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tested, this should promote the highest possible frac-
tion of actin that has bound myosin heads. Very little of 
the MLCK moved (1.5 ± 0.33%; mean ± SEM), whereas 
a significantly larger (P < 0.001) fraction of N75 moved 
(18.3 ± 1.6%).

In the presence of ATP, myosin remains unphosphory-
lated (very low [Ca2+]) but now binds weakly to actin in 
the M · ATP and M · ADP · Pi states leading to fewer cross-
bridges. The rate of ATP hydrolysis for dephosphorylated 
myosin is slow and the heads adopt a conformation in 
which they interact with each other and with the myosin 
filament backbone (Wendt et al., 1999, 2001; Liu et al., 
2003; Woodhead et al., 2005; Burgess et al., 2007; Jung 
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There was no statistical difference in D when comparing 
Methods A and B that we used to prepare QD-MLCK 
(buffer D; P < 0.01). Similar results were obtained if 
QDs were added to the bundles after adding biotinyl-
ated MLCK (Method B, likely giving a MLCK > QD con-
centration), or QDs and MLCK were premixed before 
adding to the bundles (Method A; 4:1 QD/MLCK). 
This suggests that parameters of the motion did not de-
pend significantly on the ratio of MLCK to QD concen-
trations and therefore the number of MLCKs attached 
to a QD.
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Effects of ATP and Ca2+CaM at physiological ionic strength. 
Stress fibers are contractile assemblies in cultured cells 
that are composed primarily of actin and myosin. There-
fore, by examining MLCK motion on stress fibers, we 
were able to explore the idea that the state of myosin, 
specifically its affinity for actin and its phosphorylation 
state, could affect the motion of MLCK and N75. MLCK 
is a long molecule that, when extended, is likely to be 
long enough to simultaneously bind both actin and myo-
sin (Mabuchi et al., 2010), and importantly, the MBD 
binds tightly to unphosphorylated but weakly to phos-
phorylated SMM (Sellers and Pato, 1984; Hong et al., 
2011, 2013). Because N75 lacks the MBD, comparison of 
MLCK with N75 will reveal the extent to which MBD–
myosin interactions of MLCK control its motion. Finally, 
because MLCK-induced bundles do not contain myosin, 
they can be used as a reference structure to see if the ef-
fects of buffer conditions thought to affect the above in-
teractions are unique to the presence of myosin.

To verify myosin phosphorylation in the HASMCs 
under the conditions used for TIRF imaging experi-
ments, we immuno-stained cells with an antibody to the 
phosphorylated RLC of SMM and labeled actin with 
TRITC-phalloidin (Fig. 4). We have shown previously that 
stress fibers stain fairly uniformly along their length 
with a polyclonal antibody to SMM (Milton et al., 2011), 
giving images that look very similar to the phalloidin 
staining. In the absence of ATP and Ca2+CaM, the myo-
sin in these cells was apparently completely dephos-
phorylated by endogenous phosphatases (Fig. 4, A and B). 
In the presence of ATP and Ca2+CaM, myosin becomes 
phosphorylated (Fig. 4, C and D), and the phosphoryla-
tion is inhibited by the selective MLCK inhibitor wort-
mannin (Fig. 4, E and F).

Fig. 5 A shows the frequency of motion of QD-MLCK 
(gray bars) and QD-N75 (open bars) at 150 mM KCl 
and 300 mM KCl (see conditions summarized at the 
bottom). In the absence of added ATP or Ca2+CaM 
(buffer A), the myosin in the stress fibers was dephos-
phorylated (Fig. 4 B) and in a rigor state (no ATP) in 
which actin and myosin bind strongly. Of all conditions 

Figure 4. Immunostaining of permeabilized HASMC with anti–
phosphorylated RLC (pRLC) antibody. Permeabilized cells were 
treated with TRITC-phalloidin to label actin in stress fibers and 
with an anti-pRLC primary antibody, and then an Alexa Fluor 488 
secondary antibody (Milton et al., 2011). (A, C, and E) TRITC-
actin. (B, D, and F) Alexa Fluor 488. A and B, buffer control; C 
and D, treated with phosphorylation buffer (150 mM KCl, 2 mM 
ATP, 100 nM CaM, pCa 4, and 50 nM MLCK); E and F, treated 
with phosphorylation buffer in the presence of wortmannin to in-
hibit MLCK activity. Phosphorylation was for 5 min at 25°C. Slides 
were observed in imaging actin buffer.
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that are unrelated to myosin phosphorylation. To de-
termine if weaker MBD–myosin interactions underlie 
the effect of ATP + Ca2+CaM, we tried another way to 
weaken this interaction avoiding phosphorylation alto-
gether. MBD–myosin interactions are known to be sig-
nificantly weakened at higher ionic strengths as are 
ABD interactions (Sellers and Pato, 1984; Silver et al., 
1997; Hong et al., 2011), but the data for the bundles 
(Fig. 3 A) suggest that the latter was not sufficient to 
alter the frequency of motion for the conditions tested. 
In contrast, the strong binding affinity of SMM for actin 
(unlike the skeletal muscle isoforms), both in the ab-
sence and presence of ATP, is relatively insensitive to 
increasing ionic strength (Greene et al., 1983). Using 
our buffers, we measured the Kd for the acto-myosin 
(S1 head) interaction to be 15 nM at 150 mM KCl and 
25 nM at 300 mM KCl using the method of Cremo and 
Geeves (1998). The corresponding Kds in the presence 
of ATP are extremely weak but have been estimated to 
be >600 µM (Greene et al., 1983).

At 300 mM KCl in the absence of ATP, MLCK motion 
remained inhibited at 1.0 ± 0.2% (Fig. 5 A). This sug-
gests that the weakened MBD interactions of MLCK 
with myosin were not sufficient to allow for significant 
motion. However, upon the addition of ATP, the fre-
quency of motion for MLCK increased 24.4-fold to 24.4 ± 
1.4% (see Video 10 as example). Without ATP, the fre-
quency of motion for N75 was similar at the two ionic 
strengths (18.3 ± 1.6% at 150 mM KCl vs. 15.6 ± 2.2% at 

et al., 2011; Pinto et al., 2012). Alternatively, ATP can 
cause some of the myosin to leave the myosin filaments, 
where myosin adopts a soluble monomeric form called 
10S (Onishi and Wakabayashi, 1982; Trybus and Lowey, 
1984) that binds very weakly to actin (Olney et al., 1996). 
This process has been demonstrated in this cell system 
(Milton et al., 2011). By both mechanisms, including ATP 
decreases the number of strongly bound cross-bridges. 
Upon the addition of ATP, the frequency of N75 in-
creased marginally relative to rigor by 1.3-fold to 24.3 ± 
3.0% (Fig. 5 A), but it was not a significant increase (P = 
0.06). In contrast, MLCK rarely moved (0.6 ± 0.2%) in 
the presence of ATP, as was found in its absence.

In the presence of ATP and Ca2+CaM, myosin in the 
stress fibers was phosphorylated by the activated endog-
enous and exogenous MLCK (Fig. 4 D). Upon the addi-
tion of ATP and Ca2+CaM, the frequency of motion of 
MLCK increased by a factor of 17.8 from 0.6 ± 0.2% 
(ATP alone) to 10.7 ± 0.9% (ATP and Ca2+CaM; see 
Video 9 as example). This was a much larger increase 
than that seen for N75, which increased by factor of 1.8 
from 24.3 ± 3.0% to 44.3 ± 5.5% (Fig. 5 A).

Effect of ATP on MLCK and N75 motion at higher ionic 
strength. One limitation of the experiments described 
from Fig. 5 A is that even under conditions that pro-
mote myosin phosphorylation (ATP + Ca2+CaM), myosin 
phosphorylation may be locally incomplete or, adding 
Ca2+CaM to the cell cytoskeletons may alter other processes 

Figure 5. Analysis of movement of MLCK and N75 on 
HASMC stress fibers. MLCK (shaded bars) and N75 (open 
bars). (A and B) Experimental conditions are summarized 
at the bottom. Buffers are as in Fig. 3. (A) QDs localized 
on stress fibers were counted, and the percentage of those 
that clearly moved are plotted. Error bars represent SEM. 
Within each ionic strength and molecule group, only the 
comparison between rigor and +ATP for N75 and for 
MLCK at 150 mM salt was not statistically different (P < 0.05; 
two-tailed t test). (B) Average D. Error bars represent SEM. 
For bars labeled “zero,” very few QD-MLCKs moved (see 
A), and D could not be determined reliably.

http://www.jgp.org/cgi/content/full/jgp.201511483/DC1
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(Fig. 5 B), it would take an average of 2 ms for MLCK to 
diffuse one repeat, and 1 s to visit 84 heads, giving 84 
heads s1 MLCK1. Previously we showed, by observing 
single molecules in vitro, that the MLCK-myosin detach-
ment rate is likely to be rate limiting for phosphoryla-
tion at 1.2 heads s1 MLCK1 (Hong et al., 2013), a 
value that is in reasonable agreement with the mea-
sured ratios of MLCK to myosin and typical phosphory-
lation rates in muscle. Therefore, diffusion time will be 
much shorter than phosphorylation time, ensuring that 
diffusion is not rate limiting for phosphorylation. Also, 
during 1-D (unlike 3-D) diffusion, the MBD of actin-
bound MLCK will maintain an orientation for pro-
ductive collisions with myosin. Finally, simply the fact 
that MLCK remains bound to the contractile appara-
tus keeps the MLCK localized where it effectively con-
trols contractile rates, rather than in other cytoplasmic 
regions that likely only contain myosin in its ATPase-
inhibited monomeric form (Milton et al., 2011), should 
it exist in significant quantities in muscle (Horowitz  
et al., 1994).

Using permeabilized HASMCs allowed us to examine 
factors that affected diffusion of MLCK and N75 in the 
presence of MLCK’s substrate, myosin. Interestingly, 
these data reveal an additional feature of MLCK diffu-
sion that is likely important to enhance rates of phos-
phorylation in smooth muscle. Diffusion of MLCK on 
actin will increase the probability that it can access un-
phosphorylated myosin, while avoiding getting “stuck” 
on myosins that have already been phosphorylated. 
This idea is best explained by summarizing all our data 
pertaining to the frequencies of motion of both MLCK 
and N75 on both actin bundles (Fig. 3 A) and on stress 
fibers (Fig. 5 A) in the context of a model (Fig. 6). If the 
concentration of physical barriers to motion is higher 
than a cutoff value, D will be zero, and essentially no 
motion will be observed. Below this cutoff value, the fre-
quency of motion will vary depending on the linear den-
sity of barriers along actin filaments. This is essentially  
a percolation model of diffusion (Saxton, 1990, 1993), 
where the barriers are: (a) myosin strongly bound to 
actin, (b) simultaneous binding of MLCK to both myo-
sin and actin, (c) MBD tight interaction with unphos-
phorylated but not phosphorylated myosin, and (d) 
MBD interaction that is weakened at higher ionic strength. 
In MLCK-induced actin bundles (Fig. 6, A and E), 
which contain no myosin, the barrier to both MLCK 
(orange, green, and blue domains) and N75 (orange) 
motion is most likely MLCK itself (greyed out mole-
cules are not QD labeled), which was added during the 
bundling procedure. The presence of two actin-binding 
regions, residues 2–114 and 138–213 (Fig. 6, green do-
main), are necessary and sufficient for bundling activity 
of MLCK (Hayakawa et al., 1994; Ye et al., 1997). The 
MLCK-induced actin bundles used here probably do 
not represent a physiological structure found in cells or 

300 mM KCl; Fig. 5 A). However, as with MLCK, the  
effect of ATP was pronounced at 300 mM KCl, increas-
ing the moving frequency 3.9-fold from 15.6 ± 2.2% to 
60.9 ± 2.4%.

D values for MLCK were similar to those seen in the 
actin bundles (Fig. 3 B) in a tight range between 0.025 
and 0.08 µm2s1. When most QD-MLCK did not move, 
D could not be determined because of an insufficient 
number of trajectories and is therefore shown as zero. 
For N75, which can be compared for all conditions, 
faster diffusion was observed when the myosin heads 
were phosphorylated and at 300 mM KCl, both in the 
absence and presence of ATP. Also, N75 moved faster 
than MLCK in the presence of ATP and Ca2+CaM and 
also at 300 mM KCl with ATP. The average values of  
were very similar to those for actin bundles ranging 
from 0.62 to 0.76, with no statistically significant differ-
ences between conditions (P < 0.005). Because  values 
were <<2, there is no evidence for directed motion, as 
would be seen for a processive motor protein. In con-
trast, the data were consistent with random diffusion 
with spatial caging ( < 1).

D I S C U S S I O N

We have observed that MLCK and N75 randomly dif-
fuse in 1-D on actin bundles in vitro and on stress fibers 
in situ. We found no evidence for directed motion like 
a processive motor molecule. Random 1-D diffusion of 
proteins along microtubules (Hunter et al., 2003) and 
oligonucleotides (Halford and Marko, 2004; Yu et al., 
2013) has been observed previously, but this is the first 
characterization to our knowledge of a protein diffus-
ing in a sustained manner along actin.

It was experimentally difficult to determine whether 
MLCK moved on single actin filaments because of its 
actin-bundling activity. However, N75 (which does not 
bundle actin) did not move on single actin filaments 
but did move on MLCK-induced actin bundles and on 
HASMC stress fibers. Therefore, the first 75 residues  
of MLCK were sufficient for motion and more than  
one proximal actin filament appeared to be necessary 
for motion.

Diffusion of MLCK on actin may be an important 
mechanism for enhancing rates of SMM phosphoryla-
tion in smooth muscle. The ratio of active MLCK to 
SMM in smooth muscle is relatively low (Injeti et al., 
2008), and thus one MLCK must phosphorylate many 
SMMs within 1–2 s to account for phosphorylation rates 
(see references in Hong et al., 2013). The time, t, it 
takes a single MLCK molecule to diffuse a distance, d, 
can be estimated by the first-passage time for 1-D diffu-
sion, t = d2/2D (Berg, 1993; Howard, 2001). Assuming 
that SMM filaments are side polar and have two mole-
cules (four heads) per 14.3-nm repeat on one side of 
the filament (Tonino et al., 2002), using D = 0.05 µm2s1 
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per se in intact muscle is not known, but many bun-
dling proteins are present in smooth muscle and cul-
tured cells, such as SM22 (Han et al., 2009); fascin-1 
(De Arcangelis et al., 2004); -actinin, caldesmon, and 
others (Marston and Smith, 1985). Many actin filaments 
can surround a single myosin filament in smooth mus-
cles (Devine and Somlyo, 1971), but the spacing be-
tween these actin filaments in relation to their bundled 
status remains unclear.

The frequencies of motion of both MLCK and N75 
were independent of ionic strength between 150 and 
300 mM KCl on actin bundles (Fig. 6, A and E, respec-
tively), but no motion was observed at 50 mM KCl re-
gardless of buffer additions (unpublished data). From 
150 to 50 mM KCl, the affinity of MLCK for actin in-
creases 50-fold (Sellers and Pato, 1984), suggesting 

muscle because the ratio of MLCK to actin is quite high 
during their formation. However, that does not mean 
that individual MLCK molecules do not have actin-bun-
dling activity in cultured cells or intact muscle. We do 
not know how far apart the single actin filaments are in 
the bundles, but at this wavelength, two actin filaments 
would have to be ≥4 pixels or 400 nm apart for us to 
discern them as two proximal single filaments. Addi-
tional work is required to determine if MLCK molecules 
that bundle actin can at the same time move or if they 
switch between bundling and motion. Also, we are cur-
rently working to test our prediction that MLCK can 
move on actin bundled by other proteins such as -
actinin, because it is an abundant actin-bundling pro-
tein in cultured cell stress fibers in which we do observe 
motion. The existence and relevance of actin bundles 

Figure 6. Predicted interactions of 
MLCK/N75 that affect the frequency 
of motion according to our simple per-
colation model. The left side of each 
box shows barriers to MLCK/N75 mo-
tion, and the right side shows molecules 
moving where barrier concentration is 
lower. Frequency of motion from Figs. 3 
and 6 is shown in red type above each  
molecule. Top (A–D) and bottom (E–G)  
rows at 150 mM KCL and 300 mM KCl, 
respectively. In vitro actin bundles  
(A and E) or stress fibers (B–D and 
F and G) are parallel blue lines (ac-
tins shown apart for clarity). Text at 
top summarizes conditions (blue) and 
acto-myosin state (black). The key is in 
the bottom right box.
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weakened actin–myosin interactions (see Results). The 
result was essentially the same with or without the MLCK 
inhibitor wortmannin, suggesting that the increase in 
movement was not caused by myosin phosphorylation. 
Nor was this attributable to ATP affecting MLCK–actin 
interactions, because under the same conditions, there 
was little effect of ATP on motion frequency in actin 
bundles, increasing only 1.2-fold (Fig. 3 A). At the higher 
ionic strength, N75 motion is also greatly enhanced by 
adding ATP (compare Fig. 6, F and G; from 16 to 60%), 
likely because of the diminished MBD–myosin inter-
actions of silent MLCK.

An alternative explanation is that ATP simply weak-
ens the affinity of MLCK for myosin (Fig. 6, B and C, 
and F and G). Using SMM filaments stabilized against 
ATP-induced disassembly (Haldeman et al., 2014), we 
found that the apparent Kd for MLCK binding was 1.3 ± 
0.1 µM without ATP and 1.5 ± 0.2 µM with 1 mM ATP. 
Therefore, the presence of ATP alone does not appre-
ciably alter the affinity of MLCK for unphosphorylated 
SMM filaments. This suggests that the increase in mov-
ing frequency of MLCK upon the addition of ATP (Fig. 6, 
F vs. G) is a consequence of ATP-induced weakening of 
the acto–myosin interaction rather than weakening of 
the MBD–myosin interactions.

If both ATP and Ca2+CaM are present (Fig. 6 D), 
phosphorylated myosin can now cyclically interact with 
actin. Importantly, the MBD binds weakly to phosphory-
lated myosin, allowing a significant frequency of motion 
for MLCK (11%). The remaining immobile fraction 
may be caused by residual unphosphorylated myosin. 
But also the stress fibers likely cannot shorten because 
they are adhered to the surface, and phosphorylated  
myosin can enter a strained state in which the rate of 
ADP release is slow (Cremo and Geeves, 1998; Khromov 
et al., 2004). This ADP state binds strongly to actin, simi-
lar to the rigor state (Cremo and Geeves, 1998), and 
could therefore present a barrier to MLCK motion. N75 
motion is also enhanced (44%) compared with ATP 
alone (24%). A small fraction of this increase may be 
caused by direct effects on MLCK that alter its interactions 

that increasing actin-binding affinity stops the motion. 
This suggests that motion is enhanced by decreasing 
ionic interactions between the ABD and actin, consistent 
with the positive charge on the ABD and negative charge 
on actin. We show that these bundles contain anti-paral-
lel actin filaments (Fig. S1), and junction points and in-
correct actin polarity could present barriers to motion. 
Therefore, we speculate that the moving molecules are 
in regions of low density of MLCK that is participating in 
bundling and in regions of actin–actin polarity (either 
anti-parallel or not) conducive to movement.

In the absence of ATP and Ca2+CaM (Fig. 6 B), un-
phosphorylated myosin heads bind strongly to the MBD 
of MLCK; actin and myosin bind strongly to one another, 
restricting both MLCK and N75 motion; and silent 
MLCK molecules bound to myosin will present a barrier 
to QD-MLCK (should it not already be interacting with 
myosin). Adjacent actin-binding sites for myosin are  
35 nm apart, and an MLCK trapped between two such 
barriers would exhibit no noticeable motion. The differ-
ence between MLCK (1.5%) and N75 (18%) moving 
may be caused by the lack of the MBD in N75, whereas 
rigor cross-bridges may explain the significant amount of 
nonmoving N75. At higher ionic strength (Fig. 6 F), simi-
lar data were obtained, suggesting that the weakened 
MBD–myosin interactions were not sufficient to allow 
MLCK to move. This points to the importance of acto-
myosin cross-bridges as a barriers to motion.

In the presence of ATP (Fig. 6, C and G), myosin is in 
a weak actin-binding state but remains unphosphory-
lated. The MBD still binds strongly to myosin and re-
stricts motion along with the silent MLCK molecules. 
Even in the absence of rigor heads, <1% of the MLCK 
moves. Again, the frequency of N75 motion is relatively 
high, at 24%. The small increase from 18% (no ATP)  
to 24% (+ATP) moving may be caused by the lack  
of rigor head barriers, but silent MLCK–myosin com-
plexes remain. As expected, increasing the ionic 
strength (Fig. 6, C–G) significantly increased motion 
for MLCK and N75. This effect was largely caused by 
weakened MBD–myosin interactions rather than by 

Figure 7. Proposed mechanism for how MLCK diffusion on actin facilitates myosin phosphorylation during a contractile cycle. (A–E) 
See Fig. 6 for definition of cartoon elements and text for descriptions. Straight blue arrows indicate moving MLCK. Curved blue arrows 
and blue P on myosin heads indicate cycling phosphorylated myosin. The blue line at the bottom indicates the changes in Ca2+ concen-
tration over time.
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actin. This happens only because MLCK can move on 
actin by diffusion. We suggest that the diffusion of 
smooth muscle MLCK on actin is an adaptation specific 
to smooth muscles. The predominant form of myosin in 
adult smooth muscles must be phosphorylated to turn on 
the ATPase activity, and therefore phosphorylation is re-
quired for contraction. This is in contrast to skeletal and 
cardiac muscle in which the level of phosphorylation re-
mains fairly constant from contraction to contraction 
and phosphorylation/dephosphorylation modulates 
rather than turns on/off the ATPase activity of the re-
spective myosin (Kamm and Stull, 2011). Interestingly, 
the skeletal and cardiac isoforms of MLCK do not have 
the ABD domain that is sufficient for diffusion. They are 
soluble proteins that presumably diffuse in the cytosol. In 
contrast, the long isoforms of smooth muscle MLCK 
found in nonmuscle cells and undifferentiated smooth 
muscle have an N-terminal extension that contains two 
additional copies of the diffusion domain sequence. It 
will be of interest to see if this longer MLCK also moves 
on actin-containing structures.

Our data suggest that 1-D diffusion of MLCK on prox-
imal actin filaments is a mechanism by which one MLCK 
molecule can phosphorylate many myosin heads in a 
relatively short period of time. Our observations that 
MLCK diffusion is influenced by myosin- and MLCK-
dependent barriers to diffusion suggest novel mecha-
nisms by which MLCK diffusion is modulated to optimize 
smooth muscle activation rates.
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