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Abstract
The embryonic myosin isoform is expressed ntroduction
during fetal development and rapidly down- Autosomal dominant mutations in 5 of the

regulated after birth. Freeman-Sheldon Syndrom&0 human sarcomeric myosin heavy chain
(FSS) is a disease associated with misseng®yHC) genes cause a wide variety of cardiac
mutations in the motor domain ofishmyosin. It and skeletal myopathies (1); and new mutations
is the most severe form of distal arthrogryposicontinue to be discovered2-5). There are 2
leading to over contraction of the hands, feet, andevelopmental myosin isoforms: MyHC-
orofacial muscles, and other joints of the bodyperinatal (MYH8) and MyHC-embryonic
Availability of human embryonic muscle tissue (MYH3) both of which are expressed primarily
has been a limiting factor in investigating theduring fetal development and during muscle
properties of this isoform and its mutations. Usingegeneration (6).

a recombinant expression system we have studied There hae been few studies of developing
homogeneous samples of human motors for thewuscle in humans, however, the order in which
wild type (WT), and three of the most commonmyosin isoforms are exprest has been
FSS mutants: R672H, R672C, and T178l. Oudescribed. Primary skeletal muscle fibers appear
data suggest that th&/T embryonic myosin after 8 weeks of gestation followed at 10 weeks
motor is similar in contractile speed to the slowby the apparance of secondary fibers which
type I/ cardiac based on the rate constant for become the predominant form by week 21 (7)
ADP release and ADP affinity for actin.myosin. Primary fibers express MyHC-emb and the
All three FSS mutations show dramatic changesardiac or slow muscle isoform, MyHES, 9),

in kinetic properties, most notably, the slowing ofwith the MyHC-emb being detected before
the apparent ATP hydrolysis step (reducefl 5-MyHC-B (10). Secondary fibres initially only
fold) leading to a longer lived detached state anéxpress MyHC-emb followed by MyHC-peri
a slowed Vmax of the ATPase (2-35 fold), (10). At week 15 MyHC-emb accounts for abou
indicating a slower cycling time. These mutations31 % of all human MyHC transcripts (11), while
therefore seriously disrupt myosin function. a population of tertiary fibers emerges at week 16
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that expresses adult fast myosin (9, 12). Adultdevelopment than proximal muscles (18). They
myosins and tertiary fibres gradually increasemay therefore express embryonic myosin for a
towards the end of gestation (9, 10) as bothonger period of time than proximal muscles.
MyHC-emb and MyHC-peri are downregulated To understand the pathogenesis of FSS, it is
with MyHC-emb and MyHC-peri only being necessary to understand the nature of the defect in
faintly detectable in a few fibers in 1 month oldthe mutant myosin motor proteins and how it
infants. However, recently MyHC-emb protein might be corrected. Both residues involved, T178
has been detected outside this time window (13)and R672, are highly conserved in all myosin Il
Mutationsin MyHC-emb cause autosomal molecules and located near the ATP binding site
dominant distal arthrogryposis (DA2A), the mostclose to the Reop where the y-phosphate of ATP
severe form of which is Freeman-Sheldonbinds (Figure 1). Examination of homologous
Syndrome (FSS) (11). Phenotypes include clulnyosin motor domain structures (subfragment 1
foot, camptodactyly (contractures of the fingersor S1; Figure 1a) shows that T178 is at the end of
or toes), contractures of oral facial musclesA" strand of the central 7 stranded B-sheet and
leading to dwhistling facé phenotype, and in the close to the ATP binding site at the base of the P-
most severe cas scoliosis (14). There are loop (Figure 1b) in a location that can influence
currently 8 identified MyHC mutations that causeATP binding and hydrolysis. R672 is located on
FSS(14-16). 90% of FSS cases are linked3to the 3 p-strand with the side chain buried and
mutations in the motor domain of MyHC-emb: which interacts with the relay helix, SH1-SH2
R672C, R672H and T178l (14). Patients whodomah and the -strands on either side, regions
have the T178l mutation have the most severavhich go through major conformational changes
phenotypes (facial contractures and congenitaduring the myosin cross-bridge cycle (19, 20).
scoliosis), R672H results in intermediate severityNotably the crystal structures show an interaction
and R672C is the least severe (14). Adulsals  between R672 and T178 which may account for
fibres from individuals with wild type MyHC- the similar phenotypes in the mutants.
emb and those with the R672C mutation do not Due to the difficulty of isolating
differ in expression levels of MyHC-emb protein homogeneous myosin samples from human
(13). Tajsharghi et al (2008) (17) presented dateuscle and the limited ability to obtain samples
from a FSS patient witla T178M mutation in  from FSS patients, we utilisedn established
MYH3. At 15 monthghe individual had a higetr  recombinant expression approach (21). This
level of MyHC-peri expression (>20% of all approach was first used by Waegal (22) and
fibers) compared to that of 8 ‘healthy’ control  we have used to study the kinetics of all human
samplegq0 — 2% of all fibers) taken at a similar adult skeletal and cardiac isoforms, and two
time of development (10-15 months). Samplesnutations in the human cardiac MyHKC-
taken from the same patient at 5 years showedassociated with hypertrophic cardiomyopathy
predominance of type-1/MyHCf expression (HCM) (23-25). These studies have demonstrated
with small, scattered type-1 fibers. This suggestthat this is a powerful technique for studying
that there could be a compensatory effect or Aomogeneous, human, wild type and mutant
developmental defect which causes MyHC-perimyosin S1 samples using both biochemical
to be expressed later or longer in postnatakinetics andn vitro motility approachesVe used
development. Tajsharghi et al (2008) this recombinant approach to study pure human
hypothesised that the myopathy occurs duringvVT MyHC-emb and the BSScausing mutants.
embryonic development and that after birth, wherAlthough some results fia been reportedn
MyHC-emb is downregulated, there is a recoveryembryonic and R672C mutant muscle fibres (11)
of the muscle leaving some residual musclg13), to our knowledge this is the first detailed
defects. Functional studies on muscle fibers fronfunctional study of purifie®/T MyHC-emb and
healthy and FSS individuals with the R672Cany of the mutations that causss.
mutation showed that the mutant fibers had
reduced force, prolonged relaxation time, and M ethods
incomplete relaxation (13). Proteins — Human embryonic MyHC-S1
Embryonic myosin heavy chain is the mostproteins were expressed and purified as described
abundant during development when muscles arpreviously Resnicowet al. 2010 (21). We
being formed (6). Since distal muscles are moreonstructed shuttle plasmids containing the S1
affected in FSS, it is interesting to note that distatoding region for MYH3 (Metl-Ser843)
muscles appear to be formed earlier duringipstream of a 6x-Histidine tag. Using the
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pAdEasy kit these plasmids were used taand labelled with pyrene at Cys-374 (Criddle
construct  recombinant  replication-deficient 1985).
adenovirus that express MYH3. We first cloned ATPase - For steady-state ATPase
the WT MYH3 gene and then performed site-measurements we modified the NADH-coupled
directed mutagenesis to produce the R672Cassay as described in (27). This assay system
R672H and T178] mutations. The viral particlescouples the ADP production to NADH oxidation
were amplified using HEK293 cells and the cellto NAD*, therefore absorbance was read at 340
lysates were clarified using cesium chloridenm. We used a 96-well format and the assay
gradients and the concentrated virus was stored buffer used in all experiments was 12 mM PIPES,
a glycerol buffer at20 °C. 2 mM MgChk,and 1 mM DTT at pH 6.8 and 25
Infected GCi» cells were incubated for 5 °C. Bovine cardiac actin was purified as
days and frozen into a cell pellet. This was thempreviously described (Pardee & Spudich) and
homogenized in a low salt buffer, centrifuged andused for ATPase measurements. Once thoroughly
the supernatants purified by two procedures. Faand rapidly mixed the assays was read for 30 min
stopped-flow we used nickel affinity in a Molecular Devices SpectraMax to monitor
chromatography (HisTrap HP 1 ml column).absorbance over time. The Michaelis-Menten
Afterwards the S1 asdialysed into the low salt equation was fit to the data to determine the
stopped-flow buffer (25 mM KCI, 20 mM MOPS, maximal activity ¥may) and the associated actin
5 mM MgChk, 1 mM DTT, pH 7.0, Figure 2). constant for myosinu) using GraphPad Prism.
From between 1500-3000 érof cultured GCi Transient kinetics- All kinetic experiments
cells we isolated 1-2 mg of purified MyHC with were conducted in 20 mM MOPS buffer with 25
a concentration between 10-20 pM. A smallmM KCI, 5 mM MgCh, and 1 mM DTT , pH 7 at
amount of endogenous myosin persisted in the SA0 °C, unless otherwise indicated. Measurements
sample purified for stopped-flow. Using were performed with a High-Tech Scientific SF-
densitometry software (Scion Imag®e)analyse 61 DX2 stopped-flow system. The concentrations
SDS-PAGE gels we calculated the contaminatstated are those after mixing in the stopped-flow
myosin as < 5% of the S1 by mass; or 1:40 molaobservation cell unless otherwise stated. All
ratio of myosin:S1 It is possible that the myosin stopped-flow traces were analysed in either
and S1 were bound to actin and so were cosoftware provided by TgK Scientific (Kinetic
purified. Studios) or Origin  (Microcal). Intrinsic
For ATPase measurements the purificatiortryptophan fluorescence was measured by
scheme was modified and extended. Nickekxcitation at 295 nm and observed through a
affinity chromatography was performed by WG320 filter. In the absence of actin the kinetics
gravity in Bio-Rad Econo-Pac column packedof S1 and ATP or ADP were interpreted using the
with HisPur Ni-NTA Resin. Eluates were seven-step model described by Bagsteval.
dialyzed in a low-salt/low-imidazole buffer. The (28)(Scheme 1), where the forward rate constants
eluted material was subjected to anionic exchangare ki and the reverse rate constants are denoted
chromatography (HiTrap HP 1 mL column) andki. Ki = ki/k, representing the equilibrium
desalted by another buffer exchange into theonstant at thih step in the reaction.
ATPase assay buffer (see ATPase method). This In the ADP displacement from S1 assays the
gave a higher purity of S1 necessary for ATPasewo amplitudes are proportional to the
assays. concentration of S1 present as either free S1 or
As previously reported (21) the recombinantS1.ADP. ADP concentrations determine the
S1 co-purifies with the endogenous mouse lighamplitudes as follows:
chains (Figure 2). Essential light chains (ELC) AleW:Amax[ADP]+ An.  (Eq 1)
MLC1A, MLCI1F and regulatory light chain ‘;ﬁ[ﬁm’]
(RLC) MLC2F appear to purify with the Atast™T AS‘%: = -+ Amin (Eq. 2)
recombinant S1 since their bands are much denser

, _ When actin was present, the sample was
than theELC MLC3F and in the correct ratio t0 gycited at 365 nm, emission of pyrene-labelled

the heavy chain. They are the same light chaingciin was detected after being passed through a
that have been found to associate with embryonigy/399 cyt-off filter. The binding of S1 to pyrene-

myosin in tissue (26). The percentage identityype|ied actin quenches the fluorescence therefore
between the human and mouse light chains argssociation could be measured by an increase in

90-99%. Rabbit skeletal actin was prepared agjorescence. The interactions between acto.S1
previously described (Pardee & Spudich 1982)
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and ATP or ADP were analysed based on thenyosin was pairwise aligned with the sequence of
model in scheme 2 (23) the six scallop structures (PDB codes given
Following a reversible binding of ATP to below) using CLUSTAL OMEGA alignment
actomyosin there is a rate-limiting isomerisationprotocol. These alignments were submitted to
(k’+2) of the complex leading to rapid actomyosinSWISS-MODEL which generated the models.
dissociation. ADP and ATP compete for theThe sequence identity between the human
nucleotide binding site on the S1 akDP  embryonic S1 sequence and the scallop myosin
binding is governed by the dissociation constantvas 60% so allowed us to build well resolved
K’s (=K’ +s/K’s). structures. The scallop structures were used
A dissociation reaction can be measuredecause they represent different conformational
when the pyrene-labelled actin is in a complexstates of the cross-bridge cycle: post-rigor like
with S1 since the complex quenches the pyrenstructure with ADP bound (PDB code 20T@),
signal. ATP induces the dissociation of S1 fromrigor like structure without nucleotide bound
actin resulting in an increase in fluorescencPDB code 20S8), a post rigor structure without
allowing the reaction kinetics to be determineda nucleotide bound (PDB code 1SR6), a pre-
Using scheme 2, Eq. 3 can be used to determimmower stroke state containing ADFRD, (PDB

the constants K’1k’+2, k’+2, and 1/K’1. code 1QVI), the actin-detached state containing
K _ Kk 2[ATP] (Eq. 3) ADP-BeF (PDB code 1KK8), and a near rigor
obs™ i [ATP] 9. state with ADP bound (PDB code 1S5G). We

Eq. 4 defines the kinetics when ATP andcompared the interactions we found in the
ADP are in rapid competition for binding to the homology to the two MyHG@- structures (4P7H
actomyosin complex and that K’:[ATP] < 1, such and 4DB1, sequence identity 79%) to validate
that the equation is linear with respect to [ATP]. their existence in human myosin structures as

K p= K'lllji[LA]TP] (Eq. 4) well as the original scallop structures.
e
If in the absence of ADP theuk = ko then Results
normalizing Eq. 4 can make different myosin  Nucleotide binding to actin.S1 and actin
isoform comparisons easier. binding to S1 _ _
o ko1 (Eq. 5) The detachment of the actin.myosin cross-
el kg . 1aDP ' bridge is the step that is thought to limit

To determinzsthe actin affinity a S1 titration shprtening velpc_ity in con;racting muscle fibers.
his can be limited by either the rate of ATP

assay was performed as described by KurzawhS, : .
and Geeves (29). Fixing the concentration of!Nding to the cross-bridge or the preceding ADP
pyrene-labelled actin the amplitude of the ATprelease step (Scheme 2). Since these are the first

induced dissociating reaction providean reports of detailed kinetics of wild type (WT)

estimate of the fraction of actin bound to S1 aMyHC-enb, we will compare its properties_ to
another slow myosin, the well-characterized

increasing S1 concentraton The amplitude . .
dependence of S1 concentration was fitted to thMYHC-P. For slow type myosins the affinity of
ADP for actinS1is normally tigher than the fast

physically significant root of the following ,
quadratic equation. type myosins (Ia, IIb, 1Ix, o) and ADP release
limits the detachment and the overall muscle

2 4
- [M]+KD+[A]O'\/([M]+KD+ [Alo)"™ aia, shortening velocity (34-36). Therefore ew
2[A], examined these steps first.
(Eq. 6) ATP induced detachment from actin is

In all cases, the data in the figures refer taslower for myosin S1 carrying FSS mutations —
individual experimental measurements, wherea¥he ATP induced dissociation of S1 from actin
Table 1 gives mean values of the fitted constanivas monitored by the fluorescence of a pyrene
for a minimum of three separate measurement&bel covalently attached to Cys-374 of actin

using different protein preparations. (Figure 3A). At low concentrations of ATP WT
Sequence Alignments and Homology MyHC-emb, R672C and T178l are best described
Modelling — Three-dimensional homology by a single exponential fit. At all ATP

models were generated (Figure 1) for the humanoncentrations theiis a second slower phase fo
embryonic isoform using SWISS-MODEL R672H, which is best described by a double
automatic comparative protein modelling serverexponential fit. At high ATP concentrations
(30-33). The primary sequence for the embryoni¢[ATP] > 100 pM) T178I develops a slow second
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phase, similar to the slow component in R672Hrelease being of the same order or faster than the
A slow component was not seen for the WTrate constant for ATP bindingK:k:2[ATP])
MyHC-emb or the R672C at any concentration ofunder these conditions. This was confirmed by
ATP used. At low ATP concentrations there is ameasuring the rate of ADP displacement directly
linear relationship between .k and ATP by incubating the acti®l complexwith amuch
concentration for all constructs (Figure 3B) whichhigher ADP concentration and displacing with
gives a second order rate constant of actiseveral high ATP concentrations (see Figure 5)
dissociation(K’1k’+>, Table 1). Compared to -  (37).
cardiac myosin S1, the WT MyHC-emb shows This type of hyperbolic dependence on ADP
faster ATP-induced dissociation kinetics whereagoncentrationis not found for the other two
for the FSS mutants this process is slower (Tablmutations (R672H and R672C) which shows a
1, see Figure)9 biphasic transient (Figure 4C). This is consistent
The maximum rate of ATP induced  with the rate constant for ADP release (k’+s) being
dissociation is significantly altered by the FSS  slower than the rate constant for ATP binding.
mutations — Over larger ATP concentrations, the The fast phase results from ATP binding to the
relationship betweenol and ATP concentration fraction of actinS1 which is free of ADP while
is best described by a hyperbola (Figure 3B}he slow phase arises from the fraction of myosin
which gives a maximum rate constant ofas actinrSLADP from which ADP must first
dissociationk’+2) and the affinity of ATP binding dissociate before ATP can bind.
in the initial step 1/K Thereis a second slow For R672H the observed rate constant of the
component found at all ATP concentrations forslower phase remains constant while the
R672H and at the higher ATP concentrationamplitude increases at increasing ADP
(>100 pM) for T178l. One cause of a slowconcentration. In contrast, the fast phase
component could be ADP contamination,amplitude decreases while the observed rate
therefore S1 was incubated with apyrase t@onstant also remains constant (Figure 4£).
hydrolyse any ADP; however this has no effectsimilar behaviour was also seen for the R672C
on the slow component for either the R67@H mutation. When the fast and slow phase
T178l. This led us to the hypothesis that the slovamplitudes are  plotted against ADP
components caused by a conformational changeconcentration, both could be described by a
in the ATP binding pocket from a closed to operhyperbolic function (Figure 4D), giving an
state (K, Scheme 2) previously seen in MyHiC- overall ADP affinity K’s). Comparing these three
(37) (Table 1). The maximum rate constant ofFSS mutants to WT MyHC-emb, the ADP-
opening from the closed conformation.jkis  affinity of R672H is about 3-fold tighter whereas
summarised in Table 1. Using the ratios of thdor R672C and T178I| this parameter is not
fluorescence amplitudes for both components it isignificantly affected (Table 1).
possible to calculate the equilibrium constant of  FSS mutations reduce the affinity of actin
the conformational change {KTable 1). for myosin S1 but increase actin affinity in the
ADP affinity (K’s) for WT MyHC-emb  presence of ADP — By preincubating 30 nM
motor domain and the 3 mutations istypical of  pyrene-labelled actin (concentration before
a slow myosin — To determine ADP affinity in the mixing) with varied S1 concentrations and then
presence of actin, a competition assay was useadpidly mixing with 20 uM ATP (concentration
(Figure 4A. The observed rate constantogk before mixing, Figure 5A) it is possible to
reduces as ADP increases and exhibits determine actin affinitKa, Figure 5B). This
hyperbolic dependence on ADP concentrationmeasurement was repeated for the three FSS
defining the ADP-affinity, K’s (Figure 4B). A mutations. R672C and T178IvVea similar K
similar measurement for T178I resultsaimalue  value as WT MyHC-emb, while R672H has an
of K’s which is not significantly different from affinity almost 20-fold weaker compared to WT
that for WT MyHC-emb. The ADP affinity for MyHC-emb (Table 1).
WT MyHC-emb is about 2-fold weaker than the This assay was repeated with a constant
WT B-myosin S1. The FSS mutation T178I doessaturating ADP concentration (2the K’s valug
not alter ADP affinity compared to WT MyHC- preincubated with the acto-S1 mixture to
emb. determine the actin affinity in the presence of
The hyperbolic dependence afdon ADP  ADP (Kpa). The affinity of the WT MyHC-emb
concentration, found for WT MyHC-emb and for actin weakens 250-fold (FigureCh All the
T178l, is consistent with the rate constant of ADPmutants however have an affinity 2-4 fold tighter
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than the WT (Table 1). This measurement alsonixing with excess ATP to displace the ADP. A
gives an estimate of the ADP release rate constatwo phase reaction is expected, consisting of a
(k’+s) where a saturating ADP concentration isfast and a slow element representing the ATP
displaced by a high ATP concentration and isinding to free S1 and ADP being displaced,
independent of ATP concentration. This results imespectively (Figure 6C Increasing the

a single exponential, thekis therefore linked to concentration of ADP does not alter thgskor

the ks value. Neither R672C nor T178lVvea the fast or slow phase but does affect the
significantly different ADP-release rate than WT amplitudes (Figure B) as more of the S1 is
MyHC-emb, whereas R672H has an almost 3eccupied by ADP that has to be displaced (slow
fold slower ADP-release rate. The ADP-releasgphase) before ATP can bind. The measurement
rate for WT MyHC-embis significantly slower was repeated for each of t&SS mutations.

compared to cardig&myosin (Table 1). However, the low fluorescence amplitudes
Nucleotide binding to myosin S1 in the observed on binding ATP made $ee
absence of actin measurements very difficult. The assay was only

In the absence of actin, ATP binding tosuccessful for R672C, and even then it was only
myosin can be monitored by a change in theossible to observe the loss of the fast phase.
intrinsic  tryptophan  fluorescence.  The Using equation 5, thaDP-affinity (Ks) could be
fluorescence change is caused by structuraletermined, however is not significantly different
changes induced by both ATP binding and thdrom the WT MyHC-emb (Tablel). ADP
ATP hydrolysis step (Scheme 1 steps 1-3). displacement could not be measured for R672H
While the binding of ATP to myosin is not part of and T178l because the 2% amplitude observed on
the working cross-bridge cycle, the hydrolysisATP bindingis too small to measureAttempts
step controls how long myosin remains detachetb measure ADP binding using fluorescent
from actin. nucleotides Mant- and Coumarin- modified ATP

The FSS mutations reduce the ATP- or ADP also result in no apparent change in
binding and hydrolysis rates for MyHC-emb S1 ~ fluorescence for R672H and T178I.

— The binding and hydrolysis of ATP by myosin The Vmax and Ky values of the three FSS
was observed via the intrinsic fluorescence of Slmutants are reduced — The ATPase activity of
S1 at 100 nM was mixed with varying the WT MyHC-enb and the three FSS mutants
concentrations of ATP (Figure 6A). was measured as described in the methdgisth

All three FSS mutants hee significantly  the values of Maxand Ky are significantly greater
slower kps values and smaller amplitudes thanfor WT than those for the mutants (Figure 7A).
WT MyHC-emb. , and increasing the S1T178l| data was plotted on a log [actin] scale
concentration does not increase the amplitudé-igure 7B) to highlight that there is activation
The second order rate constant of ATP-bindingalong with the increase in actin concentration.
Kik+2, was determined by varying the ATP However the K is so low and the Max So slow
concentration and plottingok as a function of that this appears as a linear fit in Figure 7A. The
ATP (Figure 6B). ATP-binding for WT MyHC- values of \haxand Ky are summarised in Table 1
emb is about Zeld faster than for f-myosin S1  along with the Va/Kwm.
and all three mutants e significantly lower Homology models of the WT MyHC-emb
second order rate constants compared to Wand mutant motor domains show disrupted
MyHC-emb (Table 1). The three FSS mutationsnter actions between the ATP binding pocket
strongly reduce ATP-binding to myosin Sland relay helix in the mutant proteins — We
compared to WT MyHC-emb. examined the local structural interaction of the

The maximum rate of ATP binding for WT two mutated residues R672 and T178 using
MyHC-emb (k. Was also determined from the embryonic homology models based on both
hyperbolic fits (Fig 5B & Table 1). The value of scallop myosin Il crystal structures These two
kmax can either be attributed to the maximum rateesidues are highly conserved throughout the
of ATP binding (k2) with switch 1 and switch 2 myosin family and conserved in embryonic,
closing or the hydrolysis step.gk+ ks), which  cardiac and scallop myosin.
will be addressed in the discussion. The homology models of WT MyHC-emb

ADP-affinity is very tight for WT MyHC-  shows that residue R672 is buried in the core of
emb and R672C — The ADP affinity of myosin- the myosin molecule, located de 33 strand of
S1 can be measured by preincubating S1 witkhe central sheet. R672 interacts with residues on
varying concentrations of ADP and rapidly the twop strands on either side (B2 and p4) and
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also with a residue located on the relay helixhat has high affinity for actifKpa = 0.53 uM)
(F490). We will focus on two key interactions and therefore could hold tension against a load.
here whereas a more detailed summary ofhe slow ADP release rate constant is likely to
interactions can be found in Table 2A & B. limit the maximum shortening velocit¥, = d/t

One key interaction is the H-bond between= working stroke / attached life time) to 5-10
R672 and residue T178. T178 is located34 at nm/45 mec= 0.1-0.2 pm/sedit the same time
the base of the P-loop which is involved in ATPthe ATPase Wax is similar for the twoWT
binding and hydrolysis. This R672-T178 isoforms (6.0 and 7.0 resulting in a higher
interaction is found in all conformational statesunloaded duty ratio for the emb myosin (duty
available for WT MyHC-emb, indicating this H- ratio = Vma/k’+s = 0.33) compared to the P
bond is preserved as the myosin molecule goemyosin (0.10).
through the cross-bridge cycle. For both the  The second order rate constant for ATP
T178I and R672C mutations this hydrogen bondinding to actinS1(K’:k’+>), is two-fold faster for
is lost in all myosin homology models whereasMyHC-emb than for MyH@B. This is due to ATP
for the R672H mutant this H-bond remainsaffinity for actinS1 (K’;) being almost 4-fold
present in the majority of the structures. tighter (84 vs 327 uM) for emb-S1 while the

Another key interaction is the n-cation bond maximum rate of actin dissociati¢k’+2, 780 vs
between R672 and residue F490. F490 is locatetb00 ') is half that of MyHC{. This means that
on the relay helix close to a bend in the helixhe detachment of actin is slower at saturating
which develops during the recovery stroke andATP but much less sensitive to the concentration
recovers at some point during the power strokeof ATP available than the MyH@-This could be
This interaction is present in all WT MyHC-emb important as the MyHC-emb could maintain its
homology models but found to be consistentlyactivity in fluctuating ATP concentratisn.
lost in both R672H and R672C mutations The fluorescence change associated with
throughout the cycle. From our modelling it is ATP binding to MyHC-emlts1in the absence of
difficult to know if the loss of the hydrogen bond actin is twice that op-cardiacS1 The maximum
between the T178 and R672 in the T178] mutank.,s for this process at saturating ATP
results in disruption of the -cation bond between concentrations is also 30 % faster and close to
R672 and F490. that expected for a fast muscle myosin. This

R672, located othe central -sheet, appears fluorescence change has normally been assigned
to facilitate interaction between tRé strand and to the steps controlling ATP hydrolysis and the
the relay helix. Note that T178 is at the end of theecovery stroke (k + k3). ADP binding gave less
B4 strand and is immediately adjacent to the Pthan half of the fluorescence change for ATP
loop motif 1""GESGAG?®* This motif is one of binding to MyHC-emb suggesting the signal does
three loops that bind to thePi of ATP. Loss of primarily result from the change in the local
coupling of P-loop movements to the relay helixenvironment of the conserved tryptophan at the
by mutation to either R672 or T178 is expected t@nd of the relay helix that is known to report the
cause major disruption of the cross-bridge cyclerecovery stroke and hydrolysis step (39, 40). ADP

Discussion affinity in the absence of actin is almost 4 times

WT MyHC-emb has properties of a slow  tighter for MyHC-emb than MyH@-: However,
type myosin but differs significantly from the in the presence of actin, the reverse is true. ADP
classic slow type myosin, MyHC-g# — To our affinity is almost 2-fold weaker for MyHC-emb
knowledge this is the first complete kinetic This results in a large increase in the
analysis of the human embryonic myosin Sithermodynamic coupling constant for ADP
isoform. Comparison of the kinetic properties of(K’s/Ks), which increases almost 10-fold from
WT MyHC-emb to the slow WT MyH@; see  11.5 for MyHC-f to 95 for MyHC-emb. Thus,
Table 1 and Figure 9, shows that there aractin is much more effective at displacing ADP
significant differences between the two. for MyHC-emb than for MyHG3.

The high affinity of ADP for actin.myosin In summary, our data are consistent with
(K’s = 14 uM) and the slow rate constant for ADPMyHC-enb myosin being a slow type motor with
release from actin.myosink’¢s = 22 s') are a high nucleotide affinity as recently described by
indicators of a slow type myosin (38). The slowRacca et al (11). Our data also show that ATP
ADP release would result in a relatively longbinding (K’1k’+2) is 2-fold faster than MyH@;
lived AM.D complex (lifetime 1/k’+s = 45 ms  which is suggestive of a fast type myosins (41).
versus 17 ms for MyH@-under these conditions)  However,the ADP release rate (k’+s) is almost 3

7
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times slower than MyH@-which is indicative of  are significany reduced compared to the WT
a slow type myosin. Therefore MyHC-emb MyHC-emb. However, since the experiments
properties & between the fast and slow type were conducted with 30 nM pyrene-labelled actin
Myosirs. and the K values are less than 10 nM (except for
Thethree FSS mutations significantly slow ~ R672H), we can only conclude that the affinities
the cross-bridge cycle speed and alter the are verytight and may even be the same. We can,
balance of the cycle at various steps— The Vinax ~ however, say that the affinity of R672H for actin
for the ATPase cycle is reduced substantially (2s significantly reduced; almost 20-fold weaker.
to 30 fold) for all three mutations with at least 10The affinity in the presence of ADP {K), on the
fold increases in the apparent affinity of actinother hand is 1.5- to 4-fold tighter for all three
(Km). The rate constant for ADP release (limitingmutants compared to the WT MyHC-emb. The
cross-bridge detachmeni3 little changed for only significant difference between the three
T178I and R672C but reduced to '1/8r the mutants for ADP affinity in the presence of actin
R672H mutant. This results in estimateslef was the R672H wheresKvas 3-fold tighter.
duty ratio (=k’+s/Vmay) being reduced in each case From tresedata (Table 1) it is clear that all
from 0.3 forWT MyHC-emb to ~0.18 for the two three of the mutations have significant kinetic
R672 mutations and very low for T178l (0.008).differences compared to th&T MyHC-emb.
The two R672 mutations myosins would be abléThe common difference between the three is the
to sustain a lower force than tr MyHC-emb  reduced apparent rate of ATP hydrolysis.
and T178l would be very ineffective as a ®rc The interaction between R672 and therelay
holding myosin— consistent with this mutation helix is lost for the FSS mutants- This
having the most severe phenotype (11). investigation was limited by the lack of
The major differences between the WTtryptophan fluorescence change on ADP binding
MyHC-emb and the three mutations in the crossin the three mutants. Homology models for each
bridge cycle are ATP induced dissociation ofmutation suggest a possible explanation for this
actin from actin.S1K’:k’+2), ATP binding to S1 loss of fluorescence. R672 and F490 (on the relay
(K1k+2) and ATP hydrolysis (@ or k.s + k3) (see  helix) form a t-cation bond, which is lost with the
Table 1 and Figure 9). The results suggest thatvo R672 mutations. R672H has the potential to
ATP binding is slower than for WT MyHC-emb form n-n bonds (42) but none were observed in
for all three mutations, by a factor-2 for actin  the homology models. Thesecation interactions
S1 K’:ik’+2) and by 5- to 30-fold for S1 alone form between positive ions or protein resdu
(Kiks2).  The slowed rate constant for ATP and the n face of a benzene ring or other aromatic
binding is unlikely to have any physiological structure (43). These interactions can be as strong
affect because the ATP in the cell is maintaineds or even stronger than salt bridges, so a
at > 1 mM and each construct would be expictecomplete loss of such a contact could have a large
to bind ATP within 1 msec. The maximum rate effect on the protein. During the ATPase cycle the
constant of actin dissociation is, however,C terminus of the relay helix bends away from the
reduced 2- to 3-fold for the two R672 mutationsp-sheet, with the tryptophan immediately after the
and this would result in a longer lived A.M relay helix reporting a change in fluorescence as
complex(2-3 msec). it moves. Homology models for the rigor-like
One of the most striking changes is theconformation of myosin (PDB coddD&8) and
reduction of ks + ks by 5-10 fold. If this the pre-power stroke conformation (PDB code
represents the ATP hydrolysis step then thidQVI) revealed that F490 is located just before
would be a significant slowing of the ATPasethe point in the relay helix where it bends as part
cycle leading to the myosin spending more timeof the power stroke/recovery stroke (Figure 8A).
detached from actin in each ATPase cycle. This i5490 is one of three phenylalanines (Figurg 8b
highlighted in comparing the rate constant of thehat had previously been identified as part of a
hydrolysis step (k¢ + ks) with the Viax of the  fulcrum on the relay helix in myosin S1 (4%his
ATPase. For WT MyHC-emb the hydrolysis ratework also showed that F489 and F490 sandwich
constant is more than 20 times the value gfkvV F670 forming the fulcrum which stays locked
while it is reduced to 10 and 7 for fold for the twotogether through the whole transition. It is
R672 mutations. possiblethat the n-cation bond between R672 and
A second point of interest is actin affinity F490 plays a structural role in holding the fulcrum
with and without ADP present. In the absence ofogether and maintaining contact with fheheet
ADP, the actin affinities (K) of the three mutants in which R672 sits.
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Complete loss of this interaction in both destabilising effect of the mutations on the P-loop
R672 mutations could disrupt the structure of there having a detrimental effect on ATP binding
fulcrum making it less stable. This translates intand ATP hydrolysis. Furthermore, the loss of
the loss of amplitude in the tryptophaninteractions between the centfakheet and the
fluorescence signal. , which indicates the relayelay helix may hamper conformational changes
helix is not moving properly in the recovery within the molecule leading to the actin
stroke and a slowing of the hydrolysis step linkedlissociation step. Both would lead to a longer
to the recovery stroke. This complements theycling time where the myosin is bound to actin
findings that the specific force of the R672C wador longer or delayed in hydrolysing ATP. This
reduced (13) as the conformational changes in theould leave the myosin mainly in the M.T or
ATP and actin binding domains are not efficientlyA.M.T state, increasing the ATPase cycle time.
relayed to the converter domain and neck region.  As the major myosin isoform expressed in

A second important interaction is the embryonic development the effects of the mutant
hydrogen bond between R672 and T178. In thalleles of embryonic myosin should manifest
two mutations, R672C and T178l, this hydrogernthemselves during the formation of skeletal
bond is completely lost and is partially lost in themuscle and its earliest function. Just as with most
R672H. Destabilisation of this region is the myosin based myopathies, the vast majority of
probable cause for the reduction in thedr kis  reported cases of FSS are heterozygous; the
+ k3 step seen for all three mutations. Thereforg@rediction being that homozygous individuals
this bond between R672 and T178 must havevould be inviable. It is noteworthy that FSS, a
some structural importance bringing the residueform of distal arthrogryposis, affects muscles in
required for hydrolysis into proximity with the the lower legs and forearms, which appear to
ATP. The loss of this bond could account for thedevelop early relative to proximal skeletal muscle
reduction in the ATP hydrolysis rate. Thein fetal development (18). The timing and
reduction in tryptophan fluorescence in the T178kbundant expression of the mutant isoform during
mutant also suggests that the bond between R6TRis stage could explain the symptoms seen post-
and T178 is havingn indirect effect on the m-  birth; at a time when the expression of embryonic
cation bond from R672 to the relay helix. myosin has decreased significantly. Consistent

The FSS mutations slow down the with the joint contracture phenotype, these FSS
dissociation rate and once detached spend mutations display severely reduced rate constants
longer not bound to actin, leading to a longer  for cross-bridge detachment and slower cycling
ATPase cycle time — Our data support the finding times. Understanding how the mutant myosin
that a longer, slower rate of relaxation as seen fanfluences muscle contraction at different levels
FSS mutants (?) could be explained by a reduceaf expression along with the WT MyHC-emb
detachment event (13Yhere was a 2-5 fold myosin, or an up regulation of other myosins,
reduction in the second order rate constant fowould be important to determine. We are
detachment (K’1k’+2) for the three mutations. currently developing models to allow the
However the reduction in the ATP hydrolysis stepbehavior of different myosin isoforms in a
we have seen is a novel observation for the thregarcomere to be predictéth, 46).

FSS mutations. It is most likely that the
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Table 1: Transient kinetic parameters measured for wild type beta and embryonic, R672H, R672C,
and T178I myosin S1 mutations. The values represent the mean + SEM based on a minimum of
three different protein preparations. All measurements were performed at 20 °Cin 25 mM KCl, 20

mM MOPS, 5 mM MgCl,, 1 mM DTT (pH 7) unless stated otherwise. Shaded boxes show the values
that have changed significantly.

Rate Constant |Wi|d Type B °

Wild type Emb | EmbRe72H | EmbRe72c | EmbT1781

ATP binding to S1

Kqk., (uM™s?) 5.8+0.4° 12.5+1.9 0.4+0.049 | 1.1+0.07¢ 23+0.1°
1/K, (uM) 15.9+ 1.4 10.9+2.0 34.4+5.0° | 23.6+26° 7.7+0.6
koorks+ks(s') | 912+1.87 130£3.4 1432059 | 254137 | 17.7+0.6¢
ADP binding to S1
Ks (1M) 0.53+0.07° | 0.15+0.018 - 0.2+0.04 -
ks (s™) 0.63+0.03”2 | 0.89+0.07 B R R

ATP binding to acto-S1

K.k, (M s™) | 44+02° 9.4+1.0 45+0.3° 2.2+0.5¢ 3.3+0.2¢
1/K'y (uM) 327.9+53.3° 84.3+9.7 92.3+9 120+19.3 | 317.7+41.1°¢
K., (s?) 1543 +100° 777.7+16.8 413+32.29 | 261+8.4¢ |1033.2+60.2°
K, 41+1.4 - 4.4+0.8 - 6.9+1
Koo (s?) 153.4+10.6 - 31.5+25 - 66.1+9.1

ADP binding to acto-S1

K's (UM) 6.1+0.3° 14.3+1.9 4.8+05° 18.1+1.7 12.4+2.2
K.s(s?) 58.7+1.7¢ 22.0+1.8 7.4+0.2° 18.6+1.1 25.7+0.5
S1 affinity for actin
K, (nM) 10+1.8° 2.1+0.2 402+2.1% | 7.2+1.2° 4.8+0.2°
Koa (NM) 109.3+24.1¢ 526 +60.3 366.7+31 | 331.3+68.6 | 123.5+15.1¢
Koa/Ka 10.9 250 9 46 25.7
K's/Ks 11.5 95 - 90.5 -
ATPase *
Voo (s 6.0+0.5 7.0%0.15 1.3+0.05¢ | 3.5+0.05¢ | 0.2+0.008¢
Ky (HM) 40+6 38.5+2.4 3.7+0.7°¢ 46+03° | 067+0.16¢
Voo Knn (s V™) 0.15 0.18 0.35 0.76 0.30

*KCI concentration 0 mM
#Naget alin same ionic strength as this experiment obtained from C2C12 cells.
® p < 0.05 determined by Student’s t test as compared to wild type embryonic-S1.
¢ p<0.01 determined by Student’s t test as compared to wild type embryonic-S1.
9p<0.001 determined by Student’s t test as compared to wild type embryonic-S1.
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Table 2a. Full list of interactions between R672in WT MyHC-emb and the two R672 mutants.

There are interactions between R672, on 3, and C123 and T125, on B2 of the central  sheet in most
conformations. The exception being the contact to C123 in the near rigor, ADP-bound state (PDB
1S5Q. These interactions are predicted to be conserved in the R672C and R672H mutations. A n-

cation bond that exists between R672 and F122 (B2) in the rigor state (20S8) and is lost in both
mutations but a noveln-n bond is formed between R672H and F122 in the rigor state (©S8). The

hydrogen bond between R672 and L176 (1) is also lost in both mutations in the rigor state. T178 (on
4) hydrogen bonds to R672 in each structure; however, this interaction is lost in the post-rigor
(1SR6) and the detachedKK 8) states for R672H and are lost completely for R672C. A second
significant loss of interaction is the m-cation bond between R672 and F490 on the relay helix, which is
non-existent in either mutation. A n-cation bond to F670 is lost for both mutations in the detached
state, however a -m bond is formed in the pre-power state (1QVI). A hydrogen bond between V671

is present in WT MyHC-emb in the rigor and post rigor stat€@sg1 20TG, and $R6) but lost in

both mutations. The hydrogen bond between N697 on the SH1-SH2 domain is conserved in all three

models in the rear rigor ADP-bound state (1S5G). However this is lost in R672H in the detached state

(1KK8) and in R672C, in the post-rigor stat&Eb). Interestingly, this interaction is formed in both

mutants in the rigor (4K 8) and post-rigor (20TG) states.

R672 interactions PDB 207G 20S8 1SR6 1Qvi 1KK8 1S5G
Residue . . post-rigor . . near rigor
Location Interaction rigor post-rigor |pre-power| detached
(Scallop/Homology) (ADP) ADP-
F119/F122 B2 m-cation/m-n
bond
C120/C123 B2 H-bond (main
chain)
A122/T125 B2 H-bond (main
chain)
H-bond (side
L173/L176 B4 _
chain)
H-bond (sid
T175/T178 B4 ond (side
chain)
. |m-cation bond
FA88/F490 Relay helix
—cati -
F667/F670 B3 n-cation/ren
bond
H-bond (side
V668/V671 B3 .
chain)
H-bond (sid
N694/N697 SH1-SH2 ond (side
chain)

Interaction presentin wt

Interaction present in R672H

Interaction presentin R672C

No interaction
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Table 2b: Full list of interactions between T178in WT MyHC-emb and T178l. The only change in

the T178I mutation is the complete loss of the hydrogen bond between T178 and R672. The other two
interactions between V671 and C673 (both on B3) are both intact (except V671 in the post-rigor state-

20TG, which is not present in WT MyHC-emb or T178lI).

T178I PDB 207G 20S8 1SR6 1Qvi 1KK8 1S5G
Residue Location| Interaction |post-rigor| rigor | post-rigor|pre-power|detached] nearrigor
(Scallop/Homology) (ADP) ADP-bound

V668/V671 B3 H-bond.(maln

chain)
R669/R672 g3 [ Mbond(side

chain)
C670/C673 B3 H-bond.(maln

chain)

Interaction presentin wt

Interaction presentin T178lI

No interaction
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Figure 1. Homology model of embryonic myosin S1. This ribbon structure is based on the scallop
structure in the pre-power stroke conformation (PDB code: 1QVI). (A) The myeawythain is
shown in grey, the SH1-SH2 helices are shown in orange; the relay heliboim, ek P-loop in purple,

and the 7 stranddtisheet in red. Arginine 672 (R672) and Threonine 178 (T178) residues are shown
in green and blue space filling mode respectively. Both of these residuegtdyecbinserved across
species and myosith-isoforms including the scallop myosin and human MyHC-emb. Both residues are
in the centre of the S1 domain located in the upper 50K domain near the ATP binflin(@cRBlow

up of the region around R672 (located on tA 3trand) and T178 on th& B strand of the 7 stranded
B-sheet that runs through the S1 domain. T178 is also at the base of the P-loop (GESGAG r¢sidue no
which is involved in ATP binding. The green dotted lines represent hydrogen bbiutiscan be seen
between T178 and R672, while the solid orange line indicates a n-cation bond that can be seen between
R672 and F490. The interactions of R672 and T178 are summarised in Table 2. Residuediewt lab
are those found to interact with either R672, T178 or both and are summarised in Tables 2A/B.

Figure 2. SDS-PAGE gel of purified wild type embryonic S1. The myosin S1 co-purifies with a
small amount of endogenous mouse full length myosin (<5% by weight) and the four mgbtise |
chains; three major bands MLC2F (regulatory), MLC1F, and MLC1A (both essential) andrdoemd

of MLC3F. The three major bands have been identified in embryonic S1 (Bottinelli & Reggiani, 1996)
suggesting that the fourth (?) light chain (MLC3F) is binding to the endogenous myosin.

Figure 3: ATP induced dissociation of embryonic S1 from pyrene labelled actin. (A) Traces of 50
nM WT emb-S1, and the three mutants pre-incubated with equimolar pyrene-labell¢adesctiapidly
mixed with 10 uM ATP. Each trace has been normalised and offset by the previous @2%y
fluorescence. At low [ATP] WT MyHC-emb, R672C, and T178| were best descp¥ped single
exponential fit resulting in asls= 70 s' (amp = 27%), 12°5(amp = 46%), 24-5(amp = 45%) for WT
MyHC-emb, R672C, and T178l respectively. At high [ATP] the T178I mutation was éssilted by
a double exponential, while R672H was best described by a double exponential aPgltdsdlting
in a fast and slow phase givingsk= 36 s' (amp = 32%) anddks = 4.4 s (amp = 3.8%) respectively.
(B) The dependence ofdson [ATP] yielded K’1k’+2 = 8.5 uM!s?, 5.2 uM! st 1.8 uMt s?, and 3.1
uM?t st for WT MyHC-emb (black filled squares), R672H (red filled circles), R6{@@en filled
triangles), and T178I (blu@lled diamonds). The maximum rate yielded a k’+> = 806 ' for WT MyHC-
emb , 439 8 and 36 3 for the R672H fast and slow (red open circles) phases respectively! 62 s
R672C, and 1007'sand 49 3 for the T178I fast and slow (blue open diamonds) phases respectively.
Values given here are that of a single assay.

Figure4: ADP affinity for pyrene-labelled actin.S1. (A) Fluorescent traces of 50 nM pyrene-labelled
actin pre-incubated with 50 nM WT MyHC-emb and increasing [ADP] (0-400 puM) yamicled with

10 uM ATP. As the [ADP] increased the.kdecreased from 72240 3 s*. (B) The dependence ofpk

on [ADP] for WT MyHC-emb(squares) and T178I (circles) resultinginaK’s =16 + 1.5 uM and 17 +

4 uM respectively. (C) Traces of 50 nM pyrene-actin pre-incubated withV6®672H S1 and
increasing [ADP] (0-40 uM) rapidly mixed with 30 uM ATP. Since there was astensislow phase
even at low [ATP] the rates stayed constant while the amplitude of the fast phaseseeédrom 26%
to 6%, the slow phase amplitude increased from 3.5% to 21%. This behaw®wse seen in the
R672C mutation. (D) The dependence of fluorescence amplitude of [ADP] for R672H results in a K’s
=2.6+ 1.1 uM for the fast phase and K’s = 5 + 1.3 uM for the slow phase.

Figure 5: Embryonic Sl affinity for actin in the absence and presence of ADP. (A) Traces of
increasing concentrations (0 pM to 120 nM) of WT MyHC-emb pre-incubatd#d3®inM pyrene-
labelled actin then rapidly mixed with 10 puM ATP. Over a concentration sim@efuorescence
amplitude increased with [S1]. (B) The dependence of amplitude on [S1] can bbatkbgra quadratic
function (Eq. 6) giving a Kvalue of 2.5 nM for WT MyHC-emb (filled squares), 43 nM for R672H
(open squares), 6.1 nM for R672C (filled circles), and 5.2 nM for T178I (open circle§ep&ating
the same experiment but this time incubating the acto.S1 with saturatifj.[RDtting the amplitude
against the [S1] again gives a quadratic dependence which in turn givevalle of 706 nM for WT
MyHC-emb (filled squares), 306 nM for R672H (open squares), 386 nM for R672@ (fircles),
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and 71 nM for T178I (open circles). Concentrations of S1 are before mixing.Add panel Dithere
ADP release exp data

Figure 6: Nucleotide binding to embryonic S1. (A) Tryptophan fluorescence changes observed on
rapidly mixing 50 uM ATP with 100 nM WT MyHC-emb and for the three mutants Sl éour were
best described with a single exponential fit yielding % 102 s' (amplitude = 6.6%), 7.3'amplitude

= 1.6%), 12 3 (amplitude = 3.5%), 18's(amplitude = 1.4%) for WT MyHC-emb, R672H, R672C,
and T178I respectively. The single exponential fits are shown with solid black Bdd$e hyperbolic
dependence ofok on [ATP] yielded Kk:, = 8.8 uM* st, 0.3 uMts?, 0.95 uM' s?, and 2.1 uMm st

for WT MyHC-emb (filled squares), R672H (open squares), R672C (filled circles) Bf&l (open
circles) respectively. The maximum rate gives a value.gfk134 s for WT MyHC-emb, 15.2$for
R672H, 25 3 for R672C, and 17.8sfor T178I. (C) The protein fluorescence observed after mixing
0.1 uM WT MyHC-emb pre-incubated with 50 nM ADP with 50 pM ATP. The data doildest
described by a double exponential function with a fast phase=(82 st and amp = 5.9%) and a slow
phase (ks= 1 st and amp = 1.3%). (D) The dependence of the amplitudes of the fast and slow phases
on [ADP] was hyperbolic resulting in apl& 0.13 + 0.06 pM for the fast phase (filled squares) and K
=0.12 £ 0.03 uM for the slow phase (open squares). This measurement was na yitbdite R672H

or T178I mutations while there was only one phase for the R672C.

Figure 7. ATPase assays of the WT MyHC-emb and the three FSS mutations. (A) The actin
activation of the S1 ATPases with best fit Michaelis-Menten curves superimpogskd data points.
These fits gave aMx= 7.0 st for WT MyHC-emb and a ik = 38.5 uM (filled squares). The R672H
(filled circles) had a Wax= 1.3 st and a Ky = 3.7 uM, R672C (open squares) @M= 3.5 st and a Ky

= 4.6 uM, and T178lI (open circles) ay/= 0.2 st and a Ky = 0.7 uM. (B) The ATPase assay of the
T1781 mutant on a log time scale to highlight the T178lI fit to a Michaelis-Mdutertion despite a
small activation by actirResults plotted are from two protein preps with 3-4 technical replicates each
time.

Figure 8: Homology model of WT MyHC- emb showing the relay helix, R672 and F122, F490,

and F670in rigor and pre-power stroke. (A) Structure based on scallop structure (PDB co@s82

where the motor domain is in the rigor conformation and the relay healiraight (Blue). There is a

single -cation bond between R672 and F490 shown in orange. A superimposed second relay helix (in
red) is based on scallop structure in the pre-power stroke conformation (PBB codg: Ti@\felay

helix is bent just after F490 and the w-cation interaction between R672 and F490 remains. (B) R672
(blue), F489 (orange), F490 (green), and F670 (red) are shown with the relay hélisttatd the
phenylalanine residues acting agqpipoint for the relay helix bend. R672’s proximity and interactions

with the F490 possibly anchor the helix allowing it to bend.

Figure9: Percentage changesin therate and equilibrium constants of WT MyHC-emb compar ed
toWT MyHC-g (A & B) and the three FSS mutations compared to WT MyHC-emb (C & D). (A

& C) Equilibrium constants are defined in M units; a positive percentage meanseaséin affinity
while a negative indicates a weakening of affinity. (B & D) The rate caisséae define in units of s-
1 or M-1s-1 and a positive percentage indicates a faster rate constant while a pegegéntgage, a
slower rate constant. ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001.

Scheme 1: Seven step scheme of ATP binding to myosin

Scheme 2: ATP or ADP binding to actomyosin leading to the dissociation of myosin from actin.
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Figurel

ATP binding
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Figure8
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Scheme 1
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