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Wulf Blankenfeldt*†‡, Nicolas H. Thomä*§, John S. Wray†, Mathias Gautel*¶, and Ilme Schlichting*†‡

*Max Planck Institute of Molecular Physiology, Department of Physical Biochemistry, 44227 Dortmund, Germany; †Max Planck Institute for Medical
Research, Department of Biomolecular Mechanisms, 69120 Heidelberg, Germany; and ¶King’s College London, Department of Muscle Cell Biology,
The Randall Centre, New Hunt’s House, SE 1 UL London, United Kingdom

Edited by James A. Spudich, Stanford University School of Medicine, Stanford, CA, and approved September 19, 2006 (received for review August 4, 2006)

Myosin II is the major component of the muscle thick filament. It
consists of two N-terminal S1 subfragments (‘‘heads’’) connected
to a long dimeric coiled-coil rod. The rod is in itself twofold
symmetric, but in the filament, the two heads point away from the
filament surface and are therefore not equivalent. This breaking of
symmetry requires the initial section of the rod, subfragment 2
(S2), to be relatively flexible. S2 is an important functional element,
involved in various mechanisms by which the activity of smooth
and striated muscle is regulated. We have determined crystal
structures of the 126 N-terminal residues of S2 from human cardiac
�-myosin II (S2-�), of both WT and the disease-associated E924K
mutant. S2-� is a straight parallel dimeric coiled coil, but the N
terminus of one chain is disordered in WT-S2-� due to crystal
contacts, indicative of unstable local structure. Bulky noncanonical
side chains pack into a�d positions of S2-�’s N terminus, leading to
defined local asymmetry and axial stagger, which could induce
nonequivalence of the S1 subfragments. Additionally, S2 possesses
a conserved charge distribution with three prominent rings of
negative potential within S2-�, the first of which may provide a
binding interface for the ‘‘blocked head’’ of smooth muscle myosin
in the OFF state. The observation that many disease-associated
mutations affect the second negatively charged ring further sug-
gests that charge interactions play an important role in regulation
of cardiac muscle activity through myosin-binding protein C.

coiled coil � muscle � crystallography � regulation �
familial hypertrophic cardiomyopathy

Muscle contraction results from the ATP-dependent cyclic
interaction of the proteins myosin II and actin, assembled

in thick and thin filaments, respectively. Myosin II consists of two
heavy chains, each of which binds one essential and one regu-
latory light chain (Fig. 1). The mechanical events underlying
muscle contraction mainly involve the heavy chains: their N-
terminal S1 subfragments or ‘‘crossbridges’’ act as ATP-driven
motors whose conformation and actin affinity change depending
on the status of their ATPase site (1). A 54-kDa coiled-coil
region termed subfragment 2 (S2) connects the S1 ‘‘heads’’ to the
thick filament backbone, in which the C-terminal coiled-coil
light meromyosin (LMM) tails of individual myosin II molecules
are packed side by side. Both heads point away from the thick
filament surface and are therefore nonequivalent with respect to
the LMM dimerization axis; they can take up highly regular
arrangements, which in some muscles are involved in regulation
(2). The S2 region is generally thought to be flexible to make
nonequivalence possible and because the inner ends of the
crossbridges would be far apart if both S1 heads attached without
distortion to actin in the rigor state (but see ref. 3). S2, however,
is more than just a flexible linker between S1 and LMM. In
smooth muscle, S2’s N-terminal 15 coiled-coil heptad repeats
play a role in the regulation of activity (4). In addition, in striated
muscle, S2 is a binding partner of myosin-binding protein C
(MyBP-C; refs. 5 and 6), a modulator of sarcomere contractility

(7). The physiological importance of S2 is further evidenced by
point mutations leading to a heart disease known as familial
hypertrophic cardiomyopathy (FHC or HCM; ref. 8).

Despite its importance, little is known about the structure of
S2; the only crystal structure so far reported is that of a
51-residue fragment of scallop myosin (S2N51) fused to the
leucine zipper of yeast transcription factor GCN4, which is a
strong coiled-coil inducer (9). Because the presence of such an
inducer can propagate coiled-coil formation over long distances
(10), and because regulation in smooth-muscle myosin II re-
quires the presence of at least 15 heptads (4), the chimeric S2N51
construct may not reveal important structural and functional
features of S2. To gain further insight into the S2 region, and
because of its clinical importance, we have determined crystal
structures of the native N-terminal 126 residues of S2 from
human cardiac �-myosin II (S2-�, P838–K963, covering �30%
of the complete S2 subfragment) and its FHC-associated mutant
E924K to 2.7- and 2.5-Å resolution, respectively. In addition to
revealing mechanisms of asymmetry generation within S2-�,
these two structures provide insight into the stabilization of the
OFF state in smooth muscle myosin, even though cardiac and
smooth muscle myosin are not regulated in the same way. Finally,
a comparison of the structures of WT and E924K-S2-� together
with an analysis of known FHC mutations (8) and the results of
interactions studies (5) throws light on the regulatory function of
MyBP-C in striated muscle.

Results and Discussion
Overall Structure. �-Helical coiled coils are versatile structural
elements with prominent roles in many structural proteins,
including those of muscle. They possess characteristic heptad
sequence repeats in which the a and d positions are occupied by
small hydrophobic residues, in dimeric coiled coils, typically
valine at position a and leucine at position d (11). This generates
a hydrophobic seam that holds the �-helices together with a and
d positions interlocked in a symmetrical ‘‘knobs-into-holes’’
packing. At the same time, this interaction leads to a left-handed
winding of individual chains around each other (12). Additional
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stabilization often stems from salt bridges between surface
residues of neighboring chains, e.g., the g and e� positions of
consecutive heptads. Coiled-coil formation is a cooperative
phenomenon, requiring a critical fragment length for stability.

The S2 subfragment of myosin II is an example of a sequence
that has evolved to display a fine balance between coiled-coil
propensity and structural instability. Different muscle types have
fine-tuned S2 stability to different extents, as evidenced by the
observation that N-terminal fragments of native scallop myosin
S2 shorter than 340 residues fail to dimerize (13), whereas the
126-residue fragment of human cardiac �-myosin II described
here, S2-�, can be isolated as a stable dimer after expression in
Escherichia coli (5). A comparison of S2 sequences from differ-
ent species and tissues reveals strong sequence variation in the
first three heptads; however, overall features such as charge
distribution or the positioning of noncanonical residues in a and
d positions are relatively conserved (Fig. 1). This similarity
presents an opportunity to decipher general principles of S2
design from the structure of a more stable representative like
S2-�, the object of this study.

S2-� is remarkable in that both WT- and E924K-S2-� form
nearly straight canonical coiled coils (Fig. 2), even though only
a few stabilizing interchain salt bridges are present, and its a�d
positions are occupied by atypical residues in a significant
number of cases, especially toward the N terminus. With 190-Å
length and only 25-Å width, this is one of the most elongated
structures reported at this resolution hitherto. WT- and E924K-
S2-� have very similar overall structures, and differences are
caused by different crystal packing environments rather than by
the single point mutation. In WT-S2-�, a polar crystal contact
between E916 from a neighboring molecule and the backbone
amide of M852 disrupts the N terminus, leading to disorder of
the first 12 residues in one chain and straightening of the other
due to the absence of coiled-coil interactions. Residual density
indicates that the disordered chain protrudes from the main
coiled-coil axis at an angle of �90° (Fig. 2). This f lexibility point

corresponds well to the structure of scallop S2N51, in which a
similar part of the N terminus was too flexible to be observed (9).
The situation is different in the E924K-S2-� mutant. These
crystals contain two molecules per asymmetric unit; the crystal
packing places neighboring molecules head to tail, and the N and
C termini stabilize each other (see Fig. 5, which is published as
supporting information on the PNAS web site), leading to
preservation of coiled-coil geometry over the complete se-
quence. Both termini are splayed, and it is not clear whether this
is a consequence of crystal packing or folding properties of the
S2-� fragment. However, whereas the increase in coiled-coil
radius at the C terminus may reflect the fading that is also seen
at the termini of other coiled-coil structures, the extensive
intramolecular hydrogen bonding pattern found at the N termi-
nus argues strongly for a specific feature of S2 (Fig. 3). The
observation of different structures of the N terminus of S2,
ranging from disordered in scallop S2N51 (9) to partially or-
dered��-helical (WT-S2-�) to coiled coil (E924K-S2-�), indi-

Fig. 1. Localization of S2-� in myosin II and comparison of various S2-� sequences. (A) Organization of the myosin II molecule. S1, subfragment 1 containing
the ATPase domain (dark blue) and the regulatory domain consisting of lever arm (light blue) and essential (ELC) and regulatory light chain (RLC, shown in dark
and light green, respectively); S2, subfragment 2 with S2-� highlighted in red; LMM in gray. The sketch is to approximate scale only. (B) Alignment of the N termini
of several representative S2 sequences. The sequence numbering refers to S2-�. Acidic and basic residues are shaded in red and blue, respectively. Noncanonical
residues in a�d positions of the coiled coil are shown in italicized bold characters. a�d positions occupied by large noncanonical residues in the majority of
sequences shown are indicated by green shades of the coiled-coil ruler (cc). Black boxes show the three negative charge rings of S2-� (E894–D906, E921–E935,
and E944–E958). Positions of previously identified FHC amino acid substitutions (FHC) are indicated by a star (*). The sequences represent myosin heavy chains
from vertebrates and invertebrates, different tissue and with different regulatory properties. S2-�, human cardiac �-myosin II (MYH7�HUMAN; UniProtKB
accession no. P12883); gg�cardiac, chicken cardiac (MYSC�CHICK; P29616); hs�skeletal, human skeletal (MYH13�HUMAN, Q9UKX3); gg�skeletal, adult chicken
skeletal (MYSS�CHICK, P13538); hs�smooth, human smooth muscle (MYH11�HUMAN, P35749); gg�smooth, chicken gizzard (MYH11�CHICK, P10587); ce�unc54,
Caenorhabditis elegans body wall muscle (MYO4�CAEEL; P02566); aa�striated, Aequipecten irradians (scallop) striated muscle (MYS�AEQUIR, P24733). This figure
was prepared with ESPript (33).

Fig. 2. Ribbon plots of the asymmetric unit of (A) WT-S2-� and (B) E924K-
S2-�. N designates the N terminus. Light-gray ribbons depict crystallographic
neighbors. In A, dark-gray spheres show the position of two mercury atoms
bound to C905 and C947. The pink helical coil indicates the position of residual
electron density at the flexible N terminus of the chain in magenta. All
molecular representations were prepared with PyMOL (34).
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cates that only a small energy barrier needs to be overcome to
induce different structural states in the first dozen residues. This
small barrier may help in reconciling previous studies that
demonstrated the necessity for the presence of the labile native
S2 sequence in generating a full powerstroke (14) but found
uncoiling limited to only a small part of S2 in two-headed rigor
binding to actin (3, 15).

The structure of S2-� reveals a number of interhelical salt
bridges. These, however, are not observed in all of the positions
predicted from sequence analysis, and they are also not imple-
mented symmetrically in the majority of cases. For example, in
WT-S2-� R869 of chain B interacts with E874 of chain A, but the
conformation of R869 in chain A and of E874 in chain B is
different, preventing g–e� salt bridge formation (Fig. 3). R869 of
chain A interacts with polar residues from a crystallographic
neighbor instead, and the asymmetrical salt bridge pattern at this
position could therefore be a crystallization artifact. The aniso-
tropic environment provided by packing into the thick filament
could have a similar effect on solvent-exposed residues. In
addition, R869 and R870 lie in the N-terminal asymmetry zone
that extends approximately to M877 and is discussed below.

It is possible that S2-� is further stabilized through disulfide
bridges of the two cysteine residues at the a positions 905 and 947.
The residues are positioned appropriately, and in fact the electron
density indicates that a disulfide bridge exists at C947 in E924K-
�S2. In contrast, the cysteines at position 905 are not connected, but
this could be an effect of radiation damage (16, 17).

Structural Asymmetry. Local asymmetry is not restricted to sur-
face residues but is also observed in the hydrophobic core of
S2-�. Inspection of the larger noncanonical residues in a and d
positions shows that most of them are arranged asymmetrically

around the coiled-coil main axis due to space constraints. This
is particularly apparent at the N terminus of S2-�, where R845,
M849, M852, and F856 are all nonequivalent with respect to their
partners in the second monomer (Fig. 3). As these four residues
interact with each other, a defined asymmetric core structure is
generated, as evidenced by similar asymmetry patterns of the
two crystallographically independent copies of E924K-S2-�. The
occurrence of noncanonical amino acids at equivalent positions
of the N termini of other S2 sequences is relatively conserved
(Fig. 1).

The departure from strict two-fold rotational symmetry may
be important, because it could contribute to the defined non-
equivalence of the two S1 heads in the filament mentioned
above. Disruption of twofold symmetry in dimeric coiled coils as
a consequence of placing clusters of atypical residues at a and d
positions has also been discussed extensively for the structure of
tropomyosin (18). In tropomyosin, however, leucine residues are
replaced by alanine, which is small and coiled-coil destabilizing
rather than large and stabilizing like the residues found in S2-�
(19, 20). In tropomyosin, the alanine clusters lead to local axial
shift of the two �-helices (‘‘stagger’’) and to local bending of the
coiled-coil axis. Similar effects are observed in S2-�. Significant
staggering is found from the N terminus to residue M877 (Fig.
3), although here it is not a consequence of unoccupied space in
the coiled core but of increased space requirement of the bulky
residues, pushing each other out of the way. The stagger reaches
a maximum value of 1.8 Å at M849 of E924K-S2-� and is less
developed in the WT structure. Interestingly, WT-S2-� displays
a distinctive kink at residue M877, which marks the end of the
N-terminal asymmetry zone (Fig. 3). It is tempting to speculate
that the varying degree of N-terminal disorder and the different
extent of local asymmetry observed in the structures of WT- and

Fig. 3. Local asymmetry in S2-�. (A) Hydrogen-bonding network at the N terminus of E924K-S2-�. (B) Asymmetric hydrogen bonding network around R869
shown from ‘‘front’’ and ‘‘back’’ of WT-S2-�. (C) Asymmetry of N-terminal noncanonical a�d residues of E924K-S2-�. The dashed lined connects the center of
the two �-helices and thus defines the expected twofold dimer axis. (D) Local stagger along WT- and E924K-S2-�, calculated from trace positions determined
with TWISTER (35). (E) Kink at M877 in WT-S2-�.
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E924K-S2-� are functionally correlated. To corroborate this
hypothesis, high-resolution structures of myosin constructs con-
taining both S1 heads attached to fragments of S2 and trapped
in different states of the crossbridge cycle will be required.

Electrostatic Properties. Another striking feature of S2-� is the
charge distribution along its coiled-coil axis. Clusters of acidic
residues generate three distinctive negative charge belts (approxi-
mately positions E894–D906, E921–E935 and E944–E958) inter-
rupted by zones of neutral or moderately positive character (Fig. 4).
This is a consequence of an underlying 28-residue repeat that
dominates the LMM part of myosin II (21, 22). The charge
distribution within these repeats is important for thick filament
assembly, as is evidenced by the pH and salt dependence of myosin
association in solution (23, 24) and by the axial 143-Å helical rise
observed in the relaxed thick filament (25). This rise corresponds
to an interaction of neighboring LMM tails after 3.5 28-residue
repeats, arranging positive and negative patches next to each other.

The acidic clusters within S2 are highly conserved (Fig. 1) and
probably play a functional role. In certain muscle types, relaxed
myosin adopts a characteristic conformation, termed the OFF
state, in which one crossbridge, the blocked head, folds back
toward S2, and the second crossbridge rests on top of the first.
This OFF state has been observed in vertebrate smooth (26),
scallop striated (27), and tarantula striated muscle (2). In the
OFF state, a regulatory loop within the actin-binding interface
(‘‘loop-2’’; residues 625–647 in chicken skeletal muscle) of the
blocked head would lie close to S2 (2, 28), but because of the lack
of a suitable S2 structure, this interaction has not been further
characterized hitherto. We have therefore constructed a model
(Fig. 4) by fitting our S2-� structure and a model of the 10S
conformation of smooth muscle myosin (29) into the 3D
cryo-EM reconstruction of the tarantula thick filament (2).
Although this does not allow us to analyze the contact in atomic
detail, it identifies S2’s first ring of negative potential centered
around E900 as the interaction partner of loop 2 in S1. Intrigu-

ingly, this loop possesses a patch of conserved positively charged
residues (28), suggesting that electrostatic interactions play an
important role in stabilizing the OFF state. The first negative
charge belt of the S2 subfragment contains a conserved D�E-
X-EE sequence motif (Fig. 1), which may represent a regulatory
sequence. Our model may therefore explain why not only a
critical length of 15 coiled-coil heptad repeats but also the native
sequence was required to obtain a fully regulated construct of
smooth muscle myosin (4). The existence of a specific regulatory
sequence motif or register within smooth muscle S2, however,
has been questioned (30, 31).

The OFF state has until now only been observed in myosin-
regulated muscles, which become activated on phosphorylation
or Ca2�-binding to myosin. In contrast, cardiac and skeletal
muscles are actin-regulated, their activation depending on bind-
ing of Ca2� to troponin. There is evidence for an intrinsic
asymmetry in the myosin of these muscles as well, however (32).
In addition, because the negatively charged residues of S2 and
the patch of basic amino acids within the actin-binding loop are
conserved, a similar electrostatic interaction may occur.

FHC-Associated Mutations Within S2-�. Several mutations within
S2-� lead to hereditary heart disorders collectively termed FHC
(8). Whereas some of these mutations, such as R869C or R870H,
apparently affect structural integrity by disrupting side-chain
hydrogen-bonding networks, several others lead to charge in-
version and cluster within the second negative charge belt
centered around residue E927 (Fig. 1). Comparison of the
structures of WT- and E924K-S2-� demonstrates that these
mutations are unlikely to have a structural effect. Instead, FHC
mutation E924K was shown to lead to a loss of binding to the
regulatory C1C2 fragment of MyBP-C (5), implicating the
second negative charge belt in �S2 as the interaction partner of
C1C2. It is conceivable that the charge-inverting mutations
E927K, E930K, and E935K have a similar effect. The cardiac
isoform of MyBP-C is involved in the control of sarcomere
contractility depending in part on phosphorylation of C1C2 (7).
The available data thus indicate that electrostatic interactions
play a role in the regulatory function of cardiac MyBP-C.

Taken together, the structures presented here provide insight
into how S2 balances stability and flexibility, and how these
features are linked to mechanisms of asymmetry generation in
myosin II. The obvious nonuniformity of charge distribution on
the surface of S2 suggests that electrostatic interactions are
important not only for assembly of the thick filament but also in
the regulation of muscle activity.

Materials and Methods
WT- and E924K-S2-� were expressed in E. coli and purified in
two steps, as described (5). The fragment starts with an invariant
proline (P838) marking the C terminus of the regulatory domain
of S1 and extends over the first 18 coiled-coil heptad repeats,
ending at K963. Crystallization was achieved at 276 K with the
vapor diffusion sitting-drop method. The optimized precipitant
contained 16% (wt�vol) PEG 3350�200 mM trilithium citrate�
100 mM Tris�HCl, pH 8.5, for WT-S2-� and 16% (wt�vol) PEG
3350�160 mM sodium acetate�200 mM Tris�HCl, pH 7.5, for
E924K-S2-�. Best results were obtained with Emerald Clover
sitting-drop plates. Crystals of WT-�S2 belong to space group
C2221 with unit cell dimensions of 40, 46, and 374 Å; E924K-
S2-� crystallized in space group P1 with a � 34, b � 42, and c �
112 Å; � � 90.1; � � 95.4 and � � 109.6°, which changed to a �
41, b � 42 and c � 96 Å; � � 94.5; � � 92.0 and � � 106.0° on
soaking with heavy atom salts (see also Fig. 6, which is published
as supporting information on the PNAS web site). Cryoprotec-
tion was achieved by briefly washing crystals in mother liquor
supplemented with 5% (wt�vol) and then 15% (wt�vol) PEG-
MME 5000. Final data sets were collected at 100 K at the

Fig. 4. Model of the OFF state, based on the structure of S2-�, a model of
smooth muscle myosin in the 10S conformation (29) and the cryo-EM recon-
struction of tarantula thick filament (2). The model was constructed by intro-
ducing a single bent at position 877 into S2-�. The electrostatic surface
potential of S2-� was calculated with APBS (36). The blocked head is shown in
yellow with the amino acids framing loop 2 shown in magenta, although the
actual residues of loop 2 are missing. The remaining residues of the approx-
imate actin-binding interface have been colored in dark green (37). (Inset)
Magnification of the interaction after a clockwise 90° rotation around the
coiled-coil main axis. For an unobstructed view, the free head has been
omitted.

17716 � www.pnas.org�cgi�doi�10.1073�pnas.0606741103 Blankenfeldt et al.
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European Synchrotron Radiation Facility, Grenoble, France
(see Table 1, which is published as supporting information on the
PNAS web site, for details).

The WT structure was phased with two-wavelength MAD data
collected at the absorption peak (LI) and inflection point (LIII) of
a mercury derivative. E924K-S2-� (unit cell after heavy atom
soaking) was solved by an unusual approach using anomalous data
from a mercury derivative to locate heavy atom positions and a
brute-force search with the WT structure to derive the relative
orientation of two coiled coils contained in the asymmetric unit (see
Figs. 7 and 8, which are published as supporting information on the
PNAS web site). WT-S2-� was refined to an R factor of 24.2% (Rfree
28.3%) at 2.7 Å; E924K-S2-� (crystal form after soaking) was
refined to an R factor of 27.3% (Rfree 34.9%) at 2.5 Å (see Table
1 and Supporting Text, which are published as supporting informa-
tion on the PNAS web site, details). The native E924K-S2-� crystal
form (unaltered cell parameters before soaking) was solved by
molecular replacement, but the model was not fully refined, be-

cause packing and overall structure are highly similar to E924K-
S2-� after soaking, and the diffraction data were of lower quality
(data not shown). Data collection and refinement statistics are
collected in Table 1. For full experimental details, refer to Sup-
porting Text.
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