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1. Index to abbreviations

B-MHC: B-myosin heavy chain

HCM: hypertrophic cardiomyopathy

FHC: familial hypertrophic cardiomyopathy

TNNT2: troponin T type 2

UPAR: urokinase plasminogen activator receptor

uPA: urokinase plasminogen activator

PSGL-1: P-selectin glycoprotein ligand 1

MYH7: a gene encoding a beta myosin heavy chainfosm expressed
primarily in the heart

Essentials MLC/ELC, eMLC: essential myosin lightaih
Regulatory MLC/RLC, rMLC: regulatory myosin lighthain
cMyBP-C: cardiac myosin-binding protein C

SCD: sudden cardiac death

a-Tm: a-tropomyosin

PDB: protein data bank

EMBOSS: the European Molecular Biology Open Softea&uite
BLOSUMG62: blocks of amino acid substitution matrix

MOE: Molecular operating environment

RMSD: root mean square deviation

IQ motif: an amino acid sequence motif. The ternQ"Irefers to the
first two amino acids of the motif: isoleucine amgdutamine.
PEP-FOLD: peptide structure prediction server

MD simulation: molecular dynamics simulation

EF hand: helix-loop-helix structural domain



2. Abstract

Introduction : Hypertrophic cardiomyopathy is a congenital cardigsease with autosomal
dominant pattern of inheritance and incomplete franee. With the knowledge of the
responsible genes, the ability to detect the upihgylgenetic change and with the study of
functional analysis of defected protein, we miglg &ble to determine whether specific
genotypes lead to different phenotypes.

Aims _of Study: To comprehensively analyze the mechanism of gsnekihypertrophic
cardiomyopathy in Czech patients afflicted withstlklisorder from molecular genetic point of
view (MYH7, TNNT2 gene) to functional analysis of the 3D moleculandel of defected
B-myosin heavy chain proteim silico. Beside these aims of the study, the reduction of
production of inflammatory aggregates in the cardszular system was studied in patients with
type 2 diabetes mellitus. The reason of this stweg to look into possibilities of therapeutical
effect on selected cardiovascular risks in patiemtgh hypertrophic cardiomyopathy
simultaneously suffering from type 2 diabetes mli Both of these groups of patients have
substantially increased risk of cardiovascular aiss due to development of premature
atherosclerosis.

Material and Methods: A total of 170 probands were enrolled in this stofljYH7 gene.
DNA samples were analyzed (PCR, sequence anafgsishutations in the specific functional
regions ofMYH7. The 3D model of humaf-MHC was built using the X-ray structure of
nucleotide-free scallop myosin S1 as the structigralplate De novo structure prediction of two
peptides (mutant and wild type variant) spanning #%9-788 region of th-MHC were
performed. A total of 181 probands were enrolledhi@ study ofTNNT2 gene. DNA samples
were genotyped (PCR, sequence analysis) for maogatio the specific binding regions of
TNNT2 gene. The study with rosiglitazone included 33grdas with type 2 diabetes mellitus and
32 normal controls. The expression of leukocyte ke was measured by an
immunofluorescence method using single-step stginvith monoclonal antibodies. The
fluorescence was quantified by the flow cytometry.

Results The Asg’®al amino acid alteration was found in patient withvere form of
hypertrophic cardiomyopathy. This variation was sdgrofor subsequent 3D molecular modeling
in silico. The mutation of the Asp by Val not only chandes ¢character of the interaction pattern
with other amino acids or ions but Val being a $rhgtirophobic amino acid can completely
change the stability of the region. We hypothesiizg it can change the dynamics and flexibility
of the long helical part or it can modify its iraetion property. In the study with diabetic
patients leukocyte expression of UPAR and PSGL-4 significantly higher in patients than in
controls. Leukocyte-platelet aggregates and uPAR &BGL-1 expression significantly
decreased after rosiglitazone treatment.

Conclusion The mutation location in thelYH7/TNNT2 genes and therefore changes in amino
acid composition may have crucial negative impatttlze disease outcome in patients with
hypertrophic cardiomyopathy. In addition, a mutattbat changes the charge of the amino acid
is more likely to affect protein function than anservative mutation. In the rosiglitazone study
we observed substantial lowering of the expressfdhrombogenic markers on leukocytes after
the treatment, suggesting that rosiglitazone lesmlsthe reduction of atherothrombotic
complications.



2. Abstrakt

Uvod: Hypertrofickd kardiomyopatie je vrozené shmdie onemocsni s autozomath
dominantnim typem dalicnosti a neudplnou penetranci. Se znalosti o&haych geqd,
schopnosti detekovat genetické ¢y, které jsou podkladem vzniku tohoto onentmin a
studiem funkni analyzy defektnich protein miZzeme stanovit, zda konkrétni genotypy vedou
ke vzniku odlisSnych fenotypovych projewypertrofické kardiomyopatie.

Cile prace Analyzovat mechanismy vzniku hypertrofické kardimpatie u¢eskych pacierit
postizenych timto onemoénim z molekularé genetického hlediska (getyYH7, TNNT2), az
po funkéni analyzu 3D molekularniho modelu defektniho prateezkéhoretézce f-myosinuin

silico. DalSim cilem prace bylo studium moznosti snizewairby zartlivych agregai v

kardiovaskularnim systému u paciestdiabetem mellitem 2. typu. Studie pfiwala moznosti
terapeutického ovlivini vybranych kardiovaskularnich rizik u paciens hypertrofickou
kardiomyopatii, sotasreé trpicich diabetem mellitem 2. typu. ©byto skupiny pacietit jsou

ohrozeny podstatnvysSim rizikem vzniku kardiovaskularnich oneméunvzhledem k vyvoiji
piedcasné aterosklerozy.

Material a metody: Do studie gentMYH7 bylo zaazeno 170 probaiidVzorky DNA &chto
jedinal byly podrobeny mutamimu screeningu (PCR, sekwan analyza) specifickych
funkénich oblasti gentMYH7, které jsou spojovany se vznikem hypertrofickédi@nyopatie.
Pomoci rentgenové struktury myosinu Sébenatky, ktery slouzil jako strukturalni templa|
nasledg vytvoren 3D model lidskeého¢ikého fetézce B-myosinu. Byla vytvéena de novo
predikce struktury dvou kratkych peptigmutantni a divoké varianty) UsekéZkéhotetézce
B-myosinu. Do studie genliNNT2 bylo z&azeno 181 probaiid DNA vzorky €chto jediné
byly genotypovany (PCR, sekvwern analyza) ve specifickych vazebnych oblastechugen
TNNTZ2, které mohou mit vliv na vyvoj hypertrofické kawdiyopatie. Soubor pouZzity pro
testovani dinka rosiglitazonu byl tvéen 33 pacienty s diabetem mellitem 2. typu a 32wgni
kontrolami. Exprese leukocytarnich markdayla neéiena imunofluoresceéni metodou pomoci
jednostugiového barveni monoklondlnimi protildtkami. Fluoessce byla kvantifikovana
priatokovou cytometrii.

Vysledky: Mutagnim screeningem specifickych vazebnych a &migh oblasti geihnMYH7 a
TNNT2 byly nalezenyii sekverni zangny u tech nepibuznych pacierit Mutace Asp’®Val
byla objevena u pacienta 8Zkou formou hypertrofické kardiomyopatie. Tato &a byla
vybrana pro naslednou 3D molekularni modelacsilico. Asp’’®%/al neméni pouze charakter
interakcnich vlastnosti s ostatnimi aminokyselinami nebuyipale valin, coby mala hydrofobni
aminokyselina, niize zcela pozemit stabilitu celé oblasti. Tato mutacdihe znénit dynamiku a
flexibilitu dlouhé helikalni¢asti €Zkéhotettzce p-myosinu. Ve studii s diabetickymi pacienty
byla vyznamg zvySena leukocytarni exprese uPAR a PSGL-1 venamivs kontrolnim
souborem. Leukocyto-trombocytarni agregaty, expoEs®R a PSGL-1 po #¢ rosiglitazonem
vyznamr poklesly.

Zavér: Umiseni mutaci v genecMYH7/TNNT2 a tedy nasledné zmy ve sloZeni sekvence
aminokyselin nize mit zasadni negativni dopad na mechanismus ey¥Wpertrofické
kardiomyopatie. Mutace, které maji za nasledekmmvlastnosti (naboje) aminokyseliny, maji
pravdépodobré veétSi vliv na funkci proteil nez konzervativni mutace. Ve studii s
rosiglitazonem jsme po d6¢ pozorovali vyznamny pokles exprese trombogenniahker: na
leukocytech, pedpokladame tedy, Ze rosiglitazon vede ke sniZieikar aterotrombotickych
komplikaci.



3.Introduction

Clinical insight

Hypertrophic cardiomyopathy (HCM) is a complex imnltable
cardiac disease that is highly clinically and geicaily heterogeneous.
Clinical leading features of HCM are characterizethcroscopically by
left and/or right ventricular hypertrophy which idn most cases
asymmetric with involvement of the intraventriculaeptum in absence of
other causes of hypertrophy (e.g. valvar stenosisd ahypertension),
however, the symmetrical form of HCM accounts foves one third of
cases and is characterized by concentric thickenoigthe left ventricle
with a small ventricular cavity dimension (McKennk996, Davies and
McKenna 1995).

The prevalence of the HCM in the general populatienbelieved to be
0.2 % according to the echocardiographic criteridaton et al. 1995).
However, according to Abchee and Roberts (1996)stimay not be an

accurate reflection of the true prevalence for smlereasons:

« Firstly, HCM/familial hypertrophic cardiomyopathyFHC) may be
asymptomatic and never detected except incidentally

« Secondly, the presence of concomitant diseases saaschypertension
or valvular heart diseases may confound the diagsos

e Thirdly, the phenotypic expression of the disease.(development
of hypertrophy) is age dependent and may not beedetd at the
time of the evaluation.

* Fourthly, the penetrance of the gene in some faasglis very low.

The echocardiographic and clinical features thatriease the probability

of the development of familial hypertrophic cardigopathy include:

e Family history of hypertrophic cardiomyopathy or réya sudden
death.

* Significant regional differences in hypertrophy.



 Diastolic dysfunction.
« Abnormal ultrasonic myocardial reflectivity.
« Absence of deconditioning — induced regression gpértrophy.

e Abnormalities in coronary flow reserve.

There are also many risk factors associated withMH@orsening
that have to be mentioned. These include high cbtdeol levels, high
blood pressure, diabetes mellitus and a number o&thplogical
abnormalities of the platelet function and of codation factors (Capek et
al. 2011). These risk factors markedly contribute tlevelopment of
premature atherosclerosis. Platelets play centrdkerin the development
of acute atherothrombotic events (Fuster et al. 200They produce
molecules which modulate leukocyte recruitment inextherosclerotic
lesions (Stratmann and Tschoepe 2005). The actidapdatelets also
interact with the circulating leukocytes to form uleocyte-platelet
aggregates which contribute to the development tdfeaosclerotic lesions
as well as plaque disruption and thrombosis (Samhal. 2002, Furman et
al. 1998).

The formation of leukocyte-platelet aggregates isrinparily
mediated through binding of platelet P-selectin ite ligand PSGL-1 in
leukocytes (Sarma et al. 2002). uPAR is a plasmanieane receptor for
the urokinase-type plasminogen activator (uPA). \8ag as an anchor for
uPA, the uPAR localizes the cell-surface associaaedivation of plasmin;
that in turn leads to fibrinolysis, activation ofatrix metalloproteinases

and degradation of extracellular matrix (Ragno 2D06

Therefore, long term attention should be paid tostiag of new
pharmaceuticals that reduce production of inflamorgt
aggregates/atherosclerotic plagues (Capek et all120The correction of
these aberrations might translate into the reduetod cardiovascular risk
in patients with HCM simultaneously suffering fromype 2 diabetes
mellitus (Davidson et al. 2010, Dimitrow et al. 280Cambronero et al.
2009, Capek et al. 2011).



It is important to mention, that in different paties hypertrophy
varies markedly in extend and distribution as wel$ the severity of
clinical symptoms, the age of onset, and the natwaurse of the disease
not only among families, but within the same famitarrying the same
mutation. In some families the onset of the diseasdate in adulthood,
the hypertrophy is minimal and they have a normédkes$pan, while other
families have a very early onset, massive hypertrppassociated with
severe symptoms and a very short lifespan due tddewm cardiac death.
Now, with the knowledge of the responsible genesdathe ability to
detect the underlying genetic defect, we are abdbedtetermine whether
specific genotypes lead to different phenotypesr¢®mpoulis et al. 2010,
Perrot et al. 2005, Davies and McKenna 1995, McKanat al. 1981,
Watkins et al 1992, Klaassen et al. 2008, Karamakt2008).

Molecular genetic basis of hypertrophic cardiomyopahy

From the genetic point of view hypertrophic cardipopathy is a
congenital heart disease with autosomal dominanttgran of inheritance
and incomplete penetrance (Watkins et al. 2008). peiptrophic
cardiomyopathy affects around 1 in 500 people asdhe leading cause of
sudden cardiac death in youth (Maron et al. 199Agcording to Marian
and Roberts (2001) approximately two-thirds of patis have a family
history of HCM. The rest of the cases are sporadwhich is due to
mutations that arisede novo. However, these patients can presumably

transmit the disease to their offspring.

Hypertrophic cardiomyopathy is defined as a diseasé the
sarcomere because majority of the genes that areoa@ated with HCM
development encode for cardiac sarcomeric proteimowever, other
disease causing genes are likely to be found (Boehal. 1998, Kaski et
al. 2009, Olivotto et al. 2008, Maron et al. 2003Hypertrophic
cardiomyopathy is mostly due to many different mubas in at least
sixteen genes that have been identified so far (Ke&lnd Semsarian 2009,
Morimoto 2008, Capek 2005, Capek and Skvor 2006 p€ka et al. 2011,
Fatkin and Graham 2002, Fung et al. 1999).



Mutations have been found in four genes that encedemponents of
the thick filament:p-MHC (Capek 2005, Capek et al. 2011, Tanjore et al.
2010), essential MLC (Poetter et al. 1996), regolgt MLC (Poetter et al.
1996), and cMyBP-C (Bonne et al. 1995, Watkins ét B995, Van Dijk et
al. 2009); in five genes that encode thin filameprtoteins: cardiac actin
(Olson et al. 2000), cardiac troponin T (Capek ar8kvor 2006,
Hershberger et al. 2009), cardiac troponin C (Ho&mm et al. 2001),
cardiac troponin | (Kimura et al. 1997), andtropomyosin (Thierfelder et
al. 1994); and in the sarcomeric cytoskeletal piateitin (Satoh et al.
1999, Millat et al. 2010, Brouwer et al. 2010).

It is not currently possible to establish corrdkat between the
presence of the mutation in one of the sarcomeriotpins and particular
phenotype (Arad et al. 2002). The same mutation cl@ found in
individuals with a different clinical manifestatiofVan Driest et al.
2002). In genotyped individuals the prognosis varimarkedly between

different mutations in the same gene.

The age of onset is variable and partly dependemoru the
underlying mutation. The diagnosis of familial formf hypertrophic
cardiomyopathy depends on molecular identificatiand analysis of the
candidate genes and of the abnormal gene productwals reported that in
the cases of FHC, around 60-70 % have been attebuto a causal
mutations (Arad et al. 2005, Watkins et al. 2008).

It is already known, that different mutant proteircsause similar
functional abnormalities, which sequentially initiae the same disease
pathways, although they are members of the samecfiomal group and
have very different properties and roles (Redwoadaé. 1999). Some of
them have enzymatic and force generating roles .(engyosin heavy
chain), while others play structural roles (e.g. esyn binding protein C)
or have regulatory functions (e.g. troponin T, | daru-tropomyosin)
(Redwood et al. 1999).

For each disease gene, a variety of different mwot@a$ have been
reported. Single nucleotide substitutions ,missenseutations” and
deletion or insertion of nucleotides have been idéed. In some cases,

the encoded protein is of normal size. In other emsthe mutation may



result in a premature termination codon or causehaft of the reading
frame with truncation of the encoded protein. Mutat located at
intron — exon boundaries can result in abnormalisimlg. Generally,
individuals with HCM causing mutations are hetergoys at the disease
locus, i.e., one copy (allele) of the gene is methtand the other allele

has the normal DNA sequence (Fatkin and Graham 3002

Since the majority of HCM disease genes encode @imotcomponents
of the sarcomere, it has been widely proposed thatt ventricular
hypertrophy is not a primary manifestation but deomes as compensatory
response to sarcomere dysfunction. Characterizatodnthe fundamental
deficit resulting from HCM causing gene mutationsaash been a major
focus of research over the last decade. A varietytechniques have been
used to examine the effects of mutations on sarcmmstructure and
function, ranging fromin vivo studies of myocardial performance in
genetically engineered mouse models itm vitro studies of interactions
between single actin and myosin molecules (Fatkimd aGraham 2002).
Since both the technology and techniques used i fileld of genetics and
proteomics are becoming more sophisticateid, silico functional 3D
analysis of defected proteins might help to undaemst the process of
HCM development from the elemental molecular levahd therefore
illustrate presumptive genesis of the disease (kapet al. 2011).
Investigators have sought to answer questions saslwhether the various
sarcomere protein mutations cause similar or dieeedgfects on sarcomere
structure and function and whether sarcomere protmiutations act by a
dominant negative mechanism or alter function by using
haploinsufficiency. In the dominant negative moddoth wild type and
mutant proteins are present in equivalent propomspthe mutant peptide
is stably incorporated into the sarcomere but acas ,a poison
polypeptide” and perturbs wild type protein funchio Alternatively,
mutations may result in null alleles or cause auedon in the amount of
wild type protein, leading to an imbalance of samcere protein
stoichiometry. Mutations that truncate the encodmatein are thought to
act by haploinsufficiency. Understanding the consegces of sarcomere
protein mutations is an essential prerequisite fl@termining the stimulus
for hypertrophy in HCM (Fatkin and Graham 2002).



Mutations in MYH7 and TNNT2 genes are associated with HCM
development

Cardiac p-myosin heavy chain and its role in hypertrophic
cardiomyopathy development

MYH7 gene was the first gene identified as a diseas@esoag gene in
hypertrophic cardiomyopathy. Most mutations founa ihis gene are
related to distinct functional and structural domai of the B-myosin
heavy chain. These defects are clustered at specifégions in the

globular head of the myosin molecule (subfragmenif,Sthat are:

Firstly, associated with the actin binding site.

e Secondly, near nucleotide binding site (ATP bind)ng

e Thirdly, adjacent to the region that connects tweactive cystein
residues.

* Fourthly, at the myosin light chain binding intecf@, and lastly, at

the head rod junction.

The primary genetic defect appears to be impairaxhtcactility, which
triggers the release of growth factors that result compensatory
hypertrophy and fibroblast proliferation (Marian Q0).

Despite the limitations of existing phenotype-geypé correlation
studies (e.g. influence of non genetic factors omhet phenotypic
expression of HCM), it is generally agreed that mtibns affect the
phenotypic expression of HCM, in particular the mmaigude of cardiac
hypertrophy and the risk of sudden cardiac deat@D$ (Marian 2005).

Mutations that are associated with a high incideneie SCD and
premature death often exhibit high penetrance andearly age of onset.
In contrast, the mutations associated with a benignognosis often
exhibit low penetrance, late onset of disease, amidder left ventricular
hypertrophy. A few cases of homozygosity for causmlutations and
compound mutations have been described. These martatlead to a more
severe morphological phenotype and a higher incidermf SCD (Marian
and Roberts 2001). Such a gene defectsMiYH7 and other HCM causing
genes have been designated in the literature aseeit,benign“ or
.malignant“. It has also been suggested that chachanging amino acid



substitutions may be associated with more severgedse (Van Driest et
al. 2004). It has, however, become clear, that afamilial variation is
also marked, particularly with regard to the morpbdgical features of the
disease (Redwood et al. 1999).

It has been wildly accepted that patients with mudas that
changed the charge of the altered amino acid (Ag*°3GIn, Arg*°3Cys,
Arg’*®Trp) had a significantly shorter life expectancyhereas patients
with mutations that did not produce change in char(e.g. Vaf°®Met,
Phe’*3Cys) had nearly normal survival. Each of these lpnimutations is
a charge-conservative mutation, suggesting that ldek of charge change
may in part account for the good prognosis assoxdatwith these
mutations (Watkins et al. 1992, Woo et al. 2003).

The vast majority of disease relatedYH7 mutations are missense
alterations that result in single amino acid sulbstion. It has been
proposed that the ,degree of malignancy” of thl&H7 mutation relates to
the change in residue charge impaired by amino aaidbstitution.
Theoretically, because amino acid differs in termf structure and side
chain charge or polarity, the substitution of aniam acid may lead to the
destabilization of the protein structure and furati This effect may be
even more emphasized if the substitution occurscritical sites, such as
the areas involved in ATP hydrolysis and in intetimaa with thin
filaments, leading to the production of a myocarldiaubstrate more
vulnerable to mechanisms of sudden death (Sorajjale 2000).

Most HCM causing mutations in contractile proteinerges are
relatively ,subtle mutations® changing just one raotide and resulting
in the substitution of just one amino acid in tharpicular protein. This
raises the question of the mechanism by which swEemingly minor
changes result in disease. It appears that mosd, merhaps all, mutations
that cause HCM do so by a dominant-negative actiddroof of the
dominant negative mode of action of HCM causing ®mtuons has
important implications. If, instead of following € dominant-negative
model, HCM had resulted from an imbalance in stdoohetry of
components needed for self-assembly of the sarcemeéemere would be no

merit in in vitro analyses of mutated proteins implicated in hypepthic



cardiomyopathy. However, in the light of the dommntanegative
pathogenesis, the starting point for an understagdof this disease (and
its relevance to other causes of hypertrophy) mulsé a careful
biochemical, biophysical and physiological analysief the mutant
proteins and the deficits they cause. TheMHC studies have shown that
the HCM mutations in general result in myosin whigknerates less force
and these data have led to the ,hypocontractilepbthesis by which the
decreased force provides the stimulus for compeaosathypertrophy. In
contrast to this, theo-Tm HCM mutants do not appear to cause a
depression of maximum force. These proteins causeiracrease in the
Ca’" sensitivity of force production and hence give arcrease in force at
submaximal CA&" concentrations. Mutations in this gene, and po$gib
those in regulatory MLC or essential MLC, may caukgpertrophy by a
more direct “hypercontractile” mechanism. In addaini, increased Cd
sensitivity might produce abnormalities of relaxani. Although the
cardiac troponin T mutants give an increased velgpcin the in vitro
motility assay and an elevated unloaded shortenuwedocity in skinned
myotubes, they have also been shown to result iduoceed maximum force
and hence they may act via a hypocontractile routdearly, both the
increased energy demands and altered contractididyld contribute to the
disease progression; potentially the mechanical icies underlie the
compensatory hypertrophy, while the metabolic detisc implicate the
propensity to ischemia and arrhythmia, and hencddan death (Redwood
et al. 1999).

According to Van Dries et al. (2004), mutations ihe MYH7 gene
are associated with greater hypertrophy and youngge at diagnosis,
which may assist in targeted gene screening. Ideoation of the
pathogenic mutation will aid in preclinical diagnies and genetic
counseling, however, th®1YH7 mutations status should not be considered
a primary risk factor for sudden cardiac death. Kklgmstudies appear to
indicate that mutations in th&YH7 gene generally result in early onset
of the disease, usually in the first two decadeslidé (Tsoutsman et al.
2006).



Taken together, we do not yet have the understagdofh HCM necessary
to determine which mutation, combination of mutatsoor combination of
mutation and environmental factors portend an omiscclinical outcome
(Ackerman et al. 2002).

Cardiac Troponin T and its role in hypertrophic cardiomyopathy
development

The localization of the humaANNT2 gene is on the long arm of
the chromosome 1 (1g32.1)TNNT2 is comprised of 17 kb of genomic
DNA and has 17 exons. The principal isoform in thdult heart consists
of 288 amino acids and has two major domains: an2Ntldrminal domain
that interacts with tropomyosin and a COOH termimamain that binds to
tropomyosin, troponin C, and troponin | (Fatkin akdaham 2002).

In general, mutations in th@NNT2 gene are associated with mild
left ventricular hypertrophy, but have a relativeppor prognosis. Despite
the significance of the casual mutations, none dfe tclinical or the
echocardiographic manifestations of HCM are specifto a certain
mutation or gene. It is also clear that the caswaltations do not fully
explain the degree of variability in the phenotymd HCM; there is a
significant variability in the phenotype of HCM amg individuals with
the same mutation. This indicates that other geoeftactors (modifier
genes) and environmental factors play importantesolin modifying HCM

phenotypes (Marian 2002).

The greatest amount of mutations is located betweles residues 79
and 179 in the region that is known for its binding the C terminal
tropomyosin domain. Regions tested in the presegtiresearch of the
TNNT2 gene play crucial role in the binding ability ofadiac troponin T
to a-tropomyosin and therefore these regions are undlieect spotlight as
one of the probable ,HCM causing regions”. Anothmutation hotspot is
located between residues 92 and 110 of fH¢NT2 gene. Changes in the
region cause less effective binding of tropomyodm actin (Palm et al.
2001). The penetrance and clinical presentationnodtations in TNNT2
gene differ greatly. Whereas some mutations resuht subclinical
hypertrophy associated with high sudden cardiac tdeaothers are

completely penetrant but without a high risk of khythmical events



(Sehnert et al. 2002). To be able to understand mowtations in different
genes especially those that encode for contractipeoteins cause
hypertrophic cardiomyopathy, it will be necessarp tunderstand the
functional consequences of the mutations at a molac level (Redwood
et al. 1999, Fatkin and Graham 2002, Capek et 8l11.



4.Aims of Study

. To analyze specific binding and functional region$ “HCM causing
genes” that are commonly associated with severe mfor of

hypertrophic cardiomyopathy.

. To build a 3D model of humarB-MHC (mutant and the wild type
variant) based on the results of the molecular gemepart of the

study.

. To perform structure prediction and functional aysils of the 3D
molecular model off-myosin heavy chain protein (mutant and the wild
type variant of myosin fragment based on the resuwf the molecular

genetic part of the studyin silico.

. To perform a study of the selected cardiovasculaskrfactors (e.g.
number of prothrombotic abnormalities and diabetesllitus) that may

play a crucial role in the HCM worsening.



5.Material and Methods

Molecular genetic analysis of specific binding andunctional reqgions
of “HCM causing genes”

170 probands from different parts of the Czech RRlpu were
enrolled in the study oMYH7 gene. The DNA bank of the Department of
Anthropology and Human Genetics, Faculty of Sciepnc&€harles
University in Prague comprises all the samples eéelstand all procedures
were carried out in line with the institutional etlal guidelines to meet

requisite criteria.

This cohort can be divided into three major subgpeu 1) patients
with sporadic form of HCM where HCM has been cliaity proved by
echocardiography and in this case no family histefyHCM was reported,
2) patients with familial form of HCM where positev HCM occurrence
have been found in at least one of the family membe24 families with
FHC diagnosis have been identified to meet this teria. 3) third
subgroup included family members of patients sufhgr from HCM. These
probands did not have any signs of heart disorderthe moment of the
study, however were enrolled in the genetic scragnifor possible
sequence alteration in thBIYH7/TNNT2 specific binding and functional

regions.

DNA was extracted from peripheral blood leukocytbg the use of
phenol-chloroform extraction. Using forward and exge primers
polymerase chain reaction was performed for ampglation of specific
regions of the genomic DNA. Oligonucleotides forettamplification of
tested MYH7 gene regions were synthesized with 394 DNA/RNA
Synthesizer (Applied Biosystems, USA). Sequencinginprs were
purified with OPC (Oligonucleotide Purification Ctardge, CPG Inc.,
USA). Concentration of synthesized oligonucleotidess measured with
spectrophotometer UV/VIS (Beckman, USA). The oliganeotides were
diluted and concentration of 0.1 mM was used in g@xperiments. Optimal
temperature reaction profile and MgfLlions concentration were tested
with gradient thermocycler Peltier Thermal CyclemMNB Engine DyadTM
(MJ Research, USA). MinElute PCR Purification KiQ(agen, USA) was
used to purify PCR products. The sequencing reatsiovere performed



using BigDye® Terminator v3.1 Cycle Sequencing Kif{Applied
Biosystems, USA) with automatic sequencer ABI PRI®M3100 Avant
(Applied Biosystems, USA).

Material and methods, including results (retesteglqsencing raw
data) used in the research of selected functionegions of MYH7 gene
were part of the full underlying mutation reportathwas submitted to the
mutation database (Capek 2005, Sarcomere ProteinneGeMutation
Database: http://genepath.med.harvard.edu/~seidog3vindex.html). The
Genetic analysis ofTNNT2 gene is described in detail in the paper:
Hypertrophic Cardiomyopathy: Molecular Genetic Agals of Exons 9
and 11 of theTNNT2 Gene in Czech Patients (Capek and Skvor 2006).

Homology model of the humanB-MHC protein

The 3D model of humarf-myosin heavy chain was built using the
X-ray structure of nucleotide-free scallop myosid $PDB accession code
1KK8) as the structural template. Based on globairpwise alignment of
the human (UniProt id P12883) and scallop myosinn{(Rrot id P24733)
performed by EMBOSS Pairwise Alignment Algorithms
(http://www.ebi.ac.uk/Tools/emboss/align/) with BISWM62 matrix,
replacement of the structurally conserved regionsd aebuilding of the
variable regions was done with the homology modw® program MOE
(Chemical Computing group Inc., Canada). RMSD oktlramework (@)
was about 2.4 A in the energy optimized model ofnmtan B-myosin
compared to scallop myosin. It is necessary to shat only the region
spanning amino acids 1 to 835 of tiffemyosin heavy chain was modeled.
The reason is that the mutation in question £’§ was present in this

part of the structure (Capek et al. 2011).

Short peptides mapping the 7689788 reqgion

De novo structure prediction of two peptides spanning th@9-788
region of the humanp-myosin heavy chain was performed. The first
peptide sequence contained the D amino acid at tposi 778
(LLGLLEEMRDERLSRIITRI), the second peptide was 'V mutant
variant of the wild type myosin fragment (LLGLLEEMMERLSRIITRI)



(Capek et al. 2011). The web based prediction PEF:-B server
(http://bioserv.rpbs.univ-paris-diderot.fr/PEP-FOLDD was utilized to
obtain 3D models of the peptides. The PEP-FOLD nosthis based on
structural alphabet (SA) and utilizing a greedy atghm and a coarse-

grained force field to predict a structure (Maupegit al. 2009).

Reduction of expression of thrombogenic markers odeukocytes

The study with rosiglitazone included 33 patientsithw type 2
diabetes mellitus and 32 normal controls. The pateewere examined at

baseline and after 5 month of treatment.

The expression of leukocyte markers was measured am
immunofluorescence method using single-step stagnmith monoclonal
antibodies. The fluorescence was quantified by thi®ew cytometry
(FACSCalibur, Becton Dickinson, USA); lymphocytesnonocytes and
neutrophils were identified according to their lighcattering properties

and were analyzed separately.

A specific fluorescence was used as a measure afgam expression
which was calculated as the difference between thuwrescence of cells
labeled with the specific antibody and the non-sigec fluorescence of
cells labeled with the control antibody. Materiahda methods used in the
study of possible reduction of cardiovascular rildctors are described in
detail in the paper: The effect of Rosiglitazone dhe Expression of
Thrombogenic Markers on Leukocytes in Type 2 diadetmellitus
(Svobodova et al. 2009).



6.Results

There were three sequence alterations found in e¢hnenrelated
patients afflicted with the severe form of hyperpioc cardiomyopathy.
AGIlul60 was localized in th&@NNT2 gene (Capek and Skvor 2006). The
Arg®’°His mutation was observed in the exon 22 of tM&H7 gene. The
last one, Asp’®Val — reported for the first time in a European peatt
with hypertrophic cardiomyopathy was detected iretbncoding sequence
of exon 21 of theMYH7 gene (Capek 2005). There was no other sequence
alteration found in the regions oM YH7/TNNT2 genes that were tested.
The Asp’®val amino acid alteration was chosen for subsequemiecular
modeling followed by structure prediction and funxmal analysisin
silico, since such a significant change can play crucralle in the

molecule behavior.

Homology model of theB-MHC protein

Homology model of thep-MHC N-terminal, motor domain and EF
hand binding site (1-75, 76-779, 780-830) was cedatusing scallop
myosin as a template (PDB 1KK8). The full lengthigeiment of both
sequences of length 1958 amino acids shows a reédyi good agreement
to build a homology based model. The identity oftbachains was 55.8 %
(1092/1958) and the similarity was 74.6% (1460/1958wo structures of
B-MHC were obtained representing two variants of fhmteins — the wild
type and the D’®vV mutant. There is no difference between these two
models at general molecular level (Fig. 1). Evere tB’’® mutant shows
the same helicity spanning the region 761-830 (Gaptal. 2011).



Fig. 1

Short peptides mapping the 769-788 reqgion

The basic idea behind the model of short peptidesapping
769-788 region was to localize the differences imegicted peptide
structures suggesting how a property of one amirmddacan change the
quality or dynamics of the short sequence in questi As follows from
the predicted structures both regions are helicalt hhere is one very
important difference. The D778 is stabilized by em&ction with R777 and
E 779 is stabilized by interaction with R780 (Fi@A) (Capek et al.
2011).



Fig. 2A

This introduces a tension in the helix and inde¢kle predicted structure
shows the measurable difference from ideal heliciGontrary to D, the V
in position 778 does not destabilize the structwfethe helix (Fig. 2B).

Fig. 2B



No information about dynamical behavior of this paf myosin was
studied before this analysis. According to our sgudlynamical behavior
of both peptides is quite different. Short MD sinagion (10ns) in explicit
solvent revealed that rigidity of the ‘D®v mutant of the peptide is 5-6
times higher than the D778 variant of the peptidehis can be very
important factor in dynamics of the myosin takingsa other factors into
account — C&" affinity, EF hand binding properties and solvatiof the
region (Capek et al. 2011).

Reduction of expression of thrombogenic markers odeukocytes

Increased expression of PSGL-1 in all leukocyte papulations and
of uUPAR in monocytes was found in comparison to toms. All these
parameters were normalized after rosiglitazone tne@ant. The differences
were not significant for uPAR in neutrophils and AR expression was

not detectable in lymphocytes.

There was no significant difference in leukocyteapdlet aggregates
in patients compared to controls; the aggregates rewereduced
significantly after the treatment. The treatment fexft was more
pronounced for total platelet fluorescence than fdre percentage of
platelet-positive cells, suggesting that rosiglibmz not only decreased
the number of platelet-positive cells, but also thember of platelets per
one leukocyte.



7.Discussion and Conclusion

This comprehensive study represents not only anlysia of critical
regions of HCM causing genes commonly reported agions with high
mutation clustering (Buvoli et al. 2008) followedybmolecular 3D
modeling of defected cardia@-myosin heavy chain protein, structure
prediction and functional analysis of the 3D moléaumodel of -myosin
heavy chain proteinn silico but also focuses on the reduction of selected
cardiovascular risk in patients with hypertrophiardiomyopathy.

The regions analyzed in this study are associatethweevere forms
of hypertrophic cardiomyopathy and therefore witlery poor prognosis
(Wang et al. 2008, Woo et al. 2003). Mutation loiat in the
MYH7/TNNT2 genes and therefore changes in the amino acid aoitpon
may have crucial negative impact on the diseasecomte in HCM affected
patients. Due to the different properties betweelme tglobular head
domain (S1), the neck or hinge region (S2) and thail (light
meromyosin) domain of theMYH7 gene, mutations may have diverse
effects depending on their location (Miroshnichenket al. 2000).
In addition, as a mutation can lead to a change the amino acid
sequence, the structure and interactive propertoésthe mutant protein
may also be altered. Therefore, the positioningtibé mutations along the
gene and protein may offer insights into the mecisan by which normal
protein function is impaired. It is hypothesizedatha change in the amino

acid charge may affect the severity of the phen&typvalsh et al. 2010).

Genetic results from this study show unusually Idwequency of
mutations in MYH7/TNNT2 genes in the regions tested in patients with
HCM in the Czech population in contrast to otherudites published
elsewhere (Van Driest et al. 2002, Walsh et al. @0%Zheng et al. 2010,
Millat et al. 2010). However, in comparison to tlhesesults, Roncarati et
al. (2011) recently published a study showing siarillow frequency of
mutations in theMYH7 gene on large cohort of Italian HCM patients. This
supports the idea that there is a need for morelusoe investigative
approaches in order to fully understand the devetepmt of this disease.
In the research ofNNT2 geneAGIlul60 was localized in the overlapping

region which is responsible for binding of troponinto a-Tm, suggesting



that this deletion causes important negative change binding these two
molecules together. This deletion possibly causasiracreasing affinity to
the whole molecule of cardiac troponin T to tropoosyn and therefore
might have crucial negative impact on the diseaseagek and Skvor
2006). The Asp’®val amino acid alteration was situated in the remithat
is highly conserved inside of the known sequencetlod cardiacf-myosin
heavy chain (where head of the gene extends fronone8 to part way
through exon 21 and the neck from part way througdon 21 to part way
through exon 25), thus indicating that the altepatiin this region of this
gene may have crucial structural and functional Bup (Capek et al.
2011).

Homology model of thef-MHC protein was built. This model was
created using scallop myosin as a template (PDB 8KKThe full length
alignment of both sequences of length 1958 aminodacshows relatively
good agreement to build a homology based model. Thentity of both
chains was 55.8 % (1092/1958) and the similarityswa4.6% (1460/1958).
Two structures off-MHC were obtained representing two variants of the
proteins — the wild type and the ‘B’V mutant. There is no difference
between these two models at general molecular leveven the DB’®v
mutant shows the same helicity spanning the regii@dl1-830. There are
other models off-MHC in databases — 1KK2 in the PDB database and
model at Protein Model Portal
(http://www.proteinmodelportal.org/query/uniprot/P883) based on the
alignment of humam3-MHC with sequence of5allus gallus myosin whose
structure was recently published (PDB ID 2MYS, seque identity 79 %).
The structural alignment of this model with bothtabned models showed
similar RMSD about 14A. In both cases, the majoriay the differences
are caused by distortion of the C terminal helixntaining the studied
mutations D’%. Moreover the part around residue 778 is in 1KKddel
significantly non helical, whereas both other moslelprovide good

agreement in this part.

The model shows that the aspartic acid at positioi8 is located at
the beginning of the long helix (starting Thr 761)n charge rich

environment — Glu, Asp, Arg. One can assume exteassolvation takes



place in this region or the region is important fdts interaction
dependent on Cd. The hypothesis that this is quite unique envircamn
is further supported by the finding that 780-810gren is predicted to be
an 1Q motif — the EF hand binding site. Mutation tife Asp by Val not
only changes the character of the interaction pattevith other amino
acids or ions but Val being a small hydrophobic awmi acid can
completely change the stability of the region. & hypothesized that it
can change the dynamics and flexibility of the lohglical part or it can

modify its interaction property.

Beside the homology model of thp-MHC protein, short peptides
mapping the 769-788 region were built as well. Tihasic idea behind the
model of short peptides mapping 769-788 region was localize
differences in predicted peptide structures suggegthow a property of
one amino acid can change the quality or dynamiésh® short sequence
in question. As follows from the predicted strucés;, both regions are
helical but there is one very important differencehe D778 is stabilized
by interaction with R777 and E779 is stabilized byeraction with R780.
This introduces a tension in the helix and inde¢kde predicted structure
shows a measurable difference from the ideal heliciContrary to D, the
V in position 778 does not destabilize the struawf the helix and seems

to be important stabilizing element of this part wfe structure.

No information about dynamical behavior of this paf myosin was
known before this analysis. According to our studdynamical behavior
of both peptides is quite different. Short MD sination (10ns) in explicit
solvent revealed that the rigidity of the D778V nawnt of the peptide is
5-6 times higher than the D778 variant of the peégeti This can be a very
important factor in dynamics of the myosin takingsa other factors into
account — C&" affinity, EF hand binding properties and solvatioi the

region.

As follows from the homology model as well as frothe modeled
peptides, there are 3 principal aspects which clerathe function of this
domain dramatically. The first is the intramoleculatabilization pattern
dependent on D778 interaction with R777 which onrethther hand can
destabilize the helicity and make this part morendyic. The second



aspect is connected with interaction pattern of réginal as well as the
mutated variant of the 778 region. The fact that0#810 is I1Q interaction
pattern — a partner for EF hand suggest that D péaay a very important
role in maintaining proper interaction propertiesrfsuch process. Last
but not least the dynamics of the D778 and’ty is different suggesting
that for proper function of the myosin the flexibiy or probably structure
stability D is important and V in this position inease rigidity which
seems to be counterproductive for propeMHC function. In addition, a
mutation that changes the charge of the amino aisidconsidered more
likely to affect protein function than a conservaé¢i mutation as it was
hypothesized earlier by Ng and Henikoff (2006).

From the perspective of possible cardiovascularksisthe clinical
and pathological characteristics of hypertrophicradi@myopathy could
involve a number of diverse mechanisms that includelammation,
endothelial dysfunction, fibrosis and extracellularatrix degradation, as
well as coagulation and platelet activation. Alsaabletes mellitus is
associated with the overexpression of thromboticd dremostatic factors
(Svobodova et al. 2009). Our data are in agreemwentth this fact; we
observed an increase of uPAR and PSGL-1 expressianleukocytes in
diabetic patients contrary to controls. Leukocytkfelet aggregates are
mostly considered as markers of platelet activatidhCM patients have
high platelet aggregation (Cambronero et al. 2009)s increase was
furthermore observed in acute coronary syndromesl anable coronary
heart disease (Furman et al. 1998). It is importamt mention that
thromboembolic events are frequent and potentiablgrious causes of
mortality and morbidity amongst HCM patients (Cambero et al. 2009).
According to Dimitrow et al. (2008) the platelet .¢e P-selectin) and
coagulation markers are significantly higher in thHCM patients
compared to controls. Formation of leukocyte-pla&tlaggregates is
primarily mediated through binding of platelet Pisetin to PSGL-1 in
leukocytes. Our results suggest that interactionshwother molecules are

also involved in this process (Svobodova et al. 2P0



Expression of uPAR, PSGL-1, and leukocyte-plated@igregates was
significantly decreased after the rosiglitazone atment, suggesting its
antithrombotic effects (Svobodova et al. 2009).

Patients with HCM simultaneously suffering with tgp2 diabetes
mellitus have substantially increased risk of cardascular diseases due
to development of premature atherosclerosis thatuldobe positively
affected by modification of the abnormalities of rodmbotic and
haemostatic factors. Therefore, long term attentishould be paid to
testing of new pharmaceuticals that reduce formatiof inflammatory

aggregates/atherosclerotic plaques (Capek et alL120

This Ph.D. research was designed to use moleculanegic,
proteomic and biochemical techniques to investigapecific binding and
functional regions of “HCM causing genes”. Exacttilese domains may
play crucial role in proper protein/sarcomere furoat in patients with
hypertrophic cardiomyopathy. This was the caseAGIul60 mutation in
the TNNT2 gene, the Ar§’°His mutation and the D%V alteration inMYH7
gene that were found in three unrelated patient$éliafed with severe

forms of hypertrophic cardiomyopathy.

The major principle of this complex study was totalm as much
relevant information from the analysis that wouldelp in patients
diagnosis and in the following personalized treatrheThe future is, in
my view, in utilization of new sophisticated meth®dof genetics,
proteomics and biochemistry, precisely these methdbdat were used in
the presented research. These biomedical applicestiwill be needed in
the new era of personalized medicine. I am convihcehat 3D molecular
models and structure predictions of defected proseiinvolved in the
HCM development followed by functional analysis ahese “disease
causing” biomoleculedn silico will be essential in the research of HCM

in the very near future.
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