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ABSTRACT: Myosin V moves along actin filaments by an arm-over-arm motion, known as the lever
mechanism. Each of its arms is composed of six consecutive |Q peptides that bind light chain proteins,
such as calmodulin or calmodulin-like proteins. We have employed a multistage approach in order to
investigate the mechanochemical structural basis of the movement of myosin V from the budding yeast
Saccharomyces cerisiae For that purpose, we previously carried out molecular dynamics simulations
of the Milc1p-1Q2 and the Miclp-1Q4 protein-peptide complexes, and the present study deals with the
structures of the 1Q peptides when stripped from the Mlclp protein. We have found that the crystalline
structure of the 1Q2 peptide retains a stable rodlike configuration in solution, whereas that of the 1Q4
peptide grossly deviates from its X-ray conformation exhibiting an intrinsic tendency to curve and bend.
The refolding process of the 1Q4 peptide is initially driven by electrostatic interactions followed by nonpolar
stabilization. Its bending appears to be affected by the ionic strength, when ionic strength higher than
~300 mM suppresses it from flexing. Considering that a poly-IQ sequence is the lever arm of myosin V,
we suggest that the arm may harbor a joint, localized within the 1Q4 sequence, enabling the elasticity of
the neck of myosin V. Given that a poly-IQ sequence is present at the entire class of myosin V and the
possibility that the yeast’s myosin V molecule can exist either as a nonprocessive monomer or as a
processive dimer depending on conditions (Krementsova, E. B., Hodges, A. R., Lu, H., and Trybus, K.
M. (2006)J. Biol. Chem. 2816079-6086), our observations may account for a general structural feature
for the myosins’ arm embedded flexibility.

Myosin class V is one of the oldest classes of myosin, light chain-binding domain (LCBD) of myosin V is com-
being distributed from low eukaryotes, such as yeast, to posed of a poly-IQ sequence and six associated light chain-
vertebrate cells. It is the most studied and the best characterbinding proteins (reviewed in4( 5)).

ized member of the myosin super-family (reviewed 1n ( The current view of how myosin V moves along the actin
2)) When bound to actin filamentS, myOSin V has the ablllty filament is known as the lever arm mechaniﬁﬁ_S)_ The

to convert the energy released by ATP hydrolysis into essence of the proposed mechanism is that nucleotide
mechanical work, i.e., movemer#)( Myosin V is composed  pinding, hydrolysis and product release are all coupled to
of two identical heavy chains that dimerize through a |ocalized structural transitions within the myosin motor core.

formation of a coiled coil structure to form a homodimer. These motions are amp“ﬂed and transmitted to the neck
Each monomer can be divided into an N-terminal head motor domain, which functions as a lever arm and amp"fies them

domain, an extended neck domain that contains six repeatingnto a large directed translation movement of the entire

amino acid sequences called IQ motifs or peptides (desig-myosin molecule. Successive alternating cycles of ATP
nated 1Q1-1Q6), and a tail domain containing a coiled coil hydrolysis allow the two myosin’s motor heads to step along
region attached to a C-terminal globular region. The IQ the actin filament toward its barbed er@).(Consistent with
peptides are-25 amino acids segments, centered around the the lever arm hypothesis is the observation that the myosin’s
loosely conserved consensus sequence IQxxxR(K)xxxR, andstroke size is proportional to the length of its lever afif)(

constitutg the bin.ding sites for calmodulin (Cal\qnd CaM- The yeasiSaccharomyces cerisiae possesses two class
related light chains, such as the Miclp protein. Thus, the V myosins, Myo2p 11) and Myodp (2), and both were
shown to transport cargo toward the polarized regions of the
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1 Abbreviations: CaM, calmodulin; LCBD, light chain-binding ; in i ; ; i _
domain: LJ, Lennard-Jones: MD, molecular dynamics: PDB, Protein observations indicate that it can exist either as a nonproc
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During recent years, the characteristics of the dynamic 1Q complexes41, 42), the kinetic energy obtained by ATP
motion of myosin over actin filaments have been extensively hydrolysis from the head domai82), the possibility that
investigated by various methodologies, such as singlethe yeast myosin V can exist either as a nonprocessive
molecule fluorescencd $—19), dark-field £0) and electron monomer or as a processive dimekd), and the MD
microscopy R1—24), mathematical and kinetic modeling simulations of free 1Q2 and 1Q4 peptides reported in this
(25—29), and optical trapping30, 31). These studies suggest study, we present a functional dynamic model of the LCBD
a key role to the elasticity of the LCBD during the movement of myosin V from the budding yeasaccharomyces cer-
of myosin V. Yet, an atomic resolution description of the evisiae We suggest that the intrinsic plasticity of the 1Q4
neck domain’s flexible location has not been exhibited, peptide provides the lever arm with a joint flexible elbow
omitting the structural basis of its flexibility. that, despite its tight interaction with the Mliclp protein,

Despite the major role of myosins in a wide range of assists to the proper function of myosin V.
intercellular processes, their structtfenction relationship
had been previously investigated by rather few molecular MATERIALS AND METHODS
dynamics (MD) simulations studies. These simulations were  MD Simulations. The 1Q2 Peptid&he MD simulations
limited to the motor domain in an effort to follow the were performed using the GROMACS 3.2.1 package of
mechanism of ATP binding and hydrolysis, and were carried programs 43—45), with the GROMOS96 43a1 force field
out either in the presence of the bound nucleotRz2-39) (46). The coordinates for the 1Q2 peptide were derived from
or in its absence33, 35, 38—40). To our knowledge, the  the crystal structure of its complex with the Miclp protein
neck domairper se being examined in this study, was never (PDB file 1M45), determined by X-ray crystallography at
subjected to MD simulations. 1.65 A (47), that was downloaded from the Protein Data

The whole length of the lever arm is too large for MD Bank @48). The protein-peptide complex was embedded in
simulations due to limitations of computational power. Thus, a box containing the SPC water moleculé8)( that extended
we focus our simulations on two of its discrete building to at least 12 A between the peptide’s structure and the edge
blocks, the 1Q peptides and their counterparts CaM-like of the box. Assuming normal charge states of ionizable
proteins. Accordingly, in previous studie$l( 42), we used groups corresponding to pH 7, the net charge of the 1Q2
MD simulations to investigate the dynamics of the Mlelp  structure is+2e. Hence, 13 sodium and 15 chloride ions
IQ4 and the Miclp-1Q2 protein—peptide complexes from  were added to the simulation box at random positions, to
the budding yeasbBaccharomyces cerisiae myosin class neutralize the system at a physiological salt concentration
V Myo2p. We have noticed that upon release from its crystal of ~100 mM. Prior to the dynamics simulation, internal
constraints, the MIc1plQ4 complex experienced a major constraints were relaxed by energy minimization. Following
conformational rearrangement during MD simulations. The the minimization, an MD equilibration run was performed
Mlc1p protein had lost its dumbbell-like extended shape and under position restraints for 40 ps. Then, an unrestrained MD
was transformed into a collapsed form, which tightly run was initiated. The first 100 ps of the run was treated as
engulfed the 1Q4 peptide. In parallel, the Q4 peptide did a further equilibration simulation, and the remainder 100 ns
not keep its rodlike structure and became bent. Yet, the MD- was saved and used for the analysis. During the MD run,
derived structure of the MictplQ2 complex was close to  the LINCS algorithm $0) was used in order to constrain
its X-ray one, whereas both the Miclp protein and the 1Q2 the lengths of all bonds; the waters were restrained using
peptide retained a stable straight configuration. Comparisonthe SETTLE algorithm41). The time step for the simulation
of the two MIc1p-IQ complexes revealed a higher similarity was 2 fs. The simulation was run under NPT conditions,
in their simulated configurations than that presented by their using Berendsen’s coupling algorithm for keeping the
crystal structure states. A progression toward a relatively temperature and the pressure constagf (P = 1 bar;zp =
common compact shape of the protein was observed as the@.5 ps;zr = 0.1 ps; T = 300 K). Van der Waals (vdW)
configurations of the two proteirpeptide complexes evolved  forces were treated using a cutoff of 12 A. Long-range

along their MD trajectories. electrostatic forces were treated using the PME metB8yd (
To evaluate whether the tendency of the 1Q4 peptide to The coordinates were saved every 1 ps.
refold is embedded in the MictdQ4 protein-peptide The 1Q4 PeptideThe coordinates for the 1Q4 peptide were

complex or an innate feature of the peptide itself, we carried derived from the crystal structure of its complex with the
out long duration (total of 0.4#s) MD simulations of free Miclp protein (PDB file 1M46), determined by X-ray
IQ2 and 1Q4 peptides from the budding yeGatcharomyces  crystallography at 2.1 A47), that was downloaded from
cerevisiaemyosin class V Myo2p in various conditions. The the Protein Data Bank4@). The technical details of the
results demonstrate that the 1Q2 peptide keeps an extendedimulations were similar to those described for the 1Q2
elongated conformation in solution, whereas the 1Q4 peptide peptide. The MD simulations were performed under various
bends. The bending of the 1Q4 peptide appears to beconditions as elaborated in Table 1. The net charge of the
controlled by the salt concentration of its buffer solution, 1Q4 peptide is+6e, whereas the number of ions that were
when high ionic strengths~300 mM and above) preclude added at the simulations varied according to the specific
it from flexing. The 1Q4 peptide refolding process is initially ~ conditions of each simulation.

driven by electrostatic interactions followed by nonpolar  Visual PresentationsAll protein figures were created
stabilization. When the 1Q4 peptide is elongated by 10 using the VMD computer progranb4).

additional amino acids flanking each of its terminals  Lennard-Jones Interactiongennard-Jones (LJ) interac-
(representing an enlarged fraction of the LCBD), its inherent tions were computed using a standard GROMACS utility.
tendency to curve was observed as well. Finally, by address- Electrostatic InteractionsShort-range electrostatic interac-
ing MD-derived stable conformations of two neck Mleip  tions were computed by using a standard GROMACS utility
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Table 1: Summary of the MD Simulations of the 1Q4 Peptide

no. of no. of

duration  concn added added

(ns) of salt Na'ions CI~ions
1Q4 peptide 100 ~100 mM 12 18
IQ4 peptidé 30  ~100 mM 12 18
extended 1Q4 peptide 20 ~100 mM 10 17
IQ4 peptidé 20 ~30mM 4 10
1Q4 peptidé 100 ~300 mM 36 42
1Q4 peptidé 100 ~2.4M 288 294

2 High temperature (400 KJ.An IQ4 peptide containing 10 ad-
ditional amino acids flanking each of its terminals was built using Swiss
PDB Viewer (78). These added 20 residues belong to the 1Q3 and IQ5

Ganoth et al.

following snapshots. At this newly gained conformation, the
Q4 peptide is refolded in a manner that its N- and C-termini
are relatively close to each other, having the shape of two
helices separated by a coiled hinge. Since the 1Q4 peptide
bears eight positive and two negative residues, it seems likely
that its refolded conformation is stabilized by internal salt
bridges. Hence, we followed the minimal distance between
pairs of its positive and negative residues as a function of
time, and present these that formed intrapeptide salt bridges
(Figure 2B). As shown in Figure 2B, at the beginning of the
simulation, residues KHE25 (black) and R4E25 (gray)

are apart from each other. For both cases,~at65 ns, the

peptides. Thus, the 45 amino acid elongated 1Q4 peptide constitutes adistance between the residues sharply drops frdnA to a

portion of the poly-IQ sequence as present at the neck of the myosin.

¢Low salt concentratior? High salt concentratiorf.Very high salt
concentration (mimicking the salt concentration in which the Mielp
1Q4 protein—peptide complex was crystallized?)).

with cutoff of 12 A. To make sure that the calculations are

also valid for longer ranges, they were repeated with cutoffs

of 14, 16, 18, and 20 A. This did not affect the trend of the
results.
Free Energy ProfileGiven a system in thermodynamic

equilibrium, the change in free energy upon transformation

from a reference statagf), of the system to another generic
state, (), (e.g., from folded to refolded), at constant tem-
perature and constant pressure, can be evaluated as

= —RTInﬂ

ref

AG (1)

ref—i

whereRis the ideal gas constari,is the temperature, and
pi and per are the probabilities (obtained by the MD
simulation) of finding the system in stat§ &nd statergf),

distance in which their atoms almost reached to a contact of
their vdW radii @ = 2.5 A). The approach of these residues
toward each other is a relatively slow process, ranging tens
of nanoseconds, that seems to be stable till the simulation
was terminated. Interestingly, the refolding of the peptide
involves an increase of the distance between positive residues
located on its mid-section (Figure 2C). The KiR15
(black) and the R14K18 (gray) distances increase as the
simulation proceeds. The distribution of the positively
charged residues along the peptide causes an electrostatic
repulsion that rejects them from each other, and consequently
the peptide refolds and loses its extended helical conforma-
tion. The role of the electrostatic potential of the peptide is
further evaluated below.

To validate that the structure of the 1Q4 peptide at 100 ns
reflects a representative stable conformation, we repeated
the simulation of the 1Q4 peptide at a high temperature (400
K) for 30 ns, and the last snapshot of that simulation is shown
in Figure 2A (bottom, right). Inspection of the peptide’s
structure at the end of the 400 K simulation reveals a high
similarity to the structure gained at 300 K, presenting an

respectively. Any global parameter can be used to evaluateinnate capacity to flex. The refolding mechanism of the
the free energy, such as the radius of gyration, atomic RMSD, peptide, at both temperatures, was similar to that observed

or fluctuations along principal componengb(-61). In the

by MD simulations of the MiclplQ4 protein-peptide

present study, we use the free energy surface as a functionsomplex at different temperature41j.

of the gyration radius of the 1Q4 peptide.
RESULTS

Overall Conformational Changes during the Simulations.

To evaluate the energy changes involved with the structural
modulation process undergone by the 1Q4 peptide, we
calculated its nonpolar, i.e., Lennard-Jones (LJ), and short-
range Coulomb electrostatic energies (Figure 3A and 3B,

The simulated structures of the IQ2 peptide, as it varies from respectively). Both terms decreased, though in different
its crystal structure with time, are presented in Figure 1 by manners, as a function of the simulation time. The stability

snapshots taken at 20 ns intervals. At its initial configuration,
the 1Q2 peptide is an almost linearhelix. Within the first

20 ns of simulation, both its N- and C-termini loosen, while
its mid-section retains a straight conformation. During the

generated by the nonpolar interactions-80 kJ/mol, taking

place at a discrete time point, after which its value is
practically constant. The short-range Coulombic energy
contributes~200 kJ/mol, but appears to gradually evolve

rest of the simulation up to 100 ns, the structure of the peptide over most of the simulation time. It is of interest to point

hardly changes, reflecting its stable MD-derived configura-
tion. However, subtle reversible conformational modifications
may occur, as can be seen at the 60 ns snapshot.

In contrast to the rigidity of the 1Q2 peptide, snapshots
taken from the trajectory of the 1Q4 peptide reveal a different
scenario (Figure 2A). The initial configuration of the 1Q4
peptide, as extracted from the Mlct{Q4 protein—peptide
complex X-ray structure, is a linear-helix. After only 20
ns of simulation, its conformation grossly deviates from its

out that the initial deformation of the peptidesshelical
structure is driven by electrostatic interactions of the charges
residues, either among themselves or with the solvent.
The energy of a protein is a function of the topological
arrangement of it atoms and their interactions with the
solvent. In exact terms, it is described by a hyper-surface in
the N-dimensional configurational space, with a very large
number of minima separated by activation barriers and saddle
points. Each valley in this hyper-surface pertains to a

initial one. Its C-section loses the straight conformation, and particular conformation of the protei%Z, 63). Due to the
modulates into turn and bent structures. The conformation high dimensionality of the configurational space of a protein,

of the 1Q4 peptide continues to explore the configurational

it is impossible to give a representative picture of its free

space till reaching a new configuration, represented by the energy landscape as a function of the entire phase space. To
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Ficure 1: The crystal structure of the 1Q2 peptide, and snapshots from its simulation, taken at 20-ns intervals. Charged residues (K7, K14,
R19, R21, D24 and E25) are shown as indicatives.

overcome this problem, we represent the energy profile in akeeping its linearity. The 5-helix conformation survives
lower dimensional subspace by using a global parameterduring the rest of the simulation with few events of
(here, the gyration radius), which allows the identification reappearance of ar-helix (such as the time interval stretch
of ensembles of subconformations belonging to a given of 32 ns to 36 ns).
structural state. Thus, to correlate the stability of the peptide  The secondary structure analysis of the 1Q4 peptide (Figure
with its conformation, we calculated its free energy profile 4B) exhibits a different pattern. After a short relaxation
as a function of the gyration radiufy (Figure 3C). The period, the 1Q4 peptide is no longer composed of only
probability that the peptide may assume a refolded compacta-helical elements. While its first-15 residues still keep
configuration is higher than it may hold an extended theira-helical configuration, the remaining residues become
structure. Since these probabilities are directly linked to the composed of a mixture of bends and turns.-At6 ns, a
free energy (see Materials and Methods for details), the 5-helix appears and gradually controls over the structure until
analysis suggests that the peptide’s simulated structure afte38 ns (besides a middle coil/turn section). Apparently, the
100 ns of simulation is energetically more stable than its 5-helix conformation is not stable enough for the given
crystal structure. As seen in Figure 3C, the upper and lower sequence to persist for the entire helix, and is replaced by
limits of the Ry confine the conformational space, which is ana-helical conformation that holds for the N-section. From
found at the range of 7.8 A Ry = 11.7 A. Within this this time point on, the structure of the peptide exhibits three
range, the peptide exhibits three populations, having minimasecondary structure elements, reflecting an energetically
atR;~11.5A, 9.7 A and 8.1 A. Among these populations, stable configuration: an N-section, composed obamelix;
which are separated by energy barriers, the most stable onex C-section, composed of a 5-helix; and a hinge, composed
persists aR; = 8.1 A. Considering the steepness of the curve of turn and coil, separating between these N- and C-sections.
on both edges of the ordinate, it is unlikely that the peptide |t should be noted that the- to 5-helix transition (full-
will probe structures that are outside the charted range. length and partial for the 1Q2 and the 1Q4 peptides,
Evidently, the MD-derived conformation is characterized by respectively), which was detected in both simulations, was
an energetic minimum. observed, as well, in several other MD simulations. For
We wish to stress out that a two-dimensional representationexample, 5-helix propagation at the expense obamelix
of a high-dimensional hyper-surface, as the free energywas evidenced in simulations of the trans-membrane domain
landscape of a peptide, is highly degenerate. This means thabf ErbB-2 64, 65), the central domain of caldesmo66j
what appears in Figure 3C as a well-defined minimum may and some synthetic peptides7j.
be a result from a superposition of a series of minima that The Effect of Salt Concentration on the MD-Deil
cannot be resolved. Moreover, due to computational power Structure of the 1Q4 Peptidélhe MD simulations of the
limitations the conformational sampling is rather limited and, 1Q4 peptide, either in a complex with the Mic1p protedd,(
as such, imperfect. Therefore, the numerical values on the42) or as a free peptide suggest that its preferential config-
ordinate should be taken as indicative, representing qualita-uration is bent. However, the crystal structure of the Mielp
tive trends rather than actual quantitative ones. Yet, the |Q4 complex recorded a straight rodlike conformation for
presentation allows the identification of energy wells that the peptide. This discrepancy may stem from the very high
correspond to temporally and structurally distinct subsets of salt concentration used for the crystallizatior2(4 M) (47).
structures visited during the simulation. To account for that, we investigated the effect of salt
Secondary Structure Analysis of the 1Q Peptid€ke concentration on the structure of the 1Q4 peptide. We
structural transformations of the 1Q2 and the 1Q4 peptides performed MD simulations in three different salt concentra-
are shown by their secondary structure analysis, depicted intions: ~30 mM (low), ~300 mM (high) and~2.4 M (very
Figure 4. This analysis enables detection of subtle changeshigh). The durations of the simulations were 20 ns, 100 ns
in the secondary structure composition, which are not and 100 ns, respectively. The last snapshot, which in all cases
necessarily observed by discrete snapshots. The secondarfepresents the dominant structure, is shown in Figure 5.
structure analysis of the 1Q2 peptide (Figure 4A) reveals that At the low (Figure 5, left) and the medium-L00 mM,
its initial a-helical conformation remains stable for more than as elaborated in the previous sections) ionic strengths, the
20 ns. Then, it transforms into a 5-helix conformation, while 1Q4 peptide spontaneously refolded into two distinctive
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Ficure 2: (A) The crystal structure of the 1Q4 peptide; snapshots from its simulation at 300 K, taken at 20-ns intervals; and the last
snapshot form its simulation at 400 K. Charged residues (R4, K11, K12, R14, K15, E16, K18, R20, K23 and E25) are shown as indicatives.
(B) Intrapeptide salt bridges as a function of the simulation time. Minimal distance between residues K11 and E25 (black), and between
residues R4 and residue E25 (gray). (C) Minimal distance between residues K12 and K15 (black), and between residues R14 and residue
K18 (gray) as a function of the simulation time.

sections separated by a hinge. At the very high salt surrounding. This was confirmed by a residue-level salt
concentration that mimics the crystallization buffer liquor, bridge analysis, in which we found that intrapeptide salt
the peptide did not refold, although its N- and C-termini bridges did not form at salt concentrations-6f300 mM
loosened (Figure 5, right). and above. At such concentrations, the charged residues of
Most likely, high salt concentrations prevent the peptide the peptide are adequately solvated by the ions, allowing
from assuming a conformation that reflects its stable MD- the peptide helix to be elongated. The effect of the screening
derived structure, keeping it as an elongated nonphysiologicalelectrolyte on the structure of the peptide can be also
helical rod. Given that the peptide hardly bends at the high evaluated by referring to the Debye length of the solution.
salt concentrations (as opposed to the bending3d mM At ~30 mM and ~100 mM, the electrolyte does not
and~100 mM salt concentrations), its refolding pattern is effectively screens charges, and the Debye length is relatively
obviously influenced by the concentration of ions in its large. Thus, at these concentrations, the positive charges on
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Ficure 3: (A) The Lennard-Jones component of the potential energy among the residues of the 1Q4 peptide (gray), and its averaged values
every 250 ps (black). (B) The short-range electrostatic interactions among the residues of the 1Q4 peptide (gray), and averaged values every

250 ps (black). (C) Free energy projection over the gyration radigsof the 1Q4 peptide.

the peptide effectively repel each other, and its refolding may (Figure 2A) is not an artifact caused by its exposed N- and
take place (see Figure 2C). At 300 mM and above, the C-termini, we built an extended 1Q4 peptide that was then
screening length is short-ranged, and hence the positivelystudied by a 20 ns MD simulation. The sequence of this
charged residues can tolerate the presence of other similarlyextended peptide consisted of that of the 1Q4 peptide, as
charged residues, suppressing the peptide’s refolding. present at the crystal structure of the Mledl@4 complex,

The conformation of the peptide 2.4 M resembles the ~ supplemented by additional twenty residues; ten of these
one obtained by the simulation at the high salt concentration residues flank its N-terminus and are part of the 1Q3 peptide
(Figure 5, middle) because already~a800 mM NaCl the sequence, while the other ten reside after its C-terminus and
screening effect caused by the ions is extensive. Accordingbelong to the 1Q5 peptide sequence. Hence, the 45 amino
to our observation, the 8-fold increase at the NaCl concentra-acid long sequence represents a fair sectieB006) of the
tion did not significantly enhance the screening effect, and full-length poly-1Q (1Q1-1Q6) neck of myosin V.
thus the results of the high and the very high salt concentra-  The secondary structure analysis of the extended 1Q4
tions’ simulations are similar. peptide (Figure 6) demonstrates that it experiences a similar

Structure and Dynamics of an Extended 1Q4 Peptide. refolding pattern as observed for the 1Q4 peptide. Its
order to verify that the kink presented by the 1Q4 peptide N-section retains a rigid structure; whereas its C-section
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Ficure 4: Secondary structure analysis of the 1Q2 (A) and the 1Q4 (B) peptides as a function of the simulation time. The residue number
runs along the ordinate and time along the abscissa. Color codes are used to represent secondary structure elements.

gradually loosens up, transforming from a+helix to a turn, allowed to relax in aqueous media. The common location
which propagates to a 5-helix structure. What merits notice of the kink at both the 1Q4 and the extended 1Q4 peptides
is that the very same region of the 1Q4 sequence, betweensuggests that the intrinsic hinge and inherent flexibility are
residues 14 to 19, can harbor a kink when the peptide is innate, rather than a simulation’s relic. Moreover, when the
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s ol

E25
Low salt concentration (~ 30 mM) High salt concentration (~ 300 mM) Very high salt concentration (~ 2.4 M)

FicurRe 5: Snapshots of the simulated structures of the 1Q4 peptide at different salt concentrations. Left: After 20-ns simulation at low salt
concentration30 mM). Middle: After 100-ns simulation at high salt concentratior800 mM). Right: After 100 ns at very high salt
concentration 2.4 mM). Charged residues (R4, K11, K12, R14, K15, E16, K18, R20, K23 and E25) are shown as indicatives.

myosin molecule, we concentrated on its neck domain.
Nevertheless, the conclusions and their implications may hold
for the mechanochemical walking mechanism of myosin V
since its neck domain is an autonomous independent region,
clearly separated from the head and the tail.

On this study, which to our knowledge is the first to
investigate the dynamics of the myosin’s neck, we describe
a usage of the MD methodology as a tool to analyze the
structures of the 1Q peptides from the ye8siccharomyces
cerevisiae outside their crystal lattice, in an agueous environ-
ment. Since none of the 1Q peptides was crystallized in the
absence of the light chain protein Miclp, their initial
structures were derived from the published crystal structures
of the Mlc1p—IQ protein—peptide complexesi{). Consid-
ering the relatively long duration of our simulations (total
of 0.47 us) and the repetitive pattern of the structures
obtained at different simulations’ conditions, we propose that
the predicted structures of both IQ peptides represent their
stable MD-derived solution conformations.

. . Comparison of the two 1Q peptides’ MD trajectories and
swo 10600 " e 20000 their secondary structure analysis reveal that both IQ peptides
o _ Time (ps) _ _ _ explore the conformational space until stable configurations
(JColl M B-Sheet I B-Bricge [l Benc (1] Turn l A-Helix [l S-Helix [ 3 Helix emerge. The 1Q2 peptide maintains a stable rigid rodlike
FiIGURE6: Secondary structure analysis of the extended 1Q4 peptide structure during MD simulation, though it loses most of its

as a function of the simulation time. The residue number runs along o-helical features at the expense of gaining a 5-helix

the ordinate and time along the abscissa. Color codes are used tQ . o
represent secondary structure elements. Representative snapshofy UCture. On the contrary, the 1Q4 peptide abruptly modifies

of the peptide, in which the added residues and the peptide areits shape from an elongatedhelix into a helix-loop—helix
colored in orange, are shown every 10 ns. Charged residues of theconformation through intermediate states, being less stiff and

1Q4 peptide (R4, K11, K12, R14, K15, E16, K18, R20, K23 and  tending to curve and flex in a profound manner. Its secondary
E25) are shown as indicatives. structure analysis reveals a newly appearing 5-helix and coil/
turn configurations that occupy aboub0% of its secondary
structure, whereas its other half still attains the initighelix

RMSF was calculated for the 1Q4 peptide’s simulations (data
not shown), it turned out that residues that present high

RMSF val d to those th content.
values correspond to those that curve. The MD-derived state of the 1Q4 peptide is energetically
DISCUSSION favorable over its X-ray structure. The difference between

the MD-derived structures of the two peptides may be
Computational studies of large macromolecular assem- attributed to the higher net charge of the 1Q4 peptide=(
blages have come a long way during the past 10 years. With+6) than that of the 1Q2 peptid& (= +2), and is reflected
the explosion of computer power and parallel computing, by the electrostatic attraction between positive and negative
time scales of MD simulations have been substantially residues located on its N- and C-termini (for example, R4-
extended. However, limitations remain for studies of large- E25). In contrast, the 1Q4 peptide presents an intrinsic
scale conformational changes occurring on time scalesinstability and an increased tendency to flex since its MD-
beyond nanoseconds, especially for large macromoleculesderived structure appears to be influenced by the ionic
such as myosin. Hence, instead of simulating the entire strength of its environment.
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Table 2: The Sequence of the LCBD (poly-1Q) of Myosin V Myo2p (Swiss-Prot Entry P19524)

Sequence Total Charge
101 "MHNSIVMIQKKIRAKYYRKQYL " 16
1Q2  *°°QISQAIKYLONNIKGFIIRQRVNDE®* 2
1Q3  °*MKVNCATLLQAAYRGHSIRANVE®S? +3
Q4 °5*SVLRTITNLOKKIRKELKQRQLKQE®® +6
1Q5 °*"°HEYNAAVTIQSKVRTFEPRSRFL®® )
IQ6 *°’RTKKDTVVVQSLIRRRAAQRKLKQL®*® +8

a Positive and negative residues are colored by blue and red, respectively.

The simulations of the 1Q4 peptide at increasing salt the conformations of the IQ21Q5 peptides based on charge
concentrations imply that its charged residues take a majorand sequence considerations, published X-ray structures
role in the refolding process of the peptide. This supplies a (PDB: 1M45, 1M46 and 1N2D) and MD simulationgH{(
framework for design ofh vizo mutants that will address  42) and the current research). From the 1Q2, 1Q3, 1Q4 and
this question. In addition, these simulations of the 1Q4 IQ5 peptides, the 1Q4 peptide is the most charged. It bears
peptide at increasing salt concentrations exemplify how eight positive and two negative residues, probably contribut-
crystallographic conditions may determine the outcome ing to its internal elasticity and flexibility. The other 1Q
structure of the crystal. The 1Q4 peptide presents a curvedpeptides are less charged and possess only a few charged
shape when simulated under subphysiological and physi-residues (23). Hence, from a sequence and charge perspec-
ological salt concentrations-80 mM and~100 mM), which tive, we conclude that the 1Q2, 1Q3 and 1Q5 peptides would
was not detected when the simulations were performed undetkeep an elongated conformation together with their coun-
overphysiological salt concentrations300 mM and~2.4 terpart light chain proteins. This is corroborated by X-ray
M). At ionic strengths of~300 mM and above, there is a structures of the Mic1plQ2 (PDB: 1M45) and the Mliclp
strong influence of the screening electrolyte on the confor- 1Q2/3 (PDB: 1N2D) complexes, in which the peptides
mation of the 1Q4 peptide and the Debydiickel effect is maintain a rigid helical structure. Considering our extensive
stressed. That precludes the 1Q4 peptide from bending, MD simulations presented in this study, the 1Q2 peptide does
keeping it as a straighit-helix. Apparently, as indicated by  actually maintain a straight a rodlike conformation, whereas
this study, the crystalline structure of the 1Q4 peptide was the 1Q4 tends to bend and flex.
imposed by specific crystallographic conditions of its crystal-  Myosin V moves via a hand-over-hand mechanism, where
lization buffer liquor (such as its salt concentration and ionic its motor domain takes steps €36 nm. The conversion of
strength). Fundamental deviations of X-ray determined the torque into a long striding motion is attained by its neck
structures from native configurations of proteins were domain, in which the lineaa-helical poly-IQ sequence is
documented, as well, in other casé8+{70). supplemented by corresponding wrapping CaM-like proteins.

The bent IQ4 peptide’s structure is too short for searching In order to convert the torque into motion, the lever arm
for similar features in other proteins except myosins, and should keep a straight configuration so that the translational
hence evaluating of its properties is limited to the simulations motion will be maximized. However, the sequential stepping
reported in the present study. The main property of the 1Q4 events of myosin are associated with alteration of the angle
sequence is a plethora of charged residues when comparethetween its lever arm and motor head, with a feedback
to the other Myo2p IQ peptides (Table 2). The main mechanism affecting the affinity of the head to the actin
characteristic of the bending location seems to be clusteringfilament 25). The uneven mode of these forces along the
of positive residues in the sequence at a configuration thatlever arm appears to affect the neck’s CaM-like proteins
packs the charges into a tight knot when the structure is saturated shape. Consequently, a mechanical internal stress,
straight, and allows them to spread in the bent configuration associated with the mechanochemical function of the myosin
(see Figure 2A). Indeed, the comparison of the electrostatic molecule, is generated. This internal strain induces curvature
and the LJ potentials, as they vary with time, reveals an initial of the leading lever arm’s LCBD at a defined location, as
electrostatic relaxation that precedes the LJ stabilization, only suggested by microscop$%—24), mathematical and kinetic
to be followed by a longer extended minimization of the modeling 5—29), and optical trapping30, 31) of myosin.
electrostatic potential. In accord with this interpretation, we The appearance of a curved arm with a bent elbow at its
observe that once the ionic screening is intensified, the 1Q4 mid-section affects the spatial interactions between the motor
peptide retains its rodlike structure. head and the lever arm, and the properties of the ratchet

The peptides that are found at the periphery of the LCBD, locking (25).
namely, 1Q1 and IQ6, are highly charged and may be prone Our observations about the dynamics of the 1Q peptides
to be bent. However, attempts to predict the structures of allow for a dynamic functional model of myosin V's LCBD
these peptides are not of high structural or functional from the budding yeagaccharomyces carisiae Consistent
relevance since they are directly connected to the head andvith the elastic nature of the LCBD and the dynamic
tail domains of the myosin, respectively. Yet, we can predict characteristic of the lever arm mechanism, we suggest that
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Table 3: Sequences of the LCBD of Class V Myosins from Yeast (Myd@pand Myo4p_Sc), Mouse (MyoVa Mo), Rat (MyoVa_Ra) and
Human (MyoVa_Hu)?

101 102

Myo2p_Sc | “*MHNSIVMIQKKIRAKYYRKQYLQISQAIKYLONNIKGFIIRQRVNDE "
Myodp_Sc | "*°MNEICIIIQKKIRARYYRLQYLQTMESIKKCQSQIRSLLVRTRVDHE >
MyoVa_Mo| "**LRAACIRIQKTIRGWLLRKRY LCMQRAAT TVQRYVRGYQARCYAKFL®?
MyoVa_Ra | "**LRAACIRIQKTIRGWLLRKRYLCMQRAAT TVQRYVRGYQARCYAKFL?

MyoVa_Hu| "**LRAACTRIQKTIRGWLLRKKY LRMRKAAT TMORYVRGYQARCYAKFL®*?

103 1Q4

Myo2p_Sc | MKVNCATLLQAAYRGHSIRANVESVLRTITNLOKKIRKELKQROLKQE® ©
Myodp Sc | ®*’LKTRAATILLOTNIRALWKREYYRAAIGQI IKLQCTCKRKLILDSVNRK®™*
MyoVa_Mo| ®**RRTKAATTIQKYWRMYVVRRRYKIRRAATIVIQSYLRGY LTRNRYRKI®®®
MyoVa_Ra | ®*RRTKAATTIQKYWRMYVVRRKY KIRRAATIVLQSY LRGY LARNRYRKI®®°

MyoVa_Hu| $**RRTKAATI IQKYWRMYVVRRRY KIRRAATIVLQSY LRGFLARNRYRKI®®°

1Q5
Myo2p_Sc | HEYNAAVTIQSKVRTFEPRSRFL 9T
Myodp_Sc | ¥7°VNRKFMLMAAVIIQSY IRSYGHK 922
MyoVa_Mo| ***HYKRTMKATVY LOCCFRRMMAKR 908

MyoVa_Ra | **'LREHKAVI IQKRVRGWLARTHYK 908

MyoVa_Hu| ***LREHKAVI IQKRVRGWLARTHYK 908

aThe peptides (1Q%1Q6) are colored by red, blue, green, black, pink and turquoise, respectively. Swiss-Prot accession numbers arSdlyo2p
(P19524), Myo4p Sc (P32492), MyoVaMo (Q99104), MyoVa_Ra (Q9QYF3) and MyoVaHu (Q9Y4I1). Charged residues are underlined.

the banana-shaped conformation formed by myosin’'s arm myosin 1Q3/4 double-length sequence cannot exist as a
is generated through the 1Q4 peptide that presents an intrinsiccontinuous straight helix’(l), even in the presence of CaM.
inner characteristic to flex and curve in solution. Thisisin  As indicated by the MD simulations of the 1Q4 peptide at
accordance with the secondary structure analysis of the IQ2different salt concentrations, at a physiological salt concen-
and the 1Q4 peptides, in which the former peptide completely tration (~150 mM) it should be able to naturally switch from
transforms into a 5-helix conformation whereas the latter a bent to a rodlike configuration. This suggests that relatively
peptide harbors a coil between anhelix and 5-helix minor forces are needed in order to induce iitsvivo
conformations. Thus, the secondary structure of the 1Q2 alternation between the two conformation states. Therefore,
peptide prevents it from bending, while that of the Myo2p the poly-IQ sequence may be bent at the 1Q4 peptide region
1Q4 peptide allows it to bend and curl. The hinge shown at that functions as a joint since its conformational process of
the neck’s 1Q4 peptide’s conformation, observed in all our refolding is crucial to the myosin’s walking over the actin
simulations under physiological salt conditions (and also for filament. Apparently, the bended elbow conformation of the
the extended 1Q4 peptide), may correspond to the bentLCBD’s lead arm, which is suggested to be caused by the
solution state of the lever arm of myosin. Our proposed curved IQ4 peptide, is a fundamental element in the myosin’s
model is supported by previous studiéd,(42), in which mechanochemical movement mechanism.

we found that, in the presence of the Mic1p protein, the IQ4  The uniqueness of the 1Q4 peptide is not restricted to the
peptide loses its rodlike shape while the 1Q2 peptide keepsyeast Myo2p, but rather is a common feature for class V
it. In this fashion, the Miclp protein does not hinder the myosins from different species (Table 3). Among the poly-
capacity of the 1Q4 peptide to bend in the very same location IQ sequence of yeast, mouse rat and human, the 1Q4 peptide
when simulated in its absence. Interestingly, further sup- carries the highest number of charged residuesl()j as
porting data was supplied by fluorescence and near- and far-compared to the other IQ peptides. Evidently, the high
UV CD measurements, where it was found that a murine number of charged residues is evolutionarily conserved, and
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this may indicate that our suggestion about the intrinsic words, when the conditions enable, the myosin V molecule
capacity of the 1Q4 peptide to bend can be valid for class V dimerizes and becomes processive; aicd versa when the
myosins from vertebrates as well. conditions are unfavorable, the molecule cannot dimerize and
An essential point for mechanical force generation in hence may present monomeric nonprocessive characteristics.
myosin systems is how the energy released by ATP hydroly- The interaction between the 1Q peptides and their corre-
sis in the myosin motor domain gives rise to the movement sponding CaM-like protein along the LCBD is a complex
of the myosin head along the actin filament. By performing function, reflecting the local proteirpeptide interactions and
MD simulations of the motor domain of myosin S1, Minami the interactions between the light-chain proteins, one with
and co-workers32) suggest that the energy released by the the others. It is likely that the relative motion of the motor
ATP hydrolysis is transformed into kinetic energy of atoms domain, with respect to the lever arm, imposes a stress not
located around the nucleotide-binding site pocket found in only on the LCBD but also on the CaM-like proteins that
the motor domain. Their analysis indicates that the structural are threaded along it. The double path of the stress along
deformation, which is caused by the ATP hydrolysis, extends thea-helix and wrapping proteins may provide a mechanism
over the motor domain core. It spreads and induces varyingthat regulates the flexing point along the lever arm, facilitat-
collective motions of atoms at the actin-binding site, and ing the transfer of the local torque into effective translational
simultaneously, at the junction with the neck. Our simulations motion of the whole, double-headed protein. Thus, by careful
may complement this study by suggesting that the influence analysis of data combining (i) MD simulations of the motor
of the torque produced by ATP hydrolysis may not cease at (32) and the neck &1, 42) and this study) domains of myosin
the nucleotide-binding site located at the motor domain, but and (ii) single molecule experiments of chimeric class V
rather continues to move and be transferred along the myosinmyosins, we offer an additional piece to the mechanochem-
molecule through its neck at the direction of the tail. ical walking mechanism puzzle of myosin V. Obviously,
Evidently, this motion induces bending of the 1Q4 peptide, additional experimental and theoretical work is required to

which consequently enables the myosin’s neck to flex.
The functional model of myosin V's LCBD from the
budding yeasSaccharomyces cerisiae, as presented here,
may be valid only whether the yeast's myosin V motor is 4
processive. This issue is under current dispute and no clear
proof, so far, conclusively solved the puzzle. Mooseker and
co-workers 13) claim that the yeast's class V myosins
Myo2p and Myo4p are nonprocessivevitro. Their conclu- 3
sion is based upoin uitro indirect assays, in which the
myosin’s velocity and landing rate on the actin filament, as
they varied with the myosin’s motor domain density, were
followed. However, the authors did not exclude the pos-

sibility of in vivo processivity. An explanation for the 5.

absence of processivity in their study may be that the yeast
class V myosins are processive due to a regulatory event
and in its absence are nonprocessive. It was shown that
binding of the dynactin multi-subunit protein complex to the

microtubule motors dynein7@¢, 73) and kinesin 14) 7.

increases their processivity. Since myosin, dynein and kinesin
are all molecular motors, it is likely the myosin’s function )
is regulated by dynactin or another regulating factor.

Furthermore, Trybus and co-worker$4] dealt with the 9.

yeast's myosin V lack of processivity in a recent publication,
suggesting that the yeast Myo4p molecule can exist either
as a nonprocessive monomer or a processive dimer, depend-
ing on the conditions. A high identity (34%) and similarity
(58%) between the LCBDs of Myo2p and Myodp, as
calculated by BLAST 15, 76), lead to the conclusion that
most probably both share similar features. It should be noted
that a monomerdimer equilibrium that impacts on proces-
sivity has been proposed to exist at class VI myosins (fora ;,
review, see(7)), and it is possible that this may be a general
mechanism for regulatinigy vivo processivity. Additionally,

the research of Trybus and co-workers proposes that native 1
yeast Myo4p is nonprocessive (or weakly processive) at a

high ionic strength and more processive at a physiological 14.

ionic strength. Our observations are in favor of the findings
raised by Trybus and co-workers, suggesting that at a
physiological salt concentration the 1Q4 peptide is able to
bend but high salt conditions prevent it from flexing. In other

10.

11.

3.

15.

fully elucidate the mechanism of myosin V motions.
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