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We have used site-directed spin labeling and EPR spectroscopy to
detect structural changes within the regulatory light chain (RLC) of
smooth muscle myosin upon phosphorylation. Smooth muscle
contraction is activated by phosphorylation of S19 on RLC, but the
structural basis of this process is unknown. There is no crystal
structure containing a phosphorylated RLC, and there is no crystal
structure for the N-terminal region of any RLC. Therefore, we have
prepared single-Cys mutations throughout RLC, exchanged each
mutant onto smooth muscle heavy meromyosin, verified normal
regulatory function, and used EPR to determine dynamics and
solvent accessibility at each site. A survey of spin-label sites
throughout the RLC revealed that only the N-terminal region (first
24 aa) shows a significant change in dynamics upon phosphoryla-
tion, with most of the first 17 residues showing an increase in
rotational amplitude. Therefore, we focused on this N-terminal
region. Additional structural information was obtained from the
pattern of oxygen accessibility along the sequence. In the absence
of phosphorylation, little or no periodicity was observed, suggest-
ing a lack of secondary structural order in this region. However,
phosphorylation induced a strong helical pattern (3.6-residue pe-
riodicity) in the first 17 residues, while increasing accessibility
throughout the first 24 residues. We have identified a domain
within RLC, the N-terminal phosphorylation domain, in which
phosphorylation increases helical order, internal dynamics, and
accessibility. These results support a model in which this disorder-
to-order transition within the phosphorylation domain results in
decreased head–head interactions, activating myosin in smooth
muscle.

EPR � regulation � structure

Smooth muscle contraction is activated by phosphorylation of
Ser-19 on myosin regulatory light chain (RLC) (1). The goal

of the present study is to elucidate the structural changes that are
induced in RLC upon phosphorylation. Several essential struc-
tural features of this regulatory process have been identified.
First, regulation by phosphorylation requires two myosin heads,
because both S1 and single-headed myosin are constitutively
active (2, 3). A portion of the �-helical coiled-coil tail (S2) region
appears also to be required for regulation (4). Thus the two-
headed heavy meromyosin (HMM) fragment has all of the
features that are needed for full regulation.

What structural elements of RLC are important for regula-
tion? Chimeras containing the C terminus from skeletal RLC
and the N terminus from smooth RLC remain in the ‘‘off’’ state
even after phosphorylation, suggesting that the C-terminal do-
main of RLC is important for regulation (5). Mutational studies
suggest that the ‘‘linker helix,’’ which connects the N- and
C-terminal lobes of RLC, is crucial for regulation (6). The
N-terminal 24 aa of RLC, which include the sites of phosphor-
ylation (Thr-18, Ser-19), are proposed to play an important role
in RLC function (7–9), but there is no structural information
about this N-terminal sequence in any published crystal struc-
ture of any myosin isoform or fragment. Structural information

about this region is needed to explain how phosphorylation
activates the actomyosin complex.

Because regulation of smooth muscle myosin requires both
heads, mechanistic models have focused on how head–head
interactions might inhibit the actomyosin interaction and how
phosphorylation might relieve this inhibition. Photo-crosslinking
data, obtained from tissue-purified HMM, have been used to
support a model in which the RLCs of the two heads interact
directly to form the inhibited state, and that these head–head
interactions are released by RLC phosphorylation (10). In
contrast, EM data, obtained from expressed chicken gizzard
HMM arrayed on lipid monolayers (11, 12), have been used to
support a model in which the inhibitory head–head interactions
are primarily between the catalytic domains, rather than the
regulatory domains. The EM results show little or no evidence
for a phosphorylation-dependent change in the interaction of
RLCs of the two heads, but it is clear that this question cannot
be answered definitively without obtaining structural informa-
tion in the region of phosphorylation, the first 24 aa of RLC. The
goal of the present study is to obtain this information as a
function of phosphorylation under physiological conditions, so
that structural changes can be correlated directly with regulatory
function.

In recent years, site-directed spin labeling has proven to be the
method of choice for detecting protein structural changes under
conditions where high-resolution crystallography and NMR are
not applicable (13, 14). In this technique, spin labels are attached
to a series of selected sites on a protein, and the rotational
dynamics and accessibility of these probes are analyzed sequen-
tially by EPR, revealing details about protein structure and
dynamics. In the present study, we have performed site-directed
spin labeling to detect structural changes in the RLC, with
particular emphasis on the N-terminal domain. Single-Cys
mutants of RLC were prepared, spin-labeled, and incorporated
into smooth muscle HMM with full retention of regulatory
function, and EPR was used to obtain information on the
structural dynamics of RLC, in the presence and absence of
phosphorylation.

Materials and Methods
Preparation of Tissue-Purified Proteins. Smooth muscle myosin
(15), native myosin RLC (16), and myosin light chain kinase (17)
were prepared from frozen chicken gizzards. HMM and S1 were
prepared by digesting myosin with Staphylococcus V8 protease,
followed by gel filtration (18). Protein concentrations were
determined by using the following extinction coefficients at 280
nm (M�1�cm�1): myosin 2.69 � 105, HMM 2.28 � 105, S1 8.17 �
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104, RLC 6.74 � 103, and myosin light chain kinase 3.24 � 104

(9, 17).

Expression and Purification of Mutant RLC. Chicken gizzard RLC
mutants were expressed in Escherichia coli by using the Pet3a
expression system (Novagen). The cDNA, kindly provided by
Renne Lu (Boston Biomedical Research Institute, Watertown,
MA), contained the mutation C108A, forming a null cysteine
construct. Using the QuikChange Mutagenesis system (Strat-
agene), we introduced single-Cys mutations at specific positions
in RLC. Sequences were verified at the Microchemical Facility
of the University of Minnesota, and the Pet3a-RLC with the
desired mutation was transformed into the expression strain
BL21AI (Invitrogen). Inclusion bodies were isolated and solu-
bilized in 7 M urea, and RLC was purified on an anion-exchange
column (19).

Preparation of Spin-Labeled HMM and S1. Mutant RLC, at a
concentration of �100 �M, was dialyzed into a labeling buffer
containing 10 mM 4-(2-hydroxyethyl)-1-piperazinepropanesul-
fonic acid (pH 8.0), 50 mM NaCl, and 5 mM EDTA, then
incubated with a 2.5 molar excess of 3-(5-f luoro-2,4-
dinitroanilino)-PROXYL (Aldrich) spin label at 4°C overnight
(20). Free label was removed by using a PD10 desalting column
(Amersham Pharmacia). HMM or S1, at a protein concentration
of �6 �M, was dialyzed into exchange buffer containing 10 mM
NaHPO4 (pH 7.5), 0.5 M NaCl, 5 mM EDTA, 2 mM EGTA, and
1 mM DTT overnight. The labeled RLC was also dialyzed
overnight in exchange buffer but without DTT, which was
required to preserve the ATPase activity of HMM. DTT was
omitted in solutions containing only spin-labeled RLC, to avoid
reduction of the spin label by DTT. After binding to HMM, the
signal from spin-labeled RLC was stable, even in the presence of
1 mM DTT. This was a unique property of the 3-(5-f luoro-2,4-
dinitroanilino) spin label. In the presence of DTT, other labels
either dissociated from RLC (e.g., disulfide-linked spin labels
such as methanethiosulfonate spin label) or lost significant
amounts of signal (e.g., iodoacetamide or maleimide spin labels).
For exchange of labeled RLC onto HMM or S1, 0.9 moles of
spin-labeled RLC per mole of heads (i.e., 1.8 mole per mole of
HMM and 0.9 mole per mole of S1), and 1 mM ATP and 5 mM
EDTA were added before the exchange reaction was started.
After 60 min at 42°C, the sample was removed and 15 mM MgCl2
was added slowly (21). The sample was then exchanged and
concentrated in 10 mM Mops (pH 7.0), 50 mM NaCl, 0.2 mM
EGTA, and 100 �M DTT (EPR buffer), with an Ultrafree spin
concentrator with a molecular weight cutoff of 100,000 (Milli-
pore), so that any excess labeled RLC was removed. Quantita-
tion of spin-label and protein concentrations showed that the
fraction of spin-labeled RLC in the samples used for ATPase
and EPR experiments was typically �0.5 but varied from 0.3 to
0.8. Control EPR experiments were performed, in which the
ratio of added labeled RLC per head was varied. The fraction of
free (rapidly tumbling) RLC was consistent with the conclusion
that (i) labeled RLC bound with approximately the same affinity
as unlabeled RLC, and (ii) binding was stoichiometric (one RLC
per head, approximately half of which were labeled).

Phosphorylation. Phosphorylation was performed on HMM (or
S1) and spin-labeled RLC separately before the exchange pro-
cess to ensure that all myosin heads contained phosphorylated
RLC. The protein was dialyzed into 10 mM Tris�HCl, pH 7.5�50
mM NaCl�2.5 mM MgCl2�2.5 mM CaCl2, followed by addition
of 0.6 �M myosin light chain kinase (purified from chicken
gizzard), 5 �g�ml calmodulin (Sigma), and 1.5 mM ATP-� S
(Roche Applied Science). This mixture was incubated at 25°C for
at least 1 h (7). The extent of phosphorylation was determined
by electrophoresis on a 15% polyacrylamide gel containing no

SDS (10). The sample buffer contained 8 M Urea, 0.3 M
Tris�HCl (pH 8.9), and 4% 2-mercaptoethanol and bromophenol
blue. In all samples, densitometry of Coomassie-stained gels
showed that RLC was at least 90% phosphorylated, as indicated
by a complete shift of the RLC band.

Actin-Activated ATPase Activity. Samples were dialyzed into 10 mM
Mops, pH 7.0�2 mM MgCl2�0.2 mM EGTA�1 mM DTT. The
concentration of HMM during the assay was 1 �M (unphos-
phorylated) or 0.5 �M (phosphorylated), and the actin concen-
tration was 25 �M. The reaction was started by adding 1 mM
ATP (9), and phosphate release was measured colorimetrically
by using the malachite green-enhanced ammonium molybdate
assay (22). Activity was negligible in the absence of actin.

EPR Spectroscopy. Spectra were acquired by using a Bruker
EleXsys 500 spectrometer with the SHQ cavity. Samples were
maintained at 25°C by using the Bruker temperature controller
through which nitrogen or oxygen gas flowed. All spectra were
obtained with a 120-G scan width, using 100-kHz field modu-
lation with a peak-to-peak amplitude of 5 G. Saturation curves
were obtained by monitoring the peak-to-peak intensity of the
central resonance as a function of incident microwave power.

To obtain optimum signal intensity from a dilute aqueous
sample, a multibore sample cell, constructed from a bundle of
gas-permeable Teflon capillaries, was used in all EPR experi-
ments. The capillaries (Teflon tubing, 28-gauge, 0.38 mm i.d., 50
mm long) were filled with the sample, sealed on both ends with
X-sealant (Bruker), then bundled inside a 4-mm i.d. quartz NMR
tube. A cap, with holes punched into it, was placed on one end,
and the other end was left open. The bundle of capillaries
extended through the entire 4-cm active height of the SHQ
cavity.

Most aqueous EPR samples have volumes of 10 �l or less,
because the absorption of microwaves by water degrades the
cavity quality factor Q and thus decreases sensitivity. For the
SHQ cavity used in the present study, maximum signal intensity
for a single cylindrical tube is reached at an i.d. of 0.6 mm (23),
corresponding to a sample volume of �10 �l. This restriction to
small volumes is acceptable only if the spin-label concentration
is on the order of 100 �M or more. However, in the present study,
the spin-label concentration was typically 10–20 �M, because of
limitations in protein solubility. We found that the multibore
cell, containing �100 �l in 20 capillaries, produced 10 times the
signal intensity of the single 10-�l tube. Thus, at constant spin
concentration, the multibore cell increases the signal intensity by
a factor of 10. This enhancement arises from the complex effects
of heterogeneous sample geometry on dielectric constant (24).
The separation of the sample into separate tubes diminishes the
dissipation of microwave energy, thus improving Q and signal
intensity. Although this sample cell shares some features with the
Bruker AquaCell, the ability to vary capillary number and the
use of Teflon for gas permeability provided significant improve-
ments for the present study.

Rotational Dynamics. The EPR spectrum provides information
about anisotropic rotational motions of the spin label on the
nanosecond time scale. If we assume that the spin label under-
goes only subnanosecond rotational motions, the amplitude of
these motions is given by the half-cone angle

�c � cos�1�0.5�1 � 8S�1/2 � 0.5� , [1]

where the order parameter S � (T	II � T0)�(TII � T0). 2T	II is the
separation between the outer extrema, TII (35.0 G) is the
rigid-limit value of this splitting, determined from a frozen
sample, and T0 (15.9 G) is the isotropic-limit value, measured at
the zero-crossing points from a solution of freely tumbling
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spin-labeled RLC. TII and T0 were unaffected by RLC phos-
phorylation. �c � 90° indicates unrestricted rotation (isotropic
limit, S � 0), and �c � 0° indicates complete restriction (rigid
limit, S � 1).

Solvent Accessibility. Accessibility of the spin label to dissolved O2
was determined from enhancement of spin-label relaxation,
essentially as described (25). O2 is a collisional paramagnetic
relaxant, enhancing spin relaxation and thus decreasing satura-
tion, returning the spin system toward Boltzmann equilibrium
(26). Experiments were performed with the sample equilibrated
with either O2 or N2. Saturation was measured in a ‘‘saturation
rollover’’ experiment, in which signal intensity was recorded as
a function of incident microwave power, and the data set was
fit to

A � IP1/2�1 � P�21/� � 1��P1/2�
��, [2]

where A is the signal intensity, P is the microwave power, P1/2 is
the microwave power at half-saturation, and � is a measure of the
homogeneity of the spectral line (25). Assuming that O2 con-
centration and mobility do not vary from sample to sample,
solvent accessibility is proportional to the collision frequency, 	,
which is proportional to


P	1/2 � �P1/2�O2� � P1/2�N2���
H . [3]

where 
H is the peak-to-peak width of the central EPR line (27).
To detect periodic variation in accessibility 
P	1/2 along the

RLC sequence, the Fourier transform power spectrum p(	) was
calculated according to refs. 28 and 29

p�	� � ��hkcos�k	��2 � ��hksin�k	��2, [4]

where hk is the accessibility value of residue k and 	 is the angular
frequency in degrees.

The sum is from k � 0 to l � 1, where l is the number of
residues in a window, which was scanned along the protein
sequence. The periodicity index �PI was calculated as (29)

�PI � �1�25���
85�

110�

p�	�d	��1�180���
0�

180�

p�	�d	. [5]

The interval of integration in the numerator was centered at
97.5°, corresponding to the dominant frequency of an �-helix. A
value of �PI 
 2 is considered to be strong evidence for �-helical
periodicity (29).

Results
Functional Characterization of HMM Containing Spin-Labeled Mutant
RLC. To ensure the accurate correlation of structure and function,
actin-activated ATPase activity was measured in the absence and
presence of phosphorylation for each spin-labeled mutant (Fig.
1). The spin-labeled RLC was exchanged onto HMM, and
ATPase activity was measured as a function of RLC phosphor-
ylation. Each sample was compared with a control HMM sample
that was prepared on the same day and subjected to the same
exchange process as the labeled mutants, except that WT RLC
was used. None of the mutants showed a significant deviation
from the control sample, which did not differ significantly from
untreated HMM. In the unphosphorylated state, all samples
showed very low activity, whereas phosphorylation produced
substantial activation in all samples, giving at least 80% of the
control activity (Fig. 1). These results are consistent with pre-
vious studies of the functional effects of point mutations in RLC;
i.e., no single-residue RLC mutation, in the N-terminal segment
or elsewhere, has been shown to impair the regulation of
actin-activated ATPase activity (7–9), although some point

mutations have been shown to change other properties of
smooth muscle RLC (8). We conclude that neither the mutation
nor the spin label had a significant affect on the function of any
of these samples. Therefore, the EPR results below correspond
to functionally normal protein.

Rotational Dynamics. Sites throughout RLC were surveyed to
determine the most sensitive regions to phosphorylation. As
discussed in the Introduction, there are four regions of RLC that
have been shown to be important in regulation: the phosphor-
ylation domain (PD, residues 1–24), the N-terminal lobe (resi-
dues 25–88), the linker helix (residues 89–100), and the C-
terminal lobe (residues 101–171). The labeling sites chosen from
these regions were T10C and R16C (PD); M60C and M72C
(N-terminal lobe); P98C (linker helix); and C108, M129C, and
G165C (C-terminal lobe).

EPR spectra for these sites on HMM, in the presence and
absence of phosphorylation, are shown in Fig. 2. The two sites
in the N-terminal phosphorylated region showed a distinct
narrowing of the spectrum with phosphorylation (Fig. 2, top
row), indicating increased nanosecond dynamics. However, at all
sites in other RLC regions, the spectra showed no significant
change upon phosphorylation. Therefore, in subsequent exper-
iments, we focused on the N-terminal PD.

We prepared single-Cys mutants for each of the first 24 RLC
residues, excluding the two phosphorylation sites (T18 and S19),
and performed EPR experiments on the spin-labeled, reconsti-
tuted HMM samples. Fig. 3 Left shows the amplitude of rota-
tional dynamics �c measured from these spectra as indicated by
Eq. 1. All but two of the first 17 residues showed a significant
increase in �c (decrease in order parameter S) upon phosphor-
ylation. The nearly uniform increase of 4–8° in �c in these first
17 residues suggests that phosphorylation induces global rota-
tional motion of this entire region. Smaller effects were observed
in residues 20–24. Remarkably, no significant effects were
detected in any of the six residues probed in the remainder of
RLC (Fig. 3 Right). We conclude that the N-terminal segment of
RLC, including at least the first 17 aa, really is a distinct domain
(PD) that is characterized by its increased dynamics upon
phosphorylation.

Solvent Accessibility Changes Upon Phosphorylation. Only slight
variation in the order parameter was observed from site to site
in the PD (Fig. 3), providing little information about secondary

Fig. 1. Actin-activated ATPase of spin–labeled HMM. The value for each
sample was normalized to a same-day control sample of phosphorylated
HMM. The mean values for the control were 217 
 7 units (phosphorylated)
and 2.5 
 1 units (unphosphorylated).
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structure. This finding is probably caused by the tendency of the
hydrophobic 3-(5-f luoro-2,4-dinitroanilino)-PROXYL to bind
rigidly to the protein framework, making its dynamics relatively
insensitive to secondary structure or changes in tertiary contacts,
as documented in previous EPR studies of RLC (20, 30).
Therefore, to obtain more structural information, solvent ac-
cessibility was measured at each site in the PD and at C108, using
oxygen as the paramagnetic relaxant. Fig. 4 illustrates the
experiment done with the spin label at C108. Upon phosphor-
ylation, the solvent accessibility around C108 more than dou-
bled, indicating a more exposed environment.

Phosphorylation increases accessibility for almost all sites in
the PD (Fig. 5). Thus phosphorylation induces a global increase
in dynamics and solvent exposure for the entire PD. The pattern
of this plot, which reveals details about the secondary structure
of this domain, is quite similar in the presence and absence of
phosphorylation for the first five residues, but the phosphory-
lated sample shows a much more pronounced periodicity in the
remainder of the structure.

Fourier analysis (Fig. 6A) confirms quantitatively the increased
periodicity after phosphorylation, with a period of �100° per

residue, corresponding to an �-helix (3.6 residues per 360° turn).
Fig. 6B shows that this �-helical periodicity is substantially greater
after phosphorylation over most of the first 17 residues. Each point
represents the center of a nine-residue window, as defined in Eq. 5.
ensuring that only long-range helical order (at least two turns) is
scored significantly. For example, the point at residue 5 is the center
of the window for residues 1–9. We conclude that phosphorylation
increases dynamics, solvent accessibility, and helical order through-
out the PD.

Experiments on S1. EPR experiments were performed on S1
(single-headed) to determine whether the effects in the PD
observed in HMM (double-headed) were caused by head–head
interactions. The probe was placed at residue 6, which is
representative of the PD (Figs. 3 and 5), showing an increase in
dynamics (decreased order parameter) and accessibility (in-
creased 
P	1/2) upon phosphorylation of HMM (Table 1). In S1
the effects of phosphorylation are in the opposite direction: in
the unphosphorylated state, both dynamics and accessibility are
much greater for S1 than for HMM, and phosphorylation
eliminates most of these differences between HMM and S1
(Table 1). As discussed below (Fig. 7), these results support a

Fig. 2. EPR spectra of selected RLC sites. 3-(5-Fluoro-2,4-dinitroanilino)-
PROXYL attached to the indicated site on single-Cys mutant RLC, bound
functionally to HMM. Black lines indicate unphosphorylated, and red lines
indicate phosphorylated. NL, N-terminal lobe; LH, linker helix; CL, C-terminal
lobe. The splitting 2T	II, used to calculate the order parameter S and cone angle
�c (Eq. 1), is illustrated for M129C.

Fig. 3. Rotational dynamics of RLC sites. The amplitude of motion �c was
calculated from the EPR spectrum (e.g., Fig. 2) by using Eq. 1. Error bars
indicate SEM (n � 4 in most cases).

Fig. 4. O2 accessibility at C108, measured by EPR saturation, before (U) and
after (P) RLC phosphorylation. Normalized signal intensity (A�[I*P1/2]) (Eq. 2),
plotted as a function of microwave power (P). Curves show best-fits to Eq. 2,
giving P1/2 values (x axis intercepts) of 27.1 
 2.2 (N2, U, and P), 71.6 
 5.7 (O2

and U), and 110.4 
 8.8 (O2 and P). Accessibility, proportional to 
P1/2 (Eq. 3),
is greater after phosphorylation, as indicated.

Fig. 5. Solvent accessibility (
P	1/2, Eq. 3) in PD, measured as illustrated in Fig.
4. Error bars indicate SEM (n � 4 in most cases).
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model in which head–head interactions are strong in unphos-
phorylated HMM and are reduced by phosphorylation.

Discussion
Structure of the N Terminus of RLC. Site-directed spin labeling has
revealed that the N-terminal 24 aa of RLC in smooth muscle
myosin act as a distinct domain, which we designate the PD. The
structure of this region has been studied amino acid by amino acid,
and secondary structural elements have been assigned, based on the
EPR data on dynamics (Fig. 3) and accessibility (Figs. 5 and 6). This
finding is significant because no crystal structure data have been
obtained from this RLC domain for any myosin isoform. In the case
of chicken skeletal S1 (31), this lack of structural information may
be caused by either proteolysis or disorder; in the case of the scallop
regulatory domain (32, 33), it is caused by proteolysis. In contrast,
our HMM samples have regulatory domains that are intact and fully
functional (Fig. 1), and EPR is capable of resolving structure even
in the presence of disorder.

Phosphorylation-Induced Structural Changes in RLC. The present
study provides direct insight into structural changes in RLC
caused by phosphorylation, especially in the PD. Dynamics (Figs.
2 and 3) shows that phosphorylation increases the amplitude of
nanosecond rotational motions throughout the PD, whereas no
significant changes were observed in six sites distributed
throughout the other domains of RLC. We conclude that the PD
is a distinct domain that is uniquely sensitive to structural
perturbation by phosphorylation. Oxygen accessibility provides
significantly more detail about the structural changes occurring
upon phosphorylation of RLC. First, most of the sites in the PD
showed a 2- to 3-fold increase in accessibility upon phosphory-
lation (Fig. 5), as did C108, in the C-terminal lobe (Fig. 4). These
results indicate that RLC is in a more solvent-accessible envi-
ronment after phosphorylation. Second, accessibility exhibited
clear sequence dependence in the PD after phosphorylation,
implying increased helical order in residues 1–17 (Fig. 6).

EPR Spectroscopy Is a Powerful Tool for Structural Analysis. EPR has
a distinct advantage over other structural techniques. Measure-
ments can be made in solution under native conditions where

distinct structural states can be resolved and quantitated, accurately
reflecting their equilibrium or steady-state populations, even if
some of those states are partially disordered. Indeed, as the present
study illustrates, changes in dynamics and disorder may be keys to
understanding function. Most other techniques, such as crosslink-
ing, crystallography, electron microscopy, or NMR, have a ten-
dency to be biased toward particular states that are easily trapped
or highly ordered. A potential limitation of EPR is that the probe
can itself perturb structure. Fortunately, all of the spin-labeled
mutants in this study showed excellent functional activity (Fig. 1),
indicating that their structural perturbations are insignificant.

We found that solvent accessibility (Fig. 6) is more sensitive than
dynamics (Fig. 3) to phosphorylation-induced structural change.
This finding is probably caused in part by our choice of 3-(5-fluoro-
2,4-dinitroanilino)-PROXYL, which was necessary because of its
unusual stability in the presence of DTT. This probe tends to bind
more rigidly to the protein backbone than does the standard
1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfon-
ate spin label, so its mobility is less sensitive to secondary and
tertiary interactions, as shown previously in EPR experiments on a
series of spin-labeled RLC mutants in muscle (20, 30). Because
dynamics did not show much variation along the sequence of the PD
and remained moderately restricted in HMM even after phosphor-
ylation (Fig. 3), we conclude that (i) the observed increase in
dynamics upon phosphorylation probably reflects global segmental
motions of the entire PD, and (ii) the observed changes in dynamics
and solvent accessibility can be attributed to RLC tertiary and
quaternary interactions, not to probe flexibility.

Implications for the Molecular Mechanism of Smooth Muscle Regula-
tion. Most models assume that inhibition is caused by head–head
interactions that are released by phosphorylation (2–4, 34). Our
EPR results support this type of model and add considerable
structural detail (Fig. 7). In the unphosphorylated state of HMM
(Fig. 7 Upper Left), the PD lacks long-range secondary structure
(Fig. 6), but the highly restricted dynamics (Fig. 3) indicate that
this disorder is static, not dynamic. It has been proposed that PDs
tend to contain disordered regions, because this is favorable for
kinase binding, and it establishes the potential for a disorder-
to-order transition that accompanies regulation (35). The ob-
served increase in helical order in the PD upon phosphorylation
(Fig. 6) is consistent with this proposal, but the concomitant
global increase in PD dynamics (Fig. 3) and accessibility (Figs.
4 and 5) seems, at first glance, to contradict the increased order.

Fig. 6. Helical periodicity in PD. (A) Power spectrum (Eq. 4, using a window
of l � 9 residues) of accessibility data (Fig. 5). (B) �-Helical periodicity index (Eq.
5), calculated at the center of the nine-residue window, indicating that
phosphorylation increases periodicity from residue 3 to residue 17. Fig. 7. Structural model based on EPR data. Only the RLC is shown, with the

PD (residues 1–24) in black. Text and small arrows indicate changes, in the
direction of the large arrows. (Upper) In HMM, phosphorylation of RLC Ser-19
increases the helical order of PD (Figs. 5 and 6), which decreases head–head
interactions, resulting in increased dynamics (Fig. 3) and accessibility (Fig. 5) of
the PD. (Lower) Opposite phosphorylation effects in S1 on both dynamics and
accessibility (Table 1) support this model.

Table 1. EPR experiments on HMM and S1 (label at residue 6)

HMM, U HMM, P S1, U S1, P

Dynamics, �c 31.5 
 0.8 36.1 
 0.7 45.2 
 1.0 38.3 
 0.8
Accessibility, 
P	1/2 2.7 
 0.2 8.7 
 0.6 13.6 
 0.7 10.5 
 0.6

U, unphosphorylated; P, phosphorylated; �c, amplitude (half-cone angle) of
ns dynamics in degrees (Eq. 1). 
P	1/2 (arbitrary units) is from Eq. 3. Data are
means 
 SEM (n � 4).
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However, this is easily explained by the hypothesis that phos-
phorylation not only induces secondary structural order in the
PD, but also decreases head–head interactions that involve
the PD. As depicted in Fig. 7 Upper Right, this model could allow
the PD to undergo limited segmental motion with respect to the
RLC, increasing both dynamics and accessibility, as we observe.

The conclusion that the two heads of HMM move apart upon
phosphorylation is supported by the experiments on S1 (Table 1
and results illustrated in Fig. 7), indicating that both the dynam-
ics and accessibility of a probe at position 6 in the PD of
phosphorylated S1 are similar to (slightly greater than) those of
phosphorylated HMM and are substantially greater than for
unphosphorylated HMM. The result is that phosphorylation has
effects on dynamics and accessibility that are opposite to those
of HMM. These results are hard to explain without invoking
head–head interactions in HMM, as illustrated in Fig. 7.

If phosphorylation moves the heads apart, we must consider
the possibility that the apparent change in secondary structure
(Fig. 7), revealed by the changes in accessibility (Figs. 5 and 6),
is caused instead by head–head interactions that prevent acces-
sibility in unphosphorylated HMM. However, EPR studies have
shown that oxygen accessibility reveals helical secondary struc-
ture even in buried sites of protein–protein interactions (36). In
addition, phosphorylation decreases both dynamics and acces-
sibility in S1 (Table 1), which is consistent with the proposed
increase in structural order within the PD (Fig. 7). We conclude
that phosphorylation induces an increase in helical structural
order within the PD, resulting in disruption of head–head
interactions in HMM. Although these head–head interactions
are depicted as being between the two RLCs (Fig. 7), we cannot
rule out the possibility that the RLC interacts with another part
of the head (e.g., catalytic domain or ELC), or even with S2. We
also cannot rule out the possibility that these interactions depend
on nucleotide as well as RLC phosphorilation.

Relationship to Proposed Models. In a recent study (10), computer
modeling predicted, in agreement with our data (Fig. 5), that the
PD begins with a short helical stretch that leads to a disordered

region containing the phosphorylation site, and crosslinking
data indicated that the two regulatory domains are in direct
contact in the inhibited state, but that they move apart upon
phosphorylation, as proposed here (Fig. 7). These effects may be
more extensive in the presence of nucleotide (37). EM results
from HMM on lipid monolayers, in both the unphosphorylated
and phosphorylated states, have been used to propose a different
model for regulation (11, 12), in which the inhibitory head–head
interactions involve primarily the catalytic domains. In this
model, the actin-binding region of one unphosphorylated head
interacts with the converter region of the other, and phosphor-
ylation disrupts these interactions. To obtain a definitive test of
this EM-based model, it would be necessary to place probes at
the proposed sites of interaction on the catalytic domain.

Conclusions and Prospects. We have used site-directed spin labeling
and EPR to provide a level of detailed structural information for
the N-terminal PD of smooth muscle myosin RLC, characterizing
backbone dynamics and solvent accessibility, and assigning second-
ary structural elements. Phosphorylation reveals that the PD acts as
a coherent domain, as dynamics increase exclusively and uniformly
within this domain, accompanied by a global increase in solvent
accessibility and helical secondary structural order within the PD.
These data support a model in which inhibitory head–head inter-
actions are stabilized by a statically disordered structure within the
PD, and phosphorylation induces a disorder-to-order transition
within the PD that stabilizes the internal structure of RLC, de-
creases its inhibitory protein–protein interactions, and activates the
actomyosin complex. In the future, this model should be tested by
measuring changes in the distance between pairs of probes on
different heads (38).
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