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insertion of the 5.5 kb BamHI fragment of l phage into pSV0127) was linearized with KpnI,
treated with alkaline phosphatase (AP), and ligated to an excess of the biotinylated KpnI
fragment. The product (containing nicked ligation junctions owing to the absence of
plasmid-contributed phosphates) was digested with ClaI and XhoI. The resulting purified
7.3 kb fragment, designated protoSM, has the structure ClaI:7.2 kb:nick:97 bp(biotinmodifed):XhoI. The torque-bearing DNA segment is the 14.8 kb BamHI:SalI fragment of
pPIA628. The final construct (SM1) was generated in a four-way ligation of the fluoresceinmodified fragment, protoSM, torque-bearing segment, and DIG-modified fragment.
Full-length products were selected by sequential binding to anti-fluorescein- and
anti-DIG-coated beads in the optical tweezers. SM1 (Fig. 1a) was used in all reported
experiments, with the following exceptions: SM2 (identical except DIG-DNA section
extended to 601 bp for added stability) was used for the run shown in Fig. 2. SM3 (torquebearing segment replaced with the 8.4 kb BglII-SalI fragment of pSV8; fluorescein-DNA
section extended to 4 kb) was used for the force–torque analysis of the B–S transition (red
data points in Fig. 4b).

Experimental assembly and data collection
Anti-fluorescein beads were incubated with DNA and introduced into the flow chamber.
Anti-DIG beads were introduced via a separate channel, and a molecular tether was
assembled by keeping an anti-DIG bead on the micropipette by suction, and ‘fishing’ near
a DNA:anti-fluorescein bead held in the laser trap. The trapped bead was then released into
flow, and a streptavidin-coated ‘rotor’ bead was trapped and brought to the vicinity of the
biotinylated portion of the molecule, where it became attached laterally to the DNA
(Supplementary Movie 1). The micropipette was rotated using a computer-controlled
electric motor (LEGO Mindstorms) while the rotor bead was held fixed by flowing buffer
at ,0.5 mm s21.
All experiments were performed in 100 mM NaCl and 40 mM Tris-HCl (pH 8.2).
EDTA was typically present at 1 mM; omission caused no perceptible changes. Ambient
temperature (23 ^ 1 8C) was recorded prior to each experiment for use in viscosity
calculations. Drag was also corrected for hydrodynamic coupling with the outer beads29;
correction factors for the different rotor diameters were 1.005 (400 nm), 1.01 (520 nm),
1.02 (760 nm) and 1.03 (920 nm). Video was digitized at 30 Hz unless otherwise indicated,
and the instantaneous angle of the rotor was extracted from the x-position and brightness
(indicative of focal depth) of the bead. Angular velocities were obtained by numerical
differentiation of the cumulative bead angle over a 1 s (Fig. 3) or 2 s (Fig. 2) window. The
extrapolated P ! B velocity of 400 nm beads (open circle in Fig. 3a inset) was obtained by
measuring the velocity at large negative twists and scaling by t crit,þ/t crit,2, since P ! B
rotation was too fast to track. During data collection, constant tension was maintained
using stage-based force feedback11. During the exceptionally long run shown in Fig. 2 inset,
force feedback (45 pN) was inoperative (out of actuator range) prior to t ¼ 23 min, but
F . 30 pN throughout.

Phase diagram
In the ‘zero-temperature’ approximation, the five-state structural model10 leads to force–
torque coexistence lines with constant slopes dF/dt ¼ 2Dv/Dx, where Dv and Dx are the
changes in twist and extension, respectively, for a particular structural transition. The
slopes of the boundaries shown (Fig. 4b) were taken from experimental measurements of
Dv/Dx, and predict the trends of the force–torque measurements. The intercepts of the
boundaries were varied to fit the data. No torque measurements were made at the S–L or
S–P boundaries, so these predicted slopes remain to be confirmed.
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a-Helical coiled coils in muscle exemplify simplicity and economy of protein design: small variations in sequence lead to
remarkable diversity in cellular functions1,2. Myosin II is the
key protein in muscle contraction, and the molecule’s two-chain
a-helical coiled-coil rod region—towards the carboxy terminus
of the heavy chain—has unusual structural and dynamic features.
The amino-terminal subfragment-2 (S2) domains of the rods can
swing out from the thick filament backbone at a hinge in the
coiled coil, allowing the two myosin ‘heads’ and their motor
domains to interact with actin and generate tension3. Most
of the S2 rod appears to be a flexible coiled coil, but
studies suggest that the structure at the N-terminal region is
unstable4–6, and unwinding or bending of the a-helices near
the head–rod junction seems necessary for many of myosin’s
functional properties7,8. Here we show the physical basis of a
‡ Present address: Boston Biomedical Research Institute, 64 Grove Street, Watertown, Massachusetts
02472, USA.
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particularly weak coiled-coil segment by determining the 2.5-Åresolution crystal structure of a leucine-zipper-stabilized fragment of the scallop striated-muscle myosin rod adjacent to the
head–rod junction. The N-terminal 14 residues are poorly
ordered; the rest of the S2 segment forms a flexible coiled coil
with poorly packed core residues. The unusual absence of interhelical salt bridges here exposes apolar core atoms to solvent.
The chimaeric peptide that we have crystallized (Fig. 1a) consists
of Gly-Ser-His-Met at the N terminus, followed by residues 835–885
of the myosin heavy chain from the bay scallop Argopecten irradians
(that is, the first 51 residues of the S2 domain, which we call
‘S2N51’), a Gly-Ser linker, and residues 250–281 (the ‘leucine
zipper’) of the yeast transcription factor GCN4 (see Methods).
There are two independent ‘molecular dimers’ in the crystallographic asymmetric unit, each forming for the most part a parallel
two-stranded a-helical coiled coil that is continuous through the
Gly-Ser linker between S2N51 and GCN4. The two dimers follow
somewhat different paths and seem to be flexible throughout their
lengths (Fig. 1b), but their basic architectures are very similar. In
each case there is increasing disorder from the C terminus to the N
terminus. Along most of the relatively well-ordered C-terminal 63
residues of each chimaeric dimer, the interhelical distance is
between 9 and 10 Å, typical of canonical two-stranded coiled
coils. Closer to the N terminus (and further from the leucine
zipper), from residues 857 to 849—where bulky methionine and
glutamine residues are located in the core of the molecule—the
crystallographic temperature factors rise and the diameter of the

coiled coil increases to 11 Å. Another pair of poorly ordered helical
turns occurs between residues 849 and 846 of each chain, and the Nterminal 8–11 residues of S2, as well as the N-terminal tetrapeptide
of this construct, cannot be seen in the electron-density maps.
The structure of the core of scallop S2N51 reveals several features
that seem to contribute to a flexible coiled coil (Figs 2 and 3). The
key signature of a-helical coiled coils is a short-range seven-residue
(‘heptad’) sequence repeat in the form ‘abcdefg’, where the core ‘a’
and ‘d’ residues are generally apolar. These residues form a lefthanded apolar stripe along the surface of the right-handed ahelices, and their side chains interlock in a ‘knobs-into-holes’
fashion by the winding of helices around one another to produce
the coiled-coil structure1,2,9,10. Scallop S2N51, despite the uninterrupted heptad repeat, has a large proportion of polar or charged
residues in the core, especially at the N terminus. Here, the first three
nominal ‘d’ positions of the sequence are occupied by a proline and
two glutamine residues. Moreover, in each dimer of the asymmetric
unit, the two ‘d’-position Gln 849 residues pack in the core in an
asymmetric fashion, with only one of the side chains forming a
knob-into-hole contact with the opposite helix; the other side
chain is oriented towards the solvent. (Asymmetrically packed
glutamine residues also mark a boundary between coiled-coil and
non-coiled-coil regions of tropomyosin11.) These sequence features

Lys 15 tropomyosin

Figure 1 S2N51 is a flexible coiled coil. a, Diagrams of a myosin II dimer (top) and an
expanded view of the construct crystallized in the present study (bottom). b, The two
dimers of the crystallographic asymmetric unit are superimposed by fitting S2 residues
870–878 (S2N51 segments as red and blue Ca traces, shown in stereo). The structure
near residue 867 (green) is particularly variable; here the coiled-coil axis (curved line)
bends by only ,18 in one molecular dimer of the asymmetric unit (red) and by ,58 in the
other (blue). Elsewhere along S2N51 both coiled coils bend by at least 38. This continuous
bending contrasts with the localized ‘alanine’ bending observed in tropomyosin30 and the
relative lack of bending (,28) along the GCN4 portion of the dimer.
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Figure 2 Scallop S2 displays non-close-packed regions in the core and conformationally
variable ‘a’-position lysine residues. a, In these views down the coiled-coil axis, green
arrows point to the ‘a’ positions. In the top row (residues 865–869) and the middle row
(residues 879–882) both dimers of the crystallographic asymmetric unit are displayed.
The terminus of the Lys 867 side chain is generally oriented away from the core and
from the unusual ‘g’-position Ile 866, and instead interacts intrahelically with the
‘e’-position glutamate residues 864 or 871 (shown in b) (see also Fig. 1b and the text).
Lys 881 and Gln 880 form a core layer that is close packed only in one dimer of the
asymmetric unit, where the lysine Cg and Cd atoms are puckered and nestle into the hole
of the opposite helix. Also shown, for contrast, are a well-packed canonical knobs-intoholes ‘a’ layer of GCN4, and a ‘g–a 0 ’ salt-bridge-stabilized layer of tropomyosin (bottom
row). b, Region near Lys 867 in helix A (top) and helix D (bottom) viewed perpendicular to
the axis. The 2jF oj–jF cj electron-density map is contoured at 1j.
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Figure 3 The absence of interhelical salt bridges between the ‘g’ and ‘e’ positions (purple)
exposes core residues (green) to solvent. Each panel shows a horizontally oriented
fragment of the coiled coil spanning heptad positions ‘g’, ‘a’, ‘b’, ‘c’, ‘d’ and ‘e’ from left to
right. Solvent-accessible areas (in Å2) calculated by SURFACE31 are indicated for the
apolar core residues (six ‘d’-position leucines and three ‘a’-position valines); other apolar

core residues of S2N51 (not shown) are also highly exposed. Also note that depending on
side-chain conformations, simple ‘g–e 0 ’ salt bridges may bury either the intervening ‘a’
position (for example in the fifth panel) or the ‘d’-position residue (for example leucine
B39 of tropomyosin30, solvent-accessible area 3 Å2).

are consistent with the poor order in the density maps at the Nterminal 14 residues of scallop S2. In the remainder of scallop
S2N51, 4 of the 10 core positions are polar (Fig. 4). The unbranched
long lysine side chains in the ‘a’ positions 867 and 881 also adopt
variable conformations, which form different sets of interhelical and
intrahelical interactions on the surface of the coiled coil (see Fig. 2).
Lys 867 is in fact adjacent to Ile 866, whose apolar and b-branched
side chain is unusual for a ‘g’ position; these residues together form
a poorly packed core for all four helices of the asymmetric unit (Fig.
2). Moreover, at this location the two molecules of the asymmetric
unit follow distinctly different paths (Fig. 1b). (Note that a mutation
from arginine to histidine at the corresponding position (870) of
cardiac b-myosin is associated with familial hypertrophic cardiomyopathy12; because residue 867 is exposed in our structure and

histidine is a less flexible side chain than arginine or lysine, we
expect that this mutation might alter both the dynamic and
interaction properties of the molecule.) The only canonical region
in the core of S2N51 is near its C terminus, which contains three
consecutive relatively conserved ‘d’-position leucines (Fig. 4a) (but
see below). As is found in other coiled-coil proteins, the canonical
small or branched apolar core side chains can adopt only a few
(generally two) rotamers and they consistently form interhelical
knob-into-hole hydrophobic contacts, in contrast to the conformationally variable ‘a’-position lysines.
Scallop S2N51 is also remarkable in lacking any interhelical salt
bridges. Coiled coils seem to require intrahelical and interhelical salt
bridges for their stability13–15, especially those between the flanking
‘e’ and ‘g’ positions of neighbouring chains16,17. The first potential

Figure 4 The N-terminal region of molluscan S2 (sequences 1 and 2) displays in an
exaggerated way the moderately low level of coiled-coil-stabilizing features present in S2
of various myosins. The sequences of the N-terminal 14 heptads (a) and schematic
summaries of S2 domains (b) from invertebrate (sequences 1–4), vertebrate striated
muscle (sequences 5 and 6), vertebrate smooth muscle (sequences 7 and 8) and
vertebrate non-muscle myosins II (sequence 9). The S2 sequences shown are from the
striated adductor muscle of the bay scallop Argopecten irradians (GenBank accession no.
5612) (1), the ventral siphon of the squid Loligo pealei (GenBank 3252880) (2), the body
wall muscle of Caenorhabditis elegans (unc-54, GenBank 17509401) (3), indirect flight
muscle of Drosophila melanogaster (GenBank 20455497) (4), human cardiac muscle

(b-myosin, GenBank 547966) (5), chicken (Gallus gallus) skeletal muscle (GenBank
6683485) (6), chicken-gizzard muscle (GenBank 86369) (7), human bladder and
oesophagus muscles (GenBank 13432177) (8), and human platelet (GenBank 6166599)
(9). For comparison, a schematic of the coiled coil of rat (Rattus norvegicus) striatedmuscle a-tropomyosin (Tm) is also shown. In a, identities with the scallop sequence are
shaded, core polar side chains (generally coiled-coil destabilizing) are italicized; in b,
‘a’-position lysines and arginines are indicated by black diamonds, and in both panels the
residues participating in interhelical ‘g–a’, ‘d–e 0 ’, ‘d–a’ and the well-recognized16,17
coiled-coil stabilizing ‘g–e 0 ’ salt bridges are coloured green, magenta, blue and red,
respectively.
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interhelical salt bridge in scallop S2 occurs 88 residues from the
head–rod junction, and the S2 regions of molluscan myosins have
fewer potential interhelical salt bridges than do those of other
conventional myosins (Fig. 4). (Note that this segment does have
intrahelical salt bridges in numbers typical of other two-stranded
coiled coils.) A comparison of the S2N51 structure with that of
other coiled coils (Fig. 3) illustrates how ‘g–e 0 ’ (and especially
complex ‘g–c–e 0 ’) salt bridges, in addition to providing ionic
bonding between the two a-helices, can also contribute to the
stability of a coiled coil by helping to bury residues in the core (see
also ref. 17). The residues that are exposed in scallop S2N51 because
of the lack of ‘g–e 0 ’ links include the three consecutive ‘d’-position
leucines (Figs 3 and 4) as well as other apolar core side chains.
Removal of apolar residues from aqueous solvent is a key driving
force of protein folding, so that the stability of coiled coils might not
simply be a function of the number of good (that is, apolar, leucine)
‘a’ and ‘d’ residues and the number of interhelical (‘g–e 0 ’) salt
bridges, but also of their specific locations relative to one another.
The likely importance of the sequence context of charge pairs has
been indicated by recent mutational studies of heterodimeric coiled
coils18. A definite positional relationship in the primary sequence
between locally clustered salt bridges and hydrophobic core residues
is also a key feature of ‘trigger sequences’, which promote a-helical
coiled-coil formation in several proteins14.
The structure of the N-terminal 51 residues of S2 in scallop
displays in an exaggerated way properties of the entire S2 domain.
The sequences of S2 and the rest of the rod in diverse isoforms
generally display somewhat fewer potential interhelical salt bridges
(,0.3 per heptad)19 and apolar residues in the core (,65%) as
well as significantly more ‘a’-position lysines and arginines
(,20–25%)20 than do most a-helical dimeric coiled coils19–21 (see
Fig. 4). Coiled-coil trigger sequences containing multiple potential
salt bridges are also generally absent from the N-terminal region of
S2. (In scallop S2 there is a trigger sequence14 located 85 residues
from the head–rod junction, but it is embedded in a region of poor
coiled-coil potential.) Correspondingly, in contrast to particularly
stable coiled coils with triggers such as those in cortexillin I (ref. 15)
and the 33-residue GCN4 leucine zipper 10 , relatively long
N-terminal segments of S2 are often required for dimerization
(more than 300 residues in scallop6). The extent of S2 instability
seems to vary depending on the isoform4–6,12.
Weakness in the N-terminal region of the S2 coiled coil seems to
be an important aspect of its design. The disorder we have observed
in the first heptad of the scallop structure is characteristic, in fact, of
all conventional myosin isoforms, and is signalled by the conserved
proline present at the head–rod junction. This structural feature
accounts for the pivot needed for mobility of the head–rod junction.
In all muscles, the S2 region must be strong enough to transmit
tension efficiently during contraction, but localized weakness could
contribute to the compliance of the myosin crossbridge. Mutational
studies of chicken-gizzard myosin heavy meromyosin (HMM)
indicate that instability at the head–rod junction might be important for optimal mechanical performance7. A locally weak dimeric S2
coiled coil might also be necessary to produce the ‘off state’ of
regulated myosins. In myosins from vertebrate smooth muscles,
regulation is controlled by the phosphorylation of a light chain in
each of the heads of the molecule, whereas in myosins from scallop
and other molluscan striated muscles control is effected by the
direct binding of Ca2þ to the essential light chain22. The unphosphorylated off state of chicken smooth-muscle HMM and myosin
has been visualized using cryoelectron microscopy of two-dimensional crystals: the molecules have a compact conformation with
asymmetric interactions between the two heads8. By negative staining, the rod region has been shown to extend back from the S1–S2
junction and to run between the two heads23. This arrangement
would appear to require an unwinding of perhaps one to two
heptads of the coiled coil at the N terminus of S2. In scallop HMM,
344

a similar compact conformation probably also occurs in the Ca2þfree off states24. Note also that in scallop myosin, where the
N-terminal region of S2 seems to be especially unstable6, the time
required for the ‘switching on’ of the heads is considerably shorter
(within 10 ms (ref. 25)) than that for vertebrate smooth muscles. In
contrast to these results on regulated myosins, it seems that the
extent of instability in S2 is less in vertebrate skeletal-muscle
myosin, because resonance-energy-transfer experiments indicate
that in this S2, only the first heptad may be uncoiled when the
two heads are bound to actin in the rigor state26. (In this regard, note
the additional potential interhelical salt bridges near the N terminus
of vertebrate skeletal S2 compared with regulated myosins (Fig. 4).)
These various results use different methods, isoforms and states of
contraction, but are beginning to yield crucial information to relate
sequence to function.
A poorly stabilized coiled coil adjacent to the motor domains in
the heads is a design that might also be used in kinesin (but see
ref. 27) and in various unconventional myosins. Here, coiled-coil
unwinding might help to account for otherwise puzzling properties
of myosin VI, which—in contrast to conventional myosin II—has a
short single IQ-repeat lever arm but is a processive two-headed
motor with a large (possibly 36-nm) step size28. The N-terminal 60
residues of this coiled coil are also predicted to lack interhelical salt
bridges. Taken together, these results bear out the versatility of the
simple coiled-coil motif, which has both structural and dynamic
roles in protein function29.
A

Methods
For details of expression, purification, crystallization and structure determination, see
Supplementary Methods. In brief, the chimaeric peptide (see Fig. 1a) was expressed in
Escherichia coli, purified sequentially on nickel-affinity, MonoQ ion-exchange and
Superdex 200 columns (Pharmacia), and was crystallized after repeated seedings at 16 8C
against 15–20% poly(ethylene glycol) 2000 monomethyl ether, 50 mM NaCl, 2 mM NaN3,
44 mM MOPS pH 6.9. X-ray data from a single crystal (cryopreserved with glycerol) were
collected at 100 K (P212121, a ¼ 54.04 Å, b ¼ 73.30 Å, c ¼ 102.97 Å, 49% solvent). The
structure was determined by a novel use of molecular replacement in which some
conventional refinement was performed on a correctly oriented model before the
calculation of the translation function (final R free ¼ 0.286 to 2.5 Å resolution; root-meansquare bond lengths and angles are 0.006 Å and 1.0128, respectively). Note that the GCN4
leucine zipper portion of the chimaeric peptide promotes the formation of the S2N51
coiled coil (otherwise transiently stable6) but is not expected to perturb its structure owing
to the linear nature of the coiled-coil motif.
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