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The AHNAK scaffold PDZ-protein family is implicated in various cellular processes including membrane
repair; however, AHNAK function and subcellular localization in skeletal muscle are unclear. We used
specific AHNAK1 and AHNAK? antibodies to analyzed the detailed localization of both proteins in mouse
skeletal muscle. Co-localization of AHNAK1 and AHNAK2 with vinculin clearly demonstrates that both
proteins are components of the costameric network. In contrast, no AHNAK expression was detected in
the T-tubule system. A laser wounding assay with AHNAK1-deficient fibers suggests that AHNAK1 is
not involved in membrane repair. Using atomic force microscopy (AFM), we observed a significantly
higher transverse stiffness of AHNAK1~/~ fibers. These findings suggest novel functions of AHNAK pro-

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The AHNAK family of scaffold PDZ proteins consists of two large
proteins (600-700 kD), AHNAK1 (desmoyokin) and AHNAK2 [1-3].
Scaffold proteins interact with various proteins and can link cyto-
skeleton to the plasma membrane or transmit extracellular signals
to intracellular acceptors [4]. The AHNAK1 structure can be divided
into three main regions: the NH2-terminal part with about
500 amino acids, a large central region of 4390 amino acids com-
posed of a 128 amino acid unit repeated 26 times, and a COOH-ter-
minal part with 1002 amino acids. Both AHNAK proteins have a
predicted PDZ domain with unknown function in the N-terminal
region of the protein [1]. There is no evidence for the presence of
transmembrane domains in AHNAK sequences.

High expression levels of AHNAK1 were found in all muscular
cells including cardiomyocytes and skeletal muscle cells [5]. AH-
NAK1 expression was also discovered in epithelial cells and in T-
cells. In adult tissues, the main localization of AHNAK1 is at the
plasma membrane. On sections of skeletal muscles, a not further
characterized AHNAK1 expression at the sarcolemma was found
[5,6]. In cardiomyocytes, AHNAKT1 is strictly localized to the inner
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aspect of the sarcolemma, intercalated disc, and T-tubular system
[7]. Up to now, the cellular localization of AHNAK2 in skeletal mus-
cle is unknown.

Through protein-protein interactions AHNAK1 is involved in
calcium signaling. In cardiomyocytes, AHNAK1 is phosphorylated
by protein kinase A and associates with the B-subunit of cardiac
Ca(v) calcium channel [8]. In peripheral CD4" T cells, AHNAK1
mediates the regulation of calcium signaling through Cav1.1 ol
subunits [9]. The function of AHNAK protein family in skeletal
muscle fibers is widely unknown. In vitro studies give evidence
for interactions between dysferlin and AHNAK and between myo-
ferlin and AHNAK in skeletal muscles [6]. The authors also assume
the involvement of AHNAK proteins in membrane repair.

2. Materials and methods
2.1. Mice

AHNAK1~/~ mice and attendant wt mice were described previ-
ously [10].

2.2. Isolation of single muscle fibers
Single muscle fibers were isolated from flexor digitorum brevis

(FDB) of 12 week old male mice by treatment with type I collage-
nase (0.5 mg/ml, Lot S8C10400, Worthington) in Minimal Essential
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Medium Eagle (MEM, PAA) with 10% fetal calf serum and antibiot-
ics. After incubation for 3 h at 37 °C, the FDB muscles were disso-
ciated into single fibers by gently pipetting. Dissociated fibers
were washed and resuspended in complete MEM and plated on
laminin-coated coverslips.

2.3. Antibodies

Affinity-purified rabbit polyclonal antibodies were generated
against AHNAK1 and AHNAK2. The AHNAKT1 antibody was raised
against a recombinant protein encoding C-terminal amino acids
4893-5535 [8] of human AHNAK1 (UniProtKB accession number:
Q09666). This antibody detects both human and mouse AHNAK1.
A peptide antibody against AHNAK2 was made using an epitope
(GSEAMVASSARTEL) corresponding to amino acids 737-750 of
the C-terminal region of mouse AHNAK2 (UniProtKB accession
number: Q3URZ6). This epitope is lacking in AHNAK1. For immu-
nofluorescence staining on single muscle fibers, both AHNAK
antibodies were used in a concentration of 5 pg/ml. Monoclonal
anti-vinculin antibody (clone hVIN-1, Sigma-Aldrich) was ap-
plied in a concentration of 5 pg/ml. Monoclonal anti-o-actinin
antibody (clone EA-53) was also from Sigma-Aldrich. The ascites
fluid was used in a dilution of 1:2000. Monoclonal anti-myome-
sin antibody (MyBB78) was a kind gift from Peter van der Ven.
The cell culture supernatant was used in a dilution of 1:500.
Monoclonal antibody 8B7 against Ca(v) 1.1 was a kind gift from
Wolfgang Nastainczyk and Franz Hofmann and was described
previously [11]. The cell culture supernatant was applied in a
dilution of 1:5000. Alexa Fluor 488 anti-mouse and Alexa Fluor
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568 anti-rabbit secondary antibodies were purchased from Invit-
rogen and used in a concentration of 2 pg/ml.

2.4. Immunofluorescence and confocal microscopy

Single muscle fibers on laminin-coated coverslips were incu-
bated over night in a humidified 5% CO, atmosphere. After incuba-
tion, muscle fibers were washed with PBS and fixed in a 3.7%
formaldehyde-PBS solution for 15 min at RT, rinsed in PBS and per-
meabilized with 0.5% triton X-100 in PBS for 10 min. After repeated
wash with PBS, blocking was arranged with 0.2% fish skin gelatin
(Sigma) in PBS for 45 min. Primary antibody incubation was done
overnight in PBS with 0.2% fish skin gelatin at 4 °C. After two
washes with 0.1% Nonidet P40 (Roche) in PBS secondary antibody
incubation was performed for 2 h at RT in PBS. After three washes
with 0.1% Nonidet P40 in PBS coverslips were mounted in Aqua
PolyMount (Polysciences). Images were collected using a Zeiss-
LSM 510 Meta confocal microscope equipped with a 63x oil
immersion lens, the 488-nm laser line of a 30-mW argon-laser
and the 561-nm laser line of a 15-mW DPSS-laser. Digital images
were processed using Zeiss LSM Image Browser software.

2.5. Membrane repair assay

Single muscle fibers from wt- or AHNAK1~/~ mice, isolated as
described before, were plated onto laminin-coated p-Slide 8 well
(ibidi) in Tyrode solution (140 mM NacCl, 5 mM KCl, 2.5 mM CaCl,,

2 mM MgCl, and 10 mM HEPES, pH 7.2). Membrane repair assay
was performed with slight modifications as published before
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Fig. 1. AHNAK proteins are expressed in well differentiated structures near the sarcolemma. Single muscle fibers from the flexor digitorum brevis of 12-wk-old mice were
stained for AHNAK1 (A) or AHNAK2 (D). The boundary areas of the fibers were analyzed using confocal microscopy. Co-staining of the same membrane region with myomesin
(B and E) demonstrates a disruption of AHNAK expression pattern at the level of M-lines. Arrows indicate equal membrane position. A co-staining with a-actinin (C and F)
shows a co-localization of AHNAK proteins and o-actinin in dot-like structures (yellow points) at the end of the Z-disks (arrows). Bars 5 pm.
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[12]. To induce damage to the muscle fibers, a 5 x 5 pm boundary
area of the fibers was irradiated at 50% maximum power (30-mW
argon-laser) for 37 s using a Zeiss-LSM 510 META confocal micro-
scope equipped with a 63x oil immersion lens. Experiments were
done in Tyrode solution with 2.5puM FM1-43FX (Molecular
Probes). For Ca**-free experiments, CaCl, in Tyrode solution was
replaced by 0.5 mM EGTA. Fibers which displayed a significant
FM1-43 fluorescence before laser injury, were not used in the as-
say. Images were captured at 20-s intervals. To calculate the
time-dependent fluorescence intensity, an area of 35 x 35 pum
around the injury site was used and the initial fluorescence inten-
sity was set to zero.

2.6. Atomic force microscopy

Atomic force spectroscopy measurements were performed
using CellHesion 200 (JPK Instruments, Germany) mounted on an
inverted optical microscope (Axio Observer D1, Carl Zeiss, Ger-
many). Silicon tipless cantilevers (Arrow TL1, NanoWorld, Switzer-
land) with a nominal spring constant of 0.03 N/m were modified
with 11 pm- glass spheres (Microparticles GmbH, Berlin; Coeffi-
cient of variation CV =2%). The cantilever sensitivity and spring
constant were determined using the in-built calibration routine
(thermal noise method) [13]. Single muscle fibers, isolated as de-
scribed above, were grown on laminin-coated Petri dishes for
48 h. Force measurements were performed in HEPES buffered
DMEM/F12 (Invitrogen). To maintain the sample temperature at
37 °C, the Petri dishes were mounted on a PetriDishHeater (JPK
Instruments, Germany). For force spectroscopy, the cantilever
probe was positioned above the target fiber. Each fiber was tested
at 5 different positions; 4 force-distance curves were taken on each
position (20 curves per fiber). For more details on force spectros-
copy see Supplementary Fig. 3. The cantilever speed was set to
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0.5 umy/s, a setpoint of 2 nN was used. For force curve analysis
the JPK Data Processing software was used. Force-distance curves
were converted into force indentation curves by calculating the tip
sample separation (corrects the distance for the cantilever deflec-
tion). The Young’s modulus was determined for each force inden-
tation curve by fitting the extend curves using the Hertz model
for spherical indenters (diameter 11 pum; Poisson ratio 0.5)
[14,15]. The fit range was set to 50 nm of indentation.

3. Results and discussion
3.1. AHNAK1 and AHNAK?2 are costameric proteins

In initial experiments, we characterized the specificity of the
AHNAK antibodies generated in this study. The AHNAK1 antibody
shows a characteristic staining pattern on single FDB muscle fibers
from wild type (wt) mice (Fig. S1A). A staining experiment on mus-
cle fibers from AHNAK1~/~ mice demonstrates that this antibody is
specific for AHNAK1 and does not detect AHNAK?2 (Fig. S1B). The
AHNAK?2 antibody, raised against a specific sequence lacking in
AHNAK1, shows a distinctive staining on AHNAK1 knock out fibers
(Fig. S1C). Summing up, antibodies used in our experiments are
specific for AHNAK1 and AHNAK2 and are able to discriminate be-
tween these two proteins.

In the next set of experiments, we analyzed AHNAK1 and AH-
NAK2 expression in permeabilized single fibers from mouse skele-
tal muscles using laser scanning microscopy and observed
continuous, intermittent pattern of immunostaining along the sar-
colemma (Fig. 1A and D). Interestingly, this pattern appeared as
expression spots described for the costameric protein dystrophin
[16]. To further characterize the AHNAK expression, we used a co-
staining of AHNAK1 and AHNAK2 with myomesin, which is a major
compound of the M-line in striated muscles [17]. This staining

Fig. 2. AHNAK1 and AHNAK2 are co-localized with vinculin. Single FDB-fibers of 12-wk-old mice were stained for AHNAK1 (A), AHNAK2 (D) and vinculin (B and E). The
overlays (C and F) clearly demonstrate a co-localization of AHNAK proteins with the costamere marker vinculin. Bars 5 pm.
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demonstrates the disruption of the AHNAK expression at the level
of M-lines of subsarcolemmal myofibrils (Fig. 1B and E). Further-
more, we examined the position of AHNAK expression pattern in
relation to the Z-disks. In skeletal muscle fibers a-actinin is known
as a protein localized to the Z-disks and to the costameres [18]. A
co-staining of AHNAK1 and AHNAK2 with o-actinin clearly shows
a dot-like co-localization of both AHNAK proteins with o-actinin
in a region at the end of the Z-disks (Fig. 1C and F). No AHNAK stain-
ing was found at the Z-disks. These results justify the assumption
that AHNAK1 and AHNAK?2 are costameric proteins.

Costameres are subsarcolemmal protein assemblies in striated
muscle cells first described by Pardo et al. [19]. Physically, they
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mediate the lateral transmission of force from the sarcomeres
across the sarcolemma to the extracellular matrix. Structurally,
costameres connect the Z-disks with the sarcolemma. Costameres
are of particular importance to normal muscle function. The loss
or defect of costameric proteins or their interacting partners in Z-
disk or in sarcolemma often cause muscular dystrophies [20,18].
The focal adhesion protein vinculin, known to be a key element
for the linkage of the extracellular matrix to the cytoplasmic
microfilament system, is also a founding member of costameres
[19]. Vinculin staining pattern have been used to identify many
other costameric proteins in striated muscles. On this account,
we also compared the AHNAK expression (Fig. 2A and D) with
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Fig. 3. Intact membrane repair in AHNAK1-deficient mice. (A) Time-dependent import of FM1-43FX into mouse FDB muscle fibers induced by laser damage of the
sarcolemmal membrane in the presence of calcium. Data are means + SEM of 12 wt fibers and 10 fibers from AHNAK1~/~ mice. (B-E) Representative time-scans of single
muscle fibers after laser wounding at 20-s intervals. The respective first chart (0s) was done before laser wounding. Controls (D and E) demonstrate unhindered import of

FM1-43FX in the absence of calcium into wt- and AHNAK1~/~ fibers. Bars 20 pm.
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the expression pattern of the costameric marker protein vinculin
(Fig. 2B and E) and find here an exact conformity in the overlay
for AHNAK1 and AHNAK2 (Fig. 2C and F). These results clearly
demonstrate that both AHNAK proteins are components of the
costameric network and give new insights in the biological func-
tion of AHNAK in skeletal muscle.

Kouno et al. [10] and Komuro et al. [1] reported AHNAK1 homo-
zygous knockouts which are normal in growth and development
and show no obvious phenotype. We demonstrate here that AH-
NAK1 and AHNAK?2 co-localize in the costameres in skeletal muscle
and support the notion that AHNAK2 may replace AHNAK1 func-
tionally in part or completely. A participation in the costameric net-
work may also simply explain the localization of AHNAK proteins at
the sarcolemma without direct anchoring in the membrane.

3.2. AHNAK is not expressed in T-tubules of muscle fibers

In cardiomyocytes, AHNAK proteins are localized at the sarco-
lemmal membrane and at transverse tubule membranes [1,7]. To

clarify the AHNAK expression in the T-tubule system of adult skel-
etal muscles, we used a 14 pm-laser scanning microscopy (LSM)-
scan through single muscle fibers (Fig. S2A and B). Surprisingly,
we do not detect any AHNAK1- or AHNAK2 staining in T-tubules.
To support our observation, we used a co-immunostaining of AH-
NAK2 with the T-tubule marker Ca, 1.1 and find clearly different
expression pattern of AHNAK2 and Ca, 1.1 in skeletal muscle fibers
(Fig. S2C). These results disagree with a previous publication [6],
which describes an AHNAK co-localization with the dihydropyri-
dine receptor (Ca, 1.1) at the T-tubules of skeletal muscles. Our
observation provides evidence for quite different functions of AH-
NAK proteins in calcium signaling of cardiomyocytes and skeletal
muscles.

3.3. Intact membrane repair in AHNAK1-deficient mice

Huang et al. [6] proposed a role of AHNAK in membrane repair
process of skeletal muscle fibers. We used AHNAK1~/~ fibers in a
laser-based membrane wounding assay [12,21] to verify this
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Fig. 4. AHNAK1~/~ single fibers have a higher transverse stiffness. (A) The transverse elastic modulus of FDB muscle fibers was appointed by AFM indentation using a
cantilever with an attached 11 pm-silica bead (arrow). Bar 50 pm. (B and C) Characteristic force-distance curves and corresponding Hertz fits (green lines) of an AHNAK1~/
fiber and a wt fiber. (D) Quantification of E-values. Data are means + SEM and represent 177 measurements on 9 AHNAK1-deficient fibers and 187 measurements on 10 wt

fibers. Comparison between the groups was performed using a t test (P < 0.001).
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assumption. After membrane damage by laser irradiation, we ana-
lyzed FM1-43FX fluorescent dye entry into AHNAK1 /- and wt fi-
bers. In the presence of Ca2*, both fiber-types show only a low dye
inflow (Fig. 3B and C) due to rapid membrane resealing. Membrane
resealing kinetics of mouse AHNAK1~/~ fibers were not signifi-
cantly different from wt fibers (Fig. 3A). Control-experiments in
the absence of Ca?" clearly show an unopposed fluorescent dye
entry into AHNAK1~/~- and wt fibers as a result of an inactive
membrane repair process (Fig. 3D and E). Taken together, Ca?*-
dependent resealing after laser induced membrane wounding
clearly demonstrates an intact membrane repair process in
AHNAK1~/~ fibers and makes a functional role of AHNAK1 in mem-
brane repair process of skeletal muscle fibers less probably.

3.4. AHNAK1/~ single fibers have a higher transverse stiffness

Costameres are physical links between the sarcolemma and
the Z-disks. To analyze the effect of AHNAK1 on transverse fiber
stiffness, we used AFM. To reduce the impact of regional fiber
inhomogeneity [22], we employed an AFM-cantilever with an at-
tached 11 pm-silica bead in force spectroscopy measurements
(Fig. 4A). Standard force-distance curves were taken under identi-
cal conditions for AHNAK1~/~- and wt fibers (Fig. 4B and C). To
characterize the fiber stiffness in the region of the sarcolemma,
where the AHNAK1 protein is localized, we set the fit range of
the force-distance curves to 50 nm of indentation. Longer fit
ranges, corresponding to the region of myofibrils, show significant
higher stiffness values. In this region below the costameres we do
not find differences in membrane fiber stiffness between wt- and
AHNAK1~/~ fibers.

For an indentation of 50 nm, we calculate an Elastic modulus
(E) of about 700 Pa for AHNAK1-deficient fibers, which is signifi-
cantly (P<0.001) higher compared to the Elastic modulus of
about 350 Pa for wt fibers (Fig. 4D). These data are within the
range of E-values reported for living cells (0.1-10 kPa) [23]. Our
findings demonstrate that FDB-fibers from AHNAK1 /- mice have
a significant higher transverse stiffness than fibers from wt mice.
This difference gives a first evidence for AHNAK1 function as an
elastic element in the costameres. As well a role of AHNAK1 as
an ‘elastic bridge’ between the costameres and Z-disk proteins
is possible.

In summary, our results demonstrate the exclusive expression
of AHNAK1 and AHNAK?2 in the costameres of adult skeletal mus-
cles. AHNAKT1 is dispensable for membrane repair after laser irradi-
ation but plays a role in transversal fiber stiffness. These findings
give new indications to the functions of AHNAK in skeletal mus-
cles. The molecular mechanisms underlying the anchoring of AH-
NAK in the costameres remain to be resolved.
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