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Abstract

Myosin myopathies are a growing area of research not only to understand the nature of
the disease and how it can agg but also to gain insight into how the myosin molecule
works. Point mutations are a great way of examining how regions of myosin interact,
however, given that there are over 800 amino acids in the motor domain alone,
pinpointing key residues can be clealging. The missense mutations in the myosin
molecule that lead to disease are ideal then to investigate residue changes that will have
an effect on the function of the motoiThe expression of recombinant skeletal myosin

class Il molecules has only retgrbecome possible.

Previousstudies into the function ofhe embryonic myosiimsoform haveshown it to be a
at2g 0eLIS Ye 2 a-tadadidotdrinHdreNtbppesflow nstic analysis of
recombinant embryonic myosin S1 showédhas a tight ADP affinity and slow ADP
NBf SFEasSs OKI Nlcardiad NiosinAnalysis2oF thelitiiteS most common
mutations in the embryonic myosin that cause Freer®eldon syndrome (R672H,
R672C, and T178I) showed a significantly reduced ATP hydrolysis, and AlRase V
Ku. Modelling of the cycléound that the mutations will be detached from acfor longer

due to reduced ATP hydrolysis rate and a slower estimated phosphate release step.

Another more common myopathy is hypertrophic cardiomyopathy (HCM) which can be
cause by mit i A2ya Ay | Ydz GAGdzZRS 2 7F &l Wdmhe S NA
myosin. HCM is usually found in adolescents and young adults; however cases are
beginning to emerge involving young children. Stopfled kinetic analysis of one of
these mutations,H251N, shows more significant effects on the myosin function than
W RdzA GQ |/ a Ydzil dA2yas AyOft dzRAY3IT + 4SS
detachment from actin rate constant. However the difference in severity is not

apparently clear fronthe stoppedflow data alone.

These results highlight new key areas on the myosin molecule that are essential for its
correctfunction. The myosin motor is an intricate machine with multiple parts that need
further investigationto truly understand its funtion and the impact of disease causing

mutations
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Chapter 1¢ Introduction

1. Introduction

Myosin is a motor protein found in almost all cells of the human bdthe myosin family

is large with 35 subgroups which play different roles including muscle contractiorm carg
movement and strain sensors. As a major component of muscle tissue their correct
function is essential for working muscluscle myopathies are a group of diseases that
lead to muscle weaknesA. leading cause of muscle myopathies are mutations in myosi
and other sarcomeric proteins. Using kinetic measurements such as stdéloped
spectroscopy and ATPase assays it is possible to determine how the myosibritiges
cycle is affected by myosin mutatiorBy understanding the effects of the mutations on
myosin function our understanding of how the residues within the myosin molecule

interact and work together will increase.

1.1. General biochemistry and biophysical characteristics of myosin

1.1.1. Myosin

Myosin is a ubiquitous actin associated motor protein foumdells from the nucleu&le
Lanerolle, Serebryannyy 201tb) the cytoskeleton(Coluccio 2008)The myosin family is
large with approximately 35 subgroupfOdronitz, Kollmar 2007)The myosin class Il
group includes; non-muscle, smooth muscle and striated muscle myosins (Figure 1.1).
Myosin is a molecular motor that uses chemical energy from hydrolysis of ATP to ADP +
inorganic phosphi (R) to move along actin filaments. In most cells the job of myosin is
to move cargo around the cell or act as strain sensors, while in smooth and striated

muscle the myosin is used for muscle contraction.

All myosins are composed of three function gpsu head, neck, and tail domains. The
head domain is also referred to as the motor domain due to its catalytic activity. The
motor domain contains the nucleotide binding pocket, actin binding interface, as svall a
converter region linkindo the lever am which moves the myosin along the actin. The

neck region (lever arm) is a long variable helix which contains a number of 1Q matifs. 1Q

6



Chapter 1¢ Introduction

motifs get their name from the sequence (IQXXXRGX)XXRBney, Mooseker 19923nd
bind either light chains or calmodulin. The tail domain of myosins is very variable in both
length and sequence. The major roles of the tail are cellular localisation and function of

the myosin, i.e. carrying cargo or filament assembly.

Vertebrala

Urochordata
Echincdermata
Anthozoa

'\ Protostomia

Choanollageilida
Nematoda

Wmyo27
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Figurel.1l ¢ Phylogenetic tree of 1,984 myosin motor domains divided into 35 subgroups.
expanded view shows the sequences of myosin cl¥$sand distribution within taxa. The sca
bar represents estimated amino acid satitutions per site. Figure from(Odronitz, Kollma
2007)



Chapter 1¢ Introduction

Myosins can be subdivided into two groups: conventional and unconventional.
Conventional myosins encompass the mydsimyosins while unconventional myosins

contain the rest of the myosins.

1.1.2. Myosin class Il

Conventional myosin class 1l (nsyell) is probably the most recognisable as it is the
protein responsible for muscle contraction. Myosins a hexameric proteicomposedof:

2 heavy chains, 2 essential light chains (ELC), and 2 regulatory light chains (RLE). The
terminus of the heay chain is termed the tail domain which forms a coited with the

other myosin heavy chain (Figure 1.2). TheeMninus of myosin contains a globular head
domain which contains the nucleotide binding pocket and actin binding region. The head

of myosin § referred to as the motor domaimad binds toactin.

Head Meck (containing Coiled coil
I} motif)

| 1 ]|
I L L I

Figure 12 ¢ Cartoon representation of the myositl hexamer. The tail domain of myosin forr
a coiledcoil around a second myosirall. The myosin heads are located at thetBrminus of
the molecule containing the motor domain. Between the tail and head domains is the |
region where the light chains bind. The tails in this figure look as though they are one o
of the other when in reality they are wrapped around each other. Figure fro@ulvihill,
Hyams 2001)

1.1.3. Protein structure
2 KSy adz2aSO0SR (2 -thixdiiyssh fthe imfoSin niofeclils &ain bed &
divided into two sections: the light meromyosin (LMM) and heavy measm (HMM,

8



Chapter 1¢ Introduction

Figure 1.3).LMM is composed of just the coileil tail domains, while the HMM
contains the globular head domain, lever arm (neck) and some of the amiédails.
CdzNIi KSNJ RA 3 Sa il A 2chymdtipsii & Papdinacieaves thé ptotedt the

end of the lever arm. This results in two domains termed subfragment 1 (S1) and
subfragment 2 (S2). S2 contains the tail domains of the Hafd the RLGvhile S1
contains the motor domain as well as the lever arm with EieCon its 1Q motif (Figue

1.3). A benefit of using the S1 and HMM is that the entire motor domain is intact and is
more soluble in lower ionic strength buffers. Since S1 is just a single motor domain the

Kinetics can be easier to interpret.

Heavy 4
chain ;f?

Figure 13 ¢ Diagram of myosin which can be digested into light meromyosin (LMM) and h
meromyosin(HMM). The HMM can be further digested to an S1 and S2 domain. The S1d
contains the motor domain and the essential and regulatory light chains. Figure f(btooper
Thuma 2005)

A benett of the S1 domain is that it can be crystallised unlike full length myosin. The first
crystal structure of S1 solvdBigure 1.4)vas of chicken skeletal myosin in high salt with a

boundsulphate rather than a nucleotidgkayment, Rypniewski et al. 1993)
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Kink
Relay helix
Converter

Lower 50K domain

Helix W

Loop Lever arm
Loop 4 < > i ¥ “,' \ Y : 1= .T" A ’, Regulatory
s A P v £ 3 light chain
v 4 Y >
Nucleotide e - \

binding site . N,

Switch 2 &

Figure 14 ¢ Postrigor crystal structure of the myosin motor domaifRayment, Rypniewski
al. 1993) The Nterminus is shown in green, upper 50 kDa domain in red and lower 50
domain in grey. The nucleotide binding-IBop and neighbouring helix are shown in yellow.
and B mark the start and end point of loop 1, C and D show where loop 2 would be. The
blue shows switch 2 of the nucleotide pocket and the relay helix. The dark blue show:
converter and the leve arm. The essential and regulatory light chains are shown in mag
and yellow respectively.

With further proteolytic digestion the S1 domain can be broken down into 3 fragments
named after their apparent molecular weights: thet&minal 25 kDa, central 50 kDa,
and Gterminal 20 kDa. It was thought that these fragments were representative of
subdomains, however it appears the cleavage sites are related to two flexible loop
regions (loop 1 and loop Eigure 14). The central 50 kDa fragment spans two structural
domains: the uper 50 kDa (U50) and lower 50 kDa (L50) which are separated lbygtihe
binding cleft and actin binding region. The L50 is sometimes called the actin binding
domain since it is formed of a major part of the actin binding di&seves, Fedorov et al.
2005) The Nterminus of the 25 kDa fragment is close to the lever arm and contains the
SH3f A {-iurreli (Figure 15) which has an unknown function. The 25 kDa and U50
domains form one large structural domain which includes 6 of the 7 strands of the central

i-AaKSSO GKFG NHzya (KNP dzAK -shetSepafdte’ Ré d8tinandl

10



Chapter 1¢ Introduction

nucleotide binding sites by 480 A (Geeves, Fedorov et al. 2005Jhe U50 domain
contains the nucleotide binding pocket made loyp the Rloop, switch 1 and switch 2 with
the later I O A y-Bhosphite sensors. These switches move together when ATP is

present and move away when ADP is bound.

Converter domain
e ’ ’

Relay helix

SH-3 - like &

Figure15¢¢ 2 LJ2 f 23A 0Kt YI LI 2F (GKS Yeéz2aiAy Yz2G§2N
strands are shown as triangles. Thetdtminal SH3 ¢ f A 1 Sbariel is coloured yellow, UE
subdomainc pink, L50 subdomairg light green, converter domairg blue. The c§ i Nshieet ik
shown by red triangles, Relay helix by a green circle, and-SH2 by yellow circles. Figure frc
(Geeves, Fedorov et al. 2005)

The 20 kDa fragment begins with a long helix that runs fimop 2 to the & strand in the

i aKSSi ¢gKAOK Aa F2fft26SR o0& | o0NR]1SYy KS
reactive thiol groups and therefore this region is referred to as the-SH2 helix.
Following this is a compact area known as the eoter domain(Dominquez, Freyzon et

al. 1998) This is located close to the essential light chain binding site and is critical for

communication between the active sites and the lever arm.

The relay helix is anothesrea of interest found in the L50 subdomain (Figure 1.5).
Throughout the cross bridge cycle the relay helix bends and straightbisbending

leads to a 60° rotation of the converter domaigelative to the rest of the motor domain

11



Chapter 1¢ Introduction

which in turn rotatesthe lever arm 60°. A loop at the end of the relay helix (relay loop)
contains a tryptophan (W508Upon ATP bindinghe Gterminus of the relay helixnoves
relative to the rest of the molecule. When excited at the correct wavelength the
fluorescence of ttd tryptophan can be measured to observe ATP binding and sometimes

hydrolysis.

The binding of myosin to actin is coordinated by several regions including: loop 3 and the
helix-loop-helix of the L50, the cardiomyopathy loop and loop 4 of the U50 and l&ops
and2 which linkthe U50 and L50. The helxop-helix motif has a number of hydrophobic
residues flanked by ionic and polar groups. Loop 2 has been found to have different
amino acid sequences different myosins and has been shown to be involved in weak
and strong actin binding interaction&urch, Geeves et al. 1998, Van Dijk, Furch et al.
1999b) Loop 3 contains positively charged residues involved in electrostatic interactions
with Factin (Van Dijk, Furch et al. 1999ajlthough in atomic models of the-F
actin.myosin complex loop 4 does not appear to interact, some unconventional myosins
have an extended loop 4 with a high density of charged amino aclidshwnay stabilise

the complex(Kliche, FujiteBecker et al. 2001)The cardiomyopathy loop is important for
normal myosin function.This was the location of the firghissense point mutation
R403QA y-myosinthat waslinked familial hypertrophic cardiomyopathy (HCM, Chapter
1.3.4 (GeisterferLowrance, Kass et al. 19%0)

1.1.4. Structureand proteinsof the sarcomere

The sarcomere is the basic caattile unit of skeletal and cardiac muscle. This highly
ordered structure contains myosin, actin, tropomyosin, troponin, and other aetin
myosin associated proteinfClark, McElhinny et al. 2002ftlectron microsqay of the
muscle fibre reveals some of the ultrastructure of the sarcomere showing alternating light

and dark band¢Figure 1.6)

The light bands are also referred to asands (isotropic bands) which are composed of
just the thin filaments (actin, tropogosin, and troponin complex). These filaments are

anchored into the RAa40 OFNRBY (KS DSN¥YIYy W®wngSAaoOK
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between). The isc can be seen as a thick band running vertically in the middle of the |
band Figure 16).

The dark bandsalso referred to as the Aands (anisotropic bandsire composed of the

thin filaments and thick filaments (myosin, light chains, and myosin binding prGein

The thick filaments arelignedbythe Mf Ay S O0FNRBY (KS DSN¥YIy WY
discin the middle)which links the thick filament in the centre of the sarcomeféis can

be seen as a slightly darker band running vertically through the middle of dbh&néd
(Figure 16).

Figure 16 4 Electron mlcrograph of the saomere in the skeletal muscle showmg tl
ultrastructure from an unidentified species. The-Band (A) in this image corresponds to t
overlap of the thick filament and thin filament. Theband (l) contains just the thin filament
there is no overlap withthe thick filament. The Aisc (2Z) is the thick band in the middle of the
band where actin filaments attach. The #ihe (M) is the band in the middle of the #and.
Unfortunately in this figure the ends of the thin filaments cannot be seen very cleaflge rec
line indicates where the actin filaments would be. Figure frgifiajsharghi 2008)

Precise alignment of the actin and nsjo is required for the function of skeletal and
cardiac muscle. To achieve this, a wide variety of accessory proteins are needed. The Z
RAAO 6KAOK | yOK2NE (K S-actinid byicybsdinking idRaYattieed S R
to hold the actin filamerg in place(Maruyama, Ebashi 1965, Blanchard, Ohanian et al.
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1989) Titin is a huge protein sometimes referred to as the third filament of the
sarcomere ffigure 17). Spanning from the Z disae the Mline titin is longer than 1 m;

the molecularweight is predicted to be 3 MDa and composed of 244 immunoglobulin and
fibronectin type 3 domains. The roles of titin in the sarcomere are filament assembly,
maintaining resting tension and elasticiftabeit, Kolmerer 1995)Myosin binding
protein-C (MyBFC) forms 7 strips that run parallel to the-IMe (Tajsharghi 2009Figure

1.7) interacting with both the thick and thilament (Figure 1.8). These stripes appear at
regular intervals of 43 nm in the-Zbne of the Aband (Morimoto 2007) The exact
function of MyBFC is unknown however due to the interaction with both thick and thin

filaments it is thought to align the filaments in theb&nd (Clark, McElhinny et al. 2002)

Thick filament Troponin
Tropomyosin

Thin filament

M-ling |

) 3 L
.............

MyHC myBP-C
head

I-band A-band " I-band

C-zone H-zone C-zone

Figure 17 ¢ Schematic drawing of the sarcomere structure. Actin filaments (thin filame
protrude from the Zdisc towards the middle of the sarcomere. Tropomyosin coils around
actin filaments blocking the myosin binding sites of actin. Troponin T, I, and C form a troj
complex (shown as troponin) and binds two thirds of the way along tropomsin. Myosir
(MyHC) tails form filaments (thick filaments) that run parallel to the actin from the-live
towards the Zdiscs, however they do not reach the-dsc. Titin is a huge protein that spa
from the Zdisc to the Mline making it half the lengthof the sarcomere. Myosin bindin
protein-C (MyBPC) binds to myosin forming -8 transverse stripes across the myo
filaments. In reality the MyBRC does not cover the entirety of the thick filament and
especially not present in the bare zone. Howevd#ris cartoon demonstrates the gener
location of the sarcomeric proteins. The locations of the H and C zone are also a g
location and not an accurate representation. Figure frdiMorimoto 2007)

The presence of MyB@ reduces the concentration of myosin needed for polymerisation.
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Polymersation in the presence of MyBP leads to longer filaments of a more wmnih

length compared to those formed in the absence of MyBRoretz 1979, Davis 1988)

The major component of the thidkdament is myosin which has been described already.
The major components of the thin filaments are actmebulin (not discussed here)

tropomyosin, and the troponin complex (Figure 1.8).

Thin cTni Act
Filament cTnC | cTnT T

~Titin

Figure 18 ¢ Close up schematic diagram of part of the sarcomere. Actin (red) forms the
filament with tropomyosin (dark) coiled around it. The troponin complex is shown as the tt
component parts: troponin T , troponin |, and troponin.Crhick filament proteins myosi
(green) and myosin binding protek® (blue) and titin (yellow) are also shown. Figure fr
(Lynch and Sadayappan 2014).

Globular actin (&ctin) is a protei composed of 4 subdomains (Figure 1.9) which
surround the binding pocket for a nucleotide (ATP or ADP) and a divalent catiéhaiMg
Cd? (Gordon, Homsher et al. 20Q0)The sequence of actin is highly conservied,
example the aminacid sequence in human skeletal muscle is 87% identical to yeast
actin. This high level of conservation is possibly due to over 50 specific actin binding

proteins being identified in lower and higher eukaryo{€eeves, Fedorov et al. 2005)

G-actin can spontaneouslgolymerise intofilaments (Factin) which forms the backbone

to the thin filament. Factinappears tadform a helixas the filamentous actin twisté-igure

1.8). The helix repeats eme13 actin molecules or every 360 A. The larger subdomains 3
and 4 are located internally in the double helix and interact with subdomain 3 and 4 of

the actin in the opposite filament. Subdomains 1 and 2 however are on the outer side of
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the filament and e are exposed to the solvent. These also interact with myosin, in
particular the N and Gterminal ends of actin which are found in subdomain 1. Each actin
interacts with 4 other molecules; one before, one after, and two on the otbegpitch
helical standd ¢ KS&aS AYyGSNIOGA2ya | NB LINBRAOGSR
helices (Milligan 1996) The total area on the actin surface where myosin binds is

approximately 2000 &(Geeves, Fedorov et al. 2005)

Figure 19 ¢ Crystal structure of actin monomer (@ctin). Gactin contains4 subdomains
(numbered 14), a nucleotide, and domains that can bind divalent cations. Figure adapted
(Clinicgate, 2015).

Tropomyosin (Tm) is an extended molecidd?2 nm long) that binds to actin (Figure 1.8).
Li Aa 7TF2-NécslRoildF2 Aty 2F SAGKSNY hIh K2Y2RAY
maY Y fa 2N h Zi(h KISYiS NP RANIS NBEA T F S NXE yinlskeletal 2 F 2
muscle and cardiac muscle of small mamm@sbacman 1996)Tm is stabilised by
hydrophobic interactions of nepolar residuesn each of the two chains making it more
energetically favourabldor the two chaingto form a coilaround each otherTm is 284
residues long and spans 7 actin monomers on each strand of #&ir-(Gordon,
Homsher et al. 2000, Schmidt, Lehman et al. 20Itgre is a 14 residue quasguivalent
repeat in the structure of Trandit is thought that the overlap between each successive
Tm increases the binding affinity of Tm to actin. This waserd@hed by deleting some of

these repeats which had little effe¢t.andis, Bobkova et al. 1997, Hitchc@sGregori,
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An 1996whereas deletion of the overlap region showed a reduttof Tm affinityMak,
Smillie 1981) Tm regulates the binding of myosin to actin through the troponin complex.
LLRY {m 0AYRAY3A (G2 I O A y(Cass¥lIQTdbadmarF1R96 AEatén F
1976)and flexibility decreaseéSzczesna, Fajer 1998hich helps to push myosin off of
actin when the myosin is in the weakly attached state after the power strokese

effectsaregreater in cardiac Tm compared to skelg@handy, Lo et al. 1999)

Troponin (Tn) is a complex of three subunits: troponin | (Tnl), troponin C (TnC) and
troponin T (TnT). Tnl binds to agtinhibiting the actomyosin ATPase in a’Gasensitive
manner, TnC binds €aand TnT links the Tm and Tn compiegether (Greaser, Gergely
1973, Mak, Smillie 1981)

Tnl is a subunit of the Tn that holttee complex together and onto actin by binding actin,
TnC, and TnTMany of these interactions are regulated by?Carnl binds to the N
terminal region of actinSyska, Wilkinson et al. 197&8hd can inhibit myosin bding,
hence the name Tnl (inhibitory troponin). However this inhibitory effect is not responsible
for the regulation of actin since it is only present in a 1:7 ratio to actin. Binding occurs
between Tnl and TnC dependent upon the presence of igC&" (Ingraham, Swenson
1984) Upon C& binding to TnC this interaction between TmMC weakens the binding of
Tnl to actin, to the point where in isolated TAC bound to actin, the binding of Ca

abolishes this inteaction (Potter, Gergely 1974)

TnC is the calcium binding subunit of the troponin and senséSiiCmuscle regulation.
When TnC is removed from the muscle it becomes insensitive ToaCtvation (Moss,
Giulian et al. 1985while added to reconstituted fibres restores Caensitivity. TnC
contains two globular domains at the-ldnd CGterminal domains connected by a long
helix. Each globular domain contains two possiblé* ®ading sites in the form of-E
hands (helidoop-helix motif). The @erminal end has high affinity for both €and Md*
and while under relaxed conditions Kfgs usually bound. Thi&F handalso enhances
the binding of Tnl to TnC and TnC to the thi@nfient (Zot, Potter 1982)The Nterminus
on the other hand is much more selective for?Clainding over M§" (Potter, Gergely
1974) Removal of this domain renders muscle fibiresensitive to C4 activation(Sheng,

Strauss et al. 1990, Sorenson, da Silva et al. 1995)
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The TnT subunit is involved in holding the Tn complex together and onto Tm by binding to
Tnl, TnC, Tmand actin. However the role of TnT is not only to bind the complex and Tm
to actin, it also aids in cooperative activation of the thin filam@abordon, Homsher et al.
2000) The @erminal end of TnT binds to TnTnl, and Tm while the drminal end

binds to Tm at the region of overlap which is responsible for Tm affinity to @dik,
Smillie 1981, White, Cohen et al. 198This region of overlap is thmost flexible part of

Tm and so the TnT is in a position to influence this flexibility. TnT isoforms contain hyper
variable region and some are formed from alternate splice variéBitsitbat, Nguyen et

al. 1985, Smillie, Golosinska et al. 1988)ich gives different TnT isoforms a diverse

function.

1.1.5. Crossbridge cycle

The idea of a crodsridge cycle by which myosin binds to actin, hydrolyses ATP and walks
its way along actiftnad been arond since the 1950'ddowever it wad.ymm and Taylor
who first proposed a correlation between enzymatic and structural changes within the
myosin (Lymm, Taylor 1971Myosin on its own will bind and hydrolyse ATP to ADP,
however this basal activity is very slow. Actin activates the myosin -bradge cycle
acting a competitor to the nucleotid€Compared to the cycle shown below (Figure 1.10)
the Lymm and Taylor model is a very simple only containing 4 steps. The meddbus
assays in this thesig-igure 110) has a total of 7 steps. In the first step ATP binds to
myosin in a rigor complex with actin (A.M.T). A rigor complex is unlikely to exist in a living
muscle due to the abundance of nucleotiffteeeves, Holmes 2005}eeves and Holmes
stated that, n the second step the myosin.ATP complex (M.T) dissociates from the actin.
This is caused by switch Eigure 15) closing around ATP which pulls the upper 50 kDa
domain away from thelower 50 kDa domain opening the actin binding cleft which
releases actin from myosi(Geeves, Holmes 2005 the third step two separate but
important events happen. Firstly the switch 2 is brought into proximity of the bound ATP
which results in the ration of the converter/lightchain binding domain which completes

the recovery stroke.
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./ myosin

@ actin

= ATP
= ADP
* P,

Step 4 (

Figurel1.10 ¢ ATP induced actomyosin cro$sidge cycle. Step & myosin is bound to actin in
rigor bond (A.M) and ATP can bind to form an actomyosin.ATP complex (A.M.T). Steph2
binding of ATP causing a dissociation of myosin from actin resulting in a myosin.ATP cc
(M.T). Step X Unbound from actin myosin hydrolyses the ATP to ADP and inaigghosphatt
(R) to form a myosin.ADP,;Reomplex (M.D.P). The myosin also primes itself for a new po
stroke, this is called the recovery stroke. Stepc4dhe M.D.P complex rebinds to actin to form
actomyosin.ADP.Rcomplex (A.M.D.P). Step § R, is released and the myosin goes through t
power stroke pulling actin along relative to the myosin. It is not clear which occurs first so
have been shown to occur at the same time. Steg; 6he ADP goes from a strong binding tc
weaker binding affiniy (A.M ¢ D). Step 7¢ ADP is released and the myosin returns to the ri
state.

This is necessary for priming the myosiret@cuteits power stroke and move actin. The
second event is the hydrolysis of ATP to ADI dmly occurs after switch 1 and switch 2

I NB WOt 2aSRQ FyR T2 Namplex (M.DaPY. [Tietfdith s¥ep B ackin/ ¢!
rebinding which involves the lower 50 kDa domain binding to atichthe upper 50 kDa
domain binds andcloses the cleft. Thelosing of the cleft leads into step 5 whergid?
released and the relay helix rotatesleasing the kink angenerates the force needed to

produce the power stroke which moves the loadl® nm. The strain in the converter
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domain dissipates by the slidimgovement It is at this point thathe nucleotide pocket
opensin step 6. In the seventh and final step ADP is releasedto a weak affinity and is

replaced by a new ATP if there is one available

It is worth noting that the order ophosphate releaseand power stroke is not defined

and remains under debate. Also if the force produced in step 5 is not significant enough
to move the load no sliding will take place and will be inhibited until the load is less or
more myosins bind to actin to move the loadhe movement of the relay helix against

load is strongly inhibited-200 fold depending upon the myosin.
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1.2. Myosin isoforms

1.2.1. Myosin heavy chainsoform genes

The myosin class Il family contains numerous proteins that share a common shape and
function, located on different genes with small sequence changé®re are at least 13
different myosin class heavy chainsoforms in humansThese can be divided into 3
classes: smooth muscle, striated muscle, and-muscle myosins (Table 1.1). Of these 1
isoforms, 9 are striated muscle myosin which will be the focustlo section. Thes@&
isoforms are: MyH@la, MyH@AIb, MyHGIIx, MyH& X~ a-ié BlyHCextraocular, MyHE

embryonic, and MyH@erinatal.

1.2.1.1. Adult skeletal isoforms

CKSNBE N3 GKNBS ai1StSal t-lx, MyHadaf an@ MyW@e 3 A y
These are encoded by the gen&YH1l MYH2 and MYH4 respectively found on
chromosome 17 at position 13.1. MyHIB can be detected at the mRNA and protein
level in small mammals, such as mi@aly the mRNA is detectable in a small subset of
adult humanmuscles, with no expression of thegbein (Smerdu, KarseMizrachi et al.

1994, Ennion, Sant'ana Pereira et al. 1995, Sant'ana Pereira, Ennion1&9@, Wu,
Crumley et al. 2000, Horton, Brandon et al. 2001, Allen, Harrison et al..200dever

the gene is intact and using a recombinant system a functioning protein can be expressed
(Bloemink, Deacon et a2013) These isoforms are expressed after birth in the fast 2A
and 2B fibres(Smerdu, KarseMizrachi et al. 1994)|and kinetic characterisation has
shown the ADP release rate (thought to be the rate limiting stepvédocity) to be very

fast (>1,00079) for all three recombinant human isoforn@®loemink, Deacon et al. 2013)
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1.2.1.2. Cardiac isoforms

There are two cardiac myosin isoforms expressed in thecargium; MyH® | Yy R- a & |
i ¢KSaS Aaz2FT2N¥a | NBH6&hY DYHRrEsRectively foun& 8n 3 S
chromosome 14 at position 12. These genes are; regulated during development,
distributed in the heart, and react to hormones, stress, and exercisereiftly (Table

1.2).

MyHGh A& (GKS YIFI22NJ Aa2F2N)Y SELINBaaSR Ay GfF
mammals(Lompré, NadaGinard et al. 1984however is expressedt low levelsin the
ventricles of largemammals including humans.

MyHGI A& Ay | odzyRFyOS Ay (KS @Sy iNRmROfSa :
major isoform present in the ventricles of large mammals including humans. MyHQ@ a

also the slow skeletal isoform found in fibres such as tileus musclg¢Weiss, Leinwand
1996)

MYH6 | MYH7

+ T3 l
T3 1
Exercise l

Pressure overload l

Aging l

Table 1.1 ¢ Directional regulation response of cardia®YH genes. T3 = triiodothyronin
thyroid hormone. Adapted fromWeiss, Leinwand 1996)

Investigations using recombinant MyMC | Yy R- a &l2/dzy R i K% 2 a &4 @S
fold faster ADP release rate than MyHGP | F I & ! 5 ndicdti fofSalfastS N.
type myosin and thereforethe MyHC g+ & F2dzy R 2 o6S | ¥l &

was a slow typé€Deacon, Bloemink et al. 2012)
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1.2.1.3. Extraocular isoform

The MyH@=0 is a specialised isoform thatthought to be very fast due to its expression
in the fast twitch fibres in the extraocular and laryngeal mus¢®&artore, Mascarello et
al. 1987, Lucas, Rughani et @935, Brueckner, ltkis et al. 199@TPase kinetics using a
recombinantGFP construct found the MyHS0 to have a MaxSsimilar to the adult skeletal
isoforms (Resnicow, Deacon et al. 2018)d stoppedflow spectrogopy found the ADP
affinity to be weak and ADP release rate to be fast (>11)@uhich is characteristic of a

fast type myosir{Bloemink, Deacon et al. 2013)

1.2.1.4. Developmental isoforms

There are two developmentalaorms, MyH@mb and MyHé&peri, which are encoded

for by the genesMYH3and MYH8respectively. MyH@mb is thought to be a slow type
myosin similar to the MyHC = ¢ KA t S-peii I 8kelaté be/a fast type isoform.
Both isoforms are expressed in the developing embryo along with MydC ¢ K S &
downregulated after birth and replced with the adult isoforms, however they are
upregulated during muscle damage and repair. Some work has been conducted on the
kinetics of the two isoforms which found the,¥ of the MyHGperi to be close to the
adult isoforms while the MyH€mb was at he slower end(Resnicow, Deacon et al.

2010) The MyHemb will be described in more detail in Chapter 4.

1.2.2. Sequence identity

MammalianMYHgenes share a similar intron/exon organisation and are highly conserved
in terms of their primary structure. It has been suggested from evolutionary comparisons
of the mammaliarMYHgenes that this gene family arose from multiple duplications of an
ancestralMYHgene (Sedman, Eller et al. 1990, Moore, Tidyman et al. 1998)st of
these genes are large at approximately 30 kb, encoded e#4148xons with the coding
region beginning at exon (Btrehler, StrehlePage et al. 1986 he striated muscl&YH
genes are highly conserved (Table 1.3) with &3 P6 sequence identity.
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MyHC-B | MyHC-B
MyHC-a 92.82 MyHC-a
MyHC-11x 81.14 80.38 MyHC-1Ix
MyHC-11a 81.03 80.43 94.84 MyHC-I1a
MyHC-11b 80.67 80.23 94.07 91.95 MyHC-11b
MyHC-peri |  78.89 78.94 83.88 84.61 8321 | MyHC-peri
MyHC-emb| 80.75 80.25 92.25 92.76 90.39 8455 | MyHC-emb
MyHC-eo 77.12 77.25 82.02 82.68 81.68 79.07 81.76 MyHC-eo

Table 12 ¢ Sequence identities of whole human myosin isoforms

This conservation is even greater when comparing the sequence identities of the same
myosin isoform between species (Table 1Acomparison of the sequence fYH3and

MYH7in mice, rat, human, cow, and elephant show very high similarity (>95%).

MYH7
Mouse Mouse
Rat 99.17 Rat
Human 97.52 97.21 Human
Cow 97.31 96.95 97.57 Cow
Elephant 96.65 96.23 97.07 97.28 Elephant
MYH3
Mouse Mouse
Rat 99.59 Rat
Human 98.2 98.25 Human
Cow 97.11 97.16 98.04 Cow
Elephant 97.53 97.58 97.94 97.22 Elephant

Table 13 ¢ Sequence identities of whole myositMYH7or MYH3 from different species.

¢tKS pQ YR 0Q dzyi NI y MYHsdg®iteshid Bds 2ofiserved thanw &
the rest of the seqance and as such can be targets for gene specific pr@bgsns,
Schiaffino et al. 1990, Lyons, Ontell et al. 19%®wever when the UTRs of the same
isoform are compared across species thereréater conservatior{Periasamy, Wieczorek

et al. 1984, Saez, Leinwand 1986)
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1.2.3. Sequence differences relate to functional divergence

While the sequence identities of the 8 skeletal myosin isofoanesvery similar there are
still areas of divergence. Two of these regions within the myosin head where there is

divergence are loofl and loop2 (Figure 1.11).

There has been much interest in the variable lgpegion with mutagenic studies
altering the sequence of the loop. Lengthing the loop with no change in charge has no
measurable effect on actomyosin ATPase, rate of ATP binding or the binding affinities of
myosin for actin. Insertion of upto 11 unafgeed amino acids only decreases the thermal
stahlity of the myosin slightlfPonomarev, Furch et al. 2000Replacing the loop of
smoothrmuscle HMM with the loop of either skeletal or cardiac myosin prevented HMM
regulation similar to the donor myosins. Theveas however no change in the actin
affinity or the maximum rate of turn over in the presence of a¢Rovner, Freyzon et al.
1995) Similarly insertion of loo@ regions from various species inserted into the
Dictycsteliummyosinll backbone had similar ATPase activity as the donor myosieda,

Ruppel et al. 1994)

1.2.4. Expression of isoforms

The expression pattern of the two developmental myosin isoforms has been well
characteried in the mouse and rat models with Myt@ib appearing 9.5 days post
coitum (dpc) and MyH@eri 10.5 dpc in the mouséLyons, Ontell et al. 1990)he
proximal ends of the developmental myosin genes contabo¥es stinulating muscle
commitment and differentiation in response to MyoD and Myf5 bindiBgylkin, Allen et

al. 2006, Konig, Burkman et al. 2002)Jong with these two developmental isoforms, a
myosinindistinguishable from MyHC A& SELINB&a&aSRo Li 61 a &
expressed differs from the adult forfiHughes, Cho et al. 1993)owever this has yet to

be proven. It has also been suggested that thagoisn is the slow tonic myosin coded for

by MYH7b(Rossi, Mammucari et al. 2010jowever this is only detected at low levels or

in rare fibres. For the time being then it appears the three isoforms expressed during

dewelopment are: MyH@mb, MyHGperi, and MyHE ©
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In rats, MyH@mb and MyH& | NB SELINB&aASR Ay (KS TANAI
generation fiboregNarusawa Fitzsimons et al. 1987, Rubinstein, Kelly 1p8lhe second

fibres to be expressed (secondary generation fibres) express MytiCand MyHQeri
(Condon, Silberstein et al. 1990he developmental isoforms disappesd the same time

as the adult skeletal myosin isoforms (MyH& MyH@Ix, and MyHdIb) are expressed.

In rats theadult skeletal myosinare detected a few days after birtfDeNardi, Ausoni et

al. 1993)while inmice the transcripts can be detected before bi(ttu, Allen et al. 1999)

The timing of the downregulation of the developmental isoforms appears to be
dependent on the body muscle at both the mRN A, Allen et al. 1999nd protein
(Agbulut, Noirez et al. 2008)vel.

The switch from developmental to adult isoforms can be modulated by neural influences
and extrinsic hormones. Thyroid hormone isqueaed for the switch from MyHC
emb/MyHGperi to adult fast myosin. Hyperthyroidism can lead to precocious expression
of the fast myosins, while hypothyroidism can delay the swi{@utlerBrowne,
Herlicoviez et al. 1984, Gambke, Lyons et al. 1983, Russell, Cambon et al.NE288)
activity does not seem to be necessary for transition from developmental to fast isoforms
(Gambke, Lyons et al. 1983, Butlnowne, Bugaisky et al. 1982owever it does appear

to be required to promote MyHC SELINB&a&aA 2y Ay GKS a-2mbsdza
(Narusawa, Fitzsimoret al. 1987)

The details of the switch from developmental to adult isoforms remain to be established,
however probably involves specific sequence regulation ofMi¥Hgene cluster where
they are in the orderMYH3MYH2MYHIMYH4MYH8MYH13 It has ben reported that
there is a long nowwoding antisense RNA controlled by thyroid hormone that regulates
the transition during postnatal development and hypothyroidism. This RNA is transcribed
from a site between thevlYH4and MYH8genes and appears to repeshe MYH8gene
(Pandorf, Jiang et al. 2012)

There appears to also be an enhancer betweenM¥H3and MYH2genes(Sakakibara,
Santolini et al. 2014yvhich upregulates the expression of the fast myosin genes and
suppressMYH7 Whether there are other locations that control the developmental switch

is not clear.
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1.3. Myopathies

Myopathies are muscular and neuromuscular disorders which present with muscle
weakness due to dysfution of the muscle fibre. Other symptoms can include muscle
cramps, stiffness, and spasm. Myopathies are grouped as: congenital myopathies;
muscular dystrophies; mitochondrial myopathies; glycogen storage disease of muscle;
myoglobinurias (myoglobin in therine); dermatomyositis (inflammation of the skin and
muscle tissue); myositis ossificans (bone growth in the muscle); familial periodic paralysis;
polymyositis (inflammation and degradation of the muscle); inclusion body myositis
(inflammatory disease ofthe muscle); and related myopathies; neuromyotonia
(inflammatory disease of the peripheral nerves); stiin syndrome; and common
cramps and stiffnesgNational Institutes of Health 2015 his thes will focus on the

congenital myopathies.

The first myopathy described to be cause by a mutation MYddgene was in 1990 in a
case of familial hypertrophic cardiomyopatf@eisterferLowrance, Kasst al. 1990) The
first skeletal myopathy causingYHmutation was identified in 200@Martinsson, Oldfors

et al. 2000)

There are at least BIYHgenes that have been found to cause myopathies including:

MYHZ2 MYH, MYHG6 MYH7 andMYHS8

1.3.1. Hypertrophic cardiomyopathy

Cardiomyopathy is a collection of diseases of the heart muscle including: hypertrophic
cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic right
ventricular cardiomyopathy (ARVC). $hkeare the three most common types of
cardiomyopathy. Mutations in 10 cardiac sarcomeric proteins have been linked to this
disease Table 1.5)with mutations ini -cardiac myosin (MyHC 0 | YR Y@ 2aAy
protein-C (MyBFC) being the two major causes (g 1.12).

More than 300 mutations have been identified in MyHESeidman, Seidman 2001,
Buvoli, Hamady et al. 2008, Walsh, Rutland et al. 2010, ColedgPaeham 2014)he
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majority of which are found within the motor domain. Hypertrophic cardiomyopathy is a
disease of the heart leading to left ventricle hypertrophy (LVH, Figure 1.13). This is a
thickening on the heart muscle and a reduction of the vaduwithin the ventricle. This
results in less oxygenated blood being pumped at a much higher force which becomes

dangerous during intense exercise.

Chromosomal Gene Protein

Locus

1932 TNNT2 | Cardiac troponin TThiafelder, Watkins et al. 1994)

2031 TTN Titin (Satoh, Takahashi et al. 1999)

3p21 MYL3 Essential myosin light chaifPoetter, Jiang et al. 1996

3p21-pl4d TNNC1 | Cardiac troponin C (Hoffman, Schmidiraub et al.
2001)

11pl1l MYBPC3| Cardiac myosin binding protek® (Bonne, Carrier et a|
1995, Watkins, Conner et al. 1995)

12923924 MYL2 Regulatory myosin light chainPoetter, Jiang et a
1996)

14912 MYH7 i -Myosin heavy chair(GeisterferLowrance, Kass et ¢
1990)

15q14 ACTC Cardiac acti{(Olson, Doan et al. 2000)

15922 TPM1 h -Tropomyosin(Thierfelder, Watkins et al. 1994)

19913 TNNI3 Cardiac troponin [Kimura, Harada et a1997)

Table 1.5¢ Sarcomeric proteins with mutations associated with cardiomyopathies. The

chromosomal locus and gene are also given.

This makes HCM a leading cause of sudden cardiac death (SCD) in young adults an
athletes effecting <1% of the genemdpulation (Fatkin, Graham 2002While the major
causes of HCM in adults are mutations in sarcomeric proteins it is less clear what the

causes are in infants and children.

Generally speaking the presence of a sarcomgene mutation leads patients to present
with symptoms earlier, have a higher prevalence of family history of HCM and sudden
cardiac death (SCD) than those who have no mutatloopes, Zekavatet al. 2013,
Olivotto, Girolami et al. 2008)The trend also appears that those with a sarcomeric
protein mutation have more severe hypertrophy, microvascular dysfunction and
myocardial fibrosigOlivotto, Girolamiet al. 2011) There is also the suggestion that the
patients with sarcomeric mutations have a poorer prognosis, however due to small

sample sizes no clear conclusion can yet be dr@atkins, Conner et al. 1995, Pasguale,
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Syrris et al. 2012, Moolman, Corfield et al. 1997, Anan, Shono et al. 1998, Torricelli,
Girolami et al. 2003NakajimaTaniguchi, Matsui et al. 1997, Lopes, Rahman et al. 2013)
Mutations in multiple sarcomeric proteins are present in up to 5% of individuals, with a
more severe phenotype that presents earl{émgles, Doolan et al. 2005, Richard, Charron

et al. 2003, Girolami, Ho et al. 2010)

Inaduls,| / a A& RSTAYSR o6& | ¢glff GKAOlySaa 2
left ventricle. In children the diagnosis requires a left ventricle wall thickness greater than
2 standard deviations from the predicated megiliott, Anastasakis et al. 2014)he wall
thickness can be measured by a variety of imaging techniques including:
echocardiography, cardiac magnetic resonance imaging, or computed tomography. Other
tests may include taking family history and gendwsting (Elliott, Anastasakis et al.
2014)

MYH7

Unknown
~ 25-30%

«_| Other genetic and
non-genetic causes

Sarcomeric protein
gene mutation
40-60%

MYBPC3

Figure 111 ¢ The major causes of cardiomyopathy in adolescents and adults are mutatio
the sarcomeric proteins. Of the 460 % of sarcomeric protein gene mutations the majority .
caused by mutations in either MYH7 or MYBPC3. Figure adapted figliott, Anastasakis et ¢
2014)
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Hypertrophic
Cardiomyopathy

Figure 112 ¢ Diagram of the normal (left) and hypertrophic (right) heart. The muscle of
left ventricle becomes much thicker reducing the ventricular uate. Figure from(Bajona
Turer 2015)

Histological studies on the myocardium from hypertrophic cardiomyopathy patients
(Figure 1.14) show the large structure changes in the diseased heart. The histological
sample in figure 1.14 shows the hallmarks of HCM: regions of myocyte digBasies

1984) fibrosis(Anderson, Sutton et al. 1979nd small vessel disea@daron, Wolfson

et al. 1986) Myocyte disarray can be characterised by the disorganisation of the
myocytes, however this is not specific just t&€M (Almaas, Amlie 2010he amount of
fibrosis is linked with smallessel disease, increased septal thickness, cardiac mass,
increasing age, enstage feart failure progression and sudden cardiac death (SCD
(Varnava, Elliott et al. 2001, Basso, Thiene et al. 2000)

DuetoMyH@ o6SAy3 SELINBaaSR Ay GKS a1S8tSdalt
investigated the skeletal muscle of HCM patients. vitro motility assays have
demonstrated impaired function due to the mutated protein presefCeda, Fananapazir

et al. 1993) However histological staining has shown HCM mutations in MyHXK | & @S
little effect on the skeletal musci®ldfors 2007.)
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Figure 113 ¢ Example histological images of the myocardium in elther a normal (A)
hypertrophic cardiomyopathy (B) sample. The hypertrophic cardiorsytes show myofibr:
disarray and fibrosis. Figure adapted frofifilmaz, Kindermann et al. 2010)

1.3.2. FreemanShetlon Syndrome

There are two groups of congenital contractures (over contracted joints from birth)
observed in children; isolated congenital contracture (eg clubfoot) and multiple
congenital contractures (arthrogryposis). 1 in 3,000 children are born wikinagryposis,

often the cases are sporadic. However children with arthrogryposis are usually found to
have an underlying inherited syndronfBamshad,arde et al. 1996, Bamshad, Bohnsack
et al. 1996, Hall, Reed et al. 1982, Krakowiak, O'Quinn et al..ITBI9&)most common of

the inherited arthrogryposis syndromes affect the distal limbs (hands and feet) leading to
camptodactyly and club foot. There at@ of these distal arthrogryposis (DA) syndromes
(Bamshad, Jorde et al. 1996)

FreemanSheldon Syndrome (FSS) or DA2A is the most severe but very rare distal
arthrogryposis syndrome which causes contractures of ttefamial musclegFreeman,
Sheldon 1938)This causes a pinching of the lips and reduces the mouth opening, hence
GKS 20KSNJ yIYS 2F C{{ WgKAadtAy3a FIOS ae
gender preferene (GrossKieselstein, Abrahamov et al. 197The only treatment for
individuals with FSS is surgery to try and correct the over contracted joints, however this

leads to a high risk of mortality due to diffilty supplying air to the patient (intubating)
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while under anaestheti¢Yamamoto, Osuga et al. 1993 well as the general risks of

anaesthetics.

A reason why the entire musculature system of the mouth is invoinetis myopathy is
unclear. Biopsies of the orbicularis oris (muscle around the mouth), masseter (lower jaw
muscle), buccinators (muscle within the cheek) and risorius (the muscle of facial
expression) muscles show atrophy of the fibres and adipos&atitiin, as well as fibrosis,
variation in fibre diameter and central migration of the nuclgé®rrari, Bettuzzi et al.
2008, Burian 1962, Malkawi, Tarawneh 1983)

DA syndroms are characterised as a group of similar disorders characterised by multiple
congenital contractures of the upper and lower limih$all, Reed et al. 1982aBishad,

Jorde et al. 1996, Beals 2005, Hall 20T4)s results in contractures of the hands (Figure
1.15B) and feet (Figure 1.15C). Unlike other DA syndromes the facial muscles of FS!
patients are severely contracted resulting in a small oral openingmésing a whistling

face(Freeman, Sheldon 1938, Stevenson, Carey et al. 2006)

Figure1.14 ¢ Clinical characteristics of Freema®heldon syndrome. (A) Child with a \sere
contracture of the facial muscles giving the phenotypic whistling face. (B) and (C) A cor
phenotype among DA syndrome patients is contracted hands (Camptodactyly) and feet
foot). Figure from(Toydemir,Rutherford et al. 2006)

Unlike the most common DA syndrome Sheldtall syndrone (SHS) the only known
cause for FSS is a mutation in the embryonic myosin gehe;3 (Figure 1.1@eck,
McMillin et al. 2014)) Analysis by Beakt al. revealed that the 3 most common mutations
that cause FSS wer&hreoninel78lsoleucine (T178l), Arginirgy2-Cysteine (R672C),
and Arginine672-Histidine (R672H). These were ranked in order of severity with T178I

being the most, R672C the least and R672H intermediately severe. This was determined

34



Chapter 1¢ Introduction

by ranking the affeed areas using a severity score with T178I ranking highest in all areas.
Curvature of the spine (scoliosisyhile found in all three mutants with no varying

severity was observed in only the T1781 mutants before the age of 3 months (Figure 1.17).

T178lI

E498G
Y583S
R672C
R672H
V825D

Tail

1Q

Figure 115 ¢ Location of mutations on the myosin molecule MYH3that cause FSS. They
all located in the head and 1Q domains. Figure adapted fréhoydemir, Rtherford et al. 2006)

Figure 1.16 ¢ Radiograph of an individual with a T178l mutation in the embryonic myc
showing the severe curvature of the spine. Figure frgBeck, McMillin et al. B14)

It is worth noting that this myopathy while caused by a mutation in the embryonic myosin

persists beyond the developmental stage where embryonic myosin is expressed.
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Histological samples from a FSStigra# at 15 months showed an abnormally large
number of fibres (>20% of all fibres) expressing the perinatal myosin isoform (Figure
1.18). This was compared to samples from 8 controls agetiSl®onths where there
were only the occasional fibres-B86 of # fibres) expressing the perinatal isoform
(Tajsharghi, Kimber et al. 2008)

A B

Figurel.17 ¢ Histological samples stained for the perinatal myosin isoform while the unstai
FAONBA |NB SELINBaaAydI (GKS | RdzZ G FAONBAOD

muscle at 15 months. (B) A spienen from a healthy control subject at 11 months showing o
a few scattered fibres expressing perinatal myosin. Figure frfrajsharghi, Kimber et al. 2008

A study into force production and relaxation of myofibrils from a R672C patient showed
that the specific face was greatly reduced. While the absolute force was increased on the
wild type the cell diameters were much greater and appeared hypertrophic. The
relaxation time was also found to be prolonged and the relaxation of the myofibrils never

reached completin (Racca, Beck et al. 2015)

1.3.3. Other myopathies

Mutations in the MYH2 gene that encodes the MyHIGa myosin isoform lead to
autosomal dominant myopathy with congenital joint contractures, ophthalmoplegia
(paralysi ¥ S&S YdzaOf Sa0 YR NAYYSR @I Odz2f Sao
YezaAy KSIF@ge OKIFIAYy LLF Yeé2Ll GKeé 69TtncYouQ
o QOldfors 2007) Clinical characteristics of this npathy include: congenital joint
contractures, ophthalmoplegia, mild proximal muscle weakness during childhood, and

impaired movement in middle age. Children with this disease have either no or very few
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and small type 2A muscle fibréslartinsson, Oldfors et al. 2000, Darin, Kyllerman et al.
1998, Tajsharghi, Thornell et al. 2002dults on the other handshown dystrophic

changes with fibre thickness variation and increaseerstitial fat and connective tissue.

Hypertrophic cardiomyopathy is not the only disease caused by a mutation iN¥ié¢7

gene. Dilated cardiomyopathy (DCM) can also be caused by mutations iMYh&/
however unlike the LVH seen for HCM the left vedriwall becomes thinner and the
volume within the ventricle increases. With this the ventricle becomes stretched or
Wol 338Q YR GKS YdzaOtS A0aSt¥ 0S02YSa g€
body efficiently(British Heart Foundation 2016)

A second disease associated with a mutation inkhéH7gene is Laing early onset distal
myopathy(Laing, Laing et al. 1995he clinical findings are initially muscle Weass of

the ankle dorsiflexors and big toe extension. Onset is usually during the first or second
year of life with slow progression leading to weakness of the wrists and fingers. Weakness
spreads to the majority of the body however most patients remaiobite throughout

their lives. One oddity of this disease is that it is a mutation inNNH7gene however

only one case has shown heart fail{i¢edera, Petty et al. 2003)

Another disease associated with a mutationthe developmental myosins is Trismus
pseudocamptodacyly syndrome (DA7) caused by a mutation of R674Q in the perinatal
myosin geneMYH8(Oldfors 2007, Veugelers, Bressanaet2004, Toydemir, Chen et al.
2006) This arginine is paralogous to the R672 that can be mutated in embryonic myosin
to cause FS$roydemir, Rutherford et al. 20065ymptoms of this myopathy include
problems ogning the mouth (trismus), short finger flexor tendons leading to involuntary
movement of the fingers when the wrist is bent (pseudocamptodactyly) and short leg

muscles resulting in foot deformifHall, Reed et al. 128

Myopathies are complex diseases where little is known how the mutations can cause the
severe phenotypeshiat present. Animal models can only work so far, especially with the
cardiomyopathies since mice and rats have a different ratio of MyHCI Yy R - a &ly/ (i K
atria and ventricles. In fact mice have almost entirely MPHC Ay (G KS @Sy il
becomes prol@matic when investigating human diseases. For example the mutation of
R403Q INMyHE o6 SKI @Sa (KS 2LJJ2 A&A 3 SLovieg, Lasko 8t aly dzi
2008)
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Recombinant myosin Il is hard to obtaimcechaperonesare neededfor the protein to

fold correctly. Using a cell line derived from mouse myob|eattglies were conducted to
investigate the roles of these chaperongsrikakulam, Winkelmann 1999 byproduct

of this wasan expression system that could be used to produce recombinant myosin or
{mM®d ! aAy3 IRSYy20ANHzZ2Q (2 AyFSOl G4KS&asS OS
isoforms and mutations for kinetic stud{Resnicow, Deacon et al. 2010, Deacon,
Bloemink et al. 2012, Bloemink, Deacon et al. 2013, Bloemink, Deacon et al. 2014, Nag,
Sommese et al. 2015)t is with this method thatwas used here to characterise the
embryonic myosin isoform as well as disease causing mutations in the -BiyHGnd

MyHGI @

38



Chapter 1¢ Introduction

1.4. Stoppedflow Spectroscopy

Stoppedflow spectroscopy is a method of measuring kinetic parameters over very small
time scales allowing fast reactis to be monitoredThere are advantages to this method
over conventional steady state assay in that intermediate products can be observed and

their lifetimes measured.

1.4.1. How it works

The stoppedlow spectrometer used in this thesis was produced by Tgénhtda. With

this set up there are two drive syringes that are filled with the separate reactants (Figure
1.19). With use of a pneumatic ram the plungers of the syringes are pushed rapidly and
simultaneously to expel the reactants by a drive plate. Tlaetants flow rapidly intahe
mixing chamber prior to thebservation cell where thesaction is measuredThe mixing

time depends upon the rate at which the samples were pushed and the internal volume

of the observation cell.

Fluorescence |

Optical i Absorbance

Path
Cell
Mixar Stopping
Syringe

Drive

Figurel.18 ¢ Schematic of he single mixing stoppedlow. Figure from(TgK Scientific 2016)

The stoppedlow can either be used to measure fluorescence or absorbance. For
absorbance the optical light path should be used opposite the detector, while for
fluorescence the detector needs to be 90° from the light source or the emitiyd Will

belost in the excitatioright.
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When the reactants reach the observation cell its volume displaces the previous reactants
which travel down a separate waste tube to a third syringe, the stopping syringe. As this
fills the plunger strikes a backstop whichlirked to a trigger. When this is activated the
drive plate stops pushing the two drive syringes ensuring an exact volume of both
reactants is mixed. It is always important to remember that the concentration of the

reactants inside the observation celhalf of that in the drive syringes.

1.4.2. Uses

As mentioned above, stoppeitbw can be used to great effect at measuring very rapid
kineticson millisecond time scaledt also lends itself to be used with either fluorescence
or absorbance. While the use ofesidy state kinetics is invaluable to determine the
overall behaviour or a reaction, in this case myasthe ATPase cycle, transient kinetics
determined from the stoppedlow can give insights into the intermediates formed
throughout the cycldDe La Cruz, E. M., Ostap 2009)

Transient kinetics rather simply only needs 3 things: (1) a signal/chemical/optical change
that can be measured, (2) rapid physical or chemical change that disrupts equilibrium e.qg.
a concentation or temperature change, (3) the ability to measure the formation of a new

equilibrium with appropriate time resolutio(De La Cruz, E. M., Ostap 2009)

Stoppedflow therefore lends itself perfectly to measuithe rapid kinetics of myosin
which can bind ATP, detach from actin, hydrolyse ATP, rebind to actin, and release the
products of hydrolysis in millisecond®yrene is fluorescent tag can be chemically
attached to actin to allow measurement of the ATPaseleeyWhen bound to actin the
myosin molecule can quench the fluorescence of the pyrene. The increase in fluorescence
associated with the myosin dissociation lends itselimieasuring the ATPase cycle. By
using this increase in fluorescence steps proceettiegdissociation (such as ADP release
and ATP binding) and the dissociation step can be meas@8edeme 1.1 show the

constants throughout the ATPase cycle that will be discussed in this thesis.
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Schemel.1 ¢ Myosin ATPase cycle used for the data in table 4.1 and figure 4.9. A = &dti
myosin, T = ATP, D = ADP, P = phosphate, '.' = tightly bodrdweakly bound. K= k./k, for
example K= ki/K 4.

The values of Kand K3 have significance in highlighting myosins that bind ATP weakly or
tightly and quickly or slowly. For example myosins that bind ATP weakly and slowly do so
because they have a large and weak K5 such the physiological ATP concentrations can
be nonsaturating. Some myosins can which between an open and closed nucleotide
pocket (Scheme 1.1). The; Kan be shifted due to allosteric communication in aetin
attached myosin VI dimmers. Intramolecular load can affect theok'some myosingDe

La Cruz, E. M., Ostap 2009)

ATP binding tanyosin can be followed by intrinsic tryptophan fluorescence. For most
myosins ATP binds rapidly and irreversibly and release phosphate very slowly.

Interpretation of this datas straight forward and can be due to one of two things.

1. In a ystem where there is only a single fluorescence change. ATP induces a
change originating from the population of Myosin.ADBtBte. The transients are
well described by a single exponentialdanplot of the observed rate constant
versus the ATp concentration is hyperbolic with the maximum rate being the sum
of the forward and reverse rates of ATP hydrolysis {tkks) (De La Cruz, E. M.,
Ostap 2009)

2. In a system where there are multiple fluorescence changes. Where the transients

are well described by a double exponential the faster state can be described as the
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fluorescence change upon ATP binding or population of M*.ATP (where * denotes
a fluorescencehange) and the slower component is caused by the population of
M** ADP.R. In some cases the faster phase can be too fast to be measured by
stoppedflow spectroscopy and appears as a single expon@dallLa CruZ. M.,
Ostap 2009)

ADP binding to actomyosin can also be measured using stefip&dspectroscopy to
determine the ADP affinity. Acto.S1 is rapidly mixed with a constant ATP and varied

concentrations of ADP. The transients can be described one of twe: way

1. If mixing of the solutions follows a single exponential at all ADP concentrations it is
indicative of ADP binding in a rapid equilibrium. As the ADP concentration
increases the observed rate constant should become slower.

2. When ADP release is slower th&ATP binding and not in rapid equilibrium the
transients can be well described by double exponentials with fast and slow phases
depending on the ADP concentration when the ATP concentration is held
constant. The ADP dependence of the fast phase may depgpdrbolically on
the ADP concentration which indicates that ADP binding, much like ATP binding
occurs via a testep binding proces@e La Cruz, E. M., Ostap 2009)

1.4.3. Limitations

While stoppedfiow seems ideal dr measuring the rapid kinetics of chemical and
biochemical reactions there are some drawbacks that need to be considénedability

to measure a reaction is limited by the dead time which is determined by the end of the
mixing and the start of the measement. In order to reduce the dead time a smaller
observation cell can be used to reduce the dead time to below 1 millisedamdother
limitations are the volume and concentration protein needed to make these

measurements.

The concentration of reactastis very dependent on the signal to noise seen in the
transients. Some fluorophossbehave very well and will provide large amplitudes while

others may only give a flat transient. A second consideration is the concentration of the
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substrate compared to @tein. A substrateconcentration is usually-Bld greater than
the enzymeto satisfy a pseuddirst order reaction making analysis simpler than a seeond

order reaction.

The volume of reactants needed for the stoppidalv assays is a rather fixed volume.
Bf2daAK @2ftdzYS KIFIa (2 0SS LJzaAaKSR (KNRdIzZIAK |
LINBGA2dza WaK20Q (2 | @2AR Fye SNNBN AY YA
the observation cell volume; therefor@if a 5 plLcell as little as 15 pkshot volurres are
needed. However using a smaller observation cell can compromise the amplitude and
reduce the signal to noise in transients. These are issues that should be addressed to help
those wanting to use stoppefliow for the powerful technique it is at deterining kinetic

parameters but are held back by having low yields or expensive protein.

Another limitation of this method is that the system needs to be kept at a reasonable
temperature to prevent leaks from occurring. For example if the temperatweee to be
changedfrom 2 °C to 45 °C, the contraction and expansion of theegalvould lead to a
leak in the system. While specialised equipment exists to measure kinetics at the
extremes of temperature, there is no simple solution that allows a broad range of
temperatures to be used without having to change cooling or heating equipment. This is

therefore something that should be addressed.

1.5. Aim of the project

1. Thefirst aim of this thesis is to develop a modification to the stopibledv instrument
that would albw the assays to be conducted at a constant temperature that is
different to the main water bath. This would need to be a simple design that could be
adapted to instruments by different manufacturers and could heat or cool the
samples before mixindvlost dopped-flow assays are conducted at 20 °C or below to
reduce expansion or contraction of vak and therefore cause leaks in the system.
Using an external thermal control before mixing will allow biological assays to be
conducted at physiological temperats (e.g. 37 °C) when possible. Investigating this
prototype in its efficacy at heating and cooling samples before mixing to a desired

temperature will be essential to determine if it is working as designed. Studies have
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already shown how temperature affexcthe ATP induced dissociation of myosin S1
from pyrenelabelled actin (Millar, Geeves 1983, lorga, Adamek et al. 2007)
Comparing the new method to the published datall show how effective this
manifold is at adjusting the temperature before mixing rather than having no
manifold present.

. The second aim is to address the largest limiting factor of using stefi@edwhich is

the volume of sample needed. By developing an adaptation to the stofiped
between the drive syringes and observation cell it could be possible to reduce the
volume of sample neededome protein samples can be very precious, whether due
to a low expression, or an expensive process to produce them. Wasting large
guantities ofthese proteins on preparing the system before data collection begins is
not desirable. This may even be such a limiting factor that stoglesd cannot be
used and answers to very important kinetic questions not found. This manifold
therefore would open he option to used stoppeflow to researchers not previously
able to use it.

. To investigate the effects of the three most common causes of Freeshatdon
syndrome on the embryonic myosin, the wild type Myet@b will firstly need to be
kinetically charactesed. Using the recombinant expression system wild type MyHC
emb S1 will be expressed and used in stopfledd and ATPase assays. This will be
compared to the MyHL becauseboth are thought to be slow type myosins, and
therefore have similar kinetic féares. Using the same recombinant expression
system the three mutations; T178l, R672C, and R672H will be individually
investigated. The aim is to find a common change in the kinetic parameters compared
to the wild type MyH&mb. The Xay crystallography teuctures of the scallop
myosin will be used to build homology models of the My#hdb as the S1 goes
through the crossoridge cycle. The scallop structures will also be investigated to
validate the interactions observed. The mutations will then be inseitdd the
structures to investigate whether any interactions seen in the wild type myosin are
lost. This could give a molecular explanation to how the mutations can affect the
crossbridge kinetics or cause the myopathy.

. Finally I will investigate the kitie parameters of the hypertrophic cardiomyopathy

mutation that has been identified as a cause of juvenile HCM. A couple of adult HCM
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mutations have been characterised previously and showed very small changes in the
kinetics(Nag, Sommese et al. 20 oemink, Deacon et al. 2014ince juvenile HCM
presents itself earlier there is the possibility that the mutations are more severe. The
aim of this investigation is to observe wheththe juvenile HCM mutation H251N is

more severe than the adult HCM mutations.

The overall aims of this thesase to provide better understanding of myosin myopathies.
Also to provide new modifications to stoppdldw spectrometers, this will allow futer

investigations to be conducted in a simple and cost effective manner.
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2 Materials and methods

2.1 Materials

2.1.1 Chemicals

ATP Boehringer
ADP Boehringer
Pyrene Molecular Probes

EDTA free protease inhibitor Roche

All other chemicaland reagents usedncluding distilled watenvere supplied from
Melford laboratories, Sigmaldrich, or Fisher chemicalStock solutions were made using

the chemicals for use in buffers.

2.1.2 Buffers

5X SDPAGE sample buffer:

0.625 M Tris base, 40 % Glycerol, 10 % SDS, 208tercaptoethanol, 0.005%

Bromophenol Blue

Rabbit S1 digestion buffe:

125 mM KCI, 10 mM KPi (pH 6.2 at RT), 2 mM EDTA, 2 mM DTT

GubaStraub:

100 mM KKPQ, 50 mM KHPQ, 300 mM KCI, pH 6.6 (at RT)
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Myosin storage buffer:

500 mM KCI, 10 mM KPi pH 6.6ddl mM DTT + equal volume of glycerol

Lysis buffer:

20 mM Imidazole, 100 mM NaCl, 50 mM Tris pH 7.4, 1 x EDTA free protease inhibitor, 3
mM ATP, 0.5% Twee0, 1 mM DTT

HisTrap buffer A:

50 mM Tri, 500 mM NaCl, 0.05 % Tw&én1 mM DTT, pH 7.0

HisTrap buffer B:

50 mM Tris pH 7.0, 500 mM NacCl, 0.05% Twa@n mM DTT, 1 M Imidazole, pH 7.0

Acetone powder resuspension buffer:

10 mM NaHC¢ 10 mMNaCQ, and 0.1 mM Cagl

Actin buffer:

10 mM Tris, 0.5 mM ATP, 0.2 mM CaCl, 1 mM DTT, pH 8.0 (at RT

Imidazole temperature manifold stoppetbw buffer:

100 mM KCI, 20 mM Imidazole, 1 mM Na#D % ethylene glycol, pH 6.5 (at RT)

Cacodylate temperature manifold buffer:

30¢ 100 mM KCI, 20 mM cacodylic acid, 5 mM MgCmM Naly, (40 % ethylene gtol),
pH 7.0 (at RT)
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Micro-volume manifold stoppediow buffer:

100 mM KCI, 25 mM HEPES, 5 mM Mgl 7.0 (at RT)

Recombinant S1 stoppetbw buffer:

25 mM KCI, 20 mM MOPS, 5 mM MgCImM DTT, pH 7.0 (at RT)

NADHcoupled ATPase assay buffer:

12 mM PIPES, 2 mM Mg@ind 1 mM DTT, pH 6.8 (at RT)

2.1.3 Hardware and apparatus

Stoppedflow SF61 DX2

TgK (HiTech) Scientific S5 DX2: TgK Scientific, Bradfoimh-Avon, UK
Optical filters: Schott, Germany
Temperature controlled water baths: K20, Haa, Germany

RM®6, Lauda@Brinkmann, USA

2219, LKB Bromma, Sweden

UV-Spectrophotometer
Cary 50 UV Varian, Germany
Quartz cuvettes Hellma, Germany
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Centrifuges

Eppendorf 5415R
Beckman-26 XP

Beckman Optima Ultracentrifuge

FPLC

Akta FPLC UF3DO0, RP920, and FRAG50

HisTrap HP 1 miolumns

Miscellaneous

Weighing scales

pHmeter

Pipettes

Chapter 2; Materials and Methods

Eppendorf, Germany
Beckman, USA

Beckman, USA

GE Healthcare, UK

GE Healthcare, UK

SigmaAldrich
SigmaAldrich

Gilson, UA

49



Chapter 2; Materials and Methods

2.2 Protein preparation and purification

2.2.1 Rabbit myosin and S1 preparation and purification

The preparation of rabbit muscle proteins, rabbit myosin and rabbit myosin subfragment

1 (S1) was kindly performed by Dr. Nancy Adamek and Sam Lynn.

2.2.1.1Rabbit myosinextraction

The back and leg muscles from two rabbits were dissected immediately post mortem and
stored on ice. After removing all fat and ligaments the muscle was minced using a meat
mincer and left to stiin 3 L of Gub&traub for 30 mis at 4 °C. Thiwas then centrifuged

at 5,000rpm using a Beckman JK0 rotor for 30 mins. The supernatant was used for the

myosin preparation while the pellet was used to purify actin #nd filament proteins

Rabbit myosin was prepared by the same method as Margossid LoweyMargossian,
Lowey 1982) Supernatant was filtered through a cheese cloth to remlarge parts of
unhomogenised musclinen through homogenised filter papéo remove fat The filtrate

was added rapily to 30 L of cold water and left overnight at 4 °C to allow the myosin to
precipitate. The water was then siphoned off and the precipitated myosin centrifuged for
45 mins at 5000rpm. The pellet was rsuspended in 1 L 0.5 M KCI and purified further
by adding the myosin solution to 10 L of cold water and left overnight at 4 °C to
precipitate the myosin. The supernatant was removed and the precipitated myosin
centrifuged for20 mins at 2 ,000rpm. At this stage the myosin could be stored-20 °C

by disolving the pellet in myosin storage buffer.

2.2.1.2Rabbit myosin subfragment 1 (S1) preparation and purification

Fresh myosin or myosin from a glycerol stock was allowed to precipitate in a large volume

of distilled water(dH,O) overnight. The next day the supetant was siphoned off and
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the remainder centrifuged for 45 mins at,600 rpm. The pellets were dissolved in the
rabbit S1 digestion buffer. Assaying the myosin at this point should give a concentration
between 1620 mgmL for optimal digestion. The minre was then warmed to 23 °C and

0.1 mg Chymotrypsin per loof solution was added and left to stir at 23 °C for 10 mins
exactly. To stop the digestion 0.5 mM phenylmethylsulfonyl fluoride (PMSF) was added
and the solution left to stir for 10 mins. The dgled myosin solution was dialysedaanst

5 mM KPi pH 6.5 for 12ohrs. After dialysis the solution was centrifuged for 1 h at 1
,000rpm and the S1 was then purified by use of anexthange chromatography on a
DEAEsephacel column (500 ngel bed volure), which had been equilibrated with 50
mM Imidazole pH 7.0. A KCI gradient e23D mM KCI| was used to elute the. IV
spectroscopy was used to determine the final concentration of the S1 using the extinction
coefficientat 280 nme'*= 7.9 cnmi* for S1 ad a molecular weight of 115 kBoussoukt

al, 2007)

An equal amount of sucrose (w/w) of sucrose could be added to S1 and then freeze dried
to allow for long term storage. The S1 powder could then be dissolved in one of the
stoppedflow buffers and dilysed into the same buffer to remove sucrose. This solution

is stable for 23 weeks at 4 °C.

2.2.1.3Recombinant Higagged human S1 expression

The expression of the recombinant human myosin S1 proteins Wiatdy performedby
Carlos Vera, Stephen Langers, #&réna Combs as previously described by Resnatow

al. 2010(Resnicow, Deacon et al. 2010)

Shuttle plasmids containing the coding regions of kéH3or MYH7genes (Methionine

1 ¢ Serine843) were constructed upsgam of a 6xHistidine tag. Using the pAdEasy kit
(MP Biomedicals)these plasmids were used to construct recombinant replication
deficient adenovirus that expressed eithkfYH3or MYH7 The mutations were created
using site directed mutagenesis to produte MYH3R672H, R672C, and T178l mutants
and theMYH7H251N mutant. HEK293 cells were used to amplify the viral particles, and
the cell lysates were clarified using caesium chloride gradients with the concentrated

virus being stored in a glycol buffer-20 °C.
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For the culturing of C2C12 celld 4 @ SNJ b dzy Oun O S(Therm& FisBeiperblE &
used to increase culturing capacity. The C2C12 cells needed to be allowed to differentiate
from myoblasts to myotubes. To measure the concentration of \ar®Dyo= 1.1 x 16°
particles per mlwas used(Mittereder, March et al. 1996)Infected C2C12 cells were

incubated for 5 days then frozen into a cell pellet.

2.2.1.4Recombinant Higagged human S1 purification

One cell pellet wa incubated at 37 °C for 1 mbefore addition of 3 mlof lysis buffer.
When the pellet was fully defrosted the volume was made up to 13with lysis buffer.

The sample was then homogenised using a glass homogeniser (Fisher Scientific) to form ¢
homogeneas solution. The cell lysate was centrifuged at J@@0 rpm in the Beckman
ultracentrifugefor 20 mins to remove the majority of the cell contents. The supernatant
was then filtered through a 5 pm Minisart single use syringe filter (Sartorius Stedim
Biotech, Germany) therthe volume was made up to 18 mising lysis buffer. 5 M NacCl
was added to the solution to bring the final NaCl concemrato 0.5 M. A Hdrap HP 1
mLnickel column was equilibrated with HIsap buffer A. The recombinant S1 veakled

to the column, washed with 20 mL of Hisap buffer AThe recombinant S1 was then
eluted using a 1 M stepped Imidazole gradient, eluting from the column at around 350
mM Imidazole using HiSrap buffer B. The fractions were run on an $12&HKel to fird

the best fractions to pool. Samples were dialysed overnight into the recombinant S1
stoppedflow buffer. The concentration of the S1 was determined using UV spectroscopy
(extinction coefficientat 280 nms'* = 79 cni' and a molecular weight of 115 kDa
(Boussoufet al, 2007). Cell pellets weighing approximately 0.6 g derived frofs0Q-
3,000 mL would yield betweenamL 1620 uM active SIWild type S1 wsstable at 4 °C

for up to 2 weeks, addition ofgeial amount of sucrose (w/w) and stored @0 °C \as

kinetically activéfor up to 4 months.

In order to determine the active concentration of S1 an activity test was performed. In
order to do this the S1 concentration is then doubled to observe the iveamplitude

also doubles or increases. This is repeated until the relative amplitude remains the same.
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Dividing the initial concentration by the overall increase in S1 concentration compared to

the start gives the concentration of active S1.

2.2.2 Actin purification and preparation

Acetone powder, factin, and pyrendabelled Factin were kindly prepared by Dr. Nancy

Adamek and Sam Lynn.

2.2.2.1Acetone powder

The pellet obtained from the first centrifugation from the myosin extraction which
contained the actin andhin filamentproteinswasdissolved in 5 L of buffer containing 4
% NaHC®and 0.1 mM CaglThis was left to stir at 4 °C for 30 mins. The solution was
then filtered through a cheese cloth, and the filtrate discarded. The residue from the
filtration stepwas resuspended in 1 L of acetone powder resuspension buffer. At room
temperature, 10 L of water was added, stirred for 1 min and then filtered a second time,
again discarding the filtrate. The residue was dissolved in 2.5 L coldnacand left to

stir for 20 mirs. This was filtered through cheese cloth and the filtrate discarded. The
process of resuspending in acetone and filtering was repeated 3 further times until the
residue becomes fibrous. The residue was then dried between two pieces of blotting
paper for 22 days. When the powder was dry it was sieved to form a fine powder and

could be stored at20 °C.

2.2.2.2Factin preparation

The method of factin preparation is based dhe method of Lehrer and Kerwaflehrer
Kerwar 1972)1-2 g of acetor powder was dissolved in 200 raof_cold actin bufier and
left to stir for 30 mirs. Using a double layer of cotton cloth the mixture was filtered
under vacuum and the filtratavhich extractsthe actinfrom the acetone powdr leaving

behind the tropomyosin and troponjnhen centrifuged for 1 hat 30,000rpm. In order to
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polymerise the actin 3 M KCI and 1 M Mg®@é&s added to give a final concentration of
100 mM KCI and 2 mM MgCIThis was left to stir for 1 h after whichd lution was
centrifuged for 3 burs at 30000 rpm. The pellet was dissolved into a depolymerising
buffer containing 5 mM Tris, 0.2 mM CaCl, 1 mM Nadbh 7.5, homogenised, and
dialysedfor 12 roursagainst the depolymerisation buffer. Centrifuging thetin the next
day at 30,000 rpom for 1 h removed any remaining filamentous actin. Using UV
spectroscopy the actin concentration was determined using the extinction coeffiatent
280 nms'*= 1104 cm' and molecular weight ©42 kDa(Toseland and Fili, 2@) with
the final concentration beingdjusted to 1 mg/mL3 M KCl and 1 M MgQGtlas added to
the actin to give a concentration of 100 mM KCI and 2 mM Mg@d left at room
temperature to polymeriseThe polymerised actin was centrifuged foh8ursat 30,000
rpm. The actin pellet was dissolved, homogenised and didlyfse 12 hours in the
appropriate experimental buffer (800 mM KCI, 20 mM MOPS, 5 mM Mg@H 7.0).
Addition of 1 mM NaN; prevented thegrowth of bacteria The concentration of-&ctin

wasusually between 10@00 uM and could be stored for at least 2 weeks at 4 °C.

2.2.2.3Pyrene labelling of factin

Preparation of pyrendabelled actin is based on a method by Cridddé al (Criddle,
Geeves et al. 1985pyrene (5 mg/nmL dissolved in D¥M) was added stepwise to 1 mg/mL
Factin solution while stirring to a final concentration of €L.8%6 pyrene. The solution was
stirred for 12hoursin the dark and then centrifuged &,000rpm for 1 h to remove
residual pyrenewhich precipitates if unbound to actinThe actin was rgcipitated by
centrifugation at30,000 rpm for 3 hours The actin pellet was dissolved, homogenised
and dialysed overnight against an appropriate experimental buffes0@ mM KCI, 20
mM MOPS, 5 mM Mgb, pH 7.0). Addition ot mM NaN prevented thegrowth of
bactericb ¢ KS tl 0SSttt SR FOlGAy o6l a |aaleSR=o0¢8
11.04 cm' and molecular weight of 42 kDa) and pyrene (extinction coefficient at 280 nm
s1%=022T | G d*f=0.23@ fToseland and Fili, 20143iven that pyrene absorkst

280 nm this peak will contain both actin and pyrene. To separate these out and

determine the percentage of labelling. By subtracting the value for the 344 nm peak from
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the 280 nm peak the concentration of actin can be determined. Then by dividing the
pyrene concentration by the actin concentration the percentage of labelling can be
determined. The final concentration of labelled actin was usually-200 uM and the

efficiency of labelling was around 9@0 %.

2.2.2.4Stabilisation of actin with phalloidin

Whenthe concentrationof actin isbelow 1 pM Factin begins to depolymerisg&nce the
equilibrium between F and G actin is pushed towardsc@n. In order to prevent this in
stoppedflow assays the actin can be stabilised by the addition of phallgkiimzawa,
Geeves 1996) An equimolar stock of 10 puM actin and phalloidin (frohmanita
phalloide3 was preparedas a concentrated stock from phalloidin powder dissolved in
dHO. The mixture was incubated over night at 4at@ used within2-3 days.This has no
effect on the properties of actin other than keeping it in the filamentous f¢karzawa,
Geeves 1996)

2.2.3 SDSPage gel

Precast polyacrylamide gels NUPAGE® Novek®% Bidlris Gels (1.0 mm thick, 12

15¢ well) were used to check protein purity after purification.

Sample buffe(5x) containing Znercaptoethanol was added to samples and heated at 95

°C for 10 mins before loading. The gg@lere run in MOPS buffer (50 mE NUPAGE®
MOPS running buffer (20x) (Lifednologies) mixed with 950 ndH,O) at 200 V for 45

mins. The gels were then incubated in Coomassie blue staining solution (1 g Coomassie
brilliant blue dissolved in 1 L of: 50 % (v/v) methanol, 10 % (v/v) glacial acetic acid, 40 %
(v/v) dHO). The gels werthen transferred to a destaining solution (7% (v/v) glacial acetic
acid, 25 % (v/v) methanol, 68 % (v/v).@N 23 times to reveal the protein bands.

t NPGSAya 2F AyiSNBad o6SNB ARSYGAFTASR o8

ladder ranging from 200 to 10 kDa (Fermentas Life Sciences).
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2.3 Kinetic measurements

Stoppedflow is a method employed to allovhé measurement of fast reaction kinetics
on very short time scales. Due to the reactants being mixed rapidly the reaction can be
observed and measured from several milliseconds after mixing until equilibrium is

reached.

2.3.1 Fluorescent signals

Intrinsic and &trinsic fluorescence are used to measure the kinetics of the stoppédw

reactions.

Intrinsic fluorescence originates from naturally fluorescent grdikescertain amino acids
within a protein such as tryptophan. Tryptophan fluorescence is very conynuzeld as it
canrespond tochanges in the local environment. In the case of the myosin subfragment 1
(S1) there is a tryptophan residue located on the end of the relay helix which moves
relative to the rest of the molecule through the ATPase cycle. &hise observed by an
increase in fluorescence when ATP binds, however the intensity of this fluorescence can
vary between myosin classes and even myosin isoforms. The tryptophan was excited at a
wavelength of 295 nm with the emission signal detected ali@®@ nm via a WG320 cut

off filter.

Extrinsic fluorescence derives from an external fluorophore being attached to a protein of
interest. For the assays in this thesis pyrene was chemically linked to actin filaments via a
Thioether bond to the cysteine€874. The binding of myosin S1 to pyrefabelled actin
guenches the fluorescence . The pyreain was excited at a wavelength of 365 nm and

the emission detected above 399 nm through a KV399féiilter.

2.3.2 Stoppedflow

The stoppedlow spectrometer used hroughout this thesis was a $E DX2

manufactured by HiTech Scientific which was capable of double mixing but only used for
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single mixing. The stoppdtbw contains two700 pLsample syringes driven by air
pressure from an external air pressure pump. Bsyhinges are triggered simultaneously
pushing the reactants into an observation cell which is in the optical light path of a high
intensity light source. The light source used for these experiments was a Xés@ury

lamp. The wavelength used for excitat could be chosen using a monochromator. The
fluorescence of the sample was detected via a photomultiplier placed at aarmgiie to

the incoming light. When the samples reached the observation cell they were mixed in a
1:1 ratio resulting in the concération of both reactants being halved. As the solution
leaves the observation cell it fills the empty stop syringe which forces the syringe to hit a
backstop which immediately ceases the floWwhe samples syringes are temperature

controlled by an externlavater bath.

For assays where millimolar concentrations of ADP were used the ADP wasgbeel

with hexokinase and glucose to ensure any ATP contamination in the ADP was converted
to ADP and would not affect the assay. During the purification of aciih&l adenylate
cyclase, which converts ADP and inorganic phosphate back to ATP, can be purified. P1
P5Di(adenosingg QU0 LISY G LIK2AaLKFGS o! Lp! v éFa | RR
any adenylate cyclase activity.

The concentrations of reactants e in the stoppeeflow given are those after mixing

unless stated otherwise.

2.3.2.1 Transient Kinetics

First order reactions are dependent uptime concentration of only one reactant. While
some other reactants may be present they are zerder and thereforedo not affect the
observed rate constant. Scheme 2.1 shows the rate law of a first order reaction with

respect to A.

A—>B Scheme 2.1

The rate at which A is lost can be expressed as:
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— E! Equation 2.1

Where k is the first order rate constant with units df s

Integration of equation 2.1 gives the integrated drder rate law:

| 1! [l EO Equation 2.2

Where [A] is the concentration DA at time t and [A]is the initial concentration of A. A

rearrangement of this equation gives:

! 1A Equation 2.3

All single exponential transients from the stopp#ow were fit to a single exponential

equation derived from egation 2.3 using:

O 6p Q 0 Equation 2.4

Where: F = fluorescence, A = amplitude, t = time, k = rate constant, ¢ = fluorescence
offset. While all the double exponential transients were fitted to a two exponential

equation also based bbf equation 2.3:

O o6 p Q O p Q o Equation 2.5

Where: F = fluorescence, A = amplitude, t = time, k = rate constant, ¢ = fluorescence offset
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When dealing with the stoppetlow secondorder 1 step reversible ah2 step reversible
reactions are used. However these reactions are complex to work with due to there being
two variables involved. Therefore pseutlst order reactions were employed where one
reactant is used in large excess (ovefolsl) over the concetration of the second
reactant. This ensures that the concentration of the first reactant stays constant and the

reaction does not become secoimider.

In a seconebrder 2 step reversible reaction one of the two steps needs to be faster in

order to determne the two steps (Scheme 2.2).

k+1 I(+2
AM+T = AMT — A+MT Scheme 2.2
k4 k.

Here we make the assumption that step 1 is very fast and that theakue is very small.

Therefore:

— ! -4 E Equation 2.6

If we then use the equation to find the total concentration of AM wé ge

I - I - I -4 - 4 Equation 2.7

Wanting all the AM functions on one side so need to put AM in terms of AMT and MT:

OAAOOATIGA — Equation 2.8

If we insert equation 2.8 into equation 2.7 we get:
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-4 -4 Equation 2.9

Solving for AMT gives the equation:

-4 — Equation 2.10

This can be inserted into equation 2.6 which results in:

E Equation 2.11

This can be simplified to:

Equation 2.12

Thesecond part of Equation 2.12 can be simplified to

E e Equation 2.13

This hyperbola was used to fit tHeps valuesfrom the ATP induced dissociatiai S1
from pyrenelabelled actin and ATP binding to S1 when observing the increase in

tryptophan fluorescence

When ADP is added to the system there are three processes that need to be taken into

account (Scheme 2.3).
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I<+1 I(+2
AM+T — AMT = A+MT
+ k4 k.
Scheme 2.3
Ko M o
A.M.D

There are two differat assumptions that need to be made depending on the behaviour
of the S1.

Assumption Ig Steps 1 and D are fast this gives the same equation as equali8nvizh
the added ADP function:

Equation 2.14

When the ATP and ADP are in rapampetition for binding and JATP] < 1 then the

equation is linear with respect to [ATP].

Equation 2.15

If in the absene of ADP §¢s= kthen normalising equation 2.15 would give:

E _ Equation 2.16

This is the normal case for the skeletal myosin class Il myosin S1 with actin when using the

competitionassay.
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Assumption Z; Step D is slow and steps 1 and 2 are fast. In this case we can focus on just

the step D (Scheme 2.4). This will result in a fast and a slow phase in the transients.

K.
AM+D #D A.M.D Scheme 2.4
Ko

Solving for total AM concentration:

I - I - I - $ Equation 2.17

To getall functions wecan usehe rate law equation when solving for AMD:

-9 Equation 2.18

By insertingequation 2.18nto equation 2.17 we get:

Equation 2.19

When [AM] is proportional to Ay and [AM]ga is proportional to fwax Equation 2.19

becomes

! Equation 2.20
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Here the Anin value only applies if there is a second phase at satgatADP

concentration.

If instead we solve for AM withquation 2.18 rather than AMD we get:

Equation 2.21

When we insert this into equation 2.17 we end up with:

- $ Equation 2.22

Soving for AMD vyields:

Equation 2.23

When [AMD] is proportional t@\ow and [AM]oiar IS proportional to Awax Equation 2.23

becomes

! _ Equation 2.24

This is a hyperbolic equation that best describes the slow phase of the stdigved

transients. This biphasic nature is generally seen in the assays for ADP binding to S1 alon

without actin.
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For actin affinity assays the followirgguation could be use@Bloemink, Deacon et al.
2014)

7

2
M +KD+[A]O' (M + KD+ A 0) -WA]O

2L, Eq.2.25

Where:h = fraction of actin bound to S1
[M] = total concentration of myosin or S1
Ko = thedissociation constant of S1 for actin in the presence or abseh&®P

[A]o = concentration of actin

2.3.2.2Temperature effect

To investigate the effects of temperature on stopgialv experiments the assays were
repeated in the same conditions with varied temperatures. The thermodynamic
parameters, enthalpy and entropyae be determined by plotting thels as a function of

temperature.

Plotting the natural log ofin equilibrium constant K (InK) as a function of 1/absolute

GSYLISNI GdzZNB yR OFy 6S FylfeaSR gA0K (KS

<
(&

-
|
®)
=

xEA®A 3(J 43317 Equation 226

Where: R = molar gas constant (8.314 m¢6I"0 2 ¢ ' ¢ SYLISNJI G dzNB
SYyGKFtLR oaidlyRINR aidldiSoz p{c I' NBIOGA2)

The interceptofalineaF A G 2F | zFyQd 1 2FF LX 23 3IABSa
Hoff plot is equaltopn | ¢ K w ®

An Arrhenius equation can also be used to determine the activation energy of a reaction

by investigating the effect of temperature on the rate of reaction.
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m)
I
o,
I
o,
_)
B

xEA®A 3(J 433 Equation 27

Where:R = molar gas constant (8.314 o0 = ¢ ' ¢ SY LIS NKeelene 06 )
of activation,n I” = activation enthalpyp { = activation entopy, ks = Boltzmann constant
(13806 x16°JK0 s K I tflyOl Q&Jd2yaidlyild 6cdcHc E

In this case Injgs is plotted as a function of 1/absolute temperature. The slope of the

linear fit is equal ton I”/R. The activation energy can be easily dal@ad as it is equal to

nt.
2.3.3 NADHcoupled ATPase assay

The NADHKtoupled ATPase assay was conducted by Carlos Vera (University of Colorado,
USA).

Py <
1 rmotor ATPasze

+ AT40 A2E0
ADP ATF NADH + H  NAD* Scheme 2.5

FEF M Fyruvate x—i Lactate

FE LOH

Myosin S1 was added to a mixture @6 mM phosphoenolpyruvate (PER),05 mg/nL
pyruvate kinase (PK(,.02 mg/mLlactate dehydrogenase (LDH)2 mMNADH, and.5

mM ATP. As the myosin hydrolyses ATP to ADP and phosphate, PK transfers a phosphat
from PEP to ADP. This creates a new ATP molecalepyruvate. Therefore the ATP is

kept at a relatively constant concentration. LDH converts the pyruvate to lactate by
transferring an H from NADH to form NAD Since NADH absorbs at 340 nm the
conversion of pyruvate to lactate can be measured. This therefore gives an indirect
measurement ofthe ATPase cycle since ADP concentration drives the formation of
pyruvate from PEP. Then in the absence of actin the myosin S1 basal ATPase rate can b

measured. Actin is an activator of the ATPase cycle, forcing phosphate and ADP to be

65



Chapter 2; Materials and Methods
released faster ashtherefore addingnore actin to the mixture increases the ATPase rate.
The data can be fit with the Michaeldenten equation:

o — Equation2.28

Where \haxis the maximum rate of the ATPase cycle where the myosin is satunatied
actin and Ky is the relationship between the rate of reaction and concentration of actin

depends on the affinitypf the myosin for actin

The ATPase assays used here were conducted at 25 °C.

66



Chapter X New methods for measuring kinetic parameters and equilibrium constant

3 New methodsfor measuring kinetic parameters and equilibrium

constants

3.1 Temperature manifold

Stoppedflow spectroscopy is a very powerful tool to investigate fast kinetic reast

being able to measure and record reactions on millisecond time scales. However there
are a few draw backs to this method, which includely being able to operate within a
certain temperature window without damaging parts of the machine, and usangel

volumes of precious sample.

Commercial stoppedlow spectroscopy systems have the capability to be thermostated,
usually by an external water bath. This allows reactions to be monitored at a constant
temperature. However measuring reactions at tempgeras above or below a
recommended level can damage the mechanical components of the system. Also
adjusting the temperature from one to another can lead to expansion and contraction of
drive valves which over time can lead to leaking of these valves irgguit improper
mixing i.e. not a 1:1 ratioSpecialistequipment exists provided by manufacturers of
stoppedflow systems that allows for very extreme temperatures to be reached, however
this is specialised equipment and may not be cost effective. Thefusanperature can

be valuable when investigating reaction kinetics as at low temperatures it is possible to
observe intermediates within a reaction pathw@iravers, Barman 1995, Petsko 2009)
temperature control that can work both above room temperature and close to
physiological temperature can be vital in determining the kinetics of a protein and gaining
a deeper understanding into its function. As has been shown by Millar and G@éNlas,
Geeves 1983)hat the ATP induced dissociation of myosin S1 from actin is not linear

across all temperature points.

The aim of this section is to show using an existing systemathanperature manifold
can be usedo measure kinetic parameters at temperatures above and below 20 °C. The

first aim was to calibrate the efficiency of the thermal transfer. To do this a fluorescent
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probe, fluoresceinwas be used. From here the shot volumes could be investigated to
determine the maximum volume that could be used. From here the manifold would be
investigated using the wedistablished ATP induced dissociation of myosin S1 from actin.
This has previously been investigated over a temperature range above and below 0 °C.
Usingthe data from thesanvestigations the design of the temperature manifold could be
changed to make it more efficient at adjusting the temperature before mixing, which

requires building new prototypes.

The temperature manifold project was published in Baiaal Biochemistry in May 2015.
This contained just the obtained using ethylene glycol, here a more detailed explanation
of how the manifold was tested is given. This includes assays conducted above 0 °C in the

absence of ethylene glycol.

Walklate, J.,Geeves, M. ATemperature manifold for a stoppdlbw machine to allow
measurements fromrlO0 to +40 °@nal. Biochem. 2015. 476: p.-186.
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3.1.1 Temperature manifold development

In collaboration with TgK Scientific we developed a simple manifold that comild b
attached to a commercial stoppetbw, in this case a HiTech TgK Scientifi6 EBX2.

Figure 31 shows a schematic of the manifold attached to the stopfled along with

A Insulation plate
L Mixing
T Tz |
Drive syringes
| T2
v - Stop syringe
| T *'i | Ohservation cell Micro switch

! /
Preumatic ram Drive valves Manifold

B

Insulation plate Manifold Observation block

Coolant return
loop Sample/waste tube extender

&
Observation block#
£ .

Figure 3.1 ¢ Design of the temperature manifold and how it works in relation to t
stoppedflow. (A) A schematic diagram of the gppedflow with the temperature
manifold attachment. (B) The component parts that make up the temperature manif
The insulation plate the manifold and the observation blockC) The interface betwee
the stoppedflow and the observatiorblock.

photos of the manifold component parts and how it fits to the back of the stogj.
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The schematic in figure 3.1A shows that the main body of the stofipadand the drive
syringes which contain the sample prior to being pushed are at the initial temperaiure T
The manifold itself is set at the desired temperature) @nd is is@ted from the drive
block by the insulation plate. The observation cell, where the mixing of the reactants and

the reaction is observed is also at T

The insulation plate is a 59 x 45 x 7 mm block of acetal (Figure 3.1B). This has a low
thermoconductivitymaking it ideal for insulation. The face of this insulation plate has a
return loop engraved to return the coolant back into the reservoir. It also has twiadg3

to prevent any leaking between coolant and sample. The back of the insulation plate is a

flat surface allowing it to join to the back of the manifold.

The manifold itself is made of a 59 x 45 x 20 mm block of aluminium which has & higher
thermoconductivity than acetal and so is better suited for thermal transfer between
sample and manifold. Thiaterface between the manifold and the observation block
mimics the interface between the stoppdbbw and the observation block (Figure 3.1C).
Due to the extra space between the back of the stopfled/ and the observation cell an
extension tube was reqred to allow the sample to enter thebservationcell and waste

to exit. This was made of PEEK (polyether ether ketone) which is inert and is a thermal

conductorto acetal

3.1.2 Calibration of the manifold

In order to calibrate the efficiency of the thermahnsfer a fluorescent probe was used.
The combination of fluorescein and imidazole was an ideal choice. The pH of imidazole is
dependent upon the temperature of its environment, pk n ¢-0.02 °C (Burton 2002)

The fluorescence of fluorescein however is dependent on the pH of its environment
(Chen, Cheng et al. 2008)herefore as the temperature of the sample changes, so will
the pH causing a change in fluorescence from therflsocein which can be measured. To
measure the fluorescenc¢ehe fluorescein was excited at 488 nm and detected through

an OG530 nm cuff filter. The buffer used was the imidazole temperature manifold
buffer (chapter Z; 2.1.2 buffers).
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It was requiredto investigate what size shot volumes were suitable and the speed at
which the sample got to temperature once pushed. To investigate this 1 uM fluorescein
was loaded into both drive syringes and pushed with the manifold being set at different
temperatures The fluorescence was allowed to reach a steady state to determine the
fluorescence at different temperaturegFigure 3.2) This was repeated in both the
aqueous buffer and the buffer containing 20 ethylene glycdb measure the difference

between the two.

-10 °C

Fluorescence (%)

40 : : : 40 °C

0 5 10 15 20
Time (S)

Figure3.2¢ Steady state fluorescence of fluorescein in 5 °C increments frd°C to 40 °C

These steady state fluorescence signals were plotted against temperature (Figure 3.3A)
which had a linear dependence. The gradient for the aqueous solution was 1.6 %/°C while

the buffer containing ethylene glycol had adient of 1.2 %/°C.
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Figure 33 ¢ Calibration curves for the temperature manifold. (Alemperature dependence
fluorescence ofl uM fluoresceinin aqueous solution (open squares) and stiene glycol (fillec
square).(B) Varied shot volumes (3@.50 pL) over a 25 °C increase from 20 to 45 °C. (C) \

shot volumes (same as (B)) over a 30 °C decrease from 20l@0°C. (D) The observ
fluorescence change for each shot volume at the &eliént temperature changes of +25, +1¢

15, and-30 °C to show what temperature the sample is arriving. The change in fluoresc

has been converted into a temperature difference.

Using this relationship it was then possible to work out the temperature of the sample
based on the fluorescence detected. The next step was to determine the maximum shot
volume that could be used to ensure that the sample was at or close to the desired
temperature when the reaction was monitored. The skotume was increased from 30

puL up to 150 |k (including 40, 5060, 70, 80, 90, 100, and 120)dnd the fluorescence

was moniored for 20 seconds to allow it to reach a steady state (Figures 3.3B and 3.3C).
Figure 3.3B shows how the fluorescence decreases as the temperature increases (from
20-45 °C) but also shows how far away from the desired temperature some shot volumes
are & time zero. Figure 3.3C also shows the efficiency of the system at varied shot
volumes but this time with a decrease in temperature (from 20 °Gl@°C). The shot
volume assays were repeated 4 times with different temperature changes starting from

20 °C(+10, +25,-15, and-30 °C) to investigate how quickly the temperatures can
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equilibrate and what shot volume was best to use. It is worth noting that the assays were
carried out in the aqueous buffer, however the 20 °C-160 °C assay had to contain
ethylene glycol since the reaction went below 0 °C. This therefore gave a slightly different
shape to the graph in figure 3.3D. Our usual set up when using myosri&use a shot
volume of 60 pLwhich can adequatelifush out the previous shot from the obsration

cell. It was therefore acouraging to see that the 60 ptas not very far from the desired

temperature.

3.1.3 ATP induced dissociation data at different temperatures

To investigate whether the temperature manifold could work oreal system, the AP
induced dissociation assay was used over a range of different temperatures. This reaction
is made of two steps. The first step is the binding of ATP to the actomyosin complex,
which is a rapid equilibration of ATP bindiauring he second myos#TPbecomes
loosely boundo actinand rapidly dissociates. Previous stytlyrga, Adamek et al. 2007)
found that the equilibrium constant of the first step (scheme 3.1;) Ks
thermodynamically unaffected by a change in teargture. The second step (scheme 3.1,
ki2) however isstronglyaffected. The primes () after the constants indicate that actin is
present in the assay.

K1 K'v2

Kl k+2
AM+T == AM-T — A+MT

Scheme 3.1¢ ATP induced dissociation of myosin from actin.;
denotes he equilibrium constant for ATP binding and.K'is used tc
describe the irreversible dissociation of myosiaTP from actin.

In order to investigate the efficacy of the temperature manifold below 0 °C it was
necessary to add 4% ethylene glycol to prevent the buffer from freezing. However the
presence of ethylene glycol weakens the binding of MMiRar, Geeves 1983)ut leaves
the rate of isomerisation unaffected. The buffer used througthwas the cacodylate
temperature manifold buffer (Chapter 2.1@ section 2.1.2) because cacodylate has a

relatively stable pH over a large temperature range and was also used in the previous
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investigatiors (lorga, Adamek et al. 2007, Millar, Geeves 198&)en used in assays that

went below 0 °Cethylene glycol was added to prevent the buffer from freezing.

The first assay performed was to mix a constant acto.S1 concentration (0.5 uM) against a
constant ATP concentration (10 pM) at varied temperatures. FigutesiBows example

traces from-6 to +38 °C.

100

|
80 1

£ 60-

w |

0.0 0.5 1.0 15
Time (s)

Figure 34 ¢ Example traces of ATP induced dissociation at different temperatures. 10 uM
was rapidly mixed with & UM acto.S1. The temperatures shown a® 7 (slowest transient);
1.4, 3, and 7.3 °C (fastest transient).

All the traces werdit by a single exponentialhe observed rate constant {k) increased

with the temperature & expected.

The next step was to investigateow the temperature of the manifold affected the
aS02yR 2NRSNJ N} dGS ORg alislisydéterrgiried by plattingotheyk R A y
against the concentration of ATP. At low concentrations of ATP (glQ0this can be
RSaAONAOGSR 08 | tfAYSKHING FAG 6KAOK Slidz G6Sa
Figure 3.5Ahows the transients of0 to 50 uMATPover a temperature range @.5to
37.8°Cin an aqueous solutich ¢ KS @} .Ride®ased Fromy2®4 uMs™ to 7.66

uM™ st indicating that the reaction has a temperature dependence. The valueg,of k
were then used in an Arrhenius plot to determine the thermodynamic parameters of the

reaction (Figure 3.5B).
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[MQATP] (uM)

Temperature (°C)
403530 25 20 15 10 5

6.0 500
5.5 %\\%‘@
S
Zas %\E\M%\é 100
-~ dof[m oW e e
35] & a s
1| A 50 uM B
P s EvEeY R
1000/K (K™

Figure 3.5¢ ATP induced dissociation over varied temperatures at low ATP concentratin
an aqueous solution. (A) Linear dependence gfskat low ATP concentrations from 6.5
oTPy c/ ® 6.0 ! NNKSyAdza LX 20 2 TFOofitheSeadtiihA y

As was expected the linear fits of this plot (Figure 3.5B) \parallel to each other since

the activation energy (eremains the same for each concentration of ATP. However upon
further examination it was found that the data in the Arrhenius plot did not strictly follow

a linear dependence, and could alternatively fit with a curveas shown herawo linear

lines with a break point between 11.7 and 13.4 °C. This is comparable to earlier data
(Millar, Geeves 198&ndwith the general explanation that there is a phase changéén
myosin structure causing this nonlinearity of the p{@inson 1992, Biosca, Travers et al.

1983yp ¢ KS @I Pfozfguré 298Jis gites in fable 3.2.
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This assay was then repeated att&mperatures from 6.5 to 16 °Cover an ATP
concentration range of 10 to 800 uM (Figure 3.6). At higher concentrations of ATP the
plot of kps0 SO2YSa KeLISND2ft AOFffe& RSLISYRSyand | yF
1 +&by fitting the data with equion 2.13 (Chapter 2.3.2.1)This experiment is only
possible at lower temperatures (<20 °C in most cases) as dhebécomes very fast
(>1,000 s?) at the higher ATP concentrations which becomes hard to measure with
current stoppedflow devices. Thevafila HTE@BA POV, (1Ra AN YIR A F.8  dzy

1000

800+
< 600+
L

54001

200+

0 100 200 300 400 500
[MgATP] (UM)

Figure3.6 ¢ ATP induced dissociation up to high concentrations of .
from 6.5 to 16 °C.

are summarised in table 3.1.
CKS @I fdSERIBRIMBY AIKSYy LI20G6SR Ay | =l yQ
| NNKSyAdza LX 203G O6CA3IdzNBE o ofl WRORBIE WG Bloh @S f

the reaction which are summarised in table 3.2.

Temperature (°C) Temperature (°C)
s, 16 14 12 10 8 6 7o 16 14 12 10 8 6
250 - £ 1200
£200 :
5.2 20l £1000
1505 ' N
A - " 3 &
<50 = £ 6.9 +800 7,
£ o = 3
+100 6.8 =
4.8
6.7+ 1600
4.6 ‘ ‘ ‘ A 6.6 ‘ ‘ ‘ B
344 348 352 356 3.60 344 348 352 356 360
1000/Temperature (K™ 1000/Temperature (K™

Figure 3.7¢! NNX Sy A dz&d k #d of tie(vallefdm figlid 26 6! 0 = y QI
1/Y (valuesfrom figure 3.80 6. 0 | NNX Sy A, dziuesfrdimFigue 3.8 Two dakh®
lines have been added to show a potential break point.
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To then investigate the capabilities of the manifold at zelpo temperatures is was
necessary to add 40% ethylene glycol to the cacodylate tenwperamanifold buffer
(Chapter 2¢ section 2.1.2). This prevented the buffer from freezing at the lower
temperatures used, however it also increased the viscosity and as stated earlier (section
3.2.2) the presence of ethylene glycol weakens ATP bindingsltherefore necessary to
repeat the above assays with ethylene glycol to compare to previous tMdiar,
Geeves 1983)

140

| ] 0°C

4| O °C

120 Mo

O °C

10041 & o
ST A °C
\({;/ 80‘ L 3 °C
& 25°C

£ 604 w 30°c
X \v4 e
+ °C

0 1. 90 30 40 50
[MgATP] (UM)

Temperature (°
40 30 20 10

to O

11484
54.6
0501 -
74
07
BL1.0
3.1 32 3.3 3.4 35 3.6 3.7 3.8 3.9
1000/T (K™

Figure 3.8¢ ATP induced dissociation abw ATP concentrations over varied temperatures.
Linear dependence of ks on ATP concentration from5.7 to +37.8 °C. (B) An Arrhenius plot
G§KS RIFGF FNRY LI y SYtoftheredacBon.RSGSNXYAY S GKS n

( L_S) sqo

Figure 3.8A shows the linear dependence of ATP induced digsociat low
concentrations of ATP over a temperature range®¥ to + 37.5 °C. The values for the

Y Q.€are given in table 3.1. Figure 3.8B shows an Arrhenius plot of the data from the ATP
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induced dissociation which again showed a +ioear dependenceor a break point
0506SSy MMPT YR mMc c/ ® ¢KAE KIa (K$NSBT?2
the two fits are summarised in table 3.2.

As before the ATP induced dissociation assays were then repeated at high ATP
concentrations however thisould only be done at lower temperatures(7 to 11.7 °C).

The kpsF A AY F2ff26SR | KeLISNB2tAO0 Odz2NBS 06 C)
I Y R®P|l @ KS @ hlf yidS,ale Sughdrisédin table 3.1.

. Temperature (°C)
Temperature (°C) 10 5 0 -
10 5 0 -5 1 1 L
7.0 : : : ' £ 1000 6.4 -600
800 , =500
. ) 6.2
£600 = 6.0
. A/_//’./r $ ,60; i 400~
§ 60| 1400 _é 5.8 2
= == 1300
200 54.
- = ,1B 1200
3.50 3.55 360 3.65 3.70 3.75 T T T T T T
: 3.50 3.55 3.60 3.65 3.70 3.75
1000/ (K™ 1000/K (K')

Figure 310¢+ I y Qi | 2F Fk! NNKSyAdzza LI 2d0@0 2% yi®®
0 KS wakigs@omfigure®@cp® 6. 0 | NNK Syaludsdron fig@eB.9.2 T

500
m 57°C
O -14°C
400+ 8 i.sc“c
A
< 3004
0
2001
100
A

I o
0 500 1000 1500 2000
[MgATP] (uM)

Figure 3.9¢ ATP induced dissociation up to a saturating ATP concentration over a temper
range of-5.7 to 11.7 °C.

¢KS QI f daSANBTF ANI2YIW SR Ay | +£FyQid | 2F Foinkd 240
Ly | NNKSyAdza LI 20 o6 CA3IdzNBI WwRIMI P YRCHUB Y
be determined and is summarised is table 3.2.
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Condition Tem?,eéf‘t“re YQ.OUMESY) M K XM 1.9(sY
6.5 2.04%0.03 160+ 15 817+ 36
9.0 2.79+ 0.04 156+ 13 928+ 35
11.7 3.24+ 0.04 157+ 22 1061+ 70
13.4 3.51+0.04 154+ 16 1084+ 53
- 16.0 3.86+ 0.04 155+ 12 1139+ 42
20.0 4.60% 0.07 i i
24.8 5.36 0.10 i i
29.1 6.11+ 0.09 i i
33.5 6.83+ 0.15 i i
37.8 7.66%0.19 i i
5.7 0.18%0.01 579+ 43 210% 6.5
1.4 0.28+0.01 510+ 17 261+ 3.6
3.0 0.39+ 0.02 615+ 29 381+ 7.6
7.3 0.51+0.01 439+ 25 423+ 9.3
40 % 11.7 0.69+ 0.03 447+ 63 562+ 29
ethylene 16.0 0.92+0.03 - -
glycol 20.0 1.19+ 0.04 i i
24.8 1.50+ 0.06 i i
29.1 1.85+ 0.05 i i
33.5 2.20+ 0.07 i i
37.8 2,56+ 0.05 i i

Table 3.1¢ = I f dzS &.] .& 2 Nk YY,Rn bdpticonditions at varie temperatures

derived from figures 3.5, 3.6, 3.8, and 3.9. Values are those from the fits + standard error.
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0,
Aqueous buffer 40 % ethylene

glycol
Arrhenius plot Gradient (K) -7.17+£0.2 -6.2+0.3
before break
point nPoLWHY2t 596+15 515+ 2.5
(-5.7 °C to 10 °C) A e
0 Y| ®values)
Arrhenius plot Gradient (K) -3.0+0.08 -4.6+0.2
after break point
(10°Ct037.8°C) p P61 W)Y 2t 249+0.67 38.2+1.7
0 Y| GBvalues)

Gradient (K) 0.26 £0.10 1.14 £0.7
+| yQU | 2 Intercept 414 +0.37 2.13+25
6 Yvalues) nlfelwhyzt -22+09 -95+58

nfowi Wi Y2f344+3.1 17.7 +21.0

Gradient (K) -2.87+04 -4.3+0.3
Arrhenius plot Intercept 170+14 21.5+2.25
6 1, walues) nlrfréeiwih)yz2t 239+34 35.8+2.9

n{oWwWi Wi Y2f141.4+118 178.8 + 10.4

Table 3.2¢ Thermodynamic parameters derived from figure 3.5, 3.7, 3.8, and 3.10. Val

are those from the fits + standard error.
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3.2 Discussion

With the exception of having to adjust the temperature slightly to get the desired
temperature in the observation chamber the temperature manifold appears to work as
expectedwhere the sample temperature is rajty increased/decreasedA correction
FILOG2N) 61Fa RSGSNXYAYSR FTNRY (KET)ESLiBeNT (
GSYLISNI G§dzZNB AYYSRAFGSte& FFOESNI YAEAY3ID ¢K
ndy T E n¢iB the &iSraide bptwedn Tand the temperature othe sample
immediately after mixing.The results obtained from the assays above are very similar to
the published datglorga, Adamek et al. 2007, Millar, Geeves 19&2) the assays in
aqueous sb dzii A 2 y i K 81 WRR2)iE i ¥ R Tegnfbé compared between this
study and that of previous worldorga, Adamek et al. 20Q7lorgaet al found that for

NI 00A0 LIAZ2 B,=Y1@+ H6kImdwhA £ S K S RB2.2(K.8 kambl

¢ KS°=B71.0+128JKmMob KAt S KSNB (=384 1BL11).8z8bF2MI pr{Q
¢KS Ot dzS & ¢ R ae@aryksimjmil between the lorgat al data and that
shown here with overlapping values wheconsidering the standard error. When
O2YLI NAYy3I (KS {KSNI)2R e yvaleitidy drd-absin Vedylisbnhak T
¢ KS "936.7 + 7.2 kJ.mblfrom lorgaetal s KAf S KSNB KB #84 dzS
kl.mofd ¢ K S 178.7 + 25.3 J.K.nofrom lorgaetalg KA f S KSNBALLAKS
MMOYy ® I AL AY "6 KK NSt dBSENE2 TAAIAE F NI F YR 6 A G K
gives us great confidence that the manifold is working as expected when using an

aqueous solution above 0 °C.

For a omparison between the data presented here andtipresented by Millar and
Geeves there is a clear similarity in the behaviour of the data presented in the Arrhenius
plots. | 26 SASNI (KS “d@re iffefeit befw@awl tha two investigations for
reasonsunknown.For each ATP concentration there are two distinct linear relationships

between rate constant and temperature, one below 10 °C and the other above 10 °C.

The design could be altered as needed to fit other manufactures simply. This will give
laboratories that possess stoppdtbw equipment but are not specialising in extreme
temperature effects on reactigran option to explore the effects of temperature on their

systems.
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3.3 Micro-volume manifold

A limiting factor for many when considering the usfestoppedflow spectroscopy is the
large volume of sample needed to obtain consistent reproducible data. One assay using
the standard set up wdd require the use of 30600 pLof sample per data point. V\én

O2 y & A RS NRof samplesssused te filthe observation cell and clear the previous
reaction this can become very wasteful. Use of a smaller observation celllearate

some of these limitations. By reducing the volume of the observation ttel volume
needed to clear the cell also becomealler, as does the volume needed per shot. This
does have thedrawback that there less fluorescent molecules to fluores@® the
amplitudes will be smaller. Therefore decreasing the volume that is loaded into the
system as well as using a smaller celuwa will have a cumulative effect of saving the

volume of sample needed.

3.3.1 Micro-volume manifold(MVM) development

The need to reduce the volume of sample needed to perform stogfmed spectroscopy

is very apparent when using samples that are expensivenéke and/or yield low
amounts of the protein. In collaboration with TgK Scientific we have developed a
manifold, similar to the temperature manifold that it is positioned between the back of
the stoppedflow and the observation blocklhe original desigwas created by Michael
Geeves and TgK scientific. The testing of the design and method of loading the micro
volume manifold was performed by myself. The information was then fed back to TgK

scientific who redesigned the manifold to the prototype shownhis thesis.

The principle of the design is to reduce the distance between where the sample is loaded
and the observation celthe loading volume can be reduced leading to fewer samples
being wasted to set up the stoppédtbw. By turning a valve on the MVkhe sample
could be pulled into the tubing in the stoppdldw spectrometer. Pulling on the stop
syringe would normally pull buffer coming from the drive syringe into the stop syringe.

However in this case the sample is pulled in instead sandwiched bativeffer. When
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the sample is loaded it can be pushed into the observation cell by buffer from the drive

syringe.

The standard setup requires 3 observation cell volume shots to clear the observation cell
of previous reactant/buffer and replace it withé new sample. Sindee observation cell

is 22.5 plthe volume of sample that should be pushed through glystem would have to

be 67.5 pL

A

Fluorescence Stoppmg _l.
Syringe

Optical pathe =« === i [ Absorbance

BI } MVM {Al

Micro-volume inlet Micro-volume inlet

Drive Syringes

Buffer

Figure 3.11: A schematic of how the micx@lume manifold fits into the stoppediow. (A) The
inlet cups for the sample on the manifold are represented by two funnel shapes. Giver
complexity of the manifold the flow circuit is opposite withinhte manifold. Therefore th
alkYLXtS GKFIG g2dz R 06S | RRSR (G2 RNAGS aeénN
Passage of sample into the tubing in the stoppédw spectrometer. By turning a valve on ti
manifold the sample could be pulled into #ntubing, then pushed into the observation cell \
the drive syringes.
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However it is possible tase a shot volume of 60 fhree times to clear the ckbivirg a
total volume wasted of 90 pfrom each syringe (30Lufrom syringe A + 30 Lufrom
syringe B = 60 pk 3). Figure 3.11 shows a schematic of where the MVM is positioned in

respect to the rest of the stoppetiow and how the sample is loaded

The MVM is made of a solid block of PEEK (polyether ether ketone) that has two cone
shapedcupsat the top for loading of the sample in either side (Figure 3.12A). The shape
of the loadingcupswas chosen to reduce the chance of air entering the flow cirdine
manifold fits onto the back of the stoppedtbw unit and the observation block attaches

to the back of the manifold. Pins on the stoppiolw drive unit interlock with holes in the
MVM and pins on the MVM lock into holes on the observation block. iShfsrther
secured with screws to help make the seal water tight. The sample and waste tubes are
also surrounded by small O rings to form a water tight seal between stefypedand
manifold and observation cell. On the sides of the MVM (Figure 3.12A padeBwo
valves that allow the samples to be loaded and also prevent the sample from flowing
straight into the observation cell. Lastly the samalel waste tubes on the MVM create a
seal with the tubes on the stoppeitbw to transfer sample through the WM to the

observation cell.

Assys using the MVM were compared to the standard set up of the stoefyped
spectrometer. This consisted on the observation block attached to the back of the
stoppedflow drive unit without the MVM in place. The temperature svieept constant at

20 °C using an external water bath using a 5 pL observation cell. S1 or acto.S1 was loade:
into one drive syringe and ATP into the other. For the MVM assays ATP was still in one of
the drive syringes while buffer was loaded into the atldeive syringe. S1 or acto.S1 was
loaded into the drive unit via the MVNML.he temperature could not be maintained by an
external water bath and therefore was subject to the temperature of the room which

varied between 23 °C.
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Sample loading

Sample
Sample/wast loading
tubes valve

Micro-volume manifold back

Micro-volume .
manifold front

Stopped flow back

Figure 3.12The micrevolume manifold and how it joins on to the stoppetlow. (A) A photc
of the top, back and side of the MVM. (B) The interaction between the stopgtedv and the
MVM.

3.3.2 Load volume calibration

Since the aim of this attachment is to reduce thelume of sample needed 5 pL
observation cell was usedhe light path for this observation cell is the same as that of
the 22.5 pL cellThis meant that to effectively cleéne cell of the previous samptben a
minimum of 15 pL would be needeabs 3x the observation cell volume can adequately
clear the cell of the previous shoA 20 uL shot volume was used (10fpdm syringes A
and B). This required setting thstop syringeto fill up to 20 plbefore hitting the back

stop and triggering the stoppefliow to startrecording the data.

It was necessary to determine what volume to load into the stopfied from the MVM.

To do this a volume of S1 greater thtrat loaded (for exmple 100 pL pipetted, 80 pL
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loaded) was pipetted into theup on the MVM that was labelled S1. This extra volume
allowed for any error associated with pipetting and prevented any air being pulled into

the system.

Thedesired volume was then loaded intoelstoppedflow (this method is for filling just

one side of the MVM)In order to do this; firstly the valve on the manifold must be in the
load position with the drive valve in the drive or waste position, not flush. To pull the
sample into the system thetop syringe had to be emptied by turning tetop valve to
waste (if not already done so) then pushing the syringe up to eject the waste. Next the
stop valve needed to be turned to drive and the stop syringe pulled down to the back
stop thus filling thissyringe. This will have pulled 20 pEthe sample from the manifold

into the flow circuit. This process of filling and emptying the stop syringe can be repeated
as many times as needed to load the desired volume. The stefipedvas then used as
normal using buffer in the drive syringe used for the S1 which puslhedStl into the
20aSNBFGA2Yy OSffd Hn WakK2(iaQ 6SNB dzAaSR i
sample reaching the observation cell, and also how many traces containing protein could

be dbtained with the volume loaded.

The tryptophan fluorescence assay was investigated using the MVM setup. It relies on a
tryptophan residue at the end of the relay helix in the S1 domain moving relative to the
rest of the molecule. The signal from the trgphan fluorescence is much smaller than
that seen for the pyrenactin (Figure 3.4and will test the limits of the MVM. Tryptophan
fluorescence is also a more widely used fluorophanel thereforeis more applicable to

most researchers.

80, 100, or 120 plof rabbit myosin S1 was loaded into the system via the MVM as
described above. The drive syringehichwould normally contain the Sivas filled with

the microvolume manifold stoppediow buffer. The other drive syringe was filled with
20 uM ATP. The gppedflow was then triggered 20 times to monitor the fluorescence
amplitude and determine how many similar transients could be obtained before the S1
was completely washed out (Figure 3.13s the protein was washed out the
fluorescence signal was toohérefore the fluorescence amplitude decreased as the

protein was replaced with buffer.
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Figure3.13¢ 120 pL 0.5 pM rabbit myosin S1 rapidly mixed with 10 pM ATP. ATP was ¢
into the drive syringe as per the standard stoppdtbw method while buffer was loaded in th
other drive syringe. 120 pL of 1 uM S1 was loaded into the flawwt via the MVM before 2
YaK2GaQ 6SNB LlzaKSRd | aStSOGA2Yy KT tansieng
contain protein and have high amplitudes. After this the protein concentration rap
decreases as it is replaced with buffer reducitige fluorescence change to zero.

Figure 3.14 shows a comparison of the parameters from the standard stefped
method to the MVM with a lad volume of 80, 100, and 120 .jiLhe values of Js,
amplitude, maximum fluorescence/end point, and relative amplitude would ideally be
similar to the standard method. Figure 3.14A shows the observed rate constagt (k
from the standard method, and the different load volumes. Herevhbkies should all be
similar since the concentration of ATP (whichsks dependent on) is unchanged.
However as the S1 is being washed out the trace becomes harder to define and gg the k
will become less reliable. However the values gf lre simila to the values of the
standard method up until shot 15. Figure 3.14B shows the fluorescence amplitudes of the
two methods. After 67 shots the amplitude begins to reduce to 0 as the S1 is washed out.
Figure 3.14C is similar to figure 3.14B but this tirewes the maximum fluorescence
signal (end point)The amplitudes and end points are larger for the MVM for an unknown
reason.Figure 3.14D shows the relative amplitude ((amplitude/end point) x 100) for the
two methods. This value is very useful when thed gooint is moving. Overall the
amplitude, end point, and relative amplitude all show that the MVM works for 3he

volumes loaded (80, 100, and 120 up)until shot 7. After this they all begin to decrease
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which will make fitting the data harder and theogé makes the gs less reliable. The 80

UL load volume while possible showed some variability in the first few shots for the
amplitudes, end points, and relative amplitudes suggesting that not all the sample has
reached the observation ceitom the first shot There is therefore still buffer between

the sample and the observation cell in the case of 80 pL of sample added. For the 100 and
120 pL load volumes this buffer has passed through the observation cell and from the first
shot there is sample in thebservation celllt would then be prdent to use either 100 or

120 pLto load the stoppeeiow.
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Figure 3.%4: Different load volumes of myosin S1 (0.5uM S1) versus 10 uM MgATP.
squares¢ standard method, open squareg 80 pL load volume, filled triangleg 100 pL loa
volume, open triangles; 120 L load volura. (A) The observed rate constant over 20 shots
the standard method versus MVM. (B) Fluorescence amplitude over 20 shots for the sta
method versus MVM. (C) Maximum fluorescence (end point) for standard method and N
(D) The relative fluorescencamplitude ((Fluorescence amplitude/end point) x 100) for 1
standard method versus MVM.

This test was repeated for its suitability with myosin S1 in complex with pyledredled
actin (Figure 3.15). The same load vobsnwere usedas for tryptophan fluaescence

assays (80, 100, 120 )uLThe kys values (Figure 3.16A) were higher in the MVM
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measurements compared to the standard setup. This was largely due to the MVM not
being thermostated with a water bath as the standamethod. Given thatthe room
temperature varied and in some instancewas warmer than the standard method the

reaction had a faster rate constant.
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Figure3.15¢ 120 pyL 0.5 uM rabbit myosin §iyrene actin (pA.S1) rapidly mixed with 10 |
ATP. ATP was loaded into the drive syringe as per the standard stofjmed method while
buffer was loaded into the other drive syringe. 120 pL of 1 uM acto.S1 was loaded into the
OANDdzA G @Al GKS aza 0SF2NB wn WakKz2iGaQ o4
show that the protein is present at a high concemtion in the first 67 shots. The change
fluorescence decreasing shows the acto.S1 washing out of the system and buffer is replaci

Figure 3.16B shows the amplitude per shot similar to figure 3.14B. Howetles inase

the amplitude was lower than the standard methodgain the reason for this in
unknown Figure 3.16C shows the end points similar to figure 3.14C, and similar to the
amplitudes the MVM shots have a lower end point. In both figure 3.16B and € iher
decrease in the fluorescence after shot 7, which is the same observation as for the
tryptophan fluorescence. Figure 3.16D shows the relative amplitude of the pyrene

actin.S1 and similar to figure 3.14D the relative amplitude decreases after shot 7.

Both of these figures suggest that it is possible to obtain 7 shots that are similar to the
standard setup using the MVM using 80, 100, or fi2doad volumes. However if the
variable being measured is the amplitude as is the case for the actin affinity
measurements (K then 120 pUoad volume would be best since all 7 shots are very

similar.
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One potential cause for the difference ig.kfor the tryptophan and pyrene fluorescence
assays is a lack of thermoregulation in the MVM. The temperature of fsayawas
dependent upon the temperature of the room and if this increased as the investigation
proceeded then the dgs would also increaselhe air conditioning of the room was set to

20 °C however this may not have kept the room at a constant temperature.
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Figure 3.85: Different load volumes of myosin Sgyrene actin (0.5uM pA.S1) and stand:
method versus 10 uM MgAH. Filled squareg standard method, open squareg 80 pL loac
volume, filled triangles¢ 100 pL load volume, open triangles 120 pL load volume. (A) T
observed rate constant over 20 shots for the standard method versus MVM. (B) Amplitude
20 shotsfor the standard method versus MVM. (C) End point for standard method and M
(D) The relative fluorescence amplitude for the standard method versus MVM.

3.3.3 Determining the actin affinity using the micreolume manifold

Having established that the mm@volume manifold worked as iahded, it seemed

prudent to test its efficacy compared to the standard set up using an establesemy.
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Kurzawaet al (Kurzawa, Geeves 199@deviously demonstrated that the actin affinity of
myosin S1 could be determined by using a fixed concentration of actin (30 nM)
preincubated with increasing concentratisrof S1. This can then be rapidly mixed with
ATP in the stoppeflow to induce dissociation. Plotting the relative amplitude against the
concentration of S1 before mixing it is possible to determine the actin affinity using
equation2.25(Chapter 2.3.2.1).

Kurzawaet al found the affinity of actin to be 44M using their method and could
measure the Kusing concentrations as low as 10 nM pyrdakelled actin. This was
possible by using phalloidin which stabilises actin in taetih state allowing the ality

to work at lower concentrations of-&ctin. In the Kurzawat al investigation they used a

20 pL observation cell, while here a 5 pL cell volume was used to reduce the shot volume
needed (from 60 pL to 20 pL). THeawbackto using the smaller obseation cell is the
reduced fluorescence amplitude due to the smaller volume of sample and smaller volume
of excitation which will result in less fluorescence emission. Therefore a higher

concentration of pyrendabelled actin was used to acquire adequdtefescence.

This assay was conducted with the M\Atlan actin concentration (before mixing) of 50

nM (Figure 3.17). This was done to assess whether this assay was suitable to be used witt
the MVM. The concentration of actin was chosen since it was unknbawv sensitive the
stoppedflow would be with the MVM attached due to any possible dilution of the sample
with buffer either side when in the flow r@uit. As can be seen from figure 3.17 the first
O2yOSYUGNIGAZ2Y 2F {m omn viait KIKR OK RNF OINDK
at 1 uM S1.

Figure 3.17A shows the traces of S1 (of varied concentrations) preincubated with 50 nM
phalloidinstabilised pyrendabelled actin after being rapidly mixed with 20 uM MgATP.

As more S1 is added to the actin moretlee pyrene is quenched before mixing. When
ATP binds and induces the dissociation the pyrene is exposed and fluoresces. This leads t
an increase in fluorescence as the initial background fluorescence decreases. This figure
has been normalised to the sanstart point to make it easier to see the overall change in
fluorescence. In reality they would have the same end points as this is the maximum
fluorescence which is dependent on the actin concentration. The relative amplitudes

(defined by dividing the @nge in fluorescence by the end poimiere then fit as a
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function of S1 concentration (figure 3.17B) which can be described by the quadratic
equation (eq. 3.1). Three repeats have been shown here to highlight the reproducibility of
the assay. The averagalue of K= 44.8 £ 5.3 nM, very similar to the value determined in

Kurzaweet al.
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Figure 3.T: Actin affinity of rabbit psoas S1 preincubated with 50 nM actin rapidly mixed \
20 pM MgATP using the MVM. The S1 concentration was varied from 0 to 1 pM. (A) Ave
traces from one assay of the actin affinity. Each trace can be best described by a
exponential which has been shown on the transients. Each transient has been nasetto the
start point to make observing the overall change in fluorescence easier. (B) The re
amplitudes were then plot as a function of S1 concentration and fit with the quadratic equa
(eq. 3.1). Three repeats have been shown to demonstrate taccuracy of the measureme
with the MVM. The individual values of Kdetermined are 35.6 £9.1 nM, 44.8 + 11.1 nM, ¢
53.9 + 9.6 nM. This gave an averagg K44.8 + 5.3 nM. All concentrations given are th

before mixing since the actomyosin complexs ibeing measured rather than the rate
dissociation.

Having determined that the MVM was suitable to use for this assay at 50 nM pyrene
labelled actin it seemed necessary to attempt the assay atattin concentration used

for most actin affinity assays, 30 nM. This is the concentration used in the original paper
and is the concentration of actin used in chapters 4, 5, and 6 to determine the actin
affinities. Figure 3.18A shows the traces from antimaaffinity assay similar to figure
3.17A. The relative amplitudes were then plottadainst the S1 concentrationigkire
3.18B) similar to figure 3.17B. This gave an averagealde of 45.5 £+ 2.6 nM which is

both similar to the value at 50 nM actin é&uthe Kurzawat alvalue.
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Figure 3.18: Actin affinity of varied rabbit psoas S1 preincubated with 30 nM actin raf
mixed with 20 pM MgATP using the MVM. The S1 concentration was varied from O to !
(A) Averaged traces @m one actin affinity assay. Again each trace was best described
single exponential which are shown with a solid line. These traces have also been norm
to the start point. (B) Quadratic fit of the relative amplitude versus the S1 concentratidi
three repeats have been shown with individuahkKalues of 41.7 £ 7.7 nM, 50.5 £ 16.9 nM, :

44.2 + 13.9 nM. This gave an averagewlue of 45.5 + 2.6 nM. All concentrations are ag
those before mixing.

If these assays werto be conducted using the stdard method then 3.5 mL of S1 would

be needed (500 pL x 7 S1 concentrations). Using the MVM this volume was reduced to
just over 1 mL at 1.05 mL @%3L x 7 S1 concentratianehere 120 uL is loaded with 30

UL spare to prevent air getting into the systen80 pL load volume could be used
however the first shot did not contain the full concentration of proteirherefore this
method is 3 times more affient and allowed the assay to be repeated in triplicate using

the same volume as would be needed for one assay using the standard set up.
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3.4 Discussion

3.4.1 Micro-volume Manifold

As stated above the major limiting factor of using stopbledv spectroscopy asys is the
large volume of sample needed. The stamtlaetup would require 30800 pLof sample

to acquire several repeated traces that could be averaged and givpeatableset of
values. Using the miosvolume manifoldwith a 120 plload volume(with 150 pL pipetted

and 120 pL loadedallows the operator to use halib a third the sample needed to
produce 67 similar traces. This could not only save time and sample in running these
assays, but also money in producing less of a protein, or being abie naultiple assays

from a sample that could only be used on one.

In a similar assay using pyrefabelled actin at 15 nMKurzawa and Geevd&urzawa,
Geeves 1996pund the actin affinity to be 44 nMlhe assaysere were conducted with
either 50 or 30 nM pyrene actin resuigy in a Kk = 44.8 + 5. nM and 45.5 £+ 7.7 nM
respectively. This method thereforgives comparableresults to not using the MVM
whilst using a third of the volume&hen using 500 uL for the standbsetup The possible
limitation of this investigation is the usef the migo-volume observation cell (5 juL
Using a smaller volume of fluorophore will reduce the fluorescence signal which drove
the decision to use a higher concentration of pyreawin. However given more time it
would be useful to investigate whether a concentration as low as 10 nM pyaetie

couldresult reliable data

There are several sources of error with this investigation that Kurzawa and Geeves
identified. One error is an incaect protein concentration calculation which may result
from an unknown fraction of inactive protein. Activity test are conducted on the rabbit S1
after it has been dialysed to get a more accurate estimation of the active S1
concentration compared to thameasured from UV/vis spectroscopy. A second error
could occur as a result of the phalloidin used to keep the actin in the filamentous state.
However Kurzawa and Geeves investigated the effects of phalloidin on sthvehén
investigated at high actin conceations (2 uM) where little @ctin is expected. Here

they found that the phalloidin had little effectndhe Ki(Kurzawa, Geeves 1996)
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3.4.2 Conclusions

The MVM is still an early prototype with some issues that woulddn® be addressed
before it could be released as a commercial prod#@he of these is the lack of a
thermodatic control on the manifold which means that the temperature the reaction is
recorded at cannot be controlleddowever the manifold functions astended by
reducing the volume loaded into the stoppéldw whilst providing data similar to that

obtained using the standard setup.
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4 Characterisation of wild type embryoniskeletal musclenyosin S1

4.1 Introduction

Duringmammalianfoetal developmentthree skeletal heavy chaimyosin isoforms have
been shown to be expressed: embryonic (My&tfib), perinatal/neonatal (MyHg@eri),

|y R-slow/cardiac (MyHC 0(Schiaffino, Rossi et al. 2015MyHGemb was first
identified by Whalenret al. (Whalen, Schwartz et al. 197®) 1979 although somearlier
studies had hinted at the existence of the developmental myosins. The genes responsible
for the expression of MyHE€mb and MyHer are MYH3 and MYH8 respectively
(Wydro, Nguyen et al. 1983, Periasamy, Wieczorek et al. 1®8#)arelocated on the
same chromosome (11 for mouse, 17 for human) as the adult fast skeletalimmyos
isoforms(Leinwand, Saez et al. 1983he sequence identity of the MyHi€ri show high
similarities to the adult fast skeletal isoforms (MyH& -1lb, andclix, Figure 4.1) while

the MyHCGemb haghe most diergent sequence

MyHC | MyHCH
MyHCh 92.22 MyHChb Myosin head domain
MyHC-11x 83.12 83.74 MyHC-11x
MyHC-lla 82.85 83.62 94.69 MyHC-lla
MyHC-IIb 82.68 83.60 96.13 94.26 MyHC-IIb
MyHC-per]  83.96 84.29 95.24 95.68 94.24 | MyHC-peri
MyHC-emlj) 83.21 83.55 87.59 88.62 87.45 89.32 MyHC-emli
MyHCH MyHCH Myosin tail domain
MyHCb 94.43 MyHCb
MyHC-11x 81.77 80.57 MyHC-11x
MyHC-lla 82.22 81.11 95.81 MyHC-lla
MyHC-IIb 81.22 80.11 92.98 91.70 MyHC-IIb
MyHC-per] 80.84 80.00 91.61 91.97 89.05 MyHC-peri
MyHC-eml}  78.98 78.96 83.46 83.82 82.08 83.46 MyHC-emll
Figure 41 ¢ Human sequence identities ahe two cardiac (MyH& I Yy R -ha&l /i K

fast skeletal (MyH@Ix, MyHClla, and MyH@Ilb) and two developmental (MyH@eri anc
MyHGemb) myosin isoforms. The upper table shows the identities within the head (mc
domain, while the lower tables sbws the tail of the molecule.
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Little is known about the expression patterns of the developmental isoforms in humans
due to the ethical considerations in obtaining samples of foetal muscle tissue. Therefore

we have had to rely on animal modeas a guide for the expression of these myosins.

MyHGemb has been identified in birds and fish however the majority of work has been
carried out in rats and mice. In the mouse in situ hybridisation has detected transcripts of
MyHGemb from 9.5 days postoitum (Lyons, Ontell et al. 1990Yhe upregulation of
these genes is thought to be controlled by myogenic factors MyoD and Myf5 which are
involved in muscle differentiatioiBeylkin, Allen et al. 2006)The expression of MyHC

emb appears to vary depending on the developmental stage of the fibre. For example in
rats MyHGemb is ceexpressed with MyHC Ay LINA YL NBE ISy SNIF GA2
formed (Narusawa, Fitzsimons et al. 1987, Rubinstein, Kelly 198igwever the
secondary generation fibres express Mye&t@b and MyHperi (Condon, Silberstein et al.
1990)

The derelopmental isoforms have been shown to be down regulated after birth and
replaced by an upregulation of the adult fast isoforms (MyB\CMyHGIa, and MyHE
[Ib). In the ratthis occurs a few days after birfipeNadi, Ausoni et al. 1993howeverin
the mouse transcripts can be detected before birthu, Allen et al. 1999However the
levels of protein in new born mice shows the developmental isoforms are still dominant

(30 % MHCGemb and 70 % MyHgeri) (Agbulut, Noirez et al. 2003)

In humans primary generation fibres form around week 8 while secondary generation
fibores emerge around week 10 becoming the dominant fibre at weekR2dzianska
1980) By week 9 the MyHemb, MyH@peri, and MyH& G N} ya ONR LJGa Ol
(Figure 4.2). All the primary fibres express Myg#ib and MyHE (Babet, Thornell et al.

1991, Draeger, Weeds et al. 199#)tially, with the expression of MyHC RS ONB | a
from 75 % at week 10 to 3 % at week 21 which correlates with secondary fibres becoming
dominant at this time(Cho, Webster et al. 1993)Secondary fibres begin to express
MyHGemb at week 12, and MyHg@ri later(Cho, Webster et al. 1993%imilar to the rat

and mouse models the developmental isoforms are downregulated leading @mdo

after birth and are replaced by the adult fast skeletal isoforms (Figure 4.2).
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Figure 42 ¢ Transcripts of myosin heavy chains in developing human muscle. In
hybridisation probes were used to detect the following MYH genddYH3 (MyHCGemb, ad),
MYH8(MyHGperi, e-h), MYH7(MyHGI  ZI), MYH2(MyHGlla, mp), andMYH1(MyHGIIX, ¢t).
Quadriceps femoris muscles were from @nd 19week old foetuses while vastus latera
muscles were from day- and I-month-old new born. Scale bar = 30 um and is the same ac
all figures Figure froniSmerdu, 2002)

7

MyHGemb is thought to be a slow type myosin similar to MyHC R dzS atth (0 K
activated ATPase activity being lower than the adult fast isofofschman, Johnston

1973, Lowey, Waller et al. 29). A study by Resnicoet al. (Resnicow, Deacon et al.
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2010)using the same method as used here for producing recombinant S1 (with a GFP tag)
showed however that the ATPase maximum ratg.{Mand half maximum ta (Kv) were

very similar to the adult fast isoforms.

This is the first study to examine theansientkinetic parameters bthe wild type MyHE
emb S1 using a recombinant protein (Chapt&r2.1.3 and 2.2.1)4This method allows
the examination of a purbomogeneous sample since muscle samples will contain fibres
expressing different myosin isoforms which will affect the kinet@3C12 ells dervived
from a mouse myoblast cell lingere grown and transfectedith the human MYH3 gene
encoding the MyH@mb S1 domain with a Higg at the Germinus by Carlos Vera
(University of Colorado, USAo human light chains were expressed with the S1, as such
the endogenous mouse light chains were purified with the S1 (Figure 7I8).
purification was performed usgithe method in chapter 2 (Chapter 2.2.1.4). Previously
protein waspurified at Colorado and shipped here to the UK. Purifying the protein in the
UKprior to use in the stoppedlow ensured the sample could be used when fully active.
An added benefit was ra increase in protein yield by removing aadditional
chromatography stegollowing the cell lysis and nickel chromatography stéperefore
samples of 2 mL 25 pM myosin S1 was increased t€ InL 1620 pMmyosin S1This

S1 was used for the stoppdbbw assays

Since starting this project collaborators at Colorado halseimproved their purification
to obtain similar concentrations of myosin S1 without an endogenous mouse myosin

contamination. Tk Slpurified in Coloradavas used for the ATPase assay

The aim of tle investigationin this chapteris to characterise the kinetics of the individual
steps of the myosin crodwridge cycle for MyHE€mb. This will help to determine whether

the embryonic myosin is a slow type myosin like MJHC 2 NJ Fl ad tA1S
skeletal myosindEmbryonic myosin (MyH&mb) is thought to be a slow type myosin like

the cardiac slow mysii @ |  O2 Y LI NR &2y eMyWG sdormRsMdedy &
has recently been characterisemderthe sameexperimentalconditions(Nag, Sommese

et al. 2015) A secondaim is to repeat the ATPase assay with the menstruct (without

GFP) and observe any correlation between the stopii@a kinetics andsteadystate
ATPase data. The ATPase data will also help to fill gaps in the stihppedata by
allowing estimates through modelling. In understanding the Mygad this will help to
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Chapter 4 Characterisation of wild type embryonic skeletal muscle myosin S1

evaluate the consequences of disease causing mutations in the myosin molecule (Chapter
5).

The kinetic data on the wild type MyH{tnb was published along with thedeman
Sheldon Syndromemutations in MyH@mb data in the Journal of Biagical Chemistry in
May 2016:

Walklate, J., Vera, C., Bloemink, M. J., Geeves, M. A., Leinwand, L., The most prevalen
FreemanSheldon syndrome mutations in the embryonic myosin motor share functional

defects. The Journal of Biological Chemistry, 2096, p.1031810331.
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4.2 WT Embryonic myosin stoppefliow kinetics

4.2.1 Purification of recombinant S1

The recombinant S1 waspressed by Carlos Vera (University of Colorado, USA, Chapter
2.2.1.3) thenpurified from cell pelletsusing nickel affinity chromatogréyy (Chapter
2.2.1.4)which resulted in a fairly pure solution of S1 (Figure 4.3).

200 — Myosin

150 m—

120 =—

100 w———" — S 1

—

85 =

50 — A 1N
MLC1A

2 e MLC3F

2() e S~ MLC1F

15 e \ MLC2F

Figure 43 ¢ SDSPAGE of the wild type MyH€mb purified from recombinant expression ir
the mouse myaoblast cell line C2C12. Molecular weights are displayed on the left hand
from the ladder used MLC1A= myosinlight chain 1AMLC3F myosin light chain 3RVILC1FE=

myosin light chain 1AVILC2FE= myosin light chain 2F.

There was however a small contamination of full length endogenous myosin and an even
smaller band of actin present after the column. Densitomeinalysis was used to work
out the percentage of myosin present in the solution to determine if it would have an

effect on the stoppedlow kineticsdata (Figure 4.4).
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Figure 44 ¢ Densitometry analysis of the recombinant MyH&nb SDSPAGEHere the darker o
more intense the bands on th gel the bigger the peaks. 1 = endogenous mouse full le
myosin, 2 = recombinant MyH€mb S1, 3 = myosin light chain 1MI(C1A, 4 = myosin ligt
chain 3F MLC3F, 5 = myosin light chain 1M_LC1F, and 6 = myosin light chain 2M[LC2F. The
area of eaxh peak (insert) was determined using the densitometry software (Scion Image)
light chains were identified using analysis from Deacenal. (Deacon, Bloemink et al. 2012nd
assigned based on their molecular vgdit. This densitometry analysis was used to estimate
ratio of nrotein hands on the SDRAGF ael from finiire 4 3

The percentage of myosin compared to S1 by mass coukhloellated by dividing the
area of the myosin peak by the area of theag®#l myosimpeaks and multiplying by 100:

L G
PTG

pimmudp AU AOGO

This value could then be used to calculate the percentage of myosin by molecular weight
by multiplying the perentage by mass by thmolecular weightof the S1divided by the

molecular weighof the myosin(molecular weights estimated from gdtigure 4.3)

wn Gt AU 7
Le cnc

102



Chapter 4 Characterisation of wild type embryonic skeletal muscle myosin S1

Therefore the amount of endogenous mouse myosin is low warldkely toappear inthe
stoppedflow traces since it is <86 by weight however caution was taken to be
observant of slow secondary transients in the stopiilesv assays that would be
indicative of endogenous myosin in the systefine endogenous myosin may be pnese
due tothe presence of actinlt is possible that the S1 is still bound to the actin and so is
the myosin therefore they purifyingtogether. For the ATPasessays conducted by Carlos
Verahe utilised a second purification step using ion exchange to remove ttlegemous
myosin.This was necessary for the steastpte ATPase assays as the basal activity was
measured and a contaminating myosin could affect the resultewever for these
stoppedflow assays, the contaminating myosin had no interference than theeefoe
extra purification step was not neededlsing an extra day to clean the sample and
possible purify less protein would have not been an economical use of this precious

sample.

One issue of the construct used is that the light chains bound to the &Ilther
endogenous mouse light chains from the C2C12 cells. Desicn(Deacon, Bloemink et
al. 2012)analysed these light chains and found they wéteC1AMLC3FMLC1F and
MLC2FThe light chains were assigned bdsm their molecudr weights.

Areview by Bottinelli and ReggiafBottinelli, Reggiani 200@}ated thatthe myosin light
chains MLQ 1A, 1F, and 2F are known to bind to the embryonic myddltC1Ais also
known & the MLC1 atrial/foetal isoform expressed in embryonskeletaltissue andhe

heart and in the atria of adult8Vhalen, ButleBrowne et al. 1978, Kurabayashi, Komuro
et al. 1988) We weretherefore encouraged to find that these light chains had a greater
density than theMLC3FThis also correlates to the level of S1 and endogenous myosin in
the sample, suggesting these three light chains are binding to thMEC1A essential

light chan, and either MLC1A or MLC2Fegulatory light chains)while MLC3Fwhich
does not bind to the embryonic myosin appears to be associating with the endogenous
myosin. Deaconet al. (Deacon, Bloemink et al. 2012jsed a construct with the
recombinant MYL3 which is a specific cardiac light chain. Since there is a specific
embryonic myosin light chain it would be interesting to see if there is a change in the

kinetics with the human form present as there is in the cardi&i.
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4.2.2 DifferenceA y y dzOf S2iARS O0AYRAYy3 G2 2¢ SYONER

Upon binding of ATP to myosin 8a the absence of actirthere is a fluorescence change

associated with tryptopha#®09 moving on the relay loop.
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Figure4.5 ¢ Tryptophan fluorescence of ATP binding to wild type embryonic myosin S1. (
example trace of the fluorescence change upb@ uM ATP binding to 100 nM S1. Thgd= 5.4
s* with fluorescence increase = 10.6 %. (B) Hyperbolic dependencegfrem ATP binding o
ATP concentration.

ATP of varying concentrations was rapidly mixed with 100 nM wild type embryonic
myosin S1. The change in fluorescence wasl described by a single exponential
(Equation 2.4, Figure 4.5A). Thgskvas dependent o ATP concentration such that as
the ATP cocentration increased so did theg This dependence could beell described

by the hyperbolic equation 2.13 (Chapter 2.3.2.1, Figure 4.5B). pdreentage

fluorescence increase wd$ % andinaffected by the increase in ATP concentration.

One value oldined from the hyperbola is the second order rate constant of ATP binding
to S1 (Kk«p). This is determined from thenitial section of the fit at the low
concentrations of ATP (<50 uM). Th&Kvaluewas nearly 2.5 fold faster for MyH&nb
(12.5 + 1.uM* sh than for MyHG 6 p ®y *s*, Talter.1)x\@lues shown are the

average of three biological repeats with the S.E.M.

At higher concentrations of ATP (>50 uM) the ATP becmaagating and a different
step becomes rate limitingrhe fit then giveswo more values, kaxandKso, The value of
kmax has been linked to the maximum rate of ATP binding to $ldkdto the hydrolysis

rate constant(k.s+ ks). TheKsosgives the concentration of ATP needed to reach 50 % of
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the knaxWhich is termed 1/K The k; (or kiz + k3) is 30 % faster for MyH&€mb (130 £ 3.4
s’) than the MyHE@ 6 com DB, Taple 411p yThe &alue 1/i6 the ATP affinityvhich
appearsslightly tighter for the MyH@mb (10.9 + 2 uM) than MyHC o mp ®p B M

however this is not sithere is not aignificant difference.
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Figure4.6 ¢ ADPaffinity to S1in the absence of actin. (A) Trace of 100 nM S1 vs 50 uM
results in a transient best described by a single exponential. From this fit the value,gtk96 &
and a fluorescence increase of 8 %. 100 nM S1 wasimpebated with 0.25 uM ADP befo
being rapidly mixed with 50 uM ATP. The transients were best atd®ed by a doubl
exponential. This fit yielded a s = 63 & and fluorescence increase = 3.2 % for the fast pt
while kys = 0.8 & and fluorescence increase = 5.7 % for the slow phase. (B) The re
amplitudes of the fast and slow phases coula Iplotted against the ADP concentration, whi
shows a hyperbolic dependence. The ADP affinitykii can be determined form these two fits

Using a similar assay it is possible to determine the ADP affinity) @nd ADP release
rate constant (ks, measureable whereas step 7 is too fast to meapsurehe absence of

actin.

100 nM S1 was preincubated with varied concentrations of ADfse mixtures were
rapidly mixed with 50 uM ATP. The fluorescence changewedidescribed by a double
exponential fit (Figure 4.6). The two phases seen in these transients are descriptive of the
S1 complexed with ADP. The fast phase arises from Alhdito S1 that has no
nucleotide bound and is why only this phase is seen in the absence of ADP. The slow
phase emerges as ADP concentration increases as it is added to the S1. This is due to AC
occupying the nucleotide pocket preventing ATP bindinger@fore ADP must first
dissociate before ATP binding. The slow phase then represents the ADP release rate

constant (ke). For the MyH@mb the ke was slightly faster (0.89 + 0.07)sthan the
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MyHGCI 6 n ®c o%) whichsisdasstatistigally significant difference (Table 4.1). The k

of both phases was unaffected by the increase in ADP concentration.

The ADP affinity can be determined by plotting the amplitudes of the fast and slow
phases against the ADP concentration. The fast phase and slow phases can be bes
described by hyperbolic fits using equatidh20 and 2.24 respectively(Chapter 2.2.1).

As the ADP concentration increase so does the amplitude of the slow phase asImsre S
occupied by ADP that wst dissociate before ATP can bind. Conversely the fast phase
amplitude decreases as less of the S1 is free to bind ATP without an ADP molecule alread!
bound. Both fits will give similar values for ADP affinigk{kwhich can b averaged. For
MyHGCemb the KK; value was over 3-%old tighter (0.15 + 0.018 uM) than MyHC 06 n ®p c
+ 0.07 pM, Table 4.1).

4.2.3 Differencesh y y dzOf S2ARS O0AYRAYy3 (G2 2¢ SYOoNI

The assays above were repeated this timé¢he presencef actinby monitoring a pyrene
label on Cystein@74 of actin which is quenched when S1 is bound to the actin. The
fluorescence can be followed when ATP binds to S1 and leads to a dissociation of S1 from

actin.

50 nM pyrenelabelled actin in complex wit50 nM S1 was rapidly mixed with 10 uM ATP
(Figure 4.7A) leading to an increase in fluorescence as ATP induces a dissociation of S
from actin. The increase in fluorescence was best described by a single exponential at all

ATP concentrations.

At increaang concentrations of ATP, similar to the ATP binding to S1 assaythe k
dependence on ATP concentratighyperbolic (Figure 4.7BNell described by equation

2.13 (Chapter23.80 @ ¢KS &aSO2yR 2NRSNJI NI OGS Q2gadl
is more than twice as fast for the MyH@b (9.4 + 1.0 pM s?) than for MyHG (4.4 +
02puM!s?’s ¢l o0t S nomoOd ¢KS YI ERhdweveridNg fdidSsloeF R
for MyHGemb (777 + 17§ than MyHG 6 m p n &"). Khe affinity of ATP for acto.S1
(1/KQ) can be determined by thKsqe, from the hyperbolic fit.The m k ;Yo2MyHCGemb is
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almost 4 fold tighter (84.3 + 9.7 uM) than MyHC O OH T ®dp p pexd@bd K&

fluorescence increase was not affected by the increase in the ATP concentration.
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Figure 47 ¢ ATP induced dissociatioof MyHGemb from pyrenelabelled actin. (A) An examp
transient of 50 nM pyene-actin.S1 rapidly mixed with 10 uM ATP. The increase in fluoresc
was best described by a single exponential. Thgk 70 & and the increase in fluorescence
26.6 %. (B) The hyperbolic dependence gf;lon the ATP concentration.

Repeating this assay in the presence BPAcarbe usedtoRSFAY S G KS Y&t |
for acto.S1.ADP affinity could also be determined by mixing ADP with acto,S1 in the

absence of ATP, however this was not used in this thesis

Fluorescence (%)

100 200 300 400

[ADP] (uM)
Figure4.8: ADP affinityin the presence of actin. (A) Transients showing 50 nM acto.S1 ra
mixed with a combination of 10 uM ATP and4D0 uM ADP. The increase in fluorescence
best described by a single exponential. As the ADP concentration increased, thddcreases
from 70 s' to 4.8 s' while the fluorescence amplitude stayed stable at 29 %. (B) klotted as

a function of ADP concentration can be fit with a hyperbolic equation resulting in a
affinity value.
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In order to determine the ADP aifty a competition assay was used. A fixed
concentration of 10 uM ATP was mixed with varying concentrations of A2B0(@M)
outside of the stoppediow. Using the stoppeflow 100 nM pyrendabelled acto.S1 was
rapidly mixed with the ATP/ADP solutionisTled to a competition in binding between

the ATP and ADP. As more ADP is added to the assay more will be available to bind to the
S1 preventing it from binding ATP and therefore slowing the dissociation reaction down.
This resuked in a slower ks at higher ADP concentrations than at 0 uM ADP (Figure
4.8A).

The kps can be plotted as a function of ADP concentration which has a hyperbolic
dependence (Figure 4.8B). When fit with equation52(Chapter 23.2.1) this gives the

I 5t | FIYWYForiVBHG® W@ UK over® fold weaker (14.3 + 1.9 uM) than
the M\JHG 6cd®m B ndo xaLv®d® ¢KS Ffd2NBaoSyoS |

in the ADP concentration.

¢2 RSGSNN¥YAYS KSyddsplacadBrit Bactirbis uliliseidl Biatbofithe
competition assay. 100 nM pyredabelled acto.S1 is incubated with a saturating
O2yOSYUGNI GAZY 27T | &value)2nBiGhNdr MyiH@nibAvasS380 il K S
ADP.The acto.S1.ADP solution was thepidly mixed in the stoppeflow with varying

high concentrationg1-10 mM) of ATP. The s should be unaffected by the change in

1 ¢t O2yOSYGNY GA2Y NBa dzeiFoyMyHES ¥ 0 i GHheafy NJ
3 times slower (22 + 1.8'sthan MyHG ¢ py &1 TaBle 4)PT &

Using these values it is also possible to calculate the second order rate constant for ADP
OAYRAYE POYRAA Aada | OKASI SRIZSO eaYe@aAGES WL (1 K
emb again this is much slowét.5 pM* s?) than MyHG@ 6 b b &), aver a &old

difference.

4.2.4 Differenceshy | OGAY | FFAYAGE (G2 2¢ SYONEB2YAC

The method of determining the actin affinity described by Kurzaweal (Kuzawa,

Geeves 1998)sing stoppeeflow spectroscopy was used for the Mytd@Db.
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30 nM pyrenelabelled actin is incubated with a varied concentration of S¢ {00 nM)

and then rapidly mixed with 20 uM ATP (concentrations before mixing). As the S1
concentrdion is increased, more of it will bind to the actin quenching the pyrene signal.
When the acto.S1 is mixed with ATP it will lead to the dissociation step. As more S1 is
added to the actin, an increasing amount of the pyrene will be quenched at the beginni

of the assay. Therefore when mixed with the ATP the starting fluorescence amplitude will
decrease, but at the end of the reaction reach the same maximum fluorescence leading to
an overall increase in fluorescence amplitude (Figure 4.9A). Since theAddnitation is

kept constant the lgs remains constant also. To adjust to the fluctuation that may occur
in the maximum fluorescence the relative amplitude was calculated ((fluorescence
amplitude / maximum fluorescence) x 100) and plotted as a functidBlo€oncentration
(Figure 4.9B). This can leell described by a quadratic equation (equatidr25 Chapter
2.3.2.0 which gives the actin affinity {Kof S1. For MyH€mb the K appears to be
nearly 5 times tighter (2.1 £ 0.2 nM)thanMyHC omn p mM®Py VYa

25
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Figure4.9: Actin affinity of MyHCemb in the absence and presence of ADP. (A) Transients
nM actin + varied S1 concentrations-M0 nM) versus a fixed concentration of 10 uM AT
the absence of ADP. As the concentration of S1 increased so did the fluorescence amg
These transient@re normalised to the same start point so that the increase in fluorescence
be observed easier. The transients reach the same end point it is the start point that cha
however this is hard to see when plotted on the same graph (B) Fluorescencdifame plotted
as a function of S1 concentration can be described by a quadratic fit which results in the
affinity in the absence or presence of ADP.

This assay can be repeated in the presence of ADP to give the actin affinity in the
presence of ADP (K. The same concentration of actin is used and the S1 concentration

is varied, however since ADP weakens the S1 achinitgf higher concentrations are
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needed than for the Kmeasurement. The same concentration of ADP (300 uM) is used as
F2NJ GKS !5t NBfSIaS NkYiWhthistis2tdNdndur® tha thg i has H N
a saturating level of ADP. This is inc#ghtwith the acto.S1 to allow binding. The
acto.S1.ADP complex is then rapidly mixed with 100 uM ATP. This results in a similar
effect to the K measurements (Figure 4.9A) where the fluorescence amplitude increases
with S1 concentration but theyk remainsconstant. A plot of the relative amplitudes as a
function of S1 concentration again results in an actin affinityy(Kvhich should be
weaker in the presence of ADP (Figure 4.9B). Thev&ue for MyHe&mb is 5fold
weaker (526 + 60.3 nM) than NG OmMndpdPo For an ukmownyreasod the
relative amplitude in the presence of ADP does not reach the same level as when ADP is

not presentwhich may be indicative of S1.ADP staying bound to actin

4.2.5 Steady stateATPase data

The steady stateATPaserate was determined using &IADHcoupled assayChapter

2.3.3) The S1 binds and hydrolyses ATP to ADP. This is then converted back to ATP b
pyruvate kinase as it converts piahoenolpyruvate (PEP) to pyruvate. The pyruvate can
then be converted by lacta dehydrogenase to lactate. In the process NADH is oxidised
to NAD, which can be monitored via optical spectroscopy. NADH absorbs light at 340 nm
and so measuring at this wavelength the absorbance will decrease as the NADH is
converted to NAD The gradint of this line can be used to determine the rate of the
ATPase cycle. S1 has a very low basal ATPase rate in the absante; bbwever this

rate is stimulated by actin and becomes much quicker as more actin is added.
ATPase measurements were carr@a by Carlos Ver@Jniversity of Colorado, USA)

As the actin concentration increases the ATPase rate also increases, however this
relationship is only linear at théower concentrations of actin and has a hyperbolic
dependence over larger actin conceations (Figure 4.10). This hyperbolic dependence
follows a classiMichaelisMenten equation(equation 2.28, chapter 2.3.3}yhis results in

the maximum ATPase rate(M) and the half maximum rate concentration\{)K There

was no significant difference Mnaxbetween the MyH&@mb (7.0 + 0.15Y and MyH@
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(6.0 £ 0.5 3). The same was true for the,Kalue where the MyH@mb (38.5 + 2.4 uM)

was very similartothe MyHC énn B ¢ kxauL®

ATPase Rate (s™)
o PN Wbk o N

o_

50 100 150 200
[Actin] (LM)

Figure4.10 ¢ ATPase rate for MyH€mb. Myosin is an actin activated ATPase so as the
concentation increases so does the ATPase rate.

To determine the MyH@mb activity at low actin concentrationbdlow half Vinay it is
possible to use the M/Ku. For both the MyH@mb (0.18 & pM™) and MyHE 6 ri'dmp

uM™) this value did not change significantly.
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Table4.1¢ Rate and equilibrium constants of the wild type MyH&nb.S1 compared to the wild

type MyHG  { wmtisticaflyiislgnificant differences (determined by two-tailed { (1 dzZR Sy i Q &
test) have been shaded grey. Values are averages of 3 biological re&ats three different
cellpreparationg + SEM. All assays conducted in 25 mM KCI, 20 mM MOPS, 5 mM,Mga\i

NaN;, pH 7.0 unless otherwise stated.

Rat%gg;';g:'um wild Typel @ | Wild Type Emb
ATP binding to S1
Kikep (UM ST 5.8+0.4 125+1.9
/Ky (uM) 159+ 1.4 10.9+ 2.0
Kinax OF Kig + Ka (S1) 91.2+1.8 130 + 3.4
ADP binding to S1
KeKz (M) 0.53 + 0.07 0.15 + 0.018
Kig (SY) 0.63 + 0.03 0.89 + 0.07
ATP binding to actin.S1
KiK' (MM™ s%) 4.4+0.2 94+1.0
1/K'; (UM) 327.9 + 53.3 84.3+9.7
) 1543 + 100 777 + 17
Ko 41+1.4 -
ke n (S 153.4 + 10.6 -
ADP binding to actin.S1
K'sK'; (M) 6.1+0.3 143+ 1.9
K'ys (59 58.7 + 1.7 220+ 18
Kk s (UM™ sh) 9.6 1.5
K'sK'/K 6Ky 11.5 95
S1 affinity for actin
Ka (NM) 10+ 1.8 2.1+0.2
Koa (NM) 109.3 + 24.1 526 + 60.3'
Koa'Ka 10.9 250
ATPase *
Vinax (S5 6.0+ 0.5 7.0+ 0.15
Ku (UM) 40+ 6 38.5+ 2.4
VimadKy (81 uM™) 0.15 0.18

#(Nag, Sommese et al. 2015)

o ndnp RSO S NY AesSR compared taivdiRigpy MyRIE@ { m ®
v nodnam RS UGS N AtgsSaR compared tavaiRiFoy M@ a { m ®
“pf ndnnp RS G S NMlest SsRompared {o tvitkR/SeyMyHTa { M ©

*0 mM KCI, 20 mM MOPS, 5 mM MgQ@IimM Nal, pH 7.0.
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4.3 Discussion

4.3.1 Comparison of wild type MyH@&mb to wild type MyHG

Much of the previous work carried out on embryommyosin led to the idea that the
isoform was a slow type myosin like the cardiac Y& 2aAy ® LG I LIS
investigation that there are similar characteristics between WMy and MyHE ®
However there are some key differences between the two igo® that shall be
discussed here. A comparison of the percentage changes between-kBiyH@nd MyHE
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Figure 4.11: Percentage changes between MyHC-emb and MyHC-P. (A) Percentage changes in
equilibrium constants between MyHC-emb and MyHC-B. An increase or decrease in equilibrium
constant indicates a weakening or tightening of the affinities compared to MyHC-P respectively
(B) Percentage changes in rate constants between MyHC-emb and MyHC-P. An increase or
decrease in rate constant indicates the step is faster or slower than MyHC-P respectively. * p =
0.05, ** p < 0.01, *** p < 0.005. The increases may appear greater than the decreases but it is
worth noting the decreases are as large as the increases.

The hallmark of a slow myosin is a relatively tight ADP affinity (tighter than the fast
skeletal myosin isoforms lla, llénd IIx) and a slow ADP release ratehe presence of

actin. The study from Nagt al. (Nag, Sommese et al. 2018)owed that at the same ionic
strength as this study the ADP affinity was very tight at 6.1 + 0.3 uN\M§HGI & ¢ K S
embryonic myosin has afdld tighter ADP affinity though this is still very tight at 14 + 1.9
UM. When the fast skeletal isoforms are comparedto MyHC | i | KA IKSNJ 2
KCI)this affinity (21 £ 5 uM) is 250 6-fold weakerthan lla(80 = 15 uM), llb (54 + 11),
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and 11x(118 £ 33 pM)soforms(Deacoret al,, 2012; Bloeminlet al., 2013). It would seem
therefore that the MyH@mb sits inbetweenthe slowMyHC |y R FIF ad a1 St
in terms of ADP affinity.

The second charactatic of a slow type myosin, the ADP release faben acto.S16 1¢Q

is also very slow for the MyH&nb and MyHE & . f 2t3lY(Blgéiinket al., 2013)
found the fast isoforms to have a very fast ADP release rate constaniO(® §7)
compared to Mylsi g K A O Kig0K9I3 R5 &in similar conditions (100 mM KCI). Nag
etal (Nagetal> Hnamp O Fid deskyhtly Hower ih e lower salt (25 mM KCI) at
58.7 + 1.7 S, which compared to MyHE€mb, at 22 + 1.8% is almost 3 fold faster.

One interesting difference between the MyHC | y R -emt®id the lack of a second
slow phasewith pyrene fluorescencduring the ATP induced dissociation assay. This slow
phasein the transients is thought to be caused by a conformational change of the
nucleotide binding pocket between an open and closed state. This has become indicative
of the slow MyH& a AdG A& Ffaz2 y234 aSSy F2N (K
isoforms. The lack of this second phase would suggest that the conformation ctieege

not occur in the MyH@mb, however there may be two other reasons why this may not
be the case. Firstly the rate constant for the opening on the nucleotide binding pocket is
153 ' forthe MyHG ® DA @GSy G KI (i fidkssDciaton i§ fayl slaw foNtheli S
MyHGemb (777 8) compared to the MyHC 6 m] inislikely that there imsufficient
distinctionbetween the fast and slow phase for the Myd@b. The second reason could

be the salt concentration. Deacast al. found that the kn» (jsomerisation between an
open and closed state of the nucleotide pocket on myosind9 & at 100 mM KCI
(Deacon, Bloemink et al. 201®&ile at 25 mM KCl thek 7 153 & (Nag, Sommese et al.
2015) This 3old reduction in the rate of conformation change could potentially allow

the two phases to be separated if it is there.

However the embryonic myosin does appear to have some characteristics of a faster
myosin. This includes a B&fater ATP hydrolysis rate constant.{k- k3) and a 2fold
FILAGSNI aSO2yR 2NRSNJ NYGS O2yaiDug v th&dtond ! ¢
ADP release rate constant, tight ADP affinity and slow ATPasgtihi&ehas led us to
conclude thattls SYONE2YAO Ye&2aAy ¢gKAES | at2¢ A

myosin
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Chapter 4 Characterisation of wild type embryonic skeletal muscle myosin S1

4.3.2 Limitations of assays

One limitation of this investigation is that using a low salt buffer, the actin affingy (K
becomes much tighter than if carried out at 100 mM KCI. Thiecsacentration chosen
was 25 mM KCI with our collaborators to allow for easier comparison between stepped
flow data, ATPase data, amd vitro motility assays, the latterequire low salt. Stopped

flow spectroscopy instruments have become much more gigesand the ability to use

30 nM pyreneactin is a huge achievement. However to have confidence in the valyg of K
the measurement would ideally be conducted with an a@ig y O S y (i NJThedefarg’ XK
the concentration of actin would have to be lower to get a more accurate measurement
One thing we can be sure afthat the K, for MyHGemb is very tight similar to MyHC &
Given more time and protein it would have been ugdb repeat this assay at a higher

salt such as 100 mM KChis would have weakened thg possibly to above 30 nM.

A second problem with this assay is that the concentration of active myosin must be
correct. To ascertain the concentration of active S& @do an activity test(Chapter
2.2.1.4) However the Kmeasurement was usually the second to last assay carriedrout
the time from the activity testo this actin affinity assathe active concentration of S1
may have decreased. Repeating the actitétyt would have been an option however due

to limited amounts of sample this was not viable.

One measure of how accurate the &d Ka assays are, is to compare thgaKato the

Y ¥ AKsK; (Table 4.1). These values should be very similar and a deviaagnindicate

an error in one of the measurements. Since the measurements of ADP affinity are only
RSLISYRSY(d 2y (y26Ay3a GKS 15t O2yQIKioil G A :
95 is veryreasonable Since he Ipa value of 526 nMandis much hgher than the actin
concentration of 30 nMthis measuremenwill not be susceptible to the same error as
the Ka. Therefore the value of 250 fopkKa is most likely due to the Kmeasurement
being slightly out due to the affinity being tighter than thetia concentration and some
error occurringconsequentially If we assume the value should be 95, then a calculated
value of the K (Ko/95 = 526/95 = 5.5 nM) shows that there is some error but very small,
and again shows the affinity is very tight andseoto the valuef MyHGI &
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5 Characterisation of FreemasSheldon Syndrome causing mutations

R672H, R672C, and T178lI

5.1 Introduction

Investigations into mutations in genes that may cause FSS found out of 28 FSS case
tested 26 were caused by missense migas in the MYH3 gene (T178l, E498G, Y582S,
R672C, R672H, and V825D, Figure 5.1) which codes for-&tgbi(d oydemir, Rutherford

et al. 2006) The three most common mutations were: Argin®#2 to a histidine (R672H,
12/28), Arginine672 to a cysteine (R672C, 8/28), and ThreoiiAi8 to an isoleucine
(T178I, 3/28). T178I was also linked to the most common DA syndrome Stit¢ddlon
Syndrome (SH$Joydemir, Rutherford et al. 20Q@)owever this was later found to be a
misdiagnosis and both case$ SHS where the T178] mutation was founave been
diagnosed as FgBeck, McMillin et al. 2014Becket al. extended the study revealing
more mutations and showed R672H (20/46), R672C (11/46), and T178l (8/46) were the
three most commorMYH3mutations causing F§Beck, McMillin et al. 2014)

The three mutatios R672H, R672C, and T178l accounted for > 90%l ahe MYH3
mutations and T178l had the most severe phenotype. R672H was less severe than T178

and R672C the least severe of the three (Figure 5.2).

Using recombinant myosin $itoduced bythe same method as Chapter 4 it should be
possible to determinghe kinetic parameters defining the ATPase cycle to observe any
defects caused by the mutations R672H, R672C, and T178l in-&tyblCThe aim
therefore is to characterise the kinetics of the mutated myosin S1 compared to the wild
type and to investigate he the mutations may manifest the differing phenotypes
observed. It will also be of interest to investigate the location of the R672 and T178
residues in closer detail to predict which intermolecular interactions are affected when

mutated using homology mads of the MyH&mb.
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Figure 51 ¢ FreemanSheldon Syndrome (FSS) and Sheldtall Syndrome (SHS) mutations
the MYH3 gene. (A) Locations of FSS mutations (top) and SHS mutation (bottom). (B) Lt
of mutations in the myosin motordomain. Residues in red are FSS and yellow are SHS. &
subunits are also shown in grey. Image frgffioydemiret al., 2006)
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R672C

Figure5.2 ¢ A comparison of individuals with FSS causing mutations T178l, R672HR&@2C i
the MYH3gene. Individuals with the T178] mutation had the most severe facial contractt
R672C had relatively mild, while R672H was somewhere in between. Figure (Beuoket al.,
2014)

The kinetic data on the FSS Myei@b mutations was published along with the wild type
data in the Journal of Biological Chemistry in May 2016:

Walklate, J., Vera, C., Bloemin,. J., Geeves, M. A., Leinwand, L., The most prevalent
FreemanSheldon syndrome mutations in the embryonic myosin motor share functional

defects. The Journal of Biological Chemistry, 2096, p.1031810331.
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5.2 FSS mutation stoppedlow kinetics

5.2.1 Differencesin nucleotide binding to R672H, R672C, and T178l embryonic S1

compared to WT embryonic S1

The preparations of the FSS mutations had similar yields to the wild type JyH®f 1
2 mL 1620 uM active S1.

The method for determining nucleotide binding eaand equilibrium constants was the
same as for the wild type embryonic myosin (Chapter 4.2.1). The results of the ATP

binding to S1 assays are shown in figure 5.3.
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Figure5.3: Tryptophan fluorescencefor the three FSS mutation R672H, R672C, and T178
Representative transients of 100 nM MyH&nb R672H (green), R672C (red), and T178I (
S1 rapidly mixed with 50 uM ATP. The increase in fluorescence could be best describa
single exponential in all three cases. Thgdand fluorescence amplitudes for the three mutar
were: 7.3 § and 1.6 % respectively for the R672H, I2and 3.5 % respectively for R672C, :
18 s' and 1.4 % for T178l respectively. (B) The hyperbaliependence of ks on ATI
concentration showing the different ATP affinities and maximum rate constants of ATP binc

The use of tryptophan fluorescence was more problematic ferttiree mutants than for

the wild type due to the reduced fluorescence amplitude (Figure 5.3A). For wild type the
amplitude was around 10 % (Chapter 4.2.1) however for the R672C this-4vés Bhich

was harder to measure but still possible. For the R672HTL 78I the amplitude was low,
around X2 % which could be measured due to the sensitivity of the newer stofipad
spectroscopy instrumentand that the kys were slower At an ATP concentration of 50

UM the transients were best described by a singlgpanential however the s was
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reduced for all three compared to the wild type Myd@b. The ks for the mutants was:
7.3 s' for R672H, 125for R672C, and 18'sor T178lI, while the wild type had aykof

102 &' at the same ATP concentration.

Whenplotted as a function of ATP thewkfollowed a hyperbolic dependence (Equation
2.13) from which the second order rate constant of ATP bindigigAKATP affinity (1/8
and maximum rate of ATP binding/ATP hydrolysisx(kr ks + k3) were determined
(Chapter 4.2.1, Figure 5.3B).

For R672H, the K., rate constant was over 30 times slower (0.4 + 0.04"8V) than the
wild type MyH@mb (12.5 + 1.9 uMs™). The value of 1/Kwas again affected this time
by a 3fold weakening in the affinity (34.4 5% uM) compared to the wild type (10.9 £ 2
UM). The ks + ks was 9 times slower (14.3 + 0.8)sfor the mutant than the wild type
(130 £ 3.49). All of these changes were statistically significant (Table 5.1).

For R672C, the:K., similar to the R672hvas slower (1.1 + 0.07 pifis™), but not as
markedas the R672H as there was only anfdlti change. Again ATP affinity (IyKwas
2-fold weaker (23.6 + 2.6 uM) so not as weak as the R672H. The apparent ATP hydrolysis
rate (ks + k3) however was 5 timeslower than the wild type but-Bold faster than the

R672H. Again all these changes were significantly different than the wild type (Table 5.1).

Finally for the T178I, the:k. is the least affected (2.3 + 0.1 Ms?) of the three
mutations compared to the wild type but is still old slower. The 1/Kvalue was 40 %
tighter (7.7 £ 0.6 uM) than wild type rather than the weaker affinity seen for the other
two mutants. The ks + k3 was however similar to the other two mutant by having a
hydrolysis rate enstant Zfold slower than wild type (17.7 + 0.6)s The only change not
significantly different was the 1/K

Similar to the wild type MyH€mb the ADP affinity measurements for the mutant MyHC
emb S1s were attempted. However due to the very low fluceeee amplitude seen for

the R672H and T178I this assay proved not possible. The use of fluorescent nucleotides
both MantATP and;ADP or CoumartATP andtADP failed to even yield a fluorescence
signalchange let alone one which could be used in thisassThe small fluorescence
signal also provedifficult for the R672C mutation. While it was possible to observe the

reduction in the fast phase amplitude, a slow second component failed to appear.
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However the amplitudes of the fast phase was plotted asfathe ADP concentration
which followed a hyperbolic dependence and could be fit with the same equation
(Equation 2.20) as the fast phase of the wild type Mygd® (Chapter 4.2.1, Figure 5.4).
Similar to the assay for the wild type Mytd@b the k,s was uraffected by the increase

in ADP concentration.

w

N

=

Relative Amplitude (%)

0 T T T T T
00 01 02 03 04 05
[ADP] (uM)

Figure5.4- R672C ADP affinity for S100 nM MyH@mb R672C S1 was preincubated with val
concentrations of ADP (0.5 pM) beforebeing rapidly mixed with 50 uM ATP. Only the fast ph
of the assay could be measured however the relative amplitude decreased with a hypel
dependence.

The ADP affinity in the absence of actigk{iKappearedto be slightly weaker (0.2 + 0.04
HUM) than the wild type (0.15 £ 0.018 pMpwever this difference wagsot significantly

different.

5.2.2 Differencesin nucleotide binding to R672H, R672C, and T178l embryonic acto.S1

compared to WT embryonic acto.S1

The nucleotide binding rate and equilibrium constants were determined the same way as
for the wild type MyH&@mb (Chapter 4.2.2). Thesults of the ATP induced dissociation

assay are shown in figure 5.5.

Upon ATP binding the dissociation reaction occurs (Figure 5.5A) which followed a single
exponential for the R672C at all ATP concentrations and T178l at low concentrations.
R672H displged a double exponential at all ATP concentrations and T178l at high

concentrations (above 50 pM). The dependence fadt kops on ATP concentration
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followed a hyperbolic dependence as with the wild type Myg#ab (Chapter 4.2.2). From
this the second ordeNJ G4 S O2yadl yild @ I! ¢t¢t oA WRMIZA (¢
YIFEAYdzY NI (S 2 Fcouliliba @e@rmined \FRyyre 505B)Q
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Figure5.5 ¢ ATP induced dissociatioof the three FSS mutants from pyrene labelled actin.

Transients of the ATP induced dissociation of the mutant MyEi@b S1 from pyrendabelled
actin. 10 uM ATP was rapidly mixed with 50 nM pyreaetin.S1. R672C was described b
single exponential yielding aJs = 14 § and a fluorescence amplitude = 41 %178I was als
best described by a single exponential at this concentration yielding.g k 24.8 8 and
fluorescence amplitude = 45 %. The transient of the R672H was best described by a
exponential yielding a ks = 30 § and 1.9 & for the fast and slow phase respectively, while t
fluorescence amplitude = 26.6 % and 3.4 % for the fast and slow phases respectively. (Boe
of the R672C, and fast phasgy,kof R672H and T178l when plotted against ATP concentre
follows a hyperbolic @pendence. Neither slow phase was affected by ATP concentration.

For R672Hhe kysfrom the two phases were plotted against ATP concentration. Téte fa
phase followed the hyperbolic dependence while the slow phase was unaffected by
increased ATP. To ensure that there was no contaminating ADP present apyrase was
added to convert the ADP to AMP however this had no effect on the presence of the slow
compo/ SYd®@ CNRY GKS Flad LKFaS GKS ;jL@wdd YSi
more than 2fold slower (4.5 + 0.3 pMs™) than the wild type (9.4 + 1 pMs’™0 @ ¢ KS ™
was 10 % weaker (92.3 + 9 uM) than the wild type (84.3 + 9.7 hdWever this
difference wasy 2 i aA 3y A FA Ol y.ili€ @moRR Ao BIBWIS(¥13 & 32WK S |
than the wild type (777 + 17™%. The slow phase of ATP induced dissociation has
previously been describe@eacon, Bloemink et &2012)for the MyHG = Yy R A & (
to be the conformational change between an open and closed state of the nucleotide
pocket. The equilibrium constant for this process) (& calculated as the ratio of the fast

and slow phase fluorescence amplitugercentage The rate constant for this pocket

opening(ks, 1 is determined by thedsof the slow phase. Due to the slow phase not being
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present for wild type the value ofi4.4 + 0.8) and (31.5 + 2.5 9) is a significant

difference.

For R672C, therg | & y2 &af 2¢ St SYSy . DRas bowever okl y a
slower (2.2+05puMs™0 G KFyYy GKS gAftR (el | yRva8WBSY
was 40 % weaker than the wild type however this is not a significant difference. The
1 -@aluewas nearly Jold slower (261 + 8.4 than the wild type, and is slower than the
R672H as well.

C2NJ (KS ¢|mevaluk sitsi Betweery the two other mutants with af@d slower

rate constant (3.3 + 0.2 pMs™") than wild type. This was the oniyutant to have a
significantly weaker ATP affinity (317.7 £ 41.1 uM) than the wild type by neddlg.4
CKAA ¢l & Ftaz GKS 2yteé Ydzil.yvélue {1833 & 60BK 2 § ¢
compared to the wild type. Like the R672H there was a sloweorsd phase that
occurred, however unlike the R672H this only appeared at ATP concentrations above 50
UM. The K (6.9 + 1) was slightly higher than the R672H, and thevas 2 times faster

(66.1 + 9.1 ) than the R672HThe K difference between T178l and R672H was not

significantly different while the k values were.

The ADP affinity was determined the sameyvea the vild type MyHG@emb (Chapter 4.2
Here acto.S1 was rapidly mixed with a mixture of ATP and RPT178I behaved in the
same manner as the wild type, where there is only one phase that gets slower as the ADP

concentration increases (Figure 5.6).

For the T178I the ks decreased as th&DP concentration increased (Figure 5.6). When
Kobs Was plotted as a function of ADP concentration it followed a similar hyperbola as the
wild type S1 and resulted in a similar ADP affinity (12.4 + 2.2 uM) as théypd (14.3 +

1.9 uM) with no significant difference between the two.

For the two R672 mutations there was a constant second slow phase at all ADP
concentratiors. The kps was not affected by the ADP concentration, but the relative
amplitude was. Figurb.7A shows the transients for R672H as an example of how the fast
and slow phases were affected by the increase in ADP concentraths.the ADP
concentration increased the amplitude of the fast phase decreased, while the amplitude

of the slow phase incesed.
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Figure5.6- T1781 ADP affinityn the presence of actin. (A) Transients of 50 nM acto.S1 ve
0-160 uM ADP and 5 uM ATP. As the ADP concentration increases ghaldcreases. Tt
increas in fluorescence was best described by a single exponential in all cases. (B) Plotti
kobs @s a function of ADP concentration follows a hyperbolic dependence which resulted
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Figure5.7 - R672H ADP affinityn the presence of ADRA) Transients of 50 nM R672H actc
rapidly mixed with 30 uM ATP and-00 uM ADP. In all cases the increase in fluorescence
best described by a double exponential. The amplitude of the fast phase decreased whil
amplitude of the slow phase in@ased, the k,s was not affected with the increase in AL
concentration. (B) When the relative amplitude (fluorescence amplitude/end pc
fluorescence x 100) of the two phases are plotted against the ADP concentration then it fo
two hyperbolicfitswK A OK OF'y 3JIA GBS WMHLS 15t FFFAYA(GL

Plotting the relative amplitudes as a function of ADP concentration resulted in two
hyperbolic functions (Figure 5.7B) which were best described by equations 2.20 (fast
phase) and 2.24 (slophase, Chapter 2.3.2.1). R672H has been shown as an example of
what happened for both the R672 mutants.
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The ADP affinity for the R672H mutation was found to be neaftyd3tighter (4.8 = 0.5
HUM) than the wild type (14.3 £ 1,9M). For the R672C howevthrere was no significant
change however the affinity did become weaker (18.1 £ 1.7 uM) than the wild type.

The ADP release rate constaht.§) was determined using the same method as wild type
MyHGemb. Acto.S1 was incubated with a saturating concentratb ADP (20 times the

Y 8 Qtherefore 100, 360 or 250 uM ADP for R672H, R672C, and T178I respectively) anc
rapidly mixed with mM concentrations of ATP. Since the acto.S1 is saturated with ADP it
will all be in the A.M.D state and thepkwill be unaffeted by ATP concentration.
Therefore the ps2 0 a SNIBSR gAff 06S GKS NI (.8vafalmodt 5t
3-old slower (7.4 = 0.2"% than the wild type (22 + 1.8's However for the other two
mutants there was a slight change but this wad found to be significantly different.
R672C was 18.6 + 1.1, svhile T178l was 25.7 + 0.3.s

5.2.3 Differencesin actin affinity to R672H, R672C, and T178l embryonic S1 compared
to WT embryonic S1

Determining the actin affinity in the absence and presen€DP was carried out the
same way as for the wild type MyHthbwhere a constant actin concentration was pre
incubated with increasing S1 concentrations and rapidly mixed with a constant ATP
concentration(Chapter 4.2.3). Similarly to the wild type tlaissay carries the most error
as the exact concentration of active S1 is needed. The method of determining this is the

same as for the wild type (Chapter 4.2.3).

For R672H as the S1 concentration was increased the fluorescence amplitude also
increases (Fige 5.8A). The relative amplitudes were plotted as a function of S1
concentration and fit using quadratic equation 3(h@pter3.2.3, Figure 5.8B and C). The
actin affinity (i) was nearly 2@old weaker (40.2 £ 2.1 nM) than the wild type (2.1 £ 0.2
nM). While the actin affinity in the presence of ADRKvas 40 % tighter (366.7 + 31
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nM) than the wild type (526 = 60.3 nM), this was not a statistically significant difference.
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For R672C there was also a statistically signifieeaakening (7.2 £ 1.2 nM) in thexnK
compared to the wild type (Figure 5.BEhowever given the limitations to this
measurement (Chapter 4.3.2) this magt be an actual differenceThe Iga similarly to
the R672H was found to be tighter (331.3 + 68.6 n\ntkthe wild type however this was

not statistically significant either (Figure 5.8C).

The T178l had a-®ld weaker K (4.8 £ 0.2 nM) which was found to be a statistically
significant change (Figure 5.8B) however like the R672C may not be an actual direnge.
Koa On the other hand was found to be 4 times tighter (123.5 £ 15.1 nM) than the wild

type, which is also a significant change (Figure 5.8C).

The relative fluorescence amplitudes only reached the same maximum level for the T178lI
in the presence of ADPrhis may be indicative of the S1.ADP being less able to quench

the signal.
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5.2.4 Steady stateATPase data

Thesteady stateATPase assay was carried out using the same method as for the wild type
MyHGemb (Chapter 4.2.4py Carlos Vera (University of Coloradt§A) The maximum
rate of the cycle (May and concentration of actin needed for half the maximum ratg) (K

wasdetermined the same wagFigure 5.9).

For the R672H, the,Mxwas 5fold slower (1.3 + 0.05% compared to the wild type (7.0 +
0.15 §Y). The K, was alsaaffected;this was 10 times tighter (3.7 + 0.7 pM) than the wild
type (Figure 5.7A). The,M/Kv was therefore affected, this calculated value wagsger
(0.35 & uM™) than the wild type (0.18'suM™, Table 5.1).

The R672C also had a rhuslower Vax (0.35 + 0.057%) than the wild type and even the
R672Hthis was 2€fold slower. The iKwas also tighter (4.6 = 0.3 uM) than the wild type
though not as tight as the R672H (Figure 5.9A). Thek{, was over 4 time faster (0.76 s
L uM™) than the wild type and R672H (Table 5.1).
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Figure 5.9 ¢ ATPasedata for the three FSS mutations. (A) Comparison of all three AT
curves. (B) ATPase data for the T178l plotted on a logarithmic scale to highlight that the
was not linear.

Finally, for the T178I the,¥xWwas significantly slower (0.2 + 0.008) shan the wild type.

This value is 35 times slower, and is considerably slower than the other two mutants as
well. The K, value is also orders of magnitude tighter (0.67 = 0.16 uM) than the wild type
and both R672 mutants (Figure 5.9A). The ATPase activity is so small that on a linear plo

of ATPase rate against actin concentration the datadddike a flat line andherefore
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that there was no activation upon actin bindingo highlight that there is some activity
the data was plot using a logarithmicade of actin concentration instead (Figure 5.7B).
The \ha/Kn Was very similar to the R672H (0.3018M™) and nealy 2-fold faster than the
wild type.
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Table 51 ¢ Rate and equilibrium constants of the wild type MyH&nb compared to the 3 FSS
mutations: R672H, R672C, and T178I. Statistically significant differences compared to wild type
MyHGemb (determined by Studg { tQe%t) have been shaded grey. Buffer conditions were: 25
mM KCI, 20 mM MOPS, 5 mM MgCl mM DTT, pH 7.0 unless stated otherwise.

Rate(fg:t';ﬁ:'um Wild Type Em§| Emb R672H Emb R672C Emb T178I
ATP binding to S1
Kiksp (UM %) 125+ 1.9 0.4 +0.04 1.1 + 0.07 23+0.1°
/Ky (UM) 10.9+ 2.0 34.4+50 23.6+2.6 7.7+06
Kinax OF Kia + Kz (S1) 130 + 3.4 143+ 0.5 254+ 1.3 17.7 + 0.6’
ADP binding to S1
KoKz (UM) 0.15 + 0.018 - 0.2 +0.04 -
Kio (59 0.89 + 0.07 - - -
ATP binding to actin.S1
KiK'z (UM Y 9.4+1.0 45+0%F 22+05 33+07
1K'y (UM) 84.3+9.7 92.3+9 120 + 19.3 317.7 +41.F
K'ss (Y 777 £ 17 413 + 37 261 + 8.4 1033 + 60
Ko - 44+08 - 6.9+1
ke n (S - 315+25 - 66.1 +9.1
ADP binding to actin.S1
K'sK'7 (M) 14.3+1.9 48+ 0.5 18.1+1.7 124 +£22
K. (Y 220+18 7.4+072 18.6 + 1.1 257+ 0.5
KK g (UM sh) 1.5 1.5 1 2.1
K'sK'/K 6Ky 95 - 90.5 -
S1 affinity for actin
Ka (NM) 21+0.2 402 + 2.1 72+12 48+0.2
Koa (NM) 526 + 60.3 366.7 + 31 331.3+68.6 | 1235+15.f
Koa'Ka 250 9 46 25.7
ATPase *
Vinax (S5 7.0 £0.15 1.3 + 0.05' 3.5+ 0.05 0.2 + 0.008'
Kv (LM) 385+24 3.7+0.7 46+03 0.67 + 0.16'
VimadKn (1 M7 0.18 0.35 0.76 0.30
% Chapter 4
o ndnp RSO S NY AesSaR compared taivaiRighy NMyGiEnb S1.

°p<0.01 determined by U dzR Stgstia® dompared to wild type MyH&nb S1.

‘v ndnnp RSG S NMiest SsRompared {o tivittzR/SeyViyHEDab S1.

* 0 mM KCI, 20 mM MOPS, 5 mM MgCImM DTT, pH 7.0
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5.2.5 Modelling the ATPase cycle

The stoppedlow data reveals the mjority of the steps in the crodsridge cycle while the
ATPase data shows how quickly the cycle proceeds. However, the actin rebinding step
following the ATP hydrolysis and the phosphate release step are not well defined using
either method. Using a moréetailed crossbridge cycle (Scheme 5.1) and modelling
software (Berkley Madonna), it is possible to use the data from the stopfled and

ATPase assays to estimate these two steps.

Step6 Step7
A-M-D-P.A-M-D.A-M-D
Step5 AN FAST Step 8
Step9 D
\ ep
:::\FAST AM
Step4 A ‘:“\:::,\ Stepl
M-T ’L A-M-T A-M-T
FAST
Sep3 Step2

Scheme 5.%, Scheme used for the modelling on Berkley Madonna. Equilibria circled in gree
values that were determined from the stoppeflow measurements. Those circled in orange
either diffusion limited or generally ery fast and such were given values to make them f
Those circled in red were not measured in the stoppfldw assays, however can be estimat
by fitting the whole cycle to the M. and K, values from the ATPase assays. If step 9 were
there then atvery high actin concentrations the cycle would be inhibited as step 3 is rever
and the cycle would be stuck in the-M.T state (Steiret al, 1981) The step numbers shown
those used in the modelling, those in the circles correspond to that seerfigure 1.10 an
scheme 4.1.

As scheme 5.1 shows four of the ratenstants were known from the stoppetbw

assays (green circles). Three of the steps are assumed to be fast and therefore given &
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forward rate constant of D00 (orange circles). These variables have little impact upon

the cycling rate and therefore thenly two variables that will need to be adjusted are the

actin rebinding and phosphate release. Using the ATPase data as a guide it was possible

through trial and error to estimate these values to result in modelled ATPase data that

matched the measured da.

Step Equilibrium Constant | Forward rate constant| Reverse rate
constant

value units | value units value units
;‘ép binding 00119 | pM?* | 100000 |stum?| 843.0000| s?
2¢
conformational| ~ 10.0000 - 777.0000 st 77.7000 | st
change in AMT]
3 C 1 S_l
dissociation HM S pM™
4c 10.0000 .| 1300000 | s? | 13.0000 | s*
hydrolysis
56 . 0.0154 uM?t | 10.0000 | stpM? | 650.0000 | st
actin rebinding
6¢ 1
phosphate 135.0000 UM 13.5000 st 0.1000 SM_l
release H
7¢
conformaional 7.3333 - 22.0000 s 3.0000 s
change in AMDO
10¢ 1 st
ADP release M S pm*t
11¢
ATP hydrolysis ] ot o1
without
detachment
Vmax 7
Kw 38.5

Table 5.A ¢ WT embryoric myosin- Values used to model the cross bridge cycle. Green text

indicate values determined from either stoppeflow or ATPase assays, orange indicates values

assumed to be very fast or diffusion limited, red text shows values that were estimated to fit

the Vinaxand Ky, grey text indicates values from detailed balance &k./k ;). Theforward and

reverse rate constants were used in the Berkley Madonna software.
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Step Equilibrium Constant | Forward rate constani{ Reverse rate
constant

value units | value units value units
;‘ép binding 00109 | uM* | 100000 |s*um?| 920.0000| s*
2¢
conformational|  100.0000 400.0000 s 4.0000 st
change in AMT]
3¢ 1 st
dissociation HM S pM™t
46 : 10.2143 14.3000 s 1.4000 st
hydrolysis
2§tin rebinding 0.2500 uM* | 10.0000 |s*pM* | 40.0000 | s*
6¢ 1
phosphate 17.0000 ny, 1.7000 st 0.1000 SM_l
release H
7q
conformational| ~ 18.5000 7.4000 s 0.4000 s
change in AMDO
10¢ 1 st
ADP release M S pMm*t
11¢
ATP hydrolysis 1 1

) s s

without
detachment
Viax 1.3
Kv 3.7

Table 5.8 ¢ R672H embryonic myosinValues used to model the cross bridge cycle. Green text

indicate values determined froneither stoppedflow or ATPase assays, orange indicates values

assumed to be very fast or diffusion limited, red text shows values that were estimated to fit

the Vinax and Ky, grey text indicates values from detailed balance &k./k ;). Theforward and

reverse rate constants were used in the Berkley Madonna software.
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Step Equilibrium Constant | Forward rate constant Reverse rate
constant

value units | value units value units
;‘ép binding 0.0083 | uM* | 10.0000 |s*pm? | 1200.0000| s
2¢
conformational |  100.0000 261.0000 s 2.6100 st
change in AMT]
3¢ 1 st
dissociation HM S pM™
ac 10.0000 254000 | s? 25400 | s*
hydrolysis
2§tin rebinding 0.1667 uM* | 10.0000 | stum? | 60.0000 | s*
6¢ 1
phosphate 60.0000 ny, 6.0000 st 0.1000 SM_l
release H
7q
conformational| ~ 5.4706 18.6000 s 3.4000 st
change in AMDO
10¢ 1 st
ADP release M S pMm*t
11¢
ATP hydrolysis 1 1

) s s

without
detachment
Vimax 3.5
Kv 4.6

Table 5.£¢ R672C embryonic myosiValues used to model the cross bridge cycle. Green text

indicate values determined from either stoppeflow or ATPase assays, orange indicates values

assumed to be very fast or diffsion limited, red text shows values that were estimated to fit

the Vinaxand Ky, grey text indicates values from detailed balance &k./k ;). Theforward and

reverse rate constants were used in the Berkley Madonna software.
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Step Equilibrium Constat | Forward rate constani Reverse rate
constant

value units | value units value units
;‘ép binding 00031 | pM* | 10.0000 |stpm? 3173'000 st
2¢
conformationa | ;5 00 1033.2000] s? | 103320 | s
| change in

AMT

3¢
dissociation
4¢

hydrolysis

5¢

actin rebinding
6¢

phosphate 2.0000 M 0.2000 st 0.1000 | s*pm?
release
7¢
conformationa | g 344 257000 | s* 3.2000 st
| change in

AMD

10¢

ADP release
11¢

ATP hydrolysis 1 1
without
detachment
Vimax 0.2

Kv 0.67
T1781 embryonic myosin

M st stum?t

10.0000 17.7000 st 1.7700 st

1.6667 uM™* | 10.0000 |s*pM?* | 6.0000 st

M st stum?

Table 5.0 ¢ Values used to model th cross bridge cycle. Green text indicate values determined
from either stoppedflow or ATPase assays, orange indicates values assumed to be very fast or
diffusion limited, red text shows values that were estimated to fit the, ) and Ky, grey text
indicates values from detailed balance (K k./k ;). Theforward and reverse rate constants were

used in the Berkley Madonna software.

To conduct the modelling a concentration of 0.1 uM S1 was set, along with 5 mM ATP.

The program has an option to perform a blatrun where the parameter changing (actin
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concentration) could be set, the number of runs that would be performed gétin

concentration$, and the initial (O uM) and final (100 uM) actin concentrations.

Myosin has a very low basal ATPase rate, hydray&TP very slowly while actin works to
enhance the ATPase activity by rebinding to S1 and forcing phosphate and ultimately ADP
off the S1. Therefore to determine the ATPase rate at each actin concentration the free
ADP concentration was monitored (Figird 0). The gradients from the increases in ADP

concentration were then used to determine the ATPase rate (Equation 5.1).

5 Emb ATPase - Runs 1-11: D vs. TIME = Lo kel

Page1 ‘
Runlbl |ﬁf0;‘Q1‘FerWr ;'*|‘|E!$f \ZJ Run 11: 1000000 steps in 0.219 seconds:
54
STARTTIME =0 D:1(0)
STOPTIME =10 D:2(10)
o1 165 D:320)
oTOUT =0 D:4(30)
54 Kif 10 D:5(40)
Kir =843 0:6(50)
AM =01 D:7(60)
AMT -0 D:8(70) ==
T =5000 D:980) = i
Kaf =777 D:10(30) 2
K21 =777 0:11(100) i
AMT2 «0 o=
" K3t =1000 =
K3 =10 =
A =0.100 =7
MT =0 2
Kaf =130 e
Ka =13 <
MOP -0 ==
K5t =10 s
K5t « 650 ==
a3 AMDP =0 =7
Kef =135 ——
Ker =01 —
AMD =0 ~
-0 s
K7t =2 —
K71 3
AMD2 =0 //
2 K10 =1000 Z =
K10r =10 =
K11t 2 =
K1t 02 = =
== e
S - ——
S b
1 2 s =
e o
o e — i
o =
0 1 2 3 4 5 6 7 8 9 10
TIME
mr | 1 |mop| am | amr| A [amop| amp[amp2] o  amm

Figure 5.10¢ An example batch run for WT MyHE&mb. The initial actin concentration was <
at 0 uM increasing by 10 uM to a maximum concentration of 100 uM. The initial concentr:
of ATP was set at ;M and the concentraibn of ADP monitoredThe units for the yaxis is ph
and the xaxis is seconds.

0 YD Qi D @—r Equation 5.1

These ATPase rates were then plottechdanction of actin concentration (Figure 5.11)
and fit with the classic Michaelldenten equation (Equation 5.2) to determine thg.\
and the k.

v — Equation 5.2
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[Actin] (UM)

[Actin] (uUM)

! ®  WT Emb measured
. 64 ® WTEmb modelled
s
Q Q m Emb R672H measured
CCEG 4+ 5:5 0.8 ® Emb R672H modelled
Q 3 2 0.6
g g
g 24 z 0.4
<1 0.2
B
0 Ll T T T T A 0.0 1 T T T T
0 50 100 150 200 0 50 100 150 200
[Actin] (uM) [Actin] (uM)
4
0.20 [
@ = Emb R672C measured @ 0.15 m Emb T178I measured
£ ) ® Emb R672C modelled g e Emb T178 modelled
(o)) o 0.10
1] 0
© ©
= =
< < 0.05
C D
0 T T T T T 0.00 T T T T T
0 50 100 150 200 0 50 100 150 200

Figure 511 ¢ Modelled ATPase data compared to ATPase measurements from figures 4.1
5.9. (A) Modelled ATPase data versus the measured ATPase data of the wild type JstyH(
The V. of the measured and modelled are 7.06' and 7.04 & respectively, while the i for
the measured and modelled are 38.5 uM and 37.1 uM respectively. (B) Modelled ATPas
versus the measured ATPase data of the R672H Mgh®. The V. of the measured an
modelled are 1.26 Sand 1.25 8 respectively, while the I for the measured and modelled a
3.7 UM and 3.5 UM respectively. (C) Modelled ATPase data versus measured ATPase dat
R672C MyH@mb. The V., of the measured and modelié are 3.5 & and 3.47 8 respectively
while the K, for the measured and modelled are 4.6 uM and 4.62 UM respectively.
Modelled ATPase data versus the measured ATPase data of the T178I #yiHBCThe W Of
the measured and modelled are both 0.19 swhile the K, for the measured and modelled a
0.67 uM and 0.68 uM respectively.

It was found that theactin rebinding step strongly influenced they Kalue while the
phosphate release step influenced the,s¥ As figure 5.10 shows the modelled data
matches the measured ATPase data very well wittaKd \,ax values very similar. This

increased the confidemcin our models since the model and measured data matched.

Using the measured and estimated values it was then possible to run the assay until it
reached a steady state and determine what proportion of the cycle is occupied by each

step. The cycle at\¥xwas simulated by setting the actin concentration to 3 times the K
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value for the wild type and three mutants individually (Figure 5.12). Since the actin
concentration can vary significantly in a functioning muscle due to the proximity of a
myosin to actin. Therefore ahigh concentrationof actin was simulated An actin
concentration equal to 3 x\Kwas used which shoulgive a Wax 0f 75%.These models
were under unloaded conditions. To model loaded conditions the phosphate release step
and ADP release stegre thought to be reduced. However when modelling a loaded
system the occupancy of the cycle was relatively unchanged due to already slow

phosphate and ADP release steps, slowing these steps further had little effect.

WT R672H

B AM
AMT
AMT2
MT
MDP
R672C T178| AMDP
AMD
AMD2

Figure 512 ¢ Myosin head domain occupancy of unloaded S1 at 75%With an actin
concentration 3 x Ig. After 1 second the reaatin was at steady state for all four myosi
when modelled. The occupancy of the cross bridge is displayed as a pie chart and
coded based on the strength of binding. Blue indicates strong binding between myosir
actin, purple is weak binding betwen actin and myosin, and pink is detachment of mya
from actin.
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As figue 5.12 shows approximately 75 %tbé time the WT MyH&mb is in the weakly
bound (AMT2 and AMDP) or detached state (MT and MDP). AMDP is the largest section
indicating that the phosphate release step is limiting the cycle somewhat as it is slow
enough toaccumulate more of the S1. The AMD state is also large due to the slow ADP
NBf SI &S NI i{)SThedMipr diake yhirease$ dbamatically for the three mutants
most notably for the T178Therefore once activated the mutants will spend a longer

time in the AMDP state due to a slower phopshate release step.

A | B

Figure 513 ¢ Comparison of the weakly and unbound myosin from actin. (A) Approximatel
% of the WT MyH@mb is in the weak binding or detached state. (B) The overlay of WT M
emb (red shows that there is an increase in the detached and weakly bound states for R
MyHGemb (black). (C) The overlay of WT Myd@b (red) shows that there is an increase
the detached and weakly bound states for R672C (black), however this is smalkm the
R672H. (D) The overlay of WT Myd@mb (red) shows there is a huge increase in the detac
and weakly bound states for T178l (black). This is the largest increase seen with almosi
the myosin either detached or weakly bound.
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Figure 5.13 shows a comparison of the weakly bound and detached states of the WT
MyHGemb and the three mutants by overlaying the WT My (red) on top of the
mutants (black). The R672C (Figure 5.13C) has the smallest increase in this weak
attachment, R672H has a bigger increase (Figure 5.13B) and T178l is almost entirely
weakly attachedFigure 5.13D).

5.2.6 Interaction changedetween surrounding residues in mutants and WMyHC

emb

R672 and T178 are both found within the centre of the myosin motor domain (Figure
5.10A).They are also very far apart in the myosin sequence but are very close to each
other in the structure which will have some significance in their imporate each

other.

R672 is located on the third strand of the centrad T NJ y-$hé&eRthat rurs through
the motor domain. The T178 is found at thee@minal end of the faNIi K 1 & (i NI vy
O S y (i-bldett at the start of the #bop of the nucleotide biding pocket. Preliminary

observations have highlighted potential residues for interaction (Figure 5.10B).

Due to no MyH&mb Xray crystallography structure yet being available, homology
models were built using 6 structures of the scallop myosin S1.eTteggesent the motor
domain during various steps of the crdssdge cycle and will help provide information
into how these interactions change throughout the ATPase cycle. To build the homology
models the sequence of the scallop structures were painaigmed with the sequence of

the MyHCemb. This was then uploaded to SWMNSDEL(Biasini, Bienert et al. 2014,
Arnold, Bordoli et al. 2006, Guex, Peitsch et al®@Kiefer, Arnold et al. 2009)hich was

used to build the models.

The interactions present in the wild type and two R672 mutants are summarised in Table

5.2.
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Figue 5.10¢ Ribbon diagram of the homology MyHE&mb structure in the prepower stroke state
OMVELO® O0! 0 {K2ga G(GKS K2fS Y2t SO0dA S 64 K-
SH2 domain (orange). R672 (green) and T178 (blue) are shown as §ipece (B) An enhance
image of the R672 and T178 and the residues in possible contact with the two residues.

The two key interactions found to be partially or completely losthe two mutants are a
KERNRISY 062y R 0Si(gSS ationdand betwgeR R6F vandyF290.lAy R
hydrogen bond is a fairlweakintermolecular bond between a hydrogen and either an
2E@3Sy s yAGNER 3ISafion paNd hbviede? iBlInytls singet, similar to an

ionic bond(Dougherty 1996)These occur between positive ions (in this case the R group
of the R672) and the negative delocalised electrons of a benzene ring structure (the R
group of the F49D A loss of such a bond could have serious and significant implications

for the molecule.

For the R672H, there is a partial loss of the hydrogen bond between T178 which is
LINS&aSyd Ay Fftf aiNHzOUG dzNB A-catioif to H4R(Ss conptely a S
lost in all cases. The R672C on the other hand has a complete loss of the hydrogen bonc

G2 ¢mTty Ay Ffft G§KS & NHzO G-cbaSBondlo 84905 St & | &
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The interactions for T178 are summarised in Table 5.3. There are fewer tipbten
interactions compared to the R672 and only the hydrogen bond between T178 and R672
appears to be affected by the mutation to isoleucine. This imgetely lost in all 6
models Figure 5.11 show the conservation of T178 and R672 across differentniyosi
humans. T178 is highly conserved among the skeletal myosins and is replaced by a sering
in the other myosin molecules. The R672 however is highly conserved across all myosins

apart from myosin 9 which has a lysine instead. In both cases the reswagshave

changed but the type of amino acid stays the same.

| MYO34_HUMAN
| MYO94 HUMAN
| MYOSA HUMAN
| MYHE_HUMAN
| MYHT7_HUMAN
| MYH13_HUMAN
| MYH3_HUMAN
| MYHB_HUMAN
| MYHA HUMAN
|MYH1_HUMAN
| MYH2_HUMAN
| MYH11_HUMAN
| MYHI_HUMAN
| MYH18_HUMAN
| MYOE_HUMAN
| MYO18 HUMAN
| MYO74 HUMAN
| MYO1A HUMAN
| MYO1E_HUMAN

A

QSMITYNSDQCIVISGESGAG
HAMLQRKENQCIVISGESGSG
(MARDERNQSIIVSGESGAG
OYMLTDREMQSILITGESGAG
OYMLTDREMQSILITGESGAG
QFMLTDRDMOSILITGESGAG
QFMLTDREMQSILITGESGAG
QFMLTDREMNQSILITGESGAG
QFMLTDREMNQSILITGESGAG
QFMLTDRENQSILITGESGAG
QFMLTDREMQSILITGESGAG
RSMLODREDQSILCTGESGAG
RSMMODREDQSILCTGESGAG
ROMLQDREDQSILCTGESGAG
ROMEVLEMSQSITVYSGESGAG
RCLWKRHDNQCILISGESGAG
FNMERMSRDQCCIISGESGAG
QSLRDRDRDQCILITGESGSG
RSLRDODEDQCILITGESGAG

v EEEE
" E

B

MDLLSEMAGOPHFWRCIKPNE
SELMETLGQAEPYFWRKCIRSME
HLLMETLMNATTPHYWVRCIKPMC
MELMTMLRTTHPHFWVRCIIPNE
MELMTHLRSTHPHFWVRCIIPNE
MELMTHMLRSTHPHFWVRCLIPNE
MELMSMLRTTHPHFWRCIIPME
MELMTNLRSTHPHFWVRCIIPME
MELMTNLRSTHPHFWVRCIIPME
MELMTHMLRSTHPHFWVRCIIPNE
MELMTHLRSTHPHFWVRCIIPNE
GELMTTLRNTTPNFWVRCIIPNE
AELMATLRNTHPHFWVRCIIPNE
TELMATLRNTHPHMFWVRCIIPNE
MLLLD®LRSTGASFIRCIKPML
HSLMATLSS55MPFFWRCIKPNE
ELLMRTLGACQPFFWVRCIKPNE
AILMENLYSESPNYIRCIKPME

Figure 5.11- Sequence alignment of multiple human myosin heavy chains. (A) The conservation of threonine 178
from MyHGemb across different myosins. The threonine is either conssl or replaced by a serine. (B) The
conservation of arginine 672 from MyH&mb across different myosins. The arginine is highly conserved apart from a
lysine in myosin 9.
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5.3 Discussion

5.3.1 Kinetic differences between FSS mutants and wild type Mygtb

It is apparent from Table 5.1 that the kinetic changes between wild type MyrhleCand
the other three mutants are very significant. These differences have been summarised in
figure 5.2 which clearly shows where there is an increase or decrease in affifigyre

5.12A) or rate constant (Figure 22B).

1800:LA % | R672H
R672C
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Percentage change of FSS mutant MyHC-
emb compared to WT MyHC-emb (%)
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Q{—» '\Yg.\l \t;sg-“ N R N
Equilibrium constant " Rate Constant
Figure5.12 ¢ Percentage changes between FSS mutants and WT MstidE (A) Percentag
changes in the equilibrium constants of the tbe FSS mutants compared to wild type My#
emb. An increase or decrease in equilibrium constant indicates a weakening or tighteni
the affinities compared to wild type respectively. (B) Percentage changes in rate constal
the three FSS mutants conaped to wild type MyH@mb. An increase or decrease in r:
constant indicates the step is faster or slower than wild type respectivelyp < 0.05, **p <
0.01, *** p< 0.005.
One of the commorsignificantchanges thatvasseen between the wild type MyH&nb
and the three mutants is the reduction in ATP hydrolysis rate constagt+(ks). The
slowingof this rate constant may even become the rate limiting step of the ATPase cycle.
This could therefore be the cause of the reduction in maximum ATPase ratg. (V
However as the Berkeley Madonna modelling shows the rate limiting step is the

phosphate retase.

The slowing of the cycle also appears to be a common significant change for all three
mutants. The slowing of the ATPase cycle will lead orafunctioningmotor which will

inhibit the muscle. The reduction in the may also contribute to the pinotype seen
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for the T178I. Beckt al. (Beck, McMillin et al. 2014howed that the phenotype of T178I

was the most severe of the three mutations, followed by R672H, and R672C as the least
severe. Taking into accouthe ATPase assay the kinetics begin to mirror the phenotypes
somewhat. R672H has more differences compared to the wild type, T178l has some of
the most significant differences and R672C while still having big changes may not be as

severe as the other two

5.3.2 Berkeley Madonna modelling

The modelling data gives a clear impression of how the ATPase cycle is behaving in the
WT MyH@mb and the three mutants. It also shows how the duty ratio will be affected in
each case. Forthe WT My 5CY 6 F 1 p 23  Z2irfthe ivéaBly bpund aad- datached
state. For the two R672 mutations the detached state increases to aroungd880% of

the cycle, while for the T178I almost all of the S1 is in either the detached or weakly bond
state (Figure 5.13)This decreased attachmewill reduce the force producing capabilities

of the mutants, potentially causing them to be redundant motors. This would result in a
net loss of energy as the ATBn still be hydrolysed but at a slower ratEhe modelling

data also estimates that thehpsphate release step becomes the rate limiting step in the
cycle, particularly in the T178l where the.ayYis significantly limited by the phosphate
release. Given that T178 is located inthe R 2 L) ¢ KA OK A& NBALRY aA
LIK2aLKIFGS 2F 1 ¢t Ad Aa dzy a-padsoid® i Aaffested (0 K |
However a prediction of how the muian could affect the phosphate release step could

not be made based on the structure

5.3.3 dgnificanceof interaction losses in the mutated myosin motor

Some clues as to the stoppdidw kinetic changes can be found in the homology models
that were built. Bth residues are located near to or adjacent to the nucleotide binding
pocket. The loss of the hydrogen bond between the R672 and T178 may explain why the
¢t 0 A VRE} iy @duaed for all three mutations. This may also explain why the

R672H mutatia is the least effected since the hydrogen bond is maintained in some of
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the structures. This would indicate that the bond is stabilising the nucleotide pocket, and
losing it significantlyaffects the ability for ATP to bindThe effect of the two R672
mutl G A 2 y & -phobphatekr8lease could be caused by one of two things or both:
Firstly the loss of the HHond between R672 and T178 disrupts théo&p. Secondly the
loss of the interaction with the relay helix limits the power stroke which is linkedhé¢o t

phosphate release.

Another observation from the structures is the cause for the reduced tryptophan
Ffdz2NBaOSyOS Ay |ttt Ydzilhyda Y2ad y-galiohof &
bond between R672 and F490 on the relay helix may be a caughigoobservation.
Uponinvestigationin two structures: one in the rigor conformation (PDB 20S8) where the
relay helix is straight, and the other in the goewer stroke (1QVI) where the relay helix

is bent (Figure 53A). When the relay helix bends dugidTP binding, the loop at the N
terminus of the helix moves in relation to the rest of the molecule. This results in the
fluorescence signal seen. The F490 is located on the relay helix just before the helix bend
and maycontribute to holding the relay hiéx in place. Considering that the two R672
mutations lose tryptophan fluorescence and F490 interaction, this is a possible cause.
F490 has also been identified as one of three phenylalaniriesheret al., 2005)(Fgure
5.13B) that lock together to form a fulcrum for the relay helix to bend around and

generate the force of the power stroke.

The reduction in tryptophan fluorescence for the T178I however is less obvious. It may be
a disruption in the nucleotide pocketr the hydrogen bond to R672, which may in turn

relay the signal. F490 also has been identified as one of three phenyalanines that may
play a part in creating a hinge around which the relay helix bends. Therefore the loss of

0 K Sation bond may reducéhe stability of this region.
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Figue 5.13 ¢ Interaction between R672 and F490 in the rigor and frewer stroke. (A) Th
relay helix in the rigor structure (blue) and in the pigower stroke (red) are superimposed
display that the helix bends just after the F490. (B) Two other phenylalas (F489 and F67
have been postulates to be involved in a hinge point around which the relay helix ber@sche

et al., 2005)
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6 Characterisation of Juvenile Hypertrophic Cardiomyopathy mutation

H251N

6.1 Introduction

6.1.1 Background

Hypertrophic cardiomyopathy (HCM) is an autosomal dominant disease with a variable
clinicalexpressionSpirito, Seidman et al. 1997he clinical symptom of HCM is enlarged
hypertrophic ventricle walls and a reduced intrantricular volumgColan, Lipshultz et al.
2007). While adult cardiomyopathy is a fairly common diseas¢e(of incidence id in
500in the U$(Maron, Gardin et al. 1995, Harvey, Leinwand 2011, Semsarian, Ingles et
2015) the juvenile form of the diseaserarer (estimated 1.13 in 100,0Ghildrenfor all

juvenile cardiomyopathiegBublik, Alvarez et al. 2008)

There is however debate as to the underlying cause of HCbhbth adults and children

with sarcomeric mutations only accounting for between-8 % of casegRichard,
Charron et al. 2003, Van Driest, Vasile et al. 2004, VastD@mmen et al. 2005Non
sarcomeric disorders have also being linked to caud¢iCM, such as: Glycogen storage
disease(Arad, Maron et al. 2002) p Q | RSy 2 & A y-&ctivitetd ypteiikkihaseJK |- (
(Murphy, Mogensen et al. 2005and lysosomal storage disea&achdev, Takenaka et al.
2002) However recent studies claim that these conditions may account for less than 10 %
of HCM caseéColan, Lipshultz et al. 2007, Nugent, Daubeney et al. 20@b}therefore
mutations in sarcomeric proteins may account for more HCM cases that currently

believed.

A study from 2009Kaski, Syrris et al. 200@)\vestigated causes of HCM in 140 patients
diagnosed before or at the age of 13. Of these 25 had a syndrome or metabolic disorder
and 36 other patients refused to take part in the study. In the end 78 pts took part of
which 42 were found to be mutation positive. Many of these mutations were known

mutations in actin, myosin binding prote® (MyBR 0 = | O NRA IOV X &z
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myosin light chain, troponin | and troponin T. However several novel nuunsitivere also
identified, among these was H25IN inthe MyH@® ¢ KA & o6l & | y2@St
one of the 42 preadolescents investigated in that study. Little is known about the causes
of HCM in children due to observational studies reporting a lowegudency of the
disease in childreifColan, Lipshultz et al. 2007, Nugent, Daubeney et al. 20@b)hat

left ventricle hypertrophy usually develops during the adolescent growth sfderon,
Spirito et al. 1986)This has meant the cases are overlooked and we are only just starting
to investigate the diseases in children. A recent study reported that in patients diagnosed
with HCM under the age of 15, 55%dha mutation in a sarcomeric proteifMorita,
Rehm et al. 2008)These studies have helped to highlight the growing evidence that

sarcomeric gene mutations causing HCM are as common in children as in adults.

6.1.2 Aim

In order to investigate the effects of this mutation on the function of MyHE ¢ S  dz&
the same recombinant expression system (Chapter 2.2) as the WT embryonic myosin
(Chapter 4), and the 3 Freem&heldon Syndrome mutations (Chapter 5). The purified
H251N wa then used in a number of kinetic stoppBdw spectroscopy assays to assess

how the ATPaseycle isaffected in the mutation.

The aim of this investigation then is to assess whether or not there is a significant change
in one or all of the kinetic paraners of theATPas@® & Of S® ¢ g2 WI RdzZf 0 Q
(Nag, Sommese et al. 201&)d R453CBloemink, Deacon et al. 201Have already been
characterised; however the unloaded ktieeparameters changed very little suggesting
these severe mutations alter the myosin only very slightly. It is thought that this novel
Wa2dz@SYyAtS 1/ aQ Ydzill GA2y Yl & KIF@S | Y2NB
phenotypic HCM heart to preseitself in infants and children.
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62 MyHGI | uHupwmb (AYySGAOa

621 / Kl y38a Ay ydzOf $2 (iSLRdnpaietl i6 WA MYHCEL2 | Hp M

The H25IN MyHC 61 & SELINB & & SR dzChaptar 2.8.K3fs thelwdS Y
type (Chapter 4) and FSS mutants (Chaptdieése however the histag was locagd on

the human essential light chain (MYL3). This meant that only the S1 was purified along
with one light chainThe yields were similar as well a2ImL 1620 uM active SWwhich is

similar to the yields obtained for the wild type MyHCS1(Nag, Sommese et al. 2015)

The data presented here for the H251N mutation was compared to wild type My$iC
obtained by Nagpt al. The buffer conditions used here are the same as those used in the

wild type S1 stoppedlow assays.

It is possible to follow the ATP binding to myosin S1 through the exploitation of the
tryptophan at the end of the relay helikTrp508) Upon binding the conformational
change associatewith the recoverystroke causes the tryptophan to move relative teet

rest of the motor domainMixing S1 (100 nM after mixing) with MgATP (10 uM after
mixing) leads to a change in fluorescence that can be measured (Figure 6.1A). By
increasing the MgATP concentration thg,kincreases in a hyperbolic manner (Figure

6.1B)which can be described by equati@rB (Chapter2.3.2.)).

The second order rate constant for ATP bindingedd (2 @6+ 0.6 ubs?
which is slightly faster than wild type (5.8 + 0.4 ") but this wasnot significant
different. The AP binding affinity for S1 (1/Kfor the mutant is 20.3 = 3.4 uM. This is
weaker than the wild type (15.9 + 1.4 uM) but again not significantly different. The most
drastic change determined from this assay is thexkvhich is associated with the
hydrolyss rate constant (k + ks). For the mutantthis hydrolysis rate constant value

(125.7 + 9.3°9) wassignificantly38 %faster(91.2 + 1.8'3) thanthe wild type.

Tryptophan fluorescence can also be used to measure the ADP affinity fogkala&
well as the ADP release rate constants(kigure 6.2)S1 was incubated with varying

concentrations of ADP and rapidly mixed with a fixed concentration of ATP.
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Figure 6.1¢ ¢ NB LJG 2 LIKI y Ff dz2 NBaOSy OS -S2.7A) A tEhte®t00 nMA
| Hp m481 rapidly mixed with 10 uM MgATP. As MgATBubd to the S1 it causd a
conformational change in the relay helix of the Sihich led to a change in fluorescence. Th
could bewell described by a single exponential fjblack line). This ylded a kys= 55.2 & and
an increase in fluorescence amplitude = 4.8 @) As he MgATP concentration increasesb

did the kos This was plotted against MgATP concentration and follows a hyperbol
dependence.
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Figure 6.2¢ 1 H p M-B1 ADP affinityo ! 0 ¢ KS of F O] (NI OSS1 tapidlys
mixed with 20 uM MgATP. This was best described by a single exponential (red fit line).
resulted in a ks = 58 § and an increase in fluorescence amplitude = 4.5 %. The red tre
shows 100 nM H251MN-S1 preincubated with 2 uM ADP rapidly mixed with 20 uM MgAT
This was best described by a double exponential (black fit line). This yieldega=k0 & for
the fast phase and 0.87sfor the slow phase. The increase in fluorescence amplitude =%.*
for the fast phase and 3.1 % for the slow phase. (B) The hyperbolic dependence of
amplitude of the fast (black) and slow (red) phases on ADP concentration.

| Hp m-B1 (100 nM after mixing) waseincubated with increasing concentrations of
ADP to allow ADP to bind to the nucleotide pocket of the motor. It was then rapidly mixed

with a fixed concentration of MgATP (20 uM after mixing) which displaced the ADP and
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bound to the S1. The fast phasefigure 6.2A represents the MgATP binding to S1 with
no ADP already bound. The slow phase is indicativAR®P being released from the

nuckotide binding pocket and ATP binding resulting in the fluorescence change.

Given that the fluorescence amplitude associated with the tryptophan fluorescence
upon ATP binding, as the ADP concentration increases the amplitude of the fast phase
RSONBIFIaSad ¢KA& Aa RdzS G2 GKS LR2t 27F W¥
ADP. Therefore the amount of Sthat ATP can bind to willlecrease,leading to the
reduced amplitude observed. Similarly for the slow phase more S1 has an ADP bound
which has to be releasetiefore ATRcanbind and so the amplitude increaseBhe ks
should be unaffected by the ADP contation. However at the higher ADP
concentration the ks increased from 58 5to 90 s'. This was most likely caused by the
amplitude of the fast phase becoming too small and measuring the dccurately

became harder.

The kps of the slow phase is st very important since this represents the Abéng
displa@d from the S1 before ATP binding. The average of the slow phasthé&refore

yields the ADP release rate constantsl(k® C2 NJ (0 KS Bizbe ky(fi0+102p mb
s%) is not significantlyaster than the wild type (0.63 + 0.03,sTable 6.1).

Finally the amplitudes of the fast and slow phases can be plotted against the ADP
concentrations. This yields two hyperbolic curves, with the fast phase decreasing and the
slow phase increasing. Thdop of the fast phase isvell described byequation 2.20
(Chapter 2.3.2.1) and the slow phase by equafid¥ Chapter 2.3.2.1). Both fits result in

a Kogvalue equal to the ADP affinitygk0 @ ¢ KS @I f dzS F281(0.1S Yd
0.01 uM) is significantly tighter than the wild type (0.53 = 0.07 puM).

6.2.2 Changesinnucleotidebdh y3 G2 | wpwmb i FOld2da{m O2Y
acto.S1

Myosin S1 when bound to pyrereetin (pA) quenches the fiwescence signal. When ATP
is mixed with the pyrenactin.S1 (pA.S1) it rapidly dissociates the S1 from actin. This

leads to an increase in fluorescence (Figure 6.3A).
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50 nM pA.S1 (concentration after mixing) was rapidly mixed with increasing
concentratiors of MgQATP. At MgATP concentrations lower than 40 uM the transient was
best described by a single exponential (Figure 6.3A). At 40 uM MgATP and above a slow
phase emerged (Figures 6.3A and B) which is thought to be associated with an opening of
the nucleotde pocket(Deacon, Bloemink et al. 2012)The equilibrium constant for the
opening of the pocket (K) is determined by the ratio of fast phase amplitude to slow
phase amplitude (Figure 6.3B). The ratio was calcdlédeeach trace best described by a
double exponential then averaged per biological replicate. The rate of the fast phase
becomes so fast at the higher ATP concentrations that the amplitude becomes lost in the
dead time of the instrument. Therefore the lue calculated for figure 6.3B is lower than

the average value ofiK, The K for the mutant is 6.7 + 1.1 compared to the wild type 4.1

+ 1.4; however this is not a statistically significant difference.

The rate constant for the pocket opening, (B.can also be determined from the traces in
figure 6.3A. ATP cannot bintb the S1 while it is in the closed state. Since the
fluorescence change can only occur once ATP binds to S1 causing it to dissociate and sto
guenching the pyrene, the slow phase must be the rate of the conformation change from
closed to open. Also theu did not increase with ATP concentration cotesig with it

y20 0SAy3 !¢t RSLISYRSYyiGod ¢KS | OSNIAGave2 T |
alen (39.7 + 5.99) significantly slower than the wild type (153.4 + 10'6Eable 6.1).

Plotting the fast phaseyksas a function of MgGATP concentican (Figure 6.3B) theyk can

be best described by a hyperbolic dependence using equation 2.3 (Chapter 2.3.2.1). At
low MgATP concentration the dependence is linear resulting in the second order rate
O2yail]y@o KB ¥ @zS T 2-Sllis 5.1 powttuM is* compared tothe

wild type value of4.4 + 0.2 pM s*; however this is not a significant difference. The S1

L ¢t | F 7T, dshdétérmineanby th&ls,of the hyperbola, is almost 3 fold tighter for
0KS | HiwiB1 +i19 pM) camared to the wild type (327.9 + 53.3 uM). The final
rate constant that can be determined from this assay is the maximum rate of ATP induced
RA & &2 OM) This B gver® ol slower for the H251N (666 +§3ahen compared

to the wild type (1543 400 $Y).
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Figure 6.%! ¢t AYRdzOSR RA & & @dmlpiréneé Igbell@dfactih. GAD Tiné blai
trace shows 50 nM pyrenactin.S1 (pA.S1) vs 10 uM MgATP (concentrations after mixir
This is best described by a single exponential (red fit line). This resui a k,s= 36.8 & and
an increase in fluorescence amplitude = 17.6 %. At the highest MgATP concentration (80
after mixing, red trace) the transient was described by a double exponential (black fit lir
which can be seen more clearly in (B). @hahas been normalised between 0 and 1. (B) !
nM pyrenel Ol Ay 1Sk mapidly mixed with 800 pM MgATP resulted in gde 369 &
and 33.1 & for the fast and slow phase respectively, while the increase in fluorescer
amplitude = 8.6 % and 3.1 % fahe fast and slow phase respectively. The lcan be
calculated from the ratio of these amplitudes, for the H251N mutation j& 2.8. (C) Theok
of the fast phase when plotted against MgATP concentration had a hyperbolic depende

on MgATP concentrabin whereas the slow phase did not.

Ly 2NRSNJ (2 RS I-SINUDR #ffidity in k8 pALSa pomnplex A competition
assay is used where pA.S1 is pushed against a mixture of a constant ATP concentratior

and an increasing ADP concentration. As more ARBded it will compete with the AT
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for binding, occupying the nucleotide binding pocket, and therefore slowing the rate of

ATP binding and dissociation.

1.0

0.8+

0.6-

0.4+

Normalised Fluorescence

50 100 150 200
[ADP] (uM)

Figure 6.4c Acto-H p m K51 affinity for ADP using the ATP competition assay. (A) Transient
50 nM pA.S1 rapidly mixed with a constant 50 uM MgATP and increasing ADP concentratio
¢ 200 pM). Either ADP or ATP his to the acto.S1 with the dissociation event occurring aft
ATP binding. If ADP binds then this needs to dissociate before an ATP can bind. For a fas
myosin the ADP dissociation is very fast and no slow phase would be seen. However for
type myosins such as MyHC the dissociation is slow and a slow phase appears in t
transients. All were fit with a double exponential with the fast phasepkslowing as ADP
concentration increased, except for the 0 uM ADP trace which was a single exponeiitia.
slow phase ks is indicative of the nucleotide pocket opening/closing and averaged to 39'7
(B) The fast phase,k plotted against ADP concentration. Thedkhas a hyperbolic dependence

upon ADP concentration.

Figure 6.4A shows the transients of the ARBmpetition assay. 50 nM pA.S1
(concentration after mixing) warapidly mixed with 50 uM MgATP and 0 to 200 uM ADP
(concentrations after mixing). The trace obtained at 0 uM ADP was best described by a
single exponential while the traces at all other ADP concentrations were double
exponentials.This can be caused bjie¢ ADP binding to the acto.S1 preventing an ATP
from binding. The slow phase emerges as ADP dissociates at a slow rate before either &
new ADP or an ATP can bind. A second caudeedlow phase observed is thought to be
associated to the open and clossthte of the nucleotide pocket as seen with the ATP
induced dissociatiofiDeacon, Bloemink et al. 2012)DPcan bindto pA.S1 in theopen

state and the pocket closesTheefore the conformational change from closed bpen
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must occur before ADP can be releasaadd before ATP can bind and lead to the
dissociation step. The equilibrium constant for the close to open step (5.5 + 1.1 for

0 KS | H (Thbl&il). This step was not observed for the wild type untte same
conditions (25 mM KCI) however it was seen at higher salt (100 mM (B€dcon,
Bloemink et al. 2012)suggesting some salt dependence. The rate constant for the
conformational change from closed to opens(B was determined from the ks of the

slow phase. Again this was not observed for the wild type under the same conditions but
was at the higher salfDeacon, Bloemink et al. 202) ¢ KS @I f dz81iF®24NJ | H
2.7 §' (Table6.1). This value is an average of the slow phases observed. (fJ@n

fluorescence amplitude were unaffected by the increase in ADP.

¢CKS 15t | FTFAYdNéouldiur Ntetmdeédbypglotiing dhg @ of the fast

phase againstite ADP concentration (Figure 6.4B). As the concentration of ADP increases
more will be available to bind to the acto.S1 complex therefore outcompeting the MgATP
slowing the dissociation reaction. This leads to the curve seen in figure 6.4B which has a
hyperbolic dependence best described by equatih6 (Chapter 2.3.2.1) which gives the
YD f dzZSd ¢ KS Ysdzivds §6iind to hapenalsignificantly weaker ADP affinity
(20.8 + 3.6 uM) compared to wild type (6.1 + 0.3 uM) in the presence of actin.

Ly | aSLINFXGS Faare G2 YSI adgN®D nMpAS1 was t
preincubated with a saturating ADP concentration (0.5 mM) and rapidly mixed with high
concentrations of MgATP (B4 mM). The ADP was pteeated with hexokinase and
glucose to ensure any ATP contamination was converted to ADP and would not affect the
assay. P1P5Di(adenosingg Q0 LISY (F LIK2ALKIF GS o! Llp! o &I
adenylate cyclase activity, which would phosphorylate ADP back to ATP. An average of
the kops Was calculated and summarised in tabld. The ADP release rate constant is not

significantly differentfor the mutant (56.7 + 2.9 and the wild type (58.7 + 1.75

PAAY 3 (KS  kYsjlandlthg ADPyeledse raté coiidtants it is possible to calculate
0KS aS02yR 2NRSNJ ! 5t ;] @A YORA YRIA ONEMNRIAS/ 1y H&IYKAS(
Y& QThis rate of ADP binding is over three fold slower for the mutant (27 gy
compared to the wild type (9.6 puis?).
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6.2.3 Changes in actin affinity to H25INMyHC { m O2 YLJ NBR {i@a 2 ¢

The affinity of S1 for actwasdetermined by the method previously describedChapter
3. A fixed concentration opyreneactin is incubate with varied S1 concentrations and
rapidly mixed with a constant concentration of MgATP. As the S1 concentration increases

the start point of the dissociation trace decreases, resulting in increasing fluorescence
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Figure 6.5¢ Actin affinity of H25x b -S1 in the absence and presence of ADP. (A) Transient
increasing concentrations of S1 0200 nM) incubated with a fixed concentration of 30 nM p;
rapidly mixed with a fixed MgATP concentration (20 uM). Since the ATP concentration

fixed the kys remained constant throughout. The transients have been normalised to tl
same start point to highlight that the fluorescence increases, in reality they would all have
same end point. (B) The relative amplitudes plotted as a function of the S1 cotraéon. The

black squares indicate the assay without ADP present, while the red triangles represent

assay with (500 uM) ADP present.

amplitudes. This can be carried out in the absengg gKpresence (i) of ADP.

For the actin affinity in the absence of ADP Y Kassay30 nM pA was incubated with
varying S1 concentrations-@0 nM) which was rapidly mixed with 20 uM MgATP (Figure
6.5A, concentrations before mixing). As the S1 concentration increased so did theerelati
amplitude ((fluorescence amplitude/end point fluorescence) x 100) which was plotted as
a function of S1 concentration (figure 6.5B). The data was then fit with the quadratic
equation 3.1 (Chapter 3.2.3). The actin affinity in the absence of ADP waty gighter

for the mutant (8.7 £ 1.5 nM) but not significantly different to the wild type (10 £ 1.8 nM).
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The assay could be repeated this time in the presence of ADP to determine the actin
affinity with ADP (Ky. 30 nM pA was incubated with varied Shecentrations and 500
UM ADP (treated with hexokinase and glucose, see above) and Ap5A and was rapidly
mixed with 500 uM MgATP (concentrations before mixing). ADP weakens S1 affinity for
actin so a higher concentration was required to determine tbg Kherelative amplitude
increased with S1 concentration as in the absence of ADP and again is best described by :
j dzt RNIF A O SljdzZt A2y 6 CA 3-8iNdas ao @masti2dicidkti§htery dzi
affinity for actin in the presence of ADP (56.3 £ 9.3 nM) canexqb to the wild type (109.3

+ 24.1 nM).The number of repeats for the mutant was only 2 for this measurement.
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Table6lcwl 68 YR Sljdzhf A 6 NA dz¥{ W2FAYiLIYNBIR 2 FS1KES |
Statistically significant differences (determinedl @ { G dzRSy 1 Qa G GSaiduv KI @

e
ATP binding to S1
Kiksz (UM™ s 5.8+ 0.4 6.4+ 0.6
1/K1 (UM) 159+ 1.4 20.3+3.4
Kmax OF iz + Kz (1) 91.2+1.8 125.7+9.3
ADP binding to S1
KeKz (UM) 0.53 +0.07 0.19 + 0.0F
Ko (ST 0.63+0.03 1.0+0.2
ATP binding to actin.S1
K'K's2 (UM sh) 44+0.2 51+0.4
1/K'1 (UM) 327.9 +53.3 131 + 19
K'+2(sh) 1543 + 100 666 + 58’
K 41+ 1.4 6.7+1.1
ke n (57 153.4 + 10.6 39.7+5.9¢
ADP binding to actin.S1
K'sK'7 (LM) 6.1+0.3 20.8+ 3.6
K6 (%) 58.7 + 1.7 56.7 2.9
K7k's (UM™sh) 9.6 2.7
Ko s No second phas: 55+1.1
kp » €51 No second phas 5.4+27
K'sK'7/K 6Ky 11.5 109.5
S1 affinity for actin
Ka (NM) 10+ 1.8 8.7+15
Koa (NM) 109.3 + 24.1 56.3 +9.3
Ko Ka 10.9 6.5

#(Nag, Sommese et al. 2015)

"pr nonp RSGESNVAYSSHRI olea {di2RIySER (2 oAt R G&LIS

‘pr ndam RS {SNYAgsSRcYA I NBRIZRISYSEAE R (& LIS |

‘pr nonnp RSUSNMEPSER ba DeWRBPBAa G2 AT R UG8 LS
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6.2.4 Structure analysis

Ly Fy FGGSYLW G2 dzyRSNROI YR (KS1, €rbctz@lS 2
analysis was carried out. H251 is located ontfle & G N} YR 2y GKS OSyi
sheet than runs through the middle of the myosin motor domain separating the upper

and lower 50 K domains (Figure 6.6).

The location of H251 is very close to the-i@®er previously described for the Arginine
453 Cyweine (R453C) mutation in MyHC | f a2 | & & 2 O(BlbeiSkRDedcan( K
et al. 2014) In fact Bloeminlet al. identified H251 as a residue that interacts with the

R453 residue throughout the myosin crdssdgecycle.

To investigate this further, 6 homology models were made using SMEEEL(Biasini,
Bienert et al. 2014, Arnold, Bordoli et al. 2006, Guex, Peitsch €d@, Kiefer, Arnold et

al. 2009) The 6 scallop structures (PDB: 20TG, 20S8, 1SR6, 1QVI, 1KK8, and 1S5G) w
used as a@mplate to whichthe MyHC & S1j dzSy OS 4+ & YI LILISR® ¢
forMyHG ¢+ & LI ANBAAS FfEAIYySR (G2 GKS &aSidsSy
MODELwas used to createghe homology models. These scallop structures represent
nearly all the tates of the crossridge cycle so give us an indication of how the molecule
structure changes as well as the intramolecular bonds. The structures were visualised
using Visual Molecular Dynamics (VMD) softw@teimphey, Dalke et al. 1996)The
interactions of H251 are summarised in tal@li® along with the interactions lost in the
Ydzi F yi | HpmMbd ¢KS &G NHzO( dzbddiac2GFP ¢hitnéra (RIBBO 2
4P7H) was also visualised to verify the interactions seen in the homology models were

consistent and accurate.
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Central B-sheet £

Relay helix

<= 180 ° rotation about the yaxis

Figure 6.6 A homology model of the MyHC a K2 gAy3d (GKS f 2 OlgPni

1QVI. (A) The overall structure of the motor domain showing the relay helix (yellow),-SH!?

(orange), Ghelix (pale green), H® Ay 1 SNJ 6 LJ £ S 6shedzJned). (BY R 180

rotation of (A) showing the location of H251 (blue). H251 iste 6" & G NI Y R 2 F -

sheet facing towards the Hdinker.

H251 interacts with 3 residues (Figure 6.7); Alanine 259 (A259), Serine 260 (S260), anc
| NHEAYAYS npo 6wnpo0d !-sirand6 dppositte H281canornt &NB T
hydrogen bond (H bond) to the histidine backbone rather than the R grous Th
interaction was found to persist in all but one of the homology models (PDB 20S8). The
interaction was also unaffected by the mutation of the histidine to asparagine so is
dzyt A1 Ste& G2 I F7FS GsheetliTh&third intbkdiztvi deNBeHZBFandi K S
R453 as mentioned has already been identified in Bloemirsk (Bloemink, Deacon et al.
2014yp ¢ K A &catidgnabontl which forms between the positive charge of certain

residues (arginine, lysine, or hiitie) and the delocalised electrons of benzene likg ri
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structures (phenylalanine, tryptophan, tyrosine, and histidine). These interactions can be
as strongor stronger than salt bridgegDougherty 1996)In ths case R453 is the positive

residue binding to the ring of histidine. This interaction persists through all the structures;
however it is lost when the histidine is mutated to asparagine, which is unsurprising since

asparagine is a necharged polar resice

Figure 6.7¢ Interactions between H251 and surrounding residué4251 (dark blue) can for
multiple intermolecular bonds with its neighbours: R249 (yellow), A259 (orange), !
(purple), R453 (pink), and Y455 (green). Dark green dashed lines indicate hydrogen
gKAE S &2f A R-cafiaddbofids SColbufs \6fShe stiuctures are the same as in fi
6.6.

Two other interactions identified are an H bond to R249 (PDB 20S8 and 1S5G) and an t
bond to Y455 (PDB 20S8), both of which are lost in the mutant.
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