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Interactions between Z-disc proteins regulate muscle functions and disruption of these interactions results
in muscle disorders. Mutations in Z-disc components myotilin, ZASP/Cypher, and FATZ-2 (calsarcin-1/
myozenin-2) are associated with myopathies. We report here that the myotilin and the FATZ (calsarcin/
myozenin) families share high homology at their final C-terminal five amino acids. This C-terminal E[ST]
[DE][DE]L motif is present almost exclusively in these families and is evolutionary conserved. We show by in
vitro and in vivo studies that proteins from the myotilin and FATZ (calsarcin/myozenin) families interact via
this novel type of class III PDZ binding motif with the PDZ domains of ZASP/Cypher and other Enigma family
members: ALP, CLP-36, and RIL. We show that the interactions can be modulated by phosphorylation.
Calmodulin-dependent kinase II phosphorylates the C terminus of FATZ-3 (calsarcin-3/myozenin-3) and
myotilin, whereas PKA phosphorylates that of FATZ-1 (calsarcin-2/myozenin-1) and FATZ-2 (calsarcin-1/
myozenin-1). This is the first report of a binding motif common to both the myotilin and the FATZ (calsarcin/
myozenin) families that is specific for interactions with Enigma family members.

The sarcomere of striated muscle consists of strictly orga-
nized subunits, myosin-containing thick filaments and actin-
containing thin filaments. The thin filaments are aligned and
cross-linked at the Z-discs by a molecular complex in which
a-actinin is one of the core structures. Since the contractile
force is transduced via the Z-discs, this structure has special
requirements. It must provide extensive stability and yet un-
dergo modulation in response to external signals. The Z-discs
also serve as important sensors of extracellular cues and me-
diators of cellular signals that result in various adaptive re-
sponses (37). Muscle cells are able to sense changes in their
workload and adapt accordingly via complex signaling path-
ways, some involving calcium, since its level in muscle cells
alters in response to nerve pulses and muscle contraction. Of
special importance is calcineurin, a sarcomeric calcium/cal-
modulin-dependent phosphatase that can act as a sensor of
change. It is involved in the regulation of genes affecting mus-
cle differentiation and fiber-type specification (12, 13).

The special role of the Z-discs is indicated by the fact that
mutations in several Z-disc proteins can result in neuromus-
cular disorders and cardiomyopathies. For instance, myofibrillar
myopathy (desmin-related myopathy), a disease characterized
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by sarcomere disintegration and accumulation of thin filament
material, is caused by dominantly inherited missense mutations
in Z-disc proteins: myotilin, filamin-C, and Z-band alterna-
tively spliced PDZ motif-containing protein (ZASP, also
named LIM domain-binding factor 3, Cypher, or Oracle) (42,
43, 52). Missense mutations in myotilin can also result in limb-
girdle muscular dystrophy 1A and spheroid body myositis (10,
18), while mutations in ZASP/Cypher (8, 57), myopalladin or
FATZ-2 (calsarcin-1/myozenin-2) have been found to be asso-
ciated with dominant familial dilated (7, 50) or hypertrophic
cardiomyopathy (33). ZASP/Cypher knockout mice display a
severe form of congenital myopathy and die postnatally (58),
whereas myotilin knockout mice are virtually normal (31), sug-
gesting redundancy between the myotilin family members and
indicating that dysfunctional myotilin is more harmful to mus-
cle cells than loss of the protein.

Myotilin (40), palladin (32, 34), and myopalladin (3) are
homologous Z-disc proteins that form a novel family of immu-
noglobulin-domain-containing actin-binding proteins. Bio-
chemical studies on the best-characterized family member,
myotilin, have demonstrated an association with important
components of the sarcomere: a-actinin (40), which is a core
structural component of the Z-disc; filamins (15, 49); the pro-
teins of the FATZ (calsarcin/myozenin) family (15); and actin
(51). Myotilin is linked to signaling networks by binding to the
ubiquitin ligases Murf-1 and Murf-2 (54) and indirectly via
FATZ (calsarcin/myozenin). Experiments using myotilin frag-
ments with dominant-negative effect have shown its critical
involvement in sarcomere organization. Myotilin bundles and
stabilizes actin effectively, which suggests a role for myotilin in
the organization and maintenance of Z-disc integrity.
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The FATZ (calsarcin/myozenin) proteins form another Z-
disc family with structural and signaling functions. The three
homologous members—FATZ-1 (calsarcin-2/myozenin-1),
FATZ-2 (calsarcin-1/myozenin-2), and FATZ-3 (calsarcin-3/
myozenin-3)—are localized in the Z-disc binding not only to
myotilin but also to filamins A, B, and C (15), telethonin
(T-cap), a-actinin, ZASP/Cypher, and calcineurin (9, 11, 12,
47). The three FATZ (calsarcin/myozenin) proteins share high
homology at their N and the C terminals and, in fact, the
binding sites for a variety of proteins occur in these regions. It
has been suggested that the FATZ (calsarcin/myozenin) family
may play a role in contributing to the formation and mainte-
nance of the Z-disc, as well as in cell signaling, since its mem-
bers bind calcineurin. FATZ-1 (calsarcin-2/myozenin-1) and
FATZ-3 (calsarcin-3/myozenin-3) are highly expressed in skel-
etal muscle fast-twitch fibers, whereas FATZ-2 (calsarcin-1/
myozenin-2) is highly expressed in cardiac muscle slow-twitch
fibers. Mice lacking FATZ-2 (calsarcin-1/myozenin-2) showed
an increase in the level of calcineurin, as well as a concurrent
increase in the percentage of slow-twitch fibers (13). A recent
report shows that FATZ-1 (calsarcin-2/myozenin-1) knockout
mice have reduced body weight and fast-twitch muscle mass
without exhibiting muscle atrophy (14). It is noteworthy that
they also have the ability to run longer distances than control
mice, thus exhibiting endurance to exercise. In fact, thus far
only actinin-3 knockout mice have displayed this phenotype of
endurance to exercise. FATZ-1 (calsarcin-2/myozenin-1)-defi-
cient mice show an increase in oxidative muscle fibers and a
switch from fast-twitch to slow-twitch fibers due to an increase
in NFAT activity, as well as the regulator of calcineurin 1-4
(RCAN1-4), resulting in the concomitant increase in cal-
cineurin signaling. Both FATZ-1 (calsarcin-2/myozenin-1) and
FATZ-2 (calsarcin-1/myozenin-2) can regulate calcineurin/
NFAT activity, thus influencing the fiber type composition of
skeletal muscle (14).

ZASP/Cypher (Oracle) (8, 35, 57) belongs to the Enigma
family of proteins, the members of which all have a N-terminal
PDZ domain and one or more LIM domains at the C-terminal
(48). To date, there are six isoforms of ZASP/Cypher, all of
which contain an N-terminal PDZ domain and none or three
C-terminal LIM domains. ZASP/Cypher also contains a third
domain known as the ZM motif which can also be found in
ALP and CLP-36 (23, 24). It interacts with two different re-
gions of a-actinin-2; its PDZ domain binds to the C-terminal
EH-hand region of a-actinin-2, whereas its ZM motif binds to
the rod region of a-actinin-2 (2, 23). ZASP/Cypher colocalizes
with a-actinin-2 in the Z-disc, whereas the LIM domains in-
teract with and are phosphorylated by all six isoforms of pro-
tein kinase C (PKC «, B1, v, {, 8, and €). ZASP/Cypher is
important for the stability of the Z-disc; in fact, ZASP/Cypher
knockout mice die in the first 24 h after birth as a result of
functional failure of striated muscles caused by disruption of
the Z-disc during muscle contraction (58). The PDZ of ZASP/
Cypher is a classical type I PDZ domain that binds to the
C-terminal of a-actinin-2.

To better understand the biology of the Z-disc and patho-
genesis of muscle disorders, it is important to unravel the
dynamic interplay of Z-disc components. In the present study,
we demonstrate a novel PDZ domain-binding motif common
to the myotilin and FATZ (calsarcin/myozenin) protein fami-
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lies. This domain mediates interaction with ZASP/Cypher in a
phosphorylation-dependent manner and is also involved in tar-
geting ZASP/Cypher.

MATERIALS AND METHODS

Plasmids. Full-length myotilin (residues 1 to 498) and its variants encoding
amino acids (aa) 1 to 270, 347 to 498, 441 to 498, and 214 to 250 or palladin (aa
715 to 772) were PCR amplified from human myotilin or palladin cDNA with the
appropriate primer and subcloned into pAHP (38, 39, 41) for the expression of
hemagglutinin (HA)-tagged proteins in eukaryotic cells or in vitro translation,
into pEGFP-C2 (Clontech) for the expression of green fluorescent protein
(GFP)-tagged proteins in eukaryotic cells, and into pGEX-4T1 (Pharmacia)
glutathione S-transferase (GST) fusion vector for protein production in bacterial
cells. Myotilin encoding aa 1 to 498 was cloned into the eukaryotic GST expres-
sion vector pDEST 27 vector (Gateway System; Invitrogen). The PDZ domain
regions of human ZASP (1 to 255 bp), ALP (1 to 246 bp), and CLP-36 (1 to 255
bp) were amplified by PCR from their respective full-length cDNAs and sub-
cloned into pQE30 (Qiagen) and a modified version of pGEX-6-P3 (GE Health-
care) for the expression of His and GST-tagged proteins, respectively. The
full-length proteins of FATZ-1 (calsarcin-2/myozenin-1) and FATZ-2 (calsarcin-
1/myozenin-2) were cloned as previously described (9). FATZ-3 (calsarcin-3/
myozenin-3) (1 to 756 bp), the C-terminal regions of FATZ-1 (calsarcin-2/
myozenin-1) (730 to 897 bp), FATZ-2 (calsarcin-1/myozenin-2) (625 to 792 bp),
and FATZ-3 (calsarcin-3/myozenin-3) (586 to 753 bp) were amplified by reverse
transcription-PCR from human muscle mRNA (Clontech) and then cloned into
pQE30 and the modified pGEX-6-P3. The site-directed mutations were gener-
ated by using a QuikChange site-directed mutagenesis kit (Stratagene) according
to the manufacturer’s instructions. The authenticity of the constructs was verified
by sequencing.

Yeast two-hybrid analysis. Yeast transformation, mating, and detection of
protein interactions by determining the B-galactosidase activity were as previ-
ously described (16, 39). The bait, myotilin cDNA encoding aa 102 to 498 in
pGBKT?7 vector, was used in screening a human skeletal muscle library in
PACT2 (Clontech). Positive clones were sequenced.

Protein purification and in vitro binding assay. The pGEX expression plas-
mids containing cDNAs for a-actinin-2, myotilin, palladin, FATZ-1 (calsarcin-
2/myozenin-1), FATZ-2 (calsarcin-1/myozenin-2), and FATZ-3 (calsarcin-3/
myozenin-3) with or without the last 15 bp were transformed in Escherichia coli
BL21(pLysS) cells. The pQE expression plasmids containing the cDNAs for the
PDZ region of ZASP/Cypher, ALP, and CLP-36 were transformed in E. coli M15
cells. Protein expression was induced with 0.3 to 1.0 mM IPTG (isopropyl-B-p-
thiogalactopyranoside) for 3 to 4 h at room temperature, and GST- and His-
tagged proteins were purified according to the manufacturer’s protocol for na-
tive proteins by using glutathione-Sepharose beads (GE Healthcare) and
Ni-NTA resin (Qiagen), respectively. For the in vitro binding assay, the
pCMV-myc-FATZ-3 (calsarcin-3/myozenin-3) or pAHP-myotilin or palladin
plasmids were used as templates in a T3- or a T7-coupled rabbit reticulocyte
transcription-translation system (Promega). Approximately 4 pg of GST fusion
proteins on glutathione beads was incubated with 15 ul of in vitro-translated
(IVT) %S-labeled protein in 10 mM Tris-HCI (pH 7.5), 5 mM EDTA, 130 mM
KCl, and 0.05% Tween 20. After the washes, the bound material was eluted by
boiling in Laemmli buffer, subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and detected by autoradiography.

Cell culture, transfection, antibodies, and coprecipitation. Rat cardiomyocytes
were isolated by using the neonatal cardiomyocyte isolation system (Worthington
Biochemical Corp., Lakewood, NJ) according to the manufacturer’s instructions,
except that the trituration step was done twice. Cardiomyocytes were transfected
with GST-myotilin cDNA in pDEST 27 or with the pDEST 27 vector encoding
mammalian GST alone, using Fugene HD (10 pg of DNA/10-cm plate, two
plates for one sample). After 2 days, the cells were lysed into ELB (150 mM
NaCl, 50 mM HEPES, 5 mM EDTA [pH 7.4])-0.5% NP-40 buffer supplemented
with protease and phosphatase inhibitors. The lysates were briefly centrifuged
(4,000 X g, 5 min), and glutathione beads were added to the supernatant,
followed by incubation with mixing overnight at 4°C. The beads were then
washed three times with lysis buffer, and the bound proteins were separated by
SDS-PAGE, blotted, and detected with polyclonal anti-ZASP antibody.

Rat cardiomyocytes and COS7 (ATCC) cells were cultured, transfected, and
fixed with 3.5% (vol/vol) paraformaldehyde as described previously (38, 41).
Mouse muscle cryosections were prepared as described previously (31). Primary
cardiomyocytes and cryosections were stained with a polyclonal antibody against
myotilin residues 1 to 151 (29) and with a polyclonal rat antibody against ZASP
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(G. Faulkner, unpublished results). Transfected cells were stained with mouse
anti-HA antibody recognizing the HA tag (Roche) and a-actinin-2 antibody
(Sigma) to visualize the Z-discs. Alexa 488-, 568-, and 594-conjugated goat
anti-mouse and goat anti-rabbit antibodies (Invitrogen; Molecular Probes) were
used as secondary antibodies. Coverslips were mounted in DABCO (Sigma) and
Mowiol (Calbiochem) and examined by using immunofluorescence (Zeiss Axio-
phot equipped with AxioCam cooled charge-coupled device camera).

Bioinformatics. The program to extract from any database proteins with the
last 5 aa having the motif E[ST][DE][DE]L was written by one of us (G. Valle).
The last 8 aa were considered but only the terminal 5 aa were given the following
weightings: position 0, L = 2; position 1, E or D = 1; position 2, Eor D = 1;
position 3, S or T = 1; and position 4, E = 1. A score of 6 was assigned when all
of the criteria were met. This program was used to check the UniProt Knowl-
edgebase release 11.3 (UniProtKB/Swiss-Prot release 53.3 and UniProtKB/
TrEMBL release 36.3).

Peptides. The peptides used for the present study were synthesized by the
ICGEB peptide synthesis service using a Gilson AspecXL SPE robot. The linker
made up of two gamma aminobutyric acid units was 12.3 A in length. The following
peptides were used: biotin-GABA-GABA-EpSEEE, -ESEEE, -EpSEEL, -ESEEL,
-EpTEEL, -ETEEL, -EpSEDL,-ESEDL, -EpSDEL, and -ESDEL. For compe-
tition experiments the same peptides without biotin were used.

AlphaScreen. AlphaScreen (Perkin-Elmer) is an amplified luminescent prox-
imity homogeneous assay. Donor beads contain a photosensitizer, phthalocya-
nine, which converts ambient to singlet oxygen (an excited form) when illumi-
nated at 680 nm. The singlet oxygen has a limited half-life (4 ps) prior to
returning to ground state and can diffuse approximately 200 nm in that time. If
an acceptor bead is within that distance, energy is transferred from the singlet
oxygen to thioxene derivatives on the acceptor beads, initiating a cascade of
events that results in the production of light at 520 to 620 nm. Both the GST and
the His detection kits for AlphaScreen were used according to the manufactur-
er’s protocol. The acceptor and donor beads were used at a concentration of 6.5
pM. The protein to be tested was added to the wells and then the acceptor beads.
The following steps were done in the dark. The plate was incubated for 30 min
at room temperature before the donor beads were added and then for a further
3 h, after which it was kept for 15 min at 28°C to equilibrate the temperature. The
signal was read at 28°C using a Fusion AlphaMultilabel reader (Perkin-Elmer) at
300-ms excitation and 700-ms emission. When testing a protein for binding, it is
necessary to titrate it against its partner to establish the concentration of both
proteins, resulting in a significant value for the signal-to-noise ratio (S/N). The
S/N normally used is in the range of 8 to 50. In every experiment, negative
controls without one or both proteins were used to give the noise (background)
level, and biotinylated GST (0.5 nM) or biotinylated His (1 nM) were used to as
internal controls to normalize the signal. The experiments were repeated at least
three times. In the competition experiments, the binding proteins were first
added to the wells at a fixed concentration that would result in binding in the
absence of a competitor, and then the protein used as competitor was added. The
results were plotted as the ratio of the signal in the presence of the competitor
divided by that of the signal in the absence of the competitor. These experiments
were repeated at least three times, and the means and standard deviations from
the mean were plotted. The ratio was calculated as the mean of the normalized
signal divided by the mean of the normalized noise: R = Sm/Nm.

The confidence of the ratio was calculated from the standard deviation of the
signal and the noise:

VPN oo
Sm Nm
where Sm is the normalized signal mean; 8Sm is the mean standard deviation of
the normalized signal, Nm is the normalized noise mean, and 8Nm is the mean
standard deviation of the normalized noise.

TranSignal PDZ array domains. The PDZ array membranes (Panomics) were
used according to the protocols in the manufacturer’s handbook. The biotinyl-
ated peptides or His-tagged purified protein were used as ligands at 0.3 and 15
pg/ml, respectively. Detection was done by using chemiluminescence.

Phosphorylation experiments. A total of 4 pg of GST fusion protein was used
for each reaction. For phosphorylation studies, rat skeletal muscle extract was
prepared from soleus and gastrocnemius muscle. The rat muscle was cut into 1-
to 2-mm pieces, frozen in liquid nitrogen for 2 h, and maintained at —80°C until
needed. calmodulin-dependent kinase II (CaMKII [Upstate Biotechnology], cat-
alog no. 14-217, active, purified from rat forebrain) was used in phosphorylation
assays as described by the manufacturer; the only modification was that analysis
was performed by SDS-PAGE instead of using a scintillation counter. PKA
phosphorylation was performed as described by Alfthan et al. (1). The C-termi-
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nal of GST-FATZ-1 (calsarcin-2/myozenin-1) and FATZ-2 (calsarcin-1/myoze-
nin-2), either wild-type or mutated S267A in FATZ-1 (calsarcin-2/myozenin-1),
and S231A in FATZ-2 (calsarcin-1/myozenin-2) were expressed in E. coli and
purified on glutathione beads, and equal amounts of each GST fusion protein
were phosphorylated with PKA (1). Samples were analyzed by using SDS-PAGE,
autoradiography, and ImageQuant software. The point mutations were made by
substituting serine with alanine at sites based on the phosphorylation predictions
for PKA. The mutations were generated by using a QuikChange site-directed
mutagenesis kit according to the manufacturer’s instructions. All constructs were
verified by sequencing.

RESULTS

Identification of ZASP/Cypher as a new binding partner for
myotilin. To search for novel binding partners to myotilin, we
screened a human striated muscle library with the yeast two-
hybrid method using a fragment of myotilin (aa 102 to 498) as
bait. One of the positive clones encoded the N terminus of
ZASP/Cypher (aa 1 to 169). A glutathione-bead pull-down
assay with recombinant proteins was performed to verify the
yeast two-hybrid result. Recombinant GST, GST-tagged
ZASP-1, or GST-tagged myotilin were bound to beads and
allowed to interact with **S-labeled in-vitro translated myoti-
lin. The bound proteins were detected by autoradiography
(Fig. 1A). Wild-type myotilin bound GST-ZASP and GST-
myotilin; the latter finding is in agreement with our previous
results (41). The C terminus of myotilin (aa 441 to 498) was
able to bind ZASP/Cypher, whereas the N terminus of myotilin
(aa 1 to 270) could not bind either myotilin or ZASP/Cypher.

In order to investigate whether binding between myotilin
and ZASP/Cypher could occur in cardiomyocytes, an affinity
precipitation assay was performed using a rat cardiomyocyte
lysate. GST-myotilin, GST-C-terminal myotilin (aa 441 to 498),
and GST were adsorbed to glutathione-Sepharose beads. En-
dogenous ZASP/Cypher from the lysate bound to the GST-
myotilin and GST-C-terminal myotilin (aa 441 to 498) and was
detected by SDS-PAGE and immunoblotting with a polyclonal
rat antibody against ZASP/Cypher (Fig. 1B). ZASP/Cypher
was able to bind both full-length and C-terminal myotilin but
not GST.

We further mapped by affinity precipitation the regions me-
diating this interaction by using shorter protein fragments and
residue substitutions (Fig. 1C). In these assays, the PDZ do-
main of ZASP/Cypher (aa 1 to 85) was shown to be sufficient
for binding the C terminus of myotilin (aa 441 to 498). PDZ
domains typically bind to motifs located at the extreme C
terminus (44) and containing a crucial C-terminal leucine. The
C-terminal residue of myotilin is a leucine and thus part of a
potential PDZ binding motif. When the leucine in myotilin was
replaced by glutamic acid, binding was lost both to the full-
length ZASP/Cypher and the ZASP/Cypher PDZ domain (Fig.
1D). Instead, S495D substitution did not prevent binding.
Hence, 1498 in myotilin is needed for in vitro binding to both
the full-length and the PDZ-domain of ZASP/Cypher.

In order to show that the interaction between ZASP/Cypher
and myotilin also occurs in cells, rat cardiomyocytes were
transfected with pDEST27 eukaryotic vectors expressing GST-
myotilin (aa 1 to 498) and GST alone. As can be seen in Fig.
1E, endogenous ZASP/Cypher was able to bind GST-myotilin
in vivo, whereas it did not bind GST. To compare the distri-
bution of myotilin and ZASP/Cypher in relevant cell types, we
stained sections of mouse striated muscle and primary rat
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FIG. 1. Myotilin binds the ZASP PDZ domain via its C terminus. (A to D) Affinity precipitation assays. In panel A, labeled IVT myotilin or
its N-terminal (aa 1 to 270) or C-terminal (aa 441 to 498) fragments were allowed to bind to glutathione beads coated with recombinant GST-ZASP
or GST. The top panels show autoradiographs of bound proteins (on the left is shown input IVT product), and the bottom panel shows Coomassie
blue staining of the GST proteins. Full-length (aa 1 to 498) and C-terminal (aa 441 to 498) but not N-terminal (aa 1 to 270) myotilin binds to
GST-ZASP (aa 1 to 283). As a positive control, the dimerization ability of wild-type myotilin is shown. In panel B, rat cardiomyocyte lysate was
allowed to bind GST-myotilin, GST-C-terminal myotilin (aa 441 to 498), and GST. Bound ZASP/Cypher was detected with antibody. Endogenous
ZASP/Cypher from the lysate bound to the GST-myotilin and GST-C-terminal myotilin (aa 441 to 498) but not GST. ZASP/Cypher binds to
myotilin full-length (aa 1 to 498) as well as to its C-terminal (aa 441 to 498). Bottom panel as in panel A. In panel C, labeled IVT C-terminal
myotilin (aa 441 to 498) was allowed to bind beads coated with full-length ZASP or the PDZ domain (aa 1 to 85) of ZASP. In panel D, IVT
produced wild-type myotilin or myotilin with myotilin L498E or S495D substitutions was allowed to bind ZASP or ZASP PDZ domain. L498 is
crucial for the interaction, since the mutation L498E eliminates binding. S495D modification does not affect binding. (E) In vivo interaction
between myotilin and ZASP. Rat cardiomyocytes were transfected with GST or GST-myotilin in eukaryotic expression vectors Glutathione resin
was used to pull down proteins from cardiomyocyte lysates. Bead-bound proteins were separated by SDS-PAGE, blotted, and probed using
anti-ZASP polyclonal antibody. Cardiomyocyte ZASP precipitates with GST-myotilin but does not bind GST. wt, wild type.

cardiomyocytes (Fig. 2A). The staining showed specific colo- ETEEL), FATZ-2 (calsarcin-1/myozenin-2; ESEDL), FATZ-3
calization at the Z-disc of the endogenous myotilin and ZASP/ (calsarcin-3/myozenin-3; ESEEL), myotilin (ESEEL), myopal-
Cypher in isolated cardiomyocytes and at the Z-disc of skeletal ladin (ESDEL), and palladin (ESEDL) share high similarity
muscle tissue (Fig. 2A). In further experiments, primary rat (Fig. 3A). Notably those of FATZ-3 (calsarcin-3/myozenin-3)
cardiomyocytes and COS-7 cells were transfected with plas- and myotilin are identical (ESEEL) as are those of FATZ-2
mids expressing myotilin and ZASP/Cypher fragments. In car- (calsarcin-1/myozenin-2) and palladin (ESEDL). This high
diomyocytes, both myotilin and its C-terminal (aa 441 to 498) similarity raised the question of whether these proteins could
localized exclusively to the Z-discs, as seen by colocalization interact via their C termini with the PDZ domain of ZASP/
with the staining pattern of the a-actinin antibody. However, a Cypher or the PDZ domains of other proteins. In line with this
L498E substitution markedly reduced the Z-disc targeting of hypothesis, FATZ-2 and ZASP/Cypher demonstrated in car-

the C-terminal of myotilin (Fig. 2B). The result further indi- diomyotes an identical colocalization pattern, as seen with

cates that the C-terminal sequence of myotilin is important for myotilin and ZASP/Cypher (Fig. 2A).

binding to ZASP/Cypher or some other Z-disc proteins. Our findings raised the hypothesis that the C-terminal final
In transfected COS-7 cells, myotilin induced formation of 5 aa in myotilin/FATZ families would represent a new binding

thick actin filament bundles as previously reported (41) (Fig. motif involved in protein interactions. To investigate, whether

2C). Instead, transfected ZASP/Cypher localized more dif- this putative binding motif was shared by other proteins, a
fusely in the cytoplasm. However, when the two proteins were program was written to extract from databases proteins with
transfected together, ZASP relocalized to the thick actin bun- the final 5 aa of their C-terminal having the motif E[ST]|[DE]
dles and showed colocalization with myotilin (Fig. 2C). Taken [DE]L. This program was used to check the UniProt Knowledge-
together, the results indicate that the C terminus of myotilin base release 11.3. Although this E[ST][DE][DE]L motif could be

binds the PDZ-domain of ZASP/Cypher via a targeting se- found in some bacteria, in vertebrates it was restricted to the
quence and that myotilin plays a role in the subcellular distri- proteins of the FATZ (calsarcin/myozenin) and myotilin fam-
bution of ZASP/Cypher. ilies, with the exception of histidine ammonia lyase in which

The conserved E[ST][DE][DE]L motif is shared by the the final C-terminal amino acids (ESEDL) are identical to
FATZ (calsarcin/myozenin) and myotilin families. We noted those of FATZ-2 (calsarcin-1/myozenin-2) and palladin. The
that the C-terminal 5 aa of FATZ-1 (calsarcin-2/myozenin-1; data reported in Table 1 show only the proteins with an exact
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FIG. 2. Myotilin and ZASP/Cypher colocalize in muscle cells, and myotilin is involved in targeting ZASP/Cypher. (A) Rat neonatal cardio-
myocytes (upper panel) and sections of skeletal muscle (middle panel) were stained myotilin (left, red) and ZASP/Cypher (middle, green). The
bottom panel shows staining of cardiomyocytes for FATZ-2 (left, red) and ZASP/Cypher (middle, green). On the right, merged images are shown.
(B) GFP-myotilin, GFP-myotilin 441-498, and GFP-myotilin 441-L498E were transfected to rat neonatal cardiomyocytes and stained for a-actinin
as a Z-disc marker. Wild-type and C-terminal myotilin is targeted to the Z-discs in the sarcomere, whereas the C terminus with L498E substitution
is not. The insets show larger magnifications of the merged images. (C) HA-myotilin and GFP-ZASP were transfected to COS-7 cells either (upper
panel) or together (lower panel). Myotilin was detected with anti-HA antibody and Alexa-594-coupled secondary antibody (red). Single transfected
myotilin induces thick filaments, whereas ZASP/Cypher is uniformly distributed in the cytoplasm. In double-transfected cells, ZASP/Cypher is
targeted to the filaments, where it colocalizes with myotilin. wt, wild type. Scale bar, 5 pm.

match at their C termini for the motif E[ST][DE][DE]L. Syn-
onymous proteins were removed for clarity. It is notable that
there are very few proteins that have exact matches at their C
termini for the motif: these are FATZ-1 (myozenin-1/calsar-
cin-2), FATZ-2 (myozenin-2/calsarcin-1), FATZ-3 (myozenin-
3/calsarcin-3), myotilin, myopalladin, palladin, and histidine
ammonia lyase. All of these proteins, except histidine ammonia
lyase, are localized in the Z-disc of striated muscle and have a
role in muscle or cytoskeletal structure and/or function.

The FATZ (calsarcin/myozenin) family of proteins is known
to bind ZASP/Cypher, but these interactions have not been
mapped either on ZASP/Cypher or on the FATZ (calsarcin/
myozenin) family members (12). Since here we show that myo-
tilin binds to ZASP/Cypher through its C terminus, we specu-
lated that the final 5 aa of the C-terminal of all myotilin and
FATZ (calsarcin/myozenin) family members could have a role
in the interaction with ZASP/Cypher. This hypothesis was fur-
ther strengthened by information obtained by means of the
ELM program (36), a resource for predicting functional sites
in eukaryotic proteins, which predicted that the terminal 4 aa
of myotilin, myopalladin, palladin, and the FATZ (calsarcin/
myozenin) family constituted a binding motif for class III PDZ
domain proteins. This binding motif is X[DE]X[IVL], where X
is any amino acid.

Characterization of the interaction between the FATZ (cal-
sarcin/myozenin) and myotilin families and muscle-specific
PDZ domains. In addition to ZASP/Cypher, Z-disc proteins

ALP and CLP-36 are also members of the Enigma family of
PDZ proteins. Enigma family members ZASP-1 (aa 1 to 283),
hCLP-36 (aa 1 to 329), RIL (aa 1 to 330), ALP (aa 1 to 364),
and ZASP-3 (aa 1 to 617) all have N-terminal PDZ domains
(approximately aa 11 to 84) and C-terminal LIM domains, with
the exception of the ZASP-1 isoform, which has no LIM do-
mains (Fig. 3A). RIL has no ZASP-like motif (i.e., ZM).

We decided to determine whether the interactions detected
with ZASP/Cypher could apply in a more general way to other
Enigma family members; we therefore used the AlphaScreen
method (as described in Materials and Methods) as a quanti-
tative method for measuring binding between the PDZ do-
mains of members of the Enigma family and proteins of the
FATZ (calsarcin/myozenin) family and myotilin. The results of
these experiments (Fig. 3B) showed that the FATZ (calsarcin/
myozenin) family, myotilin, and a-actinin-2 behave as ligands
for the PDZ domains of Enigma family members ZASP/
Cypher, CLP-36, and ALP. The AlphaScreen binding experi-
ments were done using both full-length and truncated (lacking
the C-terminal 5 aa’s) protein; the His-PDZ domain proteins
were bound to the donor beads, and the GST-protein ligands
were bound to the acceptor beads. Since the native proteins
used in these experiments were expressed in bacteria, they
were nonphosphorylated. The PDZ domain of ZASP/Cypher
showed much stronger binding to the ligand proteins than the
PDZ domains of ALP or CLP-36, with the exception of a-ac-
tinin2, which shoed stronger binding to the PDZ domain of
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FIG. 3. The FATZ (calsarcin/myozenin) and myotilin families interact with muscle-specific PDZ-domains. (A) A schematic diagram showing
myotilin, FATZ, and Enigma family proteins drawn to scale. ZASP-1 (aa 1 to 283), hCLP-36 (aa 1 to 329), RIL (aa 1 to 330), ALP (aa 1 to 364), and
ZASP-3 (aa 1 to 617) all have N-terminal PDZ domains (approximately aa 11 to 84) and C-terminal LIM domains, with the exception of the ZASP-1
isoform, which has no LIM domains. RIL has no ZASP-like motif (ZM). The myotilin family is composed of myotilin (aa 1 to 498), myopalladin (aa 1
to 1,320), and palladin (aa 1 to 1,001), and the FATZ family is composed of FATZ-1 (aa 1 to 299), FATZ-2 (aa 1 to 264), and FATZ-3 (aa 1 to 251).
The FATZ family has no specific domains, whereas the myotilin family has immunoglobulinlike domains, IG and IGc2. (B) Interactions between
His-PDZ domain proteins (ZASP/Cypher, CLP-36, and ALP) and GST-tagged proteins (FATZ-1, FATZ-2, FATZ-3, myotilin, and actinin-2) were
measured by using the AlphaScreen technique. PDZ proteins and their ligands were used at 50 nM. The results shown are the means of nine different
experiments, and the standard deviations of the means are plotted at the top of each column. (C) A GST pull-down experiment was performed as in Fig.
1. IVT %S-labeled FATZ-3 (calsarcin-3/myozenin-3) protein binds to the PDZ domain of ZASP (GST-PDZ-Z), whereas the C-terminal truncated
FATZ-3 (calsarcin-3/myozenin-3) protein (1 to 246 aa) lacking 5 aa does not. PDZ-ZASP constructs (PDZ-Z) contains the 85 N-terminal residues.
Neither FATZ construct bound strongly to GST alone. The first two lanes show the input (50%) of the IVT proteins. The bottom row presents lanes
from an SDS-PAGE gel stained with Coomassie blue showing amount of GST proteins used in experiments. wt, wild type.
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TABLE 1. The E[ST|[DE][DE]L motif in the FATZ (calsarcin/myozenin) and myotilin families is conserved in vertebrates

C-terminal end Accession no.

Matching protein®

LDGETEEL QINPI8
LDGETEEL Q1AGO03
LDGETEEL Q85Q24
LDGETEEL Q4PS85
LDGETEEL Q1AG02
LDGETEEL QIJK37
VDGETEEL Q6DIUO
MDGETEEL Q7SYYO0
FDGETDDL Q6DHFO0
SSEETDDL Q1JQ62
FDGETDEL Q4SQM4
TVPESEDL QINPC6
TVPESEDL Q5Re6I2
TIPESEDL Q5E9V3
TIPESDDL Q1AGO8
TVPESDDL QI9JIW5
EIPESDDL Q8AVF9
EIPESDDL Q510T4
FIPESDDL Q6P2T2
ALVESEDL Q7L3E0
ALVESEDL Q4R5Y9
GLVESEDL Q3MHWS8
GLVESEDL Q6DFX7
GLVESDDL Q4RKT9
KIPESEDL Q4VB93
TIPESDDL P35492
TIPESDDL P21213
TIPESDDL Q76N86
SVVESDEL Q86TC9
SVVESDEL Q5DTI9
SVVESDEL Q86TC92
NLPESEEL Q8TDCO
NLPESEEL Q8TDCO02
NLPESEEL Q08DI7
NLPESEEL Q1AGO5
KLPESEEL Q8R4E4
KLPESEEL Q9723272
GLYESEEL QI9UBFY
GLYESEEL QOVCX9
GLYESEEL QIJIF9

MYOZ1-HUMAN, FATZ-1 (calsarcin-2/myozenin-1)
Q1AGO03-CANFA, calsarcin-2, Canis familiaris
MYOZ1-BOVIN, myozenin-1, Bos taurus

MYOZ1-PIG, myozenin-1, Sus scrofa

Q1AGO02-RABIT, calsarcin-2, Oryctolagus cuniculus
MYOZ1-MOUSE, myozenin-1, Mus musculus
Q6DIUO-XENTR, myozenin-1, Xenopus tropicalis
Q7SYYO0-XENLA, Myoz1-prov, Xenopus laevis
Q6DHF0-DANRE, Zgc:92347, Danio rerio
Q1JQ62-DANRE, Si-Danio rerio (H-L-H protein)
Q4SQM4-TETNG, chromosome 17 Calsarcin rel.
MYOZ2-HUMAN, FATZ-2 (calsarcin-1/myozenin-2)
MYOZ2-PONPY, myozenin-2, Pongo pygmaeus
MYOZ2-BOVIN, myozenin-2, Bos taurus

Q1AGO8-PIG, calsarcin-1, Sus scrofa

MYOZ2-MOUSE, myozenin-2, Mus musculus
Q8AVFI9-XENLA, Myoz2-prov protein, Xenopus laevis
Q5I10T4-XENTR, myozenin-2, Xenopus tropicalis
Q6P2T2-DANRE, myozenin-2, Danio rerio
Q7L3E0-HUMAN, palladin protein, Homo sapiens
Q4R5Y9-MACFA, testis cDNA, clone
Q3MHWS8-BOVIN, Palld protein, Bos taurus
Q6DFX7-MOUSE, Palld protein, Mus musculus
Q4RKTI9-TETNG, chromosome 1, SCAF15025
Q4VBI93-HUMAN, histidine ammonia-lyase, Homo sapiens
HUTH-MOUSE, histidine ammonia-lyase, Mus musculus
HUTH-RAT, histidine ammonia-lyase, Rattus norvegicus
Q76N86-RAT, histidase, Rattus norvegicus
MYPN-HUMAN, myopalladin, Homo sapiens
MYPN-MOUSE, myopalladin, Mus musculus
MYPN-HUMAN, isoform 2 of Q86TC9, Homo sapiens
MYOZ3-HUMAN, FATZ-3 (calsarcin-3/myozenin-3)
MYOZ3-HUMAN, isoform 2 of Q8TDCO0, Homo sapiens
QO08DI7-BOVIN, myozenin-3, Bos taurus

Q1AGO5-PIG, calsarcin-3, Sus scrofa

MYOZ3-MOUSE, myozenin-3, Mus musculus
SYNPO-RAT, isoform 2 of Q9Z327, Rattus norvegicus
MYOTI-HUMAN, myotilin, Homo sapiens
QOVCX9-BOVIN, similar to titin immunoglobulin domain
MYOTI-MOUSE, myotilin, Mus musculus

“ That is, vertebrate proteins with an exact match for the C-terminal motif E[ST|[DE][DE]L.

CLP-36. The best ligand protein for overall binding was
FATZ-2 (calsarcin-1/myozenin-2), whereas FATZ-3 (calsar-
cin-3/myozenin-3) bound poorly to the three PDZ domains
studied. The C-terminal truncated forms of each of the pro-
teins were produced and tested, but only the result for the
truncated FATZ-2 (calsarcin-1/myozenin-2) protein is shown
in the interests of clarity (Fig. 3B). The AlphaScreen result that
the FATZ-3 (calsarcin-3/myozenin-3) truncated protein was
unable to bind the PDZ domain of ZASP was confirmed by a
GST pull-down experiment (Fig. 3C) in which IVT *S-labeled
FATZ-3 (calsarcin-3/myozenin-3) full-length (aa 1 to 251) and
truncated (aa 1 to 246) proteins were used. As expected, the
full-length FATZ-3 (calsarcin/myozenin-3) but not the trun-
cated FATZ-3 (calsarcin-3/myozenin-3) pulled down the GST
PDZ-ZASP (Fig. 3C). Neither protein bound strongly to GST
alone. The lower panel shows the amounts of GST proteins
used in the experiment.

The importance of the final 5 aa of the C-terminal of the
ligand proteins was shown both by the AlphaScreen method
(Fig. 3B) and by the GST pull-down experiments (Fig. 3C)

since all of the proteins studied except the C-terminal trun-
cated proteins bound to the three PDZ domains (ZASP/
Cypher, ALP, and CLP-36).

PDZ binding specificity of the E[ST][DE][DE]L motif. The
results of the database search shown in Table 1 suggested that
myopalladin and palladin also share the motif E[ST][DE]
[DE]L and therefore would be able to interact with PDZ
domains. To further study the specificity of the motif, peptides
were made that corresponded to the C-terminal final 5 aa of
FATZ-1 (calsarcin-2/myozenin-1; ETEEL), FATZ-2 (calsar-
cin-1/myozenin-2)/palladin (ESEDL), FATZ-3 (calsarcin-3/
myozenin-3)/myotilin (ESEEL), myopalladin (ESDEL), and
also a mutated peptide ESEEE that had the final amino acid
changed from an L to an E. These peptides, as well as native
His-tagged C-terminal FATZ-3 (calsarcin-3/myozenin-3) (aa
81 to 251) protein, were used to probe commercial PDZ arrays;
each array contained 28 different GST-tagged PDZ domain
proteins spotted in duplicate, as well as positive and negative
controls (Fig. 4). The PDZ array contained the CLP-36
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FIG. 4. PDZ binding specificity of the E[ST][DE][DE]L motif. A commercial PDZ domain array I (TranSignal, Panomics) was probed using
His-tagged C-terminal FATZ-3 (calsarcin-3/myozenin-3) or peptide ligands (either unphosphorylated or phosphorylated as indicated by “p”). The
positive controls were His-tagged protein spots (100 ng/spots) in the bottom row and on the right column. The GST fusion proteins were spotted
in duplicate, and spots with stronger intensities indicate a higher binding affinity of the ligand of interest to PDZ domain(s). Specific binding was
seen with the PDZ domains of RIL (reversion-induced LIM protein) and hCLIM1 (human 36-kDa carboxyl-terminal LIM domain protein,
CLP-36). The mutated peptide ESEEE bound only to Dlg4-D3 (human postsynaptic density-95, PDZ domain 3). A diagram on the right-hand side

of the figure shows the proteins present in PDZ domain array I.

(hCLIM1) protein but not ALP or ZASP/Cypher. However,
the array contained another member the Enigma family of
PDZ proteins, RIL (21).

All of the peptides with the exception of the mutated pep-
tide bound to the PDZ domain proteins on the array, CLP-36
(hCLIM1) and RIL, whereas the mutated peptide interacted
only with the PDZ domain of DIg4-D3 protein (Fig. 4, top
panel). Both the FATZ-3 (calsarcin-3/myozenin)/myotilin pep-
tide (ESEEL) and the C-terminal FATZ-3 (calsarcin-3/myoze-
nin-3) protein behaved similarly, binding only the CLP-36
(hCLIM1) and RIL proteins on the array (Fig. 4). No interac-
tion was detected between the peptides corresponding to the
FATZ (calsarcin/myozenin) and myotilin families and any of
the other PDZ domain proteins of the array. These results
clearly demonstrate the specificity of the E[ST]|[DE][DE]L
motif for binding PDZ domain proteins of the Enigma family,
as well as the importance of the last amino acid of the motif.

Phosphorylation modulates binding of peptide ligands of
the FATZ (calsarcin/myozenin)-myotilin families to the PDZ
domains of Enigma family members. The interaction between
the PDZ domain and its ligand is often regulated by phosphor-
ylation of the ligand sequence (22). The sequences of the C
termini of the myotilin and FATZ (calsarcin/myozenin) pro-
tein families contain a potential phosphorylation site (S/T). We
synthesized the corresponding phosphorylated peptides and
probed the PDZ arrays with them (Fig. 4, middle panel). To
test the specificity of binding, we also designed a phosphopep-
tide in which the last amino acid was changed from leucine to
glutamic acid (EpSEEE).

Phosphorylation modulated the ability of the peptides to
bind the PDZ domains (Fig. 4, middle panel). As can be seen
in Fig. 4, phosphorylation affected the binding of the peptide

ligands to the PDZ domains of ZASP/Cypher and CLP-36
both negatively and positively for the myopalladin and FATZ-1
(calsarcin-2/myozenin-1) peptides, respectively. When phos-
phorylated, the FATZ-1 (calsarcin-2/myozenin-1) peptide
(EpTEEL) bound better to both RIL and CLP-36, whereas
the interaction of the phosphorylated FATZ-3 (calsarcin-3/
myozenin-3)/myotilin (EpSEEL) and myopalladin (EpSDEL)
peptides was markedly reduced to both PDZ domains. The
interaction of the FATZ-2 (calsarcin-1/myozenin-2)/palladin
peptide (EpSEDL) was not affected by phosphorylation. Thus,
although phosphorylation modulated strength of binding, it did
not induce new interactions within the tested PDZ domains.

To further study the role of phosphorylation in interactions
between the PDZ domains and their phosphorylated and non-
phosphorylated peptide ligands, we used the AlphaScreen
method, which gives a more quantitative measure of the bind-
ings. In the AlphaScreen experiments the biotinylated peptides
and the His-tagged PDZ proteins were bound to the donor and
acceptor beads, respectively. The PDZ domain proteins were
used at a concentration of 50 nM, whereas the peptides were
used at a concentration of 10 nM, except for ESEEE and
ESDEL, which were used at concentrations of 50 and 25 nM,
respectively. As controls, we used both the phosphorylated
and the nonphosphorylated mutated peptides (ESEEE and
EpSEEE), neither of which bound to the PDZ domains.

It is striking that although both the phosphorylated and the
nonphosphorylated ligands bound to the ZASP/Cypher PDZ
domain, the phosphorylated ligand bound much better (Fig.
5A); however, this is not the case for the ligand with the PDZ
domain of CLP-36. For the PDZ domain of CLP-36, the
strength of binding varied depending on the peptide ligand
used; both the FATZ-1 (calsarcin-2/myozenin-1) and the
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FIG. 5. Phosphorylation modulates the interaction between members of the Enigma family and peptides with the E[ST][DE][DE]L motif.
(A) Interactions between the His-PDZ domain proteins (50 nM) of ZASP/Cypher (Z) and CLP-36 (C) and nonphosphorylated and phosphorylated
peptide ligands (10 nM) were measured by using the AlphaScreen technique. The myopalladin and mutated peptides (ESEEE and EpSEEE) were
used at 25 and 50 nM, respectively. The peptide ligands corresponded to the final C-terminal 5 aa of FATZ-1 (ETEEL, EpTEEL), FATZ-2/
palladin (ESEDL, EpSEDL), and FATZ-3/myotilin (ESEEL, EpSEEL) and myopalladin (ESDEL, EpSDEL). The results shown are the mean of
at least three different experiments. (B) An overview of the changes seen in the strength of binding due to phosphorylation of the ligand. The results
are given as the log, of the ratio between phosphorylated and nonphosphorylated peptides. (C) C-terminal FATZ-1 (CD2) protein competes with
the interaction between ZASP/Cypher (100 nM) and the nonphosphorylated and phosphorylated FATZ-3/myotilin peptide ligands (100 nM,
ESEEL, EpSEEL). The S/N is the signal obtained in the presence of the competitor divided by that of the signal obtained without the competitor.
The results shown are the mean of at least three different experiments, and the standard deviations of the mean are given for each point.

FATZ-2 (calsarcin-1/myozenin-2)/palladin peptide ligands
bound equally well whether phosphorylated or not. However,
the FATZ-3 (calsarcin-3/myozenin-3)/myotilin ligand bound
much better when phosphorylated, whereas the myopalladin
ligand was the opposite: it bound better when nonphosphory-
lated. In the AlphaScreen experiments all of the nonphosphor-
ylated peptides bound poorly to PDZ domain of ALP and,
although the phosphorylated peptide ligands showed better
binding, this did not reach the values seen for the other PDZ
domains, and therefore these data are not shown.

An overview of the effect of phosphorylation on the binding
of the peptide ligands to the PDZ domains of ZASP/Cypher
and CLP-36 is shown in Fig. 5B. The results are given as the
log, of the ratio between phosphorylated and nonphosphory-
lated peptides. In practical terms, the log, values indicate how
many times you have to double (or half if negative) the non-
phosphorylated value to equal that of the phosphorylated. In
the AlphaScreen experiments (Fig. 5A), all of the tested phos-
phopeptides showed increased binding to the ZASP/Cypher
PDZ domain. The highest increase being that of the binding of

the phosphorylated FATZ-3 (calsarcin-3/myozenin-3)/myotilin
peptide ligand to PDZ-ZASP; it increased 16-fold over that of
the nonphosphorylated ligand. The binding of FATZ-1 (cal-
sarcin-2/myozenin-1) and FATZ-2 (calsarcin-1/myozenin-2)/
palladin peptides to the CLP-36 PDZ-domain was not affected
by phosphorylation, whereas the binding of the myopalladin
nonphosphorylated peptide ligand was 18-fold greater than
that of the phosphorylated ligand.

The C-terminal of FATZ-1 (calsarcin-2/myozenin-1) com-
petes with the interaction between ZASP-1 and FATZ-3 (cal-
sarcin-3/myozenin-3)/myotilin peptide ligand. One of the ad-
vantages of the AlphaScreen technique is that it can be used
for competition studies to examine the strength of binding. We
used the C-terminal domain of the GST-tagged FATZ-1 (cal-
sarcin-2/myozenin-1) protein (CD2) as a competitor of the
interaction between the His-tagged ZASP-1 protein and the
phosphorylated and nonphosphorylated peptides of FATZ-3
(calsarcin-3/myozenin-3)/myotilin (Fig. 5C). This CD2 region
of FATZ-1 (calsarcin-2/myozenin-1) is the C-terminal part of
the protein (aa 171 to 299), and therefore it has the ETEEL
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FIG. 6. CaMKII phosphorylates the C-terminal end of myotilin
and FATZ-3 (calsarcin-3/myozenin-3), whereas PKA phosphorylates
the C-terminal ends of FATZ-1 (calsarcin-2/myozenin-1) and FATZ-2
(calsarcin-1/myozenin-2). (A) Myotilin 441-498 was produced as a
GST fusion protein and allowed to react with muscle lysate in the
presence of [y-**P]ATP. The top panel shows an autoradiograph, and
the bottom panel shows Coomassie blue staining of the same sample.
(B and C) The C-terminal fragments (final 56 aa’s) of myotilin and
FATZ (calsarcin/myozenin) family members were produced as GST
fusion proteins and allowed to react with CaMKII (B) or PKA (C).
The serine of the C-terminal CaMKII site in myotilin was mutated
S495A, as were the serines at the PKA sites in FATZ-1 (calsarcin-2/
myozenin-1) and in FATZ-2(calsarcin-1/myozenin-2), respectively:
S267A and S231A. The top and bottom panels are as described in
panel A. The myotilin and FATZ family proteins are differentially
phosphorylated by CaMKII and PKA. Serine mutations result in sig-
nificant reductions in the phosphorylation of each protein.

motif, which is capable of binding the PDZ of ZASP/Cypher.
In fact, the FATZ-1 (calsarcin-2/myozenin-1)-CD2 fragment
was able to compete with the interactions between ZASP-1
and both the nonphosphorylated (ESEEL) and phosphory-
lated (EpSEEL) peptide ligands. However, 10 times less (10
nM versus 100 nM) FATZ-1(calsarcin-2/myozenin-1)-CD2
protein was required to markedly reduce the binding of ZASP/
Cypher to the nonphosphorylated ligand compared to that of
the phosphorylated ligand. These data demonstrate that the
nonphosphorylated ESEEL peptide binds less avidly to ZASP
than the phosphorylated peptide, findings correlating well with
the observation that the ZASP PDZ domain bound better to
the phosphorylated peptide (Fig. 5A).

CaMKII and PKA induce phosphorylation of the PDZ-bind-
ing motif. It was of interest to test whether muscle cells contain
kinase activity toward the ligand sequences since we found that
phosphorylation of the C termini of the myotilin and FATZ
(calsarcin/myozenin) family proteins is a mechanism that reg-
ulates their interaction with the Enigma family PDZ domains.
We first tested whether muscle lysate contains kinase activity
that can phosphorylate myotilin. The C-terminal myotilin frag-
ment (aa 441 to 498) was expressed as a GST fusion protein
and subjected to in vitro phosphorylation reaction using
[«-**P]ATP and rat striated muscle lysate. Autoradiography of
the SDS-PAGE gels demonstrated that muscle lysate contains
kinase activity that can phosphorylate C-terminal myotilin
(Fig. 6A).

We then tested whether kinases associated with muscle
pathophysiology can phosphorylate the myotilin C terminus
and other C termini binding to Enigma family PDZ domains.
Recombinant active CaMKII (Fig. 6B) and PKA (Fig. 6C),
respectively, were allowed to phosphorylate the C termini of
myotilin (aa 441 to 498), palladin (aa 715 to 772), FATZ-1
(calsarcin-2/myozenin-1; aa 244 to 299), FATZ-2 (calsarcin-1/
myozenin-2; aa 209 to 264), and FATZ-3 (calsarcin-3/myoze-
nin-3; aa 196 to 251) fused to GST. CaMKII readily phosphor-
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ylated in vitro the C terminus of myotilin, as well as that of
FATZ-3 (calsarcin-3/myozenin-3), which shares the last 5 aa of
the C-terminal sequence with myotilin. The C terminus of
palladin was weakly phosphorylated, whereas no phosphoryla-
tion of the C termini of FATZ-1 (calsarcin-2/myozenin-1),
FATZ-2 (calsarcin-1/myozenin-2), or control GST was seen.
The C-terminal myotilin sequence contains six potential phos-
phorylation sites (serines or threonines), including serine 495
at the PDZ-binding domain. The residues were mutated indi-
vidually to alanine, and the fragments were expressed as GST
fusion proteins. Mutation of S495 to alanine greatly reduced
the CaMKII catalyzed phosphorylation of the fragment, sug-
gesting that S495 is the target residue (Fig. 6B), whereas mu-
tation of other residues did not significantly alter phosphory-
lation (data not shown). The C-terminal regions of FATZ-1
(calsarcin-2/myozenin-1) and FATZ-2 (calsarcin-1/myoze-
nin-2) (final 56 aa of C termini) had only one potential PKA
phosphorylation site at S267 and S231, respectively. Mutating
S267A FATZ-1 (calsarcin-2/myozenin-1) and S231A FATZ-2
(calsarcin-1/myozenin-2) greatly reduced PKA phosphoryla-
tion of these C termini (Fig. 6C). The substrate specificity of
PKA differs from that of CaMKII. Interestingly, PKA phos-
phorylated the C termini of FATZ-1 (calsarcin-2/myozenin-1)
and FATZ-2 (calsarcin-1/myozenin-2), which did not serve as
substrates for CaMKII. On the other hand, the CaMKII sub-
strates myotilin and FATZ-3 (calsarcin-3/myozenin-3) were
not phosphorylated by PKA.

DISCUSSION

A striking feature of the Z-disc is the multiplicity of protein-
protein interactions that form part of a complex three-dimen-
sional network. The nature of the Z-disc allows it to serve both
as a structural unit and as a coordinator of intracellular sig-
naling. The Z-disc can respond to external stimuli by dissolu-
tion and reorganization, which requires dynamic and coordi-
nated dissociation and association of molecular interactions.
Minor modifications caused by missense mutations in several
Z-disc proteins can lead to autosomal-dominant fully pene-
trant diseases of the skeletal muscle and/or the heart. An
insufficient knowledge of the Z-disc interactome and its regu-
lation has thus far hampered understanding of the events that
allow Z-disc modulation in response to physiological stimuli, as
well as in the pathogenesis of muscle disorders. In the present
study, we have identified a unique binding motif common to
the C terminus of myotilin and FATZ (calsarcin/myozenin)
family proteins that binds specifically to the PDZ domain of
the Enigma family members ZASP/Cypher, CLP-36, ALP,
and RIL.

Proteins of the Enigma family possess both an N-terminal
PDZ domain and one or three C-terminal LIM domains that
are modular protein interaction motifs present in proteins with
a wide range of functions (Fig. 3A). The Enigma family is
composed of two subfamilies based on the number of LIM
domains. The ALP subfamily with one LIM domain includes
ALP (56), RIL (21), CLP-36 (hCLIM1, Elfin) (53), and Mys-
tique (27), whereas the Enigma subfamily with three LIM
domains has three members: Enigma (55), Enigma homologue
(26), and ZASP/Cypher (Oracle) (8, 35, 57). We did not test
whether Mystique or Enigma would bind myotilin or FATZ
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(calsarcin/myozenin) family members, since these Enigma pro-
teins are not expressed in the striated muscle. Such an inter-
action, however, might be relevant for the function of palladin,
which is widely expressed in different cell types.

PDZ domains are structurally conserved 80- to 100-aa mod-
ules present in a wide range of proteins either singly or tan-
demly. In most cases, the PDZ domains recognize very short
C-terminal sequence motifs (3 to 7 aa) via specific side chain
interactions between the amino acids of the ligand and those of
the hydrophobic pocket formed between a beta B strand and
an alpha B helix at the surface of the PDZ domain (6, 17). For
instance, in the Dlg PDZ domains the four residues that reside
in the carboxylate-binding loop are GLGF (5), whereas in
Enigma family PDZ domains they are [P/SJWGF (2). We pos-
tulate that these four residues form the basis of why the
Enigma family members interact in a specific way with the
proteins of the myotilin and FATZ (calsarcin/myozenin) fam-
ilies.

The C terminus PDZ-binding motifs have been classified
into three groups with the consensus sequence: S/T-X-hydro-
phobic-COOH for type I; hydrophobic-X-hydrophobic-COOH
for type II and D/E-X-hydrophobic for type III (20, 46). Also,
residues other than the extreme C-terminal amino acids may
affect specificity (4, 45). Based on its interaction with the C
terminus of a-actinin (classified as a type I ligand), the PDZ
domain of ZASP is considered a type I PDZ domain. However,
our ligand that binds ZASP is classified as a type III motif;
therefore, ZASP is both a type I and a type III PDZ domain.
This dual specificity for PDZ domains has also been reported
for the syntenin protein.

The myotilin and FATZ (calsarcin/myozenin) proteins share
the C-terminal motif E[ST|[DE][D/E]L, which has the charac-
teristics of a class III type PDZ domain binding sequence. The
canonical PDZ ligand motif is usually 4 aa; for example, that of
a-actinin is ESDL (by convention L=0,D =1,S=2,and E =
3). However, our putative motif, E[ST][DE][DE]L, is com-
posed of 5aa (L =0,D/E =1,D/E =2,5/T =3,and E = 4).
We consider the E at position 4 of our motif important since it
is conserved from humans to zebrafish in both the myotilin and
FATZ families. We saw from a database scan that this E[ST]
[DE][DE]L C-terminal ligand motif in vertebrates is restricted
to the FATZ (calsarcin/myozenin) and myotilin families with
the exception of histidine ammonia lyase that has its final
C-terminal amino acids (ESEDL) identical to that of FATZ-2
(calsarcin-1/myozenin-2)/palladin (Table 1). L-Histidine am-
monia-lyase is a cytosolic enzyme catalyzing the first reaction
in histidine catabolism; the nonoxidative deamination of L-
histidine to trans-urocanic acid. It is probable that histidine
lyase can bind the same PDZ proteins as the FATZ (calsarcin/
myozenin) and myotilin families, but whether it does so in
reality would depend on its location. Although there is a report
of histidine lyase in the sarcoplasm of the muscle (25), it is not
normally found in muscle, whereas proteins of both the FATZ
(calsarcin/myozenin) and the myotilin families are located in
the Z-disc.

Initially, we checked whether proteins of the FATZ (calsar-
cin/myozenin) family and myotilin could bind ZASP/Cypher
and then extended this experiment to include two other
Enigma family members, ALP and CLP-36. From our results,
it can be seen that all of the ligand proteins were able to bind
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the three PDZ domain proteins, although the FATZ-3 (calsar-
cin-3/myozenin-3) protein did not bind as well as myotilin.
However, it is important to note that both the PDZ proteins
and the protein ligands are produced in bacteria and therefore
nonphosphorylated. The interaction of the FATZ (calsarcin/
myozenin) and myotilin families with the Enigma family mem-
bers is highly specific, as verified by the restricted number of
PDZ domain proteins with which their peptide ligands will
bind when given the opportunity. In fact, only 2 of the 28 PDZ
domain proteins on the PDZ array bound to the peptide li-
gands. Interestingly, these were the only two Enigma family
members on the array: RIL and CLP-36 (hCLIM1). We con-
firmed by array experiments the importance for binding spec-
ificity of the extreme C-terminal amino acid, in this case L. The
main contrast between the AlphaScreen results and the arrays
was the binding with the FATZ-3 (calsarcin-3/myozenin-3)/
myotilin peptide since in the arrays the phosphorylated peptide
did not bind well. This discrepancy could be due to variability
in the amount of protein spotted.

Myocytes respond to external stimuli by activating intracel-
lular pathways, which modify cellular functions. For instance,
stimulation of a-adrenergic receptors on myocytes activates
protein kinase A (PKA), which phosphorylates several sarco-
meric proteins and results in enhanced cardiac performance
(30). Similarly, CaMKII, the predominant CaMK isoform in
the heart, is an important modulator of both electrophysiolog-
ical and contractile properties of the myocytes (28). Extended
activation of both kinases is thought to be important in the
events that lead to myocyte dysfunction and to heart failure.
Except for the finding that Src phosphorylates palladin (39); no
information on the interplay between kinases and the myotilin
or FATZ (calsarcin/myozenin) families has been available. We
identify here CaMKII and PKA as kinases that are able to
phosphorylate the C termini of myotilin and FATZ (calsarcin/
myozenin) family members. In myotilin, the residue phosphor-
ylated by CaMKII is S495 within the ESEEL motif. CaMKII
also phosphorylates FATZ-3 (calsarcin-3/myozenin-3), whose
last five C-terminal residues are identical to those of myotilin
but not to those of FATZ-1 (calsarcin-2/myozenin-1) or
FATZ-2 (calsarcin-1/myozenin-2), whose C-terminal se-
quences are conserved but are slightly different. Interestingly,
PKA phosphorylates FATZ-1 (calsarcin-2/myozenin-1) and
FATZ-2 (calsarcin-1/myozenin-2) at residues within PDZ-
binding motif, but not myotilin or FATZ-3 (calsarcin-3/myoze-
nin-3), indicating that different cellular stimuli result in mod-
ification of different myotilin and FATZ (calsarcin/myozenin)
family members.

PDZ-based interactions can be regulated by phosphoryla-
tion of the C-terminal PDZ-binding motifs (20). Typically,
phosphorylation results in the disruption of binding to the
PDZ domain (22). This is the case also in the interaction
between CLP-36 and the C-terminal myopalladin peptide,
which is lost upon phosphorylation. However, the effect of
phosphorylation on binding varies depending on the PDZ do-
main and the ligand. In fact, phosphorylation significantly in-
creases binding between of all FATZ (calsarcin/myozenin) and
myotilin family peptides and the PDZ domain of ZASP/
Cypher. Thus, not only the stimulus-kinase connection can
regulate PDZ interactions within the Z disc, but various stimuli
can result in a differential preference in the PDZ domain
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interactions. Such a preference may not be limited to the
myotilin and FATZ (calsarcin/myozenin) family members,
since these proteins apparently compete with a-actinin for
binding to ZASP/Cypher.

The main finding of this research is the identification of a
group of striated muscle proteins, consisting of the three
FATZ (calsarcin/myozenin) family proteins and also myotilin,
palladin, and myopalladin that selectively interact via a C-
terminal motif with the PDZ domains of several Enigma pro-
teins, ZASP/Cypher, CLP-36, ALP, and RIL. Based on the
work presented here, we propose that the FATZ (calsarcin/
myozenin) and myotilin families bind to members of the
Enigma family of PDZ proteins via the E[ST|[DE][DE]L C-
terminal ligand motif that can be considered a novel class III
PDZ domain binding motif. In muscle, PDZ proteins function
as adaptors in translating mechanical stress signals from the
Z-disc to the nucleus (19). Some members of the Enigma
family of PDZ proteins, for example, ZASP/Cypher, are
known to bind protein kinases via their C-terminal LIM do-
mains. Therefore, it is possible that ZASP/Cypher and some
members of the Enigma family of PDZ-proteins link the pro-
teins of the myotilin and FATZ (calsarcin/myozenin) families
to signaling events such as PKC phosphorylation. Since muta-
tions in myotilin, myopalladin, ZASP/Cypher, and FATZ-2
(calsarcin-1/myozenin-2) can lead to myopathies, knowledge of
these protein interactions is highly relevant to understanding
muscle and cardiac disorders. We demonstrate here that
several of the known disease-associated Z-disc proteins—myoti-
lin, myopalladin, FATZ-2 (calsarcin-1/myozenin-2), and ZASP/
Cypher—are part of the same structural complex, whose compo-
sition can be regulated by signaling molecules associated with
pathophysiological stimuli.
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