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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 Ser326,Ser329  and Ser334 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-b1-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 Zn2+ 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 Stg1 proteins [2] belonging to the molecular
chaperone family. The C-terminal end is rich in

glutamatic and aspartic amino acids and represents a
region of Ca2+ 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, b1-integrine cytoplasmic domain
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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/GSK3b [6-8]. Melusin belongs to the proteins
reacting acutely to the threshold levels of mechanical
stress and activates AKT/GSK3b 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 Ser326, Ser329 and Ser334 are the potential
regions for phosphorylation by CK2 protein kinase.

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.icnet.uk [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/GSK3b 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
(S326, S329, S334) were selected as a result of comparative
analysis. In order to ascertain how conservative these
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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 – Ca2+-binding domain 320–346

b



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

Q9UKP_Íomo sapiens_1, 
Q5449J7_Homo sapiens, 
Q32N04_ITBP2_Homo sapiens_2,
Q462R2_ITBP2_Sus scrofa,
Q9R000_INBP2_Mus musculus, 
Q29RL2_Bovine, 
DQ002920_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 (S326, S329,
S334) 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 S326, S329, S334 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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Protein source NetPhos 2.0 ScanSite Kinase Phose 2.0

Homo sapiens, isoform 2  S23 S96 S107 S326 S329 S334  S326  S329 S334 T336 S83 S163 S326 S329 S334 T336

Homo sapiens, inisoform1 S65 S89 S308 S311 S316 S308 S311 S316 T318 S65 S145 S308 S311 S316 T318

Bos taurus, isoform 1
S23 S83 S96 S107 S283 S327

S330 S335
S32 S330 S335 T337   S83 S327 S330 S335 T337

Macaca mulatta, isoform 1 S65 S89 S265 S309 S312  S317  S309 S312 S317 T319 S65 S146 S309 S312 S317 T319

Macaca mulatta, isoform 2 S83 S249 S283 S326 S329 S334 S327 S330 S335 T337 S83 S164 S327 S330 S335 T337

Mus musculus S23 S96 S283 S327 S330  S335  S327 S330 S335 T337 S83 S164 S309 S327 S330 S335 T337

Canis familiaris S83 S107 S283 S327 S330  S335 S327 S S330 S335 T337 S90 S171 S334 S337 S342 T344

Pan troglodytes, isoform 1 S65 S78 S89 S308 S311 S318 S308 S311 S316 T318 S65 S145 S308 S311 S316 T318

Pan troglodytes, isoform 2
S23 S8 3S96 S107 2S326 S329

S334
S326 S32 S3349 T336 S83 S163 S326 S329 S334 T336

Rattus norvegicus S106 S282 S326S329 S334 S326 S32 S3349 T336 S83 S163 S308 S326 S329 S334 T336

Sus scrofa
S23 S83 S96 S107 S162 S283

S316 S327 S330 S335
S327 S330 S335 S164 S249 S327 S330 S335 T337

Table of melusin phosphorylation sites

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



[20], which contains the phosphorylation sites for CK2
protein kinase [21] and fixes   Ca2+ ions like melusin.
The interaction of melusin with b1-integrine
cytoplasmic domain is regulated by   Ca2+ 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 [5]. Melusin is known to
participate in the Ca2+ homeostasis [22], namely, in the
Ca2+ 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

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.
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Áè î èí ôîð ìà òè ÷åñ êèé ïî èñê ïî òåí öè àëü íûõ 

ñàé òîâ ôîñ ôî ðè ëè ðî âà íèÿ ìå ëó çè íà – èí òåã ðèí-b1-ñâÿ çû âà þ -

ùå ãî áåë êà

Ôîñ ôî ðè ëè ðî âà íèå áåë êîâ ÿâ ëÿ åò ñÿ âàæ íûì ìå õà íèç ìîì ïî -
ñòòðàí ñëÿ öè îí íîé ìî äè ôè êà öèè è ñó ùåñ òâåí íî âëè ÿ åò íà êëå -
òî÷ íûå ïðî öåñ ñû, òà êèå êàê ìå òà áî ëèçì, äèô ôå ðåí öè à öèÿ,
ìåì áðàí íûé òðàíñ ïîðò è ñèã íàëü íûå ïóòè êëåò êè. Ìå ëó çèí –
èí òåã ðèí-b1-ñâÿ çû âà þ ùèé áå ëîê – îò íî ñèò ñÿ ê áåë êàì, îñòðî
ðå à ãè ðó þ ùèì íà ïî ðî ãî âûå óðîâ íè ìå õà íè ÷åñ êî ãî ñòðåñ ñà è
àê òè âè ðó þ ùèì ñèã íàëü íûå ïóòè êàð äè î ìè î öè òîâ. Â äàí íîé
ðà áî òå  ïðî âå äåí ïî èñê ïî òåí öè àëü íûõ ñàé òîâ ôîñ ôî ðè ëè ðî -
âà íèÿ ìå ëó çè íà ñ èñ ïîëü çî âà íè åì áè î èí ôîð ìà òè ÷åñ êî ãî àíà -
ëè çà ïåð âè÷ íîé ïî ñëå äî âà òåëü íîñ òè áåë êà. Ñ ïî ìîùüþ
îá ú å äè íåí íî ãî áè î èí ôîð ìà òè ÷åñ êî ãî ïîä õî äà ê ïðåä ñêà çà íèþ
ñàé òîâ ôîñ ôî ðè ëè ðî âà íèÿ, à òàê æå ýâî ëþ öè îí íûõ è ñòðóê -
òóð íûõ èñ ñëå äî âà íèé èäåí òè ôè öè ðî âà íî, ÷òî èìåí íî Ser326,
Ser329, Ser334 ìå ëó çè íà  ÿâ ëÿ þò ñÿ ïî òåí öè àëü íû ìè ó÷àñ òêà ìè
äëÿ ôîñ ôî ðè ëè ðî âà íèÿ ïðî òå èí êè íà çîé ÑÊ2.

Êëþ ÷å âûå ñëî âà: ìå ëó çèí, Ñ-êîí öå âîé äî ìåí, ñèã íàëü íûå
ïóòè êëåò êè, ïðåä ñêà çà íèå ñàé òîâ ôîñ ôî ðè ëè ðî âà íèÿ, âòî -
ðè÷ íàÿ ñòðóê òó ðà áåë êîâ, 3D-ñòðóê òó ðà.

². Â. Êðó ïñüêà, Ë. Ì. Êà ïóñ òÿí, Ë. Ë. Ñè äî ðèê 

Á³î³íôîð ìà òè÷ íèé ïî øóê ïî òåíö³éíèõ ñàéò³â 

ôîñ ôî ðè ëþ âàí íÿ ìå ëó çèíó – ³íòåã ðèí-b1-çâ’ÿ çó âàëü íî ãî á³ëêà

Ðå çþ ìå

Ôîñ ôî ðè ëþ âàí íÿ á³ëê³â º âàæ ëè âèì  ìå õàí³çìîì ïî ñòòðàí -
ñëÿö³éíî¿ ìî äèô³êàö³¿, ùî ñóòòºâî âïëè âàº íà êë³òèíí³ ïðî öå -
ñè, òàê³ ÿê ìå òà áîë³çì, äè ôå ðåíö³àö³ÿ, ìåì áðàí íèé
òðàíñ ïîðò òà ñèã íàëüí³ øëÿ õè êë³òèíè. Ìå ëó çèí íà ëå æèòü äî
á³ëê³â, ÿê³ ãîñ òðî ðå à ãó þòü íà ïî ðî ãîâ³ ð³âí³ ìå õàí³÷íî ãî ñòðå -
ñó òà àê òè âó þòü ñèã íàëüí³ øëÿ õè êàðä³îì³îöèò³â. Íàø³
äîñë³äæåí íÿ  ïðè ñâÿ ÷åí³ ïî øó êó ïî òåíö³éíèõ ñàéò³â ôîñ ôî ðè -
ëþ âàí íÿ ìå ëó çè íó ç âè êî ðèñ òàí íÿì á³î³íôîð ìàö³éíî ãî àíàë³çó
ïîñë³äîâ íîñò³ á³ëêà. Âíàñë³äîê îá’ºäíà íî ãî á³î³íôîð ìà òè÷ íî -
ãî ï³äõî äó ïå ðå äáà ÷åí íÿ ñàéò³â ôîñ ôî ðè ëþ âàí íÿ, åâî ëþö³éíèõ
³ ñòðóê òóð íèõ äîñë³äæåíü èäåí òèô³êî âà íî, ùî Ser326, Ser329, ³
Ser334 ìå ëó çè íà º ïî òåíö³éíè ìè ä³ëÿí êà ìè äëÿ ôîñ ôî ðè ëþ âàí íÿ 
ïðî òå¿íê³íà çîþ ÑÊ2.

Êëþ ÷îâ³ ñëî âà: ìå ëó çèí, Ñ- äî ìåí, ñèã íàëüí³ øëÿ õè êë³òèí,
ïå ðå äáà ÷åí íÿ ñàéò³â ôîñ ôî ðè ëþ âàí íÿ, âòî ðèí íà ñòðóê òó ðà
á³ëê³â, 3D-ñòðóê òó ðà.
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Fig. 3. Prediction of secondary structure of human melusin  ( e -
exposed regions) (a) and predicted 3D structure of human melusin
(b)

b
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