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The ability of aminoglycoside antibiotics to promote read-through of nonsense muta-
tions has attracted interest in these drugs as potential therapeutic agents in genetic
diseases. However, the toxicity of aminoglycoside antibiotics may result in severe
side effects during long-term treatment. In this paper, we report that negamycin, a
dipeptide antibiotic, also restores dystrophin expression in skeletal and cardiac mus-
cles of the mdx mouse, an animal model of Duchenne muscular dystrophy (DMD) with
a nonsense mutation in the dystrophin gene, and in cultured mdx myotubes. Dys-
trophin expression was confirmed by immunohistochemistry and immunoblotting.
We also compared the toxicity of negamycin and gentamicin, and found negamycin to
be less toxic. Furthermore, we demonstrate that negamycin binds to a partial
sequence of the eukaryotic rRNA-decoding A-site. We conclude that negamycin is a
promising new therapeutic candidate for DMD and other genetic diseases caused by
nonsense mutations.
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Aminoglycoside antibiotics are known to decrease trans-
lational fidelity and cause read-through of termination
signals in eukaryotic cells (I—4). Considerable attention
has therefore been focused on aminoglycoside antibiotics
as potential therapeutic agents for genetic diseases.
Recently, gentamicin has been used in clinical trials for
the treatment of cystic fibrosis, Hurler’s disease, infant
neuronal ceroid and lipofuscinosis, diseases that are
caused by nonsense mutations (3-7).

Duchenne muscular dystrophy (DMD) is an X-linked
recessive disorder affecting 1 in 3,500 live-born males,
and is characterized by a lack of the dystrophin protein in
the sarcolemma. In 65% of patients with DMD, the gene
exhibits gross rearrangement (predominantly deletion or
duplication), while the remaining 35% have a dystrophin
gene with either nonsense or other point mutations. The
mdx mouse, an animal model of DMD, carries a nonsense
mutation (CAA to TAA) at nucleotide position 3,185 in
exon 23 of the dystrophin gene (8, 9). This causes an
absence of dystrophin and, thus, the dystrophin-associ-
ated glycoprotein complex in the sarcolemma. DMD
patients are treated pharmacologically with corticoster-
oids and corticosteroid-sparing agents, however, the use
of corticosteroids is accompanied by significant side
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effects and is of limited and short-lived benefit (10, 11).
Identifying clinically useful methods to suppress the non-
sense mutation within the dystrophin gene would be of
benefit to a significant number of patients with DMD.

In 1999, Barton-Davis et al. reported that gentamicin
restores dystrophin function to the skeletal muscles of
mdx mice (12). Gentamicin is currently in clinical trials
for DMD patients. However, aminoglycoside antibiotics
are associated with numerous side effects such as kidney
disorders and hearing loss, and excessive use can lead to
the emergence of drug-resistant bacteria.

The serious side effects of gentamicin led us to search
for other possible drug candidates to suppress nonsense
mutations. Uehara et al. reported that negamycin (-
hydroxy-p-lysine linked with methylhydrazinoacetic
acid), a dipeptide antibiotic discovered in 1970, also
induces the read-through of stop codons in a prokaryotic
translation system (13, 14). We, therefore, injected nega-
mycin subcutaneously into mdx mice over periods of 2 to
4 weeks. Immunofluorescence and immunoblotting anal-
yses revealed that dystrophin protein expression was
restored in skeletal and cardiac muscles of negamycin-
treated mdx mice. The restoration of dystrophin was also
found in immortalized mdx skeletal muscle cells
(mdxSV40-T cells) prepared by introducing a tempera-
ture-sensitive SV40-T gene into mdx skeletal muscle
cells using a retroviral vector.
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It has been reported that aminoglycoside antibiotics
bind to the A-site of rRNA and change its conformation
(15-17). In 1999, Griffey et al. showed the interaction
between aminoglycoside antibiotics and the rRNA-decod-
ing A-site of prokaryotes and eukaryotes using electro-
spray ionization mass spectroscopy (ESI-MS) (18). To
understand the mechanism of the read-through activity
induced by negamycin during protein synthesis, we show
here the interaction between a partial sequence of rRNA
and negamycin, as determined by time-of-flight mass
spectroscopy (TOF-MS).

These results suggest that negamycin is a new thera-
peutic candidate for DMD and other genetic diseases
caused by nonsense mutations.

MATERIALS AND METHODS

Antibiotic Treatment—The amount of negamycin admin-
istered was adjusted to be equivalent to the number of
molecules of gentamicin administered in the study of
Barton-Davis et al. (12). Negamycin (1.2 x 10-° mol/kg
body weight [BW]) was dissolved in PBS that had been
sterilized by passage through membrane filters with a
pore size of 0.22 pum (Millipore) just before injection each
day. Male mdx mice (7-8 weeks old, n = 45, or 4 weeks
old, n = 5) were injected subcutaneously with 0.2 ml of
solution every day for 2 or 4 weeks. Untreated male mdx
mice and normal male control C57BL10 mice (7-8 weeks
old, n = 6) were injected subcutaneously with only 0.2 ml
of PBS every day. Animals were sacrificed by an overdose
of ether gas, and the tibialis anterior (TA), hindlimb, and
cardiac muscles were removed and placed in tragacan-
thogum (Wako), frozen quickly in dry ice-cooled iso-
pentane and stored at —80°C. Animal experiments were
carried out according to the manual of the University of
Tokyo.

Vital Staining with Evans Blue Dye—All animals were
given an intraperitoneal injection of Evans Blue dye (EB:
2% EB in PBS, 0.1 m1/10 g, BW) 12 h prior to sacrifice. EB
enables the visualization of degenerating muscle fibers
that have permeable membranes, as described previously
(19).

Cell culture of mdx mouse skeletal muscle cells
(mdxSV40-T)—SV40-T ¢cDNA was introduced into a ret-
roviral vector. Muscle cells extracted from the leg skeletal
muscle of an mdx mouse were infected with the SV40-T
virus produced by Plat-E from packaging cell lines (20).
At 32°C, infected cells (mdxSV40-T cells) grew rapidly,
and cells that entered the cell cycle were chosen and cul-
tures established. When the temperature was shifted to
38°C, the SV40-T protein was no longer effective, and the
cells started to differentiate. The growth medium con-
tained 20% FBS in DMEM including 50 U/ml penicillin,
50 pg/ml streptomycin, and 12.5 pg/ml amphotericin. The
differentiation medium was 10% horse serum in Eagle’s
minimum essential medium (10% HS-MEM) without
antibiotics.

Negamycin treatment of mdxSV40-T cells—Cells (2.0 x
105 cells/35-mm culture dish) were grown at 32°C for 7
days in gelatin-coated culture dishes, after which the
growth medium was replaced with differentiation
medium and the cells were cultured at 38°C for an addi-
tional 5 days. After myotube formation, negamycin (4.0 x
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10-" mol/ml, 100 ug/ml, sterilized through a 0.22-um pore
size filter and diluted in differentiation medium) was
added to the cultures. The cells were treated with nega-
mycin each day for 7 days.

Staining of Dystrophin in Mouse Tissues by Immuno-
histochemistry—Immunofluorescent staining was carried
out on 7-10-um transverse cryosections of the TA muscle
and ventricular muscle from experimental mice. After
pre-incubation in blocking solution (10% HS-PBS) for 15
min at room temperature, the cryosections were washed
with PBS three times for 10 min. The sections were then
incubated with a rabbit polyclonal antibody against the
40 mer amino acid sequence of C-terminal region of dys-
trophin, diluted 1:200 in PBS containing 2% BSA for 1 h
at room temperature. After being washed with PBS, the
sections were labeled with a 1:100 dilution of FITC-conju-
gated anti-rabbit IgG antibody (Amersham Pharmacia
Biotech) for 1 h at room temperature. Specimens were
washed with PBS and then sealed with 20% glycerol-
PBS, examined under a fluorescence microscope (ZEISS
Axioplan), and photographed on color slide films (Fuji
film, PROVIA400). All photographs were taken under
identical conditions with the same exposure time.

Dystrophin Staining of Cultured Skeletal Muscle
Cells—Cells were rinsed twice with PBS, fixed with
methanol at —20°C for 10 min and then rinsed three
times for 5 min with PBS. The cells were treated with
10% HS-PBS for 30 min at room temperature and then
incubated overnight at 4°C with rat monoclonal antibody
against the 40 mer amino acid sequence of C-terminal
region of dystrophin, diluted 1:100, or for 1 h at room
temperature with culture supernatant of mouse mono-
clonal anti-sarcomeric myosin heavy chain antibody
(MF20: Developmental Studies Hybridoma Bank, Uni-
versity of Iowa). After the reaction, the cells were rinsed
three times with PBS for 10 min. Then, the cells were
incubated with secondary antibodies, Alexa Fluor 488—
conjugated goat anti-mouse IgG (H+L) and Alexa Fluor
594—conjugated goat anti-rat IgG (H+L) (both from
Molecular Probes) for 30 min at room temperature. The
secondary antibodies were diluted 1:200 with 2% BSA-
PBS. Cells were washed three times with PBS and photo-
graphed using a Polaroid PDMC Ie/OL. Photographs
were taken under identical conditions with the same
exposure time.

Partial Enrichment of the Dystrophin / Dystrophin-Asso-
ciated Glycoprotein Complex Using the Lectin Wheat Germ
Agglutinin (WGA)—According to the methods described
by Yoshida et al. (21) and Campbell et al. (22), tissues
were homogenized with a Teflon homogenizer in 15 ml of
homogenizing solution (pyrophosphate mixture, 20 mM
Na,P,0;, 20 mM NaH,PO,, and 1 mM MgCl,, pH 7.1)
including 10% sucrose and 0.5 mM EDTA (pH 7.2). Mus-
cle tissues of the left hindlimb (600 mg) and heart (100
mg) isolated from mdx or B10 mice were homogenized at
4°C for 1 min in 15 ml of homogenizing solution. The
homogenates were centrifuged at 10,000 xg for 15 min,
and the supernatants were then centrifuged at 15,000 xg
for 30 min to obtain the microsome fractions. The pellet
was resuspended in 1ml of 1% digitonin solution (0.5 M
NaCl, 0.5 M sucrose, 0.1 mM PMSF, 50 mM Tris-HC1, 1U/
ml aprotinin, pH 7.2). Sixty microliters of WGA-Sepha-
rose CL-6B (Sigma, 1.5 mg/ml) were added to the solu-
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tions, and the samples were incubated overnight at 4°C.
After centrifugation at 15,000 xg, the beads were col-
lected and washed three times with 0.2% Nonidet P-40
(NP-40) in PBS. Then, 20 pl of SDS sample buffer (10%
SDS, 10 mM EDTA, 70 mM Tris-HCI, pH 6.7, 5% B-mer-
captoethanol) was added and the beads were heated at
90°C for 4 min.

Immunoprecipitation of the Dystrophin Protein from
Skeletal Muscle Cell Culture—Immunoprecipitation was
performed using a modification of the methods described
by Abe et al. (23) and Arakawa et al. (24). The cells were
washed twice with PBS, and then scraped in 400 pl of
homogenizing solution (20 mM Tris-HCI1 pH 7.6, 150 mM
NaCl, 1% NP-40, 100 pg/ml DNase, 1 mM PMSF, 1 pg/ml
N-tocyl-L-phenylalanyl chloromethyl ketone, 1 pg/ml N-
tocyl-L-lysyl chloromethyl ketone, 200 U/ml aprotinin,
and 5 mM EDTA) in a cold room at 4°C. The cells were
collected and homogenized in a glass homogenizer.
Homogenates were collected in microfuge tubes and cen-
trifuged at 15,000 xg. Supernatants were pre-incubated
with protein A-Sepharose CL-4B (Sigma) for 2 h at 4°C to
remove non-specific binding. After incubation, the super-
natants were collected and incubated with rabbit polyclo-
nal anti-dystrophin antibody (3 pl) for 30 min at room
temperature. Protein A-Sepharose CL-4B (25 pl) was added
to the solutions, and the samples were incubated over-
night at 4°C. After incubation, the beads were collected
and incubated in SDS sample buffer at 90°C for 4 min.

Immunoblot Analysis—The protein concentrations of
SDS-treated samples were determined by the micro-
beuret method (25). The amount of protein in each SDS-
treated sample was adjusted to 20 or 100 nug/20 pl with
SDS sample buffer, and the samples were subjected to
electrophoresis on 4-8% gradient SDS polyacrylamide
gels (D.R.E. Co, Tokyo). The proteins were transferred to
a PVDF membrane (Millipore) and treated with a block-
ing buffer (5% skim milk in PBS) overnight at 4°C. After
blocking, the membrane was treated with monoclonal
anti-dystrophin C-terminal antibody (DYS2: Novocas-
tra) diluted 1:100 with 5% skim milk in PBS for 1 h at
room temperature. After brief washing with 5% skim
milk in PBS, the membrane was washed three times with
5% skim milk/0.05% Tween 20-PBS (PBS-T) for 20 min,
and incubated with horseradish peroxidase (HRP)—conju-
gated anti—-mouse IgG1l antibody (ZYMED) diluted 1:
5,000 with 5% skim milk/PBS-T. Then, the membrane
was washed with PBS-T three times for 30 min, and
treated with an Enzyme Chemiluminescence (ECL) solu-
tion (Amersham Pharmacia Biotech). The pattern was
visualized by exposing the membrane to X-ray film
(Hyperfilm ECL, Amersham Pharmacia Biotech) for peri-
ods of 5 to 60 min at room temperature.

Interaction between Negamycin and rRNA (A-Site)—
HPLC-purified partial eukaryotic rRNA sequences (A-
site: 5'-GGCGUCGCUACUUCGGAAAAAGUCGCC-3": 27
mer) were synthesized by the Takara Biotechnology Co. A
reaction mixture containing 5.0 x 108 mol of negamycin
and 5.0 x 10~ mol of the TRNA sequence was prepared
in distilled water to a total volume of 1ml. The formation
of a negamycin:rRNA complex was examined by the
Orthogonal Acceleration TOF-MS (AccuTOF, JEOL).
Measurements were performed under conditions pro-
duced by a 50 pl/min syringe pump at temperatures
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under 100°C. To prepare a modified A-site, the bold
nucleotides were changed in the partial 1406-1494 loop
region of the A-site (modified A-site: 5'-GGCGACUCU-
UCUUCGGAAGAGUCGCC-3', 26 mer).

Changes in Body Weights of mdx Mice Treated with
Negamycin—Subcutaneous injection of male mdx mice (7
weeks old, male, n = 4 per dose) with negamycin was per-
formed at various doses: 1.2 x 1075 mol/kg (1x), 1.2 x 10
mol/kg (10x), 6.0 x 10~ mol/kg (50x), and 1.2 x 10-3 mol/
kg (100x) each day for 2 weeks. Gentamicin sulfate (1.2 x
10-3 mol/kg) was also injected into different male mdx
mice (7 weeks old, n = 2). As a control, PBS was injected
into mdx mice every day. Body weights were measured
every day.

Ototoxicity—Male mdx mice (7 weeks old, n = 2) were
treated with 1.2 x 10~* mol/kg (10x) negamycin or gen-
tamicin for 7 days. Mdx mice treated with PBS (0.1 ml/10
g BW) were used as controls. Hearing ability was deter-
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Fig. 1. Dystrophin expression in skeletal muscles of negamy-
cin-treated and untreated mdx mice. A: Immunofluorescent
staining of dystrophin (a, ¢, and e) and EB staining (b, d, and f) of
degenerating fibers. a and b, normal B10 mouse; ¢ and d, untreated
mdx mouse; e and f, negamycin-treated mdx mouse. Bar = 100 um.
B: Immunoblot analysis of full-length dystrophin proteins from the
left hindlimb muscles of mdx and control mice. a, negamycin-
treated mdx mouse; b, sample buffer; ¢, negamycin-treated mdx
mouse (ten times the amount of protein used in lane “a” was loaded);
d, untreated mdx mouse; e, B10 control mouse. Dystrophin was vis-
ualized by ECL. Only the dystrophin area of the blot is shown.
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Fig. 2. Dystrophin expression in cardiac muscles of negamy-
cin-treated and untreated mdx mice. A: Immunofluorescent
staining of dystrophin (a, ¢, and e) and EB staining (b, d, and f) of
degenerating fibers. a and b, B10 control mouse; ¢ and d, untreated
mdx mouse; e and f, negamycin-treated mdx mouse. Bar = 40 um. B:
Immunoblot analysis of full-length dystrophin protein from cardiac
muscles. a and b, two individual, negamycin-treated mdx mice; c
and f, empty lanes; d and e, two individual untreated mdx mice; g
and h, two individual normal B10 mice. Dystrophin was visualized
by ECL. Only the dystrophin area of the blot is shown.

mined by the auditory brainstem response, according to
the method of Shapiro et al. (26)

RESULTS

Detection of Dystrophin in Negamycin-Treated mdx
Muscles—Immunostaining of dystrophin and vital stain-
ing with EB were performed on TA muscles harvested
from mdx mice that had received daily injections of nega-
mycin (1.2 x 10-® mol/kg BW) for 2 weeks (Fig. 1A). The
number of dystrophin-positive fibers was greater in mdx
TA muscle compared with controls. An average of 6% of
350-550 total TA muscle fibers in six negamycin-treated
mdx mice were dystrophin-positive. Furthermore, the
number of EB-positive fibers in the mdx mice decreased
from 17% in untreated mice to 5% with negamycin treat-
ment. Dystrophin accumulation was confirmed by immu-
noblots of partially enriched, WGA-purified dystrophin/

Fig. 3. Dystrophin expression in cultured mdx skeletal mus-
cle cells. A: Untreated (a, ¢, and e) and negamycin-treated (100 pg/
ml) (b, d, and f) cultured mdx myotubes. Phase contrast microscopy
of cultured mdx myotubes (a and b), immunofluorescent staining of
myosin heavy chain (c and d) and dystrophin (e and f). Bar = 40 um.
B: Immunoblot of dystrophin in cultured mdxSV40-T or C2C12
cells. a and b, two separate cultures of myotubes treated with nega-
mycin for 1 week; ¢ untreated mdx myotubes; d, empty lane; e,
C2C12 myotubes.

dystrophin-associated glycoprotein complex (Fig. 1B). We
estimate that the dystrophin level in the skeletal muscle
of negamycin-treated mdx mice is approximately 10%
that in normal skeletal muscles. Dystrophin-positive fib-
ers were not observed in cardiac muscle of mdx mice
treated with negamycin for 2 weeks (data not shown).
The number of dystrophin-positive fibers in mdx cardiac
muscle also increased after prolonged (4 weeks) negamy-
cin treatment (Fig. 2A). There were no EB-positive fibers
in the dystrophin-positive area. The full-length dys-
trophin protein was also detected by immunoblot analy-
sis in the cardiac muscles of negamycin-treated mdx mice
(Fig. 2B). The dystrophin level in the cardiac muscle was
also estimated to be less than 10%.

Detection of Dystrophin in Negamycin-Treated mdx
Skeletal Muscle Cells in Culture—In order to study the
restoration of dystrophin in cultured mdx skeletal muscle
cells, we first established mdxSV40-T cells. Muscle cell
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Fig. 4. Interaction between negamycin and a eukaryotic par-
tial rRNA A-site. A: Deconvolution of a mass spectrum of the
eukaryotic rRNA A-site (MN: 8625.51). B: Deconvolution of a mass
spectrum of the negamycin/rRNA A-site complex (MN: 9368.31) cor-
responding to a binding ratio of negamycin to rRNA of 3:1 was
observed by TOF-MS.

Intensity

differentiation of mdxSV40-T cells was confirmed mor-
phologically as well as immunohistochemically by the
expression of the sarcomeric myosin heavy chain (Fig.
3A). After 1 week of negamycin treatment (4.0 x 10-7 mol/
ml, 100 pg/ml), dystrophin was detected immunohisto-
chemically in an average of 6% of a total of 340 sarcom-
eric myosin heavy chain-positive myotubes from 4 differ-
ent experiments, and dystrophin accumulation was
confirmed by immunoblot analysis (Fig. 3B). Dystrophin
was not detected in untreated mdxSV40-T cells.

Interaction between Negamycin and the Eukaryotic
rRNA A-Site—The ESI-MS was obtained from a mixture
of 5 nmol partial eukaryotic rRNA A-site and 5.0 x 10-8
mol negamycin in distilled water. A partial eukaryotic
rRNA A-site was detected at a mass number (MN) of
8625.51 (M+H) by TOF-MS (Fig. 4A). A negamycin/
eukaryotic rRNA A-site complex (MN: 9368.31), corre-
sponding to a 3:1 ratio of negamycin to eukaryotic rRNA,
was detected (Fig. 4B).

To examine the affinity site more closely, binding of
negamycin and a modified rRNA A-site (modified 5-
nucleotides in the loop region as a match pair in the
eukaryotic rRNA A-site sequence) was also performed
under these same conditions. The modified rRNA A-site
was also detected, however, no interaction between nega-
mycin and the modified A-site was detected (data not
shown). The eukaryotic rRNA A-site showed stoichiomet-
ric and stereospecific affinities that were significantly
higher than those of the modified rRNA A-site.
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Fig. 5. Changes in body weights of mdx mice during negamy-
cin treatment for 2 weeks. Mdx mice were treated with negamy-
cin and weighed every day. Mdx mice treated with PBS (open cir-
cles), or with negamyecin at 1.2 x 10-® mol/kg (closed circles), 1.2 x
10~ mol/kg (crosses), 6.0 x 10~* mol/kg (closed triangles), or 1.2 x 103
mol/kg (closed squares).
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Fig. 6. Changes in auditory brainstem response. Audiometrc
profiles according to the auditory brain stem response of antibiotic-
treated mice are shown. A, control mouse, four positive peaks, P1,
P2, P3, and P4, were recorded; B, negamycin-treated mouse, four
positive peaks, similar to those in the control mouse, were recorded;
C, gentamicin-treated mouse, the four positive peaks are absent.

Negamycin Is Less Toxic than Gentamicin in mdx
Mice—It is well known that aminoglycoside antibiotics
are associated with severe side effects. Although these
antibiotics are used routinely for the treatment of bacte-
rial infections, they often cause nephrotoxicity and oto-
toxicity. We examined negamycin toxicity by measuring
changes in body weight and hearing acuity in drug-
treated mice (Fiigs. 5 and 6). Male mdx mice (7 weeks old)
were injected subcutaneously with varying doses of nega-
mycin for 2 weeks. the body weights of mice treated with
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lower doses of negamycin (1x and 10x the minimal effec-
tive dose) increased continuously (Fig. 5); however, the
body weights of mice treated with higher doses of nega-
mycin (50x and 100x) decreased. It is noteworthy that the
highest dose of negamycin was not lethal. In contrast, a
high dose of gentamicin (1.2 x 103 mol/kg/day BW, 100x)
killed all mice tested within 4 h (data not shown). Fur-
thermore, to investigate ototoxicity, we conducted oto-
logic studies on untreated and antibiotic-treated mice.
Auditory brainstem responses to sounds ranging from 95
to 25 decibels (dB) were recorded. In both untreated and
negamycin-treated mdx mice, the normal P1, P2, P3, and
P4 peaks of an auditory brainstem response were
observed. On the other hand, gentamicin-treated mice
lacked all waves of auditory brainstem response under 80
dB (Fig. 6). This study indicates that hearing loss under
80 dB was apparent only in the gentamicin-treated mice,
and not in negamycin-treated mice.

DISCUSSION

Many human genetic diseases have a relatively high pro-
portion of disease-causing nonsense mutations. These
mutations are found in approximately 5—15% of patients
with DMD (12). To overcome nonsense mutations, one
can expect that the naturally occurring suppressor tRNA
may play important roles. Especially in the case of
selenoprotein synthesis, the selenocysteyl tRNA carries
the anticodon for UGA, a stop codon (27, 28). Unfortu-
nately, however, the selenocysteyl tRNA can function in
selenoprotein synthesis only in the presence of a seleno-
cysteine insertion sequence (SECIS) in the 3’ untrans-
lated region (UTR) of the mRNA, and SECIS is found
only in the mRNAs encoding for selenoproteins. Except
selenocysteyl-tRNA, the level of other suppressor tRNAs
is not high enough to overcome common nonsense muta-
tions. Therefore, it is reasonable to explore new drugs
that induce read-through of premature stop codons.

The restoration of dystrophin was observed in the skel-
etal and cardiac muscles of mdx mice treated with nega-
mycin. There was a difference between skeletal and car-
diac muscles in the susceptibility to negamycin. In
contrast to skeletal muscle, no dystrophin was detected
in the cardiac muscle of mdx mice treated with negamy-
cin for 2 weeks. However, dystrophin staining was
observed after prolonged negamycin treatment of 4
weeks. Using WGA-conjugated affinity beads, we suc-
cessfully enriched the dystrophin/dystrophin-associated
protein complex from the muscles of negamycin-treated
mdx mice. This study indicates that the accumulation of
dystrophin-associated glycoprotein might be recovered by
the restoration of dystrophin in the muscles of these ani-
mals. Furthermore EB-positive, degenerating fibers were
not observed in the dystrophin-positive area. Moreover,
with reference to Fig. 1, serum creatine kinase activity
was decreased 35% in mdx mice treated with negamycin
for 2 weeks (data not shown). Accordingly, it is reasona-
ble to conclude that the physiological function of the mus-
cle cell membrane is present not only in the TA muscle
but also in other muscles in the whole body following
negamycin treatment. However, muscle contraction pro-
files in negamycin-treated and untreated mdx mice
remain to be compared in detail.

M. Arakawa et al.

The mild Becker-type muscular dystrophy (BMD) is
also caused by mutations in various portions of the dys-
trophin gene (29). Hoffman et al. reported that in several
cases of BMD, the phenotype was improved by dys-
trophin expressed at a level greater than or equal to 20%
of normal (30). Although we have no direct evidence as to
whether 10% of the normal dystrophin level observed in
this study would be sufficient to improve muscle perform-
ance in vivo, it is likely to be far better than a complete
lack of dystrophin.

Danko et al. reported that dystrophin-positive fibers,
called revertant fibers, were observed in 1% or fewer of
the skeletal muscle fibers of 8-week-old mdx mice (31).
These dystrophin-positive mdx muscle fibers presumably
arose from alternative splicing and/or a second mutation
that skipped the primary mutation in exon 23. The
number of revertant fibers increases as mdx mice age
(32). In the present study, the percentage of dystrophin-
positive fibers in the skeletal muscle of mdx mice treated
with negamycin was an average of 6%, which is signifi-
cantly higher than the percentage of revertant fibers. In
age-matched mdx skeletal and cardiac muscles, a trun-
cated or shortened form of dystrophin was not detected in
negamycin-treated mdx mice.

The read-through of termination codons during normal
protein synthesis may also be considered a source of side
effects of negamycin. However, according to the cDNA
databases that include the dystrophin gene, two or more
stop codons usually exist near the termination codon in
the UTR (data not shown). Extensive read-through of ter-
mination signals during protein synthesis may not occur
often. Both the type of stop codon and the nucleotide
sequence surrounding the nonsense mutation have been
reported to be critical for the read-through activity of
gentamicin and other aminoglycoside antibiotics (33, 34).
Therefore, the type of nonsense mutation and surround-
ing nucleotide sequence affected by the read-through
activity induced by negamycin should be investigated.

The mass measurement accuracy and resolution of MS
easily provides this information in a rapid and sensitive
manner. In the case of rRNA-aminoglycoside antibiotic
and RNA-argininamide complex analysis, changes in the
chemical shift of the rRNA complex were caused by bind-
ing to other small molecules (17, 18, 35, 36). In the
present study, to examine the functional relationship
between negamycin and its read-through activity, we
investigated interactions between negamycin and the
eukaryotic rRNA-decoding A-site using TOF-MS. Our
results indicate that an interaction occurs involving
three molecules of negamycin and one molecule of rRNA.
The negamycin/eukaryotic TRNA complex might also
induce a local conformational change in the eukaryotic
rRNA and cause the read-through of the nonsense
mutation.

Barton-Davis et al. reported that gentamicin could
restore functional dystrophin in mdx mice (12). However,
Dunant et al. reported that gentamicin treatment failed
to lead to a significant increase in the expression of the
full-length dystrophin protein in mdx mice (37). In
human trials, Politano et al. reported that one of four
gentamicin-treated DMD patients exhibited increased
dystrophin re-expression by both immunohistochemistry
and Western blot analysis (38). In contrast, Wagner et al.
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and Serrano et al. reported that the dystrophin protein
was not detectable by immunohistochemistry or immuno-
blot analysis in clinical trials of DMD/BMD patients
treated with gentamicin(39, 40). These discrepancies in
gentamicin clinical trials can probably be explained by
the likely variations in the purity of commercially availa-
ble gentamicin sulfate and in the ratios of its three dis-
tinct isomers.

Compared with gentamicin, negamycin treatment
exhibited lower toxicity. While the antibacterial activity
of negamycin resembles that of gentamicin, it is possible
that negamycin may have different side effects. There is
considerable interest in understanding the mechanisms
underlying negamycin toxicity so that negamycin can be
used to treat a variety of medical conditions. The side
effects of negamycin treatment remain to be clarified.

We conclude that negamycin is a promising therapeu-
tic candidate for DMD and many other genetic diseases
caused by nonsense mutations. We emphasize that nega-
mycin has not yet been approved for use in humans.
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