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ABSTRACT: Myosin activity is crucial for many biological
functions. Strong links have been established between changes
in the activity of specific myosin isoforms and diseases such as
cancer, cardiovascular failure, and disorders of sensory organs
and the central nervous system. The modulation of specific
myosin isoforms therefore holds a strong therapeutic potential.
In recent work, we identified members of the marine alkaloid
family of pseudilins as potent inhibitors of myosin-dependent
processes. Here, we report the crystal structure of the com-
plex between the Dictyostelium myosin 2 motor domain and
2,4-dichloro-6-(3,4,5-tribromo-1H-pyrrole-2-yl)phenol (3). De-
tailed comparison with previously solved structures of the
myosin 2 complex with bound pentabromopseudilin (2a) or

R';R*:Br>Cl>H

Free hydroxyl group
formation of hydrogen bond
OH > OMe

Free amino group
formation of hydrogen bond
NH > NMe

pentachloropseudilin (4a) provides insights into the molecular basis of the allosteric communication between the catalytic and the
allosteric sites. Moreover, we describe the inhibitory potency for a congeneric series of halogenated pseudilins. Insight into their
mode of action is gained by applying a combination of experimental and computational approaches.

B INTRODUCTION

Motile and transport processes in biological systems rely on
the activity of molecular motors, such as myosins, kinesins, and
dyneins. Members of the superfamily of myosin motors partici-
pate in a large number of bioprocesses including cytokinesis,
mitosis, chemotaxis, intracellular transport of vesicles and orga-
nelles, exocytosis, and endocytosis. The energy for the mechan-
ical work produced by myosin motors is provided by ATP
hydrolysis, while actin filaments (F-actin) form the tracks on
which the motors walk. The malfunction of certain myosins due
to a mutation or an insertion/deletion polymorphism in the gene
encoding the myosin heavy chain can lead to severe diseases such
as familial hypertrophic cardiomyopathy, deafness, and blind-
ness. Cancer cells and several pathogens rely to an increased
extent on myosin motor activity for active spreading, rapid
growth, and the penetration of cells and tissues. For this reason,
the efficient activation or inhibition of specific myosin motors
with the aid of small druglike compounds is of considerable
medical relevance. Recently, we discovered and reported the
significant inhibitory effect of two members of the marine natural
product class of halogenated pseudilins (2-phenylpyrroles) on
myosin motor activity."” Pseudilins were first described as
antibiotic products of marine bacteria Chromobacterium sp., Pseudo-
monas bromoutiliz, and Alteromonas luteoviolaceus and were shown to
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exhibit antitumor, antimicrobial, and phytotoxic activities. Moreover,
they were shown to inhibit human 12- and 15-lipoxygenases and
nonspecific liver esterase.® Different synthetic routes were applied
for the synthesis of pentabromopseudilin (PBP) and related
compounds.z'a”4 Here, we used a silver(I)-catalyzed cyclization of
homopropargylamines to 2-aryl-substituted pyrroles for the synth-
esis of our test compounds, as reported earlier.®

PBP was shown previously to inhibit myosin 2-dependent
processes such as isometric tension development and unloaded
shortening velocity in muscle cells. Because of differences in the
abundance of myosin isoforms, PBP can also be used in cell
biological applications to induce myosin S-dependent changes,
such as altered mitochondrial morphology." Steady-state ATPase
measurements in the presence of F-actin and with the use of
different myosin isoforms revealed a preference of PBP for class S
myosins over members of classes 1 and 2. The highest affinity and
lowest half-maximal inhibitory concentration (ICs,) of around
1.2 uM was observed with chicken myosin Sa. The chlorinated
derivative pentachloropseudilin (PCIP) displays an entirely
different specificity, with the highest inhibitory potency displayed
toward class 1 myosins (ICsy &~ 1.0 uM for Dd myosin 1B) and
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an ICso of only around 100 #M for both class 2 and class
S myosins (see the Supporting Information, Figure 2SI).
Crystallographic analysis of the PBP— and PCIP—Dictyostelium
discoideum (Dd) myosin 2 complexes revealed a previously
unobserved allosteric binding pocket in the myosin motor
domain, positioned near actin-binding residues at the tip of the
motor domain and at a distance of 16 A from the nucleotide-
binding pocket. Despite the large amount of kinetic, mechanical,
and structural data on the inhibition of myosin by both PBP and
PCIP, the detailed mechanism of how the pseudilins operate on
myosin remains elusive. Here, we present structure—activity
relationship (SAR) studies on 11 selected pseudilin derivatives.
Although the test set is relatively small, the combination of static
crystallographic approaches and kinetic experiments together
with dynamic computational simulations provides comprehen-
sive insights into the mechanism responsible for the allosteric
inhibition of myosin motor activity by halogenated pseudilins.
The influence of different substitutions and the importance of
hydrogen bond donor and acceptor groups are discussed, as well
as entropic contributions to binding and inhibitory activity.

B RESULTS

Eleven halogenated pseudilins were selected and subjected to
the present SAR analysis. They are closely related but differ in the
nature of the substituents at the phenol and pyrrole rings. We used
brominated and chlorinated compounds, as well as pseudilins with
mixed substitutions for this study. In addition, some compounds
are methylated at the hydroxyl group or at the amino group of the
pyrrole ring (see Table 1).

Structural Analysis. Crystal structures for the complexes of
the Dd myosin 2 motor domain with ligands 2a and 4a were
solved earlier and revealed a novel allosteric binding site in the
myosin motor domain (PDB codes: 2JHR and 2XEL)."* The
favored allosteric binding pocket for pseudilins is about 16 A
away from the nucleotide-binding pocket and close to the actin-
binding region, at the tip of the 50 kDa cleft. The pocket is open
to the exterior and to the large cleft that separates the upper
50 kDa and lower 50 kDa domains of the myosin head. Despite
the conserved binding site, 2a and 4a were found to adopt
different conformations and to be engaged in distinct interac-
tions with the protein.

To elucidate the binding mode of the halogenated pseudilins
with mixed substitution and to allow a comparison of the binding
behavior, we crystallized the ternary complex formed by the Dd
myosin 2 motor domain, adenosine diphosphate-meta-vanadate
(ADP-VO3), and 2,4-dichloro-6-(3,4,5-tribromo-1H-pyrrole-2-yl)-
phenol or tribromodichloropseudilin (TBDCIP) (3). The X-ray
crystal structure of the complex was solved by molecular
replacement and refined to a resolution of 2.4 A (PDB code:
2X08). The electron density for pseudilin 3 is unambiguous.
Compound 3 binds to the same binding site, first observed with
PBP (2a) and later with PCIP (4a), but in a way that is clearly
different from the previously observed binding patterns. The
phenol and pyrrole rings of 3 and 4a are found to adopt the anti
conformation, while compound 2a was found in the syn con-
formation. In the new complex structure of myosin 2 and
compound 3, hydrogen bonds are formed between the hydroxyl
group of the phenol ring and Arg428 as well as between the
amino group of the pyrrole ring and Lys265 (see Figure 1). Ata
first glance, the latter interaction appears to be uncommon, as
long as both the nitrogen of the pyrrole ring and the amino group

Table 1. Inhibition of the Myosin ATPase Activity by the
Congeneric Series of Halogenated Pseudilins”
Free hydroxyl group

formation of hydrogen bond
OH > OMe

Free amino group
formation of hydrogen bond

R';R*:Br>CI>H

NH > NMe

compounds R' R? R} R* ICs (uM)
la H H H H >1 mM
1b H H Me H >1 mM
2a Br Br H H 244 £ 15
2b Br Br Me H 919 12
2¢ Br Br H Me 1254 £ 7.5
2d H Br Me H 182.2 £ 144
3 Cl Br H H 472 +£32
4a Cl Cl H H 126.3 £ 21.0
4b Cl Cl Me H 274.5 £ 16.5
4c Cl H Me H ND
4d H Cl Me H ND

“ND, not determined due to low solubility.

of lysine are protonated, making both of them hydrogen donors.
However, it is a well-known fact that protein cavities buried
inside the macromolecule are often found to exhibit a highly
nonpolar character. As can be seen below (see the section
Analysis of Pocket Properties) and from Figure S, the allosteric
binding pocket in the myosin motor domain is mainly built by
hydrophobic residues, suggesting a nonpolar environment for
the binding of pseudilins, in which Lys265 is likely to be
deprotonated. The presence of Lys265 in its NH, form turns it
to a hydrogen acceptor and enables the formation of a hydrogen
bond with the NH group of pseudilin's pyrrole ring. Several
interactions, both polar and hydrophobic by nature, are found
between the halogens of the pseudilin and protein side chains. In
contrast to that, Arg428 is not involved in a direct hydrogen bond
neither to the hydroxyl group nor to the free amino group in the
structures of 2a and 4a, respectively. In both of these X-ray
structures, Arg428 interacts with the aromatic benzene ring of the
pseudilins. Lys265 is in all three cases participating in hydrogen
bonding to the OH or NH groups of the compounds and appears
to be of high importance. Upon binding, the side chain of Lys265
adjusts its position to facilitate the interaction with the com-
pounds. This becomes obvious upon comparison of the pseudilin
complex structures with the wild-type X-ray structure without
bound inhibitor in the prepowerstroke state (PDB code: 2JJ9).
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Pseudilin 3

Figure 1. X-ray crystal structure of the Dd myosin 2 motor domain in complex with inhibitor 3 and ADP - VOs. (a) Overview of the refined model of the
new X-ray structure in the ribbon representation. The inhibitor and the nucleotide are shown in stick representation. (b) Binding mode and interaction
pattern of inhibitor 3 in the binding pocket. (c) Section of the composite 2F, — F, electron density omit map, contoured at 1.0 0.

The side chain conformation differs between the structures by up
to ~3.2 A, with a residual root-mean-square deviation (rmsd) of
up to 1.04 A> A further conserved feature of the binding modes
of the different pseudilins is the existence of an ordered two water
cluster, which mediates the interactions of the inhibitors with the
motor protein. These waters are mainly kept in position by
Ala420, Asp590, and Pro591. Comparison of the position of the
mixed compound 3 and inhibitor 2a shows a shift of 1.0—1.3 A
for the pyrrole rings, whereas the phenol rings display a shift of
~2.5 A and are rotated by ~180° against each other. Ligand 4a is
shifted by about 3.0—3.4 A toward loop 2, as compared to
inhibitor 3, and rotated by approximately 180° (see Figure 2).
Several minor adjustments of amino acids in the binding pocket
are observed as a result of the complex formation.

SAR. We measured actin-activated ATP turnover by Dd
myosin 2 to determine the inhibitory activity of the 11 pseudilins
(see Table 1). Within the observed range, compounds possessing
bromine substituents showed an increased effect over com-
pounds with chlorines. A smaller number of halogen substituents
leads to a decrease and finally to a complete loss of activity.
Nonhalogenated compounds exhibit no effect at all. The highest
inhibitory potency on Dd myosin 2 was observed for compound
2a with an ICyy of 24.4 £ 1.5 uM. The transition from penta-
brominated to penta-chlorinated pseudilins is associated with an
increase in the ICso of more than S-fold. In comparison, the
change of bromine substituents to chlorines only at the phenol

ring increases the ICs by a factor of ~2. This fits to the general
trend for the influence of the halogen substitution on the
inhibitory activity of the pseudilins: bromine (Br) > chlorine
(Cl) > hydrogen (H). Methylation of the hydroxyl group of the
phenol to the corresponding methyl ether resulted in both cases,
fully brominated (2b) and chlorinated (4b), in a considerable
loss in inhibitory potency (3.7- and 2.2-fold). Likewise, the
methylation of the amino group of the pyrrole ring of compound
2a to 2c¢ reduced the inhibitory potency of the pseudilins ~5-
fold. The effect of partial halogenation was estimated with 2d,
where only the pyrrole ring is brominated and amounts to a
factor of ~2.0 [AICy, (2d)/ICso (2b)]. The corresponding
effect could not be determined for the chloro derivative 4d, due
to solubility limitations. Within the accessible concentration
range, compounds la and 1b do not show any obvious effect
at concentrations up to 1 mM, whereas the ICg, of 4c and 4d
could not be determined due to solubility limitations.
Molecular Dynamics. To study the dynamic behavior of the
pseudilin inhibitors in fully solvated protein (myosin motor
domain, residues 2—755), molecular dynamics (MD) simula-
tions were performed usingg the Gromacs software suite® and the
OPLS all-atom force field.” Starting coordinates were taken from
the three pseudilin—Dd myosin 2 motor domain complex X-ray
structures by using the crystallographically defined binding poses
of 2a for all brominated pseudilins, 3 for the mixed ligand, and 4a
for all chlorinated inhibitors. The complex structures that were
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Figure 2. (a) Representation of the various openings and tunnels (lime, transparent surfaces) of the pseudilin binding pocket that leads to the exterior,
computed with Caver.” (b) The different binding orientations of the pseudilins found in the X-ray crystal structures. Color code of the ligands: carbon:
olive = inhibitor 2a, white = inhibitor 3, and orange = inhibitor 4a; nitrogen, blue; oxygen, red; chlorine, green; and bromine, brown.
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Figure 3. Correlation curve between the experimentally determined

inhibitory activities and the binding free energies calculated from the
MD simulations.

not crystallographically solved were obtained by in silico re-
placement of the corresponding ligands. All complexes were
energy-minimized and equilibrated. Production runs per com-
plex were performed for 35 ns. To determine the binding
affinities of the congeneric series of halogenated pseudilins
toward myosin 2 from the MD simulations and to compare the
computational results with the experimentally determined ICs,
values, we calculated the free binding energy AGy;,q using the
linear interaction energy (LIE) approach, developed by Aqvist
et al” The in silico affinities are in good agreement with the
experimental inhibitory activities and validate the accuracy of the
MD simulations (see Figure 3 and Table 2).

Analysis of the MD trajectories showed a preference of the
nonmethylated pseudilins in the pocket toward the formation of
two classical hydrogen bonds to the protein (see Figure 4). Both
the free hydroxyl group of the phenol ring and the NH group of
the pyrrole ring are involved in hydrogen bonding during the

simulations mainly with residues Lys26S, Arg428, Asp590, and
Ser619. Additionally, transient interaction partners of the pseu-
dilins in the course of the MD simulations include Leu$592,
Asn616, Ile617, and Arg620. Nevertheless, the compounds seem
to retain a high degree of flexibility within the pocket, which
could lead to a favorable entropic contribution to the binding free
energy. Unfortunately, the total change in entropy upon binding
is computationally poorly accessible, and reliable estimations are
therefore not available. In addition, the total entropy change is
composed of several different contributions, including the ex-
pulsion of water molecules from the protein cavity, desolvation of
the ligand, changes in the translational, and rotational and
internal degrees of freedom of the ligand or of protein residues.
Therefore, the total entropy change does not linearly depict the
ligand's conformational mobility in the binding pocket. To
achieve more insight about the ligand's contributions to the
entropy change, we used the quasiharmonic approximation
(QH)™ to calculate configurational entropies from the MD
simulations of the ligands in the binding pocket and in solution.
In the QH assumption, absolute configurational entropies are
calculated from the mass-weighted covariance matrix by applying
a one-dimensional quantum-mechanical harmonic oscillator. We
computed internal configurational entropy differences of the
bound and unbound inhibitors by applying eq 4 on the absolute
entropies calculated for the ligands bound to protein and in
solution. To remove the overall translational and rotational
motion during the entropy calculation, the ligands were super-
imposed using a least-squares fit with the ligand atom coordi-
nates as references along the trajectory. For all tested com-
pounds, the observed configurational entropy difference was
relatively low (20—27 J mol ' K™"). Hence, the compounds
do not lose much of their internal degrees of freedom. Moreover,
we calculated the absolute entropy of the ligands in the pocket by
using the protein coordinates as reference for the least-squares
fitting. This was done to account for relative ligand movements in
the protein cavity. In all cases, the resulting values are notably
higher than the entropies calculated by applying the ligand
coordinates to the fitting procedure. The increased absolute
entropy values indicate the considerable mobility of the ligands
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Figure 4. Analysis of the behavior of the pseudilins in the binding pocket during the MD simulations. For clarity, only a 10 ns section of the actual MD
simulation is shown. (a) Diagram of the number of hydrogen bonds between the protein and the pseudilin 3 along the MD trajectory. Default cutoff
values for the hydrogen bond distance of 3.5 A and angle cutoff of 30° were used for the determination of the number of hydrogen bonds. (b) rmsd plot of
pseudilin 3 in the allosteric pocket during the MD simulation. The atom coordinates of the protein were used for the least-squares fit. Note the

fluctuations in the rmsd.

Table 2. Comparison of Experimental Activities and
Predicted Binding Free Energies

compound ICso (uM) AGhing (k] mol ™)
2a 24.4 —19.57
3 47.2 —18.39
2b 77.6 —14.59
2c 125.4 —12.64
4a 126.3 —12.45
2d 182.2 —10.72
4b 274.5 —5.95

Table 3. Configurational Entropies Calculated from the MD
Simulations with the QH

Jmol 'K

compound  Scomplex (ligand)  Sgee (ligand) — AS¢ Szf;‘f;lex (protein)

2a 209.765 230.545 —20.780 430.281
3 206.273 228.928 —22.655 426.768
4a 201.657 229.049 —27.392 428.094

in the pocket (see Table 3). The occurrence of significant
fluctuations in the rmsd plot of the ligand coordinates in the
protein provides additional support for the mobility of the
ligands in the allosteric pocket (see Figure 4).

Analysis of Pocket Properties. To gain more information
about the mechanism of allosteric inhibition by the halogenated
pseudilins and to rationalize the affinity and specificity behavior
toward certain myosin isoforms, we analyzed the electrostatic
and hydrophobic properties of the binding pocket. Solving
the Poisson—Boltzmann ec%uation with the adaptive Poisson—
Boltzmann solver (APBS),"" we determined the electrostatics of
the crystallographically defined pocket. The inner face of the
binding site possesses a number of polar hot spots that are
involved in direct hydrogen bonding to the pseudilin inhibitors.
However, as can be seen from the hydrophobic surface mapping,
there are large clusters of hydrophobic residues or areas that
contribute significantly to the binding of the inhibitors and
therefore to the unfolding of the inhibitory effect. The halogen

substituents of the ligands are accommodated in these large
unpolar patches and interact through hydrophobic forces with
the protein (see Figure S).

The comparison of the crystallographic B factors of the bound
and the unbound form indicates a decrease of the global mobility
of the myosin motor domain in the presence of the inhibitors.
The quantity of the decrease in protein flexibility correlates with
the inhibitory potency of the small molecules (see Figures 6
and 7). Generally, the crystallographic B factor indicates the amount
of atomic displacement around an average position, thus provid-
ing an estimate of the relative mobility of different parts of the
protein. Subtracting the normalized B factors of the inhibitor-free
structure and the particular inhibitor-bound structure shows a
global decrease of flexibility or cooling of the majority of the
motor domain up to the relay loop region. Figure 7 shows the
RMSEF values, calculated from the MD trajectories. The amount
of reduction in protein fluctuations in the complexes correlates
with the inhibitory activity of the bound pseudilin. To validate
the results of the MD simulations, B factors were calculated
from the RMSF values according to {uz) = (3/87°)By and
compared to the crystallographic B factors (see Figure 7b).
The B factors from the MD simulations follow the same trend
as the experimental values but differ in the size of the fluctuations.

B DISCUSSION

Halogenated pseudilins are potent inhibitors of the myosin
motor function. While the activity of distinct members of the
pseudilins for class 1 and class 5 myosins is in the low micromolar
range, the inhibitory potency for myosin 2 is more moderate
(tens to hundreds of micromolar). Although the binding site is
the same for all pseudilins, the way they are binding varies to
some extent. On the one hand, this variation in binding mode is
caused by the nature of the different halogen substituents on the
pseudilins; on the other hand, the crystallographically deter-
mined binding poses represent the energetically favored and
therefore dominant ensembles of conformations in the allosteric
binding pocket. To probe these assumptions, we carried out
classical MD simulations of the complexes in solution. Over the
simulation time, the nonmethylated halogenated pseudilins
populated preferentially conformations with two intact hydrogen
bonds to the myosin motor domain. Thus, both the OH and the
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Journal of Medicinal Chemistry

Figure 5. Representation of the properties of the myosin binding pocket. The left column shows the electrostatic potential plotted on the molecular
surface of the Dd myosin 2 pocket as observed in the crystal structures of the three pseudilin inhibitors. Polar hot spots at the rear and the front right part
of the pocket are involved in hydrogen bonding to the pseudilins. The right column shows the hydrophobic surface mapping for the same pockets. Note
the hydrophobic patches in the binding cavity and the different accommodation of the halogen substituents for the different pseudilins. Color code:
white = hydrophobic, and blue = hydrophilic.

NH groups form hydrogen bonds to the protein, which are interacting groups are not the sole determinants for the affinity
important for binding. This observation is supported by the and inhibitory properties, since nonhalogenated compounds 1a
results derived from ATPase activity assays. The inhibitory and 1b show no activity at all. Number, size, and polarity of the
activity of the pseudilins is considerably reduced, when either halogen substituents affect the inhibitory potency of the haloge-
the OH or the NH group is methylated. However, these two nated pseudilins. However, what causes the increased potency of
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Figure 6. Diagram of the normalized crystallographic B factors against
the residue number as AB = Bibound — Bbound- 2JJ9 serves as an
unbound structure. The graphs show from top to bottom the deviations
in the B factors for motor domain residues in the presence of 2a (AB =
Bajpo — BZ]HR); 3(AB= Baypo — Bzxos); and 4a (AB = Byjpo — Bzxm)-
Regions of the myosin motor domain are denoted by the color bar at the
bottom. The following color code is used: red = N-terminal domain,
blue = US0 kDa domain, green = L50 kDa domain, orange = relay helix,
and yellow = P loop, switch 1, and switch 2, respectively. Residues
interacting with the halogenated pseudilins are indicated by the vertical,
transparent blue bars.

compounds possessing bromine rather than chlorine substitu-
ents? Analysis of the properties of the binding pocket in Dd
myosin 2 reveals polar hot spots, which are involved in main-
taining the hydrogen bonds to the inhibitors, as well as clusters of
hydrophobic residues. These apolar residues interact via multiple
hydrophobic interactions mainly with the halogens of the
pseudilins. Because bromine is less electronegative than chlorine

and the C—Br bond is less polar than the C—CI bond, stronger
hydrophobic interactions can be formed between the bromine
substituents and the aliphatic and aromatic side chains of the pro-
tein. In addition, the larger size of the bromines facilitates the
steric accommodation of the pseudilins in the pocket, as can be
seen in the structure of the complex formed by 2a (see Figure S).
The link between allosteric binding site polarity, affinity, and
biological activity of pseudilins with different halogen substitu-
ents raises the question about the interaction of halogenated
pseudilins with different myosin isoforms. The polarity of the
pseudilin binding pocket is increased in most class 1 myosins, due
the presence of an increased number of polar and charged amino
acids. The inhibitory activity of PCIP (4a) is significantly
enhanced toward class 1 myosins, while 4a has a low activity
toward myosin 2 and S. In contrast, PBP (2a) displays greater
inhibitory potency and affinity with myosin 5, which possesses a
more hydrophobic allosteric binding site and is less potent in the
context of myosin 2 with its moderately hydrophobic pocket.
Pseudilin 3 with mixed halogen substitution shows no clear
preference for a myosin isoform (see the Supporting Informa-
tion, Figure 2SI). Therefore, we hypothesize that chlorine-
substituted pseudilins are more potent in the context of myosin
isoforms with polar allosteric binding pocket, while brominated
pseudilins exhibit a greater potency in the context of more
hydrophobic binding pockets.

Upon complex formation, ligands usually experience a loss in
translational, rotational, and internal degrees of freedom. The
loss in internal conformational degrees of freedom of the
pseudilins is very low, as computed for the superpositioned
inhibitor coordinates along the MD trajectory by means of least-
squares fitting. Using the protein atoms for the fitting procedure
allows the investigation of the relative movements of the ligand to
the protein; therefore, it constitutes a direct means for the
description of the translational entropy [Sf:rc?r:sl;)lex (protein)] of
the pseudilin within the protein. The values of the translational
entropy are notably higher than the configurational entropies and
suggest a significant mobility of the pseudilins in the pocket.
Therefore, the results of the MD simulations indicate that the
halogenated pseudilins retain some degree of mobility while
bound in the allosteric pocket, making a positive entropic
contribution to the free energy of binding.

To capture the mode with which these small molecules carry
out their inhibitory action is quite challenging, since the X-ray
structures of the complexes do not show large differences.
Inhibitor binding does not induce movements between protein
subdomains. Here, we show that allosteric inhibition by haloge-
nated pseudilins is mediated by the combined effects of global
changes in protein dynamics and direct communication between
the catalytic and the allosteric sites via a cascade of small
conformational changes. The direct signal relay mechanism acts
over a distance of ~19 A and involves at least seven amino acid
residues and two water molecules (see Figure 8). As it is known
from most crystal structures of the myosin motor domain in the
prepower stroke state, the lytic water molecule (HZOIW) , which is
positioned properly for an in-line attack to the y-phosphate
mimic of the nucleotide analogue, has also been found in the
myosin+ ADP-VOj structure without bound inhibitor (PDB
code: 2JJ9). However, this critical water molecule is not pre-
served in any of the three myosin—inhibitor complex structures.>
The absence of the lytic water is a consequence of rearrange-
ments in protein side chain orientations along the allosteric path,
which is initiated by binding of a halogenated pseudilin to the
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Figure 7. (a) Comparison of the root-mean-square fluctuations (RMSF) of the protein calculated from the MD trajectories. Color code: green = 2a,
blue = 3, and red = 4a. The decrease in flexibility correlates with the inhibitory activity. (b) Comparison of the experimental B factors (black) and the B
factor values calculated from RMSF of the MD trajectories (red) per Cy atom in the complex structure with 2a.
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Figure 8. Direct relay path, connecting the allosteric site and the active site via a network of hydrogen bonds. The absence of the lytic water (Hjy,) in the
inhibitor bound structures is indicated by the parentheses. Note the backbone —backbone hydrogen bond between Lys265 and Arg267, the origin of the
relay mechanism. Binding of halogenated pseudilins leads to rearrangements in several amino acid side chains along the path, and as a consequence, it

results in the absence of the critical lytic water molecule.

myosin motor domain. Lys265 can be viewed as the starting
point for the direct relay mechanism. It is positioned differently
in each of the four compared X-ray structures and interacts
directly either with the hydroxyl group of the halogenated
pseudilins (compounds 2a and 4a) or with the amino group of
the pyrrole moiety of the inhibitors (compound 3). Other pro-
nounced changes along the relay path include a slight rearrange-
ment in side chain orientation of Glu264 associated with a shift or
complete absence of the hydrogen-bonded water molecule away
from the interacting residues (Glu264 and GIn468), as well as
movements of the salt bridge residues Arg238 and Glu459 away
from each other.

Global communication appears to be most prominent in some
of the surface loops but also involves more rigid parts of the
motor domain such as the central 3-sheet and adjacent helices. B
factor analysis of the X-ray structures indicates a correlation
between the inhibitory potency of the halogenated pseudilins
and the extent to which their binding induces global reductions in
protein dynamics. Such a decrease of protein flexibility might
interfere with the required conformational changes for the motor
activity. Myosins pass through a number of different states during
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their complex motor cycle, and conformational changes are

directly coupled to the generation of movement and thereby

motor activity. This type of allosteric regulation by small ligand-

induced shifts in the population of protein conformer ensembles

has been described previously and is generally referred to as
12

“population-shift” model.

B CONCLUSIONS

Halogenated pseudilins act as allosteric myosin inhibitors. We
have shown that they bind to a site near actin-binding residues at
the tip of the myosin motor domain. The inhibitory potency of
each compound was investigated by measuring their effect on the
turnover of ATP by myosin in the presence of F-actin. Com-
pounds with bromine substituents show an increased inhibitory
effect on Dd myosin 2 over compounds with chlorine or
hydrogen substituents. Analysis of changes in protein structure
and dynamics by means of X-ray crystallography and MD
simulations revealed the importance of two hydrogen bonds,
which are formed between the OH and the NH groups of the
inhibitor and polar protein side chains in the binding pocket.
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Hydrophobic interactions formed between the halogen substit-
uents and the apolar residues in the binding pocket contribute to
the binding of the inhibitor. The polarity of the binding pocket in
different myosin isoforms and the nature of the halogen substit-
uents of the pseudilins define the specificity of the inhibitors. In
addition, calculation of the configurational entropies for the
individual halogenated pseudilins indicates a high degree of
conformational mobility of the inhibitor in the allosteric pocket,
which is supported by the three experimental structures. The
extent of loss in configurational entropy is relatively low and
therefore contributes positively to the binding affinity. Analysis
of the different myosin—inhibitor structures and the structure
without bound inhibitor revealed a direct signal relay path that
links the allosteric binding site to the active site. Binding of the
halogenated pseudilins affects the interaction network along the
relay path by side chain rearrangements and results in the
absence of the lytic water. Furthermore, the halogenated pseu-
dilins act via the induction of global changes in protein dynamics.
Our results show a strong correlation between binding affinity,
the extent to which protein dynamics is reduced, and the
inhibitory potency of the halogenated pseudilins. The better
understanding of the allosteric coupling associated with the
binding of small molecule effectors to myosin enables us to
rationalize and streamline the process of developing more potent
and selective myosin inhibitors for therapeutic applications.

B EXPERIMENTAL SECTION

Protein Preparation. His,-tagged motor domain constructs of Dd
myosin 2 comprising amino acids 1—761 were purified using Ni**-
chelate affinity chromatography.'® Rabbit E-actin has been prepared as
described elsewhere.'*

Synthesis of the Small Molecule Inhibitors. The synthesis of
the halogenated pseudilin derivatives using a silver(I)-catalyzed cycliza-
tion reaction has been described elsewhere.®

Crystallization, Data Collection, and Refinement. Crystals of
the protein—ligand complex were obtained by cocrystallization of the
purified Dd myosin 2 motor domain (M761-SSB), fused to a N-terminal
His; tag and a C-terminal SSB tag,"* with a final concentration of 1 mM
2,4-dichloro-6-(3,4,5-tribromo-1H-pyrrole-2-yl)phenol, 1 mM ADP, and
1 mM sodium meta-vanadate at 4 °C by vapor diffusion using the
hanging-drop geometry. The mixture was incubated on ice for 1 h and
subsequently mixed with an equal volume of reservoir solution contain-
ing 50 mM HEPES (pH 6.8), 110 mM NaCl, 11% PEGyg 5000, 2%
MPD, 5 mM MgCl,, S mM DTT, and 1 mM EGTA. Prior to data
collection, the crystals were transferred to a cryoprotection solution
containing reservoir solution mixed with additional 25% ethylene glycol
and flash-cooled in liquid nitrogen. Diffraction data were collected at
EMBL beamline X13, DESY, Hamburg. Integration and scaling of the
data were done using the program XDS."® Molecular replacement using
PDB 2JJ9 as a starting model and model refinement were performed
using CNS 1.2 and Phenix 1.6."® A random 3% of the data was
excluded for cross-validation. Model building and validation were carried
out using COOT." The coordinates were stored in the protein
database,” identification code: 2XOS8.

Steady-State ATPase Measurements. Actin-activated steady-
state ATPase experiments were performed following the absorbance
change during NADH oxidation in a PK/LDH-coupled ATPase assay at
340 nm excitation. The assay was performed at 25 °C in a buffer
containing 25 mM Hepes, 25 mM KCl, and 4 mM MgCI2. Myosin
constructs were added to a cuvette containing 0.5 mM DTT, 0.5 mM
ATP,0.2 mM NADH, 0.5 mM phosphoenolpyruvate (PEP), 0.02 mg/mL

lactate dehydrogenase (LDH), 0.0S mg/mL pyruvate kinase (PK), and
30 uM F-actin.

MD Simulation. All MD simulations were carried out with the
Gromacs 4.0 software package and the OPLS all-atom force field. For the
brominated pseudilins, we used the PBP (2a)—Dd myosin 2 structure
(2JHR) as the starting coordinates and exchanged 2a by the correspond-
ing brominated pseudilins. In the case of the mixed pseudilin TBDCIP
(3), the newly solved X-ray structure (2XO8) was used, and for the
chlorinated derivatives, the PCIP (4a) structure (2XEL) served as the
starting structure. The structures were truncated after residue 755,
before applying to MD simulations. Atomic charges were taken from
the force field. Missing force constants for the bond stretching and angle
bending of the Br—C and Cl—C bonds in the inhibitors were derived
from the compatible general Amber force field (GAFF).*! This exchange
of force constants between the two different force fields in this case is
possible, since both force fields use the harmonic oscillator to describe
the bond and angle energy terms. Thus, they both have the same
functional form. In addition, derivation of the force constants for bond
stretching and angle bending in the OPLS all-atom and the GAFF force
field origin from the same source, they are either taken from the AMBER
force field”* or optimized to fit quantum mechanical calculations.**"*?
All simulations were performed in explicit solvent using the TIP4P water
model** in a NpT ensemble at 300 K and 1 bar using Berendsen
temperature coupling and Parrinello-Rahman pressure coupling. Long-
range electrostatics were treated with particle-mesh Ewald® with a grid
spacing of 0.12 nm and an interpolation order of 4, while short-range
Van der Waals and Coulomb forces were treated with a 14 and 10 A
cutoff, respectively. We used a 2 fs time step during the production runs
and constrained all bond lengths with the LINCS algorithm.*® After
initial energy minimization with the steepest descent algorithm to a force
of 1000 kJ mol ™" nm ™, the coordinates were optimized with the
conjugate gradient algorithm to a final force of <10 k] mol " nm ™. The
solvent molecules were equilibrated for 100 ps. Subsequently, MD
simulations for 40 ns were performed. Within the first 5 ns of MD
simulations, the backbone rmsd of the protein converged toward a
plateau. This S ns equilibration period was omitted from further
investigations, and only the last 35 ns was used for analysis.

To compute the binding free energy (AG,g), we used the LIE
method. In the LIE formulation, the free energy of binding is computed
through evaluating the nonbonded energy terms, van der Waals, and
electrostatic terms of the ligand in complex with the target protein
(bound) or in solution (free) along the simulation trajectory, as:

AGbind = (X((VY{V\Dbound - <V¥d}\i>free>

+ BV Dhouna = (Vi D) ()

We used the scaling factors oL = 0.18 and f = 0.50 for the calculation of
the pseudilin binding free energies.

Configurational entropy estimates were computed with the QH. The
QH approximation was shown to be applicable for the calculation of
configurational entropies from MD trajectories.”” Quasiharmonic fre-
quencies ; were calculated from the eigenvalues A’ of the diagonalized
mass-weighted covariance matrix ¢/, as:

kT
w; = /1—1 (2)

We computed the absolute configurational entropy using the equation:

6 hAw;/kT A
o i _ _ —ho/kT
Sho =k Y Fo kT 1 ln<1 e ) (3)

To estimate the differences in internal configurational entropy upon
binding of the halogenated pseudilins to the myosin motor domain, we
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performed independent simulations of the compounds in solution and
in the protein cavity. The inhibitor atoms were used for the least-squares
fitting procedure of the snapshots along the MD trajectory during the
entropy calculation, thereby removing overall rotation and translation.
The differences in configurational entropy were calculated, as:

AScont = Scomplex (ligand) — Sgee (ligand) (4)

Repeating the entropy calculation of the ligand in complex with myosin,
while using the atoms of the protein for the least-squares fit, the resulting
entropies account additionally for the translation of the compounds in

the binding pocket.

B ASSOCIATED CONTENT

© Ssupporting Information. Summary of data collection
and refinement statistics, schematic interaction plots for the three
X-ray structures of the myosin 2—pseudilin complexes, inhibi-
tion of the actin-activated ATPase activity of different myosin
isoforms by TBDCIP (3) at different concentrations, and sec-
tions of the 2F, — F. electron density omit maps of the Dd
myosin 2 active sites showing that binding of a pseudilin results in
the absence of the lytic water through the allosteric relay path.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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