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Homologous spectrin-like repeats can mediate specific protein in-
teraction. The underlying mechanism is poorly understood. Dystro-
phin contains 24 spectrin-like repeats. However, only repeats 16 and
17 (R16/17) are required for anchoring neuronal NOS (nNOS) to the
sarcolemma. Through an adeno-associated virus-based in vivo
binding assay, we found that membrane expression of correctly
phased R16/17 was sufficient to recruit nNOS to the sarcolemma in
mousemuscle. Utrophin R15/16 is homologous to dystrophin R16/17.
Substitution of dystrophin R16/17 microdomains with the corre-
sponding regions of utrophin R15/16 suggests that thenNOSbinding
site is located in a 10-residue fragment in dystrophin R17 α1 helix.
Interestingly, swapping this microdomain back into utrophin did not
convey the nNOS binding activity. To identify other structural fea-
tures that are required for nNOS interaction, we replaced an individ-
ual α-helix of dystrophin R16/17 with an equivalent α-helix from
another dystrophin repeat. In vitro studywith yeast two-hybrid sug-
gests thatmost α-helices of R16/17, except for the R17 α1 helix, were
dispensable for nNOS interaction. Surprisingly, in vivo binding assay
showed that α2 and α3 helices of both R16 and R17 were essential
for nNOS binding inmuscle.We concluded that amicrodomain in the
α1 helix of dystrophin R17 binds to nNOS in a way uniquely defined
by two pairs of the flanking helices. Our results provide an explana-
tion for how structurally similar spectrin-like repeats in dystrophin
display selective interaction with nNOS. The results also open new
therapeutic avenues to restore defective nNOS homeostasis in dys-
trophin-null Duchenne muscular dystrophy.
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Spectrin-type repeat (STR) is a common structural element in
a variety of proteins, especially cytoskeletal proteins. STR is

composed of 106–122 amino acids folded in a triple α-helical unit.
STR exists either as a single-copy or tandem repeats. STR-contain-
ing proteins play a fundamental role in maintaining the cytoskeletal
architecture and organizing protein complexes (1, 2). Dystrophin
is a vital STR-containing protein in striated muscles that links the
cytoskeleton with the extracellular matrix and, hence, preserves
sarcolemmal integrity during muscle contraction. Besides mechan-
ical support, dystrophin also scaffolds neuronal nitric oxide synthase
(nNOS) and several other signaling proteins to the sarcolemma.
Absence of dystrophin results in Duchenne muscular dystrophy

(DMD), an X-linked lethal muscle disease (3). Although increased
membrane fragility has been considered as a primary pathogenic
mechanism of DMD, accumulated evidence suggests that the loss
of sarcolemmal nNOS also contributes to the dystrophic process
(4–7). A clear understanding of how nNOS is localized to the
membrane may thus offer insight to our understanding of the dis-
ease and open new therapeutic avenues.
Dystrophin has four functional domains including the N-termi-

nal (NT), middle rod, cysteine-rich (CR), and C-terminal domains.
The middle rod domain contains 24 STRs and four interspersed
hinges. It was initially thought that nNOS indirectly binds to the
dystrophin C-terminal domain via syntrophin (8, 9). Surprisingly,
later studies show that merely restoring syntrophin to the membrane

cannot anchor nNOS (10–12). Through systemic structure-function
analysis, we recently found that dystrophin STRs 16 and 17
(R16/17), rather than the C-terminal domain, are required for
sarcolemmal distribution of nNOS (4). Basically, dystrophins that
contain R16/17 show membrane expression of nNOS but those
without R16/17 do not. Our findings raise an important question
about why only R16/17 but not other structurally similar dystro-
phin STRs interact with nNOS. Here we dissected molecular
attributes of dystrophin R16/17 that are responsible for nNOS
binding. We found that membrane localized R16/17 was the
minimal unit for dystrophin–nNOS interaction. We also found
that a 10-residue microdomain in the α1 helix of dystrophin R17
contains the nNOS binding site. To our surprise, in vitro yeast
two-hybrid assay failed to predict some critical structural features
essential for dystrophin-nNOS interaction in muscle. Using an
adeno-associated virus (AAV)-based in vivo nNOS-binding assay,
we demonstrated that the last two α-helices (α2 and α3 helices) of
both R16 and R17 were required to anchor nNOS to the sarco-
lemma although they were dispensable for nNOS binding in vitro.

Results
Membrane Expression of Dystrophin R16/17 Alone Is Sufficient to
Target nNOS to the Sarcolemma. Our previous studies suggest that
dystrophin R16/17 is necessary for membrane-associated nNOS
expression (4, 7). However, our smallest nNOS binding dystrophin
(ΔR2-R15/ΔR18-R23/ΔC) also carries the NT and CR domains,
H1, H4, R1, and R24 (Fig. S1 and Table S1) (4). To determine
whether these regions contributed to dystrophin–nNOS interaction,
we examined in vivo nNOSbinding in constructs carrying additional
deletions. Removing R1 and R24 did not compromise sarcolemmal
nNOS expression in dystrophin-null mdx muscle. Further deletion
of the NT domain and H1 or H4 and the CR domain did not alter
nNOSmembrane localization either (Fig. S1). These results suggest
that dystrophin R16/17 can recruit nNOS to the sarcolemma in-
dependent of other dystrophin domains.
Next, we tested whether a stripped-down construct of only

dystrophin R16/17 can localize nNOS to the sarcolemma. To fa-
cilitate detection, we fused a GFP tag to dystrophin R16/17 (R16/
17.GFP) (Fig. 1A and Table S1). Robust expression of R16/17.
GFP was observed in mdx muscle but nNOS was not detected at
the sarcolemma (Fig. 1A). Loss of dystrophin results in the dis-
association of syntrophin from the membrane. Syntrophin is also
required for sarcolemmal nNOS localization (14, 15). To more
stringently test the R16/17.GFP construct, we introduced it to
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skeletal muscle specific ΔH2-R19 minidystrophin transgenic mdx
mice (Fig. 1A) (4). The ΔH2-R19 minidystrophin gene does not
restore nNOS to the membrane but it anchors syntrophin to the
sarcolemma (4, 10, 16). The R16/17.GFP AAV virus successfully
transduced transgenic mdx muscle. However, the virus still did not
restore nNOS to the sarcolemma (Fig. 1A). We noticed that R16/
17.GFP expression was limited to the sarcoplasm only. We rea-
soned that failure to localize nNOS to the sarcolemma might be
because of the lack of membrane targeting of R16/17.GFP.
To address this theory, we attached a palmitoylation membrane

targeting sequence to the C terminus of R16/17.GFP and gener-
ated R16/17.GFP.Pal (Fig. 1B and Table S1) (17). Compared
with R16/17.GFP, palmitoylated dystrophin R16/17 was clearly
enriched at the sarcolemma (Fig. 1B). Importantly, membrane-
associated nNOS was detected in R16/17.GFP.Pal-treated ΔH2-
R19 transgenic mdx mice (Fig. 1 B and C). Collectively, our data
suggest that R16/17 is the only dystrophin component required
for sarcolemmal nNOS targeting (4).

Dystrophin R17 α1 Helix Contains the nNOS-Binding Domain. Utro-
phin is an autosomal paralog of dystrophin. Utrophin R15/16 is
homologous to dystrophin R16/17. However, utrophin R15/16
cannot bring nNOS to the sarcolemma (13). To test whether dys-
trophin R16/17 can restore sarcolemmal nNOS in a foreign context,
we engineered a chimeric microutrophin gene in which utrophin
R15/16 was replaced by dystrophin R16/17 (Fig. S2 and Table S1).
Modified microutrophin effectively restored sarcolemmal nNOS
expression in utrophin/dystrophin double knockout (u-dko) mouse
muscle (Fig. S2). These results reiterate that dystrophin R16/17
bind nNOS in a context-independent manner.
To identify the nNOS-binding domain in dystrophin R16/17, we

generated 14 chimerical microdystrophin constructs. In these con-
structs, a microdomain of dystrophin R16/17 was substituted by the
corresponding sequence from utrophin R15/16 (Fig. 2A and Table
S1). Each construct was named after the matching microdomain
(I to XIV). Following AAV gene transfer to mdx muscle, sarco-
lemmal nNOS expression was examined. The pattern was not al-
tered in 13 constructs (Fig. 2B). The only exception is construct IX,
in which a 10-residue microdomain in the first half of dystrophin
R17 α1 helix was replaced.Membrane-associated nNOS expression
was completely abolished in muscles treated with this construct
(Fig. 2B). These results suggest that the 10-residue microdomain in
construct IX contains the nNOS-binding site (Fig. 2B).
To further establish dystrophin R17 α1 helix microdomain IX as

the nNOS-binding domain, we engineered this microdomain into
the microutrophin gene. Specifically, we replaced the correspond-
ing sequence in utrophin R16 with that of dystrophin R17 (Table
S1). Despite strong expression, dystrophin R17 microdomain IX
did not anchor nNOS to the sarcolemma in the context of utrophin
(Fig. 3). We deduced that in addition to dystrophin R17 micro-
domain IX, other yet undefined structural features of dystrophin
R16/17 are also needed for sarcolemmal nNOS localization.

Sarcolemmal nNOS Binding Requires Five Correctly Phased α-Helices,
Including α2 and α3 Helices of Dystrophin R16 and all Three α-Helices
of Dystrophin R17. The linker between adjacent STRs has been im-
plicated in protein–protein interaction (18, 19). Therefore, we first
tested whether the junction between dystrophin R16 and R17
was involved in nNOS binding. We generated four linker mutants
(mutants 1–4). However, none of the mutants altered nNOS mem-
brane localization (Tables S1 and S2). These results suggest that the
linker between R16 and R17 is not required for nNOS binding.
To decipher other regions that may contribute to nNOS bind-

ing, we decided to re-examine the whole STR. The nNOS-binding
domain is located in dystrophin R17 (Fig. 2); hence, replacing this
STR will destroy nNOS interaction. For this reason, we focused
our attention on dystrophin R16. Individual replacement of eight
microdomains of dystrophin R16 with the corresponding micro-
domains of utrophin R15 had minimal impact on nNOS binding
(Fig. 2). This finding seems to suggest that dystrophin R16 and
utrophin R15 may be exchangeable. To determine the contribu-
tion of dystrophin R16 in its entirety, we generated another chi-
meric microdystrophin (μ-Dys+Utro R15) in which dystrophin
R16 was replaced by utrophin R15 (Table S1). Surprisingly,
modified microdystrophin only yielded very faint sarcolemmal
nNOS staining (Fig. S3A). On microsomal preparation Western
blot, modified microdystrophin did not localize nNOS to the sar-
colemma (Fig. S3B). These results suggest that dystrophin R16

A

B

C

Fig. 1. Membrane targeting of dystrophin R16/17 restores sarcolemmal
nNOS expression in ΔH2-R19 transgenic but not parental mdx mice. (A)
Morphological evaluation of nNOS expression following R16/17.GFP.Pal AAV
virus infection. (Scale bar, 50 μm.) (B) Morphological evaluation of nNOS
expression following R16/17.GFP.Pal AAV virus infection. (Left) GFP expres-
sion; (Center) nNOS immunofluorescence staining; (Right) in situ nNOS ac-
tivity staining. Asterisks indicate the same myofiber in serial sections. (Scale
bar, 50 μm.) (C) Western blot evaluation of nNOS expression following R16/
17.GFP.Pal AAV virus infection. (Left) Representative results from whole
muscle lysate; (Right) representative results from microsomal preparation.
α-Tubulin was used as the loading control for whole muscle lysate. α1-Na+/K+

ATPase was used as the loading control for microsomal preparation.
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A

Utro R16
Dys R17 S V E K W R R F H Y D I K I F N Q W L T 20

- V E E W R Q F H H D L D D L T Q W L S 19

E A E Q F L R K T Q I P E N - W E H A K 39
E A E D L L V D T C A P D G S L D L E K 39

Y K W Y L K E L Q D G I G Q R Q T V V R 59
A R A Q Q L E L E E G L S S H Q P S L I 59

T L N A T G E E I I Q Q S S K T D A S I 79
K V N R K G E D L V Q R L R P S E A S F 79

L Q E K L G S L N L R W Q E V C K Q L S 99
L K E K L A G F N Q R W S T L V A E V E 99

D R K K R L E E 107
A L Q P R L K G E 108

B
Dys nNOS nNOS Activity

I

II

* *

* *

*

*
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X

XI

XII

XIII

XIV

* *
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*
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*

Utro R15
Dys R16 E I S Y V P S T Y L T E I T H V S Q A L 20

- - S A L P A D Y L V E I N K I L L T L 18

L E V E Q L L N A P D L C A K D F E D L 40
D D I E L S L N M P E L N T T V Y K D F 38

F K Q E E S L K N I K D S L Q Q S S G R 60
S F Q E D S L K S I K G Q L D R L G E Q 58

I D I I H S K K T A A L Q S A T P V E R 80
I A V V H E K Q P D V I V E A S G P E A 78

V K L Q E A L S Q L D F Q W E K V N K M 100
I Q I R D M L A Q L N A K W D R V N R V 98

Y K D R Q G R F D R 110
Y S D R R G S F A R A 109

Fig. 2. Microdomain substitution study reveals the nNOS binding site in dystrophin R17 α1 helix. Individual microdomain in dystrophin R16/17 was
replaced by the corresponding microdomain of utrophin R15/16 in the ΔR2-R15/ΔR18-R23/ΔC microdystrophin gene. The modified microgene was de-
livered to mdx muscle by AAV. (A) Amino acid sequence alignment of dystrophin R16/17 and utrophin R15/16. Identical residues are shaded in black. The
α-helices are marked by the underlying dotted line. Microdomains are boxed and numbered from I to XIV. (B) Representative photomicrographs of
dystrophin and nNOS immunostaining, and nNOS activity staining. Asterisks indicate the same myofiber in serial sections. (Scale bar, 50 μm.)
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may tolerate single microdomain substitution but not whole STR
exchange by homological utrophin R15.
The α-helix is the basic structural unit of STR. Each STR

contains three α-helices. To determine contribution of individual
α-helix on nNOS binding, we screened a series of α-helix sub-
stitution constructs by yeast two-hybrid (Fig. 4). In these con-
structs, one of the α-helices of dystrophin R16/17 was replaced
by the corresponding α-helix from dystrophin R18. Interaction
with nNOS was not disrupted in most cases, except when R17 α1
helix was replaced (Fig. 4).
Considering the possibility that in vitro assay may fail to predict

protein interaction in vivo, we then performed the in vivo binding
assay using AAV gene transfer. We first examined the impact of
single α-helix deletion. Interestingly, nNOS binding was abolished
in all of the deletion constructs we examined (Fig. 5A and Table
S1). This finding suggests that either every α-helix is required, or
more likely, single α-helix deletion has shifted the normal phasing
of the entire STR and hence disrupted 3D structure of the binding
motif. To further determine the importance of each α-helix, we
generated α-helix substitution microdystrophin constructs. In these
constructs, one α-helix (or multiple α-helices) in dystrophin R16/17
was replaced by the corresponding α-helix (or helices) from

another dystrophin STR (Fig. 5B, and Tables S1 and S2). This
design allows the modified constructs to maintain normal α-helix
phasing. As expected, substitution of R17 α1 helix destroyed nNOS
binding (Table S2). Interestingly, replacement of other α-helices
also abolished nNOS binding (Table S2). Single helix substitution
of the remaining five α-helices revealed more striking results. Al-
though R16 α1 helix replacement did not affect nNOS binding,
swapping the α2 or α3 helix of either R16 or R17 eliminated dys-
trophin–nNOS interaction (Fig. 5B and Table S2). Collectively,
our in vivo data suggest that α2 and α3 helices of both R16 andR17
are essential for membrane localization of nNOS in muscle.

Discussion
In this study, we investigated molecular mechanisms underlying
dystrophin R16/17-mediated nNOS sarcolemmal localization. Be-
cause dystrophin STRs have never been successfully crystallized
(20), we decided to take an in vivo biochemical approach to study
how dystrophin recruits nNOS to the sarcolemma. Specifically, we
generated more than 48 different dystrophin and utrophin con-
structs to express various sequence changes that might be involved
in dystrophin–nNOS interaction. These constructs were packaged
inmuscle tropic AAV viruses and delivered to limbmuscles ofmdx,
u-dko, and ΔH2-R19 minidystrophin transgenic mdx mice. nNOS
expression was examined by immunofluorescence staining, in situ
enzymatic activity assay, andmicrosomal preparationWestern blot.
Positive nNOS binding was defined as the detection of nNOS on
the sarcolemma. We found that membrane bound dystrophin R16/
17 anchored nNOS to the sarcolemma in the presence of syntro-
phin. We further showed that dystrophin R17 α1 helix carried the
nNOS-binding microdomain. Finally, we demonstrated that the
function of the nNOS binding microdomain not only required
correct phasing of all α-helices in R16/17 but also depended on the
structural environment formed by four surrounding helices.
STR is a highly conserved structural module consisting of a tri-

ple helical bundle. Interestingly, some paired STRs have evolved
unique properties to mediate specific protein–protein interaction
while still maintaining their tertiary conformation. The molecular
basis for functional specialization of STR is poorly understood.
The crystal structure of a ligand-bound STR has only been re-
solved in one case (19). Ipsaro and colleagues recently deciphered
the atomic structure of spectrin R14/15 in complex with its binding
partner ankyrin (19). The authors find that a negatively charged
patch in the α3 helix of spectrin R14 interacts with a positively
charged patch in ankyrin. They also show that the linker region
between spectrin R14 and R15, and the loop between the α2 and
α3 helices of spectrin R15, are important for binding (19). The
authors propose that: (i) a large tilting between spectrin R14 and
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utrophin construct (μ-Utro +Dys R17 microdomain IX). The microdomain IX
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constructs used in yeast two-hybrid assay. The binding construct carries the nNOS PDZ domain. (Center) From dot assay results. (Right) Quantitative yeast two-
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R15 brings the linker region and spectrin R15 α2/α3 loop close to
each other to form the docking interface, and (ii) ankyrn binding
occurs through patch electrostatic interaction (19). Our results
herein revealed a different interaction mode. Specifically, we found
that nNOS recognition was likely accomplished via a 10-residue
microdomain in dystrophin R17 α1 helix (Fig. 2). This micro-
domain is highly conserved through evolution, suggesting it may
represent an essential structural feature (20). Based on the fact that
dystrophin R17 α1 helix alone supported nNOS binding in vitro in
yeast two-hybrid assay (Fig. 4), we hypothesize that the 10-residue
motif contains the authentic nNOS binding site. In contrast to the
negatively charged patch in spectrin R14 α3 helix reported by
Ipsaro et al., the nNOS binding microdomain we identified consists
of amino acids of various electrostatic properties. This finding
suggests that dystrophin R16/17 may bind to nNOS through a
mechanism different from what was shown for spectrin–ankyrin
interaction. Future elucidation of this binding mechanism with
X-ray crystallography and NMR may shed new light on our
understanding of other STR-mediated protein interaction.
Another intriguing aspect of dystrophin R16/17-nNOS inter-

action is the striking difference between in vitro and in vivo assay
results. Yeast two-hybrid revealed dystrophin R17 α1 helix is the
only component needed for nNOS binding. The requirement for
other α-helices was appreciated only when the binding assay was
performed in vivo. Because the α1 helix of dystrophin R17 in-
dependently recruited nNOS in vitro, we reasoned that α2 and α3
helices of dystrophin R16 and R17 may not directly participate in
the binding. Rather, these helices may function to stabilize R16/17
in a specific configuration to facilitate in vivo nNOS binding. Con-
sidering the fact that such information can only be obtained from
studies performed inmuscle, our results highlight the importance of
in vivo biochemical approach in studying protein interaction.
The rod domain of dystrophin was initially considered as a flex-

ible spacer that separates more important functional domains at
the N and C termini. However, recent studies suggest that some
STRs in the rod domain actually play a more active role in a
plethora of cellular functions via interaction with membrane
phospholipids, cytoskeletal proteins, and signaling proteins (21).
Of particular interest is the ability of dystrophin R16/17 to com-
partmentalize nNOS to the sarcolemma (4). Failure to do so causes
functional ischemia and muscle fatigue, hence more severe muscle
disease (4, 22). Although our previous studies explained why nNOS
is delocalized from the membrane in patients carrying deletion
mutations involving dystrophin R16/17, they cannot justify cases in
which R16/17 is intact yet nNOS is lost from the sarcolemma (23–
25). The results from single α-helix deletion/substitution experi-
ments suggest that in-frame deletion in other regions of dystrophin
may disrupt nNOS interaction by altering α-helix phasing.
Last but not least, our findings also reveal several new thera-

peutic opportunities to treat DMD. Utrophin overexpression has
been considered as a promising therapy for DMD. Unfortunately,
utrophin cannot bind nNOS (13). The unique dystrophin R16/17-
containing microutrophin gene described herein may thus im-
prove utrophin-based gene therapy. Another very exciting pos-
sibility is to use membrane-targeted R16/17 as a supplementary
therapy to restore sarcolemmal nNOS expression in situations in
which nNOS binding activity is lost in muscle because of dele-
tions affecting dystrophin R16/17 coding region (such as in some
Becker muscular dystrophy patients or in DMD patients treated
with exon 42–45 skipping).
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Fig. 5. In vivo interaction between dystrophin R16/17 and nNOS requires
correct α-helix phasing and all but R16 α1 helices. (A) Representative pho-
tomicrographs of dystrophin and nNOS immunostaining and nNOS activity
staining in mdx muscle infected by AAV viruses carrying a single α-helix
deletion. The deleted α-helix is marked on the left side of each panel. (B)
Representative photomicrographs of dystrophin and nNOS immunostaining
in mdx muscle infected by AAV viruses carrying single α-helix substitution.

The α-helix replaced in each construct is depicted in the cartoon drawing
(Left). The “#” refers to the referred α-helix that is substituted by the cor-
responding α-helix of dystrophin R18. Asterisks indicate the same myofiber
in serial sections. (Scale bar, 50 μm.)
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Methods
AAV-Mediated in Vivo nNOS Binding. All animal experiments were approved
by the University of Missouri Institutional Animal Care and Use Committee.
Modified microdystrophins/utrophins were packaged in Y445F AAV-6 vec-
tor. The 1010 viral particles were injected to the tibialis anterior muscle to
young adult mice. Microgene expression and nNOS expression were exam-
ined 5 wk later by immunofluorescence staining, in situ nNOS activity assay,
and Western blot (whole-muscle lysate and microsomal preparation) (4).
Details of each assay are provided in SI Methods.

In Vitro nNOS Binding Assay with Yeast Two-Hybrid. The assay was performed
as elaborated in SI Methods. The binding construct carried the nNOS PDZ
domain. The activation constructs express various α-helix substituted dystro-
phin R16/17.
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