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ABSTRACT We have performed molecular dynamics simulations of the phosphorylated (at S-19) and the unphosphorylated
25-residue N-terminal phosphorylation domain of the regulatory light chain (RLC) of smooth muscle myosin to provide insight
into the structural basis of regulation. This domain does not appear in any crystal structure, so these simulations were combined
with site-directed spin labeling to define its structure and dynamics. Simulations were carried out in explicit water at 310 K,
starting with an ideal a-helix. In the absence of phosphorylation, large portions of the domain (residues S-2 to K-11 and R-16
through Y-21) were metastable throughout the simulation, undergoing rapid transitions among a-helix, p-helix, and turn,
whereas residues K-12 to Q-15 remained highly disordered, displaying a turn motif from 1 to 22.5 ns and a random coil pattern
from 22.5 to 50 ns. Phosphorylation increased a-helical order dramatically in residues K-11 to A-17 but caused relatively little
change in the immediate vicinity of the phosphorylation site (S-19). Phosphorylation also increased the overall dynamic stability,
as evidenced by smaller temporal fluctuations in the root mean-square deviation. These results on the isolated phosphorylation
domain, predicting a disorder-to-order transition induced by phosphorylation, are remarkably consistent with published
experimental data involving site-directed spin labeling of the intact RLC bound to the two-headed heavy meromyosin. The
simulations provide new insight into structural details not revealed by experiment, allowing us to propose a refined model for the
mechanism by which phosphorylation affects the N-terminal domain of the RLC of smooth muscle myosin.

INTRODUCTION

Each muscle myosin (isoform II) molecule contains two

heavy chains, and two pairs of associated calmodulin-like

proteins called the essential light chain (ELC) and the reg-

ulatory light chain (RLC). The heavy chain is comprised of

an N-terminal globular catalytic domain that contains both

actin-binding and ATP-hydrolysis activities and an extended

C-terminal a-helix that serves in dimerization and filament

formation. Both the ELC and RLC are bound to this helical

heavy chain region proximal to the N-terminus to form the

light-chain domain (1) (Fig. 1).

In smooth muscle, phosphorylation of Thr-18 or Ser-19 on

RLC by the Ca21/calmodulin-dependent myosin light chain

kinase (MLCK) is required for activation of muscle con-

traction. The unphosphorylated state of smooth muscle

myosin (SMM) has negligible catalytic activity, but phos-

phorylation produces as much as 1000-fold increase in actin-

activated ATPase activity (2). This mechanism probably

involves interactions between the two heads (S1) of myosin

because heavy meromyosin (HMM), a fragment of myosin

containing both heads and lacking the C-terminal two-thirds

of the tail, is regulated (3,4), whereas both single-headed

myosin (5,6) and S1 (7–9) are unregulated (constitutively

active). More specifically, partial activation is achieved

through relief of inhibitory interactions between the two un-

phosphorylated RLCs (10–12); full activation requires relief

of additional inhibitory interactions involving one or both

catalytic domains (13–16).

However, the structural basis of this regulatory mecha-

nism remains unknown, in part because there is no crystal

structure of a two-headed myosin fragment but primarily

because there is no high-resolution structure of any myosin

that includes the N-terminal portion of the RLC. For ex-

ample, the crystal structure of skeletal S1 lacks the first 24

amino acids of the N-terminal region of the RLC, including

the critical phosphorylation targets Thr-18 and Ser-19 (Fig.

1). Deletion and mutational studies in the N-terminus have

identified additional residues, K-11 to R-16, as critical for

changing the conformation of SMM and for activating the

ATPase (17). Photo-cross-linking studies suggest that these

residues must be disordered to allow the unphosphorylated

N-terminus to interact with the partner RLC (10). Because

only partial activation is caused by mutations that mimic the

negative charge of phosphate (18), it is likely that phospho-

rylation produces a specific secondary structure change in

these residues.

The most detailed information obtained to date on the

structure of this N-terminal region of the RLC comes from

recent solution electron paramagnetic resonance (EPR) stud-

ies, in which site-directed spin labeling was applied to RLC

in HMM. A series of single-Cys RLC mutants was prepared,

in which each of the N-terminal 25 residues (except for

the phosphorylation sites, Thr-18 and Ser-19) was replaced

by Cys, and EPR experiments were performed. The results

showed that this N-terminal sequence acts as a distinct

‘‘phosphorylation domain’’, undergoing a substantial change
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in side-chain mobility, solvent accessibility, and secondary

structure on phosphorylation (19). Specifically, the unphos-

phorylated N-terminus is largely solvent inaccessible and

only weakly helical, whereas the phosphorylated N-terminus

exhibits substantially increased rotational mobility, solvent

accessibility, and helical order. These results led to a model

in which phosphorylation induces a disorder-to-order tran-

sition in the phosphorylation domain of RLC that removes

the inhibitory head-head interaction (19).

However, these spectroscopic measurements did not pro-

vide high-resolution structural information, so there remains

some ambiguity about the details of the phosphorylation-

induced secondary structural transition. The study presented

here uses molecular dynamics simulations to investigate the

independent stability of the first 25 N-terminal residues of

RLC in aqueous solvent. The results directly support pre-

vious experimental data and provide new physical insight

into the nature of the disorder-to-order transition of the RLC

N-terminal phosphorylation domain.

METHODS

Systems setup

The starting structure of the 25-residue N-terminal domain of the regulatory

light chain of smooth muscle myosin of chicken gizzard was modeled as an

ideal a-helix by using the program Swiss PDB Viewer (20). The sequence of

the fragment is SSKKAKAKTTKKRPQRATSNVFAMF. Phosphorylation

at S-19 was assigned with the aid of the PSFGEN utility, included in the

latest version of the program NAMD (21). Both phosphorylated and

unphosphorylated peptides were capped with an acetyl group at the

N-terminus and N-methylamide at the C terminus, then embedded in a

TIP3P water box with dimensions of 50 Å in each direction. Finally, eight-

and six-Cl� counterions were added to the systems containing the unphos-

phorylated and phosphorylated peptides, respectively. The latter procedure

was employed to conserve the neutrality of the systems. An alternative

approach, using [Na1Cl�] � 0.15 M, produced results that were not

significantly different. All atoms were included, and the CHARMM22 force

field was employed (22).

Molecular dynamics protocol

Simulations were performed using the NAMD 2.5 program (21). The NPT

ensemble was used, with periodic boundary conditions (23). The electro-

static term was defined by using the particle mesh Ewald algorithm (24,25)

with a grid size of 75 Å in each direction. The nonbonded cutoff, switching

distance, and nonbonded pair-list distance were set to 8, 7, and 9.5 Å,

respectively. The SHAKE (26) algorithm was applied for bonds involving

hydrogen atoms, using a 2-fs time step. It has been shown that this use of the

SHAKE algorithm reduces the computational cost by a factor of two without

affecting the results obtained with a 1-fs time step (27). The impulse-based

Verlet-I multi-step method was used with 2 fs for bonded, 4 fs short-range

for nonbonded, and 8 fs for long-range electrostatic forces. Constant

pressure (1 atm) and temperature (310 K) on the system were maintained

with an isotropic Langevin barostat and a Langevin thermostat. These values

of pressure and temperature were set to mimic the standard physiological

conditions. Preliminary energy minimization was accomplished with 1000

steps of conjugate-gradient algorithmwith restraints to the protein backbone,

followed by 1000 steps without restraints. Systems were warmed up for

20 ps and equilibrated for 60 ps with lower restraints, finishing at no re-

straints and 310 K. Both simulations were continued for 50 ns of simulation.

The simulations were run on an SGI Altix supercomputer at the Minnesota

Supercomputing Institute.

Analysis and visualization

The Visual Molecular Dynamics (VMD) program (28) was used for

analysis, visualization, and rendering of the structures. The program

STRIDE (29), included in VMD, was used to analyze the evolution of the

secondary structure of both phosphorylated and unphosphorylated peptides.

STRIDE recognizes secondary structural elements in proteins from their

atomic coordinates. It utilizes both hydrogen-bond energy and main-chain

dihedral angles to define the secondary structure pattern. It relies on

database-derived recognition parameters with the crystallographers’ sec-

ondary structure definitions as a standard of truth.

RESULTS

The conformational evolution of the phosphorylated and

unphosphorylated peptides was investigated by 50-ns sim-

ulations. The two peptides both showed dramatic structural

fluctuations, which were affected by phosphorylation.

Fluctuations in secondary structure

The unphosphorylated peptide fragment (amino acids S-1 to

A-24), maintains an a-helical pattern for only the first

nanosecond (Fig. 2 A), after which time residues 12–15 and

21–24 spend the rest of the simulation fluctuating between

coil and turn. Residues S-1 to K-11 and R-16 to N-20 keep

the a-helical folding pattern until 5 ns. From 5 to 50 ns,

FIGURE 1 (A) Structure of myosin subfragment 1 (1). Blue, heavy chain;

green, essential light chain; red, regulatory light chain (RLC). (B)
Homology-modeled structure of smooth muscle myosin RLC. (C)

N-terminal sequence of RLC (absent in crystal structure).
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residues S-2 to K-11 display an interesting pattern: the

segment from S-2 to A-5 undergoes rapid (subnanosecond)

transitions among a-helix, p-helix, and turn, whereas the

segment from K-6 to K-11 shows rapid a-helix-to-p-helix
transitions. The segment R-16 to N-20 (including the

phosphorylation site at S-19) also begins fluctuating between

a-helix and p-helix at ;5 ns but maintains a more a-helical
pattern than does the amino-terminal segment. In summary,

these MD simulations predict that the phosphorylation do-

main of RLC is highly flexible and dynamically unstable,

undergoing subnanosecond fluctuations in secondary struc-

ture throughout its 25-residue sequence.

Phosphorylation induces a
disorder-to-order transition

Phosphorylation causes dramatic changes in the trajectory

(Fig. 2 B). The initial a-helical pattern remains stable over

most of the peptide for a much longer period, over 10 ns

instead of just 1 ns. The most striking change is that the

central portion of the peptide (residues 12–19) remains

a-helical throughout most of the 50-ns trajectory (Fig. 2 B),
whereas this segment is predominantly random coil in the

absence of phosphorylation (Fig. 2 A). These effects of

phosphorylation are further illustrated by plots of the

percentage of time spent by each amino acid in the a- and
p-helical (Fig. 3) conformations. Phosphorylation increases

a-helicity over much of the peptide, particularly in residues

11–17, and decreases p-helicity in residues 2–12. In con-

trast, in residues 18–24, a-helix decreases whereas p-helix
increases. Remarkably, there is relatively little effect in the im-

mediate vicinity of the phosphorylated residue, S-19, despite

FIGURE 2 Evolution of the secondary structure of unphosphorylated (A) and phosphorylated (B) peptides along the 50-ns trajectory (top). Snapshots

illustrating the key structural features are shown at bottom. The secondary structure is represented as ribbons, and atoms in residues S-1 and S-19 (pSer-S-19,

right) are shown as van der Waals spheres. Secondary structure is colored as a-helix (pink), p-helix (red), turn (cyan), and coil (white).

FIGURE 3 Percentage of time (after the first 12 ns) that each residue

spends in a-helix (top) and p-helix (bottom) for unphosphorylated (blue) or

phosphorylated (red ) peptide.
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large effects on the amino-terminal side of this residue (Figs.

2 and 3). Additional simulations were performed to make

certain that the steady-state structures represented by Fig. 3

were not sensitive to arbitrary assumptions. For example,

these results were not significantly affected by increasing the

simulation time to 70 ns (i.e., the average ensemble of the

trajectories displayed the same structural patterns), showing

that these results represent an equilibrated system. Similarly,

the results of Fig. 3 were not significantly affected by starting

with a p-helix rather than a-helix.

Phosphorylation decreases the amplitude of
structural fluctuations

Structural fluctuations were characterized further by the root

mean-square deviation (RMSD) (Fig. 4). In the absence of

phosphorylation (Fig. 4 A), a rapid global conformational

change occurs in the first 3 ns, increasing the RMSD to

;5 Å. This conformational change is principally caused by

the formation of the turn K-12 to Q-15 (Fig. 2 A). During the
period between 4 and 22 ns, the RMSD plot shows good

stability of the peptide’s dynamics, with no large changes in

RMSD. However, after t � 23 ns, several large transitions in

RMSD are observed, covering a range from 3 to 8 Å,

consistent with large-scale conformational changes. Thus,

changes in the RMSD of 3–4 Å are observed at 34.3, 35.1,

35.4, 40.9, and 43.5. These rapid conformational changes

appear to depend on the flexible nature of the unfolded

fragment K-12 to Q-15.

Phosphorylation greatly increases the dynamic stability, as

evidenced by decreased temporal fluctuation of the RMSD

(Fig. 4 B). In this case, the RMSD shows a more gradual

increase, not leveling off for ;12 ns. Although the RMSD

remains at a higher level (;7 Å, Fig. 4 B) than in the absence
of phosphorylation (;5 Å, Fig. 4 A), much smaller fluc-

tuations are observed in the RMSD value (#1 Å), indicating

that only relatively small conformational changes are occu-

rring that affect the global dynamics of the peptide.

DISCUSSION

Metastable secondary structure

One of the most striking features of the MD trajectory, in

both phosphorylated and unphosphorylated peptides, is the

lack of a stable secondary structure throughout most of the

peptide sequence. Instead, the dominant motif is a rapidly

fluctuating structure, involving subnanosecond transitions

among a-helix, p-helix, and turn (Figs. 2 and 3). This is

especially evident in segments 2–11 and 16–21. The p-helix,
which is rarely seen in crystal structures, is characterized by

an (i,i 1 5) hydrogen-bonding pattern. This rarity (instabil-

ity) is attributable to several factors, including unfavorable f
and c angles (f ¼ �76 6 25�, c ¼ �41 6 24� (30,31)), a
larger radius (4.4 residues per turn, 16 atoms in the ring

closed by a hydrogen bond) than that of the a-helix (3.6

residues per turn, 13 atoms in the ring closed by a hydrogen

bond), which results in unfavorable energetics in the helix

core (32) and a large entropic cost required to align five

residues in a helix to permit the hydrogen bond (33). Thus, it

is not surprising that this motif is rarely seen in crystal

structures, and it has been suggested that the presence of a

stable p-helix in MD simulations may sometimes result from

deficiencies in the force fields used in those simulations (34).

However, the existence of a metastable p-helix, rapidly

interconverting with a-helix as observed in the study pre-

sented here, has been observed in MD simulations on model

peptides (35) and a highly charged region of caldesmon (36).

Secondary structure prediction, using a multiple alignment-

based neural network system (37), suggests that residues

K-3 to K-11 are likely to form an a-helix; our simulations do

indicate a predominantly helical structure, but one that is

dynamic and metastable. This decreased stability and in-

creased dynamics probably arise in part from the electrostatic

repulsion caused by the large positive charge, including eight

positively charged residues N-terminal to the phosphorylat-

able serine. This concentration of basic residues has been

shown to be favorable for interactions with myosin light

chain kinase (38), and it may also play a role in ensuring that

kinase substrates tend to be dynamic and metastable (39).
FIGURE 4 RMSD of the unphosphorylated (A) and phosphorylated (B)
peptides throughout the 50-ns simulation.
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Influence of phosphorylation at S-19

As mentioned in Results, important differences in the

structure and dynamics of the phosphorylated and unphos-

phorylated fragments were observed. The region comprising

residues K-11 through A-17 undergoes the most dramatic

change. In the unphosphorylated peptide, this region shows

very little secondary structural order, probably because of

the well-known helix-breaking property of proline, which is

found at position 14. In the simulation, this region rapidly

changes into a turn and subsequently into a random coil (Fig.

2). In contrast, phosphorylation at S-19 preserves the a-helix
through a salt bridge or hydrogen bond with the R-16 side

chain (Fig. 5). This interaction changes the Q-15 dihedral

angles from the b-sheet region to the a-helical region on the

Ramachandran plot (Fig. 6). Meanwhile, the proline dihedral

angle distribution becomes slightly more helical, without any

loss in helicity of K-12 and R-13. However, the cost of

ordering the K-12 through Q-15 region is increased helix-

turn fluctuations over residues 7–11 (Fig. 2 B).
The dramatic ordering effect of phosphorylation is

illustrated by the decreased fluctuations in the RMSD (Fig.

4) but also in the calculated root mean-square fluctuations

(Fig. 7). In this case, residues K-12 to A-17 present a dif-

ference $2 Å. Consequently, we conclude that the effect of

phosphorylation in the N-terminal domain of RLC is not

simply to reduce the net positive charge; rather, it serves as

a structural switch, increasing both the helical content and

dynamic stability.

Relationship to experimental data

The structure of the 25-amino-acid N-terminal phosphoryl-

ation domain (PD) of the RLC of smooth muscle myosin has

not been solved by crystallography, but considerable infor-

mation about the structure and dynamics of this region has

been provided by site-directed spin labeling (19). That EPR

study on spin-labeled RLC, functionally bound to myosin

HMM, showed that this region indeed acts as a domain in

that phosphorylation globally increases the side-chain mo-

bility and accessibility in this entire region without exerting

similar effects on the rest of the RLC. The pattern of ac-

cessibility along the sequence indicated clearly that a-helical
periodicity increases with phosphorylation. In this study, we

report a computational model for structural dynamics of this

region, as affected by phosphorylation. Although these

molecular dynamics simulations made no assumptions based

on the EPR study, the results of the simulations are in

remarkable agreement with most aspects of the EPR data:

phosphorylation increases helical content, especially in the

central region of this domain (Figs. 2 and 3) and increases

dynamic stability (Figs. 4 B and 7).

The experimental and computational data are complemen-

tary. Because of computational limitations, this study was

limited to the 25-residue PD, isolated in solution, whereas the

EPR study was carried out on the fully functional two-headed

HMMmolecule. The agreement between the two approaches

indicates that the structural dynamics of this domain is, to a

first approximation, determined by its sequence, indepen-

dently of the rest of the protein. In addition, the MD sim-

ulations go well beyond the EPR data to define the currently

most reliable model for the atomic structure and dynamics of

the RLC and its stabilization on phosphorylation, as discussed

above. For example, the ambiguity of a-helical periodicity in
the EPR data in regions S-1 through T-9 and T-18 through

M-24 (19) is clarified by theMDsimulations,which show that

these regions are metastable, undergoing rapid structural

fluctuations, regardless of phosphorylation (Fig. 2). Thus,

rather than a transition from disorder to complete order, the

observed transition might be more precisely described as a

partial ordering of a metastable domain.

This study, limited to the phosphorylation domain of the

RLC, clearly does not provide a full explanation of the

mechanism of SMM regulation, which has been proposed to

involve changes in head-head interactions (10,11,13–15).

Indeed, those few aspects of the experimental EPR obser-

vations of Nelson et al. (19) that are not confirmed by our

simulations on the isolated peptide (e.g., global increases in

FIGURE 5 (A) Average distance between R-16 side-chain amino protons

with serine hydroxyl (gray) or phosphoserine oxygens (black). After 19 ns,

R-16 amino protons interact with P-S-19 through a salt bridge or hydrogen

bond. (B) Representative snapshots of the unphosphorylated (left) and phos-

phorylated (right) N-terminal peptides with the same color scheme as in Fig. 2.
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solvent accessibility and dynamics as a result of phospho-

rylation) are easily explained by decreased head-head

interactions on phosphorylation (19). Clearly, further testing

of more complete models of SMM regulation, such as the

blocked motor domain model proposed by electron cryomi-

croscopy of frozen hydrated unphosphorylated HMM (15),

will require more extensive spectroscopic and computational

studies of the entire HMM molecule.

Other studies on the structural dynamics
of phosphorylation

MD simulations in other proteins and peptides have

predicted both ordering and disordering effects on phospho-

rylation in different systems (40,41). Smart and McCammon

employed hybrid Monte Carlo/stochastic dynamics on a

polyalanine peptide capped with phosphoserine at the

N-terminus and found that phosphorylation stabilizes the

helix via simple electrostatic interactions (42). Experimental

data on other systems also indicate that both global ordering

(43) and disordering (44) events can accompany regulatory

phosphorylation (45).

The only previous case in which the effects of phospho-

rylation on dynamics were studied by both experiment

and MD simulation was that of phospholamban (PLB), a

52-residue membrane-spanning protein that regulates the

membrane-bound sarcoplasmic reticulumCa-ATPase (SERCA).

Inhibition is accomplished through transmembrane domain

interactions between PLB and SERCA and is relieved by

phosphorylation at S-16 in the cytoplasmic domain of PLB.

Both magnetic resonance experiments (46–48) and MD

simulations (49) demonstrate that PLB undergoes an order-

to-disorder transition in which the loop between S-16 and

P-21 becomes destabilized on phosphorylation, leading to

further destabilization of the N-terminal helix. Phosphate

introduces a salt bridge between R-13 and the phospho-

serine, moving both residues from the a-helical region to the

b-sheet region of a Ramachandran plot. This results in resi-

dues R-9 through A-15, N-terminal of the loop, to spend

;50% less time in a helical conformation.

Analogously, the side chain of RLC N-terminus R-16

forms a salt bridge with P-S-19, located three residues

C-terminal to R-16 (Fig. 5), and forces neighboring residues

(especially Q-15) dihedral angles from the b-sheet region to

the a-helical region (Fig. 3). In contrast to PLB, this results

FIGURE 6 Ramachandran (f,c) plots of unphosphorylated (blue) and phosphorylated (red) residues that demonstrate the largest helical change in Fig. 3.

FIGURE 7 Calculated root-mean-square fluctuations of the a-carbons of

both unphosphorylated (solid line) and phosphorylated (dashed line)

fragment.
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in a large increase in the time spent in the helical con-

formation. Although the PLB (order-to-disorder) and RLC

(disorder-to-order) examples appear to be opposite, in one

sense they are quite similar—in both cases, it is the less

helical, more dynamically disordered conformation of the

peptide that interacts more strongly with its regulatory target.

In one case (RLC) this interaction leads to inhibition (19); in

the other case (PLB) it leads to activation (47,49). In both

cases, the unphosphorylated proteins are metastable, fluctu-

ating between ordered and dynamically disordered structures,

so that the phosphorylation event encounters only a small

energetic barrier to shift the conformational switch. These

constitute the most compelling experimental and computa-

tional results yet obtained in support of the proposal that

regulatory signaling and energy transduction, whether by

phosphorylation or other means, harness the conformational

and energetic advantages of dynamic disorder (39,47,50).

CONCLUSIONS

In this study, we have used MD simulations to explore the

effect of phosphorylation on the N-terminal phosphorylation

domain of the regulatory light chain of smooth muscle

myosin. Our results are in good agreement with comple-

mentary experimental data (19), defining a phosphorylation-

induced disorder-to-order transition, and provide new insight

into the structural dynamics of this protein domain. Simu-

lations confirm that the unphosphorylated domain is dynam-

ically disordered but show that most of it is not found as a

random coil. Rather, a large portion (at both ends) of the

domain is metastable, undergoing subnanosecond a-helix/
p-helix/turn transitions in both phosphorylated and unphos-

phorylated proteins. In contrast, the dynamics and structural

stability of a small central region of the domain are highly

dependent on phosphorylation. Phosphorylation at S-19

causes a dramatic disorder-to-order transition in residues

11–17, converting a dynamically unstructured region to a

stable a-helix, accompanied by formation of a salt bridge

between the phosphoserine and R-16. This mechanism pro-

duces an efficient conformational switch that ultimately

activates myosin’s interaction with actin, possibly by de-

creasing head-head interactions (19). These observations

help to explain how the function of myosin is regulated.

More generally, this study adds to the evidence that the reg-

ulation of dynamic disorder is involved in key processes of

biological regulation and energy transduction (39,47).
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