Canterbury
Christ Church
University

Research Space
Journal article

Alternative N-terminal regions of Drosophila myosin heavy chain
Il regulate communication of the purine binding loop with the
essential light chain

Bloemink, M.J., Hsu, K.H., Geeves, M.A. and Bernstein, S.I.

This research was originally published in the Journal of Biological Chemistry.

Marieke J Bloeminkl, Karen H Hsu, Michael A Geeves and Sanford | Bernstein

Alternative N-terminal regions of Drosophila myosin heavy chain Il regulate
communication of the purine binding loop with the essential light chain. J Biol Chem.
2020; Vol:pp-pp. © the Author(s).


https://www.jbc.org/search?author1=Marieke+J+Bloemink&sortspec=date&submit=Submit
https://www.jbc.org/content/early/2020/08/19/jbc.RA120.014684#aff-1
https://www.jbc.org/search?author1=Karen+H+Hsu&sortspec=date&submit=Submit
https://www.jbc.org/search?author1=Michael+A+Geeves&sortspec=date&submit=Submit
https://www.jbc.org/search?author1=Sanford+I+Bernstein&sortspec=date&submit=Submit

JBC Papers in Press. Published on August 19, 2020 as Manuscript RA120.014684
The latest version is at https://www.jbc.org/cgi/doi/10.1074/jbc.RA120.014684

17 August 2020

Alternative N-terminal regions of Drosophila myosin heavy chain |1 regulate
communication of the purine binding loop with the essential light chain

Marieke J. Bloemink!3, Karen H. Hsu?, Michae A. Geevest and Sanford |. Bernstein®

Department of Biosciences at the University of Kent, Canterbury, Kent CT2 7NJ, United Kingdom,
2Department of Biology, Molecular Biology Institute, and SDSU Heart Institute at San Diego State
University, San Diego, California 92182-4614, Scurrent address. Biomolecular Research Group,

School of Natural and Applied Sciences, Canterbury Christ Church University, Canterbury CT1 1QU,

United Kingdom.

Running title: Myosin alter native N-terminal domains influence kinetics

*Corresponding authors: M. Geeves. M.A.Geeves@kent.ac.uk; S. Bernstein: sbernstein@sdsu.edu

Keywords:

muscle, myosin, kinetics, actin, fluorescence, homology modeling, sequence alignment, protein

structure-function, force-sensing

ABSTRACT We investigated the
biochemical and biophysical properties of one
of the four aternative exon-encoded regions
within the Drosophila myosin catalytic domain.
This region is encoded by alternative exons 3a
and 3b and includes part of the N-terminal p—
barrel. Chimeric myaosin constructs (IFI-3a and
EMB-3b) were generated by exchanging the
exon 3-encoded areas between native slow
embryonic body wall (EMB) and fast indirect
flight muscle myosin isoforms (IFI). We found
that this exchange altersthe kinetic properties of
the myosin S1 head. The ADP release rate (ko)
in the absence of actin is completely reversed
for each chimera compared to the native
isoforms. Steady-state data also suggest a
reciprocal shift, with basal and actin-activated
ATPase activity of IFI-3a showing reduced
values compared to wild-type IFI, whereas for
EMB-3b these values are increased compared to
wild-type EMB. In the presence of actin, ADP
affinity (Kap) is unchanged for IFI-3a,
compared to IFl, but ADP-affinity for EMB-3b
is increased, compared to EMB, and shifted
towards IFl values. ATP-induced dissociation
of acto-S1 (Kk.,) is reduced for both exon 3
chimeras. Homology modeling, combined with

a recently reported crystal structure for
Drosophila EMB, indicate that the exon 3
encoded region in the myosin head is
part of the communication pathway between the
nucleotide binding pocket (purine-binding loop)
and the essential light chain, emphasizing an
important role for this variable N-terminal
domain in regulating acto-myosin cross-bridge
kinetics, in particular with respect to the
forcesensing properties of myosin isoforms.

I ntroduction

Muscle myosin isoforms display a
largevariety in Kinetic properties
and force production, despite their
sequences being highly conserved. The various
isoforms of Drosophila melanogaster muscle
myosin heavy chain (MHC) are encoded by a
single gene (Mhc) and expressed using
aternative splicing
(1). Thefirst four of the six alternative exon sets
(exons 3, 7, 9 and 11) encode regions located in
the myosin head domain (2) and the use of
aternative domains in the myosin head allows
for fine-tuning of myosin properties (see Figure
1A). Two native myosin isoforms that differ in
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all four aternative regions in the head domain
display very different kinetic and mechanical
properties. The EMB (embryonic) myosin
isoform is found in the embryonic body wall
muscle, which is used for slow locomotion of
the larvae, whereas the IFl (indirect flight
muscleisoform) myosinispresent in the muscle
that can generate very high wing beat
frequencies and enables flight. Transgenic
expression of EMB in theindirect flight muscle
resulted in loss of flight ability (3) and
subsequent studies using isolated muscle fibers
and/or myosin proteins confirmed the striking
differencesin kinetic and mechanical properties
between IFlI and EMB myosin isoforms (4-6).
Exchange of the variable regions between IFI
and EMB has been used as a strategy to estimate
the effect of each alternative domain on muscle
myosin kinetics and mechanics. Here we focus
on the variable region near the N-terminus of
MHC, encoded by exon 3. Two daternative
regions, encoded by exons 3a and 3b, are
expressed in Drosophila myosin and their
sequences are shown in Figure 1B. EMB
contains the region encoded by exon 3a, while
the exon 3b encoded sequence is normally
expressed within IFI. Previous work found that
exchange of the exon 3 regions between | Fl and
EMB significantly changes the steady-state
kinetic properties of both Drosophila muscle
myosin isoforms. Inserting the exon 3aareainto
IFl resulted in significantly reduced ATPase
rates and Vo for IFI-3a (compared to IFl),
whereas inserting the exon 3b region into EMB
had surprisingly little effect on ATPase and V
of EMB-3b (compared to EMB) (7). The same
study showed that in vitro actin dliding velocity
was increased for EMB-3b, athough not
restored to |Fl levels, and unatered for IFI-3a,
compared to wild type.

Exchange of the exon 3 areaal so affects
the mechanical properties of the indirect flight
muscle. Flight ability of I1FI-3a Drosophila is
dlightly decreased, compared to wild-type,
whereasintroduction of the exon 3b regionin an
embryonic background does not restore flight
ability for EMB-3b Drosophila (7). A follow-up
study found that 1FI-3a Drosophila showed a
reduction in both maximum power generation
(Pmax) and optima frequency for power
production (fra), Whereas for EMB-3b
Drosophila anincreasein both P, and fio Was
found (8). Based on these results it was

suggested that the exon 3 region can influence
at least two steps of the cross-bridge cycle
independently, thereby fine-tuning myosin
muscle kineticsfor optimal force generation. To
understand the biochemical kinetics of various
steps in the cross-bridge cycle that are
influenced by the exon 3 domain, we have now
performed steady-state and transient Kinetics
measurements using the exon 3 chimeric
myosin S1 isoforms (IFI-3a and EMB-3b). Our
data show that exchange of this variable
Nterminal area significantly alters the kinetic
properties of the myosin S1 head. The catalytic
activity ke of the myosin S1 samples generated
from al full-length molecules (IFI, EMB,
EMB-3b, and IFI-3a) followed the trend of
activities so far observed for the full-length
molecules. Interestingly, the ADP release rate
(kp) in the absence of actin is completely
reversed for both chimeras, compared to their
wild-type backbones. In the presence of actin,
the ADP affinity (Kap) is unchanged for IFI-3a,
whereas ADP-affinity for EMB-3b is increased
and shifted towards IFl values. ATP-induced
dissociation of acto-S1 (K.k.,) is reduced for
both exon 3 chimeras. Detailed analysis of a
recently published crystal structurefor EMB (9)
combined with homology modeling indicate
that the exon 3 encoded area is part of the
communication  pathway  between  the
nucl eotide binding pocket (purine-binding loop)
and the essential light chain, emphasizing an
important role for exon 3 in regulating
actomyosin cross-bridge kinetics, in particular
with respect to the force-sensing properties of
the myosin isoforms.

Results

ATP-induced dissociation of acto-S1 (Kik.,) is
reduced for both exon 3 mutants

The ATP-induced dissociation of the
acto-S1 complex was measured as described
previoudy (10) using the flash photolysis
method. Plotting the observed rate constant Kqps
versus ATP concentration allows the apparent
second-order rate constant Kik., to be
determined from the dope of the graph.
Example traces of the measured light scattering
data are shown in Figure 2A for EMB-3b after
ATP release. The analyzed data are depicted in
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Figure 2B for the two exon 3 chimeras, together
with |Fl and EMB wild type (see dso Table 1).
The measured Kik., vaue of EMB-3b
(0.71£0.12 puMist) is significantly lower
compared to EMB (p<0.007, Table 1) but not
significantly different from the value previously
recorded for IFI (0.75+0.08 uM-1st). For I FI-3a,
a significantly lower Kik., value (0.66+0.08
uM-1s1) compared to | FI was recorded using an
unpaired t test (p<0.04, Table 1), although this
difference did not reach statistical significance
using a more stringent oneway Welch's
ANOVA that compared al four constructs.
Thus, introduction of the IFI version of theexon
3 region into EMB shifted the ATP-induced
dissociation of EMB-3b towards IFl values,
whereas the presence of the EMB version of the
exon 3 region did not shift IFl-3a towards
wildtype EMB levels.

ADP-affinity (Kap) is unchanged for IFI-3a
but increased for EMB-3b compared to
wildtype

The ADP-affinity for S1inthe presence
of actin, described by the equilibrium
dissociation constant Kap, was determined
according to established methods (5).
ATPinduced dissociation of acto-S1 was
measured in the presence of increasing amounts
of ADP. Figure 2C shows example traces of the
light scattering data for EM B-3b, recorded with
increasing ADP concentration. The amplitude
of the signal drops as the ADP concentration
increases. From the light scattering signals, Kops
can be obtained by fitting to asingle exponential
and plotting ky,s versus ADP-concentration,
which alows Kap to be estimated. The data
show that the measured value for the embryonic
chimera EMB-3b (Kap = 496 = 79 uM) is
significantly lower, as assessed by t test,
compared to the wild-type EMB value (Kap =
587 + 48 uM), suggesting atighter ADPhinding
affinity for EMB-3b (Figure 2C), although this
did not reach satistical significance using
Welch's oneeway ANOVA. The measured
value of Kup for IFI-3a (Kap = 409+18 uM) is
not significantly different from the wild-type
IFl value (see Table 1).

The ADP-releaserate of S1 (kp) isreversed for
both | FI-3a and EMB-3b chimeras

To estimate the rate constant of ADP
dissociation from S1 in the absence of actin, the

change in fluorescence of a coumarin-labelled
ADP analog (eda-deac ADP, (11) was measured
upon displacement of eda-deac ADP (cmADP)
by ATP-binding to S1 (12). A single laser flash
released 15-20 uM ATP from cATP (100 uM)
and the fluorescence change resulting from
cmADP release was recorded (Figure 3). The
fluorescence signal could be fitted to a single
exponentia, which gives the ADP-release rate
(kp). The small increase in fluorescence at the
start of the transient is an artefact resulting from
the laser flash which is difficult to eliminate
entirely when working with low fluorescence
signals as used here. Note the direction of the
changeisthe samein both transients.

The two exon 3 chimeras, IFI-3a and
EMB-3b, show an almost complete reversal of
their kp values compared to their wild-type
counterparts (Table 1). Insertion of the
embryonic exon 3a area into IFl results in an
ADP release rate typically found in wild-type
EMB (kp = 21 £ 041 s?'), whereas the
introduction of the fast IFI exon 3b region into
EMB increases the ADP-release rate of EMB3b
to wild-type IFI levels (kp = 7.0 + 1.3 s?).
Reversa of kp rates after exon exchange was
previously found for one of the other variable
domains, the relay loop encoded by exon 9, as
introduction of the exon 9a domain into IFI
reduced the ADP-release rate to embryonic
levels, whereas the substitution of the exon 9b
regioninto EMB increased the ADP-releaserate
to IFl-levels (10).

The directionality of the observed
fluorescence traces is variable and can even be
reversed as seen here for EMB-3b. The
fluorescence trace of IFI-3a shows a signal
decrease after release of cmADP, similar to
what was seen previoudly for IFI and EMB (5).
However, EMB-3b fluorescence increases upon
CcmMADP release and this reversa of the
fluorescence signal has been observed in other
studies. We previously reported a similar
reversal of fluorescence change for a series of
probes and myosin isoforms (12) and also for
other chimeric Drosophila myosin isoforms
after exchange of exon 7 (13) and exchange of
exon 9 (10). We currently have no explanation
of why this occurs, except that this must reflect
a change in the environment of the fluorescent
probe, that will require analysis of a
highresolution structure to resolve.
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Catalytic activity is reduced for 1FI-3a and
increased for EMB-3b

Basal and actin-activated ATPase
activity of wild-type IFI S1 and the two exon 3
mutants were measured (see Figure 4 and Table
2). IFI-3a S1 showed a significant reduction in
basal Ca-ATPase (4.92+1.05 s!) compared to
wild-type IFI S1 (9.79+£1.39 s?'), whereas
CaATPase activity of EMB-3b S1 (5.16+2.01s
1) issignificantly increased compared to values
for wild-type EMB (1.83+0.08 s?) (Figure 4A
and Table 2). The same trends were seen for
basal Mg-ATPase activity, as well as
actinactivated ATPase values (Viay), dthough
differences did not reach statistical significance
(Table 2 and Figure 4B/C). While previous
CaATPase, Mg-ATPase and V. measurements
for full-length myosin (7) showed significantly
reduced values for IFI-3a compared to IF
wildtype, the full-length protein showed an
increase only in Ca-ATPase levels for EMB-3b
compared to EMB.

Using flash photolysis, the turnover
number (k) was measured at a fixed actin
concentration for S1 of both exon 3 exchange
mutants and compared with IFl wild type
(Figure 4D). The time taken to hydrolyze all
released ATP (t.y) was estimated from the time
at which the dissociation reaction was 50%
complete (tgss) to the time for 50% recovery of
light scattering (tass). This time period (o) is
linearly dependent upon the amount of released
ATP (see Figure 4D). The steady-state rate of
ATP hydrolysis is the inverse of the slope
(steady-state rate = [ATP]/ty), alowing the
catalytic activity (k) to be determined. For IFI
a steady-state rate of 0.104 (uM s?) was found,
resulting in a ki of 0.18 s'. This value is
essentially the same as the k., value reported
previoudy for IFI S1 using the same
experimental setup (K.; = 0.17+0.006 s?) (10).
The cataytic activity of EMB-3b (kg =
0.021+0.009s?) is nearly identical to the value
measured previously for EMB (0.028 s?Y),
whereas the k. value for IFI-3a (0.057+0.003
s') shows a decrease compared to IFl (10) (see
Table 1). Previoudy reported V., values for
full length myosin constructs showed similar
behavior (7), with unchanged V.., values for
EMB-3b compared to EMB, and a 2.36-fold
decrease in Vu for IFI-3a compared to I FI.

Homology models and general description of
the exon 3 encoded area

Sequence alignment of various myosin
isoforms show that the exon 3 area is highly
variable, with only five residues that are fully
conserved: Asp®, Asni%, Argl®, [le'> and
Tyr'6 (Figure S1). The recently published
crystal structure of embryonic Drosophila
myosin in the rigor-like conformation (PDB
BW1A) shows that the exon 3 region (residues
69-116) starts with two B-strands (f4:69-73 and
B5:77-79), which form part of the SH3-like
domain found in many other myosins (Figure
5A). The 4 and B5 strands are followed by two
short helices (HA: 83-85 and HB: 91-93) and a
longer helix C (residues 98-111). The Cterminal
residues of the exon 3 area are at the start of the
next B-strand (S1B, Figure 5B) which formsthe
first B-strand of the central seven-stranded -
sheet in the myosin head.

Conserved residue Asp® is located
between exon 3 helix A and helix B, residues
Asni® and Arg!® are located on the same side
of helix C and Ile'*® and Tyr'¢ are part of the
first B-strand of the central 7-stranded p-sheet, a
conserved feature of all myosins. The EMB
crystal structure showsthat Asp® formsastrong
salt-bridge with Arg*® and that the latter also
forms a hydrogen-bond with Gly'®, |ocated
between the first two B-strands of the central
7stranded B-sheet (Figure 5B). Conserved
residue Asn'% forms hydrogen bonds with the
backbone oxygen of three residues close to
Asp® (Lys¥, lle/Ala® and Mett), whereas
conserved residue Arg'® contacts Tyr'?6.

The available crysta structure of
embryonic Drosophila myosin in the rigor-like
conformation (PDB 5W1A) was used as a
template to generate a homology model for IFI
myosin. Overlay of the IFI model and the EMB
crystal structure showed that the backbone
topology for both is very similar (rmsd of 1.59
0). Inspecting the homology models using
scallop myosin templates that represent
conformations at different steps of the
mechanochemical cycle shows that some of
these conserved interactions are maintained
throughout the cycle, whereas others are lost
(see Discussion for details).
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Exon 3 interacts with the nucleotide binding
site

The kinetic data show that exchange of
the exon 3 area aters the nucleotide binding
properties of Drosophila myosins. A large body
of research has established that nucleotide
binding and processing in the active site of
myosin involves four highly conserved loops:
P-loop (GESGAGKT), switch 1 (AKTxxN(N
D)NSSR), switch 2 (DIXGFE) and the purine
binding loop (NPxxxxxxY) (14). The exon 3
region (residues 69-116) could potentially alter
nucleotide binding properties by interacting
with any of these highly conserved loops.
Inspection of the EMB crystal structure (Figure
6A) shows that the purine binding loop
(residues 127-135) interacts with the exon 3

region; for example, exon 3 residue
Tyrt® forms a hydrogen bond with purine
binding loop residue Asn'?’ (Figure 6B). Asn'?’
aso has a hydrogen bond with the backbone
carbonyl of P-loop residue Gly*?. These
contacts suggest arole for the exon 3 region of
the myosin head in regulating nucleotide
binding and release via interaction with the
purine binding loop.

Homology models derived from scallop
myosin structures at various states of the
crossbridge cycle were generated for both IFI
and EMB and used for further analysis, sincethe
EMB crysta structure is only available for a
rigor-like configuration that has no nucleotide
bound. The homology models confirm the
interaction between the purine-binding loop and
the exon 3 area, and suggest this interaction
depends on the myosin state involved (see
Figure S2 for a detailed description of these
interactions for different myosin
conformations). However, the interactions
between the purine binding loop and the exon 3
area are very similar for IFl and EMB (see
Figure S2/S3 for details).

The EMB crysta structure shows that
the exon 3 region has no direct contactswith any
of the other variable domains in the myosin
head. However, the SH1-SH2 helix is wedged
between the exon 3 and exon 9 (relay loop)
regions and makes contacts with both variable
domains. Since Drosophila EMB and IFl share
the same SH1-SH2 sequence, the two variable
regions could potentially interact differently
with this element, thereby altering the myosin
properties. However, detailed analysis showed

that contacts between exon 3 residues and the
highly conserved SH1-SH2 region in the
myosin head were also found to be very similar
for both chimeras (see Figure $4 for details). In
summary, the conserved interaction of the exon
3 region with both the nucleotide binding loop
and the SH1-SH2 area suggest that alternative
versions of exon 3 differentially affect myosin
properties via another mechanism.

Exon 3 interaction with the myosin essential
light chain

Part of the exon 3 area is embedded in
the SH3 element, a p-barrel found at the
Nterminus of the MHC. In vertebrates this SH3
element is thought to interact with the extended
N-terminus of the myosin essential light chain
(ELC) in the presence of actin, thereby
modulating myosin ATPase kinetics (15). The
EMB crystal structure does not show any direct
contacts between the exon 3 region and the
ELC, as the ELC of Drosophila lacks this
Nterminal extension (16). However, two ELC
residues (Glu** and His'’) form salt-
bridge/Hbond contacts with two MHC residues
located outside the SH3 domain (Arg® and
Ser?). The latter two are part of a small helix
near the Nterminus (helix NT), which iswedged
in between the ELC and the SH3-exon 3 area
(Figure 6A, C). Another residue located on this
small helix (Asp?’) forms a strong salt-bridge
with exon 3 residue Lys®” (Figure 6C). Lys¥ is
pat of a network of highly conserved
interactions in the exon 3 area, as it makes
contacts with conserved residues Arg'® and
Asn'® (see Fig 5B). Lys¥ (backbone oxygen)
also interacts with the sidechain of helix NT
residue Arg® (Figure 6C). Therefore, the exon
3regionislikely to be part of a communication
pathway between the essential light chain and
the purine binding loop, which also involves
helix NT.

Homology models for IFI show a
similar picture when using the EMB crystal
structure SW1A as a template, with no direct
ELC-exon 3 region contacts, but indirect
contacts via helix NT (Figure 7A). Homology
models representing other states in the
crossbridge cycle indicate that for IFl, helix NT
maintains contacts with the exon 3 region
throughout the cycle, whereas for EMB these
contacts are lost. For instance, the pre-power
stroke state of IFI (using 1QVI as template)
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shows interactions between exon 3 residue
Asn’2 and helix NT residue Arg? (Figure 7B).
Exon 3 residue 112 is a variable residue, Ala''?
for EMB, and therefore the pre-power stroke
state of EMB lacks this exon 3 contact with
helix NT. The post-power stroke state of IFl
(using 1KK8 as template) maintains the
Asn'?Arg**  contact and has additional
interactions between the sidechain of Arg®
(helix NT) and the backbone oxygen of exon 3
residues Pro® and Lys* (Figure 7C). For EMB
the post-power stroke state again does not show
any contacts between exon 3 and helix NT,
indicating the interaction between the exon 3
region and helix NT is fundamentally different
between the IFl and EMB isoforms.

Discussion

The use of alternative domains in the
myosin head is thought to play a role in
finetuning the kinetic and mechanical properties
of myosin isoforms (2), but the exact
mechanisms whereby aternative structures
affect these properties are not well understood.
Herein we investigate the structure-function
relationship of the area encoded by exon 3, a
variable domain that forms part of the SH3-fold
found near the N-terminus of the myosin head.
Our results show that exchange of the exon 3
region between the indirect flight isoform (IFl)
and the embryonic isoform (EMB) alters
various kinetic properties of the generated
myosin S1 chimeras (IFI-3aand EMB-3b). The
most profound effect is on the ADP-release
ratesin the absence of actin, asthe k ; valuesfor
the chimeras are completely reversed, compared
to their wildtype counterparts. I n the presence of
actin, the ADP affinity for IFI-3ais not affected
compared to wild-type IFI. However, the ADP
affinity of EMB-3b is significantly tighter,
compared to wild-type EMB and shifts towards
IFl values. ATP-induced dissociation is aso
affected after exchange of the exon 3 area
between IFI and EMB, although the effect is
less dramatic compared to ADP-release.
Introduction of exon 3b into EMB shifted the
ATP-induced dissociation towards |Fl values,
however, theinsertion of the exon 3aregioninto
an IFl background did not shift the ATPinduced
dissociation towardswild-type EMB levels. The
steady-state kinetic parameters measured for the

IFI, EMB, and exon 3 chimeric S1 isoforms
show a similar pattern for k., with values of
| FI-3ashifting towards the EMB donor isoform,
but values for EMB-3b being very similar to
EMB. Whilethis pattern holdsfor IFI vs. IFI-3a
values for Vi and basal Ca- and Mg-ATPase,
increases in these parameters were seen for
EMB-3b relative to EMB.

Correlation between Kk, or Kxp and motility

It is generally accepted that ADP
release is rate-limiting for slow sarcomere
myosin isoforms (17). In contrast, for faster
myosins, ATP-induced dissociation can be
ratelimiting, depending on the particular
conditions used (18) (19). Plotting the measured
ADP affinity (Kap) for EMB, EMB-3b, IFI and
IFI3a against previously reported in vitro
motility values, with and without the actin-
binding protein tropomyosin (Tpm) (7), shows
a decrease in velocity with increasing Kap
values (lower ADP affinity) (see Figure S5 and
Table 3). This implies that ADP release is not
ratelimiting for these Drosophila myosin
isoforms, as the actin dliding velocity is higher
for isoforms with higher ADP affinity. This
agrees with previous biochemical studies that
reported ADP affinity measured in solution did
not correlate with actin sliding velocity of other
Drosophila myosin isoforms (5, 10, 13).
Mechanical studies on isolated Drosophila
muscle fibers also found no correlation between
ADP affinity and frequency of maximum work
production (4, 8, 20, 21). Plotting in vitro
motility versus ATP-induced dissociation
(Kik:p) for IFI, EMB and the two exon 3
chimeras, shows reduced motility with
increasing K.k, vaues, athough the
correlation is not particularly strong (R? = 0.86,
Figure S5).

ADP release (k.ap) isfaster than ATP-induced
dissociation of AM (Kgiss)

In order to estimate if either ADP
release or ATP-induced dissociation could be
rate limiting for these Drosophila myosins, the
theoretical rate-limiting step ki, was calculated
using the equation k., = V/d, assuming a
working stroke (d) of 5 nm (18) and using the
published motility data for velocity in the
presence (V*) and absence (V) of tropomyosin
(Tm) (7). The calculated values for the
ratelimiting step k., are listed in Table 3,
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together with the matility data and estimated
valuesfor

ADP release (kap) and ATP-induced
dissociation (Kqs). The values associated with
ATP-induced dissociation (Kgs2) are within
2600-3600 s?!, whereas values estimated for
ADP release (kap) are within 4000-5900 s*.
Thus, both ATP-induced dissociation and ADP
release are significantly faster than the rate
limiting step Kqin (800-1200 st). Therefore, it
seems unlikely that either ADP-release or
ATPinduced dissociation is rate-limiting under
these conditions.

At lower ATP concentrations, one
predicts that kg could be limiting the velocity
for these myosins, in particular for IFI, which
has an unusual low affinity for ATP, compared
to EMB (20). At 1 mM ATP concentration, Kgss 1
is around 1300-1800 si, close to the vaues
calculated for kqins', indicating that at such low
ATP concentrations kg Can indeed be
ratelimiting for these myosins. At saturating
ATP levels, another step in the cross-bridge
cycle could become rate-limiting, for instance
phosphate release (IFI) or an isomerization step
before ADP release (EMB) as proposed by
Swank et a. (20). However, EPR studies of
Drosophila myosins, investigating the
isomerization step between the open to closed
conformation of the nucleotide binding pocket,
found that the pocket is predominantly closed
for both IFI and EMB with ADP bound.
Therefore, this isomerization step is unlikely to
control velocity for these fast myosin isoforms
(22). Oveadll, our caculations suggest that
ADP-release is too fast to be rate-limiting, but
ATP-induced dissociation could be ratelimiting
at lower [ATP].

Biological implications

Homology modeling, combined with
the crystal structure for Drosophila EMB,
indicate that the exon 3 encoded region in the
myosin head is part of a communication
pathway between the nucleotide binding pocket
(purine-binding loop) and the essential light
chain via helix NT, emphasizing an important
role for this variable N-terminal domain in
regulating acto-myosin cross-bridge Kinetics.
IFl maintains the interaction between helix NT
and exon 3 during the cross-bridge cycle for
different conformational states, whereas for
EMB theseinteractionsarelost. The presence of

helix NT-exon 3 contacts throughout the cross-
bridge cycle alows the IFI isoform to rapidly
communicate any conformational change from
the nucleotide binding site towardsthe ELC and
vice versa, whereas for the EMB isoform this
processis likely to be dower, due to the loss of
exon 3 —helix NT contacts.

The presence of additional stabilizing
interactions between the exon 3 region and helix
NT for IFI throughout the cross-bridge cycle
might be expected to stabilize the structure and
make transitions between states more difficult
thus reducing the reaction rates of it chemo-
mechanical cycle compared to EMB, which is
opposite to experimental data. In contrast to
these expectations, the increased stability may
restrict the number of conformational states the
myosin head can adopt and actually improve its
function. In this regard, a recent paper by
Schmid and Hugel (23) explores this concept
and introduces the idea of ‘conformationa
confinement of proteins’, in which the authors
argue that restricting conformational states
enhances the function of a protein "by limiting
the non-productive degrees of freedom". For
myosin |FI, the presence of helix NT-exon 3
contacts throughout the cross-bridge cycle may
therefore ensure that the conformational states
of myosin are confined to those that enhance its
function.

If the exon 3 region plays an important
role in the communication pathway between the
essential light chain and the purine binding
loop, via helix NT, any mutations along this
route are expected to have a serious effect on the
biological function of myosin. An extensive
literature search (24) revealed that various
cardiomyopathy mutations have been reported
along this pathway, involving the exon 3 region,
helix NT and the essential light chain.
Mutations have been reported for exon 3
residues Pro®, Ala'®, and Tyr%> (the equivalent
exon 3 encoded residues in Drosophila are
Pro2, Serl®lCyslol and Tyrl6), Tyrls can
interact with the purine binding loop (Tyr'6 in
Figure S2 B/C) and therefore a mutation of
Tyrs is expected to alter this interaction and
affect the nuclectide binding properties of
myosin. The helix NT equivalent in human
fmyosin heavy chain aso contans a
cardiomyopathy site, Ala?® (Glu? in both
Drosophila EMB and IFI myosin) which could
disrupt the signal transfer between the essential
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light chain and the purine binding loop. The
essential light chain residue Arg®™ (GInl%
equivalent in Drosophila) can result in serious
cardiomyopathy when mutated into His (25).
GIn'% is close to ELC residues Glu'* and
His'%’, which both interact with the NT helix
(Figure 6C). Based on kinetic measurements,
and molecular modeling, we propose that these
mutations alter myosin function by disrupting
the relay pathway between the nucleotide
binding pocket and the essential light chain. A
recent structure of beta-cardiac myosin (PDB:
6FSA) shows a strong contact (salt-bridge)
between exon 3 residue Asp® and helix NT
residue Arg®, in addition to contacts between
exon 3 residue Tyr'> and purine binding loop
residue Tyr'3 (26), strongly supporting our
hypothesis that the exon 3 area is part of the
relay pathway towards the purine binding loop
viahelix NT.

Disruption of the above-mentioned
pathway does not only affect the cross-bridge
kinetics but is also expected to ater the
mechanical properties of myosin. The
Nterminal region (NTR) of myosin has been
identified as an important element in tuning the
mechanical properties of myosin-l (27).
Exchange of the NTR from Myo-1b, a highly
tension-sensitive motor, onto Myo-1c, which is
less tension-sensitive, converts Myo-1c into a
highly tension-sensitive motor, resulting in
sensitivity to forces < 2 pN. Overlay of the
crystal structures of Myo-1b (PDB: 4L79)(28)
and the EMB crystal structure (PDB 5W1A)
shows a remarkable similarity between the
secondary structure elements of the N-terminal
region of EMB and Myo-1b, except for the SH3
domain of EMB (Figure 8). The NTR of Myolb
and a small helix immediately following the
NTR are located near helix A and helix B of
EMB, whereas the longer helix C of EMB
nearly overlaps with an equivalent longer helix
of Myo-1b (see Figure 8A/B). Overlay of EMB
with Myo-1c shows a similar picture (Figure
8C) with the NTR and the first two helices of
Myo-1c following the backbone topol ogy of the
exon 3 area secondary structure elements (helix
A, B and C). The similarity between the
Ntermini of EMB and the Myo-1b/Myo-1c
structures suggests a similar functional role,
implicating the exon 3 aea as a
mechanosensing element.

Recent crystal structures of cardiac
myosin with the myosin activator omecamtiv
mecarbil (OM) bound also hint at the possibility
that the exon 3 area is involved in fine-tuning
the mechano-sensing properties of myosin (29,
30). OM is a selective, small-molecule cardiac
myosin activator that binds to the myosin head
domain and can increase the power output of the
cardiac muscle (31). OM iscurrently in clinical
trials for the treatment of heart failure. Two
cardiac myosin binding sites have been reported
for OM (29, 30), one of which shows the
OMbinding site in a narrow cleft between the
Nterminal domain and lower 50K domain (29).
Three out of six N-terminal domain residues
that interact with OM are located in the exon 3
area (A%, M, L%), whereas the other three
residues are just outside the exon 3 area on the
loop between thefirst (S1B) and second B-strand
(S2p) of the seven-stranded B-sheet (S'8, G'*°
and F21). Since OM can alter the power output
of myosin, the involvement of exon 3 encoded
residues in this process is another indication of
thisregion’ s potentia in fine-tuning mechanical
properties of myosin isoforms.

In conclusion, we find that the alternatively
expressed domain encoded by exon 3in muscle
myosin is critica for optima myosin
performance. Various steps in the cross-bridge
cycle are affected by exchange of the exon 3
regions, in particular ADP release and
ATPbinding. Based on the recently reported
EMB crysta structure, combined with the
homology modelling presented here, we
propose that this exon 3 area is part of the
communication  pathway  between  the
nucleotide binding pocket (purine-binding
loop) and the essential light chain and plays an
important role in modulating acto-myosin
cross-bridge kinetics and loaddependent
mechanics.

Experimental Procedures

Generation of subfragment-1 (S1) from
isolated full-length myosin

Myosin was isolated from the indirect
flight muscles of 140 wild-type (PwMhc2
transgenics), 200 EMB, 140 | FI-3a or 300 EMB-
3b transgenic flies (those expressing the IFI,
EMB, EMB-3b or IFI-3amyosin isoformsin the

020z ‘0z 1snBny uo 158nB Aq Bio"aq ['mmwy/:dy WO} papeojumog


http://www.jbc.org/
http://www.jbc.org/

Myosin alter native N-terminal domains influence kinetics

indirect flight muscles, respectively) as
previously described (6). The production of S1
by [J-chymotrypsin digestion was carried out
using a method based on Silva et al. (32) with
the following modifications: the final myosin
pellet was dissolved in digestion buffer (120
mM NaCl, 20 mM NaPO,, pH 7.0, 1 mM
EDTA, and 4 mM DTT). The myosin was
incubated at 20 °C for 5 min to equilibrate, and
then incubated with 0.2 mg/ml [J-chymotrypsin
for 6 min. To quench the reaction,
phenylmethylsulfonyl fluoride (PMSF) was
added to afinal concentration of 1.5 mM. The
reaction was subsequently centrifuged at 60,000
rpm (TLA 100.3 rotor) for 20 minin aBeckman
ultracentrifuge to pellet the undigested myosin
and myosin rods. The supernatant containing
the S1 wasremoved and diluted to 1 ml with low
salt buffer (30 mM KCI, 15 mM MgCl,, 20 mM
MOPS, pH 7.0and 4 mM DTT). To concentrate
the S1, the samples were centrifuged at 15,000
rpmin a Sorvall MC 12V microcentrifuge at 4
°C using a Millipore Ultrafree 0.5 pm
centrifugal filter with a 5,000 kDa cut-off. The
final volume of the supernatant was 30-40 ,
containing an S1 concentration of roughly 1.5 —
2 [lg/0l. S1 concentration was determined from
the absorbance at 280 nm (E'* = 0.73 cm) and
the molecular mass of 115 kDa.

Flash photolysis

Because of the small amounts of protein
available, flash photolysis was used to measure
the kinetics of the mutant Drosophila myosin S1
(5, 33). The ATP-induced dissociation of the
acto-S1 complex was followed by measuring
changes in the light scattering signal. The
dissociation of nucleotide from S1 alone was
detected by changes in fluorescence using
fluorescently labelled analogues. In brief, the 20
pl sample was held in a quartz cuvetteand ATP
was released by a single 5 ns flash at 353 nm
from a neodymiumyttrium-aluminum-garnet
laser (Surelite 1-10, 70 mJ maximum power)
along the vertical axis of the cell at arate of 90
s'to start the reaction.
Both absorbance (to determine the ATP
concentration) and light scattering (to monitor
the acto-S1 complex) or fluorescence (to
determine cmADP release) were measured from
the cuvette simultaneously following the laser
flash. White light > 389 nm was introduced to
the sample from a 100-watt halogen lamp and

the change in the amount of light scattered 90[]
was monitored after each flash. The absorbance
at 405 nm was measured with amonochromator
to determine the amount of ATP liberated from
caged ATP during each laser flash. Coumarin
fluorescence changes were detected by
monitoring the emission through a 455 nm
cutoff filter after excitation at 434 nm (75-watt
xenon/mercury lamp).

All  light scattering experiments were
conducted in alow salt buffer (pH 7.0: 30 mM
KCl, 5 mM MgCl,, 20 mM MOPS and 4 mM
DTT) with 1 yM actin, 1-3 uM S1, 500 pM

CATP, 10 mM DTT and either apyrase (2
units/ml: ATP-induced dissociation of acto-S1)
or ADP (various concentrations) and a
glucosehexokinase system (0.03 unitgml
hexokinase, 1 mM glucose and 100 pM ApsA:
Kap determination). Each sample was subjected
to multiple laser flashes. During Kpp
determination, ADP and cATP were added after
each flash. The cmADP dissociation
experiments were also performed in this low
salt buffer and contained 4 uM S1, 10 UM

CMATP (source of cmADP) and 100 uM cATP.
For the determination of ke the acto-S1 sample,
incubated without apyrase, was irradiated by a
series of laser pulses of different intensities,
which released a range of ATP concentrations.
Thetimetaken to hydrolyze al of the ATP (t.a)
was estimated from the time at which the
dissociation reaction was 50% complete (tgiss) to
the time for 50% recovery of thelight scattering

(tas) (33).

Analysis of the kinetic data

Equation 1 was derived from the
interaction of actin and S1 with ATP and ADP
shown in Scheme 1 and was used to determine
KAD.

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

where kg IS the observed rate constant for the
ATP-induced dissociation of acto-S1; K.k, is
the second-order rate constant for ATP binding
to acto-S1; Kup is the equilibrium dissociation
constant for the binding of ADPto acto-S1. The
equation kg = Kons/ko Was used to determine the
relative rate constant (k.4) shown in Figure 2D,
where k, is the value when [ADP] = 0. Plotting
tea VErsus ATP concentration alows one to
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estimate the steady-state rate of ATP hydrolysis
according to Equation 2:

steady-state rate = [ATP]/ty 2

From which one can determine the kg
(Equation 3):

= steady-state rate/[S1] 3

Vaues reported for flash photolysis
studies are mean = S.D. based on a minimum of
3 preparations, except k.4 which isbased ontwo
preparations and therefore k., is not included in
the statistical analysis that was carried out by
unpaired t tests and Welch's correction, with
significant differences assumed at p<0.05.
Significance was also assessed using one-way
Welch's ANOVA.

Basal and actin-stimulated Mg-ATPase assays

ATPase activities for myosin S1 were
determined using 2 pg S1 samples and [y-
2P]ATP. Two technical samples were run for
each biological replicate. Ca-ATPase activity
was determined as previously described (6).
Basal and actin-activated Mg-ATPase activities
were determined using chicken skeletal muscle
actin as previoudy described (7), with
modifications (10). Notably, no salt (KCl) was
added to the ATPase assay solution. G-actin
was isolated from acetone powder of chicken
skeletal muscle (34). After one cycle of
polymerizationdepolymerization, soluble G-
actin obtained after dialysisagainst 2 mM Tris-
HCl, pH 8.0, 0.2 mM ATP, 2 mM CaCl, and 1
mM DTT was quantified
spectrophotometrically using an extinction
coefficient of 0.62 cm! (As10nmA200nm) fOr 1 mg
ml-1. F-actin was prepared by adding 1 volume
of 10X polymerization buffer (50 mM Tris-HCI,
pH 8.0, 0.5 M KCI, 20 mM MgCl, and 10 mM
ATP) to 9 volumes of Gactin. The working F-
actin solution had a concentration of ~300 puM.

For the Mg-ATPase activity assays, myosin was
added to MgA TPase solution (10 mM imidazole
pH 6.0, 0.1 mM CaCl,, 1 mM MgCl,, 1 mM [y-
32P])-ATP) with increasing concentrations of F-
actin (Oto

15[JM). Thereaction was quenched using 1.8 N
HCIO, after 25 min at room temperature prior
to extraction and scintillation counting. V. and
Km values were obtained by fitting data, after
subtraction of basal Mg-ATPase vaues, with
the MichaelisMenten equation using Prism
(Graph Pad) software. ATPase vaues are
presented as mean + SD. Statistical significance
was assessed using unpaired t tests and Welch's
correction, with significant differences assumed
at p<0.05.

Homology modelling

Three-dimensional homology models
were generated for the Drosophila IFI myosin
motor domain and exon 3 chimeras using the

SWISS-MODEL automatic
comparative protein -~ modeling server
(35-37). The embryonic myosin crystal

structure (PDB

Data availability:

5W1A) was used as a template to build a
homology model of the IFl isoform, after
pairwise alignment of the primary sequences of
the Drosophila IFI and EMB S1 domains (96%
conserved). To represent various states from the
cross-bridge cycle, scallop myosin structures
were also used as templates. PDB 1KK8
(actindetached state), 1QVI (pre-power stroke
state) and 1S5G (near-rigor ADP-bound state)
using the CLUSTALW alignment protocol. The
alignments were submitted to the alignment
interface of SWISS-MODEL. The chosen
templates allowed us to generate 3D homology
models of the IFI and EMB myosin heads and
of the chimeras obtained after swapping the
exon 3 region (IFI-3aand EMB-3a).

All data described in the manuscript are either contained within the manuscript or are to be shared upon

reguest to corresponding author.
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IFM Indirect flight muscle
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cmADP coumarin-ADP

CATP caged ATP

Tpm tropomyosin

NTR N-terminal region

OM omecamtiv mecarbil

PMSF phenylmethylsulfonyl fluoride
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3a VRDIKFEKVEKVNPPKFEKIEDMADMTVLNTPCVLHNLRQRYYAKLIY
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3b TRDLKKDLLQQVNPPKYEKAEDMSNLTYLNDASVLHNLRQRYYNKLIY

Figure 1: (A) Structure of the embryonic myosin isoform (EMB) in the rigor-like conformation, with
the location of the four variable regions in the myosin head indicated: exon 3 region (green), exon 7
region (purple), exon 9 region (dark red) and exon 11 region (light brown). The essential light chain
(ELC) is shown in dark-grey (the coordinates of the EMB crystal structure (PDB: 5W1A) were used to
generate this image). (B) Alternative sequences encoded by the exon 3a and 3b regions, with
nonconservative differences denoted by asterisks: 3aisfound in the slow EMB isoform and 3b is present
in the fast IFl isoform.
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Figure 2: ATP-induced dissociation (K 1k.,) and ADP affinity (K ap) of the two myosin S1 exon 3
chimeras. (A) Example of light scattering traces for acto-S1 dissociation with EMB-3b S1 (B) The
second order rate constant (K 1k.,) for the ATP-induced dissociation of S1 from actin is determined from
alinear fit to the plot of the kqps VS, [ATP] (see Experimental Procedures). The linear fits yielded values
of 0.71+ 0.12 uM* s for EMB-3b (e) as compared to 0.91 + 0.13 uM* s* for EMB (o). For IFI-3athe
linear fits yielded mean values of 0.66 + 0.08 uM s* (m) as compared to 0.75 + 0.08 uM-* st for IFI S1
(o). (C) Light scattering traces for acto-S1 dissociation with EMB-3b S1 at various ADP concentrations.
(D) Comparison of the affinity of ADP for acto-S1 (K ap) for EMB and EMB-3b, with the relative Kgps

(Kra) values shown. Hyperbolic fits resulted in Kap values of 587 + 48 uM for EMB (open circles) and

496 + 79 uM for EMB-3b S1 (closed circles).
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Figure 3: Rate of ADP release (kp) from Drosophila S1 isoforms. The rate constant for cm.ADP
dissociation (k.p) from S1 in the absence of actin was determined using flash photolysis. After release
of ATP (15 uM) from caged-ATP (100 uM), a fluorescent ADP analogue (eda-deac ADP) bound to S1
was displaced by ATP. The change in fluorescence upon release of eda-deac ADP from S1 was used to
determine k p. Exchange of either the exon 3a or 3b domain resulted in a complete reversal of the ADP
releaserate (seealso Table 1). Thedissociation ratefor EMB-3b (k.p: 7.0 %) isnot significantly different
to IFl (kp: 7.5 s1) whereas that of IFI-3a (kp: 2.1 s?) issimilar to EMB (kp 1.8 s%).
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Figure 4: Steady-state AT Pase activity of IFI, EMB and exon 3 chimeric S1 isoforms. (A) Basa
Ca-ATPase activity, (B) basal Mg-ATPase, (C) actin-activated Mg-ATPase activity (Vma) and (D) the
turnover number (K ) for acto-S1 were determined as described in Experimental Procedures. Notations
above histograms indicate the level of statistically significant differences (*, p < 0.05; **, p < 0.01; ***,
p <0.001; **** p< 0.0001, ns, not statistically significant). Significant differences were assumed for p
<0.05.
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Figure5: Location and structure of exon 3 domain (green) within the myosin heavy chain
Nterminus. (A) Secondary structure elements encoded by exon 3 (residues 69-116) include p4 (69-73),
B5 (77-79), helix A (HA,83-85), helix B (HB, 91-93), helix C (HC, 98 -111) and the first -strand of
the seven-stranded B-sheet S1B (starts at 115, indicated with an arrow). The full SH3 element is also
depicted (B1Lys36-Glu43, p2: Glud5-Lys56, 3: 11e59-GIn65). (B) Conserved interactions within exon
3 regionsinvolve residues Asp®, Asn'®, Argl® and Tyr!16, Asn'% forms hydrogen bonds with
backbone oxygens of three residues close to Asp® (Lys®, lle/Ala® and Met®) whereas Arg'® forms H-
bonds with Tyr116,
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Exon 3

Figure 6: The exon 3areaispart of the communication pathway between the essential light chain
and the purine binding loop. (A) Overview of elements in the communication pathway between the
ELC (blue) and purine binding loop (127-135, orange), shown for rigor-like EMB myosin S1 (PDB:
5W1A). In addition to the exon 3 area (69-116, green), the small N-terminal helix (21-30, red) is aso
involved in signal transfer from the EL C towards the nucleotide binding pocket. (B) Detailed view of
purine-binding loop interactions with the exon 3 area and the P-loop (PDB: 5W1A). Figure 6B isreused
and extended in the supplementary section to demonstrate that interaction of the exon 3 region with the
purine binding loop depends on conformationa state of the myosin head (Figures S2/S3). (C) Close up
of N-terminal helix interactions with the ELC (Glu'® and His!'%") and the exon 3 region (Lys®) (PDB:
5W1A).
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Figure 7: Exon 3 interaction with helix NT is distinct between IFI and EMB and depends on
confor mational state. Comparison of helix NT interaction with exon 3 residues and the EL C throughout
the crossbridge cycle for IFI and EMB myosin isoforms, with exon 3 area (residues 69-116) in green,
the NT-helix (residues 21-30) in red and the essential light chain (ELC) in blue. (A) Near rigor state:
EMB crystal structure (PDB 5W1A) and corresponding IFI homology model show similar interaction
of helix NT with exon 3 region and EL C (B) Pre-power stroke state: interaction of helix NT (Arg?¥) with
the exon 3 area is present for IFl (Asn'?) whereas for EMB (Alal!?) this interaction is absent (PDB
template 1QVI). (C) Post-power stroke state: IFI maintains contacts between the sidechains of variable
exon 3 residue Asn'? and helix NT residue Arg?*. Additional contacts are found for exon 3 residues
Pro® and Lys?* (backbone oxygen) with helix NT residue Arg?(sidechain). No exon 3 - helix NT
contacts were found for EMB (PDB template 1KK8).
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Figure 8: Overlay of N-terminal regions of EMB and Myo-1b or Myo-1c.

(A-B) EMB (grey) with the exon 3 area (green) and the N-terminal helix (NT) shown in red, Myo-1b
(purple) and Myo-1c (yellow). Note the similar orientation of exon 3 secondary structure elements (helix
B and C) of EMB with respect to the N-terminal region (NTR) of Myo-1b and/or Myo-1c in both
nearrigor and pre-power stroke state. (A) Overlay of crystal structures of Myo-1b (4L79) with EMB
(rigorlike, 5W1A). (B) Overlay of Myo-1b (6C1D) and Myo-1c (4BYF) with EMB homology model
(prepower stroke, 1QVI template). (C) Sequence alignment of N-terminal regions of EMB and Myo-1b
showing conserved secondary structure elements (HB and HC) for the exon-3 encoded region (EMB)
and the NTR (Myo-1b).

Table1: Kinetic parametersmeasured for myosin S1isoformsand the exon 3 chimerasusing flash
photolysis. Values are mean + S.D. based on aminimum of 3 preparations except k.4 (N=2). K.k, , isthe
second order rate constant for ATP-induced dissociation of acto-S1. Ky and Kap are dissociation
equilibrium constants determined by division of the dissociation rate constant by the association rate
constant (e.g. Kp = kp / kip). kp and k ap are the ADP dissociation rate constants in the absence and
presence of actin, respectively. Kap / Kp is the thermodynamic coupling constant describing the
relationship between actin and ADP affinities. ke is the catalytic activity.
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IFIT EMBT IFI-3a EMB-3b

Kik+2 (uM-1s1)  0.75x0.08 0.91+0.13  0.66+0.08* 0.71+0.12°

Kap (uM) 409+26 587+48 409+18 496+ 79
k-aD (S1)d 4090 5870 4090 4960
Ko (uM)e 75 1.8 2.1 7.0
k- (S1) 7.5+1.3 1.8+0.3 2.1+0.41f 7.0+1.39
Kap/Kp 54.5 326 194 70.9
Keat (S-1)h 0.028+0.006' 0.057+0.003

0.170+0.006 0.021+0.009

T Dataare from (5) except ke 2 Statistically different compared to IFI, p<0.04 by t
test, but did not reach statistical significance using Welch’'s one-way ANOVA.

b Statistically different compared to EMB, p<0.007. ¢ Statistically different compared
to EMB, p<0.04 by t test, but did not reach statistical significance using Welch’s one-
way ANOVA.

d Data are estimated from Kp assuming an association rate constant of 10’ M1 s1, ¢
Data are estimated from k p assuming an association rate constant of 106 M-1 s1,

f Statistically different compared to IFl, p<0.0001. 9

Statistically different compared to EMB, p<0.0001.

h Actinisnot at saturating conditions '

Data from (10)

Table 2: Steady-state kinetic parameter s measured for wild-typeIFl, IFI-3a, EMB and EMB-3b
Drosophila myosin S1. Values are mean + S.D. based on a minimum of four preparations (except for
EMB Ca-ATPase, which is 3).
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Myosin S1 Basal Ca- Basal Mg- \% (s1) K (uM) m
ATPase (s1) ATPase (s?) max
[FI 9.79+£1.39 0.092+0.035 1.25+0.29 3.26+ 2.36
IFI-3a 4.92+1.05% 0.066+ 0.047  1.07+0.26 2.38+0.91
EMB-3b 5.16+2.01° 0.053+0.039  0.83+0.37 2.95+ 2.95
EMB 0.016x0.00 0.67+0.0 2.54+0.4
1.83+0.08 % o o
4 Datafrom (10)

aGtatistically different compared to |FI, p <0.0001 P

Statistically different compared to EMB, p < 0.05
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Isoform | Velocity Velocity* Kap Kik+2 Kik+2 koo kmins  Kpins® Kdissn,2 Kdissn,1
(-Tpm)  (+Tpm) (M) (uMas (uMasi)e (si)d (s?)  (sP) (s1)e (B
(um/s)®  (um/s)? 1) g
IFI-3a 6.5 6.2 409 0.66 132 4090 1300 1240 2640 130 . ) .
b S Myosin alter native N-terminal
[FI 6.4 5.7 409% 0.75 1.50 4000 1280 1140 3000 1500 domains influence kinetics
EMB-3b 3.8 52 496 0.71 142 4960 760 1040 2840 14620
: . .91P . :
EMB 0.7 4.0 587, 0.9 1.82 5870 140 800 3640 1%20 Table 3 Summary of measured
g and calculated kinetic and
mechanical data for Drosophila myosin isoforms. g

aFrom (7) Tpm istropomyosin, * indicates parameters determined in the presence of tropomyosin ® From (5) ©
Value of Kk, corrected for inhibition of the ATP reaction by cATP (correction factor 2, (18)).

dAssumes k+ap = 107 M-1s1 and k-ap = Kab X k+ap. @ Assumes Kgiss = Kiki o X [ATP] and [ATP] is 2

mM (ATP concentration used in motility assays).

f Assumes kgss = Kikio X [ATP] and [ATP] is1 mM
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Scheme 1: Theinteraction of S1 with actin, ATPand ADP. M, A, T and D symbolize myosin S1, actin,
ATP and ADP, respectively.

K;L k+2
AM+T &> AMT. — A-MT —» A+MT

o1 e
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Figure S1: Sequence alignment of the N-ter mini of various myaosins. Conserved residuesin the exon
3-encoded region are labelled explicitly by rectangles. “*” indicates that the residues are identical in all
sequencesin the alignment. “:” represents conserved substitutions, whereas“.” indicates semiconserved
substitutions. The corresponding human B-myosin cardiomyopathy sites in the exon 3encoded domains
(Pro81, Alal00 and Tyr115) and the short N-terminal helix (Ala26) are indicated witha A.

I nteraction between the exon 3 region and the purine binding loop depends on confor mational

state of the myosin head (Figures S2/S3).
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Therigor-like EMB crystal structure (SW1A, Figures S2A/S3A) has contacts between the exon 3 area
(Tyr''0 and Lys!3) and the purine binding loop (Asn'?” and Tyr!%?). In the pre-power stroke conformation
(EMB-1QVI, figure S2B/S3B), the EMB homology structure maintains contacts between the exon 3
area (Tyr!° and Tyr!¢) and the purine binding loop (Pro'?® and Tyr%). Homology models of the ADP-
bound near rigor state (1S5G template, figure S2D/S3D) show that al direct contacts between the exon
3 areaand the purine binding loop are lost, whereasin the post-power stroke conformation (EMB-1KKS,
figure S2C/3C) contacts are maintained between exon 3 (Lys'3 Tyr'16) and the purine binding loop
(Tyr®32, Tyr13). For IFI very similar contacts are found between exon 3 and the purine binding loop (see
Figure S3 for summary of interactions). Taken together, the crystal structures and homology models
suggest that exon 3 isinvolved in regulating the conformation of the purine binding loop, as the myosin
head goes through the various conformational states during the crossbridge cycle. However, the
interactions between the purine binding loop and the exon 3 area are very similar for IFI and EMB.

A EMB-SW1A

7 Gly82 Exon 3

EMB-1KK8

(g EMB-ISSG

Figure S2: Overview of exon 3 region — purine-binding loop contacts throughout the cross-bridge
cyclefor EMB. (A) In the near-rigor state exon 3 residue Tyr! interacts with the purine binding loop
(PDB: BW1A). (B) In the pre-power stroke state exon 3 residues Tyr110 and Tyr116 both interact with
the purine-binding loop (1QVI used as template). (C) In the post-power stroke state exon 3 residues
Lys113 and Tyr116 contact the purine-binding loop (1KK8 used as template). (D) In the ADP-bound
near-rigor state no contacts are seen between exon 3 and the purine-binding loop (1S5G used as

Switch-1 /

P-loop Purine binding
loop

B EMB-1QVI

template).
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Figure S3 Overview of purine binding loop contacts for EMB and I FI. The purine binding loop is
shown at the top of each panel (residues 127-135). Interacting EMB residues are shown below in black,
IFI residues are in red. Shaded residues are in the exon 3 area. (A) rigor-like state using SW1A EMB
crystal structure as template for IFl. (B) pre-power stroke state using 1QV|I as template for both EMB
and IFI (C) post-power stroke state using 1KK8 as template (D) ADP-bound near-rigor state using
1S5G astemplate. In addition to contacts with exon 3 residues (Tyr110, Lys113 and Tyr116), the purine
binding loop interacts with the P-loop (Gly182, Glu187) and the bound nuclectide (ADP).

Interactions of the SH1-SH2 helix with the exon 3 region are conserved for IFI and EMB.

The EMB crystal structure in the rigor-like state (5W1A) shows that the exon 3 region has no direct
contacts with any of the other variable domainsin the myosin head (Figure 1A). However, the SH1SH2
helix is wedged between the exon 3 and exon 9 (relay loop) regions and makes contacts with both
variable domains. Since Drosophila EMB and IFI share the same SH1-SH2 sequence, the two variable
regions could potentially interact differently with this element, thereby altering the myosin properties.
An overview of interactions between SH1-SH2 and the exon 3/9 regions is summarized in Figure $4
(see below) In addition to conserved exon 3 residues L7 and N%, two variable residues between EMB
and IFl (A%/S% and M%/L®4) interact with the SH1-SH2 region in therigor-like state (Ieft panel) and the
pre-power stroke state (middie panel). However, for both residues it is the backbone oxygen that is
involved in the contacts with the SH1-SH2 element, and thus not expected to significantly change the
exon 3 — SH1-SH2 interaction. Overall for the three conformational states of the myosin molecule
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investigated here (near-rigor, pre-power stroke and post-power stroke state), the homology model s show
very similar interactions between the two Drosophila myosin isoforms, indicating that the interaction of
exon 3 with SH1-SH2 is highly conserved for EMB and IFI.
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Figure $4: Interactions of the SH1-SH2 helix with the exon 3 region are conserved for IFI and
EMB. Residues of SH1-SH2 and the exon 9-encoded relay loop are shown in black for both EMB and
IFl. Exon 3 residues are shown in black (EMB) and red (IFl). Left panel: Rigor-like state using the EMB
crystal structure (W1A) as template for [Fl. Middle panel: pre-power stroke state for IFI and EMB
homol ogy models based on scallop crystal structure (1QV1). Right panel: Post-power stroke state of IFl

and EMB homology models based on scallop crystal structure (1KK8).
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Figure Sb: Comparison of kinetic data with in vitro motility (IVM) as a function of K,p or KK,
for Drosophila myosin isoforms IFl, |FI-3a, EMB and EMB-3b. Left two panels: Kap correlation
with motility; linear fits give slopes of -32 + 1 (R?=0.99) and -88 + 15 (R?=0.94) in the absence (-Tpm)
and presence (+Tpm) of tropomyosin, respectively. Right two panels. K.k, correlation with motility;
slopes of -0.03 + 0.01 (R?=0.72) and -0.11+0.03 (R?=0.86) without and with tropomyosin respectively
were determined. IVM datais from Swank et al 2003.
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