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Did myocilin evolve from two different primordial proteins?

Arijit Mukhopadhyay, Arnab Gupta, Saibal M ukherjee, Keya Chaudhuri, Kunal Ray

Indian Ingtitute of Chemical Biology, Human Genetics & Genomics Division, Jadavpur, Kolkata - 700 032, India

Purpose: Myacilin, a57 kDaglycoprotein, has been of much interest because of its association with primary open-angle
glaucoma, lack of understanding of its biological function, and sequence homology of its N- and C-termini with two
distinctly different proteins, myosin and olfactomedin, respectively. In that context, the molecular evolution of myocilin

was investigated.

Methods: The human myocilin protein was used as query in sequence alignment program and the similar protein se-
guences were searched in the protein databases for different species. The secondary structure analysis of human myocilin
and the prediction of disulfide bonded cysteine residues in the protein were done using PSIPRED and CY SPRED soft-
ware, respectively. Presence of putative motifs in the protein sequences was determined using the ScanProsite tool with
the option of including patterns with the high probability of occurrence. The phylogenetic analyses of human, mouse, rat,
and bovine myocilin were done at the DNA Data Bank of Japan (DDBJ) server.

Results: It was observed that while two different protein sequences from Drosophila melanogaster contained significant
homology with either C-terminal or N-terminal of myocilin, a single protein from Xenopus laevis showed homology
covering entire C-terminal and most of the N-terminal region of myocilin. These observations are noteworthy in the
context of the previously reported homology of N-terminal domain of myaocilin with asingle protein (non-muscle myosin)
in Dictyostelium discoideum, and C-terminal domain with asingle protein (olfactomedin-like) in Caenorhabditis elegans,
both representing lower organisms. Further, specific amino acids and putative functional motifs were observed to be
conserved between the two sets of proteins having homology to two ends (N- and C-termini) of myocilin. At the second-
ary structure level, myocilin showstwo distinctly different domains: (a) the N-terminal regionisprimarily a-helical type,
and (b) the C-terminal region consists mostly of 3-sheet and turn.

Conclusions: These observationsled to the hypothesis that during evolution myocilin might have resulted from fusion of
genesfor at least two different proteins with functional implications relevant to mammals. It is noteworthy that mutations
in the myocilin gene, causal to Primary Open Angle Glaucoma, have only been detected in the first exon (corresponding
to myosin like region) and the last exon (corresponding to olfactomedin domain) but not the region (exon 2) between the
two domains. Phylogenetic analysis of mammalian myocilin revealed that rat and mouse myocilins demonstrate a closer
relationship compared to its human or bovine homologues.

Myocilin was originally described as myosin-like acidic
protein (isoelectric point 5.2) expressed predominantly in the
photoreceptor cells of retina and localized particularly in the
rootlet and basal body of connecting cilium. Hence the pro-
tein was named as myocilin [1]. Polansky et al. [2] identified
the same protein while studying the effects of steroids on the
trabecular meshwork cellsin culture. In the eye, the trabecu-
lar meshwork cells help regulate eye pressure by controlling
the drainage of fluid from the eye as new fluid is produced.
The cultured cells, when treated with steroids, secreted the
same protein, which Nguyen et a. [3] called TIGR (for trabe-
cular meshwork inducible glucocorticoid response protein).
Mutationsinthe MY OC/TIGR gene have been associated with
most if not all familial cases of juvenile onset primary open-
angle glaucoma (POAG) aswell as about 3% of all POAG in
different popul ationstested [4,5]. The gene encodes for apro-
tein of unknown function and has a broad range of expression
not limited to the eye. The protein has been reported to have
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high level of sequence similarity to non-muscle myosin of
Dictyostelium discoideum in the N-terminal region and to
olfactomedin of the bullfrog in the C-terminal region[1]. Re-
cently, it has been reported that myocilin interacts with the
regulatory light chain (RLC) of myosin, a component of the
myosin motor protein complex, independent of its
olfactomedin domain, which implies a role for myocilin in
the actomyosin system [6].

Olfactomedin isasecreted polymeric glycoprotein of un-
known function, originally discovered at the mucociliary sur-
face of the amphibian olfactory neuroepithelim and later iden-
tified throughout themammalian brain [ 7]. Themolecular evo-
Iution of olfactomedin has al so been studied by examining its
phylogenetic history to identify conserved structural motifs.
The study based on comparison of protein sequencesrevealed
that the evolution of the N-terminal half of the molecule in-
volved extensive insertions and deletions while the C-termi-
nal region evolved mostly through point mutations, suggest-
ing evolutionary constrainsin the C-terminal region for apre-
dictably important functional role. The sequence similarity of
myocilin at its C-terminal segment is restricted to the C-ter-
minal segment of olfactomedin [7]. Also, Kulkarni et a. [8]
reported widespread occurrence of olfactomedin and related
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proteins among vertebrates and invertebrates, and studied the
phylogenetic relation of 18 olfactomedin-related proteins, in-
cluding human myocilin.

Kubota et al. [1] had originally proposed that myocilin
contained a leucine zipper domain in the N-termina region
which was not detected in bullfrog olfactomedin, but was
present in non-muscle myosin of D. discoideum, suggesting
the retention of avery primitive structurein human myocilin.
Later it was demonstrated by site directed mutagenesis of se-
lective leucine residues (amino acids 117-166) of myocilin
with glycine that myocilin forms dimers and multimers with
itself through its leucine-zipper domain [9]. Though patho-
genesisin POAG caused by a myacilin gene defect is not yet
clear, mutationsin myocilin gene causing glaucomahave been
identified, primarily in the C-terminal (olfactomedin like) re-
gion and to alesser extent in N-terminal region, implicating
functional importance of both the regions of the protein. A
recent study showed that secretion of human myocilin protein
almost ceased whenit lacked the olfactomedin-likeregion [10]
and another study [11] reported that a few mutations in the
olfactomedin region of myocilin decreased its secretion. Both
these studies support the secretory role of myocilin. It is pos-
sible that the N-terminal region helps to form dimer and/or
oligomers and forms the structural basis of trabecular mesh-
work.

Parallel to enrichment of the databases with sequencing
of more genomes, it is becoming increasingly possible to as-
sign functions to newly discovered proteins by searching for
their homologues in the database, together with other strate-
gies. Evolutionary analysisisbecoming very powerful to dis-
cover conserved motifs and thereby predicting the functions.
In that context we attempted to trace the evolutionary path of
human myaocilin, a protein yet to be defined in terms of its
structure and function.

METHODS

Identification of non-mammalian protein sequences that are
homol ogousto human myocilin: The proteins sharing signifi-
cant sequence similarity to human myocilin (NP_000252) was
initially searched in the NCBI server using the BLASTp pro-
gram [12] in primarily two different ways: (i) The query se-
guence (human myocilin) was searched against the entire non-
redundant (nr) dataset; and (i) The same query sequence was
also searched against the protein database specific for indi-
vidual species. Using the first method, the majority of hits
were olfactomedin-related proteins and noelin-like proteins
of mammals and other higher eucaryotes showing homology
to myocilin primarily in the C-terminal portion of the protein.
To make sure that we do not fail to identify less homologous
proteins from lower organisms which might be important to
trace the evolution of myacilin, the second method was used,
and a number of proteins were identified showing significant
seguence similarity to both the N- and C-termini of human
myocilin.

The search was done against available databases for dif-
ferent species which include bacterial kingdom, slime mold
(D. discoideum), nematode (C. elegans), arthropod (D.
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melanogaster), amphibia (X. laevis) and aves (G. gallus) in
an attempt to trace the evol ution of mammalian myocilin. The
default specifications of the BLAST analysis were used (low
complexity filter, word size; 3, expect value; 10, BLOSUM
62 matrix and the gap penalties; 11 for opening; and 1 for
extension).

| dentification of mammalian myaocilin protein sequences:
To identify myocilin protein sequences in mammals we
searched in the protein database at the NCBI server and found
24 entries. After consolidating duplicate entries six distinct
protein sequences were identified which include two from
human (NP_000252 and BAA24532), two from rat
(AAK83081 and Q9R1J4), and one each from mouse
(AAKS83081) and bovine (BAA82152).

Phylogenetic analyses of mammalian myocilin:  Phylo-
genetic analysisof the amino acid sequences of human, mouse,
rat, and bovine myacilin was done at the DDBJ server. The
following myocilin protein entries were chosen for phyloge-
netic analysis for the reason described in the Results section:
Human (NP_000252; 504 amino acids), Bovine (BAA82152;
490 amino acids), Rat (AAK83081; 489 amino acids), and
Mouse (AAK83082; 490 amino acids). The sequences were
aligned using the multiple alignment tool ClustalW [13].
Unrooted phylogenetic tree was estimated using the BLOSUM
matrix and the neighbor-joining tree-building algorithm [14].
Bootstrap val ues based upon 1000 iterations provide estimates
of statistical support for the tree.

Secondary structure analysis of human myocilin protein:
The secondary structure analysis of human myocilin wasdone
using the PSIPRED software [15].

Cysteine disulfide bond prediction in mammalian
myocilin: Prediction of disulfide bonded cysteine residuesin
the entire myocilin protein was done using CY SPRED soft-
ware [16].

Prediction of putative motifsin the protein sequences. The
presence of different motifsin the protein sequenceswas pre-
dicted using the ScanProsite tool with the option of including
patterns with the high probability of occurrence [17].

RESULTS

The reported high homology of myocilin to nonmuscle
myosin of Dictyostelium discoideumin the N-terminal region
and to olfactomedin of the bullfrog in the C-terminal region
[1] prompted usto examine the secondary structure of myacilin
for signature of myosin-like coiled-coil proteins and
olfactomedin. Myosin is mainly an a-helical protein, which
forms coiled-coils to bind to itself and to other proteins like
actin through its leucine-zipper domain. On the other hand
the C-terminal region of olfactomedin consists mainly of f3-
sheet and turn. In this context we observed that the N-termi-
nal region of myocilin consisted of primarily a-helix while
the C-terminal contained mostly $-sheet (Figure 1). Based on
this observation we hypothesized that myocilin might have
evolved by fusion of genes for two different proteins.

To test this hypothesiswe searched for peptide sequences
in the available protein database for different speciesto iden-
tify peptides showing statistically significant sequence simi-



Molecular Vision 2002; 8:271-9 <http://www.molvis.org/molvis/v8/a34>

larity to myocilin. For each species only one protein was se-
lected which gave the best score for homology with a specific
region of myocilin. For those species where more than one
protein was identified with a similar level of high score, it
was observed that those werefunctionally related. For example,
in X. laevistwo noelinsare found which really areisoforms of
each other. Hence, only one of the related proteins was used
for comparison with myocilin. Thus, the search led to identi-
fication of a single protein (M3 protein) in Streptococcus
pyogenesin addition to asingle protein (myosin heavy chain)
in D. discoideum reported previously [1] to have homology to
the N-terminal region of human myocilin. A similar searchin
the protein database for C. elegansidentified, asreported ear-
lier [7], asingle protein having homology to the olfactomedin
domain of myocilin located at its C-terminal region. Interest-
ingly, on searching the protein database for D. melanogaster,
two proteins (myosin heavy chain like protein, and CG6867
gene product) were detected to have significant homology to
the N- and C-terminal region of human myaocilin (Figure 2).
Similarly, a search of Gallus gallus led to identification of
two proteins, Dynactin 1 and Neuronal olfactomedin-related
ER localized protein. However, it is noteworthy that the data-
base for G. gallus, which evolved much later in speciation,
did not contain any myocilin-like protein. The failure to de-
tect the myocilin-like protein in the G. gallus database sug-
gests lack of entry of the putative protein as yet or absence of
the protein in the bird. A search of the X. laevis protein data-
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Figure 1. Predicted secondary structure of human myocilin. Open
rectangle, solid arrows, and straight lines represent a-helix, 3-sheet
and turn, and coiled-coils, respectively. The N-terminal half is pri-
marily a-helix; the C-terminal half containsmostly 3-sheet and turn,
and coiled-coils.
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base resulted in identification of an olfactomedin-like protein
(noelin) which has significant sequence similarity to entire C-
terminal and most of the N-terminal regions of myocilin (Fig-
ure 2). The failure to identify a single protein in any species
except X. laevis, prior to evolution of mammals, having ho-
mology covering entire myocilin, and detection of two dis-
tinct proteinsin D. melanogaster having homol ogy to two ter-
minal regions of myocilin strongly suggested that molecular
evolution of this highly conserved mammalian protein might
have occurred by fusion of genes for two proteins prior to
evolution of the mammalian lineage. The source of the ho-
mologous proteins, their names, regions of the proteins bear-
ing homology to human myocilin and the level of identity are
presented in Table 1.

Next, to identify the signature of myocilin (if any) in the
predicted precursor proteinsin other speciesthat evolved prior
to mammals, conservation of motifsin these proteins was ex-
amined. In the analysis we also included proteins from G.
gallus (a bird) that evolved parallel to mammals from rep-
tiles. As shown in Figure 2, among the proteins that have ho-

Exon 2 Exon 3
—

[=]s o o oo eeo O
MH2 COOH
| | 1 I | |
i a 20 40 5
Human Myocilin Protein
———
S. pyogenes oo ee
L [ h—
oo ae C. elegans
D. discoideum
aao o e &8 0 L ]
e —— -
D. melanogaster D melanogaster
6 = 1] B 8 B O BB
AN RN NN RN N ENRENNI RSB ARAREREERANAREREEE
X, lagvis
- R L
R. catesbeiana
e
(o] -]
L I ]
& gallus g8 o S s a ma =
..........................................
G. gallus
Protein Kinasa C
........ S = 200 -
core ' Phosphorylation site
e ] Score = 80 - 200

 Ceesin Kinase Il
Phosphorylation site
T Leucine zipper domain
® N - myrstoylation site

— Score = 40 - 50

Figure 2. Protein sequences which share significant sequence ho-
mology with human myocilin. Human myocilin sequence was used
as query and homology search was done using BLASTp program at
the NCBI server as described in the Methods section. Regions of the
proteins (identified in Table 1) bearing homol ogy to human myocilin
is shown by bar diagrams, depending on the level of homology, as
indicated by ascore (inarbitrary units). Relativelocations of sequence
motifs with putative functions are marked. The S. pyogenes protein,
which contains sequences that match the motif for protein kinase C
(PKC) phosphorylation sites, have not been shown because bacteria
do not have PKC. The genomic structure of myocilin gene (i.e. exon
boundaries) is shown with respect to the encoded protein. Exon 2
approximately corresponds to the region that does not have homol-
ogy to non-myocilin proteins in lower organisms, and have not yet
been associated to any among 34 characterized mutations to date
causal to primary open angle glaucoma.
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mology to the N-terminal region of myocilin, (8) D. discoideum
protein has PKC and casein kinase 2 (CK2) phosphorylation
sites, (b) D. melanogaster protein contains PK C and CK 2 phos-
phorylation sites and a leucine zipper domain, (c) X. laevis
contains PK C and CK 2 phosphorylation sitesand (d) G. gallus
contains PK C, CK 2, and tyrosine phosphorylation sitesaswell
asleucine zipper domain. All three phosphorylation sites and
leucine zipper domain are located in the region of human
myocilin sharing homology to proteins present in slime mold,
arthropod, and aves mentioned above. TheD. discoideumpro-
tein also contains a leucine zipper domain but located in the
N-terminal region, beyond the area of similarity with myaocilin.
A similar search for motifsin the proteins showing homology
to the C-terminal region of myocilin revea ed the presence of
CK2 phosphorylation and N-myristoylation sites in proteins
identified in al five species, i.e. C. elegans, D. melanogaster,
X. laevis, R. catesbeina, and G. gallus representing nematods,
arthropods, two amphibians and aves, respectively. It is note-
worthy that only the set of proteins having similarity to the C-
terminal region of myaocilin contains N-myristoylation sites.
Lack of any database of proteinsfor reptiles precludes further
insilico analysis of evolution of myocilin at the present time.

We aso examined the level of amino acid identity be-
tween two sets of proteinsidentified in different species hav-
ing homology to N- and C-termini of human myocilin (Table
2). Since birds are not the predecessors of mammals and they
independently evolved from a separate stalk of reptiles, the
proteinsidentified in G. gallus mentioned above have not been
included in this analysis. It was observed that in the N-termi-
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na domain of human myocilin a stretch of peptide sequence
(corresponding to the residues 116 to 176) aligned with over-
lapping sequencesfrom 3 species (S. pyogenes, D. discoideum,
and D. melanogaster) without any gap. In thisregion, 21.3%
amino acids (13/61) were identical to human myocilin in at
least two species (Table 2A) and homol ogy increased to 24.5%
if thelocations wereincluded which also contained conserva
tive changes (Table 2A). Likewise, in the C-terminal domain
of human myocilin astretch of peptide sequence (correspond-
ing to the residues 372 to 501) aligned with overlapping se-
guencesfrom C. elegans, D. melanogaster, and R. catesbeiana
with 2 gaps introduced for C. elegans and one gap for D.
melanogaster to maximize amino acid identities. In this re-
gion 24.4% amino acids (32/131) were identical to human
myocilinin at least two species (Table 2B) and homology in-
creased to 41.2% if the locations were included which also
contained conservative changes (Table 2B). Asthe homol ogy
of X. laevis noelin protein encompasses both N- and C-ter-
mini of human myaocilin, the sequence alignment is shown
separately (Table 2C). Since two isoforms of noelin (noelin-1
and noelin-2) are identical in the region having homology to
myocilin and differ only in the length of the protein in the N-
terminal region having no homology to myocilin, noelin 1 was
arbitrarily selected for our analysis(Table 1 and Table 2). Thus,
noelin 1 was found to have highest homology with myocilin
among all other non-mammalian proteins (34% identity which
increases to 51.9% if the conserved changes are included).
Theseresults provided additional support towardsthe possible
evolution of myaocilin from genes for two different proteins.

TABLE 1. PROTEINS IN NON-MAMMALIAN SPECIES WITH HOMOLOGY TO HUMAN MYOCILIN

Regi on of
Protein Length nyocilin
accession of beari ng
Nane of protein nunber Sour ce E val ue protein honol ogy ldentity
Proteins with honology to
N-term nal region of myocilin
MB Protein AAA96960 S. pyogenes 5e- 05 539 aa 84- 196 38/ 129 (29%
Myosi n heavy chain AAA33227 D. di scoi deum 9e- 05 2116 aa 58-222 36/ 168 (21%
Myosi n- heavy-chai n-1i ke AAF55271 D. nel anogast er 8e-04 1706 aa 74-176 27/ 103 (269
Dynactin 1 P35458 G ogallus 5e- 05 1224 aa 50- 181 40/ 141 (28%
Proteins with honology to
C-termnal region of nyocilin
A factonedi n-1i ke CAB04088 C. el egans le-23 598 aa 260- 503 71/ 262 (27%
CG6867 AAF48788 D. nel anogast er 2e-28 935 aa 251-503 74/ 254 (29%
A fact onedi n AAA49527 R cat esbei ana 2e- 20 464 aa 323-501 56/ 179 (31%
Proteins with honplogy to
both N- & C-terninal regions
of nyocilin
Noel i n-1 AAL66227 X. laevis 3e-57 485 aa 128-501  138/399 (34%
Neuronal ol factomedin-related  AAF40413 G gallus 5e- 60 485 aa 110-501 134/ 407 (32%

ER | ocal i zed protein

Regions of human myocilin (NP_000252) bearing homology to the protein in other species are indicated by amino acid numbers of myocilin.
Number (and percentage) of amino acidsthat areidentical to human myaocilin within the homologous segment is given. The homology search
between proteins by BLASTp provides the E value (“expect” value) which is an estimation of the probability of finding the homology by
chance. Hence, the lower the E value, the higher the significance of homology.
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TABLE 2. SEQUENCE ALIGNMENTS OF PROTEINS WITH HOMOLOGY TO HUMAN MYOCILIN

Speci es Protein Segnents with honmol ogy to human nyocilin
S. pyogenes MB Protein 383 GLRRDLDASREAKKQVEKALEEANSKLAAL EKLNKELEESKKLTEKEKAEL QAKLEAEAKA 443
D. di scoi deum Myosi n HC 965 GQSDTI SRLEKI KDELQKEVEEL TESFSEESKDKGVLEKTRVRLQSELDDLTVRLDSETKD 1025
D. nel anogast er Myosin HC-1i ke 1233 GTEEEFAQLRRSKNE RAKEQEEEL DEMAGQ QLLEQAKLRLEMTLE KEARRESQQ 1293
H. sapiens Myocilin 116 GLQRELG RERDQ_I:_FQT RELETAYSNLLRDKSVLEEEKKRLRQENENLARRLESSSQE 176
A * o4 ¥ AN+ o+ +
Speci es Protein Segrments wi th honol ogy to human nyocilin
C. el egans QA factomedi n-1i ke 460 LYDRPHNYVDFAVDENGLWAI YAG- ADSETMRVAKI EP- SLFVWNI WNVEVNTTEI ADSFI MCGV 522
D. nel anogast er CG6867 796 LYTTDYNYMDFNVDEVG-W/I YSTYNSN- NTLVAKLDAETLKMQYNFNI TLDHHQFGEMFI VCGN 859
R catesbei ana a factonmedi n 332 YAGTM-QDVDFSSDEKGLW/I FT SACGKI WCEKVNVATFTVDNI W TTONKSDASNAFM CGV 396
H. sapiens Myocilin 372 YSWEGYTDI DLAVDEAGLW/I YSTDEAKGAI VLSKLNPENLELEQTVETNI RKQSVANAFI | CGT 435
* kA% +/\/\ /\/\/\+/\+ + * Nk * *+ * Kk + /\+~k/\/\
C. el egans O factomedin-like 523 WGLKSANNLQTQ THAYDLFRNDTI PGQVEWYNPYQGL TM_GYNPLDARLYFFDNSSLLSVNVRI 588
D. nel anogaster  CGB867 860 LYAI DSGTDKNTQ RYVVDLYKGKLLNTNLPFSNPFSHTTTVGYNPLTVELYSWDKGNALTYPI RY 925
R catesbei ana QA fact onedin 397 LYVTRSLGPKMEEVFYM-DTKTGKEGHL SI MVEKMAEKVHSL SYNSNDRKL YMFSEGYLLHYDI AL 462
H. sapiens Myocilin 436 LYTVSSYTSADATVNFAYDTGIG SKTLTI PFKNRYKYSSM DYNPLEKKLFAWDNLNWTYDI KL 501
+/\ N * * * N + * kK + * /\/\++ N ~k+ * % x + +
Speci es Protein Segnments wi th honol ogy to human nyocilin

X. laevis Noelin-1 87 RDARTKQLRQLLEKVQNVBQSI EVLDRRTQRDLQYVERVENQVKGL ESKFKQVEETHRQHQARQFK 152
H sapiens Mocilin 128 RDQLETQURELETAYSNLLROKSVLEEEKKRLRQ - - ENENLARRLESSSQEVARL- RREQCPQTR 189

AN N A% * A% AN* AN *% AAA A

X. laevis Noel i n-1 153 Al KAKMEELRPLI PVLEEYKADAKLVLQFKEEI QNLTSVLNE- LQEEI GAYDYEELQSRVSNLEER 217
H. sapiens Myocilin 190 ------ DTARAVPPGSREVSTWNL DTLAFQELKSEL TEVPASRI LKESPSGY- - - - - - - - - - - - - - 248

* KAk KKNA n AN Nk AN A% * N *

X. laevis Noel i n-1 218 LRACMXLACGKLTG SEPVT! KTSGS- - - RFGSWMID- - PLAPEGDNRVWYMNDGYHNN- RFVREY 277
H. sapiens Myocilin 249 LRSGEGDTGCGELVWWGEPL TAETI YGNWRDPKPTYPYTQETTV\RI DTVGTDVRQVFEY 301

AN * % AN N KKANKN*KKXN K * N AN A A N Kk NA* * AN N AN

X. laevis Noel i n- 1 278 KSMEDFMNTDNFT LPHPWSGTGQVVYNGSI YFNKFQSHI | | RFDLKSETI LKTRSLDSAGYTN 343
H. sapiens Myocilin 302 DLI SQFMQGYPSKVHI LPRPLESTGAVVYSGSL YFQGAESRTVI RYELNTETVKAEKEI PGAGYHG 367

* AN* * AN AN*N* kAN AANKANKAN * * Ak * AN * N * ANk * k KAAN *

X. laevis Noel i n- 1 344 VYHYAWGGQSDI DLMVDENGLW/VYATNOQNAGNI VI SKLDPNTLQ LKTWNTGYPKRSAGEAFM C 409
H. sapiens Myocilin 368 QFPYSWGGYTDI DLAVDEAGLW/I YSTDEAKGAI VLSKLNPENLELEQTVETNI RKQSVANAFI | C 433

A AAN**XAAAN|ANAN AAANXN A A AAXAAN N KN * AN Ak A A% AN* AN

X. laevis Noel i n-1 410 GTILYVTNGY- SGGTKVHYAYQITNTSNYEYI DI PFHNLYSH SMLDYNPKDRALYAVWANGHQ LYNV 474
H. sapiens Myocilin 434 GTLYTVSSYTSADATVNFAYDTGTG SKTLTI PFKNRYKYSSM DYNPLEKKLFAVWDNLNWTYDI 499

AAAN % *N A AN AN AKANKk K Kk AAAKA A ANXAAAN *% N AN A * Ak

| aevi s Noel i n-1 475 TL 476
sapi ens Myocilin 500 KL 501
N

EEP

Segments of N-terminal and C-terminal regions of human myocilin are shown with overlapping regions of other proteinsin A and B, respec-
tively. In C, the homol ogous segments of human myocilin and Xenopus noelin are shown. Co-ordinates (amino acid numbers) of the region of
each protein are indicated on both sides of the amino acid sequence. The sequences were aligned by eye to maximize amino acid identities.
Human myocilin was the reference protein used as query. Locations where amino acids are identical are marked by a caret (*). Locations
where any change is restricted to conservative amino acids are marked by asterisk (*), and locations where the amino acids are conserved in
all but one species are marked by a plus sign (+). Putative sequence motifs are colored: for PKC, blue for CK2, and red for N-
myristoylation. Overlap between two putative sites have been shown by a purple marker. For example, in BTGKE residues represent an
overlapping PKC ( ) and a CK2 (TGKE) site. Among all the proteins mentioned in Figure 2, only the leucine zipper motifs for myocilin
are present in the homologous region presented in this table (from amino acids 116-166).
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Retention of a higher level of homology in the C-terminal
domain might be due to functional importance of this region
of protein. Kulkarni et a. [8] have shown that the C-terminal
domain of olfactomedin and olfactomedin-like proteins are
more conserved through evolution. The putative functional
motifs marked in Figure 2 and shared between homologous
regions of these proteins are shown in Table 2.

A search of the NCBI database for myocilin resulted in
identification of the molecule only from mammalian species.
Among two putative human myacilin protein sequences, one
isof samelength (490 aa; 55 kDa) asitshomologuesin mouse
and bovine and the other is 14 amino acids longer at its N-
terminal end (504 amino acids; 57 kDa). It has been reported
[18] that western blots of human myocilin detected a 57 kDa
band (predicted size for larger variant) and a 59 kDa band
predicted to have resulted from post-translation modification
of 57 kDa protein. These observations strongly suggest that
the larger myocilin variant is either expressed exclusively or
at a higher level relative to the shorter variant. As shown in
Table 3, the sequence neighboring the first AUG in the human
myocilin mRNA fits better with the Kozak consensus sequence
[19]. Two rat myocilin protein sequences in the database are
predicted to contain 489 and 502 amino acids. In the case of
rat mMRNAS, the down stream AUG would be favored as a
tranglation start site according to the Kozak consensus se-
guence (Table 3). Hence, for comparison, we sel ected thelarger
human myocilin (NP_000252) and shorter rat homologue
(AAK83081) along with the single myocilin proteins known
to be present in mouse and bovine. It is an intriguing though
that none of the putative trandational start sitesin human and
rat myocilin mRNA contained the conserved G down stream
to the ATG triplet codon, as would be expected according to
the Kozak consensus sequence. Four mammalian myocilins
submitted to the protein database were found to be highly con-
served (73-89% identity) with a higher level of identity be-

TABLE 3. PUTATIVE SITE FOR INITIATION OF TRANSLATION IN MYOCILIN

MRNA
Kozak consensus G Predi cted
sequence G C C A C C AKG G protein

Human nyocilin

Nei ghbori ng sequence

to first AUG U C V] G C A AKG A 504 aa

Nei ghbori ng sequence

to second AUG c C U G A G AKG C 490 aa
Rat nyocilin

Nei ghbori ng sequence

to first AUG A u A C cC G AUG C 502 aa

Nei ghbori ng sequence

to second AUG c CcC CcC A A G AKG C 489 aa

The known mammalian myocilin human and rat homologues con-
tain more than one AUG in the 5'-region of the mRNA with a poten-
tial of being the site for initiation of translation. The putative start
sites for both the human and rat myocilins were determined follow-
ing Kozak's consensus sequence for initiation of translation for eu-
karyotic mRNA. The bases marked in red matches the Kozak con-
sensus sequence [19].
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tween mouse and rat myocilin. To assess the evolutionary in-
terrel ationship between mammalian myaocilins, aphylogenetic
analysis was carried out. Since the level of sequence homol-
ogy between these proteins is very high, a neighbor-joining
tree constructed using the entire sequence of the proteins sug-
gested that the rat and mouse homol ogues of the protein would
be closely related among the myocilin homol ogues character-
ized so far (Figure 3). Consistency between the detected and
expected evolutionary relationships suggests that al known
mammalian myocilin proteins are orthologs.

In the human myocilin protein (NP_000252), there are a
total nine cysteine residues at positions 5, 8, 9, 25, 47, 61,
185, 245, and 433. In other mammalian myocilins, the first 3
cysteine residues (positions 5, 8, and 9) of the human homo-
logue are not present, and the other six are conserved in all
four mammalian myocilins. Prediction of disulfidebonded cys-
teineresiduesin the entire myocilin protein, using CY SPRED
software, suggested that the probability of such bondage is
maximum for residues 33 and 47 for rat, mouse and bovine
myocilin. The predicted disulfide bond would be expected to
be stable in the myocilin molecules that are secreted. It has
been reported that in addition to the intracellular form of
myocilin, the protein is also secreted into culture media of
primary trabecular meshwork cells [10]. Human myaocilin
(NP_000252), which is 14 amino acids|onger at the N-termi-
nal region compared to its homol oguesin other mammalsand
containsasignal peptidethat spansthefirst 32 amino acids, is
not predicted to harbor a disulfide bond. We observed that the

Mouse

Rat
TRICHOTONY

Bovine

1000

Human

Figure 3. Phylogram of four different mammalian myocilin proteins.
To assessthe evolutionary interrel ationship between the mammalian
myocilins, aphylogenetic analysiswas carried out. Sincethelevel of
sequence homol ogy between these proteinsisvery high, aneighbor-
joining tree was constructed using the entire sequence of the pro-
teins. The scale denotes the branch length corresponding to substitu-
tions per site. Trichotomy means that the tree is divided into three
branches and the number 1000 denote the bootstrap value.
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previously reported [1] conservation of the human myaocilin
cysteine at residue 433 in C. elegans olfactomedin-like pro-
tein is also retained in D. melanogaster as well as R.
catesbeiana proteins (Table 2). A comparison of human
olfactomedin-like proteins [8] also revealed that 4 of 5 such
proteins (Olf A, OIf B, OIf C, and myocilin, but not OIf D)
retain this cysteine residue. Thus, conservation of this cys-
teine residue in olfactomedin and olfactomedin-like proteins
through evolution strongly suggests its important functional
role.

DISCUSSION

Our search of the entire database for myocilin led to an ob-
servation that thisproteinisonly found in mammals. Thissug-
gests that it might represent a protein that evolved later in
evolution with functional implications not yet well appreci-
ated. Theinitial observation [1] that two termini of myocilin
have significant homology to two other proteinsin lower or-
ganisms provided us adirection to follow and prompted usto
investigate the evolution of myaocilin. Recently, in an attempt
to detect protein function and protein-protein interactionsfrom
genome sequences, Marcotte et a. [20] identified some pairs
of interacting proteins which have homologues in another or-
ganism fused into a single protein chain. One, among a few
other examples, is fusion of two E. coli proteins (y-glutamyl
phosphate reductase and glutamate 5-kinase) to a single hu-
man protein (8-1-pyrroline-5-carboxylate synthatase). This
observation led usto speculate that myocilin, which has been
reported to be present in only mammals, might have evolved
from more than one protein in lower organisms with which it
has significant homology, such as myosin-like coiled-coil pro-
tein and olfactomedin. It isnoteworthy that myocilin wasorigi-
nally described asmyosin-like acidic protein [1], and later the
same protein has been described as an olfactomedin-like pro-
tein, based on the evolutionary studies of olfactomedin [8].
Morerecently, it hasbeen reported that myocilin interactswith
regulatory light chain (RLC) of myosin, a component of the
myosin motor protein complex, independent of its
olfactomedin domain, which implies a role for myocilin in
the actomyosin system [6]. Though the function of myosinis
well defined, there is alack of clear understanding about the
biological functions of olfactomedin and myocilin. Despite a
lack of knowledge of possibleinteraction between myosin and
olfactomedin, or between such related proteins, we hypoth-
esized that myocilin might have evolved from these two pro-
teins. The hypothesis gained substantial support from the ob-
served presence of similar putative functional motifsand con-
servation of amino acid sequencesin thetwo set of proteinsin
lower organismsthat have significant homology to N- and C-
termini of human myocilin. One could argue that the observed
similarity of the N-terminal region of myocilin with other pro-
teins in lower organisms may be due to the structural con-
straints present in coiled-coils and not due to evolutionary re-
latedness. However, it is to be noted that all coiled-coil pro-
teins do not necessarily share all these suggested similarities.
For example human clusterin protein (AAH25381), despite
being a coiled-coil protein, does not have the homology with
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human myocilin at any level identified for other proteins de-
scribed in this manuscript, nor doesit contain a putative leu-
cine zipper domain. A clearer picture might emerge in the fu-
turefrom both experimental andin silico analyses. Thechicken
database does not contain any entry for myocilin but lists two
proteins that, like D. melanogaster proteins, have significant
homology to human myocilin. Since mammals and birds
evolved separately from their common root at thelevel of rep-
tiles, it isreasonableto examine the proteins expressed in rep-
tiles and amphibians to understand the evolution of myocilin,
and determine that whether it is present in these organisms.
As mentioned in the Results section, there is no database for
reptiles, which limits the scope of further investigation at this
time.

Myaocilin, which is expressed in optic nerve-head [21],
retina[1], aqueous humor [22], and in lower amountsin skel-
etal muscles[1], still needs to be associated with a biological
function. Compelling genetic evidence established its causal
association with juvenile open angle glaucoma. However, the
observations that homozygous nonsense mutations in the
myocilin gene did not affect normal vision in human [23] and
disruption of the gene in mouse did not interfere with its vi-
sion [24] strongly argued against a specific biologica func-
tion of myocilin related to vision. It is argued that the muta-
tions in the gene actually cause glaucoma due to a gain of
function of the protein [24]. This argument is consistent with
the observed transmission of juvenile open angle glaucomaas
adominant trait. It is noteworthy that X. laevis noelin, which
has the highest level of homol ogy with myocilin compared to
al other proteins in other species that predates evolution of
mammals and could potentially be a precursor of myaocilin,
has been reported to beinvolved in promotion of neurogenesis
[25]. Since myocilin isan olfactomedin-like protein, it is pro-
vocative to speculate that noelin, as a close ‘cousin’ of
myocilin, anong other olfactomedin-like proteins, might be
involved in some eye disordersincluding glaucoma. Recently,
another novel olfactomedin-related gene optimedin, located
on chromosome 1p21 in humans, has been described [26]. In
the human eye, optimedin is expressed in the retina and the
trabecular meshwork. Interaction between optemedin and
myocilin have been demonstrated by in vitro experiments and
it has been proposed that mutant myocilin interferes with se-
cretion of optimedin in transfected cells. Incidentally, no in-
formation regarding the genetic basis of glaucoma has been
described in animal models [27]. Glaucoma has not been de-
scribed in amphibians. No specific gene defect isdescribed in
hereditary glaucomaof birds, nor isit known if olfactomedin-
like protein is involved in light induced glaucoma of the
chicken [28].

Myocilin has a leucine-zipper domain in its N-terminal
region, which is present in the non-muscle myosin of D.
discoideum and D. melanogaster but not present in the pro-
teins containing olfactomedin like domain and having simi-
larity to C-terminal region of myocilin. Recently, it was re-
ported that myocilin forms acomplex oligomer when present
in human aqueous humor, through its leucine-zipper domain
[9]. On the other hand, the cysteine at residue 433 of human
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myocilin, which is predicted to participate in intermolecul ar
disulfide bonding [29], is conserved among all the proteinsin
other organisms that have been identified to have significant
similarity to myocilin. This cysteine residue is conserved in
olfactomedin and olfactomedin-like proteins through evolu-
tion[8]. All of 34 mutations characterized so far inthemyocilin
gene in POAG patients are located in either exons 1 and 3
which corresponds to the myosin-like and olfactomedin-like
domainsrespectively located at two ends of the gene, and none
in exon 2 (corresponding to amino acid 202 to 244). Surpris-
ingly, the gap in the alignment of Drosophila proteins corre-
sponds to this apparently non-functional region of myaocilin.
The N-terminal homologue ends at amino acid 176 and the C-
terminal homologue starts at amino acid 251. Further investi-
gation would be required to test the possibility that the region
corresponding to exon 2 of the myocilin gene is alinker re-
gion between the myosin-like and the olfactomedin-like do-
mains in myocilin that appears to have been acquired by fu-
sion of two proteins.
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