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Driven by a Homologous Q-SNARE Domain
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ABSTRACT: Myocilin is a widely expressed protein with no known function; how-
ever, mutations in myocilin appear to manifest uniquely as ocular hypertension and
the blinding disease of glaucoma. Using the protein homology/analogy recognition
engine (Phyre), we find that the olfactomedin domain of myocilin is similar in se-
quence motif and structure to a six-blade, kelch repeat motif based on the known
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crystal structures of such proteins. Additionally, using sequence analysis, we identify a

coiled-coil segment of myocilin with homology to human Q-SNARE proteins (inset). Using COS-7 cells expressing full-length human
myocilin and a version lacking the C-terminal olfactomedin domain, we identified a membrane-associated protein complex containing
myocilin by hydrodynamic analysis. The myocilin construct that included the coiled-coil but lacked the olfactomedin domain formed
complexes similar to the full-length protein, indicating that the coiled-coil domain of myocilin is sufficient for myocilin binding to the
large detergent-resistant complex. In human retina and retinal pigment epithelium, which express myocilin, we detected the protein in a
large, sodium dodecyl sulfate-resistant, membrane-associated complex. We characterized myocilin in human tissues as either a 15 S
complex with an M, of 405000—440000 yielding a slightly elongated globular shape similar to that of known SNARE complexes or a
64 S dimer with an M, of 108000. By identifying the Q-SNARE homology within the second coil of myocilin and documenting its
participation in a SNARE-like complex, we provide evidence of a SNARE domain-containing protein associated with a human disease.

yocilin is a 504-amino acid protein, widely expressed in

mammalian tissues that differ greatly in physiology,'
yet the function of myocilin remains unknown. Myocilin is
composed of three independent folding domains: an amino-
terminal helix—turn—helix (hth) domain, a central coiled-coil
(CC) domain, and a large hydrophobic carboxy-terminal
domain with homology to olfactomedin (OLF) domain.*
Previous studies have demonstrated that myocilin exists as a
dimer and by using mutational analysis showed dimerization is
mediated through hydrophobic residues within the coiled-coil
region.’ Rotary shadowing confirmed dimerization of the
coiled-coil region, with a parallel arrangement, suggesting a
similar orientation in a myocilin dimer.

The three independent folding domains of myocilin contribute
to individual trafficking steps as the protein moves from the Golgi
apparatus to the plasma membrane. Using protein chimeras
containing combinations of the independent folding domains of
myocilin fused to GFP, cellular localization was assessed. The
hth—CC—GFP chimera, lacking the OLF domain, associated with
intracellular vesicles that accumulated at cell boarders but did not
appear to readily fuse with the plasma membrane. Chimeras of the
CC region fused to GFP were targeted to the Golgi apparatus,
which became engorged and was lethal to the cells, suggesting
inhibition of transport from the Golgi apparatus. Conversely, the
hth—GFP chimeras were diftusely distributed in the cytoplasm and
excluded from the nucleus. OLF—GFP chimeras were detected in
the cytoplasm and nucleus but were also enriched at the plasma
membrane.* In summary, the CC domain appeared to target the
constructs to the secretory compartment, and this was lethal in the
absence of the hth domain. The OLF domain appeared to have no
targeting information, but in its absence, the constructs lead to a
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buildup of large vesicles, suggesting impaired fusion with the
plasma membrane.

Sequence analysis of the myocilin hth or CC domains does not
indicate either would have an innate capacity to associate with
membranes, yet the hth—CC—GFP chimera and the CC-GFP
chimera associate with the vesicular compartment. We hypothesize
that myocilin associates with cellular membranes via protein—
protein interactions mediated through its CC region. Here we
characterize membrane-associated myocilin from two tissues that
express the protein endogenously and COS-7 cells expressing GFP
chimeras of myocilin constructs. To do this, we use sequence
analysis, Western blotting, and three stringent, complementary
biochemical methods: density and velocity gradient sedimentation
and size exclusion chromatography.

B MATERIALS AND METHODS

Membrane Preparation. Human donor eyes with no history
of ocular disease or surgery were obtained from Banner Sun Health
(Sun City, AZ) within 24—36 h of death. Briefly, eyes were
hemisected, and the vitrous was removed. The retina was removed
and placed in hypotonic lysis buffer [S mM N-ethylmaleide and
10 mM EDTA (pH 7.4)]. We then carefully harvested the RPE cells,
as described previously, by scraping the cells with a scalpel blade and
depositing them in hypotonic lysis buffer. Similarly, COS-7 cells
transfected with the N-terminal portion of myocilin (hth-CC) fused
to GFP, described previously,4 were harvested in hypotonic
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lysis buffer. The tissues or cells were homogenized in a Dounce
homogenizer on ice (40 strokes). Nuclei were pelleted at 1000g
for 1 min. The resulting supernatant was loaded onto a 1 M
sucrose cushion and centrifuged at 20000g and 4 °C for 1 h using
an FA-45-24-11 rotor (Eppendorf). The supernatant was collected
and centrifuged at 25000g and 4 °C for 10 min, and the resulting
supernatant (soluble fraction) was stored at 4 °C. The pelleted
membrane fraction was resuspended in hypotonic lysis buffer and
pelleted at 25000¢ and 4 °C for 10 min. The resulting pellet
(membrane fraction) was resuspended in 200 L of hypotonic
lysis buffer and stored at 4 °C.

Western Blotting and Silver Staining. Polyclonal rabbit
anti-myocilin antibodies were produced and previously characterized
by our laboratory.” Proteins were separated on 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) gels, trans-
ferred electrophoretically to nitrocellulose membranes, and blocked
in Tris-buffered saline and 0.2% Tween 20 (TBST) with 5% nonfat
dry milk. Rabbit anti-myocilin antibodies were added, and blots
were gently agitated overnight at 4 °C. Membranes were washed in
TBST, three times for 20 min, incubated with anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (Jackson ImmunoR-
esearch Labortories, Inc, West Grove, PA) in TBST for 1 h, and
washed with TBST three times for 10 min. Enhanced chemilu-
minescence (ECL) (Amersham Biosciences) and X-ray film (Phenix
Research Products) were used to visualize protein—antibody com-
plexes. For silver staining, protein standards (GE Healthcare, Bucking-
hamshire, UK.) were separated by SDS—PAGE and stained using a
Bio-Rad silver stain kit following the manufacturer's instructions.

Gradient Sedimentation. SDS was added to membrane and
soluble preparations of human RPE and retina to a final concen-
tration of 0.1%. The membrane and soluble preparations were then
centrifuged for 1 h at 25000g to remove any insoluble material. The
resulting solubilized fractions were layered onto either a linear
glycerol gradient (10 to 40%) or a linear sucrose gradient (0.5 to
2.5 M). Linear gradients were produced using the Gradient Master
107ip (BioComp Instruments Inc., Fredericton, NB) following the
manufacturer's directions. Gradients were centrifuged at 100000g
and 25 °C for 2 h using a TLS-5S rotor (Beckman Coulter).
Fractions were collected from the top and analyzed for sucrose
or glycerol content by refractometry. SDS—PAGE coupled with
Western blotting was used to detect myocilin content in the
gradient fractions. All experiments were performed in triplicate for
both human retina and RPE samples. Svedberg markers run in a
separate gradient were aldolase, conalbumin, ferritin, and thyro-
globulin proteins from GE Healthcare.

Gel Filtration. SDS-solubilized membrane fractions (200 uL),
described above, were loaded onto a 1 cm X 50 cm gel exclusion
column (Bio-Rad Laboratories, Hercules, CA) prepared with a
mixed beads resin consisting of Sephadex S200 and S400 beads
(Amersham Biosciences, Uppsala, Sweden) (1:1) equilibrated with
phosphate-buffered saline. Fractions were collected, and myocilin
content was detected by Western blot as described above.

Molecular Modeling and Homology Analysis. Protein
sequences were obtained from the National Center for Biotechno-
logy Information protein database. Alignments were generated using
CLUSTALW.® Sequences were input into protein homology/
analogy recognition engine (Phyre) version 0.2 (http://www.sbgbio.
icacuk/phyre/).

B RESULTS

Molecular Modeling of the Olfactomedin Domain of
Human Myocilin. The crystal structure of myocilin has not
been determined. To generate models of myocilin’s independent
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folding domains, we used the Phyre algorithm.” The Phyre
algorithm did not find a homology match to the hth region with
a high degree of confidence. Conversely, the Phyre algorithm
returned high homology matches for the OLF domain of
human myocilin. The predicted structure is a six-blade
f-propeller, with similarity to the kelch domain of human kelch-
like protein 12 (klhl12) (e value of 0.024, 95% estimated preci-
sion). Figure 1A shows a model of the human OLF domain
threaded over the second to sixth blade of the klhl12 crystal
structure. The first blade of the klhl12 propeller has three
P-sheets consisting of 42 residues, whereas myocilin has 25
residues predicted to contain two f-sheets; therefore, the first
blade of the myocilin OLF domain could not be threaded over
the klhl12 crystal structure and is not shown in the model. To
determine whether the predicted six-blade propeller structure is
the likely structure of the OLF domain of myocilin, all of the
olfactomedin domains from the 12 known human olfactomedin
domain-containing proteins (not including myocilin) were
analyzed using the Phyre algorithm. The algorithm predicted
six-blade propeller structures with high estimated precisions
(>90%) and low e values (0.1105 + 0.0762, mean + standard
deviation) for 11 of the olfactomedin domains. The olfacto-
medin domain of olfactomedin 4, however, was predicted to
form a seven-blade S-propeller structure, but with only 70%
estimated precision and an e value of 1.1. Alignments of all 13 of
these olfactomedin domain-containing proteins show several
conserved residues as well as a number of highly similar re-
sidues, all of which are predicted to be contained with the
antiparallel f-sheets of the individual blades in the model (Figure
1B).

The Coiled-Coil Segment of Myocilin Is Homologous
to Q-SNAREs. The Phyre algorithm returned results showing
the coiled-coil region has a high degree of structural homology
to a number of coiled-coil proteins. Our model and previous
results* suggest that the coiled-coil segment of myocilin con-
tains a flexible region at amino acids 111—117, separating the
segment into two interrupted helices. Analysis of the hydro-
phobicity in the first coil (amino acids 73—110) shows a
disordered distribution of hydrophobic residues that do not
appear to fit the traditional pattern of the heptad repeats found
in other well-described leucine zipper-containing proteins. On
the contrary, the hydrophobic residues within the second coil
(amino acids 118—186) form a traditional heptad repeat sequence
common among leucine zipper domains. When the hydrophobic
stripe of the second coil was examined more closely, it was found
to contain a glutamine (Figure 2A). The positioning of this
glutamine within the hydrophobic stripe of a coiled coil is highly
similar to that of conserved sequences found in proteins that
form SNARE complexes' (termed Q-SNARES for the glutamine
residue)."’

Membrane fusion is mediated by SNARE proteins.'>'® The
SNARE complexes responsible for driving fusion of membranes
consist of parallel, four-helix bundles with an interior layer of
mostly hydrophobic residues.'* Highly conserved within these
hydrophobic layers are hydrophilic glutamine and arginine
residues, designated the “0” layer."> Aligning the second coil of
the CC region of human myocilin with other well-characterized
human Q-SNARE proteins shows that myocilin has homolo-
gous residues at positions —S, —1, 1, 2, and 7 (Figure 2B). The
homology at these positions is of interest as the residues at
positions —1, 1, and 2 are highly conserved across SNARE
motifs and are thought to be critically important in shielding
the salt bridge formed between the three glutamines and the
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Figure 1. Three-dimensional structure of the olfactomedin domain of
myocilin by homology modeling. The Phyre algorithm predicted with
high precision a six-blade f-propeller folding, most similar to a kelch
motif, for the OLF domain of myocilin. (A) Ribbon model of the
proposed structure of the myocilin OLF domain with individual blades
numbered. The model is colored on the basis of structure: yellow for
p-sheets, magenta for helix, and blue for f-turns. (B) Alignment of
known olfactomedin domains from human olfactomedin domain-
containing proteins using ClustalW. Numbers listed above the
alignment represent locations of those residues within the proposed
model. Pred indicates secondary structure consensus as calculated by
Phyre for the myocilin OLF domain. The olfactomedin domains from
the known olfactomedin domain-containing human proteins were
analyzed using the Phyre algorithm, and all but one, the olfactomedin
domain form olfactomedin 4 (AAH47740.1), returned high-precision
matches to six-blade f-propeller folds.
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single arginine residue at the 0 layer from the aqueous
environment.'! Interestingly, at positions —4, —2, 4, 6, and 8,
myocilin contains acidic residues not seen in other charac-
terized human Q-SNARE proteins. If these residues within the
second coil of myocilin are of any functional importance, they
should be well-conserved across mammalian species. Figure 2C
shows that, indeed, residues important for SNARE complex
formation, including these potentially critical residues, are well-
conserved across human, mouse, rat, dog, bovine, and pig.

Myocilin Exists in Two Cellular Pools As Determined
by Hydrodynamic Analysis. The hydrodynamic properties
of membrane-associated myocilin were examined in membrane
fractions from COS-7 cells expressing full-length myocilin fused
to GEP, which were described previously.* First, soluble and
membrane samples were prepared and solubilized in 0.1% SDS.
Resistance to the dissociating effects of ionic detergents, like
SDS, is a feature of coiled-coil-mediated protein—protein interaction,
such as those seen in SNARE complexes.'® The samples were then
separated on linear (10 to 40%) glycerol gradients. Fractions were
collected and separated by SDS—PAGE, and myocilin was identified
by Western blot. Membrane-associated myocilin—GFP chimeras
were separated into two pools, fractions 1—5 and 14 (Figure 3A).
We attempted to establish an S value for the myocilin—GFP con-
struct, but because of the inability of the construct to separate
through the initial length of the gradient, we were unable to do so.
Next, to determine whether the coiled-coil region of myocilin is
sufficient to target myocilin to the large membrane-associated pro-
tein complex, we expressed the hth—CC—GFP protein chimera,
which lacks the C-terminal OLF domain, in COS-7 cells. This hth—
CC—GFP chimera was previously shown to localize to the
membrane fraction.* Membrane fractions from these cells were
prepared and separated over linear (10 to 40%) glycerol gradients.
Figure 3B shows that like the myocilin—GFP construct, the hth—
CC—GFP chimera sediments into two pools at 62 and 16.3 S.
Finally, to verify that myocilin constructs detected in higher-number
fractions were in solution and not an insoluble precipitate, we
reduced the centrifugation time by 30 min, which shifted the high-
velocity pool from fraction 14 to fraction 10 (Figure 3C) while
maintaining the same relationship to the control proteins.

To determine whether endogenous myocilin from human tissue
exists in a large, membrane-associated protein complex, the hydro-
dynamic properties of the protein were examined in soluble and
membrane fractions from both human retinas and RPE, two tis-
sues known to express the protein. Retinas and RPE were separa-
tely dissected from human donor eyes. Soluble and membrane
samples of the individual tissues were prepared, solubilized in 0.1%
SDS, and separated on linear sucrose gradients. In soluble pre-
parations, myocilin separated into lower-density fractions exclu-
sively, while in membrane preparations, myocilin separated into
both low-density fractions and a high-density fraction (fraction 14)
(Figure 4A). To determine the sedimentation values for these two
pools of myocilin, retina and RPE membrane and soluble
preparations were separated via linear glycerol gradients. Myocilin
from both retina and RPE membrane preparations (Figure 4B,C)
sedimented at 6.4 and 15 S, likely representing the dimer and large
complex, respectively, whereas myocilin from RPE and retina
soluble fractions separated at 6.4 S exclusively (not shown). Next
we determined the size of the membrane-associated myocilin
complex in retina membrane samples by gel exclusion chro-
matography. Fractions were collected, separated by SDS—PAGE,
and analyzed by Western blot. Figure 5 shows myocilin separating
at a peak M, of 405000—440000. The myocilin detected at an M,
of 108000 likely represents the dimer because monomeric
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-5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5 +6 +7 +8
B myocilin TORELGTERRERDQEETOTREHETA YSNELRDKSVEEEEKKRERQE 162 BAA23531.1
Qa human |
syntaxin 11  [ERDVHELFLQMAVLVEKQADTENVIELNVOKTVDY TGQAKAQVRKA 376 NP_003755.2
syntaxin 12 ILDVNQIFKD;AMMIHDQGDLIDSIEANVESSEVHMERATEQEQRA 240 NP_803173.1
syntaxin 16  [ESDLNEIFRDLGAMIVEQGTVEDRIDYNVEQSCIKTEDGLKQEHKA 321 NP_003754.2
syntaxin 17  EIELSQUUTDFSLLUNSQOEKIDSIADHUNSAAVNUEECTKNEGKA 274 NP_060389.1
syntaxin 18  NVEISRLOEIFTEKVLOQEAEIDSIHOLUVGATENIKEGNEDEREA 305 NP_058626.1
syntaxin 19  [IKDLRDLFIQISLLVEEQGESINNIEMTUNSTKEYUNNTKEKFGLA 321 NP_001001850.1
syntaxin 1A  ERELHDMFMDMAMLVESQGEMIDRIEYNVEHAVDYUERAVSDTKKA 304 NP_004594.1
syntaxin 1B [IRELHDMFVDMAMLVESQGEMIDRIEYNVEHSVDYVERAVSDTKKA 303 NP_443106.1
syntaxin 2 IRELHEMFMDMAMF VETQGEMINNTERNVMNATDY VEHAKEETKKA 303 NP_001971.2
FLJ31164 ILDVNQIEKDIASMYSEQGEAVDSIEASEEAAS SHAEAARQLIIAGA 528 NP_659440.1
syntaxin 3A  [IKELHDMFMDIAMLVENQGEMUDNIELNVMHTVDHVEKARDETKKA 303 NP_004168.1
syntaxin 4A  ERELHDIFTFLATEVEMOGEMINRIEKNELSSADYVERGQEHFKTA 312 NP_004595.2
syntaxin 5A  [IVELGSIFQQIAHMVKEQEE TEOREDENWVLGAQLD] AAHSEELKY 321 NP_003155.1
syntaxin 7 IMDINEIFKDLGMMIHEQGDVEDSEEANVENAEVHVOQANQOBSRA 227 NP_003560.1
Qb human ‘
Gos28 H5ET 1 STAVA TKENMTSQRGMEKS {HSKMNTLANRFPAVNSLEQRT 222 NP_004862.1
membrin MDDL I LDGHN I LDGERTORLTEKGTQKKELDI ANMEGLSNTVMRLT 282 NP_004278.2
BNIP1-b MAQOVQQSEEAMQSLVTSSRTILD] NPPFKSMSGT}QLGRKLITKY 237 NP_053582.1
SNAP23A BIESQDAGIKTITMUDEQKEQENRIEEGEDQINKDMRETEKTETEL 77 NP_003816.2
SNAP25A VEESKDAGIRTLVMEDEQGEQNDRVEEGMNHINQDMKEAEKNEKDL 81 NP_003072.2
SNAP25B VEESKDAGIRTLVMEDEQGEQUERT EEGMDQTNKDMKEAEKNITDL 81 NP_570824.1
SNAP-29 MYESEKVGVASSEELARORGVEERTEKMUDKVMDQDEKISQKHENST 112 NP_004773.1
SVAP1 protein MAGSQKREEDTARVEHHOGOOLDS MRGEDKVESDEEVADRLETEL 216 AAH18760.2
Vtila-beta AVETEQI GOEMLENUSHDREKTORARERERET DANEGKSSRILTGM 184 NP_660207.1
Vtilb ATEFDQIGSElIEELGEQRDQQERTKSRLVNTSENWSKSRKILRSM 198 NP_006361.1
Qc
BET1 VTAIKSLSIE IGHEVKTONKLEAEMDSQFDSTTGFEGKTMGKIKIL 188 NP_005859.1
Betl-like VTRLKSLALD IDRDAEDONRYHDGMDS DFT SMTSLETGSVKRFSTM 177 NP_057610.2
SNAP23A LGNLKDMALNIsNEIDAQNPQ1KKIluKADTNRDRﬁDIANARAKKI 208 NP_003816.2
SNAP25A IGNLRHMALDMGNEIDTQNRQ1DKLMEKADSNKTRﬂDEANQRhTKM 202 NP_003072.2
SNAP25B IGNLRHMALDVMGNE IDTONRQIDRIMEKAD SNKTREDEANQRATKM 202 NP_570824 .1
SNAP-29 MYESEKVGVASSEELARORGVIERTEKMYDKMDOD) ISQKHENST 162 NP_004773.1
SVAP1 protein LRRMKGLELEAESELERQDEAFDGYAAAVDRATLTﬂDKHNRRMKRL 463 AAH18760.2
syntaxin 10  [IQVLKHMSGRVGEEELDEQGIMUDAFAQEMDHTQSRMDGVLRKEAKYV 219 NP_003756.1
syntaxin 6 IGVLKNMSORIGGELEEQAVMEEDF SHEEE STOSREDNVMKKEAKYV 225 NP_005810.1
syntaxin 8 ISRQKQMGQEIGNELDEQNEI‘DDLANLVENTDEKﬁENgTRR NMV 207 NP_004844.1
USE1 BARSLKTNTLAAQSVEIKKDNQTLSHSLKMADQNLEKEKTESERLEQH 225 NP_060937.1
C Myocilin
-5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5 +6 +7 +8
human TORE LGTERRERDOEETOTREBETAYSNELRDKSVEEEEKKREROE 163  BAA23531.1
mouse LOGQLGALRRERDQ! ETQTRDFEAAYNNL’LRDKQA EEEKRQ 149 BAA32031.1
rat LOGOLGAIRRERDQEETOTR DEEVAYNNELROKSAEEEEKRQUEQE 162  AAD46401.1
dog LHRELGTLRKEREQLETQARELEVAYSNELRDKSALEEEKRR 142 AAZ78213.1
bovine LORELEALRREREQUETQTOELESAYSNEVRDKSALEEEKRR| 149 AAI04572.1
porcine LEKELGTLRREREQUETONRELETTYNNETRDKSAREEEKRQEETE 150 NP 999151.1

Figure 2. Analysis of the coiled-coil region of human myocilin. (A) The Phyre algorithm generated a model of the CC region of myocilin (amino
acids 73—186). Hydrophobic residues are colored red. The glutamine residue in the central “0” layer of the second coil is colored blue, while acidic
residues at positions —4, —2, 4, 6, and 8 are colored yellow. Clearly visible in the second coil (amino acids 118—186) is a hydrophobic stripe. (B)
Amino acid sequences contained within the second coil compared to all known human Q-SNARE motifs. The hydrophobic residues at positions —1,
1, and 2 are well-conserved between human myocilin and known Q-SNAREs. (C) The Q-SNARE muotif is also well conserved across the known

mammalian myocilin sequences.

myocilin has a calculated mass of 55—57 kDa and myocilin is
known to form dimers.

Sedimentation values and size exclusion data allow for a
calculation of the shape of both the putative myocilin dimer and
the myocilin-containing complex. The putative myocilin dimer is
globular with an S_,,/S of 1.28. The myocilin-containing protein
complex has a slightly different shape that is roughly globular to
slightly elongated with a calculated S,,/S ranging from 1.32 to
1.39. This elongated shape has been noted in other detergent-
resistant protein complexes mediated by SNARE interactions
(Table 1).

B DISCUSSION

Here we provide evidence that endogenous myocilin is a com-
ponent of a large membrane-associated complex in two human
tissues. Using computer modeling and sequence analysis, we predict
the olfactomedin domain of myocilin to have a f-propeller structure
and show that a region of the coiled-coil segment has Q-SNARE
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homology. Our hydrodynamic analysis detected both a putative
myocilin dimer and a large complex in the presence of 0.1% SDS.
The sedimentation value and M, for the complex were 15 S and
405000—440000, respectively, yielding an S,,.,/S from 1.32 to 1.39
indicative of an elongated, globular shape, consistent with known
SNARE complexes (Table 1). Hydrodynamic analysis of a protein
chimera containing the N-terminal, Q-SNARE-lke portion of
myocilin confirmed results obtained with endogenous human
myocilin, sedimentation in a large SDS-resistant protein complex.
In our analysis of the OLF domain of myocilin using the
Phyre algorithm, we observed a number of similar structural
predictions for the OLF domain, multiblade f-propellers. Our
model for the OLF domain in myocilin is based on the highest-
probability structural match, a six-blade S-propeller kelch repeat
domain. This predicted model is consistent with previous
experimental data on the olfactomedin domain showing it to be
globular and composed primarily of f-sheets based on CD
spectroscopy.' ' Additionally, we used the Phyre algorithm to
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Figure 3. Identification of a large, membrane-associated protein
complex containing myocilin by velocity gradient sedimentation. COS-
7 cells expressing GFP fused to full-length myocilin or myocilin lacking
the OLF domain were homogenized and fractionated into soluble
and membrane portions. SDS was added to samples to a final
concentration of 0.1% prior to centrifugation on linear (10 to 40%)
glycerol gradients. Fractions were collected, separated by SDS—PAGE,
and analyzed by Western blot for myocilin using anti-myocilin IgGs.
Western blots show full-length myocilin (A) and the N-terminal
portion of myocilin lacking the OLF domain (B) separated into two
distinct pools, representing a dimer and a large protein complex
containing myocilin. Reducing the centrifugation times by 30 min
demonstrates that the myocilin-containing complex is in solution and
not a pelleted precipitate (hth—CC—GFP chimera shown) (C).

predict the folding of the olfactomedin domains of the other
human proteins that contain this domain. Of the 13 known
human proteins with identified olfactomedin domains, all
except olfactomedin 4 were predicted to fold into six-blade
P-propellers with high estimated precision.
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Figure 4. Analysis of the membrane-associated myocilin complex by
velocity gradient sedimentation. Fresh human retinas and RPE were
fractionated into soluble and membrane portions. SDS was added to
membrane (shown here) and soluble preparations (final concentration
of 0.1%), which were separated on linear sucrose (A) and glycerol
(B and C) gradients. Fractions were collected and separated by
SDS—PAGE. Western blots (A) show myocilin from human retina
membrane preparations separated in a small and large complex on
linear sucrose gradients. Similarly, human retina (B) and RPE (C)
membrane preparations separated on linear glycerol gradients as both
a 6.4 S dimer and a larger 15 S complex (values are results obtained in
three separate experiments for each tissue).
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Figure S. Analysis of the membrane-associated myocilin complex by
gel exclusion chromatography. Fresh human retinas were fractionated
into soluble and membrane portions. SDS was added to membrane
and soluble preparations (final concentration of 0.1%). Retina
membrane (shown here) and soluble preparations were then separated
on a gel exclusion column, and myocilin from collected fractions was
detected by Western blot. Myocilin was detected in a large (M, =
405000—440000) complex as well as a smaller (M, = 108000) dimer.
M, values were calculated from experiments performed in triplicate.

Table 1. Summary of Hydrodynamic Data Obtained by
Analysis of Human Myocilin from Retina and RPE
Compared to a Known SNARE Complex”

S
value M, Smax/S shape
myocilin 6.4 108000 1.28 globular
dimer
myocilin 15 405000—440000 1.32-1.39  globular,
complex slightly
elongated
SNARE 20 700000 1.42 globular,
complex slightly
elongated

“Sedimentation value and M, for the SNARE complex taken from
ref 22.

The consistent predictions of a f-propeller structure for the
olfactomedin domain, including the OLF domain in myocilin,
are notable as another glaucoma-associated protein, WDR-36, is
predicted to contain two f-propellers. A recent study of the
WDR-36 protein demonstrated an interaction between it and
the GPCR thromboxane A2 f-isoform."” Because our previous
work found the OLF domains of human myocilin alone,
enriched at cell borders and kelch repeat motifs like the one
found in myocilin, have been shown to bind to GPCRs,* it is
possible that the OLF domain of myocilin ties the protein to a
ligand-mediated signaling event. Future studies will test this
hypothesis.

The majority of glaucoma-related mutations in myocilin
occur in the OLF domain, and because the crystal structure of
myocilin has not been determined, our predicted kelch repeat
structure will serve as a valuable tool for analyzing the impact
of these mutations on folding and biochemical properties. For
example, with respect to the myocilin OLF domain mutation
that showed the greatest impact on melting temperature in
Burns et al,?! K423E, we predict it to be in a linking region
between blades 4 and S and on the exterior portion of the
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domain where the substitution of a larger basic residue for a smaller
acidic one may alter stability. We predict the D380A mutation,
which had the least impact on melting temperature, to be in the
middle of a f-strand in the fourth blade of the model, flanked by
two hydrophobic residues (I379 and L381) and adjacent to two
other hydrophobic residues (V328 and V329), where a substitution
to a hydrophobic residue may have a negligible impact on stability.
These are just a few examples demonstrating the value our model
has in the analysis of protein folding and stability resulting from
amino acid substitutions in the OLF domain.

Our data suggest that myocilin is a member of a large,
membrane-associated protein complex with binding between
myocilin and the other members of the complex mediated by
coiled-coil interactions. The formation of this protein complex
with myocilin constructs lacking the OLF domain as well as
complex stability, unheated in 0.1% SDS, demonstrates that this
myocilin protein—protein interaction involves the coiled-coil
containing the N-terminal portion of the protein but not the
C-terminal OLF domain. Our previous work using rotary shadow-
ing illustrates that the CC domain of myocilin is composed of
two helices separated by a short flexible linker.* While the first
coil has a number of hydrophobic residues, they do not resem-
ble a leucine zipper motif, as does the second coil. The leucine
zipper motif of the second coil alone should be capable of
forming multicoil structures, but our analysis of this region
revealed a number of notable features that are reminiscent of
the well-characterized SNARE proteins. These features include
an a-helix that is the proper length (~68 residues), character-
istic hydrophilic glutamine residue imbedded within the hydro-
phobic stripe to form a salt bridge and the highly conserved
hydrophobic residues at positions —1, 1, and 2.'° The presence of
these characteristic features in myocilin supports the idea of
Q-SNARE homology within the CC region.

The myocilin-containing protein complex has a number of
properties found in other protein complexes where a SNARE
core mediates oligomerization. First, the myocilin-containing
protein complex remains intact in the presence of 0.1% SDS.
Resistance to the dissociating effects of ionic detergents is a key
feature found in protein complexes formed by coiled-coil asso-
ciations such as those in SNARE complexes.16 Second, our
hydrodynamic analysis of the complex revealed a size and,
importantly, a shape similar to those of other known SNARE
complexes. The first SNARE complex described was the
membrane-associated, detergent-extracted “20s fusion par-
ticle”.*> The fusion particle was eventually shown to contain
the SNARE proteins SNAP-25, syntaxin, and synaptobrevin-
2.2 The 20s, 700 kDa complex has an oblong shape similar to
that of the myocilin-containing complex we have identified
(Spax/S = 1.42 vs 1.32—1.39, respectively) (Table 1).

Another feature myocilin seems to share with other SNARE
proteins is an amino-terminal regulatory domain. Our previous
work demonstrated the subcellular localization of various GFP
fusion proteins made from combinations of the three independent
folding domains of myocilin.* There we showed the coiled-coil
region of myocilin localized to the Golgi apparatus, which is
consistent with our findings here of endogenous myocilin associa-
ting with membranes. In those studies, the coiled-coil construct
proved to be lethal, probably because of a blockage of vesicle
formation from the Golgi apparatus. When the amino-terminal hth
region was included with the CC region, the hth—CC chimera
associated with numerous vesicles that accumulated at the plasma
membrane. These results suggest that the hth region facilitates
proper budding of myocilin-associated vesicles from the Golgi
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apparatus. Notably, several SNARE proteins have been shown
to have amino-terminal regulatory domains thought to facilitate
proper SNARE complex formation, including the Habc domain of
Vtilb and all syntaxins,24_27 the PX domain of Vam7P,?® and the
longin domain of Sec22b,” Ykt6,*® and VAMP7.*! Future studies
will have to determine whether the hth region of myocilin per-
forms a similar role.

Our findings suggest that myocilin associates with cellular
membranes via a coiled-coil-mediated protein—protein interaction.
Myocilin’s coiled-coil region is homologous to known Q-SNAREs,
and the membrane-associated protein complex containing
myocilin has hydrodynamic properties similar to those of known
SNARE complexes. Further, our data suggest functions for the two
other domains in a regulated secretory process; the N-terminal
hth domain may be a regulatory domain necessary for vesicle
formation, and the olfactomedin domain with its kelch-like pro-
perties may interact with GPCRs at the plasma membrane. With
this in mind, our findings suggest that a dysfunction in vesicle
trafficking or homeostasis is at the root of primary open-angle
glaucoma. Myocilin is expressed in numerous tissues of the body,”*
yet the only observed phenotype associated with myocilin muta-
tions is ocular hypertension and primary open-angle glaucoma.
The next step in understanding both the role myocilin plays in
cellular physiology and how mutations in myocilin manifest as
POAG is to identify the other components of the myocilin-asso-
ciated SNARE-like complex illustrated in this study. By identifying
these unknown components and examining their properties, we
will be closer to understanding processes critical for the proper
regulation of intraocular pressure at the cellular level.
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