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Spare the rod, spoil the regulation: Necessity for a myosin rod
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ABSTRACT Regulation of a variety of cellular contractile
events requires that vertebrate smooth and non-muscle myo-
sin II can achieve an ‘‘off’’ state. To examine the role of the
myosin rod in this process, we determined the minimal size at
which a myosin molecule is capable of regulation via light
chain phosphorylation. Expressed smooth muscle myosin
subfragments with as many as 100 amino acids of the coiled-
coil rod sequence did not dimerize and were active indepen-
dently of phosphorylation. To test whether dimerization per se
restores regulation of ATPase activity, mutants were ex-
pressed with varying lengths of rod sequence, followed by
C-terminal leucine zippers to stabilize the coiled-coil. Dimer-
ization restored partial regulation, but the presence of a length
of rod approximately equal to the myosin head was necessary
to achieve a completely off state. Partially regulated short
dimers could be converted into fully regulated molecules by
addition of native rod sequence after the zipper. These results
suggest that the myosin rod mediates specific interactions
with the head that are required to obtain the completely
inactive state of vertebrate smooth and non-muscle myosins.
If these interactions are prohibited under cellular conditions,
unphosphorylated crossbridges can slowly cycle.

The structure of the myosin II molecule is distinguished from
other members of the myosin superfamily in that the head,
which consists of the motor domain and light chain binding
region, is followed by a 150-nm extended coiled-coil rod. The
rod sequence has a repeated pattern of 7 amino acids (ap-
proximately 3.5 amino acids per turn), with hydrophobic
residues in the ‘‘a’’ and ‘‘d’’ positions, so that the two a-helical
chains interact along this hydrophobic interface. Although the
conventional role of the myosin rod is to mediate filament
assembly, a number of studies have also focused on the
possibility that a helix–coil transition in the rod may contribute
to myosin’s ability to produce force (1). The latter role is now
in question, because force measurements on single motor
molecules have shown that the myosin head and even the
motor domain can generate force and move actin (2). These
results with minimal domains of myosin have led to the belief
that the rod is primarily a passive structural component.
Another consequence of the coiled-coil is that myosin II

molecules have two heads. Because some element of both
heads is required to achieve the enzymatically ‘‘off’’ state, the
myosin rod is indirectly implicated in regulation (3). Recent
work has reinforced the need for head–head interactions in
regulation. A proteolytically prepared myosin molecule with
an intact rod, but only a single myosin head, was poorly
regulated by phosphorylation (4). Although this study clearly
demonstrates that two heads are necessary for regulation, it
does not address whether they are sufficient. Thus this study

left unanswered the important question of whether the rod is
also an essential component to ensure complete regulation.
Herein we provide evidence from a series of expressed mutant
heavy meromyosins (HMMs) that a specific region of the rod
mediates an interaction between the heads that is essential to
achieve an inhibited state. When these interactions occur, then
phosphorylation is necessary and sufficient to regulate cellular
processes. Alternatively, if this interaction is perturbed, a
second regulatory system would be necessary to completely
suppress activity.

MATERIALS AND METHODS

Construction of Heavy Chain cDNAs. The different DNA
constructs were created using a variety of strategies, alone or
in combination, including ligation of PCR products and an-
nealed synthetic oligonucleotides. Each construct is given both
a descriptive name and a name such as ‘‘construct a,’’ which
refers to the letter it was assigned in Fig. 4. For the truncation
constructs without leucine zippers or an antibody tag (con-
structs a–c, Fig. 4), a stop codon was introduced following the
codon that specified an amino acid that completed an integral
number (i.e., 2, 7, or 15) of heptad (7-aa) repeats following
Pro-849 (d position). The 37-heptad construct ended with
amino acid 1112 (construct k, Fig. 4). In the 2-, 7-, and
15-heptadyC-terminal leucine zipper constructs (constructs d,
e, and h in Fig. 4, respectively), the 32-aa leucine zipper
sequence followed an integral number of heptads. The se-
quence of the GCN4 leucine zipper, with position ‘‘d’’ of the
heptad repeat underlined, is: MKQLEDKVEELSKNYHLE-
NEVARLKKLVGER (5). For the 0-heptad C-terminal
leucine zipper (construct d, Fig. 4), the leucine zipper sequence
follows Arg-855. After the zipper sequence, a segment of the
rod that contains the epitope for antibody S2.2 (Gln-1081
through Arg-1175) was included to provide an attachment site
for motility. For the internal leucine zipper constructs, codons
specifying the 32-aa GCN4 sequence (Met-1 through Arg-32)
was inserted into the 37-heptad rod sequence. For the con-
struct in which the spatial positions of the rod elements were
preserved (construct i, Fig. 4), amino acids 867–898 (inclusive)
were replaced by the leucine zipper sequence. The last residue
in the zipper (Arg) was changed to Leu, because the native rod
residue at position 898 is Leu in the d position of the heptad.
A second internal zipper construct, in which some rod ele-
ments were spatially displaced (translocated rod; construct f,
Fig. 4), was made by inserting the leucine zipper sequence
between amino acids Glu-866 and Leu-867 of the native rod
sequence. The third internal zipper sequence with rod ele-
ments displaced (construct g, Fig. 4) was constructed by
following native sequence amino acid Lys-901 with the leucine
zipper, which was followed by native amino acids Gln-899 to
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Infection of Sf9 Cells and Biochemical Analysis of Ex-
pressed Constructs. Recombinant baculovirus was isolated by
conventional protocols (6). Sf9 cells in suspension culture were
coinfected with viral particles containing the HMM heavy
chain construct and a virus expressing both the smooth muscle
regulatory light chain (RLC) and the essential light chain. The
cells were harvested at 65–75 h, and the recombinant HMM
molecules were purified as described (7). The expressed
HMMs were phosphorylated by addition of Ca21, calmodulin,
and myosin light chain kinase, and dephosphorylated by
addition of protein phosphatase 1-M (gift from T. Haystead,
University of Virginia, Charlottesville, VA). Immunoblots of
glycerol gels were used to verify phosphorylation of the RLC (7).
Native gels were prepared and run as described in (8).

Rotary shadowed platinum images were obtained in 0.5 M
ammonium acetatey66% glycerol and observed with a Philips
EM301 electron microscope operated at 60 kV (9). Actin-
activated ATPase assays were performed in 10 mM imidazole,
(pH 7), 8 mM KCl, 1 mM MgCl2, and 1 mM EGTA at 378C.
Themolar concentration of actinygizzard tropomyosin was 1:5.
Inorganic phosphate was determined colorimetrically (10) at
six time points per actin concentration.

RESULTS AND DISCUSSION

Monomeric Constructs. To investigate whether the myosin
rod has a functional purpose beyond creating a heavy chain
dimer, the baculovirusyinsect cell expression system was used
to create truncated rod constructs. By expressing constructs
consisting of 2, 7, or 15 heptads of rod sequence past the
invariant proline that marks the beginning of the rod (Fig. 1A,
constructs a–c), we demonstrate here that an inhibited state
cannot be attained by a monomeric species of any length.
Native gels showed that all these constructs were monomeric
(Fig. 2A, lane 5). The observation that more than 100 amino
acids of the myosin rod show no tendency to dimerize suggests

that the rod sequence adjacent to the heads has evolved to
favor a labile coiled-coil, either for regulatory or mechanical
reasons. Phosphorylation of the RLC did not increase the
actin-activated ATPase activity of the monomers (Fig. 3A) or
the rate of actin movement in amotility assay (data not shown).
A specific interaction of the RLCs with sequences present near
the head–rod junction is therefore not sufficient to obtain
regulation.
An earlier study showed that even two heads do not ensure

regulation: the activity of an expressed myosin with two heads
and a short rod consisting of 25-heptad repeats (‘‘short
HMM’’) was poorly regulated by phosphorylation and could
not fully attain an off state. The loss of regulation is probably
related to the labile nature of this dimeric construct, because
an equilibrium with monomer was detected by native gels (7)
(Fig. 2A, lane 3). In contrast, the activity of HMM prepared
by chymotryptic cleavage of myosin, which contains approxi-
mately 46 heptads of rod sequence, is completely dependent on
phosphorylation (12). An expressed stable dimer with 37
heptads of rod sequence (construct k) had properties like
chymotryptic HMM, establishing that between 175 and 259
amino acids (i.e., 25–37 heptads) are required to achieve dimer
stability and full regulatory properties.
C-Terminal Zippered Constructs. The lack of regulation of

the monomeric constructs, as well as the previously charac-
terized short HMM, could be due either to the lack of
dimerization or to the loss of a necessary rod segment. These
alternative explanations could be distinguished by creating
stable dimers with the addition of a 32-aa GCN4 leucine zipper
sequence (4.5 heptads) to the C terminus of the smooth muscle
myosin sequence (Fig. 1B). Despite the small number of
residues, the leucine zipper forms a stable a-helical coiled-coil
by virtue of the predominance of leucine residues in the ‘‘d’’
position of the heptad repeat (5). Metal-shadowed images of
the expressed 2-heptadyzipper construct showed pairs of
heads, as expected if the zipper mediates dimer formation (Fig.
2B, construct d). Native gels confirmed that stable dimers were

FIG. 1. (A) Schematic diagram of double-headed heavy meromy-
osin. An invariant proline (amino acid 849 in the gizzard heavy chain)
marks the end of the head and the beginning of the heptad repeat in
the rod. Each oval-shaped segment of the rod represents 7 heptad
repeats. One heptad repeat has a repeated pattern of seven amino
acids (abcdefg), where the a and d positions have a preponderance of
hydrophobic residues (11). The rise per residue is 0.15 nm. CHT-
HMM, HMM prepared by chymotryptic digestion of myosin. (B)
Illustration of the C-terminal leucine zipper constructs. The C-
terminal leucine zipper constructs are named for the number of
heptads of native sequence before the leucine zipper sequence, e.g.,
2-heptadyzipper has 2 heptads of rod sequence followed by the 32-aa
leucine zipper sequence. (C) Illustration of the internal leucine zipper
constructs, in which native rod sequence follows the leucine zipper
sequence.

FIG. 2. (A) Native gel showing the dimerization state of the
expressed constructs. Lane 1, dimeric skeletal rod chimera (construct
j); lane 2, dimeric 25-heptad short HMM with a C-terminal leucine
zipper (similar to construct h); lane 3, 25-heptad short HMM without
the zipper, showing an equilibrium between dimeric and monomeric
species; lane 4, dimeric 2-heptad construct with a C-terminal leucine
zipper (construct d); lane 5, monomeric 15-heptad construct (con-
struct c). (B) Metal-shadowed images of the dimeric 2-heptad con-
struct with a C-terminal leucine zipper (Left; construct d) show pairs
of heads (arrowheads), in contrast to the single heads of monomeric
S1 (Right).
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formed by addition of the leucine zipper following varying
lengths of native rod sequence (Fig. 2A, lanes 2 and 4).
Stable dimerization via the leucine zipper confers some

regulation by light chain phosphorylation, unlike the complete
lack of regulation observed with the monomers. The extreme
case is the addition of the zipper sequence at the first heptad
past the invariant proline (i.e., 0 heptads of native sequence,
construct d). Actin-activated ATPase activity of this construct
showed a 3- to 5-fold degree of regulation by phosphorylation.
To measure motility, a small piece of the rod that contains the
epitope for monoclonal antibody S2.2 was added after the
leucine zipper, thus providing a uniform attachment site for
motility. The 0-heptadyzipper construct moved actin 3.4-fold
faster in the phosphorylated state (0.756 0.09 mmysec, n5 2)
than in the unphosphorylated state (0.22 6 0.06 mmysec, n 5
2), again showing partial regulation.
Similarly, with constructs containing 2 heptads or 7 heptads

of native sequence before the zipper sequence, the activity of
the unphosphorylated dimeric species was not fully inhibited,
and thus there was a loss of the complete off state (Fig. 3 B and
C; constructs d and e). A trend toward an increasing degree of
regulation was observed as the length of the native rod
sequence increased. The activity of the unphosphorylated
species was completely inhibited once zipper sequences were
added after 15 or 25 heptads of the rod (Fig. 3D, construct h).
Full regulation is considered here to be those constructs that
show a greater than 10-fold change in activity with phosphor-
ylation by steady-state ATPase activity. (Constructs contain-
ing the zipper sequence after 2–25 heptads of native sequence
did not contain an epitope tag for motility and thus only
ATPase activity was measured.) Formation of a stable dimer
also increased Vmax approximately 5-fold compared with its
monomeric counterpart, suggesting that dimerization alters
myosin’s kinetic properties (Fig. 3, compare A and D). Dimer-
ization plus a length of rod that is approximately equal to the
length of the myosin head is therefore necessary to fully restore
phosphorylation-dependent regulation.

Internal Zippered Constructs. The incomplete inhibition of
the short dimeric zipper constructs in the unphosphorylated
state could be caused by the lack of a critical piece of the rod
or because the presence of the zipper prevents a favorable
interaction that occurs in the native molecule. To distinguish
between these possibilities, we determined whether regulation
could be rescued by addition of rod sequence after the
C-terminal 2-heptadyzipper construct. The resulting chimeric
construct of 37 heptads contains an internal leucine zipper,
with native rod residues 867–898 replaced with the leucine
zipper sequence (Fig. 1C; construct i). Based on both ATPase
and in vitro motility experiments, full regulation was restored
by addition of native rod sequence (Table 1). If the unstable
region of the rod adjacent to the heads needs to ‘‘melt’’ so that
some part of the two heads can form a stereospecific interac-
tion necessary for the completely inhibited state, then this
lability is restricted to the first 2-heptad repeats. The presence
of the zipper per se therefore does not prohibit formation of
the off state.
To test whether there is specificity in the piece of rod that

is required to restore regulation, two additional internal zipper
chimeras with translocated rods were created. In the first, the
leucine zipper sequence was inserted into the 37-heptad
construct after 2 heptads of rod sequence (construct f). The
resulting construct thus has rod heptads 3–37 displaced by the
length of the leucine zipper (approximately 5 nm), relative to
their position in the wild-type molecule. If the heads interact
with the rod, they would now encounter a different sequence
than that in the wild-type molecule. Full regulation was not
obtained with this construct, either by ATPase activity or by
motility (Table 1). A second chimera, with the leucine zipper
inserted after 7 heptads of rod sequence (construct g), thus
displacing rod heptads 7–37 by 5 nm relative to their position
in the wild-type molecules, also showed an incomplete off
state. Both internal zipper constructs suggest that regulation
can be fully restored only if the native rod is present with
correct spatial positioning relative to the heads.

FIG. 3. Actin-activated ATPase activity of monomers and C-terminal leucine zipper constructs. Phosphorylated species, open symbols;
unphosphorylated species, filled symbols. (A) Monomeric 15-heptad S1 (construct c). (B) C-terminal 2-heptadyzipper (construct d). (C) C-terminal
7-heptadyzipper (construct e). (D) C-terminal 15-heptadyzipper (circles; construct h) and 25-heptad short HMMyzipper (squares).
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Chimeric Rod Constructs. Chimeras containing the smooth
muscle myosin head attached to the rod from unregulated
sarcomeric myosins (construct j) were expressed to determine
if the rod derived from a regulated myosin contains unique
features. Approximately 35% of the residues in the smooth
muscle myosin subfragment-2 (S-2) region are identical to
those found in the striated rods. The actin-activated ATPase
activity of a smooth headyskeletal rod chimera was fully
regulated (phosphorylated chimera, Vmax 5 4.2 6 0.6 sec21;
dephosphorylated chimera ,0.2 sec21 between 10 and 70 mM
actin). Some element of the rod that is important for regulation
has been conserved in the sarcomeric rods, whether it is a
pattern of charge or a specific sequence, which may relate to
the fact that the mechanical properties of sarcomeric myosins
are modulated by light chain phosphorylation (14, 15).
Primitive myosin II molecules, such as that of Dictyostelium,

are regulated approximately 4-fold by light chain phosphory-
lation but do not achieve the more complete off state seen in
purified vertebrate smoothynon-muscle myosins (16, 17).
Their degree of regulation is similar to that seen for the
C-terminal 7-heptadyzipper constructs of smooth muscle my-
osin. This primitive myosin II regulation may simply require
dimerization, without any contribution from head–rod inter-
actions. One could speculate that a fully off state for myosin II
molecules is not absolutely necessary but would certainly offer an
evolutionary advantage in terms of energy savings for a cell.
Relevance to in Vivo Regulation. Dimerization per se thus

provides a degree of regulation by light chain phosphorylation
greater than that obtained with any monomeric species (Fig.
4). Complete inhibition of the unphosphorylated state of
vertebrate smoothynon-muscle myosin entails a mechanism
wherein specific interactions mediated by the the rod play a key
role. It is possible that the coiled-coil rod must be approxi-
mately the length of the myosin head (19 nm) to stabilize
interactions not only between the neck regions, but also
between the motor domains. When unphosphorylated smooth
muscle myosin adopts the folded conformation, which is
myosin’s most inhibited state, the heads are close to each other
and bent back toward the rod, consistent with interactions
mediated by the rod (9, 18). Such an inhibited folded monomer
is likely to be present in vertebrate non-muscle cells.

Another implication from this study is that if cellular
conditions prohibit the specific interaction of the heads with
the rod, then unphosphorylated myosin could slowly cycle.
Physiological studies with smooth muscle do in fact suggest
that dephosphorylated crossbridges can slowly cycle and main-
tain force (19). A head–rod interaction could be prevented
either because of constraints imposed by the native thick

FIG. 4. Schematic diagram grouping the constructs that show no
regulation, partial regulation (,10-fold), or complete regulation
(.10-fold) by light chain phosphorylation as determined by steady-
state actin-activated ATPases. All monomeric constructs (a–c), re-
gardless of length, show no regulation with phosphorylation. Con-
structs that show partial regulation include C-terminal zippers after 0,
2, or 7 heptads of native sequence (d and e), and constructs in which
a piece of rod is translocated from its normal position relative to the
invariant proline (f and g). Among the constructs showing full
regulation are 15-heptadyzipper (h), a 37-heptad construct with the
leucine zipper replacing amino acids 867–898 (i), a smooth heady
striated rod chimera (j), and a 37-heptad wild-type construct (k).
Dimers that are fully regulated are shown with their heads bent down
toward the rod to indicate that specific sequences in the rod mediate
head–rod or head–head interactions. The head–rod interaction is
likely to be most stable in 10S myosin, which has the lowest rate of
product release. The changes in head disposition that occur in HMM
may be more subtle than implied by this diagram, which was drawn to
emphasize a head–rod interaction.

Table 1. Regulatory properties of wild-type and leucine zipper constructs

Constructs* RLC
Actin-activated
ATPase, sec21 Motility, mmys

C-terminal leucine zipper after 2
heptads (construct d) Dephos 0.91 ND

Phos 3.55 ND
Wild-type 37-heptad (construct k) Dephos 0.10 None (2)

Phos 1.9 0.96 6 0.15 (2)
37 Heptad, but internal leucine
zipper replaces native sequence
from 3-7 heptads (amino acids
867-898) (construct i)

Dephos 0.18 None (3)
Phos 2.9 0.69 6 0.08 (3)

37 Heptad, but internal leucine
zipper inserted after 2 heptads of
rod sequence (between amino
acids 866 and 867), thus
translocating heptads 3-37 by 5
nm (construct f)

Dephos 0.99 0.29 6 0.05 (3)
Phos 3.22 0.71 6 0.08 (3)

Actin-activated ATPase activities were obtained at 40 mM actin-tropomyosin under the conditions described in Materials
and Methods. Values are averages from two independent preparations. Actin filament motility was measured at 308C (13).
Constructs were attached to the substratum via monoclonal antibody S2.1. The motility of the C-terminal 2 heptad was not
determined (ND), because the epitope for Ab S2.1 was not present in this construct. Dephos, dephosphorylated RLC; phos,
phosphorylated RLC.
*Details of the constructs in this table are described inMaterials and Mehtods. The 37-heptad construct has properties similar
to chymotryptic HMM.
†n 5 number of independent preparations.
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filament structure or because of accessory proteins, such as
smooth muscle kinase-related protein (also called telokin)
(20), that bind near the head–rod junction.
In conclusion, unlike myosin’s mechanical properties, which

are retained to some extent by the motor domain alone,
regulation of activity requires a more complex set of interac-
tions involving multiple domains of the myosin molecule,
including elements of both myosin heads and a portion of the
myosin rod.
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