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Background: Studies conducted at the whole muscle level have shown that smooth muscle can maintain tension
with low Adenosine triphosphate (ATP) consumption. Whereas it is generally accepted that this property (latch-
state) is a consequence of the dephosphorylation of myosin during its attachment to actin, free dephosphorylated
myosin can also bind to actin and contribute to force maintenance. We investigated the role of caldesmon (CaD)
in regulating the binding force of unphosphorylated tonic smooth muscle myosin to actin.

Methods: To measure the effect of CaD on the binding of unphosphorylated myosin to actin (in the presence of

Ié?l/dvgzgf)‘n ATP), we used a single beam laser trap assay to quantify the average unbinding force (F,,,;) in the absence or pres-
Myosin ence of caldesmon, extracellular signal-regulated kinase (ERK)-phosphorylated CaD, or CaD plus tropomyosin.
Latch-state Results: F,,, from unregulated actin (0.10 4 0.01 pN) was significantly increased in the presence of CaD (0.17 +
Phosphorylation 0.02 pN), tropomyosin (0.17 & 0.02 pN) or both regulatory proteins (0.18 4 0.02 pN). ERK phosphorylation

In vitro motility assay laser trap
Tropomyosin

of CaD significantly reduced the F,,, (0.06 4 0.01 pN). Inspection of the traces of the F,,;, as a function of time
suggests that ERK phosphorylation of CaD decreases the binding force of myosin to actin or accelerates its
detachment.
Conclusions: CaD enhances the binding force of unphosphorylated myosin to actin potentially contributing to the
latch-state. ERK phosphorylation of CaD decreases this binding force to very low levels.
General significance: This study suggests a mechanism that likely contributes to the latch-state and that explains
the muscle relaxation from the latch-state.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction the latch-state. One assumption of this model was that myosin must

first be phosphorylated in order to attach to actin [2]. However, we

Tonic smooth muscle exhibits the unique ability of maintaining force
for long periods of time, with low energy consumption. A formal descrip-
tion of this property was elaborated by Dillon and coworkers in 1981 in
which they termed this state of force maintenance, the latch-state [1].
They suggested that the deactivation (dephosphorylation) of attached
cross-bridges transforms them into non- or slowly cycling latch-
bridges, capable of maintaining force. Hai and Murphy [2] subsequently
adapted Huxley's model [3] of cross-bridge cycling to include the regula-
tion of shortening velocity by myosin light chain phosphorylation and
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and others have shown that unphosphorylated myosin can bind to
actin [4-7] and while it may not be actively cycling, it likely contributes
to force maintenance.

In their initial description of the latch-state, Murphy and co-workers
implied that phosphorylation and dephosphorylation of the myosin
light chain were the only regulatory mechanisms needed for smooth
muscle myosin function [1,2]. However, several studies since then
have suggested a role for the actin regulatory proteins in the latch-
state [8-12]. In particular, caldesmon (CaD) is known to have both
actin and myosin binding sites [13,14] and could potentially act as a
cross-linker and contribute to force maintenance. Its binding to actin
and myosin is also regulated by various phosphorylation mechanisms
[10,13,15] allowing fine tuning of its function at various steps of the
cross-bridge cycle.
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The structure and function of CaD have been reviewed before [14,
16]. Briefly, the carboxyl terminus of CaD is responsible for its binding
to actin whereas the amino-terminus binds to myosin [14,16]. CaD in-
hibits the actin activated myosin ATPase activity [15,17]. This inhibition
is also known to be amplified by tropomyosin [18-20]. CaD also de-
creases the velocity of actin propulsion in the in vitro motility assay
[21,22] and this inhibition is again facilitated by tropomyosin [22,23].
CaD can be phosphorylated at several sites but each of their functions
has yet to be identified [10,13,14,22-24]. Phosphorylation by calmodu-
lin dependant protein kinase Il (PK2) in the amino-terminal region
weakens the binding of CaD to myosin [25] whereas phosphorylation
in the carboxyl terminus by myosin light chain kinase (MLCK) increases
its binding affinity for phosphorylated myosin filaments [10]. Extracel-
lular signal-regulated kinase (ERK) phosphorylation of CaD, however,
has been shown to remove the inhibition of movement in the in vitro
motility assay [26]. ERK is also known to colocalize with CaD during con-
traction [27].

At the whole muscle level, the role of CaD in smooth muscle relaxa-
tion has been studied by exogenous addition to permeabilized fibers
[28] or more recently by studying muscle strips from CaD knockout
mice [29]. Both studies reported that CaD accelerates the rate of smooth
muscle relaxation and suggested that this is accomplished by inhibiting
the cooperative reattachment of dephosphorylated myosin [28,29]. In
the current study, we investigated at the molecular level the role of
CaD in the binding of unphosphorylated myosin to actin. We report
that CaD enhances the force of binding of unphosphorylated myosin
to actin. Furthermore, this force of binding decreases to very low levels
upon ERK phosphorylation of CaD, thus promoting relaxation.

2. Materials and methods
2.1. Purification of proteins

CaD was purified from pig whole stomach [10] and myosin from pig
stomach fundus [30]. Tropomyosin was purified from chicken gizzard
[31] and actin from chicken pectoralis acetone powder [32]. Actin was
fluorescently labeled by incubation with tetramethylrhodamine iso-
thiocyanate (TRITC)-phalloidin (P1951, Sigma-Aldrich Canada) [6].

2.2. Phosphorylation of proteins

For the protocols requiring myosin activation, myosin was thio-
phosphorylated [33]. For the protocols requiring CaD activation, CaD
was phosphorylated according to Hedges and coworkers [24] with
slight modifications. Briefly, CaD (0.1 mg/ml) was phosphorylated by
active ERK (32.6 ug/ml; MAP kinase 2, active, phosphorylated by
MEK1; Millipore Billerica, MA) in a buffer containing 25 mM Tris,
10 mM magnesium acetate, 0.1 mM EGTA, and 1 mM DTT; pH 7.5,
followed by a 60 min incubation at 30 °C.

2.3. Western blot analysis of CaD phosphorylation

The phosphorylation of CaD was assessed by Western blot analysis.
Proteins were run on a 4-15% ready gradient SDS-PAGE gel (Bio-Rad,
Hercules, CA). 0.7 pg of CaD and phosphorylated CaD was loaded in
each well. Proteins were transferred electrophoretically onto PVDF
membranes (Bio-Rad, Hercules, CA). Membranes were blocked with
1% BSA and probed with an anti-phos-CaD/serine 789 antibody
(SC12931, Santa Cruz, CA), followed by an anti-goat-HRP antibody
(Ab6741, AbCam, Cambridge, MA). Antibody detection was done with
Clarity substrate (Bio-Rad, Hercules, CA). Image acquisition was per-
formed with ChemiDoc software (Bio-Rad, Hercules, CA). Total CaD
was assessed by Coomassie blue staining of the same membranes
which was possible because it is a purified protein.

24. Buffers

Myosin buffer: 300 mM KCI, 25 mM imidazole, 1 mM EGTA, 4 mM
MgCl,, and 30 mM DTT; pH adjusted to 7.4; actin buffer: 25 mM KCl,
25 mM imidazole, 1 mM EGTA, 4 mM MgClI2, and 30 mM DTT, with an
oxygen scavenger system consisting of 0.25 mg/ml glucose oxidase,
0.045 mg/ml catalase, and 5.75 mg/ml glucose; pH adjusted to 7.4;
assay buffers: the in vitro motility assay buffer consisted of actin buffer
to which methylcellulose (0.5%) was added, to favor binding of myosin
to actin, and MgATP (2 mM). The laser trap assay buffer consisted of
actin buffer to which methylcellulose (0.3%) and MgATP (200 uM)
were added.

2.5. In vitro motility assay

Our in vitro motility assay to measure the actin filament propulsion
velocity (Vimax) has been described before [5]. Ultracentrifugation (Opti-
ma ultracentrifuge L-90K and 42.2 Ti Rotor, Beckman Coulter, Fullerton,
CA) of myosin (500 pg/ml) with equimolar filamentous actin and 1 mM
MgATP in myosin buffer was used to eliminate the non-functional
myosin molecules. The functional myosin was then perfused in a flow
through chamber [6] kept at 30 °C, at a concentration of 125 pg/ml for
all velocity measurements and allowed to randomly attach to the nitro-
cellulose for 2 min. Next, the following solutions were perfused sequen-
tially in the flow through chamber (all in actin buffer): BSA (0.5 mg/ml),
unlabeled G-actin (1.33 pM) to bind to any remaining non-functional
myosin, and followed by MgATP (1 mM) to remove the unlabeled
actin from the functional heads. Then two washes of actin buffer
were followed by TRITC labeled actin (30 nM), with or without CaD
(300 nM) or phosphorylated CaD (300 nM), or tropomyosin (300 nM)
or both CaD and tropomyosin each at 300 nM, incubated for 1 min,
and finally, motility assay buffer. The actin filament movement was
then observed with an inverted microscope (IX70, Olympus, Melville,
NY) with a high numerical aperture objective (x 100 magnification
Ach 1.25 numerical aperture, Olympus, Melville, NY) and equipped for
rhodamine epifluorescence. The images were captured with an intensi-
fied video camera (KP-E500 CCD Camera, Hitachi Kokusai Electric,
Woodbury, NY, 720 x 480 resolution, 68.6 um x 45.7 pm real frame
size,29.94 frames/s, 8 bit grayscale) and recorded on computer (custom
built by Norbec Communication, Montreal, QC) using a frame grabber
(Pinnacle Studio AV/DV V.9 PCI Card) and image acquisition software
(AMCap software V9.20) at 29.94 Hz. V., was obtained by dividing
the total path followed by the filaments by the elapsed time using our
automated version of the National Institutes of Health tracking software
(NIH macro in Scion Image 4.02, Scion) coded in Matlab (R2009b) [34].
Only filaments present for at least 20% of the recorded video time (50 s)
and following a path of at least 3 um were considered.

2.6. Laser trap assay

The force measurements were performed using our single beam
laser trap assay [4,5] comprising a Laser Tweezers Workstation
(Cell Robotics, Albuquerque, NM) and the motility assay described
above. Pedestals were made with 4.5 pm polystyrene microspheres
(Polybead, Polysciences, Warrington, PA) as previously described
[5]. The trapping microspheres (3 um polystyrene, Polybead,
Polysciences, Warrington, PA) were prepared by incubation for
30 min at room temperature with N-ethylmaleimide-modified
(NEM) skeletal myosin [6]. Unphosphorylated myosin was perfused
in the flow through chamber at a concentration of 16.7 pg/ml for all
force measurements and allowed to randomly attach to the nitrocellu-
lose for 2 min. Next, BSA (0.5 mg/ml) was perfused followed by
two washes of actin buffer. Then, equal volumes of microspheres
(13 x 10® microspheres/ul) and TRITC-labeled actin or regulated actin
were mixed in laser trap assay buffer to yield the following final concen-
trations: actin (1 nM), CaD (10-500 nM), tropomyosin (5-50 nM),
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phosphorylated CaD (10 nM), or CaD and tropomyosin each at 10 nM.
Note that the regulatory proteins were used at saturating concentra-
tions to ensure regulation even at this low concentration of actin. The
laser trap was created with a diode pumped Nd:YAG solid-state laser
(TEMgo, 1.5 W, 1064 nm). This trap was used to capture a microsphere
which was visualized in bright field by a charge coupled device (CCD)
camera (XC-75, Sony Corporation of America, New York, NY). An actin
filament (with or without the actin regulatory proteins), visualized by
fluorescence imaging as described above, was bound to the trapped mi-
crosphere (Fig. 1A) and then brought in contact with unphosphorylated
myosin molecules randomly adhered to a pedestal. Contact between
myosin and actin was allowed (~10 s) during which the microsphere
baseline position in the trap was recorded (Fig. 1B). The microscope
stage, and thus the pedestal, was then moved away from the trap at a
slow and constant velocity (~0.5 pm/s; Fig. 1B-C). Once the filament
was taut (Fig. 1C), the trapped microsphere moved with the pedestal
(Fig. 1D) until the force exerted on it by the trap became greater than
the binding force of myosin to actin. At that point, the microsphere
sprang back to its unloaded baseline position (trap center, Fig. 1E).
The total unbinding force (Total F,;;) of the myosin molecules was:

Total F,,, = k« Ad (1)

where k is the trap stiffness and Ad is the maximal displacement of the
trapped microsphere from baseline. k was calibrated using the Stokes
force (Fy) approach [4,5], i.e., a viscous drag was applied to a trapped mi-
crosphere by moving it at a constant velocity (v) in 0.3% methylcellulose
while measuring Ad. Stokes' law states that the frictional force exerted
on spherical objects with very small Reynolds numbers is calculated as:

Fp=6mmv (2)

where 1) is the dynamic viscosity and r is the microsphere radius. The
viscosity of 0.3% methylcellulose was measured with a viscometer

(DV-I at 60 rpm, Brookfield, Middleboro, MA), using a UL (ultra-low vis-
cosity) adapter and was equal to 10.4 cP, at 30 °C. Thus,

k= Fp/Ad. 3)

k (0.013 pN/nm, R? = 0.95) was averaged from several measurements
done at different v and then used to obtain the force values.

The average unbinding force (F,;,;) per myosin head was calculated
as we previously reported [5]. First, the length of actin filament in con-
tact with the pedestal (~) was measured by fluorescence imaging, that
is, the actin filament was brought in focus and the bound portion (/)
was measured using NIH macro in Scion Image 4.02 (Scion Corp., Fred-
erick, MD). Unbound actin moved in and out of focus due to Brownian
motion so it was discarded from the length measurements. We then
used estimates of the number of active myosin heads on the motility
surface, for a given concentration, previously reported by several groups
[35-38]. The density of active myosin heads was calculated by dividing
this number by the surface area and the number of active myosin head
per actin filament length was calculated by assuming that all myosins
could interact with actin within a 26 nm wide band [35-37].

2.7. Microsphere displacement analysis software

The movement of the trapped microsphere was tracked using
Matlab customized software for optimal fitting of a reference image,
as previously described in detail [5]. Briefly, a section of the first frame
of the video (720 x 480 resolution, 68.6 x 40.3 um real frame size,
29.94 frames/s, 8 bit grayscale) containing the microsphere image was
compared to a section of the same size of each subsequent frame. This
microsphere reference image is centered on the center of mass of the
largest area of connected pixels above a threshold gray value and was
visually confirmed to always contain the microsphere. The microsphere
location in the analyzed frame is the location at which the summed ab-
solute difference in pixel gray values between the current frame and the

02r
;: 01
- D
-]
5
W
A B [+ E
| T PO S . LM—&-&-_\.JL
% 0 15
Time (s)
e~
ﬂ .ovu 1 z——-——"‘—.’c_o-
. ) i/ . .l .
A L] // c E L] /

. J

Fig. 1. Sample trace of unbinding assay using the single beam laser trap: A) A polystyrene microsphere (light gray), to which a TRITC-labeled actin filament is attached, is captured in the
laser trap. B) Actin is brought in contact with unphosphorylated myosin that randomly coats a pedestal (dark gray) on a coverslip, time is allowed for protein interaction, and then the
filament is made taut by moving the stage. C) The pedestal/coverslip is then moved away from the laser trap at a constant and slow velocity. D) This movement drags the trapped micro-
sphere away from the trap center as a result of the attachment of unphosphorylated myosin to actin. E) When the force exerted by the laser trap on the microsphere exceeds the force of
binding of unphosphorylated myosin to actin, the microsphere snaps back into the trap center, its unloaded position. The unbinding force (F,) is then calculated as the maximal distance
between the microsphere and the trap center (Ad) multiplied by the trap stiffness, calculated by the Stokes force method. (Figure not to scale.)
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reference image was minimized. Sub-pixel resolution of this position
was achieved by interpolation of the absolute difference values for the
surrounding 8 pixels using a cubic interpolation algorithm. The micro-
sphere baseline location, i.e. the trap center, was computed as the aver-
age microsphere position in the frames where no pedestal movement
occurred and displacements were computed relative to this baseline.
The local displacement maxima, which denote the detachment of myo-
sin from actin, were found by searching in user defined regions. These
maxima, corresponding to the maximal force exerted by the laser trap,
were used to calculate the associated Total Fyp.

2.8. Statistical analysis

Differences in V4« and F,,,, between multiple conditions were test-
ed using one way ANOVAs. When the within group variances differed
between the groups, a Satterthwaite T-test, accounting for unequal var-
iances, was performed [39]. Post-hoc comparisons between conditions
were adjusted with a Bonferroni correction. Differences in vy,q, and
F.np with only two conditions were tested using the Student's t-test,
with a t-test for unequal variance when it applied. A value of p < 0.05
was considered significant. The Systat Software Inc. (San Jose, CA) was
used to compute the exact p values of ANOVAs or Student's t-tests. For
the motility assay, N represents the number of flow-through chambers
studied. A minimum of three locations in each flow through chambers
were analyzed; each location contained at least 10 filaments. Thus, a
minimum of 30 filaments were analyzed per chamber to make up an
N of 1. For the laser trap assay, N represents the number of actin fila-
ments analyzed, with 1 to 3 events per filament. All data are presented
as mean = SE.

3. Results

To assess whether CaD alters the average binding force of
unphosphorylated myosin to actin filaments, we measured the F,,,
using the laser trap assay. A significant increase in the F,,,;, was observed
in the presence of 10 nM CaD (0.17 & 0.02 pN) as compared to control,
i.e. unregulated actin (0.1 4= 0.01 pN; p < 0.001, Fig. 2). Raising the CaD
concentration further did not significantly increase the F,,,, above the
value obtained at 10 nM (0.14 4+ 0.02 pN, p = 0.120 at 50 nM;
0.17 + 0.02 pN, p = 0.714 at 250 nM; 0.14 £ 0.03 pN, p = 0.160 at
500 nM). Because tropomyosin has been reported to mechanically po-
tentiate the effect of CaD [22,23], we tested their combined effect on
the Fy;,p. The F,p, in the presence of both CaD (10 nM) and tropomyosin
(10 nM) (0.18 4 0.02 pN) was not significantly greater than that in the
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Fig. 2. Unbinding force (F,;;) of unphosphorylated myosin from actin measured using the
laser trap assay. The measurements were performed with unregulated actin filaments
(1nM) (N = 20) and actin filaments (1 nM) regulated by CaD (10 nM) (N = 14), or by
CaD (10 nM) + tropomyosin (10 nM) (N = 14) or tropomyosin (5 nM to 50 nM)
(N = 14). The results are reported as average force per myosin head. CaD: caldesmon,
Tm: tropomyosin and *: p < 0.05.

presence of CaD alone (p = 0.457, Fig. 2). The concentration of tropo-
myosin was also chosen to be within physiological ratio range with
actin and its effect on the F,,;;, was tested independently of CaD. A signif-
icant increase in the F,,;, was observed with a tropomyosin concentra-
tion as low as 5 nM (0.17 4 0.02 pN; p = 0.005), as compared to
unregulated actin. Raising the tropomyosin concentration further did
not significantly increase the F,,,, above the value obtained at 5 nM
(0.16 4 0.02 pN; p = 0.632, at 25 nM; 0.17 + 0.05 pN; p = 0.928, at
50 nM; average value shown in Fig. 2). Thus, both CaD and tropomyosin
enhance the F,;, of unphosphorylated myosin to actin but their effects
are not synergistic.

A series of control experiments were then performed to ascertain
that the enhancement of the F,,;;, obtained in the presence of the actin
regulatory proteins was not due to unspecific binding to the pedestal
(Fig. 3A-C). This was accomplished by skipping the myosin incubation
on the coverslip and incubating directly with BSA (see methods found
in the In vitro motility assay section). These results were reported in
terms of force per ~ because there was no myosin to normalize to, as
for the results presented in Fig. 2. In the presence of CaD, the F,,,, was
negligible (0.44 4 0.16 pN/um) in the absence of myosin as compared
to its value in the presence of myosin (4.42 4 0.43 pN/um; p < 0.001;
Fig. 3A). Similarly, in the presence of tropomyosin, the F,,, was
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Fig. 3. Total unbinding force normalized per actin filament length (Total F,;5/~") in the ab-
sence or presence of unphosphorylated myosin. The measurements were performed in
the presence of 1 nM actin and (A) CaD (500 nM) (N = 5 without and N = 5 with
unphosphorylated myosin), (B) tropomyosin (50 nM) (N = 4 without and N = 6 with
unphosphorylated myosin) or (C) both CaD (10 nM) and tropomyosin (10 nM) (N =5
without and N = 5 with unphosphorylated myosin). *: p < 0.05.
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negligible (0.31 4 0.08 pN/um) in the absence of myosin as compared
to its value (3.7 & 0.34 pN/um; p < 0.001; Fig. 3B) in the presence of
myosin. Finally, the F,,,, was also found to be negligible in the presence
of both CaD and tropomyosin (0.37 4 0.13 pN/um) in the absence of
myosin as compared to its value in the presence of myosin (3.47 +
0.3 pN/um; p < 0.001; Fig. 3C). Thus, the enhancement effect of CaD
and tropomyosin on the F,;;;, is not due to unspecific binding to the ped-
estal or coverslip, but to a direct action on the actomyosin interaction.

Because CaD and tropomyosin have been more extensively studied
for their effects on phosphorylated than on unphosphorylated myosin,
we verified using the in vitro motility assay that the concentrations
that we used for these actin regulatory proteins were producing results
expected from the literature (Fig. 4). Indeed, as previously reported [21,
23], Vimax for unregulated actin (0.42 4- 0.01 um/s) was significantly in-
creased in the presence of tropomyosin (0.53 & 0.03 um/s, p < 0.001,
Fig. 4). Also, as expected from the literature [21,22], V;qx Was signifi-
cantly decreased in the presence of CaD (0.19 4 0.01 pm/s; p < 0.001,
Fig. 4). Furthermore, the combination of tropomyosin and CaD had a
slight synergistic effect on V4 and significantly decreased it further
(0.16 £ 0.01 um/s) from its value with CaD alone (p = 0.003, Fig. 4). In-
terestingly, this synergistic effect was not observed for the F,,;, of
unphosphorylated myosin (Fig. 2).

To assess the role of the phosphorylation of CaD on the average bind-
ing force of unphosphorylated myosin to actin filaments, we measured
the F,;,, in the presence of ERK-phosphorylated CaD. The phosphoryla-
tion of CaD by ERK significantly decreased the F,,;, (0.06 + 0.01 pN)
as compared to non-phosphorylated CaD (0.2 + 0.02 pN; p < 0.001)
and to unregulated actin (0.12 £ 0.0.01 pN; p < 0.001; Fig. 5A). CaD
phosphorylation was confirmed by Western blotting (Fig. 5B) and a
control for the effect of the CaD phosphorylation reagents on the F,;;,
of unphosphorylated myosin from actin but in the absence of caldesmon
was also performed (Fig. 5C). There was no effect of the CaD phosphor-
ylation reagents on the F,;;, of unphosphorylated myosin from actin in
the absence of caldesmon (p = 0.725).

Sample traces of the unbinding maneuvers are shown in Fig. 6. The
F.unp observed in the presence of actin only (Fig. 6A) is seen to be in-
creased in amplitude in the presence of CaD (Fig. 6B). Interestingly,
the phosphorylation of CaD decreases the F,,, to very low values
(Fig. 6C). Fig. 6D shows again that the F; is insignificant in the absence
of myosin.

The actomyosin regulation by ERK phosphorylation of CaD was
verified functionally by measuring v,,,,« of phosphorylated myosin in
the in vitro motility assay. We found that the phosphorylation of CaD
significantly increased Vg (0.36 + 0.02 um/s) as compared to
unphosphorylated CaD (0.27 £ 0.02 pm/s; p < 0.001) but that this
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Fig. 4. Functional assay (in vitro motility) to verify the regulation of actin by caldesmon and
tropomyosin. The velocity of actin filaments (V,,.x) when propelled by phosphorylated
myosin was measured with unregulated actin (30 nM) filaments (N = 14) and actin
(30 nM) filaments regulated by tropomyosin (300 nM) (N = 8), actin (30 nM) filaments reg-
ulated by CaD (300 nM) (N = 10) and actin (30 nM) filaments regulated by CaD (300 nM)
and tropomyosin (300 nM) (N = 8). CaD: caldesmon, Tm: tropomyosin *: p < 0.05.
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Fig. 5. Effects of phosphorylated CaD on the unbinding force (F,,;) of unphosphorylated
myosin from actin. A) The measurements were performed with unregulated actin
(1 nM) filaments (N = 10), actin (1 nM) filaments regulated by CaD (10 nM) (N = 14)
or actin (1 nM) filaments regulated by ERK-phosphorylated CaD (10 nM) (N = 10). The
results are reported as average force per myosin head. CaD: caldesmon, PHOS CaD: phos-
phorylated caldesmon. *: p < 0.05. B) The phosphorylation of CaD was assessed by West-
ern blotting (top panel). The total protein loading was assessed by Coomassie blue staining
of the membrane (bottom panel). C) Effects of the CaD phosphorylating reagents on the
unbinding force (F,,,) of unphosphorylated myosin from actin, in the absence of
caldesmon. The measurements were performed with unregulated actin (1 nM) filaments
(N = 4) and with unregulated actin (1 nM) filaments in the presence of the reagents used
to phosphorylate CaD (see Materials and methods for details) (N = 3).

Vmax Was still significantly slower than that in the absence of CaD
(0.48 & 0.01 um/s; p < 0.001; Fig. 7).

4. Discussion

The major findings of this study are: 1) CaD increases the average
force of binding of unphosphorylated myosin to actin thereby promot-
ing force maintenance and 2) upon ERK phosphorylation of CaD, the av-
erage force of binding of unphosphorylated myosin to actin decreases to
very low levels, thus promoting relaxation.

It is generally believed that CaD promotes relaxation [28,29].
Albrecht et al. [28] demonstrated that exogenous addition of CaD to
permeabilized tissues accelerates their rate of relaxation. They sug-
gested that CaD inhibits cooperative attachment of dephosphorylated
cross-bridges in the latch-state phase [28]. More recently, Guo and co-
workers [29] knocked out h-CaD in arterial muscle and reported a
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Fig. 6. Sample traces of the unbinding force (F,,,,) from: A) unregulated actin (1 nM) filaments, B) actin (1 nM) filaments regulated by CaD (10 nM), and C) actin filaments regulated by
phosphorylated CaD (10 nM). These forces are reported as average per myosin head. D) Total F,,,, normalized per actin filament length (Total F,,,5/#") in the absence of unphosphorylated
myosin but in the presence of unregulated actin (1 nM) filaments. The maxima correspond to filament detachment from myosin.

slower rate of relaxation. They suggested that h-CaD facilitates the de-
tachment of dephosphorylated cross-bridges, in the presence of ATP,
rather than prevents phosphorylated cross-bridge formation. From our
observations that CaD increases F,,;, of unphosphorylated myosin to
actin promoting force maintenance, we suggest a different molecular
mechanism by which CaD accomplishes this relaxation. Our data actual-
ly demonstrate that one additional step is required for muscle relaxa-
tion, that is, CaD must be phosphorylated to lead to smooth muscle
relaxation. Indeed, the data that we present in Figs. 2, 5 and 6
demonstrate that CaD enhances the average force of binding of
unphosphorylated myosin to actin which is contrary to what both
Albrecht et al. [28] and Guo et al. [29] suggested from data obtained
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Fig. 7. Functional assay (in vitro motility) to verify the regulation of actin by caldesmon
and phosphorylated caldesmon. The velocity of actin filaments (¥,.x) When propelled
by phosphorylated myosin was measured with unregulated actin (30 nM) filaments
(N = 21), actin filaments regulated by CaD (300 nM) (N = 17) and actin (30 nM) fila-
ments regulated by phosphorylated CaD (300 nM) (N = 15). CaD: caldesmon, PHOS
CaD: phosphorylated caldesmon. *: p < 0.05.

at the whole tissue level. However, once CaD gets phosphorylated
by ERK, its F,;, becomes lower than that in the presence of
unphosphorylated CaD, and even lower than that in the absence of
CaD. Thus, ERK-phosphorylated CaD favors relaxation.

The mechanism that we propose for the contribution of ERK phos-
phorylation of CaD to smooth muscle relaxation becomes even more
appealing when we consider the published data on the timing of ERK
activation. Ratz [40] showed that upon stimulation of rabbit arterial
smooth muscle with 10 uM phenylephrine, the maximum active
force was reached within 1 min whereas the phosphorylation of ERK
reached its peak only at 5 min. Thus, this time course in conjunction
with our data suggest that before its activation, CaD favors force
maintenance (latch state/cooperative reattachment) by increasing
unphosphorylated/dephosphorylated myosin average binding force
to actin (Figs. 2, 5 and 6). Later in the contraction, once CaD becomes
phosphorylated by ERK, this binding force is decreased to very low
levels (Figs. 5 & 6), thereby allowing the muscle to relax.

How does CaD accomplish these functions becomes the next ques-
tion. To address this point, it is informative to look more closely at
CaD's binding sites. CaD binds via its N-terminus to the S2 region of my-
osin [41-44]. The C-terminal region of CaD [45-48] has two strong
actin-binding clusters whereas the N-terminal region has only weak
actin binding sites [48]. The cluster closest to the C-terminus has been
reported to be responsible for the inhibitory action of CaD [46,49]. It
also contains the site that gets phosphorylated by ERK [50]. The ERK
phosphorylation of CaD has been reported to “alleviate” the inhibitory
effect of CaD on the actomyosin ATPase activity [13] and on the
in vitro actin propulsion velocity [26] by detaching CaD from actin
[13]. Only the phosphorylated cluster detaches while the other one re-
mains attached [13]. It has been shown that it is kinetically advanta-
geous that CaD stays close to actin and does not detach completely
[13,51]. Our results demonstrate that indeed, when attached to actin
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via its 2 carboxyl sites, CaD enhances the average force of binding of
unphosphorylated myosin to actin, presumably by the cross-linking of
myosin to actin by CaD. Thus, CaD promotes force maintenance. Upon
ERK phosphorylation of CaD, and thus detachment of CaD's ERK-
phosphorylatable site from actin, the average force of binding becomes
lower than that in the absence of CaD. Thus, ERK-phosphorylated CaD
promotes relaxation. The exact mechanism by which this occurs will
require more structure/function studies involving CaD and ERK-
phosphorylated CaD, in the presence of actin and phosphorylated and
unphosphorylated myosins.

Other regulatory mechanisms of CaD have also previously been
studied. For instance, phosphorylation at the carboxyl terminus of CaD
by MLCK increases its binding affinity for phosphorylated myosin fila-
ments [10]. Phosphorylation of CaD by MLCK must take place early in
the contraction favoring binding of myosin to actin and promoting con-
traction. Indeed, the actin activated ATPase rate is increased in the pres-
ence of MLCK phosphorylated CaD [10]. This mechanism is not believed
to be active once myosin is dephosphorylated because MLCK phosphor-
ylated CaD does not bind with high affinity to unphosphorylated myosin
[10]. Thus, a series of mechanisms must be orchestrated for the smooth
muscle cell to sequentially favor cross-bridge cycling, followed by force
maintenance and finally followed by relaxation. Fine tuning seems to be
possible due to the involvement of several factors including the contrac-
tile proteins expressed, the signaling involved and its exact timing,.

A closer look at the maneuvers used to produce the F,,, traces, i.e.
the pulling at constant velocity of the pedestal/myosin away from
the laser trap center, allows us to speculate on the mechanisms by
which CaD alters the binding of unphosphorylated myosin to actin.
CaD increases the F;, (Fig. 6A & B) whereas ERK-phosphorylated CaD
decreases it to very low values (Fig. 6A-C). The binding of
unphosphorylated myosin to actin clearly occurs in the presence of
CaD and ERK-phosphorylated CaD but in the latter case, detachment oc-
curs before significant displacement can occur (Fig. 6C). Average forces
are the product of unitary forces produced by single myosin molecules
and their duty cycle (the percentage of time spent bound to actin and
maintaining force) [52]. Thus, CaD and phosphorylated CaD might
alter either the unitary force of binding of unphosphorylated myosin
to actin or its time of attachment or the time between individual myosin
molecule attachments. Understanding this further will require single
myosin molecular mechanics studies. Furthermore, Figs. 3A-C and 6D
demonstrate that these behaviors are true functions of myosin because
they are abolished in its absence.

Another point that is worth noting is the fact that tropomyosin is
usually believed to potentiate the effects of CaD. We (Fig. 4) and others
[21,23,48] have reported an increase in V,,qx as measured in the in vitro
motility assay in the presence of tropomyosin, a decrease in the pres-
ence of CaD and a further decrease in the presence of both tropomyosin
and CaD. As others have reported [21,23,48], the potentiation of the ef-
fect of CaD by tropomyosin on v, is very small but statistically signif-
icant. However, this potentiating effect of tropomyosin on CaD does not
seem to play a role in the presence of unphosphorylated myosin as can
be seen in Fig. 2. Taking that into consideration, we chose not to pursue
the mechanics measurements on unphosphorylated myosin in the pres-
ence of tropomyosin.

A limitation of our study is that unphosphorylated and not dephos-
phorylated myosin was used in our measurements. Although there
is no information in the literature to support this idea, there is a
possibility that dephosphorylated myosin is functionally different
from unphosphorylated myosin. Unfortunately, it is not possible for us
to work with dephosphorylated myosin because of the high probability
that there would be some remaining phosphorylated myosin that
would greatly overestimate our force measurements due to the sensi-
tivity of our equipment.

It is interesting to note that there is more CaD in phasic than in tonic
muscle. Furthermore, Guo and co-workers reported that, in their CaD
knock-out animal, the non-muscle isoform of CaD was over-expressed

in phasic but not in tonic muscle [29]. Taken together these observations
suggest that CaD should play an essential role in phasic muscle. As sug-
gested by Guo et al. [29], CaD might be important for the rapid relaxa-
tion observed in the phasic muscle but which is not seen in tonic
smooth muscle.

5. Conclusions

In conclusion, CaD enhances the force of binding of unphosphorylated,
and presumably dephosphorylated, myosin to actin. Furthermore, ERK
phosphorylation of CaD decreases this force of binding to very low levels,
thus promoting relaxation.
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