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to enhance myosin phosphorylation rates in smooth muscle
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Smooth muscle myosin (SMM) light chain kinase (MLCK) phosphorylates SMM, thereby activating the ATPase
activity required for muscle contraction. The abundance of active MLCK, which is tightly associated with the con-
tractile apparatus, is low relative to that of SMM. SMM phosphorylation is rapid despite the low ratio of MLCK to
SMM, raising the question of how one MLCK rapidly phosphorylates many SMM molecules. We used total internal
reflection fluorescence microscopy to monitor single molecules of streptavidin-coated quantum dot-labeled
MLCK interacting with purified actin, actin bundles, and stress fibers of smooth muscle cells. Surprisingly, MLCK
and the N-terminal 75 residues of MLLCK (N75) moved on actin bundles and stress fibers of smooth muscle cell
cytoskeletons by a random one-dimensional (1-D) diffusion mechanism. Although diffusion of proteins along mi-
crotubules and oligonucleotides has been observed previously, this is the first characterization to our knowledge
of a protein diffusing in a sustained manner along actin. By measuring the frequency of motion, we found that
MLCK motion is permitted only if acto-myosin and MLCK-myosin interactions are weak. From these data, diffu-
sion coefficients, and other kinetic and geometric considerations relating to the contractile apparatus, we suggest
that 1-D diffusion of MLCK along actin (a) ensures that diffusion is not rate limiting for phosphorylation, (b) al-
lows MLCK to locate to areas in which myosin is not yet phosphorylated, and (c) allows MLCK to avoid getting
“stuck” on myosins that have already been phosphorylated. Diffusion of MLCK along actin filaments may be an

important mechanism for enhancing the rate of SMM phosphorylation in smooth muscle.

INTRODUCTION

Smooth muscle myosin (SMM) light chain kinase (MLCK;
UniProt accession no. Q15746-7) is a Ca**-calmodulin
(CaM)-activated kinase (Hong et al., 2011) that is re-
quired for smooth muscle contraction (Itoh etal., 1989;
He et al., 2008; Zhang et al., 2010) and regulation of
tone in most of the hollow organs of the body (Kamm
and Stull, 2011). It phosphorylates the regulatory light
chains (RLCs) of SMM (a myosin II), causing a switch
from low to high actin—activated myosin ATPase activity.
Similar kinases modulate the activities of other myosin
IIs in skeletal and cardiac muscles, and also in nonmus-
cle cells (Kamm and Stull, 2001).

The predominant form of MLCK in smooth muscle
(Fig. 1 A) is a long multi-domain protein (Mabuchi et al.,
2010) containing an N-terminal actin-binding domain
(ABD; three DFRXXL motifs; Gallagher and Stull,
1997) within the first 75 residues, IgG and Fn domains, a
kinase domain, and a C-terminal myosin-binding domain
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(MBD; also known as telokin domain) that interacts
at the junction between the heads and the tail of myosin
(Silver et al., 1997) near the phosphorylatable Ser-19
on the RLC. Interestingly, very little MLCK can be ex-
tracted from the contractile apparatus of smooth
muscles under physiological conditions, presumably
because of its combined interactions with actin and
myosin (Weber et al., 2000). At the same time, even at a
low ratio of MLCK to SMM, smooth muscles can reach
maximal levels of SMM phosphorylation within sec-
onds (Zimmermann et al., 1995). Calculations consid-
ering molecular dimensions suggest that at most eight
local myosin heads could be phosphorylated by one
statically bound MLCK, an insufficient number to ex-
plain phosphorylation levels in vivo (Hong et al., 2011).
Presumably, more phosphorylation could proceed as
contraction brings actin-tethered MLCK proximal to
more myosin heads. However, any model requiring con-
traction to explain phosphorylation kinetics is weak-
ened by the fact that ~90% of all the myosin in gizzard
tissue can be thiophosphorylated in the presence of
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ATPvS (a nucleotide that MLCK but not myosin can use
as a substrate) when ATP is excluded from the buffer, a
condition in which contraction does not occur (Kenney
et al., 1990). This suggests that relative sliding of thick
and thin filaments is not required for MLCK to access
most of the myosin in muscle.

In an effort to understand how activated MLCK phos-
phorylates so much SMM so quickly in the 3-D environ-
ment of the muscle, in this study we used total internal
reflection fluorescence (TIRF) microscopy to observe sin-
gle molecules of MLCK interacting with three different
actin substrates: single actin filaments, MLCK-induced
actin bundles, and stress fibers in human airway smooth
muscle cells (HASMCs). Surprisingly, MLCK moved along
the long axis of actin bundles and stress fibers. The ABD
contained within the first 75 residues of MLCK (N75;
Fig. 1 A) was sufficient for motion, but it did not move on
single actin filaments, suggesting that at least two actin fila-
ments are needed for motion. MLCK moved by a random
diffusion mechanism with no evidence of directed motion
like a processive motor protein. The motion of MLCK
on actin bundles did not require enzymatically activated
MLCK, but the frequency of motion was enhanced in the
combined presence of Ca"™-CaM and ATP, suggesting that
cellular conditions that promote kinase activity also pro-
mote MLCK motion. This is the first characterization to
our knowledge of a protein diffusing in a sustained
manner along actin.

We present a model that explains the notable differ-
ences in MLCK motion frequency in actin bundles,
which do not contain myosin, and in stress fibers, which
do. It describes discrete molecular interactions that
serve as barriers to motion and how motion is enabled
by decreasing the concentration of the barriers. The
data and model are consistent with the idea that the
state of myosin, with respect to both phosphorylation
and acto-myosin affinity, strongly controls the motion of
MLCK. From our measured diffusion coefficients, along
with other kinetic and geometric considerations relat-
ing to the contractile apparatus, we suggest that 1-D dif-
fusion of MLCK along actin (a) ensures that diffusion is
not rate limiting for myosin phosphorylation, (b) allows
MLCK to “find” or self-locate to areas in which myosin
is notyet phosphorylated, and (c) allows MLCK to avoid
getting “stuck” on myosins that have already been phos-
phorylated. Our data suggest that diffusion of MLCK
along actin filaments is physiologically relevant and may
be an important mechanism for enhancing the rate of
SMM phosphorylation in smooth muscle.

MATERIALS AND METHODS

Reagents

Collagen I (rat tail) and Qdot 525 (A = 525 nm) ITK Streptavidin
Conjugate kit, containing ~5-10 streptavidin conjugates per
streptavidin-coated quantum dot (QD), were from Invitrogen.
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D-(+)-glucose, glucose oxidase, type VII BSA, cow brain CaM,
wortmannin, methylcellulose, apyrase, and ATP were from Sigma-
Aldrich. Microscope coverslips (22 x 30 — 1.5) and slides (76.2 x
25.4 x 1 mm) were from Thermo Fisher Scientific. Phalloidin was
from Alexis Corp. HASMC-culturing reagents and procedures
were as described previously (Milton et al., 2011).

Proteins

Unless otherwise noted, experiments were with the short isoform
of smooth muscle MLCK isolated from frozen chicken gizzards
(Ngai et al., 1984). MLCK was biotinylated by EZ-Link sulfo-NHS-
LC-LC-biotin according to the manufacturer’s recommendations
(Thermo Fisher Scientific), giving two to five biotins per MLCK.
The biotinylated MLCK activity was 3.8 pmol mg™ ! min™', which
was comparable to MLCK without biotinylation (3.3 imol mg™!
min ') using purified RLC as the substrate. When noted, gizzard
MLCK was instead labeled with DyLight 488 amine-reactive kit,
according to the manufacturer’s recommendations (Thermo
Fisher Scientific). For studies with human smooth muscle MLCK,
a recombinant baculovirus transfer vector (pORB2) containing
MLCK (UnitProt accession no. Q15746; MYLK_HUMAN) with an
N-terminal 6x histag and biotag (see below) was prepared by
Allele Biotechnology and Pharmaceuticals (details available from
the manufacturer). They also generated baculovirus recombi-
nants and amplified the recombinant baculovirus stock to
>108 pfu ml . In house, Gibco sf21 insect cells (3 x 107; Invitro-
gen) were seeded with 0.5 ml of high titer virus stock and grown
for 3 d in T175 tissue culture flasks at 27°C. Cells extracts were
incubated for 3 d in TALON resin (Takara Bio Inc.), followed by
anion exchange chromatography in 20 mM Tris, pH 7.5, 50 mM
NaCl, 0.1 mM EGTA, 5 mM MgCly, and 1 mM DTT using a 1-ml
Resource Q column attached to an AKTA FPLC (GE Healthcare).
A gradient from 50 to 300 mM NaCl in 20 ml at 1 ml min~" at
room temperature eluted the protein. The MLCK was biotinyl-
ated using a biotin ligase kit (BirA-500; Avidity), and biotinylation
was confirmed using Western blot.

The construct for N75 expression was LNDIFEAQKIEWHRRAS-
VGSgggMDFRANLQRQVKPKTVSEEERKVHSPQQ VDFRSV-
LAKKGTPKTPVPEKAPPPKPATPDFRSVLGSKKKLPAENGS, with
biotag (italics), kinase phosphorylation site (bold), ggg linker,
and M starts the first 75 residues of rabbit smooth muscle MLCK.
CVBI101 cells (Avidity) containing the construct in the pGEX-2TK
vector were incubated overnight at 37°C in lysogeny broth me-
dium with 75 pg ml™! ampicillin and 10 pg ml™' chlorampheni-
col. To induce expression, the overnight starter culture was
transferred to a baffled flask with MagicMedia Escherichia coli ex-
pression medium (Invitrogen) and 50 pM D-biotin (Invitrogen)
and incubated for 18-24 h at 37°C. After centrifugation (14,000 g,
4°C, 10 min), pellets were resuspended in 2-3 ml g~' PBS, pH 8.0,
and frozen at —20°C for >12 h. After thawing on ice, cells were
lysed with 1 mg ml ™' lysozyme (Sigma-Aldrich) for 10 min at 4°C,
followed by microtip sonication on ice (10 s x 3 pulses), and cen-
trifuged at 17,000 gat 4°C for 30 min. The supernatant was incu-
bated for 4 h at 4°C with gentle rotation in glutathione Sepharose
beads (5:1 ratio in PBS, pH 8.0; Thermo Fisher Scientific), and
the bead slurry was transferred to a gravity flow column (1 x 10 cm)
and washed with 10 column volumes of PBS. 20 U thrombin (GE
Healthcare) was added to cleave off the GST, the column was
sealed, and then it was rocked for 2 h at room temperature.
A HiTrap Benzamidine FF column (1 ml; GE Healthcare) was at-
tached to the column, and N75-containing fractions were eluted
with PBS, pH 8.0, and verified by SDS-PAGE and Western blot-
ting. Protein concentration was determined by an assay (Bio-Rad
Laboratories) with a CaM standard curve. GST-N75 is glutathi-
one-Stransferase appended to the first 75 residues of chicken
smooth muscle MLCK as described previously (Hong etal., 2009).
Most experiments were done with this construct, but similar results
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were obtained with the N75 construct, so for simplicity the pep-
tide is indicated as N'75.

Actin from chicken pectoralis muscle (Spudich and Watt, 1971)
was incubated with equimolar tetramethylrhodamine isothiocya-
nate (TRITC)-labeled phalloidin (Alexis Corp.) overnight and
stored on ice at 4°C. MLCK-induced TRITC-actin bundles or
TRITC-actin-smooth muscle tropomyosin (Tm) bundles were pre-
pared on glass coverslips as described in Fig. S1. Protein concen-
trations were determined using these extinction coefficients at
280 nm (1 mg ml™!): SMM = 0.56, MLCK = 1.14, and F-actin = 1.1.

Buffers

Actin buffer is 50 mM KCI, 50 mM imidazole, pH 7.4, 2 mM
EGTA, 8 mM MgCly, and 10 mM DTT. Actin-imaging buffer is
actin buffer with added oxygen scavengers (0.1 mg ml ' glucose
oxidase, 0.018 mg ml ! catalase, and 2.3 mg ml™! glucose) and
0.5% methylcellulose. Buffer ais 150 mM KCl, 4 mM MgCl, 2 mM
EGTA, 10 mM DTT, and 25 mM imidazole, pH 7.0. If used during
imaging, the buffers also contained 0.5% methylcellulose and
oxygen scavengers as described above. The following buffers are
the same as buffer A, with these additions: buffer B, Ca®" at pCa4
and 100 nM CaM; buffer C, 2 mM ATP; buffer D, Ca**CaM (CaM
with Ca* bound at pCa 4) and ATP as described above. Buffer E
is the same as buffer D, except at 300 mM KCI. Buffer F is 5 mM
KCl, 2 mM MgCly, 2 mM EGTA, 1 mM DTT, and 10 mM imidaz-
ole, pH 7.0.

Microscopy

Images of fluorescent actin were recorded using an epifluo-
rescence microscope (TE2000; Nikon) with a 100x TIRF objective
(NA 1.45; Plain Apo; Nikon) and a camera (Roper Cascade 512B;
Princeton Instruments). Wide-field excitation (532 nm) was per-
formed with an Hg-Xe lamp and a 565-nm (TRITC; Nikon) G-2E\C
band-pass emission filter. Image sequences (see videos) of QD-la-
beled proteins were by TIRF using 488-nm excitation. The frame
rate for the TIRF videos was 5 s~! to ensure adequate contrast to
perform centroid-based tracking. The merged images of the QD
signal with TRITC signal were generated using Image] (National
Institutes of Health). Videos or images were 512 pixel® at a resolu-
tion of 106 nm pixer1 (54 pmz).

Preparation of QD-labeled proteins

In Method A, 2 nM of biotinylated MLCK was premixed with
8 nM streptavidin QDs in buffer C before applying it to the actin
bundles. The QD-MLCK was allowed to bind for 30 min, washed,
and imaged in buffers indicated in the figure legends. This
method was designed to minimize the probability of multiple
MLCK molecules binding to one QD. In Method B, biotinylated-
MLCK or another biotinylated protein was applied to the flow
cell, incubated, and washed, and streptavidin QDs were added,
followed by a wash to remove free QDs. N75 and GSTN75 pep-
tides were biotinylated using EZ-ink sulfo-NHS-LC-LC-biotin,
and similar approaches to attaching QDs were used as described
for MLCK. Method B was used exclusively in cell studies.

MLCK interactions with stress fibers of HASMC cytoskeletons
HASMC s on collagen-coated glass coverslips were allowed to dif-
ferentiate to a contractile phenotype for 3-5 d (Milton et al.,
2011) before cells were rinsed with actin buffer, and with 0.05%
Triton X-100 in actin buffer for 5-10 min at room temperature.
After rinsing, 2-3 pM TRITC-phalloidin was applied and incu-
bated for 5 min before rinsing three times. Coverslips were as-
sembled on a microscope slide to make a flow chamber, and actin
buffer was used to keep the cells wet. Cells were incubated with
10-50 nM of biotinylated MLCK for 15 min at 25°C and washed,
and 0.2 nM QDs was incubated for 1 min before a final wash with
buffers D or E for imaging.

Effect of ATP on QD-MLCK diffusion on cell stress fibers

at high ionic strength

After cell stress fibers were labeled with TRITC-phalloidin, 2 U
apyrase in pH 6.8 actin buffer was applied for 20 min at 25°C and
washed. Stress fibers were treated with 4 pM wortmannin (if re-
quired) for 30 min at 25°C and washed. Biotinylated MLCK,
treated with 100 nM wortmannin, was applied to the wortmannin-
treated cell stress fibers and incubated for 15 min at 25°C and
washed, and then 0.5 nM QDs was loaded for 1 min, followed by a
wash. Buffer E with or without 2 mM ATP was applied to the cov-
erslip. For experiments with N75, the procedure was the same as
for MLCK, except the peptide was not pretreated with wortman-
nin, and 1 pM peptide was applied to the coverslip and incubated
for 30 min.

Particle tracking

Videos were analyzed using our custom centroid-based tracking
algorithm. The threshold level was determined for each video to
represent particles of interest without including excess back-
ground or joining adjacent fluorescent regions. The centroid for
cach region >5 pixels (~0.5 pm) was calculated (Thompson etal.,
2002). Trajectories were created by linking centroid positions
through a simple displacement minimization algorithm, and
those with durations <20 frames (0.2-s frame™') were excluded
from mean squared displacement (MSD) analysis. To exclude ei-
ther fixed particles or those diffusing above the surface, trajecto-
ries with an aspect ratio <3:1 (X/Y) were not further analyzed.
Finally, trajectories were manually reviewed to remove any re-
maining tracking artifacts to give the final curated dataset for
MSD analysis. MSD versus time window-width plots for each tra-
jectory were fit to Eq. 1, where d =1 (1-D diffusion), ¢ = time step
or window width, and « is a variable relating to deviation from 1-D
random diffusion.

MSD = 2dDt* (1)

If o < 1, motion is caged, if a > 1, motion is super diffusive, and if
a =2, motion is directed as in a processive motor protein.

Determination of frequency of QD motion

The total number of QDs that colocalized to actin were counted
by eye for each video (QD and actin channels merged) and tabu-
lated using the multipoint selection tool in Image]. QDs were not
counted if they were (a) not obviously colocalized to actin, (b)
too closely spaced to accurately count, (c) in a region that was
blurry, (d) clearly diffusing above the surface, or (e) aggregated.
Typically, <10% of the countable QDs in cells and <30% in bun-
dles were considered ineligible. QDs were counted as moving if
they clearly moved along actin lengthwise at any time during the
video. The moving QD/total colocalized QD in percentages was
calculated for each video. The average video length was 60 + 11 s
(SD) or 300 frames, and a full dataset was on average 1,270 + 670 s
(SD) of total video time. Results did not significantly change if
data were weighted for total video time.

Online supplemental material

The supplemental text and Fig. S1 characterize the bundling activ-
ity of MLCK and lack thereof of N75, and provide an estimate of
the number of actin filaments in bundles. Videos 1 and 2 show the
dynamics of the actin-bundling process induced by MLCK. Video 3
shows an example of bidirectional motion of myosin filaments on
MLCK-induced actin filament bundles, suggesting that actin bun-
dles contain actin filaments of opposite polarity. Videos 4-6 show
QOD-MLCK, DyLight-labeled-MLCK, and human biotag-MLCK
molecules moving on actin bundles, respectively. Videos 9 and 10
are two examples of QD-MLCK moving on HASMC stress fibers
under different conditions. Video 7 shows QD-N75 motion on
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actin bundles, and Video 8 shows that QD-N75 does not move on
single actin filaments. Videos 9 and 10 are two examples of QD-
MLCK moving on HASMC stress fibers under different conditions.
The online supplemental material is available at http://www.jgp
.org/cgi/content/full/jgp.201511483/DC1.

RESULTS

Interactions of single molecules of MLCK

or the first 75 amino acids of MLCK (N75)

with actin-containing structures

We imaged QD-MLCK or QD-N75 using TIRF microscopy
and TRITC-phalloidin-labeled actin using wide-field fluo-
rescence microscopy, and merged the two images to assess
their colocalization. Fig. 1 (B-G) shows representative
merged images of QD-MLCK and QD-N75 interacting
with the three types of actin-containing structures. Previ-
ous work (Hayakawa et al., 1994) has shown that MLCK
induces actin bundling in solution. Fig. 1 B shows that
QD-MLCK (green) binds to MLCK-induced actin bun-
dles (red) that were preformed on the surface by add-
ing unlabeled MLCK to actin (see Fig. S1 and Videos
1-3 for details about bundling and bundles). QD-MLCK
colocalized on actin bundles (Fig. 1 B, short arrows), but
it was unusual to find it colocalized (see arrowhead) with
single filaments (long arrows). To visualize QD-MLCK
bound to unbundled actin, we immobilized biotinylated
single actin filaments on a streptavidin surface (Fig. 1 C;
Haldeman et al., 2014) so that most of the free actin could
be washed away, thus largely preventing bundling. It was
rare to find QD-MLCK bound to the unbundled actin
using the same concentrations of MLCK as for Fig. 1 B,
and only one such QD-MLCK was found in this represen-
tative example (Fig. 1 C, arrow). If more MLCK was added
to promote binding to actin, bundling again predomi-
nated and most of the ML.CK was found attached to bun-
dles (unpublished data). The mechanistic reason for the
apparent preference of MLCK for bundles versus single
actin filaments could have to do with slower effective de-
tachment rates of MLCK, but no firm conclusions can be
drawn from these data. Therefore, it appears likely that
MLCK can bind to single actin filaments (also see data
below for N75); it was just difficult to find conditions in
which enough MLCK could be added to observe signifi-
cant binding without also causing bundling.

To observe actin—-MLCK interactions in cells, we treated
cultured HASMCs with Triton X-100 to expose the cyto-
skeleton, and actin was labeled with TRITC-phalloidin.
Cells were not fixed. Fig. 1 D shows that much of the QD-
MLCK clearly colocalizes to actin-containing stress fi-
bers. The remaining QD-MLCK could be interacting
with actin structures out of the TIRF plane, with other
target molecules, or nonspecifically with the surface. Di-
rect interaction of the QD with actin was not the reason
for the colocalization because QD-BSA did not bind
under similar conditions (unpublished data). Because
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QD-MLCK was imaged using TIRF, it is interacting with
ventral stress fibers that are within 100-200 nm of the
coverslip surface.

A
N75 MLCK
3 DFRXXL
Proline IgG|IgG| Fn —  Kinase CaM_||1gG
—h binding
Actn Myosin
binding binding

Actin bundles

Single actin filaments

HASMC stress fibers

Figure 1. MLCK and N75 structure and interactions with actin-
containing structures. (A) Cartoon showing MLCK structural ele-
ments including the region corresponding to N75. Domains are
labeled, and the functions are shown below. For more informa-
tion, see Hong et al. (2011). (B-G) Merged images of QD-MLCK
and QD-N75 (green) colocalized on TRITC-labeled actin (red).
MLCK (B-D) and N75 (E-G) on MLCK-induced actin bundles
(B and E), single actin filaments (C and F), and HASMC stress
fibers (D and G). (B) 300 nM actin was applied and washed, and
bundling was induced by adding 200 nM MLCK for 12 min (similar
to Fig. S1 F). Actin bundles (brighter) and apparent single actin
filaments (dimmer, long arrows) are shown. QD-MLCK (2 nM of
biotinylated MLCK, 8 nM QD; Method A) was applied for 30 min,
followed by a wash. Short arrows indicate QD-MLCK colocalized
on actin bundles, and arrowhead indicates QD-MLCK colocalized
on single actin filament. (C) 100 nM 5% biotinylated actin (red)
applied to a PEG surface and washed, and then QD-MLCK was
applied as in B. Most actin is not bundled. The arrow shows
one QD colocalized. (D) MLCK is bound to HASMC stress fibers.
(E) Same as B, except with 1 pM N75 and 0.2 nM QD. (F) Single
actin filaments were bound to a poly-lysine—coated coverslip fol-
lowed by 1 pM N75 and 0.2 nM QD. QD-N75 colocalizes to actin
single filaments. (G) Same as D, except with N75. Bar shown is
the same for all images, which are 512 pixels® (54 pm?).
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Fig. 1 (E-G) shows the corresponding data for QD-
N75. Like MLCK, QD-N75 binds to MLCK-induced
bundles, but a higher concentration of QD-N75 (1 pM)
was required to see appreciable colocalization (Fig. 1 E).
Because N75 does not itself induce bundling (Fig. S1),
we were able to add this higher concentration of QD-
N75 (1 pM) to single actin filaments (Fig. 1 F) than was
possible for QD-MLCK (2 nM; Fig. 1 C). As expected
from prior studies of N75—-actin interactions by centrifu-
gation (see Hong et al., 2011, and references within),
QD-N75 bound to single actin filaments. It also colo-
calized along cell stress fibers in a similar manner to
OD-MLCK (Fig. 1 G; Method B).

QD-MLCK moves lengthwise along MLCK-induced

actin bundles

QD-MLCK molecules that colocalized with actin bundles
often moved along the long axis of the bundles. Fig. 2 A
shows a montage of a QD-MLCK (green) moving along
an actin bundle (red), the corresponding kymograph,
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and X-Y trajectory at nanometer resolution. The moving
MLCK molecules are easy to see by inspection (Video 4).
To ensure that motion was a property of MLCK, not an
artifact relating to the QD, the biotinylation, and/or the
type of construct, we showed that DyLight 488-labeled
MLCK (Video 5), and an expressed human smooth mus-
cle MLCK containing a single biotin on a biotag se-
quence at the N terminus (rather than multiple biotins
on the tissue-purified chicken MLCK), moved in a simi-
lar manner (Video 6). The study was completed with
QD-labeled MLCK because the DyLight probe photo-
bleached too rapidly to collect a full dataset. Collectively,
these data strongly suggest that MLCK itself has the abil-
ity to move along actin bundles.

The first 75 residues of MLCK were sufficient for motion

on actin bundles but not on single actin filaments

QD-N75 also moved lengthwise along MLCK-induced
actin bundles (Video 7). In contrast, no motion was ob-
served among 1190 QD-N75 (nine videos totaling 472 s)

" AIERRRRR NN ARANANNY
MW

ARRTRRRATATENANAT4T

i

i

2.1 um
04}
0.6
0.5 0.8}
t
=
il |- e 10r
£ =
S S 1.2
§ 15[ &
§ 141
20
1.6}
2.5 1 1 1 ] 1 1 ] 1 1
1.5 2.0 25 3.0 3.5 4.0 4.5 0.80 1.0 1.2 14

Position (um)

Position (um)

Figure 2. Examples of motion of single QD-MLCK and QD-N75 molecules on actin. (A) Montage of QD-MLCK (green) moving on an
MLCK-induced actin bundle (red) showing the position of QD at 0.4-s intervals up to 7.4 s. Each image is 53 x 29 pixels or 5.6 x 3.1 pm.
Below in greyscale is a kymograph showing position (vertical axis) with time (horizontal axis) generated by selecting a line following the
actin filament, starting at the right, to match the X-Y trajectory shown below of the same QD. Blurry periods may be caused by the QD
approaching the edge of the TIRF field. (B) Montage of QD-N75 (green) moving on a HASMC stress fiber (red) showing the position of
QD at 0.2-s intervals up to 9.8 s. Each image is 20 x 26 pixels or 2.1 x 2.8 pm. Montages were prepared with Image], and X-Y trajectories

were prepared with the SpotTracker 2-D plugin for Image].
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colocalized with single actin filaments in buffers A, B, or
D (see Video 8 as example). Therefore, we conclude that
N'75 moves on MLCK-induced actin bundles but not on
single actin filaments, suggesting that at least two proxi-
mal actin filaments are required for motion.

MLCK and N75 both moved on HASMC stress fibers
QD-MLCK and QD-N75 also moved lengthwise on
HASMC stress fibers. The montage in Fig. 2 B shows a
typical example of QD-N75 moving along a stress fiber.
The trajectory below shows that it ranged along the
fiber for a total of ~1.2 pm for 9.8 s before it detached
from the fiber. A typical example of MLCK motion is
shown in Video 9.

Factors that modify motion of MLCK and N75
on MLCK-induced actin bundles
Effect of Ca?*CaM, ATP, and Tm. Ca®*CaM activates MLLCK
to phosphorylate the RLC of SMM using ATP as a sub-
strate. Without Ca*CaM, MLCK is inactive. To deter-
mine whether MLCK activity was required for motion
on actin bundles or if motion was affected by Ca**CaM
and ATP, we analyzed the frequency of motion defined
as the percentage of all the actin-colocalized QD-MLCK
and QD-N75 that moved at any time during a video.
Fig. 3 A shows that MLCK moves on actin in a physiolog-
ical ionic strength buffer (150 mM KCl) in its enzymati-
cally inactive form in the absence of Ca**CaM and ATP.
Adding Ca**CaM or ATP alone had little effect on fre-
quency, but when added together, the frequency in-
creased significantly. The presence of the actin-binding
protein Tm, which is abundant in the contractile appa-
ratus of smooth muscle (Perry, 2001), further increased
the frequency of motion. These results suggest that
MLCK activation and the presence of Tm both en-
hanced movement. It is known that increasing ionic
strength weakens the binding of the MLCK to actin
(Dabrowska et al., 1982; Sellers and Pato, 1984). Fig. 3 A
shows that increasing ionic strength by including 300 mM
KCl had no significant effect, and the effects of adding
Ca%CaM, ATP, and Tm were similar. However, the
movement of QD-MLCK was ionic-strength dependent
because no motion was observed at 50 mM KCI regard-
less of buffer additions (unpublished data).

We determined the diffusion coefficient (D), which is
a measure of the mean size and frequency of steps of
diffusing particles, from trajectories of QD-MLCK mov-
ing on actin bundles using MSD analysis (Eq. 1; Fig. 3 B).
The average durations of moving events ranged be-
tween ~5.6 and 16 s, with no statistically significant dif-
ferences between the tested conditions (P < 0.005). The
durations of these trajectories are much too long to
be transient binding interactions. For all conditions,
D values fell within a tight range of 0.03-0.09 pm?s™.
At 150 mM KCl, Ca**CaM alone significantly increased
D (P <0.01), but the change was less than a factor of
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2. ATP alone had no effect, nor did ATP and Ca*CaM
together. However, with both Ca%CaM and ATP, MLCK
moved with a significantly higher D (P < 0.01) if the
bundles included Tm at both 150 and 300 mM KCI.
D was significantly higher (P < 0.01) at 300 mM versus
150 mM KCI without and with ATP, but with both ATP
and Ca**CaM, the increase was abolished. These data
may suggest that more than one mechanism underlies
the data and, although significant differences were ob-
served, they were small. The fit to Eq. 1 also gives o val-
ues, the averages of which ranged from 0.51 to 1.04,
with no statistically significant differences between con-
ditions (P < 0.05). Because a values were <<2, there is
no evidence for directed motion, as would be seen for a
processive motor protein. In contrast, the data were
consistent with random 1-D diffusion (a = 1) and ran-
dom diffusion with spatial caging (o < 1).
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Figure 3. Analysis of movement of MLCK and N75 on MLCK-in-
duced actin bundles. MLCK (shaded bars) and N75 (open bars).
All data are for actin bundles, except for those indicated as for
actin-Tm bundles. (A and B) Conditions are summarized at the
bottom. The 150-mM KCl corresponding to buffers A-D and the
300-mM KCl is the same except with added salt. (A) QDs local-
ized on actin were counted, and those that clearly moved were
plotted as a percentage of total. Error bars represent SEM. Each
bar for MLCK motion is an analysis of the behaviors of at least
500 QDs (average number counted was 1,212) that met the crite-
ria described in Determination of frequency of QD motion in Ma-
terials and methods. Data for the first three bars in the 150-mM
KCl group and the sole N75 bar were not significantly different
from one another (P > 0.05; two-tailed ¢ test). This was also true
for the first two bars in the 300-mM KCI group. All other compari-
sons within each ionic strength group were significantly different
(P <0.05). (B) Average D. Error bars represent SEM.

920z Areniged 60 uo 1senb Aq Jpd-e8y L LGL0Z dBl/6L1G6.1/292/v/9v L /pd-ejonie/dbl/Bio sseidny//:dpy wouy pepeojumoq


http://www.jgp.org/cgi/content/full/jgp.201511483/DC1
http://www.jgp.org/cgi/content/full/jgp.201511483/DC1

Effect of ratio of MLCK to QD

There was no statistical difference in Dwhen 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
toa QD.

Factors that modify the motion of MLCK and N75

on HASMC stress fibers

Effects of ATP and Ca?*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 MLLCK 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 N'75 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 Ca*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 Ca**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 KCI (see conditions summarized at the
bottom). In the absence of added ATP or Ca*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

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 [Ca®']) 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

Anti-pRLC

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 KCI, 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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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
108 (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 Ca®'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 Ca*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 Ca®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 + Ca**CaM), myosin
phosphorylation may be locally incomplete or, adding
Ca**CaM to the cell cytoskeletons may alter other processes

that are unrelated to myosin phosphorylation. To de-
termine if weaker MBD-myosin interactions underlie
the effect of ATP + Ca®**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 K, for the acto-myosin
(S1 head) interaction to be 15 nM at 150 mM KCI and
25 nM at 300 mM KCl using the method of Cremo and
Geeves (1998). The corresponding Kgs in the presence
of ATP are extremely weak but have been estimated to
be >600 pM (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

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
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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 ¢ 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.
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300 mM KCI; 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 pm? . 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 KCI, both in the
absence and presence of ATP. Also, N75 moved faster
than MLCK in the presence of ATP and Ca**CaM and
also at 300 mM KCI with ATP. The average values of a
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 a 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 (o < 1).

DISCUSSION

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, ¢, 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 = /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 etal., 2002), using D= 0.05 pm?s ™"

(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 s' MLCK ™. 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 s™' MLCK™' (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
etal., 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
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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 24 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 o-
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

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); a-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 KCI on actin bundles (Fig. 6, A and E, respec-
tively), but no motion was observed at 50 mM KCI re-
gardless of buffer additions (unpublished data). From
150 to 50 mM KCI, the affinity of MLCK for actin in-
creases ~50-fold (Sellers and Pato, 1984), suggesting
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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. SI1), 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 Ca*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

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 K, for MLCK binding was 1.3 +
0.1 pM without ATP and 1.5 + 0.2 pM 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,
Fvs. 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 Ca®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
etal., 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

A Local diffusion of B Local phosphorylation C Diffusion till reaches D Longer range diffusion to MLCK rapidly finds
tethered MLCK of myosin another myosin more myosin dephosphorylated myosin
-— -— | — — ——
P QLY ) s D = B = 7
¥ ¥ Yo oLt S ra
- > = it 2 L IS0 = J P P 1Y e — oy
Myosin dephosphorylated
Ca?* concentration [ | by phosphatase

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 Ca®* concen-

tration over time.
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with actin because ATP and Ca*'CaM together modestly
increase the frequency of MLCK motion in actin bun-
dles (Fig. 3 A), which lack myosin. The majority of the
increase is likely the result of the weak MBD interaction
with phosphorylated myosin, but the phosphorylated
strained ADP myosin remains as a barrier.

The percolation model of diffusion also leads to pre-
dictions about the D of moving molecules. In general,
below the cutoff for no diffusion, fewer barriers to mo-
tion will lead to faster diffusion (higher D) (Saxton,
1990, 1993). Exact predictions are not possible, but for
N75 where all conditions can be compared (Fig. 5 B),
faster diffusion correlated with weak myosin-MBD
interactions, consistent with our model (Fig. 6, D, F,
and G). In bundles, the different D may be related to
the kinetics of interactions involved in actin bundling.

Fig. 7 explains how diffusion of MLCK on actin will
increase the probability that it can access distal unphos-
phorylated myosin, while avoiding getting stuck on myo-
sins that have already been phosphorylated. In smooth
muscle at physiological [ATP] and low [Ca**] holding a
basal tone at low phosphorylation (Fig. 7 A), MLCK will
be localized to regions of unphosphorylated myosin
through strong MBD-myosin interactions. Upon muscle
activation at higher [Ca®"], MLCK enzyme activity will in-
crease, leading to phosphorylation of local myosin within
reach of one MLCK molecule (Fig. 7 B). This may in-
volve several myosins, but only one is shown for clarity.
Upon phosphorylation, MBD-myosin interactions are
weakened and MLCK can begin longer-range diffusion
largely unimpeded by local acto—myosin barriers because
the adjacent yet unphosphorylated myosin binds weakly
to actin, and the number of cycling heads relative to the
total heads is low for this low duty ratio myosin. Diffusion
allows MLCK to access unphosphorylated myosin heads
that are too distant to reach without diffusion (Fig. 7 C).
This is the point at which diffusion may be quite impor-
tant to the net phosphorylation rate. We have shown that
the rate-limiting step in the cyclic interaction of MLCK
with myosin is detachment of MLCK from myosin (Hong
etal.,, 2013). Importantly, detachment rates are the same,
regardless of whether or not MLCK has already phos-
phorylated the myosin. Therefore, higher efficiency is
attained if MLCK avoids attaching to prephosphorylated
myosin altogether. Diffusion of MLCK on actin will in-
crease the probability that it accesses unphosphorylated
myosin (Fig. 7 D). As the [Ca*] falls and the muscle re-
laxes, some myosin will be dephosphorylated by the
phosphatase, and diffusion allows MLCK to rapidly local-
ize to the dephosphorylated myosin to prepare for the
next contractile cycle (Fig. 7E).

Our data point to a novel mechanism in which the
state of an enzyme substrate controls the localization of
the enzyme. Here, the state of myosin, with respect to
both phosphorylation and acto-myosin affinity, controls
the motion and therefore the localization of MLCK on
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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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