
Myosin II is a ubiquitous motor protein that inter-

acts with actin filaments and couples ATP hydrolysis to

conformational changes in order to generate mechanical

force for a variety of intracellular processes in eukaryotic

cells. Both non-muscle myosin II (NMII) and structural-

ly related smooth muscle myosin II (SMMII) require

activation via phosphorylation of myosin regulatory light

chains (RLC) at Ser19. Simultaneous phosphorylation at

Thr18 exerts additional stimulatory effect on myosin II

ATPase activity (see [1, 2] for reviews). There is a grow-

ing list of protein kinases that phosphorylate these sites

and activate NMII in cells (see [3, 4] for review).

However, two protein kinases, myosin light chain kinase

(MYLK1, MLCK) and Rho-associated protein kinase

(ROCK), are currently considered to be the major myosin

II activators in non-muscle cells. MLCK is a Ca2+-

calmodulin (CaM)-activated protein kinase dedicated to

activate both NMII and SMMII (reviewed recently in

[5]). ROCK is regarded as a major Ca2+-independent
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Abstract—Myosin II is the main molecular motor in the actomyosin-dependent motility in cells. Phosphorylation of the

myosin regulatory light chain (RLC) at Ser19 is a prerequisite for smooth muscle/non-muscle myosin II activation and

serves as a biochemical equivalent of myosin II activity. Simultaneous phosphorylation at Thr18 further promotes the

myosin II ATPase activity. A number of methods have been developed to measure myosin RLC phosphorylation at Ser19 or

di-phosphorylation at Thr18/Ser19. While these methods are straightforward and robust in myosin-rich muscle tissues, they

demonstrate limited applicability in non-muscle cells that have low myosin II content and are usually available in lesser

amounts than muscle tissue. Because of this, dynamic analysis of RLC phosphorylation in multiple samples of non-muscle

cells is difficult and requires large number of cells. The use of phospho-specific antibodies increases detection sensitivity but

allows estimation of only relative levels of RLC phosphorylation at specific residues, which makes it difficult to estimate the

physiologic relevancy of the observed changes in RLC phosphorylation. To measure RLC phosphorylation in small amounts

of non-muscle cells, we used external calibration standards of non-phosphorylated and in vitro phosphorylated RLC in stan-

dard SDS-PAGE and Western blot procedures with phospho-specific RLC antibodies. Here, we describe the method in

detail and demonstrate its application for quantitative measurement of myosin RLC phosphorylation in endothelial cells in

response to natural agonists (thrombin or insulin) and intact human platelets. We discuss the advantages and limitations of

the proposed method vs other approaches for measuring myosin RLC phosphorylation in non-muscle cells.
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myosin II activator downstream of the small GTPase

RhoA [6, 7]. ROCK can directly phosphorylate RLC in

vitro and in vivo [6]; it also phosphorylates myosin phos-

phatase target subunit 1 (MYPT1) and increases myosin

RLC net phosphorylation due to the inhibition of myosin

phosphatase activity [8].

A variety of experimental approaches have been

developed for measuring both RLC mono-phosphoryla-

tion at Ser19 (P-RLC) and di-phosphorylation at

Thr18/Ser19 (PP-RLC). These methods include isoelec-

tric focusing after myosin isolation in the presence of

pyrophosphate [9], urea/glycerol polyacrylamide gel

electrophoresis [10], and the Phos-tag (phosphate-bind-

ing tag) technology [11-14]. All these methods exist in

various detection formats and differ in the sensitivity and

ability to differentiate between specific phosphorylation

sites; they generally require relatively large amounts of

starting sample material and/or labor-consuming sample

handling. From these standpoints, a method based on

standard SDS-PAGE and Western blot would be an

affordable alternative for measuring and monitoring P-

RLC and/or PP-RLC dynamics in non-muscle cells.

Although the use of Western blot as a quantitative method

is debatable, there is a methodology to obtain reliable

quantitative data from Western blots [15, 16].

In this study, we describe a method for quantitative

measurement of myosin P-RLC and PP-RLC by means

of standard SDS-PAGE and Western blot with phospho-

specific anti-RLC antibodies and external in vitro phos-

phorylated RLC standards. We demonstrate the applica-

tion of this method to quantify changes in RLC phospho-

rylation in EA.hy926 endothelial cells after their stimula-

tion with thrombin (endothelial hyperpermeability

inducer [17]) or insulin that exerts a protective effect on

the endothelial barrier function [18]. Using the proposed

method, we also quantified RLC phosphorylation in qui-

escent human platelets. Finally, we discuss the problem of

choice between the proposed method and alternative

techniques for evaluation of myosin RLC phosphoryla-

tion in non-muscle cells.

MATERIALS AND METHODS

Materials. All biochemical reagents were of analyti-

cal grade and purchased from Sigma-Aldrich,

Calbiochem, Bio-Rad, Thermo Fisher Scientific, Merck,

Enzyme Research South Bend, BD Biosciences, and

Enzo Life Sciences (USA). For Western blot analysis,

polyvinylidenedifluoride (PVDF) membrane (Amersham,

USA) and either West Pico Chemiluminescent Substrate

(Thermo Fisher Scientific, USA) or Clarity Western ECL

Substrate (BioRad, USA) were used. The primary anti-

bodies were pan-RLC antibody (ProteinTech,

USA/UK/China; #10324-1-AP), antibody against phos-

pho-Ser19-RLC (P-RLC) (Cell Signaling, USA; #3675),

antibody against phospho-Ser19/Thr18-RLC (PP-RLC)

(Cell Signaling; #3674), and anti-glyceraldehyde phos-

phate dehydrogenase (GAPDH) antibody (Sigma-

Aldrich; #G8795). The secondary antibodies were horse-

radish peroxidase-conjugated anti-rabbit IgG (Sigma-

Aldrich; #A0545) or anti-mouse IgG (Abcam, USA;

#ab97046). Thrombin from Enzyme Research; insulin

from Sigma, glutathione-Sepharose from Thermo Fisher

Scientific, Phos-tag from NARD Ltd. (Japan), cell cul-

ture plasticware from Corning Costar (USA) and

Greiner-bio-one (Austria), Dulbecco’s modified essen-

tial medium (DMEM) from PanEco (Russia), and fetal

bovine serum (FBS) from HyClone (USA) were used.

The pGEX4T-1/human myosin RLC construct was a

kind gift from Dr. D. M. Watterson (Northwestern

University, Chicago, IL, USA). Human platelets were

acquired from the Blood Center of the Sechenov First

Moscow State Medical University (Moscow, Russia).

Preparation of mono- and di-phosphorylated RLC

standards. Calmodulin (CaM) was isolated from calf

brain as described in [19]. MLCK and myosin RLC were

isolated from turkey gizzards as described in [20]. The

concentrations of tissue-purified MLCK and RLC were

determined by the method of Bradford [21].

Recombinant GST-fused human RLC was expressed in

Escherichia coli BL21pLys cells; expression was induced

with 1 mM IPTG followed by incubation of the bacterial

cell culture at 37°C for 3 h. The recombinant fusion pro-

tein was isolated on glutathione-Sepharose according to

the manufacturer’s instructions. The GST-tag was

cleaved off with thrombin (0.77 U of thrombin per 1 mg

of GST-RLC) for 30 min at 30°C in 50 mM Tris-HCl (pH

8.0) containing 10 mM reduced glutathione; the reaction

was terminated by adding 1 µM diisopropyl fluorophos-

phate (DFP). The cleavage of GST-RLC was confirmed

by SDS-PAGE using turkey gizzard RLC as a standard.

The obtained RLC preparation was used in subsequent

experiments without further purification.

To phosphorylate turkey gizzard RLC at Ser19, puri-

fied RLC at a final concentration of 20 µM was incubat-

ed with 6 nM MLCK for 20 min at 30°C in a buffer con-

taining 10 mM 3-(N-morpholino)propanesulfonic acid

(MOPS) (pH 7.0), 2 mM MgCl2, 100 mM KCl, 20 mM

NaCl, 1 mM dithiothreitol (DTT), 0.5 mM ATP, 1 mM

CaCl2, and 300 nM CaM. To obtain di-phosphorylated

turkey gizzard RLC, the MLCK concentration and incu-

bation time were increased to 1.8 µM and 100 min,

respectively. To obtain recombinant human RLC phos-

phorylated at Ser19, the same protocol was used with

minor modifications, i.e., the incubation time, tempera-

ture, MLCK, and CaM concentrations were increased to

60 min, 37°C, 0.5 µM, and 1 µM, respectively. To obtain

di-phosphorylated recombinant human RLC, the reac-

tion was let to proceed for 300 min at 37°C in a buffer

containing 10 mM MOPS (pH 7.0), 10 mM MgCl2,

100 mM KCl, 20 mM NaCl, 2 mM DTT, 2 mM ATP,
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5 mM CaCl2, 1.5 µM CaM, and 2 µM MLCK. The state

of RLC phosphorylation was confirmed by urea/glycerol

gel electrophoresis (Fig. 1a).

Electrophoresis and Western blotting. For standard

SDS-PAGE [22], purified proteins and cell lysates were

resolved in 12% gels. For Phos-tag gel electrophoresis,

the same Laemmli samples were resolved in 12% gels

containing the Phos-tag reagent as described in [11].

Electrophoresis in urea/glycerol polyacrylamide gels was

carried out as described in [10]. Briefly, the samples were

dissolved in a buffer containing 20 mM Tris-HCl (pH

6.8), 9 M urea, 10 mM DTT, and 0.05% bromophenol

blue; electrophoresis (MiniProtean III; BioRad) was car-

ried out in a buffer containing 4 mM Tris/4.6 mM

glycine, pH 8.6, 14 mM 2-mercaptoethanol at 330 V for

50 min and at 400 V for the next 240 min. The gels were

stained with Coomassie R-250; alternatively, proteins

were electrotransferred onto PVDF membrane by the

a c

b d

Fig. 1. Quantitation of P-RLC, PP-RLC, and total RLC in lysates of endothelial cells using a single blot with RLC standards. a) Top panel,

representative Coomassie R-250-stained urea/glycerol gel with turkey gizzard smooth muscle myosin RLC (lane 1), P-RLC (lane 2), an

equimolar mixture of P-RLC and PP-RLC (lane 3), and PP-RLC (lane 4). Bottom panel: representative Coomassie R-250-stained

urea/glycerol gel with an equimolar mixture of recombinant human RLC, P-RLC, and PP-RLC (lane 5), RLC (lane 6), P-RLC (lane 7),

and PP-RLC (lane 8). Positions of RLC species are shown on the right. b-d) Representative calibration curves for P-RLC (b), PP-RLC (c),

and total RLC (d) derived by incrementally loading RLC standard mixtures (closed circles); open circles, signals obtained from endothelial

cell samples. The corresponding Western blots demonstrating empirically adjusted endothelial cell samples and RLC calibration standards are

shown above the plots. Calibration plots represent linear parts of the full range calibration curves derived from the same set of RLC calibra-

tion standards that were exposed for different time intervals in order to align with the ECL signals from experimental RLC species.
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method of Towbin et al. [23] in 25 mM Tris/192 mM

glycine, pH 8.6, 20% ethanol at 300 mA for 1 h. After the

transfer, the membranes were incubated in 0.25% glu-

taraldehyde solution in H2O for 20 min at room tempera-

ture to covalently link the proteins to the membrane. For

Western blotting, the membranes were blocked in TBS

(20 mM Tris-HCl, pH 7.6, 165 mM NaCl) containing

0.05% Tween-20 and 5% fat-free milk for 1 h at room

temperature. The membranes were washed with TBS to

remove residual non-bound milk proteins and then incu-

bated with anti-pan RLC, phosphospecific anti-RLC and

then secondary peroxidase-conjugated antibodies

overnight at 4°C in TBS supplemented with 0.1% bovine

serum albumin and 0.1% NaN3. Primary antibodies were

used in the following working dilutions: pan-RLC anti-

body, 1 : 1000; antibody against P-RLC(Ser19), 1 : 2000;

antibody against PP-RLC(Ser19/Thr18), 1 : 2000; anti-

GAPDH antibody, 1 : 10,000. For multiple re-probing,

bound antibodies were stripped by the method of Yeung

and Stanley [24]. Briefly, after exposure, PVDF mem-

branes were washed 3 times for 5 min in TBS at room

temperature and then stripped by two 5-min incubations

in 20 mM Tris-HCl (pH 8.0) containing 6 M guanidine,

0.2% NP-40, and freshly added 0.1 M 2-mercap-

toethanol. Then, the membranes were washed 4 times for

5 min in TBS containing 0.1% Tween 20 at room temper-

ature, rinsed in distilled water, dried out on air, and stored

at room temperature until re-probing. Chemiluminescent

signals were acquired with a Fusion SL3500W detection

system (Vilber Lourmat, France) in the video mode. To

ensure the linearity of the chemiluminescence signal,

images obtained at varying exposure times were quantita-

tively processed using the ImageJ v1.48 software (NIH,

USA).

Cells and treatments. EA.hy926 cells (ATCC, USA)

were cultured in gelatin-precoated 35-mm dishes

(100-mm dishes were used when the cells were analyzed

by urea/glycerol electrophoresis) at 37°C in 5% CO2

atmosphere in DMEM supplemented with 10% FBS and

antibiotics. The medium was changed every other day. In

all experiments, the cells were incubated in serum-free

DMEM for 1 h before the challenges. α-Thrombin and

insulin were dissolved in DMEM and 0.1% BSA in PBS,

respectively, and used at a final concentration of 100 nM.

Freshly prepared thrombin and insulin working solutions

were used. The effect of thrombin or insulin on RLC

phosphorylation in EA.hy926 cells was analyzed after 12-

and 15-min incubation with thrombin and insulin,

respectively.

Platelets from 50 ml of platelet-rich human plasma

were washed off from the serum with Hanks’ solution

(30 ml) by three consecutive centrifugation/resuspension

steps (800g, 10 min, 4°C) within 2 h after isolation.

Quantitation of RLC phosphorylation in cells.

EA.hy926 cells were cultured in 35-mm dishes to conflu-

ence. On the day of the experiment, the cells were

deprived of serum and challenged with 100 nM α-throm-

bin or insulin. At defined time points, the cells were

washed with ice-cold PBS and lysed in 100 µl of 2×

Laemmli buffer. For analysis of RLC phosphorylation in

intact platelets, equal volumes of washed platelet suspen-

sion from each donor were placed in two 1.5-ml tubes

(final volume, 0.5-0.7 ml). Platelets were pelleted by cen-

trifugation at 5000g for 5 min at 4°C and lysed in 200 µl of

3× Laemmli buffer. The standard RLC mixture was pre-

pared by combining non-phosphorylated RLC, P-RLC,

and PP-RLC at a 60 : 20 : 20 molar ratio. Increasing

amounts of the standard RLC mixture and empirically

established volumes of cell lysates were transferred onto

the same PVDF membrane and sequentially stained with

RLC antibodies. Between the staining procedures, the

membranes were stripped from previous antibodies as

described above. Complete removal of the antibodies

from the membranes was confirmed in separate experi-

ments by developing the washed membranes after prein-

cubation with secondary antibodies. No detectable ECL

signal was observed in the region corresponding to RLC.

The amounts of P-RLC and PP-RLC in the lysates were

determined from the calibration curves using P-RLC and

PP-RLC antibodies, respectively (Fig. 1, b and c). The

total RLC load was determined using the pan-RLC anti-

body (Fig. 1d). Anti-GAPDH antibody was used as an

additional protein loading control in parallel with nor-

malization using the pan-RLC antibody. The fraction of

phosphorylated RLC was calculated as a ratio between

the amount of phosphorylated RLC and total RLC

amount.

Statistical analysis of data. The data from at least

three independent experiments were pooled and present-

ed as mean ± standard deviation (SD). Differences

between the groups were considered significant at p < 0.05

(Student’s t-test).

RESULTS

Validation of phospho-RLC standards and anti-RLC

antibodies. Firstly, we prepared and validated RLC stan-

dards for analysis of RLC phosphorylation in cells.

MLCK is known to readily phosphorylate RLC at Ser19,

while subsequent phosphorylation at Thr18 requires pro-

longed incubation times and significantly higher amounts

of the enzyme [25]. Purified turkey gizzard myosin RLC

and human myosin RLC were phosphorylated with puri-

fied MLCK in vitro to obtain P-RLC(Ser19) and PP-

RLC(Thr18/Ser19) as described in “Materials and

Methods”. The completeness of RLC mono- and di-

phosphorylation was confirmed by the electrophoretic

shift of phosphorylated RLC forms in the urea/glycerol

polyacrylamide gel (Fig. 1a). As shown in Fig. 1a, tissue-

purified non-phosphorylated RLC preparation (top

panel, lane 1) contained 3% of mono-phosphorylated



QUANTITATION OF ACTIVE MYOSIN II IN NON-MUSCLE CELLS 15

BIOCHEMISTRY  (Moscow)   Vol.  84   No.  1   2019

RLC (based on the densitometry of the Coomassie-

stained gel). After incubation of 20 µM RLC with 6 nM

purified MLCK for 20 min, RLC appeared in the mono-

phosphorylated form (Fig. 1a, top panel, lane 2).

Prolonged RLC incubation with high MLCK concentra-

tions resulted in apparently complete RLC di-phosphory-

lation (Fig. 1a, top panel, lane 4). Figure 1a, bottom

panel, demonstrates recombinant human RLC standards.

Next, to validate the specificity of phospho-RLC

antibodies, we resolved EA.hy926 cell lysates in either

urea/glycerol or Phos-tag gels and confirmed that the

chosen P-RLC(Ser19) and PP-RLC(Ser19/Thr18) anti-

bodies did not cross-react with other RLC phospho-

species that could potentially be generated in throm-

bin/insulin-stimulated EA.hy926 cells (data not shown).

As anticipated, these antibodies recognized the corre-

sponding phospho-RLC standards (but not other RLC

phospho-species). These experiments validated the

applicability of the chosen antibodies for monitoring

phosphorylation levels of endothelial myosin RLC in

EA.hy926 cells after stimulation with thrombin or

insulin.

A general limitation of the ELC-based quantifica-

tion of Western blots is a narrow linear range of ECL sig-

nal hardly exceeding one order of magnitude. Due to

intrinsic differences in the reactivity of various RLC anti-

bodies, we could not use the same linear range for the

detection of phospho-RLC and total RLC. At the opti-

mal exposure for P-RLC and PP-RLC antibodies, the

signal from total RLC antibodies was below the linear

range, whereas bringing the total RLC calibration signal

to the linear range resulted in the overexposure of phos-

pho-RLC signals and loss of linearity. To circumvent this

problem, we developed RLC calibration standards for dif-

ferent periods of time in order to achieve the linear

dependence of the ECL signal on the RLC load that

would also cover the optimal range for quantification of

the phospho-RLC or total RLC. We also loaded on the

gel a range of incremental volumes of endothelial cell

samples to make sure that at least some ECL signals from

these samples will fall within the linear calibration range

for particular RLC forms. By using this approach, we

were able to correctly measure the absolute amounts of P-

RLC, PP-RLC, and total RLC in endothelial cell lysates.

Further, our experiments demonstrated that running

Western blots for each of the analyzed RLC species may

not be necessary as all the information could be obtained

from a single Western blot subjected to multiple re-prob-

ing with appropriate RLC antibodies. Once the PVDF

membrane is treated with glutaraldehyde after electro-

transfer of the RLC standards and cell proteins, it can be

subjected to at least three rounds of re-probing with dif-

ferent RLC antibodies without losing the ECL signal

intensity (Fig. 2, a and b). This approach allows to save

valuable experimental samples, as well as to avoid varia-

tions in the sample load.

Fig. 2. P-RLC and PP-RLC measurement in EA.hy926 endothelial cells is reproducible after Western blot reprobing and does not depend on

the order of RLC antibody application. Confluent EA.hy926 cells were stimulated with either 100 nM thrombin for 12 min or with 100 nM

insulin for 15 min. Cell lysates were electrotransferred to PVDF membranes along with RLC standards. a) Western blots were probed with the

primary antibodies/secondary antibodies in the following order: P-RLC, PP-RLC, pan-RLC, and P-RLC (the membrane was stripped

between each antibody staining). ECL signals were acquired using a digital camera after each staining. ECL signals after staining with the first

and the last antibody pairs were compared and found similar. Obtained results were averaged and shown as absolute values of endothelial

myosin P-RLC or PP-RLC levels in unstimulated cells (empty bars) and cells stimulated with thrombin (grey bars) or insulin (closed bars).

The fractions of non-phosphorylated RLC (non-P-RLC) were calculated as 100% minus the sum of P-RLC and PP-RLC fractions (%).

b) The same cell lysates were analyzed by Western blot using the same algorithm as above but with altered primary antibody order: PP-RLC,

P-RLC, pan-RLC, and PP-RLC. Again, ECL signals from the first and the last antibody pairs were comparable. Data are presented as

mean ± SD for three independent experiments; * p < 0.05 vs. basal phosphorylation level.

a b
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Lastly, the cost-effectiveness of the proposed method

can be increased by using the same working solutions of

primary antibodies that can be saved after staining and

stored at 4°C for up to 3 months. The working solutions of

primary antibodies can be used for up to three subsequent

re-probing of PVDF membranes without losing the ECL

signal reproducibility (data not shown).

Measurement of P-RLC and PP-RLC levels in

EA.hy926 human endothelial cells stimulated with throm-

bin and insulin. To demonstrate the practical application

of the proposed method, we measured the levels of P-

RLC and PP-RLC in EA.hy926 endothelial cells stimu-

lated with natural agonists such as thrombin and insulin.

As shown in Fig. 2a, the basal levels of P-RLC and PP-

RLC in quiescent EA.hy926 cells were 25.4 ± 4.4 and

28.8 ± 4.6%, correspondingly (Fig. 2, open bars). After

12 min of treatment with 100 nM thrombin, the level of

P-RLC decreased to 13.7 ± 3.9%, whereas the PP-RLC

level increased to 52.3 ± 5.7% (Fig. 2, grey bars).

Compared to the untreated control, a 15-min challenge

of endothelial cells with 100 nM insulin induced a 2-fold

decrease in P-RLC (13.0 ± 3.6%) and 3-fold decrease in

PP-RLC (7.3 ± 2.8%) (Fig. 2, closed bars). As mentioned

above, changing the order of antibody application while

re-probing the same blot resulted in similar values for the

P-RLC and PP-RLC levels (Fig. 2b) indicating the

absence of RLC antigen leakage from the PVDF filter or

irreversible binding of RLC antibodies.

Comparable P-RLC/PP-RLC levels were observed

in EA.hy926 cells when human standard RLC mixture

was used instead of turkey gizzard standard RLC mixture

(data not shown).

Additionally, we assessed the levels of RLC phospho-

rylation in quiescent human platelets from two donors

and found no PP-RLC and less than 10% of P-RLC,

which is in a good agreement with the earlier measure-

ments using radioactive phosphate labelled platelets [26].

DISCUSSION

Myosin RLC phosphorylation at Ser19 (P-RLC) is

sufficient to fully activate SMMII and NMII (reviewed in

[27]), however frequently observed RLC di-phosphoryla-

tion at Thr18/Ser19 (PP-RLC) (reviewed in [28]) may be

responsible for prolonged myosin activation because of

significantly slower RLC dephosphorylation [29]. Based

on these findings, mono-phosphorylation at Ser19

and/or di-phosphorylation at Thr18/Ser19 are widely

used to biochemically characterize myosin II motor

activity and its involvement in (patho)physiological

responses.

A variety of experimental approaches has been devel-

oped for analysis of P-RLC and PP-RLC. One of these

approaches is electrophoretic separation of non-phos-

phorylated RLC, P-RLC, and PP-RLC followed by

staining with a protein dye and densitometric analysis of

the stained protein bands. RLC phospho-species can be

separated by isoelectric focusing in the presence of

pyrophosphate [9], urea/glycerol polyacrylamide elec-

trophoresis [10], or recently introduced Phos-tag tech-

nology [11-14]. Originally, these methods required

myosin isolation prior to quantitative measurements and,

therefore, demanded relatively large amounts of starting

sample material. Hence, they cannot be used for analysis

of myosin II phosphorylation in non-muscle cells that are

usually available in much smaller amounts. To address

this problem, the sensitivity of detection could be

increased by measuring myosin phosphorylation by

radioactive phosphate incorporation in the RLC followed

by either one-dimensional SDS-PAGE or two-dimen-

sional phosphopeptide mapping [30-32]. However, this

approach does not allow estimating the phosphorylation

levels of individual residues. In order to overcome this

limitation, phosphorylated protein can be analyzed by

mass-spectrometry [12], but again, this requires relatively

large sample amounts.

For several decades, urea/glycerol gel electrophore-

sis was the method of choice for separating myosin RLC,

P-RLC, and PP-RLC in cell and tissue samples.

Subsequent visualization of RLC phospho-species with

pan-RLC antibody after Western blotting allows calcula-

tion of relative amounts of P-RLC and PP-RLC [33, 34];

however, it is impossible to claim without doubt that the

phosphorylated residues are Ser19 and/or Thr18, since

phosphate group could be potentially incorporated at

other site(s). Despite that RLC phosphorylation at Ser19

and/or di-phosphorylation at Thr18/Ser19 are consid-

ered major contributors to the net RLC phosphorylation

and actomyosin contraction, mono-phosphorylation at

Thr18 was observed upon sustained smooth muscle relax-

ation [12]. Moreover, human non-sarcomeric myosin

RLC2 contains about a dozen residues that can be phos-

phorylated (see http://www.phosphosite.org resource

[35] for more details), indicating a potential to generate

multiple combinatorial RLC phospho-species. Indeed,

simultaneous presence of multiple RLC phospho-species

has been demonstrated in cultured uterine myocytes [13].

These findings imply that analysis of RLC phosphoryla-

tion should not leave out sites other than Ser19 and

Thr18. Therefore, the site-specificity of RLC phosphory-

lation has to be established prior to considering its

physiological significance.

RLC immunodetection after protein transfer from

the urea/glycerol gels is significantly less sensitive than

after the standard SDS-PAGE. This discrepancy has not

been investigated in detail but might be due to inefficient

solubilization of RLC in the presence of urea as com-

pared to SDS; regardless, Western blotting after standard

SDS-PAGE is a preferable method for detection of

myosin II RLC in small amounts of non-muscle cells and

muscle tissue [14].
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Recently introduced Phos-tag separation technology

combines the high sensitivity of Western blotting after

SDS-PAGE with the resolving capacity of urea/glycerol

gel electrophoresis. Phos-tag technology provides identi-

fication of RLC phospho-species phosphorylated at dif-

ferent sites. On the other hand, the electrophoretic

mobility of P-RLC depends on the position of phospho-

rylated residues in the RLC sequence [13]. Phos-tag gen-

erates an impressive pattern of RLC bands that could be

unique for certain agonists/stimuli in various cell/tissue

types. To quantify RLC phospho-species by the Phos-tag

technique using pan-RLC antibodies, it is necessary to

assign RLC protein bands to RLC forms phosphorylated

by Ser19 and/or Thr18 using phospho-specific RLC anti-

bodies.

It should be noted that several commercial pan-RLC

antibodies have been raised against synthetic peptides or

recombinant antigens that included Ser19 and Thr18

residues. Hence, these pan-RLC antibodies could poten-

tially be sensitive to phosphorylation and may contribute

to the misinterpretation of phosphorylation data, in par-

ticular, overestimation of phosphate incorporation in

RLC. Similarly, recent reports have shown that individual

anti-RLC antibodies claimed to be strictly phospho- or

site-specific, in fact, may cross-react with another RLC

phospho-species [11-14]. Hence, validation of RLC anti-

bodies prior to quantitation of Ser19 and Thr18 phospho-

rylation is critical for reliable measurements. In prelimi-

nary experiments, we established that the pan-RLC anti-

body used in this study (ProteinTech; #10324-1-AP)

demonstrates no phospho-sensitivity; moreover, using

both urea/glycerol gel and Phos-tag electrophoreses, we

confirmed that the chosen phosphospecific antibodies do

not cross-react with other RLC phospho-species that

could be generated in thrombin/insulin-stimulated

EA.hy926 cells.

Once reliable phosphospecific RLC antibodies are

selected, direct dynamics of RLC mono-phosphorylation

at Ser19 or di-phosphorylation at Thr18/Ser19 could be

studied by standard SDS-PAGE and Western blotting. In

its widely used format, this method does not allow deter-

mining the stoichiometry of RLC phosphorylation [36].

However, quantitative data could be obtained from the

measurements relatively easily using external phospho-

RLC standards (Fig. 1). We found that P-RLC and PP-

RLC could be reproducibly quantified in samples con-

taining ~105 non-muscle cells. As seen from Fig. 1, b-d,

our method allows detecting 0.5 to 1 ng of P(P)-RLC and

~3-5 ng of total RLC in the experimental samples. It is

possible that the sensitivity of detection can be increased

further by using tertiary antibody, as it has been demon-

strated in [14].

Ideally, species-specific RLC standards should be

used to achieve the most precise quantitation of RLC

phospho-species. However, in practice, we observed no

differences in the results of phospho-RLC quantification

when using turkey gizzard myosin or human myosin RLC

standards. Indeed, the amino acid sequence homology

Method

Pyrophosphate
IEF/WB

Urea/glycerol
PAGE/WB

Phos-tag PAGE/WB

SDS-PAGE/WB

Comments

special IEF equipment,
reagents, and sample
preparation required

time-consuming sample
preparation, slow PAGE

standard SDS-PAGE and
WB equipment/labor-
and time-consuming
sample and Phos-tag gel
processing, laborious val-
idation of RLC bands of
interest

standard SDS-PAGE &
WB equipment/phospho-
rylated RLC standards
needed

Characteristics of analytical methods for assessment of myosin II RLC phosphorylation at Ser19 and Thr18/Ser19 in

non-muscle cells

Ambiguity
of phospho-RLC

detection

yes

yes

yes, for pan-RLC
antibodies;
no, for validated
protein bands and
antibodies

no, for validated
antibodies

Type of antibodies

pan-RLC

pan-RLC

pan-RLC antibodies after
initial characterization of
protein bands with phos-
pho-specific-RLC anti-
bodies

phospho-specific- and
pan-RLC antibodies

Sensitivity

low

low

high

high

Amount
of sample

for analysis

high

high

medium

low

Notes: IEF, isoelectric focusing; PAGE, polyacrylamide gel electrophoresis; RLC, myosin regulatory light chain; SDS, sodium dodecyl sulfate; WB,

Western blot.
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between these RLCs is 98% or higher (2-3 differing

amino acid residues depending on the RLC isoform), and

the use of polyclonal pan-RLC antibodies for RLC detec-

tion brings possible variations below the error limit. Still,

for other RLC sources outside avian and mammalian

species, the method might require some modification

based on the RLC sequence homology and relative reac-

tivity of RLC antibodies.

Using the outlined approach, we measured the con-

stitutive levels of P-RLC and PP-RLC in nonstimulated

EA.hy926 endothelial cells and analyzed the dynamics of

P-RLC and PP-RLC changes in these cells in response to

thrombin or insulin. Thrombin induced reciprocal

changes in the P-RLC and PP-RLC levels (Fig. 2); how-

ever, there was a net increase in myosin RLC phosphory-

lation after 12-min cell treatment with thrombin (see the

decrease in the level of non-phosphorylated RLC vs non-

stimulated cells). These findings are consistent with the

published reports that demonstrated thrombin-induced

myosin phosphorylation in endothelial cells and subse-

quent cell rounding, contraction, and hyperpermeability

development [33, 37]. On the other hand, insulin

decreased 2 to 3 times the levels of both P-RLC and PP-

RLC in the endothelial cells (Fig. 2). The decrease in the

RLC net phosphorylation is consistent with insulin action

as a barrier-protecting agent [18]. Therefore, the results

of measurements of myosin II activation adequately

reflected changes in the endothelial cell physiology. It

should be emphasized that the described method of quan-

tification by immunoblotting allowed for discrimination

between myosin activation from 30 to 60% vs changes

from 3 to 6%. Although physiological significance of

these changes might be essentially different, assessment

of phospho-RLC levels by standard Western blotting

would demonstrate 2-fold myosin activation in both

cases, which might lead to misinterpretation of experi-

mental data.

Altogether, our results demonstrate that the pro-

posed method of quantitative analysis of myosin RLC

phosphorylation in non-muscle cells can be successively

used in research. In order to assist in choosing a method

to study myosin II activation in cells, we provide a table

that summarizes advantages, limitations, and practical

aspects of various methods of measuring Ser19 and/or

Thr18/Ser19 phosphorylation in non-muscle cells. As

indicated in the table, the method described in this report

is highly sensitive and time/resource-saving; however, its

major disadvantage is the requirement for phosphorylated

RLC standards, which, to the best of our knowledge, are

currently commercially unavailable.

In conclusion, we describe an easy-to-use Western

blotting-based method for quantification of myosin P-

RLC and PP-RLC in biological samples using external

calibration standards. The method provides reliable

assessment of myosin II activation in small samples of

non-muscle cells and allows processing of many samples

at once, thereby reducing the use of costly reagents com-

monly used for cell treatment and analysis. Quantitative

information regarding myosin RLC phosphorylation in

cells vs relative changes in P-RLC and PP-RLC levels

proves the link between myosin activation and cellular

responses.
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