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Background: Phospho-telokin is a cyclic nucleotide-dependent protein kinase substrate that leads to smooth muscle
relaxation.
Results: Phospho-telokin activates inhibited phosphorylated myosin phosphatase.
Conclusion: Phospho-telokin binds to the phosphorylated myosin phosphatase facilitating its binding to phosphomyosin and
myosin dephosphorylation.
Significance:Thismechanismmay play a role in cyclic nucleotide-mediated relaxation of telokin expressing smoothmuscles in
the gut and vasculature.

Phospho-telokin is a target of elevated cyclic nucleotide con-
centrations that lead to relaxation of gastrointestinal and some
vascular smooth muscles (SM). Here, we demonstrate that in
telokin-null SM, bothCa2�-activated contraction andCa2� sen-
sitization of force induced by a GST-MYPT1(654–880) frag-
ment inhibiting myosin light chain phosphatase were antago-
nized by the addition of recombinant S13D telokin, without
changing the inhibitory phosphorylation status of endogenous
MYPT1 (the regulatory subunit of myosin light chain phospha-
tase) at Thr-696/Thr-853 or activity of Rho kinase. Cyclic nucle-
otide-induced relaxation of force in telokin-null ileum muscle
was reduced but not correlated with a change in MYPT1 phos-
phorylation. The 40% inhibited activity of phosphorylated
MYPT1 in telokin-null ileum homogenates was restored to
nonphosphorylated MYPT1 levels by addition of S13D telokin.
Using the GST-MYPT1 fragment as a ligand and SM homoge-
nates fromWT and telokin KOmice as a source of endogenous
proteins, we found that only in the presence of endogenous
telokin, thiophospho-GST-MYPT1 co-precipitated with phos-
pho-20-kDa myosin regulatory light chain 20 and PP1. Surface
plasmon resonance studies showed that S13D telokin bound
to full-length phospho-MYPT1. Results of a protein ligation
assay also supported interaction of endogenous phosphory-
lated MYPT1 with telokin in SM cells. We conclude that the
mechanism of action of phospho-telokin is not through modu-
lation of the MYPT1 phosphorylation status but rather it con-
tributes to cyclic nucleotide-induced relaxation of SM by
interacting with and activating the inhibited full-length phos-
pho-MYPT1/PP1 through facilitating its binding to phospho-

myosin and thus accelerating 20-kDa myosin regulatory light
chain dephosphorylation.

Although themajormechanism for initiating smoothmuscle
(SM)2 contraction is the rise in [Ca2�] resulting in an increase
in 20-kDa myosin regulatory light chain (MLC20) phosphoryl-
ation at Ser-19, themagnitude of developed force can be further
modulated through signaling pathways that shift the balance
betweenmyosin light chain kinase andmyosin light chain phos-
phatase (MLCP) activities. Modulation of the activities of these
enzymes occurs under physiological and pathophysiological
conditions resulting in sensitization or desensitization of the
contractilemachinery to [Ca2�] and altered force output (1–3).
Modulation of MLCP activity by inhibitory phosphorylation of
its myosin phosphatase targeting subunit, MYPT1, at Thr-696
and Thr-853 (mammalian sequence) and of the phosphatase
inhibitory protein, CPI-17, at Thr-38 plays a dominant role in
the agonist-induced inhibition of MLCP resulting in increased
MLC20 phosphorylation and force at constant [Ca2�] termed
Ca2� sensitization (4–13). Although MYPT1 is spontaneously
phosphorylated at Thr-696 in resting SM, a further increase in
MYPT1 Thr-696 phosphorylation is associated with hyperten-
sion and vasospasm (14–17). Other possible mechanisms of
phosphorylation-dependent inhibition of MLCP include an
allosteric effect of MYPT1 phosphorylation on MLCP activity
(18), dissociation of MLCP holoenzyme from myosin (12),
modulation of theMYPT1 “docking” function, and/or its trans-
location to the plasma membrane (19–21), although the popu-
lation ofMLCPundergoing translocation in intact SM tissues is
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unknown. Recently, using a GST-MYPT1 fragment (residues
654–853) having the inhibitory phosphorylation sites, we pro-
posed a phosphorylation-dependent MLCP autoinhibition
model where each phospho-Thr-696 and -Thr-853 docks
directly at the active sites and inhibits MLCP accounting for
Ca2� sensitization of SM contraction (22). In addition to
MYPT1 phosphorylation, the specific activity of MLCP
depends on the extended (6 S) and folded (10:S) conformation
of myosin (4, 23).
Conversely, NO, atrial natriuretic factors, �-adrenergic

agents, and vasoactive intestinal peptide through cAMP/cGMP
can reverse Ca2�-sensitized force inducing relaxation through
reduction of Ca2� and reduction of Ca2� sensitivity, termed
Ca

2�

desensitization (1, 3, 24, 25). Lines of evidence indicate an
involvement of PKA and PKG1a in Ca2� desensitization and
SM relaxation, although the underlying mechanism(s) remains
controversial. De-inhibition can occur through MYPT1 Ser-
695 phosphorylation blocking the inhibitory phosphorylation
at Thr-696 (26, 27). However, in cerebral arteries Thr-696
phosphorylation is independent of Ser-695 phosphorylation
(20). Consistently, the force produced by the MYPT1 fragment
with Ala substitution at Ser-695 is relaxed in response to 8-Br-
cGMP treatment to the same extent as the Ser-695-containing
fragment (22) suggesting additional mechanisms mediating
PKA/PKG signals. Prostate apoptosis response (Par)-4 has been
reported to activateMLCP by binding to its leucine zipper (LZ)
and preventing inhibitory phosphorylation that is reversed by
phosphorylation of Par-4 by zipper-interacting kinase (28).
Direct stimulation of MLCP in arterial SM is also reported to
occur through interaction between theLZmotifs of PKG1� and
MYPT1 (29) and/or amino acids 888–982 of MYPT1 and frag-
ment PKG1� (30). However, it is not clear whether PKG bind-
ing to MYPT1 significantly contributes to PKG/PKA-induced
relaxation of gastrointestinal SM or whether Par-4 plays any
role. We have found that telokin, also known as kinase-related
protein, is a PKA/PKG target that activates MLCP activity (25,
31–33). Telokin is an SM-specific, 17-kDa acidic protein whose
sequence is identical to the noncatalyticC terminus of SMmyo-
sin light chain kinase and is independently expressed in SM
through a promoter located within an intron of theMYLK gene
(33–36). Telokin is abundantly expressed in phasic SMs such as
the ileum, bladder, and portal vein, where it is equivalent to the
myosin concentration (25, 31–33). In intact ileum, telokin is the
major protein phosphorylated at Ser-13 during forskolin- or
8-Br-cGMP-induced relaxation (33, 37, 38). In permeabilized
SM, recombinant S13D telokin relaxes submaximal Ca2�-acti-
vated force under clamped [Ca2�] conditions or accelerates the
relaxation induced by decreasing internal [Ca2�] or by inclu-
sion of 8-Br-cGMP into the solution (25, 32, 33). Genetic dele-
tion of telokin causes Ca2� sensitization of ileum SM contrac-
tion, accompanied by a 30% decrease in MLCP activity (32).
Both force and phosphatase activity were rescued by exogenous
telokin and further enhanced by PKG. cGMP-induced relax-
ation was attenuated by 50% in ileum smooth muscle strips
from telokin KOmice (32). Normal arrays of thick filaments in
telokin KO SM indicated that telokin is not required for fila-
ment formation, although it directly binds to MLC20 and the
myosin heavy chain S2 region, causing stabilization of myosin

filaments in vitro (39, 40). The above findings led us to hypoth-
esize that telokin is involved in cyclic nucleotide-dependent
activation of MLCP in SM tissues.
Contrary to these documented effects of telokin onmechan-

ical behavior of SM, little is known about the molecular mech-
anism(s) responsible for the ability of telokin to activate MLCP
activity, the focus of this study. Using mechanical measure-
ments of contractile activity of permeabilized SMs combined
with biochemical and binding studies, we demonstrate the fol-
lowing: 1) telokin desensitizes SM to Ca2� in the absence of
significant changes in the phosphorylation level of either Thr-
696/Thr-853 MYPT1 sites; 2) the smaller magnitude of cyclic
nucleotide-induced relaxation in the telokin-null versus the
wild type SM is independent of changes in MYPT1 phosphor-
ylation at Thr-696/853; 3) based on the lack of an effect of the
Rho-associated coiled-coil containing protein kinase (ROCK)
inhibitor on the ability of recombinant telokin to induce relax-
ation, we conclude that telokin functions independently of
ROCK, and 4) telokin binds to and enhances MLCP activity of
only phosphorylated inhibited MLCP. Based on these findings,
we propose a model in which cGMP/cAMP-generated phos-
pho-telokin enhances the binding affinity of phospho-MYPT1/
PP1C for phosphomyosin inducing MLCP activation resulting
in a fall inMLC20 phosphorylation and relaxation. It is expected
that in gastrointestinal and bladder SM and in some blood ves-
sels where telokin is abundant, telokin contributes to cGMP/
cAMP-induced relaxation of SM. Abnormalities of this path-
way may contribute to diseases such as gastroparesis and
disturbed gastrointestinal motility.

EXPERIMENTAL PROCEDURES

Tissues, ForceMeasurements, and Protein Production—Mice
were anesthetized and killed according to a protocol approved
by the Animal Care and Use Committee at the University of
Virginia. Force measurements from longitudinal ileum SM
from WT and telokin KO mice, �-escin permeabilization pro-
tocols and solutions,MLC20 andMLCPphosphorylation, prep-
aration and blots of phosphorylated turkey gizzard myosin,
S13D telokin, and the recombinant GST-MYPT1 fragments
used for mechanical and binding studies are described in the
supplemental material.
MLCP Assays—Homogenates of SM were prepared as

described previously (22) and cleared by spinning (13,000 � g
for 10 min), and MLCP activity was measured in the superna-
tant as described in the supplemental material.
BindingAssays—Pulldown assayswere used to evaluate bind-

ing between proteins MYPT1, GST-MYPT1(654–880) frag-
ment, PP1C, and SMmyosin as a function of the phosphoryla-
tion status ofMYPT1 andmyosin in the presence or absence of
the phospho-mimic mutant, S13D telokin, and are detailed in
the supplemental material.
Reconstituted full-length FLAG-tagged MYPT1-PP1 com-

plex was prepared by the mammalian cell co-expression sys-
tem3 as described in the supplemental material. Note that that
this full-length FLAG-taggedMYPT1-PP1 complexwas used in
all the SPR assays.

3 M. Khasnis and M. Eto, manuscript in preparation.
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SPR Assays—SPR experiments were carried out on the Bia-
core 3000 (Biacore, Uppsala, Sweden) at 25 °C as detailed in the
supplemental material. Using CM3 chips, we found that thio-
phosphorylated full-length MYPT1 directly binds strongly to
theCM3 chipmatrix and cannot be removed by 100mMglycine
at pH 2. Therefore, in the experiments designed to test the
direct binding of S13D telokin and thiophosphorylated full-
length MYPT1, no additional immobilization method was
used. The amount of bound protein was estimated as the differ-
ence between the steady SPR signal after �2 min of washing
away the unbound proteins after completion of injection and
the basal SPR signal immediately before injection.
Indirect Immunofluorescence Staining and Proximity Liga-

tion Assay (PLA)—Serum-starved subconfluent myosin light
chain kinase/telokin-null aortic SMCs transfected with FLAG-
telokin and stimulatedwith 1�Msphingosine 1-phosphatewith
or without 10 �M Rho kinase inhibitor Y-27632 were fixed, and
PLA was carried out as detailed in the supplemental material.
Reagents—Reagents are given in the supplemental material.
Statistics—Means � S.E. were calculated from three to five

independent experiments for each condition. Student’s t test or
paired t tests were calculated using Sigmaplot 9.0 for compari-
son of means. p values �0.05 were used as a statistical signifi-
cant threshold.

RESULTS

Telokin Relaxes Ca2�-activated Contractions without
Changing the Phosphorylation Level of MYPT1 and Acts Inde-
pendently of the RhoA/ROCK Pathway—We have previously
shown that the S13D phospho-mimic telokin is 2-fold more
potent in relaxing SM than S13A telokin (33, 38), and we use
this stable phospho-mimic to test the ability of telokin to mod-
ify theMYPT1 phosphorylation status. Isometric force of �-es-
cin-permeabilizedWTmouse ileum SM increased in submaxi-
malCa2� (pCa6.3) andwas accompanied by a 2-fold increase in
MYPT1 Thr-696 and Thr-853 phosphorylation (Fig. 1). This
increase in MYPT1 phosphorylation was approximately half of
the magnitude reached in the presence of 100 �MGTP�S (data
not shown). Addition of 10 �M phospho-mimic S13D telokin
mutant triggered a rapid relaxation to 42 � 7% (n � 6) of the
pCa 6.3-induced force without significant changes in the levels
of MYPT1 phosphorylation: Thr-696 � 1.12 � 0.08 and Thr-
853� 0.89� 0.06 relative to that at pCa 6.3 (given a value of 1).
Thus, at the clamped [Ca2�], telokin can induce relaxation
without changingMYPT1 phosphorylation. An involvement of
ROCK in telokin-induced relaxation was tested using a specific
ROCK inhibitor Y-27632 (Fig. 1B). Ileum SM cells permeabi-
lized with �-escin were activated with pCa 6.3 and treated with

FIGURE 1. A, recombinant S13D telokin mutant markedly relaxes submaximal Ca2�-activated contraction in �-escin-permeabilized WT mouse ileum SM
without significant changes of endogenous MYPT1 phosphorylation levels at Thr-696 and Thr-853 sites as shown in the typical Western blots and bar graph.
B, preinhibition with ROCK inhibitor, Y-27632 (10 �M) reduces the phosphorylation level of the MYPT1 Thr-853 site without a significant effect on either the
magnitude of S13D telokin-induced relaxation of force or MYPT1 phosphorylation at either Thr-695 or Thr-853 as shown in the typical Western blots and bar
graph. Filtrate control is the pCa 6.3 buffer separated from the protein. G10 solution is the cytoplasmic buffer containing 10 mM EGTA and no added Ca2� (32).
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Y-27632 (10 �M), and then S13D telokin was added to initiate
relaxation. Addition of Y-27632 induced only a small reduction
or no reduction in Ca2�-induced contraction (Fig. 1B),
although surprisingly MYPT1 phosphorylation at Thr-853 but
not Thr-696 was significantly decreased by 40% (1.0 to 0.58 �
0.06, n� 4) by Y-27632 treatment without relaxation. The sub-
sequent addition of S13D telokin to the muscles markedly
reduced Ca2�-activated force by 35� 5% (n� 8) (Fig. 1B). This
magnitude of relaxation was not significantly different from
that in the absence of Y-27632 (42� 7% versus 35� 5%, n� 8).
The MYPT1 Thr-696 level of phosphorylation did not change
significantly following ROCK inhibition (1.06 � 0.07, n � 4,
relative to the pCa 6.3 values of 1.0). Neither Thr-696 nor Thr-
853 phosphorylation was significantly affected by the subse-
quent addition of S13D telokin to Y-27632-treated muscles,
1.06 � 0.07 versus 0.91 � 0.05 and 0.58 � 0.06 versus 0.59 �
0.04 respectively (n � 4) (Fig. 1B). These data suggest that sig-
nals mediating telokin-induced SM relaxation are independent
of changes in MYPT1 phosphorylation or ROCK activity.
Telokin Amplifies 8-Br-cGMP-induced Relaxation without

Change in Phosphorylation Status of Endogenous MYPT1—
Cyclic GMP-induced reduction in MYPT1 Thr-696/853 phos-
phorylation is thought to disinhibitMLCP activity contributing
to relaxation of force (15). We tested whether telokin is neces-
sary for the 8-Br-cGMP-induced decrease in the inhibitory
phosphorylation of endogenous MYPT1 using SM from our
telokin-null transgenic and WT mice (Fig. 2). Force develop-

ment was measured in ileum strips from WT and telokin KO
mice permeabilized with �-toxin and activated by pCa 6.3 fol-
lowed by a saturating amount of 8-Br-cGMP (10 �M). As
reported previously (32), the 8-Br-cGMP-induced relaxation
was significantly impaired in telokin-null tissues, compared
with WT (Fig. 2A). Surprisingly, the different amplitudes in
force relaxation of WT and telokin-null SM (0.51 � 0.02 and
0.24 � 0.03, respectively) were not accompanied by propor-
tional changes in MYPT1 phosphorylation at Thr-696 or Thr-
853 (WT versus telokin KO Thr-696 � 0.71 � 0.03 and 0.66 �
0.04, respectively, n� 8; Thr-853� 0.61� 0.1 and 0.72� 0.15,
respectively, n � 3) (Fig. 2A, lower panel). Thus, the approxi-
mate 40% 8-Br-cGMP-induced decrease in MYPT1 Thr-696/
853 phosphorylation did not differ in WT and telokin-null tis-
sues even though the magnitudes of relaxation differed by
2-fold. We have previously shown that neither the amplitude
nor EC50 of 8-Br-cGMP-mediated relaxation in theWT or KO
ileumdiffer significantly (32) and therefore do not contribute to
this 2-fold difference. Altogether, these results suggest that the
telokin-induced contribution to cGMP-mediated relaxation is
not coupled with dephosphorylation of MYPT1, a potential
cause of an increased MLCP activity.
Reduction in 8-Br-cGMP-induced Relaxation in Telokin-null

SM Is Not Due to Changes in Expression of the Cyclic GMP-
sensitive LeucineZipperMYPT1 Isoform—Direct stimulation of
MLCP in arterial SM is reported to occur through interaction
between the LZ motifs of PKG1� and MYPT1 (29). We there-
fore examined whether the impaired 8-Br-cGMP-induced
relaxation of telokin-null ileum SM was due to a reduction in
expression of the LZ-positive MYPT1 isoform using immuno-
blotting with an antibody recognizing the specific isoform (Fig.
3A). Even when densitometric data of immunoblotting from
bladder and ileum samples (Fig. 3A) were pooled to increase
sample size, the relative amounts of LZMYPT1 inWT and KO
normalized against myosin heavy chain were 1.0 � 0.0 and
1.1 � 0.3, respectively, without a significant difference. Also,
expression of total MYPT1 was not significantly different in
WT and KO samples; the relative amounts normalized against
myosin heavy chain were 1.0 � 0.0 and 0.9 � 0.2, respectively.
Furthermore, mouse ileum and bladder SM were low LZ
MYPT1 expressors compared with aorta (Fig. 3B). Therefore,
changes in expression of LZ MYPT1 do not account for the
reduced 8-Br-cGMP-induced relaxation of telokin-null SM
compared with WT.
S13D Telokin Is Capable of Neutralizing Ca2�-sensitized

Force Induced by a GST-tagged MYPT1(654–880) Fragment
without Decreasing Its Phosphorylation Level—Recently, we
have shown that a GST-tagged MYPT1(654–880) fragment,
including the two phosphorylation sites (Thr-696/853), is
spontaneously phosphorylated by endogenous ROCK when it
is added to permeabilized ileummuscle strips in the presence of
ATP. This phosphorylated fragment but not MYPT1 peptide
T696A or GST alone bound to and inhibited endogenous
MLCP activity resulting in Ca2�-sensitized force (22). Further-
more, S13D telokin-induced relaxation was 2-fold greater than
S13A and was not increased by 8-Br-cGMP stimulation (22). In
this study, addition of 5 �M GST-MYPT1(654–880) produced
a large increase in force at constant [Ca2�] (pCa 6.5) as

FIGURE 2. 8-Br-cGMP (10 �M) induces a 2-fold greater relaxation of the
submaximal Ca2�-activated force in �-toxin permeabilized ileum from
WT compared with telokin-null mice (upper panel) in the absence of a
commensurate difference in MYPT1 Thr-696 and Thr 853 phosphoryla-
tion as shown in the typical Western blots and bar graph (lower two pan-
els). *, p � 0.05; n.s., not significant.
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expected (Fig. 4A). This Ca2� sensitization of force was relaxed
by addition of 15 �M S13D telokin with no significant effect on
the phosphorylation level of the GST-MYPT1 fragment at the
Thr-696 site (Fig. 4B) (1.0 � 0.3, n � 6, phosphorylation levels
are normalized to the level in the presence of GST-MYPT1
fragment, taken as 1), whereas Thr-853 phosphorylation signif-
icantly increased (1.45 � 0.2 versus 1.0 at pCa 6.5, n � 6), sug-
gesting that S13D telokin does not induce relaxation by
decreasing the inhibitory phosphorylation of the GST-MYPT1
fragment. The increase in Thr-853 phosphorylation is not
understood and remains to be explored. S13A telokin also
relaxed Ca2�-sensitized force (data not shown) but is signifi-
cantly less potent as shown previously (22). This relaxation
occurred without a decrease in MYPT1 phosphorylation of the
fragment at either Thr-696 or Thr-853 (Fig. 4B). Relaxation
induced by S13D or S13A telokin did not alter phosphorylation
of endogenous MYPT1 at either Thr-696 or Thr-853 (Fig. 4C).
Thus, exogenous telokin is capable of neutralizing the Ca2�-
sensitized force induced by phospho-MYPT1 without decreas-
ing the phosphorylation level of endogenous MYPT1 at Thr-
696/853 and of GST-MYPT1(654–880) at Thr-696.
S13D Telokin Protein Restores MLCP Activity Inhibited by

Thiophosphorylation of MYPT1—We examined the effects of
exogenous S13D telokin on the activity of endogenousMLCP in
SM ileum homogenates. The SM homogenates were incubated
with ATP�S and constitutively active ROCK to thiophosphor-
ylate WT endogenous MYPT1. The MLCP activity of the
homogenate was assayed by adding phospho-SM myosin as
substrate and measuring the rate of Pi release. As shown in Fig.
5, pre-thiophosphorylation of the homogenates (phospho-
MYPT1) significantly reduced MLCP activity compared with

unphosphorylated homogenate (unphospho-MYPT1), 5.6 � 1.2
versus 9.9� 2 pmol/min�mg, respectively, n� 7, p� 0.05. Impor-
tantly, the addition of S13D telokin to the thiophosphorylated
MYPT1 reversed the inhibition ofMLCP activity (8.6� 1.8 versus
5.6 � 1.2 pmol/min�mg, n � 7, p � 0.05). Thus, S13D telokin
reverses the phosphorylation-dependent inhibition ofMLCP.
In the Absence of MYPT1, Telokin Does Not Change the Rate

of SM Myosin Dephosphorylation by the Catalytic Subunit
PP1C—Based on our finding that telokinmodulates the activity
of MLCP, we examined whether telokin affects the activity of

FIGURE 3. A, LZ isoform of MYPT1 is not increased in telokin-null SM. Western
blots of total MYPT1 and LZ MYPT1 isoforms in WT and telokin KO mouse
bladder and ileum SM. For detection of the LZ MYPT1 isoform, 5-fold greater
protein loads were necessary. SM myosin stained with Coomassie Blue was
used as a loading control. B, comparison of total MYPT1 and LZ isoform con-
tent in mouse bladder, ileum, and thoracic aorta (normalized to myosin) (n �
3) and (lower panel) corresponding Western blots. The level of MYPT1 and
LZ� isoform in thoracic aorta was taken as 1.

FIGURE 4. A and B, recombinant S13D telokin completely abolishes the
contraction induced by GST-MYPT1(654 – 880) fragment in �-escin-permea-
bilized mouse ileum SM without a significant change in the Thr-696 phos-
phorylation of GST-MYPT1(654 – 880). A paradoxical increase in Thr-853 phos-
phorylation level occurred. Addition of S13A telokin, known to be 2-fold less
effective than S13D telokin, also relaxed the contraction induced by GST-
MYPT1(654 – 880) fragment to a lesser extent (data not shown) without a
significant change in either the Thr-696 or Thr-853 phosphorylation of GST-
MYPT1(654 – 880). Phosphorylation levels after S13D telokin treatment nor-
malized to the levels at pCa 6.3 � GST-MYPT1(654 – 880). C, relaxation
induced by S13D or S13A telokin did not alter the phosphorylation level of
endogenous MYPT1 at Thr-696 or Thr-853.
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PP1C, in the absence of MYPT1. Phosphorylated SM myosin
was mixed with purified PP1C in the presence of exogenous
S13D telokin or an equimolar amount of BSA as a control. The
time course of MLC20 dephosphorylation in the presence and
absence of telokin was not significantly different with the t1⁄2 of
dephosphorylation being 2.5 � 1 min in control and 3.5 � 1.5
min, n � 3, in the presence of S13D telokin (supplemental Fig.
S1). Results of this experiment and that in Fig. 5 suggest that
telokin in itself does not accelerate the activity of MLCP, but
rather it disinhibits the suppressed activity of MLCP having
phosphorylated MYPT1 restore it to its uninhibited level.
Telokin Modulates Binding between MLCP and Myosin—

Phosphorylated GST-MYPT1(654–880) fragment stably
docks at the active site of PP1 associated with MYPT1 in cell
lysates (22). Here, we used it to capture endogenous MLCP
from SM lysates and examined the components of the complex
(Fig. 6). Thiophospho- or unphospho-GST-MYPT1(654–880)
immobilized on glutathione-Sepharose beads was mixed with
mouse ileum lysates as a source of the native complex of endog-
enous MLCP, telokin, and myosin. The role of telokin was
determined by comparison of the results of the assay using
homogenates from WT and telokin-null (KO) SM tissue.
Bound proteins were detected by immunoblotting using anti-
bodies for MYPT1, PP1 (as an index of endogenous MLCP),
telokin, andMLC20 (as an index of myosin bound). In bothWT
and telokin KO homogenates with nonphosphorylatedmyosin,
thiophospho-GST-MYPT1 fragment efficiently captured
endogenous PP1 but notMLC20 or telokin (Fig. 6A), suggesting
that the endogenous MLCP complexed with phospho-GST-
MYPT1 fragment does not bind to unphosphorylated myosin
filaments in either the presence or absence of telokin under
these conditions. This markedly contrasts to lysates from WT
and telokin-null tissues when the lysates were pretreated with
ATP�S in the presence of Ca2� resulting in thiophosphoryla-
tion of endogenous MLC20 (Fig. 6B). Under this condition, all
four involved proteins (GST-MYPT1 fragment, phospho-
MLC20, telokin, and PP1) were found together in the precipi-

tates, indicating that the GST-MYPT1 fragment beads cap-
tured the complex of endogenousMLCP andmyosin filaments.
Importantly, the binding of MLC20 depends on the presence
or absence of telokin in the homogenate. In the presence of
telokin in the lysates (Fig. 6B, lanes 1 and 2),MLC20was co-pre-
cipitated with both phospho- and unphospho-GST-MYPT1
fragments. By contrast, without the endogenous telokin, thio-
phospho-MLC20 was complexed with only unphospho-GST-
MYPT1 fragment but not phospho-GST-MYPT1 fragment
(Fig. 6B, lanes 3 and 4). This binding of thiophospho-MLC20 to
the complex of thiophospho-GST-MYPT1 fragment was
restored by addition of S13D telokin to the telokin-null lysate
(Fig. 6C, lanes 1 and 2). (Note that Fig. 6C, lane 4, replicates the
conditions and findings in Fig. 6B, lane 4.) Therefore, telokin is
necessary for phosphomyosin association with the endogenous
MLCP, which is captured with the thiophospho-GST-MYPT1
fragment. These results suggest that the accessibility of the
endogenous, phosphorylated, and inhibited MLCP to MLC20
depends on the presence of telokin. Because unphosphorylated
GST-MYPT1(654–880) fragment does not directly bind to
MLCP (22), the co-precipitation of the fragment with MLC20
(Fig. 6B, lanes 2 and 4) likely indicates the direct binding of the
unphospho-GST-MYPT1 fragment to the S2 region of myosin
and not to theMLCP-active site. Note that as expected, telokin
did not alter the interaction of unphospho-GST-MYPT1 frag-
ment with myosin (Fig. 6B, lanes 2 and 4). Myosin binding to
unphosphorylated GST-MYPT1(654–880) (Fig. 6B, lanes 2
and 4) likely caused the PP1C binding to the beads, through the
interaction between myosin and MYPT1.
We next tested whether recombinant S13D telokin directly

binds to GST-MYPT1(654–880) using a GST pulldown assay
(supplemental Fig. S2). S13D telokin was mixed with thiophos-
pho- (supplemental Fig. S2, left) or unphospho- (supplemental
Fig. S2, right) GST-MYPT1(654–880) in the presence of gluta-

FIGURE 5. Recombinant S13D telokin restores MLCP activity of inhibited
thiophosphorylated MYPT1 (*, p < 0. 05) but has no effect on MLCP activ-
ity when MYPT1 is unphosphorylated. MLCP activity was measured as rate
of Pi release from prephosphorylated SM myosin as substrate and is based on
total protein measured in the homogenate.

FIGURE 6. Telokin modulates binding between phospho-GST-MYPT1(654-
880) and phosphomyosin. Pulldown assays were performed using thio-
phospho- or unphospho-GST-MYPT1(654 – 880) fragment and homogenate
from WT or telokin KO smooth muscle (bladder) as source for endogenous
PP1C and unphosphorylated (A) or phosphorylated (B) myosin. Appearance
of MLC20 in pellet is used as an index of the amount of SM myosin bound to
the complex of GST-MYPT1(654 – 880) fragment/PP1C. Importantly, a
decreased amount of MLC20 was precipitated together with thiophosphory-
lated GST-MYPT1(654 – 880)/PP1C (lane 3 in B) when using SM homogenate
from the telokin-null bladder compared with WT. The presence of WT telokin
(lane 1 in B) resulted in precipitation of MLC20 by thiophosphorylated GST-
MYPT1(654 – 880). Unphosphorylated GST-MYPT1(654 – 880)/PP1C bound
phosphomyosin in both the presence or absence of telokin (lanes 2 and 4 in B).
Results of a “rescue” experiment are shown in C where 10 �M recombinant
S13D telokin (lane 2 in C) or, as a control, BSA (lane 1 in C) was added to the
mixture of thiophosphorylated GST-MYPT1(654 – 880) fragment and homo-
genate from telokin KO ileum SM. The MLC20 band markedly increases in the
presence of S13D telokin (lane 2 in C) but not in the presence of BSA (lane1 in
C), as compared with that in the absence of S13D (lane 3). n/a, data not avail-
able.
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thione-Sepharose beads, and the pellets and supernatants were
analyzed by immunoblotting. S13D telokin did not pellet
together with either the phosphorylated or unphosphorylated
GST-MYPT1 fragment indicative of a lack of strong binding
between telokin and GST-MYPT1 fragment. As pulldown
assays are not sufficiently sensitive toweak or transient protein-
protein interactions, we next turned to an immunolocalization
PLA and an SPR assay to determine whether telokin binds to
phospho-MYPT1. In this case, we used full-length MYPT1 to
reflect a more physiological state.
Telokin Interacts with Phospho-MYPT1 in SM Cells and in

Vitro—The interaction of phospho-MYPT1 and telokin in situ
was examined using a PLA that can detect the close proximity
(�40 nm) of two antibodies (41), and unlike immunoprecipita-
tion methods, it can detect both stable and transient protein-
protein interactions. Using serum-starved telokin-null aortic
SMCs (42) expressing FLAG-telokin, a significantly increased
PLA signal was detected between endogenous phosphorylated
(Thr-696) MYPT1 and FLAG-telokin upon stimulation with
sphingosine-1-phosphate compared with control cells, and this
was abolished by treatment with the ROCK inhibitor Y-27632
(Fig. 7). Note that the phospho-Thr-696 MYPT1 fluorescence
is distributed periodically along stress fibers (Fig. 7C) and also
at the cell periphery compared with unstimulated cells under
identical labeling and imaging conditions (supplemental Fig.
S3). In control experiments for possible nonspecificity of the
phospho-Thr-696 MYPT1 antibody, co-expression of FLAG-
telokin andMyc-MYPT1 in the presence of serum also showed
a strong PLA signal for these very specific antibodies to the
epitope tags (Fig. 7B). Thus, telokin and phosphorylated endog-
enousMYPT1 are in proximity to each other in SM cells under
conditions of Ca2� sensitization but not when ROCK is inhib-
ited and presumably MYPT1 phosphorylation is low.
The interaction of full-length MYPT1/PP1 with telokin was

also demonstrated using SPR (Fig. 8). In this experiment, direct
binding of S13D telokin with thiophospho-MYPT1/PP1 was
examined. Phosphorylated full-length MYPT1 was immobi-
lized on three of the cells on aCM3 chip by direct binding to the
matrix. An additional blank cell was used to measure nonspe-
cific binding between telokin and the CM3matrix. 70, 350, and
700 �M of full-length thiophosphorylated MYPT1 was passed
over three different cells resulting in 552, 1732, and 2365 reso-
nance unit (RU) bound. Following washing away of unbound
proteins, 6.5 �l (5 �M) of S13D telokin was injected onto each
cell resulting in different amounts of bound S13D telokin. S13D
telokin bound to the blank cells (without MYPT1) resulted in
background signals of 14.4 and 52.4 RU (in the second chip).
Upon averaging of SPR signals from S13D injections in each of
the cells and subtraction of the respective background, the sig-
nals from S13D bound to full-length thiophospho-MYPT1
were as follows: 12� 5 and 65� 10RUand 230 correlatingwith
the increasing concentrations of immobilized full-length thio-
phospho-MYPT1. A positive correlation (Fig. 8) between con-
centrations of immobilized full-length phosphorylatedMYPT1
and bound S13D telokin (after subtraction of background)
allows us to conclude that S13D telokin associates with phos-
phorylated full-length MYPT1 and correlates with the amount
of immobilized phosphorylated full-length MYPT1.

We also tested the ability of telokin to increase the binding of
phosphorylated and inhibited MLCP to phosphorylated myo-
sin using SPR. In the absence of telokin, less myosin binds to
phospho-FLAG-MYPT1 (10 versus 16 RU), although in the
presence of telokin similar amounts of myosin (23 versus 24
RU) were bound to unphosphorylated and thiophosphorylated
MYPT1 consistent with findings in Fig. 6.
However, due to our inability to dissociate our protein of

interest from the CM5 matrix despite trying multiple
approaches, we were unable to determine the dissociation/as-
sociation rate constants. Although these results are not opti-
mal, they do lend further support to our other data and hypoth-
eses and are described in the supplemental material.

DISCUSSION

The cyclic nucleotide-dependent protein kinase substrate
telokin, consisting of an immunoglobulin-like fold and acidic
tail, is present in gastrointestinal and some vascular SMs at
concentrations equivalent to the content of myosin. Telokin
promotes relaxation through activation of MLCP activity
through an unknown mechanism. The simplest explanation

FIGURE 7. Telokin and phosphorylated MYPT1 are in close proximity in
SM cells. PLA and indirect immunofluorescence staining of overexpressed
telokin and exogenous MYPT1 and endogenous MYPT1 phosphorylated at
Thr-696 are shown. A, PLA using anti-FLAG and anti-pMYP Thr-696 antibodies
in myosin light chain kinase/telokin-null mouse aortic SMCs overexpressing
FLAG-telokin following treatment with or without Rho kinase inhibitor
Y-27632 prior to stimulation by sphingosine 1-phosphate (S1P). The PLA sig-
nal indicates close proximity between endogenous phospho-MYPT1 at Thr-
696 and overexpressed FLAG-telokin. The graph shows means � S.E. for 15
cells under each condition. B, indirect immunofluorescence staining and PLA
using anti-FLAG and anti-Myc antibodies verifying expression of Myc-MYPT1
and close proximity of FLAG-telokin and Myc-MYPT1 co-expressed in mouse
embryonic fibroblast cells. C, indirect immunofluorescence staining with
phospho-Thr-696 antibody showing periodic distribution along stress fibers
in SMCs following stimulation by sphingosine 1-phosphate as in A.
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would have been if telokin reversed the inhibitory phosphory-
lation of the Thr-696/853 sites possibly by inhibition of ROCK
activity. This was not the case, as in this study themagnitude of
telokin-induced relaxation did not decrease with inhibition of
ROCK nor did a decrease in phosphorylation of MYPT1 Thr-
696/853 accompany telokin-induced relaxation of force.
Telokin was without effect on PP1C activity. Furthermore, the
50% greater 8-Br-cGMP-induced relaxation in WT versus
telokin-null SMwas also not associated with a difference in the
status of MYPT1 phosphorylation. Instead, our findings dem-
onstrate that the dominant active formof telokin binds to phos-
pho-MYPT1 and allows the inactive MLCP to target to phos-
phomyosin. A critical experiment was the demonstration that
S13D telokin increased the rate of Pi release from phosphory-
lated myosin by inhibitory thiophosphorylated MYPT1. Alto-
gether, we find that telokin does not accelerate MLCP activity
per se but rather de-inhibits suppressed phosphorylated Thr-
696/Thr-853 MLCP activity through enhanced binding of
phospho-MYPT1 to phospho- but not unphosphomyosin.
A surprising finding was the dissociation between Thr-853

phosphorylation and force (Figs. 1 and 4). In the first case,
ROCK inhibition did not induce any relaxation despite the fact
thatMYPT1 Thr-853 phosphorylation was reduced. In the sec-
ond case, S13D telokin-induced relaxation of GST-MYPT1-
(654–880) fragment-induced force was accompanied by an
increase inMYPT1 Thr-853 phosphorylation. Note that unlike
Thr-853 phosphorylation, Thr-696 phosphorylation did not
change in either case. This raises the possibility that the Thr-
853 site serves to target the MYPT1 to myosin rather than reg-
ulating its activity, which may be predominantly through the
Thr-696 site. It is also possible that the two phosphorylation
sites act in concert and may be regulated by different kinases
and phosphatases. Resolution of these findings will require fur-
ther study. The main point for these experiments is the dem-

onstration that telokin-induced relaxation is not due to dephos-
phorylation and disinhibition of MYPT1 and furthermore that
ROCK is upstream of telokin and not regulating telokin-in-
duced relaxation.
In vitro studies have shown binding between MLCP and

myosin using nonphosphorylated chicken gizzard MYPT1-
PP1C complex and myosin (43), but this binding was dramati-
cally reduced after phosphorylation by ROCK-II at Thr-696
and Thr-853 or solely at Thr-853 (12). This finding plus evi-
dence that phosphorylated MYPT1 translocates to the SM cell
membrane upon Ca2� sensitization (19–21) provided an addi-
tional mechanism whereby MLCP activity is decreased. Our
data now show that telokin can reverse this dissociation and
increase the affinity of inhibited phosphorylated MYPT1 for
phosphorylated myosin in mammalian SM.
Aswith our observation that telokin enhances both the activ-

ity (Fig. 5) and the binding of phospho-MYPT1 to phospho-
myosin (Figs. 6 and 8), binding of MYPT1 to phosphorylated
myosin has also been shown to induce a greater than 2-fold
increase in phosphatase activity duringmitosis (44). In this case
MYPT1 has undergone an activatory phosphorylation at Ser-
430, but whether this reflects a conformational change in
MYPT1/PP1C resulting in better access or affinity for phospho-
MLC20 is not known. Likewise, it was not clear whether the
S13D telokin-induced increase in binding between the GST-
MYPT1(654–880) fragment and thiophosphomyosin (Fig. 6, B
and C) reflects telokin directly binding to MYPT1 and modify-
ing its conformational state or, alternatively, whether telokin
associated with phosphorylated myosin modulates the inter-
face between MYPT1 and its substrate thus increasing their
mutual affinity. Our SPR and PLA data demonstrate binding of
S13D telokin to full-length phospho-MYPT1 in support of the
first mechanism. However, in view of the high concentration of
telokin, equivalent to the myosin concentration in some SM,
and the low 1–2 �M content of MYPT1 in SM, it is likely that
both mechanisms may contribute. For example, telokin may
serve as a scaffold for myosin andMYPT1 in the same way that
scaffold proteins have been shown to increase mitogen-acti-
vated protein kinase activation in response to physiological
stimuli (45, 46).
A rebinding model based on our findings is presented in Fig.

9. As shown, upon phosphorylation at Thr-696/Thr-853,
MYPT1 undergoes a conformational change limiting access of
PP1C to phosphorylated MLC20. These changes can be
reversed in the presence of telokin. In other words, the active
site of the endogenous phosphorylated MLCP becomes acces-
sible to phosphomyosin in the presence of telokin. This mech-
anism results in an acceleration of MLC20 dephosphorylation
and thus contributes to cyclic nucleotide-induced relaxation of
SM stimulated by adrenergic, vasoactive intestinal peptide
(VIP) or NO in the gut or �-adrenergic or NO stimulation of
vascular beds that express telokin.
Other binding studies have shown that telokin binds to the

S1-S2 junction of myosin and suppresses myosin folding into
the 10 S conformation (39, 40, 47). If the 10 S conformation of
isolated myosin molecules represents an unphosphorylated
myosin head conformation of in vivo myosin filaments, then
telokin may shift the heads to a 6 S state, but this would not

FIGURE 8. Amplitudes and sensorgrams (inset) showing S13D telokin
binding to increasing concentrations of phosphorylated full-length
MYPT1. 5 �M S13D telokin was flowed over 70, 350, and 700 �M of full-length
thiophosphorylated MYPT1 immobilized on three different cells of a CM3
chip. Background signal was estimated from S13D telokin bound to other
blank cells (without MYPT1). Upon averaging of SPR signals from S13D injec-
tions and subtraction of the respective backgrounds, the signals from S13D
bound to full-length thiophospho-MYPT1 were as follows: 12 � 5 and 65 � 10
RU and 230 correlating with the increasing concentrations of immobilized
full-length thiophospho-MYPT1.
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account for the ability of telokin to increase Pi release from
phosphomyosin. MLC20 phosphorylation has been reported to
move the myosin heads away from the filament backbone (48–
50). Thus, telokin could indirectly modify the myosin head ori-
entation through decreasing MLC20 phosphorylation.

cGMP/PKG signaling is known to attenuate Ca2� signaling
through inositol trisphosphate receptors and BK channels (51)
and ROCK signaling through the inhibitory phosphorylation of
RhoA (52). It is also known that Ca2� sensitivity of permeabi-
lized SM strips is reduced in response to the activation of the
cGMP signal (24, 25). This cGMP-mediated Ca2� desensitiza-
tion is independent of Ca2� channels, but RhoA/ROCK signal-
ing may play a role under conditions where the RhoA pathway
has been activated. Our finding of telokin-induced re-activa-
tion of MLCP demonstrates an additional mode of cGMP-
induced Ca2� desensitization. Furthermore, telokin unlike
RhoA is also phosphorylated by cAMP making it a potential
target for �-adrenergic or VIP-mediated relaxation. For exam-
ple, relaxation induced by electrical field stimulation activating
nonadrenergic noncholinergic neurons releasing neurotrans-
mitters, such as VIP, in gastric fundus SM is accompanied by
phosphorylation of telokin (53). Also, during hypoxia telokin
dephosphorylation correlates with an increase in MLC20 phos-
phorylation and vasoconstriction in small pulmonary vessels
that express high concentrations of telokin (54). Interestingly,
accumulating evidence suggests that MYPT1 is spontaneously
phosphorylated at Thr-696 in various SM tissues, and the level
is sometimes barely changed under physiological conditions.
Based on enzymology using the purified enzyme, MLCP is still
partially active when MYPT1 is phosphorylated at Thr-696 by
ROCK (18, 55). Thus, MYPT1 is phosphorylated but active
enough to produce relaxation, even in the absence of G-protein
activation. Our data show that telokin targets this inactive
MLCP fraction in SM cells and can eliminate the negative reg-

ulation. This re-activation pathway is independent of Ca2� and
ROCK and other kinases that phosphorylate MYPT1. The
direct binding of PKG-1 is also suggested to cause activation of
MLCP and is necessary for the regulation of vascular tone (29,
30, 56). Further study is necessary to elucidate the biochemical
link between PKG and telokin, both of which bind to MYPT1.
Interestingly, the stoichiometry of binding between MYPT1

and S13D telokin in the SPR assay is likely physiologically rele-
vant. We found that the ratio of SPR signals corresponding to
MYPT1 and S13D telokin at the highest immobilized MYPT1
concentrationwasclose to10 (2365/230RU).Considering that the
amplitude of the SPR signal is strictly proportional to the mass of
the protein(s) immobilized on the matrix and that the mass of
S13D telokin is�10-fold less than that of MYPT1, the apparent
stoichiometry of the complex MYPT1�S13D telokin in the SPR
experiments is close to 1:1. Telokin content of rabbit ileum is
27 � 4.6 �M (31). Therefore, in situ binding between phospho-
rylated MYPT1, released from myosin (12, 19, 20), and free
telokin released from phosphorylated myosin (47) is quite
probable during the normal contractile cycle in telokin-ex-
pressing SMs, despite the modest affinity of telokin for MLCP.
Regarding the physiological role of telokin, we propose that

the differential expression of telokin and MYPT1 isoforms in
different SMs may contribute to their specialized responses to
NO, adrenergic agents, and cyclic nucleotides. The four
MYPT1 isoforms arise from alternative mRNA splicing result-
ing in the presence or absence of a C-terminal LZ domain or a
central insert region (57). Direct stimulation of MLCP in arte-
rial SM is reported to occur through interaction between LZ
motifs PKG1� andMYPT1 (29) and/or amino acids 888–982 of
MYPT1 and fragment PKG1� (30). Activation of LZ-positive
MYPT1 is selective for PKG1�. Expression of LZ-positive iso-
forms differs in different SMs, and high expression correlates
with NO/cGMP-induced relaxation (58). Telokin is also differ-
entially expressed, being highest in gastrointestinal SMs and
portal vein. Ileum, used in is study, expresses only low levels of
the LZ isoform, in agreement with previous studies (20). Thus,
there is a reciprocal relationship between telokin and LZ iso-
form expression resulting in specialized cyclic nucleotide sig-
naling pathways in different SMs. Furthermore, LZ-positive
MYPT1 isoform expression does not decrease with down-reg-
ulation of telokin protein (Fig. 3). Therefore, the 50% decrease
in cGMP-induced relaxation of force in the telokin-null ileum is
not due to a decrease in LZ-positive MYPT1 content. Impor-
tantly, based on the present data, telokin only functions
through inactiveMLCP. It is possible that the sensitivity toward
cyclicAMP- and cyclicGMP-telokin signaling is possibly deter-
mined by the extent of spontaneously phosphorylated MYPT1
at Thr-696, which has been reported in various SM tissues.
Quantitative analysis of MYPT1 phosphorylation- and telokin-
induced relaxation will uncover the heterogeneity in the
response among SM tissues. Unlike MYPT1, telokin is a sub-
strate of both PKA and PKG and therefore subject to regulation
by NOS/NO, VIP, and adrenergic stimulation in gastrointesti-
nal SM. Cyclic AMP can also activate PKG. The contributions
of their phosphorylated targets may differ. For example, cGMP
phosphorylation of Ser-695 accompanying Ca2� desensitiza-
tion in ileal SM (27) does not occur in cerebral vessels (20). Also,

FIGURE 9. Rebinding model summarizing the mechanism of telokin-me-
diated disinhibition of MLCP activity. Telokin does not accelerate MLCP
activity per se. Based on our findings, two possible mechanisms are shown.
Telokin binds to phosphorylated MYPT1 and/or to phosphorylated myosin
and de-inhibits suppressed phosphorylated Thr-696/Thr-853 MLCP activity.
This mechanism results in an acceleration of MLC20 dephosphorylation and
contributes to cyclic nucleotide-induced relaxation of SMs that express
telokin.
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MYPT1 isoform expression differs in resistance arteries and
large vessels and with changes in blood flow (59). Ultimately,
themagnitude and kinetics of cAMP/cGMP-induced SMrelax-
ation in different regions of the gut and in different vascular
beds will be influenced by the differential expression of telokin
and MYPT1 isoforms. In addition, cAMP and cGMP have
effects on other targets such as on RhoA, phosphorylation, and
activation of MYPT1 at Ser-695 (27), on Ca2� uptake sites, and
on membrane channels (3, 60).
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