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Phosphorylation is one of the most frequently occurring posttranslational modifications in proteins. It plays
an essential role in transferring outside signals into a cell and regulates different cellular processes such as
growth, metabolism, proliferation, motility and differentiation. Melusin is a stress response protein which
strictly reacts to the threshold levels of mechanic stress and activates cardiomyocytes signaling pathways.
The search for potential sites of melusin phosphorylation was performed using bioinformatic analysis of
primary protein sequences. The comparative bioinformatic analysis of possible phosphorylation sites,
evolutionary and structural motifs has identified Ser,,,Ser;,, and Ser;;, as the most likely sites for

phosphorylation of melusin by protein kinase CK2 in cardiamyocytes.
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Introduction. Melusin is a cytoplasmic protein with
unique structural peculiarities synthesised in the
skeletal tissues and cardiac muscle. The human
melusin (integrin-f1-binding protein of 2-ITGB1BP2)
is known to be one of so-called CHORD-proteins [1]. It
is a multidomain protein consisting of 347 amino acid
residues with the N-terminal region represented by two
cysteine/histidine rich domains (CHORD-domain)
able to fix Zn’" ions (Fig 1). The C-terminal protein
region contains so-called CS domain which is the
binding site with the B1-integrin cytoplasmic domain.
This domain was also discovered in a-crystalline and
p23 and Stgl proteins [2] belonging to the molecular
chaperone family. The C-terminal end is rich in
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glutamatic and aspartic amino acids and represents a
region of Ca’’ ions fixation. Melusin interacts with the
cytoplasmic domain of B1-integrine and is localized in
the costameres participating in the molecular
mechanism of sarcomere conjunction to the
sarcolemma and intracellular matrix [1, 3]. Melusin is
supposed to play a key role in the cardiac hypertrophy.
The experiments on the melusin gene inactivation
in mice allowed assuming that this protein is not a
critical one in the embryonic heart formation,
sarcomeric organisation or heart functioning under
normal conditions [2, 4]. The melusin removal breaks
the hypertrophic response of the aortic ventricle and
dramatically accelerates the transition to the cardiac
dilatation [3, 4]. The diminishing of interaction forces
between melusin, Bl-integrine cytoplasmic domain
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Fig. 1. Amino acid sequence (a) and domain organization (b) of
human melusin: CHORD1 - 5-59; CHORD2 — 148-201; CS —
215-304; acidic domain — Ca**-binding domain 320-346

and ILK kinase in the costameric junctions causes the
cardiac dysfunction and dilated cardiomyopathy
(DCM) development [5]. At the same time by the
melusin super expression the ventricles of transgenic
mice hearts maintained the full contractile function in
the case of long and constant overload [6]. Such
functional properties were connected with the
protection against the apoptosis and lack of stromal
tissue displacement. Melusin controls the hypertrophic
heart reaction in response to the various stresses e.g.
high pressure. The mechanical changes in the
cardiomyocytes activate several cell signaling
pathways:  MAPK, JAK/STAT, PI3K/AKT,
AKT/GSK3p [6-8]. Melusin belongs to the proteins
reacting acutely to the threshold levels of mechanical
stress and activates AKT/GSK3p signaling pathways
controlling the cardiomyocytes hypertrophy. This is a
molecule with a unique ability to cause the
compensatory hypertrophy and prevent the cardiac
dilatation and cardiac failure [6]. The study on a
melusin role in the cardiomyocytes signaling pathways
is of great theoretical and practical interest.

Our study is devoted to the search for potential sites
of melusin phosphorylation using bioinformatic
analysis of the protein sequence. The prediction is
based on the analysis of sites availability on the linear
molecule according to the hydrophobicity level with an
assumption that the hydrophobic sequences are rather
hidden inside the protein molecule than exhibited
outside. As a result of performed analysis it was
discovered that Ser,,, Ser,,, and Ser,,, are the potential
regions for phosphorylation by CK2 protein kinase.
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Materials and Methods. Phylogenetic analysis.
The primary sequence comparison was carried out
applying the program CLUSTAL W [9]. The protein
sequences of human melusin 1 and 2 were received
from NCBI and SwissProt databases and used to search
out the appropriate proteins from the other eukaryotes
through the instrumentality of BLAST 2.0 on the
BLAST NCBI.

Search for the phosphorylation sites. The search
for potential phosphorylation regions was carried out
applying the following online resources programs:
ScanSite [10], NetPhos 2.0 [11], and KinasePhos 2.0
[12]. These programs, based on  protein primary
sequences, enable the prediction of the whole motifs
for various known protein kinases applying the
selective matrix, calculated as a result of protein
libraries screening. They are also based on the
availability analysis of sites on the protein molecule.

The protein secondary structure prediction. The
protein secondary structure was predicted applying the
program GORNIER4 [13] and PHD web server [14].

The protein 3D structure construction. 3D
structure of melusin was simulated on the basis of
CHORD containing protein-1 (2YRT) structure [15]
applying the web server of the program 3D-JIGSAW
(version 2.0) www. bmm.icnetuk [16, 17]. The
appropriate amino acid exposition was determined by
the 3D-structure applying the program SWISS PDB
Viewer.

Results and discussion. We performed the
computer analysis of human melusin structure in order
to reveal the potential phosphorylation sites. Special
attention was paid to the Ser/Thr protein kinases
participating in PI3K-AKT, AKT/GSK3p and other
signaling pathways activated under conditions of
various stresses and resulting in the mechanical
changes in the cardiomyocytes. Using the program
NetPhos 2.0 we discovered seven potential on- serine
and one on-threonine phosphorylation sites in melusin,
selecting these sites with prediction probability of 0.8
and higher, and considering the coincidence with the
phosphorylation sites predicted by other programs:
ScanSite and KinasePhose 2.0 (see the table). The most
probable phosphorylation sites for protein kinase CK2
(Ss26 Si, S33,) were selected as a result of comparative
analysis. In order to ascertain how conservative these
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Table of melusin phosphorylation sites

Protein source NetPhos 2.0

ScanSite Kinase Phose 2.0

Homo sapiens, isoform 2 S23 S96 S107 S326 S329 S334

Homo sapiens, inisoform1 S65 S89 S308 S311 S316

S23 S83 S96 S107 S283 S327

Bos taurus, isoform 1 3330 S335

Macaca mulatta, isoform 1 S65 S89 S265 S309 S312 S317

Macaca mulatta, isoform 2 S83 S249 S283 S326 S329 S334

Mus musculus S23 S96 S283 S327 S330 S335

Canis familiaris S83 S107 S283 S327 S330 S335

Pan troglodytes, isoform 1 S65 S78 S89 S308 S311 S318

523 S8 3596 S107 28326 S329

Pan troglodytes, isoform 2 3334

Rattus norvegicus S106 S282 S326S329 S334

S23 S83 S96 S107 S162 S283

Sus scrofa S316 S$327 S330 S335

S326 S329 S334 T336 S83 S163 S326 S329 S334 T336

S308 S311 S316 T318 S65 S145 S308 S311 S316 T318

S32 S330 S335 T337 S83 S327 S330 S335 T337

S309 S312 S317 T319 S65 S146 S309 S312 S317 T319

S327 S330 S335 T337 S83 S164 S327 S330 S335 T337
S327 S330 S335 T337 S83 S164 S309 S327 S330 S335 T337
S327 S S330 S335 T337 S90 S171 S334 S337 S342 T344

S308 S311 S316 T318 S65 S145 S308 S311 S316 T318

S326 S32 S3349 T336 S83 S163 S326 S329 S334 T336
S326 S32 S3349 T336 S83 S163 S308 S326 S329 S334 T336

S$327 S330 S335 S164 S249 S327 S330 S335 T337

S S

326 320 334

KADPGFWAQLEHFDA wxsxscvcz.mxxéjxvgwu z,irrxs- -EEE--APIGE 346
KADPGSWAQLEHPDALARKAXAKVGLEMDERESEDSIDDLSWTEE - ~EREREARMGE 348
Canis familiaris XADFGSWAQLEHPDALAEKAXAGDVLEMDEEESEDSEDDLSWTEE--EEEE-AMGE 352
Pan iroglodyles | ¥ADPGSWAQLEHPDALAXKARAGVVLEMDEEESDDSIDDLSWTEE--EEEERAMGE 329
Macaca mulatta | KADPGSWAQLEHFDALAKKARAGVVLEMDEEESDDSIDDLSWTEE--EEEEEAMGE 330
Macaca mulatta 2 . XADPGSWAQLEHPDALAKARAGVVLEMDEEESDDSIDDLSWTEE--EEEEEAMGE 348
Homo sapiens 2 . XADPGSWAQLEHPDALAKXARAGVVLEMDEEESDDSIDDLSWTEE--EEEEEAMGE 347
Pan troglodytes 2 . XADPGSWAQLEHPDALAXXARAGVVLEMDEEESDDSIDDLSWTEE--EEEEERMGE 347
Homo sapiens | . XADPGSWAQLEHPDALAXARAGVVLEMDEEESDDSODDLSUTEE--EEEEEAMGE 347
Mus musculus . XADPGSWAQLEHFDS LARKARAGVLLEMDE EESEDSCDDLSWTEEEDEREREAMGE 350
Rattus norvegicus  .XADPGSWAQLEHFDSLASKARAGVLLEMDEEESEDSIDDLSWTEEEDEDEESAMGE 349

Sus serofa
Bos taurus

Fig. 2. Multiple alignement of the last C-terminal amino acids in
melusin of various origin. Ser (S) localization is marked by arrows

aminoacids are, we performed the search and
comparison with the eukaryotic melusin sequences
known to date, namely:

Q9UKP Homo sapiens 1,

Q5449J7 Homo sapiens,

Q32N04 _ITBP2 Homo sapiens_2,

Q462R2 ITBP2_ Sus scrofa,

Q9R000 INBP2 Mus musculus,

Q29RL2 Bovine,

DQO002920_Sus scrofa,

XM 590441 Bos taurus,

XM 001137370 Pan troglodytes 1,

XM_ 521119 Pan troglodytes_2,

XM 001069915 Rattus norvegicus,

XM 001091553 Macaca mulatta_1,

XM _ 001091670 Macaca mulatta 2,

XM 853326 Canis familiaris.

It was found out that tree mentioned sites (S,,, S;,,
S.,,) are conservative for melusins of all the
investigated eukaryotes (Fig. 2). Fig. 2 shows that the
phosphorylation sites and surrounding amino acid
residues did not change in the process of evolution
which indicates the importance of these amino acids
phosphorylation.

For the effective phosphorylation the aminoacids
have to be available for protein kinases i.e. to be
located on the protein surface. We built the models of
secondary structures and performed 3D modelling for
human melusin and other 12 known proteins. The
analysis of predicted secondary structures for all
studied proteins and corresponding 3D structures
indicates that all predicted amino acids are located on
the surface of the protein molecule. This is an essential
confirmation that exactly S,,;, S,,,, S;;, are the potential
phosphorylation sites for CK2 protein kinase
characterized by a high activity in the heart [18].

The protein phosphorylation as an important
mechanism of post-translational modification has a
significant influence on the cellular processes e.g.
metabolism, differentiation, membrane transport and
cell signaling pathways [19].

It is known that the C-domain of melusin is
structurally similar to the C-domain of calsequestrin
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Fig. 3. Prediction of secondary structure of human melusin ( e -
exposed regions) (a) and predicted 3D structure of human melusin

(®)

[20], which contains the phosphorylation sites for CK2
protein kinase [21] and fixes Ca’" ions like melusin.
The interaction of melusin with [l-integrine
cytoplasmic domain is regulated by Ca’’ions presence
or absence. The attenuation of interaction between
melusin, B1-integrine cytoplasmic domain and ILK in
the costameres results in the disfunction and dilatation
in the cardiac muscle [S]. Melusin is known to
participate in the Ca’* homeostasis [22], namely, in the
Ca’" ions concentration decrease in the sarcoplasmic
reticulum of cardiomyocytes. This leads to an incorrect
protein folding in response to a stress causing the
cardiomyocytes apoptosis and heart failure as a
consequence. We suppose that precisely the
phosphorylated melusin forms can perform the
function similar to that of calsequestrin i.e. to bind
incorrectly folded proteins and transfer them through
endoplasmic reticulum to the Golgi apparatus, ensuring
the complicated cellular transport and thus
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participating in the cell signaling pathways. At the
same time, the CS-domain and C-terminal end in
melusin are also a signature for S100 proteins fixation
involved in the cell Ca-regulatory function [2, 23]. The
melusin phosphorylation seems to result in the
post-translational change of the protein structure,
whereby it binds S100 proteins.

U. B. Kpynckas, JI. M. Kanycmsn, JI. JI. Cuoopux

BuonHdopmaTHiecKuil MOUCK MOTEHIHATbHBIX
caiiToB (ochopuIpoBaHus Meay3uHa — UHTerpuH-B1-CBA3bIBaIO-
miero 6enka

Docopunuposanue 6eaK08 AGIACMCA BANCHLIM MEXAHUIMOM NO-
CMmMpaAHCAAYUOHHOU MOOUDUKAYUU U CYUWeCMBEHHO 6lUsem HA Kile-
mounsle npoyeccyl, maxue Kak memadonusm, ouggepenyuayus,
MEMOPAHHBII MPAHCNOPM U CUCHANbHbLIE nymu KiemKu. Menysun —
unmezpun-B1-cesazvigarouyuil 6er0K — OMHOCUMcs K beaikam, 0cmpo
peazupyiowum Ha Nopo2ogvle YPOBHU MEXAHU4ecko2o cmpecca u
aKMUBUPYIOWUM CUSHATIbHBIE NYMU KAPOUOMUOYUmMos. B oannoi
pabome nposeden NOUCK NOMEHYUALbHBIX Calimog hochopunupo-
BAHUSL MENY3UHA C UCNOTbI0GAHUEM OUOUHPOPMAMULECKO20 AHA-
auza  nepsuunoul nocnedosamenvrnocmu  oeaka. C  nomowwio
00beOUHEHH020 OUOUHPDOPMAMULECKO20 NOOX00d K NPEOCKAZAHUIO
caumos ¢gpocopunuposanus, a maxkxice 3601OYUOHHBIX U CIMPYK-
MYPHBIX UCCTEO068AHUN UOCHMUPUYUPOBAHO, UMO UMEHHO Ser;,,
Ser,y, Ser;;, Menysuna AGNAIOMCA NOMEHYUANLHLIMU YUACKAMU
ons pochopunuposanus npomeunxunasou CK2.

Kunwouesvie cnosa: menysun, C-koHyegou OoMeH, CUSHATbHbIE
nymu Kiemku, npeockazanue caiimos gocgopuruposanus, 6mo-
puunas cmpykmypa oeikog, 3D-cmpykmypa.

1. B. Kpyncoka, JI. M. Kanycman, JI. JI. Cuoopux

BioindopMaTuyHuil MOMIYK MOTEHI[IHHUX CANTIB

bochopuntoBaHHs MeTy3UHY — iIHTerpuH-f1-3B’13yBanbHOrO OiNKa

Pesrome

Docopuniosanna OINKI6 € 8ANCIUBUM MEXAHIZMOM NOCMMPAH-
caAyitiHol MoOoughikayii, Wo cymmeso eniueae Ha KIIMUHHI npoye-
cu, maxi sk Mmemabonism, Ougepenyiayis, MemMOpPaAHHUL
MPAHCNOPM MA CUSHANbHT WAsXU KAimunu. Meny3un nanesicums 00
0inKi8, K 20CMPO peazyioms Ha NOPO206i PieHi MeXaHiYHO20 cmpe-
cy ma akmugylomv CUeHaibHi wasxu kapoiomioyumie. Hawi
00CHI0IHCEHHST NPUCEAUEH] NOULYKY NOMeHYIHUX catimie ¢ochopu-
JIOBAHHS MELY3UHY 3 BUKOPUCMAHHAM OI0iHopMayitino2o ananisy
nocrioosnocmi binka. Buacniook 06’eonanozo oioingpopmamuuno-
20 nioxody nepedbauenHs caiimis poc@opunio8anus, e8oONOYIHUX
i cmpyKmypHux 00caiodcens u0eHmupikosano, wjo Ser;,, Ser;,q, i
Sery;, meny3una € nomenyitiHumu OiNAHKAMU 014 hochopuniosanus
npomeinkinasorw CK2.

Kunrouosi crosa: menysun, C- 0omeH, cucHanrbHi WasxXu KAimuH,
nepedbauenns caiumie Gochopuno8ants, 6MOPUHHA CIMPYKMYpa
oinxie, 3D-cmpyxmypa.
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