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Abstract

Myosin binding protein C (MyBPC) is a multidomaimofein present in the thick
filament of striated muscles involved in both saneoe formation and contraction. It
appears that the C-terminus of the protein is wewlin sarcomere formation, through
interaction with Light Meromyosin (LMM), while thE-terminus seems to play a role
in muscle contraction, being localized close to thetor domain of myosin that
interacts with the thin filament protein actin, sang muscles to contract. It exists in
three different isoforms, one for each type of neysthe cardiac isoform being linked
to hypertrophic cardiomyopathy (HCM), a geneticodier associated with cardiac
dysfunction that can manifest itself through arnmyias, heart failure and sudden
cardiac death, especially in the young. The presenk has focused on two aspects of
the cardiac isoform (cMyBPC) investigating both fhection and the role in sarcomere
assembly played by cMyBPC. The first part of theeegch presented in this thesis
consisted in the determination of the three dinmradi structure of the cardiac specific
N-terminal domain cCO using NMR spectroscopy, ahé investigation of the
interaction with its probable binding partner, thegulatory light chain of myosin,
through *H/*°>N HSQC NMR spectroscopy titrations. The knowleddethe three
dimensional structure has proven a vital tool tgpnti@e interacting surface on cCO,
giving the possibility to make hypothesis on theywedyBPC might interact with the
S1 domain of myosin, thus influencing muscle catiom. The second part of this
research is based on the hypothesis that the teltmaain cC5 could interact with
domain cC8 of another molecule of the same proseiggesting that the way cMyBPC
could incorporate in the sarcomere would be throaghmeric collar wrapped around
the myosin filament. This aspect has being studisihg 'H/*°N HSQC NMR
spectroscopy titrations but no conclusive resulesenobtained, suggesting that this
interaction might not take place and indicatingaxmal arrangement, with cMyBPC
running parallel to the thick filament, as the midstly.
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Chapter 1

Introduction

1.1  Myosin Binding protein C (MyBPC)

1.1.1 Muscle structure and function

The capacity to move is one of the most importdnatracteristics of higher organisms
and the way this is achieved may vary. The basichmary involved in movement is
formed by muscles and different types of musclestetd meet the need of different
species or of different parts of an organism.

In mammals different kind of muscles can be idedif some voluntary some
involuntary.

Three type of muscle exist: skeletal, smooth amdiaa muscles.

» Skeletal muscles have a characteristic striatedeajppce under the light
microscope due to the alignments of their myoff#yrthey are responsible for
voluntary movements and are under nervous regulalibey can be divided in
two main categories, according to the function thaye, which is mirrored at
the molecular level. We can distinguish betweenamed white skeletal muscles,
the red, also called slow skeletal muscles, be#sgansible to keep the posture
and perambulate, their colour is due to the presefcnyoglobin that stores the
oxygen needed for the sustained contraction negessanaintain the posture
and walk; white muscles, also known as fast skieleta the other hand, are
more rarely used and rely on glycogen as fuel @mdgive rise to short burst of

contraction for a limited period of time.
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* The cardiac muscle is an involuntary muscle whas#raction is regular and
continuous throughout the organism’s life. Its appace under the light
microscope is similar to that of skeletal muscles instead of having parallel
fibres, as in skeletal muscles, they appear fornmmgular angles between one

another (Figure 1.1).

& i

Skeletal muscle Smuooth muscle Cardiac muscle

Figure 1.1Types of muscle as seen under the light microscap€hree types of
muscle exist: a) Skeletal muscles are charactetiged highly ordered striated
appearance; b) Smooth muscles appear un-striatedzwe a low degree of order;
¢) Cardiac muscles have an ordered structure sitailthe one characteristic for
skeletal muscles where the fibres do not resultlighta each other as in skeletal
muscle but at irregular angles. Picture availableta://training.seer.cancer.gov

* Smooth muscles are involuntary, they appear uatsttiat the light microscope.
They are not under nervous regulation and are nssiple for a variety of
function in the body, from contraction of blood selks to skin response to cold

temperatures. Theirs structure is less orderedttietrof striated muscles.

1.1.2 Striated muscles and sarcomere organization

Morphologically striated muscles are formed by dlybéhat is surrounded by the

epimysium, a membrane that enclose the fibres,canttins a connective tissue, the
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endomysium, between adjacent fibres and the peluimyaround the boundle of fibres.
The muscle is formed by primary fibres, called fasits, that are divided in secondary
(sarcolemma) and tertiary (myofibril) fibores (Gugto2005). Each fibre is a giant

multinucleated cell formed by thousands myofibtilat form 80% of the total volume

of a muscle (Figure 1.2).

Nerve and
blood vessels

Skeletal muscle|

)\ Connective tissue |\  Connective tissue
\

[ Muscle tascicle:
| bundle of fibers

Nucleus

Muscle fiber |
My ofibril

Figure 1.2Muscle structure. The muscle is formed by parallel
fibres that contain smaller fibres inside, callegofibrils that are
the basic constituents of muscle cells. Pictureilavia on the
websitewww.colorado.edu

In striated muscles it is possible to individuatess bands arising from aligned striation
on each myofibril. The contractile unit of striatetuscles is the sarcomere, which
possesses three properties that are fundamenték féunction: the ability to shorten
rapidly and efficiently, the ability to switch om a@ff in milliseconds and its structural
regularity. The sarcomere is bordered at each gridbZ- disc, a dark narrow line that
appear in stained muscle fibres, which bisectslthand that is shared by adjoining

sarcomeres. At the centre of each sarcomere iskard& band bisected by a less dense
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H band; inside the H band is located a still lesssg region named the pseudo H band
at the centre of which is the M line, that is atgahe centre of the whole sarcomere

(Figure 1.3).

<—— A-band —» 2 =— |-band —

/
Z-disc =———— Sarcomere ——— Z-disc

Figure 1.3Striated muscle appearance under the electron micezope.The main
features of the sarcomere are visible, A-band,ndbdhe central M-line and the two
Z-disc that determine the sarcomere contractilé. Wicture available at the website
www.ks.uiuc.edu

The A band is formed by an array of thick filameimt$ongitudinal register and running
parallel to the fibre axis, while each half | baswhtains an array of thin filaments also
in longitudinal register. The thin filaments staats¢he Z line and run through the | band
to the A band where they overlap with the thiclarfilents. The H band is less dense
than the st of the A band due to the absence offillaments. Simplifying the structure
of the sarcomere, we could say that it comprisesettdifferent type of proteins:
contractile, regulatory and structural. Actin and/asin are the main contractile
constituents, they organise in polymers called #md thick filaments respectively, that
interact with one another to give rise to musclent@action. Their interaction is
mediated by the presence of regulatory proteing) &3 tropomyosin and the troponin
complex that regulate actin- myosin interaction &methce contraction in response to
Cd* concentration. A large number of structural pmseiplay a role during

development to achieve the final structure of thee@mere. Myosin binding proteins

19



help the assembly of the myosin thick filament afed/ a role also in contraction in the
cardiac muscle. Capping proteins, localised at ¢he of the filaments, prevent
polymerisation or depolymerisation, thus helpingmaintain precise filament length.
Cross -linking proteins in the Z and M line linketthin and thick filaments respectively
into ordered longitudinally registered three dimenal lattice. Finally, the giant
proteins titin and nebulin specify the assemblytred thick and thin filaments in the

sarcomere and titin also plays a critical mechdmala in contraction (Figure 1.4).

[ Hoand Aband Hoand
1
‘\ Z-disc M-line Thick filament Z-disc
" Ti / Thinflament
sarcomere T TR, T R et
B T = !
. - o ‘ff,/—‘mf—f—f—f“‘_
e — My e
S T~
T L S
e el = N —
. e Y YA A S S o s—
e =2
| p— \Phosphovy\allon S ! —
ol w_ Nebulin =
-t — --"--;---
—— —WL./ C-protein
S eaa ey Kilig——"

% i i e e W L ey | Adagitel,
-8 sarcomere ’

Figure 1.4 Structure of the sarcomere. Every sarcomere is
identified as the region between two Z-discs. Fittvn Z-disc have
origin the thin filament, that goes through theahl and the C-zone
of the A-band, where thin and thick filaments oagtland the titin

filament that goes through the whole half sarcomtoen the Z-disc

to the M line. The A-band is the region of incomtion of the thick

filament. The H-zone of the A-band is less dense uthe absence
of the thin filament. Picture adapted from (Gregaei al., 1999).

The sarcomere contains at least 28 different prstef which actin and myosin account
for more than 70% of the total (actin 20%, myos#®d (Hanson and Huxley, 1957;
Huxley and Hanson, 1957). The actin- myosin comigarolyzes ATP, the source of

energy for contraction.
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It was long believed that the myofibrils were fodney a single sets of filaments and
that contraction resulted from some form of intéwmnafolding, until works in the early
1950s show quite a different situation. In 1954wias suggested (Huxley and
Niedergerke, 1954; Huxley and Hanson, 1954) thatabeucontraction was the result of
sliding of filaments over one another, without opes in their lengths. The sliding
filament model was based on the observation dighemicroscope that the A band did
not change its length during contraction, while lthand and the H band shortened.

It was noted (Huxley, 1957) that the thick filanm®htad projections (cross-bridges) on
their surfaces that bound to the thin filamentghie region where the thick and thin
filaments overlap. This suggested the idea thatszhwidge formation could provide the

link between the filaments to enable them to slide.

1.1.2.1The thick filament

The thick filament of vertebrate skeletal muscke4.6pum long and 15 nm in diameter
(Huxley, 1969), with a rough appearance along robgs length due to the presence of
cross-bridges formed with the thin filament. Thdyoregion without cross-bridges is
the central H band. The thick filament is a polynfimmed by 300 molecules of the
protein myosin Il (Huxley, 1963), a hexamer consgf two heavy chains (223 kDa)
and two pairs of light chains (15- 22 kDa). Myosrboth an enzyme and a structural
protein and its structure reflects it, having arzyenatic domain (head) physically
separated from the tail of the protein that hasractiral function. Theu-helices twist
around each other to form a stablbelical coiled- coil tail 155 nm long (Lowey et al
1969). Sequence analysis of the myosin tails sHmvpresence of a heptad repeat

where hydrophobic residues are packed against @hen causing the packing of the
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two helices in a stable coiled- coil in a structthat is repeated every seven residues.
Another longer repeating structural unit of 28 amatids has been identified in which
a region of positive charged residues is separated a region of negatively charged
amino acids by 14 residues (McLachlan and Karn,2)98t the N-terminus, each
heavy chain folds into a globular head 19 nm lond & nm wide at its maximum
(Rayment et al., 1993). The myosin heads stret¢hHrom thea-helical coiled-coil to
interact with actin, forming the cross- bridgesalhvertebrate striated muscles the axial
distance between adjacent levels of myosin heatl§.8Bnm and the repeat distance of
the helix is three times this, so 43 nm (Huxley &rdwn, 1967; Matsubara, 1974;

Matsubara and Millman, 1974) (Figure 1.5).

43 nm

Figure 1.5:Myosin heads disposition in the thick filamentThe
thick filament has a three fold symmetry, with #rdeads
forming a crown around the myosin rod. Each layerl4 nm
apart and the arrangement is repeated every thyees| so every
43 nm. Picture adapted from (Hudson et al., 1997).

Looking at myofibril in cross section, it is easy identify the myosin rod and three

molecule of myosin head, each of them formed by heads respectively, that reach
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out to interact with actin, as shown in figure 1Téis causes the appearance of the

sarcomeric A-band when seen under the light micsc

thin

thick

]
)

5 4

Figure 1.6: Sarcomeric A-band cross section under the light
microscope.From the myosin rod, in the centre, six moleculiesigosin
heads interact with six molecules of actin, causthg hexagonal
symmetry of the cross section of the sarcomerefymf the A-band.

Different myosin fragments have been identifiedbtigh proteolysis (figure 1.7). Two
big fragments named heavy and light meromyosin, H&M LMM respectively, have
been obtained after digestion with the enzyme trydsMIM corresponds to the coiled-
coil region. HMM can be divided in two parts thrdugligestion with papain:
subfragment 1 (S1) comprises the heads of mydsendomains that interact with actin
and have a ATPase activity and the two light chaansl subfragment 2 (S2), the coiled-
coil region of myosin.

LMM is insoluble at physiological ionic strengtmdicating a strong propensity to self
associate; the other coiled-coil fragment, S2, @arsoluble than LMM, indicating a

weaker tendency to self-associate and this is wapportant as it allows the myosin
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heads the freedom of movement they need to intemditt actin during muscle
contraction.

Each myosin head (S1), which is soluble at physiokl condition, has a molecular
mass of 130 kDa (Vibert and Cohen, 1988) and caaprihe first 843 residues of the

heavy chain, together with the two light chains.
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Figure 1.7:Myosin. The enzyme trypsine digest myosin in twg
big fragment Light Meromyosin (LMM) and heavy
Meromyosin (HMM). A second enzyme papain can digept
HMM in subfragment 1 (S1), that contains the globtlead of
myosin, and subfragment 2 (S2), which is a coileii+&mgion
known as the lever arm. Picture adapted from (C2064).

Three different domains have been identified prgtexally (Mornet et al., 1981) in S1,

named after their molecular masses: 25K (N-termint®K (middle) and 20K (C-
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terminus) (Mornet et al., 1979). All the three fm@@nts contribute to a 7-strandpd
sheet with numerous- helices surrounding it to form a cleft that exterirom the ATP

to the actin binding sites.

Upper 50K Domain

Regulatory Light Chain

Converter Domain " Essential Light Chain

Figure 1.8:Myosin S1 domain.The myosin S1 domain is formed by a ¢
terminal tail or “neck” (blue) that carries the twalmodulin like essential
light chain (dark green) and regulatory light chgmrple). The head region
can be divided in the 50K domain that consist ef 30k upper domain (red
and the actin binding domain (gray) and the 25keNrinal domain (green).
In the ATP-binding site is located between the 2&Kd the 50K upper
domains. Picture adapted from (Geeves and Holm&8)19

The 50K domain can be divided in two subdomainseth50K upper and 50K lower,
or actin binding, domains respectively (Raymenglet 1993). The N-terminus (25K
domain) is in proximity to the neck region where tiwvo light chains are and, together
with the 50K upper domain, forms the bulk of thetpm that contains the ATP binding
site, which is located at the boundary betweertwleedomains. The 50K lower domain
forms the actin binding site, followed by a largesitively charged loop also involved
in the interaction with actin. This 75 kDa (50+25d&) region of myosin is known as the

motor domain, while the remaining 20K domain and to light chains, forms the
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regulatory domain or lever arm because of its fiwmctluring contraction (Dominguez
et al., 1998; Rayment et al., 1993). The ATPaseisibnm from the tip of the head and

4 nm opposite the actin binding site.

1.1.2.2 Thin filament

The thin filament in the sarcomere runs from thdig to the edge of the H band, is
about um long and 10 nm in diameter (Huxley, 1969). Thgamaomponent of the
thin filament is actin (Pollard, 1990; Sheterlirteak, 1995) a globular protein (G actin)
with a molecular mass of 42 kDa, that self-assediatform a helical polymer known as
F actin formed by 360 molecules of G actin. Attathe actin are regulatory proteins,
such as tropomyosin and troponin (Gordon et alo02®olaro and Rarick, 1998; Zot
and Potter, 1987), that regulate the actin-myosieraction, and the giant protein
nebulin (Gregorio et al., 1999; Horowits et al.969Wang and Wright, 1988) that runs
for the entire length of the thin filament andhsught to be involved in determining the
filament length.

At low ionic strength in vitro, actin exists in itrRonomeric form G-actin; when the
ionic strength is increased to its physiologicdlueathen actin tends to polymerize to
form F-actin. The filament is formed by two helicek F-actin twisted around each
other to form an double helix. G-actin is a globufaotein formed by a single
polypeptide chain containing 375 amino acids, isosdary structure is partially
formed bya-helices, part by-sheets and about two quarters random coil (Kabsch
Vandekerckhove, 1992). The sequence of actin i®lywidonserved between isomers
(skeletal, cardiac, non-muscolar actins) and spetiés is probably due to the fact that
actin interacts with a great variety of proteinsgl a@eds to conserve a large number of

binding sites.
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Muscle contraction is regulated by the concentratbC&": at low level of C&" (10°
M) the muscle is relaxed, at high concentratio@af (10° M) the muscle contracts. In
vertebrate muscles the contraction is regulateshgrly by the thin filament proteins
tropomyosin and troponin, which respond to charnigeke concentration of Gain the
sarcoplasmic reticulum. Tropomyosin (Perry, 2004) an elongated protein that
associate with seven actin monomers, while tropasia complex of three subunits
which attach every 38.5 nm to a specific site optmyosin. Troponin is the €a
binding protein that regulates contraction inhigitactin-myosin interaction at low Ea
concentration; when the concentration increasgsotion binds to C4, releasing the
inhibitory effect of the troponin- tropomyosin colay, allowing actin and myosin to
interact causing the sarcomere to contract.

Tropomyosin is a two-stranded-helical coiled-coil of molecular mass 65kDa. Its
chains run parallel to each other, wrapping arahwed-actin molecule, 41 nm long and

2 nm in diameter (Perry, 2001).
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TROPOMYOSIN

TROPONIN
COMPLEX

Myosin Binding Site
(Blocked by Tropomyosin}

When Calcium Binds TnC
the reponiyasin moves
and the myosin binding
slte becames exposed.

Figure 1.9Actin filament. The thin filament is
formed by the F-actin filament around which is
wrapped the tropomyosin protein that has the
function of regulating the interaction of actin
with myosin. Tropomyosin, in fact, covers the
myosin binding site on actin. Its function is
further regulated by the troponin complex that
is located on tropomyosin at precise intervals.
Picture available from the websitevw.embl-

heidelberg.de

Troponin is a 80 kDa complex formed by three suts,idinl, TnT and TnC. Troponin |
is the inhibitory component and when bound to aisiable to inhibit the actin-myosin
interaction on its own, without the presence of ather component . When €ainds
to TnC, the bond between Tnl and TnC becomes straaugd the link between Tnl and
actin weakens, making it possible for actin and sitydo interact. TnC is the &a
binding component of the troponin complex, it bgsnto the family of EF-hand

proteins, all of which are able to coordinate matak. Fast skeletal isoforms of ThC
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have four metal binding site of the helix-loop-kekind, two high affinity sites
occupied by M§" in the cell, and two low affinity sites where Cinds, bringing on

muscle contraction (Gordon et al., 2000).

Figure 1.10:Molecular structure of the thin

flament. The protein at the centre of the
picture is F-actin, the single globular domaing
are easily recognisable. Tropomyosin is the
double helix that wraps around actin. In this
picture are also shown the three elements that
form the troponin complex, TnC (pink), TnT
(yellow) and Tnl (cyan). Picture adapted from
(Poole et al., 2006).

TnT (Perry, 1998) is the component of troponin thiaids to tropomyosin. It binds to
the other two subunits of troponin, to tropomyoamd to actin, working as a glue to
keep the three proteins in contact. TnT is respb@gor the positioning of the troponin

complex on tropomyosin at its characteristic 38bintervals along the thin filament.
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1.1.2.3 Titin filament

The idea that a third set of filaments might exists suggested by the integrity of
sarcomeres stretched beyond actin-myosin overlapfram which actin and myosin
have been extracted. A giant protein named titBregorio et al., 1999; Maruyama,
1999; Trinick, 1996) is responsible for this belwavi Titin is a single polypeptide
chain with molecular mass of 3 MDa, formed by 27@00ino acids (Labeit et al.,
1997). It is the largest protein known and constgulO percent of the myofibrillar
mass, being the third most abundant sarcomeri@iprof single molecule of titin is
extraordinarily long (tm) and thin (4 nm in diameter). In the muscle aeuole of titin
extends for half the sarcomere, from the Z disth&M line. The molecule originates at
the Z disc, then follows an elastic region whichgyarallel to the thin filament through
the | band, while the C-terminus of the proteinsife part of the thick filament, binding
to myosin and ending in the M line (Gregorio ef 4098). At the Z disc and M line titin
from neighbouring sarcomeres overlap creating aimoous system of filaments.

Like other myosin binding proteins, titin has a mlad structure and is formed by
immunoglobulin (Ig) and fibronectin (Fn) like domai Fn like domain are present only
in the A band and are arranged in superrepeatthegwith the Ig-domains. The I-band
region of titin contains just Ig-like domains, ongged in two blocks of repeats
separated by a region rich in proline (P), glutan{&), valine (V) and lysine (K), the so
called PEVK domain (Labeit et al., 1997).

Titin is one of the first proteins to assembleha sarcomere during its development and
is the only one that extends for half sarcomerteyatting with various other proteins at
precise interval, suggesting a structural role aso&ecular template during sarcomere

assembly, coordinating thin and thick filament irpmration.
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In a mature sarcomere titin seems to have the irapomechanical role of elastic
element; titin elasticity is found in the | band evl the two block of Ig domains are
separated by the PEVK region (Horowits, 1999). Rasension and slack length of a
muscle are determined primarily by titin, when asole is stretched beyond its slack
length the Ig region straightens with a little is@se in tension, and if stretched even

more, the PEVK domains unravels, with exponentigtyeasing tension.

1.1.3 Myosin binding protein C

A set of proteins that bind to myosin at regulaemals is found in all vertebrates
striated muscles, both skeletal and cardiac, andgb®tally absent from smooth,
invertebrate and nonmuscle cells it can be consttarfeature of the highly specialised
A band of striated muscles (Bennett et al., 1988)osin binding protein C (MyBPC)
(Offer et al., 1973), the most abundant of thisagtroteins, is a multidomain protein
located in a region of the A-band where thick amd filaments overlap, known as C-
zone (Figure 1.4). In mammalian muscles MyBPC ugudalms seven to nine of the
eleven structurally regular transverse C- zoneesii however, the distribution of this
and othe myosin binding protein tends to be speareks fibre specific. The distance
between stripes corresponds with the myosin heliepkat, that is one every third
myosin molecule, so 43 nm apart. The position oBH¢ seems to be dictated by the
presence of binding sites on titin (Bennett et H99). MyBPC is present only in this
specific region of the A- band and is absent framg ather region of the sarcomere,
representing about 2% of the myofibril mass. AlstHimits the interaction between
myosin and MyBPC to one every three myosin heads.

MyBPC exists in three isoforms, fast skeletal, skkeletal and cardiac (Yamamoto and
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Moos, 1983). In human, the three isoforms map fferéint chromosomes: fast skeletal
to chromosome 19q13.33, slow skeletal to chromosd?g23.3 and cardiac to
chromosome 11p11.2, showing that the three isofarasnot products of alternative
splicing. The isoforms tent to be fibre specifigthathe cardiac form present only in the
heart; however, fast and slow skeletal isoformsnseeco-exist in some form of muscle
(Flashman et al., 2004).

Each skeletal MyBPC contains ten domains, sevelasscimmunoglobulin (lg-1)
domains and three fibronectin type Il (Fnlll) dom=aarranged in the same order (Ig-

Ig-1g-1g-1g-Fn-Fn-lg-Fn-1g), identified as domail to C10 (Okagaki et al., 1993).

o OO )
B = (s )
— > STviRE

C4 C5 C6 Cc7 Cc8 Cc9 C10

A
f

~ S2binding LM
Cardiac isoform

Titin
C] Immunoglobulin | like domains

. Fibronectin type Il domains

] Phosphorylation sites
Cardiac specific insertion

Figure 1.11Skeletal versus cardiac isoforms of MyBPCIn green are reported
the the cardiac specific insertions: an extra Naieus domain (cCO), three
phosphorylation sites whereas in the skeletal rso$ojust one is present and a 28
residues insertion in domain cC5. The two skeleaforms are similar in their
overall structure and are therefore representeshas

The immunoglobulin fold is composed of tdesheets comprising five anti paral[&l

strands in each sheet. In an Ig-I domain one oftbkeet is composed of strands A, B,
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E and D and the other of strands A', G, F, C an(H@fpaz and Chothia, 1994). The
other class of protein modules found in MyBPC saleady mentioned, the Fnlll that

are also composed of twWhsheets, one containing strands A, B and E andttier G,

F, C and C', that fold into&sandwich (Goll et al., 1998; Main et al., 1992).

it

DEBA A G F C C

E B A G F C C

Figure 1.12Schematic representation of
Igl and Fnlll folds. Igl domains are formed
by strands D, E, B, Aand A’, G, F, C, C,
while the Fnlll are composed of strands E,
B, Aand G, F, C, C'. Both fold in tw@-
sheets.

The alignment of different forms of this proteirosls that the sequence identity across
human isoforms (domains C1-C10) is 39.6% (Thompetoal., 1997), regions of low
identity were found outside the Ig and Fn domaiespecially the sequence that
precedes domain C1, the linker between domainsn@XC2 and, in the cardiac isoform,
in the insert of domain C5. The identity betweerda isoforms from different species

is 46.8% (see appendix A3 p. 210).
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The cardiac isoform differs from the two skeletadforms in four ways:

1. it contains an additional amino terminal Ig- domé&cO0) (Gautel et al., 1995);

2. there is a 9- residue insertion in the linker bemvelomain C1 and C2, the so
called MyBPC motif, in the cardiac variant, whichthe key substrate site for
the phosphorylation (Gautel et al., 1995). In tf@gion in the cardiac isoform
are present three phosphorylation sites, whilequstis present in both types of
skeletal muscle cells. The number of phosphorytatsites seems to vary
between species but the cardiac isoform alwaysptesore sites, usually three.

3. it contains a prolin/charged residue-rich inseriimio the domain C5 (Gautel et
al., 1995).

4. it shows a ten residues insertion between C4 andh@t contribute to the
formation of the enlarget bulge present in domain cC5 (Idowu et al., 2003).

The skeletal isoforms are 3 nm in diameter and #0Olong (Hartzell and Sale, 1985;
Swan and Fischman, 1986) and have a molecular ofidss8 kDa, whereas the cardiac
isoform is longer, with a length of ~44 nm with approximately 137 kDa molecular
mass (Bennett et al., 1999).

MyBPC seems to have diverse functions in the saecenphysiology, it might be
involved in sarcomere formation and stability adlvas show a regulatory function,
specially via phosphorylation/ de-phosphorylatibnhe MyBPC motif.

Because of the inability of myosin to form normhick filaments in the absence of
MyBPC (Koretz, 1979a; Rhee, 1994; Schultheiss, 199G protein is assumed to play
an important role in the formation of a normal kitdaments; however, a research
using cMyBPC knockout mice suggests that the rdleMgBPC could be more
modulatory rather than essential, as all the knotkavere viable and possessed well

developed sarcomeres even though showed a sigiift@adiac hypertrophy, fibrosis
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and myocytes disarray (Harris et al., 2002). It aB® been shown that myosin forms
disordered filaments in vitro at low concentrat@inMyBPC (Moos et al., 1975) and
addition of physiological ratios of the proteinuks in increased filament compactness
and length (Davis, 1988; Koretz, 1979b). Moreowempresence of cMyBPC, synthetic
myosin filaments display a decrease in diameter andincrease in length and
uniformity (Flashman et al., 2004). The MyBPC rivlesarcomere assembly seems to be
mediated by the C-terminal part of the protein. Tst four domains of the protein (C7-
C10) interact with LMM(Okagaki et al., 1993), theepence of the final domain C10 is
essential for binding to myosin (Alyonycheva et 4897; Okagaki et al., 1993), in fact
it binds to four molecules of LMM via positively atged residues that are found on it
surface (Miyamoto et al., 1999). To reach the makibinding to myosin is necessary
also the presence of the other three C-terminalaiteenC7, C8 and C9, so the presence
of this C-terminal fragment C7-C10, seems to bemsas for sarcomere incorporation
of MyBPC (Welikson and Fischman, 2002).

An interaction with titin also occurs (Furst et, 41992; Koretz et al., 1993; Labeit et al.,
1997; Soteriou et al.,, 1993), via the C-terminajisa. The fragment containing
domains C8-C10 has been shown to bind to titinlevdlomains C5-C8 do not, this
leads to the conclusion that the interaction with bccurs via domains C9 and/ or C10
of MyBPC (Freiburg and Gautel, 1996). As said poegily, MyBPC is found only in
the C-zone of the sarcomere, region where is alesept the 11 superrepeat of titin,
also made up of Igl and Fnlll domains (Labeit et B992; Labeit and Kolmerer, 1995),
each repeat has a 43 nm periodicity (Furst etl8B9) and MyBPC binds only to this
specific part of titin, always at the firs domaih tbe 11 superrepeat (Freiburg and
Gautel, 1996). However MyBPC is not present in g¥&izone stripe, being absent in

the first two, therefore an additional localisatiomechanism must be present that
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localises MyBPC only in those strips.

It is by the interaction with the thick and titinainents that MyBPC contribute to the
sarcomere structure and stabilisation. When theteraictions are prevented by the
missing of the myosin and titin binding sites, éeddve sarcomere is formed.
Experiments on mutant cardiac MyBPC (cMyBPC) hadwens that truncated forms of
this protein missing all C-terminal domains follogicC1, cC3 or cC4, incorporate in
the sarcomere in 10% of the expressing myocytesn svithout the C-terminal titin/
myosin binding domains, while wild type and fornfdtte protein containing missense
mutations, like E542Q, incorporate in the A band76% of the expressing myocytes
(Flavigny et al., 1999). In their study Flavigny at showed that even MyBPC
truncated after domain C1, and therefore not pessgshe MyBPC motif, could
incorporate in the sarcomere. This evidence leathéohypothesis that an additional
myosin binding site must be present at the N-temsiof the protein, possibly in the
cardiac specific domain CO or in the linker betw&hand C1. Recent studies on the
N-terminal domains of cMyBPC have shown that tha@ydho the SA fragment of
myosin, formed by the first 125 residues of thef@2ment of myosin, domain cC1l
close to the hinge between the myosin rod andewer larm (Ababou et al., 2008), cC2
a bit more towards the C-terminus (Ababou et &@07), confirming an interaction
between MyBPC and myosin other than through ther@ihal domains.

A second role proposed for cMyBPC is localisedhat W-terminus of the protein and
consists in the regulation of muscle contracticnphosphorylation/ dephosphorylation.
Regulation of protein- protein interaction by phlesgylation is a common mechanism
to control cell function and in cMyBPC it seems be achieved via the three
phosphorylation sites present in the so called MyB#otif, a 100 residue long linker

between domains cC1 and cC2. This linker has rgceeen suggested to be an Igl
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domain on the basis of small angle X-ray scattestufies (Jeffries et al., 2008),
however, this was not confirmed by NMR data regesteor the group of domains C1-
C2, including the MyBPC motif that links them; in‘ld/ >N HSQC spectrum it was
shown how all the linker residues are localisedthe random coil region of the
spectrum and additional dynamic studies on thisoreghowed that it is highly mobile
and with a low degree of order (Ababou et al., 20@8 expected for an unstructured
peptide. It is therefore possible that the linkerunfolded in solution but that it can
adopts a compact shape, as seen for other unstdgbeptides, such as synuclein
(Eliezer et al., 2001). The N-terminus of cMyBPCtie part of the protein most
dissimilar from the skeletal isoforms, due to tmesence of the extra domain cCO and
an insertion in the MyBPC motif that comprises tefcdhe three phosphorylation sites,
named from A to C, in contrast with the only sitegent in the skeletal isoforms which
corresponds to site A in cMyBPC. This fact couldibeicating that cMyBPC might
play an important role in regulating cardiac coctien in response t@- adrenergic
stimulation due to the presence of the two ext@sphorylation sites. In fact, cMyBPC
is rapidly phosphorylated when the myocardiumimmsiated byp- adrenergic agonists,
such as adrenalin (Garvey et al., 1988), resultirgn increase in contraction force and
speed. Dephosphorylation occurs in response toingigic agonists, such as
acetylcholine (Hartzell and Titus, 1982); in vistudies have shown that this occurs by
action of a protein phosphatise 2A (Schlender et E87) that co-purifies with
cMyBPC (Schlender and Bean, 1991). Heart diseask candiac failure are often
associated with diminishe@-adrenergic sensitivity, impaired cardiac conttegfi
abnormalities in C& flux (Houser et al., 2000; Port and Bristow, 20@hyd altered
sarcomeric protein phosphorylation (Decker et2005; van der Velden et al., 2003).

cMyBPC is extensively phosphorylated in basal ctowls, but it undergoes partial
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dephosphorylation during heart disease or pathcdbdiypertrophy, with the three-
phosphorylated form largely absent in case of adedteart failure as demonstrated by
Sadayappan by works on transgenic animal modetsséems to be independent of the
type of cardiac stress, as pressure overload ameétigealteration in the cardiac
machinery both resulted in significantly reducedghorylation (Sadayappan et al.,
2005). The phosphorylation sensitive region of cN¢Bis found in the linker between
domains C1 and C2; when de-phosphorylated, the Zie@ion interacts with the S2
fragment of myosin but, upon phosphorylation of MgBPC motif, this binding is
inhibited (Kunst et al., 2000; Levine et al., 2001)

Three different kinases have been identified tret phosphorylate the three sites
Ser275, Ser284 and Ser304, the cyclic adenosin@phasphate (CAMP)- dependant
kinase (PKA), protein kinase C (PKC) and &Caalmodulin dependent kinase (CaM-
II). PKA has the capacity to phosphorylated all theee sites, while PKC can act on
Ser275 and Ser304 and CaM-Il is active only on deetral phosphorylation site B
(Gautel et al., 1995). It has been proven that phoylation of cMyBPC has an effect
on filament orientation and contractile mechanig@autel et al., 1995; Kunst et al.,
2000; Winegrad, 2000). In vitro studies have showmat PKA mediated
phosphorylation of cMyBPC extends the myosin-actimssbridges from the backbone
of the thick filament, increases their degree aleoy changes their orientation and
decreases crossbridge flexibility (Weisberg and &yrad, 1996). The alignment of
cardiac and fast skeletal isoforms shows an imserin cMyBPC of the residues
LAGGGRRIS, that is probably preceded by a flexiddguence and is the region where
phosphorylation site B is located (Figure 1.13)isTdite seems to be very important for
cardiac contraction regulation since, when madetiva by substitution of the serine

residue with an alanine, the other two phosphadofasites are inactivated as well
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(Gautel et al., 1995). This could mean that, upeosphorylation of site B, the MyBPC
motif undergoes conformational changes that ma&dtttiher sites accessible. This has
been confirmed by the fact that mutating this setonan acid residue, such as aspartate,
thus mimicking the phosphorylated state, can restbe accessibility of A and C
phosphorylation sites, probably by inducing a comf@tional change in the flexible

loop surrounding site B.
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Figure 1.13Sequence allignment of the C1l-linker-C2 region forhe three human isoforms,
cardiac (HC), fast skeletal (HFSk) and slow skeletd HSSk). The three cardiac phosphorilation

sites are shown by an orange circle, the firstZ8&yis common to all three isoforms, while Ser284
and Ser304 are unique to the cardiac isoform andbarel in a cardiac specific insertion.

A further evidence of the importance of Ser284the result of deletion of the
LAGGGRRIS insertion from cMyBPC, resulting in a i@gmore similar to that present
in the skeletal isoforms; in this mutated form fué fprotein the phosphorylation of sites
A and C was unregulated, with decreased phosphmnyldy both PKA and CaM-II
like kinases (Gautel et al., 1995). All this sudgdhat this cardiac specific insertion has
a strong regulatory function. Moreover, it seena the thick filament would change its
structure upon phosphorylation of cMyBPC (Levine at, 2001; Weisberg and
Winegrad, 1998); in the fully phosphorylated statefact, the myosin heads appear to
extend from the thick filament backbone in a mamdeced fashion, thus the packing of
myosin filaments and their heads seem to be cldgated to the state of cMyBPC

phosphorylation: the more cMyBPC is phosphorylateel easier it is for myosin to
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interact with the thin filament. MyBPC motif phosphlation appear also to have an
effect on the ATPase activity of myosin S1, withpkhesphorylation of cMyBPC
decreasing ATPase activity the most (Winegrad, L9%9has been suggested by
Weisberg and Winegrad that regulation of myosin AJdactivity may be mediated by
changes in myosin S1 position and flexibility upa@MyBPC phosphorylation
(Weisberg and Winegrad, 1998). As the level of clRgBphosphorylation increases,
contractility is increased, generating a higher imaxn C&'- activated force (Fa),
together with a higher G& sensitivity, that is, a lower concentration of*Cas
necessary to initiate muscle contraction (McClelkein al., 2001). This has been
confirmed by a mouse model, where the three sehiags been replaced by alanine,
mimicking the dephosphorylated state of cMyBPC,t thad impaired contractility
function (Sadayappan et al., 2005).

It is well established that, in absence of phosghation, the C1-C2 region, that
comprises also the phosphorylation sites, intenaidts the S2 region of myosin (Kunst
et al., 2000; Levine et al., 2001), as confirmednaore recent studies (Ababou et al.,
2007; Ababou et al., 2008), and that upon phospéitboy this interaction is abolished
(Gruen et al., 1999). This would allow the myosaatlis to become free of any steric
constraint that could be imposed on them by cMyBPC.

Interestingly, the N-terminal fragments CO-C2 ar@l, can affect force production
and crossbridge activity in skinned myocytes (Hered al., 2006). At concentration
higher than 1@M of C0-C2 and C0O-C1 on skinned myocytes, bothrfragts induced a
Cc&* independent activation of crossbridge cycling émte development. It is well
established that Gais required to switch on crossbridge cycling amddpce force
development, however Herron et al. found that aceatration above 10M the two

N-terminal fragments of cMyBPC, C0-C2 and C0-C1d ha activating effect similar to
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that of C&". On the other hand, the activation by cMyBPC fragts achieved a smaller
maximum force but a higher rate of crossbridgeingciMoreover, this activating affect
was present also in myocytes where TnC has beeacead, in which Cd activation
was therefore abolished. These effects suggestcMgBPC fragments are activating
the thin filament via a mechanism different frora tine that relies on €a

It was shown by Herron and co-workers that therfragt CO-C1 binds weakly to S2
but has the same effect of the fragment C0-C2 osstiridge activation, while fragment
C1-C2, that binds to myosin S2, does not have dfgcteon force generation or
crossbridge cycling; this brings to the concludioat the MyBPC motif, present in both
fragments, does not have an influence in theselaggy functions, and that the Pro/
Ala rich linker between domains CO and C1, preseny in fragment C0-C2, could
play this important role. This Gaindependent crossbridge cycling could be achieved
by the N-terminus of cMyBPC by either binding tcetlhin filament directly, as
suggested by two independent studies (Kulikovsletyal., 2003; Squire et al., 2003),
or by binding to the thick filament to promote tgachment of myosin S1 to actin in a
sufficient number to activate the thin filament.bedling studies (Herron et al., 2006)
have also demonstrated that the C0-C2 and CO-@in&ats bind to the thick filament
crossbridge region; this A-band localization of gaoous CO-C1 fragment, that do not
contain the whole S2 binding site, suggests thegmee of a region, possibly the Pro/
Ala rich region between CO and C1, that could bmé thick filament protein. It has
been hypothesised (Flavigny et al., 1999) that dorm@0 could bind to the myomesin
binding site on myosin; however, cCO alone did sledw any effect on crossbridge
activation and was localized diffusely in the ventlar cells used for the studies carried
out by Herron at al. It was also found that thegfnent CO-C2 increased the €a

sensitivity at sarcomere length (SL) 1ufn; this is probably achieved by binding to
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myosin and increasing the freedom and flexibilifyttee myosin heads, allowing them
to interact more readily with actin. Surprisingthjs effect was absent at SL=2u&
and this could be due to the fact that at thissasre length, the spacing between thick
and thin filaments is small enough for this intéi@t to be favoured. All this leads to
the conclusion that the N-terminus of cMyBPC mapchion to modulate the &
activation of crossbridge cycling in cardiac myoi

It has been suggested by different groups (Flavigingl., 1999; Kulikovskaya et al.,
2003; Squire et al., 2003; Witt et al., 2001) tkia¢ N-terminus of MyBPC could
interact with actin and the fact that all isofortmsve shown a low affinity for the F-
actin in co-sedimentation assays (Moos et al., 19@famoto and Moos, 1983) makes
it improbable that this interaction might take @acda a cardiac specific insertion, such
as domain cC0O. The Pro/ Ala rich region betweemain cCO and cC1 is also thought
to be capable of interacting with the F-actin firh (Kulikovskaya et al., 2003; Squire
et al., 2003). This hypothesis is based on thetFattthe essential light chain (ELC) has
at its N-terminal end a region of similar compasitthat is thought to form an extended
rod-shaped structure, stable under a variety oflitions, that binds to actin (Timson
and Trayer, 1997). An interesting possible functodrthis extension might be that the
binding to actin may affect the actomyosin ATPagsepprties of myosin. It is
conceivable, in conclusion, to think that also Bre/ Ala rich region of MyBPC might
have a similar function. That an interaction betwéas region of cMyBPC and actin
takes place has been shown by Kulikovskaya (Kubkaya et al., 2003) and is reported
as unpublished data by Govada et al (Govada ét(£)8), in both cases as results of co-
sedimentation assays. The first report of an ictera between MyBPC and actin dates
back to 1978 (Moos et al., 1978) but the exacttlonaof this interaction has not yet

being conclusively determined. There have been rtgpof increased actomyosin
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ATPase activity upon MyBPC binding to actin, presinty by producing links between
actin and myosin, to form aggregates of the twdreatile proteins (Moos et al., 1978).
It has been demonstrated that binding of MyBPC diinais C&" sensitive and that

binding of this protein to F-actin causes side-ldgsassociation of thin filaments
(Yamamoto, 1986). A more recent study has showhdllyBPC, and more precisely
the C1-C2 fragment, binds to F-actin, even in ttes@nce of tropomyosin, troponin and
cd”*, with both motility assays and co-sedimentatiopeziments (Razumova et al.,
2006); even though increasing ionic strength wamdoto reduce the interaction,
binding was still evident at physiological ioniaesigth (0.2 M KCI), indicating a

persistent interaction between the C1-C2 fragmedtaetin at physiological conditions.
Using a variety of fragments, C0-C1, C0-C2, C1-@d &£€2-C4, Razumova et al have
demonstrated that the presence of the MyBPC mibéi€ted both the sliding motility of

F-actin on myosin filaments and reduced the my@§iRase rates in solution. They
found that the C1-C2 region, that has already lsemvn to bind to the S2 fragment of
myosin, binds to actin, and confirmed it, findirfgat fragments missing C1 and the
MyBPC motif, like C2-C4, fail to show any effect @gtin binding (Razumova et al.,

2006).

1.1.4 Hypertrophic cardiomyopathy (HCM)

The reason of the growing interest in cMyBPC is dnection with the disease
Hypertrophic Cardiomyopathy (HCM). Cardiomyopathiese diseases of the
myocardium associated to cardiac dysfunction thatlwe complicated by heart failure,
arrhythmias and sudden death (Richardson et a@6)l@nd are a major cause of

cardiovascular morbidity and mortality, being a girent reason of cardiac
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transplantation. HCM, as well as other forms ofd@@nyopathy, is a genetic disorder
associated with mutated forms of sarcomeric pretele first HCM-related mutation
was discovered in a large French-Canadian familg980 and affects thp-myosin
heavy chain (Geisterfer-Lowrance et al., 1990)c&ithen many other mutations have
been identified in genes coding for sarcomericgnd, includingYBPC3

HMC is defined by an unexplained left ventriculayplrtrophy (LVH), usually
involving the inter-ventricular septum, in casesevehother detectable causes of heart
remodelling, such as hypertension or amyloidosisstrbe excluded. A consequence of
hypertrophy is that the left ventricular volumedsninished. Histopathology of the
hypertrophic heart can be noticeably abnormal whth highly registered alignment of
myocytes, typical of the healthy myocardyum, distdrby hypertrophic growth of the
myocyte that can produce enlarged and deformed yig®cand disorientation of
adjacent cells (Figure 1.14). These features dteatiwely known as myocyte disarray
and can be found mixed with normal myocyte or wlead throughout the left
ventricle (Maron, 2002; Seidman and Seidman, 200h) HCM, systolic function is
increased or at least preserved, while most affestdividual develop dyspnea and
angina due to impaired diastolic relaxation of thgertrophied heart (Spirito et al.,

1997).
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1)

2)

Figure 1.141) Cardiac remodeling. The hypertrophic heart
(A) has a ventricular wall thicker than the non eafed

myocardium (B)2) Histopathology of hypertrophic heart.

The highly ordered alignment of myocytes typical thie

normal myocardium (A) is disrupted by hypertropgiowth of

the myocytes, which can results in myocytes defarraad

disoriented (B).Picture adapted from (Seidman andiSan,

2001).

Despite the fact that in the hypertrophic left v the internal cavity is a lot smaller
than in a normal heart, usually the heart muschbis to pump properly and thus most
people do not have limiting symptoms. However imeocases the thickened heart
muscle is abnormally stiff and so when the lefttvelte fills with blood, the stiffness of
the muscle increases the pressure inside the vagiiticle and this is reflected into the
lungs, causing shortness of breath. In some casemcerease in the thickness of the
ventricular septum occurs just below the aortior@ahnd may block the normal flow
out of the heart into the large blood vessel thgps/ the whole body, the aorta, this
phenomenon is better described as hypertrophicuibste cardiomyopathy. This kind
of HCM can also affect the second cardiac valve, rhitral valve, which prevents

backwards flow from the left ventricle to the lattium; when there is distortion of the
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mitral valve motion, the blood can flow backwardausing shortness of breath.
Individuals with HCM can experience two major typdsarrythmia, atrial fibrillation,
which is an abnormal heart rhythm where the topt pérthe heart, the atrium,
undergoes disorganized electrical activation amdisenultiple, fast, irregular impulses
to the left ventricle, resulting in the heart begtirapidly and irregularly leading to
palpitations, shortness of breath and decreasedisgecapacity, and the more serious
ventricular tachycardia, also called ventricul@riflation, that can lead to cardiac death.
The incidence of HCM is of 1 person every 500 peopkh an annual mortality of 1%
and being the first cause of death in athletes @flad996). HCM is inherited as a
mendelian autosomal dominant trait caused by nuuatin genes encoding 13 proteins
of the cardiac sarcomere, making it primarily aeareric disorder.

The proteins that carry the HCM-related mutations eeported in table 1.1: three
myofilament proteins,3-myosin heavy chainp(MyHC), the essential light chain
(MLC-3) and the regulatory light chain (MLC-2); &® thin-filament proteins, cardiac
troponin T (cTnT), cardiac troponin | (cTnl), anetropomyosin ¢-TM) and, finally, in
the cardiac isoform of myosin binding protein C (@PC). The genéMYBPC3that
encodes cMyBPC is located in the chromosome 11lpahd® comprises 24000 bp
divided in 35 exons.

In all clinical studies the two gen&YH7 andMYBPC3were the most common genes

responsible for the disease, each of them beingved in 30% to 40% of cases.
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Sarcomeric Protein Gene Locus n° HCM
point
mutations

- Myosin heavy chain MYH7 14912 194

Myosin Binding Protein C MYBPC3 |11ql11.2 149

Cardiac troponin T TNNT2 1932 31

Cardiac troponin | TNNI3 19p13.2 27

o-tropomyosin TPM1 15g22.1 11

Regulatory light chain MYL2 12923- q24.3 10

Cardiaca actin ACTC 11q 7

Essential light chain MYL3 3p21.3- p21.2 5

Table 1.1: HCM related mutations identified in sar@meric protein. Data obtained from from
databases http://genepath.med.harvard.edu/~seidmarg3/and
http://beta.uniprot.org/uniprot/Q14896

70% of theMYH7 mutations are located in the region coding fordlobular head and
neck domain, while 30% affect the rod of myosinmAkt the all of these (96%) are
missense mutations. MYBPC3 on the other hand, half of the ~150 mutationshare
sense mutations leading to termination codons¢esdite mutations, small deletion or
insertion disrupting the reading frame that briaghe formation of truncated forms of
the protein. Truncation mutations are thought taseahaploinsufficiency since the
mutated cMyBPC without the C-terminus seems nontorporate in the sarcomere
(Rottbauer et al., 1997). 75 missense mutations baen found iMYBPC3(table 1.2)
so far. Investigations of the consequence of sofht@ese point mutations have been
particularly informative in defining structure afuhction of the domains in which they
have been found. Nevertheless, the mechanism lghwhany of these mutations cause
HCM remains unsolved and is still very difficult goredict the exact functional
consequences of mutations only form their natucepsition.

In recent years, the generation of engineered dmmogels of human mutations has
allowed a more accurate evaluation of the proceadihg from gene defect to HCM
phenotype (Geisterfer-Lowrance et al., 1996; Maearml., 1999; Tardiff et al., 1998;

Yang et al., 1998), however the results of stuger$ormed either in vitro or on animal
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models have been contradictory. In some casé$ €msitivity and ATPase activity
were reduced, resulting in decrease of actin-myasieractions and diminished
myocyte contractility (Crilley et al., 2003; Lanktb et al.,, 1995). The impaired
contractility is supposed to activate the releasst@ss-related signalling kinases and
trophic factors which stimulate myocyte hypertrop8@ypntrasting results have shown,
on the other hand, an enhancement of ATPase gctivitnyosin, with a consequently
increase in actin-myosin interaction leading to aned force generation and
cardiomyocyte contractility (Olsson et al., 2004ithwa consequent increase in work
and energy consumption. Moreover, the presencetbf Wild-type and mutant protein
within the sarcomere may result in uncoordinatedtraetion. There is also a high
probability of energy depletion, myocyte death dilosis. (Seidman and Seidman,
2001). All these results reveal the complexity bistcondition and the probable
involvement of multiple mechanisms implicating nuibtein complexes in the
pathophysiology of HCM. Most of the patients aréehezygous for the mutation that is
transmitted by one of the parents. The symptomd terbe more severe the earlier the
disease presents in life, so elderly patients arg unlikely to be severely affected, with

just a minority of over 75 to show heart failure.
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Domain Mutation Domain Mutation Domain Mutation
cCO Gly5Arg cC3 Arg470GiIn cC5 Asp770Asn
cCo Arg35Trp cC3 Gly490Arg cC6 Val771Met
cCo Thr59Ala cC3 Arg495Gin cC6 Trp792Arg
cC1 Prol61Ser cC3 Arg502Trp cC6 Arg810His
cC1 Argl77Cys cC3 Arg502GIn cC6 Lys811Arg
cC1 GIn208His cC3 Gly507Arg cC6 Arg820GIn
cC1 Val219Leu cC3 Gly523Trp cC6 Ala833Thr
cC1 Asp228Asn cC3 Gly531Arg cC6 Ala833Val
cC1 Tyr237Ser cC3 Glu542GlIn cC6 Arg834Thr
cC1l Val256lle cC4 Leu545Met cC6 Arg834Trp

MyBPC motif His257Pro cC4 Cys566Arg cC7 Pro873His
MyBPC motif Glu258Lys cC4 Asp604Val cC7 Val896Met
MyBPC motif Gly263Arg cC4 Asp605Asn cC7 Asn948Thr
MyBPC motif Arg273His cC4 Pro608Leu cC7 Thro58lle
MyBPC motif Gly278Glu cC4 Glu619Lys cC8 GIn998Arg
MyBPC motif Gly279Ala cC4 Ala627Val cC8 Arg1002GiIn
MyBPC motif Arg282Trp cC5 Arg654His cC8 Pro1003Gln
MyBPC motif Arg326GiIn cC5 Arg668His cC8 Glu1017Lyg
MyBPC motif Cal342Asp cC5 Arg668Pro cC9 Phel113lle
MyBPC motif Leu352Pro cC5 Pro677Leu cC9 Vall115llg
cC2 Gly415Ser cC5 Arg733Cys cC9 Vall125Met
cC2 Ala416Ser cC5 Asn755Lys cC9 1le1131Th
cC2 Glud41Lys cC5 Val757Met cC10 Alal194Th
cC2 Glu451GIn cC5 Gly758Asp cC10 Gly1206A sp
cC3 Arg458His cC5 Glu759Asp cC10 Alal255Thr
Table 1.2: cMyBPC point mutation causing HCM obtaired from from databases

http://genepath.med.harvard.edu/~seidman/cg3nd http://beta.uniprot.org/uniprot/Q14896.
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The degree of hypertrophy, the age of onset angtbgnosis seem to be dependent
directly from the precise gene mutation, for exanplutations in the genENNT2 that
code for troponin T, are usually associated witheaere phenotype and high risk of
sudden death, specially in young patients, dedpiée mild degree of hypertrophy
(Watkins et al., 1995b). IrlMYH7 mutations the phenotype varies considerably
according to the mutations, some being associatiéd a benign phenotype, like
V606M, while others, like R403Q, are associatechwsitvere hypertrophy and reduced
survival expectances (Charron et al., 1998; Watkihsal., 1992). Mutations in the
MYBPC3gene are usually associated with late onset atdenphenotype and delayed
penetrance until the fifth decade of life, while tations in other genes are almost
completely penetrant by the second or third decéltevever, recent data report of
cardiac death in extremely young patients with aated MYBPC3gene (Lekanne
Deprez et al., 2006). Survival of patients with &BC mutations have shown to be
better than that observed with mutations in carttiggonin T or in malignant cardige
myosin heavy chain. Many young and middle-age pexrgwesenting a mutation in the
MYBPC3gene show no symptoms of HCM and it is possiblt some of these
mutations will remain nonpenetrant throughout IHECM penetrance seems to decrease
with age in people with cMyBPC mutations (Niimuraa¢, 1998). For this reason, it
has been suggested th&YBPC3is the most commonly involved in HCM but, gives it
benign phenotypes and low penetrance, the prevalehthe mutations found in these
gene has been underestimated (Richard, 2003a). evwwcontrasting results were
obtained by VanDriest and co-workers (Van Driesalet 2004) that fail to identify a
difference in age of diagnosis in patients with ations in theMYH7 and MYBPC3
genes.Patients with multiple sarcomeric mutatioad the most severe phenotype,

which means youngest at diagnosis and higher dediegoertrophy.
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1.1.5 Main HCM related missense mutations found isMyBPC role in

Hypertrophic cardiomyopathy

Given the strong association of cMyBPC with HCM, tagenesis studies are an
extremely important tool to try and elucidate thadtion of the domains that contain a
specific mutation. This kind of analysis has beamied out on domain cC1 (Ababou et
al., 2008), cC2 (Ababou et al., 2007) and cC5 (ldet al., 2003), and have given
important insight on both the domains structure amttion. Despite being unique to
the cardiac isoform of MyBPC, domain cCO presenssnall number of HCM related
mutations. The function of this domain is still lear as well as its presence in the heart
muscle. An interaction between domain CO and mybasibeen thought to occur on the
basis of a mutant MyBPC mouse model (Okagaki etl8B3), as MyBPC missing the
C-terminal domains was still incorporated in thecemere (around 10%), an additional
myosin binding site must be present toward the rMwteus. Sequence comparison
between CO and myomesin suggests that CO containeval LMM binding site
(Flavigny et al., 1999). Whether this interacticetars and what is its function is still
unclear. An actin binding site has been proposeditbbas been shown that all the
isoforms of MyBPC have a low affinity for actin (Ms et al., 1978; Yamamoto and
Moos, 1983) indicating that any interaction withtiacvia a cardiac- specific region,
such as cCO, is very unlikely to occur. The linkatween CO and C1, that in the
skeletal isoforms represent the N-terminus of thele protein, is thought to be a more
likely candidate for binding actin (Squire et &003) but no HCM related mutations
have been found in this region to confirm this hiyesis. More recently it has been
shown that fragments of MyBPC containing CO aree ablbind to actin and has been

suggested that it may contribute to the weak bipdiate by shifting the binding of the
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N-terminus of the C-protein between actin and mydgsiulikovskaya et al., 2003).
However, CO and the cCO-cC1 linker are very unijikel be able to bind to the myosin
crossbridge, the myosin backbone and actin at dmeestime but it is possible that
MyBPC cycles trough different binding partners. thar research is required to clarify
this point.

As discussed diffusely in a previous section, dom&1 and C2 and the linker between
them interact with the @2fragment of myosin (Gruen and Gautel, 1999) tbatgrises
the first 18 heptad repeats of myosin S2 formedhleyfirst 125 residues, from residue
838 to residue 963; this region contains the R8Ttation linked to HCM. This
interaction between the N-terminus of cMyBPC andAS¥ regulated by
phosphorylation of the three phosphorylation si&275, S284 and S304) present in the
C1-C2 linker. Detailed studies on this interacta@aried out using NMR spectroscopy
have recently been published elucidating the odldomains cC1 and cC2 and their
interaction with S& (Ababou et al., 2007; Ababou et al., 2008). Manitg the binding

of the two domains with 2 by NMR spectroscopy had the advantage of allowing,
once the structure was known, to map the residume rifected by the interaction on
the domain surface. Several HCM related missendatioos have been identified in
domain cC1, all of them seem to be found around_terminus surface of the protein.
Some of them, like Y237S and V256l, involve mutatiof very conserved residues
found in the hydrophobic core of the protein, fumeatal for the overall folding of the
domain and, as a consequence, are thought to citmey destabilization of the
domain; others, like D288N involve residues exposedhe surface that have a role in
the interaction with the myosin 8Zragment. At the centre of the interaction between
cC1 and S2Z there is residue W196 which is located in CD-lamygl, with A232, forms

a little hydrophobic patch that interacts with dess F856 and M852 on &2all the
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other residues involved in the interaction are giotar nature. Of the HCM related
mutations, two have been incorporated in recombira®l, D228N and Y237S
(Ababou et al., 2008). The latter involves an hythabic residue highly conserved
through isoforms and species which has a stiofigence on the domain stability; as a
consequence, it was impossible to produce solutdteip, confirming the hypothesis
that the protein was not able to assume a propeér faterestingly, Y237S results in a
mild HCM phenotype but shows a strong disease &dsmt (Morner et al., 2003). The
second mutation D228N, on the other hand, involvg®lar residue positioned on the
interaction surface with @2 and causes a weakening of this interaction without
affecting the stability of the domain. Two other MGelated mutations, R177C and
V219L, are distant from the @2binding surface and, affecting residues whose side
chain is exposed on the surface, are unlikely fecafthe structural stability of the
protein; on the other hand they might affect theeraction of domain cC1 with a
sarcomeric protein other than S2. also domain c@8 shown to interact with &2
precisely at the regions between resides 220 a@a8 residues 280 and 300. All the
residues involved in the interaction with/&S2are grouped on the F, G and A’ strands
and the A'B loop of cC2, all in the vicinity of th€-terminus of the domain. The
chemical shift changes were small but significaad, expected for an interaction
happening via polar residues. The surface involwvedhe interaction with SR is
completely free from positively charged residuas,ai domain where charges are
otherwise evenly distributed; this pattern is weditablished for the C2 domain in
different isoforms and species. To confirm thessults, the same experiments were
repeated with a mutant of fragmentAS2hat contained the missense mutation R870H,
which has been reported to cause HMC (Gruen ande;di999); the results obtained

indicated that residues in the same region werectdfl but the binding was
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significantly reduced (Ababou et al., 2007) by etda between 3 and 4, in agreement
with the results obtained previously by ITC (Gruerd Gautel, 1999). The reason of
this reduction seems to be due to the differencehipe between the side chains of
arginine and histidine; R870 is forming a salt bador hydrogen bond with the cC2
residue Glu445 that cannot be formed if an hisédigplaces an arginine. Interestingly,
using the mutant 2R870H, some residues that were not involved initiberaction
using the wildtype myosin fragment, showed a pbgdrchemical shift; this could be
explained by a rearrangement occurring so that 45udould interact with either
Arg869 or Arg871 which are available and very néfrs worth noting that residue
R869, when mutated to cysteine, glycine or hisédimas been reported to cause HCM
(Anan et al., 2000).

Domains C3 and C4 are thought to play a role irflehebility of the N- terminal region
and in its interaction with either the S2 regiomofosin or the actin filament. Three of
the HCM mutations found in C3 (R495Q, R502Q and REY involve highly
conserved residues but they seem to be not edstmtidefining the Igl fold and the
three mutations result in a favourable diseasenmsig (Maron et al., 2001; Niimura et
al., 1998; Richard, 2003b). C5 domain has two eardpecific insertion. It shows a ten
residues long segment at the N-terminus that puslyowas assumed to be part of a
linker between the domains C4 and C5 but that heenkshown to be part of the
enlargedp-bulge of domain C5(ldowu et al.,, 2003). The secqpeduliarity of the
domain cC5 is the 28 amino acids insertion betwherstrands C and D, known as the
CD-loop. This region is completely unstructured dmnghly dynamic. It presents a
proline/ charge rich insert that points away frdra lomain’s surface. This insertion is
always present in the cardiac isoforms but variesatty in sequence and length

between different species. Domain C5 has beenestubly different groups because of
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its unique cardiac insertion and the identificatadrseveral HCM related mutations. A
study has shown that domain C5 bind to domain C8 different molecule of the same
protein using a yeast two-hybrid assay, with don@b as a “bait” (Moolman-Smook
et al., 2002). The same kind of experiment has shthat domain C7 interacts with
domain C10 and an interaction between C6 and C9bleas proposed too. As a
consequence of these results, a model of the mydament was developed, where
three MyBP-C molecules form a collar around thekHilament of myosin, stabilized
by intermolecular interaction between domains c@B-@ach molecule and the domains
cC8-10 of the next molecule. Only three of the &M related mutations identified so
in domain cC5 have been studied in detail so faSM, R654H and R668H. The first
point mutation exhibits a severe phenotype, as BSni& located in the highly
conserved position 1 of tifgturn connecting the F and G strands, the mutatiakes
the protein unstable and unfolded compared to tid-type cC5, due to the loss of
several key interactions (ldowu et al., 2003); mtgpe corresponding with this
mutation is extremely severe, associated with nthHygertrophy even in children and
sudden cardiac death in one of eight affected piatig@©kagaki et al., 1993), suggesting
a complete or partial loss of structure and thusfurfction. Mutation R654H is
characterised by a milder phenotype with low pemete and moderate hypertrophy
even in adults (Moolman-Smook et al.,, 1998). Beiagidue R654 localised on the
domain surface it does not affect the stabilitytled domain (Daehmlow, 2002). The
surface where residue Arg654 is found has a higepéage of negatively charged
amino acids and it has been proposed to be thengirglte of domain cC8, as a
consequence the R654H mutation could affect thpgsed interation with domain cC8.
A third mutations, R668H, has been found in thisndmm (Morner et al., 2003) but,

since the polar positive histidine substitutesgbkar positive arginine, it does not seem
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to cause significant structural instability of tieéd of domain C5. R668H could have an
impact on the ability to bind a ligand, howeveisttesidue is not located on the surface
proposed to be a target for domain C8 and is ulylikeinterfere with C8 binding.
Domain C6 is the first of the three Fnlll domainsthe protein, together with domains
C7 and domain C9, that is thought to be its bingliagner; this interaction has not been
tested yet and is postulated based on the interecthetween domains 5 and 8 and
domains 7 and 10 that have been shown to occuallyswo interacting Fnlll domains
interact via electrostatic charges: the EF looghat end of the first domain (C6) is
supposed to form a salt bridge and hydrogen bonttstie BC loop of the following
domain (C7). Residue A833 is a highly conservedhanaicid located in the strand E of
C6 and is probably involved in the bond between @os1C6 and C7; when mutated it
may disrupt bonds between the two residues andecansincorrect packing and
assembly of the protein (Morner et al., 2003; Ridh2003b). Two mutations occur in
strand C at the conserved residues R810 and K8ddn(\t al., 2003; Richard, 2003b) .
The reported mutation, R810H and K811R, do not #fte charge of the residue and are
not likely to affect the stability of the domainhdse mutations result in a mild
phenotype. Another mutation found in domain cCR820Q but it is not clear whether
this is an HCM related mutation or a neutral polypindsm, since the phenotype
appears to be mild, usually with first presentatiate in life (de Pereda, 1999; Sharma
et al., 1999).

The C-terminal region is where the binding sitasmiyosin thick filament (Moos et al.,
1975; Starr and Offer, 1978) are situated . Them@ry myosin and titin binding regions
of MyBP-C are localised to domain 10 and domairi)8fespectively (Freiburg and
Gautel, 1996; Okagaki et al., 1993). These thremailos C8-C10 are the minimal

requirement for incorporation into the A-band oé tkarcomere (Gautel et al., 1995),
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while domain C7 improves the targeting of MyBP-Ghe C-zone (Gilbert et al., 1999).
The C-terminus of MyBPC plays an important roletire formation of a normal
sarcomere, so C-terminal truncated forms of théepracause severe changes in hearts
ultrastructure both in transgenic mouse models (Mo@ll et al., 1999; Yang et al.,
1998; Yang et al., 1999) and in HCM affected indials (Bonne et al., 1998; Niimura
et al., 1998).

A large number of HCM mutations result in prematigenination of translation of the
C-terminus of MyBP-C, resulting in loss of the riitand/ or myosin binding sites
(Bonne et al., 1995; Niimura et al., 1998; Rotthaeteal., 1997; Watkins et al., 1995a;
Yu et al., 1998). As a consequence these truncatgdnt protein do not incorporate in
the sarcomere and can cause extremely severe alab&3M (Lekanne Deprez et al.,
2006). Several missense mutations are located maoocC7. P873H (Hartzell and
Sale, 1985) is a very rare mutation found in just patient with a mild phenotype. It
occurs in a residue that is highly conserved acspgsies and isoforms and is thought
to affect the formation of strand A or the stakilif the linker between cC6 and cC7. It
is not clear whether mutation V896M is disease icaslisease modifying or a neutral
polymorphism (Jaaskelainen et al., 2002; Richafif)3B). Usually patients with this
mutations also show other HCM related mutationthexmyosin heavy chain (Morner
et al.,, 2003; Richard, 2003b), thus this mutatiomsy not cause disease but it may
increase the severity of the disease in presenothef HCM mutations. Residue V896
is conserved and is predicted to point into theecof the Fnlll domain; when a
methionine replaces a valine, the domain stabiligy be affected but this mutation is
unlikely to lead to incorrect folding of the domagiven the non-polar nature of the
residues involved. N948T occurs in a conservedtiposbut was found in only one

patient resulting in a severe disease phenotypehiDbow, 2002). Residue Asn948 is
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expected to be located in tRBetype turn connecting strand F and strand G (Godll.e
1998), in a position similar to the residue Asn®%C5, where an important mutation
has been found. Therefore, Asn948 is probably o€iat importance for the domain
folding and its loss could result in a poorly faldéomain unable to target MyBP-C to
the A band of the sarcomere and that may disruptriteraction between domain C7
and its possible binding partner C10.

Domain C10 is of great importance due to its bigdim myosin with nine key residues
involved in binding to this filament been identdi€Gilbert et al., 1996; Miyamoto et
al., 1999; Okagaki et al., 1993). The myosin bigdiaces are thought to be located on
two surfaces, the first formed by strands B anthE,other by strand C of the Igl fold.
Of the mutations found in this domain, an insertoatation of residues 1248-1253
(Watkins et al., 1995a) and a missense mutatio258T (Richard, 2003b), are very
unlikely to interfere with myosin binding since thautated residues are not found on
the surface involved in the interaction with thescomeric protein (Maron et al., 2001,
Richard, 2003b). These result suggests that th#yrhay affect some other function of
domain C10, possibly its binding to titin (Moolm&mook et al., 1998) or an alteration
in the interaction that may occur with C7 or thgaadnt C9.

Mutation A1194T (Richard, 2003b) could interferettwimyosin binding as residue
Argl1194 is found close to two identified key myosbinding residues (Miyamoto et al.,

1999) and therefore may disrupt binding of MyBPeGhe myosin filament.

1.1.6 How does the cMyBPC assemble in the sarcom@re

Following the detailed mutagenesis studies Ababmlcmworkers were able to build a
model of the interaction between the cC1-cC2 fragnécMyBPC and the SPpart of

myosin (Ababou et al., 2008). The position of Cdl &2 is such that the MyBPC motif
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runs parallel to SR to reach the area around residue 930, where isdfaugroup of
HCM mutations, one of which, E924K makes the inteom between the two proteins
undetectable by ITC (Gruen and Gautel, 1999). Dancéil is positioned close to the
hinge region between fragments S2 and S1 of mygsobhably playing an important
role in regulation of muscle contraction, while ciS2ositioned on the S2 fragment in
the proximity of domain cC1. In fact, despite thegence of the long linker between
them, the two domains resulted being quite closspace, with the linker running
parallel to the myosin filament in a sort of U sbathe linker has been shown to be
unstructured and highly mobile (Ababou et al., 2008t it can probably adopt a

compact structure upon binding to myosin.

S2A 924-936

Figure 1.15Model of the C1-C2 interaction with SA. Domains C1 and C2
of MyBPC are shown in orange, the linker betweesmnthin gray. The three
phosphorylation sites in the linker are shown umppe, residues mutated in
FHC in yellow with labels and charged residues @ured according to
their charge. C1 and C2 are positioned close toamother at the N-terminus
of the SA fragment, while the MyBPC motif runs parallel te&tmyosin rod
and, positioned in this way, it could take partimmportant protein-protein
interactions (Ababou et al., 2008).

It is on the basis of these results that an inteEnacbetween domain cCO and the

Regulatory Light Chain (RLC) of myosin has been dtipesised, aspect that will be
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dealt with in this thesis. All these results giveiasight in the manner the N-terminus of
the protein can assemble into the sarcomere, whilthe overall way of incorporation

of MyBPC in the sarcomere two different models hiagen proposed.

1.1.6.1 Trimeric collar model

In the trimeric collar model, proposed by Moolm&mook co-workers (Moolman-
Smook et al., 2002), three cMyBPC molecules formmg around the thick filament,
interactions between domains C5-C7 and domain (B-Gfl another molecule of
MyBPC are needed to stabilized this model, whilsmdms C0-C4 are thought to reach
out from the thick filament and interact with theyasin crossbridge and/or the actin
filament (Squire et al., 2003; Witt et al., 200AJthough this model is able to explain
some aspects, it is not satisfactory on otherstlyithe diameter of the myosin thick
filament is 13-15 nm (Squire et al., 1998), resugjtin a circumference of approximately
41-44 nm but according to this trimeric collar mipdlee ring around the thick filament
is formed by nine Igl domains, which have a diameit maximum 3.4-3.9 nm,
resulting in the largest ring possible being 35#86, so 5-12 nm shorter than the
measured circumference of the myosin thick filam{@@tnm). Furthermore, there is no
evidence that the C-terminal region of MyBP-Cubjscted to high degree of stretch. It
is possible that some of the linkers may providditahal length to form a collar
around the myosin filament, however, the only Iin&Esignificant length in this region
is the one between domains C9 and C10, but strefcitimay result in mismatch
between interacting domains in the trimeric cottazdel. A second unsolved problem is
how the titin molecule fits in this model; titin tee molecular ruler of the sarcomere

(Whiting et al., 1989). The C-terminal domains @70 of MyBPC bind to both titin
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and the LMM of the myosin thick filament but thisodel does not clarify how
cMyBPC interacts with titin, since in the model thigin molecule would be
perpendicular to the trimeric collar (Freiburg &&dutel, 1996). Recent data (Flashman
et al., 2008) have given support to this model fioming the presence of the C5-C8

interaction also in fast skeletal muscle but irdéngly not in slow skeletal muscles.

Figure 1.16Trimeric collar model of incorporation of
MyBPC in the sarcomere.In the trimeric collar model
three molecules of MyBPC wrap around the myosin
backbone. This hypothesis is based on results sigowi
that domains C5 and C7 of one molecule of MyBPG
interact with domains C8 and C10 of another mokeail
the same protein. According to this model a intiéoac
between domains C6 and C9 is thought to occurukict
adapted from (Moolman-Smook et al., 2002).
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1.1.6.2.Axial model

In a second model, proposed by Squire and co-wei(Sxuire et al., 2003), cMyBPC is
arranged axially along the myosin backbone andlis o interact with titin and LMM
with its C-terminus while the N-terminus reached tw interact with the myosin

crossbridge and/ or actin.

Figure 1.17Axial model of incorporation of
MyBPC in the sarcomere.In this model a
molecule of MyBPC runs parallel to the
myosin thick filament, and different
molecules of MyBPC do not interact with
one another. In this model the N-terminus
reaches out to interact with the actin thin
filament. Picture adapted from (Squire et al.,
2003).

In this model two MyBPC molecules are separated®yim on the myosin filament.
The N-terminal region is allowed to interact witletmyosin head or actin, while the C-
terminal zone is involved in binding the C-protémnthe myosin thick filament. Figure

1.17 shows how MyBP-C would assemble in the sarcemeccording to this model
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domains C7-C10 run axially along the myosin filatieackbone not allowing different
molecules of the same protein to interact with anether; this model does not take into

consideration the observed cC5-cC8 and cC7-cC&oaction.

1.1.7 Aim of the project

To have a better understanding of the function BIyBPC, it is important to
characterize the interactions between this praeimther sarcomeric polypeptides. To
do so, many techniques have been used, but alartpotent method to study protein-
protein interactions on a molecular level, is tholw the changes in an NMR spectrum
of a protein of known structure. The structureshoée domains of cMyBPC have been
determined so far, domain C1 (PDB ID: 2avg) (Abalsbual., 2008), C2 (PDB ID:
1pd6) (Ababou et al., 2007) and the central don&in(ldowu et al., 2003) have been
solved by NMR spectroscopy and the X-ray strucofrelomain C1 has been very
recently deposited and published (PDB ID: 2v6h) &ita et al., 2008). It is in this
contest that the preset study has been developed.

The aims of the project are:

* To determine the structure of domain cCO and tdysits interaction with the
Regulatory Light Chain (RLC) of myosin.
* To study the interaction that is thought to happetween domains C5 and C8 of

cMyBPC (Moolman-Smook et al., 2002).
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1.2 Structur determination

1.2.1 NMR spectroscopy

The following section describes the mains step®ved to obtain all the NMR data
needed to determine the three dimensional struati@gomain cCO. First is given a
description of the triple- resonance experimeneduer the backbone assignment of
the proteins, then the NOE effect and its userunctiire determination is described.
NMR spectra contain all the information needed é&bednine the three-dimensional
structure of a protein in solution. However, norfetleese information can be used
without a sequence specific resonance assignmantagsociates NMR signals with
specific atoms in the protein. The experiments #natnecessary to record to carry out a
sequence specific assignment need to contain iafitom about all hydrogen, nitrogen
and carbon atoms but, since the naturally abundatdpes of the latter two nuclei are
either not NMR-active'€C) or have a quadrupole moment that dominategliésation
behaviour and prevents its use in most structu@kvon biological macromolecules
(**N), it is necessary to produce protein samplesllebavith **C and™N. In such
samples, it is possible to transfer phase coherbatgeen'H, N and*°C by using
one-bond connectivities which are strong and mak@ossible to overcome the
sensitivity problems caused by the small magnetoggtios of**C and™N that lead to

low sensitivity detection.
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Figure 1.18Heteronuclear coupling constants J (in Hz) betweenuclei of
a protein backbone. In this picture of shown the diagram of a protegin
backbone together with the coupling constants charistic of every bond.

In these experiments, phase coherence that is ajedeon protons is transferred to

nitrogen or carbon atoms and then transferred tmapkotons, as shown in Figure 2.2

The experiments that are necessary to record pootain sample to be able to solve the

three-dimensional structure are reported in table i some of these experiments the

magnetization is transferred through the bondslenhiother experiments, based on the

Nuclear Overhauser Effect (NOE), it is transfertt@dugh space.

n° exp Type of exp Assignement Through
1 "H/"N HSQC Backbone Bond
2 TH/"C HSQC Backbone Bond
3 HNCaCb Backbone Bond
4 HN(CO)CaCb Backbone Bond
5 HN(Ca)CO Backbone Bond
6 HNCO Backbone Bond
7 HN(CaCb)HaHb Backbone Bond
8 HN(CaCbCO)HaHb Backbone Bond
9 "H/"™N TOCSY-HSQC Sidechain Bond
10 | 'H/™C HCCH TOCSY Sidechain Bond
11 TROSY Sidechain Bond
12 | 'H/™N NOESY-HSQC Sidechain Space
13 | 'H/*C NOESY-HSQC Sidechain Space
14 "H/"H NOESY Sidechain Space
15 "H/'"H TOCSY Sidechain Bond

Table 1.3: NMR experiments needed for the structurealculation.
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The first experiment to be recorded for any newtaimis the'H/*°N- HSQC spectrum
(Bodenhausen, 1980). This 2D experiment consisgsdfl,N chemical shift correlation
map and the number of correlation signals shouldty correspond to the number of
residues present in the protein. Prolines, howeal@not give a signal, due the absence
of a free N-H group, while additional signals cobkel present caused by side-chain NH
groups.

The same kind of experiment can be performedfbrand **C correlation {H/*°C-
HSQC). In this case the spectrum will present npmaks as every C-H group present
in the macromolecule will give a signal.

Four triple- resonance experiments have been mpeerto carry out the sequence-
specific assignment: HNCACB (Wittekind, 1993), HNBXCACB (Grzesiek and Bax,
1993; Grzesiek et al., 1992), HNCO (lkura et a@9@) and HN(CA)CO. Figure 2.2
shows the magnetization transfers that takes plateese experiments. In HNCACB
the magnetization is transferred through the bofrdsgp the amide proton, to theaC
and @ atoms of the same and previous residues, whileHN(CO)CACB the
magnetization is forced through the carbonyl anthgbe spectrum just two peaks will
be present, the &€ and @ of the preceding amino acid. Combining these two
experiments it is therefore possible to identifyquely the G and @ nuclei for the

sequential residues.
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Figure 1.19:Phase coherence transfer between nuclei in triple-esonance NMR
experiments.In this diagram is shown how the triple- resonand#RNexperiments used
to perform the sequence specific assignment wdnke. Fhase coherence is represented by
the green arrows that show how it flows throughrti@ecules. It is clear from this picture
how the experiments on the left give informatiomabtwo residued, andi-1, while the
two experiments on the right contain the informatiabout the i residues alone.
Combining the two experiments on top, HNCACB and (BN)CACB, and the two
experiments at the bottom, HN(CA)CO and HNCO, passible to assign the spectra.

Experiments HNCO and HN(CA)CO work in the same aag give information about
the carbonyls, these are also the only experimiaisgive us information about the
C=0 groups. In HN(CA)CO, magnetization is transgdrfrom the amide proton to the
13C of the carbon alpha, thus involving two couplomnstantsiJ(N,H) which is 90Hz,
and®J(N,CA), which is 11Hz, and give rise to two peakse for the same and one for
the preceding residue. On the other hand, NHCOsgie to one peak corresponding
to thei-1 residue. Again, combining the two experimentssipossible to identify the
signal of each amino acid and, as a consequencgy oat a sequence specific

assignment.
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To identify the proton chemical shifts, other expemts, like'H/**N TOCSY-HSQC
(Marion et al., 1989 a; Marion, 1989 b) have besrorded. This experiment yields a
'H/'H TOCSY plane for each®™N chemical shift. An analogue experiment could be
done taking advantage of the Nuclear OverhausercEfthat is théH/*>°N NOESY-
HSQC (Marion, 1989 b); similarly to the TOCSY capending experiment, in this
case a'H/*H NOESY plane is obtained for eacPN chemical shift, in which the
selected NH proton gives NOE cross- peaks withgm®tof the same amino acid as
well as protons of residues close in space. CombifiH/*°N TOCSY-HSQC and
'H/"N NOESY-HSQC it is possible to distinguish betweeass-peaks generated by
protons in the same residue, that are presenttim dédgeriments, and the protons that
are close in space but not in the sequence, thgtrasent only in th&H/*>N NOESY-
HSQC spectrum. The latter experiment is very imgodras it contains vital information
to determine the structure of the protein.

All the experiments described so far give inforroatabout the backbone nuclei; to
perform a side-chain assignment it is necessargdord specific experiments, such as
'H/BC HCCH-TOCSY (Bax, 1990); in this experiment the gmetization of the
aliphatic protons is transferred to thEIE nuclei through the whole aliphatic side-chain.
After a back-transfer, the chemical shift of théplahtic protons are recorded. The
spectra resulting from this experiment dH/'H TOCSY planes edited by tHéC
chemical shift and generated by a TOCSY transtauth the carbon chain.

Once the’H/**C HCCH TOCSY spectrum has been fully assigneds ipassible to
assign also théH/**C NOESY-HSQC which is the spectrum that, togethizh \the
'H/N NOESY-HSQC, contains all the information for theee-dimensional structure
determination. Ideally it should be possible toaitone’H/*H NOESY plane for each

13C chemical shift and, being the experiment basethemNuclear Overhauser Effect, it
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shows peaks that are both from sequential amind acd residues that are close in
space but not necessarily in the sequence. Thgnassit of théH/**C NOESY-HSQC

is now done automatically using software that akswy out the structure calculation.
Additional experiments, such &d/*H TOCSY and'H/*H NOESY have been recorded

in the aromatic region to do the assignment ofafeenatic side-chains.

1.2.2 Three dimensional Structure determination wit the program

CYANA

This is an iterative process that consists in assent of all NOEs peaks and
subsequent calculation of a three dimensional wtrecthat will be used in the
following cycle to carry out the new NOE assignmeAt CYANA calculation

comprises normally of seven cycles of automatic N&iSignment and subsequent

structure calculation, to obtain a final optimizgdicture .

69



«Amino acid sequence
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NOE assignment

3D structure

Figure 1.20lterative process followed by the program CYANA.The

program repeats this process of NOE assignmentsandture calculation
for seven cycles. The structure is used startioghfcycle 2 to check the
goodness of the NOE assignment of the precedintg @yud to perform a
new assignment on the following cycle. The minirtimais carried out by
simulated annealing in torsion angle dynamics spRisure adapted from
(Guntert, 2003).

In the 3D structure determination of proteins itudon by NMR spectroscopy, the data
containing the conformational information are upgdetance constraints derived from
the NOE spectra. It is therefore necessary to agsagh cross peak, to identify the pairs
of interacting hydrogen atoms. The NOESY assignmientbased on previously
determined chemical shift values that result frowe assignment of different spectra, as
discussed in the previous section. Nowadays thgrassnt of the NOEs is done
automatically by a software, in this work the pangr CYANA (Guntert et al., 1997)
was used, which contains the CANDID algorithm fartcaated NOE assignment

(Herrmann et al., 2002).
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The input data for CANDID comprise amino acid segee chemical shift lists from
sequence specific resonance assignment, list of NOEross peaks positions and
volumes and, optionally, additional information Buas dihedral angles constraints

derived form the program TALOS (Cornilescu et 5999).

1.2.2.1TALOS

HN

O

Figure 1.21¢, y and w torsion angles.In this diagram are shown how
the torsion angleg, y andw are defined. The program TALOS considers
only the angle® andy ignoring the torsion angley that is nearly flat
given its nature of partially double bond.

TALOS compares the similarity in amino acid seqeeaad secondary shifts of the
protein in exam with twenty proteins of known sture. TALOS database, in fact,
contains™®Co, °Cp, *C’, 'Ho and N chemical shifts assignments of these twenty
proteins, together with the backbone torsion anglemdy derived from the crystal
structures. When analysing a new protein, TALOSIsethe experimental chemical
shifts of the protein and converts them in seconadremical shifts before entering
them into the database. A graphical interface makeg easy and intuitive the use of

the program, three windows display the output oletifrom the comparison of the
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experimental secondary chemical shift with the loase data: in the sequence display
the amino acid sequence of the examined proteshasvn with all residues colour-
coded corresponding to a good (green), bad (redanabiguous (yellow), standard

deviation bigger than 45°, prediction.

B [ TALOS 1939.019.15.47 Residue V4 valpha.tab =
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B [ Residue V4, Triplet Q3 V4 RS
-19 127 2146 S65 TB6 L67 ubigquitin
-160 136 2221 V40 K41 M42  dehydrase
-163 140 22.59 K131 R132 133 dehydrase
-126 132 22.61 E110 V111 K112 dehydrase
-100 122 2426 RS57 Q58 YS9 Hivprotease
134 24.38 D33 V34 135 culinase

132 +/- 16
Psi

B

-128 102 2550 RI177 5178 8179 ajpha_LP

L N W NN NEEN
@
8

-84 155 2554 D86 S87 Y88  hca |
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-126 132 24.39 Average
[ Geod g | Bad | Unclassified |
Prev ‘ Next ‘ Hadraw| Clear | Save ! Quit ]

Figure 1.22Graphical interface of the TALOS output. Three windows are present A) amino
acid sequence window where all the residues ofptioéein in exam are displayed with the
prediction for each residue shown in a color-cofdesthion that represents the accordance with
the torsion angles contained in the database ngigaod), red (bad) and yellow (ambiguous);
B) prediction display where the valuesdpfindy and a calculated similarity factor S(i,j) are
compared to those of ten of the proteins presetitérdatabase. C) Ramachandran plot display
shows the tep andy angles for the ten database proteins as greeraddtsor the calculated
structure of the unknown protein as a blue dot.

The TALOS output for the andy dihedral angles of the centre residue in eactethre
residue string taken into consideration, consistshe average of the corresponding
angles in the ten strings in the database withhitjieest degree of similarity. In the first
run, the program classifies only those predictmnwhich at least 9 out of 10 fall in the
same region of the Ramachandran plot and noneeofdhtral residues has a positive

value of¢. If a residue ha$ andy that fall outside the region in the Ramachandtah p
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where all the other nine residues are located, résglue will be excluded form the
calculation of the average and rmsd. In the preialisplay of the program are shown
the ten proteins with the most similar torsion asglo the three residue string taken in
exam. At the bottom is shown the calculated averadee and the similarity factor.
These results are also shown in the third windbe Ramachandran plot display, where
the ten green dots shown represent the ten prigéa in the prediction window, with
the average values forandy in evidence on thé andy axis of the map, respectively,
and the standard deviation is shown as a circlerarohe point with coordinatésand

yv. When available, a blue dot shows the structuteutzted for the protein under
investigation, this is present only after the ficsicle of structure calculation when
TALOS can be revised to improve the final resultdmgcking the accordance between
the experimental values df andy and the same values for the ten proteins in the
database that give the best result. This stepng @m the ambiguous residues so that
the amino acids that were depicted in yellow infthe# output program window, can be
set manually by the operator as in good accordantbethed andy values contained in

the database or discard if in bad accordance.

1.2.2.2 Automated NOE assignment using the CANDIDIgorithm

A CANDID cycle starts by generating an assignméstt that contains the hydrogen
atoms that could contribute to a peak. For eachscpeak, these initial assignments are
weighted against filtering criteria, such as agreenbetween values of chemical shifts
and peak position, self consistency within the rentietwork of NOEs (network
anchoring) and, if available, the compatibility lithe 3D structure calculated in the

preceding cycle. In the first cycle, where a 3Duature is not available, network
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anchoring has a predominant effect. Initial assignt® with low overall score are

discarded.

(a) ™ (b) . (€)
At Peak at
(e W?}
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atom A
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Figure 1.23 Condition that must be fulfilled by a valid
assignments. (a) agreement between chemical shift and peak
position; (b) network anchoring; (c) proximity ime preliminary
structure. Picture adapted from (Guntert, 2003)

For each cross peak, the retained assignmentsit@nprieted as upper distance limits
derived from the cross peak volume; upper distaorstraints can be obtained from a
single assigned cross peak or can be ambiguoumndestconstraints if more than one
assignment is retained by the cross peak. Thedattion of ambiguous constraints
revolutionised the automated NOE assignment agrd&gejust unambiguously assigned
NOEs could be used as distance constraints fosttiueture calculation. The majority
of NOEs, however, cannot be assigned unambigudtesty chemical shift information

alone and this severely limited the applicationaatomated NOE assignment in the
past. When including the ambiguous distance cansstaeach NOESY cross peak with

n> 1 possible assignments can be seen as the syesition ofn degenerate signals.
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. Network anchoring

Any network of distance constraints that is denseugh for the determination of a
protein 3D structure, forms a self-consistent stulodecorrectly assigned constraints.
Network anchoring evaluates this self-consistenfcNOE assignments independently
from the knowledge of the three dimensional striectf the protein in question and can
thus be used in the first cycles of NOE assignmethin a 3D structure is not available
to evaluate the goodness of the assignment. Thehi@iceach NOE assignment must be
embedded in the network of all other assignmentsemthis approach very powerful in
detecting erroneous constraints that are not rmeatb by the presence of consistent
NOEs around it.

Network anchoring for two atoms andf consists in looking for all atoms present
either in the same or in the neighbouring residtles, are connected simultaneously to
a andp. The connection might be an assignment or thetfettthe structure implies
that the corresponding distance must be short dntaugive rise to an observable NOE.
Interestingly, all peaks from the peak list conitéd simultaneously to the network

anchored assignment.

. Constraints combination

The presence of artifacts and the misinterpretatbmoise signals, could lead to
erroneous structure calculations. This is partityl&rue at the first cycles of NOE
assignments as a 3D structure based filtering n$ttaints is not available. Constraints
combination is applied in the first two cycles AARIDID to minimize the impact of the
experimental imperfection of the spectra on thellteg) structure at the expense of a

temporarily loss of information.
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Constraints combination consists in generatingadist constraints with combined
assignments from different, unrelated cross pe@hks. basic property for ambiguous
constraints is that a constraint will be fulfillég a correct structure as long as at least
one of its assignments is correct, even if adddiorerroneous assignments are
associated with the constraint. This implies that tcombined constraints have a lower
probability of being wrong than the correspondirrggioal constraints, provided that
less than half of the original constraints are reeous.
CANDID provides two methods of constraints combiorat
 2—1 in which two assignment& andB are replaced by a single ambiguous
constraint with assignmerA ] B
e 44 is a pairwise combination that replaces fourgmsentsA, B, CandD
with four distance constrainta 1 B, AOC, ADDandBUOC.
Since in case of error the effect on the globad sl more pronounced with long range
NOEs, the constraints combination is applied omltleese signals and not on short or
medium range NOEs.
In the 2-1 case, the number of long-range constraints igeldalwhereas in the-44
combination more of the original information arenserved. The latter combination,
moreover, takes into account that some peaks hssigrments more reliable than
others, as the four peaks B, CandD are used 3, 2, 2 and 1 times respectively, to form

the final combined constraints.

76



(a) o ()

D
c B
A B
Individ L.!al
Correct constraints Combined
structure A-B (correct) constraint
(unknown) C~D (wrong) {ambiguous)

Figure 1.24Constraints combination. The correct, unknown
structure (a) is distorted when two constraintscamesidered
independently, whereas a combined constraint wiltlpce a
structure more closer to the real situation. Petadapted
from (Guntert, 2003)

1.2.2.3 Structure calculation

In the program CYANA, the calculation of the thidienensional structure of a protein
IS a minimization of a target function that measutee agreement between a structure
and its set of constraints. The CYANA target fuoct{Guntert et al., 1997) is defined
such as it is zero if all experimental distance @wrdion angle constraints are fulfilled
and all non bounded atom pairs satisfy a checktferabsence of steric overlap, a

conformation that satisfies these criteria moreselyp than another, will lead to a lower

value of the target function.
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» Torsion angles dynamics

The minimization algorithm in CYANA is based on silated annealing (Kirkpatrick et

al., 1983) by molecular dynamic simulation in torsiangle space. Torsion angle
dynamics consists in molecular dynamic simulati@ng torsion angles instead of
Cartesian coordinates as degree of freedom. Cochparthe minimization of a target

function, the molecular dynamics simulation congsisalso the kinetic energy that
allows overcoming barriers of potential, reducihg probability of encountering a local
minimum.

The only degree of freedom in torsion angle dynansdhe rotation about the covalent
bonds, so that the conformation of the proteinefingéd by the values of all torsion

angles.

e Simulated Annealing

In solving a protein structure, the potential eygogofile is complex and studded with
local minima, it is therefore important to adoptadculation method that will minimize
the probability of being stuck in one of these lazénima. The method of choice is
simulated annealing, a combinatorial optimizatioatmed. The concept of simulated
annealing is taken from the crystallisation proceduapplied to metals, where a metal
is melted at high temperature (high kinetic engrbgse) and then slowly cooled down
in order to minimize the structural defects.

The standard simulated annealing protocol in CYAN&rts from a conformation with
all torsion angles treated as independent and sisngf five steps. An initial
minimization step, including only constraints betweatoms up to three residues apart
along the sequence, is performed to reduce higarggninteraction that could disrupt

the torsion angle dynamics algorithm, and is thaioded by the high- temperature
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phase, a torsion angle dynamics calculation caoigdat constant high temperature, so
to ensure of not falling in any local minima. Therd step consists in the slow cooling
close to a zero temperature. Up to this point fdrdgen atoms have not been included
in the calculation and are included at this stagelow temperature phase with
individual hydrogen atoms, then a final minimizatis carried out, consisting of 1000
conjugate gradient steps.

With torsion angle dynamics it is possible to cldtel protein structure on the basis of

NMR data efficiently.

1.2.2.4 Structure validation

Once the structure has been determined, it hasetevialuated to understand how
reliable the result obtained is. Cyana implemeitsteria (Guntert, 2003) that allow
to evaluate the goodness of a structure; theserierdre as follow:

1. average target function for cycle 1 below 250

2. average target function for cycle 7 belowA0

3. less than 20% unassigned NOEs

4. less than 20% discarded long- range NOEs

5. RMSD for cycle 1 below &

6. RMSD between cycles 1 and 7 belok 3
Thanks to these criteria it is possible to evalwatewly determined three dimensional
structure, however this can be done also with thlp lof different software. An
important one and also the one used in this worPROCHECK in its version
PROCHECK NMR (Laskowski et al., 1996), that caroes validation of the geometric

quality of the structure determined. Since thenm@ation contained in NMR data alone
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is not enough to determine a molecular structures particularly important to check
NMR structures for geometric abnormalities and rstro

Most of the checks use reference values of theidered geometric parameter to judge
if a structure is normal or not. The validationeria used to evaluate the goodness of a
structure could be concerning the local geometike bond lengths and angles,
chirality, tetrahedral geometry and side chain atdwy, or overall quality, evaluated by
the Ramachandran plot, rotameric states, backbontmrnation and packing of the
side-chains in the hydrophobic core of the proteins additional criteria like inter-
atomic bumps, hydrogen bonds and electrostatics.

The most relevant of the local geometry criteriabto considered are thd andy2
angles that define the states of the rotamers.-Sidan rotamers have a preferred
staggered conformation with dihedral angles of @Dand 180°; this preference is due
to the difference in energy between the eclipsedarmation, that is characterised by a
more relevant steric interaction and as a conseguéas a higher energy, and the
staggered conformation, that is energetically fagdu both states can occur in a
protein, as transitions are possible between the dtates. The relative population
between these two states vary with amino acid tgpepndary structure elements and
environment. In PROCHECK thgl- 2 side chain rotamer distribution is considered
for each amino acid in the sequence and displayed graphic where allowed and
disallowed regions are depicted.

A similar kind of evaluation could be done for thackbone dihedral angldgsandi.
Based on steric consideration, it was shown (Raaradtan et al., 1963) that the
combination of the two angles in a polypeptide ohaie restricted to certain ranges,
which can be visualised in the so-called Ramaclaandvlot. Apart from steric

restrictions,¢ and | show different preferences that depends on resigpe and
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secondary structure elements. The Ramachandrars@otnowned method to evaluate
the quality of a structure (Hooft et al., 1997) ahd most widely used method to do so
is to divide the plot in four regions: favoureddambnally allowed, generously allowed
and disallowed. This is also the method used irptbgram PROCHECK.

Another important angle to be considered is thsidorangles about the peptide bond.
Given its partially double-bond nature, its fretatmn is impaired and the peptide bond
is always close to planarity. The angbeis mostly found in thdrans conformation
(180°) but can be found also in the less favowisadtonformation (0°). Most of theis
peptide bonds involve a proline (Xaa-Pro) but remees otis conformations without
the presence of a proline residue are also known.

Particularly interesting are the non-bonded intéoas such as inter-atomic bumps.
These occur when the distance between the cerftte® @toms is less then physically
realistic; PROCHECK identifies atoms as being inedl in a bad contact if they are
closer in space than 2.6 A. This is done consideninly the non-hydrogen atoms and
those pairs that do not form hydrogen bonds. Hyeinogonding in fact, plays a very
important role in the stability and overall foldird a polypeptide. The difference in
energy between the folded and unfolded state ob&in is between 5 and 15 kcal mol
! while the energy for the formation of a singledtngen bond is in the order of 2-5
kcal mol* (Branden, 1999) so the absence or presence ditlasas 1 to 3 hydrogen
bonds can have a profound effect on the protelnlgya The packing of the side chains
in the hydrophobic core is another important patansethat can give an idea of the
goodness of a calculated structure, as differgm ©yf amino acids display a different
preference for their neighbouring residues andetipgsference have a strong impact in
determining the global fold of the protein. Thisparticularly true for aromatic and

hydrophobic residues that should pack against oi¢har in the core of the protein
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structure. All these aspect together give an idehow good and reliable a structure
calculated based on NMR data is. The PROCHECK tesué all displayed in graphic

form so they are very direct and intuitive (seefes 3.11 and 3.12 p 111- 112).

1.2.3 Protein dynamics

Dynamics play an important role in protein functi@rooks et al., 1988; Jardezky,
1996; McCammon and Harvey, 1987) and NMR sengjtitit motion makes it a
powerful tool for the study of macromolecular dynesnthrough the phenomenon of
nuclear spin relaxation (Palmer, 1997; Wagner.eL8B3). Some spectral properties, in
fact, can be correlated to intra-molecular motempnce the NMR peaks of a spectrum,
usually a'H/*>N HSQC spectrum, are assigned it is possible testigate the properties

of the corresponding nuclei based on their relaxatiehaviour.

1.2.3.1 Relaxation

Once a spin has been perturbed, it tends to redak to its equilibrium state over a

period of time. Every spin has two different kind-elaxation:
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Figure 1.25Relaxation processesa) T, relaxation. The perturbed population of the energy
states tends to return to the equilibrium Boltzmasiritiution; thez magnetization returns
to its original value exponentially. b), Telaxation. The spins that are on #ygplane after
the 90° pulse, de-phase so that the net magnetizaiio the xy plane decreases
exponentially to zero.

» Longitudinal relaxation(T,) is the time necessary for the population of thergy
states to return to the original Boltzman distnbatand corresponds to the time
taken by the net magnetization () to return exponentially to its starting vatue

» Transversal relaxatior{T,) is the time necessary for the coherence inxthplane

(M,y) generated by the 90° pulse, to de-phase decayipgnentially to zero.

Dynamic information is derived by both longitudirald transverse relaxation rates R
(1/T,) and R (1/T,) and also from the cross-relaxatiGd/*>N rates (NOE). For the
evaluation of the dipole cross-relaxation two sefgexperiments are run, a reference
experiment, corresponding to'Bl/*°N HSQC without the initial INEPT step, so the
initial magnetization is localized oN nuclei instead ofH as in the'H/**N HSQC

experiment. Nevertheless the peaks obtained camesio the one of th#H/*°*N HSQC

83



experiment so the assignment can be transferredebatthe two. This will have the
function of reference spectrum, while the secongeeiment is registered witfH
saturation so to generate a Nuclear OverhausectHfieteronuclear NOE). Comparing
the two spectra it is then possible to recognizewhesidues are more affected by the
NOE and so take part in dynamic phenomena. Frorsettexperimental data it is
possible to extract information on the dynamic psses specific for the molecule in

exam.

1.2.3.2 Model free analysis

The dynamic information on fast internal motionttisan be extracted from the

NMR experiments are contained in two parameters:

« General order parameter (Sis a measure of the degree of spatial restriction o
the motion; it can assume values between 0 and 1.

» Effective correlation timerf): is a measure of the rate of the motion.

These two parameters can be defined in a modebamtkent way and are at the core of
the Lipari-Szabo analysis (Lipari and Szabo, 19&83aari and Szabo, 1982b) to obtain
dynamic information from relaxation experiments.eTldea of using a model-free

analysis is to avoid the danger of over-interpretadf a limited set of data.

The first step of this analysis is to determine tiaure of the overall motion by
determining thecorrelation time {;) which corresponds to the average time taken by a

molecule to achieve an orientation of one radiamfrits starting position due to
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random motion. The correlation time is linked te torrelation function Go) that is a
way of characterizing the time dependence of theam internal motion; performing a
Fourier transformation os(z) that is a function of time, a function of frequgns
obtained, exactly in the same way the time depereiénis transformed in a frequency
dependent spectrum. This frequency dependent dquanthespectral density 4f) and
tells us how much motion is present at a particuéamor frequency.

Assuming the molecule subject to an isotropic mmtipcan be extracted directly from
the relaxation data for nuclei rigidly attachedhe macromolecule. Once this is fixed,
it is possible to extract the information on theernal motion, determining the spectral

densityJ(w) that is linked to the three observable NMR relmxaparameter:

R =[G pla)s i) st

@{§ymwﬂ%wm@%m%wwﬂmm

NOE = (%ZJSJ (B,a,)

where d = —=—"" is the sipolar relaxation contribution afigk 0.921p,= 0.955p33=
N

0.87 for 15N.

Ry
6

The spectral densit§(w) can be described in terms $f andz. without considering a
specific model for internal motion; these two quiged, in fact, are treated in the Lipari-
Szabo approach, as adjustable parame®mndz., in fact, uniquely determine T

and NOE via the spectral density, $oandz. are varied in such a way to minimize the
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sum of the squared differences between the theatednd experimental values. Five

models have been used in this work to describenblecular motion:

Model Spectral density function Parameters
1 2 B SZZ- ] Sz
J(a)) == —‘32
5[ 1+ (ar,)
2 2 i SZT ] Sz, R2,ex
J(W) ==| —F~
5[ 1+ (ar, )
R2.ex= RotRex
3 J(w)_g SZTC N (1_SZ)T 1 Szire 1
5/1+(wr, )’ 1+ (wr)? R ]
- - r 1, T,
4 3] 2 B SZT (1_ SZ )T ] Sz; Te RZ,eX
W) =— o+
() 51+ (wr, ) 1+ (ar)? %:Ti+ri

R2,.ex= Ro+Rex

2 82 S2 T
_Z 2 SSTC (1_ SSZ)Z. y S e
@)= 5 S L+(a}rc)2 +1+(a)r)2] % SR

Table.1.4: spectral density function used in the nuerical fit to the experimental T1, T2 and NOE
values.S” is the generalised order parametét,ISthe order parameter for slow internal motidRs; is
the function of the chemical shift evaluated asachange term, is the rotational correlation time of
the moleculer. is the effective correlation time of the intermadtion. S is the order parameter for fast
internal motion. Note that’'SS%4S%. Rey is given as an additional term in the transveesaxation time.

Model 1 is the simplified Lipari- Szabo model whiglssumes that only very fast
internal motions take place, such as thermal vidmat Model 2 takes into account also
relaxation phenomena that might happen in the mtdeeavith the result of a relaxation
faster than expected; in this casg.Rs the experimental result and Ee calculated
transverse relaxation rate, from these it is pdsddoobtain Ry that gives an estimation
of the exchange rate that the molecule undergoesieM3 and 4 correspond to the
complete Lipari- Szabo model, with model 4 takingpiaccount exchange phenomena,
similarly to what happens in model 2, and modet Bhie extended form of the Lipari-

Szabo equation (Clore et al., 1990) used when(f§sand slow £s) correlation times
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differ by at least one order of magnitude and ithisn necessary to consider the two
motions separately and, as a consequence, twosvilug; and$ should be taken into
account on calculating the spectral density.

For every residue present in the analyzed protha spectral density is calculated by
the five models shown above; for each residueas thosen the model that gives the
best fit between calculated and experimental valliee way a model is chosen over
another is by evaluating the error using F-testRnalues; if increasing the number of
parameters used, that is using a more complex mdaelerror does not diminish
significantly, it is not worth using such a modiel this reason the most used model is

normally model number 1.
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Chapter 2

Materials and Methods

2.1 DNA Methods

2.1.1 PCR

The Polymerase Chain Reaction (PCR) was used tedlee DNA fragments coding
for different domains of cMyBPC in vectors of th&Tp family. The majority of the
cloning has been carried out in collaboration vibthElena Rostkova (King's College,
London); the fragments coding for the domains ofyBM®C have been cloned in a
modified version of vector pET-8C.

For certain domains it was necessary to repeapitheedure to clone the DNA coding
fragments in different vectors, essentially to @age the protein solubility by producing
a fusion protein with either Thioredoxin (pETM-2Q)aVallie et al., 1993) or NusA
(PETM-60) (De Marco et al., 2004).

To do this, primers have been designed to be cobipatith the chosen vector and to
contain appropriate restriction sites in order e adble to digest the amplified DNA
fragments with Ncol and BamHL1 restriction enzymed, ssubsequently, to ligate the
fragments in the desired vector.

For the PCR théfX DNA Polymerase (form Invitrogen) was used with tkaction

conditions are reported in table 2.1.
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Volume Final concentration
10X Amplification Buffer Sul 1X
PCRx Enhancer Solution 1B 1X
10mM dNTP mix 1.5d 0.3 mM each
50 mM MgSQ 1l 1 mM
Primers mix (1QuM each) 2ul 0.3uM each
Template DNA Al 100ng
Pfx DNA Polymerase ul 2.5 units
H,O 32.5ul

Table 2.1: PCR conditions

The general cycle used for the PCR are reportéabile 2.2

Temperature Time Cycles
94°C 2 min 1
94°C 15 sec

50-60 °C 30 sec 30
68°C 30 sec
72°C 12 minutes 1
4°C Until the end 1

Table.2.2: PCR cycles
For best results, the PCR products were purifiethgu®QIAGEN QIAquick PCR
purification kit before proceeding with the restion digestion with BamH1 and Ncol

(both from Roche).

The restriction reaction was carried out usingftlewing quantities:

Plasmid 1ng
10x Buffer B 5ul
BamH1 1 pl (10 units)
Ncol 1 ul (10 units)
dH,O 3 }J.|

Table 2.3: restriction digestion reaction

The reaction has been incubated for 2 h 30 miry &€ 3Buffer B was chosen as it gave
the maximum activity (100%) to BamH1 and high atyi(50-75%) to Ncol, while
buffer H would have given a maximum activity (1008)Ncol but a low activity (25-
50%) to BamH1, so the choice was the best compmotaibe able to carry out a double

digestion using the two enzymes together.
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The products were then purified by gel extractismg the QUIAGEN QIAquick gel

extraction Kkit.

2.1.2 Ligation

The restriction endonuclease digested fragments gelrpurified from a 1% agrose gel

using QIAagen Gel Extraction Kit. The resultanttee@nd fragment were ligated using

T4 DNA ligase (from Roche):

Control l) Ratio 1:1 {ul) Ratio 1:3 {ul)
Plasmid 2 2 2
DNA fragment - 2 6
1x DNA diltion buffer 1 6 2
T4 DNA ligation buffer 10 10 10
Ligase 1 Ul 1 1 1

Table 2.4: Ligation reaction conditions

The reaction has been incubated at room temper&iur@0 minutes and the product

transformed into competent Dhigells.

2.1.3 Competent cells transformation

The competent cells were thawed for 1 hour on efere inoculating with 21l of the
vector containing the desired cDNA fragment.

After leaving the cells on ice for 30 minutes, thegre heated at 42°C for 30-45
seconds, and then 250 of SOC medium (from Invitrogen) were added. After
incubation at 37°C for 60 minutes, a fgbaliquot of transformed cells was plated out

on LB- Agar plates containing appropriate antilwptivhile the remaining 20Ql of
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cells were spun down at 13000 rpm for 1 minute, fibflet resuspend in 50l of

autoclaved water and plated out on LB- Agar plategaining appropriate antibiotic.

2.1.4 PCR screening

After incubating overnight, a PCR screen was peréat on the colonies grown on the

plate. Each colony was resuspended in 50 pl £ lAnd then a PCR reaction was

performed.

DNA template 10ul
Primers mix 1y

dHO 1.5ul
Red taq (from Sigma) 12.5pl

Table 2.5: PCR screening reaction

The PCR reaction was performed as follows:

Temperacture Time Cycles
94°C 5 min 1
94°C 30 sec
60 °C 30 sec 30
72°C 30 sec
72°C 8 minutes 1
4°C Until the end 1

Table 2.6: PCR screening cycles

Of the colonies that resulted positive at the PCRRening was performed either a mini
prep (High Pure Plasmid Isolation Kit from Roche)ni a 50 pl culture or a midi prep
(S.N.A.P. midi from Invitrogen) for a 50 ml coltyre produce enough DNA to be
checked by DNA sequencing and to be used in thewolg procedures.All DNA
samples were sequenced by the Protein Nucleic Bbieimistry Laboratory (PNACL)

at the University of Leicester.
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2.2. Protein Expression and Purification

2.2.1. Competent cells Transformation for protein expr@ssi

The competent cells were thawed for 1 hour on efere inoculating with 21l of the
vector containing the desired cDNA fragment.

After leaving the cells on ice for 30 minutes, thegre heated at 42°C for 30-45
seconds, and then 250 of SOC medium (from Invitrogen) were added. After
incubation at 37°C for 60 minutes, the transforroelts were plated out in 20 and gD

aliquots of culture, on LB- Agar plates containaggpropriate antibiotic.

2.2.2 Expression in Luria- Bertani (LB) medium

The transformedt. Coli cells were grown in 5 ml LB cultures containingoegpriate
antibiotic during the day (8 hours) and then graw200 ml LB cultures overnight. In
the morning, 4L of LB medium with antibiotic, wereoculated with 20 ml culture each.
All the cultures were grown at 37°C while shakin2Z0@ rpm), if not specified
otherwise. Protein expression has been induceblenate- log phase,sfonm between
0.7 and 1, with 0.75 mM IPTG (Isoprop$D-1.thiogalactopyranoside) (form Sigma).
Four hours after induction, the cultures have bkarvested spinning down for 15
minutes at 6000 rpm (978§ in Sorvall rotor SLC-6000 at 4°C. the pellets ev&ept at

—20°C until needed for purification.
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2.2.3 Expression in Minimal medium M9

Minimal medium has been used to obt&iN or >N/ *°C labelled protein. The same
procedure for protein expression in LB was repeatedescribed in the section above,
until reaching an OD of 0.8, then the culture hasrbspun down at 5000 rpm (9782 x
g)for 8 minutes in a Sorvall rotor SLC-6000. Aftemtrifugation the pellet has been re-
suspended in 1X M9 salts and then spun down agai8 minutes at 5000 rpm. The
pellet has been re-suspended in 50 ml minimal nmediM9), containing™NH.CI to
>N labelled protein of>NH,Cl and**C glucose to doubly label the protein, and then
transfered in the M9 medium and left in the shake87°C for 1hour before inducing
protein expression with 1 ml IPTG 0.75M (Isopro3AD-1.thiogalactopyranoside)
(form Melford). After 4 hours induction the cellawe been harvested spinning down

for 15 minutes at 6000 rpm and kept at —20°C unadded for the purification.

2.2.4 Protein Purification

The pellet obtained from 4L of LB colture has beersuspended in 10 ml FF6 wash
buffer, sonicated for 2 minutes (20 sec on, 20af&c10 amplitude) and spun down

again for 90 minutes at18000 rpm (5976&) x

Running a SDS PAGE ( Sodium DodecylSulphate Polylaonide Gel Electrophoresis)

it was possible to determine if the protein expedss the conditions reported above is
soluble, being present in the supernatant.

In case of soluble protein, the supernatant has kept and purified by Immobilized

Metal ion Affinity Chromatography (IMAC) using Nié€pharose 6 Fast Flow columns
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(form Amersham), due to the presence of the hesidime tag. The resin contained in
each column consists of §n beads of agarose with a coupled chelating greash
has been charged with Niions. The columns were packed using 4 ml of r@esnded
resin, corresponding to 2 ml of resin in each caluifhe protein, once loaded on the
columns, was washed with 40 ml of FF6 buffer amalfy eluted with 8 ml of FF6
elution buffer, containing 500 mM Imidazole (formffer composiotion see appendix
A.1p. 198).

Further purification was achieved using Size ExolusChromatography on a Superdex
75 HiLoad 16/60 pre-packed column, or by Immobdizéletal ion Affinity
Chromatography (IMAC) following digestion with T@votease.

Size Exclusion Chromatography is based on thetfettthe stationary phase is formed
by a surface, that can be made of silica or a petyitihat presents pores of different
size. The sample that has to be purified is inpeetethe column and the different
components will travel through the column at difetr rates, according to their size:
bigger molecules, that cannot permeate the redariag the small diameter pores, will
travel through the column faster than the small ponents that are able to enter the
pores and then following a longer root through tw@umn before being elute.
Molecules with dimensions bigger than the average gize will not be retained and
will be excluded; on the other hand, molecules #ratsensibly smaller than the pores
can be retained for a long time and they will be ldst to be eluted. Between the two
extremes there are the molecules with an internedi&e that travel through the
column according to their molecular weight. AnotHactor that can influence the
retention time of a molecule is its shape, as midscwith a bigger steric hindrance
will travel faster through the column at equal ncollear weight. An important aspect of

this technique is the absence of physical- chemit@raction between the sample

94



components and the stationary phase, as happea$ ather liquid chromatography
techniques. Two types of size exclusion chromafduyaexist, one, called gel-
filtration, uses hydrophilic substrates in the cohs, the other, known as gel
permeation, based on hydrophobic substrates. $nvibrk only gel filtration was used
as all the samples were present in aqueous salution

All the plasmid used in this research, except pET{ave a TEV protease recognition
site that allow to cut away the hexa- histidine #aghe N-terminus of the expressed
protein. In some cases the chromatography stepeshaifficult and it was preferred to
repeat the IMAC purification after digestion witleV protease. In this second step of
Metal lon Affinity Chromatography the protein oftémest will not be retained by the
column and will flow through, while the hexa- hditie tag will be chelated by the resin
and will not pass through the column. At the endhid step the protein is obtained in
its pure form.

To run the NMR experiments, all the proteins waedyded against NMR buffer using
either dialysis membranes (Spectra/ Pro Dyalisisnbranes MWCO: 3500) or
cassettes (PIERCE Slide-A-Lyzer Dyalisis CassaéitésCO: 3500, 3-12 ml) . Usually
three steps of dialysis were performed using 1NBIR buffer each (see appendix A.1
for buffer composition). Finally, the proteins weoencentrated by centrifugation
(concentrators: Viva Spin MWCO:3000, 20 ml or AmdBentriprep MWCO: 3000, 15
ml). the protein concentration was checked meaguiwe absorbance of the protein
solution at 280 nm and then calculating the comed¢ioh according to the Beer-

Lambert law.
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2.2.5 Refolding of insoluble proteins

Some of the proteins studied in the course of rkggarch were expressed as insoluble
aggregated folding intermediates known as includiodies. In order to recover an
active protein, the insoluble proteins had to belsbsed with denaturants such as 8M
urea to dissolve the inclusion bodies, that aftedweeeded to be removed to allow the
protein to fold in its native state.

Two protocols have been used:

Long refolding protocol

Stepl: TBS pH7.5, Urea 2M, 0.01% Brij58 48h
Step2: TBS pH7.5, Urea 1M, 0.01% Brij58 48h
Step3: TBS pH7.5, Urea OM, 0.01% Brij58 24h
Step4: TBS pH7.5, Urea OM, 0.01% Brij58 24h
Step5: TBS pH7.5, Urea OM, 0% Brij58 24h
Step6: TBS pH7.5, Urea OM, 0% Brij58 24h

Short refolding protocol

Stepl: TBS pH7.5, Urea 2M, 0.01% Brij58 48h
Step2: TBS pH7.5, Urea OM, 0.01% Brij58 24h
Step3: TBS pH7.5, Urea OM, 0.01% Brij58 24h
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Every one of these steps was performed using ldéaoh buffer and in a cold room at
4°C, using dialysis membranes (Spectra/ Pro Dislygmbranes MWCO: 3500).

The problem arising from this procedure is the that many conditions, such as buffer
composition, protein concentration, temperaturst jo mention the most common,
have to be optimized for each specific protein. Aexen for optimized refolding

processes, the yield of re-natured protein mayrbieeld.

2.3 Actin binding assay by cosedimentation

All proteins studied in the course of this resealbding muscle proteins, it was
necessary to perform on some of them an actin mgndssay to determine whether or
not they interacted with the second main constitoémuscle fibres. The purified actin
for the assay was donated by Dr EI-Mezgueldi’s grou

To perform the assay, 50 aliquots of the two proteins at a concentratiérb® uM
were used. The assay consists in mixing the tweepr® together at room temperature
incubating for 10 minutes and then spinning dowa ghmples at 8500 rpm (436159 x
g)for 30 minutes at 4°C in a Beckman Optima TLX cémge. The supernatant was
then freeze dried and re-suspended in SDS-PAGEhuwihile the pellet was washed
with actin binding assay buffer and then re-suspdnd SDS-PAGE buffer. Different
samples were used, some containing the mixturectof and protein of interests, and
some controls. The result of the assay consistsstablishing, though SDS-PAGE
analysis, whether the protein precipitates togethién actin as a consequence of the
ultracentrifugation or stays in the supernatant.e&sential condition for this assay to
work is that the protein should not precipitatehe pellet during ultracentrifugation in

absence of actin.
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1 2 3 4 5
Actin - - 159l 159l 159l
cCO 333ul - - 333yl -
MS1 - 134ul - - 134l
Buffer 667l 866l 841l 508 pl 707 pl

Table 2.7 Sample composition of the solutions usédthe Actin Binding cosedimentation assay

2.2NMR spectroscopy

All NMR spectra were obtained running the correspog experiments on 600 MHz,
with or without cryoprobe, or 800 MHz with cryopmBrucker spectrometers. All
experiments were carried out at 30°C for domaifh e@d 25°C for domain cC8. The

pulse sequences used were the ones implementeMByddntre manager.
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Chapter 3

Solution structure of domain CO of cardiac Myosin Bnding Protein C
(cMyBPC) and characterisation of its interaction wth the Regulatory

Light Chain (RLC) of Myosin

3.1 Results

In order to understand the function of domain c@®@ only unique domain of the
cardiac isoform of MyBPC, its structure was detemai and a study of the interaction
between cCO and its probable binding partner, teguRitory Light chain of Myosin,

was performed. The results obtained are reportéusrchapter.

3.1.1 Protein Expression and Purification

3.11.1 cCO

DNA sequences coding for human cardiac cCO and Ra¢e been cloned in vectors
pET-8C and pLEICS-1 respectively. Both vectors wiapeulated inE. Coli host cells:

in BL21(DE3) STAR (from Invitrogen) were used footh proteins, while RLC was
also expressed in Arctic Express (from Stratagem#h comparable results. The
regulatory light chain was expressed in LB to paaunlabelled samples, while cCO
was expressed in M9 medium, enriched with eith®r to produce singly labelled
samples o°N and **C to produce the doubly labelled samples, necessarriple

resonance experiments, and in LB to produce thabefed sample used for the

assignment of the aromatic side chains. Due tgthsence of a hexa- histidine tag at
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the N-terminus, both proteins were purified by Inimliaed Metal ion affinity
chromatography (IMAC) and then either by gel fiitba (cCO) or by cleavage using

TEV protease and repeating the metal affinity chatwgraphy step (RLC).

a) b)
MW 1 2 3 4 567
kDa
36.5 36.5
31.0 31.0
215 215
1) 14.4 ‘ 14.4 * cCO 11kDa
6.0 6.0
-
3.5 35
25 25 B
mAU
35
30
25
20
2) 15
10
5
0
s e o) ooy el
0 20 40 60 80 100 ml
Figure 3.1Purification of cC0. 1a) Purification of domain cCO by Immobilized
Metal ion Affinity Chromatography (IMAC). In lane df the SDS-PAGE gel is
visible the marker and in lane 2 a stock of cCOabietd by Ni- column
purification; 2) Chromatogram resulting from Sizeclegsion chromatography.
cCO is present in fractions A9, A10, All and AllRede four fractions have
checked on a SDS-PAGE, as shown in picture 1b), thed been pooled
together.

cCO was expressed in both LB and M9 media givingdggields, 23 mg/l and 19 mg/I

respectively.
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3.1.1.2 Regulatory Light Chain

The original construct intended for the study o thteraction with domain cCO was
that of a complex formed by the Regulatory Ligha@®h(RLC) and its binding site on

myosin (MyBS) that is located between residues &®@8l 842. Expression and

purification of this complex proved very difficidind so, after various failed attempt to
produce enough protein to perform a titration, @swdecided to use the RLC alone,
despite the fact that its stability in absencehef MyBS seems to be limited. In fact the
a- helical content of the protein when not boundnyosin is as low as 18% as shown

by the result obtained by CD spectroscopy (Szczesah, 2001).

55.4

36.5
31.5

215 e — -
14.4

6.0

Figure 3.2HtRLC after TEV digestion and
purification with IMAC on Ni 2* columns. In
lane 1 is shown the marker. In lanes 2 and 3 the
Ht;RLC before digestion and in lane 4 the
Ht;RLC after digestion with TEV protease anf
IMAC purification. This sample was used tp
perform the studies on the interaction betweg
this protein and domain cCO.

n
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The expression of the Regulatory Light Chain (RUQ))ET-8C in BL21Star (DE3)
competent cells was not satisfactory, so the gedeng for this protein was re-cloned in
vector pLEICS1 and expressed in both BL21Star (D@®m Invitrogen) and Arctic
Express RIL (from Stratagene) giving good resulthe RLC was purified by
Immobilized Metal Affinity Chromatography after digtion with standard uncalibrated
stock of TEV protease obtained from the PROTEX fatmy at the University of
Leicester, as described in the Material and Metlsmdsion. The protein was expressed

giving a yield of 7mg/I.

3.1.2 NMR spectroscopy

Different samples were made to perform the NMR erpents:

. [**C/ N cC0]= 1.4 mM
. [**N cCO0]= 670uM
. [cCOx]= 1.7 MM

The first, doubly labelled sample was used to mc¢be triple resonance experiments,
HNCaCb, HN(CO)CaCb, HN(Ca)CO, HNCO, HN(CaCb)HaHW(BaCbCO)HaHb
and the®*C specific experiments such &d4/**C HSQC,'H/**C HCCH TOCSY and
'H/BC NOESY-HSQC; while from thé®N enriched sample were obtaindd/*N
HSQC,H/**N TOCSY-HSQC andH/*®N NOESY-HSQC. An unlabelled sample was
used to record the spectra relative to the aronsitie chainsH/*H TOCSY, *H/*H
NOESY. The NMR samples were concentrated down earésferred to a clean NMR
tube. The®C/ **N cCO and cCQ samples were frozen and lyophilized overnight to
eliminate the water and then re-suspended in higiypD-O (from Sigma). All thé®N
spectra, recorded using tfi® cCO sample, were, on the other hand, recordédb@®

with addition of 5% of RO to allow locking the machine and water suppressio
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3.1.3 Sequence specific Assignments for domain cCO

Very comprehensive sequence specific assignments garied out for domain cCO,
with all non- proline backbone amides identifiecthie *H/ N HSQC spectrum except
for residues Glu2, Gly44, Gly45 Asn52 and Ser83/425Backbone nuclei £Land G
were assigned in the triple resonance experimeriis & very high percentage of
completion, being missing the assignments for dhby first two residues at the N-
terminus of the domain; the aliphatic side chairsenassigned in thé/**C HCCH
TOCSY experiment.

Aromatics’H signals were assigned in the two dimensidhiatH TOCSY experiment,

while the**C signals were identified in the TROSY experiment.

3.1.4 Structure Calculation of domain cCO

The automatic assignment of the peaks picked mbnualthe three- dimensional
'H/3C NOESY-HSQC experiment was carried out using tA&DID protocol, as part
of the software CYANA 2.1. Out of the total 2460aks, 88% were assigned (2170)
while just 292 (12%) were left unassigned at the eh the procedure; all these
unassigned peaks were the product of artefactseam™\IMR experiments and were all
checked manually at the end of the automatic assgh procedure. The uniquely
assigned NOE peaks produced 1154 upper distands timat were used as constraints
on which to base the structure determination.

The final family of structures for domain cCO waltaned using 1360 structural
constraints derived from experimental NMR dataludimg 441 sequential,(i+1), 85

medium rangei(i<4) and 628 long range, (>5) upper distance limits, 180 backbone
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torsion angles constraints (90and 90y) and 26 hydrogen bond constraints found in
region with defined secondary structure.

Following the final round of CYANA calculation, 8tonverged structures were
obtained from 100 random starting structures. Tbeverged structures contain no
distance or van der Waals violation grater thafad no dihedral angle violations
grater than 5°, with an average value of the CYAfdfget function of 1.08+0.0637A
The rmsds of the violations for upper distance tlirawer distance limit and torsion
angles are 0.0109+0.0006 A, 0.0007+0.0009 A anB88280.0579° respectively, while
the sum of the van der Waals violations is 4.1+8.3 Similarly, the maximum
violations for the converged structures were 0.28208, 0.01+0.01 A, 2.8+0.63° and

0.27+0.01 A.

Number of constraints used in the final structwaewdation

Total number NOEs 1154

Sequential NOES, i+1) 441

Medium- range NOESE, i<4) 85

Long range NOES, i>5) 628

Torsion angles 180 (904 and 90y)
Hydrogen bonds 26

Maximum and total constraints violations in the werged structures
(RMSD)

Upper distance limits (A) 0.28+0.02 0.0109+0.0006
Lower distance limits (A) 0.01+0.01 0.0007+0.0009
Van der Waals contants (A) 0.27+£0.01 4.1+0.3
Torsion angle ranges (°) 2.8+0.63 0.3582+0.0579
A;&\\/zerage CYANA target function1.08+0.0637

(AY)

Structural statistics for the family of convergeédistures for domain cCO
Residues within the allowed region of the

Ramachandran plot (%) 98.7

Average Backbone atom r.m.s.d. 0.40+0.07
Average Heavy atoms r.m.s.d. 0.92+0.07

Table 3.1: NMR constraints and structural statistics for domain cCO.
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The solution structure of domain cCO of cMyBPC haen deposited in the Protein
Data Bank (accession code 2K1M).

The structure is determined to a good quality, Wiscevident from the superimposition
of the protein backbone shown for the family of wenged structures in figure 3.8 and
is also reflected in low root mean square deviatian.s.d) values to the mean structure

for both the backbone and all heavy atoms, 0.4@8.@nd 0.92+0.07 A respectively.
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Figure 3.7Long range NOEs obtained for domain cCO.Long range NOEs
between atoms five or more residues apart recofoledomain cC0O of cMyBPC
and used to solve its structure. Lines that goas fines that goes from upper lefi
to lower right represent restraints between sidairclatoms, lines that go from
upper right to lower left represent backbone atoiings evident from the picture
that the residues of cCO give NOEs to each othen @véhey are far from each
other in the sequence. In green and red are shosvditferentp-strands that form
the twopB-sheets in the domain. It is evident how differprdtrands give NOEs to
one another. This determine the secondary structirghe protein. Picture
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The domain is formed by tw@-sheets, formed by strands ABDE and A'CC'FG
respectively. In picture 3.9 the two sheets arevshim different colours, sheet A in red
and sheet B in green, using the same colour caierg in picture 3.7 where the NOEs
between amino acids localised in different straam@sshown.

The long range NOEs, shown in black in the follayvigraph, correspond to amino
acids positioned in th@-strands, while regions with low number of NOEssbiort
distance NOEs are given by residues found in ucitred regions, such as loops or the

termini of the domain.

100

Number of constraints

Sequence

Figure 3.10Number of constraints per residue.This picture shows the number
of NOEs per residue used for the structure calaafrhe long range NOEs are
shown in black, medium range NOEs are depicteday gnd short range NOEs
in white. It is obvious that short range NOEs arensmn to all residues while
long range NOESs are present just for those resitha#sare part of a region with
a precise secondary structure. The regions withidjeest number of long range
NOEs in fact, correspond to thHestrands that form the tw@-sheets of the

domain. Picture generated by the program Cyana 2.1.
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3.1.5 Structure validation

The protein structure was validated using the magProcheck NMR (Laskowski et
al., 1996) as described in the material and metlsedton2.5.3 The Ramachandran
plot produced by the Procheck contains all thee3tdues either in the most favoured or
in the allowed region of the graph, no residueoisnfl in the generously allowed or

disallowed regions, meaning that th@nd angles are in accordance with the average

values detected in the majority of structures.

Psi (degrees)

135

— 1§

~b

Ny -135 .-do

45

)

45

%0

L35

L8O

Phi (degrees)

Figure 3.11 Ramachandran plot obtained for the structure of
domain cCO. All the residues fall either in the most favoured or
additional allowed regions, with no residues present in émermgusly
allowed or disallowed regions. The most favoured regidnB,[) is
shown in red and the additionally allowed regions (a,bihpyellow,
while the generously allowed regions (~a, ~b, ~l, ~p) diyé and the
disallowed in white. All residues are depicted as squareart from
glycine residues that are shown as triangles. Picture gethébwtéhe
program Procheck NMR.
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Procheck also displays the RMSD calculated for eashilue, its accessibility, defining
whether or not an amino acid is positioned on théase or buried in the hydrophobic
core and the secondary structure. All these paemhere shown in picture 3.12 From
the Procheck results is obvious like the structbtained for domain cCO is a good
quality structure, with low RMSD, apart from thegply structured N-terminus and a
secondary structure corresponding to the one eggdot an Igl domain, with very well

defined secondary structure elements, also condirfag the accessibility analysis

carried out on each residue, as shown in pictur2 8).
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3.1.6 Protein Dynamics

The relaxation experiments were performed ornNalabelled sample of domain cCO
using the standard sequences implemented by the biviRe manager. Twelve point
were recorded for Tand T interleaving the'H/*>N HSQC spectra and using a Carr-
Purcell- Meiboom- Gill (CPMG) pulse train for, €xperiments, while the heteronuclear
NOE was measured from a pair of spectra recordéd avid without proton saturation
(Barbato et al., 1992) as described in the intriddog(sectionl.2.3. All experiments

were performed using a 600MHz spectrometer.

# spectrum 1[ms] T, [ms]
1 16 5.125
2 48 10.250
3 96 15.374
4 192 20.499
5 288 30.749
6 384 40.998
7 512 61.498
8 704 81.997
9 880 102.496
10 1120 133.245
11 1440 153.744
12 288 40.998

Table 3.2: delays used to performthe relaxation exgiments.

The NMR spectra obtained were analysed with thgnarma CcpNmr Analysis and the
peak intensities were determined from the peak hteigThe NOE values were
calculated by taking the ratio of ti\ intensities for experiments performed with and

without proton saturation. Relaxation rates wergemheined by fitting the delay
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dependent peak intensities to an exponential fonctiusing the program
MATHEMATICA (Wolfram research).

An estimation of the overall correlation timg)(was obtained from #RR; ratios using
MATHEMATICA with a filter applied to ensure that bhnresidues that do not suffer
from large amplitude fast motions and chemical exge are included in the
determination; a standard deviation cut-off of &td a NOE cut-off of 0.65 were
applied to all data. Residues with an NOE effergdathan 0.65 are considered rigid,
while if the NOE effect is below this value theideg involved is in a flexible region. It
is important to note that the Lipari-Szabo analysed in this research considers the
protein as a spherical object, not taking into aotcany anisotropy that might be
present in the molecule.

The initial data consisted of 75 residues, out bicl seven were eliminated because of
the NOE cut-off and four were removed due to thdRRstandard deviation cut-off that
resulted more that the set 1.5. As a consequercBttvas performed on 64 residues.
The average values obtained were:

Ri=1.44+0.10 &'

R,=10.68+ 2.02 &'

NOE= 0.78+0.04

The value oft; was fitted from the experimental data and caledawith the Monte
Carlo simulation algorithm, which provides an estien of the expected value of a
random variablet. in this case, and predicts the estimation errachvis proportional

to the number of iteration. The results obtainemnfthese two fits show how the values
follow a Gaussian distribution and are reporte@icture 3.13, for the 64 experimental
values taken into account in this analysis andHer500 synthetic residues used in the

Monte Carlo simulation. The second fit is bettefirtkl than the experimental value but
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we can notice the good agreement between expenant simulation results. The

average value for; was determined to be 5.810.16 ns.

a) b)

- T0[" ‘ - -
60
50
10
30
20
10

14
12
10}

(= B N -

5.258.55.;78 6 6.:256.5 %-4 3. 5.8 &
tau_c / n= tau ¢ / ns

Figure 3.13Correlation time t, values.a) experimental fit of, values per residues.
b) values of correlation time calculated using khentecarlo algorithm. It is evident
from these two pictures the good agreement betveagerimental and calculated
values. Both curves have a maximum around 5.8id¢hthe average value determined
for .. Picture obtained with the program MATHEMATICA.

Oncer has been determined, the five different modelsvshio table 2.8 were used in
the numerical fit to the experimental,RR, and NOE values. The equation that fit better
the experimental data was then used to calcula@pipropriate variables necessary to
describe the motion, such as Be,, S, 1, etc.

$* it is an important parameter as it gives an idethe local dynamics of the protein
analysed. & in fact, can assume any value between 0, comelpg to maximal
flexibility, and 1, corresponding with maximal rafiy.

From picture 3.14 a) it is clear how the proteinigsd, having almost all residues listed
with a & value larger than 0.7, value taken arbitrarily he threshold between
flexibility and rigidity of the region of the prate where the residue in question is
located. Only the N-terminus of the protein apdeadible, together with a few residues
at the C-terminus of the domain, confirming whairfd in the structure derived by the

calculation.
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40

Number of constraints

Sequence

Figure 3.14Rigidity of the molecule v. number of constraintsa) General order parametér S
values for each residue in the sequence of donm@ath Eor some of the residues it was not
possible to determine?Smainly due to the lack of experimental data asekample, for Gly
44 and Gly45. The residues with av@lue lower than 0.7 are considered to be positidne
flexible region, while residues witl? Salues above 0.7 are thought to be in a rigid phthe
protein. 0.7 has been chosen empirically as ahbids/alue and residues with S2 values close
to 0.7 have to be evaluated case by case. It deevhow the whole protein seems to be rigid,
apart from few residues at the C-terminus and itst £0 residues at the N-terminus of the
domain. This is consistent with what found in tleee dimensional structure of cCO. b)
Constraints obtained for any given residue and wsgzbrform the structure calculation. It is
evident from these two pictures that no loop regiseem to be present in cCO according to the
S values graph (figure a) but this is probably du¢ht® absence of constraints available for
the resides located in loop region (figure b).
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3.1.7 Studies of the interaction between cC0O and RLC

Studies carried out by our collaborator Dr ElenastRova (King’'s Collage, London)
based on Differential Scanning Calorimetry (DSQipwed that domain cCO interacts
with the miniHMM fraction of myosin, comprising ¢fvo myosin heads, two essential
light chains, two regulatory light chains andAS2he first 125 residues of myosin S2
forming a coiled coil and, more precisely, with fRegulatory Light Chain (RLC). The
RLC is positioned in the neck region of myosin atudjether with the Essential Light
Chain (ELC), stabilises the 8.5 nm long helical fragment that forms it. The N-
terminus of the RLC is wrapped around the myosewvkiechain (Rayment et al., 1993)
in the region comprised between residues 808 ald Bde RLC seems to be of great
importance for both myosin structure and functionjfact, selective removal of the
RLC caused a change in the structure of the cardiaxsin molecule (Margossian and
Slayter, 1987) and, upon removal of the RLC, myesiuld lose its ordered structure
(Levine et al., 1998). The regulatory light chasnai member of the superfamily of EF-
hand C4&" binding protein, even thought it has lost its iaoilo bind to C&" in sites 2, 3
and 4 (Moncrief et al., 1990) and presents only lnigé affinity binding site at the N-
terminus (Reinach et al., 1986), between residideand 48 (Szczesna et al., 2001). The
RLC shows also a phosphorylation site at residel®erhis domain results being
highly conserved throughout species, as visiblenftbe alignment shown below. Also

the RLC is linked to HCM, presenting 8 missenseatioms that cause the disease.
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Figure 3.155equence alignment of the Regulatory Light Chain (BRC) of myosin. It is
evident from this picture how the sequence of th&€ Rs highly conserved throughout
species.

The first preliminary analysis on the interactidrdomain cCO and miniHMM and RLC
was performed by our collaborator Dr Elena Rosk(<iag's College, London) using
the technique of differential scanning calorimentBSC). The results obtained with
this analysis showed that the two protein intergith one another. To confirm these
results and to take advantage of the structureoofain cC0O, NMR spectroscopy was

used to tudy this interaction, first with miniHMMd then with RLC.
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3.1.7.1  H/ N NMR spectroscopy titration between cCO and

miniHMM

Domain cCO is thought to interact with Myosin Retaty Light Chain (RLC) located
in the Heavy MeroMyosin (HMM), the fragment coniamthe Myosin heads. To prove
that this interaction takes place, a preliminatyation was carried out using as a
binding partner the so called mini HMM, which igrfted by a fragment of the S2 rod,
the so called S® and the Regulatory Light Chain (RLC). The fiveps of the titration

are reported in table 3.3

Ratios [cCOuM [MinNIHMM] uM
1.0 200 0
1:.0.5 200 96
11 200 289
1:2.5 200 481
1:3.5 200 673

Table 3.3: ratios and final concentations of cCO ahthe miniHMM fragment used in the titration.

At the time of this experiment the assignment fomdin cCO was not available yet, so
these changes in the spectrum were interpreted @®d that the interaction was
happening. Once the spectra for domain cCO have flodlg assigned, it was possible to
repeat the titration, with both miniHMM and RLC, cato map the result on cCO
surface, so to understand where the two protetesact with each other. The peaks in
the green spectrum (Fig. 3.17) are less intense tha ones shown in the other
preceding spectra, this is due to the large dinoessiof miniHMM; at very high

concentrations of miniHMM the spectrum of cCO wogluimpletely disappear due to
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the slow tumbling of a large molecule, such as ¢benplex formed by cCO and
miniHMM, that leads to fast transverse relaxatidn), causing broadening of the

signals and ultimately disappearance of any signal.

F1 (pprm]

T T T
F2 [ppm] 810 805 800 F2 [ppm]

Figure 3.17H/ >N HSQC spectrum for the cCO+miniHMM
titration. This portions of the spectrum show that some pezks
domain cCO are affected by the presence of miniHNdkbving that
the two protein interact with each other. The kdpectrum is the first
one, registered in absence of miniHMM, while thd e.nd green are
the following spectra, registered at increasing cemtration of
miniHMM in cCO. The peaks move in the direction simoly the red
arrow.

The chemical shift perturbations are reported an histogram (Fig. 3.18). The most
affected residues resulted being F11, K14, R16, R34, S46, G60, K86, V87, K88,
F89, showing &A bigger than 0.017 ppm, depicted in the figure tes higher red

horizontal line.
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Figure 3.18Chemical Shift changes for amide groups of domain@0 during the
cCO+miniHMM titration. Here are shown the changes in chemical shiftshietH
nuclei of the cCO amide grups following the titratiwith miniHMM. Some residues
show quite considerable shift, while others seemtade affected by the presence
of the miniHMM at all.

Most of the residues involved in this interactiae g@ositively charged amino acids,
mainly Lysines and Arginines, all exposed on thendm surface, as expected for

charged residues.

3.1.7.2  'H/ N NMR spectroscopy titration between cCO and RLC

A titration was performed using BN labelled NMR sample of cCO to which an
increasing concentration of RLC was addét{*>N HSQC spectra were recorded after

every addition. The ratios used in this experimangsreported in the table following.
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Ratios [cCOuM [RLC] uM
1:0 50 0
11 50 50
1:2 50 100
1:4 50 200
1:6 50 300

Table 3.4: ratios and final concentrations of cCOm=d RLC used in the titration performer to study
their interaction.

The changes in tht#H/**N HSQC spectrum have been monitored and are reparte
figures 3.20- 3.23 For clarity only three pointsvéaeen reported in the pictures,
corresponding to the ratios 1:0, 1:1 and 1:6.

The histogram shows which residues were more aiflebly the addition of RLC to
cCO; being theH/*>N HSQC spectrum fully assigned, it was possiblédemtify the
residues that show the main shifts. As expectedfathem are to be found on the

surface of cCO and most of them are charged residueh as Lys and Arg.
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Figure 3.19'H/ 5N HSQC spectrum for the cCO+RLC titration. Panel 1.in the
picture are shown some of the peaks of N HSQC spectrum, one of which
corresponds to the residue R16 that is the mosttafl by the addition of RLC to
cCO. for clarity in the picture are shown only #href the five titration points

registered during the experiment. (Ratios cCO:Rled R:0: Blue 1:6)
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Figure 3.20H/ 15N HSQC spectrum for the cCO+RLC titration. Panel 2.In the
picture are shown some of the peaks of'tN HSQC spectrum, one of which
corresponds to the residue K14 one of the mosttaffepeaks by the addition of
RLC to cCO0. For clarity in the picture are showryothree of the five titration

points registered during the experiment.
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Figure 3.21Reside Lys14 during the cCO+RLC titration.In the picture are shown the
successive shifts of the K14 peak during the cC03-Rtration, showing all five points
registered during the experiment. It is clearlyibles how the peak moves in the arroy
direction, starting from the red spectrum, corresiiog to cCO, to the blue spectrum

corresponding to a ratio of cCO and RLC 1:6 respelgt

cCO 5uM
cCO+RLC 1:1

cCO+RLC 1:6

cCO+RLC 1:4
cCO+RLC 1:2
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Figure 3.22Reside Argl6 during the cCO+RLC titration. In the picture are show
the successive shifts of the R16 peak during the+&CC titration, showing all five
points registered during the experiment. It is ijegisible how the peak moves in th
arrow direction, starting from the red spectrumiresponding to cCO, to the bly
spectrum, corresponding to a ratio of cCO and Ri8Odspectively

-120.4
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Figure 3.23Chemical Shift changes for amide groups of domain@0 during the
cCO+RLC titration. Here are shown the changes in chemical shiftshietH nuclei

of the cCO amide grups following the titration wRLC. Some residues show quite
considerable shift, while others seem not to becadid by the presence of the RLC
at all.

In Fig. 3.23 above are shown the peaks that mokedntost in theH/ N HSQC
spectrum due to the addition of{RLLC, corresponding to the residues more affected by
the interaction. Most of the residues involvedhrs tinteraction are positively charged
amino acids, mainly Lysines and Arginines, all esgub on the domain surface, as
expected for charged residues. Moreover, all ttakpén the spectrum appear broaden;
this is a consequence of the formation of the cempktween cCO and theRiLC, the
peaks in the spectra registered at a high condemtraf HtrRLC behave like those in
the spectrum of a molecule with a higher moleculeight, hence the broadening of the
NMR signals.

It was possible to identify on the domains surféice residues that more resulted

affected by the titration and are reported below.
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Figure 3.24Result of the cCO+RLC titration. A main area of cCO comprising
residues Phell, Lys14, Argl6 Serl7, Lys86, Lys@BRime89 resulted affected by th
presence of the RLC in solution. Also residues Arddal37 and Ser46, the last two
being positioned at the back of the domain, wefectdd by the titration. Picture
generated with Pymol (DeLano Scientific llc.)

(4]

3.1.8 Mutogenesis Studies

Only three HCM related mutation have been idertifredomain cCO (Table 1.2). G4R

(Van Driest et al., 2004) is shown to have an eanlget (around 20 years of age) while
T59A (Niimura et al., 2002) has a more delayed bagd it appeared in individuals 56

years old. This last mutation is thought to be nakl many species present an Ala
residue in this position instead of the Thr preserthe human cardiac isoform, so no
great disruption in either structure or functiomdae expected. The last of the cCO
mutations is R34W (Peng et al, 2005. direct subimis at

http://genepath.med.harvard.edu/~seidman/cg3/pl\img one of the residues affected
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by the interaction with RLC. No clinical informatidhave been deposited or published
so far regarding this mutation.

To determine the effect of these mutations on d@ftwire and function, four mutants
were produced of the protein to study their intBomcwith RLC and to compare their
behaviour with wildtype cCO used in the previouiaction studies. The primers used

are reortend in table 3.5.

Primers for generating entry vector
T
cCO WT F [ 5-ACTTCCCAATCCATGCCTGAGCCGGGGAAGAAGCCA-3 70TC
B R | 5-TATCCACCTTTACTGTCAAAATTCCTCACGCGTGGA-3' | 64°C
cCO G4AR | F 5-ACTTCCCAATCCATGCCTGAGCCGCGGAAGAAG-3'| 68°C
B R 5'-TATCCACCTTTACTGTCAAAATTCCTCACGCGTGGA-3! 64°C
cCO R34W| F 5'-GCCGAGACAGAGTGGGCAGGAGTG-3' 64°C
B R 5'- CACTCCTGCCCACTCTGTCTCGGC-3' 64°C
cCO A30P| F 5-GTGTTCGAGCCCGAGACAGAGCGG-3' 64°C
B R 5'-CCGCTCTGTCTCGGGCTCGAACAC-3' 64°C
cCO K86E | F 5-GGCTCCTCCGAGGTCAAGTTCGAC-3' 63°C
B R 5-GTCGAACTTGACCTCGGAGGAGCC-5' 63°C

Table 3.5 Primers used to clone wildtype cCO and éfour mutants

His-Ta Ndel(1)
TEV site T7 Promoter
BseRI(7062) ~ Clal(108)

Clal(6181)
N

Clal (5844)\
SacB \

HindIll (5202)

~_Apa LI(811)

lac |

BseRI(5049) |
\ pLEICS-03

BamHI (5027) \
\ 7128 bp

EcoRI(5021) \\\
HindIl (5002)

Aval(4987) Apa 11(2509)

T7 terminator \ pBR322 Origin
f1 origin 1 h Apall(3009)

Kan |
Clal(3588)

Figure 3.25 pLEICS-03 vector map.All the cCO mutants
were cloned in pLEICS-03 vector. The cloning praged
was carried out in the Protex lab at the University
Leicester.
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The first two mutants, cCO_G4R and cCO_R34W, areicnis choices as they are
natural occuring mutations in human cardiac isofof®8R was not chosen as in all
other species analysed of cMyBPC the threoninalwesis in fact substituted by an
alanine, so the effect of this mutation is not etpe to be extreme, a fact confirmed
also by what concluded by clinical studies. TheanutCO_A30P was produced as an
A30P missense mutation has been found in Maine Gads (Meurs et al., 2005).
Finally, cCO_K86E was cloned to confirm the hypaikethat the positive patch of
which residue Lys86 is part, is involved in theenatction with the RLC as mutating the
lysine residue to glutamic acid should have an rhpa the interaction and possibly
abolish it due to the inversion of charges. All emis expressed well, apart from
cC0_G4R that went into inclusion bodies being pbbp@soluble. The lack of stability
of this mutant is confirmed by the clinical obsdiwa reported for this mutation. The
experiment was repeated for cCO_G4R, cCO_R34W @& K86E using 5¢@M N

labelled sample of the cCO mutants and gPDunlabelled samples RLC/ MyBS.
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Figure 3.26Chemical Shift changes for amide groups of domain G0_G4R
during the titration with RLC. Here are shown the changes in chemical shifts for
the*H nuclei of the cCO_G4R amide grups following theation with RLC. The
residues affected are still the one affected in_a®T but the interaction appear to
be a lot less intense, as shown by the bars diittegram. The residues positioned
at the N-terminus seem to be more affected.

It is interesting to note how the mutation, despiéelucing the strenght of the
interaction, does not disrupt the interaction catgdly and the same residues that are
affected in cCO_WT resulted being affected in t6@ cG4R mutant.

Mutation cCO_R34W affected even more the interactiath RLC that resulted being
almost annulled by the substitution of Arg 34 wigh Trp. This result could be
hypothesised on the basis of the nature of the toatawhere a positively charged

residue is substituated with an hydrophobic ammid a
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Figure 3.27Chemical Shift changes for amide groups of domain@0_R34W during
the titration with RLC. Here are shown the changes in chemical shiftshietH nuclei
of the cC0O_R34W amide groups following the titratiwith RLC. With this mutant
almost all the perturbation due to the interactwoa disrupted, all th&A are below the
1o limit of 0.007 ppm.

The last experiment to be performed was between K86E and RLC/ MyBS. In this
case the interaction between the two protein isptibetly abolished and no residue

seem to affected by the presence of the bindingear
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Figure 3.28Chemical Shift changes for amide groups of domain@_KB86E
during the titration with RLC/ MyBS. Here are shown the changes in chemical
shifts for theH nuclei of the cCO amide grups following the titoat with RLC/
MyBS. The interaction between the two proteinsdmpletely disrupted and rin
is observed for any residue, as expected for a tiontaof this kind, where a
positively charged residue is substituted by a tiegly charged amino acid.

The expertiments with the mutants confirmed thatitheraction between cCO and RLC
does in fact happen and that the residues pertuaibeedhe one that take part in the

interaction.

3.1.9 Actin Binding Assay

It has been suggested by different researchersMBPC might interact with
actin, some think that the interaction would oceia a proline rich sequence that is
located in the linker between cCO and cC1 (Squiral.e 2003), which constitutes the
N-terminus of the protein in non- cardiac isoformhjle others have pointed at domain

cCO as the binding partner of actin (Kulikovskayale 2003). To understand better the

136



situation, an actin binding assay was performeddescribed in the material and
methods section.

The intent was to repeat this experiment for défergroups of domains, cC0-2, cC1-2
and cCO0 alone. The first preliminary experiment wadormed with cCO, to understand
if the protein would in fact interact with F-acti.protein, MS1 (Arai et al., 2002), was
used as a control as it has been shown to giveiéy@result at the actin binding assay.
The concentration of the three stock solutions twisgquerform this assay are:

[Actin]= 314 uM, [cCO]= 183uM and [MS1]= 373uM

This reaction was performed using a total volumérof; the final concentrations of the

three proteins is 50M for actin and MS1, while it was a bit higher 4t @M for cCO.

1 2 3 4 5
Actin - - 159yl 159l 159l
cCO 333yl - - 333yl -
MS1 - 134l - - 1344l
Buffer 667l 866l 841l 508 ul 707l

Table 2.7: sample composition of the solutions uséd the Actin Binding cosedimentation assay

After ultracentrifugation for 30 minutes at 4°C, 8DS-PAGE gel of the supernatant
and the pellet was run, as described in the matenid methods. The result show the
behaviour of the three proteins on their own arehtbombined. From the SDS-PAGE
picture is clear that both cCO and MS1 do not tetwd sediment during

ultracentrifugation as they are not present in fgk#et fraction, lanes 3 and 5 in the
picture, while being present in lanes 2 and 4,esponding to the supernatant fractions,

they have a tendency for staying in solution.
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Figure 3.29Actin binding assay.In lane 1 is reported the
marker. Lanes with even number show the supernaiant
the different samples, while lanes with odd numsieow
the pellet. Lane 2 and 3 show the supernatanttemgellet
when performing the ultracentrifugation with cCrd;
lanes 4 and 5 show the muscle protein MS1, usetisn
case as a control; both proteins do not precipitdter
ultracentrifugation. Lanes 6 and 7 show, on theotiand,
actin behavior, almost all of the protein sedimefier
ultracentrifugation. Lanes 8 and 9 show that whé&® c
undergoes ultracentrifugation do not co-sedimenth wi
actin, as MS1, that is shown in lanes 10 and 1%.rtteans
that cCO does not bind to actin.

Actin, on the other hand, sediments, as it is exideom lanes 6 and 7 that show that
the major part of actin goes in the pellet and mstmall fraction is present in the
supernatant. When cCO is combined with actin itsdoat shows the same behaviour of
MS1, it is present only in the supernatant meaiiag do not interact with actin as in
this case the protein would co-sediment with aatid would be present in the pellet.

From this result it was possible to conclude tl2@ does not bind to actin.
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3.2Discussion

3.2.1 Structural features of domain cCO

The structure of domain cCO conforms to the Igkdf¢Harpaz and Chothia, 1994)
typical of the majority of MyBPC domains, beingroed by g3-sandwich composed of
two B-sheets, ABED and C'CFGA' respectively. Also theslfand whose presence has
caused controversy in the past (Mayans et al., R@®bbserved in this domain, as it is
in the structures of domains cC1 (Ababou et al08@nd cC2 (Ababou et al., 2007),
and seems to be a recurring feature in MyBPC dandihe hydrophobic core of the
protein is well defined by the aromatic residuep4lr, which is highly conserved
through species and is central to the domain gtgbllyr54 and Tyr78, the latter being
also involved in the tyrosine corner (Hemmingseralet 1994), another characteristic
feature of these domains, and Phell, Phe28 and®PtdBer hydrophobic residues
positioned in the core of the protein and, as sumisidered of great importance for the
protein to maintain its fold, are 1le48, Leu56, b&uand Leu91. Domain cCO sequence
appears to be well conserved between species, beigge to the cardiac isoform it
was not possible to perform a comparison betweeforisis, as usually done for the
other domains studied so far. All the residues Ive in the hydrophobic core of the
protein appear to be well conserved, with LeuS@édpehe only one substitute by lle in

the chicken cardiac isoform.
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Figure 3.30Sequence alignment of domain cCOrhe domain appear to be well conserved
through species. The residues localised in thedpfbic core of the protein, Trp4l, Tyr54
Tyr78, Phell, Phe28, Phe89,lle48, Leu56, Leub5 lamB1, that are responsible for the
three dimensional structure of the protein arerffeeonserved as is Asp74 involved in the
formation of the tyrosine corner. Picture generatétl the program Jalview.

Strand A is composed of a very sh@rsheet that does not form a proper strand
antiparallel to the B strand as just one hydrogamdican be formed between Lys13 and
Glu31l. Thep bulge, a disruption of the regular hydrogen bogdih a-sheet usually
achieved by insertion of residues with helical dita angles (Richardson et al., 1978),
seems to be a reoccurring feature of Igl domairgs iams present in all other three
MyBPC domains whose structure has being deternsoddr, being grossly enlarged in
domain cC5 (ldowu et al., 2003). It appears tha fh bulge is conserved in
immunoglobulin domains as it helps dimerization,aa&isuch, it is present in cMyBPC
domains as an inherited feature with no apparenttion as cMyBPC does not seem to
dimerize. Domains cCO0O, cC1 and cC2 all show a pla¢anyine residue at the N-
terminus, in a poorly structured part of the protéhat is involved in the formation of
the § bulge. Other human cMyBPC domains show the sameé &f pattern, with an
aromatic residue, either phenylalanine or tyrospusitioned at the N-terminus, a fact
that might suggest that more Igl domains of cMyBRIC present this feature in their

structure. On the other hand, this is not truedfamain cC5 that has a characteristically
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enlarged3 bulge. It is possible that the presence of an atimmesidue that anchors the
N-terminus of the protein to its hydrophobic casean important aspect of Igl domains

structures.

Figure 3.31g-bulge. In this picture is well visible thg-bulge localised in the N-terminus of
domain cCO. The residues involved in the formatfdhe B-bulge are Lys13 and Glu31 that
form hydrogen bonds with one another. Serl?2 istipmsid at the beginning of tifbulge
and is characterised by dihedral angles typicaksidues localised in an helix, causing
the bend to form. Picture generated with the pnmgPymol (Delano Scientific).

The tyrosine corner is also present in many Iglctires, being absent only in domain
cC1 of cMyBPC, and, in domain cCQO, is caused byfdinemation of an hydrogen bond
between the —OH group positioned on the aromatig af Tyr78 and the carboxyl
group on the sidechain of Asp 74. The distance &etwthe two atoms involved
resulted being 3.84, compatible with the formation of an hydrogen bdietween the
two. The Tyr corner (Hemmingsen et al., 1994) oaformation in which a tyrosine
near the beginning or the end of an antiparélstrand makes an hydrogen bond from
its side-chain -OH group to the backbone NH an@@r of residue Y — 4/X4 Tyr

corner). Y-2 is almost always a glycine, which Iseipe backbone curve around the Tyr
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ring, residue Y - 3 is usually a proline and Y isfan hydrophobic residue, in this case

it is an alanine, that packs next to the tyrosing.r

Figure 3.32Aromatic residues at the core of domain cCQAll the aromatic residues are part
of the hydrophobic core of the protein and contigbto the three dimensional structure of
domain cCO. The Trp41 residue is vital to the dongability and is positioned in the centre
of the hydrophobic core. Picture generated withptteegram Pymol (Delano Scientific).

The CD loop tends to be the longest loop in MyBRf{ domains and usually
accommodates additional elements of secondarytsteydike C’ strands, found in cCO
and cC2, on helical turns, as in domain cC1; the CD loop foumthe central domain
cC5 is even more peculiar as it is 40 residues,loompared to the 12-15 residues that
form this loop in domains cCO, cC1 and cC2, armbittains the 28 amino acid insertion
that makes the cardiac isoform of cC5 so uniquds Téop is thought to play an
important role in protein function, especially wheshows aromatic residues, as in cC1
and cC5, the latter also posses a Pro- rich rethiahcould contribute to the domain

function too (Idowu et al., 2003). The CD loop @fngain cC1 comprises a tryptophan
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residue (Trpl96) that is affected by the interactdth the SA fragment (Ababou et
al., 2008). The CD loop of domain cCO is probaldy involved in a protein interaction

as it does not show any of these features.

N-terminus

Figure 3.33Electrostatic surface of domain cC0.The two images show two different
orientations of domain cCO. Positive residues arered in blue while negative residues
are colored in red. It is evident how it is possitd identify a positive region and a negative
region. There are in fact four Lysines (Lys5, Lyk§s13 and Lysl4) positioned towards
the N-terminus of the domain, while other two Lysr(Lys86 and Lys88) are close to the
C-terminus of cCO but in the three dimensionaldtre these four residues end up close|to
each other, forming a positive surface that migatiimportant for the function of the

domain and might be involved in protein-proteinenaiction. Picture generated with the
program Pymol (Delano Scientific lic.).

Apart from the short strand A positioned in fhéulge, the N-terminus of cCO, which
comprises resides 1-11, is highly unstructured; ithithe only poorly defined part of the
domain, as shown in figure 3.8 where a family & finst 20 structures is shown. This
could be an important aspect linked to cCO functisrthe N-terminus could be able to
reach out to interact with another muscle proteamionent; this hypothesis is also
supported by the presence of three proline resjdeied., Pro2 and Pro7, that might be

involved in protein- protein interaction. This regi also contains two of the five
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positively charged residues localised at the N-teus) of the protein, indicating a
second possible way of interaction via charged arauids.

The electrostatic surface for domain cCO was deterdhusing the program Pymol amd
is shown in picture 3.30: as expected on analythegsequence, domain cCO shows an
excess of positive charges, especially on the htters side of the protein, as six
Lysine residues, Lys5, Lys6, Lys13, Lys14, Lys8@ &ys88 are close in space in the
structure. Another positively charged residue parsé#d in the vicinity is Arg16, which

is located right at the end of tijebulge. On the other hand the residues positioned a
the C-terminus of the protein are predominantlyatieg, hence the red patch visible in
the picture. Interestingly, two of the three HCMtations found in this domain appear
to involve charged residues, either mutating a gigdiresidue to an uncharged one, as
in Arg34Trp, or vice versa to mutate an unchargsidue to a charged one, as the case
of Gly4Arg. Both these mutations could affect theding of cCO through electrostatic
interaction, causing the onset of the disease.

A search using the DALI server (Holm and Park, 2008s performed to identify the
proteins with the most similar structure to cCOsperd in the Protein Data Bank; the

best fit are reported in the table below.

# Protein Pdb entry Z-score RMSD Sequence
% identity
1 | sSk MyBPC, domain C2 2yxm 14 1.9 27
2 Titin 27" domain 1waa 14 1.9 28
3 Obscurin 3% domain 2yz8 13.3 1.8 26
4 Obscurin 35 domain 2edt 13.1 2.2 25
5 | Obscurin 39 domain 2ed| 12.7 3.9 25
6 cMyBPC, domain cC1 2v6h 12.7 1.9 27
7 | sSk MyBPC, domain C3 1x44 12.4 2.8 21
8 | sSk MyBPC, domain C1 2dav 12.1 2.3 20
9 | sSk MyBPC, domain C4 2yuz 11.9 2.4 16

Table 3.6: DALI results. Proteins with the most sinlar structure to domain cCO within the Protein

Data Bank.
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Figure 3.34Sequence alignment of the top five structures ideified by the DALI server.

The sequence of domain cCO is aligned with thadahain C1 of the slow skeletal isoform
(sSkMyBPC, C1), domain 27 of Titin (Titin 27), doima 32 and 39 of Obscurin (Obscurin32
and Obscurin39) and domain C1 of the cardiac isofof MyBPC (cMyBPC, C1). the most
conserved residues are the ones essential fordimaids to adopt their structure, hence the
majority of the conserved residues are hydrophobiith three aromatic residues, one
tryptophan and two tyrosines, being highly consérivethe six domains. On the other hand
charged residues, that tend to be positioned osutace and be involved in protein- protein
interaction, do not show a high degree of consemats expected. Picture generated with
the program Jalview.

3.2.2 Characterization of the interaction between doma@® and the Regulatory

Light Chain of Myosin

The preliminary results obtained via Differentiata®ning Calorimetry showed that
domain cCO was interacting with the miniHMM fragrmesf Myosin, as well as
domains cC1 and cC2 (data not shown); it has dsees demonstrated that these two
cMyBPC domains interact with the $2ragment of myosin that is part of miniHMM,
cC1 close to the junction between the myosin rodl #we neck region of the myosin
head (Ababou et al., 2008) and cC2 more towardsathe@egion of Light MeroMyosin
(LMM) (Ababou et al., 2007) using both NMR spectogy and site directed
mutagenesis investigation. Using DSC our collalworat King's College was able to
narrow down the binding partner of domain cCO, shgwhat the interaction occurred
with the Regulatory Light Chain of myosin. Thessules were both confirmed using

'H/"N HSQC NMR spectroscopy ofiN labelled samples of domain cCO with both
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miniHMM and RLC. No structure of human cardiac RisCat present available in the
Protein Data Bank, however a model of the structiirthe RLC was produced using
the Swiss Model server (Arnold et al., 2006) bagedhe deposited structure obtained
from bay scallogdAequipecten Irradians](Swiss Prot: P13543; PDB code: 1qvi) that
resulted having a sequence identity of 41% with ¢iahe human ventricular isoform

used in this research (Swiss Prot: Q14908).

50
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Figure 3.35Sequence alignment of human cardiac for Aequipectetrradians (bay
scallop) isoforms of RLC.The bay scallop isoform of RLC is the only one ¥dtich the
three dimensional structure has been determindtiwsas used as a structure template to
model the possible structure of human cardiac Rif@yhich no structure is available in the

Protein Data Bank. The two proteins resulted hawingequence identity of 41%. Picture
generated with Jalview.

The model structure obtained in this way is rembitefigure 3.31. The regulatory light
chain is a member of the superfamily of EF-hand" ®ading protein, even thought it
has lost its ability to bind to Gain sites 2, 3 and 4 (Moncrief et al., 1990) anespnts
only one high affinity binding site at the N-terrag(Reinach et al., 1986), between
residues 37 and 48 (Szczesna et al., 2001), showediin the insert of picture 3.33. It
also has a phosphorylation site (S15) at the Nitersnof the protein not visible in the
model as not defined in the pdb file depositedndpegiositioned in a poorly structured

region not detected by x-ray crystallography.
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C-terminus

N-terminus

Figure 3.36 Model of human cardiac RLC. This model of RLC was
obtained using the program SWISS MODEL and is basedhe 3D
strcuture of the bay scallop RLC determined by X-caystallography
(pdb: 1qvi). In the insert is shown a differentemtiation that makes the
C&* binding site more evident; the amino acids invohiadC&*

binding, comprised between residues Asp37 and AsadS8 shown in
red in the structure. Picture generated with Pymel@ano Scientific).

From the experimental results based on a titratioRLC in a sample of°N labelled
cCO followed by'H/**N HSQC NMR spectroscopy, it was possible to idgntife
residues involved in the interaction and map thenc@O0 structure.

A region towards to N-terminus of the protein isatly affected by the incremental

additions of RLC, suggesting that these residuesmaolved in the interaction.
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Figure 3.24Result of the cCO+RLC titration. A main area of cCO comprising
residues Phell, Lysl14, Argl6 Serl7, Lys86, Lys@BRime89 resulted affected by th
presence of the RLC in solution. Also residues Argdal37 and Ser46, the last two
being positioned at the back of the domain, weffecsédd by the titration. Picture
generated with Pymol (DeLano Scientific llc.)

(4%

Within the residues most affected by the additiorRC are Phell, Lys14, Argl6,
Serl7, Lys86, Lys88 and Phe89 that form a somtefraction surface clearly visible in
the above figure. Interestingly the two residuegoived in thep-bulge, Serl2 and
Lys13, are not affected by the presence of the Riv@n though they are positioned
very closed the two residues that show the biggeiéts in the’H/*N HSQC spectra,
Lys14 and Argl6. Also residue Arg34 that when nmadab Tryptophan causes HCM,
seems to be affected by the presence of RLC, d#roed by the mutogenesis studies
carried out: Arg34, together with residues Val3d &er46, is positioned on the back
surface of the domain. The two N-terminal lysingidaes, Lys5 and Lys6, do not show

any change in peak position during the titration,itsis unlikely that the mutation
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Gly4Arg could cause HMC due to interference in¢@®-RLC interaction, as shown by
the experiment carried out with the mutant cCO_GH& showed a total diminished
interaction with the RLC. . Given the nature of thsidues that resulted more affected
by the titration, it is very likely that this intction would happen via electrostatic
interface between the two proteins, this hypothbsiag based also on the observation
that the RLC has an excess of negative chargeewhi0, on the contrary, posses more
positive charged residues in its sequence, adeigilfigure 3.32 where the electrostatic

surfaces for the RLC model are shown, as obtaintgdtthie program Pymol.

i
N-terminus

s
N-terminus

Figure 3.37Electrostatic surface of RLC. This result is based on the RLC mode
obtained with Swiss Model. From the picture it sedimt an excess of negative charge
residues, colored in red, are present on the Ri@ase, making it probable that the
interaction with cCO might happen via electrostatiteraction. In the big space in the
centre it is visible the myosin binding site. Ire tpicture myosin filament is represented in
section by the yellow shape. Picture generated Rytinol (DeLano Scientific).

Q —

The big clef in the middle is occupied my the myosiolecule, shown in yellow in the
figure. A possible binding site for domain cCOhe &external surface on the N-terminus
lobe of the protein, characterised by the presef@negative charged residues patch.

However, no HCM mutations were found in this regiomrronfirm this hypothesis.
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3.2.3 Hypertrophic CardioMyopathy (HCM) missense mutaion domain cCO of

cMyBPC

As alredy mentioned, three HCM missense mutatiang tbeen identified in domain
cCO: G4R (Van Driest et al., 2004), R34\Mtd://genepath.med.harvard.edu/~seidmanjcg3/
and T58A (Niimura et al., 2002). G4R is reportedne single case in association with
a second mutation, R502W found in domain cC3, w&ithage onset of 20.7+11 years
and a left ventricular wall thickness (LVWT) of 2%12 mm; the phenotype resulted
being quite severe as in all the combined mutatamaysed in the reported study (Van
Driest et al., 2004). Mutation T58A, on the othemd, showed a mild phenotype,
causing HCM in elderly patients with an average afyenset of 56+13.2 years and a
LVWT of 22.745.5 mm. For the third mutation no pisbled report was found apart
from the direct submission to the HCM mutation Bas®e so anything is at present
known on the clinical effects of this mutation.

Mapping the mutation on cCO three dimensional stinecit was evident how all these
three residues are localised on the surface gbbiein (Figure 3.38), probably causing
disease when mutated by interfering with proteirotgin interaction; no hydrophobic
residue central to the domains stability resultechdp mutated suggesting that the fold
of the domain is not affected by HCM mutations tifead so far.

Arg34 is also one of the residues affected by th€ Rtration, and it has been shown in
the present work that the mutation R34W disrupes glectrostatic interaction taking
place between the two binding partner; unforturyatbeing absent any reference to
clinical observation concerning this mutation,sitnot possible to have a clear idea of
the mutation severity, that one could be inclinedassume as severe, based on the

nature of mutation itself.
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R34W

Figure 3.38HCM missense mutations of domain cCOThree HCM missense
mutations have been identified so far in domain:cGOR, R34W and T58A. All
there three residues are positioned on the sudétiee domain and take probably
part in protein- protein interaction. No residue ortant for the three dimensional
structure of the protein resulted being mutatedygesting that the fold of the
domain is not affected by HCM mutations identifemifar.

The third mutation Thr58Ala was not studied throughtogenesis due to the mild
phenotype shown by this mutation and also becatifieedfact that in the majority of

species the cardiac isoform of cCO presents annAp@sition 58 and not a Thr as in the
human isoform. For this reason it is improbabld thes mutation could cause a loss in

stability of the domain or a diminished interactigith another sarcomeric protein.

3.2.4 Model of the incorporation of cMyBPC N-terminughe sarcomere

It has been shown (Ababou et al., 2007; Ababolle2@08) that domains cC1 and cC2
bind to the S& fragment of myosin, which comprises residues f888 to 936, domain

cC1 at the N-terminus of 32 towards the hinge region of myosin, and cC2 \aboge
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to cC1 a bit toward the C-terminus of the fragméiite long linker between the two
domains containing the three phosphorylation sitegroposed as running parallel to
the myosin heavy chain forming a sort of U shapemfdomain cC1 to domain cC2.
This place cC1 close to the hinge and the regujdigint chains. Domain cCO has been
shown to interact with the regulatory light chaimdao do so through its N-terminal
surface, on the other hand, domain cC1 is shovimtéoact with S2 via its C-terminal
surface, suggesting that these two domains coulddséioned obliquely linking the
myosin rod and the regulatory domain. It has bemggested that cCO (Kulikovskaya et
al., 2003), or more probably the linker between @@@ cC1 (Squire et al., 2003), could
interact with actin and this could happen stretghiinis part of MyBPC to reach for
actin, possibly when the interaction between th&efiinus of MyBPC and the light
chain is abolished.

It is clear how cMyBPC would be capable of reguigtmuscle contraction from this
position, potentially adjusting the position of t8& myosin head through its interaction
with the regulatory light chain. It is probable thiae phosphorylation of cMyBPC sites
positioned in the linker does not cause dissoaiatibthe N-terminus of the protein
from myosin; the dissociation of the linker and domcC2 from their position assumed
in the un-phosphorylated form could be sufficiematiow the S1 myosin head to reach

for actin causing muscle contraction.
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Figure.3.39Model of the interaction between the N-terminus ofcMyBPC and
Myosin. a) Domain cCO interacts through its N-terminus acef with the regulatory
light chain of myosin; domain cC1 has been showimteract through its C-terminus in
the hinge region between S2 and S1 while domainin@2acts with S2 a bit far off the
hinge region. The long linker between cCl and c®2at tcontains the three
phosphorylation sites, runs parallel to S2. b) Basfethe observation that the interaction
between cCO and the miniHMM is stronger than theradtion with RLC alone, it is
possible to hypothesize that cCO could interachwito molecules of RLC instead o
one.This hypothesis is based on NMR and mutagersésies (Ababou et al., 2007
Ababou et al., 2008) and on the results obtained thighresent research.

It is possible that upon phosphorylation the linked domain cC2 would dislodge from
myosin, while the N-terminus could remain attachedluencing the myosin head
position during cross bridge formation. This woaldo facilitate domain cC2 and the

linker to re-attach to S2 after de-phosphorylatioraking S1 to go back to its resting
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position. In this model, the N-terminus of cMyBP€ dlways attached to the myosin
head region whose freedom of movement is adjusyephlosphorylation of the cC1-
cC2 linker. This could be a valid way for regulgtiactomyosin interaction and, hence,

muscle contraction.

-2 + PO4 5
2!
- T

Figure 3.40Model of a possible interaction between cMyBPC andanyosin. Fragment
¢CO0cC2 hinds close to the myosin head, cCO to 1@ &d cC1 close to the hinge. Upor
phosphorylation the linker between cC1 and cC2odigt from myosin S2, while cC0 and
cC1 stay attached close to myosin S1. In this wggaim would be able to reach out and
interact with actin. Upon de-phosphorylation of ttigee sites positioned in the linken
domain cC2 re-associate with myosin S2, as welhadinker that runs on its surface. This
could be the way cMyBPC might regulate muscle amtton through phosphorylation.
Myosin is shown in yellow, actin in blue and cMyBCred, with the phosphorylation sites
highlighted as blue dots in the cC1-cC2 linker.

It is also possible that due to presence of theslimetween cC1 and cC2, one molecule
of cMyBPC could interact with more than one molecaf myosin, as shown in figure
3.36. while cC2 interacts with the C-terminal regif S2\, the cC1-cC2 linker could
be extended to allow cC1l and cCO withAS@nd RLC of the neighnouring myosin

molecule.
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Figure 3.41Possible model of interaction between cMyBPC and
Myosin. In this model a molecule of cMyBPC is shown to iatsr
with two molecules of myosin, with domain cC2-cCitfderacting
with one molecule and N-terminus, formed by doma@® and cC1,
interacts with another. This hypothesis is possile to the presence
of the cC1-cC2 linker that could be stretched tovalMyBPC the
mobility needed for this kind of interaction.

In conclusion it is possible that cMyBPC could hatveo different functions, a
regulatory function localised in its N-terminus anmgkdiated by the interactions that
have been shown taking place between domains c€€tharkRLC and domain cC1 with
S2 close to the hinge between the S1 and S2 dorahimgosin; a structural function is
probably achieved by the C-terminal domains thatiio LMM coiled-coil region of

myosin.
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3.2.5 Conclusions

NMR spectroscopy was used to determine the threersional structure of the cardiac
specific domain cCO of cMyBPC, a part of this pnotinat has been poorly investigated
in the past and of which little was known. The stowe determined as part of this
research work has confirmed that domain cCO is mlmee of the Igl class of proteins
and it shows a well defines structure with manyhef characteristic features of this type
of molecules. Moreover, the data obtained durings ttesearch confirmed the
hypothesised interaction between cCO and the Regulalight Chain (RLC) of

myosin, thus placing the N-terminus of the proieiproximity of the motor domain of

myosin, as suggested by the studies carried odborains cC1 and cC2 (Ababou et al.,
2007; Ababou et al., 2008), and it was confirmedthy results of the mutagenesis
studies. In conclusion, this research has offeresv nnsight on how cMyBPC

incorporate in the sarcomere and how it could doutie to the regulation of muscle

contraction.
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Chapter 4

Study of the interaction between domains cC5 and &of cMyBPC

4.1 Results

As discussed in the general introduction, it hasnbguggested that domains c¢C5 and
cC8 of the cardiac isoform of MyBPC might interadth each other. This hypothesis
was based on yeast two hybrid assay results (Moel8mook et al., 2002). One of the
goals of my research was to confirm this resulngisNMR spectroscopy, taking
advantage of the fact that the structure of dons@lb has been determined few years
ago (Idowu et al., 2003). It would have been pdssithen, to map the cC5 surface

involved in the interaction with cC8.

4.1.1 cC5 protein expression and purification

Expression and purification of domain cC5 was dasgerform, for both labelled and
unlabelled samples. The DNA sequence coding forlt&bbeen cloned in vector pET-
8C and then inoculated . Coli host cells BL21 STAR (DE3) (from Invitrogen). The
domain was expressed in M9 medium, enriched Wihto produce singularly labelled
samples in order to perform a titration followirigetchanges ifH/*°N HSQC spectra,
giving a yield around 10 mg/l. The protein was eldnsuch as it presents a hexa-
histidine tag at the N-terminus, to allow purificat by Immobilized Metal ion affinity
chromatography (IMAC), further purification was thechieved by size exclusion

chromatography.
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Figure 4.1Purification of cC5. 1a, b) Purification of domain cC5 by
Immobilized Metal ion Affinity Chromatography (IMACand size
exclusion chromatography. In lane 1 and 3 of the&s$AGE gels is
visible the marker, in lane 2 is cC5 obtained by dtilumn purification
and in lanes 4-9 the gel filtration fractions A89 And A10 for two
different runs; 2)Chromatogram resulting from Sizxclusion
chromatography. cCO is present in fractions A8,af¥@ A10, and these
fractions have been pooled together
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4.1.2 Expression of domain cC8

Domain cC8 was cloned in pET-8C vector and inoedlah BL21 STAR (DE3) cells
(from Invitrogen) but the expression proved difficdirom the start. The protein
synthesised was insoluble and tended to precipitat@clusion bodies. A refolding
procedure was then followed, using the two diffenarotocols, a long method and a

short one, as described in the material and met{sadsion2.2.5.

4.1.3 Is domain cC8 properly folded?

To confirm if a protein is folded, it is possible perform a 1D'H NMR experiment.
The resulting spectrum for domain cC8 is of an aigbrder and it is not possible to
interpret and assign it, but in some regions affdhend of the spectrum, specially just
below zero, it is possible to identify peaks chaeastic of folded proteins. Proton
signals of organic compounds are usually positagethe standard molecule TMS is
arbitrarily placed at zero and is very unusualdeennuclei more shielded than the {CH
groups attached to an atom of Silicon; in protehmyever, théH nuclei of residues
buried in the hydrophobic core will be more shieldiean the rest and will tend to be at
negative chemical shifts if positioned near aromangs that interfere with their ring
currents. This is due to the presencea efectrons in the aromatic rings. When there are
electrons circulating, as in aromatic rings andampounds with double or triple bonds,
they will cause local magnetic fields that will te@ or increase the total magnetic field
perceived by the nuclei, according to their positis space. The shielding region of
aromatic rings is positioned above and underndahring, the so called plus resion,

while nuclei positioned on the ring plane will be-shielded as the force line of the
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magnetic field induced by the electronic curreni lve added to the external magnetic
field and so the total magnetic field will be stgen for these nuclei than for the rest.
For this reason, nuclei positioned in the plus aegof an aromatic ring, will give
signals at low chemical shifts, while aromafid nuclei are typically positioned
between 6 and 8 ppm. If peaks at negative chersittit are present, it is reasonable to

think that the protein is folded.
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Figure 4.21D 'H NMR spectrum of domain cC8.The spectrum shows that domain
cC8 is folded, as peaks are present at the velny oighe spectrum. The experiment was
recorded at 25°C.

The amount of protein obtained after refolding vedsays quite small and it had a
tendency to disappear during dialysis and concenrateps, suggesting that it might
be misfolded, with some hydrophobic residue expasedhe surface. | have at this

point, investigated the stability of domain cC&athe refolding procedure.
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4.1.3.1Urea denaturation

To understand whether the protein was folded, aatdeation was performed, using
different amount of urea, and followed by fluorasme spectroscopy. The main
fluorophore in proteins is the indole side chairtted amino acid tryptophan, that gives
a signal between 300 and 400 nm. In particular,nvaeryptophan is buried in the

hydrophobic core of a protein, it gives a charastiersignal around 330 nm, while in

an unfolded protein its signal is localised aro8®D nm. This difference in the

fluorescence spectrum is usually sufficient to ustdand if a protein is folded or not, as
tryptophans play an important role in stabilizitng tcore of the protein, giving many
interactions with other amino acids, and are vargly found on proteins surfaces being
hydrophobic residues. The final concentration 08 eSed in this analysis wagi for

each sample for 1 ml of total volume. All the stepshis experiment are reported in the

table 4.1.
[Urea] M Wavelength

(nm)

0 333

0.5 333

1 333

1.5 335

2 340

2.5 347

3 352

3.5 352

4 352

4.5 356

5 356

5.5 356

6 355

6.5 354

7 353

7.2 352
7.6 351

Table 4.1: Urea denaturation of domain cC8
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A fluorescence spectrum was recorded for each saaiphe series reported in the table

and the results were compared, as shown in pidtGre

0.3

290.0 300 310 320 330 340 350 360 370 380 390 400
NM

Figure 4.3Urea denaturation followed by fluorescence spectraspy. In the
picture are shown the fluorescence spectra fotrifptophan residues in domain
cC8. in the higher spectra, registered at low cotration of Urea, the tryptophan
peak is at the expected wavelength of 333 nm. Astmncentration of denaturant
increases, the peak tends to shift toward highereleagths, reaching 356 nm
when in a solution containing 4.5 M Urea. The digance of this picture is that
the more denaturant is present, the more exposetharryptphans present in the
molecule, signifying a loss of structure by thetpio in analysis.

The fluorescence spectra show the tryptophan residudomain cC8. In the first
spectra, registered at low concentration of urea,ttyptophan peak is at the expected
wavelength of 333 nm. As the concentration of demaatt increases, the peak tends to

shift toward higher wavelengths, reaching 356 nnenvim a solution containing 4.5 M
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urea and higher. This means that the more denatisraresent, the more exposed is the
tryptophan residue present in the molecule, sigmifya disruption of the hydrophobic
core . This is compatible with a protein that iklém at the beginning of the procedure
and loses its fold as the concentration of denatungreases.

Using the program MATHEMATICA(Wolfram researchts possible to fit the

experimental data creating a diagram of the absadagainst urea concentration.

355
350
E cC5: 2.83 kJ
£ 345
g cC8: 8.24 kJ
g
© .
S 340 cCO0: 37.74 kJ
335
o 1 2 3 4 5 6 7
2t .
1 3
0 L. | . " 5 5 u g unan
N
—1(® -
=2F
-3t ||
-4
1} 1 2 3 4 5 6 7
[Urea]/ M
Figure 4.4Urea denaturation curve and Gibbs free energy for dmains
cC8. the denaturation curve shows that the protein dom®s a compact
conformation (folded) to an unstractured one (urdd)d The values 0AG
for the three domains show that cC8 is more stHida cC5 but less stable
than cCO0, that has the highest value of the Gitdes énergy. In the lower part
of the picture the error is shown
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The fitting was performed on the basis of the tat@te equilibrium hypothesis and the

fequation used is the following:

_(Ae—ijj
_(F+S$X)+U +S§X)et T

f _(8G-5,X)

Where Fis the folded fraction, F is the signal for thédf fraction, U is the signal for

the unfolded fraction, S represents the slope efdlrve at either the folded of the
unfolded state and X is the urea concentration.

The curve resulting from this analysis is similastgmoid, showing that the tryptophan
residue contained in domain cC8 is buried in theréyghobic core of the protein at low
concentration of denaturant, as shown by the femaece absorbance of 333 nm, but
tends to be exposed at increasing concentrationsred, to reach a maximum at
concentration of urea 4.5M. After this point thesatibbance does not increase any
further even at higher concentrations of urea, nmgathat the domain has lost its
structure and is fully denatured. With the progrsiamthematica it was also possible to
calculate the Gibbs free energy, that resulteditferprocess of denaturation of domain
cC8, corresponding to 8.24 kJ. The Gibbs free gnéAg5) is associated with the
thermodynamic stability of a given molecule andstek if a process is favoured or not.
The same quantity has been previously calculatedtfer domains of c-MyBPC and
so it was possible to compare the same value ffareint domains of the same protein,

comparing in this way the stability of domain cCBhathe stability of known domains.
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4.1.3.21D *H NMR Melting curve

To study cC8 behaviour at different temperatured #n understand if the protein
undergoes structural changes, a melting curve weormed, which consist in
recording various 1BH NMR spectra of domain cC8 at different tempesuFrom
the results, reported in picture 4.5, it is evideoiwv the peak at -0.55 ppm in the
spectrum recorded at 5°C, starts splitting in twd%fC and how the two peaks grow
more apart the higher the temperature rises. Tgusfies that something happens in the
structure of domain cC8 which involves a residugdalin the hydrophobic core of the
protein. This fact points towards an hypothesig #mmne major change takes place in

the protein putting at risk its stability.

Z
o

Tempreature (°C)
5
15
25
30
35
40
45
50
55

10 25

Table 4.2: 1D NMR melting curve
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Figure 4.5Melting curve for domain cC8. Four'H 1D NMR spectra have been
acquired at four different temperatures. It is vevident that the peak at -0.55 ppm
is a singulet at 5°C but starts splitting in twol&’C. The two peaks move more
apart the higher the temperature goes. This mehaais the protein is in two
different conformations, at least some of its nes&lchange chemical environment
going from 5°C to higher temperatures. Moreoveis thgion at the very right of
the spectrum, is where the signals of the interesidues, very shielded from the
rest of the protein and so giving a signal at ahhiigld. This means that the
hydrophobic core of the protein in involved in thisenomenon.

From the results of both urea denaturation andimngelturve, | concluded that cC8
produced by refolding of the insoluble synthesipeatein has a fold but it is probably
not the correct one. It is very likely that sometbé& hydrophobic residues of the
sequence do not find a place in the hydrophobie duoring the refolding and end up
being exposed on the surface, causing the pradestidk to dialysis and concentrators

membranes. The ideal solution to this problem wdwdto express domain cC8 as
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soluble protein. This would avoid the refolding pedure, leading to the expression and

purification of a protein properly folded.

4.1.4 cC8 expressed as a fusion protein

The production of proteins by genetically engindeke Coli is a well established
technique, favoured by the fact tHat Coli has a relatively simple genetics, is well
characterised and has a rapid growth rate. Howeaepossible disadvantage in
expressing heterologous proteins EColi is that these proteins could express as
insoluble aggregated folding intermediates, knownnalusion bodies (Mitraki, 1989).
A wide range of means have been exploited to iseredhde production of soluble
protein, such as specific bacteria strains (Mirand Walker, 1996; Prinz et al., 1997;
Sauer and Nygaard, 1999), chaperone co-expresstolM#érco and De Marco, 2004; de
Marco et al., 2000), and modification of growth diions. A further approach is to
clone the gene of interest in vectors that offer dpportunity to fuse the target protein
to a partner to increase its solubility (Kapust afa@ugh, 1999; Makrides, 1996).
Glutahione S-transferase (GST) (Nygren et al., 198ltose binding protein (MBP)
(Pryor and Leiting, 1997) and thioredoxin (TrxA)aLVallie, 2000) are the most
popular fusion protein in use. In this research fusion proteins have been produced,
cloning the sequence coding for domain cC8 in twiternt vectors, pETM-20 to
express cC8 as a fusion protein with TrxA, and pEGD/to express a fusion protein
with the E.coli protein NusA, that has been selected for its nsic solubility (De

Marco et al., 2004) .
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4.1.4.1Cloning of cC8 in pETM-20 and expression of Trx&8c

Thioredoxin (TrxA) has several properties that makeell suited as a protein fusion
partner, specially the fact that when it is expeedsBom plasmid vectors i&.Coli, it
can accumulate to 40% of the total cellular protedmtent while remaining soluble.
This extraordinary level of soluble expression ®sj@ very efficient translation. More
importantly, this remarkable property is usuallgnisferred to heterologous proteins
fused with TrxA, especially when TrxA is positionatithe N-terminus of the protein of
interest. The way TrxA works is probably as a cewutly joined chaperone protein that
keeps folding intermediates of linked heterologpt®eins in solution long enough for
them to adopt their correct final conformation {allie, 2000). For this reason the cC8
gene was re-cloned in the pETM-20 vector so to e&sgiit as a fusion protein with
TrxA.

The cloning procedure followed is the one describedhe material and methods

section.
Primers for generating entry vector
Tm
cC8 | Forward]| 5-GCGCCCATGGCGCAACGGCCACGGCTTCAGC-3' 60°C
Reverse| 5-GCGCGGATCCTACTTGTCAACAACCTGCAGCACC-3' 60°C

Table 4.3: Primers used to lone cC8 in both vectorsETM-20 and pETM-60 vectors.
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Hhol (158)
Eagl (lag)
Motl (16a)
Epnl {(177)

Dialll (588Z)

Pstl (4984)

f fl Drigi.n
- Ampieillin®

pETM-20
6124bp

BamHI (304)
HindIII (397)

Neol (514)
Msel (575)

TxA I|

Ongn (3805)

Hhbal (953)

Sapl (3730)

BstEI(1026)

Figure 4.6pETM-20 vector map. The protein of interest will be expressed as
fusion protein with TrxA at its N-terminus. An Hiag to allow purification by
IMAC using N#* columns is located between the two fused protemsa TEV
site is also present so that it is possible tothat TrxA away if necessary for

analysis.

1) 2)
bp

bp 1 2 3 4 5 6 7
2000
2000
' 1000
1000 ey
o=
500 < @ oy G - 300
—
100

Figure 4.7 Cloning of cC8 in pETM-20. 1) PCR products at annealing
temperature of 60°C. 2) PCR screening carried outhe colonies obtained
after ligation between the cC8 coding gene andorgE TM-20. In lanes 1 and
7 is shown the DNA marker.
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Once the cloning procedure was completed, the nBMx Ponstruct was inoculated in
different kind of competent cells to confront théficeency of expression. The

competent cells used in this analysis are thevioiig.

. BL21 STAR (DE3) (from Invitrogen)
. BL21 Codon Plus (DE3) RP (from Stratagene)
. Rosetta (DE3) PlysS (from Novagen)

The results obtained are shown in SDS-PAGE pidallewing.

1 2 3 4 5 6 7 8 9
66.5 ~
55.4
36.5
31.0
— u TrxA_cC8
215 — 25 kDa
144
6.0 "=
Figure 4.85DS-PAGE gel of TrxA_cC8 expressed in different copetent cells.
In lane 1 in shown the marker. In all even numbéaeds are the soluble fractions
and in the odd numbered lanes the insoluble frastib.ane 2 and 3 show the
expression in Rosetta (DE3) PlysS cells at 15°Cedas and 5 show results in
expression in Rosetta (DE3) PlysS at 37°C; lanesds7ashow expression results
using BL21 Codon Plus (DE3) RP at 37°C; lane 8 asti® the results obtained
when using BL21STAR (DE3). The best results wasoite obtained with Rosetta
(DE3) PlysS cells at 15°C but the majority of th@tpin was in the insoluble
fractions with all the different competent cellgds

According to the results obtained, it was decideaxpress the protein at 15°C with
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Rosetta PlysS cells that gave the higher amourstolfble protein comparing to the
other kind of competent cells used in this scregnih was possible to purify the
synthesised fusion protein using IMAC on ?Nicolumns and by size exclusion

chromatography.

55.4

Figure 4.9SDS-PAGE of TrxA_cC8
expressed in Rosetta (DE3) PlysS at
15°C after IMAC purification on
Ni?* columns. In lane 1 in shown the
marker. Lanes 2 and 3 show
cC8_TrxA  after the IMAC
purification step.

The fusion protein was purified with size exclusionromatography and the three
fractions containing it were pooled together. Th®tgn was then concentrated,
dialysed against NMR buffer and a titration wiiN cC5 was performed. The final
concentration of®N c¢C5 was a lot higher than the one of TrxA_cC8tseas possible

to perform just three addition of TrxA_cC8.
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36.5
2) 31.0
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144
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Figure 4.10Size exclusion chromatography purification step offrxA_cC8. 1)
size exclusion chromatography results for cC8_TrxR) SDS-PAGE gel of the
fractions corresponding to the peaks shown in chtogram. The fusion protein is
present in fractions A9, A10 and Al1l, that correspin the SDS-PAGE picture to
lanes 3, 4 and 5.
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Ratios [cC5luM [TrxA cC8] uM
1:0 100 0

1:0.5 100 50

1:1.5 100 150

Table 4.4: ratios and final concentrations of cC5m@d cC8_TrxA used in the
titration performed to study their interaction.

No positive results were obtained by this titrafidrwas not possible to detect any shift

in the®H/ >N HSQC spectrum peaks.
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Figure 4.11 H/*>N HSQC spectrum of cC5 after different additions of
TrxA_cC8. It is possible to see from this picture how the différespectra
superimpose one another almost perfectly, meanaig dl least at the concentrations
used for this analysis, no interaction occurs.
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4.1.4.2Cloning of cC8 in pETM-60 vector and expressiohNo$A cC8

The same cC8 DNA fragment amplified by PCR and dodigested with enzymes

BamH1 and Ncol, was ligated also with pETM-60 (Dartb et al., 2004) with the

finality of expressing cC8 in a fusion protein wighsecond partnek.Coli protein

NusA. This protein was chosen as fusion partnethenbasis of solubility screenings

(Harrison, 2000), has a molecular weight of 55 kibal has a role in termination of

transcription; it is characterized by a solubilitigher than 95% when over expressed

and it has been proven to enhance the solubiligxofjenous protein fused with it.

Smal (5565)

Origin (5551) BB

two fused proteins

Xhol (158)
Notl (166)
Sall (179}
Sacl (190)
N EcoR1 (192)
Dralll (7392) BamHI (198)
= Kpnl (208)
flongn  agp "Ny P —— Neol (1013)
TEV sits
Kanamyein® '
pETM-60
Nusé,
TE34 bp
Xbal (2600)

Bell @3452)

Figure 4.12 pETM-60 vector map. The protein of interest will be
expressed as a fusion protein with NusA at its Kiteus. An His-tag to
allow purification by IMAC using Ni2+ columns isdated between the

cut the NusA away if necessary for analysis.

and a TEV site is also preserthat it is possible to

The same competent cells as the ones that gave bést result with the

TrxA_cC8construct were used, so expression wasedaout with Rosetta (DE3) PlysS
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cells (from Novagen). It was possible to purify tetein with both IMAC on Ni'
columns and by size exclusion chromatography, d@hengh two unresolved peaks

were present in the chromatogram.

MW
kbal 2 3
1) 66.3=

55.4—"=

365
310

215
144+

6.0
3.5
328

TR0, ——— X0TFBIO0L10 Frcsirs

-

2)

Figura 4.13 Purification of NusA_cC8. l1a) Purification of domain
cC8_NusA by Immobilized Metal ion Affinity Chromacaphy (IMAC);
2)Chromatogram resulting from Size exclusion chrmgeaphy.
cC8_NusA is present in fractions 5, 6 and 7, thatthe fractions that have
been pooled together. The peak is not well resobsdi a second peak is
present in fraction 4, which is compatible with tlesult obtained by SDS-
PAGE analysis, shown in figure 1b), where two baads present at very
similar molecular weight.

A titration was performed to study the interacti®tween™N cC5 and NusA_cC8

Ratios [cC5uM [NusA cC8]uM
1:0 100 0
1:0.5 100 50
1:1 100 100
1:1.5 100 150

Table 4.5: ratios and final concentrations of cC5m=d NusA_cC8used in the
titration performed to study their interaction.
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Some very small shifts were distinguishable, pdggine to small variations in pH or
temperature, but not enough to reach a definitoreclusion about the occurrence of the
interaction; the main problem with NusA cC8, as Iwad with TrxA_cC8, is the
impossibility to produce enough soluble proteinp@rform a titration going to the

higher ratios that might be necessary for thisratgon to be clearly detectable.

4.1.5 Expression in tRNA- supplemented host cells

4.1.5.1Expression of cC8 in BL21 Codon Plus (DE3) RP cdemeells

One of the most common problems encountered when-expressing heterologous
genes inE.Coli, is the failure of synthesis of the desired prowie to the presence of
rare codons. This is caused by the redundancyeaféhetic code; since the same amino
acids can often being encoded for by more thancoden, different organisms use the
possible coding triplets with varying frequency.réem expression of heterologous
genes containing codons rarely used by the hosingig, can lead to a reduction of the
corresponding tRNA pools and a stop in the tramsiat process that will appear as a
failure of producing the desired protein. This peoib can be overcome co-expressing
extra copies of the rare tRNA genes together whig protein of interest. For this
purpose two pACYC-based vectors were created bgtegfene with copies of the
codons that had the main effect when expressingrdlegous proteins i&. coli. Four
codons were implementedrgU (AGA/ AGG), ileY (AUA), leuwW (CGA) andproL
(CCCQC). Ideally all four codons would be present the same vector but, since a
functional incompatibility betweeneY andproL was observed, two different vectors

were made on the basis of their relative GC-ricen@&A (@rgu), AUA (ileY), CUA

176



(leuW) are more likely to be present in AT-rich organssnwhile AGG argU) and CCC
(proL) are more frequently found in GC- rich organismese two vectors were
introduced into the BL21- gold cells and the raagltcells go under the trade-name of
BL21 Codon Plus (DE3) (from Straragene) and existwo version, RIL and RP
according to the rare codons present in their smfdit vector.

Since four rare codons are present in the DNA sexpieoding for domain cC8, four
CCC (roL) and one AGG@argUl), it was decided to use the BL21 Codon Plus (DE3)

RP.

cC8 DNA coding sequence.

atg cac cat cat cat cat cat tct tct ggt gag aat ctt tat ttggagycc atg gcg caa cgg cca
cgg ctt cag ctg"CCAGG cac ctg cgc cag acc att cag aag aag gtc ggg gag cct gtg aac
ctt ctc atc cct ttc cag ggc ad&gCCcgg cct cag gtg acc tgg acc aaa gag gggCag
ctg gca ggc gag gag gtg agc atc cgc aac@gE aca gac acc atc ctg ttc atc cgg gcc
gct cge cgce gtg cat tca ggc act tac cag gtg acg gtg cgc ataagtg gag gac aag gcc
acg ctg gtg ctg cag gtt gtt gac aag tag

The expression was carried out at different tenpeza, and the best results were
obtained at 15°C expressing overnight, inducindnaisolution of [IPTG]= 0.1 mM.
Using the BL21 Codon Plus (DE3) RP cells around ¢/l raf soluble protein were
obtained. The protein was purified by IMAC on*Neolumns and with size exclusion

chromatography.
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Figure 4.14SDS-PAGE gel and size exclusion chromatogram for
domain cC8 expressed in Codon Plus (DE3) RP cellka) In lane 1 is
shown the marker, in lane 2 and 4 is visible thedbeorresponding to
domain cC8 around 11 kDa. In lane 3 and 5 are shbe/flow though of
the Ni2+ charged columns used for the IMAC purifica step. It is clear
that no cC8 is flowing through the columns and iggttlost during
purification. 2) Gel filtration chromatogram for main cC8; fractions
All, A12 and B12 were pooled together and checkitd 8DS-PAGE
analysis; in lanes 7, 8, and 9 in picture 1b) dm@as the three fractions
containing the protein.
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4.1.5.2Expression of cC8 in Arctic Express RP cells

The best results obtained for domain cC8 have bbtined conducting the expression
at low temperature. At standard temperature of B@&E3the expressed heterologous
protein can impair the cell’s ability to properlyogess the recombinant protein, so low
temperature expression is a common strategy teaserthe recovery of soluble protein
(Schein, 1989) that otherwise would precipitatee @roblem that may arise from this
approach is thét. coli chaperonins, that have a fundamental role inlstaty unfolded
and partially folded proteins keeping them in dSolut lose activity at reduced
temperatures. To overcome this obstacle, specrapetent cells have been engineered
that co-express the cold-adapted chaperonins CpntiOCpn60 from théleispira
Antarctica these chaperonins have 74% and 54% amino acitityléo the E. coli
chaperonins GroEL and GroES respectively, and dhigtv protein folding activities at
temperatures between 4°C and 12°C. The cells usddis research are the Arctic
Express RP (from Stratagene) that also contairaecdpies ofargU andproL genes
necessary to overcome the rare codon presence einhdéterologous gene. The
expression was carried out at 13° overnight indyeinth [IPTG]= 0.1 mM giving a
yield of 186 mg/l. The protein was purified by IMAGh N7 columns and with size
exclusion chromatography.

Confronting the two SDS-PAGE gels of cC8 expressegdodon Plus RP and in Arctic
RP, it does not seem to be a relevant differendbaramount of protein synthesised, |
would conclude that using either of the two competells would give a good amount

of recombinant protein.
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Figure 4.15Purification of cC8 expressed in Arctic Express RFcells. 1)
purification of domain cC8 by Immobilized Metal ionAffinity
Chromatography (IMAC); 2)Chromatogram resulting nfroSize exclusion
chromatography. cC8 is present in fractions A112 Aihd B12, and these
fractions have been poured together. In lanes 4efune 1b) are shown
fractions A10, All, Al12 and B12 after SDS-PAGE gsisl Fractions All,
Al12 and B12 have been pooled together.
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4.1.6 Study of the interaction between domains cC5 ar&l cC

The interaction between domains cC5 and cC8 of dMyBvas studied performing a
titration of cC8 in a sample dfN cC5, following the changes in chemical shift im a
1 15

H/ N HSQC spectrum.

Once the problems regarding cC8 expression have beercome, it was possible to
synthesise enough protein to perform this studyur Rmoints have been recorded,

corresponding to three additions of cC8 to'fiNecC5 NMR sample.

Ratios [cC5uM [cC8] uM
1:0 50 0

1:0.5 50 25
1:1 50 50
1:2 50 100

Table 4.6: ratios and final concentration of C5 andcC8 used in the
titration performed to study their interaction.

Figure 4.16 SDS-PAGE gel of the samples used to
study the cC5-cC8 interaction.in lane 1 is the marker.
Lane 2 shows the stock of 15N cC5 2pNI; lane 3

shows the stock of cC8 14/; in lane 4 is the firs point
of the titration, cC5 5QuM alone. The following three
lanes show the three addition of cC8 to cC5, botteins

are visible in each lanes and as is the increasing
concentration of cC8.
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Very small changes in chemical shifts were registein the cC5'H/*°N HSQC

spectrum, meaning that the two proteins might agieeven though not in a very strong
way. These shifts could be also caused by smatigdsin the experimental conditions,
such as pH or temperature, so this result is nificent to conclude that domain cC5

interacts with domain cC8.
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Figure 4.17*H/ 5N HSQC spectrum of the cC5+cC8 titration. No significant
chemical shift change was revealed apart from senall changes that could be due
to very slight experimental variation of parametsush as like pH or temperature.
From this picture it is not possible to concludattdomains cC5 and cC8 interact
with each other. Picture generated with CCPNMR #sial (ration cC5:cC8 Red
1:0, Green 1:2)

4.1.7 Cloning and protein expression of groups of domaids-7 and cC8-10

Given how small the observed shifts were in*tHE&N HSQC titration between cC5
and cC8, it was decided to clone two groups of dosnas, according to the trimeric
collar model (Moolman-Smook et al., 2002) domai6$,ccC6 and cC7 should interact

with cC8, cC9 and cC10, respectively. So two bigfyagments of cMyBPC were
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cloned, one comprising of domain cC5 to domain ¢{i€agment cC5-7) and the other
comprising of domains cC8, cC9 and cC10 (fragm@&-¢0).
The primers used for this procedure are reportetierfollowing table. The new DNA

fragments were cloned in vector pETM-11.

Primers for generating entry vector Expression
Tm vector
cC5 F |5-GGCCGAGCCATGGCGCCCAAGATCCACCTGGAQ -35°C

cC7R 5-GGATCCTTACACGGGCTCGGTGGTGGTCACGGGH355°C
cC8F 5'-GCCCGAGACATGTCGCCACGGCTTCAGCTGCCCt3'65°C

cC10 R | 5-GGATCCTTACTGAGGCACTCGCACCTCCAGGCGH3'g5°C
Table 4.7:Pimers used to clone cC5-7 and cC8-10p&kTM-11 vector.

pETM-11

Xhol (158)
Smal (4960) ga”;{ } e
Clal (4777) Dialll (5787) HindIll (173)
' : Sall (179)

Sacl (190)
EcoRI (192)
BamHI (198)
Epnl 08)

1 Bstl (249)
pETM-11 ! BamHI (457)
Sall

6029bp EV.sie | Eagl

Ongin (3445)

Sapl (3768)
Neol (B77)

EcoRV (2233)

Figure 4.18pETM-11 vector map. This is the vector used to clone
fragments cC5-7 and cC8-10. The two enzyme usedlifpestion were
BamH1 and Ncol for cC5-7 and BamH1 and Pcil for £G8-

The procedure followed for the two cloning proceduis the same as the one described
in the materials and methods section for the grolugdomains cC8-10; for cC5-7 it

resulted difficult to perform the ligation directlgfter the double digestion, as this
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procedure, repeated twice, failed to give any cplafter transformation of TOP 10
cells. It was then decided to perform an extra,digating the digested cC5-7 encoding
sequence in the pCR Il Blunt TOPO vector (from trogen). To do this the DNA
fragment was allowed to react with pCR Il Blunt T@Rector (from Invitrogen). and
then TOP 10 cells were transformed with this DNAistouct. After purification by
MINI PREP, the DNA was doubly digested with BamHida\col and then ligated to
the doubly digested vector pETM-11 wit ligase Tifi Roche). This time the reaction
worked and a few colonies were obtained after foansation of TOP 10 cells with this
DNA construct. As shown by picture 4.20, the PCRe@aning of these colonies showed
that all the colonies contained the right cC5-7oelg gene, as confirmed by DNA
sequencing.

While cC5-7 was doubly digested by restriction eneg BamH1 and Ncol, before
ligating it with the vector, cC8-10 was digested BgmH1 and Pcil (from New
England Bio Labs) due to the presence of a Ncotingusite in the sequence. Enzyme
Pcil creates sticky ends compatible to the oneatenleby Ncol but the recognition
sequence is different, being CCATGG for Ncol andAAGT for Pcil. The digestion
of cC5-7 was carried out in Buffer B (from Rochehile the cC8-10 digestion was

carried put in NEBuffer 2 (from Roche).
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Figure 4.19Cloning of cC5-7 in vector pETM-11.1) PCR product; 2)PCR screening after ligatid
of the cC5-7 encoding gene in the PCR-Blunt veffrmm Invitrogen) only the colonies shown ir
lanes 4, 5, 7, 8, 9 and 11 have resulted positivihese were used for procedure that followed;
cC5-7 and PCR-Blunt vector after digestion with B#imand Ncol enzyme. The DNA
corresponding to cC5-7 is the lower band, corredpanto 900 bp. The DNA was purified at thi
stage by gel extraction. 4) PCR screening of tHentes obtained after ligation of the cC5-7 ger
in vector pETM-11. all colonies have resulted pusitso all have worked. The DNA purified by
MINI prep was at this point analyzed by DNA sequenaoalysis.
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Figure 4.20Cloning of cC8-10 in vector pETM-11.1) in lane 1 is shown the
marker while in lane 2 are the PCR products for-6082) PCR screening for cC8-
10: lane 3 shows the marker, while the following &nes present the PCR
screening for different colonies obtained afteratign of cC8-10 to the vector
pPETM-11; it is evident how the colonies in lane4 and 8 have given a positive
result. The DNA purified by MINI PREP was checkgd@NA sequence analysis.

4.1.7.1Group of domains cC8-10

The DNA construct of cC8-10 in pETM-11 was inocathtin BL21 STAR (DE3)
competent cells (from Invitrogen), expression wagied out at 15°C overnight and
induced with [IPTG]= 0.75 mM.

From preliminary results it looked like cC8-10 eapsed normally, as shown in figure
4.22. However, it was not possible to purify thetpm using the size exclusion
chromatography, no peak was present in the chrgretg meaning that no protein
was present in the sample or that part of the proteght be misfolded and stick to the
gel filtration column. The strategies that workextofor domain cC8 were also used for
the group of domains cC8-10, so the correspondiNg [Bonstruct was inoculated in
BL21 Codon Plus (DE3) RP and Arctic Express RP ibuboth cases the amount of

protein express would not improve. The lack of mh#d work on these final domains
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of cMyBPC suggest an intrinsic difficulty in thergkiesis of this fragment of protein

that could explain our lack of success.

66.3
55.4

36.5 cC8-10 38kD4

31.0

215

145

6.0

3.5

Figure 4.21SDS-PAGE gel of group of domains cC8-10
expressed in BL21 Star (DE3) after IMAC purification
on Ni?* columns. In lane 1 is shown the marker. In lane R
and 4 is shown the soluble part obtained by this &edided
with French press and sonicator respectively; lghasd 5
show the flow through. Some of the protein seemfiote
through the Ni* columns.

4.1.7.2Group of domains cC5-7
Expression of cC5-7 was carried out at 15°C ovéignducing expression with

[IPTG]= 0.75 mM, giving a yield of 27 mg/l. It wasossible to purify the synthesised

protein with both IMAC on Ni' columns and size exclusion chromatography.
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Figure 4.22SDS gel and size exclusion chromatogram for groupf @omains cC5-7
expressed in BL21Star (DE3) cellsl) In lane 1 is shown the marker, in lane 2 and 4
visible the band corresponding to domain cC5-7 domaround 40 kDa. In lane 3 and

are shown the flowthough of the Mlicharged columns used for the IMAC purificatio

purification. Lanes 2 and 3 show the result of fieation after lysing the cells using th
French press, while lanes 4 and 5 show the sarae lgfing the cells with a sonicato
machine all after Ni column purification. 2) Gdlration chromatogram for domaing
cC5-7; fractions A7 and A8 were pooled togethettton basis of the chromatogram 4
the SDS-PAGE analysis gave very thick bands thatenfifficult to understand whethe
cC5-7 is also present in fraction A5 and A6.

step. It is clear that no cC5-7 is flowing throutiiie columns and getting lost durin%;
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The protein was concentrated and dialysed agaiN#R Muffer. An NMR sample was
produced which concentration was b2 and a 1D'H NMR experiment was run to
check whether the protein was folded, as suggdsyeis being soluble in agueous

solutions.

1]
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Figure 4.231D NMR spectrum of cC5-7. 1) aromatic region of the cC5-7
spectrum; the peaks found in this region are tym€aH nuclei involved in
an aromatic system. 2) region at negative chensiuiit the peaks present at
chemical shift lower than 0 ppm are typical of —Citoups buried in the
hydrophobic core positioned near an aromatic r&kgpectrum of this kind
induce to believe that the group of domain cC5-bided.

From the 1D'H NMR spectrum it is possible to conclude that phetein is probably

folded, due to the presence of peaks at negatigenicial shifts, at the far right of the
spectrum. However, to confirm this hypothesis, iaswdecided to perform a
multidimensional experiment. The molecular weighthe group of domains cC5-7 is

around 35 kDa; proteins larger than 25 kDa tendive broader NMR signals, due to
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their slower molecular tumbling rate compared toaken molecules, causing fast
transverse relaxation. A/ >N HSQC of a protein this large would give broachsig
and some of them will disappear completely, givangpectrum with a number of peaks
not corresponding to the number of residues inpttaeéein. However, if we consider a
'H/ N correlation experiment withottN decoupling in both dimensions, every signal
will be split in four signals separated by the Nsdin coupling constant in both
dimensions Fand k. It was noted that not all this four signals woblwaden in big
proteins spectra. Due to the interference of tlessecorrelated dipole relaxation and
chemical shift anisotropy relaxation one of therti stay sharp, one will be very broad
and the remaining two will be intermediate. Based tbese observation, a new
experiment was proposed (Pervushin et al., 1997hningles out the sharp resonance
and detect it without decoupling. To this experiinems given the name TROSY
(Transverse Relaxation Optimized Correlation SpscwopY). If a 800MHz
spectrometer is available, it is possible to penf@xperiments based on TROSY that
would enable to solve the structure of a proteirgda than 30 kDa. A TROSY
experiment was performed for cC5-7, together witH&°N HSQC. It is evident that
the TROSY spectrum shows a lot more peaks if coatpaith the'H/*>N HSQC where
mainly just the peack corresponding to the flexiiobdker of cC5 are shown (Idowu et
al., 2003), this is a significant result that shdwvesv this group of domains is rigid. In
fact while for a flexible protein of around 30 kDsauch as the group of domains cC1-
cC2, theH/™N HSQC presents a number of peaks consistent Wihnumber of
residues present in the fragment, for a rigid pnotdé the same size much of the signal
is lost due to the transverse relaxation so thahympeaks will not be visible;
performing a TROSY experiment, on the other hantl, give the opposite result,

giving a good
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spectrum for rigid proteins and a bad spectrumafflexible one. So given the results
obtained for the group of domains cC5-7, we carcleale that this fragment is rigid.
These results also confirms that the TROSY experime the best option when
studying rigid proteins bigger than 25 kDa. It ist ihe finality of this research to
determine the structure of the groups of domains-¢®ut the quality of this TROSY
spectrum shows that it would be possible to detsenitis three dimensional structure.
Moreover, since we have shown that the group ofalesncC5-7 is stable and expresses
well in bacteria, it would be possible to study thiraction with its hypothetic binding
partner cC8-10. Unfortunately it was not possildeperform a titration to study the
interaction between the two due to the failurexpress the group of domains cC8-10,
as reported in the previous section. In conclugiomill be possible to investigate the
interaction between this central domains of thetggnoand the C-terminal part of

cMyBPC, once the technical problems concerninddtier will be overcome.

4.2 Discussion

4.2.1 Problem of the solubility of domain cC8

Domain cC8, together with the other C-terminal dowmaof cMyBPC, has shown a
tendency in precipitating into inclusion bodies aimgited solubility. Interestingly, the
C-terminal domains are involved in sarcomere incmapon of cMyBPC, and this
features are common to the other isoforms of tleéepr. The region comprise between
cC7 and cC10 interacts with LMM, even though onlymdin cC10 seems to be
indispensable for the binding to occur. To achimaximal binding, on the other hand,

the four C-terminal domains cC7-10 are necessary cidyBPC to be properly
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incorporated in the sarcomere (Welikson and Fischi®@02). The cC8-10 region, also
binds to titin (Furst et al., 1992; Koretz et 41993; Labeit et al., 1997; Soteriou et al.,
1993), probably via domain cC9 and/ or cC10 (Fngband Gautel, 1996) interaction
that resulted fundamental for the sarcomere tonassits proper structure. All these
aspects point towards an important structural afl¢he C-terminus of cMyBPC that
could also motivate the insoluble character of éhdsmains when expressed on their
own. It is in fact probable that the presence @f pinevious domains in the sequence
could stabilise the most terminal domains, suchG& and cC10, and that the presence
of other proteins with which the C-terminal domaaiMyBPC interact could play an
important role in the expression of these final dom of the protein.

Another important aspect is the presence of rad®r® in the DNA sequence coding
for these domains, as seen for domain cC8 alonenamiek importantly, for the group of
domains cC8-10, that could cause a reduction ofRINA pools of the host organism,
E. Coli in this case, leading to a stop in the translafigmocess, with the consequence
failure in the synthesis of the desired proteinisTis not the case for N-terminal
domains, especially the other domain taken int@aetin this work, domain cCO, that
has a total lack dE. Colirare codons and consequently is very well exptebgehese
host cells.

In conclusion, it is possible that the insolubilggoblem of domain ¢cC8 and even more
so of the group of domains cC8-10, could be causedhe differences in codon
preference between source and host organisms, astich being a totally random
phenomenon that does not present any reason lyitigeiintrinsic structure and protein

synthesis in the real situation.
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4.2.2 Stability of domain cC8

We have seen in the result section regarding dom@i@ that the main problem
encountered in working with this domain was thedpiiion of soluble protein. The
domain, in fact, was synthesised when express&f“&@ as insoluble and had a high
tendency of precipitating in the so called inclusibodies. In this situation it was
decided to perform a refolding procedure in oradecompletely denature the protein
and then allowing it to fold in its native strua@uremoving the denaturant agent, urea
8M, in various steps in conditions of controllechfeerature (4°C).

The protein obtained after the refolding procedwss tested in order to asses its
thermodynamic stability, this was motivated by behaviour of the protein that had a
tendency to stick to surfaces, fact that suggetitat cC8 could be misfolded, with
some hydrophobic residue exposed on the surfacecapdble of interacting with
membranes such as are present in concentratorslialydis bags. To examine this
aspect of domain cC8 various experiments were pedd, as stated in the result
section concerning this protein, comprising pridyarin denaturation processes
followed by the different means of fluorescence cgpscopy, in presence of a
denaturant agent, and B 1D NMR spectroscopy performed on the same sasmtple

different temperatures comprised between 5 and’55 °

4.2.2.1Thermodynamic stability of domain cC8

From the urea denaturation studied by fluorescepextroscopy it was possible to

conclude, by examination of the different spectgistered in the tryptophan region

comprised between 300 and 400 nm, that in presaingewing concentrations of urea,
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the tryptophan residue present in the protein,quthé®m a buried state, characterised
by a fluorescence signal at 330 nm, to a situatibare it was exposed on the surface,
giving a peak at 350 nm, typical of this residueswiit is not buried in the hydrophobic

core of a protein. These results lead us to coecthdt the protein is folded after the

refolding procedure, at least the part where thetdphan is located. Using the program
Mathematica with the results obtained from thisezkpent, it was possible to calculate

the Gibbs free energyAG) and so to have a thermodynamic parameter taateathe

stability of domain cC8AG is defined as

AG=AH-TAS

for processes at constant pressure and volumeijsasur case.

AH is the energetic contribution, whil&S is the entropic contribution. An important
role is played by the temperature of the system.

In general, a process is favoured\{t<0, the best situation being that of negativé
meaning that the system is at a minimum of eneagg, positiveAS, so the system is in
a situation of maximal entropy.

In the case of cC8, since we are considering theatdeation process, we obtain a
positive AG, in fact the value obtained for the protein immxis 8.24 kJ; this is due to
the fact that the denaturation of the protein i¢ aofavoured process in normal
conditions and it happens only in presence of adeant agent or at high temperatures.
In this case, the higher thas, the higher is the stability of the protein, bs process
taken into account is the denaturation process.

The same value was determined for other domainsMyBPC, like cC5 and cCO

(Idowu et al., 2003) and it was then possible tmgare the value of this parameter for
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the three domains. The valuesAgb obtained for these two domains AB.cs= 2.83 kJ
and AGcc= 37.74 kJ. This means that between the three iprbere considered, the
most stable, being its denaturation process the figourable, characterised by the
higher value ofAG, is domain cCO; on the other hand cC5 resultedl¢ss stable
domain of the group. Interestingly, domain cC8 ltesu having an intermediate
stability. The stability of domain cC8 was also fioned by an experimental procedure
carried out by leaving samples of a solution of d@8&lifferent conditions such as
different buffer composition (Gel filtration or NMRuffer) at different temperatures
(room temperature, 4°C, -20°C and -80°C) for 30sd&fter this period of time a SDS-
PAGE analysis was performed that confirmed how pheein was stable in all the
condition tested as present in every sample witpcetipitation.

From these analysis it was possible to concludedbmain cC8 is stable enough to be
synthesised and purified in aqueous solution wita tmethodologies used in this

research work.

4.2.2.2Stability of the hydrophobic core of the domain

Once assessed the thermodynamic stability of thematg it was necessary to
understand whether the result of the refolding @doce was properly folded or not. To
do this a 1D'H NMR spectroscopy analysis was performed at diffetemperatures,

bringing to the conclusion that the protein exist$wo different conformations at low

temperatures and at room temperature. A meltingecwas performed, registering a 1D
'H NMR spectrum at different temperatures, betweemd 55°C at 5°C intervals. The
results, shown in picture 4.2, bring to the conduaghat the hydrophobic core of the

protein undergoes conformational changes going 6@ to 25°C. The peaks at the
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very right of the spectrum, at negative chemicaftshare characteristic of buried
methyl groups that are shielded by the aromatigsrithat with their ring current
produce an inducted magnetic field that has an sippdirection to the external applied
magnetic field, for this reason the nuclei are sotgd to a weaker magnetic field and

result shielded compared to the normal methyl gsdbpt give signals around 1 ppm.

Figure 4.26Effect of the ring current generated by aromatic sgtems.The
ring currents caused by the electrons that form the aromatic system,
generate an induced magnetic field that is in fmgosite direction compared
to the applied magnetic field,Bh the regions above or below the ring, while
as clearly depicted by the force lines , on thexglaf the ring the induce
magnetic field add up to the external magnetidfi€lor these reasons nuclei
positioned on the ring plane, such as benzene bedis) will be de-shielded
experiencing a stronger magnetic field compareduolei not subjected t
additional magnetic fields, while nuclei that arespioned in the two conicg
regions, distinguished in b) by a plus sign , wibult shielded by the rin
current and will have a lower chemical shift thagpexcted. These nuclei ter
to have negative chemical shifts in proteins amdadrthe very right of théH
spectrum.

Q_L\J—V_

A peak positioned at -0.55 ppm was observed td gpvo signals when the sample
was warmed from 5°C to 25°C, meaning that in thesngerature interval the
hydrophobic core where the methyl group responsdilethis signal is localised,

undergoes some conformational changes. The hypstléghis point was that the
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refolded domain was not very stable as it existedifferent conformations according
to the temperature. However, the same experimestpgegormed on a sample of cC8
obtained using different strategies and not subgetd the refolding protocol as it was
synthesised as soluble protein, but the resultse wensistent, bringing to the
conclusion that the same phenomena happened isolnble protein and are to be
considered intrinsic structural features of the dom

In conclusion it was not possible to detect a ddffee between samples obtained by
refolding or by expression as soluble compound amokeover, the refolded protein
gave thermodynamic results compatible with thosa sfable protein. Apart from the
behaviour of domain cC8 obtained after refoldimgttcould bring us to the conclusion
that the refolded protein presented some hydroghasidue on the surface, there was
no proof that could lead us to believe that thetginoobtained after the refolding
procedure was misfolded. In any case it was preferto produce the protein as a

soluble compound and this was achieved using diftestrategies.

4.2.3 Interaction between domains cC5 and cC8 of cMyBPC

The interaction between domain cC5 and domain cC8MyBPC was suggested
(Moolman-Smook et al., 2002) together with the higesis that a second interaction
between domain cC7 and cC10 took place; thesetsdsald the researchers to propose
the trimeric collar model that took these interaes into account. In this model, also
domains cC6 and cC9 are supposed to interact witraaother.

As seen in the result section, soluble cC8 wasitdxdzaeither as part of a fusion protein,
with TrxA and NusA respectively, or by itself arftetinteraction was studied with cC8

obtained with both these methods. In none of '##&°N HSQC titration experiments
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performed on cC5 with different additions of cC8aswnrevealed a proof that the
interaction took place. In the cases where a fuprmtein was involved it is possible,
even if not probable, that the protein fused wi@Bdo increase its solubility, could
prevent the two proteins from interacting. This Idole caused by the sterical
impediment that the fused partner could play. Tast Iprocedure would be to cut the
fusion protein away with TEV protease, as a TEV gitd is present in both pETM-20
and pETM-60 vectors between the two fused protéihgs, however was not done in
the first instance as it was not safe given thereadlts obtained for domain cC8 alone
and the risk of it precipitating appeared quitevaht. In the meantime, moreover, other
strategies, were pursued and gave better resalthese analysis were not repeated on
cC8 cut from the two fusion proteins.

Using tRNA supplemented competent cells, such aso@€d’lus and Arctic Express
cells (both from Stratagene) it was possible tadpoe soluble protein, easily purified,
to perform™H/**N HSQC titration experiments on domain cC5, giviregative results.
In this case, in contrast with the techniques yseiously, it was obtained a good
amount of domain cC8 that it was not present asqgia fusion protein, so these were
the best conditions to determine whether the iotema took place or not. The fact that
no positive result was detected induce to beliénad the interaction between domain
cC5 and cC8 of cMyBPC does not take place and abtkie trimeric collar is not a
probable model to describe how cMyBPC incorporate the sarcomere. Moreover,
from personal correspondence with Drs. Pugh anehédia, collaborators of Moolman.
Smoock at the University of Western Cape in SouthicA, we have learned that the
same analysis on domains cC7 and cC10 was carugdperforming a titration
followed by NMR spectroscopy on both labelled damsaafter the addition of a ratio

1.3 of the counterpart, in both cases without obegrany shift of the peaks present in
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the *H/*®N HSQC spectrum (unpublished data). They have aefsmountered great
difficulty in synthesising soluble cC8-10 that theyended to use to test its interaction
with domain cC5, thus studying the system analysgdurface Plasmon resonance
(Flashman et al., 2008; Moolman-Smook et al., 20Bjally, the results obtained from
the TROSY experiment performed on the group of dosmeC5-7, have shown that this
part of the protein is rigid, compared to the N+igrus that is flexible (Ababou et al.,
2008); this makes it even harder to believe thatciéntral and C-terminal fragments of
cMyBPC could interact with one another to formienéric collar wrapped around the
myosin filament. All these negative results casloabt on the veracity of the original

yeast two hybrid assay and on the proposed trincetlar model based on that result.

4.2.4 Conclusions

Given the difficulties encountered in the attemptslynthesise soluble samples of
domain cC8 of cMyBPC, the stability of the protewas studied using an array of
different techniques. As a result of these studiegas shown that domain cC8 has a
three dimensional fold and that it is thermodynaaihycstable. The problems faced in
the synthesis of the protein are probably due¢octidon content of its coding gene that
create problems when trying to overexpress theepran E. Coli, as using tRNA

supplemented host cells gave a good protein y@ftte the solubility problems have
been overcome, the possible interaction betweeradmeC5 and cC8 of cMyBPC was
investigated, failing to give positive results. Mover, the central part of the cMyBPC,
formed by domains cC5, cC6 and cC7, has been shmwe rigid, and not flexible as it

should be to be able to wrap around the thick fdatmAll these facts suggest that the
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interaction between cC5 and cC8 might not takeeptad that the trimeric collar model

is not a realistic hypothesis on how cMyBPC incogpe into the sarcomere.
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Chapter 5

Conclusions

The first part of this research project focuseddomain cCO of cMyBPC; NMR was
used to both determine the three dimensional streiadf the cardiac specific domain
cCO and study its interaction with the Regulatoight Chain of Myosin. The structure
has been determined to high precision, showinthalfeatures for an Igl domain, being
formed, as expected, by twf-sheets that form &-sandwich. An interesting
characteristic of domain cCO is that despite haangery well defined fold and a very
compact structure, the first ten residues, comgimproline residues together with
patches of positively charged amino acids, areruastred and could stretch from the
domain to reach out for a still undefined bindingrtper. This most N-terminal
fragment of cMyBPC, in fact has shown not to take o the interaction with the RLC,
suggesting that it might have a different functispgecific to the cardiac isoform of
MyBPC.

From the titration performed with domain cCO and(Rlt is evident how the two
proteins interact via electrostatic surfaces, imvig the majority of positively charged
residues positioned on the N-terminal side of tomain but crucially not two lysines
that are part of the unstructured region that mtesehe A’ strand. From the interaction
studies carried out with both miniHMM and RLC isaant how domain cCO interacts
with this region of the thick filament, confirminige hypothesised (Ababou et al., 2008)
mechanism by which cMyBPC could regulate cardiastremtion. It is important to
note that both cCO and two of the three phosphbtoyiasites present in the cC1-cC2
linker, are specific for the cardiac isoform, sugjgey a direct role of cMyBPC in the

continuous and rhythmic myocardial contraction. Be basis of what obtained from
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interaction studies between cC1 and thé& 82gment of myosin, that is very close to
the RLC, it has been hypothesised that the N-tarmiof cMyBPC would play an
important role in cardiac contraction, keeping tyosin heads in place to be ready to
interact with actin; upon phosphorylation of thele€C2 linker the myosin heads are
free to move away from the thick filament to intravith actin, probably keeping the
N-terminus of cMyBPC attached through domains c@@ eC1, being then facilitated
to go back to its resting position when the inteascwith actin ceases and cMyBPC
returns to its unphosphorylated form. It is alscsgible that not all the myosin
molecules present in a sarcomere do iteract witim & normal conditions, the ones
interacting with cMyBPC being impared to do so;ytleuld work as reinforcement
when needed, allowing the heart to beat fasteriacr@ase its output upon cMyBPC
phosporilation.

The results obtained in this research work continmm prominent role of cMyBPC in

cardiac contraction, via cCO interaction with thegRlatory Light Chain.

As for the second part of this project, focusing @omain cC8 and its possible
interaction with domain cC5, it was not possibletmclude, from the results obtained,
that the two domains interact with each other. @dht experiments have been
performed without a positive result obtained irstrespect. From the results presented
in this work and other data, not shown here andiblighed, obtained by other groups
on the hypothesised interaction between domains at@7cC10, it is not possible to
assume as valid the trimeric collar proposed by Ikao- Smook (Moolman-Smook et
al., 2002) that was essentially based on the fgwlithat the two couple of domains
taken in exam gave a positive result when testedhferaction with a yeast two hybrid

assay analysis.
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Between the two models proposed for the incorpomatf cMyBPC in the sarcomere is,
as a consequence, more reliable the one propos&duixe (Squire et al., 2003) where
cMyBPC is arranged parallel to the myosin filamant the groups of domains cC5-7
and cC8-10 do not interact with each other. Thigl$® confirmed by structural studies
carried on the thick filament that showed as thendric geometry proposed by
Moolman- Smoock and co-workers, would be too tighd so not allowed. In fact, the
diameter of the thick filament around which cMyBBI®uld wrap, is 13-15 nm (Squire
et al., 1998), resulting in 41-47 nm circumferenghile the cMyBPC ring is supposed
to be formed by three sets of three Igl domainat tave a diameter of 3.4 -3.9 nm
(Improta et al., 1996; Pfuhl et al., 1995), givimgircumference of the collar around 35
nm, too short to be able to wrap around the thillaknfent efficiently.

In conclusion, even though not positive and conetusesults can be shown regarding
the structure and the function of domain cC8, #muits obtained by these studies are
relevant for what concern the sarcomeric strucame the role that cMyBPC have in it.
It remains to understand the function of domain @ in this matter would be
interesting to solve the structure of the domaimy rthat it has been shown that the
protein can be produced in good quantity as a #lobmpound. Moreover it will be
important to identify its binding partner to undarsd whether this domain has a role
other that structural in the protein.

Finally, now that domain cC8 has been shown nadbeacthe binding partner of the
central domain of cMyBPC, it would be of vital immpance to identify the protein that
interacts with it as to unveil the function of damaC5 and, especially, of its cardiac

specific insertion that makes it so unique.
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Appendices

A.1 Culture media and Buffers

Luria Bertani culture medium

Per litre:
Yeast5g
Tryptone 10 g
NaCl 10 g

Make up to volume with deionised,® and autoclave. When cool, add the
desired antibiotics.

M9 medium modified according to Chen

This medium allows the introduction of selectiveragen and carbon isotopes
into expressed proteins and was prepared as fallows

Place 50ml 20X salts solution in a flask and mageo volume (1L) and
autoclave. When cool, add the followings:

MgSQO, 1M 2ml

CaChL 0.1M 100ul

Glucose 69 dissolved in 50 ml of(H
NH4CI 19

Vitamins 1ml

Micronutrients 1ml.

20X salts solution (per 1L)

NaHPO, 1209

KHoPO, 60g

NacCl 10g
Micronutrients

NaMoO4 0.73 mg

H3sBO3 24.7 mg
CoCb 7.1 mg
CuSQ 2.5 mg
MnCl, 15.8 mg
nSQ 2.9 mg
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Vitamins

Choline Chloride
Folic Acid

FF6 Wash Buffer

PO, 20 mM
NaCl 500 mM
Imidazole 10 mM
BME 2.5 mM
NaN;0.02%

pH =7.5-8.0

FF6 Elution Buffer

PO, 20 mM
NaCl 500 mM
Imidazole 500 mM
BME 2.5 mM
NaN;0.02%

pH =7.5-8.0

Gel Filtration Buffer

PO, 40 mM
NacCl 250 mM
DTT 2mM
pH=7.0

NMR Buffer

PO, 40 mM
NacCl 50 mM
DTT 2mM
pH=7.0

04¢
05¢
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SOC medium

Per litre:

Yeast 509
Tryptone 10g
NacCl 10 mM
KCI 2.5 mM

MgCl, 10 mM
MgSO, 10 mM
Glucose 20 mM

TBS buffer

Tris.HCI 50 mM

NaCl 150 mM
BME 2.5 mM
pH 7.5.
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3 PRO

4 GLY

5 LYS

6 LYS

7 PRO

A.2 Sequence Specific Assignment for domain cCO

CA
CB
CG
HA
HB2
HB3
HD2
HD3
HG2
HG3

CA

HA2
HA3

CA
CB
CD
CE
CG

HA

HB2
HB3
HD2
HD3
HE2
HE3
HG2
HG3

CA
CB

HA
HB2
HB3

CA
CB
CD
CG
HA
HB2
HB3

Chemical Shift

63.375
31.835
27.043
4.235
2.196
1.852
3.731
3.608
1.931
1.931

45.043
8.439
3.854
3.819

108.904

55.709
33.081
28.328
41.719
25.020
7.974
4.265
1.638
1.724
1.613
1.613
2.900
2.900
1.280
1.327
120.616

54.105
32.381
8.291
4.505
1.651
1.662
124.267

62.738
31.942
50.178
27.191
4371
1.793
2.178

8 VAL

9 SER

10 ALA

11 PHE

HD2
HD3
HG2
HG3

CA
CB
CG1
CG2

HA

HB

HG11
HG12
HG13
HG21
HG22
HG23

CA
CB

HA
HB2
HB3

CA
CB

HA

HB1
HB2
HB3

CA
CB
CD1
CDh2
CEl
CE2

HA

HB2
HB3
HD1
HD2

Chemical Shift

3.561
3.731
1.916
1.913

61.883
32.743
20.005
20.005
8.244
4.012
1.956
0,588194
0,588194
0,588194
0,58125
0,58125
0,58125
120.593

57.429
63.804
8.296
4.315
3.682
3.874
118.557

53.042
19.919
8.214
4.069
0,658333
0,658333
0,658333
125.277

57.727
39.854
131.338
131.338
130.933
130.933
8.238
4.816
2.608
2.827
6.982
6.982
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12 SER

13 LYS

14 LYS

15 PRO

HE1
HE2
HZ

CA
CB

HA
HB2
HB3

CA
CB

HA

HB2
HB3
HD2
HD3
HE2
HE3
HG2
HG3

CA
CB
CD
CG

HA

HB2
HB3
HD2
HD3
HG2
HG3

CA
CB
CD
CG
HA
HB2
HB3
HD2
HD3
HG2
HG3

6.675
6.675
6.608
114.771

58.641
63.274
8.809
4.395
3.510
3.747
119.399

56.362
35.664
7.884
4.575
1.654
1.653
1.489
1.543
2.843
2.843
1.249
1.358
121.565

53.374
32.741
29.184
25.400
8.744
4.313
1578
1578
1.619
1.671
1.029
1.368
125.096

62.248
31.343
49.521
27.823
4.693
1.584
0,578472
3.086
2.915
1.458
1.446

16 ARG

17 SER

18 VAL

19 GLU

20 VAL

CA
CB
CD
CG

HA

HB2
HB3
HD2
HD3
HG2
HG3

CA
CB

HA
HB2
HB3

CA
CB
CG1
CG2

HA
HB
HG11
HG12
HG13
HG21
HG22
HG23
N

CA
CB

HA

HB2
HB3
HG2
HG3

CA
CB
CG1
CG2

HA

53.951
32.456
43.269
27.018
8.118
4.592
1.966
1.966
3.189
3.189
1.697
1.697
119.622

59.888
63.405
8.511
5.281
4.304
4.238
117.935

60.004
36.675
21.498
21.498
8.389
4.660
1.942
0,542361
0,542361
0,542361
0,546528
0,546528
0,546528
117.416

54.138
31.658
8.190
5.351
1.790
1.710
1.923
1.978
124.652

59.013
36.048
21.605
20.411
8.616
4.491
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21 ALA

22 ALA

23 GLY

24 SER

25 PRO

HB
HG11
HG12
HG13
HG21
HG22
HG23
N

CA
CB

HA

HB1
HB2
HB3

CA
CB

HA

HB1
HB2
HB3

CA

HA2
HA3

CA
CB

HA
HB2
HB3

CA
CB
CD
CG
HA
HB2
HB3
HD2
HD3
HG2
HG3

1.846
0,453472
0,453472
0,453472
0,517361
0,517361
0,517361

120.245

51.307
18.726
8.375
4.364
1.275
1.275
1.275
126.173

53.104
17.631
8.287
3.899
1.284
1.284
1.284
123.045

44,741
9.862
3.255
4.371

112.047

57.787
63.296
7.944
4.750
3.874
3.932
119.405

61.743
31.751
49.384
26.460
5.142
2.010
1.433
3.651
3.743
1.949
1.958

26 ALA

27 VAL

28 PHE

29 GLU

30 ALA

CA
CB

HA

HB1
HB2
HB3

CA
CB
CG1

HA
HB
HG11
HG12
HG13
HG21
HG22
HG23
N

CA
CB
CD1
CD2
CE1l
CE2

HA

HB2
HB3
HD1
HD2
HE1
HE2
HZ

CA
CB

HA

HB2
HB3
HG2
HG3

CA
CB

49.972
22.877
8.688
4.396
0,670833
0,670833
0,670833
123.024

60.899
33.331
20.663
7.751
4522
1.525
0,384028
0,384028
0,384028
0,455556
0,455556
0,455556
121.938

56.051
42.218
133.446
133.446
132.118
132.118
9.196
4.561
2.356
2.354
6.719
6.719
6.992
6.992
6.781
126.818

54.508
33.692
8.583
5.405
1.811
1.744
1.933
2.002
120.733

49.421

23.523
9.484
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31 GLU

32 THR

33 GLU

34 ARG

HA

HB1
HB2
HB3

CA
CB
CG

HA
HB2
HB3
HG2
HG3
N

CA
CB
CG2
H
HA
HB

HG21
HG22
HG23

N

CA
CB
CG
H
HA
HB2
HB3
HG2
HG3

CA
CB
CD
CG

HA

HB2
HB3
HD2
HD3
HG2
HG3

4.691
1.169
1.169
1.169
124.341

54.301
33.336
36.469
9.001
6.016
1.955
1.779
2.114
2.162
120.169

59.738
69.791
22.123
9.330
4.842
4.515

0,477083
0,477083
0,477083

115.538

58.563
29.836
35.634
7.950
3.944
1911
1.839
2.019
2.143
119.723

53.485
32411
42.823
26.552
7.791
4.490
1.743
1511
3.134
3.134
1.488
1.486
113.251

35 ALA

36 GLY

37 VAL

38 LYS

39 VAL

CA

HA

HB1
HB2
HB3

CA

HA2
HA3

CA
CB
CG1
CG2

HA
HB
HG11
HG12
HG13
HG21
HG22
HG23
N

CA
CB
CD
CG

HA

HB2
HB3
HD2
HD3
HG2
HG3

CA
CB
CG1
CG2
H

HA
HB
HG11
HG12
HG13

51.762
8.614
4.050
1.247
1.247
1.247

125.041

45.703
8.647
3.634
3.960

108.031

61.469
32.942
21.112
21.112
7.077
3.869
1.750
0,447917
0,447917
0,447917
0,508333
0,508333
0,508333
119.457

55.873
30.881
26.795
26.885
8.467
4.267
1.755
1.656
3.085
3.085
1.502
1.502
128.214

60.114
33.719
20.059
20.375
7.993
4.537
1.126

-0.059
-0.059
-0.059
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40 ARG

41 TRP

42 GLN

43 ARG

HG21
HG22
HG23

CA
CB
CD
CG

HA

HB2
HB3
HD2
HD3
HG2
HG3

CA
CB
CE3
CH2
Cz2

HA

HB2
HB3
HD1
HE1
HE3
HH2
HZ2
HZ3

NE1

CA
CB
CG

HA
HB2
HB3
HE21
HE22
HG2
HG3

CA
CB
CD

-0.072

-0.072

-0.072
123.133

54.098
33.701
43.962
26.219
8.507
4.503
1.689
1.401
2.923
3.162
1.357
1.524
124.492

55.134
31.370
121.341
123.826
114.432
9.083
5311
2.829
3.113
7.214
10.427
7.464
6.488
7.013
6.434
123.367
129.996

54.445
34.775
33.383
9.532
5.159
1.606
1.443
7.520
7.520
1.776
2.011
118.692

54.790
32.202
42.579

46 SER

47 ASP

48 ILE

49 SER

CG

HA

HB2
HB3
HD2
HD3
HG2
HG3

CA
CB

HA
HB2
HB3

CA
CB

HA
HB2
HB3

CA
CB
CD1
CG1
CG2

HA

HB

HD11
HD12
HD13
HG12
HG13
HG21
HG22
HG23

CA
CB

HA
HB2
HB3

26.530
8.209
4.039
1.515
1.325
2471
2.742

0,593056
1.032
119.579

56.766
64.815
7.513
4.674
3.771
3.631
114.927

55.177
40.385
8.698
4.830
2.522
2.522
125.553

61.218
39.345
13.311
27.943
17.465
8.781
3.879
1.326
0,270139
0,270139
0,270139
0,286806
0,294444
0,1125
0,1125
0,1125
124.032

56.256
65.243
7.963
4.681
3.840
3.813
121.077
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50 ALA

51 SER

52 ASN

53 LYS

54 TYR

CA
CB

HA

HB1
HB2
HB3

CA
CB

HA
HB2
HB3

CA
CB
HB2

CA
CB
CD
CE
CG

HA

HB2
HB3
HD2
HD3
HE2
HE3
HG2
HG3

CA
CB
CD1
CD2
CE1l
CE2

HA

HB2
HB3
HD1
HD2
HE1
HE2

53.052
18.821
8.516
4.302
1.496
1.496
1.496
123.977

56.946
65.759
9.564
4.797
4.118
4.245
117.545

55.930
37.045
1.603

53.699
33.687
26.920
42.339
23.075
8.053
3.995
1.049
1.364
1.307
1.541
2.413
2.776
0,507639
0.014
121.638

55.016
40.147
134.261
134.261
118.090
118.090
6.779
5.484
2.414
2.893
7.116
7.116
6.832
6.832
114.754

55 GLY

56 LEU

57 ALA

58 THR

59 GLU

CA

HA2
HA3

CA
CB
CD1
CD2
CG

HA
HB2
HB3
HD11
HD12
HD13
HD21
HD22
HD23
HG

CA
CB

HA

HB1
HB2
HB3

CA
CB
CG2

HA
HB
HG21
HG22
HG23

CA
CB
CG

HA

HB2
HB3
HG2

44.332
9.666
4.653
3.343

110.691

54.213
45.206
25.698
25.698
27.947
8.542
5.138
1.609
1.609
0,478472
0,574306
0,574306
0,58125
0,565278
0,58125
1.372
125.972

51.318
22.564
8.594
4.790
1.296
1.296
1.296
124.534

62.034
72.197
21.244
8.602
4.862
3.824
1.078
1.078
1.078
119.396

54.955
31.121
35.799
8.883
4.378
1.872
1.775
2.025
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60 GLY

61 THR

62 ARG

63 HIS

64 THR

HG3

CA

HA2
HA3

CA
CB
CG2

HA
HB
HG21
HG22
HG23

CA
CB
CD
CG

HA

HB2
HB3
HD2
HD3
HG2
HG3

CA
CB
CE1l

HA

HB2
HB3
HD2
HE1

CA
CB
CG2

HA
HB
HG21

2.031
128.594

47.127
9.045
4.081
3.529

117.047

61.659
68.477
21.961
8.332
4.129
4.973
0,626389
0,626389
0,626389
118.086

56.040
31.775
43.198
27.651
7.906
4.754
1.757
1.860
3.083
3.083
1.381
1.505
121.911

55.066
33.860
139.890
9.212
5.364
2971
3.572
6.870
7.786
127.111

60.691
71.788
21.532
9.261
5.510
3.763
1.002

65 LEU

66 THR

67 VAL

68 ARG

HG22
HG23

CA
CB
CD1
CD2
CG

HA
HB2
HB3
HD11
HD12
HD13
HD21
HD22
HD23
HG

CA
CB
CG2

HA
HB
HG21
HG22
HG23

CA
CB
CG1
CG2

HA

HB

HG11
HG12
HG13
HG21
HG22
HG23

CA
CB
CD
CG

1.002
1.002
117.400

52.783
41.350
23.288
25.721
27.621
8.456
4.642
-1.049
0,184028
0,268056
0,268056
0,268056
0,315278
0,315278
0,315278
1.036
129.806

61.072
70.346
20.199
9.381
4.975
3.668
0,613889
0,613889
0,613889
123.110

61.300
31.636
21.786
19.338
9.493
4.317
2.034
0,593056
0,593056
0,593056
0,593056
0,593056
0,593056
128.451

57.379
30.481
42.878
29.809

8.500
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69 GLU

70 VAL

71 GLY

72 PRO

HA

HB2
HB3
HD2
HD3
HG2
HG3

CA
CB
CG

HA

HB2
HB3
HG2
HG3

CA
CB
CG1
CG2

HA
HB
HG11
HG12
HG13
HG21
HG22
HG23
N

CA

HA2
HA3

CA
CB
CD
CG
HA
HB2
HB3
HD2
HD3
HG2
HG3

3.839
1.637
1.586
3.004
3.004
1.295
1.412
124.308

55.733
28.793
36.565
8.545
3.147
1.854
1.626
2.036
2.036
118.177

63.848
31.885
23.112
23.209
7.771
3.810
2.044
0,540972
0,540972
0,540972
0,605556
0,605556
0,605556
117.579

43.915
9.389
4.470
3.895

114.169

65.800
31.553
49.371
27.502
4.038
2.325
1.900
3.404
3.726
1.908
2.095

73 ALA

74 ASP

75 GLN

76 GLY

77 SER

78 TYR

CA
CB

HA

HB1
HB2
HB3

CA
CB

HA
HB2
HB3

CA
CB
CG

HA

HB2
HB3
HG2
HG3

CA

HA2
HA3

CA
CB

HA
HB2
HB3

CA
CB
CD1
CD2
CE1l
CE2

HA

HB2
HB3
HD1

53.826
18.152
8.558
4.186
1.352
1.352
1.352
118.164

55.178
42.280
8.381
4.586
2.638
2.859
113.856

56.682
30.337
36.612
7.409
4.252
2.007
1.889
2.144
2.191
119.456

44.149
8.984
4.610
3.863

112.000

58.199
64.099
8.106
5.009
3.609
3.583
114.587

56.450
43.805
133.581
133.581
117.163
117.163
9.056
4.530
2.121
1.199
6.836
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79 ALA

80 VAL

81 ILE

82 ALA

HD2
HE1
HE2

CA
CB

HA

HB1
HB2
HB3

CA
CB
CG1
CG2

HA

HB

HG11
HG12
HG13
HG21
HG22
HG23

CA
CB
CD1
CG1
CG2

HA

HB

HD11
HD12
HD13
HG12
HG13
HG21
HG22
HG23

CA
CB

HA
HB1
HB2

6.836
6.590
6.590
127.751

50.806
23.130
8.558
5.233
1.027
1.027
1.027
118.647

58.760
35.087
20.518
19.044
8.717
4.905
1.464
-0.604
-0.604
-0.604
0,092361
0,092361
0,092361
118.846

59.751
42.030
13.667
27.852
17.484
8.739
5.012
1.342
0,358333
0,358333
0,358333
1.140
0,471528
0,446528
0,446528
0,446528
126.232

50.839
21.160
8.388
4.449
0,345833
0,345833

83 GLY

85 SER

86 LYS

87 VAL

88 LYS

HB3

CA

HA2
HA3

CA
CB

HA
HB2
HB3

CA
CB
CD
CE
CG

HA

HB2
HB3
HD2
HD3
HE2
HE3
HG2
HG3

CA
CB
CG1
CG2

HA
HB
HG11
HG12
HG13
HG21
HG22
HG23
N

CA
CB
CD
CG

0,345833
128.273

46.917
8.841
3.815
3.509

113.065

58.485
64.397
8.423
4.659
3.951
3.956
119.428

54.822
35.340
29.225
41.340
24.861
8.490
5.243
1.631
1.507
1431
1431
2.592
2.592
0,654861
1.040
125.678

60.870
34.228
21.238
21.404
8.863
4.300
1.633
0,583333
0,583333
0,583333
0,396528
0,396528
0,396528
126.631

55.124
34.479
29.073
24.829

217



89 PHE

90 ASP

91 LEU

92 LYS

HA

HB2
HB3
HD2
HD3
HE2
HE3
HG2
HG3

CA
CB
CD1
CD2

HA

HB2
HB3
HD1
HD2
HE1
HE2
HZ

CA
CB

HA
HB2
HB3

CA
CB
CD2
CG

HA
HB2
HB3
HD11
HD12
HD13
HD21
HD22
HD23
HG

CA

8.475
5.065
1.756
1.615
1.527
1.527
2.784
2.784
1.245
1.354
125.592

56.311
39.383
133.287
133.287
8.152
4.601
2.657
2.886
6.387
6.387
5.811
5.811
6.748
119.005

53.532
45.151
9.006
5.565
2.464
2.464
118.742

54,171
45.625
24.928
28.631
8.733
5.137
1.358
2.245
0,480556
0,480556
0,480556
0,577083
0,577083
0,577083
1.358
121.344

54.910

93 VAL

94 ILE

95 GLU

CB
CD
CE
CG

HA

HB2
HB3
HD2
HD3
HE2
HE3
HG2
HG3

CA
CB
CG1
CG2

HA

HB

HG11
HG12
HG13
HG21
HG22
HG23

CA
CB
CD1
CG1
CG2

HA
HB
HD11
HD12
HD13
HG12
HG13
HG21
HG22
HG23
N

CA
CB

HA

35.261
28.775
41.729
25.087
8.892
4.733
1.799
1.706
1.617
1.617
2.882
2.882
1.287
1.407
128.486

60.568
33.024
21.362
21.362
8.563
4.818
1.712
0,41875
0,41875
0,41875
0,41875
0,41875
0,41875
124.459

60.238
39.279
12.635
26.893
17.256
8.395
4.162
1.617
0,458333
0,458333
0,458333
0,583333
1.181
0,532639
0,532639
0,532639
126.433

56.738
30.590
8.707
4.317
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HB2
HB3
HG2
HG3

1.979
1.979
2.245
2.245
126.596
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eChicken/1-1274
Fum_feki1-1142
Mousge_fokd 1-1138
Chick_fale'1-1131
Ham_sekei-1141

chuman/1-1273
cCowr'1-1269
cMouge/1-1270
cChicken/1-1271
Hum_fek1-1142
Mouse_fok'f-1136
Chick_fale/1-1131
Fum ssfM-1141

chman/1-1273
cCoiw1-1269
chouse/1-1270
cChicken/1-1274
Fham_fokl 1=1142
Mouse_falo'1-1138
Chick_feke'1-1131
Aum_ast/1-1141

cHuman/1-1273
cCow1-1269
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cChicken/1-1271
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Chick_fei1-1131
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eHuman/1-1273
cCowl1-1269
cMouse/1-1270
cChicken/1-1271
Hum_fek'1-1142
Mouge_foki1-1136
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Hum_fekii-1142
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cHuman/i-1273
cCow/'1-1269
chMouser/=1270
cGhicken/1-1271
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Hum_ssi' 1-1141
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