
This review is intended to consolidate, analyze, and

summarize molecular and cell biology data on myosin

light chain kinase (MLCK) including the most recent

data that have not been reviewed previously [1-10].

MLCK was discovered approximately 40 years ago as

a skeletal and smooth muscle enzyme [11, 12]. Ever

since, significant progress has been made. In vertebrates,

at least three MLCK-encoding genes have been identi-

fied – mylk2 and mylk3 encode for tissue-specific skeletal

muscle and cardiac MLCKs, respectively [13, 14]. In

contrast to mylk2 and mylk3, mylk1 has a complex struc-

ture [15, 16], and multiple protein products of the mylk1

gene are expressed in most if not all cell types. This review

deals with the mylk1 gene and its protein products – mul-

tiple MLCK isoforms and noncatalytic KRP/telokin pro-

tein.

Previously, phosphorylation of 20-kDa myosin regu-

latory light chains (RLC) was thought to be an exclusive

MLCK function. Subsequent studies revealed that in

some cases MLCK contributes to cellular responses by its

scaffolding activity to recruit macromolecular complexes.

A balance between MLCK catalytic and scaffolding activ-

ities, especially for high molecular weight MLCK iso-

form, is an urgent research issue that promises to eluci-

date roles of MLCK in cell (patho)physiology.

MLCK is a substrate for other protein kinases; more-

over, MLCK is acetylated and methylated in vivo. Modern

proteomic analysis methods have identified over 50 post-

translational modifications (PTM) of MLCK; many of

these are found in vivo (http://www.phosphosite.org [17]).

However, functional significance and the modifying

enzymes are identified for only a few PTMs. Since PTMs

often exert regulatory effects on a protein in vivo, it seems

necessary to elucidate the roles of MLCK PTMs in the

context of cellular functions. Here we provide a systemat-

ic review of the reported MLCK PTMs and suggest direc-

tions for further studies on this critical issue.

The involvement of MLCK in pathological process-

es is not the major theme of this review; nevertheless, ten-

dencies in translation of fundamental MLCK studies to

technologies for practical medicine are given in a separate

section along with estimations of perspectives of MLCK

as a molecular target for novel drug discovery efforts.
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NOMENCLATURE AND DESIGNATIONS

Originally, MLCK has been isolated from skeletal

muscle [12]. Next, a smooth muscle MLCK isoform was

isolated [11], and a high molecular weight MLCK con-

taining the whole smooth muscle MLCK sequence and a

unique N-terminal extension was identified [18].

Moreover, the C-terminal fragment of smooth muscle

MLCK is expressed as an independent non-kinase pro-

tein KRP/telokin (see below) [19]. These proteins (two

MLCK isoforms and KRP/telokin) are encoded by a

complex mylk gene initially described as a genetic locus

[18]. In the literature, the designation mylk1 is often

used to discriminate skeletal muscle and cardiac

MLCKs. In this review, the numbering of exons is pro-

vided as outlined in a pioneering characterization of the

mylk1 gene [15]; the numbering of amino acid residues

corresponds to human high molecular weight MLCK,

which contains 1914 amino acid residues. In the human

genome, the mylk1 gene resides at 3qcen-q21 [16] and

spans approximately 270 kb of DNA [20, 21]. Skeletal

muscle MLCK (skMLCK) is encoded by the mylk2 gene

[14]; mylk3 encodes a specific cardiac muscle MLCK

(caMLCK) [13]. Moreover, a calmodulin (CaM)-inde-

pendent cardiac MLCK isoform has recently been

described [22].

In the literature, there are confusing designations for

mylk1-derived proteins. Specifically, “non-muscle”,

“heavy”, and “long” are synonyms of 210-220 kDa “high

molecular weight” MLCK; for a 108-155 kDa low molec-

ular weight MLCK, the terms “smooth muscle”, “light”,

“small”, or “short” are applied. From our point of view,

the terms “long MLCK” (L-MLCK) and “short MLCK”

(S-MLCK) fit best to the current knowledge on the

organization and tissue-specific expression of the MLCK

isoforms encoded by the mylk1 gene. A 17-kDa non-

kinase C-terminal fragment of MLCK [19] is known as

KRP (Kinase-Related Protein) or telokin (telos +

kinase). Considering that the term “KRP” is used also to

designate Kinesin-Related Proteins, in this review we use

the term “KRP/telokin”.

THE mylk1 GENE AND TRANSCRIPTIONAL

CONTROL

Three mRNA classes (e.g. for avian species – 9.0,

5.5, and 2.7 kb) correspond to L-MLCK, S-MLCK, and

KRP/telokin, respectively [15, 18, 23] (Fig. 1a). In mam-

mals, the corresponding mRNA sizes differ slightly [24].

Each mRNA derives from an independent promoter.

Thus, both S-MLCK and KRP/telokin promoters are

located in introns of the mylk1 gene resulting in tran-

scription of unique 5′-untranslated mRNA sequences

from the corresponding introns, i.e. the starting exons

utilized by either S-MLCK or KRP/telokin mRNAs con-

tain unique 5′-upstream extensions not present in the

larger transcripts [25-27].

KRP/telokin promoter. The KRP/telokin promoter

(Fig. 1b) is active only in smooth muscles of the adult

organism [29]. In mice, a major driver of KRP/telokin

expression is a short 30-bp sequence containing A/T-rich

and CC(AT)6GG (CArG-box) cis-acting elements. The

CArG-box binds serum response factor (SRF) [30] and is

indispensable for KRP/telokin expression independently

from S-MLCK expression [31]. Activation of the

KRP/telokin promoter by SRF is enhanced by a cofactor,

myocardin [32].

Additional transcription factors seem to play a sec-

ondary role [33, 34]. All identified KRP/telokin promot-

er regulators bind near the SRF binding site and either

promote or inhibit the SRF/myocardin complex. Effects

of these factors may be responsible for varying

KRP/telokin expression levels in different smooth muscle

types. The A/T-rich region attracts several enhancer fac-

tors like Hoxa10-1 [33], thyrotroph embryonic factor

(TEF) α and β isoforms [34], and Foxf1 [35], as well as

Foxq1 [36] and Hoxb8 [33] repressor factors. There are

two additional Hoxb8 binding sites located downstream

from the transcription initiation site; Hoxa10-1 competes

for the one located more upstream. While Hoxa10-1

seems to be important for controlling the KRP/telokin

expression in some smooth muscles, i.e. in uterus and

intestine, silencing effects of Hoxa10-2 and Hoxb8 may

be involved in the KRP/telokin promoter regulation in

non-muscle tissues [33].

In the KRP/telokin promoter, adjacent to the

CArG-box, there are binding sites for GATA-6 [37] and

Elk-1 [38]. Both these factors compete with myocardin

for SRF binding and exert a negative effect on the pro-

moter activity. Interestingly, in the homologous region of

human KRP/telokin promoter, there is a replacement in

the conventional GATA-6 site (TATC to CATC). Effects

of this replacement are unclear; however, a potential lack

of GATA-6 effects in humans might be compensated by

other repressor factors and/or might explain a trace

KRP/telokin expression in the human heart [39]. While

thymine DNA glycosylase (TDG) [40] and HMG2L1

[41] are competitive inhibitors of the SRF/myocardin

complex, binding sites for these factors have not been

identified within the KRP/telokin promoter. A negative

influence of TEA Domain Transcription Factor-1

(TEAD1) on activity of the KRP/telokin promoter is

expected based on the finding that several smooth mus-

cle-specific genes including S-MLCK are inhibited by

TEAD1, which interferes with the SRF/myocardin com-

plex [42].

S-MLCK promoter. The S-MLCK promoter

(Fig. 1c) has no conventional TATA-box and shares some

common properties with the KRP/telokin promoter. A

minimal S-MLCK promoter is located in a short (432 bp)

intron, which separates exons 14 and 15. In the S-MLCK
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Fig. 1. Schematic structure of the mylk1 gene and regulation of its multiple promoters. a) Three mRNA classes are transcribed from the mylk1

gene. They encode KRP/telokin, S-MLCK, and L-MLCK isoforms. KRP/telokin utilizes the larger exon 29A instead of exon 29 used by

both S-MLCK and L-MLCK [15, 26]. S-MLCK utilizes a larger exon versus the exon 15 used by L-MLCK [25]. L-MLCK2 lacks exon 11,

which is present in L-MLCK1 [28]. In more recent reports, exon 9 has been designated as exon 11 due to identification of additional 5′-

untranslated exons [5]. Exon and intron sizes and distances here and below are not to scale. b) Regulation of KRP/telokin promoter.

Position +1 corresponds to homologous human telokin mRNA start (chr3 reverse strand: 123,620,607). Nucleotide numbering refers to the

human mylk1 sequence and is based on the reports describing KRP/telokin promoter in rabbit, mouse, and rat. Transcription activators and

enhancers are coded by green range colors, whereas inhibitors and silencers are shown in red to purple range colors. Green arrows, stimulat-

ing activity; red lines with round cap, inhibitory action. c) Regulation of S-MLCK promoter. Homologous human mylk1 nucleotide number-

ing is based on extensive studies of mouse S-MLCK promoter. Position +1 corresponds to the homologous human S-MLCK mRNA start

(chr3 reverse strand: 123,701,003). Dash line indicates that myocardin effect is much weaker compared to its effect on the KRP/telokin pro-

moter. Foxf1 and TEF factors are shown bound to S-MLCK promoter based on their effect, although binding sites have not been defined. AR,

androgen receptor. d) Regulation of L-MLCK promoter. Locations of homologous human cis-acting elements are indicated; two different +1

positions are indicated, which correspond to the transcription initiation sites driven by the two distinct promoters: human mRNA NM_053025

(chr3 reverse strand: 123,831,670) and NM_001321309 (chr3 reverse strand: 123,884,253). See text for details.

a

b

c

d

5.6 kb S-MLCK mRNA
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promoter, a CArG-box binds SRF, provides for the basal

promoter activity, and is required for S-MLCK expres-

sion. The S-MLCK promoter is less dependent on

myocardin compared to the KRP/telokin promoter [25,

32]. Interestingly, spontaneously hypertensive rats con-

tain a 12-bp insertion adjacent to the CArG-box. This

insertion promotes SRF binding to the CArG-box, i.e.

positively regulates the S-MLCK promoter [43]. In mice,

GATA-6 binds and suppresses the S-MLCK promoter

[25]. It is plausible to suggest that in humans the effects of

GATA-6 on the S-MLCK promoter might be compro-

mised due to a replacement (TATC to CATC) found in

the homologous GATA-6 binding site, like it is in the

KRP/telokin promoter. While Foxf1 activates the S-

MLCK promoter, Foxq1 has no effect [35]. Considering

that in the KRP/telokin promoter Foxf1 and Foxq1 com-

pete for a common cis-acting element, lack of the Foxq1

effect on the S-MLCK promoter activity may be

explained by the action of unidentified transcription fac-

tors. The same explanation may be applied to the finding

that the KRP/telokin promoter activators, TEFα and

TEFβ, exert opposite effects on KRP/telokin activity:

TEFα suppresses, but TEFβ activates S-MLCK expres-

sion in A10 smooth muscle cells [34].

In the first intron of the S-MLCK gene, there is an

additional CArG-box that has no significant influence

on S-MLCK expression in A10 smooth muscle cells and

10T1/2 fibroblasts [25]. However, deletion of an intronic

region including this CArG-box selectively downregulat-

ed S-MLCK in smooth muscles of transgenic mice while

it had no effect on either L-MLCK or KRP/telokin

expression [44].

In mice, apart from regulation of the S-MLCK pro-

moter activity by the SRF/myocardin complex, there is a

conservative CTGGGAA cis-acting element responsible

for the S-MLCK promoter activation by the Notch1

receptor complex. Decreased expression of S-MLCK in

smooth muscles of transgenic Notch1-defective mice

supports the involvement of the Notch1-signaling in S-

MLCK expression [45]. The Notch1 receptor complex

induces Hairy Related Transcription factor-2 (HRT2),

which represses both myocardin- and Notch1-induced S-

MLCK promoter activities. Notch1 dose escalation over-

whelms the inhibitory effects of HRT2, indicating that

the Notch1 effect on the S-MLCK promoter activity is

autoregulatory and depends on intensity of the Notch1

signal [46].

L-MLCK promoter. The L-MLCK promoter

(Fig. 1d) has no conventional TATA-box; however, a

downstream promoter element (DPE) and other conven-

tional regulatory cis-acting elements, a CAAT-box, and

several E-boxes have been mapped. In epithelial cells,

basal activity of the L-MLCK promoter is controlled

independently by a p53 binding element [20] and two

cooperative Sp1 binding sites [47]. In epithelial cells,

inflammatory factors such as interferon gamma (IFNγ),

tissue necrosis factor alpha (TNFα), or interleukin-1 beta

(IL-1β) induce L-MLCK expression [20, 48] via NF-κB

independently of p53 [20] or Sp1 [47]. It has been shown

that a silencing effect of the NF-κB p50/p50 homodimer

is antagonized by NF-κB p50/p65 heterodimer binding

and activation of the L-MLCK promoter in response to

stimulation with either TNFα [49] or IL-1β [50]. In

epithelial cells, a TNFα-dependent pathway activates the

p50/p65 heterodimer via NIK and IKKα protein kinases

[51]. Additionally, IL-1β-dependent activation of Erk1/2

induces Elk-1, which directly interacts and activates the

L-MLCK promoter [52], probably in cooperation with

NF-κB p65. Simultaneously, IL-1β evokes p38 mitogen-

activated protein (MAP)-kinase-dependent activation of

Activating Transcription Factor-2 (ATF-2) [53].

Independent inhibition of either Elk-1 or ATF-2 blocks

the activating effect of IL-1β, indicating that Elk-1 and

ATF-2 may act cooperatively [52, 53]. More distant 5′-

upstream regions of the L-MLCK promoter contain addi-

tional enhancer elements – two NF-κB binding sites and

three Ap-1 binding sites. Similarly, there are experimental

data consistent with unidentified silencing elements pres-

ent in the same upstream region [47]. Complex multicom-

ponent regulation of the L-MLCK promoter may explain

both the lack of pharmacological NF-κB inhibition on the

TNFα-dependent induction of L-MLCK in epithelial

cells [48] as well as an attenuation of NF-κB and concur-

rent intensification of Ap-1 effects on induction of L-

MLCK during epithelial cell differentiation [47].

Synergistic stimulation with TNFα and IFNγ significant-

ly enhances L-MLCK induction compared to individual

effects of these agents [47], confirming the complex pat-

tern of L-MLCK expression regulation. Hypoxia

Inducible Factor-1α (HIF-1α) and its antagonist, Factor

Inhibiting HIF (FIH), may represent a convergence point

for the IFNγ- and TNFα-activated pathways. Direct

interaction of HIF-1α with the L-MLCK promoter has

not been demonstrated, but HIF-1α activation either by

hypoxia or in response to stimulation of epithelial cells

with IFNγ or TNFα correlates with increased L-MLCK

expression; moreover, specific inhibition of HIF-1α nega-

tively affects L-MLCK expression [54, 55].

In endothelial cells, approximately 52 kb upstream

from the regulatory elements described above, an alterna-

tive “minimal promoter” and transcription initiation site

have been identified [21]. The discrepancy is probably

due to alternative transcription of the L-MLCK gene in

epithelial and endothelial cells resulting in mRNAs that

differ in 5′-untranslated regions [21, 47]. Thus, in the

shorter “epithelial” mRNA, exon 1A corresponds to exon

3 (mRNA NM_053025) reported in endothelial cells

[21]. The latter study demonstrated that L-MLCK

expression in human endothelial cells is sensitive to

VEGF stimulation and depends on the binding of Sp1

transcription factor within –450 to –331 bp upstream of

the most distant transcription initiation site.
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Additionally, in A10 smooth muscle cells, GATA-6

enhances L-MLCK promoter activity in contrast to its

silencing effects on both the S-MLCK and KRP/telokin

promoters [25]. Finally, androgens have been implicated

in regulation of the mylk1 gene. In prostate cancer cells,

which express both L-MLCK and S-MLCK, androgens

downregulated the expression of both MLCK isoforms

[56].

Posttranscriptional control of mylk1 gene expression.

MicroRNAs are short endogenous noncoding RNA

species contributing to the control of many mRNAs. For

endothelial cells, several microRNAs, including miR-

374a, miR-374b, miR-1290, miR-520c-3p, and miR-

155, have been shown to additively downregulate L-

MLCK expression [57, 58]. These microRNAs are com-

plementary to the 3′-untranslated region of L-MLCK

mRNA, suggesting they might control the level of both S-

MLCK and KRP/telokin mRNAs. Indeed, in cardiomyo-

cytes of miR-1–/– mice, expression of smooth muscle

myocardin and KRP/telokin is induced, but S-MLCK

expression is not altered [59]. These different responses

are probably due to a greater dependence of KRP/telokin

expression on myocardin (see above), but the influence of

additional regulatory factors cannot be excluded. In

endothelial HUVEC cell line, oxidized low-density

lipoprotein downregulated miR-1 and upregulated L-

MLCK, indicating that in endothelial cells, miR-1, at

least in part, may be responsible for the low expression

level of L-MLCK [60]. In several cancer cell lines and in

breast cancer patients, a decrease in miR-200c level cor-

relates with increased L-MLCK expression and higher

invasive behavior of the cancer cells. Moreover, in the 3′-

untranslated region of L-MLCK mRNA, there are miR-

200c binding sites [61] that may recruit miR-200c to

downregulate L-MLCK mRNA and, probably, other

mylk1-encoded transcripts.

Polymorphism of mylk1 gene transcripts. As noted

above, the mylk1 gene encodes for three mRNA classes,

for L-MLCK, S-MLCK, and KRP/telokin, respectively.

Moreover, for L-MLCK, two distinct independent pro-

moters and two alternative, probably tissue-specific, tran-

scription initiation sites determine the length and alterna-

tive splicing of the 5′-untranslated exons [21, 47]. Splice

variants of coding exons of L-MLCK and KRP/telokin

mRNAs have been described. Alternative splicing of exons

1 and 2 of the KRP/telokin mRNA results in insertion of

Glu29 in one of the KRP/telokin isoforms [39]. For

human L-MLCK, several splice variants have been identi-

fied, but only two protein products are confirmed, the full-

length L-MLCK1 and L-MLCK2 lacking residues 437-

505 [28]. In addition, many SNPs have been reported in

the human mylk1 gene, including those that result in

amino acid replacements, e.g. Pro21His, Pro147Ser,

Val261Ala, Ser1341Pro, Arg1450Gln, Ser1759Pro, and

premature polypeptide chain termination (Arg1480X), or

modulate the expression level [62-66].

KRP/telokin is characterized by significant hetero-

geneity. In tissue-purified avian KRP/telokin, three

acetylated N-termini corresponding to Ala2, Met3, and

Ser8 were found, with the latter form being predominant;

moreover, one to six C-terminal glutamyl residues were

missing [67]. Considering that the C-terminal region of

KRP/telokin is involved in binding to the myosin rod, the

C-terminal heterogeneity may result in KRP/telokin

species with varying affinity to myosin and may modulate

the ability of KRP/telokin to compete with S-MLCK for

myosin binding (see below).

In the antisense strand of the mylk1 gene, there are

two genes for noncoding RNAs [68]: MYLK-AS1, which

comprises four exons, and a shorter MYLK-AS2, which

comprises three exons. Interestingly, one of the MYLK-

AS1 exons overlaps the coding sequence of the mylk1

gene, suggesting a role for MYLK-AS1 in posttranscrip-

tional regulation of both S-MLCK and L-MLCK.

Tissue-specific expression of mylk1 gene-derived pro-

teins. Tissue-specific expression of L-MLCK, S-MLCK,

and KRP/telokin is controlled by independent regulation

of the corresponding promoters as specified above and,

apparently, additional still unidentified regulatory signals.

KRP/telokin is predominantly expressed in smooth

muscle tissues with much higher levels found in phasic

smooth muscles [15, 27, 69]. Trace amounts of

KRP/telokin are present in human heart [39].

S-MLCK is expressed in most adult tissues [70]. In

embryonic tissues, the S-MLCK levels are low and are

upregulated after birth, in contrast to a decrease in L-

MLCK expression [15, 71-73]. In many tissues and cell

types, S-MLCK coexists with L-MLCK, e.g. this is a case

for avian aorta, which was used as a source for the first-

ever L-MLCK isolation [74, 75]. L-MLCK seems to be

unique to neutrophils [76] and is a predominant form in

endothelium, epithelium, monocytes, and T-cells [77-

79]. Platelets contain S-MLCK and traces of L-MLCK

[80].

Western blot analysis with anti-MLCK antibodies

reveals that the L-MLCK levels are higher in non-muscle

cell-enriched tissues with a relatively low content of

smooth muscle cells (lung, liver, kidney, or spleen) [73,

75]. Upon cultivation of primary cells, L-MLCK expres-

sion increases and displaces S-MLCK either totally or

partially [70, 71, 73]. As a rule, both MLCK isoforms

coexist in cell lines, e.g. in A10, A7r5, and GbaSM-4 cells

of smooth muscle origin [74, 81] or in non-muscle cell

lines like HeLa, COS-7, or 3T3 [73, 82, 83].

Transformation to cancer cells is associated with upregu-

lation of MLCK expression in some cell types [84, 85]

and downregulation in others [61, 86]. Considering the

complex regulation of the mylk1 gene, it is reasonable to

suggest that a shifted balance of regulatory factors con-

tributes to the developmental and tissue-specific differ-

ences in MLCK expression as well as its alterations in

transformed cells and during primary cell cultivation.
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MLCK DOMAIN STRUCTURE

Three proteins encoded by the mylk1 gene utilize the

same open reading frame; the larger protein includes the

whole sequence of the smaller. The structure of the largest

protein, L-MLCK, is presented in Fig. 2; Met1 of S-

MLCK corresponds to Met923 of L-MLCK; Met1 of

KRP/telokin corresponds to Met1761 of L-MLCK. The

biochemical structure of S-MLCK and issues concerning

its enzymatic properties have been review [6, 10]. In this

review, we specify the most noteworthy biochemical and

structural properties of S-MLCK including the most

recent data and take a closer look at the unique N-termi-

nal tail of L-MLCK as well as at the identified regulatory

mechanisms that modulate MLCK enzymatic and/or

noncatalytic properties.

The catalytic core is located in the middle part of S-

MLCK and demonstrates homology to the catalytic

domains of many protein kinases. In the catalytic

domain, there is a Gly-X-Gly-X-X-Gly-(X)14-Lys con-

sensus Mg2+-ATP-binding sequence [23] that is constant-

ly available for Mg2+-ATP [87]. A more N-terminally

located acidic amino acid cluster plays an important role

in myosin RLC binding [88]. RLC binds to Mg2+-ATP-

bound MLCK [89]. Despite claims on the identification

of additional MLCK substrates [76, 90, 91], myosin RLC

is an unambiguous MLCK in vivo substrate with unques-

tionable physiological significance. In RLC, Arg16 plays

a major role in substrate binding [92] and directs the

MLCK catalytic core to Ser19 of RLC. Phosphorylation

of two RLCs on a single myosin head proceeds in an

ordered manner using different molecular mechanisms

[93]. One of the reasons for this behavior may be a non-

catalytic interaction of the MLCK C-terminal domain

with myosin (see below). In vitro, at high MLCK concen-

trations, Thr18 of RLC is phosphorylated [94], but in vivo

Thr18 is likely to be phosphorylated by alternative kinas-

es, in particular, by Rho-associated protein kinase

(ROCK) [95] or zipper-interacting protein kinase

(ZIPK) [96]. Phosphorylation of Thr18 enhances the

activating effect of Ser19 phosphorylation [97], but

monophosphorylation of RLC at Thr18 correlates with

Fig. 2. Domain organization, protein–protein interactions, and posttranslational modifications of L-MLCK. The main structural elements

of L-MLCK (see inset for legend) are presented in a linear mode. Selected modified amino acid residues with suggested physiological signif-

icance are superimposed with domain organization. Residue numbering is given for human L-MLCK1 (NM_053025). Responsible modify-

ing enzymes are shown above the modified residues. Braces denote regions of L-MLCK involved in interaction with other proteins (listed

below the braces). (?) – site(s) of interaction are not precisely mapped and/or lack solid evidence support. PKG, protein kinase G; PKC, pro-

tein kinase C; CaMKII, Ca-CaM-dependent kinase of type II. See text for details.
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smooth muscle relaxation [98], suggesting Thr18

monophosphorylation may not be sufficient for myosin II

Mg2+-ATPase activation in non-muscle cells.

The regulatory segment of MLCK flanks the catalyt-

ic core at its C-terminus and consists of partially overlap-

ping autoinhibitory and Ca2+/CaM-binding sites.

Initially, a pseudosubstrate model was proposed based on

similarity of the disposition of basic amino acids in the

autoinhibitory region and near the RLC phosphorylation

site [99]. However, the adjacent hydrophobic Tyr-Met-

Ala cluster appeared as the most important for MLCK

autoinhibition [100], indicating that the autoinhibitory

mechanism is not restricted to imitation of the RLC

sequence. Based on the MLCK autoinhibitory sequence,

Lukas et al. developed the Peptide Inhibitor of Kinase

(PIK) [101], which could penetrate through biological

membranes [102, 103]. More recently, several proteoly-

sis-resistant PIK analogs have been developed for use in

in vitro and in vivo studies [102, 104, 105].

MLCK is a Ca2+/CaM-dependent enzyme. Even at

basal intracellular Ca2+ concentrations, the C-terminal

domain of CaM seems to be constantly bound to MLCK

[106]. An increase in the Ca2+ level and subsequent Ca2+

binding at the N-terminal domain of CaM induces

rearrangements in both CaM and MLCK and makes the

MLCK active site available for RLC binding [107]. These

data suggest that an increase in Ca2+ and release of the

autoinhibitory segment are prerequisites for effective

binding of RLC-imitating MLCK peptide inhibitors (e.g.

peptide 11-19 [108]).

Finally, it should be noted that in vitro, the L-MLCK

substrate specificity, activation by Ca2+/CaM, and enzy-

matic properties are identical to those of S-MLCK [74].

The myosin-binding site, which is distinct from the

catalytic center, resides at the very C-terminus of the

MLCK molecule and is common for L-MLCK, S-

MLCK, and KRP/telokin. The acidic C-terminus of

KRP/telokin plays a major role in KRP/telokin binding

to myosin in vitro [109] to induce the myosin II unfolding

and filament formation [110]. Moreover, the KRP/

telokin C-terminus is responsible for competitive inhibi-

tion of RLC phosphorylation by MLCK [111] and alter-

native myosin II protein kinases [112].

IgG- and Fn-like domains. Adjacent to the N-termi-

nal end of the catalytic domain is a fibronectin type III

(Fn-like) domain of unknown function. Additionally,

in S-MLCK, there are three immunoglobulin G (IgG)

C2-type domains (IgG-like), each comprising approxi-

mately 100 amino acid residues. While two IgG-like

domains reside N-terminally to the Fn-like domain, the

third IgG-like domain resides at the C-terminus of the

MLCK molecule. The C-terminal IgG-like domain with

short N- and C-terminal flanking sequences is expressed

as an independent KRP/telokin. In the unique N-termi-

nal extension of L-MLCK, six additional IgG-like

domains are found [18, 28]. Functional roles of these

domains remain unclear, but they have been suggested to

contribute to protein–protein interactions of L-MLCK

directly or, by analogy with IgG-like domains of titin

[113], they may unfold reversibly, thereby increasing the

linear dimensions of L-MLCK and/or disclosing binding

sites for L-MLCK protein partners (see below).

KPV/A repeats are found in mammalian MLCKs

and reside more N-terminally to the first IgG-like

domain of S-MLCK. These are 12-amino acid repeats

containing conserved Lys-Pro-Val (KPV) and Lys-Pro-

Ala (KPA) triplets. The number of KPV/A repeats is

species-dependent and contributes to variation of the

MLCK molecular mass among species. The physiological

role of the KPV/A repeats remains unestablished.

The actin-binding domain of S-MLCK is located at

the very N-terminus of the molecule and consists of three

28-amino acid repeats with internal DFRxxL motifs play-

ing a leading role in interaction with actin [114]. Each

DFRxxL motif is believed to bind to an individual actin

monomer; thus, by three DFRxxL motifs, the S-MLCK

N-terminal region can cross-link individual actin fila-

ments in vitro [115]. The alternate binding/dissociation of

individual DFRxxL motifs has been suggested to provide

for migration of S-MLCK along actin filaments to expand

the effective area of the kinase [116]. On an actin filament,

sites of interaction with DFRxxL motifs are distinct from

the binding sites for myosin, tropomyosin, caldesmon,

and calponin [117]; thus, there are no steric obstructions

for the lateral migration of S-MLCK. CaM might influ-

ence the association of MLCK with actin through the sec-

ond CaM-binding site, which, according to in vitro stud-

ies, overlaps with the DFRxxL-containing region [118,

119]. Because of a relatively weak binding of DFRxxL

motifs to actin, in non-muscle cells, which are less “satu-

rated” with actomyosin structures, S-MLCK shows pre-

dominantly diffuse distribution and is readily washed out

upon cell permeabilization [115]. In the unique N-termi-

nus of L-MLCK, two additional DF/VRxxL motifs

enhance the affinity of L-MLCK to actin [74]. However,

an internal deletion or the five DFRxxL motifs did not

induce L-MLCK dissociation from the cytoskeleton

[115], indicating there is(are) an additional actin-binding

site(s). Indeed, an actin-binding site structurally different

from the DFRxxL-containing domain has been mapped

to the two first IgG-like domains [120, 121].

PROTEIN–PROTEIN INTERACTIONS

OF mylk1 GENE PRODUCTS

Actin, myosin, and CaM are unquestionable MLCK

partners with well-established physiological significance.

However, experimental data indicate there are additional

protein partners of MLCK (Fig. 2).

Tubulin, a structural component of microtubules,

interacts with L-MLCK in vitro and colocalizes with L-



MYOSIN LIGHT CHAIN KINASE: A REVIEW 1683

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  13   2016

MLCK in transfected CV-1 cells [122]. Via its interaction

with tubulin, L-MLCK may provide an integration link

between the actin and tubulin cytoskeleton structures.

Supervillin is a scaffold membrane-bound protein

and interacts with actin, myosin, and several cytoskeletal

proteins. The supervillin N-terminal fragment (residues

1-174) interacts with the L-MLCK unique N-terminal

tail in vitro and colocalizes with activated myosin on the

cell periphery [123]. It was suggested that an inhibitory

effect of supervillin on cell spreading is brought about by

myosin activation and myosin filament formation in the

submembrane region of a cell. Inhibition of MLCK activ-

ity reverted the effects of supervillin.

Cortactin, an actin-binding cytoskeletal protein,

interacts with L-MLCK in endothelial cells. Antibody

against L-MLCK immunoprecipitated cortactin from

endothelial cells; moreover, stimulation of endothelial

cell tyrosine kinases increased the amount of precipitated

cortactin [124]. Phosphorylation of either cortactin or the

full-length L-MLCK (L-MLCK1) by c-Src tyrosine

kinase enhanced the interaction of cortactin and L-

MLCK1. Functionally, cortactin did not affect the activ-

ity of either MLCK isoform in vitro and, similarly, MLCK

did not affect the actin-binding properties of cortactin but

inhibited cortactin-stimulated activation of Arp2/3 [125].

While the cortactin SH3 domain is responsible for inter-

action with MLCK isoforms, putative cortactin-binding

sites are located within the DFRxxL domain of MLCK

[126] suggesting that the interaction might be regulated

by Ca2+/CaM, which binds to the same MLCK region

and may modulate MLCK interaction with actin. The

unique N-terminal tail of L-MLCK might contain addi-

tional cortactin-binding sites. A L-MLCK-dependent

increase in cortactin tyrosine phosphorylation in

endothelial cells may be due to recruiting of non-receptor

tyrosine kinases, in particular c-Src, via L-MLCK scaf-

folding activity [124] and/or due to L-MLCK-dependent

conformational changes in cortactin that facilitate its

interaction with c-Src. Involvement of L-MLCK in acti-

vation of tyrosine kinases was observed in neutrophils as

well [76].

Pyk2, a FAK-family cytoplasmic tyrosine kinase, is

recruited to β2-integrins and contributes to an adequate

integrin activation and neutrophil adhesion. In murine L-

MLCK–/– neutrophils, both Pyk2 activation and interac-

tion with β2-integrins were impaired. Direct interaction

of Pyk2 and L-MLCK is supported by coimmunoprecip-

itation studies and in vitro binding of purified Pyk2 and

the recombinant MLCK catalytic domain. Interestingly,

in neutrophils, the inhibition of L-MLCK enzymatic

activity attenuated Pyk2 activation; moreover, the MLCK

catalytic domain phosphorylated and activated Pyk2 in

vitro. These data suggest both enzymatic and noncatalyt-

ic activities of MLCK contribute to Pyk2 activation [76].

MIF (macrophage migration inhibition factor) has

been identified as an MLCK partner by the yeast two-

hybrid assay system. Interaction between the two proteins

was confirmed by coimmunoprecipitation of GST-tagged

MLCK fragment from BPAEC cell lysates and indirect

immunofluorescence data. Biochemical studies with

truncated mutants show that the L-MLCK N-terminal

515 amino acids were sufficient for MIF binding and sug-

gest that one MIF binding site on L-MLCK1 may reside

between amino acids 437-505, a sequence that is spliced

out in L-MLCK2. However, the functional significance

of the MIF/MLCK complex is unclear, because MIF did

not compete with c-Src-dependent L-MLCK phospho-

rylation within amino acids 415-500 and had no effect on

the interaction of L-MLCK with actin or cortactin [127].

14-3-3 scaffold. In the L-MLCK regions flanking

the first IgG-like domain, there are putative binding sites

for 14-3-3 proteins. Interaction of L-MLCK with 14-3-3

proteins is supported by an enrichment of two 14-3-3 iso-

forms (24 and 27 kDa) in the immunoprecipitate of the

FLAG-tagged L-MLCK fragment and ability of a 14-3-3

antagonist to abolish the attenuation of L-MLCK phos-

phorylation at Tyr464 [128]. Unfortunately, the putative

interaction of L-MLCK with 14-3-3 is based only on

indirect data and has not been confirmed by further stud-

ies.

Myosin light chain phosphatase (MLCP) is a dedicat-

ed MLCK antagonist and seems to be a protein partner of

mylk1 gene-derived proteins. Based on copurification of

MLCK and MLCP from smooth muscle, early reports

suggested that MLCK and MLCP exist in a complex

[129]. More recently, these indirect data gained support

from several experimental findings in KRP/telokin–/–

mice indicating a positive modulation of MLCP by

KRP/telokin [31]. Because in a myosin II molecule,

KRP/telokin shields RLC from activating protein kinases

[111, 112] and KRP/telokin does not bind to phosphory-

lated myosin [130], it has been suggested that modulation

of myosin dephosphorylation by KRP/telokin is due to its

direct or indirect effects on MLCP [31]. Recent physio-

logical and biochemical data are in favor of a hypothesis

that direct interaction of KRP/telokin with regulatory

MLCP subunit, MYPT1, abolishes the effect of inhibito-

ry MYPT1 phosphorylation [131]. The interaction can

probably be explained by some degree of similarity

between KRP/telokin and a small MLCP subunit (M20)

of unidentified function.

Using the yeast two-hybrid assay, coimmunoprecipi-

tation, or peptide matrices, large-scale screening studies

identified a score of putative MLCK protein partners;

however, additional efforts are needed to confirm the

interactions and identify the physiological significance of

the confirmed ones.

Enzymes that use MLCK isoforms and/or KRP/

telokin as substrates, e.g. c-Src tyrosine kinase [125],

could be, with certain limitations, considered as

MLCK/KRP protein partners. Because posttranslational

modifications (PTM) play an important role in regulation
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of most if not all human proteins, below are summarized

the most noteworthy PTMs that have been identified in

the mylk1-derived proteins.

POSTTRANSLATIONAL MODIFICATIONS

OF mylk1 GENE PRODUCTS

According to the PhosphositePlus database

(http://www.phosphosite.org) [17], there are over 10

acetylation and 40 phosphorylation sites in L-MLCK. In

contrast, few methylation and ubiquitinylation sites have

been identified. For the great majority of L-MLCK

PTMs, the physiological significance remains unestab-

lished, and there are few reports on this issue.

Acetylation-dependent modulation of mylk1 gene-

encoded proteins. One of the earliest identified PTMs in

KRP/telokin was a constitutive acetylation of N-termini

of KRP/telokin isoforms that differed in the length of

their N-terminal ends [67]. The Met1 residue of S-

MLCK is acetylated as well [132]. These modifications

seem to protect KRP/telokin and S-MLCK from degra-

dation. Recently, hARD1 acetyltransferase was shown to

modulate L-MLCK activity [133]. It was demonstrated

that hARD1 binds within the L-MLCK region spanning

the fourth and fifth IgG-like domains and acetylates the

epsilon amino group of Lys608 (Fig. 2). In transfected

cells, hARD1 downregulated both RLC phosphorylation

and MLCK-dependent invasion and migration of

HT1080 cancer cells. Moreover, the Lys608Arg mutation

in L-MLCK completely abolished the effect of hARD1

on L-MLCK activity. Interestingly, the interaction of

hARD1 with L-MLCK required a prior activation of L-

MLCK by Ca2+/CaM, suggesting that there are complex

interactions between L-MLCK domains that are located

far from each other in the primary structure of the kinase.

Phosphorylation-dependent modulation of mylk1

gene-encoded proteins. Among the PTMs of the mylk1

gene-encoded proteins, phosphorylation-dependent

modulation has been much more extensively studied.

Proteomic techniques validated several in vivo phospho-

rylation sites of MLCK that partially matched the sites

identified in earlier in vitro studies (Fig. 2). Among these

is a functionally important MLCK phosphorylation in

the CaM-binding domain (designated the phosphoryla-

tion site A) [134]. In site A, phosphorylation at Ser1760

by protein kinases A, G, C (PKA, PKG, and PKC,

respectively), or Ca2+/CaM-dependent protein kinase II

(CaMKII) results in inhibition of both CaM binding and

RLC access to the MLCK catalytic center, which remains

closed by the MLCK autoinhibitory region [134-136].

The p21-activated protein kinase-2 (PAK2) phosphory-

lates the adjacent Ser1759 and brings about the same

inhibitory effect [137]. There is a commercial anti-

(P)Ser1760 antibody that allows monitoring the level of

Ser1760 phosphorylation and the corresponding level

of MLCK inhibition, but in isolated studies, e.g. in [83],

a positive reaction with this antibody is interpreted as

being associated with MLCK activation. Conclusions

drawn in reports of this kind should be considered with

caution.

In L-MLCK, several phosphorylation sites have

been identified that reside outside the catalytic domain

but affect the activity of the enzyme. In the unique N-

terminal tail of L-MLCK, c-Src-dependent phosphory-

lation at Tyr464 and Tyr471 in vitro increases the enzy-

matic activity of L-MLCK 2-3-fold [138]. These data

indicate that L-MLCK may adopt a “folded” tertiary

structure with its N- and C-terminal moieties coming

into contact. This hypothesis is supported by the above-

mentioned effects of Lys608 acetylation on L-MLCK

activity [133]. Unfortunately, no crystal structure is avail-

able for the full-length L-MLCK that would reflect the

intramolecular interactions of distantly located L-MLCK

domains.

Interestingly, both Tyr464 and Tyr471 are encoded

by a single exon that is spliced out in L-MLCK2 [28].

Correspondingly, c-Src does not phosphorylate and regu-

late L-MLCK2. In vitro, c-Abl tyrosine kinase phospho-

rylates up to 10 tyrosine residues in L-MLCK1, including

Tyr464, and it increases both L-MLCK1 catalytic activi-

ty and affinity to cortactin, as in the case with c-Src [139].

The same study reported autophosphorylation of L-

MLCK at 19 serine and threonine residues. In this regard,

it seems impossible to correlate the phosphorylation at a

given residue with changes in L-MLCK catalytic activity.

Moreover, phosphorylation of multiple residues may

result from nonspecific modification due to excess of the

protein kinase in in vitro experiments. This assumption is

favored by the fact that only two out of nine c-Abl in vitro

phosphorylation sites have been validated in cancer cells

by mass-spectrometry (see http://www.phosphosite.org).

In chicken L-MLCK, Ser149Asp mutation (homol-

ogous to Ser154 in human L-MLCK and Ser149 in

murine L-MLCK and identified as an in vivo phospho-

site) attenuated the binding of the actin-binding N-ter-

minal L-MLCK fragment to cytoskeletal structures in

transfected HeLa cells [120]. In vitro, Ser149 in avian L-

MLCK could be phosphorylated by PKA and Aurora B,

which show similar substrate specificity. The latter kinase

is active in mitosis and phosphorylates serine residues

within the N-terminal tail of L-MLCK in mitotic HeLa

cells [140]. In contrast, PKA may phosphorylate L-

MLCK in interphase cells. Thus, PKA and Aurora B

team up to represent a minimal set of protein kinases that

can modulate actin-binding properties of L-MLCK in

cells.

Most studies reporting L-MLCK phosphorylation in

cells and tissues have not established links between phos-

phorylation at individual L-MLCK amino acid residues

and alterations in cellular responses. Phosphorylation of

L-MLCK at tyrosine residues has been demonstrated in
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endothelial cells following stimulation with diperoxy-

vanadate, a potent tyrosine kinase activator and tyrosine

phosphatase inhibitor [124], and in fibroblasts following

transformation with constitutively activated mutant epi-

dermal growth factor receptor (v-ErbB) [141]. In both

these studies, the authors reported alterations in the acti-

vation status of contractile proteins in cells.

Phosphorylation of MLCK by MAP-kinases has been

associated with MLCK activation, an increase in myosin

RLC phosphorylation, and acceleration of cell migration

[142]. Because MAP-kinase consensus sites are located

outside the catalytic domain of MLCK, it seems likely

that the MAP-kinase-dependent activation of MLCK

required an interaction between distantly located MLCK

domains, much as suggested for the phosphorylation of

Tyr464 and Tyr471 and acetylation of Lys608 in the N-

terminal tail of L-MLCK.

Both KRP/telokin and the corresponding domain

within MLCK are multiply phosphorylated (see

http://www.phosphosite.org). Within the unstructured

N-terminus of KRP/telokin, eight of ten Ser/Thr

residues are phosphorylated, suggesting that this region

has an important regulatory role. However, there are no

indications on the functional properties that are regulat-

ed by phosphorylation of the KRP/telokin domain except

a report suggesting that PKA-dependent phosphorylation

in this domain intensifies the inhibitory effect of the site

A phosphorylation [136]. In KRP/telokin, PKA- and/or

MAP-kinase-dependent phosphorylation of the homolo-

gous site does not alter the inhibitory effects of

KRP/telokin on myosin phosphorylation and smooth

muscle contraction [112]. In isolated phasic smooth

muscle, KRP/telokin phosphorylation is increased dur-

ing contraction and slightly varies during the subsequent

relaxation [75]. Quantitative analysis of the phosphoryla-

tion dynamics at individual sites demonstrated that dur-

ing smooth muscle contraction, phosphorylation at Ser13

of KRP/telokin increases from basal 20 to 100%; howev-

er, the level of KRP/telokin phosphorylation at Ser19 did

not show significant changes during the contraction/

relaxation cycle and amounted to about 25% [143].

According to the model suggested by A. Somlyo’s group,

KRP/telokin activates MLCP and, in this way, con-

tributes to smooth muscle relaxation. Moreover, the

effect is augmented by PKG-dependent KRP/telokin

phosphorylation at Ser13 [144, 145] because phospho-

KRP/ telokin binds to and activates MYPT1 by overrid-

ing the preexisting inhibitory phosphorylation of MYPT1

[131]. It should be noted, however, that direct interaction

with MYPT1 in vitro was shown for the phospho-mim-

iсking KRP/telokin mutant (Ser13Asp), whereas the

behavior of KRP/telokin phosphorylated at Ser13 was

not studied.

In summary, all proteins that derive from the mylk1

gene are extensively labeled by multiple PTMs. Isolated

PTMs have been shown to regulate MLCK enzymatic

activity, which affects the activation status of myosin II

ATPase and, respectively, parameters of cell motility. For

most PTMs that are found in MLCK and/or KRP/

telokin, the functional significance remains unclear.

ROLE OF MLCK/KRP IN PHYSIOLOGICAL

CELLULAR RESPONSES

The roles of MLCK in physiological processes are

predominantly associated with myosin II activation,

which drives a great variety of cellular responses. Thus,

MLCK contributes to a variety of apparently unrelated

processes, but all these depend on the motility apparatus

of the cell. MLCK is a Ca2+/CaM-dependent myosin II

activator and is activated by an increase in intracellular

Ca2+ level that, in turn, is evoked by Ca2+-mobilizing

agents like histamine, thrombin, bradykinin, bombesin,

cholecystokinin, acetylcholine, catecholamines, fMet-

Leu-Phe, oxidants, etc. Apart from MLCK protein

kinase activity, interactions of MLCK with its protein

partners (see section “Protein–Protein Interactions of

mylk1 Gene Products”) may contribute to the MLCK-

dependent functional responses of the cell.

Cell adhesion and migration. Adhesion and migration

are fundamental features of substrate-dependent cells.

MLCK is involved in both these cellular processes.

Conjointly with focal adhesion kinase, protein kinase c-

Src, and extracellular-regulated kinases (Erk), MLCK

participates in both formation and disassembly of focal

adhesions at the cell front and provides for onward migra-

tion [146]. Pharmacological inhibition of MLCK and

CaM changes fibroblast-populated collagen lattice con-

traction, cell migration, focal adhesion formation, and

wound contraction [147]. The Erk pathway regulates F9

parietal endoderm cell migration by affecting the forma-

tion of focal adhesions and lamellipodia via modulating

MLCK activity [148].

In fibroblasts, MLCK-dependent focal adhesion for-

mation proceeds at the cell periphery; in contrast,

ROCK-dependent focal adhesions are located more cen-

trally. Selective inhibition of these protein kinases results

in disassembly of adhesions either in the center or at the

periphery and alters the migration pattern of cells.

MLCK-inhibited cells generated membrane protrusions

all around the cell, turned more frequently, and migrated

less effectively compared to ROCK-inhibited cells, which

moved faster and straighter [149]. Other studies in differ-

ent cell models support the conclusion regarding the spa-

tial segregation of MLCK- and ROCK-dependent activa-

tion of myosin II [150-153].

On the other hand, accumulating data suggest that

noncatalytic properties of MLCK, e.g. interaction with

actin and other protein partners, play an important role in

migrating cells [76, 81, 154]. Indeed, as noted above,

MLCK may act as a scaffold and/or integrate cytoskele-
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tal structures [122-124]. In isolated model systems, e.g. in

L-MLCK–/– neutrophils, an assay of neutrophil transmi-

gration across endothelial monolayer revealed that an

interaction between L-MLCK and c-Src and Pyk2 tyro-

sine kinases and subsequent recruitment of Pyk2 to β2-

integrins was a sufficient MLCK-dependent event, while

ROCK-dependent myosin activation assured motile

activity [76]. Meanwhile, data from experiments with

“substitution” of the MLCK catalytic activity by its

actin-binding activity by overexpression of kinase-dead

MLCK or its individual domains [81, 154] should be con-

sidered with caution. Ectopic overexpression of MLCK

actin-binding domains would obviously stabilize the actin

cytoskeleton even when the MLCK catalytic activity is

lacking [122], and the motile component would be pro-

vided by alternative myosin-activating kinases like

ROCK, ZIPK, citron kinase, etc.

Proliferation. MLCK takes part in the control of cell

division. In proliferating rodent hepatocytes, inhibition

of MLCK catalytic activity or downregulation of MLCK

expression revealed a role for MLCK in the control of cell

transition from late G1 to S phase involving Erk2-

dependent p70S6 kinase activation [155]. Similarly,

downregulation of MLCK expression or inhibition of

MLCK catalytic activity slows the proliferation of various

cancer cells [156-158]. In contrast, MLCK downregula-

tion in GbaSM-4 smooth muscle cells increased the pro-

liferation rate and shortened the doubling period of the

population [159]. Effects of MLCK on mitosis seem to

depend on the cytoskeleton status, activity of intracellu-

lar signaling pathways that affect MLCK activity, and the

levels of MLCK protein partners. These parameters may

vary significantly in normal versus tumor cells.

In mitotic HeLa cells, L-MLCK is concentrated in

cortical cytoplasm during metaphase and in the cleavage

furrow during anaphase and telophase [160]. Targeting of

L-MLCK to the cleavage furrow required both the actin-

binding DFRxxL motifs, which are located in the central

part of the MLCK molecule, and additional sequences

from the L-MLCK N-terminus. L-MLCK targeting to

the cleavage furrow seems obvious, because the cleavage

furrow is a typical actomyosin structure. Both L-MLCK

catalytic and noncatalytic domains may contribute to

cleavage furrow formation and contraction. Additionally,

in the same study, the L-MLCK N-terminus disrupted

normal spindle morphology during mitosis. The authors

suggested the identification of a novel regulatory role of

L-MLCK during mitosis, but there should be considered

possible artefact consequences of overexpression of the L-

MLCK N-terminus, which interacts with tubulin in vitro

and microtubules in cells [122].

Endocytosis. Convincing experimental evidence

has accumulated in support of active involvement of

MLCK in endocytosis. Membrane internalization

occurs for volume recovery in response to osmotic

swelling. MLCK and myosin II localized with actin to

swelling-induced membrane blebs just before retraction;

inhibition of MLCK induced persistent blebbing and

attenuated cell volume recovery. At the sites of mem-

brane internalization, MLCK localized to dynamic

actin-coated rings and patches, which contained also c-

Src, cortactin, and dynamin; inhibition of either MLCK

or c-Src altered the lifetimes of these actin-coated

structures [161].

Endocytosis of synaptic vesicles recycles vesicle

membranes to maintain synaptic transmission. The enzy-

matic activity of MLCK is essential in this process.

MLCK inhibition or downregulation of MLCK expres-

sion slowed vesicle endocytosis and prevented depolariza-

tion-induced phosphorylation of RLC in rat hippocam-

pal boutons. Similarly, inhibition of myosin II impaired

endocytosis; moreover, the effect was shared by blockers

of Ca2+-channels and CaM [162]. Earlier, a similar effect

was observed at the calyx of Held synapse in rats [163].

The authors assumed that MLCK-dependent myosin

phosphorylation and activation of synaptic vesicle endo-

cytosis is a general neuronal process that facilitates recy-

cling of vesicle membranes under enhanced neuronal

activity.

Exocytosis. It is widely accepted that MLCK plays a

role in exocytosis. In 1994, the essential role of MLCK in

ATP-dependent initiation of Ca2+-induced release of cat-

echolamines from adrenal chromaffin cells was reported

[164]. Afterwards, involvement of MLCK in exocytosis/

secretion was demonstrated in other cell types. In pancre-

atic β-cells, via activation of non-muscle myosin IIA,

MLCK modulates the translocation of secretory granules

and enhances insulin release [165]. In agonist-stimulated

platelets, MLCK cooperates with ROCK to activate

myosin II and induce platelet contraction and dense

granule secretion [166].

In primary alveolar type II cells, L-MLCK and

ROCK translocate to actin-coated plasma membrane-

fused lamellar bodies and activate myosin II on actin

coats. For efficient actin coat contraction, cofilin-1 and

α-actinin are recruited to the surface of secretory gran-

ules to promote active extrusion of cargo [167]. While

cofilin-1 regulates actin depolymerization on the contact

surface of a lamellar granule with the plasma membrane

to promote fusion, MLCK- and ROCK-dependent con-

traction of other parts of the actin coat probably pro-

motes extrusion of cargo (surfactant components) via the

pore.

The outlined scheme of molecular events during the

late phases of exocytosis is in concert with experimental

data and, thus, may be true regardless the exocytosis

type – whether it is a release of catecholamines or insulin,

externalization of receptors or glucose transporters,

extrusion of Weibel–Palade or lamellar bodies, etc. In

every instance, MLCK seems to activate myosin on the

granules to be extruded, but an effect of scaffolding activ-

ity of MLCK cannot be excluded.
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Regulation of mechanical properties of cells. Cells are

characterized by a certain degree of stiffness, which under

normoosmotic conditions depends presumably on the

cytoskeleton and its remodeling activity. In fibroblasts

overexpressing constitutively active S-MLCK, cytoskele-

tal stiffness was increased two-fold and balanced by

microfilament depolymerization with cytochalasin D

[168]. Recent study in L-MLCK–/– mice demonstrated a

reduced flow-mediated NO-dependent dilation of small

arteries that had L-MLCK-deficient endothelium. In

wild-type mice, an inhibitor of MLCK produced a simi-

lar effect [169]. Thus, MLCK downregulation/inhibition

impaired the sensitivity of endothelial NO-synthase to

shear stress.

Using atomic force microscopy (AFM), Dudek et al.

provided evidence supporting an important role of the c-

Abl/cortactin/L-MLCK protein complex in both reorga-

nization of cortical actin in endothelial cells and in a

sphingosine-1-phosphate-induced 30% increase in cell

stiffness [139]. This study did not show that L-MLCK

directly regulates endothelial cell stiffness, but further

studies supported this hypothesis. Indeed, AFM revealed

that wild-type endothelial cells are stiffer compared to

endothelial cells from L-MLCK–/– mice. Moreover,

ROCK cooperates with L-MLCK to maintain endothe-

lial cell stiffness [170, 171]. It is to be established whether

noncatalytic domains of L-MLCK play a role in control-

ling cell stiffness. Potential cross-linking properties of L-

MLCK, which are realized via distantly positioned actin-

binding sites including those subject to phosphorylation-

dependent modulation [120], may affect the cytoskeleton

stiffness and the cell elastic modulus.

Epithelial and endothelial barriers. Epithelial and

endothelial cells form tight semipermeable monolayers to

allow passage of low molecular weight substances while

preventing leakage of proteins [172]. The cytoplasmic

domains of intercellular contact proteins interact with the

actin cytoskeleton and meet with the actomyosin-

induced drag force. Many natural stressors (histamine,

thrombin, VEGF, TNFα, bacterial lipopolysaccharide,

reactive oxygen species, excessive mechanical stress, etc.)

evoke a disassembly of intercellular contacts in endothe-

lium and epithelium and activate actomyosin-dependent

contraction. In a number of situations, actomyosin acti-

vation in epithelium and endothelium is mediated by L-

MLCK catalytic activity [1, 173]. Contraction drives the

adjacent cells apart and hampers rapid contact recovery,

which is achieved via cell spreading. Moreover, MLCK

and myosin II accumulation in lamellipodia decreased

lamellipodial lifetime and size, and stimulated retraction

[153]. Thus, in endothelium and epithelium, L-MLCK is

engaged in cell barrier destabilization and hyperperme-

ability.

On the other hand, in a complex with c-Abl tyrosine

kinase and cortactin, L-MLCK is engaged in remodeling

of the cortical actin in endothelium in response to sphin-

gosine-1-phosphate, which is a platelet-derived barrier

protective agent [139]. In this case, noncatalytic scaffold-

ing and cross-linking activities of L-MLCK may play a

role in the barrier protection, but focused studies are

lacking. The L-MLCK–/– mice were less susceptible to a

stress-induced endothelial and epithelial barrier dysfunc-

tion [102, 105, 174, 175]; conversely, overexpression of L-

MLCK in murine endothelium enhanced its permeabili-

ty to macromolecules [176].

Smooth muscle contraction. In contrast to S-MLCK,

which initiates smooth muscle contraction via activation

of myosin II, KRP/telokin seems to play an antagonistic

role. Through the binding to myosin heads next to the

RLC-binding site, KRP/telokin hinders RLC phospho-

rylation by myosin-activating protein kinases [112].

Additionally, KRP/telokin may be involved in MLCP

activation. Intestinal smooth muscle of KRP/telokin–/–

mice exhibited an approximately 30% decrease in MLCP

activity accompanied by an increase in RLC phosphory-

lation [31]. Thus, in smooth muscle, independently of the

molecular mechanism, KRP/telokin attenuates myosin

activation and promotes relaxation. It remains to be

established whether the KRP/telokin domain of MLCK

plays a similar role.

ROLE OF MLCK IN PATHOLOGICAL PROCESSES

Endothelial/epithelial barrier dysfunction. Dysfunc-

tion of endothelial/epithelial barrier occurs in multiple

pathological states in humans, including sepsis, myocar-

dial infarction, stroke, wet macular degeneration, trau-

matic brain injury, and pancreatitis. Alterations in vascu-

lar permeability and lung and brain edema are complica-

tions of aggressive treatment for cancer, poisoning with

pulmonotoxic substances, thermal burns of the body, tis-

sue crashing, high altitude hypoxic exposure, and other

conditions. Alterations of intestinal epithelium perme-

ability are found in Crohn disease, celiac disease, autoim-

mune and inflammatory processes in the gut, infections,

intestinal obstruction, and poisoning.

In mice, TNFα activates intestinal epithelial

MLCK, which initiates caveolin-dependent endocytosis

of occludin, the principal component of tight junctions in

the gut epithelium [177]. Occludin endocytosis could be

one of the mechanisms increasing intestinal epithelium

permeability in response to various stress factors that

increase TNFα levels in the organism.

A MLCK-dependent mechanism is apparently

involved in the penetration of commensal bacteria in

intestinal enterocytes in the presence of IFNγ. In such

conditions, myosin II phosphorylation is increased in the

terminal web, and so-called arches are formed. The fan-

ning of brush border takes place, which is followed by

transcytosis of bacterial cells. Introduction of an MLCK

inhibitor into intestinal lumen or the use of anti-IFNγ
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antibodies blocks the penetration of bacteria into entero-

cytes. IFNγ-induced bacterial translocation is not

observed in L-MLCK–/– mice, confirming the participa-

tion of MLCK in this process [178].

In several studies that used L-MLCK–/– mice and

MLCK inhibitors (small organic molecules and/or cell-

penetrating peptides), suppression of MLCK activity

improved the integrity of the endothelial/epithelial barri-

er, reduced the transmigration of immune cells in tissues,

and minimized clinical signs of pathology [1, 76, 104,

105, 174, 179-182].

Polymorphisms in the mylk1 gene are shown to asso-

ciate with predisposition of various human populations

(African Americans, African Caribbeans, Caucasians,

Spanish descent families) to the development of acute

lung injury, sepsis, and asthma [5]. These genetic varia-

tions may alter expression levels of MLCK in endotheli-

um and epithelium of the lung and could be responsible

for the increased content of this protein in the airway

smooth muscles of asthmatic patients [183]. Several poly-

morphisms in the mylk1 gene are associated with aortic

dissection and familial thoracic aortic aneurysm in

humans [66].

Atherosclerosis. In ApoE–/–/L-MLCK–/– mice fed

high fat diet, the size of aortic lesions is reduced as well as

the content of lipids and macrophages in these lesions

[77]. The authors link the alterations to the reduced per-

meability of aortic endothelium in these animals and

confirm the suggestion by direct experiments. At the same

time, they notice a decrease in c-Src phosphorylation in

L-MLCK–/– endothelium following stimulation with

thrombin [77] and relate the effect to noncatalytic activi-

ty of MLCK. Confirming the earlier report [76], they

demonstrated a slower transmigration rate of L-MLCK-

deficient monocytes through the endothelium and attrib-

uted the effect to the scaffold activity of L-MLCK.

Insulin resistance and diabetes. MLCK plays an

important role in insulin signaling, the development of

insulin resistance, and in diabetes. Inhibition of myosin II

and MLCK decreased glucose-stimulated insulin secre-

tion from pancreatic beta cells, which was associated with

shortening of peripheral actin stress fibers, and reduced

numbers of focal adhesions and insulin granules near the

basal membrane [165]. Thus, MLCK catalytic activity is

required for the modulation of insulin secretion by the

pancreas.

Interaction of insulin with insulin receptors on the

surface of skeletal muscle and adipose cells assumes the

traverse of insulin from the bloodstream into tissue

through the endothelial barrier. Transport of insulin

across microvascular endothelium is accomplished by

transcytosis using clathrin-coated vesicles [184]. It is

known that myosin II participates in exocytosis of such

vesicles [185], and MCLK may regulate myosin activity.

Limited insulin granule exocytosis by endothelial cells

due to alterations in the MLCK–myosin II system may

therefore be a factor leading to insulin resistance.

Decreased insulin concentration at the surface of the glu-

cose-accumulating cells will result in hyperglycemia and

reactive hyperinsulinemia.

Under physiological conditions, insulin stimulates

the incorporation of GLUT4 glucose transporters in plas-

ma membranes of adipocytes and skeletal myocytes. This

process is a form of exocytosis; it depends on myosin IIA

and myosin-activating protein kinases such as MLCK.

Active (acto)myosin is required for the fusion of GLUT4-

loaded vesicles with plasma membrane and for further

maintenance of GLUT4 activity [83, 186, 187]. A

decrease in efficiency of GLUT4 in adipocytes leads to

hyperglycemia and the development of insulin resistance.

Persisting hyperglycemia typical for diabetes causes

the accumulation of so-called advanced glycation end-

products (AGE) such as albumin and hemoglobin that are

non-enzymatically modified by glucose. AGE bind to

their receptors (RAGE) on endothelium and induce its

hyperpermeability. Because MLCK is involved in

endothelial barrier dysfunction, inhibition of catalytic

activity/expression of MLCK attenuates edemagenic

effects of AGE and retards the development of diabetic

vasculopathies [188].

Additionally, hyperglycemia and hyperlipidemia

increase the expression of MLCK and the accumulation

of phosphorylated (inhibited) MYPT1 in aortic endothe-

lium of rats with streptozotocin-induced diabetes. These

alterations favor the contractile phenotype and hyperper-

meability of endothelium. These effects are largely

reversed by melatonin administered to the animals [189].

In contrast, insulin restores the depressed expression of

MLCK in the stomach and in the intestine of streptozo-

tocin-diabetic rats. The decreased MLCK content in

these organs is a possible cause of the delayed gastroin-

testinal passage of food typical for these animals [190].

Finally, a recent report states that MLCK concentra-

tion in the serum of patients with type 2 diabetes is signif-

icantly higher than in the serum of healthy donors. Thus,

MLCK may soon become a novel biomarker of type 2

diabetes [191]. Perhaps MLCK immunoreactivity is

increased in diabetic patients because of persistent dam-

age of vascular endothelium due to oxidative stress. The

latter condition might be augmented by endothelial L-

MLCK through the modulation of cortactin–p47(phox)

interaction, which is required for the assembly and acti-

vation of endothelial NADPH oxidase [192].

Cancer. Since MLCK is actively involved in physio-

logical processes of cell adhesion, migration, and prolif-

eration, alterations of its expression and activity regula-

tion during oncogenic transformation of cells may be

principal determinants of migratory and invasive poten-

tial of these cells, thereby affecting the dynamics of the

disease and tactics of treatment. Studies show that

MLCK is associated with various types of cancer, includ-

ing breast, lung, prostate, colon cancer, etc. [5].
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Decreasing MLCK content in normal breast epithe-

lial cells leads to alterations in cell–cell interactions and

activates invasive behavior of these cells. MLCK content

in invasive breast cancer cells is lower than in noninvasive

breast cancer cells, and low levels of MLCK correlate

with poor prognosis of HER2-positive breast cancer

patients [85]. At the same time, other reports demon-

strate an opposite relationship between the content/activ-

ity of MLCK and the invasiveness of cancer cells [61,

193] that may reflect specific features of cells studied by

various groups. Gene expression profiles in various cancer

cells, even those derived from the same organ, may differ

significantly; accordingly, cellular reactions may differ as

well. Acetylation of Lys608 in L-MLCK by acetyltrans-

ferase hARD1 inactivates L-MLCK and leads to

decreased myosin RLC phosphorylation in cancer cells

and inhibition of cell migration and invasion [133].

MLCK is activated locally and activates actomyosin

contraction in vascular endothelium, through which can-

cer cells invade the vasculature. Inhibition of myosin

phosphorylation in endothelial cells attenuates

transendothelial but not paracellular invasion of cancer

cells [194].

MLCK as a molecular target for drug development.

Due to the involvement of MLCK in major pathologies,

many researchers consider this protein as a promising

molecular target for the development of new drugs with

wide application potential. Still, progress in this direction

may encounter significant problems associated with

potential negative influence of these compounds on phys-

iological processes regulated by MLCK. In particular,

inhibition of catalytic activity of L-MLCK in endothe-

lial/epithelial cells could suppress the activity of smooth

muscle S-MLCK and, possibly, other MLC kinases

(skeletal, cardiac) in the absence of technologies for tar-

geted drug delivery. Selective modulation of MLCK

expression in a particular cell type will help understand-

ing the tissue-specific regulation of the mylk1 gene multi-

ple promoters. Focused manipulation of noncatalytic

activities of MLCK will require detailed analysis of

MLCK interaction with partner proteins and will critical-

ly depend on effective methods of drug targeting.

Concluding remarks. For several decades, MLCK has

been attracting persistent interest, which highlights a

widely appreciated biomedical role of the enzyme and

indicates that many elusive issues are still to be discov-

ered. These concern the organization and regulation of

the mylk1 gene, structural and functional properties of the

RNA and protein products that originate from the gene,

and the role of these products in (patho)physiology of the

cell and organism. We now know quite a lot about the dif-

ferential regulation of the mylk1 gene, but there are only

a few studies available concerning the links between the

mylk1 gene polymorphisms and liability to diseases.

Moreover, the list of mylk1 polymorphism-associated

pathologies seems far from being complete.

Still, the initial steps have been made in identifica-

tion of protein–protein interactions that may affect enzy-

matic/noncatalytic properties of L-MLCK, S-MLCK,

and KRP/telokin. The unique N-terminus may target L-

MLCK to specific intracellular domains and govern the

participation of the kinase in various cellular reactions.

Considering the confirmed involvement of L-MLCK in

many physiological processes in cells and tissues, identi-

fication of L-MLCK protein partners and deciphering

the functional role and regulation of these interactions

becomes an urgent fundamental issue with promising per-

spectives in applied fields.

Posttranslational modifications are well known to

affect protein structure and function, but for the mylk1

gene products, a regulatory role of PTMs is far from being

completely elucidated; moreover, further questions are

raised by reports that describe the relationships between

particular PTMs and alterations of mylk1 protein fea-

tures. In part, this is due to incomplete understanding of

the L-MLCK structure and interactions with other pro-

teins. Mapping of intramolecular interaction sites and

sites of interaction with protein partners in the MLCK

sequence is a clue to understanding the roles of particular

PTMs. Conversely, localization of PTMs within the

MLCK structure may reflect the sites essential for various

interactions and regulation in vivo. Thus, solving a “PTM

problem” is an actual issue for further studies of L-

MLCK to expand our knowledge about the role of the

enzyme in (patho)physiology of the cell. Progress in this

direction depends mainly on gaining new insights into

MLCK molecular anatomy and identification of partner

binding sites.

A range of MLCK-dependent cellular and whole

organism reactions has been outlined by studies utilizing

molecular genetics and pharmacological methods for con-

trolling either expression or activity of MLCK. This range,

predictably, has included various aspects of cell motility.

Later, alterations in cellular motility, which underlie car-

diovascular, oncological, infectious, and other diseases,

diabetes, and trauma, have been often associated with

impairment in the “MLCK/partners” molecular system.

These findings suggest MLCK as a promising molecular

target for development of novel drugs. The primary steps

have already been made in this direction. However, there

are still many objective problems due to ubiquitous

expression of MLCK and involvement of the enzyme in

important physiological processes. In this regard, a critical

issue for success is an understanding of the mechanisms

that govern tissue-specific expression of the mylk1 gene,

MLCK interactions and PTMs, as well as the develop-

ment of targeted delivery of MLCK-selective agents (syn-

thetic inhibitors, interfering peptides, molecular genetic

constructs, etc.) in vivo. Future studies along these

avenues of research should facilitate translation of the fun-

damental knowledge about MLCK into technologies and

products urgently needed by clinical medicine.
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Note added in proof

When this review was ready for publication, Gaceb et

al. reported that circulating microvesicles from L-

MLCK–/– mice exert a protective action against lipo-

polysaccharide-induced inflammatory effects both in vivo

and in cultured aortic endothelial cells (Gaceb, A.,

Vergori, L., Martinez, M. C., and Andriantsitohaina, R.

(2016) Activation of endothelial pro-resolving anti-

inflammatory pathways by circulating microvesicles from

non-muscular myosin light chain kinase-deficient mice,

Front. Pharmacol., 7, 322; doi:10.3389/fphar.2016.00322).
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