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Myosin light chain kinases (MLCKs) activate myosin
by phosphorylating Thr18 and Ser19 on the regulatory
light chain of myosin Il [1-3]. The phosphorylated
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The functions of long smooth muscle myosin light chain kinase (L-MLCK),
a molecule with multiple domains, are poorly understood. To examine the
existence of further potentially functional domains in this molecule, we ana-
lyzed its amino acid sequence with a TANGO program and found a putative
aggregation domain located at the 4Ig domain of the N-terminal extension.
To verify its aggregation capability in vitro, expressible truncated L-MLCK
variants driven by a cytomegalovirus promoter were transfected into cells.
As anticipated, only the overexpression of the 4Ig fragment led to particle
formation in Colon26 cells. These particles contained 4Ig polymers and
actin. Analysis with detergents demonstrated that the particles shared fea-
tures in common with aggregates. Thus, we conclude that the 4Ig domain
has a potent aggregation ability. To further examine this aggregation
domain in vivo, eight transgenic mouse lines expressing the 4Ig domain (41g
lines) were generated. The results showed that the transgenic mice had typi-
cal aggregation in the thigh and diaphragm muscles. Histological examina-
tion showed that 7.70 + 1.86% of extensor digitorum longus myofibrils
displayed aggregates with a 36.44% reduction in myofibril diameter,
whereas 65.13 + 3.42% of diaphragm myofibrils displayed aggregates and
the myofibril diameter was reduced by 43.08%. Electron microscopy exami-
nation suggested that the aggregates were deposited at the mitochondria,
resulting in structural impairment. As a consequence, the oxygen consump-
tion of mitochondria in the affected muscles was also reduced. Macrophe-
notypic analysis showed the presence of muscular degeneration
characterized by a reduction in force development, faster fatigue, decreased
myofibril diameters, and structural alterations. In summary, our study
revealed the existence of a novel aggregation domain in L-MLCK and pro-
vided a direct link between L-MLCK and aggregation. The possible signifi-
cance and mechanism underlying the aggregation-based pathological
processes mediated by L-MLCK are also discussed.

myosin II has increasingly been shown to be involved
in many physiological processes, including cell spread-
ing and migration, the extension of neurite growth

CMV, cytomegalovirus; CMVIE, cytomegalovirus immediate element 1; EDL, extensor digitorum longus; EGFP, enhanced green fluorescent
protein; GFP, green fluorescent protein; HSP, heat shock protein; L-MLCK, long smooth muscle myosin light chain kinase; MLCK, myosin
light chain kinase; RCR, respiratory control ratio; skMLCK, skeletal muscle myosin light chain kinase; S-MLCK, short myosin light chain
kinase; smMLCK, smooth muscle myosin light chain kinase; TEF, toxicity equivalency factor.
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cones, cytokinesis and cytoskeletal clustering of inte-
grins at focal adhesions, stress fiber formation, changes
in platelet shape, secretion, exocytosis and transepithe-
lial permeability [4-15]. In vertebrates, there are two
MLCK genes at different genomic loci; those encoding
skeletal muscle MLCK (skMLCK) and smooth muscle
MLCK (smMLCK) [3]. smMLCK is the product of a
single gene, distinct from the gene giving rise to
skMLCK [4]. Long smMLCK (L-MLCK; 208-
214 kDa in length) and short smMLCK (S-MLCK;
130-150 kDa in length) are two isoforms resulting
from different transcripts initiated at different pro-
moters at the same locus [16].

L-MLCK is identical to S-MLCK except for the
presence of a unique N-terminal extension that con-
tains several extra structural motifs, including a 2Ig
domain at the distal N-terminus and a 4Ig domain and
DFRxxL motif at the proximal N-terminus [16,17].
These structural differences may account for the differ-
ential functioning of the MLCK isoforms. However,
the functions of L-MLCK are poorly understood.
Investigating the existence of potentially functional
domains in this extension is of importance for elucidat-
ing the roles of L-MLCK. Some functional domains
have already been identified in L-MLCK and, on the
basis of their biochemical properties and functional
characteristics, potential roles have been proposed.
These include a role in cytoskeletal reorganization
through DFRxxL and/or the 2Ig domain, and a regu-
latory role during mitosis through the N-terminal
extension [18-20]. Whether L-MLCK has further func-
tional domains and whether the 4Ig motif itself has a
potential function remain unknown. In this work, a
putative aggregation domain within the 4Ig motif was
identified using a TANGO program. The potent aggrega-
tion ability of this domain was demonstrated by both
in vitro and in vivo analysis. The aggregation properties
and possible functions were also characterized. Our
results suggest a novel aggregation domain within the
N-terminal extension of L-MLCK. In addition, a preli-
minary mechanism underlying the aggregation-based
pathological processes mediated by L-MLCK and the
possible involvement of heat shock protein (HSP) in
aggregate formation are proposed.

Results

L-MLCK contained a putative aggregation region
in the N-terminal extension

Full-length sequences of L-MLCK were subjected to
TANGO program interrogation in INTRINSIC PROTEIN
DISORDER PREDICTION 1.4 with default parameters [21].
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A conserved aggregation motif was revealed within
41g, the sequence of which varied across species (e.g.
VFTLVL, VCIWAVFYW and LVLLIVL) (Fig. 1A).
There was a weak aggregation motif within the 1Ig
region of chicken MLCK. An aggregation motif
outside of the 4Ig region was found in both rat and
primate L-MLCKs, but this was not conserved across
the species. Our preliminary data showed no aggrega-
tion ability of this motif in cultured cells (data not
shown), and we therefore focused on examining the
aggregation domain within the 4Ig region in our subse-
quent experiments.

Overexpression of the 4lg fragment elicited
protein aggregation in vitro

To determine the aggregation ability of the 4Ig frag-
ment, an expressible vector (pC3-4Ig) was produced
by fusing the 4Ig-coding region in the C-terminus of
the enhanced green fluorescent protein (EGFP) gene
driven by the cytomegalovirus (CMYV) promoter
(Fig. 1B). After transfection of the vector into Colon26
cells, visible fluorescent particles, which were identified
as protein aggregates in our subsequent experiments,
were observed in the cells (Fig. 2A,B). The fluorescent
particles accumulated in a time-dependent manner.
Nine hours after transfection, about 16.7% of trans-
fected cells contained such particles, and by 12 h, the
ratio had increased to 35.4%. When 4Ig was fused
with the N-terminus of EGFP (pEGFP-4lg) (Fig. 1B),
a similar result was observed (data not shown). Nei-
ther full-length L-MLCK (pEGFP-MLCK210) nor
chicken 2Ig (pEGFP215) caused any aggregation under
the same experimental conditions (Fig. 2A).

After sequential treatments with Triton X-100 and
SDS, most particles remained visible for at least
30 min and then slowly dissolved, showing the typical
detergent-resistant property of aggregates. In control
cells expressing the EGFP protein, Triton X-100 elimi-
nated fluorescence completely from the cell body
(Fig. 2B). This detergent-resistant property of the
aggregates was confirmed by western blot assay, and
similar conclusions were reached (Fig. 2C). Thus, this
result suggests that the particle is a protein aggregate.

4lg elicited protein aggregation in vivo

To verify the aggregation domain in vivo, eight foun-
ders, and subsequently eight stable lines (41g-Tg: 1-8)
with pC3—4lg integration, were obtained by genotypic
screening with PCR with primers specific to EGFP.
Protein expression was determined by western blot
assay. All but line 4Ig-Tg-2 expressed 4Ig in the
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Fig. 1. Prediction for a conserved aggrega-
tion domain in the 4lg region of L-MLCK
and recombinant expression of MLCK vari-
ants. (A) The sequences of the N-terminal
extension of L-MLCK were subjected to
domain prediction in the NCBI ENTREZ pro-
gram for identifying Ig-like modules, and
then entered into the TANGO program (http://
dis.embl.de/) for predicting beta aggregation
sequences (the parameters were: pH 7.4,
temperature 278.15 K; ion strength 0.05 m;
toxicity equivalency factor (TEF) concentra-
tion 0 M; and TANGO threshold 1). Solid rect-
angles represent aggregation-prone regions,
and red rectangles represent putative Ig-like
modules. (B) MLCK constructs. The con-
struction details for pPEGFP-MLCK210, pEG-
FP215 and pEGFP-4lg are given in our
previous report [19]. To make the pC3-4lg
plasmid, the 4lg region was amplified by
PCR and subcloned into the pEGFP-C3
expression vector.

Fig. 2. Aggregate formation in the cells
expressing MLCK variants. (A) Different
MLCK variants were transfected into
Colon26 cells with Lipofectamine 2000
(Invitrogen). The transfected cells were
examined under a laser confocal scanning
microscope (LCSM; Leica-SP2, Leica, Ger-
many). Actin in cells showing aggregation
was then stained with rhodamine-labeled
phalloidin. The internal marker measures

20 pm. (B) Colon26 cells were transfected
with pC3-4lg or pEGFP-C3. Twenty-four
hours after transfection, the cells were trea-
ted with 1% Triton X-100 for 30 min and
then with 2% SDS. The internal marker
measures 20 um above and 8 pm below.
(C) About 1 x 108 cells transfected with
pC3-4lg or pEGFP-C3 were harvested and
treated sequentially with 1% Triton X-100,
2% SDS and 70% formic acid (FA), together
with 2% SDS. Centrifugation was per-
formed after each treatment step. The
supernatants were subjected to western
blot assay to measure the amount of recom-
binant proteins. These experiments were
repeated independently at least four times.

A
Human
'YL VLVLLLVRIL ELA
Primate

Canis

ALALL ACIFFNAFLV VLL

pPEGFP-
C3

B
Intact

Rat

Chicken

4lg
cvv N G G |G DG

pEGFP-

MLCK210

... F-actin__Merge

SDS
15 min 30 min

Triton
X-100

FEBS Journal (2008) © 2008 The Authors Journal compilation © 2008 FEBS

Aggregation domain in myosin light chain kinase

IFSLVI

SEEEEEEENEEEEE N

VFTLVL "

[ I T i TIG J i
-

-

veiwaveyw [l o

.
L
VFTLVL
[ G J 6 ] ic J IG =
-
|
i u
L
L
-
-
FTLL M

e =Se L gORermermeEEe:

pEGFP-
215

SDS

IZIIGIIG 20 kinase

[ [ZINEGFEN pEGFP-MLCK210
pEGFP215
pPEGFP-4lg

pC3-4ig

pEGFP-C3

pC3-
4lg

C
()
®
&

o L 2
7 &£ 8¢
§_ [ rC3-4lg
o
o [T pEGFP-C3
L
O
LLl
Q



Aggregation domain in myosin light chain kinase

skeletal muscle. In line 41g-Tg-2, 4Ig was expressed
only in the heart and lungs. Line 41g-Tg-7 expressed
4Ig in the skeletal muscle and spleen. Little expression
of 4Ig was detected in the intestinal epithelium, liver
and heart of mice from lines 4Ig-Tg-1, 4Ig-Tg-3,
41g-Tg-4, and 4lIg-Tg-6. After backcrossing to
C57BL/6 for four generations, transgenic mice exhib-
ited similar expression patterns of recombinant 4lg.
Figure 3A shows a typical expression pattern in differ-
ent lines, in which the level of expression of 4Ig varied
both within the same tissues of different lines and
between different tissues in the same line.

To examine tissue aggregates, various fresh tissues
were fixed with 4% paraformaldehyde in NaCl/P; for
30 min, and tissue slides of ~ 200 um thickness were
observed under a confocal microscope. Putative aggre-
gates were found in skeletal myofibrils, including in
the muscles of the thigh and diaphragm (Fig. 3B,C).
Low expression of 4Ig in skeletal muscle (such as in
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Fig. 3. Expression and aggregate formation of 4lg in transgenic
mice. (A) Skeletal muscle from different lines (upper panel) and
skeletal muscle, heart and spleen tissues (lower panel) were sam-
pled for western blot assay with antibody to GFP. Total actin was
stained with Coomassie blue as a loading control. Sk, skeletal mus-
cle; Ht, heart; Sp, spleen. (B) Fresh EDL muscle was carefully torn
into pieces along the length of the myofibers, fixed with 4% para-
formaldehyde for 30 min, and washed three times with NaCl/P;.
The samples were then examined under a confocal microscope.
4lg-Tg, transgenic mice expressing 4lg; GFP-Tg, transgenic mice
expressing EGFP. (C) Aggregation in muscles of different ages. Dia-
phragm and EDL muscles were dissected from 4lg-transgenic mice
at different ages (16 days old and 6 months old) and examined
under a confocal microscope. Dia, diaphragm muscle. The internal
marker measures 100 pm. (D) Approximately 10 mg of muscle
tissue was homogenized and treated sequentially with 1%
Triton X-100 and 2% SDS. The recombinant proteins were mea-
sured by western blot assay. The soluble proteins were subjected
to western blot assay with antibody to GFP.
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line 1) also caused the formation of a clear aggregate.
The ratio of aggregate-containing fibers to normal
fibers was about 7.7% in the extensor digitorum
longus (EDL) muscle. No visible aggregates occurred
in the other tissues, including the heart, liver and
kidney (not shown). In the EGFP transgenic control
[C57BL/6-Tg(CAG-EGFP)C14-Yol-FM1310sb, referred
to as EGFP-Tg in this article], no visible aggregate
was detected in the skeletal muscle, heart, liver, intes-
tine, brain or kidney.

The aggregation both in the EDL and diaphragm
muscles was age-dependent. A typical result is shown
in Fig. 3C. 4Ig protein was distributed evenly in myofi-
brils, with very few visible aggregates in transgenic
mice at day 16 of age. As mice aged, the extent of
aggregation in the muscles increased. By 6 months of
age, 7.7% of EDL and 65.13% of diaphragm myofi-
brils had aggregate deposition.

In order to determine the biochemical features of
the aggregates, muscle homogenates were sequentially
treated with Triton X-100 and SDS. The supernatant-
dissolved 4lIg protein was measured by western blot
assay. The results showed that 4Ig aggregates in skele-
tal muscle fibers were resistant to Triton X-100 and
partially soluble in SDS (Fig. 3D), showing one of the
typical features of aggregates. Interestingly, in dia-
phragm muscle, more intensive aggregation was
observed (Fig. 3C), suggesting that this tissue more
readily allows 4Ig aggregation.

To characterize the 4lg aggregations in vitro, we
purified refolded recombinant 4Ig protein (monomer)
and then treated it with H,O,, which acted as an oxi-
dative stress, according to previously described meth-
ods [22,23]. The results showed evidence of clear
multimer formation after addition of H,O, (Fig. 4A).
41g polymer formation could also be confirmed in
transgenic diaphragms. The aggregates from different
lines contained 4Ig polymers, but no polymer was
detected in the transgenic spleen control (Fig. 4B).
Thus, the formation of 4Ig protein polymers may be
an important process in the development of 4Ig aggre-
gates. To investigate whether other ingredients existed
in the aggregate, we stained the aggregates in cells with
phalloidin, and this revealed the presence of strong
actin-staining signals colocalizing with the aggregates
(Fig. 2A), suggesting that the actin protein was
enriched with 4Ig aggregate.

HSPs have been implicated in aggregate formation.
To investigate the potential involvement of HSPs in
41g aggregation, we examined HSP73, a constitutive
HSP, in aggregate-forming cells or tissues. The results
showed that HSP expression was significantly reduced
in 41g-Tg intestinal tissue, diaphragm and 4Ig-expressing
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Fig. 4. Characterization of the aggregates. (A) 4lg polymerization
was triggered by H,O, in vitro. Native recombinant proteins (4lg or
2lg) were purified from soluble lysates of recombinant Escherichia
coli and treated with or without 50 pm H,O, in vitro for 4 h, and
then subjected to western blot assay with antibody to 4lg or anti-
body to 2lg. The signals below the monomer indicate degraded pro-
tein. (B) 4lg aggregates from 4lg-Tg diaphragm (line 3) were
analyzed by western blot. Monoclonal antibody to GFP was used
as the primary antibody. 4lg-Tg spleen of line 7 was used as a con-
trol (CTR). Arrows indicate monomers, dimers, and multimers. (C)
HSP73 expression in 4lg-expressing tissues and cells. The tissue or
cell samples were resolved by 10% SDS/PAGE and assayed by
western blot with polyclonal antibody to HSP73 (Sigma-Aldrich,
St Louis, MO, USA). Total actin was stained by Coomassie blue for
loading the control. (D) The percentages of inhibition of HSP73 by
4lg expression were quantified. As no HSP73 expression was
detected in either 4lg-expressing or non-4lg-expressing EDL mus-
cle, the inhibition percentage was not determined (ND).

Colon26 cells (Fig. 4C,D). HSP expression in EDL
was still undetectable.

Morphological analysis revealed that the diameters
of the affected diaphragm myofibrils decreased from
4744 ym in the controls to 27.00 pm (P < 0.01),
whereas the diameters of the affected EDL myofibers
decreased from 52.96 um in the controls to 33.66 um
(P < 0.01) (Fig. 6A). The aggregates in the diaphragm
exhibited similar biochemical features to those in the
EDL samples (data not shown).

4lg aggregates disrupted mitochondrial structure
and functioning

Electron microscopic images showed many aggregate
particles occupying mitochondria (Fig. 5A). In these
cases, most of the mitochondrial structures had disap-
peared, and some incomplete mitochondrial mem-
branes remained around the aggregate particles. To
determine the extent of mitochondrial functionality,
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the oxygen consumption of muscles was measured.
The oxygen consumption of state 3 respiration in
transgenic diaphragm muscles decreased significantly
(from 207.6 + 25.5 nmol O,min "mg™" of control
muscle to 145.5 + 21.9 nmol O,min~"'mg™" of trans-
genic muscle) (P < 0.05), whereas it did not change
in EDL muscles (227.4 + 28.3 versus 201.4 + 10.2
nmol O,min""mg™", P > 0.05) (Fig. 5B, upper panel).
There was no difference between transgenic and con-
trol EDL or diaphragm muscles in oxygen consump-
tion during state 4 respiration. Respiratory control
ratio (RCR) values in transgenic diaphragm muscles
were significantly lower than those in controls
(2.1 £ 0.19 versus 2.9 + 0.17, P < 0.05), whereas no
difference was observed in RCR values between trans-
genic and control EDL muscles (2.4 + 0.077 versus
2.8 £ 0.32, P > 0.05) (Fig. 5B, lower panel). Thus,
oxygen consumption in transgenic diaphragm muscles
was impaired more severely than that in EDL muscle.
However, although the impairment in EDL muscle
was slight, it was sufficient to affect muscular contrac-
tility (see below).

4lg aggregation caused muscle degeneration

As mentioned above, the aggregate-containing fibers
were of small size and irregular morphology, both
typical of degenerative pathology. In order to assess
the extent of functional degeneration of these mus-
cles, the contraction force of EDL muscle in
response to a 10 mA stimulus was measured. The
results showed that the force tension decreased from
5.019 + 0.212 to 4.550 + 0.068 N-cm™ as compared
with littermate controls. Similarly, the isometric
twitch force of transgenic diaphragm samples
was 2.532 + 0.232 N.cm ™2, significantly lower than
that of controls (3.288 + 0.152 N-em™2, P < 0.05)
(Fig. 6B,C).

A fatigue test was performed to test the fatigue sen-
sitivity of the muscles. Transgenic diaphragm muscle
became fatigued significantly faster than controls
(P < 0.05) (Fig. 7A-C), whereas EDL muscle became
slightly fatigued, but not significantly faster (P > 0.05)
(Fig. 7A’—-C’). During the early phase of repetitive acti-
vation, the forces achieved in transgenic diaphragm
muscles declined precipitously and then decreased
smoothly and stabilized at 30-45% of the baseline
value. The force output of the transgenic diaphragm
remained significantly lower than that of the control.
Interestingly, the transgenic diaphragm and EDL mus-
cles showed round contractive peaks rather than sharp
peaks typical of controls (Fig. 7B,B’,C,C’); the reason
for this remains unknown.
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L-MLCK has extra domains in its N-terminal exten-
sion, such as 2DFRxxL, tyrosine phosphorylation
motif and Ig domains. These domains provide
L-MLCK with the structural basis to allow the dock-
ing of microfilaments and the regulation of endothelial
permeability, and allow the mediation of cytokinesis
[10,17,19,20]. To explore potential further functions of
L-MLCK, we analyzed its sequences and identified a

nal extension. Its aggregation ability was then verified
through both in vitro and in vivo analysis. The aggre-
gate formed by the 4Ig domain was characterized by:
(a) the typical detergent-resistant property of aggre-
gates; (b) a mixture of the 4Ig monomer and cytoskele-
tal proteins such as actin; and (c¢) predominant
deposition in the mitochondria, where structural
impairment resulted. These characteristics are common
features of aggregates. In addition, our results ruled
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out the possibility that this aggregate was formed only
in response to the overexpression of 4Ig proteins. The
evidence was as follows. First, 4Ig aggregate formation
was independent of expression levels. In line 1 of
4Ig-Tg mice, 4Ig expression in skeletal muscle was
much lower than in other lines [such as lines 3, 4 and
6 (Fig. 3)], but clear aggregates could still be detected.
Conversely, in lines 2 and 7, 4Ig expression levels were
high, and, in the case of skeletal muscle, even higher
than that in line 6, yet no aggregate was observed. Sec-
ond, within the same line, 4Ig expression levels at
different periods were comparable but aggregate for-
mation occurred only in older muscles, suggesting that
the aggregation was triggered by certain physiological
conditions rather than by protein overexpression.
Taken together, the above findings indicate that
L-MLCK has an aggregation domain within its N-ter-
minal extension.

Investigating how L-MLCK gives rise to aggregate
formation is helpful in understanding its potential func-
tion. Our results showed that only the 4Ig domain has
an aggregation ability, but not intact L-MLCK or
other truncated fragments, implying that the aggrega-
tion activity is blocked in intact L-MLCK by an
unknown mechanism. Release of the 4Ig domain from
L-MLCK through proteolytic cleavage may therefore
be a necessary step for aggregate formation. In fact,
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such a mechanism is also adopted in other molecules.
For example, amyloid B-protein precursor protein
shows its aggregation ability only after cleavage [24,25].
Another important issue is determining what factor
triggers aggregate formation. From our data, oxidative
stress or reactive oxygen species may be an important
factor, as H>O, can induce a high level of 4Ig multimer
formation in vitro. This speculation is consistent with
the fact that 4Ig aggregates localized in the mitochon-
dria, where a burst of oxidative free radicals is
produced. Interestingly, HSPs, which possess antiaggre-
gation properties, were found at lower levels both
in vitro and in vivo where 4Ig was expressed. This find-
ing led us to speculate that 4Ig aggregate formation is
associated with HSP function. This hypothesis is sup-
ported by the observation that extensive aggregate for-
mation occurred in the diaphragms of HSP-deficient
bovines [26]. In conclusion, molecular cleavage of
L-MLCK, oxidative stress and the reduction in HSP
levels may be critical factors for 4Ig aggregate forma-
tion. In this work, diaphragm muscle showed more
extensive aggregate formation than thigh skeletal mus-
cle. This difference may result from their specific physi-
ological environments, including the level of oxidative
stress and contraction activity. For example, the dia-
phragm may experience long durations of oxidative
stress, due to the periodicity of its contractions [27].
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Our further study demonstrated that the aggregates
formed by 4Ig in skeletal muscle caused a reduction in
oxygen consumption, faster fatigue, and evidence of
degenerative pathology. These findings imply that
L-MLCK may play a role in muscle pathology
through aggregate formation. Such a role is consistent
with observations that L-MLCK can be both
expressed at a high level [28] and cleaved by caspases
in response to some pathological signals [29], such as
oxidative stress, nuclear factor kappa B [28], tumor
necrosis factor-a [29] and apoptotic reagents (our
unpublished data). Taking these findings together, we
therefore hypothesize that the aggregation-based
pathology mediated by L-MLCK may include a
cascade of sequential molecular events including path-
ological stimulation, protein cleavage, a reduction in
HSP activity, aggregation in mitochondria, and func-
tional impairment. However, similar to other aggre-
gate-based pathological processes, L-MLCK-mediated
aggregation is likely to be a very complicated process
that is affected by multiple factors, including protein
cleavage, HSP functioning, and protein expression
levels. Currently, we do not have a physiologically fea-
sible model with appropriate levels of L-MLCK
expression and HSP functioning and a proper trigger-
ing mechanism for proteolysis to test the aggregation-
based pathological process. The study reported in this
article, however, has revealed a novel aggregation
domain in L-MLCK, provided a direct link between
L-MLCK and aggregation, and suggested a prelimin-
ary mechanism for aggregate formation. The physio-
logical or pathological processes mediated by
L-MLCK via aggregation will be investigated in our
future studies.

The Ig domains comprising the N-terminal extension
of L-MLCK belong to the C2-type Ig (Ig-C2) super-
family. The Ig-C2 domains are found extensively in
adhesion molecules and in intracellular cytoskeletal
proteins, including titin, MyBP-Cm, MyBP-M, MyBP-
H, myotilin, and palladin [30-35]. As Ig-C2 domains
may serve as molecular spacers and bind to a diversity
of ligands, it is believed that they have important phys-
iological and structural significance in cell adhesion
and maintenance of the cytoskeleton [36]. These
domains are commonly present in multiple copies
within a single molecule, and have a typical core-
B-sheet structure with high sequence similarity. This
structural feature suggests that these Ig domains are at
particular risk of forming intractable aggregates
[37-39]. Studies on at least two amyloidal diseases
involving deposition of Ig domains support the notion
that Ig domains are involved in aggregation [40]. Our
findings reported in this article provided a direct link
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between an Ig domain and aggregation. However,
Ig-C2 domains do not always cause aggregate forma-
tion, even though, as in the case of the 2Ig domain of
L-MLCK, they have a typical core-sheet structure bur-
ied within their molecule. This feature might be helpful
for Ig-containing molecules to display their specific
functions while sharing a common structure.

In this work, little transgenic expression of 4Ig was
detected in tissues such as the brain and liver. The pro-
moter we used was CMV immediate element I
(CMVIE). It has been reported that CMVIE activity
in transgenic mice varies markedly in different tissues
as well as in different lines [41,42]. Thus, the reason
for unequal expression of 4Ig in our transgenic lines
may be that the CMVIE promoter does not drive 4Ig
expression ubiquitously or, operating alone, is not suf-
ficiently efficient. Thus far, we do not know whether
41g causes aggregation in other tissues. On the other
hand, this tissue-specific expression pattern of 4Ig may
help to rule out possible interference from other tissues
during phenotypic analysis.

Experimental procedures

Reagents and animals

Restriction enzymes were purchased from Takara Company
(Kyoto, Japan), and all antibodies, including secondary
antibody and antibody to green fluorescent protein (GFP),
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) or Sigma-Aldrich (St Louis, MO, USA).
SPF mice of the C57BL/6, CBA and transgenic lines were
maintained at the National Resource Center of Mutated
Mice (NRCMM, PR China). The animal protocol was
approved by the Institutional Animal Care and Use Com-
mittee of the Model Animal Research Center of Nanjing
University.

Cell culture and transfection

Murine Colon26 cells (ATCC, Manassas, VA, USA) were
maintained in RPMI 1640 (Sigma Chemical Co., St Louis,
MO, USA) supplemented with 100 pgmL™"' streptomycin,
100 umL™" penicillin, 3.7 mgmL™" sodium bicarbonate
and 10% fetal bovine serum (Gibco BRL, Grand Island,
NY, USA). Transfections with Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA) were performed exactly as
described in the manufacturer’s manual.

Construction of plasmids for L-MLCK variants

The construction of chicken L-MLCK (pEGFP-
MLCK210) and of its truncated variants tagged with
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EGFP have been described previously [43]. pEGFP251 and
pEGFP-4Ig plasmids, which respectively expressed the 2Ig
and 4lg domains driven by the CMV promoter, were
derived from pEGFP-MLCK210 as described previously
[19]. To prepare the pC3—4Ig construct, the region compris-
ing nucleotides 1279-2466 was amplified by PCR from full-
length L-MLCK and subcloned into a pEGFP-C3 vector
(Clontech, Palo Alto, CA, USA) via the EcoRI/BamHI
sites. The primers for the PCR were: Pl,
5-GAA TTC CTC CCC AGT TTG AGA GCC-3% and
P2, 5-GGA TCC TTA CAG AGA CAC CTG GCA GCT
G-3’. The resultant construct was confirmed by sequencing
and western blot assay.

Determining the strength of aggregation with
western blot

Cells or tissues were lysed in a buffer containing 20 mm
Tris/HCI (pH 7.4), 50 mM NaCl, 1% Triton X-100, 1 mMm
phenylmethylsulfonyl fluoride and 10 pgmL™' aprotinin
(Sigma Chemical Co., St Louis, MO, USA) on ice for
30 min. Following this, they were centrifuged at 8064 g for
10 min, and the pellet (P1) and supernatant (S1) were col-
lected. P1 was further dissolved in lysis buffer containing
2% SDS, and centrifuged for 10 min, and the resultant
pellet (P2) and supernatant (S2) were collected. P2 was fur-
ther dissolved in 70% formic acid. After volatilization, lysis
buffer containing 2% SDS was added, the solution was
centrifuged for 10 min, and the supernatant (S3) was col-
lected. Supernatants S1, S2 and S3 were used for western
blot assay. The proteins were separated using 12%
SDS/PAGE gel, and transferred to a polyvinylidene
difluoride membrane (MSI, Westboro, MA, USA). The blot
was visualized using enhanced chemiluminescence reagents
(PerkinElmer Life and Analytical Sciences, Boston, MA,
USA).

Production of transgenic mice (Tg-4lg)

The pC3—4Ig construct was digested with Apall and Neael,
producing a 3.5 kb linearized DNA segment containing a
CMV promoter, an EGFP coding region, a 4lIg coding
region, and a polyA signal. The DNA (3 ngpL™") was
microinjected into the male pronuclei of fertilized eggs from
B6CBA females. The injected eggs were then implanted into
the oviduct of pseudopregnant foster mothers. The foun-
ders were identified by PCR with the following primer pair:
Pl, 5-GCCACAAGTTCAGCGTGTCCG-3; and P2,
5-GTTGGGGTCTTTGCTCAGGGCG-3". The founders
containing pEGFP—4Ig DNA were used for the further
breeding of heterozygous transgenic stable lines by back-
crossing with C57BL/6 mice. Transgene integration was
confirmed by sequencing, and the expression of the trans-
gene construct in different tissues was determined by wes-
tern blot assay. In our experiments, eight positive founders
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and eight stable lines were obtained, of which seven lines
expressed 4Ig in the skeletal muscles.

Morphology of the aggregates in muscles

In order to characterize the properties of the aggregation,
transmission electron microscopy examinations were per-
formed. Fresh EDL muscles were dissected and fixed with
4% glutaraldehyde (in 0.1 M Milloning’s buffer, pH 7.4).
The biopsies were then sampled by standard methods for
use in electron microscopy (JEOL JEM-1200EX) [44].

Measurement of muscle contraction force

Diaphragm and EDL muscles were prepared for contrac-
tion measurement according to the methods of Ingalls ez al.
and Clancy et al. [45,46] in order to determine the contrac-
tility of aggregate-affected tissues. Briefly, the muscles were
mounted on force-displacement transducers (Grass model
FTO03.C; Grass, Quincy, MA, USA) in a chamber contain-
ing Krebs—Ringer buffer (in mmol'L™": NaCl, 137; NaH-
CO;, 24; KCl, 5; CaCl,, 2; NaH,PO,, 1; MgSO,, 0.487;
pH 7.4). After 10 min of equilibration at 35-37 °C, the
physiological muscle optimal length (L,) was set with a ser-
ies of twitch contractions. Muscles were stimulated with
two platinum wire electrodes, and the contractive curves
were simultaneously recorded with POWERLAB CHART 5.0
software (AD Instruments, Colorado Springs, CO, USA).
Stimuli of 10 mA were used to develop an isometric twitch
force (P,). The cross-sectional area (in cm?) was calculated
from the ratio of muscle weight to muscle length at L,
assuming a muscle density of 1.06 gem™. All forces are
reported in units of normalized force (N-cm™>).

Fatigue test protocol

After measurement of baseline contractile properties, the
muscles of 6-month-old mice were stimulated at a frequency
giving approximately one-half of the maximal tetanic force.
For EDL muscle, 50 tetani (70 Hz, 300 ms duration) were
given at intervals of 2 s, giving a duty cycle (tetanic duration
divided by tetanic interval) of 0.15 [47]. Fatigue of the
diaphragm was determined by using a standard 2 min period
of isometric stimulation that employed activation at 40 Hz in
bursts of 330 ms duration repeated each second [48].

Measurement of mitochondrial respiratory
activity

Isolation of mitochondria from muscles was performed
according to a manufacturer’s protocol (Beyotime Co.,
Nantong, China). Mitochondrial respiratory functioning
was measured by using a Clark-type oxygen electrode
(Hansatech DW 1; King’s Lynn, UK). Reactions were
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conducted in a 2 mL, closed, thermostatically controlled
(25 °C) and magnetically stirred glass chamber containing
0.5 mg of mitochondrial protein in a reaction buffer of
225 mM mannitol, 75 mMm sucrose, 10 mm Tris, 10 mm KCI,
10 mm K,HPO,, and 0.1 mm EDTA (pH 7.5), in accor-
dance with Tonkonogi’s report [49]. After equilibration,
mitochondrial respiration was initiated by adding succinate
(10 mM) plus rotenone (4 pum). State 3 respiration was
determined after adding ADP to a final concentration of
200 pMm, and state 4 respiration was measured as the rate of
oxygen consumption in the absence of ADP phosphoryla-
tion. RCR, the ratio between state 3 and state 4 respira-
tion, was calculated according to Estabrook’s method [50].
The value used for oxygen solubility at 25°C was
253.4 nmol O;mL™".

Data analysis

All results are presented as means = SEM of n observa-
tions, unless otherwise noted. Statistical significance was
determined at the 95% confidence level using Student’s
t-test for unpaired or paired samples as indicated.
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