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Abstract

Myosin light chain kinase (MLCK) phosphorylates S19 of the myosin regulatory light chain
(RLC), which is required to activate myosin's ATPase activity and contraction. Smooth muscles
are known to display plasticity in response to factors such as inflammation, developmental stage,
or stress, which lead to differential expression of nonmuscle and smooth muscle isoforms. Here,
we compare steady-state kinetics parameters for phosphorylation of different MLCK substrates:
(1) nonmuscle RLC, (2) smooth muscle RLC, and heavy meromyosin subfragments of (3)
nonmuscle myosin 11B, and (4) smooth muscle myosin Il. We show that MLCK has a ~2-fold
higher &, for both smooth muscle myosin 11 substrates compared with nonmuscle myosin 1B
substrates, whereas K, values were very similar. Myosin light chain kinase has a 1.6-fold and 1.5-
fold higher specificity (k27K for smooth versus nonmuscle-free RLC and heavy meromyosin,
respectively, suggesting that differences in specificity are dictated by RLC sequences. Of the 10
non-identical RLC residues, we ruled out 7 as possible underlying causes of different MLCK
kinetics. The remaining 3 residues were found to be surface exposed in the N-terminal half of the
RLC, consistent with their importance in substrate recognition. These data are consistent with
prior deletion/chimera studies and significantly add to understanding of MLCK myosin
interactions.
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1 INTRODUCTION

Myosin light chain kinase (MLCK; EC 2.7.11.18) is a ubiquitous Ca2*/calmodulin (CaM)-
activated kinase found in smooth, cardiac, and skeletal muscle as well as in mammalian
nonmuscle cells. In humans, the MY LK1 gene encodes both the so-called nonmuscle (long)
and the smooth muscle isoforms (short) of MLCK in addition to the nonkinase telokin by
alternative initiation sites.! The nonmuscle and smooth muscle isoforms share identical
sequences across the 2 major domains that are known to be important to MLCK-myosin
interactions, the kinase and telokin (C-terminal 1gG) domains. Therefore, it is expected that
the nonmuscle and smooth muscle MLCK will have very similar myasin phosphorylation
kinetics.

Nonmuscle myosin (NMM) and smooth muscle myosin (SMM) are the only known
substrates of MLCK in vivo.23 Phosphorylation of myosin on S19 of the RLC (also called
LCyp) activates myosin ATPase activity in the presence of actin, which is necessary and
sufficient for muscle contraction. In knockout mice, the lack of MLCK-mediated
phosphorylation of myosin in tracheal, bronchial,* and gastrointestinal® smooth muscle
cannot be rescued by other kinases, demonstrating its pivotal position in signaling pathways
that regulate force generation.

All smooth muscles express two forms of myosin 11, SMM (most abundant in adult tissues;
includes 4 alternatively spliced variants derived from a single SMM heavy chain gene: 1A,
1B, 2A, and 2B) and NMM (I1A, 1IB, and IIC minor). While more studies are required in a
wider variety of muscles, to date, several lines of evidence suggest that NMM 1B may
participate in a physiologically relevant pathway for force maintenance in smooth
muscle.3:6-11 |nterestingly, the expression levels of NMM relative to SMM varies depending
upon cell type and conditions and are thought to be altered in response to disease and are
also developmentally regulated.11-13 Specifically, the expression of NMM IIB in certain
smooth muscles could be one of the molecular mechanisms leading to the tonic contractile
phenotype.8

The substrate specificity of smooth muscle MLCK has been relatively well-characterized by
steady-state kinetics using the smooth muscle RLC141% and peptides derived from the
smooth muscle RLC214.16 as substrates. However, to our knowledge, there are no published
corresponding studies for any nonmuscle RLC. The relative activity of MLCK toward these
two types of myosin is an important question because the phosphorylated forms of these
myosins have very different ATPase kinetics, ADP release kinetics, processivity, and ability
to generate force.%10.17-21 Therefore, the relative amounts of the phosphorylated forms of
the 2 myosins could tune muscle contraction parameters in important ways.

In this work, we have compared steady-state kinetic parameters of MLCK toward 4 different
substrates: the 2-headed heavy meromyosin (HMM) soluble subfragments of both SMM and
NMM I1B, each containing their respective smooth or nonmuscle RLCs, and the 2 types of
free RLCs. We found that the k4 for the smRLC was ~2-fold higher than for the nmRLC.
The relative differences were maintained in the respective HMM subfragments. This
suggests that the sequences of the RLCs alone are sufficient to dictate the different kinetic
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properties of MLCK. By comparing the sequences of the RLCs, we propose that 3 closely
spaced and surface-exposed residues probably interact with MLCK and these interactions
underlie the different kinetic properties.

2 MATERIALS AND METHODS

2.1 Proteins

Smooth muscle MLCK was isolated from frozen chicken gizzards?2 and stored at —80°C in
the presence of 10mM dithiothreitol. This MLCK is the so-called short isoform (P11799-1,
often called MLCK-108). The mass of the protein is 110 600 g mol~1 and the E0-1% = 1.14
at 280 nm. It begins with the sequence DFRDILGKKVSTK.

Smooth muscle myosin was isolated from frozen chicken gizzards?3 except that the last
polymerization-depolymerization step was omitted. It was used without freezing within 2
weeks of purification and stored on ice. Smooth muscle HMM was prepared from purified
SMM by proteolytic digestion24 and was never frozen. This digestion procedure was used
because the RLC are not degraded and the HMM retains normal regulation by
phosphorylation.2> The concentration of HMM was determined at 280 nm using E0-1% =
0.65 and was multiplied by 2 to give the [head], which equals the [RLC]. Native smooth
RLC was purified from frozen purified SMM.28 The smooth RLC sequence corresponds
exactly to the gi|45384118| “chicken smooth major sequence” in the database (Figure 2) and
has an EO1% = 0.337 at 277 nm.26

Nonmuscle myosin [IBHMMwas expressed in insect cells as previously described” and was
purified by affinity chromatography on an antiflag column (Sigma). Each heavy chain
contained a C-terminal green fluorescent protein and flag tag. The [HMM] was determined
at 488 nm using a molar extinction coefficient of 112 000M~1 cm™1 (for 2 green fluorescent
proteins/HMM). The [HMM heads] = 2[HMM]. Like smooth HMM, nonmuscle HMM
contains 3 subunits, each in 2 copies and is therefore a hexamer with 2 heads and a portion
of the coiled-coil tail. The heavy chain is from chicken, GenBank™ accession number
M93676, no splice insert; (residues 1-1228). The nmRLC is Accession: NP_990672.1 or gi|
45384410| “chicken smooth minor,” which is now known to represent the nonmuscle-type
RLC from chicken.’. Note that the RLC is 7ot the same as that erroneously reported in
Zavodny et al,28 which is P02612]MLRM_CHICK myosin regulatory light chain 2, smooth
muscle major isoform. The nonmuscle essential light chain (ELC) subunit is the nonmuscle
ELC (myosin light polypeptide 6 [Bos taurus] NCBI Reference Sequence: NP_786974.1)
originally cloned from bovine aortic smooth muscle and referred to as ELC 17b.2°

For the free nonmuscle RLC (not bound to a heavy chain), the chicken nonmuscle RLC
(Genbank P24032) construct used here was a gift from Frank Brozovich. The construct in
the pAED4 vector was expressed in Escherichia coli and purified as described.3 It has an
identical sequence to the nonmuscle RLC incorporated into the NMM IIB (Figure 2) and an
E0-1% = 0.3 at 280 nm.
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2.2 Steady-state MLCK activity

For activity measurements, 150-pL aliquots of MLCK were frozen at 1 pg mL™1 in 10 mg
mL~1 body surface area in assay buffer. Aliquots were thawed immediately prior to each
assay set, and samples were not refrozen. In this way, activity was reproducible from sample
to sample. Myosin light chain kinase activity was measured in assay buffer (1L0mM 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N’-(2-
ethanesulfonic acid) (HEPES), pH 7.6, 125mM NaCl, 5mM MgCl,, 1ImM CaCl,, 0.1mM
Ethylene glycol-bis (2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 5mM
dithiothreitol, and 30nM NaN3) with 4uM CaM, 0.01uM MLCK, and with indicated
concentrations of MLCK substrates. The reaction (25°C) was initiated by adding
[y-32P]ATP (PerkinElmer, EasyTides, BLU502A001MC) to 0.2mM. The specific activity of
the ['y-32P]ATP was determined by counting 20 uL of the reaction mix in 4 mL scintillation
fluid (typically 200 cpm pmol™1). At 1, 2, 3, 4, and 5 minutes, aliquots (20 or 10 pL) were
pipetted onto paper discs (GE Health Sciences, Whatman P81 3698-325 or 3698-915) to
quench the reaction. After all time points were quenched, the discs were washed 3 times
with 0.5% (v/v) H3PO,4 and once with acetone, each for 5 minutes. Wash volumes were 500
mL. To wash, the discs were placed into a 250-mL plastic beaker in which holes were
punched, and that beaker was placed into an 800-mL beaker containing a stir bar and the
washing solution. Upon drying in a fume hood on a Styrofoam surface for 0.5 hours; the
discs were placed in scintillation vials along with 4 mL of scintillation fluid (ICN
Biomedical, Echolume, 882470) and counted in a TriCarb 2900TR Liquid Scintillation
Analyzer. The specific activity of the MLCK was calculated from the slope of a linear fit to a
plot of counts per minute versus time (com min~1) multiplied by the specific activity of the
[y-32P]ATP divided by the milligram of MLCK present in the quenched aliquots. Data were
converted from pmol min~1 mg~1 to s71 using a molecular mass of 110 600 g mol~2 for
MLCK. The MLCK copurifies with SMM,30 but it is removed during the preparation of
HMM by gel filtration. Control experiments without added kinase showed no detectable
activity for all preparations using 40uM smooth RLC as the substrate (data not shown).

3 RESULTS AND DISCUSSION

Two MLCK substrates, SMM and NMM I1B, were prepared as the 2-headed HMM
subfragments. The HMM subfragments are soluble at physiological ionic strength because
they lack the C-terminal 2/3 of the tail domain and therefore cannot form filaments.
However, because HMM contains 2 heads, it retains normal up-regulation of its activity
upon MLCK phosphorylation.29-31 Each HMM head contains 1 RLC and 1 ELC, both of
which correspond to their respective myosin heavy chain origin, ie, smooth or nonmuscle.
We also prepared the respective RLCs as free proteins not incorporated into the HMM
subfragment. All substrates could be phosphorylated to completion (1 mol phosphate/mol
RLC) by MLCK as measured using urea gels as described.32

We chose to study the kinetics of the smooth muscle MLCK or the short isoform because it
is the predominant MLCK in smooth muscle.33 Under our assay conditions, only S19 is

phosphorylated by MLCK and MLCK was maximally active because the [CaM] and [Ca2*]
were both much greater than Kcam and Kcg, respectively. Figure 1A shows a comparison of
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the MLCK activity (s71) versus the substrate concentration of both free smooth RLC
(circles) and free nonmuscle RLC (squares). The corresponding data for the respective RLCs
as subunits of either smooth HMM (circles) or nonmuscle HMM 1IB (squares) are shown in
Figure 1B. For both the free and HMM-bound forms, the MLCK phosphorylated the smooth
RLC faster than the nonmuscle RLC. Data were fit to the Michaelis-Menten equation giving
kqqrand K, representing the maximal turnover rate and the substrate concentration at one-
half k.4 (Table 1). The values for the free smooth RLC are close to those previously
reported (kg5 = 51 +5.7 571, K, = 8.3 + 1.3) under much lower ionic strength conditions.1>
Our lower value for k.4 is consistent with prior data showing that MLCK is inhibited as the
ionic strength increases.34 For both the smooth and nonmuscle proteins, the k., was lower
when the RLC was bound to the heavy chain, as was the K, The larger k. 0observed for
smooth RLC relative to nonmuscle RLC was preserved when the 2 proteins were
incorporated as subunits of HMM and the smooth &,/ K;/nonmuscle A,/ K;;; was similar
for free and bound substrates. Importantly, the kinetic differences between smooth RLC and
nonmuscle RLC appeared to be inherent to the respective RLCs sequences.

To understand the source of these kinetic differences, we compared the smooth and
nonmuscle RLC sequences (Figure 2). The phosphorylated S19 (in bold and underlined) is
immediately C-terminal of the several basic amino acids known to confer a low K}, toward
MLCK (blue residues),14:16:35.36 which are identical in both sequences. The consensus
sequence for substrate recognition of the smooth RLC is K-K-R-X-X-R-X-T-S-X.37 The 10
nonidentical amino acids are shown in bold red. Using information from prior chimera and
deletion studies, we can exclude several of these amino acids as residues that affect MLCK
activity. If the N-terminal first 102 residues of the smooth RLC are present, the remaining
amino acids can be substituted with the divergent skeletal RLC sequence without
significantly affecting either k4 or K, 1° From this, we predict that none of the 5 amino
acid differences in the second row of the sequence (Figure 2) are likely to underlie the
differences in MLCK activity. Also, previous work has shown that peptides containing the
smooth RLC sequence 1-23, 6-23, and 8-23 have very similar ., and K, 14 and deletion
of the first 7 residues of the full-length RLC did not change either k;0r K,,3” These data
suggest that the A7 versus T7 residue (Figure 2) is unlikely to underlie the differences in A 4
observed here (Table 1).

To predict which of the remaining possible amino acid differences are important for MLCK
activity, we examined the location of M60, D70, G71, and S74 on the phosphorylated
smooth HMM structure (Figure 3; PDB 3J04).38 All 4 residues are within the N-terminal
lobe of the RLC, which is the one closest to the head-tail junction of myosin. M60 (not
visible) is buried at the interface with the heavy chain and is therefore probably inaccessible
to MLCK during catalysis. In contrast, D70, G71, and S74 (yellow) all localize to a single
patch on the surface of the RLC and therefore may represent an important interface with
MLCK during catalysis. Unfortunately, their spatial relationship to the phosphorylatable S19
cannot be visualized in this structure (structure begins at F25), because of the known
dynamic nature of this region of the RLC.39

It is known that the kinetics of phosphorylation of peptides containing the N-terminal RLC
residues (amino acids 1-23) are very different from those for the full-length RLCs. The A,z
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values obtained with peptides are much lower, being 10% or less compared with the native
smooth RLC.1 This suggests that there are other regions of the RLC structure that allow
MLCK to properly recognize its substrate. The general location of these other region(s) has
been defined by prior studies with chimeras of the smooth and skeletal RLCs.15 The skeletal
RLC is a poor substrate for smooth MLCK, and replacing the first 29 residues of the skeletal
RLC with the smooth RLC sequence was not sufficient to achieve the high k., characteristic
of the native smooth RLC. As mentioned earlier, a chimera containing the entire N-terminal
one-half (amino acids 1-102) of the smooth RLC sequence connected to the C-terminal one-
half of the skeletal RLC showed essentially the same kinetics as the native smooth RLC.1°
These data strongly suggest that some region within the N-terminal half of the RLC, but
excluding the first 29 residues, is critically important for MLCK substrate recognition. Our
data are consistent with this and further suggest that the surface patch formed by D70, G71,
and S74 represent at least a portion of this previously uncharacterized region.

We compared all the confirmed nonmuscle sequences (corresponding to the human 12A or
12B gene) with the smooth muscle sequences (corresponding to the human ML9 gene) in
the database. The residues that sort selectively into their respective classes are indicated by
double arrows in Figure 2. Importantly, all smooth RLC contain a G71 and S74 residue,
whereas all nonmuscle RLC contain an A71 and N74 residue. The M60/L60 and the
E70/D70 (single arrows) are highly variable within either RLC class, that is, many of the
smooth RLC contain an L rather than and M, and vice versa. Although, all other residues in
Figure 2 indicated by a double arrow also sort selectively into classes, they are unlikely to be
important to MLCK kinetics, but rather may relate to some other structural difference
between the 2 myosin classes, such as binding to the heavy chain.

The kinase activity toward the smooth and nonmuscle substrates differs by only about a
factor of 2. However, this small difference is probably highly significant physiologically.
Myosin light chain kinase is a low-abundance kinase,3%40 and it is known that changes of
similar magnitude (2 fold) in MLCK activity in cells are correlated to many disease states.
Selective over expression of MLCK in asthmatic airway smooth muscle contributes to
airway hyper-responsiveness observed in asthma,*142 and variants in the enzyme are
associated with severe asthma®3 and increased susceptibility to sepsis.** Increased MLCK
activity has been shown to be necessary and sufficient for several barrier dysfunctions (lung
and intestinal epithelium#>-47 and microvasculature?®). These dysfunctions are the cause of
or lead to important human diseases and conditions such as colitis,*® Crohn's disease,
inflammatory bowel disease,50-51 diarrhea,> and increased vascular permeability.

The implications of our findings with regard to the kinetic preference of MLCK for smooth
over NMM 1B remain to be elucidated. However, they support the idea that SMM may be
phosphorylated faster than NMM in the muscle following agonist stimulation or
depolarization. Delaying phosphorylation of NMM IIB until after SMM phosphorylation
may present an advantage. Smooth muscle myosin is a faster myosin and would be able to
support the rapid early phase of contraction unimpeded by the slower NMM [1B. But during
the later force maintenance phase in tonic muscle, the more slowly phosphorylated NMM
may have had time to attain a sufficient level of phosphorylation to maintain force.
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ABBREVIATIONS

HMM heavy meromyosin subfragment of full-length myosin

SMM smooth muscle myosin

NMM nonmuscle myosin

RLC regulatory or phosphorylatable light chain of myosin

ELC essential light chain of myosin
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Significance of the study

Phosphorylation of nonmuscle and smooth muscle myosin by myosin light chain kinase
(MLCK) is required for activation of myosin's ATPase activity. In smooth muscles,
nonmuscle myosin coexists with smooth muscle myosin, but the two myosins have very
different chemo-mechanical properties relating to their ability to maintain force.
Differences in specificity of MLCK for different myosin isoforms had not been
previously investigated. We show that the MLCK prefers smooth muscle myosin by a
significant factor. These data suggest that nonmuscle myosin is phosphorylated more
slowly than smooth muscle myosin during a contraction cycle.

Cell Biochem Funct. Author manuscript; available in PMC 2016 October 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Alcalaetal. Page 11
(A) Sy 1t (B)
2‘10 ”‘- I 4 K
1 L, l
] »
20.0 ”
I 7
== .
2 16.0 !
= L
1'3 /
m > ‘ I ‘, I I
< 120 o s i . & === e >
= AR oy ST : 9. |
= so| § ' L4
| 1 T mili—
F T -
;-# ’-o""" :
o J‘{ [ g
] o
00[ f
0 10 20 30 40 50 &0 T0 0 10 20 30 40

Free [RLC) (M) [RLC) in HMM (M)

FIGURE 1.
Determination of k5-and K}, for myosin substrates of myosin light chain kinase (MLCK).

A, Free regulatory light chains (RLCs) and B, RLCs as subunits of their respective heavy
meromyosin (HMM) molecules. Circles are smooth muscle RLC or smooth muscle HMM,
and squares are nonmuscle RLC or nonmuscle HMM [1B. The solid lines are fits to the
Michaelis-Menten equation. See Table 1 for results of the fits. Error bars represent the
standard deviation of between 3 and 5 determinations at each substrate concentration. Note
that HMM concentration in Figure 1B is expressed as the concentration of RLC (two RLC
per HMM)
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FIGURE 2.
Aligned regulatory light chain (RLC) sequences. Top sequence: smooth muscle chicken

NCBI reference NP_990609.1, also known as “smooth muscle major.” Bottom sequence:
nonmuscle chicken NCBI reference NP_990609.1, also known as “smooth muscle minor.”
The phosphorylated serine residue (S19) is underlined and in bold. Residues in red bold are
not identical. Residues in blue are the basic amino acids known to confer a low K, toward
myosin light chain kinase (MLCK). For arrow designation, see text. Amino acid numbers
are shown above
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FIGURE 3.
Space filling model of phosphorylated chicken smooth muscle heavy meromyosin (PDB

3J04).38 Subunits by color are as labeled. RLC residues E70, G71, and S74 (yellow residues
indicated by white arrows) are surface exposed. View A is positioned with the coiled-coil
heavy chains facing away from the viewer. View B is positioned with the coiledcoil facing
down. RLC, regulatory light chain; ELC, essential light chain
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TABLE 1

Summary of kinetic constants resulting from the fits to the data in Figure 1

Keat/Km
MLCK Substrate ket (5D Kn(UM)  (uM1s7Y)
Smooth muscle RLC ~ 286+12 7.2+11 4.0
Nonmuscle RLC 126+04 51%0.7 2.5
Smooth muscle HMM  128+0.3 2.6+0.3 49
Nonmuscle HMM IIB 8.0 £0.2 25+0.1 3.2

Abbreviations: HMM, heavy meromyosin; MLCK, myosin light chain kinase; RLC, regulatory light chain.

Kcatis the maximal MLCK activity, K is the substrate concentration at one-half maximal MLCK activity, and kggf K is a measure of the
catalytic efficiency or preference for substrate. Errors are the errors in the fits to the Michaelis-Menten equation.
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