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Abstract
Background—Smooth muscle has the distinctive ability to maintain force for long periods of
time and at low energy costs. While it is generally agreed that this property, called the latch-state,
is due to the dephosphorylation of myosin while attached to actin, dephosphorylated-detached
myosin can also attach to actin and may contribute to force maintenance. Thus, we investigated
the role of calponin in regulating and enhancing the binding force of unphosphorylated tonic
muscle myosin to actin.

Methods—To measure the effect of calponin on the binding of unphosphorylated myosin to
actin, we used the laser trap assay to quantify the average force of unbinding (Funb) in the absence
and presence of calponin or phosphorylated calponin.

Results—Funb from F-actin alone (0.12±0.01pN; mean±SE) was significantly increased in the
presence of calponin (0.20±0.02pN). This enhancement was lost when calponin was
phosphorylated (0.12±0.01pN). To further verify that this enhancement of Funb was due to cross-
linking of actin to myosin by calponin, we repeated the measurements at high ionic strength.
Indeed, the Funb obtained at a [KCl] of 25mM (0.21±0.02pN; mean±SE) was significantly
decreased at a [KCl] of 150mM, (0.13±0.01pN).

© 2013 Elsevier B.V. All rights reserved.

To whom correspondence should be addressed: Anne-Marie Lauzon, Ph.D., Meakins Christie Laboratories, McGill University, 3626
St-Urbain street, Montreal, H2X 2P2, Quebec, Canada, Telephone: (514) 398-3864, Fax: (514) 398-7483, anne-
marie.lauzon@mcgill.ca.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
Biochim Biophys Acta. 2013 October ; 1830(10): 4634–4641. doi:10.1016/j.bbagen.2013.05.042.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions—This study provides direct molecular level-evidence that calponin enhances the
binding force of unphosphorylated myosin to actin by cross-linking them and that this is reversed
upon calponin phosphorylation. Thus, calponin might play an important role in the latch-state.

General Significance—This study suggests a new mechanism that likely contributes to the
latch-state, a fundamental and important property of smooth muscle that remains unresolved.

Keywords
latch-state; actin regulatory proteins; in vitro motility assay; laser trap

1. INTRODUCTION
Tonic smooth muscle is well known to maintain force for long periods of time at low energy
levels. It is generally agreed that this property of smooth muscle, called the latch-state, is
due to the dephosphorylation of myosin molecules while attached to actin filaments [1].
However, evidence is accumulating to suggest that calponin, a 35 kDa [2] actin binding
protein [3, 4] may also play a role in smooth muscle force maintenance, presumably through
its effects on unphosphorylated myosin [5–7].

Calponin has an inhibitory effect on the ATPase activity of smooth muscle myosin [8] and
on the velocity (νmax) of actin propulsion in the in vitro motility assay [3, 9]. However,
contrary to caldesmon, the inhibitory effect of calponin is more of an all-or-none mechanism
[10], i.e. the filaments are either moving or they are stopped. At the cellular level, it has also
been shown that calponin is necessary to inhibit the slow cycling of unphosphorylated
myosin, stopping the shortening and force production of resting smooth muscle [5]. The
inhibitory action of calponin on the actomyosin ATPase rate is due to its binding to actin
which can be suppressed by calponin phosphorylation [8]. However, calponin also binds to
unphosphorylated myosin [7] so it presumably cross-links unphosphorylated myosin to
actin. This interaction between calponin and unphosphorylated myosin is dependent on ionic
strength and it gets weaker at high [NaCl] [7].

We previously demonstrated, at the single molecule level, that unphosphorylated myosin
purified from both tonic and phasic smooth muscle can bind to unregulated actin filaments
with a binding force of approximately 1/10th of the force generated by phosphorylated
myosin [11]. Unphosphorylated, and presumably dephosphorylated detached myosin, could
therefore participate in force maintenance during the latch state. The actin regulatory
proteins could possibly potentiate this binding force. Thus, in the current study, we
investigated the role of calponin in the enhancement of this binding force as well as its
regulation by phosphorylation.

2. MATERIALS AND METHODS
2.1 Proteins

Myosin was purified from pig stomach fundus following a previously published protocol
[12]. For the protocols requiring myosin activation, myosin was thiophosphorylated [13].
Actin was purified from chicken pectoralis acetone powder [14] and fluorescently labeled by
incubation with tetramethylrhodamine isothiocyanate (TRITC)-phalloidin (P1951, Sigma-
Aldrich Canada) [15]. Turkey gizzard calponin was purified as a by-product of caldesmon
purification [16]. For the protocols requiring calponin activation, calponin was
phosphorylated using Ca2+/calmodulin-dependent protein kinase II and MgATP (1 mol of
Pi/mol of calponin) [8]. After 10 min, Ca2+ chelation was performed by adding 10mM
EGTA to avoid contamination of the next assays with Ca2+.
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2.2 Buffers
Myosin buffer (300 mM KCl, 25 mM imidazole, 1 mM EGTA, 4 mM MgCl2, and 30 mM
DTT; pH adjusted to 7.4); Actin buffer (25 mM KCl, 25 mM imidazole, 1 mM EGTA, 4
mM MgCl2, 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 methylcelullose (0.3%) and MgATP (200
μM) were added.

2.3 In vitro motility assay
The velocity (νmax) of actin filament propulsion by myosin was measured in the in vitro
motility assay as previously described [11] with minor changes. Briefly, a flow-through
chamber (20 μl) was constructed from a nitrocellulose-coated coverslip and a glass
microscope slide [15]. Non-functional myosin molecules were removed by
ultracentrifugation (Optima ultracentrifuge L-90K and 42.2 Ti rotor, Beckman Coulter,
Fullerton, CA) of myosin (500 μg/ml) with equimolar filamentous actin and 1 mM MgATP
in myosin buffer. Myosin was then perfused in the flow through chamber at a concentration
of 125 μg/ml and allowed to randomly attach to the nitrocellulose for 2 min. The following
solutions were then perfused sequentially in the flow through chamber (all in actin buffer):
BSA (0.5 mg/ml), unlabeled G-actin (1.33 μM) to bind to any remaining non-functional
myosin 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 (0.03 μM),
with or without calponin (0.3μM), incubated for 1 min, and finally, motility buffer. All
molecular mechanics measurements were performed at 30°C. Motility was then assessed
using an inverted microscope (IX70, Olympus, Melville, NY) equipped with a high
numerical aperture objective (X100 magnification Ach 1.25 numerical aperture, Olympus,
Melville, NY) and rhodamine epifluorescence. An image intensified video camera (KP-
E500 CCD Camera, Hitachi Kokusai Electric, Woodbury, NY, 720 × 480 resolution, 68.6
μm × 45.7 μm real frame size, 29.94 frame/s, 8 bit grayscale) was used to visualize and
record the actin filament movement on computer (Custom Built by Norbec Communication,
Montreal, QC) using a frame grabber (Pinnacle Studio AV/DV V.9 PCI Card) and image
capturing software (AMCap software V9.20) at 29.94 Hz. νmax was determined from the
total path described by the filaments divided 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). Only filaments present for at least 20% of the
recorded video time (50 s) and describing a path of at least 3μm were considered. To
calculate the percentage of stopped filaments, a threshold of 0.1 μm/s was set below which,
the filaments were considered immobile and moving only due to Brownian motion. This
threshold was estimated by analyzing the frame-to-frame velocity of actin filaments in the
absence of ATP [17]. Finally, filaments that were not moving continuously were eliminated
from this analysis [10].

2.4 Laser trap assay
Our single beam laser trap assay was built around the Laser Tweezers Workstation (Cell
Robotics, Albuquerque, NM) and the motility assay described above and as previously
reported [11]. Briefly, pedestals were created by spraying 4.5 μm polystyrene microspheres
(Polybead, Polysciences, Warrington, PA) on the coverslips before coating with
nitrocellulose. 3 μm polystyrene microspheres (Polybead, Poly-sciences, Warrington, PA)
coated by 30 min incubation at room temperature with N-ethylmaleimide-modified (NEM)
skeletal myosin [15] were used for trapping. The perfusion of proteins and solutions in the
flow-through chamber followed the same sequence as for the motility assay except that the
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myosin was unphosphorylated and at a concentration of 16.7μg/ml, TRITC-labeled actin
was mixed with microspheres (13×103 microspheres/μl) in laser trap assay buffer, and there
were no unlabeled G-actin and MgATP steps. A diode pumped Nd:YAG solid-state laser
(TEM00, 1.5 W, 1064nm) was used to create the trap. To perform the assay, a microsphere
visualized in bright field by a charge coupled device (CCD) camera (XC-75, Sony
Corporation of America, New York, NY) was captured in the laser trap, and its position was
recorded on computer as described above. An actin filament, visualized by fluorescence
imaging (described above for the motility assay) was attached to the microsphere and
brought in contact with unphosphorylated myosin molecules randomly adhered to a pedestal
(Fig. 1A). Contact between myosin and actin was allowed for approximately 10s. During
that time, the microsphere baseline position in the trap was recorded. The pedestal was then
moved away from the trap at a slow and constant velocity of 0.5 μm/s. The microsphere
initially followed the pedestal (Fig.1B) until the force exerted on it by the trap became
greater than that exerted by the myosin molecules on the actin filament. At this point, the
microsphere sprang back to its unloaded baseline position in the center of the trap (Fig. 1C).
The total unbinding force (Total Funb) of the myosin molecules was calculated as follows:

(1)

where k is the trap stiffness and Δd is the maximal displacement of the trapped microsphere
from its baseline position. k was calibrated using the Stokes force (Ff) approach, as
previously reported [11]. Briefly, a viscous drag was applied to a trapped microsphere by
moving it at a constant velocity (v) in 0.3% methylcellulose while measurements of Δd were
performed. According to Stokes’ law, the frictional force exerted on spherical objects with
very small Reynolds numbers is calculated as follows:

(2)

where η 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 viscosity) adapter and was equal to 10.4 cP, at 30°C. Thus,

(3)

The value of k (0.013 pN/nm, R2=0.95) was averaged from several measurements
performed at different velocities and then used to perform the force measurements (see
example of trap calibration in figure 3 from [11]).

The average binding force per myosin head (Funb) was obtained as follows:, First, we
measured the length of actin filament in contact with the pedestal (ℓ, Fig.1A) by fluorescence
imaging. That is, the portion of the pedestal where the actin filament was bound, was
brought in focus and the bound actin filament length (ℓ) was measured using the National
Institutes of Health analysis software (NIH macro in Scion Image 4.02, Scion). Unbound
actin was readily detected because it moved in and out of focus due to Brownian motion, so
it was discarded from the length measurements. We then used the estimates of the number of
active myosin heads on the motility surface previously obtained by Warshaw and co-
workers [18, 19] by performing NH4-EDTA ATPase assays directly on the cover slip. (Note
that similar results have also been obtained by two other groups [20, 21]). The density of
active myosin heads was obtained by dividing this number by the surface area. 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 [18, 20, 21]. For example, at a
concentration of myosin of 20 μg/ml, a value of 26 heads/μm of actin filament was
estimated [18].
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2.5 Microsphere displacement analysis software
Bead motion tracking was performed in Matlab using optimal fitting of a reference image. In
short, in the first frame of the acquired video (720×480 resolution, 68.6×40.3 μm real frame
size, 29.94 frame/s, 8 bit grayscale), the largest area of connected area pixels with a gray
value above 90% of the highest pixel value in the image was identified (Figure 2A). A
60×60 pixel section of the frame, centered on the center of mass of the area of connected
pixels, was defined as the reference image (Figure 2B). While this centre of mass was not
necessarily the centre of mass of the bead, it was visually confirmed that the entire bead was
always fully contained in the reference image. In each subsequent frame the reference image
was matched to a section of the frame of the same size by finding the location at which the
summed absolute difference in pixel grey values (δz) between the current frame and the
reference image was minimized (sample of difference image in Figure 2C). To achieve sub
pixel resolution of the bead position, the δz values at the found location and the surrounding
8 pixels were interpolated with a cubic interpolation algorithm (Matlab, Figure 2D) and the
coordinates of the global minimum point on this interpolation surface was stored as the
position of the bead. After analysis of the entire video a frame range where no movement
occurs was manually chosen to calculate a baseline location of the bead and distances were
plotted relative to this baseline location (Figure 2E). The relevant local maxima, which
correspond to the detachment of myosin from actin, were found by searching for maxima in
user defined regions. From these maxima the associated total Funb were calculated.

2.6 Western Blot analysis of purified calponin
The phosphorylation of calponin was assessed by Western blot analysis. Proteins were
separated by SDS-PAGE using a 4–15% ready gradient gel (Bio-Rad, Hercules, CA).
Protein concentration was estimated by a standard Bradford assay, and 1.7 μg of calponin
and phosphorylated calponin were loaded in each well. Proteins were transferred
electrophoretically onto PVDF membranes (Bio-Rad, Hercules, CA). Membranes were
blocked with 5% non-fat milk and probed with the monoclonal Ab65827 antibody that
recognizes calponin (Abcam Inc, Cambridge, MA) or with the rabbit polyclonal SC16717R
antibody that recognizes phosphorylated calponin (Santa Cruz Inc., Santa Cruz, CA).
Antibody detection was done by Super Signal West Dura substrate (ThermoFisher,
Waltham, MA).

2.7 Co-sedimentation assay
To confirm the effect of unphosphorylated calponin on the cross-linking of
unphosphorylated myosin to actin, a co-sedimentation assay was performed. The proteins
and calponin phosphorylation protocol were described in section 2.1. Combinations of actin
(6 μM), myosin (1 μM) and calponin (2 μM) (phos- or unphosphorylated) were incubated in
actin buffer (see section 2.2) for 1 h at 26ºC with continuous mixing at 400 rpm. The
samples were than centrifuged at low speed (13,300 rpm) for 20 min, at 4ºC in order to
sediment the myosin and cross-linked actin and calponin. The supernatants and re-
suspended pellets were then separated by SDS-PAGE using a 4–20% ready gradient gel
(Bio-Rad, Hercules, CA) and visualized by Coomassie blue.

2.8 Statistical analysis
Differences in νmax and Funb between multiple conditions were tested using one way
ANOVAs, with a Bonferroni correction. Differences in νmax and Funb with only two
conditions were tested using the Student’s t-test. In cases when the test for equal variance
failed, a Mann-Whitney U test was performed. A value of P<0.05 was considered
significant. The Systat Software Inc., (San Jose, CA) was used. For the motility assay, N
represents the number of flow-through chambers studied. A minimum of three locations in

Roman et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 filaments analyzed.

3. RESULTS
3.1 Maximal velocity of actin propulsion

To ascertain that our actin filaments are regulated by physiological levels of calponin, we
measured νmax when propelled by pig stomach fundus myosin in the in vitro motility assay.
As expected from the literature [9, 22], νmax for actin (0.54±0.01 μm/s; mean±SE) was
slightly but statistically significantly decreased in the presence of calponin (0.43±0.01 μm/s;
p<0.001,) and this inhibitory effect was suppressed when calponin was phosphorylated
(0.50±0.01 μm/s; p=0.04), as shown in Fig. 3. The percentage of stopped filaments was also
increased from 12.7 % for regular actin to 28.9 % in the presence of calponin and back to
12.5% in the presence of phosphorylated calponin. The phosphorylation of calponin was
assessed by Western blot analysis as shown in the inset of Fig. 3.

3. 2 Cross-linking of unphosphorylated myosin to actin
To verify if calponin alters the average binding force of unphosphorylated myosin to actin
filaments, we measured Funb using the laser trap assay. Funb in presence of actin only (0.12±
0.01 pN; mean±SE) was increased in the presence of calponin (0.20± 0.02 pN; p=0.009). To
investigate if this enhancement was due to the binding of calponin to actin, we repeated the
Funb measurements in the presence of phosphorylated calponin, i.e. detaching calponin from
actin [8]. Indeed, this enhancement was lost when calponin was phosphorylated (0.12± 0.01
pN; p=0.006), as shown in Fig.4A.

To confirm that calponin enhances Funb by cross-linking unphosphorylated myosin to actin,
we repeated the unbinding experiments at high ionic strength because the calponin-myosin
interactions are known to be weak in such conditions in vitro. Funb obtained at the regular
[KCl] of 25mM (0.21± 0.02 pN; mean±SE) was significantly decreased at [KCl] of 150mM,
(0.13± 0.01 pN; p=0.007), as shown in Fig.4B. To control for the effect of high [KCl] on the
Funb measurements, we also measured Funb at a [KCl] of 150mM but in the absence of
calponin. The results were not significantly different from those obtained without calponin
at a [KCl] of 25mM (Fig.4C).

3.3 Control measurements in the absence of myosin
To eliminate the possibility that calponin regulated actin was binding in an unspecific
manner to the pedestal, the Total Funb was also measured in the absence of myosin but in the
presence of actin and calponin. The resulting force was normalized per length of actin in
contact with the pedestal (Total Funb/ℓ). In the absence of unphosphorylated myosin, a
significantly smaller Total Funb/ℓ (0.28±0.04 pN/μm; mean±SE) was observed than in its
presence (4.19±0.42 pN/μm; p<0.001), as shown in Fig.4D.

3.4 Co-sedimentation assay
As previously reported in the literature [8], we confirmed that the phosphorylation of
calponin by Ca2+/calmodulin protein kinase II decreases its binding to actin, by performing
a co-sedimentation assay in the presence of phosphorylated or unphosphorylated calponin. A
low-speed centrifugation in actin buffer was used because under such conditions, actin and
calponin are soluble but will pellet more when cross-linked together. Indeed, we found more
calponin and actin in the supernatant (S) when the calponin was phosphorylated (Fig. 5 lanes
1 & 2) and more in the pellet (P) when calponin was unphosphorylated (Fig. 5 lanes 3 & 4).
To then confirm the cross-linking of unphosphorylated myosin to actin by unphosphorylated
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calponin, a co-sedimentation assay was performed in the presence of phosphorylated or
unphosphorylated calponin. The above centrifugation and buffer conditions were used again
because they allow for myosin filaments to sediment whereas actin and calponin remain
soluble. In the presence of phosphorylated calponin, less myosin-actin-calponin complex
was found in the pellet (Fig. 5, lanes 5 & 6). (Note that the ATP used to phosphorylate the
calponin made the myosin filaments more soluble so more myosin was also found in the
supernatant than would have been otherwise expected (Fig. 5 lane 5), as also observed in
[8]). To the contrary, in the presence of unphosphorylated calponin, more myosin-actin-
calponin complex was found in the pellet (Fig. 5, lanes 7 & 8). These results demonstrate
that the unphosphorylated calponin enhances the binding of unphosphorylated myosin to
actin compared to phosphorylated calponin.

4. DISCUSSION
In this study, we provided direct molecular level-evidence that calponin enhances the
average force of binding of unphosphorylated myosin to actin and that this is reversed upon
calponin phosphorylation. Furthermore, we showed that this enhancement in binding force is
accomplished by the action of calponin cross-linking unphosphorylated myosin with actin.
These findings suggest that calponin could be a key player in the force maintenance capacity
of smooth muscle, known as the latch state.

Several studies have suggested a role for calponin in the binding of unphosphorylated
myosin to actin [5–7]. In a technically challenging study performed at the whole cell level,
Malmqvist and co-workers [5] showed that when calponin is extracted from the smooth
muscle cell and the myosin is exchanged for a non-phosphorylatable mutant, approximately
65% of the maximal cell force can still develop at approximately 30% of the maximal
shortening velocity, following photolysis of caged ATP. Upon re-addition of calponin, the
velocity and force development are prevented [5]. Our results showed that this calponin-
induced inhibition in movement and force production is not due to the lack of binding of
unphosphorylated myosin to actin because, to the contrary, calponin enhances the binding.
Thus, it is likely that calponin decreases the active cycling of the myosin heads [9, 22]
promoting force maintenance. Indeed, Horiuchi and Chacko [23] reported that calponin
inhibits the catalytic step in the actin-activated ATP hydrolysis. Furthermore, because
calponin also binds to unphosphorylated myosin [7], it most likely cross-links myosin to
actin, thus explaining the enhancement of the binding force and the lack of cycling. We
confirmed this possibility by measuring the Funb at different ionic strengths because the
binding of calponin to unphosphorylated myosin is known to be weak at high ionic strength
[7]. Indeed, we found that the calponin-induced enhancement of Funb was lost at high [KCl].
These data support the concept that calponin cross-links unphosphorylated myosin to actin,
thus enhancing their binding force and preventing active force generation.

One point worth noting is that the high [KCl] conditions in the in vitro motility and laser
trap assays correspond to normal ionic strength conditions inside the cell. Indeed, these
assays have always been performed at relatively low ionic strength. Several papers have
reported best motility below 60 mM KCl and it is the standard procedure to perform
molecular mechanics measurements at 25 mM KCl [15, 24–28]. Whereas these conditions
are not physiological, good quality molecular mechanics measurements are not possible
otherwise. It is generally believed that the crowded cell environment provides conditions
that are quite different from what can be obtained in the motility or laser trap assays, which
leads to better protein binding conditions in vivo than in vitro. This has to be compensated
for in vitro by working at lower ionic strengths. Nonetheless, the goal of working at high
ionic strength was to change the conditions in such a way that calponin would detach from
myosin in order to prove that this binding was indeed responsible for the increase in Funb.
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Szymanski and Tao [7] demonstrated by a sedimentation assay that the calponin/myosin
interaction was ionic strength dependent; they showed a strong interaction at 50 mM NaCl
which they said started to weaken at 100 mM NaCl and was abolished at 150 mM NaCl.
Thus, using their approach in a molecular mechanics assay was the obvious procedure to
follow. Because of such technical limitations, in vitro molecular mechanics studies cannot
prove theories unequivocally but can suggest mechanisms that remain to be confirmed in
vivo.

Calponin can be phosphorylated by protein kinase C and Ca2+/calmodulin-dependant protein
kinase II [29]. Furthermore, it has been shown from ATPase measurements that
phosphorylation of calponin inhibits its binding to actin [8]. Thus, in the presence of
phosphorylated calponin both phosphorylated or dephosphorylated myosin heads can cycle.
Our data showed that upon phosphorylation of calponin, the binding force of
unphosphorylated myosin to actin is reduced. Because calponin is likely to be
phosphorylated during smooth muscle cell activation, it must detach from actin [8] and not
interfere with muscle shortening and force generation. Following calponin
dephosphorylation, the binding of myosin to actin must be enhanced, due to their cross-
linking by calponin, leading to force maintenance. The binding of unphosphorylated
calponin to actin and the cross-linking of myosin to actin by unphosphorylated calponin
were also demonstrated by our co-sedimentation results (Fig. 5).

It is interesting to note that in intact tissue measurements, the phosphorylation of calponin
has not been observed in the carotid artery [30], a clearly tonic muscle, while it has been
reported in the stomach and in airways [31, 32]. It is not clear why calponin would not be
phosphorylated in the carotid artery but if as a general rule, calponin is less phosphorylated
in the tonic than in the phasic muscles, it could certainly be a mechanism that contributes to
the tonic muscle force maintenance. Furthermore, while the content of calponin is
approximately the same in phasic and tonic smooth muscle, the effect of calponin is believed
to be more prominent in tonic muscle because of the higher concentrations of caldesmon in
phasic smooth muscle, and the fact that caldesmon and calponin compete for binding to
actin [6].

Knocking-out calponin is an approach that has also been used to address its role in vivo [33–
35]. Although the results are not entirely clear due to concomitant alterations in α-actin and
h-caldesmon expression [33, 34], Takahashi and co-workers [35] demonstrated that calponin
inhibits shortening velocity during the tonic phase of contraction. They suggested that this
was due to direct regulation of the cross-bridge cycling rate, as can be seen in the in vitro
motility assay (as we also reported in figure 3). Our results suggest that in addition to the
slowing effect of calponin on the phosphorylated and cycling cross-bridges, the decrease in
shortening velocity may also be due to its enhancement of the binding force between
dephophorylated myosin and actin. Thus, instead of cycling, the dephosphorylated myosin
molecules maintain the force that is actively generated by the few remaining phoshorylated
myosin molecules.

We previously reported that the average binding force of unphosphorylated myosin to actin
is approximately 10% of that generated by phosphorylated myosin [36]. This may seem low
but our current data show that it is increased by approximately 40% in the presence of
unphosphorylated calponin. In addition, the contribution of other actin regulatory proteins
such as caldesmon and tropomyosin may also play a role in increasing this binding force
further. However, it is also important to note that our measurements do not allow us to
distinguish between stronger individuals cross-bridges in the presence of calponin versus
more cross-bridges of similar strength. This is why our data are reported in terms of average
binding force per myosin molecule. The only way to distinguish between these two
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possibilities would be to perform molecular mechanics measurements on single myosin
molecules in the presence of calponin, which is beyond the scope of the current study.

Another limitation of our study is that all experiments have been performed with
unphosphorylated and not dephosphorylated myosin. Nonetheless, there is no data in the
literature to suggest that dephosphorylated myosin is different from unphosphorylated
myosin. However, if they were different structurally and functionally, we would have
missed that effect. Because of the high sensitivity of our laser trap assay, if we were to work
with dephosphorylated myosin, any remaining phosphorylated myosin heads would lead to
overestimated force values.

Finally, although we believe that calponin plays an important role in force maintenance in
the latch-state, it is not sufficient to explain the whole phenomenon. Instead we suggest that
a combination of factors must be present to lead to force maintenance. For one, tonic muscle
is known to express a greater amount of the slower myosin heavy chain [37, 38]. This
myosin lacks the 7 amino acid insert found in the surface loop above the ATP binding
pocket [38, 39] and thus is referred to as the (-)insert or SMA myosin isoform. Lacking the
insert increases its time of attachment to actin [36] by increasing its affinity for ADP [40,
41]. The fact that the (-)insert isoform remains attached longer to actin presumably increases
its chances of getting dephosphorylated while attached. This is likely to contribute to the
greater propensity of tonic muscle to get into the latch state. Then, along with the few
remaining phosphorylated cross-bridges that still generate active force, the attached and
potentially reattaching dephosphorylated myosin molecules, cross-linked by calponin and
most-likely by other actin regulatory proteins, cooperate to lead to force maintenance. The
fact that calponin does not appear to get phosphorylated in tonic muscle [30] may also
promote its cross-linking action.

5. CONCLUSION
In conclusion, the dephosphorylation of calponin provides a mechanism to enhance the
binding of unphosphorylated myosin, and presumably dephosphorylated myosin, to actin.
This enhanced binding is likely to contribute to the force maintenance observed in tonic
smooth muscle.
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Highlights

Molecular level myosin force measurements.

Molecular mechanical mechanism to explain the latch-state.

The latch-state, a smooth muscle property that may prove to be important in disease.
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Figure 1.
A single beam laser trap assay is used to capture a polystyrene bead to which is attached a
TRITC-labeled actin filament regulated by calponin. A: The regulated actin is brought in
contact with unphosphorylated myosin that randomly coats a pedestal on a coverslip. ℓ:
length of actin in contact with myosin. B: The pedestal/coverslip is then moved away from
the laser trap at a constant and slow velocity, thereby dragging the trapped bead away from
the trap center as a result of the attachment of unphosphorylated myosin to actin. C: When
the force exerted by the trap on the bead is greater than the force of binding of
unphosphorylated myosin to actin, the bead snaps back into the trap, its unloaded position.
The unbinding force (Funb) is then calculated as the maximal distance between the bead and
the trap center (max Δd) multiplied by the trap stiffness calculated by the Stokes force
method. (See section 2.4 for details).
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Figure 2.
Video analysis for the calculation of microsphere displacement (Δd) (see section 2.5 for
detailed discription). A) A treshold map of the first video frame. The white box indicates the
reference region. B) The reference image as found from A. C) Example of the absolute
difference image in optimal location (differences amplified 10×, white equals no difference).
D) The summed pixel value differences (δz) in 9 points centered around the found optimal
location were mapped (black dots) and interpolated with a cubic interpolation algorithm to
find subpixel resolution of the coordinates of the bead (x and y are coordinates, δz equals
the summed pixel value difference). E) The resulting displacement plot with marked local
maxima (which correspond to the detachment of myosin from actin). In this sample the
baseline position was calculated as the mean position over the first 100 frames.
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Figure 3.
Velocity of actin filament (νmax) when propelled by phosphorylated myosin as measured in
the in vitro motility assay. The measurements were performed with naked actin (N=4) and in
the presence of calponin (N=6) and phosphorylated calponin (N=5). Cp: calponin, phos Cp:
phosphorylated calponin, *: p<0.05. Inset: Western blot analysis of calponin and
phosphorylated calponin as assessed by probing with an antibody that recognizes top panel:
calponin, and bottom panel: phosphorylated calponin.
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Figure 4.
Figure 4A. Unbinding force (Funb) of unphosphorylated myosin to actin as measured with
the single beam laser trap assay. The measurements were performed with naked actin
(N=10) and in the presence of calponin (N=9) and phosphorylated calponin (N=10). Funb is
reported as the average force per myosin molecule (see section 2.4 for details). *: p<0.05.
Figure 4B. Unbinding force (Funb) at regular (25mM) and at high KCl (150mM) of
unphosphorylated myosin to calponin regulated actin. Funb is reported as the average force
per myosin molecule (see section 2.4 for details). N=11 and 7, respectively. *: p<0.05.
Figure 4C. Unbinding force (Funb) of unphosphorylated myosin to actin, in the absence of
calponin, at regular (25mM) and at high KCl (150mM). Funb is reported as the average force
per myosin molecule (see section 2.4 for details). N= 17 and 5, respectively.
Figure 4D. Total unbinding force normalized per actin length (Total Funb/ℓ) in the absence
(N=12) or presence (N=12) of unphosphorylated myosin but in the presence of calponin
regulated actin.*: p<0.05.
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Figure 5.
Co-sedimentation assay results shown after separation by SDS-PAGE. L: ladder, S:
supernatant, P: pellet, MHC: myosin heavy chain, A: actin, Cp: calponin, phos:
phosphorylated calponin, unphos: unphosphorylated calponin.

Roman et al. Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


