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ABSTRACT: Smooth muscle myosin light chain kinase (smMLCK) is a calcium-calmodulin complex-
dependent enzyme that activates contraction of smooth muscle. The polypeptide chain of rabbit uterine
smMLCK (Swiss-Prot entry P29294) contains the catalytic/regulatory domain, three immunoglobulin-
related motifs (Ig), one fibronectin-related motif (Fn3), a repetitive, proline-rich segment (PEVK), and, at the
N-terminus, a unique F-actin-binding domain. We have evaluated the spatial arrangement of these domains
in a recombinant 125 kDa full-length smMLCKand its two catalytically active C-terminal fragments (77 kDa,
residues 461-1147, and 61 kDa, residues 461-1002). Electron microscopic images of smMLCK cross-linked
to F-actin show particles at variable distances (11-55 nm) from the filament, suggesting that a well-structured
C-terminal segment of smMLCK is connected to the actin-binding domain by a long, flexible tether. We have
used structural homology and molecular dynamics methods to construct various all-atom representation
models of smMLCK and its two fragments. The theoretical sedimentation coefficients computed with
HYDROPRO were compared with those determined by sedimentation velocity. We found agreement
between the predicted and observed sedimentation coefficients for models in which the independently folded
catalytic domain, Fn3, and Ig domains are aligned consecutively on the long axis of the molecule. The PEVK
segment is modeled as an extensible linker that enables smMLCK to remain bound to F-actin and
simultaneously activate the myosin heads of adjacent myosin filaments at a distance of g40 nm. The
structural properties of smMLCK may contribute to the elasticity of smooth muscle cells.

The primary pathway for the regulation of contraction in
smooth muscles involves the calcium-calmodulin complex-
dependent activation of myosin light chain kinase (MLCK).
Upon stimulation of a smooth muscle cell, the level of Ca2þ in
the cytoplasm is transiently elevated due to influx from the
extracellular fluid or from intracellular stores via the action of
inositol 1,4,5-trisphosphate. The Ca2þ-CaM1 complex binds to
and activates MLCK, which in turn phosphorylates the 20 kDa
regulatory light chain of myosin (LC20) at Ser19 and Thr18,
leading to the activation of myosin ATPase by actin and to
muscle contraction.

The phosphotransferase catalytic function of MLCK is loca-
lized in an ∼300-residue (∼35 kDa) structurally conserved
domain (1, 2) that exhibits a high degree of sequence similarity
to other protein kinases (3). The function of this domain is
regulated by the intrasteric inhibition involving a pseudosub-
strate segment located at the C-terminus of the domain. The
inhibition is released when the Ca2þ-CaM complex binds to the
adjacent specific CaM binding site (4-7). The polypeptide chain
of rabbit skeletal MLCK (Swiss-Prot entry P07313) contains 607

residues (8), which is twice as long as the minimum required for
catalytic function. Much longer are the polypeptide chains of
smooth muscle MLCK, e.g., chicken gizzard (Swiss-Prot entry
P11799-2) (9) or rabbit uterine MLCK (Swiss-Prot entry
P29294) (10), which contain 972 and 1147 amino acids, respec-
tively. The largest known MLCK is the 210 kDa non-muscle
isoform (e.g., Swiss-Prot entries Q15746-1 and P11799-1) (for a
review, see ref 7). The functional significance of such complex
structures is unclear.

Analysis of the amino acid sequence of rabbit uterine MLCK
indicates several distinct domains in the 1147-amino acid poly-
peptide chain of this protein (10). It has been established that
smMLCK binds both F-actin (11) and unphosphorylated
smooth muscle myosin with micromolar Kd values (12). The
F-actin-binding site has been localized at the N-terminus of
smMLCK (13, 14) and shown to involve three DFRxxL mo-
tifs (15). The three-dimensional (3D) reconstructions of F-actin
decorated with the N-terminal 147-residue fragment of
smMLCK showed MLCK density on the extreme periphery of
subdomain 1 of each actin monomer forming a bridge to
subdomain 4 of the azimuthally adjacent actin (16). This unique
location enables MLCK to bind to actin without interfering with
the binding of any other key actin-binding proteins, including
myosin, tropomyosin, caldesmon, and calponin. Next to the
actin-binding domain is a segment containing 16 repeats of a
proline-rich 12-residuemotif,TLKPV(G,A)N(A,I,T)KPAE(10).
A similar sequence occurs in smooth muscleMLCK from bovine
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stomach and a shorter one inMLCK isolated from human brain.
This segment is absent from chicken gizzard and from skeletal
muscleMLCK. This region has been termed the PEVK region by
analogy to the Pro-, Glu-, Val-, and Lys-rich segment of the giant
protein titin (17-19). Adjacent to the repetitive segment is a
90-residue immunoglobulin-related domain (Ig1) followed by a
linker that is readily cleaved by proteolytic enzymes (20, 21).
Further downstream is another Ig domain (Ig2) and a fibronectin
type III related motif (Fn3). The catalytic and regulatory
domains that follow the Ig2-Fn3 tandem are by far the most
studied parts ofMLCK (for reviews, see refs 7 and 22). Finally, at
the C-terminus is one more Ig motif (Ig3) terminated with a
stretch of Glu residues (polyE). The 154-residue C-terminal
segment of smMLCK containing the Ig3 domain is also ex-
pressed in a manner independent of the full-lengthMLCK and is
termed telokin (23) or kinase-related protein (KRP) (24). Telokin
was found to promote filament formation of unphosphorylated
myosin in the presence of ATP presumably through its binding to
the head-tail junction of myosin (25). Telokin was found to
decrease the Km but not the Vmax of myosin phosphorylation
by MLCK (25). It appears that the C-terminal extension of
smMLCK corresponding to telokin also interacts with myosin,
but the significance of this interaction for the catalytic activity of
MLCK is not clear. Telokin is the only part of smMLCK whose
high-resolution structure has been determined (26). The presence
of the specific actin and myosin binding sites at the extreme
termini of the polypeptide chain suggests that in smooth muscle
smMLCK might interact simultaneously with both thin and
thick filaments. Stull et al. considered such a possibility in their
1998 review article (27). They pointed out that if the indepen-
dently folded Ig, Fn3, and catalytic domains of smMLCK are
arranged in a linear fashion, while the remaining segments are in
an extended conformation, the molecule could span more than
600 Å and readily bridge the thick and thin filaments in smooth
muscle cells. This hypothesis is consistent with the elongated
shape in solution of skeletal and turkey gizzard MLCK as pre-
viously determined by analytical ultracentrifugation (2, 28, 29).
It is also consistent with the observation that smMLCK is
virtually immobilized in cultured smooth muscle cells (30).
However, the postulated linear arrangement of the domains,
the flexibility of the unstructured segments, and their contribu-
tion to the overall shape and hydrodynamic properties of
smMLCK have not been rigorously evaluated.

In these studies, we have used electron microscopy, analytical
ultracentrifugation, structural homology, and hydrodynamic
modeling to obtain information about molecular shape and
domain arrangement in recombinant rabbit smooth muscle
MLCKand its two catalytically active fragments.We have found
that the hydrodynamic properties of smMLCK are consistent
with a modular structure in which the C-terminal part of the
molecule is built of well-structured domains arranged in a linear
fashion. This part of smMLCK is connected to the N-terminal
actin-binding site through a flexible and extensible segment, the
PEVK region. The structural properties of smMLCK appear to
facilitate the preferential activation of those myosin heads that
are in contact with F-actin filaments and to contribute to the
elasticity of smooth muscle cells.

MATERIALS AND METHODS

Cloning and Overexpression of the Rabbit Uterine
MLCK in Insect Cells. We have overexpressed the full-length

rabbit uterine smooth muscle MLCK in insect cells. A 3.4 kb
cDNA comprising the coding region of smMLCK was con-
structed from two overlapping cDNA fragments (N-terminal
2.48 kb and C-terminal 1.52 kb in pGem vector) generously
provided by P. J. Gallagher and J. T. Stull. After removal of the
overlapping sequence and ligation of the complementary frag-
ments, the full-length cDNA was subcloned into baculovirus
transfer vector pBlueBac4 (Invitrogen) at BamHI andKpnI sites
and cotransfected into SF9 insect cells using a BAC-N-Blue
(linear AcMVNPV DNA) transfection kit (Invitrogen). The
presence of smMLCK DNA was confirmed by PCR analysis
of viral DNA, and the expression of smMLCKwas confirmed by
Western blotting. After propagation of a high-titer viral stock,
500 mL of a High Five insect cell suspension culture was infected
with 10mLof the viral stock, and after being cultured at 28 �C for
48 h, cells were harvested by centrifugation. The cell pellet was
suspended in 30 mL of a solution containing 50 mM NaCl,
50mMMgCl2, 20 mMMOPS (pH 7.0), 0.5mMEGTA, 0.2mM
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF),
1 mMDTT, 10% glycerol, and 0.04 mM leupeptin. MLCK was
extracted by the freezing and thawing of the cell suspension three
times. After centrifugation of the extract at 100000g for 30 min,
clear supernatant was applied onto a DEAE-Sepharose CL 6B
column equilibrated with a solution containing 50 mM NaCl,
30 mM MgCl2, 20 mM MOPS (pH 7.0), 0.5 mM EGTA, 1 mM
DTT, and 0.2 mM AEBSF. Protein was eluted with a linear
gradient from 0.05 to 0.45MNaCl. The peak containingMLCK
was collected and further purified with the use of a CaM affinity
column. The yield ofMLCKwas∼10mg. The enzymatic activity
of MLCK was confirmed by myosin LC20 electrophoretic
mobility shift assay.

In addition to the full-length MLCK, we have generated and
expressed in baculovirus its two fragments: a 77 kDa C-terminal
fragment comprising residues 461-1147 (77k-MLCK) and a 61
kDa fragment (residues 461-1002) containing the catalytic/
regulatory domain and the Ig2 and Fn3motifs on the N-terminal
side of the catalytic domain. This construct corresponds to the
stable MLCK fragment that is generated by limited proteolysis
from the full-length chicken gizzard MLCK (21). 77k-MLCK
and 61k-MLCKwere expressed and purified in a manner similar
to that of the full-length protein.
Other Proteins. Actin from rabbit skeletal muscle was

obtained from acetone-dried muscle powder essentially accord-
ing to the method of Spudich andWatt (31), except for the 3 day
dialysis step which was shortened to overnight dialysis with a
single change of buffer. Recombinant human calmodulin was
obtained as previously described (32).
Analytical Ultracentrifugation. Sedimentation velocity ex-

periments were conducted on a Beckman Instruments Optima
XL-I analytical ultracentrifuge equipped with a real-time video-
based data acquisition system andRayleigh optics. The cells were
equipped with sapphire windows and 12 mm charcoal-filled
Epon centerpieces. Sedimentation velocity patterns were ac-
quired every 8 s. Apparent sedimentation coefficient distribution
patterns were computed by the time derivative method (33-35).
All protein solutions were dialyzed against their respective
buffers, and dialysate was used for all dilutions. Molecular
masses were computed from sedimentation velocity profiles
using SEDANAL, which employs a nonlinear least-squares
curve fitting algorithm to fit data to solutions of the differen-
tial equation (the Lamm equation) describing sedimentation.
Fits were conducted on time difference data to remove the
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time-independent systematic baseline components according to
Stafford and Sherwood (36). Values of s andD obtained from the
fitting procedure were substituted into the Svedberg equation to
yield the molar mass of the protein, M2:

M2 ¼ RT

1- v2F
so20;w
Do

20;w

where F is the density of the buffer and v2 is the partial specific
volume of the protein. Values of the partial specific volume, v2,
were computed from the amino acid sequence using the con-
sensus partial volumes of Perkins (37). The axial ratios of the
corresponding ellipsoids of revolution were calculated using
Perrin’s equation for a prolate ellipsoid having semiaxes a, b, b
(cf. eq 19-14 of ref 38):
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where f is the observed frictional coefficient and is computed
from the experimentally observed values of M2 and s20,w

o as
follows:

f ¼ M2ð1- v2FÞ
Nso20;w

and fo is the frictional coefficient of a sphere having the same
mass and hydration as the protein and is given by

fo ¼ 6πηο
3M2ðv2 þ δ1vo1Þ

4Nπ

� �1=3

where ηο is the viscosity of water at 20 �C, δ1 is the hydration of
the protein in units of grams ofwater per gramof protein, v1

o is the
specific volume of pure water, and N is Avogadro’s number.
Values of hydration, δ1, were computed from the data of Kuntz
and Kauzman (39). The dimensions of a protein molecule were
obtained by equating its hydrated volume (V) to the volume of a
corresponding prolate ellipsoid:

V ¼ 4

3
πab2 ¼ M2ðv2 þ δ1vo1Þ

N

and using the axial ratio (b/a) obtained from Perrin’s equation
included above.
Rotary Shadowing Electron Microscopy. Samples of

smMLCK or its fragments were diluted to a concentration of
4 nM in a solution containing 0.5 M ammonium acetate, 30%
glycerol, 10mMNaCl, and 3mMMgCl2. smMLCKcross-linked
to F-actin (5.7 μM with respect to the actin monomer) was
diluted 5-fold in F-buffer and centrifuged at 3000g for 10 min,
and then the supernatant was further diluted in a solution
containing 0.5M ammonium acetate (pH 7.0) and 30% glycerol.
The purpose of the centrifugation was to remove aggregates, and
the high salt concentration was used to dissociate any un-cross-
linked MLCK that might remain bound to F-actin during
specimen preparation. The protein samples were adsorbed onto
a freshly cleaved mica sheet, then stabilized by a treatment with

uranyl acetate (40), and processed for rotary shadowing as
previously described (41). EM specimens were observed under
a Philips 300A electron microscope at 60 kV.
Zero-Length Cross-Linking of smMLCK to F-Actin.

smMLCK was cross-linked to F-actin with the use of our
EDC-NHS two-step zero-length cross-linking procedure (42).
In the activation step, F-actin (1 mg/mL) in a solution containing
0.1 M NaCl, 2 mM MgCl2, 0.2 mM ATP, 0.2 mM CaCl2, and
20 mM MOPS (pH 7.0) was incubated with 1 mM 1-ethyl-
3-[(dimethylamino)propyl]carbodiimide (EDC) and 2 mM
N-hydroxysuccinimide (NHS) for 15 min followed by the addi-
tion of 5 mM β-mercaptoethanol to block the excess of EDC.
Then, smMLCK was added from the stock solution in 0.1 M
NaCl, 2 mM MgCl2, and 20 mM MOPS (pH 7.0) to make the
final molar ratio of smMLCK to actin equal 1:3. The solution
was incubated for 1 h at room temperature. Cross-linking was
verified by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. The cross-linked proteins were analyzed by rotary
shadowing electron microscopy.
Molecular Modeling. For modeling the catalytic, Ig, and

Fn3 domains, we have used the Swiss Model server (http://
swissmodel.expasy.org/SWISS-MODEL.html) in automatic
and interactive modes facilitated by the Swiss PDB viewer
program (43-47). Progressively more complex structures (61k-
MLCK, 77k-MLC, and smMLCK) were built manually from
individual domains with O (48). The structure of each construct
was energy minimized and subjected to molecular dynamics
simulation in vacuo using CNS (49). The N-terminal 99-residue
actin binding region and the short interdomain linker segments
were first modeled in the extended conformation and then
subjected to molecular dynamics simulation for 100 ps, which
caused the extended chain to collapse into a random and
relatively compact form. The 16 � 12 tandem repeat (residues
100-288) was modeled initially as a polyproline type II helix
(φ = -75�, ψ = 145�, and ω = 180�) and also subjected to
molecular dynamics for 50, 200, and 300 ps, leading to different
levels of structure collapse and randomization. These partially
randomized structures were used to construct models of the full-
length smMLCK. The theoretical sedimentation coefficients for
the modeled proteins were calculated with HYDROPRO (50)
using the full set of atomic coordinates as input for each model.

RESULTS

Recombinant smMLCK and Its C-Terminal Catalyti-
cally Active Fragments. In this study, we have used purified
recombinant rabbit uterine MLCK overexpressed in insect cells
with the use of a baculovirus expression system. In addition to the
full-length smMLCK, we have also constructed two fragments
comprising the C-terminal part of the molecule: 77k-MLCK
(residues 461-1147) and 61k-MLCK (residues 461-1002)
(Figure 1). 61k-MLCK corresponds approximately to the pro-
teolysis resistant catalytically active core domain of smMLCK
(1, 20, 51). It comprises the Ig2-Fn3 tandem and the kinase/
regulatory domain, including the autoinhibitory segment and the
CaM binding site. 77k-MLCK contains also the telokin region
(Ig3) and the C-terminal poly-Glu segment. An illustration of
typical purification steps and the quality of the obtained protein
preparations is shown in Figure 2. All three proteins have the full
Ca2þ-CaM complex-regulated kinase activity with respect to
both smooth muscle myosin and isolated regulatory light chain
LC20. Turnover ratesmeasured at a low temperature (4 �C) and a
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low substrate concentration (0.5 μM LC20) are 15.3, 22.0, and
10.0 min-1 for the full-length MLCK, 77k-MLCK, and 61k-
MLCK, respectively.2 These rates correspond to the extrapolated
Vmax values in the range of 10-25 μmolmin-1mg-1 [at 25 �Cand
an infinite substrate concentration, assuming Kd(LC20) = 10
μM], which is similar to the published values for smMLCK
expressed in COS cells (10, 52).
Electron Microscope Images of smMLCK Bound to

F-Actin. We have examined the interaction of the full-length
smMLCK with F-actin by rotary shadowing electron micro-
scopy. To overcome the problem of dissociation of MLCK from
F-actin during specimen preparation, we have cross-linked
smMLCK to F-actin with the use of the two-step zero-length
cross-linking procedure (42). In this method, one component of

the protein complex is briefly activated with a water-soluble
carbodiimide (EDC) in the presence of N-hydroxysuccinimide
(NHS). This converts some exposed carboxyl groups into
N-succinimidyl active esters, which can cross-link to nearby
Lys side chains or hydrolyze back to the original carboxyls.
The second protein component of the complex is added after the
activation step is terminated by the addition of β-mercaptoetha-
nol, which blocks the remaining EDC. The cross-linking occurs
during the subsequent 1-2 h incubation. The advantage of this
procedure is that only one component of the complex is exposed
to the cross-linker, thus avoiding the possibility of intramolecular
cross-linking of smMLCK.We found extensive smMLCK-actin
cross-linking when F-actin was activated with EDC and NHS,
whereas no cross-linking occurred when smMLCK was acti-
vated.

The F-actin-cross-linked smMLCK is visible in the rotary
shadowing EM images as an array of elongated and often curved
or oval-shaped objects positioned variable distances from the
filament (Figure 3). Apparently, these objects are tethered to
F-actin by a segment of the molecule that is too thin to be
visualized by rotary shadowing. Clearly, the distribution of mass
in smMLCK is not uniform. There is a long, thin, and flexible
linker between the actin cross-linking site and the well-structured
part of smMLCK. To assess the length of the linker region, we
have measured the distances between the edge of the F-actin
filament and the most distant visible parts of the cross-linked
MLCK. The measured distances fall in a broad range of 11-55
nm, with an average distance of 28.3 ( 9.9 nm (n = 180). The
distribution appears to be bimodal with a broad peak between 16
and 30 nm and a second peak at ∼40 nm (Figure 4). Several
reasons could account for such a broad range of observed lengths
of F-actin-cross-linked smMLCK. First, the cross-linking may,
in principle, involve nonspecific random interaction sites dis-
tributed along the polypeptide chain of MLCK. Although we
have not verified this possibility, we can exclude the C-terminal

FIGURE 1: Structural domains of smMLCK.Domaindefinitionbased on refs 9 and 10. The central segmentmarkedby the arrows corresponds to
the trypsin resistant fragment of smMLCK, which is equivalent to the recombinant 61k-MLCK used in this study. This fragment comprises the
Ig2-Fn3 tandemand the catalytic/regulatory domain. 77k-MLCKhas the sameN-terminus as the 61k fragment and extends to theC-terminusof
smMLCK to include the Ig3 (telokin) region. The atomic models of the Ig2-Fn3 tandem and the catalytic/regulatory domain obtained by
homology modeling are shown in ribbon representation (see the text and Table 2 for details).

FIGURE 2: Purification of the full-length mammalian smMLCK and
its C-terminal active fragments overexpressed in insect cells. Repre-
sentative examples of electrophoresis on a sodium dodecyl sulfate-
polyacrylamide gel (8%) of smMLCK samples at various steps of
purification are shown: (a) extract of soluble proteins fromHighFive
cells expressing smMLCK, (b) peak fraction from a DEAE-Sepha-
rose CL 6B column, and (c and d) smMLCK eluted in EGTA from
a CaM affinity column (two different loads are shown). The 77k-
MLCK (e and f) and 61k-MLCK (g) fragments of smMLCK were
obtained with similar yields. Amolecularmass standard (Bio-Rad) is
shown for each preparation (s).

2A. Sobieszek andZ.Grabarek, unpublished data. The full account of
these studies will be published elsewhere.
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60% of the molecule as being potentially involved in the cross-
linking, since the 77 kDaC-terminal fragment ofMLCKdoes not
cross-link toF-actin under the same conditions (data not shown).
This observation suggests that the cross-linking requires a specific
interaction site having a well-defined polarity of electrostatic
contacts, i.e., F-actin contributing negatively charged groups.
Thus, the cross-linking most likely involves the specific actin-
binding site at the N-terminus of smMLCK identified by Smith
et al. (15). The visible oval-shaped objects apparently represent
the C-terminal part of smMLCK, including the catalytic domain.
Second, the thickness of F-actin and the helical distribution of the
binding sites on the actin monomers along the filament may
contribute to the apparent length of the boundMLCK. Themea-
sured width of the F-actin filament in Figure 3 is 15.9 ( 1.2 nm;

thus, a fully extendedMLCKmolecule attached at the distal side
of the filament may appear up to 16 nm shorter than that
attached to the proximal side. Third, it is impossible to assess
whether a molecule extends from the filament in a perpendicular
direction or other directions, since the linker is not visible. Thus,
the measured distance from the filament may be shorter than the
actual length of themolecule, if it extends at an angle with respect
to the filament. Finally, the structural extensibility of the linker or
other parts of smMLCK may contribute to the broad length
distribution. Figure 3 also suggests that the distribution of
smMLCK on actin may be nonrandom. Highly decorated
filaments are visible next to segments that are free of MLCK.
Also, when the filaments are highly decorated with the cross-
linked MLCK, the spacing between the MLCK molecules
appears to be rather uniform. The reasons for such a nonrandom
distribution are not clear. In Figure 3, there are sections of
F-actin that appear to have MLCK on only one side, while the
opposing side is free ofMLCK.We believe such an appearance is
caused by the flow of solvent during specimen preparation, which
orients tethered MLCK molecules on one side of the filament.

The rotary shadowing EM technique has been used previously
to visualize chicken gizzard MLCK by Numata et al. (53). They
reported that the molecule is flexible, since several distinct shapes
can be distinguished, ranging from fully extended to highly
compact structures. We have also used the rotary shadowing
technique to visualize our recombinant rabbit smooth muscle
MLCK (Figure 5) and found the results to be consistent with
those of Numata et al. Images of smMLCK could be roughly
subdivided into two classes: an extended conformation with a
contour length of 36.4 ( 5.0 nm (standard deviation) and a
compact conformation with a contour length of 23.9 ( 3.2 nm.
The corresponding widths are 11.9 ( 1.5 and 14.8 ( 2.4 nm for
the extended and compact conformations, respectively. The
rotary shadowing images of 77k-MLCK (Figure 6) exhibited
significantly less variability in shape than those of smMLCK.The
majority of molecules were extended with an average contour
length of 25.0 ( 2.9 nm and average width of 11.6 ( 1.9 nm.
A comparison of rotary shadowing images of smMLCK alone,
whether chicken gizzard or recombinant rabbit smooth muscle,
with those of smMLCK cross-linked to F-actin suggests that the
N- and C-terminal parts of the molecule have very different
properties and only the latter is visible in rotary shadowing
images.

It is instructive to compare the images of rabbit smMLCK
cross-linked to F-actin (Figure 3) with those of gizzard MLCK
cross-linked to the HMM part of myosin obtained by Numata
et al. (53). In the latter case, MLCK is visible as a globular
particle similar in size to the myosin heads and attached to the
neck region of HMM. Clearly, the site ofMLCK cross-linking to
actin is very different from that involved in cross-linking to
HMM. The former is located next to a flexible part of the
molecule, while the latter is located at or next to a well-structured
part of MLCK. This conclusion is consistent with the location
of the respective binding sites at the extreme N- and C-termini
of smMLCK, as determined from biochemical studies, and
supports the view that the cross-linking involves the respective
specific interaction sites.
Molecular Shape of smMLCK from Sedimentation

Velocity. We have used sedimentation velocity to determine
hydrodynamic parameters of smMLCK and its two C-terminal
fragments, 77k-MLCK and 61k-MLCK. In view of the reported
dimerization of chicken gizzardMLCK (54) thatwasmodified by

FIGURE 3: Rotary shadowing images of smMLCKzero-length cross-
linked to F-actin. Note particles that appear to be tethered to the
filament. The distance between these particles and the actin filament
is highly variable.

FIGURE 4: Contour length distribution of smMLCK cross-linked to
F-actin. The length ismeasured from the edge of the actin filament to
the most distant distinguishable parts of the tethered smMLCK. The
distributionofdistances is bimodalwith a broadpeakbetween 16 and
30 nm and a second peak at 40 nm. The width of the actin filament
image is 15.9 ( 1.2 nm.
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the Ca2þ-CaM complex (55, 56), we have tested the concen-
tration dependence of the sedimentation velocity profile of
smMLCK in the absence and presence of the Ca2þ-CaM
complex. We find the sedimentation profile to be consistent with
a monomeric state of the protein (Figure 7 and Table 1).
Variation of concentration over a 10-fold range had no effect
on the sedimentation coefficient (Figure 7a, dashed lines),
indicating no self-association or nonideality under these condi-
tions. CaM binding causes a slight increase in the sedimentation
constant consistent with the mass increase. Moreover, there is no
evidence of dimer or oligomer formation. Also, no evidence of
dimerization was found for the 77k-MLCK or 61k-MLCK
fragments (Figure 7).

The sedimentation velocity results indicate that recombinant
rabbit smooth muscle MLCK is a highly asymmetric molecule
with an observed mass of 126 kg/mol, a sedimentation coefficient
(s20,w) of 3.94, and a frictional coefficient due to shape alone (f/fo)
of 1.92 (Table 1). If modeled as a prolate ellipsoid of revolution
using the Perrin equation, the molecule would have an a/b axial
ratio of 18.0 and a hydrodynamic length and a hydrodynamic
width of 53.4 and 3.0 nm, respectively (Table 1). This is consistent
with the results of Ausio et al. (29), who found the slightly smaller
turkey gizzard MLCK (M = 108 kg/mol) also to be highly
asymmetric (s20,w = 3.74, f/fo = 1.95, and a/b = 18.9). Also
asymmetric isMLCK isolated from rabbit skeletal muscle (2, 28).
Much of the asymmetry of smMLCK must be attributable to
the N-terminal part of the molecule since 77k-MLCK and
61k-MLCK have axial ratios of 8.8 and 7.7, respectively, and
corresponding hydrodynamic lengths of 28 and 24 nm, respec-
tively (Table 1). CaM binding causes a slight decrease in the axial

ratios, which can be attributed to an increase in the apparent
widths. This is consistent with CaM binding to the catalytic
domain of MLCK causing some structural rearrangement (57).
Structural Homology Modeling of smMLCK. Implicit in

the calculation of the molecular dimensions of smMLCK from
the sedimentation velocity data (Table 1) is the assumption that
the shape of the molecule can be approximated by a regular
geometrical shape such as a prolate ellipsoid. This approximation
may yield a reasonable representation of globular proteins and
those proteins that have a uniform distribution of mass. Judging
from the EM images in Figure 3, this is clearly not the case for
smMLCK. There is a clear difference between the highly
structured C-terminal and flexible N-terminal parts of the
molecule. Thus, the dimensions of smMLCK calculated from
sedimentation velocity data may not represent its molecular
shape in solution. To obtain a more realistic representation of
the mass distribution in smMLCK, we have used the structural
homology modeling approach. As described in the introductory
section, smMLCK has a modular structure similar in many
respects to the megadaltonmuscle protein titin. Extensive studies
on titin have shown that the individual immunoglobulin-related
(Ig) and fibronectin-related (Fn) domains are folded indepen-
dently and the molecule can be represented as a linear arrange-
ment of the individual domains (58, 59). We have modeled the
domains of smMLCK and tested how their relative arrangement
would affect the predicted sedimentation coefficients as calcu-
lated with HYDROPRO (50). As the EM images indicate, it is
highly unlikely that there is a unique or even a predominant
structure of smMLCK in solution. Thus, it would be futile to
attempt to obtain a precise atomic structure of the entire
molecule. Our goal was to combine the available biochemical,

FIGURE 5: Rotary shadowing images of smMLCK. A low-magnifi-
cation field (A) and ensembles of high-magnification images of single
molecules in the extended (B) and compact (C) conformation are
shown. The measured contour length for the extended conformation
(Le) is 36.4( 5.0 nmand for the compact conformation (Lc) is 23.9(
3.2 nm. The corresponding widths are 11.9( 1.5 nm (We) and 14.8(
2.4 nm (Wc).

FIGURE 6: Rotary shadowing images of the 77k fragment of
smMLCK. The low-magnification (A) and high-magnification
(B and C) images are shown. The average contour lengths are
25.0 ( 2.9 nm (Le) and 18.6 ( 2.0 nm (Lc), for the extended (B)
and compact (C) conformations, respectively. The corresponding
widths are 11.6 ( 1.9 nm (We) and 15.6 ( 1.8 nm (Wc).
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physicochemical, and structural information to improve our
understanding of smMLCK function. Below is a description of
our approach, and the summary, including the definition of the
domains and the list of structural templates used for their
modeling, is given in Table 2.
C-Terminal Region of smMLCK. (i) Kinase/Regula-

tory Domain. The catalytic domain of smMLCK can be
modeled with a high degree of confidence because the domain
has a high degree of sequence similarity with other kinases and
undoubtedly follows their common structural framework (3).
Knighton at al. havemodeled the catalytic core of smoothmuscle
MLCK (60) using the crystallographic coordinates of the
cyclic AMP-dependent protein kinase catalytic subunit and a
bound pseudosubstrate inhibitor peptide (61, 62). They have
shown that despite only 30% identity of the amino acid sequence,
smMLCK can be readily accommodated in that structure.
Their model contains 262 amino acids corresponding to residues
689-951 of rabbit smMLCK and includes the catalytic core and

the pseudosubstrate inhibitory segment. A more inclusive tem-
plate for modeling smMLCK that we used here is the structure
of twitchin kinase [Protein Data Bank (PDB) entry 1koa (63)].
Twitchin is a 753 kDa protein (6839 residues) located in the
muscle A-band of the nematode Caenorhabditis elegans. The
structure of twitchin kinase contains the catalytic core and
a 60-residue C-terminal autoinhibitory region that extends
through the active site and provides direct intrasteric inhibi-
tion of kinase activity analogous to that of smMLCK (63).
The twichin kinase structure also contains at the C-terminus an
Ig domain similar to the telokin region of smMLCK. Modeling
of the smMLCK kinase domain required insertion of two loops
that were missing in twitchin. Also, in the structure of twitchin
kinase, there is an N-terminal extension that is not present in the
other kinase structures. This segment has a low degree of
sequence similarity to the corresponding region of smMLCK;
however, its inclusion in the model enabled us to position the
N-terminally adjacent Ig2-Fn3 tandem on the opposite side of

FIGURE 7: Sedimentation velocity profiles of smMLCK and its fragments in the absence and presence of CaM: (A) full-length smMLCK at
0.13 mg/mL (;) and at a 10-fold dilution (---), (B) 77k-MLCK, (C) 61k-MLCK, and (D) calmodulin. The protein samples (0.13-0.2 mg/mL)
were dialyzed against a solution containing 0.1 M NaCl, 1 mMMgCl2, 20 mMMOPS (pH 7.0), and 1 mM CaCl2.

Table 1: Hydrodynamic Parameters of the Recombinant Rabbit SmoothMuscleMLCK and Its 61k and 77k C-Terminal Fragments Alone and in Complexes

with CaM

MLCK MLCK-CaM 77k 77k-CaM 61k 61k-CaM CaM

no. of amino acids 1147 1295 687 835 542 690 148

hydration δ1 0.433 0.436 0.428 0.434 0.410 0.421 0.460

specific volume v2 0.737 0.735 0.731 0.730 0.735 0.732 0.723

calculated mass (kDa) 125.7 142.4 77.3 94.0 61.2 77.9 16.7

observed mass (kg/mol) 126 142 77.3 90.8 63.2 79.7 17.1

sedimentation coefficient s20,w 3.94 4.42 3.78 4.32 3.42 4.30 1.72

frictional ratio f/fo 1.92 1.86 1.48 1.44 1.41 1.32 1.20

axial ratio a/b 18.0 16.8 8.8 8.2 7.7 6.2 4.2

length (Å) 530 530 280 280 240 220 100

width (Å) 30 32 32 34 31 36 25

stokes radius Rs (Å) 74.3 75.2 48.5 50.4 43.4 44.1 23.8
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the telokin domain, thus facilitating the linear arrangement of the
domains.

(ii) Immunoglobulin- and Fibronectin-Related Motifs.
As mentioned in the introductory section, the structure of the
C-terminal Ig3 region (telokin) from turkey gizzard MLCK is
the only part of smMLCK whose high-resolution structure is
known (26). The structure is a typical β-sandwich Ig fold
containing seven β-strands (64). In view of the amino acid
sequence similarity of the Ig3 domain of rabbit smMLCK and
turkey gizzard MLCK, it was straightforward to model residues
1039-1136 of rabbit smMLCK using telokin as a template
(PDB entry 1tlk). However, there is uncertainty concerning the
N-terminal part of telokin, which in the full-lengthMLCKmakes
a connection to the kinase/regulatory domain. The telokin
structure begins at residue 33 (residue 1032 of smMLCK) with
a stretch of six amino acids in an extended conformation that
does not belong to the Ig fold. These residues were not considered
in our modeling, and the position of the Ig3 domain with respect
to the kinase domain was modeled on the basis of the twitchin
kinase structure (63) (PDB entry 1koa).

The Fn3 module comprises on average 90 residues and has a
typical double-β-sheet sandwich structure in which the two sheets
have a right-handed twist and pack against each other face to
face. The structure of this motif is similar to the Ig modules
differing mainly in a switch of a single β-strand between the
sheets (64). Structures of the two remaining Ig domains of
smMLCK could be modeled with a high degree of confidence
despite a relatively low degree of amino acid sequence identity
with the templates. The modeling was straightforward due to the
fact that there are many high-resolution Ig-type structures in the
PDB and the rules relating the amino acid sequence to the 3D
structure of this common protein fold are well-known. The
relative disposition of the Ig2 and Fn3 regions of smMLCK
was modeled on the basis of the structure of one of the Ig2-Fn3
tandem repeats of titin (65) (PDB entry 2nzi) (Figure 1).

(iii)Models of 61k-MLCK and 77k-MLCK. 61k-MLCK
comprises the Ig2-Fn3 tandem, the catalytic/regulatory domain,
and a short linker connecting the two structures (Table 2). The
linker defines the distance and the relative orientation of the
Ig2-Fn3 tandem with respect to the catalytic domain. We have
constructed three models of 61k-MLCK. In model 1, the long

axis of the Ig2-Fn3 tandem points toward the kinase domain.
The linker is structured as a helical segment projecting away from
the catalytic domain, which precludes any contacts between the
Ig2-Fn3 tandem and the kinase domain (Figure 8). In model 2,
the orientation of the Ig2-Fn3 tandem is similar to that in
model 1, but the linker region is collapsed, allowing tight contacts
between the Ig2-Fn3 tandem and the kinase domain. This
arrangement causes the overall length of the molecule to decrease
by 14 Å (9.3%). In model 3, the Ig2-Fn3 tandem is flipped back
and tightly packed against the kinase domain to simulate the

Table 2: Definition of the Structural Domains and Segments of Rabbit Smooth Muscle MLCK Used in Model Buildinga

domain name residue range no. of amino acids mass (kDa) template ref

actin-binding domain 1-99 99 10.668 extended

16 � 12 tandem repeat (PEVK) 100-294 195 19.881 poly-Pro type II helix

linker 1 295-327 33 3.581 extended

Ig1 328-419 92 10.016 2yr3 82

linker 2 420-464 45 4.739 extended

Ig2-Fn3 tandem 465-657 193 21.397 2nzi 65

linker 3 658-689 32 3.750 extended/1koa

kinase/regulatory domain 690-1002 313 35.712 1koa, 1kob, 1tki 83 and 84

linker 4 1003-1038 36 3.871 1koa

Ig3 (telokin) 1039-1134 96 10.807 1tlk, 1koa 26 and 83

poly-Glu 1135-1147 13 1.479 extended

aBold type denotes residues modeled with a high degree of confidence [694 amino acids total (62.0% of the mass)]. Italics denote predicted flexible regions
[286 amino acids total (23.6% of the mass)]. The 167 remaining residues, which include the actin-binding domain, linker 3, and linker 4, are likely to have well-
defined structures and to make little contribution to MLCK flexibility. Note that 61k-MLCK, which comprises the Ig2-Fn3 tandem, linker 3, and the kinase
domain (residues 461-1002), is equivalent to the trypsin resistant fragment of smMLCK. The following templates were used for modeling: for Ig1, 2yr3, the
solution structure of the fourth Ig-like domain from myosin light chain kinase (82); for the Ig2-Fn3 tandem, 2nzi, Ig(A169)-FnIII(A170) segment directly
preceding the kinase domain of titin (65); for the kinase domain, 1kob, the kinase domains of twitchin from Aplysia, 1koa, the kinase and telokin region of
twitchin from Caenorhabditis elegans (83), and 1tki, the kinase domain of titin (84); for Ig3, 1tlk, telokin from turkey gizzard (26).

FIGURE 8: Models of the 61k fragment of smMLCK. Three different
arrangements of the Ig2-Fn3 tandem with respect to the catalytic
domain were tested. The domains are color-coded: red for the
catalytic/regulatory domain, blue for the Fn3 domain, magenta for
the Ig(2) domain, and gray for the linker region (linker 3) connecting
the Fn3 domain with the catalytic domain. See Table 2 for the exact
definition of the domains. Images of protein models were generated
with PyMOL (85).
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hypothetical compact conformation suggested by the EM. The
corresponding models of 77k-MLCK were constructed via
addition of the Ig3 domain at the C-terminus of each of the
three models of 61k-MLCK. The orientation of the Ig3 domain
with respect to the kinase domain was similar to that in the
twitchin kinase. For all the models, the theoretical sedimentation
coefficients were calculated with HYDROPRO (50) (see below).
N-Terminal Region and Linker Segments of smMLCK.

In contrast to the well-structured C-terminal part of smMLCK,
we found no templates suitable for modeling the N-terminal 327-
amino acid segment of this protein. This includes the actin-
binding domain, the 16 � 12 tandem repeat (PEVK), and the
30-residue linker connecting the PEVK region to the first Ig
domain (see Table 2). The secondary structure prediction yielded
“coil” assignment to the entire region. To assess the contribution
of this poorly structured segment to the hydrodynamic properties
of smMLCK, we used the following approach.

(i) Actin-Binding Domain. Although there are many pro-
teins that bind F-actin, the actin-binding domain of smMLCK
(residues 1-99) appears to have a unique amino acid sequence
and a unique binding site onF-actin.Hatch et al. (16) were able to
see the density of this fragment bound to F-actin in the 3D
reconstructions of EM images, suggesting that this part of
smMLCK has a defined structure in the presence of the target.
However, it must be an extended structure, since this segment
interacts apparently with three actin monomers (15); i.e., it has to
span ∼150 Å. Thus, it is likely that in solution in the absence of
F-actin this region is unstructured and may be represented as
random coil. Accordingly, we have initially modeled the 99
N-terminal residues of smMLCK in the extended conformation
and subjected it to 100 ps of molecular dynamics in vacuo, which
caused it to collapse into a relatively compact random structure.
There is no significance in such a representation other than the
convenience of subsequent positioning of the correspondingmass
in a model of smMLCK a defined distance from the C-terminal
structured domains. Such a representation is akin to the common
practice in hydrodynamic modeling of representing various parts
of a protein in the form of appropriately sized beads.

(ii) The 16 � 12 Tandem Repeat (PEVK). On the
C-terminal side of the actin-binding region of rabbit smMLCK
is a 16-fold repeat of a 12-residue segment, TLKPV(G,A)N-
(A,I,T)KPAE (10). This segment has been termed the PEVK
region, the name coined for the segments rich in Pro, Glu, Val,
and Lys found in the megadalton muscle protein titin. An
essential difference between the repetitive segment ofmammalian
smMLCK and the PEVK region of titin is that in the latter the
sequence is less regular.Analmost exact repetition of a 12-residue
motif in MLCK suggests some regular structural features.
Searching the Gene Bank with BLAST, we found sequence
similarity to several prokaryotic and eukaryotic proteins, includ-
ing neurofilament triplet H protein, neural cell adhesion mole-
cule, T-cell adhesion receptor CD2 domain, chicken prion
protein, etc. The sequence similarity is restricted, however, to
the six-residue spacing of the Pro and/or Lys residues. It has been
suggested that similar Pro-rich repetitive sequences in the bacte-
rial cell wall have a poly-Pro type II helix conformation (66).
There is also evidence that the poly-Pro type II helix is the
predominant structure in the PEVK region of titin and that the
dynamic properties of this structure make a major contribution
to titin’s elasticity and extensibility (17, 67-69). The far-UV CD
spectrum of a synthetic peptide spanning two 12-residue repeats
of smMLCK shows a strong negative peak at 198 nm (Figure 9).

Similar CD spectra have been attributed to the poly-Pro type II
helix (66, 67, 70, 71). Thus, we have modeled the 16� 12 tandem
repeat region of smMLCK as a polyproline type II helix (φ =
-75�, ψ= 145�, and ω= 180�). In this conformation, there are
exactly three residues per turn and the carbonyl oxygen atoms
of the peptide bonds point away from the helix axis, allowing
stabilization by hydrogen bonding with water. In this conforma-
tion, the 195 amino acids of the 16 � 12 tandem repeat span
590 Å (3.0 Å/residue). The initial model has been subjected to
molecular dynamics simulations for various times from 50 to
300 ps, which resulted in a partial collapse of the structure.
Interestingly, even though no further compaction was observed
after MD for 300 ps, as judged by a nearly constant count of
interatomic contacts, the structure was not fully randomized and
retained some regular features. Most notably, all i-i ( 3
electrostatic side chain interactions betweenGlu and the flanking
Lys residues were retained (Figure 9C). The partially collapsed
structures of the 16 � 12 tandem repeat region were used to
construct the three models of full-length smMLCK shown in
Figure 10.

(iii) Linker Regions. In addition to the regions of smMLCK
discussed above, there are short linker segments that cumula-
tively account for∼8% of the polypeptide chain. Their structure
determines the relative position of the individual domains with
respect to each other but unfortunately cannot be modeled with
confidence. On the other hand, the variability of the shape and
thus of domain arrangement in the EM images strongly suggests
that these linkers are flexible and may be reasonably approxi-
mated by a random coil. We have generated models of the
corresponding segments in the extended conformation (3.3 Å/
residue in length) and subjected them to molecular dynamics
simulation. This caused the polypeptide chain to collapse into a
random and relatively compact conformation. The structure was
considered to be in equilibrium if no further increase in the
number of intramolecular interactions was observed during the
molecular dynamics simulation. Typically, a 50-100 ps simula-
tion was sufficient for the chain to reach equilibrium. These
structures were joined with the other modeled segments and
subjected to energy minimization to obtain the final models.
Validation of the Models. As a method of validation of the

modeled structures, we have compared the theoretical sedimen-
tation coefficients calculated from the atomic coordinates with
those observed experimentally. We have used the hydrodynamic
simulation procedure developed by Garcia de la Torre and
colleagues (50, 72) as implemented in HYDROPRO. In this
procedure, a primary hydrodynamic model is built from ato-
mic coordinates via replacement of non-hydrogen atoms with
spherical elements of some fixed radius. The resulting particle
consisting of overlapping spheres is, in turn, represented by a
shell model, for which a number of hydrodynamic parameters,
including the sedimentation coefficient, are calculated. The key
adjustable parameter in these calculations is the so-called atomic
element radius (AER), which provides the means of volume
correction for hydration by artificially inflating the surface
atoms. On the basis of the analysis of a number of reference
proteins for which the hydrodynamic parameters and the high-
resolution structures were known, Garcia de la Torre et al.
concluded that an AER of 3.1 Å yields results that are most
consistent with the experiment. In view of the fact that neither the
hydration nor the 3D structures of our models were certain, we
tested a range ofAERvalues for eachmodel andused calmodulin
as a control. In Figure 11, the dependence of the theoretical
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sedimentation coefficients on the AER for each of the structures
is shown. For CaM, the AER values in the range of 2.5-3.0 Å
provide a good agreement with the experiment. For 61k-MLCK
and 77k-MLCK, only the most extended structures (cf. model 1
in Figure 8) yield the calculated sedimentation coefficients that
are consistent with the experimental values. Most remarkably,
the data in Figure 11 clearly show that model 2 of 61k-MLCK,
which due to the more compact conformation of linker 3 is
14 Å (9.3%) shorter than model 1, cannot be correct, since the
computed sedimentation coefficients are larger than the experi-
mental value [s20,w = 3.4 (cf. Table 1)] at any reasonable level of
hydration. This example illustrates the sensitivity and the dis-
criminative power of this approach. Interestingly,model 1 of 61k-
MLCK is 151 Å long (Figure 8), which is significantly shorter
(37%) than the long axis of the corresponding prolate ellipsoid
calculated from the sedimentation data [240 Å (Table 1)].
Similarly, the length of the best model of 77k-MLCK is only
180 Å, and that of CaM is 74 Å, as opposed to 280 and 100 Å,
respectively, for the corresponding prolate ellipsoids (Table 1).
Thus, it is clear that the models of 61k-MLCK and 77k-MLCK
obtained by structural homology modeling supported by the
computation of the hydrodynamic parameters with HYDRO-
PRO provide a much better estimate of the molecular shape and

FIGURE 9: Structural features of the PEVK region of smMLCK. (A) Amino acid sequence showing the highly conserved repetitive nature of this
segment.Note that eachGlu residue is flanked on both sides with positively charged Lys side chains, which allow for the i-i( 3 salt bridges in the
poly-Pro helical configuration. (B) Far-UV circular dichroism spectra of a synthetic 24-residue peptide corresponding to the two 12-residue
repeats marked by the rectangle in panel A. The negative peak at 198 nm is characteristic of poly-Pro helix type II. (C) Example of the
Lys-Glu-Lys salt bridges in themodeled structure of thePEVKregionof smMLCK.The initial configuration (t=0)and the configurationafter
molecular dynamics simulation for 50 ps are shown.

FIGURE 10: Modeling of the full-length smMLCK. The C-terminal
part of the molecule starting at residue 327 modeled in the extended
configuration corresponding to model 1 in Figure 8 is identical in all
three models. The PEVK region (green) is subjected to MD simula-
tion for 50, 200, and 300 ps, resulting in a progressive compaction
of the polypeptide chain. The domains comprising 61k-MLCK are
colored in the same manner as in Figure 8. All linker regions are
colored gray; theN-terminal actin-binding domain is colored orange,
the Ig1 domain brown, and the C-terminal telokin region (Ig3)
magenta.
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dimensions of these molecules in solution than the commonly
used prolate ellipsoid approximation.

On the basis of the data in Figure 11, we can conclude
with reasonable confidence that the structural domains of the
C-terminal part of smMLCK (residues 465-1147) are arranged
in a linear fashion; i.e., the Ig2-Fn3 tandem is positioned on the
opposite side of the catalytic/regulatory domain with respect to
the telokin (Ig3) region. The long axis of the Ig2-Fn3 tandem is
oriented in line with the long axis of the molecule, and the
connecting region (linker 3, residues 658-689) has a semiex-
tended conformation. The linker 3 region appears to be themain,
if not the only, source of flexibility in 61k-MLCK. We used the
most extended model of 77k-MLC (model 1) to construct three
models of the full-length smMLCK differing in the extent of
compaction of the PEVK region (Figure 10). Although for none
of the models could the computed sedimentation coefficient
match precisely the experimental data at any level of hydration,
the model having a moderately compacted PEVK region pro-
vided the best approximation. Thus, our estimate of the length of
smMLCK in solution is 350-380 Å. This is significantly shorter
than the value of 530 Å calculated for the long axis of the
corresponding prolate ellipsoid (Table 1), but both estimates are
well within the broad range of the contour length distribution
of smMLCK cross-linked to F-actin (Figures 3 and 4). The
C-terminal 77k segment contributes approximately one-half
(180 Å) to the total length of smMLCK in solution. The actin-
binding domain, the PEVK region, and linker 1 account for the
remaining ∼180 Å. As pointed out earlier and experimentally
documented for the PEVK region of titin, the poly-Pro type II

helix is highly flexible and extensible. If stretched, the PEVK
region of smMLCK could contribute up to 590 Å to the length of
smMLCK (in the poly-Pro helix type II conformation) or even as
much as 640 Å in the fully extended conformation. Thus, our
results indicate that the smMLCK molecule is not only elon-
gated, as previously reported for turkey gizzard (29), but also
exceptionally flexible and extensible.

DISCUSSION

We have applied structural homology, molecular dynamics,
and hydrodynamic modeling methods to obtain an approximate
all-atom representation of smMLCK, a 125 kDa multidomain
protein. We have tested different spatial arrangements of the
Ig and Fn3 domains with respect to the catalytic domain of
smMLCK and demonstrated that to account for the experimen-
tally determined sedimentation coefficients these domains must
be arranged in a linear fashion with respect to the long axis of the
molecule. Themodel of smMLCK that emerges from this work is
of a highly elongated molecule with a nonuniformmass distribu-
tion. It has a well-structured C-terminal part in which the
catalytic domain is located and a poorly structured, extensible
segment in the N-terminal part. Such a model is consistent
with our EM images of smMLCK cross-linked to F-actin
and sedimentation velocity measurements on the full-length
smMLCK and its two catalytically active C-terminal fragments.

The average length of smMLCK in solution obtained by the
modeling approach is 350-380 Å, which is significantly shorter
(∼30%) than the length calculated from the sedimentation
velocity data using the Perrin equation for a prolate ellipsoid

FIGURE 11: Sedimentation coefficients of CaM and MLCK models computed from their atomic coordinates. HYDROPRO was used for the
calculations. The effect of hydration on the calculated sedimentation coefficients is tested by varying the so-called atomic element radius (AER).
The dashed line in eachpanel shows the experimentally determinedvalue of s20,w for eachmolecule. The abbreviationsm1,m2, andm3correspond
to the three models of 61k-MLCK shown in Figure 8 and the respective models of 77k-MLCK as described in the text. Note that only the most
extendedmodels of the 61k- and 77k-MLCKfragments are consistentwith the observed sedimentation coefficients.For the full-lengthMLCK, an
extended C-terminal part combined with a moderately compacted PEVK region yields the s values consistent with the experiment.
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[530 Å (cf. Table 1)]. A question of which approach provides a
better estimate of the molecular dimensions of smMLCK in
solution arises. Our sedimentation velocity data for the mamma-
lian smMLCK (1147 amino acids) are consistent with those
obtained by Ausio et al. (29) for the slightly smaller (972 amino
acids) turkey gizzard MLCK. They have reported a sedimenta-
tion coefficient s20,w of 3.74, a Stokes radius Rs of 68.5 Å, and a
length L of 499 Å, which compare favorably to our results for
smMLCK: s20,w = 3.94, Rs = 74.3 Å, and L= 530 Å (Table 1).
Thus, we are confident that our recombinant smMLCK is folded
properly and our measurements are correct. Still, in our view, the
HYDROPRO modeling approach provides a better estimate of
the molecular dimensions of smMLCK despite the uncertainties
in modeling the flexible segments and the arbitrary assumptions
with respect to the relative spatial positioning of the domains.
The key advantage of the modeling approach is that it takes into
account the highly nonuniform mass distribution in MLCK. In
contrast, the prolate ellipsoid approximation used for the calcu-
lation of molecular dimensions from the sedimentation velocity
data assumes idealized uniform mass distribution, which is
clearly incorrect for MLCK. Interestingly, the prolate ellip-
soid approximation overestimates the length by ∼25% for our
“control” protein calmodulin, which is less asymmetric than
smMLCK, as revealed by the high-resolution X-ray and NMR
structures. On the basis of these considerations, we conclude that
the average length of smMLCK in solution is in the range of
350-380 Å. However, it is not clear if this estimate is applicable
to the conditions in smooth muscle, where the constraints of the
cellular environment might restrict the conformational dynamics
of smMLCK, causing it to assume a more compact structure.
Conversely, because of the location of the actin and myosin
binding sites at the extreme N- and C-termini of the molecule,
respectively, smMLCK might bridge the F-actin and myosin
filaments (see below) and under certain conditions undergo
significant stretching. Under stretch, the poorly structured re-
petitive segment alone could span >600 Å, which would enable
the catalytic domain of smMLCK to extend up to 750 Å from the
F-actin filament to which it is bound by its N-terminus.

Our model of smMLCK enables us to consider from a
structural perspective the properties of this protein well-known
from other studies and to make inferences with respect to its
function in the activation of smooth muscle contraction. The key
properties to be considered are (1) the elongated, flexible, and
extensible shape, (2) the catalytic/regulatory domain that is
located at the opposite end of the polypeptide chain from the
actin-binding site, and (3) a noncatalytic myosin-binding site at
the extreme C-terminus of the molecule. These properties com-
bined with the observation that smMLCK is virtually immobi-
lized in smooth muscle cells (30) suggest a functional model in
which, in addition to its catalytic function, smMLCK provides a
structural link between the thin and thick filaments (Figure 12).
In this model, smMLCK is pictured as a flexible, extensible
molecule bound to the actin filaments, but capable of extending
to and activating the myosin heads at a significant distance
without detaching from F-actin. Such a function is clearly
possible in view of the fact that the estimated distance between
the thin and thick filaments in smoothmuscle is only∼150 Å (73),
which is less than half of the average length of smMLCK in
solution estimated in this work. Furthermore, the extensibility of
the PEVK region enables the catalytic domain to extend even
farther from the actin filament which is evident from the data in
Figures 3 and 4, and from the structural arguments discussed

above. In their 1998 review article, Stull et al. (27) considered the
possibility that the fully extendedMLCKcould span∼600 Å and
bridge the thick and thin filaments in smooth muscle. However,
no experimental evidence of the linear domain arrangement was
presented, nor were alternative models considered. If indeed
smMLCKbridges thin and thick filaments, a question of whether
this could inhibit filament sliding during contraction arises. It
has been shown that MLCK binding to phosphorylated myosin
is much weaker than that to unphosphorylated myosin heads.
Thus, alternating between strong andweak binding of smMLCK
to myosin might be sufficient to allow for filament sliding and
muscle contraction.

The binding of smMLCK to F-actin is well-documented (11,
12); the interaction sites are identified (13, 15, 74, 75), and even
the low-resolution structure is determined (16). However, the
question of whether in smooth muscle cells smMLCK is prima-
rily associated with F-actin or with myosin filaments is still a
controversial issue. The equilibrium dissociation constant for
smMLCK binding to myosin in vitro is in the micromolar
range (12); however, there is also a fraction of MLCK that
binds very tightly with nanomolar affinity and copurifies with
myosin (76-78), suggesting the possibility of subpopulations of
smMLCK. Recently, Cremo and her colleagues (79) explored the
properties of purified smooth muscle myosin preparations that
contained tightly bound MLCK. They have shown that such
myosin is capable of supporting F-actin motility in vitro in a
Ca2þ-dependent manner without additional MLCK and calmo-
dulin. Thus, the small amounts ofMLCKassociatedwithmyosin
(by their estimate a MLCK:myosin ratio as low as 1:73) were
sufficient to phosphorylate myosin and to support F-actin
motility. Interestingly, the maximum F-actin velocity was ap-
proximately one-half of the velocity with pre-thiophosphorylated
myosin (79). These observations suggest that each molecule of
smMLCK is capable of acting on manymyosin heads despite the
strong binding, or perhaps because of an unknown mechanism
that enables sequential phosphorylation (e.g., that presented in
Figure 12).

FIGURE 12: Hypothetical mechanism of myosin phosphorylation in
mammalian smooth muscle. smMLCK is pictured as a flexible,
extensible molecule bound to actin filaments and capable of bridging
thin and thick filaments. Those myosin heads that are in contact with
actin filaments are phosphorylated preferentially and thus become
capable of producing force. The number of activated myosin heads
depends on filament overlap. Dissociation of the catalytic domain of
smMLCK from phosphorylated myosin heads enables filament
sliding. smMLCK might contribute to the passive tension under
resting conditions by bridging the thick and thin filaments.
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An interesting feature of the hypothetical mechanism shown in
Figure 12 is that it might provide efficient means for the
preferential activation of myosin heads that are in direct contact
with F-actin filaments and thus upon phosphorylation can be
immediately involved in force generation. This might facilitate
efficient energy utilization in smoothmuscle, since noATPwould
be used for phosphorylation of myosin heads that are far from
the actin filaments, e.g., under stretch. Our model predicts that
the number of activated myosin heads, i.e., the level of phos-
phorylation, should be proportional to the filament overlap.
Such an effect was observed in permeabilized rabbit femoral
artery smooth muscle strips (T. Kitazawa, personal commu-
nication). The fraction of phosphorylated LC20 changed with
cell length in a manner similar to that of the force, being the
highest at Lo (43.7% LC20 phosphorylation) and significantly
lower in the contracted (13.8%) and stretched (6.5%) muscles.
More experiments are needed to verify this finding and demon-
strate its generality.

The potential contribution of smMLCK to the structure of
smooth muscle requires a comment. It has been proposed that
titin, the protein structurally related to smMLCK, is the major
contributor to passive tension in striated muscles. Recent studies
also suggest that titin plays an important role in the length-
dependent activation by sensing stretch and promoting actomyo-
sin interaction (80, 81). There is clearly a significant similarity
between the properties of titin and smMLCK. In particular,
because of the elasticity of the PEVK region, smMLCK mole-
cules might affect the interfilament spacing and contribute to the
passive tension in smooth muscle.
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