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ABSTRACT: Myosin interacts with actin during its enzymatic cycle, and actin stimulates myosin’s ATPase
activity. There are extensive interaction surfaces on both actin and myosin. Several surface loops of myosin
play different roles in actomyosin interaction. However, the functional role of loop 4 in actin binding is
still ambiguous. We explored the role of loop 4 by either mutating its conserved acidic group, Glu-365,
to GIn (E365Q), or by replacing the entire loop with three glycin®AL() in a Dictyostelium discoideum
myosin |l motor domain (MD) containing a single tryptophan residue. This native tryptophan (Trp-501)

is located in the relay loop and is sensitive to nucleotide binding and lever-arm movement. Fluorescence
and fast kinetic measurements showed that the mutations in loop 4 do not alter the enzymatic steps of the
ATPase cycle in the absence of actin. By contrast, actin binding was significantly weakened in the absence
and presence of ADP and ATP in both mutants. Because the strength efragtisin interaction increases

in the order of rigor, ADP, and ATP complex, we conclude that loop 4 is a functional actin-binding
region that stabilizes actomyosin complex, particularly in weak actin-binding states.

Myosins are molecular motors that move along filamentous
actin by converting the chemical energy of ATi/drolysis
into mechanical work. Upon ATP binding myosin dissociates
from F-actin, and ATP hydrolysis occurs when actin is A S !
mainly detached. Product release, actin rebinding, and force g% Al 2] ’ K326

F-actin

generation are kinetically coupled processes. According to K328

the three-state docking model of myosin to acti) the Es78 ‘
formation of the collision complex is highly ionic-strength (365 in Dictyostelium)
dependent, confirming that electrostatic interactions play an loop 4

essential role in actin bindin@{-4). High-resolution X-ray CM-loop
crystallography data revealed the presence of several surface’ — F366

loops in myosin’s actin-binding region, which contain . W ) (F359 in Dictyostelium)

numerous charged residues. A . I8\ )
. . w” W | [ , myosin MD
Recently it was suggested that loop 4 of myosin may s~ 610 (‘V‘{ ”E,(ﬁy’ (US0 kDa)
function as an actin-binding region or possess a regulatory AN 7 (“ew/
role in actin binding (myosin 1b)5j. Dictyosteliumloop 4 Ficure 1: Simulated structure of the actomyosin interaction surface.

is an eight-residue surface loop in the upper 50 kDa A part of the actir-myosin interface in the model complex obtained
subdomain of myosin near the cardiomyopathy loop (Figure by fitting chicken myosin 1l MD into cryo-EM electron density

1). L 4is al Il rdiac | A the Map of actomyosin complex.§). Actin monomers are shown in
)- Loop 4 is also called cardiac loop (C-loop), because the purple, light blue and light green, myosin MD is yellow and loop

4 is black. The basic amino acids (Lys-326, Lys-328 and Arg-147)
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Scheme 1 Table 1: Sequence Alignment of Loop 4
t tin-bindi
State CmomEmS K Cardiac: *GNMKF KL KQURE - E QA E™
"ADP release
M'.ADP M Skeleta: **G N MKF KQKQRE - E QA E”
KPi release / \ KATP-binding
Smooth: GNI VFKKE- RNTDQA S
M'.ADPP, M'.ATP
/ Dicty: “GNI KFEKG- - AGE G A V*
A\ very-stoke - - , , .
ponersirole ey ek a Alignment of loop 4 in human cardiac alpha myosin Il, rabbit
M*.ADPP ~ M*ATP skeletal muscle myosin Il, chicken gizzard smooth muscle myosin Il
T andDictyostelium discoideummyosin Il. Residues in bold are identical
weak K droysis in all of the four myosin isoforms. The acidic residues at position 365
actin-binding states (in Dictyosteliumsp.) (italic) are conserved in all myosin classes except

for the fission yeast myosin lISchizosaccharomyces pomi§2a4).

of the myosins contain negatively charged residue(s) in loop

4. So far itis not clarified whether loop 4 is a truly functional || in the absence of actin. It is followed by the coupled
actin binding site, or it only stabilizes the actomyosin isomerization and phosphate release steps, which are acti-
complex when already formed. Ajtai et al. showed that vated by actin. Apo and M.ADP states are strong actin

proteolytic cleavage of loop 4 in cardiac myosin S1 affects binding states, while the other states possess weak acting
its actin-activated ATPase activity and sliding velocity, and binding properties in myosin |I.

actin protects loop 4 from limited tryptic proteolys®, (). Since W50%# was shown to possess practically the wild-
However, the functional role of loop 4 in actomyosin tyne phenotype, W50 served as the basis of our mutants.
complex formation remained ambiguous. Geeves et al. || of the mutations presented in this work were introduced
pointed out that loop 4, in their atomic model of the complex  ntg the W50 background, which enabled us to character-
formed by myosin Il and F-actir8], does not seem to make  jze their basic kinetic parameters and compare them with
contact with actin. By contrast, Coureux et 8) fnentioned  those of the W50%. To elucidate the role of the aromatic
loop 4 as a previously uninvestigated loop in a position that yegjdue at the basis of loop 4, we designed the F359A
enables interaction with actin. Furthermore, Holmes et al. mytation. To investigate the effects of the conserved negative
(10 fitted the crystal structure of myosin V motor domain - ¢charge at position 365, an E365Q mutation was introduced.
(MD) to cryo-EM density map of rigor actismyosin V. |n order to reveal the overall importance of loop 4, we
complex and suggested that loop 4 may become part of therepjaced the entire loop (L¥&—Val®9) with three glycine
binding site. The dynamic docking of myosin and actin residues 4AL). Since loop 4 is structurally separate from
carried out by Root et al.14) suggests that loop 4 may  other structural elements of myosin, its deletion is expected
interact with the N-terminus and the AA 9000 region of {5 result in a specific effect without disturbing the stability
actin. Flexible computer docking of myosin V apo-MD t0  qf nejghboring regions. F359A, E365Q, and\L mutants
F-actin (12) suggests that loop 4 is essentially involved in yere analyzed by transient kinetic and fluorescence spec-
strong actin binding via both electrostatic and hydrophobic roscopic experiments. The results suggest that loop 4 is a
interactions. The docking of myosin V MD to actibd) and  fynctional actin-binding site that has an important role in
fitting of myosin Il structure into cryo-EM electron density  the stabilization of the actemyosin complex and has more
map of the actomyosin complex performed by Holmes et ronounced role in weak actin-binding states.

al. (13 (Figure 1) suggest that the conserved Glu-365

(Dictyosteliumnumbering) is likely to be in a salt-bridge EXPERIMENTAL PROCEDURES

cluster with actin’s Lys-326, Lys-328, and Arg-147.

In the present work we engineered three mutations in a  All reagents were purchased from Sigma Chemical Co.
Dictyosteliummyosin Il MD construct containing a single  All nucleotides and iodoacetamido-pyrene were purchased
tryptophan at position 501 (W58). In earlier studiesitwas  from Roche Co. Except where noted, the measurements were
demonstrated that this native relay-loop tryptophan at the carried out using the following buffer: 20 mM Hepes, pH
501 position Dictyosteliumnumbering) senses the large 7.2, 40 mM NaCl, 1 mM MgGl, 3 «M -mercaptoethanol,
conformational change of MD14, 15). This large confor- 5 MM benzamidine-HCI, 20C (assay buffer).
mational change involves the opecdlosed transition of Protein Engineering.Our constructs are based on the
switch 2 loop and the parallel movement of the lever-arm. W501+ Dictyostelium discoideunmyosin 1l MD of the

Scheme 1 is the extended forrh4( 15) of the classic M761 construct described ii4). We applied mutant PCR
Bagshaw-Trentham scheme ), where low fluorescent ¥ oligonucleotide primers to introduce the codons of glutamine
and high fluorescent M* states represent the open and closedr alanine or three glycines into the W5BTonstruct. As a
switch 2 conformations, respectively. The fast ATP binding template, pDXA-3H/W50% construct was used and the
is followed by the opericlosed transition, which is the following primers: GGT AAC ATC AAATTC GAAAAA
recovery-stroke of myosin to develop the primed pre- GGT GCT GGT CAA GGT GC for E365Q, GGT AAC ATC
hydrolysis M*ATP state. Recovery-stroke is kinetically AAA GCA GAA AAA GGT GCT GGT CAA GGT GC for
coupled to but distinct from the hydrolysis step which results F359A, and GGT AAC ATC AAATTC GAAGGT GGT
in the posthydrolysis M*.ADP fstate. This high fluorescent GGT CTC AAA GAC AAA ACC GCC for AAL (mutated
state predominates the steady-state ATPase cycle of myosirpositions underlined). In all cases the downstream primer
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was an MD-specific oligonucleotide that resulted in a 729-  Acto—MD CosedimentationAll samples were made in
base-pair product, from whicBspl19l (restriction site is assay buffer at room temperature, and myosin MD was added
italicized in the primer sequences) digestion cut out a 321- to the mixtures on ice right before starting the ultracentrifu-
bp fragment. Since F359A mutation affects tBepl19I gation. Ultracentrifugation was carried out with a Beckman
restriction site, in this case we applied a megaprimer methodOptima TL Ultracentrifuge and the Beckman TLA 100.1
in which the first PCR product serves as the primer for the rotor operated for 15 min at 4C and 22800§. 100uL of
second PCR reaction. Here we digested the second PCRhe total 20QuL supernatants and pellets resuspended in 100
product with Eco72l and Bspl19l. Fragments were then uL of assay buffer were run on-20% Tris-Glycine Gel
ligated into a pPGEM-11Zft)/W501+ construct that had also  (Invitrogen Co.) and were analyzed by using GeneSnap and
been digested witBsdL 191 or Ecor21/Bsdl191. The orienta- Gene Tools from SynGene softwares.

tions of the inserts and the mutations were verified by

sequencing. The correct clones were subcloned into pDXA- RESULTS

3H vector usingBanHl sites. Here, orientation was tested L

by Bglll digestion. The final amino acid sequences of loop | "€ kinetic parameters of W581construct have been

4 segments of E365Q, F359A, and\L constructs werés®- determined in detail in 14, 15 and showed the same
FEKGAGQGAVL3®, 3¥AEKGAGEGAVL3, and ¥ properties as those of wild type MD. Trp-501 is highly
FEGGG|36 respeciively_(mutations underlihed). sensitive for nucleotide binding and the recovery stroke step
Expression and Purification of Proteins. Dictyostelium Ccoupled with hydrolysis, therefore the measurement of
cells were grown and plasmids electroporated as describedluorescence signal change upon nucleotide binding allow
earlier (L7). Protein purification was carried out as described US 0 détermine the kinetic properties of these reaction steps.
previously (4). Actin was purified according to established '€ @dvantage of W51 over the wild type MD is that the

protocols (8, 19). Pyrene labeling of actin was carried out S19nal change is much larger in the single tryptophan MD
as in @0). construct than in the wild type which have three other

nonresponding tryptophans. We exploit in this advantage by
constructing loop 4 mutation constructs with the W501
backgrounds. Each measurement of this study was also
which enabled us to excite tryptophans specifically without 2"ed out on W50%, which served as a control for the
observed effects of the mutants. E365Q mutation was

exciting tyrosines. Slits were 2 nm on both the excitation . ; . L
and the emission monochromators. Emission spectra Weréntroduced into the tip of loop 4 to eliminate the charge from

recorded from 305 to 420 nm to avoid detecting direct light. ("€ Proposed salt bridge between actin and myoSiL

We used a Hellma 105.250-QS precision cuvette with 10 was prepared to investigate th‘? role of the entire loop,
mm path length. Time courses were recorded with the sameterefore the sequence of the wild-type loop was replaced

settings on the excitation side, and the emission monochro-With 3 glycin_es. F359A mu'gation was designed for tes“T‘g
the role of this aromatic residue at the base of loop 4 which

mator was adjusted to 340 nm where the intensity changes; "~ . . ;
of W501 fluorescence were maximal. is h|ghly conserved among myosm§4][._ T_he protein
Transient KineticsTransient kinetic measurements were ESXPr€ssion levels 9f E365Q adAL were similar to those
of W501+ and wild type MD (approximately 10 mg/L

carried out using either a KinTek-2004 stopped-flow ap- ~. . . ;
paratus that Fma 1 msdead time at the applied 15-mL/s Dictyosteliumculture), while for F359A it decreased by one

flow rate Q1) or a BioLogic SFM-300/400 stopped-flow order of magnitude.
instrument. Temperature was kept constant atQ@vith a Steady-State ATPase Adties of E365QAAL, F359A,
water circulator. Tryptophan fluorescence was measured withand W501-. The steady-state ATPase activities of E365Q
2 nm slit width at an excitation wavelength of 297 nm to and AAL were similar to those of W50t and wild type
select the intensity peak of the mercumenon lamp used ~ MD (0.05 s), while F359A did not hydrolyze ATP.
(Hamamatsu Super-Quiet Mercury Xenon Lamp). At the  Enzymatic Actiities of F359A MutantThe steady-state
emission side a 340 nm interference filter was applied fluorescence spectrum of F359A showed a 14% fluorescence
(Corion CFS-001999 9L134) which has negligible self- decrease with 1 nm blue shift upon adding ATP. A similar
fluorescence compared to cutoff filter22). Pyrene fluo- effect was obtained when 1 mM ADP was added as the
rescence was measured with 4 nm slit width at an excitation fluorescence intensity decreased by 11% and a small blue
wavelength of 280 nm, and FRET emission was detected shift was detected. By contrast, W5BIshows 80% fluo-
through a 390 nm cutoff filter on the emission side, or 365 rescence increase and 15% decrease upon adding ATP and
nm excitation wavelength was combined with a 420 nm ADP, respectively. Fluorescence decrease of Trp-501 cor-
cutoff filter. Light scattering measurements were carried out responds to nucleotide binding, while fluorescence increase
by using the 340 interference filter, and the monochromator occurs during the large conformational change (recovery
was set to 340 nm with 4 nm slit width at the excitation stroke step) coupled with the hydrolysis stefb)( When
side. F-actin was mixed with F359A, the light scattering increased
Actin-Actvated ATPase Measuremenictin-activated as much as it occurred in the cases of W50Wwhich
ATPase activity was determined with a pyruvate kinase/ indicates that the mutant binds F-actin. However, upon
lactate dehydrogenase coupled assay &t@s described  adding ATP the light scattering did not drop as much as for
in (23). Buffer conditions were 5 mM Hepes, pH 7.2, 1 mM W501+, and reattachment was not detected either, suggesting
MgCl, and 1 mM KCI. The concentration of the MD that ATP was not consumed by F359A also in the presence
constructs was 0.5«M, and actin concentration varied of actin. These results demonstrate that F359A is able to
between 0 and 15aM. bind nucleotides and actin, but ATP-induced actin dissocia-

Steady-State Fluorescenc&teady-state spectra and time
courses were detected in a FluoroMax SPEX-320 spectrof-
luorimeter at 20°C. Excitation wavelength was 296 nm,
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Table 2: Kinetic Parameters of the Aetdyosin Interaction in the Absence and in the Presence of ADP

k—D k+D Kd,D k—A k+A Kd,A k—DA k-*—DA Kd,DA Kd,AD

C) WM™s™)  (uM) (s WM™s™)  (uM) ) @M™s™)  @M)  @M)
W501+ 8.2+0.071 1.2£0.033 7.1  0.04Z0.0020 1.6-0.044 0.030 0.02#0.0021 0.22:0.016  0.12 3311
E365Q 9.8:0.15 20+£0.023 50 0.05Z0.0019 1.6-0.039 0.036 0.04%-0.0020 0.17:0.0075 0.30 5@:2.4
AAL 14+021 1540043 93 0.0820.0060 1.4£0.026 0.064 0.07#0.0039 0.18:0.0086 0.43 37 1.1

Scheme 2 scattering change due to aetmyosin dissociation was
Kyap followed. The observed rate constants were plotted against
o ATP concentration, and hyperbolas were fitted. The maxi-
AM T; A.M.ADP mum rate constant of W581 was Kmaxwsox = 117 + 2.2

s 1 (standard error of the mean (SEM) is presented in all

cases), and the initial slope of the hyperbola Wagrp wsox-

= 0.15 s? uM~%, which reflects the second-order rate
Ko constant of ATP bindingK:k;, according to the Bagshaw

M ——— M.ADP Trentham scheme equation 7 it6f). Both mutations caused

large increases ikiax (kmaxessso= 260+ 5.2 S andkmaxaal
= 932+ 29 s'1), but the second-order rate constants of ATP
S ) > .
tion is partially blocked. In addition, F359A does not bqulnsn\évfoiii?liagigr;izaag—;%@-ﬁﬁg?igmgi2n5dis;ate

consume ATP either in the presence or in the absence ofihat |oop 4 mutations affect actanyosin interaction, but
actin because of inhibition of the recovery stroke step (epen they do not significantly influence ATP binding.

losed t iti f switch 2 | . . . .
closed transition of switc 0019)) ADP Inhibition of ATP-Induced Actin Dissociation of

Steady-State Fluorimetric Properties of E365Q avAlL. e ;
According to (L4), in the presence of 1 mM ATP, W581 E3.65Q andA_AL._ADP_d(_apendent |n_h|b|t|on Of ATP |n(_jqced
ctir—myosin dissociation determines the ADP affinity to

is fully saturated and shows 80% fluorescence enhancemen .
coupled wih a 6 nmblue-shift. Upon addition of ATP, both he actomyosin complex. 0/M W501-+, E365Q, orAAL

E365Q andAAL showed the same 6 nm blue shift, and 85% Wai_lpredmixed .Wit.h OHQ“Mb pyrene-labeled, phallfoidin-'
and 75% fluorescence intensity enhancement, respectivel _sta llized F-actin in t € absence or presence ot varying
> y P yamounts of ADP. This preincubated solution was rapidly

In the presence of 1 mM ADP the fluorescence intensity of . . . ;
all constructs decreased by-1P0%, and the blue shifts were mixed with 200uM ATP (premix concentrations). Increase
in pyrene fluorescence accompanying the dissociation reac-

2—=5 nm. In summary, these results demonstrate that in the .

absence of actin all steady-state fluorescence properties of!°n Was followed, and single exponentials were fitted to the
both loop 4 mutants are very similar to those of W01 ~ Uaces. The values & aoe/kamor Were plotted against

Kinetic Characterization of E365Q andAL in the ADP concentration, wherkw.aaoe (K in Figure 3) is the
Absence of ActinThe ATP-induced fluorescence change observed Fate constant qf th_e reactlpn at the given ADP
reflects the recovery stroke step that occurs mainly in the concentration anu’*”"ﬁ’“ (k.° in Figure 3) is the observed rate
relay region and in the switch 2 loop coupled with the constant of the reaction in the absence of ADP. Hyperbolas

hydrolysis step. %M MD samples were mixed with ATP were fitted to the plots, where ADP concentration at the half-
at 5-500 uM (if otherwise not stated, the concentrations maximal saturation reflects the dissociation constant of ADP

are postmix values), and fluorescence increase was followed 0" 2cto-MD complex Kaao, Scheme 2). Both mutations
Data were fitted best to a hyperboka = knafATP]/([ATP] caused a relatively small increase K ap (Figure 3 and
+ Kog), and both E365Q andAL yielded practically the ~ 1able 2).
same maximum rate constants of 39 and 38respectively. Acto—Myosin Association and Dissociation of E365Q and
These values are similar to that of W50135 s') at 20 AAL in the Absence of NucleotideBhe role of loop 4 in
°C. In order to characterize ADP binding processes by the formation of the actemyosin rigor complex was
stopped flow, MD samples were rapidly mixed with-300 investigated by mixing 0.0&M pyrene-labeled actin with
uM ADP, and the fluorescence quench was followed. The 0.05-1.5xM MD constructs in stopped-flow and following
rate constants of binding and release of ADP were only pyrene fluorescence changes upon the association reaction.
slightly altered by the mutations and fit well to the previously The on-rate constant&(s) showed negligible differences
published data on W50 (see Scheme 2 and Table 2)J. between W50% and the mutants (Table 2, Figure 4A). Actin
These findings confirm the assumption that, in the absencedissociation was studied by chasing the bound pyrene-labeled
of actin, both mutants possess the wild type phenotype, F-actin with unlabeled F-actin. In these experimentsdR
therefore neither mutation perturbs the basic kinetic char- MD constructs were preincubated with O pyrene-
acteristics. labeled F-actin and mixed with/2V unlabeled F-actin in a
ATP-Induced Actomyosin Dissociation of E365Q A._. stopped-flow apparatus. Single exponentials were fitted on
Transient kinetic measurement of actmyosin dissociation,  the enhancing fluorescence traces (Figure 4C) that yielded
followed by light scattering, showed significant difference the rate constant of actin dissociatiok ) (Table 2). In
between W50% and the mutants (Figure 2). Mixtures of 3 contrast to the on-rate constants, the mutations caused
uM F-actin stabilized with 3«M phalloidin were preincu-  significant increase in the off-rate constakt{wsor- = 0.047
bated with 2.5«M MD samples. This solution was mixed s, koagssso = 0.057 s?, koa:aar = 0.085 s1) of actin
with 0.02-5 mM ATP in the stopped flow, and light dissociation in the absence of nucleotide.

Kaa k|l ka keoa|| koa Kgpa

Kap
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Ficure 2: ATP-induced actemyosin dissociation followed by light scattering. (A) Stopped-flow records on mixing:®l$nutant MD
preincubated with 3«tM phalloidin-stabilized F-actin with 1 mM ATP. The observed rate constants of actin dissociations off\W501
E365Q andAAL constructs were 69.59°§ 118.6 st and 150.8 st, respectively. (B) ATP concentration dependence of the observed rate
constants of ATP induced actin dissociations of the three constructs. Hyperbolas were fitted to theVixwedues increased due to the
mutation (117 s! (W501+, W), 260 s! (E365Q,®) and 932 st (AAL, a)) while the initial slopes did not change significantly (0.15

s uM~1 (W501+), 0.25 siuM~1 (E365Q), 0.18 sluM~1 (AAL)).

mutations caused large changes in the parameters of actin-
activated ATPase activities, &, acin Values of E365Q and

PyA.M.ADP 1
AP~

0.8 AAL increased by 5.9 and 8.5 times, respectivély; {in3s50)

. 06 = 117.6+ 13.36uM andKp, actinpar) = 169.9+ 10.85uM).

£ On the other hand, only small changes were detected in
04 maximal steady-state actin activated ATPase rate constants
0.24 (Vmax actin(E365Q)— 3.54+ 0.250 s? andVmax actinfAL) — 3.46

W501+ + 0.156 s1) as compared with W504.
0.0 100 200 300 400 500 Fractional Binding of Acte-MD during Steady-State ATP
[ADP] (M) Hydrolysis. To investigate the weak binding properties of

FIGURE 3: ADP inhibition of ATP induced actomyosin dissociation. Myosin MD, 2uM myosin MDs were mjxed with Qifferent
0.5uM MD and 0.6uM pyrene-labeled F-actin was preincubated amounts (6-60 uM) of phalloidin stabilized F-actin in the
in the absence or in the presence of different amounts of ADP and presence of 5 mM ATP in order to fully saturate the MDs

was mixed with 200uM ATP in the stopped-flow (premix  i,r4yghout the ultracentrifugation. Supernatants and pellets
concentrations). Pyrene fluorescence signal was followed and single

exponentials were fitteck]. According to the ADP concentration ~ Were run on acrylamide gel and Coomassie-stained bands
dependence of thi/k, determines ADP affinity Kqap) to the were analyzed. Figure 6A and B show the fractional binding
actomyosin complex, ik, is the observed rate constant in the of the different MDs to actin. In the case of W58Imore
absence of ADP. Both mutants showed slightly increasggb than 50% was cosedimented at @0l actin concentration,
values Kqapeseso = 50.0uM (E365Q,®) andKaapaa =365\ hile in the case of the mutants only around 25%. The
ILLM (AAL, O)) Compared td(d,AD W50+ — 332‘1/!'\/' (W501+, .) . . .

difference between E365Q and\L is negligible. Thus, both
) . , . mutations weakened the actin-binding properties of the motor
Acto—-Myosin Association and Dissociation of E365Q and  jomain in the weak actin-binding state when saturating

AAL in the Presence of ADRAIl settings and conditions  5mqunt of ATP was presented. Control experiments show
were the same as in the previously described experimentSshat 411 MD constructs bind actin strongly in the absence of
except for the addition of 1 mM ADP. Similarly to the rigor  A1p

complex, the on-rate constants of acto.MRdx) did not
vary significantly (Table 2, Figure 4B). By contrast, we found
a greater increase in the off-rate constarks{) in the
mutants in the presence of ADR_pawsor+ = 0.026 s1,
k—DA;E365Q = 0.049 Sl, k—DA;AAL = 0.076 Sl) Compared to
those in the absence of the nucleotide (Table 2, Figure 4D). DISCUSSION

In summary, the results of the actin binding experiments
in the absence and presence of ADP and ATP indicate that
the weaker the actomyosin binding, the greater the effect of
loop 4 mutations on actomyosin interaction.

The dissociation constant of aetD complexes increased In the present work we show that loop 4 of myosin I

more in the presence of ADK{pa, 3.6 times) than in the  plays a functional role in the stabilization of the actomyosin

absence of ADPKg, 2.1 times) (Table 2). complex through regulating the off-rate constant of acto
Actin-Actvated ATPase Adctity of E365Q andAAL. myosin interaction. In order to investigate the effects of loop

Actin-activated ATPase activities were determined in the 4 mutations on the actin binding properties we designed the
range of 6-150uM actin concentration at low ionic strength  mutations in the W50% construct characterized in earlier
(I = 3 mM). A hyperbola (activity= Vmadactin]/(Kn, + studies 14, 15). In these studies it was concluded that the
[actin])) was fitted to the plot of the specific ATPase activity kinetic parameters of W564 do not differ from the wild

of W501+ on actin concentration at-@L05uM (Figure 5). type MD significantly. The single tryptophan background
Above 110uM of actin concentration the actin activated of W501+ in the mutant constructs enabled us to follow
ATPase activity declines with increasing actin concentration nucleotide binding and the recovery stroke steps directly
because the ATP hydrolysis step becomes the rate-limitingthrough the intrinsic fluorescence signal. The kinetic param-
reaction step as it was described by White et 2b).(The eters of loop 4 mutants were compared with those of W501
ATPase activity of W50% saturated amax actinwsor) = 3.70 Actin and myosin have an extended interaction surface to
+ 0.061 st and Km actinwsos) = 19.9 = 0.896 uM. The which the myosin motor domain and at least two actin
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FiGure 4: Actomyosin interaction in the absence and presence of ADP. (A, B) Determination of the on-rate constants: the observed rate
contants of actomyosin association measured by stopped-flow experiments are plotted against MD concentrations in the absence (A) and
presence of ADP (B). 0.0BM pyrene-labeled F-actin was mixed with 0-:05.5 4uM MD in stopped-flow, and pyrene fluorescence was
followed. (C, D) Determination of the off-rate constants with chase reactiong\d.@yrene-labeled actin was preincubated with O\

myosin motor domain mutants and mixed witlx [ F-actin in the absence (C) or in the presence of ADP (D) in stopped-flow and pyrene
fluorescence was followed. The calculated values from the data shown here are presented in Table 2.

35 —— explored (summarized in Supporting Information as Supple-
~ 30  Ws0is mentary Table).
L 2.5, 1 Loop 4 of myosin was also presumed to be a functional
;‘g 204 4« E365Q actin-binding element, but its specific role has not been
§ 1.5 s — . investigated in detail. In a recent stud),(loop 4 of myosin
8 1.0] . AL ] Ib was demonstrated to play a modulatory role in acto
T osli . myosin interaction. I_\/Iyo;in .Ib possesses a Ionglloop 4 region
0.0 - that modulates actin binding in a tropomyosin-dependent
0 20 40 60 80 100 120 140 manner. However, this effect was not observed when the

[actin] (uM) loop 4 sequence of myosin Ib was replaced with that of the
FIGURE 5: Actin-activated ATPase activity of W58 E365Q and Dictyosteliumsequence. Therefore, loop 4 presumably does
AAL. Actin activated ATPase activities were measured in a low- ot play this kind of role in our constructs, but highlights

ionic-strength buffer (see Experimental Procedures). Hyperbola was ; : : :
fitted on the data, which determined t¥gax actinaNdKn, actin Values. that _|00p 4 _ml_ght be ‘T" modulatory region 1n myOSI_ns.
Both mutations caused significant effect in both parameters. The Previously Ajtai at al 7) investigated the role of loop 4 in

Vimaxacinwsox) = 3.70 st (M) was slightly decreased in the actin binding by mutagenesis analysis, where they introduced
CaS§ 2f6 E36135QA\§max|_?3i\r;\(llzessféQr)=K3-54 s i;a?l}easndSAh/g\ll_Vé\d/maSXiaclt’ilr}%% o the R370E (smooth muscle numbering) mutation into smooth
diffefencgs’ in .both mute’mt;1 alggmpared to that 019 W501 muscle myosmlll heavy mgromypsm (HMM). Howevgr, the
K actinwsor) = 19.89M, Ko acingezsso= 117.64M and K acinaas) relevance of thls _mutatlon is limited, becaus_e there is a low
= 169.9uM. sequence similarity between loop 4 of cardiac myosin and
smooth muscle myosin Il (9 differences in the 16 residues),
. ) ) ) and neither of the two myosins were investigated by
monomers co_ntnbute. Smce the h|_gh-resolut|on structure of actomyosin docking experiments. The experiments using
the actomyosin complex is not available yet, we need to rely jimjted proteolysis were carried out on cardiac muscle
on the existing kinetic and docking data. X-ray crystal- myosin that shows high similarity with skeletal myosin I
lography, electron micrograph and computer docking studies jp, this region (1 difference in the 16 residues). The mutations
(12, 13) revealed several surface loops on myosin's actin- ywere designed based on the atomic structure of skeletal
binding surface, many of which contain charged residues. myosin II, while mutation was introduced into smooth muscle
There is a large body of kinetic evidence that emphasizes myosin Il HMM. Based on actin docking studies of skeletal
the importance of charged residues in the proximity of the myosin Il and myosin V, R370E of smooth muscle myosin
actomyosin interface. These charggharge interactions are  might not have direct contact with actin residues. In addition,
supported by the N-terminus of actin subdomain 1, which Arg-370 is not a conserved amino acid according to sequence
also contains a large number of charged amino acid pairsalignments 24) (Table 1). By contrast, docking resultsX
that highly influence myosin activity. The actin-binding 13) showed that loop 4 is in close proximity to actin surface
properties of myosin’s surface loops and the myosin-binding loops connecting subdomain 1 and 3 of actin. In the docking
properties of actin’s N-terminal regions have been extensively models Glu-365 oDictyostelium or the equivalent Glu-373
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Ficure 6: Cosedimentation of actin and MDs in the absence or in the presence of ATP. Actin binding off\Ve&@1he mutants in the
absence and presence of 5 mM ATP. In these cosedimentation experimavitdIDs were mixed with varying amount of F-actin. (A)

This figure shows the fractional binding of W561(l and), E365Q ® andO) and AAL (a andA) to F-actin as a function of actin
concentration. Solid and open symbols represent data points in the presence and in the absence of ATP, respectively. In the absence of ATP
all three constructs were 100% cosedimented with actin at [aetiB]uM and only a slight difference can be detected at\ actin
concentration. In the presence of ATP 50% binding of Wb@®4 actin occurred at [actirg 60 M, while the mutants showed approximately

25% binding at [actin}> 60 uM. These data demonstrate weakened actin binding properties of the mutants. Furthermore, the negative
charge at the tip of loop 4 plays an important role in actin binding as the effect of the charge elimination is in the order of the entire loop
deletion. (B) The Coomassie-stained bands of supernatants (S) and pellets (P) of the MDs at the highest suM)eat{Oconcentration

in the presence of ATP; and at [actir] 5 M in the absence of ATP. In the presence of ATP more than 50% of W561n the pellet

(for parameters see Experimental Procedures), while in the case of E365@Aanthe greater part was in the supernatant.

position in chicken skeletal myosin Il, forms a complex salt-
bridge with actin’'s Lys-328, Lys-326 and Arg-147 (Figure

hydrolyze ATP. Further effect of this mutation is the
weakened ability to dissociate from actin upon ATP binding.
1). Except for the fission yeastS¢hizosaccharomyces These results implicate a crucial role of this residue in the
pombg, myosin Il all of the class Il myosins contain acidic  stabilization of the structure of several regions of MD, which
side chain in this position, and it is also conserved in most elucidates the reason for its conservativity among different
of the myosin classe24). myosin classes.

Considering the prior implications we aimed to test the  E365Q andAAL showed weakened actin binding espe-
role of Glu-365 of myosin in the interaction between actin cially when nucleotide was bound to myosin’s active site.
and myosin. Since replacement of Glu-365 with alanine Our kinetic data show the tendency that the weaker the-acto
would perturb the system more considerably, we engineeredmyosin interaction, the greater the weakening effect of loop
an E365Q mutation to specifically test the effect of the 4 mutations on the actin binding of myosin. Loop 4 deletion
negative charge. The same strategy was applied by Giesecaused only 2.1-fold increase in the actomyosin dissociation
and Spudich Z6), who mutated the E531 of the H-loop-H constant Kqa), while 3.6- and 8.5-fold increases were
region ofDictyosteliummyosin into glutamine to investigate detected in the presence of ADP and ATP, respectively. In
the role of the charged residue in actomyosin interaction. all cases, weakening of actin-binding properties is mainly
To elucidate the function of the entire loop in actin binding, due to increased off-rate constaritsy andk-pa), while the
we designed a construct, signed /&AL, in which loop 4 actin binding on-rate constant&.f and kipa) are not
was deleted between positions E§/s-Val*®® and was changed by the mutations. It is confirmed by the 8-fold
substituted with three glycines. Note that loop 40icty- increase in the maximal observed rate constiant) of the
ostelium discoideunvVID naturally contains 3 glycines, so  ATP induced actomyosin dissociation caused by loop 4

this mutation is deletions of the neighboring amino acids.
Neither the substitution of the entire loop with the three
native glycines nor the single negative charge elimination
by E365Q mutation affects any basic function of myosin
motor domain in the absence of actin, implying a specific
role of loop 4 in the actemyosin interaction. This specific
property is underlined by the fact that loop 4 is a structurally
distinct loop.

deletion. In all cases E365Q mutation caused intermediate
effects between the wild type a#AL. These observations
implicate that loop 4 plays a functional modulatory role in
actomyosin interaction.

The value oK, aciin O actin activated ATPase reflects the
strength of actin binding in ATP. We found a 8.5-fold
increase irkm actin Of AAL, while the maximal actin activated
ATPase activities (maxaciy Of the mutants were almost

We introduced another mutation at the base of loop 4 at unaltered. Because of the very weak actin binding of the

position 359 (F359A). This highly conserved phenylalanine
very likely stabilizes loop 4, the cardiomyopathy loop and
the long helix (AsA®-Cys*? in Dictyostelium Val*°—

GIn**8in chicken skeletal myosin) which spans the upper

mutants we could not saturate myosin with actin and
determineVmax actin Values precisely, which might be the
reason for the small differences Wax actin.

The significant weakening of actin binding in the presence

50 kDa subdomain. This mutation caused the loss of ATPaseof ATP was also demonstrated in the actomyosin cosedi-
activity as the steady-state fluorescence intensity in the mentation experiments where actin and myosin are ultra-
presence of saturating ATP decreased with 14% similar to centrifuged in the presence of saturating amount of ATP.
that observed with ADP (11%). This demonstrates a blocking These data showed that at high actin concentration{6p

of the conformational change of switch 2 loop of the 50% of the W50% was cosedimented with actin despite
nucleotide binding pocket. Since closed conformation of the presence of ATP. By contrast, this value was only
switch 2 is required for hydrolysidb), F359A is unable to  approximately 25% in the case of the mutants. This and the
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actin activated ATPase experiments emphasize that loop 4
has significant functional role in actin binding especially in
the weak actin binding states.

Kg.ap Values (Scheme 2) were only slightly changed and
are consistent with the calculated parameters from the
thermodynamic box in Scheme 2. We determined all kinetic
parameters of the thermodynamic box experimentally (Table
2). ADP binding in the absence of actin remained practically
unchanged, bu£g ap Values in the presence of actin increase
as many times as the coupling ratio of ADP binding in the
absence and presence of adino/Kgap (27).

In summary, we conclude that loop 4 of myosin Il is a
functional actin binding region. It stabilizes actimyosin
interactions which role is more pronounced in the weak actin
binding states than in rigor. Although the sequence of loop
4 is not conserved among different myosin clasgdy even
between isoforms (Table 1), most of the known myosins have
negatively charged residue(s) probably at the tip of loop 4
(Glu-365 in Dictyosteliummyosin 1l) which form a salt
bridge cluster with the positively charged residues of actin.
Probably the strength of this salt bridge cluster regulates the
stability of weak actin binding.
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