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Running Title: The Drosophila muscle myosin relay-converter interface

The relay-converter interface influences hydrolysis of ATP by
skeletal muscle myosin Il

Marieke J. Bloemink’, Girish C. Melkan?, Sanford |. Bernstefhiand Michael A. Geevés

!School of Biosciences, University of Kent, Canterbury, United Kingddepartmenof Biology,
Molecular Biology Institute, and SDSU Heart Institute at San Diego State Unyyéait Diego, CA,
United States’Present address: M.J. Bloemink, Bionmlkar Research Group, School of Human and

Life Sciences, Canterbury Christ Church University, Canterburnyted Kingdom.

" Corresponding Author€mail: shernstein@mail.sdsu.edu.a.geeves@kent.ac.uk

key words: muscle, myosinkinetics, actinfluorescence, homology models, sequence alignment,

protein structurdunction.

ABSTRACT

The interface between relay and converter
domain of muscle myosin is critical for
optimal myosin  performance. Using
Drosophila melanogaster indirect flight
muscle S1 we performed a kinetic analysis
of the effect of mutations in the converter
and relay domain. Introduction of a
mutation (R759E) in the converter domain
inhibits the steadystate ATPaseof myosin
S1, whereas an additional mutatian in the
relay domain (N5®K) is able to restore the
ATPase towards wild-type values The St
R759E construct showed little effect on
most steps of the actomyosin ATPase cycle
The exceptionwas a 25-30% reduction in
the rate constant of the hydrolysis stepthe
step coupled to the crosbridge recovery
stroke and involving a change in
conformation at the relay/converter domain
interface. Significantly the double mutant
restored the hydrolysis step to values
similar to the wild-type myosin. Modelling
the relay/converter interface suggest a
possible interaction between converter
residue 759 and relay residues09 in the
actin-detached conformation, which is lost
in R759E but is restored in N5S09K/R759E.
This detailed kinetic analysis ofDrosophila
myosin carrying the R759E mutation shows
that the interface between the relay loop
and converter domain is important for fine-
tuning myosin kinetics in particular ATP -
binding and hydrolysis.

The myosin family consists of at least
35 different classeél), which displaya wide
range of activities, such as muscle contraction,
phagocytosis, cell motility, tension
maintenance and vesicle transp@) Class Il
myosins are responsible for muscle contraction
in higher eukaryotes and produceraiety of
modes of muscle contractionThe type of
myosin  heavy chain isoform (MHC)
predominantly expressed results diiffering
ATPase activity, unloaded shortening velocity,
andcontractile forcg3). Although all myosins
appear to undergo the same ATP driven cycle
of interaction with actin, known as the cross
bridge cycle, it is still not well undstood how
they are each finely tuned to their different
tasks(4).

Key evens in the crossbridge cycle
are the actin.myosin powestroke which is
thought to be closely coupled to the phosphate
release stepand itsreversal whendetached
from actin (the recovery stroke)which is
coupled to the closure of switch 2 and the ATP
cleavage stefb). Central to both powestroke
and recovenstroke is the swing of the light
chain binding domain or levarm which
amplifies small movements in dhnucleotide
binding site to produce a movement of the end
of the lever arm by up to 10 nm. The
nucleotide site and the lever arm dirgked
through two structural elementhe converter
domain and the relay lodpelix.
Understandinghte transmission ahformation
through this pathway (nucleotide pocket
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relay helix- converter domain lever arm)is a
goal of current work.

Details of the interaction between the
nucleotide site and the lever arm movement
are best described for the recovery stroke
where crystal structures of myosin, complexed
with analogues of ATP and ADP.Pi, have
revealed high resolution structures of the-pre
and postecovery state conformation®)(7)
and allowed detailed molecular dynamic
simulations of the transition between the two
(8). In essence the presence of the y-Pi in the
nucleotide binding pocket allows the switgh
element (SW2) to close and form a stable
interaction with the Pi. SWE is at one end of
the relay helix and the movement of N
onto the Pi causes a twisting and bending of
the relayhelix suchthat the distal end of the
relay helix goes through a large movement.
The distal end of the relay element (relayppo
is in close contact with the conver{®) and as
the relay movesthe converter moves with it
and the lever arm amplifies the movement to a
5-10 nm translation of the myosin tail. The
power stroke is to a first approximation
considered a reversal of this recovery stroke
while myosn is attached to actin ants
coupled with loss of Pi from the nucleotide
pocket. The lack of any high resolution
structures during the power stroke means the
molecular details of this event are less well
defined. The contact between the relay helix
andthe converter is thus a central element in
the efficient transmission of information
between the nucleotide pocket and the lever
arm, which we probe here.

Drosophila melanogastés a classical
model system for studying many eukaryotic
proteins because ofits well-developed
tractable genetics. Muscleyosin Il has been
well studied inDrosophilabecauséts function
can beanalysedat many different levels of
organisationallowing an integrative approach
from the isolated myosin molecule through to
the opeating muscle in the adult fl{10)11).
Furthemore all muscle myosin isofornms in
Drosophila are expressed from a single gene
(Mhc) using alternative splicing of a set of 6
exons, 4 of which are in the motor domain (12)
(13). This allows expression oét least21
different myosin isoforms and provides an
exciting system to explore the role of the

different exons in tuning the function of
individual myosins for their biological role.

This work will focus on two
alternatively spliceexons: exon 11 and exon
9. Exon 11 encodes for the converter region
residues 72464 of chicken fast skeletal
myosin | or residues 72761 of Drosophilg
whereasexon 9 representsthe ‘relay helix
loop-helix domain’ or ‘relay domain’ and
corresponds to residues 4%28 of chicken
myosin |l (or residues 46925 of Drosophilg.
The two variable regiong€ncoded byxonl1l
and 9interact with each other, as shown in
Figure 1A. Exchanging the converter region
(exon 11) between the fast IF{ihdirect flight
muscle) and the slow EMB (embryonic)
isoforms altes the mechanics and kinetics of
the IFM and EMB fibres towards thosé the
donor isoform(14). Exchange of the relay
domain (exon 9petween IFM and EMRBIloes
not alter the functional properties of tfest
IFM myosin but deschange theslow EMB
myosin properties, i.e. reduced ATPase
activity, increased actin affinityeliminated
actin motility, induced defects in myofibril
assembly andapid degeneration of muscle
structure(15). Using motor domain or S1
fragments of chimeric constructs (i8b and
EMB-9a), tansient kinetics studies also
demonstrated reduced values for theate
constant of ATP-induced actanyosin
dissociation and ADP affinity for actin.S1
compared tdothwild-type IFM and EMBS1
(16). Homology models indicated an important
role for converter residue R7%® maintaining
close contact (< 5A) between the converter
and the relay regiofil7), as is shown irFig
1B.

As predicted from the modelling
studies the R759E mutation in the myosiof
the indirect flight muscle of Drosophila
resulted inmajor defects including loss of
flight, loss of myofibril stability and reddon
of maximal power output (58%{)L8). Sudies
with the isolated mutant myosin revealed
reducedmyosin ATPaseactivity andreduced
actin velocity in in vitro motility assayq19).
Following on from this workit was reported
that the double mutation R7EEN509K
rescuedmany of theoriginal R759E defects
including flight ability, muscle ultrastructure,
myosin ATPase andn vitro motility (17).
These resultsconfirm the important role of
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R759 in maintaining the interaction between
the converter and relay loap IFI (indirect
flight muscle isoform) myosin and its
contribution to the high muscle power and
optimal flight performance iDrosophila.The
exact role of N509 in this process is currently
not clear

Here wefollow up therecent work on
the myosin R759E and R759E/N509K
mutations. We have isolated the Stnotor
domain from these mutant myosins and
completed a biochemical kinetgtudy of the
key events in thcrossbridge cycle. We find
the effects of single and double mutatiams
the S1 ATPase activitiesare similar to fuH
length myosindout, surprisingly,we e little
effect of theR759E mutation on the kinetics of
the individual stepsin the actinS1 ATPase
cycle The exception isan inhibition of the
ATP hydrolysis/recovery strokdy R759E
which is recovered in theR759E/N509K
double mutation.The biological implications
of this observatioarediscussed.

EXPERIMENTAL PROCEDURES.

Proteins: Monomeric Gactin was prepared
from chicken skeletal muscle after several
steps of polymerizaticrlepolymerisation |
recently describe(l7). Filamentous actin was
prepared from @ctin and used for actin
stimulated ATPase activityl7) (20). Muscle
myosin was isolated through multiple
purification steps from microscopically
dissected dorsolongitudinal indirect gfit
muscles of ~200 transgenic flies. Myosin
subfragment 1 (S1), was prepared by
chymotrypsin digestion as previously reported
and the concentration of purified S1 was
determined by spectrophotometry ((C&)).

Seady state ATPase activityFresh S1
prepared after chymotrypsin digestion of
myosin was used for steady state ATPase
activity. S1 ATPase activities were determined
using [y-**P]ATP as describe¢lL7)(20). Basal
Cd" ATPase was determines per fullength
myosin and previcsly reported for S1
(15)(16). Bothbasal Mg" and actiractivated
Mg*-ATPase were determinedising Mg
ATPase buffer without KCI (10 mM
imidazole, 0.1 MM CaCh, 1 mM MgCl,, 1
mM [y-*?P]ATP) as previously reported20).
Basal Mg*-ATPase activities obtained in the

absence of actin were subtracted from all
actinacivated data points. Actiactivated
Vmax and K, values for actin were obtained by
fitting all data points from several preparations
of wild-type myosin S1 or mutant S1 with the
MichaelisMenten equation using SigmaPlot.
Values were averaged to give meanSDD.
Statistical differences of GaATPase, M§'
ATPase, Vmax Kn and catalytic efficiency
between wildtype, mutant and suppressor S1
were carried out using Studentstests as
previously described (20).

Flash photolysis systenfrlash photolysis was
used to measure the transient kinetics of the
Drosophilamyosin S1 mutants because of the
small amounts of protein availab(@1)(22).
By measuring changes in light #esing, the
ATP-induced dissociation of the aeBi
complex was followed after ATP release from
cagedATP using a laser pulse, whereas
changes in fluorescence were used to measure
the dissociation of nucleotide from S1 alone.
For the fluorescence measurements S1 was
incubated with a coumarin labeled ADP
analogue (30N -[2-(7-diethylamina
coumarin-3-carboxamida@thyl]-carbamoyl
ADP, abbreviated to deamda ADP) before
displacement by ATR23)(24) A low salt
buffer was used for the light scattering
experiments (pH 7.0: 30 mM KCI, 5 mM
MgCl,, 20 mM MOPS and 4 mM DTT) with 1
MM actin, 23 uM S1, 500 pM cATP (caged
ATP), 10 mM DTT and either apyrase (2
units/ml), for ATRinduced dissociation of
acteS1 or ADP (various concentrations) and a
glucosehexokinase system (0.03 units/ml
hexokinase, 1 mM glucosend 100 uM ApA
(P',P-di(adenosine 5%pentaphosphate) for
determination ofk,p as described previously
(25). The light scattering traces were fitted
with single exponentials to determine thg,
Hyperbolic plots of thee (kondko) VS. ADP
concentration were fitted with an equation
derived fromScheme2 (Kops= Kikio([ATP)/(1

+ [ADP]/Kap)) to determineK,p (see also
‘analysis of transient kinetics’ below)

Stoppediow measurements:Measurements
were performed with a Higlech Scientific
SF61 DX2 stoppedlow system at 20 °C.
Intrinsic  tryptophan  fluorescence  was
measured using a 295nm excitation
wavelength and observed through a WG320
filter (26). All stated concentrations of
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reactants are those after mixing in the stopped
flow observation cell, unless otherwise
specified. Stoppeflow data were analyzed
using the Kinetic Studio software provided by
TgK Scientific as well as with Origin
(Microcal).

Analysis of the transient kinetics dawithout
actin present, the kinetics data of S1 with ATP
(T) or ADP (D) were analyzed using the
sevenstep model describegreviously (27)
The rate constants,; andk; are the forward
and reverse rate constants akd(= k.i/k;)
represents the equilibrium constant of itie
step of the reaction(Scheme 1). In the
presence of actin thetopped-flow kinetics
data were analyzed based onh&me2. In
order to determine the AD&finity in the
presence of actin ({¢) Equation 1 was used:

Kobs = Kikio[ATP]/(1 + [ADP)/Kap)) (1)

wherek,psis the observed rate constant for the
ATP-induced dissociation of ac®1;K;k., is

the secondrder rate constant for ATP binding
to acteS1;Kyp is the equilibrium dissociation
constant for the binding of ADP to acEd-. In
order to determine the relagivate constant
(kre)) the equatiotie = kondk, Was used (see
Figure 4), wheré, is the measured rate
constant k,swhen [ADP] = 0.

Homology Modelling: Threedimensional
homology models were generated for the
Drosophila wild-type IFI myosin and
conveter mutant motor domains using the
SWISSMODEL (28) automatic comparative
protein modelling server as described
previously (16)(29) Briefly: the primary
sequences of th®rosophila wild-type IFI
and converter mutants were pairwise aligned
with the sequence of four scallop myosin
crystal structures as templates (ExPDB 1KKS8,
1QVI, 1S5G and 1SR6 using tk USTALW
alignment protocol andhe alignments were
submitted to the alignment interface of
SWISSMODEL (30) (31) The scallop

myosin structures used as templates represent

various conformational states of myosin
during the crosbridge cycle: the actin
detached state contains AfeF, (ExPDB:
1KK8), the prepower stroke state contains
ADP-VO, (ExPDB: 1QVI), a conformation
that contains partialdpound ADRSQ,
(ExPDB 1S5G) and thenearrigor state of
myosin (ExPDB 1SRBwhich does not have a

nucleotide in the binding pocket. [though
scallop templates represent multiple myosin
states, they have an alanine at the equivalent
position of N509 of Drosophila and may
therefore not be thileal templates to predict
the sidechain conformation of N509. Chicken
smooth muscle myosin has an aspiarat the
equivalent position of N509. Therefore we
also used chickensmooth structures as
templates to build homology models for wild
type IFI, R759E and N509K/R759E (ExPDB:
1BR1, 1BR2, 1BR4 and 3J043s smooth
chicken myosin andDrosophila IFlI share
>50% of the myosin head domain sequence
The nucleotide binding pocket o$mooth
musclemyosin contains MgADFAIF4 (1BR1,
1BR2) and MgADPBeFx (1BR4)
representing the preower stroke state(32).
The 3J04 template is derived from
phosphorylated smooth HMM chicken myosin
in the presence of ATE3). Overlay of crystal
structures of myosin head domains of scallop
(1SR6) and Drosophila embryonic myosin
(40QBD) was done using the Visual Molecular
Dynamics (VMD) softwarg34).

RESULTS

Steady statdTPaseactivity is reduced for
R759E but (partially) restored for
R759E/N509K

Basal C4"- and Md*-ATPase activity
of wild-type myosin S1 and thseingle and
double mutants S@R759E) and
SIR759E/N509K)were measured according
to established procedurg¢20). As shown in
Figure 2A and 2B he converte mutant
R759E displayeda 2fold reduction inbasal
Cd"-ATPase (2.26% 0.51 s%) and Mg*'-
ATPase 0.052+ 0.016s") compared to wild
typelFI S1 (5.32+ 0.62s* and 0.092+ 0.014
s' respectively. The double mutant (a
potential suppresspR759E/N509Kwas able
to significantly restore both basal C&
ATPase (3.65+ 0.69 s') and Md*-ATPase
(0.073% 0.017s"). As shown in Figre 2C the
maximal actiractivated activity of R759E
dropped to30% of wild-type levels (Vax =
0.79 + 023 s' and 254+ 029 ¢,
respectively), whereag.x of R759E/N509K
showed 52% ofvild-type activity (Vmax= 1.31
+ 0.38 s%). Furthermore, theV. of the
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suppressor wasignificantly higher(1.31 +
0.38 vs 0.79 + 0.23§ thanthe V., of the
converte mutant R759E (Figre 2C). Unlike
full-length myosin kK, (17), no significant
changewas foundin K, for actin between
wild-type, R759Eor R759E/N509KS1 (5.77

+ 0.83, 4.99 = 1.23and 3.58 + 1.53uM,
respectively(Figure 2D). A ratio of Via/Kn
defined as catalytic efficiencyFigure 2E)
(16)17) was significantly lower inthe R759E
mutant (0.16 * 0.03uM’s?) compared to
control and suppressor mutant NSO9K/R759E
(0.44 + 0.11 and 0.37 = 0.12uM*s?
respectiely). In contrast catalytic efficienes
of control and thesuppressor mutant exe
statistically not different. Overall the
suppressor mutami509K/R759E myosirS1
showed significanenhancementf basalCa
ATPase, basal M@TPase, and actin
stimulated MgATPase activities compared
with converte mutant R759E) myosin S],
however, most of the ATPase data of the
suppressomutantremain significantlylower
than wid-type controlvalues

ATP-induced dissociation and ADB#&finity of
acto-S1 are similar to wileype S1for R759E
and R759E/N509K.

The ATRinduced dissociation of the
actoeS1 complex was measured as described
previously using flash photolysi® liberate
cagedATP (21). Changes in light scattering
were recorded and could be best described by
a single exponential at each ATP
concentrationas shown in Figure 3A/Bor
R759E and the double mutant
R759E/N509K. The slope of a graph dps
vs. ATP concentration fiees the gparent
secondorder rate constantk;k,, for the
dissociation of act®&1 by ATP. The results
for the two mutants together with the IFI wild
type S1 are depicted in Figure 2@d show
that the Kiki, values are not significantly
different for either of the two mutants
compared to wildype IFI (see Tabld). The
ATP-induced dissociation of ac®l was also
measured in the presence of increasing
amounts of ADP in order to measure the
affinity of ADP for actin.myosin, Kap.
Plotting kops versus ADPconcentration allows
Kap to be determined and the results are
shown in Figure3D. The measured values of
Koo for R759E or R759E/N509K are
indistinguishable fromthe wildtype value

(Table 1). Thus both ATHnduced
dissociation and ADRffinity of acteSlare
not affected for the two mutanmyosin
proteins.

ADP-release from SBDP (kp) is slower for
the two converter mutants R759E and
R759E/N509K compared to witgpeS1

Using flash photolysis he rate
constant of ADP dissociation from S1 tine
absence of actin (§ can be determined using
the fluorescence of eoumarin labelled ADP
(edadeac ADP). Displacement of edaac
ADP by ATRbinding to S1 results in a
fluorescence change from which, kcan be
estimated. It was shown previously thhis
coumarintabeled analogue has very similar
kinetic properties tahe unlabelled ADP(24).

A single laser flash released-26 pM ATP
from cATP (100 uM) and the fluorescence
change resulting from edleac ADP release
is well described by a single exponential
function (data not shown). The observed rate
constant for ADPeleasdrom S1 wasslightly
reduced (125 %) for the two converter
mutants compared to wiliype S1(Tablel).

Stoppediow measurementsshows altered
ATP-binding and hydrolysigate constants by
S1 for both converter mutants.

Flash photolysis isisually the method
of choice when measuring transient kinetics of
Drosophila myosin S1 since this method
requires much smaller quantities of {@ia (1
[g) compaed to stoppedow. Another reason
is that stoppediow measurements on
Drosophila myosin were reported to yield
relatively poor fluorescence signal changes
when using pyrenibeled actirwhereas light
scattering signals are very reproducipi?).
However the laser flastvith the caged ATP
interferes  with  intrinsic  fluoregence
measurementprecluding such measaments.
The optical performance of stopped flow
systems ha improved recently and we e
examined the binding of ATP tBrosophila
S1  monitoring intrinsic  tryptophan
fluorescence Figure 4A shows the
fluorescence change observed on rapidly
mixing 10 uM ATP with 0.05uM wild-type
S1 at 20 °C (concentrations are post mixing).
The transient increase in fluorescence is best
described by a single exponential withm a
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observed rateonstant k. = 54.7 § and an
ampitude of 34 %. Example tracesf the
fluorescence changeat high ATPare shown

in Figure 4B and yield an observed rate
constant ks = 260 & for wild-type myosin
S1. The amplitude of the transient was
independent of the ATP concentration used.
The dependence ofdson ATP concentration
for wild-type S1is shownin Figure4C with a
bestfit to a hyperbola superimposed:he fit
definesthe seconderder rate constant &TP-
binding Kk, = 6.6 = 0.6x 10 M's’, the
maximum observed rate constant at saturating
ATP concentrationsaferage value ORmax =
286 +11s”, see also tabld) and the ATP
concentration requickfor the half maximal
Kobs (Ko.s = 85 UM).

Repeaing ths measurement with
R759ES1 and R759E/N509K Sdave similar
transientswith amplitudes of3-4 % (Figure
4A and 4B. The ATP dependence of thg,k
values is shown in FiglC and theaverage
values ofall fitted parameters are listed in
Tablel. Theseshow that the second ordate
constant for ATP binding tessingle mutant
R759E (2.7+0.9 x 10° M™'s?) is significantly
reduced to about half the value of tikg-S1
(6.0£0.8x 10° M's* ) while for the double
mutant tlis value issignificantly increasd by
about1.5 fold (10 +1x 1¢° M's?). Similarly
the knaxVvalue is reduced by 2530 % for the
single mutantwhile for the doublemutantthe
value is again approximdye 1.5 times
increasedbut not significantly different to the
wild-type value In contrast, the value ofgl§
for the double mutant (4M) is very similar
to thewild-type value 63 uM) but the value
for R759E (85 pM) is double the value of
wild-type S1 This is in sharp contrast to the
results for a¢h.S1 where the mutations have
little effecton ATP or ADPbinding We must
therefore contemplatearefully exactly what
the different fluorescence signals are reporting,
and this is considered in tiBscussion

Interaction between converter residue R759
and relay residue N50% regulated by SH1
residue F713.

Homology models were built of wiltype IFI

and the two mutants R759E and
R759E/N509K.The availablescallop myosin

Il motor domain crystal structures were
initially used as templates, as these represent

many different statesin the myosin cross
bridge cycle(16). Recently the first crystal
structure of myosin S1 fromDrosophila
(embryonic isoform) has becomavailable
(PDB: 4QBD) This structure is very similar to
the corresponding scallop crystal structure
(1SR6), as shown in Figur&A, with an
overall backbonermsd < 1.8 A. The scallop
structures have an arginine residue (R754) in
the converter domain at the equivalent position
asDrosophilaR759 butin the relayloop area
scallop has an alanine instead of asparagine at
the equivalent position obrosophila N509
(Figure5B). The homology models show that
converter residue R758teracts with residues
located intherelay loop, in theconverterand

in the SH1 helixand that, not surprisingly,
these interactions depend on the
conformational state of the myosin head.

In wild-type myosin S1 (IFFS1)
residue R759 forms salt bridge with D756,
anotherconverter residueThis salt bridge is
preserved in all homology models of {61
(Figure 1B)and alsgresenin the Drosophila
embryonic myosin crystal structur®esidue
F713, located in the SH1 helix, interacts with
R759 and thisnteractionis seen in almodels
of themyosin states, except tletindetached
state(Figure6). The homology models suggest
the presence of a n-cation bond between SH1
helix residue F713 and converter residue
R759. The presence of a m-cation bond,
together with a salbridge towards D756,
holds the R759 sidehain oriented towards the
converter domain and prevents it from making
contacts with the relay loop in the grewer-
stroke and neaigor states.In the actin
detachedstate (1KK8 template) F713 has
moved away from R759, as the SH1 helix
becomedisorderedand thexr-cation bondis
lost. R759 now forms strong4donds withthe
backbone C=0 of residue N509 inethelay
loop while maintaining asalt bridge with
converter residue D75@Figure 7 and also
Figure 1. The two mutants also shawrbonds
betweenthe side chain ofesidue 759 (E759
for both mutants) and the backbone NH of
residue 509 (N50%r K509 in the actin
detached state However, the mutants are
missingthe salt bridge seen for wildtype IFI
from residue759 towards D756(Figure 7).
Thus the homology models (based on scallop
myosirtll templates) suggest that the two
mutantshave fewer interactions between the
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converter and relay domain compared to wild
typelFl.

Interaction between converter residue 759 and
relay residue509 is disrupted in R759E and
restored in N509K/R759E.

Fewerinteractions betweethe converter and
relay loop as discussed abowegn account for
the loss of activity seen for R759E hid not
provide an explanation for the restomattivity

in R759E/NB9IK. Sallop templates, although
very useful because of the multiple myosin
states available,have an alanine at the
equivalent position of N509 oDrosophila
(Figure5B) and may therefore not be the best
templates to represent the sidehain
conformation of N509. Chicken smooth
musclemyosin has ajlutamate(E511)at the
equivalent position of N509F{gure 5B) and
could potentially provide a better template to
build a homology model thatepresents the
structure of the N509 side chaimore
accurately The chicken smooth crystal
structures all show a sditidge between relay
residue E51land R768(R759 equivalent)
Using chicken smooth muscle myosin asa
template we builhomology models fowild-
type IFl, R759E and N509K/R759E and the
results aresummarised in Figur8. For wild-
type IFI the homology modelusing the
smooth myosin3J07 structure as template)
predicts a direct interactiorvia hydrogen
bonds between the sidehains of R759 and
N509 within adistance of 2.9- 4.5 A (Figure
8A), which is disrupted when B9 is replaced
by E759 (Figure8B). For N509K/R759E this
interaction is restored, dase homology model
predictsthe sidechains of E759 and K50&re
within < 3.0 A and can form asalt bridge
(Figure8C). These observations correlate very
well with the loss of activity seen for R759E
and the restored activity for NSO9K/R759E.

DISCUSSION

The relayconverter interface has been
implicated in the communication pathway
between the nucleotide binding site and the
lever arm movemeni8) and altering this
interface  can  severely disrupt the
communication pathway. The interface
between the converter and relay helix

believed to be maintained throughout the
myosin crossbridge cycleg(9) andits alteration
can significantly disrupt the performance of
the indirect flight muscle(18) and impair
flight ability (19). Additionally, our previous
work showed that introducing aR759E
mutation in the converteegionof full-length
myosin reducef\TPaseactivity and in vitro
motility and also disrupst flight ability and
power generationin Drosophila IFM (19).
Interestingly, he defects reported for R759E
can be suppressed by second mutation
(N509K) in the relay domain. This N509K
mutation can restore ATPasetigity, in vitro
motility and canalso rescue theability of
Drosophila carrying theR759E to fly (17).
Our steadystate kinetics analysis of isolated
S1 fragment verified the effects seen in
ATPase activity for fullength myosin. Our
transient kineticsanalysissought to identify
which step(s) in the crodsidge cycleare
affected by the mutation and the prgssor.
Of significance our data show thathe ATP
hydrolysis step istrongly affected This step
is known to be coupled to the recowstyoke
which involves the movement of the relay
helix and the converter domain (8).

Our ftansient kinetics data show
surprisinglylittle change in any of thkinetic
parameters measured, exctpise determined
in the absence of acting., ATP bindingto S1
and its hydrolysisATP binding(Kk.,) to the
single mutant R759E is about half the value
found for wildtype S1 while for the double
mutant the value is increased by about 1.5 fold
of thewild-type value Similarly the k,xvalue
is reduced by 25 % for the R759E mutant
while for the double mutant the valuehigher
than found for wildtype S1 although this
differenceis not statistically significant The
tryptophan changes observed when ATP
interacts with myosin S1 can have two
componentsone from the ATP binding step,
(signalled from tryptophan(s) near the
nucleotide binding pocket) and another one
from the recovery strok&TP hydrolysis step
signalled by the highly conserved tryptophan
at the end of the relay hel{gzee Figre 6)that
senses the converter movemeng35).
Drosophila myosin has the conserved relay
loop tryptophan V%10 next to the mutated
N509, and is therefore expected to give a
signal change on the recovery stroke/
hydrolysis. In contrast ADP binding gives

7
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little change influorescence, suggestinigtie
effecton nucleotide binding anthat the major
contribution of the fluorescence change does
originate in the converter domain movement.
The standard model for the ATP binding and
hydrolysis by myosin is then:

M+T > MT —>> MT <> M:D-P+Pi

If the fluorescence change occurs omlystep

3 (ATP hydrolysis) then at low [ATP] such
tha kis + k3 >> Kk, [ATP], kys has a linear
dependence upon ATP concentratian, ks

= Kikio[ATP]. At high [ATP] such that k +

ks << Kikiz [ATP], kos is independent of
[ATP] and ks = kiz + k3. Over the full range
of ATP concentrationghe dependence ofk

on [ATP approximatesto a hyperbola as
shown in Fig 4C. A test for such a model is the
observed value of the [ATP] required for half
maximal value of ks (Kosin Tablel). Kosis
the ATP concentration at which the;k k;=
Kiko[ATP]. Inspection of the values listed in
Table 1 shows this to be true for all three S1
constructs used.Thus we can assign.k; to

k.zs + ks and the apparent second order rate
constant to Kk,, The value ofKys has no
specificmeaning in the mechanism.

The implicationdrom this analysisre
that the mutations are affecting how ATP
binds to S1 (Kk.,) andalsothe apparent rate
constant of the ATP hydrolysis steps krks.
The change in K., could be due to a change
in Ky or k., or both. Step 1 is the initial
binding of ATP into the nucleotide pocket and
step 2is the induced change in S1 structure
associated with switch 1 closure. Any
mutation can alter the stability of the apo
protein and potentigl  disturb  the
conformdion of the binding pocket. Since we
do not see any inhibition of ATP binding to
actoS1 it suggests that actin stabiligbe
“native like” structure of the myosinand
specifically the nucleotide bindinmpcket.

Step3 combines the closure efvitch
2, the recovery or rpriming stroke of the
myosin head and the ATP hydrolysis step.
The assumption isusually madethat these
stepsare presenfor all myosins and we will
make that assumption here. In this model the
closing of the switch 2 loop onto the gaua Pi
of ATP is required toposition the catalytic
residues to allow hydrolysis of ATPAt the

same timeclosure of switch 2wists the relay
helix and results in a change in the position of
the converter domain and teéy the lever
arm goes through its recovery stroke. Note
that R759 on the converter and N509 on the
relay helix are part of the structural elements
involved in the recovery stroké36)(7) and
mutations kre may therefore be expected to
influence the hydrolysis stepnd recovery
stroke. The energetics of the recovery stroke
and ATP hydrolysis have been well defined
for one myosin, théictyosteliummyosin Il
(8)(37). In Dictyostelium myosin |l the
equilibrium constants for the recovery stroke
and the subsequent hydrolysis step are both
guite small yalues 0.110) and the werall
equilibrium constantsfor the combined step
for many muscle myosin lls are also small
i.e., <10. Thus the system is balanced
energetically and hence susceptible to
perturbation by small structural changes
anywhere along the pathway from the
nucledide pocket to the lever arm and many
such perturbations have been reported.

Mutations in myosin are instructive in
defining domains that are critical for ATPase
activity and coupling of the nucleotide pocket
to the lever arm. Introduction of point
mutations at the base of the myosin lever arm
(Lys84Met and Arg704Glu changes the
equilibrium constant of the recovery stroke
and also alter the ATP-hydrolysis rate
constant(37) Truncation of the myosin head
changed the ATHhydrolysis rateconstantin
Dictyostelium myosin Il. Truncations at
residue 761, 781, and 864give myosin
fragmentswith zero (M761), one (M781) or
two (M864) light chain binding sites anthe
shorter M761 fragment displagl the fastest
hydrolysis rateconstant(160 s") compared to
the longer fragments781 (37 §) and M864
(24 s" (38). Apart from changes in the
hydrolysis rates the myosis were largely
similar to each other. Mutation of two
hydrophobic contacts with the converter
domain, 1499n the relay loop and F692 in the
SH2 region, resulted in uncoupling of the
converter rotation and ATFRydrolysis anda
complete loss ofn vivo andin vitro motility
(39). In other myosin classes the equilibrium
constant for the recovery eke and ATP
hydrolysis maybe very different compared to
myosirtll. A recenty reportedcrystalstructure
of myosinlb, a very tensiorsensitive myosin,

8
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revealed alO+esidue stretch of Xerminal
amino acids that stabilizes the ppstver
stroke conformation by making hydrophobic
contacts withboththe motor and thkever arm
helix domain (40, 41) Such contast have
been proposed tplay a role in the tension
sensing mechanism of this myosin.

Variations in the converter domain
have been found to influencéet ontractile
properties of myosinn muscles. Exchanging
the converter domain between the fast IFl and
slow EMB isoforms of Drosophila myosin
resulted in a shift in contractile properties
towards the donor isoforifi4). However, this
converter swap did not completebxchange
the contractile properties between IFlI and
EMB, suggestingther variable regions in the
myosin head contribute as well. Exchange of
exon 9 betweerthe IFI and EMB isoforms
also significantly affected the mechanical
properties of the muscle fibres but again did
not result in a complete conversion from EMB
to IFI and vice versdq42). Three embryonic
myosin isoforms expressig alternative
converter and/or relay domajnsere found to
have different ATPase activity,in vitro
motility and muscle ultrastructure and thus
suggestedhat different forms of relay and
converters are used to findune myosin
propertie14).

Biochemical studies only saess
unloaded transitions in the crossdge cycle.
Under loaded conditions theetdched tates
are the same buhe attached pa of the cgle
may be very different. The evidence from
musck fibre studies is that the converter/relay
loop is important for mechanical coupling
Detailed mechanicmeasurements, using IFM
fibres from Drosophila, found a significant
reduction in muscle power for fibres
containing the R759E mutatiocompared to
wild-type fibres (18). The reduce power of
R759EIFM fibreswas attributed to a decrease
in work production dueto slower work
production the 2nb component of sinusoidal
analysis No changes were found for the werk
absorbing step&nc component of sinusoidal
analysis) which include myosin detachment
from actin. Our Kkinetics datashow no
significantchange in steps controlling myosin
detachment from actin, ADP-affinity and
ATP-induced dissociatignconsistent withno
change inthe 2mnc component from the

mechanics tsidy (18). Our experiments
camot asess the work producing steps of the
cycle (2mnb), however the recovery step and
hydrolysis step do involve the reversal of the
structural changes associated with the power
stroke. Notably the hydrolysis step for R759E
was reduced 70% comparea wild-type IF|,
while themechanics study reported a reduction
of 68% of the 2ab component for R759E
compared to wildype myosin

The suppressoR759E/N509Kis able
to substantially restorén vitro motility and
myofibril assembly and also rescue flight
ability (17) and our results show a significant
increase in ATPase activity and Abihding
and hydrolysis compared to R759E, although
not to wildtype levels. These observations
suggestthat an interactionbetween residue
759 and 509 is necessary for optimal myosin
activity. The ability of the double mutation to
restore near normal function to the myosin
might be interpreted to suggest a salt bridge
between the two residueOur molecular
models using chicken smootmusclemyosin
as a template, dpredictthe presence of a salt
bridgebetweerthe sidechains ofresidues 759
and 509 in the double mutart cannot be
excluded that this salbridge isalso formed
during other stages of the myosin crbsisige
cycle that are not yet represented ingballop
crystal structures as suggested previo(EH).

In conclusion we find that the
interface between relay and converter domain
of muscle myosin is critical for optimal
myosin performance. Introduction ofa
mutation R759E) in the converter domain
impairs the steadgtate and transient kinetic
propertiesof myosin R759E S1 compared to
wild-type S1 Our biochemical approach
allows us to identify ATHhinding and ATP
hydrolysis as the steps that amgnificantly
affected by the R759E mutation, and agree
with earlier mechanical data for R759E.
Introducing asecond mutation on the other
side of theconverterrelay interface in the
relay domain (N509K) results in lkeaned
steadystate and transient kinetjcwith a
significant increase in ATP-binding and
hydrolysis for R759E/N®9K. Molecular
modelling suggests that formaticof a salt
bridge between these two residues sea®
the basis for the observed rescue.
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FIGURE LEGENDS:

Table 1: Transient kinetic parameters measured foDrosophila myosin S1 mutantsR759E and
R759E/N509K compared to wild-type IFI S1. Values are mean + S.D. based on a minimum of 3
preparations.

Figure 1: Overview of myosin S1 with relay area (yellow) and converter domain (redhdicated.
(A) The residues 509 (relay loop) and 759 (converter) are shown asfilpazenodels. The
nucleotide is also shown at the opposite end of the relay helix. @b of the interface between
the relay loop and converter domain with converter residue R758ctitey with variable relay loop
residue N509 and converter residue D756. Homology model dbrbsophilalFl myosin isoform
was built using the coordinates of BRRKK8 (actindetached post powstroke state) as a template.

Figure 2: Steady State ATPase activity of wildype control, single mutant R759E and double
mutant R759E/N509K Drosophila myosin. Basal CaATPase activity (A), basal M§TPase
activity (B), actin-stimulated MgATPase activityW. (C), actin affinity relative tavig-ATPase K)

(D) and catalytic efficienc{E) were determined as described in the Materials and Methods. Notations
above histograms indicate the level of statistically significant diftere(=p<0.05, **=p<0.01,
***=p<(0.001, ns= not statistically significant). Significant differences weresasned for p<0.05.

Figure 3: Summary of transient kinetics measurements of converter mutantral suppressor.
(A/B) Example of light scattering traces measuredR@69E (panel A) andR759E/N509K(panel B)
using flash photolysis and fitted to single expoiast from which the rate constantykis

determined. (C) §sas a function of [ATP] yields the aetoyosin dissociation constant ik, which

is not significantly different for R759E and R759E/N509K compared to-tyid. (D) ATRinduced
dissociation ofactoS1 with increasing [ADP] shows similar ABEHfinity (Kap) for R759E and
R759E/N509K compared to Ifw¥t.

Figure 4: ATP binding to Drosophila S1.

Intrinsic fluorescence transients observed for Aliling to wildtype myosin S1 and converter
mutantsR759E and R759E/N509K Ssing stoppedlow. 50 nM S1 is rapidly mixed with A) 10 uM
ATP or B) 320 uM ATP (IFwt and R759E) or 160 uM ATP (R759E/N509K). Ndteat the
amplitudes are smal2-3%) and evaluation of Js values above 200'sbecomesunrelialde. (C)
Summary of stoppeflow data: ks as a function of [ATP] yields k= 223 &' (R759E), 322 S
(R759E/N509K) and 2867's(IFI-wt) for a single data set measured for wifge S1, R759E and
R759E/N509K.

Figure 5: The myosin head domains of schlp and Drosophila are very similar. (A) Overlay of
crystal structures of myosin head domains of scallop (1RS6)Daosophila embryonic myosin
(4QBD). The colouring represents the rmsdues between the two structures with similar structural
elements shown in blue and deviating structural elements (large rmsd vdloes) i® red.The
backbone of the two structures overlay very well with an average rmsd < (sBodvn in blue).
Flexible loops thatdiverge somewhaare shown in red. (B) Alignments fd@rosophila (IFI and
EMB), scallop and chicken smooth myosin. The conserved residues R759 and F718imvéreer
area (bottom) are highlighted in yellow. Ndkat in regard tdhe variale residuessurroundingthe
conserved tryptophafyellow boxin the relay loopthe N509 residuel@rosophilalFl) is replaced by
alanine (scallop) and glutamate (chicken smooth).

Figure 6: Interaction between converter residue R759 and SH1 helix residue F7I3p panels:
Homology models of IFvt indicate a strong interaction between R759 and F713 inriggar
(yellow) and prepowerstroke state (red) whereas in the gosiverstroke state (blue) thiateraction
is not seenas SH1lhas becomelisordered. Bottom panel: Overlay of the models forwEmyosin
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showing the SH1/SH2 and converter area for different myosin conformatioa<$SH2 area overlays
very well but structures start to divert in SHea Residue R758 indicated for each conformation,
together with F713. Homology models of tBeosophila IFI myosin isoform were built using the
coordinates of scallop myosin POV (prepower stroke statepDB 1SR6 (nearigor state) and
PDB 1KKS8 (atin-detached post power stroke state) as a templates.

Figure 7: Details of the relayconverter interaction. (A) R759 of wildtype IFI in the pregpower
stroke state cannot make contacts wétlay loopresidues and makes contacts with converter residues
(P755/D756) and SH1 residue F713. (B) In the paster stroke state (actoletached) R759 contacts
relay residue N509 and W510, in addition to converter residues (P755/D756). E7/mdved away
after SH1 helix structure is lost. (C) The R759E mutant uesid able to contact relay loop residue
N509 as well in the pogiower stroke/acthletached state. However, additional contacts with
converter residues P3®756 are missing. Homology models were built using scallop myosin PDB
1QVI (pre-power strokeandPDB 1KK8 (actindetached, post power stroke state) as a templates.

Figure 8: Side-chain interactions between converter residue 759 and relay loop residue 509 for
wild-type IFI (A), R759E (B) and N509K/R759E (C)(A) Closeup of the interface between the
relay loop and converter domain with converter residue R759 interacting atlsidechain of
residue N509, via H-bonds,and converter residue E758a a saltbridge (B) Closeup of the
interface between the relagdp and converter domain of R759E S1 mutant: converter residue E759
only forms Hbonds with backbone NH of N509. (C) Clage of the interface between the relay loop
and converter domain of NSO09K/R759E S1 mutant: Interaction between the sidechairduef 89

and 5009 is restoreds the side chains are close enough to form dsdte. (homologymodel built

using the coordinates of chicken smooth muscle myosin in theopver stroke statPDB 3J04) as a
templatg.

Scheme I: The interaction of S1 with ATP and ADPS1, ATP and ADP are represented as M, T
and D, respectively. * indicates the different levels of tryptophan fluereg and represents different
conformational states of the myosin.

Scheme 2: The interadon of S1 with actin, ATP and ADP.Myosin, actin, ATP and ADP are
represented as M, A, T and D, respectively. Daskddtéractions represent a weakly bound complex
and dotted - interactions represent strongly bound states. émdge detachment frorthe rigor
state (AM) involves the complex binding ATP, governed by the association conktgnitollowed

by the ratdimiting isomerization,k'.,, after which actirmyosin affinity becomes weak and the
complex separates rapidly.
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Table 1: Transient kinetic parameters measured foDrosophila myosin S1 mutantsR759E and

R759E/N509K compared to wild-type IFI S1. Values are mean + S.D. based on a minimum of 3

preparations.

wild-type S1 R759E S1 R759E/N509K S1
acto-S1 dissociatiofi
K’ 1K 12 (UM7's™) 0.70+0.10 0.72 +0.09 0.70+0.05
ADP-affinity of acto-S1*
Kao (LM) 406 + 25 428 + 20 421 + 41
ADP-release from Si
ko (s 8.0+0.5 7.0+04 6.0+0.3
ATP-binding to ST°
Kikiz (UM's™) 6.0+0.8 2.7+0.9 10+ T
Kist+ ks (Y 308 + 35 223+ 28 404 111
1/Ko5 (LM) 53+12 85+30 4148

2 measured for this study using flash photolySimeasured for this study using stopgv. ¢ Kap
value is from(25) ¢ Significantly different from IFI as determined by the studentist (p<0.005):
Significantly different from wilétype S1 as determined by the student’s t-test (p<0.05).

16




Figure 1:

The Drosophila muscleyosin relayconverter interface
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The Drosophila muscleyosin relayconverter interface

Figure 2:
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The Drosophila muscleyosin relayconverter interface

Figure 3:
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The Drosophila muscleyosin relayconverter interface
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The Drosophila muscleyosin relayconverter interface

Figure5:
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Figure6:

The Drosophila muscleyosin relayconverter interface

post-power &)

near-rigor prE-pOwer

22



The Drosophila muscleyosin relayconverter interface

Figure7:
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The Drosophila muscleyosin relayconverter interface

Figure8:
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The Drosophila muscleyosin relayconverter interface

Scheme 1:

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7
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	EXPERIMENTAL PROCEDURES.
	Steady state ATPase activity: Fresh S1 prepared after chymotrypsin digestion of myosin was used for steady state ATPase activity. S1 ATPase activities were determined using [γ-32P]ATP as described (17)(20). Basal Ca2+ ATPase was determined as per full...
	Flash photolysis system: Flash photolysis was used to measure the transient kinetics of the Drosophila myosin S1 mutants because of the small amounts of protein available (21)(22). By measuring changes in light scattering, the ATP-induced dissociation...
	Stopped-flow measurements: Measurements were performed with a High-Tech Scientific SF-61 DX2 stopped-flow system at 20  C. Intrinsic tryptophan fluorescence was measured using a 295 nm excitation wavelength and observed through a WG320 filter (26). Al...
	Analysis of the transient kinetics data: Without actin present, the kinetics data of S1 with ATP (T) or ADP (D) were analyzed using the seven-step model described previously (27) The rate constants k+i and k-i are the forward and reverse rate constant...
	kobs = K1k+2([ATP]/(1 + [ADP]/KAD)) (1)
	where kobs is the observed rate constant for the ATP-induced dissociation of acto-S1; K1k+2 is the second-order rate constant for ATP binding to acto-S1; KAD is the equilibrium dissociation constant for the binding of ADP to acto-S1. In order to deter...
	Basal Ca2+- and Mg2+-ATPase activity of wild-type myosin S1 and the single and double mutants S1(R759E) and S1(R759E/N509K) were measured according to established procedures (20). As shown in Figure 2A and 2B the converter mutant R759E displayed a 2-...
	ATP-induced dissociation and ADP-affinity of acto-S1 are similar to wild-type S1 for R759E and R759E/N509K.
	The ATP-induced dissociation of the acto-S1 complex was measured as described previously using flash photolysis to liberate caged-ATP (21). Changes in light scattering were recorded and could be best described by a single exponential at each ATP conc...
	ADP-release from S1-ADP (k-D) is slower for the two converter mutants R759E and R759E/N509K compared to wild-type S1.
	Using flash photolysis the rate constant of ADP dissociation from S1 in the absence of actin (k-D) can be determined using the fluorescence of a coumarin labelled ADP (eda-deac ADP). Displacement of eda-deac ADP by ATP-binding to S1 results in a fluo...
	Table 1: Transient kinetic parameters measured for Drosophila myosin S1 mutants R759E and R759E/N509K compared to wild-type IFI S1.  Values are mean ± S.D. based on a minimum of 3 preparations.
	Table 1: Transient kinetic parameters measured for Drosophila myosin S1 mutants R759E and R759E/N509K compared to wild-type IFI S1.  Values are mean ± S.D. based on a minimum of 3 preparations.

