrough apoptosiDisordersthat
fall into this general patterare referred to as ER storage disorders (ERSDQshore
broadly, protein conformational disorders (PCDO4)0]. Furthermore, both intraand

extracellular potein aggregateare hallmarlks of many neurodegenerative disorders as
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wel |, including Al zhei mer 6s di s,ambosenf- Par ki

function disorders such as lysosomal storage disoftiets.

PCDs areprimarily the result of missense mutation(s) in a gene that leads to
altered protein behavior, aberrant cellular or extracellaletivity, and detrimental
downstream effects that ultimately manifest in disease. However, ofidhgsedisease
causing mutations do not seriously compromise the global fold of a protein, but rather
lead to local perturbations that are recognized byBRequality control system, as is
predicted to be the case for myocilin. We, and oth&s 97] have hypothesized that if
myocilin aggregation in the ER can be alleviated, either by stabilization of mutant protein
to facilitate folding and secretion or to promote a more efficient dajom mechanism,
the dysfunction of TM cells due to cytotoxicity could be relieaad delaythe onset of
clinical symptoms. Support for this therapeutic approach comes fromasst assays
where growth at lower temperatures allowed secretiortesfain mutant myocilins,
suggesting that when protein production is slowed, toxicity is red{icgd97] In
conjunction, addition of nonspecific chemical chaperones such as glycerol, 4
phenylbuyrate[102], and trimethylaminé\-oxide (TMAO) [103] improves secretion of
mutant myocilin

Pharmacolgical chaperones (PCs) hold promisalagy candidatesincetheyare
developed as selective and potent bindersheir target proteinThey are effective at
lower concentrationsthan chemical chaperone§l04]. These small molecules are
typically substrates, inhibitors, ligands, or variations thereof. Theylesgned to be
cell-permeable and capable of binding to endogenous mutant ptoteimferenhanced
thermodynamic or kinetic stabilitygnd allow increased traffickingrom the ER, thus
alleviating ER stress and restored protein functP@. therapy has been proposed and
investigated as a potential treatment for many genetic disorders that result from misfolded
and/or unstable proteirj&05], and partial or complete restoratiohthermal stabilityoy

PCs have been shown for numerous types of mptatein, including secreted proteins,
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transcription factors, ion channels, G proteoupled receptors, and lysosomal enzymes
[106]. A similar approachfor myocilin may lead to a thapeutic compound, bus
currenty unachievable due tbmited structural and functional studies of which to base

PC design.

1.4Thesis Objectives

1.4.1Chemical Chaperone Rescue of Mutant Myocilin Stability

Although one of the major challenges to studyimolecular properties of
myocilin has been the difficulty in recombinant expression of a soluble;beklved
species, we have overcome this limitation. We developed a newyieighexpression
and purification system for the-t8rminal region of myodih (myocOLF) comprising
the OLF domain fused to maltose binding protein (MBP) and representative glaucoma
causing mutants. We also developed a facile fluorescence thermal stability assay without
removal of MBP to gain insight into the biophysical chanasties of WT and mutant
myocilins. This system was also employtedidentify chemical chaperones that thermally
stabilize the mutant proteins. Our results provide the first direct evidence that mutated
OLF is folded but less thermally stable than WT. Tatagether, our results set the stage
for studies to further evaluate the nature of the aggregated myocilin species as well as to
identify therapeutic compounds that both exert a specific stabilizing effect on myocilin

and enhance mutant myocilin secretiorcells.

1.4.2Biophysical Characterization of the Olfactomedin Domain of Myocilin

The objective of this study is to probe the molecular properties of 4@yécto
gain insight into its function and structure, and we report the first detailed solution
biophysical characterization. This work places the OLF domain for the first time in the

context of other known proteins. The data presented here inform new testable hypotheses
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for interactions with specific trabecular extracellular matrix componentsiayassist

in design of therapeutic agents for myocilin glaucoma.

1.4.3Application of SYPRO® Orange, a Fluorescent Hydrophobic Dye, for a High
Throughput Ligand Binding Assay for Proteins of Unknown Structure and/or
Function, such as Myocilin

Due to the lack of specific knowledge tbfe function and structuref myocilin,
we sought to develop and validate a higfoughput chemical stability assty identify
ligands and potential drug candidatessed on the premise that ligand binding confers
conformational stability to its target protein. Since this ligamtlced stability is a
general property of proteins, our assay may be adapted essentially to any soluble protein,
regardless of prior knowledge of structure and/or funcfidre chemical stbility assay
was verified using MBP as a model protein, and stabilization upon ligand binding
occurred in a dosdependent fashion. Wbc-OLF, theprotein of therapeutic interestas
stabilized in a similar manner with the TMA@ known osmolyteOur assg not only has
identified the first potential therapeutic compounds, but may also generate insights into

myocOLF function.

1.4.4Characterization of Amyloid Fibrils Formed by Myocilin

Although emerging clues to the pathogenesis of myemililuced inheted forms
of glaucoma have come to light in the past decade, little progress has been made towards
understanding the molecular mechanisms that leapdoadicglaucoma, which may be
due in part to the heterogeneity of the disorder. In this work, wellpisaught to
characterize the aggregated form of my@ic- and found that both WT and mutant
forms of the protein form amyloid fibrils, similar to proteins in other PCDs described
above. These fibrils may be created under a variety of conditionsgitro and

fibrillization occurs in a nucleation dependent, gelipagating manner. Furthermore,
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mutant myocilin expressed in mammalian cells forms intracellular aggregates containing
amyloid fibrils. Taken together, this work provides new insights into myoahd

suggests a novel molecular based hypothesis for pathogenesis.

1.4.5 The Acid b-Glucosidase Active Site Exhibits Plasticity in Binding 3,4,5;6
Tetrahydroxyazepanebased Inhibitors

In a related study, small molecule drug candidates were investigate@t@cid
b-glucosidase (GCase), the deficient lysosomal enzyme in Gaucher disease, another
protein conformational disorderThese small molecules, callegharmacologial
chaperons, have largely been actiwg@te-directed inhibitors of acidb-glucosidase
(GCase), the deficient lysosomal enzyme, usually containing fvesixmembered
rings, such as modified azasugars. Here we extend the scaffold tonsendsered
nitrogenrrcontaining heterocycles (3,4,5é@rahydroxyazepanes) with or without alkyl
ether substructures. Comparison of crystal structures reveals that the core azepane
stabilizes GCase in its proposed active conformation, whereas binding of an analog with
a hydroxyethyl tail creates a conformation of GCase in which the active site is covered.
Although all compounds thermally stabilize GCase at pH 7.4, reflective of the pH in the
ER, only the core azepane is a micromolar competitive inhibitor and exhibits increased
activity for the neuronopathic G202Bnd the nomeuronopathic N370Snutant GCas
enzymes in an intact cell assay. Thus, the core azepane scaffold is a candidate for
pharmacological chaperone development. The plasticity of the active site of GCase
observed in binding azepanes offers a strudbased route to the design of second
geneation azepanes and more generally, insight into the possible molecular determinants

for an effective pharmacological chaperone for Gaucher disease.
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CHAPTER 2
CHEMICAL CHAPERONE R ESCUE OF MUTANT MYOC ILIN

STABILITY

2.1Introduction

Open angle glaucoma (OAG) is a recent addition to the family of protein
conformational disorders that includes cystic fibrosis, Alzheimer diseaseelab@d
cancers, and lipid metabolism disorders such as Gaucher and Fabry diseases, among
others[107]. OAG, the most common foref glaucoma that affects ~70 million people
worldwide, is a complex and heterogeneous disease characterized by irreversible vision
loss often associated with elevations in intraocular pre4d08109]. The molecular
and physiological mechanisms that lead to intraocular pressgrease 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[110-111]. In the last 10 years, significant progress has been made in
idertifying causative genes that account for inherited, autosdorainant glaucoma
cases. Genes for three protein products, myocilin, optineurin, and WD36, have been
linked to familial forms of OAG. Of these, mutations in myocilin are by far the most
common,accounting 183% of the juvenile (35 years of age and younger) ad#o3f
all adultonset OAG casd408].

Myocilin is a ~% kDa glycoprotein expressed in ocular tissues, as well as
throughout the human bod¥%10]. Myocilin contains four main regions: (1) a secretion
signal sequence, (2) a linker with a putativglMcosylation site, (3 coiledcoil/leucine
zipper for multimerization[112] and interactions with certain extracellular matrix
protens[113-115], and (4) a ~30 kDa olfactomedin (OLF) domain in which the majority

of genetic lesions leading to OAG are located. The explicit biological functions of
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myocilin and the OLF domain in any human tissue have not been identified, bubra maj
proposed function for myocilin in the eye is structural participation in the trabecular
meshwork extracellular matrix believed to limit the migration of human trabecular
meshwork (HTM) cells[116]. Accordingly, myocilin is expressed at relatively high
levels in[117], and is secreted frofl10], HTM cells. More generally, emerging roles

of OLF domains include involvement in adhesion as well as neuronal growth, as well as
in development in the mammalian brgihl8119]. The prevalence and sequence
conservation (~6@0% icentity among mammalg)l20] of OLF domains among higher
eukaryotes underscores the need for additional structural and functional studies.

Recent evidence supports a toxic gafrfunction disease mechanism for mutant
myocilin. Mice heterozygous and homozygous for a myocilin krmdkallele[121] and
human individuals with myocilin truncation mutations near thtefhinus[122] do not
exhibit ocular abnormalities. Instead of secretion to theaeellular matrix, mutant
myocilins have been shown to accumulate in the endoplasmic reticulum (ER) of HTM
cells with toxic consequenced23-124] In celtbased assays, growth at lower
temperatures enables secretion of mutant myocilins, suggesting that when protein
production is slowed, toxicity is reduc¢ti24-126]. In addition, the ability to rescue
secretion of mutant myocilins at permissive temperatures indicates that these myocilin
variants likely retain a nativiikke threedimensional structure, but have compromised
stability due to a local perturbation caused by the mutation. At lower temperatures,
conformational variability ixpected talecrease, as the protein is further away from its
temperature of unfolding.

Proteins like mutant myocilins that are foldedthre ER are prevented from
continuing further along the path to protein maturation and cellular trafficking if they are
not folded correctly. A collection of prot
features/flaws in a newly folded protein, sushttaose in disulfide bonds, and a misfolded

protein is then either refolded to its native state, or targeted for degradatitjn Even
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minor defects in structure remote from a functional site of the protein cannot escape the
highly redundant, tightly regulated ER quality control system that can detect exposed
hydrophobic patches in soluble proteins, mobile loops, and general reducpactoess,

i.e. biophysical propertied28]. ER quality control does not test newly folded proteins
for function, which may be preserved for a missemsgant that retains a natii&e
structure.

If mutant proteins are not cleared efficiently from the ER and instead are
accumulated, cellular stress responses are provoked, which may predispose cells to
additional pathological events. In particular, feefive clearing of mutant myocilins
leads to aggregation, cell stress and eventually déa®, 125, 129131] HTM cell
dysfunction death is thought to lead to a compromised matrix unable to properly control
eye pressure, and eventually, thenadt degeneration characteristic of glaucoma. Thus,
the pathophysiology is not linked directly to abolished intrinsic function, but first to a
defect in protein stability, then to a defect in cellular trafficking, ER stress, and finally to
reduced functiomf the trabecular meshwork.

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 diseas¢$32-133]. 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 onsetlioical symptoms
[134]. In the case of mutant protsiwithout 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.

To lay the foundation for ideffication of small molecules capable of stabilizing mutant
myocilin, we developed a higjield expression and purification system for the C
terminal region of myocilin (mye©LF) comprising the OLF domain and corresponding

representative glaucon@ausing mitants. One of the major challenges to studying the
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structural and biophysical properties of myocilin to date has been the difficulty in
recombinant expression of a soluble, wedhaved species. We also developed a facile
fluorescence thermal stabilitpssay andused this system to gain insight into the
biophysical characteristics of witype and mutant myocilins and to identify chemical
chaperones that thermally stabilize the mutant proteins. Taken together, our results set the
stage for studies to filrer evaluate the nature of the 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.

2.2 Results and Discussion

2.2.1Expressionand Purification of Wild -Type Myoc-OLF

We have focused on the myocilin OLF domain primarily because this is the
location of 90% of all known glaucontausing mutations
(http://www.myocilin.com/variants.php).  Other benefits to studying the isolated,
compat OLF domain include lack of oligomerization due to the presence of the-coiled
coil/leucine zipper region and complex disulfide pattefhs2]. Myoc-OLF domain
harbors no predicted glycosylation sites and has a single disulfide [h&8d 135]
supporting the hypothesis that the domain expressed in a soluble recombinantEorm in
coli will be structurally similar to that of the human protein produced in trabecular
meshwork ce8.

A major challenge to the study of myocilin is its known propensity to aggregate.
Insoluble myocilin inclusions have been observed for both overexpressed wild type
myocilin in Drosophilaeyes[131] as well as mutant myocilin in mammalian cell culture
[129], 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, purification and characterization of myocilin and/or the
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OLF domainin a soluble form using heterologous hosts sucP.agastoris[135], Sf9
insect cell§136], 293 EBNA cellg113], or refolded fronE. coliinclusion bodie§137-
138]. Thus, to date, experiments conducted on myocilin and/or OLF were limited to
concentrations of 0.06.1 mg/ml, and aggregation was observed at higher concentrations
[113].
We overcame the challenge of recombinexpression and generated a soluble
OLF construct that can be produced at high yield (~2 mg purified protein /L culture),
purified to homogeneity, and concentrated to at least 10 n¢fing. 2.1A) by fusion to
MBP via an 8 amino acid linker. The linker waasigned with a Factor Xa cleawasijte,
enabled by subcloning mydeLF from the pET30 XaLIC vector (see Methods). Thus,
the linker length and position of the cleavage site are different from the commercial
pPMAL vector. The ability of MBP to facilitatgroper folding and improve expression
levels of difficult proteins irk. coliis well documentefL39], and the short linker design
can help prevent aggregation of a fused protein without affecting its three dimensional
structure[140]. Indeed, our final MBFOLF fusion protein proved superior to other
longerlinker fusion constructs we tested, in which the purified protein wasluted
with the E. coli folding chaperone GroEL (identified by Western blot and trypsin
digest/mass specimetry). Expression levels of wilype (and mutant MBI®OLF, see
below) were increased, and GroEL was eliminated, with the use of theodoa
correcting Rosettgami2 E. colistrain, rich media, and growth after induction at 18°C.
Cytosolic MBROLF, purified initially by amylose affinity chromatography, is a
mixture of aggregated, monomeric MBR_F, and MBP (identified by Western blot and
trypsin digest/mass spectrometry) likely from cleavage by cellular proteases or
incomplete translation. Fractiaiman by sizeexclusion chromatography (Fig2.1B)
reveals these three species. An elution peak with a retention time corresponding to the ~

72 kDa MBROLF monomer is isolated. This fusion protein retains a disulfide bond
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Figure 2.1. Protein purification. A) SDSPAGE analysis of purified MB®LF (WT)
and cleaved myeOLF. Left: lane 2, purified, concentrated (monomeric) MBEF
(WT) (72 kDa, ~10 mg/mL). Right: lane 2, cleaved myoicF (~31 kDa, ~0.5 mg/mL).
B) SEC of MBROLF WT) displaying aggregatt MBROLF and monomeric MBR®LF.
C) SDSPAGE analysis of purified MB®LF mutants. Land, MBP-OLF (D380A);
lane2, MBP-OLF (1477S); lane 3, MBROLF (1477N); and lane AMBP-OLF (K423E).
Low levels of MBP (~40 kDa) do not impede thermal stability measents (see text).

Gels include molecular mass standards as lane 1.
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(Table 2.} composed of the only two cysteine residues, which are found in the OLF
domain

The second distinct peak is in the void volume, indicating an aggregated species is
present. The relative intensity of this cytosolic aggregate peak compared to monomer is
not sensitive to time incubated at@, a freezeghaw cycle, or concentration (not shown).

In addition, neither the monomeor aggregate requilibrates to the other speciésach

is reloaded separately onto the size exclusion column 2&2y. By SDSPAGE under
reducing conditions, the aggregates appear identical to monomerieQUBRFig. 2.2,

inset). The aggregated material comprises a broad spectrum of molecular mass as
assessed by fractionation on a Sephacryd0& column designed to fractionate
significantly larger macromolecules. The relationship of this high molecular weight
aggregate species isolated fron coli cytosol to inclusions observed in cellular
glaucoma wdies[131, 141]is not known at this time, but could be further evaluated in
the context of improper disulfide bond formation as well as the observeddtsghet
content for OLH135], and its predited amyloid propensitji42].

Finally, as a consequence of the shorter link, accessibility of Factor Xa to the
cleavage site is somewhat compromised. Efficient cleavage for monomerigypéld
MBP-OLF is observed after overnight incubation at 37°C, whereas almost no cleavage
occurs at roontemperature. Cleaved wilype OLF can be isolated from uncleaved
MBP-OLF and MBP by amylose affinity chromatography, and appears as a purified
monomer (~ 31 kDa) after gel filtration (Fig.1A). Cleaved wildtype OLF is weH
behaved. No visible preatption is observed for monomeric cleaved OLF concentrated
to over 5 mg/rh, and no appreciable aggregation or degradation is observed by either
size exclusion chromatograploy SDSPAGE, even after prolonged incubation at 4 °C

(Fig. 2.2).
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Table 2.1. Characterization of disulfide bonds in OkcBntaining proteins in this study.
The thiokmodifying reagent ThioGlo® 1 only reacts with GkBntaining proteins when
the reducing agent TCEP is added. Thus, OLF retains the single disulfide bond in all

proteinscharacterized.

Sample Fluorescence Intensity (513 nm)
Cleaved myoeOLF 05+0.3
Cleaved myo€LF + TCEP 55.7+2.6
MBP-OLF 09+0.1
MBP-OLF + TCEP 46.6 + 3.1
MBP-OLF (D380A) 09+0.2
MBP-OLF (D380A) + TCEP 45.0+2.0
MBP-OLF (1477S) 0.7+04
MBP-OLF (1477S) + TCEP 60.9+1.9
MBP-OLF (1477N) 15+£0.3
MBP-OLF (1477N) + TCEP 719+15
MBP-OLF (K423E) 0.6+0.2
MBP-OLF (K423E) + TCEP 60.5+2.8
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Figure 2.2 Characterization of OLF and mutants by SEC. A) Aggregates purified as

in Methodsthat are reloaded onto preparative Superdex 75 column do not disaggregate

into monomers. Inset: Fractionation of aggregates on-BBGE under reducing

conditions yields monomer MBBLF (~ 72 kDa). Right: molecular mass markers (kDa).

B) MBP-OLF monomers pified as in Methods that are reloaded onto analytical

Superdex 75 column do not equilibrate to aggregates to any appreciable extent.-C) MBP

OLF(wt) and cleaved MYO®@LF incubated at 4 °C for over a month do not aggregate

to any appreciable extent.
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2.22 Expression and Purification of Mutant Myoc-OLF

The four mutant myocilins selected for this study are well documented in the
literature both in terms of prevalence among glaucoma patients as well as aggregating
behavior in cells. The myocilin mutants selected represent mild (D38d@8), moderate
(1477S)[144], and severe phenotypes ((141IK5], K423E[146]), as well as changes in
size, polarity and charge. The locations of these mutations within the three dimensional
fold of OLF are not currently known, but they do not interfere with disulfide bond
formation (Table2.1). In cellular studie$125-126], both D380A and 1477S mutant
myocilin secretion could be rescued by low temperature culture, whereas little or no
secretim could be rescued with 1477Nor K423Emutant myocilin.  The latter two
mutants are also observed as aggregates in the ER, and induce the unfolded protein
respons¢l23, 131](Summarized in Tablg.2).

Given previous cellular studies on these mutant myaocilins, it was not clear from
the outset whether soluble, recombinant expression of any mutants would be achievable,
but expression and purification of MBPLF mutants followed closely that of wilype
MBP-OLF (Fig.2.1c), with similar yields (~1 mg purified mutant MBPLF/ L culture).

All experiments with MBPOLF mutants were conducted well within a week of
purification. Like wildtype MBROLF, three species were isolated by gel filtration, but
based orpeak height, the amount of aggregate mutant MBF in the void volume
relative to that isolated in a monomeric form, varied from ~1084 for wild type MBR

OLF, 3.4+ 0.2 for the D380A OLF domain mutant (MBPLF(D380A)), 12.1+ 2.1 for

the 1477N (MBROLF(1477N) and 14.2+ 2.0 for the 1477S mutan{MBP-OLF(1477S),

and 33.4t 3.6 for the K423E OLF domain mutant (MBPLF(K423E)). Like wildtype
MBP-OLF, these ratios were unaffected by protein handling or concentration loaded onto
the Superdex 75 column.ft&r purification, prolonged incubation at 4 °C leads to
degradation of the OLF domain of the MBR.F mutants as observed by SPBGE

(not shown). Furthermore, we do not observe appreciable interconversion between
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Table 2.2 Summary of solubilization anskecretion behaviors reported for select mutant

myocilins of relevance to the current stéidy

Mutation  Glaucoma In vitro Secretion from 37 °C  Secretion from 30 °C ER
phenotype solubilization culture HEK293 culture HEK293 retention
[147] [125)/HTM [126] [125)HTM [126] [84, 131]
D380A Mild + +/- +/+ n.d.
1477S Moderate - -/n.d. +/n.d. n.d.
1477N Severe - -/- +/- +
K423E Severe - -/- -/- +
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soluble aggregates and monomer (F&j2). Taken together, there appears to be
considerable inherent aggregation propensities in spite of isolation frork. tlceli
cytosol. After incubation with Factor Xa using conditions used for NIBF, only the
cleaved MBP could be isolated, suggesting mutant OLF had degraded at 37°C. To date,
Factor Xa cleavage could not be further optimized to isolate the mutant OLFslaCircu
dichroism spectra of the purified monomeric MBRF mutants exhibit the expected

mi xture of t h-lkelical MBPd(mimmarata2@8; 223 nmYJand predominantly
b-sheet previously reported for OLUE35](minimum at 217), with some variation in

overall intensity indicative of primarily local changes in structure (ER).

2.2.3Thermal Stability Assay

The ability to express and purify sitirected MBROLF mutants inE. coli
similar to wildtype, combined with similar CD signatures, suggests that these mutants
are folded and retain a natiike three dimensional structure at or below room
temperature.Thus, we developed a stability assay to compare-tydd OLF with that of
mutants using a method that could be applied in a-thighughput fashion to test many
mutants and stabilizing compounds. For this reason, we also preferred an assay that
minimized protein amount and concentration requirements. The fluorescence thermal
shift assay described originally for screening buffer conditions and stabilizing compounds
[148] meets these criteria and was adapted to compareypidto mutant OLF

The fluorescence thermal shift assaesl a real time (RTPCR instrument to
conduct a slow melt while measuring fluorescence. The excitation and emission settings
of the RFPCR instrument are compatible with Sypro Orange, a dye known to bind to
hydrophobic regions of proteins, which becomeréasingly exposed as the temperature
of the proteirdye solution is raised. ThenTis determined as the midpoint of the
transition given the upper and lower limits of the fluorescence signal, and assumes a two

state transition. Although other studiessng fluorescence thermal shift assays have
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explored protein stability as a function of buffer conditions or ligd#®-150], and a
variant library of Rop, a well studied 14 kDa fehelix bundle[151-152], our study
appears to be a novel application of the fluorescence stability assay to an explicitly
aggregatiorprone domain with disease relevance. This was accomplished by adapting
the fluorescence thermal stability assay to the MBHF fusion protein.

The fluorescence stability assay provides a reproducible, precisé& {€£Table
2.3), and convenienvay to measure relative protein stability. The assay was used first to
evaluate the melting temperaturenfTof cleaved, wildtype OLF, which exhibits a
reproducible transition at 52.7 £ @@ at neutral pH (Fig2.4A). To expand the assay to
include mutant MBFOLF fusion proteins, which cannot be cleaved with Factor Xa, we
examined next the thermal stability of MBP alone (RgB) and compared wildype
MBP-OLF and cleaved OLF each with and without maltose (E#A, C). Apo MBP,
which was isolated after Factor Xa cleavage of sgjge MBROLF, exhibits a transition
at 56.1°C, and the addition of excess maltose shifts th¢oT67.1°C. These values are
somewhat lower than those obtained for MBP fifencoli K-12 by differential scanning
calorimetry (~ 64 C without and ~ 72C with maltose at neutral pH)53-154], but two
amino acid sequence differences and the additiortakr@inal linker may contribute to
this discrepancy. Wildype MBROLF without maltose exhibits a broad melting
transition with a |, of 51.8°C. With maltose, two discrete transitions are observed for
wild-type MBROLF, one at 52.7C and the other at ~67C. The former transition
overlaps well with cleaved OLF (Fig.4A), and indicates that the first transition in the
MBP-OLF fusion protein correspals to the OLF domain. Compared to results with
MBP, the second transition in MBBLF with maltose present is likely MBP with bound
maltose. Notably, addition of maltose to the cleaved-tyide OLF sample does not
alter the T, (Fig. 24A). Taken togethr, these experiments establish that in the presence
of maltose at pH 7, the melting of MBP is independent of the OLF domain, ang tfe T

the OLF domain is not affected by the presence of either MBP or maltose.
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Table 2.3.Effects of osmolytes on proteinnvestigated in this study.

Protein +Betaine pr, +Glycerol pr,, +4-PBA* pr, +Proline pOr, +Sarcosine pDr, +Sucrose DI, +TMAO [OT,
only

MBP-OLF 527+ 59.6% 6.9 56.0+1.2 3.3 555+05 2.8 57.2+ 45 652+ 125 64.3+ 106 64.1+ 11.4
0.80 0.8 0.3 0.6 0.1 0.7

MBP- 46.7+ 508+ 4.1 495+02 238 472+01 05 499+ 3.2 583% 116 54.2+ 75 556+ 8.9

OLF(D380A) 0.5 0.2 0.2 0.6 0.7 0.9

MBP- 419+ 480+ 6.1 451+0.2 3.1 426+0.1 0.7 453+ 34 540+ 12.0 50.7 8.7 527+% 10.7

OLF(1477S) 0.5 0.6 0.3 0.4 0.2 0.8

MBP- 40.1+ 451+ 4.9 43.7+04 35 41.4+04 1.3 438+ 3.7 525+ 124 50.3% 10.2 50.1+ 9.9

OLF(1477N) 0.8 0.7 0.9 0.3 0.9 0.8

MBP- 405+ 459+ 5.4 426+02 2.0 38.9+04 -16 427+ 21 486+ 8.1 463+ 5.7 488+ 8.3

OLF(K423E) 0.1 0.6 0.7 0.6 0.5 0.7

MBP 671+ 713% 4.2 68.2+04 1.1 66.2+0.1 -0.9 69.8+ 27 751+ 8.0 726+ 55 744+ 7.3
0.3 0.6 0.6 1.0 0.8 0.1

%5 mM 4-PBA.°5 M TMAO.
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In comparison to wildype MBROLF, all four MBROLF mutants tested were
desabilized, but retained a discrete melting transition expected for a folded protein (Fig.
24D, Table 2.3). The transitions for MBP overlap well (not shown), reinforcing the
independence of the two protein domains in the assay. -OIBRD380A), which is
as®ciated with a mild glaucoma phenotype, exhibited the highest melting temperature
(46.1°C) of those tested in this study. 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’@7125] and largely secreted at 3G [125
126]. MBP-OLF(1477S), associated with a moderate myocilin glaucoma phenotype,
showed the next highest, Bf 41.9°C, while the remaining two mutant proteins exhibit
similar melting temperatures to each other, neatCl0Given that the taperature of the
anterior eye is ~ 38C [155], a significant population of unfolded, aggregation prone
mutant OLF domain is expected to be present. MBI (K423E) exhibits a weak pre
transition prior to themajor 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 wih disease phenotype will require the assessment of the stability of
numerous other diseasausingmyocOLF mutants, which is beyond the scope of this

study.

2.2.4Stabilization of Wild-Type and Mutants of MBP-OLF with Osmolytes

A shift of the population to a more stable, natiike, folded state of myocilin
could bean effective therapeutic intervention for myocilin glaucoma. One practical
therapeutic avenue would be to stabilize mutant myocilin with small molecules delivered
topically to the anterior region of the eye. Compounds of therapeutic interest for
myocilin could include those with general stabilizing ability called chemical chaperones,

or those that are tailored to bind a particular target, which are called pharni@aolog
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chaperone§l56]. There are several ways that a chaperone may help tedfobteins,
both wild-type and mutant, meet the ER quality eohtequirements, which include both
thermodynamie and kineticbased mechanismdzor example, the chaperone could (1)
accelerate folding, reducing the chance thatiit me recognized as unfolde(®) bind

and stabilize a fully folded protein so thaisitless likely to unfold or to be recognized as
misfolded; (3) stabilize the protein for pdsanslational modification (e.g.,
glycosylation) or interaction with a binding partner required for proper trafficking; or (4)
all or some combination of the alm

Numerous studies on potential pharmacological chaperones are focused on
thermodynamic stabilizatiofil57-160]. Even transthyretin, in which the chaperones
ultimately decrease the rate of pathogenic amyloid fibril formation, the tetrameric state of
protein is stabilized161]. Thus, drawing upon these examples, we believe that an
important feature of a therapeutiompound for myocilin glaucoma will be restoration of
mutant myocilin stability to near wiltype levels. We further suggest that therapeutic
agents should not just enable mutant myocilin to pass ER quality control and be secreted
from HTM cells, but shold also prevent myocilin from aggregating in the ECM. The
latter effect could also include promoting proper profaiotein interactions that
maintain ECM integrity.

As a starting point for this approach, and for proBprinciple that mutant
myocilins can be stabilized, we selected a subset of chemical chaperones called
osmolytes, low molecular weight agents found in nature that improve protein homeostasis
in eukaryotic cells in response to osmotic stfd€?2]. Osmolytes exert a stabilizing
force on proteins not by direct 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 bidmone with the osmolytdch environment[163-166].
Osmolytes are of particular interest for forced folding of biologically important proteins

that are intrinsically unfoldefll67]. In this study, we examined the effects of betaine,
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glycerol, proline, sarcosine, sucrose, trimethylamineoxie (TMAO), and 4
phenylbutyra¢ (4PBA) on myocOLF and MBROLF mutants (Fig.2.5). TMAO in
particular is known to counteract urea unfoldj§8]. The last compound-BBA, is not
explicitly an osmolyte, but is a chemical chaperonginally identified for treatment of

urea cycle disorders. -BBA has also been evaluated as a treatment for cystic fibrosis
because it enables cellular trafficking afmutant transporter caught in an intermediate
folding state[133, 169] Although these compounds do not necessarily binchyoc

OLF as ligands, any that are found to stabilize myocilin arprinciple 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 stabilizing agents on MBP alone, wild
type MBP-OLF, andmyocOLF, at several concentrations of chemical chaperones. As
expected, there is a concentration dependence of the chaperone on the extent of
stabilization. We chose to focus on assays in the presence of 3 M chaperone, except for
4-PBA and TMAO where indicated, based on previonsvitro studies[167-168, 170
171], ease of preparing solutions, and significant stability enhancement observed (Table
2.3, Fig. 25). Comparison of wildype MBROLF and cleaved OLF (not shown)
reveals only a small difference (~0.3°C) in melting temperature for all compounds tested;
thus, we report in Tabl2.3 only the results for MBR®OLF and corresponding mutants.

In addition, compared to MBPLF, theextent of MBP stabilization is generally lower
magnitude (Tabl2.3). In sum, the comparison of mutant MBR.F stability reflects the
effect on thenyocOLF domain alone.

The effects of the seven chemical chaperones ontyplel myocOLF rank as
follows: sarcosine ~ TMAO ~ sucro§®10°C) >> proline ~ betaine glycerol (24 °C)
> 4-PBA (~ 0°C) (Table2.3, Fig. 25). Given that osmolytes confer only limited
stability to proteins via side chain effe¢1$3], the degree of stabilization of theutants

should be relatively consistent with that of wilgpe myocOLF. Notably, sarcosine, a
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zwitterionic, methylated analog of glycine that is highly stabilizing, is structurally similar
to the less effective bahe and proline, illustrating the complexity of protein
stabilization by osmolytes.

Sarcosine, TMAO, and to a lesser extent sucrose, were highly effective at 3 M in
improving mutant MBPOLF stability. For MBPOLF(D380A), stability to better than
wild-type (Fig.2.5B) was achieved for all three osmolytes, a result that may not be
surprising given that th®T,, between wildtype MBROLF and MBROLF(D380A) is
smaller than th®T, of wild-type MBROLF with the same osmolytes (Tall8). For
both 1477 variats (Fig.2.5C, D), sarcosine gave the highd3t,,. Consistent with the
proposed stabilizing mechanism of osmolytes, the OLF domain is not sensitive to side
chain at this position, as it is stabilized to the same degree when substituted with either
the smd serine or similassized asparagine side chains. By contrast, MRIF(K423E)

(Fig. 2.5E) is relatively resistant to stabilization by chemical chaperones. For each, the
extent of stabilization of MB®LF(K423E) was less than for wikype and the other
three mutants. Even in the presence of 5 M TMAO, theduld only be increased to a
value between wildype and MBPOLF(D380A) without osmolytes (Table.3).
Moreover, transitions observed for MBBLF(K423E) with TMAO and sarcosine, while
shifted consideably, 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 emerging evidence for more
compact protein structuréa osmolyte solutiong172], which is expected to be most
challenging to accomplish for the charge inversion in MBH-(K423E).

Compared to the transitions observed ésmolytestabilized wildtype MBR
OLF, all of which appear to have the same shape, those of the corresponding melting
curves for mutants differ. In some cases, it was challenging to establisanprg@ost
denaturation baselines, which were either broadvery short. This difficulty in

evaluating the melting temperature of marginally stable proteins is docunjg#é#@d A
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shallow, broad préransition is observed for MBBLF(D380A) with proline and
TMAO, whereas the remaining osmolytes follow closely the shape of the curve in the
absence of osmolyte (Fig.5B). Pretransitions are also apparent for MBR.F(1477N)
in the presence of glycerol and sucrose, which are both polyols2(by). Conversely,
sharper transitions are seen for MBRF(1477S) in the presence of sarcosinenpared
to other osmolytes. These comparisons do not directly inform an unfolding pathway, but
suggest a deviation from assumed {state behavior of a single domain unfolding. For
example, an unfolding intermediate may exist in which the mutated ressdue
accommodated by nemative interactions prior to full domain unfolding. Alternatively,
two subdomains may exist within OLF, one of which is stabilized better by the osmolyte
than the other. In sum, the effects of osmolytes, which are generallydoetiebe 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 achievabl

Our stabilization results differ from previous cellular trafficking studies using
green fluorescence protein (GRRpged mutant myocilin (C245Y, G364V, P370L,
Y347H) [173] or peptide epitope (FLAG tag, used in D380N mutant myocjLiTy].
These studies monitored secretion in the presence of a single concentration (mM) of
glycerol [173], 4-PBA [173] or TMAO [173] by immunopreipitation/ Western blot of
myocilin in the media, in combination with immunofluorescence to detect myocilin
retained in the ER. Chaperone®#BA and TMAO showed a modest increase (~ 2x) in
secretion. In cell studies, however, chemical chaperones canstahilizing effects on
numerous proteins, such as those involved in stress or the unfolded protein response, so
they do not establish a direct stabilizing effect on myocilin. Whereas no effect on
secretion was seen with glycerol in cell studi#s3], this polyol results in a modest
increase in mutant OLF stability, albeit at much higher concentrations that were not

tested in cells. In addition, in contrast to tfedd rescue of mutant myocilin secretion
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observed with 4’BA, this compound had no direct stabilizing effect on viyide myoc

OLF in vitro at low mM concentrations, and was strongly destabilizing above 10 mM
(not shown). Only TMAO appears to both stabilize in our system and promote secretion
from HTM cells, alhough the effects were observed with different mutants. This limited
comparison stresses 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 develping a new treatment for myocilin glaucoma.

In conclusion, we have produced in soluble form and purified in high yield wild
type and four glaucomeelated mutantmyocOLFs as MBP fusion proteins with a short
intervening sequence. This advance enableadaptation of a facile stability assay for
OLF without removal of MBP to both compare stability among mutants and examine the
relative effects of chemical chaperones. All OLF mutants tested here are destabilized
compared to wiledype myocOLF, includungD380A, which is associated with a mild
OAG phenotype. Wildype and mutant OLFs are stabilized by osmolytes, with several
compounds capable of restoring mutant myocilin stability to an extent neatypdd
Our results further suggest that screeningaaty of potentially stabilizing compounds
first against wildtype myocOLF, either as the readily available MBP fusion or in the
cleaved form, will identify compounds of potential therapeutic interest that can then be
tested in a more focused way on nmitanyocilins associated with inherited OAG. These
initial stability tests can then be followed by cellular studies to test for enhanced
secretion. Small molecules capable of stabilizing myocilin hold promise for delaying the
associated autosoradbminant inherited forms of glaucoma, for which no specific

treatment currently exists.
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2.3Methods

2.3.1Molecular Biology

The OLF construct of the myocilin genenfocOLF) was first amplified (5
PRIME Master Mix, Fisher Scientific) from a plasmid reportedvimesly [147] and
annealed into the pE30 Xa/LIC vector (Novagen). Attempts to express the pET
30Xa/LIC OLF plasmid inE. coli did not yield sufficient soluble protein (not shown).
OLF was then amplified from pEBO Xa/LIC (retaining the Merminal Factor Xa
cleavage site) and ligated (Roche Quick Ligation Kit) into the pMAk vector using
Sacl and EcoRI (New England Biolabs) restriction sites, respectively. Primers used are
listed in Tdle 2.4 The final pMAL-c4x construct incorporates ara&ino acid linker
between MBP and OLF (SSSEIGR), where the Factor Xa cleavage sequence is leftover
from pET-30 Xa/LIC. After transformation into NovaBlue Gigasingles (Novagen) and
overnight growth, te plasmid was isolated (Qiagen QIAPrep). Four mutant MYOC
OLF, constructs were generated by site directed mutagenesis (Stratagene QuikChange)
according to the manufacturerds inst-ructio
type OLF pMAL-c4x plasmid wih complementary mutagenesis primers. After treatment
with Dpn | to remove the parental strand, transformation into -Ele cells and
overnight growth, the mutant plasmid was isolated. Primers used in this study appear in

Table2.4. All plasmids were vdiied by DNA sequencing (MWG/Operon).

2.3.2Protein Expression and Purification

Wild type and mutant plasmids were transformed into Rogettai 2(DE3)pLysS

(Novagen) cells for protein expression. Cells were cultured in Superior Broth (US
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Table 2.4.Primers used in this study.

Plasmid Target Primer Used
Template  Vector
Myoc-OLF cloning
pcDNA pET - Forward 5 -&GTATTGAGGGTCGCTTGAAGGAGAGCCCATCTG
30XaLlC
Reverse 5-®AGAGGAGAGTTAGAGCCTTATCACATCTTGGAGAGCTTGATG
pET- pMAL - Forward 5-&GCCGAGCTCTATTGAGGGTCGC
30XaLlC cax
Reverse 5-&CCGAATTCAGGAGAGTTAGAGCCTTATCA
Mutagenesis
D380A 5 GCTACACGGACATTGCCTTGGCTGTGGATG
K423E 5 G&GGAGACAAACATCCGTGAACAGTCAGTCGCCAATGCC
477N 5 @TACAGCAGCATGAATGACTACAACCCCCTGG
1477S 5 GTACAGCAGCATGTCTGACTACAACCCCCTCG
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Biological) to an optical density of 0.6 to 0.8 at 600 nm, cooled t6Cl8&nd induced
with 0.5 mM isopropylb-D-thiogalactopyranoside (IPTG). They were grown overnight
for 12-16 hours, pelleted by centrifugatioragh frozen with liquid nitrogen and stored at
-80°C. Cell pellets were lysed either by sonication or 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. Gibris was removed by centrifugation (5000 x g
for 15 min) and supernatant loaded onto a 20 high Flow Amylose Resin (New
England Biolabs) column equilibrated with Buffer A. The MBRF protein was eluted
with lysis buffer supplemented with 10 mM maltpsencentrated using an Amicon Ultra
YM-10 or-30 centrifugation device, and either frozen in liquid nitrogen and stor&0 at
°C, or further purified by gel filtration.

Gel filtration was carried out on a Superdex 75 Prep Grade resin equilibrated with
10 mM Phosphate (Na/K), 200 mM NaCl, pH 7.2 (Buffer B). Care was taken so that
only those fractions corresponding to monomeric MBIEF were pooled and
concentrated for further use. Samples were stored eithéCaprat-80 °C.
Cleavage was accomplisth by overnight (~ 12 h) incubation with Factor Xa (New
England Biolabs, 16g Factor Xa : 50rg purified MBROLF) 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 maeand MBP by Superdex 75 prepared as above.
MBP used in these studies were isolated from this cleavage protocol. Purified protein was
either flash frozen in liquid nitrogen or stored &Cl Samples were tested for melting

properties within one week.

2.3.3Disulfide Characterization

The oxidation state of the two cysteines present in wild type OLF, as well as the
OLF mutants, was determined by utilizing a maleimide fluorogenic SH reagent,

ThioGlo® 1 (Calbiochem). A stock solution of ThioGlo® 1 waspared by dilution in
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DMSO to a final concentration of 10 mM. THh
Buffer B, alongwith1#2 ¢ M OLF wi t h a n dcanoxyethyh)phosphthe mM t r
HCI (TCEP; Thermo Scientific). Fluorescence emission spectra d@inggsiThioGlo® 1

protein adducts were recorded using excitation and emission wavelengths of 379 and

513nm respectively, using a Shimadzu-BBO1 PC spectrofluorophotometer.

2.3.4Circular Dichroism

Prior to CD scans, monomeric MBPLF samples were pur&d on an analytical
Superdex 7%5L column and concentrated to 0:85. 5 ¢ M. CD spectra w
25 °C on a Jascae810 CD spectropolarimeter. Twenty consecutive scans ranging from
200 nm to 300 nm, using a bandwidth of 1 nm at a continuous sgarate of 500

nm/min, were averaged for each sample.

2.3.5In Vitro Thermal Stability Assay

The fluorescence stability assay was adapted from a thermal shift assay reported
previously [148]. Sypro Orange dye (Invitrogen) was used to monitor the relative
exposed hydrophobic pen regions. The dye, which is supplied as a 5,000X solution in
DMSO, was diluted in the buffer solution (1:1000) and mixed well just prior to preparing
samples for the assay. Total reaction volumes of 30 pL were prepared at room
temperature and delivered 96-well optical plates (Applied Biosystems) before sealing
with optical film. To the protein solution (maltose binding protein, vijioe OLF
cleaved or uncleaved, and mutant MBRF) at a final concentration of 35 nM in
Buffer B, 3nL of diluted Sypro Orange were added. Except when indicated otherwise,
maltose was added to a final concentration of 50 mM. Compounds tested for stability
enhancement include betaine (trimethylglycine), glycerol, sucrose, TMAO, sarcosine
(methylglycine), and #BA, which were obtained from commercial sources. TMAO and

sarcosine were tested at a final concentration of 5 M in the reaction buffer-RBA 4
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was tested in a concentration range of 1 mM to 0.5 M. All others were tested at 3 M by
diluting 5 M stock solutionsn Buffer B. Test proteins citrate synthase and lysozyme
were obtained in purified form from Sigma. All plates included a baseline blank control
containing diluted Sypro Orange with no protein. The pH of the final solutions did not
deviate significangt from 7.

Fluorescence data were acquired on an Applied BioscienceO8&ePlus RT
PCR instrument, which is equipped with fixed excitation wavelength (480 nm) and
optional ROXa emission filter (610 nm) that can be used without a passive reference.
Denduration curves were conducted in the range e®25C at a rate of 2C per min, as
no difference in |, was observed when the rate of heating was decreased 1G @&r
min. In addition, above a minimum threshold of protein concentration required to
observe a discrete transition, no dependence of protein concentration, avasl
observed. Data were processed using GraphPad Prism software. After baseline
subtraction, data were trimmed to include the boundaries and the melting transition of
interest ad normalized. The reported melting temperature is the inflection point of the

sigmoidal curve, which was fit as described previo{Ag].
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CHAPTER 3
BIOPHYSICAL CHARACTE RIZATION OF THE OLFA CTOMEDIN

DOMAIN OF MYOCILIN

3.1 Introduction

Myocilin, the protein most closely associatedh inherited forms of open angle
glaucoma (OAG) through genetic linkage studies, is a ~57 kDa glycoprotein composed of
a secretion signal sequence, coitedl region, and a ~30 kDa olfactomedin (OLF)
domain (Figure3.1), which harbors 90% of all reped pathogenic lesiorfd10]. The
molecular mechanisms that lead to glaucoma are not well established but are of
significant biomedical interest givethat glaucoma is a leading cause of blindness
worldwide, and earhpnset myocilin glaucoma accounts for 4% of glaucoma cases,
primarily afflicting children.

Wild-type (WT) myocilin is secreted from human trabecular meshwork (HTM)
cells to the trabeculameshwork extracellular matrix (TEM)114, 175176], the
anatomical region believed to regulate intraocular presgiiré, 116] By contrast,
mutant myocilins aggregate in the endoplasmic reticulum (ER), leading to cell death and
a malfunctioning matrix. The net rdsis an increase in intraocular pressure and retina
degeneration, a hallmark of glaucopi®8]. Defects in protein stability and trafficking
that lead to this gainf-toxic-function have been shown to underlie the pathophysiology
of myocilin glaucoma[121-122] Temperaturesensitive secretion of some myocilin
variants [125-126] indicates that when protein production is slowed, some mutant
proteins appear nativike and competent for traffickg out of the cell and to the TEM.

In cell culture, the toxicity of mutant myocilins can be reduced by the addition of certain
chemical chaperong&74, 177] and in vitro, the compromised stability of mutant myoc

OLFs can be restored with some of the sabrapound$178].
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Figure 3.1. Multiple sequence alignment for myocilin and norocular ortholog
amassin Alignment includes myocilin fromH. sapiens(gi 3065674),D. rerio (gi
62632725), B. taurus (gi 74356501),S. scofa (gi 47522798), M. musculus (gi
15077142)R. norvegicuggi 3845607), and amassin frodn purpuratuggi 28453877).
The region shaded in grey contains th&ehininal signal sequence and coisall region,
whereas the OLF domain remains unshaded. The consensus predicted secondary
structures are shown in the last line (h, alpkbx; e, betastrand). Ble, similar residues;
red, conserved residues; asterisk, reported dissaseng mutation in human myocilin
[179]. The alignment ahpredicted secondary structweregenersed using PROMALS
[180]. Solid black boxes enclose peptides identified in both-@irE and myoeOLF by
mass spectrometry; whereas dashed boxes enclose peptidégedienty in myocOLF

(see text).
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In spite of the importance of myocilin in inherited glaucoma pathogenesis, little is
known about its normal biological function in the TEM, especially the OLF (r®BId€)
domain. Fullength myocilin has been shown bind to TEM proteins such as laminin
and the Hep Il domain of fibronectjh81-182], as well as the glycosaminoglycan (GAG)
heparan sulfate, but these interactions are localized to the-coile@gion of myocilin,
and not myo€OLF [113]. The normal biological roles of myocilin are furthe
complicated by reports of myocilin localized to the mitochondria of HTM {&Ir's,

183], calpainll dependent cleavage prior to secret|@B4], as well as its expression in
other ocular tissues includy sclera, ciliary body, iris, retina and optic nerve hidab].
Moreover, beyond the eye, OLF domains are found in numerous multicellular organisms,
and more than half of reported OLF domains are found in neural tissues. OLF domains
are proposed to play roles in neurogensis, neural crest formation, dorsal ventral
patternng, celtcell adhesion, celtycle regulation, celtell signaling, tumorigenesis, and
have been implicated in psychiatric disorddrE9]. The explicit roles of myocilin in any

of these tissues and processes, however, are not clear due to a lack of functional assays.

The objective of this study is to probe the molecular properties of 4@yécto
gain insight into its dinction and structure. The study was enabled by our recent
development of a preparative vitro expression system in which my@i_F is closely
fused to a cleavable maltose binding protein (MBRB]. Our current wde places the
OLF domain for the first time in the context of other known proteins. The analysis of
myocOLF described herein also provides a biophysical basis for the development of a

new therapeutic avenue for glaucoma in the context of a protein cational disorder.

50



3.2 Results

3.2.1 pH Stability Profile of Myoc-OLF

We investigated the pH stability profile of my@iF to elucidate any
preferences of this domain as well as to gain insight into its resilience under different pH
environments, such as low pH, that might be encountered under a knowelsage
TEM stresso oxidative stres$186]. For thebroad 96well pH screen, we used the
MBP-OLF fusion protein and adapted the differential scanning fluorimetry (DSF)
technique used originally to assess thermal stability differences between WT and
glaucomacausing myo€OLF variantg178]. The melting of MBP is deconvoluted from
the melting of OLF by the addition of 50 mM maltose. The melting curves of MBP and
OLF are readily distinguished in the stability assay throughout the pH range tested. MBP
is stable from pH 405 [154], OLF is not affected by the presence of mal{as8], and
Sypro Orange is not pH sensitive in the rang®4not shown).

To crossvalidate the results obtained using the MBEF fusion protein, we
subsequently tested cleaved my@LF in a subset of stabilizing and destabilizing buffers
(Table3.1). There was no difference in melting temperaturg Petween the MBROLF
and cleaved myeOLF among the pHs tested (Taldd), reinforcing he independence
of the domains in the fusion protein. Interestingly, m@id- is stable in 100 mM
buffers corresponding to a range in pH of 4.6 to 7.4, but specifically in sodium lactate,
acetate, MES, phosphate and Hepes (Tall3.2). Bicine at pH 7.Gand glycine at pH
8.2 were also stabilizing buffers, albeit within a more limited pH range (Tabig.2).

By contrast, OLF was destabilized in pH4.®, as well as the full pH range tested of
Bis-Tris, Imidazole, Tris, and CHES buffers (TaBl&-3.2).

The concentration dependence of buffer stabilization or destabilization was

further investigated using acetate buffer pH 4.6 or Tris buffer pH 7.5 as examples,

respectively (Tabl8.1). MyocOLF is more stable in 20 mM Tris pH 7.5 compared to
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Table 3.1. Melting temperature of mye®©LF and MBROLF in buffer.

Concentration Buffer pH myoc-OLF  MBP-OLF PTL(°C)

Tm(°C) Tm(°C) (myoc-OLF -
MBP-OLF)

100 mM Sodium Lactate/HCI 4.0 39.4+0.5

100 mM Sodium Lactate/HCI 4.4 47.1+0.3

100 mM SodiumLactate/HCI 4.8 52.2+0.0

100 mM Sodium Lactate/HCI 5.2 55.4+0.1

100 mM Sodium Acetate/Acetic Acid 4.2 477+00 47605 0.1

10 mM Sodium Acetate/Acetic Acid 4.6 49.8+0.2

100 mM Sodium Acetate/Acetic Acid 4.6 51.9+0.3 50.8+0.2 1.0

100 mM Sodium Acetate/Acetic Acid 5.0 548+0.3 54.0+x0.0 0.8

100 mM Sodium Acetate/Acetic Acid 5.4 56.5+0.4 55.8+0.1 0.7

100 mM Sodium Acetate/Acetic Acid 5.8 57.3+0.1 56.2+0.0 1.1

100 mM Sodium Acetate/Acetic Acid 6.2 56.6 0.0 55.7+0.2 0.9

100 mM MES/ NaOH 5.0 515+0.2 51.3+0.1 0.2

100 mM MES/ NaOH 5.4 53.8+0.1 53.3+0.1 0.5

100 mM MES/ NaOH 5.8 556 £0.1 54.7+0.1 0.9

100 mM MES/ NaOH 6.2 55.8+0.3 54.6+0.0 1.2

100 mM MES/ NaOH 6.6 548+0.2 53.9+0.2 0.9

100 mM MES/NaOH 7.0 53.2+0.2 53.0+0.1 0.3

100 mM MES/ NaOH 7.4 51.9+0.0 52.1+0.1 -0.1

100 mM Bis-Tris/HCI 5.2 49.3+0.1

100 mM Bis-Tris/HCI 5.6 50.8+0.4

100 mM Bis-Tris/HCI 6.0 50.1+0.1

100 mM Bis-Tris/HCI 6.4 48.6 + 0.0

100 mM Bis-Tris/HCI 6.8 475 +0.2

100 mM Bis-Tris/HCI 7.2 46.7 +0.3

100 mM Bis-Tris/HCI 7.6 46.3+0.1

100 mM Bis-Tris/HCI 8.0 46.2 £0.2

100 mM Imidazole/HCI 54 495+04

100 mM Imidazole/HCI 5.8 49.4+0.5

100 mM Imidazole/HCI 6.2 48.3 £0.5

100 mM Imidazole/HCI 6.6 47.0+0.8

100 mM Imidazole/HCI 7.0 458 +0.2

100 mM Imidazole/HCI 7.4 454 +0.5

100 mM Imidazole/HCI 7.8 455 +0.6

100 mM Imidazole/HCI 8.2 459+1.1

10 mM K,HPO4/NaH,PO, 5.8 56.9+0.2

100 mM Ks;HPOY/NaH,PO, 5.8 56.1+0.3 54.8+0.0 1.2

100 mM Ks;HPOY/NaH,PO, 6.2 552+0.2 54.1+0.1 1.0

100 mM KoHPO/NaH,PO, 6.6 543+0.4 53.4+0.1 0.9

100 mM KoHPO/NaH,PO, 7.0 51.8+0.6 52.1+0.3 -0.3

10 mM K>,HPO4,/NaH,PO, 7.2 55.3+0.1

100 mM KoHPO/NaH,PO, 7.4 50.9+09 51.0+04 -0.1

100 mM KoHPO/NaH,PO, 7.8 49.3+0.3 49.9+0.0 -0.5

100 mM K,HPO/NaH,PO, 8.2 489+00 494+04 -04

100 mM Ko;HPOY/NaH,PO, 8.6 48.3+0.5 489+0.2 -0.6

100 mM Hepes/NaOH 6.0 543+0.1 53.4+0.0 0.9
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100 mM
100 mM
100 mM
100 mM
100 mM
10 mM

100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
50 mM

50 mM

50 mM

100 mM
100 mM

Hepes/NaOH
Hepes/NaOH
Hepes/NaOH
Hepes/NaOH
Hepes/NaOH
Hepes/NaOH
Tris/HCI
Tris/HCI
Tris/HCI
Tris/HCI

Tris/HCI + 200 mM NacCl
Tris/Cl + 200 mM NacCl

Tris/HCI
Tris/HCI
Tris/HCI
Bicine/NaOH
Bicine/NaOH
Bicine/NaOH
Bicine/NaOH
Bicine/NaOH
CHES/NaOH
CHES/NaOH
CHES/NaOH
Glycine/NaOH
Glycine/NaOH

6.4
6.8
7.2
7.6
8.0
8.4
6.6
7.0
7.4
7.5
7.5
7.5
7.8
8.2
8.6
7.0
7.4
7.8
8.2
8.6
8.0
8.4
8.8
8.2
8.6

53.5+0.0
52.2+0.1
51.2+0.3
49.9+0.3
49.7+0.3
48.9+0.2

44.5+0.1
52.4+0.1
50.9+0.1

51.9+0.3
50.0+0.0
48.5+ 0.7
475+0.7
47.2+0.7

51.3+0.0
47.9+0.1

52.7+0.1
52.3+0.0
51.1+0.1
50.4+0.1
49.7+0.1
49.2+0.1
48.0+0.0
46.3+0.5
44.7 £ 0.3

451+1.6
43.5+0.1
43.8+0.1
52.2+0.0
50.4 +0.6
48.7 £ 0.1
48.2 +0.2
47.5+0.3
50.0+0.7
48.3+0.3
47.0+0.3
52.3+0.6
47.5+0.1

0.8
-0.1
0.1
-0.5
0.0
-0.3

-0.2
-0.4
-0.2
-0.7
-0.4

-1.0
0.3
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Table 3.2. Summary of stabilization of mye©LF by buffers of varying pH.

Buffer pH range Shaf?e”rlﬁmg
Sodium Lactate/HCI 4.04.4 No
Sodium Lactate/HCI 4.85.2 Yes
SodiumAcetate/Acetic Acid 4.2 No
Sodium Acetate/Acetic Acid 4.6-6.2 Yes
MES/ NaOH 5.07.4 Yes
Bis-Tris/HCI 5.28.0 No
Imidazole/HCI 5.48.2 No
K,HPO4NaH,;PO, 5.87.4 Yes
K. HPOyY/NaH,PO, 7.88.6 No
Hepes/NaOH 6.07.2 Yes
Hepes/NaOH 7.68.4 No
Tris/HCI 6.6-8.6 No
Bicine/NaOH 7.0 Yes
Bicine/NaOH 7.2-8.6 No
CHES/NaOH* 8.0-8.8 No
Glycine/NaOH 8.2 Yes
Glycine/NaOH 8.6 No

®No: Ty < 51.7 °C; Yes: | > 51.7 °C. The lower limit cutoff is 1 °C less than the
originally reported T, of myocOLF in phosphate buffer, using D$E78]. Ful data are

presented in Table B.
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100 mM Tris pH 7.5. For Tris buffer, increasing the ionic strength by the addition of
NacCl partially restores stability, suggesting that counterions may play a role in this buffer
system. Conversely, for acetate buffer pH 4.6, a further increase of 2 °C iR vadu@
for myoc-OLF is observed when 100 mM acetate buffer pH 4ised compared to 10
mM (Table3.1), with no additional effects due to the presence of NaCl.

Finally, to evaluate any further possible effects of counterions, a variety of salts
(50 mM) were addedo MBP-OLF in stabilizing buffers, specifically acetate pH 5.8,
MES pH 6.6, phosphate 5.8, or Hepes pH 6.4, and the melting temperatures were
calculated and compared (Table3)3 Overall, the addition of counterions produced
negligible to minor stabilizig effects. Magnesium salts consistently stabilized MBHF
by 1-4 °C whereas potassium phosphate dibasic had a destabilizing effect in acetate and
MES buffers. Zinc acetate in all buffers and ammonium chloride in acetate yielded poor
spectrums. Only one rietransition was observed for calcium chloride in all buffers
tested, indicating either a complete destabilization of OLF or a possible overlap between
the OLF and MBP melt curves. Further analysis of cleaved f@}d€in either 100 mM
Tris pH 7.5 or 100 Ml Hepes pH 7.5, revealed a substantial increase in the melting

temperature (+10 °C) with only 10 mM CaCTable3.3).

3.2.2Stability Analysis in the Presence of GAGs

Interestingly, the preferred buffers for my@tF contain sulfate and acetate
functioral groups that are reminiscent of GAGs, whereas those that are destabilizing in an
overlapping pH range harbor aliphatic amines (T&#®. Thus, we sought to evaluate
the stability of myoeOLF in the presence of individual GAGs found in the TEHM7] at
physiologically relevant concentratiofis88] (Table3.4) . l ndeedny=45 modes
°C) stabilizing effect was observed for myoOtF in the presence of a relatiydow
concentration (0.75 mg/n)lof heparan sulfate, whereas a similar increase in stability for

chondroitin sulfate and hyaluronic acid were observed only at higheemoatons of 10
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Table 3.3.Melting temperatures of MBPLF in stabilizing buffer and sélt

Sodium Acetate, MES, pH 6.6 K,HPO,/NaH,PO Hepes, pH 6.4
pH 5.8 4 PH 5.8
o PTm o PTr o PTm 0 PTm

Tm( C) (oc) Tm( C) (oc) Tm ( C) (oc) Tm( C) (oc)
AmmoniumAcetate 56.6 0.9 554 0.2 57.1 0.9 55.3 2.2
Magnesium Acetate 57.7 2.0 56.8 1.6 57.6 14 57.6 4.4
Sodium Acetate 56.1 0.4 55.8 0.6 57.1 0.9 55.3 2.1
Zinc Acetate Dihydrate  N/A N/A N/A N/A N/A N/A 54.6 15
Potassium Bromide 55.4 -0.3 55.2 0.0 56.1 -0.1 535 0.4
Sodium Bromide 55.5 -0.2 55.2 0.0 55.9 -0.4 53.6 0.5
Ammonium Chloride N/A N/A 54.5 -0.7 56.5 0.3 53.3 0.1
Calcium Chlorid& N/A N/A N/A N/A N/A N/A N/A N/A
Lithium Chloride 55.4 -0.3 55.0 -0.3 56.4 0.2 52.7 -0.4
Magnesium Chloride 56.4 0.7 56.7 1.5 57.3 1.1 55.3 2.1
Sodium Chloride 55.7 0.0 55.5 0.3 56.7 0.4 53.7 0.5
Sodium Citrate 56.0 0.3 55.2 0.0 56.8 0.5 54.7 1.5
Sodium Fluoride 56.2 0.5 55.5 0.3 57.0 0.8 54.6 1.5
Magnesium Formate 56.9 1.2 57.2 2.0 57.4 1.1 56.8 3.6
Potassiuntodide 55.0 -0.7 55.0 -0.2 56.4 0.2 53.7 0.5
Potassium Phosphate 52.2 -3.5 53.0 -2.2 56.4 0.1 53.0 -0.1
Dibasic
Sodium Dhydrogen 55.7 0.0 55.6 0.4 57.3 1.0 53.2 0.1
Phosphate
Ammonium Sulfate 55.6 -0.1 56.5 1.3 56.9 0.6 53.2 0.1
Lithium Sulfate 55.6 -0.1 54.0 -1.2 56.9 0.7 53.3 0.1
Potassium Sodium 55.7 0.0 55.5 0.3 56.5 0.2 55.1 1.9
Tartrate
Potassium Thiocyanate 54.2 -1.5 54.1 -1.1 55.4 -0.9 52.3 -0.8

®Buffer (100 mM) and salt (50 mM) concentrations were consistent throughout

stabil i tyrepes#satye.diffegeiice between With and without salt in the

specified buffer.

PCleaved myoe@LF melting temperatures were calculated in the presence ofMO

CaChbt o be

6 Q= 168.4AK0
in 100 mM Hepes, pH 7.5.

(ignT 100

56

the

mM Tri s n=1p.61°C)7 . 5

an



Table 3.4. Stabilization of myoe€OLF by GAGs.

Tm (°C) P (°C)
None 524 +0.1 0
<hondroftin 57.7 0.0 5.3
Dermatan Sulfate 52.7+ 0.0 0.3
Heparan Sulfatd 57.2+0.0 4.8
Hyaluronic Acid 55.4+0.1 3.0

%For these experiments, heparan sulfate concentration was 0.7% mwgfereas all ot

GAGs were present at 10 mg/mL
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mg/mL, at the outer limit of the physiological range, suggesting a weaker effect. The
additionof dermatan sulfate did not change thgevRlue of myoeOLF in the full range

tested.

3.2.3Conformational Analysis of Myoc-OLF at pH 4.6, 5.8, and 7.2

In order to detect structural changes across the stable pH regime, we next
compared the secondary structure of m¢@d= by conductingcircular dichroism €D)
melts in stabilizing buffers of varying pH. We measured the CD spectrum in 10 mM
acetate bufferid 4.6, below the calculatdd89] pl = ~5 of myoeOLF, at the lower end
of the stable range, as well as 10 mM phosphate buffer pH 5.8 where OLF was the
mog stable in our assay (Tabkl-3.2), and at the physiological pH 7.2 expected in the
TEM under normal conditions.

No major changes are observed among the three CD spectra at different pH
values. The200-210 nm range is more positive at pH 4.6 than the others, suggestive of
non-native features of OLF in this buffer environment, but otherwise there are only slight
differences in the intensity of the two major minima at ~217 and ~230 nm (BFQ#e
Component spectra, identified using singular value decomposition (SVD) analysis, reveal
three significant spectral contributions. By far the most predominant component is one
that contains both minima, followed by two minor contributions from spectra that
resemble random coil$-igure 3.2B). Notably, there is no significant contribution from
features at 208 nm and/ or anot hehelcesin 222 |
myocOL F . The broad ~217 nm mini mum, - whi ch
sheets, resembles the CD spectrum of a smaller OLF construct expre$sepastoris
[135], but the prominent shoulder near 230 nm has not been seen previously. The lack of
this latter feature in th®. pastorisOLF construct may have been a resultitsf N-

terminal truncation or the use of Tris pH §135], a destabilizing buffer (Tabl&1-3.2).
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Figure 3.2. CD signatures of myoeOLF domain at varying pH. A) Prominent minima
are observed at ~217 nm and ~230 rfor both experimental spectra (solid) and
reconstructed spectral fit from SVD analysis (dashed). B) Top component spectra from

SVD analysis. Inset: relative contribution.
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Consistent with the aggregation propensity obsgrin mutants that lead to
myocilin glaucoma, the unfolding transitions of myOtF are irreversible. Sample
precipitation was seen under all experimental conditions tested, including all
concentrations, pH and temperature ranges. Nevertheless, thefestansial evidence
[190] for a highly cooperative transition. First, at all three pH values, a sharp transition
and similar isodichroic point near 238 nm are observed for ftde (Figure 3.3).
Second, the differences in,Tor the melting curves monitored at the two local minima
are consistently within 1 °C of each other, and within error of the fit to theblained
from the Boltzmann sigmoid equation, which assumes astat®@ model (Tabl&.5).

Third, there is no obvigs scan rate dependence of denaturation (not shown), suggesting
that the melting transition is under thermodynamic, rather than kinetic control.
Nevertheless, because we were not able to find experimental conditions of reversibility
for myocOLF, the extat of the validity of thermodynamic parameters obtained using a
two-state model cannot be assessed. We note, however, that thermodynamic parameters
we obtained using this assumption witlcetkent error statistics (Figui@4, Table3.5)

are similar to tb s e -chymotrigpsin191], a protein that exhibits both similar mass and

CD spectrum as myeOLF (see Discussign

The transition to the denatured state for m@id- at pH 4.6 occurs between-40
50 °C (Figure3.3A). Upon denaturation, the ellipticity is reduced by 50% and there is a
shift in minimum at 216 nm in the folded state to 220 nm in the denatured stéde. SV
deconvolution (not shown) r sheet eomsoneatamsli gni f
an increase in the random coil component, suggesting the precipitated sample is likely a
molten globule with local secondary structure. By comparison, for both urgold
experiments conducted at pH 5.8 (FigGBt8B) and pH 7.2 (Figur8.3C), the transition
occurs between 50 and 60 °C with a fourfold reduction in signal intensity between folded
and unfolded states of my@LF. Less residual secondary structure remaimnthese

higher pH experiments may be attributed to the difference in net charge per residue. In
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Figure 3.3. Thermal unfolding of myocOLF monitored by CD spectropolarimetry.

Melts were conducted at (A) pH 4.6)(BH 5.8and C) pH 7.2. For each, 11 spectra are
overlayed in the region of melting aslv&s two additional extrema. JBComparison of
tryptophan fluorescence melt with CD melts from above. Each curve is normalized to the

range of its respective signal.
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Table 3.5.Thermodynamic data for myag@OLF unfolding assuming a twstate transition.

pH Technique Boltzmann Equation Vanét Hoff Equation
Tm (°C) R? Tm(°C) DG (37 °C kcal mol') DHp(kcal mol') DS,(cal mol*K?) — R? rmse
4.6 CD, 217 nm 46.1+0.1 0.997 £0.00. 46.5+0.0 35104 118.4+13.3 370.5+41.7 0.954+ 0.000 +
0.037 0.001
CD, 230 nm 46.9+0.2 0.997 +£0.00: 47.0+0.7 3.8+0.6 120.9+23.9 378.0+£75.0 0997+ 0.014z
0.001 0.007
5.8 CD, 216nm 55.3+0.1 0.997 +0.00( 55.5+0.0 9.0+£0.6 158.1+11.0 481.0+33.9 0920+ 0.001+
0.015 0.001
CD, 230 nm 56.1+0.1 0.997 +0.00. 56.5+0.0 9.7+04 156.0£ 8.0 4740+24.0 0913+ 0.001+
0.017 0.013
7.2 CD, 214nm 55.2+0.2 0.998+0.000 55.5+0.0 885+1.1 159 £ 22.0 484.0+67.9 0.953+ 0.000 +
0.014 0.002
CD, 29nm 55.8+ 0.4 0.997 +0.00: 56.0+0.7 8.4+0.2 146.4+9.5 4450+29.7 0.903+ 0.009 +
0.011 0.005
Fluorescence 52.7 +0.8 0.998+ 0.001 N/A N/A N/A N/A N/A N/A
Stability Assay
Tryptophan 55.6 +0.1 0.998 +0.00. 55.0+0.0 10.4+0.1 180.5+3.4 5485+ 106 0991+ 0.015%
Fluorescence 0.009 0.005
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Figure 3.4 Melt data fit to a two-state transition. Melt curves anditting residuals are

presented. (A) pH 4.6, (B) pH 5.8, (C) pH 7.2. See values in Table 3.5.
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conditionsfar from the pl of myoe€LF, such as at pH 7.2, secondary structure would be
expected to be disrupted due to the high net charge per residue. By contrast, at pH 4.6,
myocOLF is closest to its pl where it may experience less repulsion and therefamne retai
secondary structure in the denatured Jte32].

The T, of myocOLF at pH 4.6 is nearly 10 °C lower than thg &t pH 5.8 or
7.2, and ~3 °C lower than that measured by DSF using the same ionic strength buffer
(Table 3.1). Using a twestate assumption (see caveats above), comparison of the free
energy of unfolding, as well as both enthalpy and entropy componesusindicate a
lower barrier to unfolding (Tabl8.5). Nevertheless, even the values at pH 4.6 are well
within parameters obtained from numerous other folded prot¢l®d]. The
thermodynamic values fit for mye®LF above its pl indicate a larger energy barrier and
more stable protein, consistent with the measured increasg iRifally, the unfolding
transition atneutral pH was further corroborated by a thermal melt in which intrinsic
tryptophan fluorescence was monitored at pH 7.2 (Fig@®). Indeed, the intrinsicJ
measured by both CD and Trp fluorescence melts is close tothe 52.7 °C we
previously repded using the more facile, if indirect, DSF technidié8]. The melting
thermogram overlays particularly well with the curve obtained monitoring ~230 nm by

CD, suggesting tryptophan residues contribute to this CD gjgealDiscussion).

3.2.4Limits of the Myoc-OLF Core Domain

We subjected myeOLF to limited proteolysis to identify its three dimensional
core structure(s). In most constructs of micF studied in the laboratory, a disulfide
bond is formed between tloaly two available cysteine residues (Cys 245 and Cys 433)
[135, 178] which are 189 residues apart. Yet, protein domains are typically composed of
~150 amino acid4193]. It is possible that the two cysteine residues, far apart in
sequence, are nevertheless topologically close. This could lead to either two or more

smaller structural domains or one larger than ayeesingle domain.
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Overall, myoeOLF is resistant to cleavage by proteases at room temperature,
including trypsin, a-chymotrypsin, pepsin, andg\protease (not shown) suggesting that
our construct consisting of residues Z&B1 of myocilin, comprises a well folded, ~30
kDa protein. However, incubation with subtilisin A, a repecific protease that cleaves
after large uncharged residues, generatesinaller domain of ~25 kDa (FiguBhA).
Similar results were obtained with the likewise promiscuous protease papain (not shown).
The CD spectrum of cof®LF is similar to that of mycOLF with some minor
exceptions, a 202 nm shoulder characteristi@a dype | b-turn [194], and a more
pronounced 230 nm shoulder (FigudeB). As seen previously with mye@LF [178],
the disulfide bond remains intact in capdF. Observed using the thisénsitive
fluorogenic reagent, ThioGlsée Materials and Methods), fluorescence increases only in
samples in which the disulfide bond in c@&F has been reduced with tris(2
carboxyethyl)phosphine (TCEP) (Tal#é). Finally, the T, is unchanged, 53.4 £ 0.2 °C
measured by DSF.

Peptide mass$ingerprinting reveals that the-Nand Gtermini of coreOLF are
truncated compared to my&@lLF (Figure3.1, Table3.7). For coreOLF, the most N
terminal fragment observed in the spectrum encompasses residu2583Be extreme
C-terminal peptide obseed for coreOLF conprises residues 4082 (Table3.7),
whereas the peptides TLTIPFK (residues -463, Figure 3.5C, Table 3.7) and
YSSMIDYNPLEK (residues 47384, Figure3.5D, Table3.7) are absent. The truncated
C-terminal 44 residues may form a matidt detected by SDBAGE due to its small
size, or it may be largely unordered. In sum, consistent with the ~25 kDa fragment size,
and digest analysis, the main structural domain of rRYbE harbors a disulfide bond

and is likely inclusive of residues S238 and Lys 461.
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Figure 3.5, Analysis of core OLF domain.A) SDSPAGE analysis of mycOLF
before and after limited proteolysis by subtilisin A. Lane 1, m@ba€, Lane 2, core
OLF. Moleculacmass markers denoted in kDa) @verlay of coreOLF and myoeOLF

CD spectra apH 7.2. C, D Comparison of trypsin digestt MALDI TOF/TOF mass
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Table3.7).
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Table 3.6.Characterization of disulfide bond coreOLF.

Sample Fluorescence Intensity (513 nm)
coreOLF (6 €M) 0.7
coreOLF (6 €M) T 184.4

Table 3.7. Observed and calculated mass spectrum peaks for-@lband coreOLF.

Residue  Calculate Observed @Mas MS/MS Sequence
Range d Mass Mass
Core 267-272 827.3868 827.3786 -0.0082 YGVWM®R
o 288296  975.5105 975.5100 -0.0005 yes  IDTVGTDVR
347355 1096.5521 1096.5477 -0.0044 yes YELNTETVK
273287 1882.8970 1882.8944 -0.0026 DPKPTYPYTQETTWR
406422  2099.0403 2099.0400 -0.0003 yes  LNPENLELEQTWETNIR
238258 2232.0601 2232.0674 0.0073 yes  SGEGDTGCGELVWVGEPLTLR
Myoc- 462468 819.4974  819.5486 0.0512 TLTIPFK
o 267-272 843.3817 843.3954 0.0137 YGVWM R
288296 975.5105 975.5311 0.0206 IDTVGTDVR
347355 1096.5521 1096.5712 0.0191 YELNTETVK
473484 1459.6672 1459.6852 0.0180 YSSMIDYNPLEK
273287 1882.8970 1882.9452 0.0482 DPKPTYPYTQETTWR
406422 2099.0403 2099.0972 0.0569 LNPENLELEQTWETNIR
297-314  2180.0369 2180.0801 0.0432 QVFEYDLISQFMQGYPSK

4A indicates oxidation of

methionin€B designates carbamidomethyl cysteiri€,

indicates methionine sulphone.
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The first protein crystals for 3D structural determination were obtained with core
OLF after limited proteolysig situ. Initial crystals were grown in the Cryo I/ll screen
(Emerald BioSystems) and partially optimized (see Methods). A full data set was
collected using a piece of a crystal (Fig. 3:BAgrown in3% PEG 300039% PEG 200
and 100 mM MESpH 6.0and diffracted to 2.3 resolution. The data set was 100 %
complete to 2.3 A resolution with anyR= 8.9% (Table 3.8) indicating the intensity
measurements are accurately reproducible. Since no OLF structure exists, a predicted
structural homolog (PDB code 3NOK)95] was used to obtain phases by molecular
replacement, but yielded unsuccessful results.

We arecurrently investigating both multiple isomorphous replacement (MIR) and
anomalous scattering (MAD) methods using heavy atdmgarticular, YbNQ and
MnCl, have been identified by DSF and shown to stabilize A@bE, indicating
potential binding. However, due a lack of single 3D crystals, growth conditions will
have to be optimized prior to soaking with heavy atomsci@stallization conditions
have been attempted, but will also require further optimization. Once a data set is
obtained, hese heavy atomsan be located using SOLVHE196] or other similar
programs followed by nodel building and refinement using Cddi97] and Refmac
[198]. One final technique includes incorporating selenomethionine substitutions into
myocOLF to obtain experimental phases by MAD. However, this has not been attempted
as creating the selenomethionine datilves requires growth in minimal media, a
condition known to produce little soluble my@tF and also a contaminant binding

heatshock protein, GroEL.
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Figure 3.6. Crystal of core-OLF(A) and acquired diffraction pattern (B).
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Table 3.8.Datacollection statistics.

Data Statistics

Space group
Cell dimensions

a, b, c(A)

U, (Beg) o
Resolution (A}
Rsym™
Redundancy
Completenesf)?

C2

111.5,858,685
90.0 127.7 90.0
61.51.9(1.981.93)
8.9 (2.8)

5.4

98.5 683)

4Datafor the highestesolution shell given in parenthesis
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3.3Discussion

3.3.1Functional Significance

The human TEM, a microenvironment in the eye consisting of fibrillar and curly
collagens, elastic fibrils, basement membrane and amorphous basement mdik#rane
materials, as well as other specific proteins, proteoglycans and GAGs, is the anatomical
region that controls outflow of aqueous humor in the €@7]. The structural and
functional details of this interconrted matrix, its receptemediated interactions with
HTM cells, and mechanisms leading to phenotypes observed in the diseased state, are
poorly understood110]. The proper functioning of this complex tissue involves
adaptation to a host of cellular and environmental stressors over time, and cumulative
long-term detrimental effects of oxidative stress have been implicated in decreased
agueous humor outiw. Eventually, poor flow control leads to an impaired ability to
regulate eye pressure, and subsequently, glaugt®6d Changes in GAG composition
have also been observed in glaucgpatient derived samplefl99-200], but the
mechanisms that bring about these changes are unknown. In addition, the roles played by
myocilin in the TEM, either normal or pathogenic, are not clear. In this study, we have
unraveled some of the maldar characteristics of the my@l F domain in the context
of its TEM microenvironment, which will aid future functional characterization.

Several lines of evidence support the notion that GAGs provide a favorable
environment for myo®©LF to function, even though to date, no experiments have
identified specific GAGs binders in the my@tF region from any organism. Four
GAG attachment sitet® the myoeOLF domain are predicted by the ELM databf@€H |
within residues 23235, 237240, 330333 and 443146, suggesting that direct linkages
are possible. The microenvironment of mi@LF in the TEM is alsoeplete with GAGs
at a total concentration of2A mg/mL [202], with the approximate composition of -20

25% hyalurore acid or hyaluronan, 460% chondroitin and dermatan sulfatesl (86
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karatan sulfate, and 1% heparan sulfatfl87]. Our experiments reveal a modest
increase in stability for mye©LF in the presence of heparan sulfate, chondroitin sulfate,
and hyaluronic acid. Although no change ip Was observed in the presence of
dermatan sulfate, no GAGs tested destabilizeda@LF. Interestingly, whereas direct
binding of chondroitin sulfate to another OkBntaining protein, mouse photomedin, has
been showrj203], the presence of chondroitin sulfate only weakly influences thermal
properties of myo®©LF. This result suggests that chondroitin sulfate may have different
functional significance for related Okdontainingproteins.

By contrast, a more notable effect on my@CF stability was observed in
physiologically relevant concentrations of heparan sulfate. Even though direct binding to
the OLF domain has been ruled out by a previous study demonstrating binding Ma
terminal coiledcoil domain of myocilin[113], the knowledge that paran sulfate binds
to myocilin indicates that this GAG is in the local milieu of my@cF. The observation
that heparan sulfate thermally stabilizes m@id- should prompt experiments to further
clarify the nature of this interaction.

In addition, altbugh heparan sulfate appears to exert a modest stabilizing effect
on myocOLF in the absence of other analytes, it seems plausible that cations might
enhance the favorable specific interactions between the negatively charged GAGs and the
negatively charge®LF domain under physiological conditions. For example, detailed
functional studies of amassin, a related, but-oomar, OLFcontaining protein (Figure
1) from the invertebrate animal sea urchin, demonstrates the requirement of the amassin
OLF domain or celtcell adhesion in coelomocytes. This process also requires the
presence of G4 and higher multimeric states of the amassin OLF dorj2dld]. To
date, however, no canonical Ginding sites have been identified in my@tF, and to
the kest of our knowledge, ahas not been included in any assays. In our hands-myoc
OLF is significantly thermally stabilized in the presence of‘Chautdoes not bind TH,

a C&" mimic [205] (not shown), and has only been isolated as a monomer by gel
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filtration [178]. Although it is possible that these two related proteing hengue modes

of interactions and binding partners, based on our study we raise the possibility that
certain key components, such as GAGs and/or metal ions, may be missing from
functional assays of myocilin attempted to d&terther studies are requiréal elucidate

the potential role of GAwith myocOLF.

Lastly, the importance of elucidating the mechanism by which GAGs stabilize
myoGOLF is underscored by the finding that the concentrations of GAGs in
glaucomatous eyes deviate from those of healdyes [199-200]. Specifically,
concentrations of sulfated GAGs, such as chondroitin sulfate, are higher in samples
derived from earlyonset glasoma patients than from controlR00], and the
concentration of hyaluronan decreases in aoldiet OAG patientierived specimens
compared to control§199]. Given the connection between myocilin aratlyonset
glaucoma[206], an understanding of the nuances of different GAG interactions with
myocOLF may pave the way to a better comprehension of myocilin glaucoma

pathogenesis

3.3.2Structural Significance

Although  predominantly b-sheetcontaining proteins, such as the
immunoglobuling207], exhibit a trough at ~217 nm that is characteristic of antiparallel
b-sheet4194], of particular interest is the prominent ~230 nm shoulder that had not been
observed previously. One possibility is thab-turn [208] is present, a hypothesis
supported by prediction di-turns in mpc-OLF by bioinformaticd209]. Alternatively,
or in addition, the 230 nm feature may arise from aromatic residues, as observed in
certain serine proteases. For example, a notable 230 nm bandhymotrypsin has
been attributed to a tryptbpn residue whose conformation is sensitive to changes in its
environment upon activation cd-chymotrypsinogen toa-chymotrypsin [210]. In

support of this assignment, the Trp fluorescence melt curve overlays closely with that
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from 230 nm observed in CD (Figure 3D). Of the seven Trp residues in@iy6ctwo,
Trp 270 and Trp 286, are in and near, respectively, a prothaegion. Alternatively,
Trp 373 is within a region with significant disorder probability as predicted by GlobPlot
[211]. Future studies involving systematic mgenesis of each Trp residue may shed
more light on the properties of this unusual feature of the CD spectrum.

Intriguingly, the CD spectrum of cof®LF is similar to that of thég-crystallin
superfamily. Crystallins are cytoplasmic lens cell protaeissociated with genetic forms
of cataract, a condition in which the crystallins precipitate. Regardless of their
quaternary structure, which often exhibits functionally significant polydisperse, domain
swapped oligomerf212], CD spectra of crystallins include the same features at ~202
nm, ~217 nm, and ~230 nm as seen with €@k& [213], albeit with different relative
intensities. MyoeOLF exhibits no significant sequent®mology with crystallins, is
~10 kDa larger, is not known to oligomerize, nor observed to harbor two structural
domaing[214]. Nevertheless, OLF likely shares structural features such as similar length
or twist of its b-strands, and/or the unusually strained torsion angles brhairpin.
Further characterization of the thrdenensional structure of a@LF domain will help
elucidate the extent of similarity of features with the crystallins, including repeat
structures in myo©LF that may be important for myocilin self assembly and/or function
in the TEM, or plausible molecular mechanisms for the seagggegation properties

observed upon thermal unfolding.

3.3.3Implications for New Therapeutic Directions

The details of the unfolding mechanisms of WT and diseassing myo€OLF
domains variants, particularly at physiological pH, are informative fdraamacological
chaperone therapeutic effd&15] for myocilin glaucoma. In this approach, the binding

of small molecules will enhance the stability of the mutant myocilins to WT levels so that
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after folding in the ER, mutant myocilins will meet qualdgntrol requirements and be
competent for secretion to the TEM.

Both thermodynamics and kinetics may be important in chaperone therapy for
myocilin glaucoma. The therapeutic small molecule mioghtdl to a folded mutant
protein to restore its stabilitp that of WT, and/or bind to a nerative conformation and
accelerate folding to the native state. From this study we know that the ~31 kDa WT
myoc-OLF domain is a stable entity that appears to unfold under thermodynamic control
in a highly cooperative ansition. We can now move forward to compare unfolding
pathways of the numerous missense mutants of OLF. If mutant OLFs unfold in similarly
cooperative transitions, thermal stabilization of the fully folded protein may be sufficient
for preventing aggremgion and improving secretion, and screening for candidate
chaperone molecules would be based on thermal stability alone. However, a more likely
scenario is that deviations from tvgtate unfolding exist for at least some of the reported
mutantg179]. In this case, a pharmacological chaperone may need to be tailored in such
a way that it alters the folding pathway back to a fubpmerative mechanism observed
in WT myocOLF. Future studies will examine to what extent such unfolding

intermediates exist for specific glaucomwausing myogOLF mutants.

3.4Methods

3.4.1Expression and Purification ofMyoc-OLF

The myoeOLF gene was introduced into the MBP fusion vector, pMAk as
described previouslysee Chapter 2)178]. Expression and purification of MBBLF
followed previously described procedures, as did generationeaf/@tl myo€OLF by
incubation with Factor Xa and further purificatigh78]. SDSPAGE analysis was
conducted as describgzil 6].
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3.4.2Thermal Stability Assay for Buffer and pH Analysis

Our fluorescence thermal stability asgdy8] utilizing DSF (see Chajer 2)
[148] was adapted to identify buffer and pH preferences for RQi0E. Reactions of 30
eL were prepared at r o o m-well eptigaleptatezs (Appled a n d
Biosystems) before sealing with optical film (Applied Biosystems). The reaction mixture
consi sted o0-OLF br MBMOLFNig A& mM sodium phosphate dibasic/
potassim phosphate monobasic, 200 mM NaCl pH 7.2 (Buffer A) and 5X Sypro Orange
(I'nvitrogen). Buffers from pH 4 to pH 9
(Emerald Biosciences) and added to each reaction at a final concentration of 100 mM,
with the excepon of N-Cyclohexyt2-aminoethanesulfonic aci(CHES), which had a
final concentration of 50 mM.The salt screen was conducted in a similar format, but
with 50 mM salt added to each reacti@nly for the initial screen was MBOLF used
and 50 mM maltosadded to the reaction mixture. Selected DSF measurements were
repeated with cleaved my@LF in acetate, MES, phosphate, Tris, bicine, and glycine
buffers. Fluorescence data were acquired on an Applied Bioscience®1&tdplus RT
PCR instrument equippedith a fixed excitation wavelength (480 nm) and a ROX
emission filter (610 nm). Melts were conducted from986°C with a 1 °C per min
increase. Collected data were baseline subtracted, trimmed to include both the boundaries

and the transition of interesind subjected to Boltzmann sigmoid analysis (see below).

3.4.3Thermal Stability Assay in thePresence of GAGs

The thermal stability assay described above was employed to test for increased
myocOLF stability in the presence of GAGs including chondnoifiulfate (shark
cartilage, Sigma), dermatan sulfate (TCI America), heparan sulfate (bovine kidney,
Sigma), and hyaluronic acid (rooster comb, Sigma) at concentrations ranging from 0
mg/ml to 10 mg/rh. Samples were prepared in 10 mM Tris, pH 7.5 and 200NacCl,

diluted from a X stock solution. GAGs were added from 20 mig/stock solutions in
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water, keeping protein and Sypro Orange concentration the same as above. Data analysis

was performed as described above.

3.4.4.Circular Dichroism (CD) Spectropolarimetry

CD was performed on a Jasc810 spectropolarimeter with purified my@i_F
810 ¢ M) prepared in Buffer A, Buf fer A adc
sodium acetate/acetic acid and 200 mM NaCl, pH 4.6. Melts were performeulicatei
on each of the samples by raising the temperature from 5 to 90 °C in 1 °C/min increments
using a Neslab RTH11 (Thermo Scientific) circulating water bath and monitoring the
profiles between 200 and 300 nm in a 0.1 cm cuvette. Ten spectra, sta@am&DO to
200 nm at r atlewers then averdgechamtAeniesignated temperature. Our
attempts to acquire reliable data below 200 nm were not successful due to voltage limits
of the instrument and available nitrogen flow rate. Temperatureaiserand spectra
acquisition lasted about five minutes per degree Celsius, and no differences in melting
transitions were observed when the scan rate was reduced to 0.5 °C/min (data not
shown). In all cases, samples precipitated after melting, includusgsibility tests in
which the temperature was raised just to theand then cooled (not shown).

Each averaged spectrum was backgrecmected and converted to mean

residue ellipticity

_Mres3Q0bs

[Q]_103d3c
whereMes= 112. 9 is the mean residue maggsis cal ct
the observed el l i pti cdidtlye pdthiergthr(ceng anglis thet wav e

protein concentration (ghr). CD melt data from 205 300 nm were deconvoluted into
component spectra using the singular value decomposition procedure in Matlab (The
Mathworks), and their statistical significance was calculated based on singular values.

The top three components comprising O 95%
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reconstitution for the final fit plotted in Figur8.2. Inspection of difference spectra

confirmed that additional components consist of noise.

3.4.5Tryptophan Fluorescence $ectroscopy

Measurements were carried out in triplicate on a Fluore®lapectrafuorimeter
(Horiba Scientific). Intrinsic tryptophan fluorescence of m@e F (2 € M) i n
was excited at 280 nm (slit width 1 nm) and emission recorded in the rang@®@@0n
(slit width 5 nm) with a maximum at 340 nm corresponding to tryptopheorescence
emission. Each sample was heated from 20 to 70 °C or 45 to 65 °C, with a rate of three
minutes per degree Celsius, using a Neslab -RTHgital Plus (Thermo Scientific)

circulating water bath.

3.4.6Boltzmann Sigmoid Analysis

The baselinesubtacted and trimmed melt curves acquired by the fluorescence
thermal stability assay, CD, and intrinsic fluorescence were processed using GraphPad
Prism. The reportedy, is the inflection point of the sigmoidal curve, and is calculated
using the Boltzmann sigmoid equation

_ LL+(L- LL)
1+exp(T,- X)/Slopg

where UL and LL are the values of minimum and maximum intensities, respectively

[148].

3.4.7Limited Proteolysis

Myoc-OLF was prescreened at room temperature against a variety of proteases
including trypsin, a-chymotiypsin, pepsin, papain, gVprotease and subtilisin A to
identify a protease and concentration capable of producing a discrete smaller construct
detectable by SDBAGE. The optimal reaction condition consisted of a 1:200 dilution of
subtilisin A (Sigma Aldrch, 1 mg/ml) in 0.2 mg/in myocOLF in 10 mM Hepes pH 7.5
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or 1:200 dilution of papain (Sigma, 1 md/imn 0.2 mg/mLmyocOLF in 10 mM MES

pH 6.2. The reaction was incubated at room temperature for 30 mins followed by
subsequent quenching by either the additof Complete Protease Inhibitor Cocktail
(Roche) or SDSPAGE sample loading buffer for SEFSAGE analysis and igel
digestion for mass spectrometry analysis. The core OLF product was fractionated from
smaller digestion products on a Superdex 75 GLmool{GE Healthcare) equilibrated
with Buffer A. The coreOLF sample was further analyzed by CD as described above.
Disulfide bond formation was confirmed with ThioGlo (EMD Biosciences) and the T

measured as describpd8].

3.4.8In-gel Digestion andMALDI -TOF/TOF MS Analysis

In-gel digestion of myo©OLF and coreOLF was carried out as described
previously [217]. Digested and dried samples were subjected to peptide mass
fingerprinting analysis using th&eorgia Institute of &chnology Bioanalytical Mass
Spectrometry FacilitySpectra were acquired on Applied Biosystems 4700 Proteomics
AnalyzerMALDI -TOF/TOF tandem mass spectromeore OLF was also analyzed by
MS/MS. Peaks were analyzed by using MASCOT (GPS Explorer, Applied Biosystems).
Only identified peptide fragments with a >3:1 sigtmhoise intensity were included in
analysis. Samples were analyzed in duplicBtee to the nnspecific nature of subtilisin

cleavage, NC-terminal sequencing was not undertaken.

3.4.9Crystallization and Data Collection

CoreOLF was created repeating the limited proteolysis reaction in situ. In short,
myocOLF (10 mg/mL) in 10 mM Hepes, pH 7vdas mixed with a 1:200 dilution of
fresh subtilisin A (Sigma Aldrich)immediately prior to crystal tray set up. Crystals of
coreOLF were grown by vapor diffusion at 16 °C using a cocktail composed7ét 1

PEG 3000, 289% PEG 200, and 100 mM MES, pH 6Gknerally, platdike single and
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clustered crystals are grown with this condition, but one well provided a more 3D plate
cluster. Pieces of this crystal cluster were removed aypdcooled in liquid M. No
cryoprotectant was needed as the crystallizatiooktail served as oneData were
collected at theGeneral Medical Sciences and National Cancer Institute @o#dtbe
Access Team (GM/CACAT) Beamline 3-ID-B at the Advanced Photon Source at
Argonne National Labs (Darien, ILData sets were indexed arsg¢aled using the

HKL2000[218].
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CHAPTER 4
APPLICATION OF SYPRO® ORANGE, AFLUORESCENT
HYDROPHOBIC DYE, FOR A HIGH -THROUGHPUT LIGAND
BINDING ASSAY FOR PROTEINS OF UNKNOWN STRUCTURE

AND/OR FUNCTION, SUCH AS MYOCILIN

4.1 Introduction

Lead discovery, which is the intense search to find a-likegsmall molecule or
biological therapeutic that can progress into -gheical development, clinical

development, and eventually to market, remains as the bottle neck to the drug

development proess[219]. I n the | ate 198006s and 9060

throughput screening (HTS) consisting of screeneanflom compounds in libraries to
find hits showing an activitpgainstor affinity for a selected targ¢220] was thought to
overcomethis bottle neck. Sophisticated largeale automation was anticipated to
generate an unprecedented number of novel [@&d3. Unfortunately, the opposite was
the case. Despite the significant advancements in -kugle automation, the FDA
approved only 21 new drugs in 2010, with an average28inew molecular entities per
year in the past ten yed@22].

Of the 21,000 I|Iisted drug products in
Biologics Evaluation and Research website in 2006, only 1,357 are unique drugs and
1,204 are smalinolecule drug$223]. Surprisingly, more than 50% of these drugs target
only four key gene families: class 1-fgBotein coupled receptors, nuclear receptors,
ligand-gated ion channels, and voltagated ion channel@23-224]. Onereasorfor this
is thatdevelopmentof a novel drug is risky and expensive, costing on average $860

million [225]. It is therefore much less risky tepackage an old drug by creating new
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formulations, combining already approved agents, and making subtle chemical changes
[225]. Due to theavailability of the sequencettuman genome in 2002, there has been a
surge in validated therapeutprotein targets However,limited knowledge about the
biology of these targetand therefore the types of compounds that they may interact with
prevent knowledgebased drug designapproaches, such as focused screening and
structurebased desigrHTS is therefore relied uponfor compound identificatio226]
andmay alsoprovide an excellent starting point for understanding the interaction or role
of a particular biochemical process in bioldgg7-228].

HTS starts with testing hundreds of thousands to millions of compounds against
the target of interest by virtual screening, txbked assay, or a biochemical assay
approach[227]. In silico drug screening involveselecting compoundby predicting
binding to a macromolecular targ@21]. An estimate of thefree-energy of binding is
calculatedand the compounds are ranked according to their scoring furf@@®h of
which there are three types: fotfield-based, empirical, or knowledgased[230].
Forcefield-based scoring involves quantifying the sum of the recdigtand interaction
energy and internal ligand energy (i.e. steric strain induced by binding), and various
scoring functions are based on different force field parameter sets. Empirical scoring
functions are fit to reproduce experimental binding energies and/éorowtions as a
sum of several pameterized functions. Finallynkwledgebased scoring functions are
designed to reproduce experimental structures rather than binding ef28gle®ne of
the main benefits to virtual screening is that the compounds tested may not actually exist
and their testing does not consume material. Howe knowl edge of t h
structure, eitherfrom X-ray crystadlography NMR, or homology modeling, is a
prerequisite. Additional challenges associated with virtual screening include accounting
for ligand flexibility, protein flexibility, protonatin states, protethigand interactions,
solvent effects, the role of individual water molecules and the decomposition of enthalpic

versus entropic bindinf229]. The scope of virtual screening is highly dependent on the
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amount and quality of the information available about the tg@@t], specifically,
knowledge of the binding pocket of the targetit his ligandbased approach provides
the least value to drug discovery for novel targets as there is already arsreallile
start poinf231].

Cell-based assays measure cell proliferation, toxicity, production of markers,
motility, activation of specific signaling pathways and changes in morph¢®3@y}. The
main benefit to this type of assay is that the compounds tested would be interacting in a
biological milieuand therefore madecrease the chances for cytotoxicity at a later stage
in the drug development process. Many of these assays rely on reporter gene technology,
which is the discovery of compounds that modulate a pathway resulting in changes in
gene expressiorj233]. This technige can bevery sensitive and thus ideal for
miniaturization. However, these assays tend to be based on signal transduction events that
occur downstream or receptor activation and require gene expression. This causes a long
response time, which may span frémurs to days for analysis and also introduces the
possibility of interference from other intracellular pathwfa?2]. Also, for all cellbased
assays,potential hits of interest may be missed due to an inability to cross the cell
membrang226].

An ideal biochemical assay is usually one in which ladl tomponents of the
assay are added at once. Advantages include being able to pipette, incubate, and measure
directly from the microplate, which in turn saves time and @o$sibomogenous assayso
eliminates coating and washing of the plates that arellystequired for a celbased
assay, which may introduce variability into the read@as]. Usually the assay depends
on a fluorescent readout which allows for high sensitivity and is amendable to a
homogenous higthroughput formaf226, 234] However, other optical methods may be
utilized including absorbance, luminescence, or scintillation.

Despite the adantages of a biochemical assay, many soluble target proteins

remain difficult to format for HTS; for example, enzymes whose activity involves
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multiple substrates and/or cofactors and proteins that display multifaceted biological
functions [235]. Furthermore, there ia narrow range of enzyme targets for which
fluorogenic substrates are available. Norzymatic proteins could potentially be of
therapeutic interest, but the ability to assay for a specific readout based on function is
highly problematidbecausédiochemichassay techniques require prior knowledge of the
function of the target in order to design an assay. Unfortunately, for many known targets
linked to disease, such as myocilin in primary cpagle glaucoma (POAG), the
function of the protein is unknown.uRhermore, approximately half of the proteins
expressed by the human genome are functionally unclassified, even though some might
prove to bR36]6Moreungpgriamily, eothpounds identified by HESuld
provide valuable information into the function of these proteins. This underscores the
necessity for an assay generally applicable to proteins of unknown structure and function
and to help alleviate the bottle neck of the lead discovery process.

In this chapter, a higthroughput chemical stability assay was developed and
validated. The assay is based on the premise that ligand binding confers conformational
stability and overall compactneds its target protein, a known phenomenon for most
proteirs [237], and therefore the assay may be adapted essentially to any soluble protein,
regardless of prior knowledge of structure and/or function. Here, we show substantial
progress in assajevelopmenfor botha model protein, maltose binding protein (MBP),
and our protein of therapeutic interest, the olfactomedin domain of myocilin {myoc
OLF). The homogenous assay requires no incubation steps, and is rapid, robust with low
variability, costeffective, and capad of generating a high signtd-noise/background to
minimize false negatives or positives. During the validation process, a total of 14
potential drugs for myeOLF were identified that may provide not only a therapeutic

effect on myocilin but also indigs into its function.
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4.2 Results

4.2.1 Assay Principle

The principle of the assay is based on the well established property that soluble
proteins arg¢hermallystabilized upon ligand binding. In our assay, the soluble protein is
slightly destabilizel by the addition of guanidine hydrochloride (Gnd HCI), a denaturant,
and may be rstabilized upon ligand binding (Figt.1A). Our assay employs Sypro
Orange, an extrinsic fluorescent dye that monitors protein unfolding by fluorescing in the
presence of »posed hydrophobic residuegR38]. When the soluble protein is
destabilized, a high f 1| uor e sottogumalintesdatians a | IS
with exposed hydrophobic residu&hen stabikzation occurs after ligand binding, there
is a decrease in fluorescence (Hd.B), creating the signal window. The primary benefit
of this assay is that no prior knowl edge
required. However, the assay is ilied to soluble proteins thanay be expressed and

purified and potential interference of compounds with Sypro Orange dye.

4.2.2 Assay Optimization and Verification

The assay was first developeda 96well formatwith the well studiedE. coli
maltose binding protein (MBP). MBP was chosen because it binds to the disaccharide
maltose as well as longer linear and some circular maltodextrinskwittalues in the
low micromolar rang¢239], which is the high end of the typical hit potency range of 100
nMt o 5 ¢ M[209 The ebmcBntration of the denaturant Gnd HCI to be used in
the assay was first determined by conducting a chemical melt with MBP4(&R), and
0.6 M Gnd HCI was chosen as the concentragibthe onset of unfolding (i.e. the most
destabilized point without unfolding the protein). After conducting a serial dilution of the
protein in 0.6 M Gnd HCI, a concentration

lowest that may be used and still provad®bustsignal (Fig.4.2B).
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Fluorescence Intensity (afu)

Molecule Concentration (M)

Figure 4.1. Schematic of chemical stability assay A) Native protein (left) is
destabilized by the addition of relatively low concentrations of chemical denaturant
(middle) and is restabilized bybinding of the ligand (red, right). B) Example of a typical
fluorescence spectrum upon the addition of increasing amount of ligand. High signal is
observed for the destabilized protein in the presence of the reporter dye, Sypro Orange,

and a low signal isbserved for the retabilized protein.
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Figure 4.2. Concentration Optimization for MBP and myoc-OLF. Chemical melt of
MBP (A) and myoeOLF (C). Arrow denotes the Gnd HCI concentration at the onset of
unfolding. Serial dilution of MBP (B) and myd&oLF (D) to determine optimal

concentration for subsequent assays (arrow).
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Fluorescence assays were then conducted to test for adelosedent
stabilization of MBPupon binding three known ligands: maltose, maltotetraose, and
maltitol (Fig.4.3A). All three sugars stabilized MBP in a dasgpendent mannén the
assay Maltose stabilized to the greatest degree with a 50% drop in fluorescemsitynte
at 10 &BA). MEaltitog stabilized to the lowest degree (Fg3A), but this was
expected since th€g = 5 0 [240]MAll three sugars stabilize reproducibly elayday
and plateto-plate with a signato-background (S/B)of 2.1 (Fig. 4.3A,B), which
describes the separation of the signal windBivenylmethanesulfonylfluoride (PMSF), a
known protease inhibitor, was tested as a negative control and no stabilization of MBP
was observed (Figt.3C).

Compounds in a small molecule library are generabgalved in DMSO, thus it
was necessary to determine tioderanceof the assay to DMSO. The dedependent
maltose stabilization assay with MBP was repeated, but with 1% DMSO added to the
reactions. An almost identical stability curve was collected awdstdetermined that the
solvent does not appreciably affect the assay4RBD).

Once the initial controls were completestiatistics forthe assayvere calculated
Destabilized MBP was added to 48 wells of an@8l microplate, and the same mixture
without protein was added to the remaining 48 wélle.e assay was assessEe
factor, which defines the difference between positive and the negative controls of the
dynamic signal being measured and the variation of that 4ig2@). The collected data
exhibitaZzNj f act or 43D), ifdicatity arf &celient assay with a large
separation between signal and background populai#i3. The CV valuea variability
measuremenfrom this plate was 4.0%, which is an acceptable value for {&Sless

than 10%)226, 242]
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Figure 4.3. Assay verification with MBP. A) Dosedependent stabilization of MBP by

addition of ligand. Error bars denote standard deviation. B) Signal window of optimized
assay with MBP. High signal (circles) corresponds to MBP in the presence of Gnd HCI,
whereas low signal (triangles) correspormishie same sample but with the addition of 1

mM maltose. C) Effect of the negative control, PMSF, when added to destabilized MBP.

D) Stabilization of MBP by maltose in the presence of DMSO. E) Scatter plot of an
equivalent amount of destabilized MBP (greycles, n = 48) and background (black
circles,n =48)fromasingle98e |l | pl ate. These data were u

of the optimized assay.
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4.2.3 Assay Adaptation to MyoeOLF

After verification of the chemical stability assay with MBP, #ssay was adapted
to the protein of therapeutic relevance, my@d-, also in a 9avell format. After
performing concentration optimization tests as with MBP, it was determined by chemical
melt that 0.6 M Gnd HCI was the concentration at the onset ofdingp({Fig.4.2C), and
1 ¢ M -@bFdram the serial dilution assay (Fij2D) provided the lowest amount of
protein while still producing a measurable signal.

Since relatively little is known about structure or function of myocilin and no
known ligandsexist, trimethylamine MNoxide (TMAO) was chosen as a positive control
to define the signal window. This was based on the results obser@uhpter 2vhere
myocOLF is thermally destabilized when a diseaaesing mutation is introduced, and
that these wadants may be stabilized by the addition of rspecific small molecule
chemical chaperones called osmolyj@43]. BothTMAO and sarcosine conferredhigh
degree ofstabilization to WTand mutants increasing theirelting temperatuse[243].
Similar to MBP a&ad maltose TMAO stabilized myoeOLF in a dosalependent fashion
(Fig. 44A), albeit at a 1,00@old higher concentration range due to the nature of
osmolytes. However, this stabilization effect provided an S/B = 7.7 4#8), which is
4-fold higher tha that observed for MBRith maltose(Fig. 4.3B).

The tolerancef the assayo DMSO was again testednd no appreciable effect
was observed (Figd4C). The assay was verifieidr a dosedependent stabilization
effect over the course obne hour at roontemperature. The same stability trend was
observed after three daysf incubation in the dark at room temperatuleit the
fluorescence intensity increased over time (HgD). Therefore, the assay may be
conducted at room temperature as long as aiyp®sibntrol is included on each plate.
The assay with mye©OLF was statistically evaluated as described above for MBP.
Agai n, a ZNj f adB) was detefmin€d. aid2a CV Walug of 3.3% was

calculated.
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Figure 4.4. Assay verification with myocOLF. A) Dosedependent stabilization of
myocOLF in the presence of Gnd HCI by the addition of increasing amounts of the
osmolyte, TMAO. B) Defined signal window for the my@tF assay. High signal
(circles) correspnds to destabilized myeOLF whereas low signal (triangles)
corresponds to rstabilized myoeOLF by the addition of 1 M TMAO. C) Effect of
DMSO on the stabilization curve of my@lF. D) Effect of various incubation times on
the assay output. E) Scatfdot of an equivalent amount of destabilized m¥@ld- (grey
circles, n = 48) and background (black circles, n = 48) from a singleefifplate. These

data were used to calculate the ZNj value o
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4.2.4 Assay Validation

Before conductig the compound library pilot screen with the assay, the assay
required validation for a 38ell format. The doseependent stabilization curve for
MBP by the addition of maltose, as well as the stabilization curve for+1@yécby the
addition of TMAO, wee both repeated. Howeavedn this miniaturized formatthe S/B
calculated for myo®©LF was below a value of two, which is considered to be too low
and may complicate the interpretation of the results. Optimization of the protein
concentration was therefooenducted again in the 384ell plate, and it was found that
4 ¢ M -@WF@ovided the greatest SfB. An S/B plateau was observed at higher
protein concentrations, indicating no appreciable gain in the signal window upon the
addition of more proteifiTable 41).

At Emory University Chemical Biology Discovery Centerthe optimized
chemical stability assay in 384ell format was automated and useddst the LOPAC
compound library $igma Aldrich), which includes 1,280 compounds known to be
pharmacologically active or are currently approved drugs. Each compound was added at
a single concentration (1 mM final). Destabilized my@icF and restabilized myoeOLF
by TMAO (positive control) reactions were added to each plate to define the signal
window, and allowd for calculation of platéo-plate statistics to detect any irregularities
in the assay. The HTS protocol is outlined in Tab2 and a scatter plot of the HTS
results for the entire pilot screen is shown in Bi§. The performance ohé screening
assay was assessesi ng t he average ZN valwue 0. 78
with a highquality HTS assay. The S/B averaged between 4.2 and 5.5 and the CV value
averaged between 4.3% and 6.1%, consistent with the values calculdted 96well
format.

Molecules leading to a decrease in fluorescence intensity were considered as hits
(Table4.3). A total of 14 hits were identified during the pilot screen (Tab8 Fig. 4.6)

andthree molecules greatly destabilized nyokF (Table4.3, Fig.4.7). It is possible

92



Table 41. Optimization of myoeOLF concentration for 38&ell format.

Myoc-OLF (¢ S/B Z Njacter
1.0 3.9 -0.40
2.0 6.1 0.11
3.0 4.9 0.46
4.0 8.6 0.68
5.0 8.4 0.67
10.0 11.4 0.50

Table 4.2.Chemical stability assay HTS protocol.

Step  Parameter Value Description

1 Master Mix 20 ¢L 0.54 M Gnd HCI, 4.5X Sypro Orange, phosphate
buffer, pH 7.2

2 Library Compounds 0. 5 ¢ L 1 mM in DMSO

3 Positive Control 4 L 0.8 M TMAO

4 Protein 4 ¢ L 4 €M in phosphate buff el

5 Centrifugation 5 min 800 xg

6 Assay Readout 485 nm excitation 2103 EnVision Multilabel Plate Reader (Perkin Elme

/572 nm emission
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Figure 45. HTS results for the LOPAC compound library. The x axis represents the
compounds screened (black circles). The solid red line represents the average signal for
destabilized myo©LF without ligand and the dashed black line represents the average
signal for restabilized myoeOLF in the presence of TMO. The ZNj st ated

of the four plates tested.
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Table 4.3.Compounds identified in mye©LF pilot screen.

Compound Compound Class  Activity Effect
Apigenin Cell Cycle Arrests cell cycle in G2/M phase +
Aurintricarboxylic acid Apoptosis Topoisomerase inhibitor +
GW5074 Phosphorylation Kinase inhibitor +
Isoliquiritigenin Cyclic Nucleotides  Aldose reductase inhibitor +
Morin Cell Stress Oxyradical scavenger +
Myricetin Phosphorylation Kinase inhibitor +
Niclosamide Antibiotic Uncouples oxidative phosphorylatior +
Phloretin C&* Channel Blocks L-type Ca2+ channels +
Piceatannol Phosphorylation Kinase inhibitor +
Quercetin dihydrate Cyclic Nucleotides  Mitochondrial ATPase and +
phosphodiesterase inhibitor
ReactiveBlue 2 P2Receptor Antagonist for ATPactivated +
channels
Rottlerin Phosphorylation Kinase inhibitor +
(R,R)cis-Diethyl tetrahydre2,8 Hormone Estrogen receptor beta antagonist  +
chrysenediol
Tyrphostin AG 879 Phosphorylation Tyrosine kinase nervgrowth factor  +
receptor inhibitor
4-Amino-1,8-naphthalimide Apoptosis Poly(ADP-ribose) polymerase -
inhibitor
Dequalinium analog, @4 linker Phosphorylation Kinase inhibitor -

Idarubicin

DNA Metabolism

Antineoplastic
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Figure 4.6. Compounds identified as hits from the LOPAC library screen that

potentially stabilize myoc-OLF.
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Figure 4.7. Identified compounds from the LOPAC library screen that may
destabilize myoc-OLF significantly, as indicated by a substantial increase in Sypro

Orange fluorescence.
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that the high fluorescence intensity for the dequalinium anal@grticularcould be the

result of Sypro Orange interacting with the alkyl linker and not thaltreé myocOLF
destabilization. Interestingly, the stabilizing potential drug candidates include a variety of
were the most predominant compound class accounting for ~36% of the total hits. The
well containing the kinase inhibitor GW5074 yielded the |lawksrescence intensity,
indicating a potential stabilization effect that was greater than the positive control,
TMAO. In previous work, myo®©LF was shown to be stabilized in buffers with
functional groups mimicking glycosaminoglycans (GAGs) (Chaptef23%]. In our
assay, two compounds, aurintricarboxylic acid and reactive blue 2, also possess
carboxylate and sulfate functional groups similar to GAGs &&). While it istempting

to speculate the potential therapeutic relevance and functional importance of these
molecules with myo®©LF, the binding of these compounds must be verified first by
conducting a dosdependent assay for each hit to eliminate false positivéswid by

isothermal titration calorimetry.

4.3 Discussion

HTS is the primary method used by pharmaceutical companies to generate leads
in the drug discovery process, and starts by testing hundreds of thousands to millions of
compoundsagainst a target ian assayHowever, this method requires tailored assays to
the biological target of interest and many limitations arise, including most importantly,
detailed knowledge of either the structure and/or function of the protein. This level of
detail is not ahays available and may be costly and toomsuming to generate.
Therefore, a generally applicable assay to detect ligand binding for essentially any
soluble protein is needed.

The chemical stability as s-angmewasr edde s
homogenousassay with a facile, orgtep readout. The premise of the assay is that a

chemically destabilized protein is-s¢éabilized by ligand binding, and this occurs in a
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dosedependent fashioi.he reporter dye, Sypro Orange, fluoresces only in the presence
of a hydrophobic environment, i.e. in the presence of destabilized protein with exposed
hydrophobic residues. Protein stabilization upon ligand binding is a general property of
proteins and is not dependent on prior functional knowledge of the target o$tinBath
enzymatic and neenzymatic proteins may be equally screened in this assay, since
activity and/or inhibition is not required to produce an optical signal for read out. In this
work, the assay wafirst verified with the well characterized, n@mzymatic protein,
MBP. Stabilization upon ligand binding was shown to occur in a-dependent fashion,
and is not affected by the addition of DMSO. Since the compounds in this library are
dissolved in this solvent, it is important to verify that the raesolitained from the pilot
screen were due to ligafidduced stabilization and not solvent effects.

The assay was next applied to my@LF to identify potential ligandsPreviously,
we have shown that glaucornausing mutations in the my@LF result in a
destabilized protein, and that these variants retain similar secondary structuretipwild
[243, 245] Instead of secretion to the human trabecular extracellular matrix (HTM),
mutant myocilin has been shown to accumulate in the endoplasmic reticulum (ER) of
HTM cells, triggering cell stress responses, and eventually leading to cell[8éddh,
97-98]. It has been hypothesized in our lab and oth&ss 97] that if mutant myocilin
could be stabilized endogenously and pass the ER quality control for subsequent
trafficking, toxicity due to protein accumulation would be reduced, thus alleviating cell
stress and delaying the onsdtgbaucoma. Pharmacological chaperones (PCs) are of
particular interest as they are small molecule compounds capable of stabilizing
endogenous mutant enzyme and lead to cellular trafficking, but design of such a
beneficial molecule is hampered due to latkknowledge of the myeOLF structure
and function. A topdown approach is therefore required for the identification of

molecules that may potentially act as RE€gprovide clues to the biological function
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A total of 14 potential drug candidates frahee LOPAC library were identified
with a hit rate of 1.25%. The chemical stability assay was amendable to miniaturization,
easy to automate, and displayed excellent statistics, indicating a robust and reproducible
assay. Further work will be required terify the hits as potential drug candidates and
would include generation of concentration response curves to eliminate false positives.
Confirmation ofbinding should also be tested by isothermal titration calorimetry (6FC)
equilibrium dialysis False psitives due to the possible interference of the compounds
with Sypro Orange should also be testBthally, myocOLF drug screening may be
advanced byfurther miniaturizing to 153&vell format andscreening hundreds of
thousands of compounds at the Naéidn | nsti tute of Healthoés M
Production Center. Potential drug candidates identified by this chemical stability assay,
and verified for binding by alternative methods, may yield further insight into the
function of myoeOLF as well asprovide the first therapeutic molecules targeted at
alleviating cell stress induced by mutant myocilin intracellular sequestration and

accumulation.

4.4 Methods

4.4.1 Protein Purification

MBP was expressed if. coli Rosettagami E 2 ( DE3) pLgeisS ¢ o mp
(Novagen) using the pMAk4x vector (New England Biolabs) and purified on a 20 mL
high-flow amylose resin (New England Biolabs) column. The m@ad gene was
introduced into the MBP fusion vector, pMAl4x, as describegreviously [178].

Expression and purification of MBBLF followed previously described procedures, as
did generation of cleaved my@lLF by incubation with Factor Xa and further

purification[178].
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4.4.2 ChemicalStability HTS Assay

The optimal denaturant concentration was first determined by performing a
chemical melt with Gnd HCI. Increasing concentrations of Gnd HQl ) were added
to 10 &M MBPEF imphosphateobaiffer (10 mM sodium phosphate dibasic
potassium phosphate monobasic, 200 mM NaCl pH 7.2), and 5X Sypro Orange
(Invitrogen). The reactions were assembled at room temperature and deliveraseib 96
microplates (Grenier). Fluorescence data were acquired on a Biotek Synergy 2 instrument
with a485/20 nm excitation filter and a 590/35 nm emission filter. Data for each sample
were taken in triplicate and blank subtracted. Protein concentration was then tested for by
serial dilutions of the protein (0.6260 € M) i n the phosgehaad e buf
optimized Gnd HCI concentration reaction. Fluorescence data was acquired and analyzed
as before.

After optimal denaturant and protein concentrations were established, known
ligands (maltose, maltotetraose, and maltitol) of MBP were added in addpsadent
fashion (61 mM) to MBP in phosphate buffer, Gnd HCI, and Sypro Orange.
Phenylmethylsulfonyl fluoride (PMSF), a known protease inhibitor, was also tested in a
dosedependent fashion {D mM) as a negative control for MBP. In the case of myoc
OLF, TMAO (0-1 M) was added as a positive control and fluorescence data were
acquired. In every case, the protein was added last and prior to fluorescence readings. All

assays wer e conducted at room temperatur e

4.4.3 Screening bSmall Molecule Library

In the primary screen, approximately 1,280 compounds (LOPAE Sigma
Aldrich) were tested at the Emory University Chemical Biology Discovery Center. The
assay volumes were adjusted to a-884 | | format (25 €L reactior
S/B value, myo€LF concentration (L O € M) was opt twelifaneag f or

and a concentration of 4 &M was utili zed o
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(0.54 M Gnd HCI, 4.5X Sypro Orange, phosphate buffer, and water) was dispensed via a
MultiDrop Combi (ThermoScientific) to a 384ell microtiter plate (Costar). hie

Sciclone ALH 3000 Workstation with 38hannel cannula array (Caliper LifeSciences)

was used to transfer 0.5 €L of compound (
solution. MyoeOLF was added last, again using the MultiDrop Combi. The plates were
centifuged for five minutes at 800 x g to remove air bubbles prior to fluorescence
reading in a 2103 EnVision Multil abel Pl at

572 nm).

4.4.4 Data Analysis

To validate the chemical 1)stheabeffidienttoy as s a
variation (CV, Eq. 2), and sign#d-background ratio (S/B, Eq. 3) were calculated from a
96-well plate containing the destabilized sample in GndHCI and the same solution

without protein:

® p o YO YO j 0 0 1)
Ow prmYA@ b 2
Y6 O jo (3)

where SD is standard deviation and M is the mean.
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CHAPTER 5
CHARACTERIZATION OF AMYLOID FIBRILS FORM ED BY THE

OLFACTOMEDIN DOMAIN OF MYOCILIN

5.1 Introduction

Amyloidoses are a subset of protein conformational disorders (PCDs) and a group
of diverse diseases in which soluble polypeptides/proteins undergo a conformational
change andaccumulate to form stable, ordered filamentous protein aggregates,
commonly referred to as amyloid fibril246]. These >20 diseases include such infamous
di sorders such as Huntingtonds di sease, Al
prion disease Each disease involves predominantly the aggregation of a specific protein,
but other additional proteins and carbohydrates, specifically glycosaminoglycans (GAGS)
[247-248], have been identified in plagues and deposityivo [249-250]. Amyloid
deposits may accumulate intracellularly leading to impaired organelle function and cell
death[251-252], extracellularly resulting in disrupted tissue architecture and function
[246, 253] or both[254].

Fibrils described for amyloidoses are structurally similar in spite of the fact
constituent monomers exhibit diverse amino acid sequencefivardetertiary struatire.

X-ray fiber diffraction reveals that the fibrils are composed of a dragd®eet structure in
which the backbone hydrogen bonding is parallel to the fibril [@&S]. Fibrils are ~10

nm in diameter, wbranched, and mature fibrils have a twisted, #idge appearance, as
idenified by transmission electron microscopy (TEM) and atomic force microscopy
[256]. Mature fibrils also exhibit a green birefringence under polarized light when stained
with Congo Red257] and are resistartb proteolysig258]. Formation of the fibrils is
generally believed to follow the nidus theory, in which amyloid fibril fragments serve as

templates for fibril growt246]. Fibril extension is typically monitored with Thioflavin
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T (ThT), which only fluoresces when bound to mature fibjd59]. The dye binds
rapidly to amyloid fibrils and produces an increase in fluorescence at 485 nm when
excited at 440 nrf260]. Finally, polymerization may occur with a natively folded protein

or unstable intermediates (i.e. mutated protein or protein altered by its envitbnmen
[261].

Amyloidogenic proteins are generally small in size8BkDa)[246] and may be
natively unfolded and prone to aggregate under physiological conditions, as is the case
for huntingtin with polyQ expahbhspeptideH(UA
i n Al z {262 Foe vuldesable globular proteins, aggregation may be transmissible
(prion), familial, or sporadic. Hereditary form$ the amyloidoses generally occur due to
a genetic mutation that produces a less stable and less cooperative variant, and will
therefore tend to fold and aggregate more readily. Familial forms usually have an early
age of onset and higher severity thgooradic case$254]; age of onset is generally
closely related to the extent of destabilization by the mut$2i68].

A large percentage of amyloid diseases occur sporadically and aevexbsn
aged individuals. Premature aggregation earlier in life is prevented largely in part to the
adapted mechanisms of the cell that serve to assist proteins to their native conformations
and maintain them in a stable and controlled environnj26d]. Intracellularly,
molecular chaperones play a key role in protecting an incompletely folded polypeptide
chain from norproductive interactions, includinaggregatiorj249]. In the extracellular
environment, abundantly secr etneadoglgbulimcopr ot
and haptoglobulin, act as extracellular molecular chaperones by protecting a range of
proteins from stressduced aggregatioj261, 265] It is likely that this control is lost in
ageing inconjunction with environmental changes (such as oxidative damage) that may
promote protein unfolding and aggregation.

Emerging evidence places myocitigsociated glaucoma in the context of a PCD.

Similar to most neurodegenerative PCDs, there is alitdnand sporadic form of the
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disease. In particular, mutations in the secreted protein myocilin have been linked to
inherited forms of glaucoma. To date, more than 70 glaucoma inducing mutations have
been documented, located primarily in thée@ninal ofactomedin domain (mye©LF)
[77]. Interestingly, missense mutations do not seriously compromise the overall tertiary
structure of myoeOLF, asin vitro studies for ~25 variants have shown that thermal
unfolding occurs in a cooperative manner and variants retain similar secondary structure
to wild-type (WT) by circular dichroism[243, 245] However, these variants are
thermally less stablthan WT[243, 245]and in cell studies, are found to be sequestered
within trabecular meshwork cellR66-267]. At physiologich temperatures, the less
stable mutant myocilin would be partially unfolded and therefore prone to aggregate.
Moreover, diminished secretion of WT myocilin is observed when WT and mutant
myocilin are ceexpressed80, 86, 268] suggesting that mutant myocilin can recruit WT
to produce a pathogenic response even in the heterozygotesth human embryonic
kidney (HEK) and human trabecular meshwork (HTM) cells expressing mutant myocilin,
large juxtanuclear aggregates were observed and found to be primarily located in the ER,
co-localizing with known ER chaperong®6, 97] Aggregates of mutamhyocilin have
even been observed in transgenic fli@8]. These aggyates have been shown to be
toxic, inducing the ER stress respoii84-85, 98] and eventually cause cell degb,
97-98, 269]

Although emerging clues to the pathogenesis of myerililuced inherited forms
of glaucoma have come to light in the past decade, little progress has been made towards
understanding the molecular mechanisms that lead to sporadic glaucoma, whice may b
due in part to the heterogeneity of the disorder. In this work, we initially sought to
characterize the aggregated form of my@d- and found that both WT and mutant
variants of the protein form amyloid fibrils, similar to proteins in other PCDs dedcribe

above. These fibrils are created under a variety of conditiovitro and fibrillization
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Table 5.1. Summary of experiments and results from this study.

Goal

Technique

Result Summary

Identification of Amyloid
Fibrils

Determination of
Conditions that Increase
the Fibrillization Rate

Examination of Fibril
Formation Kinetics

Identification of
Amyloidogenic Core
Sequence(s)

Identification of Myocilin
Amyloid in Cell Culture

SEC

ThT Fluorescence
TEM
Proteolysis

Anionic Detergent

Oxidizing Agent
Low pH
Reducing Agent

Seeding Assay

Multiple Round
Seeding Assay

N-terminal Sequencing

Systematic BuileJp of
Myoc-OLF

N-terminal and €
terminal truncations

Triton X-100
Extraction Followed by
GelBoiling Analysis

ThT Staining of CHO
Cell Cultures

Void-volume pealcorresponding to aggregated MEBR.F

WT and mutant olfactomedin domain fluoresce ThT
Fibrils observed
Fibril core is resistant to PK

SDS promotes fibrillation

<1.5% H202 promotes fibrillization
Incubation in citrate buffer, pH 3 promotes fibrillization
BME, DTT, and TCEP promote fibrillization

Fibril formation is seHpropagating and the rate of
fibrillization increases when the concentration of seeds
increased

Fibrils are matured after three rounds of seeding

Failed due to multiple Nermini

One amyloidogenic stretch is present within the first N
terminal 17 residues

The presence of other amyloid fibril forming regions,
beyond the Nerminal 17 residues, are verified

P370L TX insoluble myocilin formed agggates unable to
migrate through the SDBAGE stacking gel. The
aggregates were able to enter the gel after incubation o
boiling water bath and a second electrophoresis step.
Intracellular deposits in the P370hyocilin transfected
cells fluoresced ThT.
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occurs in a nucleation dependent, getipagating manner (Tabfl). Mutant myocilin
expressed in mammalian cells forms intracellular aggregates containing amyloid
fibrils. Taken together, this work providesw insights into myocilin and suggests a novel

molecular based hypothesis for pathogenesis.

5.2Results

5.2.1Identification of Amyloid Fibrils

5.2.1.1initial Identification of Aggregates by Size Exclusion Chromatography

During the original developmemf the myoeOLF purification protocol, a void
volume peak corresponding to a large cytosolic MBIHF species was isolated by size
exclusion chromatography (SEC) from monomeric MBEF (Fig. 2.1) after amylose
affinity purification. Reducing SD®AGE revaled that the voidolume fractions are
composed of MBFOLF in an aggregated form (Tab#el). The intensity of the void
volume peak compared to that of the monomer is not sensitive to incubation at 4 °C,
freezethaw, or concentration loaded on the colurRnrthermore, the species do not
interconvert (Fig. 2.2). Indeed, a species eluting in the -voidme of the SEC
chromatograph is observed for all variants of m¢id- studied in our lab. Even when
subjected to fractionation on a column designed to fraate much larger species
(HiPrep 16/60 Sephacryt&0 HR column; M20,000G 8,000,000), a distribution of high

molecular weight species is observed (Fig. 5.1).

5.2.1.2Identification of Amyloid Fibrils Formed from Olfactomedin Domain by ThT

Due to the observed unusual high molecular weight species observed fer MBP
OLF by SEC ,shettlkcantenh forghe mfdeLF [243-244] and its predicted
amyloid propensityf270], we sought to test the hypothesis that the -voidme SEC

peak constitutedn amyloid. The fluorescent dye, ThT, undergoes characteristic spectral
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Figure 5.1. SEC chromatograph (M 20,000 8,000,000) of MBPOLF aggregates.
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alterationsupon binding a variety of amyloid fibrils and not their precursor polypeptides,
monomers, or amorphous aggregates of the prg&58, 271] An increase of ThT
fluorescence for MBROLF and fulllength myocilin aggregates was observed but not in
the presence of their respective monomers (Fig. 5.2A, Table 5.1). Similar to WT
aggregates, all of the30 diseaseausing MBPOLF mutant aggregates studied in lab
[243, 245]fluoresced with ThT (Fig. 5.2B, Table 5.1).

To rule out the possibility that MBP could be forming fibrils and contributing to
the observed ThT signal,eiMBP-OLF void-volume fraction was treated with Factor Xa
and aggregates subjected to ThT fluorescence analysis. The cleaved aggregates were
purified by an initial amylose affinity purification to remove any cleaved MBP or
uncleaved MBPOLF, followed by SE to separate the fibrillar material from Factor Xa.
Similarly, the small aggregate peak observed by SEC after the cleavage reaction for the
monomeric fraction of MBFOLF at 37 °C, was tested for ThT fluorescence. In both
cases, a fluorescent signal forTTiwvas observed (Figh.2C). No voidvolume peak by
SEC was observed when MBP was expressed and purified alone (data not shown). It was
therefore concluded that the amyloidogenic region was contained to@iy®a@nd not

MBP.

5.2.1.3Proteolysis

The crossb-sheet core of amyloid fibrils is resistant to proteinase K (PK), a
protease highly active against globular or disordered conformations but not against
densely packed crods r e {258p2T72273]. Treatment of MBFOLF aggregate with
PK followed by purification by SEC revealed a ThT positive wiatlme elution peak
(Fig.5.2C, Table 1) adding further evidenttat this species contains amylaids
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Figure 5.2. ThT fluorescence spectra in the presence of amyloid fibrilsA)
Fluorescence emission increase in the presence of aggregatedD MBRblack) and
aggregated myocilin (red) compared with the monomeric versions (blue, green,
respectively). B) Emission spectra for selected aggregated OLF variants. C) ThT
emission speca for myocOLF aggregates obtained after incubation at 37 °C (blue), PK
treated aggregates (black), and Factor Xa treated aggregates (red). All spectra collected at

25 eg/ mL of protein and 5 €M ThT.
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Figure 5.3. Electron micrographs of myocOLF amyloid fibrils. A-B) Myoc-OLF
fibrils obtained after incubation at 37 °C for 95 hrs. C) Micrograph of rR@bE fibrils
(black arrows) and torushaped oligomers (white arrowhead) formed after incubation at

37 °C in the preence of SDS. D) MyeOLF fibrils formed after incubation at 37 °C in

the presence of 0.3%,B,.
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5.2.1.4 Amyloid Fibrils Visualized by TEM

Transmission electron microscopy was next employed to visualize-@lBc
fibrils, which were formedle novoby incubation at 37 °C for 95 hrs as opposed to the
fibrils isolated fromE. coli by SEC described above. TEM revealed typical amyloid
morphology: unbranched fibrils with a diameter of about 10 nm (Fig. 58 Aable
5.1). Although amyloid fibril formation @an be a generic property of the polypeptide
backbone and that essentially any protein could form fibrils under the right destabilizing
conditions, we believe this is not the case in our system as fibrils are observeal after
long incubation of the OLF donma alone at physiological temperature. Taken together,
although there is no definitive test for amyloid, the collection of evidence is strong for

myocOLF.

5.2.2Conditions That Promote Spontaneous Fibrillizationin Vitro

In vitro fibril formation of myoc-OLF takes multiple days (with agitation of
sample; Fig5.4) to weeks (no agitation of sample; data not shownpccur because
amyloid fibril formation is a nucleatiedependent proce$274-275], consisting of both
a nucleation phase and an extension phase. The nucleation process requires the self
assembly of monomers, and tbfre is the ratéimiting step. Howeveras described
below, the kinetics of mye®©LF fibrillation can ke accelerated by exposing the protein
to slightly destabilizing conditions that allow the peptide backbone to be exposed and

form the interchain hydrogen bonds associated with amyloid fibrils.

5.2.2.1SDS, an Anionic Detergent, Promotes Fibrillization

Negatively charged GAGs, such as heparin and heparin sulfate, and anionic
detergents accelerate the kinetics of amyloid fibril formation by serving as a nucleating
surface [247, 250, 27&78]. In particular, S i nduces the gxtensi

microglobulin[279] a n dsynlclein[280]. Therebre, the abilities of various SDS
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Figure 5.4. Myoc-OLF fibrillization monitored by ThT fluorescence. Myoc-OLF was

incubated in phosphate buffer at 37 °C with agitation.
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Table 5.2. Conditions that promote fibrillizatidn

Additive ThT Intensity, 485 nm (afu)
Myoc-OLF (4 °C) 2.1
0 mM SDS 3.7
0.2 mM SDS 139.6
0.4 mM SDS 275.4
0.5 mM SDS 259.4
0.6 mM SDS 255.6
0.8 mM SDS 216.3
1.0 mM SDS 208.4
5.0 mM SDS 26.1
10.0 mM SDS 135
0% H,0O, 21.4
0.03% HO, 152.3
0.3% HO, 313.8
1.5 H,O, 275.4
2.9% HO, 32.6
50 mM Citrate pH 3.0 57.6
5 mM BME 57.6
5mMDTT 175.3
5 MM TCEP 124.4
Al'l fluorescence intensity
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concentrationso enhance myeOLF fibril formation were tested. SDS-M mM) was

i ncubated wi-OUr withdut agithtiomdgr 85chrs followed by measurement

of ThT fluorescence. Consi s#neinctr owgiltohb uplrienv ia
synuclein, SDStanulates fibril formation at concentrations less than 0.8 mM (Fig. 5.2C,

Table 5.15.2). This result is consistent with previous reports that concentrations of SDS

at or below the criticaiicellar concentration (CMC) (0.67 mM) induce fibril growth as

well as stabilize the fibril§279]. At concentrations above 1.0 mM, fibrillization was

vastly reduced (Tabl®&.2) most likely due to the formation of amorphous aggregates
instead of fibrils. When monomericymc-OLF is incubated at 30 °C in the presence of

0.5 mM SDS, no lag phase is observed and a plateau in ThT fluorescence is observed

after 30 hrs (Figs.5B, black curve).

5.2.2.20xidizing and Reducing Conditions Promote Fibrillization

We also attemptedo mimic in vitro certain stresses myocilin is expected to
encounter during the ageing process that may promote fibrillization, namely, oxidative
stress and low pH. Accumulating evidence supports the role of oxidative stress in POAG
[281-283]and it has already been showmptay a role in the development of cataracts, as
reviewed by Sharmat. al.[284]. To test the effect of oxidative stregsvitro, various
dilutions of hydrogen peroxide futo ~3%) were added to monomeric mMyOLF,
followed by incubation at 37 °C for 95 hrs. Treated samples fluoresced with ThT (Table
2) and showed fibrils by TEM (Fidh.2D), except for the ~3% sample, which had a ThT
signal similar to untreated my@gLF (Teable 5.1-5.2) and displayed only amorphous
aggregates by TEM (data not shown). MMOLF at an identical concentratiomas also
subjected to incubation in citrate buffer (pH 3.0) at 37 °C for 95 hrs. This sample
fluoresced with ThT, but to a lesser exterartidescribed for the conditions listed above
(Table 5.1-5.2). Conversely, the effect of reductants, expected to reduce the single

disulfide bond, on the fibrillization of mye©LF was tested. Fibrillization by disulfide
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reduction is not unprecedentes dithiothreitol (DTT) was shown to accelerate the fibril
f or mati on microglobuing285]. Myoc-CF was incubated in the presence
o f -mdrcaptoethandBME), DTT, and tris(2carboxyethyl)phosphine (TCEP). All three

treatedsamples fluoresced with ThT (Tallel-5.2). The ThT signal was the lowest for

BME and identical to that of the citrateH8.0) sample (Tablg.2).

5.2.3Myoc-OLF Forms Amyloid Fibrils by a Nucleation Dependent Mechanism

As mentioned aboven vitro amyloid fibril growth occurs with an initial lag
phase, during which monomers assemble to form nuclei. Once the solutocigated,
fibril extension occurs at a rapid rate by the addition of monomer to the fibril ends
(elongation phase) until the solution is depleted of monomeric protein and a plateau is
observed(Fig. 5.4) [286]. Fragmented amyloid fibrils may also serve as nuclei when

added to globular protein and initiate rapidifigrowth in a process known as seeding.

5.2.3.1Kinetics of Fibril Formation

In the seeding assay, my@d_F fibrils, formedin vitro by incubation at 37 °C in
a water bath in the presence of 0.5 mM SDS, were verified by ThT fluorescence and
fragmentedby soni cati on. The O0Oseedsd6 were adde
monomeric myoe€LF in the presence of 0.5 mM SDS and incubated at 30 °C. ThT
fluorescence was monitored and a rapid growth rate was observed with a3t hrs
(Fig. 5.5A). Upon doibling the quantity of seeds, fibrillization occurred at a faster rate
(ty= ~1.5 hrs) (Figh.5A, Table5.1). This reaction reachedpdateaupresumably after
the pool of globular mye©LF was depleted, about 10 hrs sooner than when fewer seeds
were used. Both seeding experiments were performed in duplicate and rates were

reproducible when the experiments were conducted at 30 °C.



5.2.3.2Maturation of Fibrils by Multiple Seeding Rounds

The seliseeding propensity of mya@LF was analyzed by conducting multiple
seeding rounds where the fibrillized material from a previous round was used to seed a
subsequent round. To produce initial seedsponteric myoeOLF was incubated alone
in the presence of 0.5 mM SDS (F®5B, black curve).The product was used to seed
monomer in the second round (F&5B, red curve), and the second round product was
used to seed the third round (FighB, blue cure). An increase in the rate was observed
each time (Figh5.5B). Subsequent seeding rounds did not yield an increase in rate of
formation, indicatingull maturation of the fibrils was achieved after three rounds (Table

5.1).

5.2.4ldentification of the Amyloidogenic Core

To identify the sequence(s) in my@iF prone to forming amyloid fibrils,
preformed fibrils were initially treated with PK, as described above, to digest any
extraneous residues leaving only the core fibril, followed btemhinal sequecing.
Unfortunately, there was a heterogeneous mixture that did not allow for unambiguous
determination of Nerminal sequence(s). sAan alternative approach to identify the
amyloidogenic corewe systematically assembléae myoeOLF domain in ~20 residu
segments by fusion to MBP (Fi§.6A). SEC was employed to identify which constructs
contained the fibril forming sequence, as a witbme peak would be present for those
that did. Surprisingly, the construct containing the first 17 residues {®IBR g 244)

(Fig. 5.6A, blue), as well as all subsequent constructs tested, yielded an aggregate void
volume peak (Fig5.6B, Table 1). All voidvolume peaks fluoresced with ThT (Fig.
5.6C).

The sequence for MBPLF225244 Was analyzedn silico for amyloid popensity
by ZipperDB[287], and a predicted fibril forming region was located in the middle of

this stretch (SGYLRSG). In an attempt to disrupt this amyloid fibril fragment, a stop
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Figure 5.7. Identification of amyloidogenic regions in myoeOLF. A) Myocilin
sequence with various truncations tested in this study including the MBPconstruct
containing the first 7 residues (red, MBOLF,,5234), containing the first 17 residues
(blue, MBROLF;25244), lacking the first 17 residues (green, MBRF,45504), and
lacking the first 17 Nerminal residues and last 48 residues from ter@inus (orange,
MBP-OLF;45455). The Nterminal region of myocilin eliminated in our my@i F
construct is grey. B) SEC chromatogram of the above listed constructs. TT) Th
fluorescence spectra of the veidlume fractions isolated by SEC for each construct. D)
ThT fluorescence spectra of monomeric MBP (black) and NIRIF;,5.43 (red) after

incubation in the presence of SDS for 95 hrs at 37 °C.
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codon was introduced at 83 to create MBROLF.5234 (Fig. 5.7A, red). After
expression and purification of MBBLF25234, N0 Voidvolume peak was observed by
SEC (Fig.5.7B, red curve, Tablé.1). To test whether the lack of aggregated MBP
OLF328234 material was due to a distigm in the fibril forming region and not a
byproduct of folding in close proximity to the-t€rminus of MBP, monomeric MBP
OLF228234Was incubated for 95 hrs at 37 °C in the presence of 0.5 mM SDS. The ThT
fluorescence for MBROLF,,g234Was less than MBP treated in an identical manner (Fig.
5.7D) indicating that neither fibrillated, as the overall intensity was significantly lower
than for MBROLF;28244and WT MBROLF (Fig.5.7C).

The presence of additional fibril forming segments tested in several ways,
based on the knowledge of one fibril forming segment located in the first 17 residues
(Table5.1), and the identity of a cot®@LF domain (OLkE2g4s55) (Chapter 3]243]. First, a
truncated construct lacking the first 17 residues (MBH-245504) (Fig. 5.7A, green) was
created. This construdisplayed a voierzolume peak isolated by SEC (Fig7B, green
curve) that fluoresced strongly with the addition of ThT (BJC, green curve, Table
5.1). Thus, other amyloidogenic regions beydme iHterminal 17 residues of mya@LF
axist and need furthedentification

Second, a variation of the ce@L_F (see Chapter 3) sequence (Qlghss) was
tested[244]. Prevous attempts to generate ca@deF by de novomolecular biology
yielded only a voidvolume peak in the SEC chromatogram (FsB). To test the
presence of amyloidogenic sequences after tiheriinal 17 residues of mydgoLF, but
before the last ~5@-terminal residues that are eliminated in the €Ot domain,
MBP-OLF,45455 Wwas expressed (Fi§.7A, orange). Again, only a voidolume peak was
present in the SEC chromatogram (Fg.B) that also fluoresced in the presence of ThT
(Fig. 5.7C). Theseesults indicate that one or more amyloidogenic sequences are present

within the structural core of the my&LF domain, specifically residues 2455 (Table
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5.1), and does not exclude the possibility that an amyloidogenic stretch is present in the

removed Germinal residues (45604).

5.2.5 Myocilin Amyloids in Cell Culture Model (Chinese Hamster Ovary Cells)

Previous work in the field has shown that disezmusing myocilin mutants are
detergent insolublg87], highly aggregatioprone, and accumulate in large aggregates in
the ER of human embryonic kidney (HEK) cells and differentiated HTM {#&0ls84]

The possibility that aggregates found in cell models are amyloid fibrils was tested by
expressing fullength myocilin in Chinese hamster ovary (CHO) cells for analysis by a
getboiling assay and ThT staining of intact cells. CHO cells were transfected with either
vector control, WT fulllength myocilin, or a severe disease phenotype mutant myocilin,
P370L, in the laboratory of Dr. Douglas Vollrath at Stanford University. Alstroets
possessed an-términal Stag which was exploited for immunoblotting experiments. The
cultured cells were harvested and myocilin was extracted by a previously reported Triton
X-100 (TX) solubility assay, in which WT and nglaucoma causing variantof

myocilin are TX soluble, whereas disease causing variants are TX insi@idple

5.2.5.1Triton X-100 Extraction and SDBAGE GeiBoiling Analysis

Equivalent amounts from the TX soluble and insoluble fractions were analyzed by
SDS-PAGE and immunoblotting. The samples were loaded into the FSREE gel in a
loading buffer with a reduced amount of SDS (1% final) as opposed to the typical 2%.
Due to their aggregated nature, amyloid fibrils are reluctant to enter polyacrylamide gels.
This was indeed the case for the P370L TX insoluble sample, as aggregated material was
present and unable to migrate through the stacking gel and enter the resolving gel (Fig.
5.9, left). This was also observed to a lesser extent in the P370L TX solublféTameX
insoluble fractions (Fig. 9, left). As expected, neither vector control samples nor WT TX

soluble sample exhibited evidence of aggregation @#g.left). Similar mobility trends
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12t



have been observed for D380A, E323K, Y437H, G364V, and K423E glaucansing
myocilin variants[97]. Amyloid aggregates can be disrupted by boiling of the gel,
allowing the constituent monomers to be released and enter the gel upon electrophoresis
[288]. This was the case for our samples, as all aggregated samples entered the resolving
gel after the gel was boiled for 10 minutes and a second electrophoresis step was

performed (Fig. 5.9, right, Table 5.1).

5.2.5.2ThT Staining of CHO Cell Cultures

Finally, to explicitly observe amyloid in cell culture and determine if the
identified aggregated species were indeed forming amyloid fibrils, we stained the
transfected CHO cells were stained with ThT. There wesnmal ThT fluorescence in
the WT sample (Fig5.10, top panels) signifying low levels of amyloid fibrils, a result
consistent with the gddoiling assay described above. Conversely, ThT staining of CHO
cells transfected with P370L myocilin fluoresced (PBd.0, bottom panels), indicating
the presence of mature fibrils in the cells as predominantly intracellular deposits (Table

5.1). For this sample, there was no discernible extracellular staining.

5.3 Discussion

Amyloidoses display considerable hete¥ngity and are influenced by various
factors including inherited mutations in proteif#89], interactions with pathological
molecular factors/environmenitg90], as well as by intracellular and extracellular quality
control systems against misfolded protef261, 265, 294292]. These factors, whether
acquired or inherited, contribute to ER stress which may trigger apoptotic pathways. In
inherited amyloidoses, the efficiency of the ER machinery to target destabilized mutant
proteins for degradation is central to disease etiglag well as the enhanced tendency

of these variants to aggreg§289].

12¢



DIC Thioflavin T Merge

P370L

Figure 5.10. Comparison of ThT fluorescence in CHO cells transfected with WT or
mutant (P370L) myocilin. Left) Differential interference contrast microgragBIC);
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In these inherited conformational disorders, intracellular accumulation of
amyloidogenic protein due to point mutations in the amino acid sequence is a common
phenomenon. For example, familial amyloidotic polyneuropathy and familial
amyloidoticcardiomyopathy are &msomal dominant inherited diseases caused by genetic
mutations in the transthyretin gene, of which over 100 variants have been described
[289. Anot her example includes familial Al zh
dominant inheritance of mutant genes that encode for either amyloid precursor protein
(APP), presenilin 1, or rpsenilin 2 cause earhynset AD [293]. Amyloid deposits
localized tothe ER and Golgi have been identified in Typeliabetes mellitus which
occurs when human islet amyloid polytidp aggregates in these organelles leading to
apopt o scelldead{od-296].

In familial forms of POAG, aggregation has been shown to occur in the ER of
HTM cells expressing myocilin variants, which eventually leads to apod®%i97}

Large juxtanuclear aggregates have been observed in the ER of both human embryonic
kidney and HTM cell§97]. Destabilizing point mutations have Ipeghown to increase

the aggregation propensity of myQd.F, as identified by an increased ratio of aggregate

to monomer when purified froma. coliby SEC (Chapter Zp43, 245] In this work, we

have shown that intracellular deposits present in CHO cells expressing niRBAOL
myocilin fluoresce in thetraprinesadionsduetofh ThT.
destabilized or misfolded protein are a general feature of the protein aggregates that make
up amyloidose$297], as highlighted by multiple amyloidogenic regions, both identified
and proposed, in the OLF domain of myocilin.vitro characterization of recombinant
myocOLF revealed that the OLF domain of myocilin, for both WT and mutant, is prone

to fibril oligomerization, identifying glaucoma as a possible new amyloidosis. Structural
analysis of the OLF fibrils showed that the recombinant "QbE assemble# vitro

into unbranched ~10 nm thick fibrils. Importantly, the fibrils show tinctorial affinity for

ThT dye and are resistant to proteolysis by PK.
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In addition to familial POAG, a novel hypothesis for the origin of pathogenesis of
late-onset glaucoma has emerged from this wdrk.vitro, WT myocOLF fibril
formation displays a lag phase of several daysvemks when incubated alone at
physiological temperature but can be accelerated by the addition of destabilizing agents,
and some WT mycOLF aggregates are present in CHO cells. However, the ability of
myocilin to form fibrils in the trabecular extracdin matrix would be low under normal
conditions in the eye, as homeostasis is tightly regulated and molecular chaperones are
present to modulate the earliest aberrant protein interactions that lead to amyloid fibril
formation[291]. In the aged eye, these regulations may not be as strictly controlled due
to gradial deterioration of stress response mechanisms. Myocilin fibrillization and
deposition could occur, seed other monomeric myocilin, which in turn could create a
denser trabecular extracellular matrix and alter aqueous humor outflow leading to
increased ime-ocular pressure (IOP). In addition, accumulating evidence has linked
oxidative stress with glaucoma. Antioxidant enzymes, such as superoxide dismutase,
malondialdehyde, and glutathione peroxidase, have been reported in aqueous humor and
levels have beeshown to be significantly higher in the aqueous humor of POAG
patients[283]. In our study, monomeric mye@LF samples incubated with lolevels of
H,0O, formed amyloid fibrils suggesting that oxidative stress may play a role in initiating
the myoeOLF fibrillization process in latenset glaucoma. It is plausible that other
proteins in the trabecular extracellular matrix, many of which are notclathcterized,
might be simiérly prone to fibrillization upon exposure to oxidative stress.

It should be noted that glaucoma is a very heterogeneous disorder, and that
myocilin-associated POAG may be one of many origins of pathogenesis. Another
amyl oidogeni c p @& pdentifetae to boghbeplocaliza svith tared einduce
apoptosis in retinal ganglion cells vivo, and a compound used to
Al zhei mer 6s disease was equally efi2B8& cti ve

Myocilin is also expressed in the optic nerve h¢2@], and it is possible, although
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untested, that caggregationro et ween myoci |l in and Ab <coul

crosst al ko i s not wunprecedented. l nocul ati on

with prions has been shown to lead to a dramatic acceleration and exacerbation of both
pathologies, andn vitro protein misfolding could be enhanced by a crsseding
mechanisnj299]. Another example occurs in the case of familial amyloidosis of Finnish
type (FAF), in which point mutations in plasma gelsolin cause aberrant cleavage that
results in amyloidgenic fragments that fibrillize extracellulafj247]. However, mouse
models for this disorder also experience a decline in cellular proteostasis, due to-amyloid

|l i ke i ntracellul ar 1 ncl usi oowWagenic poltypeptides i n g
[300].

Taken together, this work provides a new hypothesis as to the role of myocilin in
the pathogenesis of both familial and sporadic forms of glaucoma. Despite strong
evidence that mye©OLF forms amyloid fibrils botlin vitro and in transfected CHO cells,
the rekvance to glaucoma is highly dependent on future experiments focused on studying
fibril formation in HTM cells. Once this key experiment is established, a connection
between raised myocilin expression levels and amyloid formation could be explored, as
increased myocilin expression leads to elevated IOP and aqueous humor outflow
resistancd67]. Finally, the exact identification of amyloidage sequences in the OLF
domain could be achieved by optimizing the PK cleavage protocol and subjecting the

treated aggregates to mass spao#try or NMRanalysis.

5.4 Methods

5.4.1Protein Expression and Purification

The plasmid for MBFOLF was cloneds described befoisee Chapter Jp43-
244]. Myocilin mutants and truncated forms of myOtF were generated by site

directed mutagenesis (QuikChange, Stratagene) of the-®IBP plasmid. Mutated
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plasmids were verified by DNA sequencing (MWG Operon) and transformed into
RosettaGami 2(DE3)pLysS c#& (Novagen), cultured, induced, harvested, and purified
as described befor43-244]. In summary, all constructs were subjected to an initial
purification over an amylose affinity column. Cytosolic aggregates andomeric
protein were further fractionated by sieeclusion chromatography (SEC). In the case of
the truncated constructs, SEC was carried out on a Superdex 75 GL column (GE
Healthcare). Cleavage of my@LF from MBP was accomplished by incubating with

Factor Xa by following the previously described protof@?3-244].

5.4.2.In Vitro Fibril Formation

Monomeric myoeOLF (30 & M) was i ncubated i n
destabilizing agents at 37 °C for-88 hrs. Tlese agents included 50 mM citrate, pH 3.0,
SDS (610 mM), O, (0-2 . 9 %) , -nBercaptdlethnol (BME), 5 mM dithiothreitol
(DTT), or 5 mM tris(2carboxyethyl)phosphine (TCEP). The presence of amyloid fibrils
was confirmed by monitoring the fluorescencetemsity using a RHB301 PC
spectrofluorophot ometer (Shi madzu) after ]

(ThT, Ex o&: 440 nm; Em a&: 485 nm).

5.4.3Spontaneous and Seeded Aggregation Assays

In the spontaneous aggregation assay, RYE was incubated i6.5 mM SDS,
phosphate buffer (10 mM MNd/KH,PQO,, 200 mM NacCl , pH 7. 2) a |
°C. Fibril formation of myoelOL F wi t hou't SDS was also moni
monomer was mixed with Buffer A and 5 &M
monitored by ThT fluorescence.

For seeding assays, preformed my@icF fibrils (0.5 mM SDS, 37 °C incubation
in a water bath for 72 hrs) were pelleted and washed in phosphate buffer to remove SDS.

Afterwards, the fibrils were sonicated for 20 pulses a@% 2luty cycle using a Branson
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Sonifier 450 (VWR). Monomeric mye@LF (15 & M) was -IhocMI at e
seeds in a 100 eL reaction volume in the p
40 €M ThT. FIl uorescence i nt emsubategat @€ moni
via a circulating water bath (VWR). In the case of the multiple round seeding assays, the
fibrils of the previous round were used as seeds for the next round using a 1:1 ratio seeds
t o monomer (15 eM each). d By inarease infTAT mat i ¢

fluorescence.

5.4.4Proteinase K Digestion

Proteinase K (2 L of 20 mg/mL solution
mL of 8 -OLM fibM®BiR 50 mM Tris HCI, pH 8.0 and 150 mM NaCl. The
reaction was incubated for 1 hr at 3Z. “The reaction was then purified by amylose
affinity resin, and the unbound flow through fractions were subjected to SEC on a Sup 75
column. The elution fractions corresponding to the void volume were concentrated and

analyzed by SD®AGE and ThT fluoresnce.

5.4.5Transmission Electron Microscopy

Myoc-OLF fibrils were visualized by transmission electron microscapgmple
volumes of 2 ul were pipette onto carbarated 408mesh copper grids and blotted after
60s with Whatman #4 filter papeimmedidely after blotting, a 2 uL aliquot of 1%
uranyl acetate was pipetted onto the grid and again blotted after 3ages of
negatively stained samples were collected with a JEOL-I&BO transmission electron
microscope.Samples were screened at low mifigation (20,000xi 30,000x) with an
Orius SC1000 CCD camerdnce fibrils were identified, highenagnification images

were collected with an UltraScan1000 CCD camera.
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5.4.6Creation of Stable Cell Lines with Tetracycline Inducible Myocilin Expresson

To place myocilin cDNAs under the control of a tetracyelm#ucible promoter,
DNA fragments encoding wild type or P370L
sequence encoding the 15 amino acigeftide fromE. coli RNAse A [301] were
insertedinto the Pmel site of pcDNA4/TO (Invitrogen). DNA sequence analysis was
performed to confirm that coding sequences were correct anahre with the $peptide
tag. To create stable cell lines with inducible myocilin expression, plasmids
pcDNA4/TO-Myoc WT-Stag and pcDNA4/TeMyoc P370L-Stag and the vector
pcDNA4/TO control were individually transfected inteREX-CHO cells (Invitrogen)
using Lipofectamine plus. Two days after transfectionngfnl zeocin was added to
select transfectants. Single cell atks were picked following selection with zeocin for
about two weeks. The expression of recombinant myocilin protein was induced by adding
1rmg/ml tetracycline and verified by immunoblot at 48hr gasiuction. Cloned cell lines
were designated -REX-CHO (pcDNA4/TO-Myoc WT-Stag), TREX-CHO
(pcDNA4/TO-Myoc P370L:Stag) and TREX-CHO (pcDNA4/TO vector). For
experiments, stable inducible cells were g
5% FBS, 1% penicillirstreptomycin, 2 mM glutamine, 18g/ml blasticdin, and 50

ng/ml zeocin.

5.4.7Thioflavin T Staining for Amyloid Fibrils

6 X 10* cells were grown on polp-lysine-coated cover slips overnight and the
expression of myocilin was then induced by addingginl tetracycline for 48 hr. Cells
were processefbr thioflavin T staining essentially as descrijd@2]. Briefly, cells were
fixed in 4% paraformaldehyde at room temperature for 15 min and washed in PBS three
ti mes. Cells were stained with Mayoe5 6s hel
min, then incubated in 1% (w/v) thioflavin T 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
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washed thoroughly in water, cover slips were mounted with FluorSave meage
(Calbiochem) for 2 hr. Fluorescence microscopy was used to identify and quantify

thioflavin T positive cells, which appeared green.

5.4.8Triton X -100 Extraction and Boiled Gel Analysis

WT, P370L myocilin, and vector control cell pellets were thawethf80 °C on
i ce, resuspended in 400 L of extraction
Triton X-100 (TX) with Complete protease inhibitor cocktail (Roche)), and incubated on
ice for 30 minutes. The samples were centrifuged at 13,000 rpm for 15 sniAditer
which, the supernatant was transferred to a new microcentrifuge tube and set aside as the
TX soluble fraction. The pellet is the TX
of SDS buffer (1% SDS in PBS) for 10 minutes at room temperatdter &ddition of
300 €L extraction buffer, the sample was s
The boiled gel protocol was adapted from a previously reported protocol for
purification of yeast prion polymers from cell lysaf288]. In summary, TX soluble and
insoluble samples containing 1% SDS -and 40
PAGE gel and run for 45 minutesh@ electrophoresis step was halted and the wells were
sealed with a new portion of stacking gel. Once the newly added acrylamide was
solidified, the gel was incubated over a boiling water bath for 10 minutes, cooled to room
temperature, and then subjected a second electrophoresis step. The proteins were
transferred to ImmuBlot PVDF membrane (BiRad) and then subjected to

immunoblotting.

134



CHAPTER 6
THE ACID b-GLUCOSIDASE ACTIVE SITE EXHIBITS
PLASTICITY IN BINDIN G 3,4,5,6TETRAHYDROXYAZEPANE -
BASED INHIBITORS: IMPLICAT IONS FOR
PHARMACOLOGICAL CHAP ERONE DESIGN FOR GAUCHER

DISEASE

6.1Introduction

Gaucher disease (GD), the most common lysosomal storage disorder, is caused by
inherited point mutations in alleles of addglucosidase (GCase), a lysosminenzyme
that hydrolyzes glucosylceramide (GlcCer) (Fig. 6.1) and related sub4B8a&js GD-
associated GCase variants exhibit endoplasmic reticulum (ER) folding and trafficking
defects[304] and are either retained in the HBO5] and/or undergo ERssociated
degradation (ERADJ)306-307]. As a result of decreased GCase function in the lysosome,
GlcCer and other substrates accumulate, leading teas3Dciated pathologies such as
hepatomegaly, splenomegaly, anemia, a weakenedakednd in severe cases, central
nervous system (CNS) complicatid393, 308]

Although intravenous enzyme replacement therapy (ERT; imiglucerase,
Cerezyme®, Genane; velaglucerase alfa, Vpriv®, Shire), the standard of care for
Gaucher patients, significantly improves organ and blood parameters in non
neuronopathic GIP309], ERT does not improve prexisting bone and lung disea&RT
also does not arrest neurological complicatipg$0], due, at least in part, to the
recombi nant enzymeds -brandarief. in tdgitioh, the aost ofs s t h

ERT ($90,0066720,000 per patient per yda8d.1]) is prohibitive for patients in
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Figure 6.1. Chemical structure of the natural GCase substrate, GlcCer,
representative azasugars investigated as pharmacologic chaperones, IFG,-NBd

NN- DNJs, & well as the azepane compounds 1, 2, and 3 described in this study.
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developingcountries; only ~10% of GD patients worldwide are tred8a9]. Due to
these limitations, efforts to develop new therapeutic strategies have turned towards
orally-available small molecules. Substrate reduction therapy (SRT), in particular, the
FDA-approved miglustat (Nutyldeoxynojirimycin, NBDNJ, Zavesc®; Acetlion),
aims to reduce accumulation of GlcCer by inhibiting its synthesis. However, miglustat
exhibits significant side effects and has therefore only been approved as alsecond
therapy for patients with nemeuronopathic GOJ309]. A second generation inhibitor
[312], eliglustat (an analog of -ghenyt2-decanoylamine8-morpholing1-propanal,
Genzyme), which passed Phase 2 clinical trials, may owverceome of the adverse
reactions of miglustgB13-314], but does not reach the brain.

A promising therapeutic approach under development for GD is referred to as the
pharmacological chaperone (PC) strategy, wherein a smadiclelis designed to bind
to and stabilize the native state ensemble of the endogenous mutant GCase enzyme in the
ER. This allows more folded mutant GCase to engage its trafficking receptor-2IMP
[315], increases its concentration in the lysosome which in turn increases overall cellular
GCase activity[308]. The premise of the approach is based on the knowledge that
missense mutations in GCase are not localized to its active site. Thus, while mutations
diminish protein stabilityf158] and cellular trafficking, they do not completely abolish
enzymatic activity[316-317]. As little as 1% GCase activity is thought to improve
clinical symptoms of GD[318], but >10% of wild type GCase activity is generally
required to prevent demse. Since small molecules are more likely to cross the-blood
brain barrier than macromolecules, PCs hold promise for the treatment of neuronopathic
variants of GD. In addition, PCs may be attractive in terms of cost, and may help
overcome worldwide drugccessibility issues.

The desirable properties of a PC are in some ways contradictory. In the
environment in which the target mutant enzyme folds (the ER), PCs must have high

binding selectivity and af-folded confgmatiomsrto t h e
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increase the pool that is competent for trafficking. However, in the destination
environment in which the target mutant enzyme is active, the lysosome, the PC must not
bind so tightly to the active site that it cannot be displaced by the debstr&sD, pH
dependent binding of the PC to GCase is one strategy to accomplishing these ideals. The
chaperone should bind more tightly at the pH of the ER (~7) than the pH of the lysosome
(~5). Administration of subinhibitory concentrations of these ammpgs is thought to be
sufficient to achieve this goal, but the effective concentration needs to be optimized for
each compoun{B19]. Nearly all compounds investigated to date are asliteedirected,

but achieving GCasgelective binding in the presence of other closelsited enzymes is

an ongong challengg320-321]. Another approach to realize selective,-g¢pendent
GCase binders is to identify nattivesite directed binders for GCase, bl¢de efforts

are in the early stages of developm@22-323].

One activesite-directed class of molecules investigated for GCase pharmacologic
chaperoning activity is the deoxynojirimycins (Fig. 6.1), which have been studied
extensively in relation to their inhibition of ceramide glucosyl transfe[age], the
target enzyme of SRT. Some GCase PC activity was noted whaivl 10B-DNJ was
added to COS cells expressing N376@8utant GCas¢324], but the same effect could
not be replicated over a range of subinhibitory concentrations in pdaemed
fibroblasts[325], indicating a weak chaperoning effect, if any. A more promising analog,
N-(n-nonyl)deoxynojirimycin (NNDNJ), with a 16fold lower half maximal inhibitory
concentration (Igp), exhibited chaperoning capabilities for the frmuronopathic N370S
GCase vasdnt, but not the neuronopathic L444P mutant of GJ338]. Whereas these
inhibitors were initially assumed to be transitistateanalogbased inhibitors mimicking
the oxacarbeniurike transition state, it is notable that the crystal structures of GCase
with either NB or NN-DNJ bound later revealed that thedenyclic nitrogen mimics the

ring oxygen of GlcCef326]. Issues of enzyme selectivity of DNJ anal¢g21] and
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toxicity [327] linger and these compounds have not been tested in human clinical trials
[328].

Other candidate GCase PCs such as (cyclic guanidojg)mycin fused hybrids
[329], bicyclic-NJ analogue$330], iminoxylitos [331], N-substitué d -laciams[332],
imino D-glucitols [325, 333] N-octyl-b-valienamine (NOV) aminocyclitol§334-335],
the nonsugar Ambroxyl, an FDAapproved drug for an unrelated ailmg3@7, 336] and
quinazoline analogud837], have exhibited only limited promise as clinical candidates
thus far. One initially promising clinical candidate is isofagomine, an asiig&irected
[338] and selectivg339] iminosugar analog (Fig. 6.1; IFG, Plicera), exhibiting ag I&
the low nanomolar range. Isofagomine exhibited a cellular chaperoning effect for-N370S
[340] and L444P [339] mutant GCase, the two most prevalent GD variants. The latter
variant was not respon& to numerous other chaperori@41l], compared to better
responses to a range of compounds observed for other GCase rfilG8nt333, 341]
and te effect of IFG on L44dmutant GCase was modest unless the enzyme was first
enriched by immunoprecipitatidgi@39]. IFG underwent clinical trials, and although the
drug was well tolerated, the process was halted after Phase 2 in 2009 due to the lack of
therapeutic effec{342]. The reason for the lack of effectiveness of this compound in
patients is not clear at this time; inhibition of the mutant GCase due to high dosing, or
off-target effects, are two of many possibilitjd43].

Optimism for the PC approach remainshigput the example of IFG illustrates
the complexities in design, development, and clinical application of a therapeutic GCase
pharmacologic chaperone. In spite of a wide body of work detailing the design and
synthesis of new candidate PCs for mutant GCasewell as their characterizatiam
vitro, in patient derived cell lines, and in some cases in animal models, the characteristics
that make a PC a good clinical candidate are poorly understood. For example; the pH
dependent affinity of the candidate R GCase, the binding and inhibition kinetics of

the compound, the ability to confer stability to the enzyme, and to what extent a
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particular conformation of GCase might be required for a clinically effective PC, remain
open questions.

In this study, we synthesized three GCase actsiedirected 3,4,5/6
tetrahydroxyazepane inhibitorsl-8; Fig. 6.1) that exhibit 16 values in the low
millimolar to micromolar range. While the synthesis of polyhydroxylated seven
membered ring structures has been knommokver 40 year§344], exploration of these
analogs amhibitors of commercially available glycosidases has only more recently been
investigated[1, 345348]. Previous studies have not included human glycosidases like
GCase and no analogs previously synthesized contain alkyl ether substructures attached
to the endocyclic nitrogen like the inhibitors described herein. The crystal structure of the
core azepanel] in complex with GCase reveals GCase in its proposed active
corformation, albeit with nuances not observed previously, whereas the presence of a
hydroxyethyl tail R) results in an inactive GCase conformation. Compoukds
thermally stabilize GCase at pH 7.4 but odlyncreases mutant GCase activity in an
intact cel assay, the first indication that this scaffold holds promise as a pharmacological
chaperone. Overall, our results demonstrate that probing the plasticity of the active site of
GCase offers additional insight into possible molecular determinants thatbmay

important factors leading to an effective PC for GD.

6.2 Results and Discussion

6.2.1 Inhibitor Design and Synthesis

To extend the previously studiedntembered ring scaffolds andnGembered
glucosederived analog PCs[158, 308, 325, 34]1] 7-membered 3,4,5:6
tetrahydroxyazepane iminosugar analo@ys3;( Fig. 6.1) were synthesized as potential
GCase inhibitors and PCs by proaess slightly modified from those reported in the

literature [349] (see Methods Section). We retained an endocyclic nitrogen because,
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depending on their orientation, protortteninosugars and azasugars can mimic the
positive charge of the oxycarbenitlike transition state of glycosidasg50]. However,

the new design potentially offers several advantages over the earlier scaffolds. First,
seveamembered rings enable the installation of more functional groups, such as
hydroxyl substuents, compared to smaller ring systems. This feature could be exploited
to tune the hydrogen bonding network to select against unwanted inhibition of other
glucosidases, a known problef821]. Second, the larger ring structure has several
options for the positioning of the endocyclic amine, as well as the positioning of the
anomeric carbon. Finally, instaf the straight alkyl chains used previously, alkyl ether
tails were installed to assist in discriminating between anomeric carbon configurations
[351], to reduce the lipophilicity of the candidate PC, to better match the polarity of the
ceramide component of theubstrate to the GCase binding site, and to decrease the

cytotoxicity found in related compoun{z20].

6.2.2 Inhibition Profiles

The inhibitory activities of compounds 2, and3 toward GCase were determined
using competition for the widely used fluorogenic substrate 4M&lc [352].
Compoundl exhibited the strongest competitive inhibition, with agol€f 146 e M ( Fi
6.2A), a value slightly better than the previously characterized iminosugar analogs DNJ
(ICso= 240 ¢ MPDNJa(lcsg= NE 0 [358]Myt 10fold weaker than NNDNJ
[325] and 256fold weaker than IFG338]. In contrast, compound? and 3 exhibited
weaker IG values of 3.4 mM and >15 mM, respectively (Fig.B5.Z). To address the
possibility of slow binding kinetics, GCase was preincubated #fthr 16 h prior to the
addition of substrate. No change in thegalue was observed, suggesting that the on

rate is not slow (data not shown).
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Figure 6.2. Competitive inhibition curves for 1, 2, and 3, respectively, toward

GCase.Inset: 1Gg values Error bars indicate standard deviation.
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6.2.3 Stability Profiles

The GCase stability change upon inhibitor binding to GCase was measured by
differential £anning fluorimetry (DSF), which uses Sypro Orange as a reportaiéor
chose the facile DSF method because GCase unfolding is not reversible when measured
by differential scanning calorimetry (DSC), which precludes detailed thermodynamic
insight [354-355], and DSF entails very low sgfe volume and GCase concentration.
Melting temperatures ) recorded for GCase using DSF are within ~3 °C of those
reported by DSC using similar concentrations of enzyme and inhibitor, but with slightly
different buffers. All three inhibitors stabiliZeCas e at neutpotl67.p H wi t |
°C when added at mM concentrations (TablB.6At acidic pH, the inhibitors increased
the Ty, by only 13 °C, suggesting a lower affinity for GCase at pH 5.2. Thus, in terms of
thermal stabilization, all three compounds are comparable over this concentration range,
but binding confers more stability to GCase at a neutral pH (reflective of the tité i
ER) than at the lower lysosomal pH. We note thaicreases the .Jof GCase slightly
more thar2 and3 at the highest concentrations, but it is a much better inhibitor of GCase
than 2 and 3 (see above). Thus, it appears that inhibition at 37 °C raiive state

stabilization at higher temperatures are only partially correlated.

6.2.4 Structural Characterization

Next, we sought to investigate the structural changes that accompany binding of
1, 2, and 3 to GCase. We used a new vapor diffusion crystallization condition that
requires a lower concentration of salt compared to most other conditions previously
reported. We reasoned that the presence of PEG in the crystallization solution should
enhance solubtly of morehydrophobic compounds compared to molar concentrations of
sulfate or phosphate salts. Interestingly, the lattice dimensions and space group remain
the same. We obtained crystals with compouhds 2 bound to GCase by soaking

GCase crystals fdive minutes or five days, respectively, but were unable to obtain a
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Table 61. Stabilization of GCase with inhibitors at acidic and neutral pH.

1 IFG
Inhibitor (mM) T (°C) @K (C) Twn(°C) PR(EC) Tw(C) PR(EC) Tn(C) o@hK(°C)
pH 5.2 55.8 + 0.0
0.5 56.4 + 0.0 0.6 55.9+0.1 0.3 56.1 + 0.0 0.3 68.0+02 122
1 56.6 + 0.0 0.8 56.0 + 0.0 0.3 56.1+0.1 0.2 68.9+03 13.0
2 57.3+0.1 1.5 56.7 + 0.1 1.0 56.7 + 0.1 0.8 69.7+0.3 13.8
5 58.4+0.1 2.7 57.4+0.1 1.7 57.2+0.1 1.3 67.5+03 11.6
10 59.0 +0.1 3.2 57.4+0.0 1.7 56.9 + 0.0 1.0 63.7+02 7.8
pH 7.2 47.1+0.2
0.5 48.5+0.1 1.4 48.7+0.1 1.7 50.7 + 0.0 2.1 63.8+0.3  16.9
1 49.4 0.1 2.3 49.3+0.0 2.2 52.0+0.1 3.3 65.4+0.1 184
2 49.9+0.1 2.8 50.1+0.1 3.1 52.6 +0.1 3.9 67.2+02 202
5 52.5+0.1 5.4 52.1+0.1 5.0 53.6 + 0.1 5.0 703+02 234
10 54.6 +0.1 7.5 53.6 + 0.1 6.5 54.5 + 0.0 5.8 726+02 257

" mean T, measured for GCase at indicated pH value in the absence of inhibitor.



Table 6.2.Data collection and refinement statistics.

3RIL (1)

3RIK (2)

Data Statistics

space group

Cell dimensions
a, b, c(A)

a, b, (deg)

Resolution (A}

Rsyma

%> 3*0
Completeness (%)
redundancy

Refinement Statistics
resolution (A)
no. of reflections
Rwork/Rfreea
no. of molecules
protein residues
N-acetylglucosamine (NAG)
sulfate anion (S&)
chaperone
water
B-factor
protein
NAG
SO
chaperone
water
rmsd
bond lengths (A)
bond lengths (deg)

P2(1)

109.2, 91.4, 152.7
90.0, 110.95, 90.0
44.52.4 (2.492.40)

10.5 (35.7)

62.9 (38.3)

96.3 (76.5)
2.6

44.52.4
100648 (5857)
20.9/24.9

1988
4
7
4
1254

23.6
29.7
60.8
38.2
27.6

0.006
1.089

P2(1)

108.0, 91.6, 152.2
90.0, 110.70, 90.0
46.52.5 (2.552.48)

12.2 (47.8)

64.6 (40.7)

94.3 (72.3)
2.9

47-2.5
88126 (4973)
18.1/23.4

1988
4
7
2
702

26.6
50.4
38.1
32.9
40.0

0.013
1.466

®Data for the highegtesolution shell given in parenthesis; 5% or reflections were

selected foRfee

145



crystal structure 08, also the weakest inhibitor, bound to GCase. Crystal structures were
solved to 2.4 and 2.5 A resolution (Tabl@)6The globalstructure of GCase does not
change upon inhibitor binding, but adjustments are seen in the active site and surrounding
loop residues, detailed below.

Both 1 and2 bind in the GCase active site and are held in place by an extensive
hydrogen bonding netwbkr(Fig. 6.3, B). Notably,1 is found in all four monomers of
GCase in the asymmetric unit, compare@ tavhich is bound in the typical manner, in
two of the four molecules. This result withis surprising given that there is a 7
membered ring bound insugar pocket, and suggests that bindind oAuses minimal
distortion of the nearby loops that are involved in crystal packing. In the c&sehaf
hydroxyl substituents at positions 3, 4 and 5 (see Fig. 6.1) are within hydrogen bonding
distance of Aspl27, Trp 179, Asn 234, Glu 340, and Trp 381 side chains on GCase
whereas the -4Bydroxyl moiety is not involved. The endocyclic nitrogen and
hydroxyethyl tail are also within hydrogen bonding distance with Glu 340, the catalytic
nucleophile[356] (Fig. 6.3B. Similar interactions stabilize the hydroxyl groupslah
the GCase active site, but with the additional interaction of thgdéoxyl group with
Tyr 313 (Fig.6.3A). Notably, no hydrogen bonding interactions were observed for either
compound with Glu 235, which, being the residue implicated as the generabhaeidh
catalysis[316, 357] is probably protonated in the regtistate of the enzym@58]. In
the IFGbound GCase structure (PDB code 2NSX, FigCRB.3lu 235 stabilizes the
imino group of IFG, suggesting that Glu 235 may be deprotonated. However, an
analogous shift ofl or 2 to mimic the orientation of IFG isot compatible wh the
observed electron densityThis configuration may not be preferred because the
hydroxymethyl subtituent on IFG, which interacts with Asn 396 and locks IFG into
position, has been replaced with a shorter hydroxyl moietyaimd?2.

The binding orientations df and2 are more similar to those found in NBNJ-

(PDB code 2Vv3D) and NNDNJ- (PDB code 2V3E; Fig. 6[3) bound GCasg26], but
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313 iiY313

Figure 6.3. Balland-stick representation ofthe GCase active site upon compound

binding. A) 1B) 2 C) IFG (PDB code 2NSX) D) NNDNJ (PDB code 2V3E). Difference
(Fo-F¢) electron density fot and2 was calculated from the initial phasing solution using
only protein coordinates and is contoured tn Blydrogen bonding interactions are

indicated by dashed black lines and represent distances betweer325584



Figure 6.4. Superposition of 1 and 2 bound GCase structures and comparison of
loops adjacent to the active site (inset)After binding, Laop 1 adopts either a helical
turn as seen for compouddyellow) and IFG (green), or an extended loop conformation
seen in the compourti(orange) and glycerol (blue) bound structures. Changes in Loop 2

are due to crystal packing.
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there are differensein interactions with GCase. One commonality is that in all four
structures, Glu 235 is not involved in stabilizibgr 2 in the active site. Another share
feature is that the position of the endocyclic nitrogens, @& NB- and NNDNJ overlay
well. However, the endocyclic nitrogens of NBnd NN DNJ are held in place by a
watermediated hydrogen bond to the hydyroxyl group of Tyr 244. By compariso®, for
the endocyclic nitrogen is within hydrogen bonding distance of Glu 340 (FiB) 6.3
whereas forl, the endocyclic nitrogen is not held by either watexdiated or direct
interactions with any active site residues (FigA§.3nspection of the &F. difference
electron density in this region reveals that several pucker conformations for this location
on the azepane ring dfare plausible. Lastly, like IFG (see above),-NiBd NNDNJ are
also held in place by Asn 396, an interaction missingamd?2 (compare Fig. 6.3A and
B to Fig. 6.3C and D

Notable differences in structure are observed in thveasite loops (Loop 1:
residues 31-B19 and Loop 2: residues 3884, Fig. 6.4) when comparing the binding
modes ofl (yellow) and2 (orange) to each other and to previously reported GCase
structures (green and blue). Loop 2 (residues38#) is shifted3.2 A from its position
in the IFG or glycerol (PDB code 2NTO) bound GCase structures (Fig. 6.5). Movements
in this loop have previously been implicated in crystal contacts, a conclusion supported
by our observation that the same orientation of Loop 2es $n apo GCase crystallized
under the conditions used here frepane inhibitor soaking (data not shown), and thus is
not a function of inhibitor binding. More important changes are observed in the well
defined conformation of Loop 1 (residues &1M19), which is in an extended
conformation that covers the catalyienter when compound binds, and is in am@-
helical arrangement (Fig. 6.4, Fig. 6.6) that exposes the active sitelwhéound. The
extended Loop 1 has been observed when sulfate (PDB code 1B%&73) glycerol
(PDB code 2NT0]338], or the suicide inhibitor conduritdb-epoxide (CBE, PDB code

1Y7V) [359]is bound in the active site, and is the only conformation observed in the
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Figure 6.5 Comparison of Loop 2 orientation for 1 (yellow), 2 (orange), IFG-

(green), and glyceral (light blue) bound GCase.

Figure 6.6. The final GCase Loop 1 model for 1 (left) and 2 (right) with 2B-F

electron density contoured to 1.
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catalytically compromised N370S mutant GCase structure at either neutral or acidic pH
(PDB codes 3KEO and 3KEH355]. By contrast, the helical conformation of Loop 1 has
beenproposed to be the catalytically active form of GCE@38] and to date, has been
observed only when a small moléswith chaperoning capabilities, namely NIBNJ,
NN-DNJ, or IFG, is bound to the GCase active site.

Although GCase adopts conformations that are related to those observed
previously when bound té and 2, each is unique. Tyr 313 plays an important rale i
Loop 1 conformations. In crystal structures with an extended Loop 1 conformation, Tyr
313 is observed within hydrogen bonding distance to Glu 235, whereas when Loop 1 is
helical, suchas when IFG is bound (Fig. 6.JAt interacts with Glu 340. As with+G,
when1 binds to GCase, the helical Loop 1 is observed, with the same GHT34B13
interaction (Fig. 6.7B By contrast, whe binds in the GCase active site, neither of the
two previously observed Loop 1 conformations is observed. Compimtdracts with
Glu 340 via its hydroxyethyl substituent instead of Tyr 313 (FigCB.Which results in a
new interaction between Tyr 313 and Asn 396 mediated by water (FB) &t caps
the active site entrance. The extended Loop 1 seen2nitig. 6.7C, bottom panel) is
otherwise similar to extended loop conformations observed previously, miitbr
alterations irnthe side chain orientation. We surmise tBatoes not bind well to GCase
because the extra hydroxyethyl substituent of its tail is involuesteric clashes, or
makes the compound too polar, which may account for our inability to obtain a bound
crystal structure.

In addition to the particular configuration of the Tyr 313 side chain in the catalytic
center, the helical turn in Loop 1 is stated by a network of watemediated hydrogen
bonds between residues on an interior helix of GCaseg(Fjgbottom panels). For the
NB-DNJ, NN-DNJ, and IFG structures (see IFG: Fig./,.@ottom panel), Asp 315 in
Loop 1 is stabilized by electrostatictémactions with the guanidinium of Arg 285

(omitted in Fig. 6.7 for clarity) and is linked to Ser 366 and Asn 370 via a bound water
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Figure 6.7. Comparison of Loop 1 configuration.A) IFG-, B) 1-, and C)2- bound
GCase. Top: orientation of Tyr 3¥8lative to Glu 340. Bottom: interactions of loop
with interior GCase helix harboring Asn 370. Hydrogen bonding interactions are

indicated by dashed black lines.
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