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a b s t r a c t

Phosphorylation and Ca2+–Mg2+ exchange on the regulatory light chains (RLCs) of skeletal myosin mod-
ulate muscle contraction. However, the relation between the mechanisms for the effects of phosphoryla-
tion and metal ion exchange are not clear. We propose that modulation of skeletal muscle contraction by
phosphorylation of the myosin regulatory light chains (RLCs) is mediated by altered electrostatic inter-
actions between myosin heads/necks and the negatively charged thick filament backbone. Our study,
using the in vitro motility assay, showed actin motility on hydrophilic negatively charged surfaces only
over the HMM with phosphorylated RLCs both in the presence and absence of Ca2+. In contrast, good actin
motility was observed on silanized surfaces (low charge density), independent of RLC phosphorylation
status but with markedly lower velocity in the presence of Ca2+. The data suggest that Ca2+-binding to,
and phosphorylation of, the RLCs affect the actomyosin interaction by independent molecular mecha-
nisms. The phosphorylation effects depend on hydrophobicity and charge density of the underlying sur-
face. Such findings might be exploited for control of actomyosin based transportation of cargoes in lab-
on-a chip applications, e.g. local and temporary stopping of actin sliding on hydrophilic areas along a
nanosized track.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction ion in a divalent cation binding site on the RLC [8] is exchanged for
2+ 2+
Skeletal muscle myosin II has two heavy chains that each con-
sists of a C-terminal coiled-coil rod and a globular head at the N-
terminus (Supplementary Fig. 1). One essential light chain (ELC)
and one regulatory light chain (RLC) stabilize [1,2] the a-helical
neck domain that connects the head to the rod. In muscle contrac-
tion, globular motor domains (heads) of myosin II molecules
interact cyclically with actin filaments to form actomyosin cross-
bridges which transduce the energy of ATP hydrolysis into
force and movement [3]. In mammalian smooth muscle and non-
muscular cells, as well as in most non-mammalian skeletal
muscles, myosin based contraction/motility is switched on by
phosphorylation of the RLCs [4] or by Ca2+ binding to the ELCs
[5]. In mammalian striated muscle (skeletal muscle, heart), on
the other hand, contraction is turned on by Ca2+-binding to the tro-
ponin–tropomyosin complex on the thin filaments [6]. However,
also in these myosins, the RLCs are phosphorylated during contrac-
tion, particularly during extended activity [7]. Moreover, the Mg2+
ll rights reserved.
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Ca during extended periods with raised intracellular Ca -levels
[9].

Phosphorylation of, and Ca2+-binding to, the RLCs in striated
muscle seem to be of physiological relevance (e.g. [10,11]) and
the phenomena have been extensively studied [7,9,12–17]. Phos-
phorylation dependent force potentiation appears to result from
recruitment of actomyosin cross-bridges due to movement of myo-
sin heads away from the thick filament backbone [7,18] (formed
mainly by myosin rods). Exchange of Mg2+ for Ca2+ on the divalent
cation binding sites of the RLCs seems to have similar effects
[6,12,19]. In the case of the phosphorylation effects, it has been
proposed that the extra negative charges introduced by the phos-
phate group, may cause the myosin heads to swing away from
their relaxed, ‘‘parked’’, state, due to altered electrostatic interac-
tions with the negatively charged thick filament backbone
[13,17]. This down-stream mechanism cannot readily account for
the effect of Ca2+–Mg2+ exchange, but the possibility of cooperativ-
ity between the effects of phosphorylation and Ca2+–Mg2+ ex-
change has been considered [9,11,12,16,20].

If the phosphorylation effects are due to altered electrostatic
interactions, as outlined above, one could imagine similar effects
of RLC phosphorylation on the interaction between surface-
adsorbed heavy meromyosin (HMM) and negatively charged
surfaces. This would open for exploitation of phosphorylation-
dephosphorylation induced changes in the RLCs for in vitro control
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of HMM induced actin motility on artificial surfaces, e.g. in recently
proposed nanotechnological applications [21–25]).

In support of the above hypotheses we found HMM propelled
actin filament sliding on highly negatively charged surfaces [26]
only when the RLCs were phosphorylated. In contrast, on hydro-
phobic surfaces of lower surface charge density, high-quality actin
sliding was observed with both unphosphorylated and phosphory-
lated RLCs. On the latter type of surface Ca2+–Mg2+ exchange on the
RLCs reduced sliding velocity, independent of the phosphorylation
effects.

A model to account for the observed effects of RLC-phosphory-
lation is presented. Further, the potential for nanotechnological
applications and the possible interaction between effects of phos-
phorylation and Ca2+–Mg2+ exchange is discussed.

2. Materials and Methods

2.1. Protein preparations

Fast skeletal muscle myosin with phosphorylated and unphos-
phorylated RLCs was obtained from rabbit back muscle [27]. Heavy
meromyosin (HMM) [28] and skeletal muscle actin [29] were pre-
pared as described previously. The HMM (3 different preparations)
was drop-frozen in liquid nitrogen and stored at -80 �C between
experiments. The extent of RLC-phosphorylation (close to 0 and
100% for unphosphorylated and phosphorylated HMM, respec-
tively) was verified by 8 M urea gel electrophoresis [30] of myosin
and HMM (Supplementary Fig. 2) before and after freezing.

2.2. Surface preparations and contact angle measurements

Glass coverslips (Menzel-Gläser, Braunshweig, Germany; cf.
[31]) for in vitro motility assays, were treated to obtain surfaces
with different hydrophobicity (related to surface charge density;
[26]) as quantified by the contact angle with water droplets [32].
A hydrophilic surface with contact angle of 10 ± 2� was obtained
by treatment with Piranha solution (70% H2SO4 and 10% H2O2)
for 6 min at 80 �C (see [33] for handling details), followed by rins-
ing several times with superQ water. A contact angle of 30 ± 2 o

was obtained by sonication for 30 min in 70% ethanol. Coverslips
rinsed in 70% ethanol solution for 1 min had a contact angle of
50 ± 2�. Finally, a surface with contact angle of 70 ± 2 o was ob-
tained by silanization with trimethylchlorosilane (TMCS; [33,34]).
Such surfaces have been shown to have a negative charge density,
approximately half of that for Piranha cleaned glass surfaces [26].

2.3. In vitro motility assays

In vitro motility assays were performed essentially as described
previously [28]. The HMM was diluted to 120 lg/ml in a buffer (io-
nic strength 130 mM) of composition (mM): MOPS 10 (pH 7.4),
DTT 10, MgCl2 1, EGTA 0.1, KCl 115 and CaCl2 0.3 (free Ca2+ 0.2)
or EGTA 1 (free Ca2+ 0). The assay buffer had a similar composition
but also contained 1 mM MgATP, 0.5% methylcellulose, 3 mg/ml
glucose, 100 lg/ml glucose oxidase and 20 lg/ml catalase. The
motility assays were performed at 26 ± 0.5 �C. The number density
(q) of actin propelling myosin heads was estimated by fitting data
for sliding velocity against filament length by the equation [35]:

v ¼ v0ð1� ð1� f ÞqLdÞ ð1Þ

Here, v0 is the velocity for filaments being long enough to have
at least one actin propelling myosin head attached all the time.
Further, the quantity f, is the duty ratio (the fraction of the ATPase
cycle time that myosin spends attached in a force-generating
state), L is the actin filament length and d is the width of a band
around the filament where the myosin heads are within reach for
attachment. In the present fittings, f was fixed to 0.05 [35], d to
30 nm [35] and v0 was the average velocity for long actin filaments.
The in vitro motility assay data were recorded and analyzed as de-
scribed in [36]. Actin filament length was estimated from the total
filament intensity [31] for a subpopulation of all image sequences.
This allowed imaging in the same sequence of filaments analyzed
with respect to velocity and of the long (�3–11 lm) filaments,
used for calibration of the intensity-length relation.

2.4. Statistical analysis

All data are expressed as mean and standard error of the mean
(mean ± SEM). Statistical hypothesis testing was performed using
analysis of variance (ANOVA) on the assumption that each filament
represents an independent random sample. Statistical analyses,
were performed using GraphPad Prism software (version 5.01,
GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

There was a clear trend (Fig. 1) for reduced actin sliding velocity
with reduced contact angle of the HMM adsorbing surface for all
incubation conditions (slopes different from zero; p < 0.05). On
the surfaces of highest contact angle (70 o; TMCS), actin filaments
were propelled with slightly lower velocity by phosphorylated
HMM (pHMM) than by unphosphorylated HMM (upHMM; Fig. 1
A, B). The effect of Ca2+ on velocity was more substantial (Fig. 1
C, D) with marked reduction in sliding velocity on TMCS surfaces
for both pHMM and upHMM. Both the effects of Ca2+ and phos-
phorylation on velocity were statistically significant (p < 0.001)
and there was no interaction (p � 0.16) between the effects
(two-way ANOVA).

A substantially larger fraction of the actin filaments was pro-
pelled by pHMM than by upHMM on surfaces of low (< 50 o) con-
tact angle (Fig. 2) and the sliding velocity was higher with pHMM
under these conditions (Fig. 1 A, B). Interestingly, the total fraction
of motile filaments with pHMM was as high on the surfaces of low-
est contact angle as on the TMCS surface with a contact angle of 70
o (Fig. 2 A, B). In contrast, this fraction was very low with upHMM
in the absence of Ca2+ and, whereas there seemed to be more actin
binding for upHMM on surfaces of low contact angle in the pres-
ence of Ca2+, the filaments were generally sliding too erratically
(with stops, pauses and excessive Brownian motion; Supplemen-
tary Fig. 3) to be defined as motile in the analysis in Figs. 1 and
2. The results suggest that phosphorylation of the RLCs rescues
motility on surfaces of low contact angle (high negative charge
density) independent of whether Ca2+ is present or not. A similar
phosphorylation induced effect was not seen if reduced motility
was attributed to reduced HMM surface density on TMCS
(Fig. 2C; see further below).

Overall, the above results suggest independent effects of phos-
phorylation and Ca2+-binding to the RLCs. This is in contrast to
ideas that these effects exhibit cooperativity [9,11,12,16,20]. Possi-
bly, whether there is independence or cooperativity may be deter-
mined by differences between experimental systems. Thus, in
contrast to earlier work using full length myosin, the most C-termi-
nal part (the light meromyosin part) of the myosin tail is not pres-
ent in HMM that we used here. This also, necessarily, removed any
effects attributed to interactions between the myosin heads and a
myosin filament backbone.

On surfaces with optimal motility quality (TMCS), phosphoryla-
tion of the RLCs had a small reducing effect on the sliding velocity
that was intermediate between the 20–30% reduction with full
length myosin in vitro [14] and the total lack of effects of RLC phos-
phorylation on velocity in muscle fibers under physiological condi-
tions ([15] and references therein). Thus, again, the results suggest
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Fig. 1. Sliding velocity of actin filaments (propelled by pHMM or upHMM), plotted against contact angles of the surfaces. (A) In the presence of Ca2+, (B) in the presence of
EGTA, ([Ca2+] = 0 mM), (C) pHMM with Ca2+ or EGTA, (D) upHMM with Ca2+ or EGTA. Number of filaments given within parentheses in A and B. Pooled data from three
different HMM preparations and different experimental dates.
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that the experimental system influences RLC mediated effects (cf.
[11] for Discussion of related ideas).

Effects of Ca2+ on the velocity of HMM propelled actin filaments
(Fig. 1C, D) has not previously been demonstrated in the absence of
thin filament regulatory proteins (troponin and tropomyosin) and
the effect on velocity is also opposite to that seen upon addition
of Ca2+ to thin filaments. Clearly, the effect is not due to a reduced
density of actin propelling HMM molecules (Supplementary Fig. 4)
but the available evidence (Supplementary Discussion) suggests
that it is attributed to exchange of Mg2+ for Ca2+ on the RLCs. The
independence of the phosphorylation and Ca2+ effects suggests dif-
ferent and independent mechanisms with the phosphorylation ef-
fects seemingly related to altered interactions with the underlying
surfaces and increased head mobility (see below). Whereas it
would be of great relevance [10] to elucidate the mechanism for
the Ca2+–Mg2+ exchange in greater detail this is beyond the scope
of the present investigation.

Previous investigations of HMM induced actin motility on dif-
ferent surface substrates [21,26,31,34,37,38] have been limited to
HMM prepared to be predominantly unphosphorylated. These
studies showed no, or very limited, motility on glass surfaces of
contact angle <30� and a nearly linear increase in sliding velocity
with contact angle in the range 30–70� [26]. As expected, these
findings are similar to the results using upHMM in Fig. 1D and
Fig. 2 A, B. In order to understand the effects of RLC-phosphoryla-
tion at different contact angles it is important to consider the pres-
ent level of understanding for upHMM [21,26,31,33,37,39]. First, it
is essential to emphasize that the negative surface charge density
has been found to increase [26] with reduced contact angle of
derivatized and non-derivatized glass surfaces similar to those
used here. Further, to a first approximation, on such surfaces, the
effect of altered contact angle on motility may be attributed to dif-
ferent fractions of two different HMM configurations (Fig. 3) with
minimal variation in the total HMM density [21,26,37,39]. Config-
uration A (Fig. 3A) is the main actin propelling configuration (see
also [40]) with HMM adsorbed to the surfaces only via the con-
formationally instable C-terminal region. This configuration domi-
nates on hydrophobic surfaces [21,37] (TMCS) whereas there is
strong evidence [21,37] that HMM adsorbs, to a great extent, to
pure glass/SiO2 by a mechanism where positively charged loops
in the actin binding region are important [26,39] (Fig. 3B; configu-
ration B). Configuration A (Fig. 3A) becomes increasingly populated
with increased contact angle and reduced negative surface charge
density [21,26,37] at the expense of configuration B. In addition to
configurations A and B, it is likely that there is a fraction of HMM
molecules that are adsorbed to the surface both via the head and
tail region [21,37,38,40,41], at least temporarily (configuration C;
Fig. 3A). Whereas this fraction is likely to be low at the present,
high, HMM incubation concentrations [21,39,42], configuration C
may play an important role in effects of RLC phosphorylation and
Ca2+-binding. Thus, in terms of the model in Fig. 3, it may suffice
with a small increase in the fraction of HMM molecules in config-
uration A to restore motility on surfaces of a contact angle of 10�.
These HMM molecules would increase the fraction of myosin
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Fig. 2. Fraction of actin filaments propelled by pHMM and upHMM. (A) In the absence of Ca2+ at different surface contact angles, (B) as in A but in the presence of 0.2 mM
Ca2+. Numbers in parentheses refer to the number of flow cell regions examined. (C) Fraction of actin filaments propelled by pHMM and upHMM after incubation of TMCS
surface with different HMM concentrations. Five flow cell regions examined at each concentration; one experimental date.
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heads that, at least temporarily (cf. [21]), reach above the tails of
the HMM molecules in configuration B to bind actin. That only a
small increase of the configuration A fraction is required is sug-
gested by the existence of some motile filaments with upHMM at
the second lowest contact angle studied (30�). Further evidence
that only a small fraction of the HMM molecules need to be in con-
figuration A for reasonable motility quality is provided by the data
in Fig. 4 where it can be seen that the sliding velocity of actin fila-
ments propelled by pHMM on a surface of contact angle 30� (0 mM
Ca2+; see [31] for similar results with upHMM) was lower for short
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than long filaments. This suggests (from fitting of Eq. (1)) that the
surface density of pHMM molecules with actin propelling capability
was quite low (460 lm�2) compared to that on TMCS
(>5000 lm�2; see Supplementary material).

The fraction of HMM molecules in configuration A could in-
crease if phosphorylation of the RLCs cause changes in the myosin
head, e.g. altered electrostatic surface potential or structural
changes [13,43], that would reduce the affinity of the head to pure
glass surfaces (cf. [21,39]). The effect would be an equilibrium shift
from configuration C to configuration A and/or reduced initial
adsorption into configuration B. This is in accordance with the find-
ings in Fig. 2 that pHMM rescues actin filament motility on sur-
faces of low contact angle but not on TMCS derivatized surfaces
with low HMM surface density (Fig. 2C). Thus, in the latter case
the low velocity is due to the overall low HMM density, whereas
a dominant fraction of the HMM molecules are likely to be in con-
figuration A, independent of phosphorylation status.

Further mechanistic insight and critical tests of the proposed
model may be possible in future studies by reversible phosphory-
lation/dephosphorylation using myosin light chain kinase/phos-
phatase systems. Such experiments could also be an important
step towards phosphorylation based control of motility in nano-
technological applications. For instance, using TMCS-tracks as de-
scribed previously [22], patches of pure SiO2 (hydrophilic,
negatively charged) may be inserted by appropriate nanofabrica-
tion along short stretches of the tracks. Overall change in phos-
phorylation of HMM on the entire surface (by adding
constitutively active MLCK or phosphatase) would now be ex-
pected to substantially affect motility only on the SiO2 parts of
the tracks, allowing local and temporary stopping (to pick up car-
goes) and starting of actin filament sliding (see also [24,25]). An
interesting alternative to MLCK/phosphatase based control, e.g. if
enzyme diffusion is hindered by a dense HMM layer [21], would
be to engineer light sensitive groups into the RLCs to mimic the
phosphorylation induced structural changes upon proper illumina-
tion (cf. [44]).

In conclusion, our results support the ideas that phosphoryla-
tion induced modulation of myosin propelled actin filament sliding
via the regulatory light chains, but not effects attributed to Ca2+–
Mg2+ exchange, is potentially useful in nanotechnological applica-
tions. Additionally, the results suggest that Ca2+–Mg2+ exchange
and phosphorylation of the RLCs affect the actomyosin interaction
by different and independent molecular mechanisms.
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