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Abstract

Background The most common form of congenital muscular dystrophy is
caused by a deficiency in the a2 chain of laminin-211, a protein of the
extracellular matrix. A wide variety of mutations, including 20 to 30% of
nonsense mutations, have been identified in the corresponding gene, LAMAZ2.
A promising approach for the treatment of genetic disorders due to premature
termination codons (PTCs) is the use of drugs to force stop codon readthrough.

Methods Here, we analyzed the effects of two compounds on a PTC in the
LAMA2 gene that targets the mRNA to nonsense-mediated RNA decay, in vitro
using a dual reporter assay, as well as ex vivo in patient-derived myotubes.

Results We first showed that both gentamicin and negamycin promote
significant readthrough of this PTC. We then demonstrated that the
mutant mRNAs were strongly stabilized in patient-derived myotubes after
administration of negamycin, but not gentamicin. Nevertheless, neither
treatment allowed re-expression of the laminin «2-chain protein, pointing
to problems that may have arisen at the translational or post-translational
levels.

Conclusions Taken together, our results emphasize that achievement of
a clinical benefit upon treatment with novel readthrough-inducing agents
would require several favourable conditions including PTC nucleotide context,
intrinsic and induced stability of mRNA and correct synthesis of a full-length
active protein. Copyright © 2007 John Wiley & Sons, Ltd.

Keywords congenital muscular dystrophy; laminin «2 chain; premature
termination codon; antibiotic-mediated readthrough; nonsense-mediated mRNA
decay

Introduction

Congenital muscular dystrophy (CMD) is a clinically and genetically het-
erogeneous group of neuromuscular disorders with autosomal recessive
inheritance. The ‘classi¢’ (or occidental) form of CMD is characterized
by clinical manifestations mainly affecting skeletal muscle [1-4]. A spe-
cific deficiency of the «2 chain of laminin-211 is responsible for about
30 to 40% of these cases (MDCI1A, MIM#607855). Numerous mutations
have now been identified in the LAMA2 gene encoding the «2 chain of
laminin, leading to either complete or partial protein deficiency [5-9].
Notably, 20 to 30% of the mutations identified in the LAMA2 gene are
nonsense mutations leading to a premature termination codon (PTC).
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Thus, up to 15% of ‘classical’ CMD patients would
potentially benefit from a pharmacological strategy
designed to promote translatdon of the endogenous
IAMA2 mRNA interrupted by a PTC. From -early
work in Escherichia coli, it has been demonstrated
that aminoglycoside antibiotics such as gentamicin can
specifically act on ribosomal RNA to suppress codon-
anticodon recognition by aminoacyl tRNAs, thereby
interfering with the translation termination process
and suppressing stop codons [10-14]. Aminoglycoside-
mediated translational readthrough of PTCs involved in
several human genetic disorders, including Duchenne
muscular dystrophy, has now been reported with
variable degrees of success [15~26]. It has also become
increasingly evident that only a small subset of stop codon
mutations would benefit from gentamicin treatment,
depending on their nucleotide context [21,27-30]. In
addition, strong side effects of gentamicin, the most
commonly used aminoglycoside antibiotic, have been
well documented [31,32] and hamper its utilization
as a potential therapeutic agent especially if long-term
treatment is required. Furthermore, gentamicin-induced
readthrough is dependent on its chemical composition
and its reproducibility is debatable {33]. .

To address these problems, we tested two other
compounds with antibiotic activities, negamycin and

-amikacin [34], known to provide effective suppression
of nonsense mutations in cellular and animal models
and to present a lower toxicity than gentamicin
[20,34-38]. Unlike gentamicin and amikacin, that belong
to the aminoglycoside family, negamycin is a dipeptide
antibiotic, which also interacts with the ribosomal A site
to mediate readthrough [38].

Due to the absence of an adequate animal model
for MDC1A, we chose an ex vivo approach based on
muscle explants obtained from a patient presenting
a complete merosin deficiency due to a homozygous
nonsense mutation (c.C4687A) in exon 31 of the LAMAZ2
gene causing a PTC (C1546X) [39]. We treated myotubes
derived from this patient with either gentamicin or
negamycin. Since readthrough efficiency depends .on
the nature of the PTC and its surrounding sequences
[21,28,40-43}, in parallel we measured termination
readthrough for this specific LAMA2 mutation, in its
nucleotidic context, in a sensitive and reproducible dual
reporter assay [{40,43]. In addition, the presence of PTCs
often results in the rapid degradation of the mutant mRNA
by the nonsense-mediated mRNA decay (NMD) pathway
(for a review, see [44]). It has been suggested that
gentamicin, by allowing some translational readthrough,
may result in reduced levels of NMD [14,45].

In this study, using a dual reporter assay, we first
demonstrated, ex vivo as well as in vivo, that negamycin is
as effective as gentamicin in inducing PTC readthrough.
Interestingly, negamycin-induced readthrough of the
LAMAZ PTC studied here was among the highest levels
reached using this assay. Moreover, by quantitative
reverse-transcription polymerase chain reaction (RT-PCR)
we demonstrated that negamycin treatment, in contrast

Copyright © 2007 John Wiley & Sons, Ltd. -
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to gentamicin, strongly stabilized the patient’s laminin
a2-chain mRNA levels. Indeed, mutant mRNA levels were
significantly decreased in the untreated patient’s cells,
likely due to the NMD pathway. However, re-expression
of the laminin o2-chain protein could not be detected in
our experimental conditions.

In conclusion, our data demonstrate that for some
mutations, stabilizaton of the mutant mRNA can be
obtained through a sufficient level of readthrough, which,
in some cases, could allow a synergistic effect on PTC
suppression. Nonetheless, this may not be sufficient to
allow re-expression of a functional full-length protein,
suggesting that numerous steps need to be fulfilled to
obtain a clinical benefit through PTC-induced suppression.

Materials and methods

Cell culture and transfection

NIH3T3 cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Invitrogen-Gibco, Cergy,
France) supplemented with 7% fetal calf serum (Gibco
BRL), and incubated at 37°C in humidity saturated
6.5% CO,. Cells were electroporated with 18 pug of each
pAC(lacZ-luc) plasmid construct, as described [21], and
plated immediately in culture medium without antibi-
otic. After 20h and 28 h the medium was replaced
with fresh medium complemented or not with gentamicin
(Invitrogen-Gibco, Cergy, France), negamycin (both used
at 600 ug/ml) or amikacin (GIBCO BRL; at 2mg/ml).
Two days after transfection, cells were harvested, spun
for 5min at 4°C and lysed by repeated pipetting in
150 pl of cold luciferase assay buffer. For each construct,
at least five independent transfection experiments were
performed.

Reporter plasmid cloning and stop
mutation targets

Complementary oligonucleotides corresponding to the
sequence of each stop mutation embedded in its natural
nucleotide context were annealed and cloned in a dual
gene reporter system between the lacZ and luc coding
sequences as previously described [21]. The nucleotidic
context around the C1546X stop mutation sequence is:
5 GTC ACA GGA TTC TGA ACG TGC CGA CCT 3. For
the other stop targets oligonucleotides sequences were
previously published [21].

Enzyme assays

Luciferase and B-galactosidase activities were measured
from the same crude extract as described [43]. Stop
codon readthrough was calculated by dividing the ratio
of luciferase to B-galactosidase activity obtained with a
given test construct by the ratio obtained from the control

~ J Gene Med 2008; 10: 217-224.
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construct where the stop codon was replaced by a sense
codon. Each value of readthrough efficiency corresponds
- to the mean of five to six independent experiments.
Standard deviation errors did not exceed 20%.

Cell culture and immunohistochemistry

Primary myoblasts obtained from a control foetus
(12 weeks of gestation) and a merosin-deficient CMD
foetus (15 weeks of gestation), presenting a homozy-
gous nonsense mutation in exon 31 of the LAMA2
gene, were grown in F10 medium + 20% SVF + peni-
cillin/streptomycin (10 U/m! and 10 pug/ml, respectively;
Invitrogen-Gibco). Muscle cells were obtained in accor-
dance with the French legislation on ethical rules.
Myoblasts were allowed to fuse for 7 days on 0.5%
gelatin-coated coverslips in antibiotic-free or negamycin-
containing (300 pg/ml; Institute of Microbiology, Tokyo,
Japan) differentiation medium (DMEM 4.5 g glucose
+ 2% horse serum + 107 M insulin + 2.5 x 106 M
dexamethasone). Immunohistochemical analyses were
performed on methanol-fixed cells (10 min at 4°C) as
follows: non-specific sites were blocked for 30 min in
5% bovine serum albumin (BSA)/1X phosphate-buffered
saline (PBS), and cells were then incubated overnight at
4°C with primary antibodies against myosin (MF20, a
gift from Dr. Denis Furling, Inserm-UMR § 787, Institut
de Myologie, Paris, France) and laminin a2 chain (4H8-
2, Alexis Biochemicals, Lausen, Switzerland) diluted into
1% BSA/1X PBS. Following three washes in 1% BSA/1X
PBS, cells were incubated for 90 min in appropriate
FITC or Cy3-conjugated secondary antibodies (Jackson
ImmunoResearch, West Grove, PA, USA). After three
additional washes, cells were mounted with Mowiol con-

taining DAPI (0.05 ug/ul final) to stain all of the nuclei’

and observed under a Zeiss microscope. Images were
captured under identical conditions using the Metaview
software (Ropper Scientific GmbH, Germany).

RNA extraction and quantitative
RT-PCR , .

Total RNAs were extracted using conventional TRIzol™
reagent (Life Technologies, Inc.) extraction protocol as
recommended by the manufacturer. RNA quality control
and quantification was performed using the Bioanalyzer
apparatus (Agilent). First strand ¢cDNA was synthesized
from 1 pg of total RNA using oligo(dT),g and Superscript
reverse transcriptase I (Invitrogen-Gibco, Cergy, France)
as recommended by the manufacturer. Quantitative PCR
was then carried out on equal amounts of cDNAs,
using the LightCycler real-time PCR machine (Roche
Diagnostics, Germany), and LAMA2 mRNA levels were
quantified relative to the mRNA of the troponin T1
(TPNT1) gene. In each experiment, results were expressed
relative to control myotubes normalized to 100. The
oligonucleotide pairs used for the amplifications are as

Copyright © 2007 John Wiley & Sons, Ltd.
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follows: TPNT1 forward: 5 TGGAGCTGCAGACACTCATC
3’ and reverse: 5 GCTTCTGTTCTGCCTTGACC 3’; LAMA2
forward: 5 TGTGCTGCAGAATCAGAACC 3’ and reverse:
5 ATTGATTTTGGTGGGGATCA 3'. Mean values of several
quantitative RT-PCRs (n = 4) are presented + standard
deviation to mean. Statistical significance was determined
by a t-test (*p < 0.001).

Protein extraction and
immunodetection

Total proteins were extracted in SDS buffer (80 mM
Tris-HCl, pH6.8, 10% SDS, 0.12M sucrose, 10 mM
EDTA, 1 mM PMSF, 1 mM benzamidine). Concentrations
were determined using a BCA protein assay kit (Pierce,
Rockford, IL, USA) with BSA as a standard. Proteins
were subsequently resolved under reducing conditions
by sodium dodecyl sulphate/polyacrylamide gel elec-
trophoresis (SDS-PAGE) on a 10% gel and transferred
to PVDF membranes. Detection of the laminin a2 chain
was performed by using an affinity purified polyclonal
antibody (rabbit 180, a gift from Dr. Kevin P. Campbell,
Molecular Physiology and Biophysics, Howard Hughes
Medical Institute, Iowa City, USA). HRP-conjugated
secondary antibody anti-rabbit IgG (DakoCytomation,
Glostup, Denmark) was used at a dilution of 1:2000.
Immunoblots were developed using enhanced chemilu-
minescence (SuperSignal West Pico chemiluminescent
substrate; Pierce, Rockford, IL). In order to control the
amounts of proteins which had been loaded, the gel was
stained with Coomassie blue following transfer.

In vivo studies

All animal studies conformed to the guidelines on
animal use procedures approved by Inserm. Mice were
anesthetized by intraperitoneal injection of 10 mg/ml
ketamine (Clorketam 1000; Vétoquinols SA, Lure, France)
and 5mg/ml xylazine (Rompun 2%; Bayer Pharma,
Puteaux, France). Plasmid DNA (35 pug) was injected
percutaneously into the tibialis anterior muscle. Two
minutes after the injection, transcutaneous electric pulses
were applied through external stainless steel plates
(200 V/cm, 8 pulses of 20 ms each, 2 Hz) on a ECM
830 BTX electroporator (San Diego, USA).

Animals were subsequently treated with gentamicin
(34 mg/kg; Invitrogen-Gibco) or PBS once daily for
3 days, by percutaneous injections. On the last day, mice
were euthanized and the injected muscles were harvested.

Results

Negamycin promotes readthrough in a
dual reporter assay in NIH3T3 cells

The C1546X mutation in the LAMA2 gene leads to a
UGA premature termination codon (PTC) which has been

J Gene Med 2008; 10; 21_7—224.
: DOI: 10.1002/jgm
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reported to be the most sensitive codon to aminoglycoside-
induced readthrough [28,41,42]. Using a previously
published dual reporter assay [40], we demonstrated
that this PTC is responsive to amikacin and gentamicin
(0.4% and 0.6%, respectively, which correspond to
2.5- and 3.8-fold increases in readthrough; Figure 1).
Interestingly, readthrough was increased up to 3% (19-
fold) following negamycin treatment which is among
the highest levels we have found using this assay [21].
To examine more precisely the effect of negamycin on

other stop targets, five other nonsense mutations leading -

to PTCs in either the human or murine dystrophin
genes (UGA/319d and UAA/mdx, respectively) and the
LAMA2 gene (UGA/1326¢, UAG/1437c, UAA/1240c¢), as
well as the natural termination codon of the LAMA2
gene (UGA/STOP LAM), were tested under the same
conditions. These targets have previously been analyzed
for gentamicin sensitivity {21]. For six of the seven stop
targets presented in Figure 1, negamycin is equally or
more effective than gentamicin in promoting readthrough.
Nevertheless, in five of these targets the efficiency
remained modest (0.4%; 2.5-fold). Only one stop
mutation (UGA/319d) was more sensitive to gentamicin
(2.6%, 44-fold) than to negamycin (1.2%, 20-fold).
Thus, among six mutations only two can be highly
bypassed by antibiotic treatment: C1546X by negamycin
and UGA/319d by gentamicin; the latter also being
moderately bypassed by negamycin.

Negamycin allows readthrough in vivo
Since the availability and metabolism of negamycin

might be modulated invivo, the results in cultured
cells might not reflect exactly the situation in muscles.

3.0% 1
2.5% ﬁ
2.0% 1 O Basal readthrough
Negamycin
1.5% 1 ] Gentamicin
[ Amikacin
1.0% 1
0.5% 1
0.0% = ;_‘ @ "
3 20 S
& 9:9 o & 3
Y?\ 00 \°P
00

Figure 1. Induction of readthrough in NIH3T3 cells. Sequences
corresponding to the C1546X stop mutation as well as other stop
targets corresponding to DMC (c) or DMD (d) stop mutations or
to the natural termination codon of the LAMA2 gene (UGA/STOP
LAM) were cloned in a dual gene reporter system between
lacZ and luc coding sequences. NIH3T3 cells were treated with
gentamicin, negamycin or amikacin. Termination readthrough
is expressed as the luciferase/g-galactosidase ratio of the test
construct normalized to an in-frame control where stop codons
have been replaced by a sense codon. Each value of readthrough
efficiency corresponds to the mean of four to six independent
experiments. Standard deviation errors did not exceed 20%

Copyright © 2007 John Wiley & Sons, Ltd.
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As previously shown for gentamicin [21], we assessed
the effect of negamycin in vivo, in C57BL/6 mice. The
vector carrying the UGA/319d mutation was injected
into skeletal muscle with subsequent electrotransfer and
thereafter mice were treated intramuscularly once daily
with negamycin (34 mg/kg) or PBS for the following
3 days. Results showed that both basal and negamycin-
induced readthrough efficiency were similar in NIH3T3
cells and in vivo, increasing from 0.08% in the absence to
3% (38-fold) in the presence of the drug (Figure 1).

Stabilization of LAMA2 mRNA in
negamycin-treated myotubes

The mutation in exon 31 of the LAMAZ2 gene leads to the
replacement of a cysteine residue by a premature UGA
stop (C1546X) that is placed more than 50 nucleotides
upstream of the 3’ most exon-exon junction and is there-
fore in a favourable condition for the degradation of
the mutant mRNA by the NMD pathway [44]. Indeed,
quantitative RT-PCR analysis demonstrated a significant
decrease in the level of LAMA2 transcripts which were
reduced to 6.25% of control values (Figure 2). We hypoth-
esized that, by promoting translational readthrough of the
mutant mRNA, gentamicin and negamycin would prevent
its rapid degradation by the NMD pathway. Treatment of
the patient’s myotubes by two different batches of gentam-
icin (GIBCO BRL or American Pharmaceutical Partners,
Inc.) did not trigger a significant increase in the level
of transcripts. However, negamycin treatment strongly
sustained the stabilization of the LAMAZ2 transcripts up
to 77% of control levels (Figure 2). These results are in
agreement with those obtained in S. cerevisiae where pre-
vious studies indicated an inverse relationship between
readthrough level and NMD-dependent decrease in mRNA
abundance [20,46]. Moreover, the mRNA quantification
data can be correlated to those obtained in our cell culture
expression system in which negamycin was more efficient
than gentamicin in promoting translational readthrough
of the LAMAZ2 nonsense mutation (Figure 1).

Neither gentamicin nor negamycin
enabled re-expression of laminin «2
chain in MDC1A myotubes

In parallel to the mRNA studies, we investigated
whether gentamicin or negamycin treatment induced
re-expression of the laminin o2 chain in the patients’
myotubes at the protein level. Control and MDC1A
myoblasts were allowed to differentiate ex vivo for 7 days
and subsequently myotubes were treated with gentamicin
(GIBCO BRL or American Pharmaceutical Partners, Inc.)
or negamycin for 7 or 15 days. Expression of myosin
and the laminin o2 chain was then assessed on fixed
myotubes by immunohistochemistry (Figure 3A). First,
we observed that MDCIA myoblasts were indeed able
to efficiently differentiate into myotubes as indicated by

J Gene Med 2008; 10: 217-224.
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Figure 2. LAMA2 mRNA levels in cultured MDC1A myotubes
treated with gentamicin and negamycin. Quantitative PCR were
carried out on equal amounts of ¢DNAs, using the LightCycler
real-time PCR machine (Roche Diagnostics, Germany). LAMA2
mRNA levels were quantified relative to the mRNA of the
troponin T1 (TPNT1) gene. In each experiment, results were
expressed relative to control myotubes normalized to 100. Mean
values are presented + standard deviation to mean. Statistical
significance was determined by a t-test (°p < 0.001)

the strong expression of myosin (panel d) which was
comparable to that observed in the control cells (panel a).
However, immunohistochemical analyses did not allow
detection of the laminin a2 chain following either a 7- or
15-day-long treatment with doses as high as 300 ug/ml
of gentamicin or negamycin (panels h, i and data not
- shown). Biochemical analyses confirmed these results for
all three compounds tested (Figure 3B), and even though
the detection threshold of our experiment was as low as
1% (Figure 3B and data not shown).

Discussion

Here we present in vitro and in vivo data that address
important questions regarding the potential use of drugs
able to induce readthrough of stop codon mutations, to
treat genetic disorders due to the presence of a PTC.
Indeed, re-expression of a functional protein, which could
provide a clinical benefit, is dependent on the correct
realization of several steps. We first analyzed the efficacy
of drug-mediated readthrough of premature termination
codons by different compounds with antibiotic activities.
We showed that negamycin, a dipeptide antibiotic,
- showed a higher suppression activity than gentamicin on
several PTCs. In particular, the C1546X LAMA2 mutation
that we analyzed in more detail is especially responsive
to negamycin as compared to gentamicin and amikacin.
This illustrates the importance of testing the efficiency of
treatments in sensitive, rapid, and reproducible systems
such as the one presented here. Since there are no hot
spots of mutation within the LAMA2 gene, all mutations
are ‘private’ and the consequences of the treatment may
vary considerably between patients. The variable response
to readthrough drugs has been recently illustrated in cystic
fibrosis patients treated with gentamicin [30]. In that
report, it was demonstrated, using the same dual reporter
system as in the present work, that suppression of stop

Copyright © 2007 John Wiley & Sons, Ltd.
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mutations in the CFTR gene with parenteral gentamicin
can be predicted in vitro. The study established that in
a small subgroup of patients with the Y122X mutation,
gentamicin treatment was associated with clinical benefit
and significant modification of the CFTR-mediated CI~
transport in nasal and sweat gland epithelium {30].

Although readthrough-inducing compounds primarily
affect translation, it is becoming clear that mutant mRNA
stability is a significant factor in the process of termi-
nation readthrough. Importantly, we demonstrated that
negamycin has a dual action since it enables readthrough
levels high enough to strongly counteract mRNA degra-
dation by the NMD pathway. Indeed, it has been shown
that termination readthrough above the threshold value
of 0.5% antagonizes NMD, leading to mRNA stabiliza-
tion [46]. This likely explains the striking stabilization of
LAMA2 mRNA observed following negamycin treatment,
since we detected 3% of readthrough. On the other hand,
the level of gentamicin-induced readthrough (0.6%) being
just above the threshold value was probably not sufficient
for mRNA stabilization. This would have important conse-
quences for predicting the efficiency of pharmacological
readthrough on patients’ mutations before envisioning
clinical trials, and again stresses the necessity to test
invitro the response of individual mutations to phar-
macological treatment. Accordingly, gentamicin response
was shown to depend on the efficiency of NMD in cystic
fibrosis which varied greatly between patients and cell
types [47]. In addition, in that study, the authors did
not observe stabilization of the nonsense CFTR transcripts
after gentamicin treatment in patients and cell lines [47],
whereas it had been shown that G418, a more potent
readthrough drug than gentamicin, could restore CFTR
mRNA levels [16].

Recently, PTC124, a new molecule, has been shown
to induce ribosomal readthrough of PTCs {48]. Interest-
ingly, the levels of a nonsense-containing mRNA were
unaffected in PTC124-treated cells. More generally, the
synthesis and stability of few, if any, cellular mRNAs are
altered in response to levels of PTC124. Although an off-
target effect might be detrimental, the lack of stabilization
of PTC-containing mRNAs by PTC124 may limit its use to
mutations which do not lead to mRNA degradation by the
NMD pathway.

In the present study, since gentamicin treatment did not
allow stabilization of the mutant LAMA2 mRNA, it seems
coherent that no re-expression of the protein occurred.
On the other hand, considering the extent of mRNA
stabilization that we detected following treatment with
negamycin, the lack of laminin «2-chain re-expression
may appear surprising. Several hypotheses, which are not
mutually exclusive, may explain our results: (1) a longer
treatment may be needed in order to be able to detect
this large extracellular matrix protein; however, it was
not possible to treat the cells for longer periods of time
since the myotubes started detaching from the gelatine-
coated dishes after 16 to 17 days of differentiation.
(2) It is thought that PTCs would be misread by near-
cognate aminoacyl-tRNAs bearing anti-codons with one

J Gene Med 2008; 10: 217-224.
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Figure 3. (A) Myosin and laminin «2-chain expression in control and MDC1A cultured myotubes after a 7-day negamycin treatment.
Immunohistochemical analyses of primary myotubes from a control foetus (a-c) and a merosin-deficient CMD foetus (d-i)
presenting a premature termination codon (C1546X) in the laminin «2 chain with antibodies against myosin (a, d, g) and the
laminin a2 chain (b, e, h). Magnification 60x (a-c, g-i). Magnification 25x (d-f). c, f and i are merged images. (B)Western blot
analysis in negamycin-treated and untreated control and MDC1A samples. Detection of laminin «2 chain on total proteins using an
affinity purified polyclonal antibody (rabbit 180, a gift from Dr. Kevin P. Campbell). In order to control the amounts of proteins
which had been loaded, the gel was stained with Coomassie blue following transfer

base difference. In E. coli, Nilsson and Ryden-Aulin [49]
showed that stop codons UAG and UAA are replaced
by glutamine whereas UGA would be substituted by
tryptophan. Following this hypothesis, readthrough of
the LAMA2 UGA PTC would thus lead to the replacement
of the normal cysteine by a tryptophan or an arginine
residue. This residue is localized close to the junction site
where the a2 chain of laminin-211 assembles with the 81
and y 1 chains to form the heterotrimeric molecule which
will then be secreted. It seems likely that the insertion
of a tryptophan residue would perturb this assembly
and destabilize the protein which might thereafter be
degraded. It should be noted that replacement of the
cysteine residue by a tryptophan was predicted to be

Copyright © 2007 John Wiley & Sons, Ltd.

deleterious by using the Web server PolyPhen [50] for
polymorphism phenotyping [51]. It should be emphasized
that treatments aiming at re-expressing a full-length
protein by suppression of a PTC will be faced with this
general problem. Although some structural proteins, like
dystrophin, might tolerate large modifications of their
coding sequences, enzymatic proteins, which are involved
in most genetic disorders, will be very sensitive to the
specific residue inserted in place of the PTC. This would
necessitate a precise analysis of the site of the mutation
in the context of the three-dimensional and functional
structure of the protein, and of the potential near-cognate
tRNA involved in decoding the stop codon upon drug
treatment.

J Gene Med 2008; 10: 217-224,
DOL: 10.1002/jgm



Negamycin-Mediated mRNA Stabilization

In conclusion, our study demonstrates that negamycin,
a compound less toxic and more efficient for premature
termination readthrough than gentamicin, appears an
attractive alternative for treatment of patients carrying a
PTC mutation. Its striking effect on mRNA stabilization
suggests that, even for patients with a low level of mutant
mRNA, treatment might be effective through readthrough-
induced mRNA stabilization. However, although sufficient
levels of mRNA are likely tobe a preliminary requirement,
correct synthesis of the corresponding full-length protein
also depends on the effect of the insertion of a novel
amino acid in place of the premature stop codon, which
should be carefully considered prior to treatment.

Overall, our results emphasize that numerous steps
need to be fulfilled to achieve a clinical benefit by mducmg
suppression of nonsense mutations.
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Herein, we describe an efficient strategy for the total synthesis of

(+)>-Negamycin using commercially available achiral N-Boc-2-

aminoacetaldehyde as starting material with 42% overall yield
10 for a limited number of steps.

(+)-Negamycin (1, Scheme 1), an unusual antibiotic
containing a hydrazine peptide bond was isolated for the first
time by Umezawa et al. in 1970 from culture filtrates of three
strains related to Streptomyces purperfuscus. This natural

15 product exhibits very low acute toxicity and strong inhibitory
activity against multiple drug-resistant enteric Gram-negative
bacteria including Pseudomonas aerginosa.!’) (+)-1's anti-
microbial activity is derived from a genetic miscoding on
bacterial ribosomal systems, and thereby leading to a specific

» inhibition of protein biosynthesis.[) Because this miscoding
causes read-through of termination signals, considerable
attention is focused on (+)-1 as a potential therapeutic agent
against genetic diseases. Indeed, the aminoglycoside antibiotic
gentamicin and the less toxic negamycin both restore

2s dystrophin expression in skeletal and cardiac muscles of mdx
mices, an animal model of Duchenne muscular dystrophy
(DMD) with a nonsense mutation in the dystrophin gene.m
Therefore, an efficient shortened synthetic route of (+)-1 and
its derivatives appears significant to develop promissing new

» therapeutic candidates for DMD and other diseases caused by
nonsense mutations. The first total synthesis of (+)-1 from D-
galacturonic acid was reported in 1972 and confirmed the

assigned structure of the natural product.'! Over three decades,

numerous total syntheses have been reported on both racemic

s and optically active (+)-1 but with moderate overall yield."!

Our fast and efficient route consists first on an asymmetric
allytboration of N-Boc-glycinal 8§ using the established
Brown’s procedure for preparation of chiral allylic alcohols®
that led to a corresponding chiral intermediate (Scheme 1).

« This -resulting chiral amino alcohol was directly engaged
without further purification to form the target oxazoline 4 by
treatment with 2,2-dimethoxypropane (DMP) in the presence
of boron trifluoride diethyl ether complex (BF;'Et,0) in
acetone. As a result, 4 was generated in high yield after
purification by silica gel column chromatography (90%). To
prepare the key intermediate 3, a cross-metathesis (CM)
reaction between 4 and tert-butyl acrylate 6 was investigated.
Although the efficiency of ruthenium-based catalysts for ring-
opening metathesis polymerization (ROMP) and ring-closing’
so metathesis (RCM) is now well established, most alkene CM
variants have fewer successful applications because of the
multiple possible side reactions that cause relatively low
synthetic yields.[”) Because our substrates are categorized as
rapid and slow homodimerizable compounds according to
Grubbs et al.’s empirical model for predicting the outcome of
CM reactions,™ we screened different reaction conditions to
avoid forming unwanted dimers and selectively provide the
target compound 3 by varying catalysts (Grubbs first [Ru-I]
and second-generation [Ru-II} catalysts), amount of reactant
e (1 or 5 equiv of 6), duration of reaction as well as heating
method (conventional or microwave-assisted heating).

»
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Scheme 1 Total synthesis of (+)-negamycin.

This journal is € The Roval Societv of Chemistrv {year]

Journal Name, [year], [vol], 00-00 | 1



As detailed in Supporting Informations, the conversion and
chemoselectivity enhancements are definitely more
pronounced for [Ru]-Il than [Ru}-1. Furthermore, we
observed that microwave irradiation drastically shortened the
s CM reaction time by 20 folds. As it pertains to microwave-
assisted synthesis, this acceleration is commonly attributed to
the very high local temperatures and the ease to which
microwave irradiation reaches such conditions but the
scientific community is still divided in opinion on the
1 involvement of a specific non-thermal effect induced by the
dielectric heating produced using microwave.”) Interestingly,
although our observations provide a new example for the
thermal effect, the involvement of such “specific effect” is
neither confirmed nor disproved in these reaction conditions.
15 Bargiggia et al. arrived to similar conclusions while studying
CM reactions!'® and Garbaccia et al. have described similar
observations for RCM reactions in 2003.1'!! As a resuit, the
desired product 3 was isolated with 83% yield. NOE
experiments revealed that the stereochemistry of the olefin
2 moiety in 3 was an E configuration (Jyigiic protons = 15.7 Hz).
Thus, the desired chiral intermediate 3 was obtained with 75%
yield after 2 steps from achiral N-Boc-glycinal 5.
With intermediate 3 in hands, our focus shifted toward the
asymmetric Michael addition reaction. Recently, Node et al.
»s reported a highly stereoselective asymmetric Michael addition
toward fert-butyl o S-unsaturated carbony! compounds using
chiral amine 7, % This approach, when applied to the o, f-
unsaturated tert-butyl ester 3, allowed the introduction of the
amine moiety with an excellent enantiomeric excess.!'*! The
s chiral reagent 7 was prepared from the corresponding
ketopinic acid"* and reacted with 3 in the presence of n-BuLi
in THF at -78°C to afford compound 8 as a single
diastereomer (de >99%) with 80% yield after purification.
Removal of both benzyl and 2-methoxybornyl protecting
3s groups located on the same amine moiety could be achieved
efficiently using 4 equiv of N-iodosuccinimide (NIS) in
dichloromethane to obtain free amino compound 9 with 81%
yield. This deprotection proceeded by oxydation with NIS to
imine and subsequent spontaneous hydrolysis to afford tert-
« butyl esters of p-amino acids and 2-methoxy-D-
bornylaldehyde." ! No epimerization was observed during this
reaction. Furthermore, one of the advantages of the protocol is
that the initial chiral inducer 7 can be easily regenerated from
2-methoxy-D-bornaldehyde, generated during the cleavage by
ss reductive amination, using benzylamine in the presence of
sodium cyanoborohydride (data not shown).

The last part of the synthesis of (+)-1 consisted of

~ introducing a hydrazine unit, prior to a final deprotection. A
Boc-protection of 9 using standard procedures was first
so quantitatively performed to afford N-protected fert-butyl ester
11, that was then efficiently converted to acid 2 by a
microwave-assisted saponification with 2M KOH in MeOH,
and coupling with hydrazine unit 12 was then performed using
the classical EDC-HCI-HOBt method. The synthesis of
ss hydrazine 12 was achieved by reacting N-methyl hydrazine
with s-butyl bromoacetate with 40% yield after purification.
Deprotection of compound 13 and purification by ion
exchange chromatography on Amberlite CG50 (NH," form)

afforded the target compound (+)-1 with 98% yield, [a]p?*?

o +2.4° (¢ 0.36, H,0), lit. [a]p?*® +2.5° (¢ 2.00, H,0). The final
compound was fully characterized and compared with the
published data for the natural product to confirm the success
of this new total synthesis of (+)-1 (e.g. 'H NMR chart for
natural and synthesized (+)-1, available in Supporting

s Information). Furthermore, the in vivo read-through activity
of termination codons during protein biosynthesis®! of the
synthesized (+)-1 in mice was almost similar to that of the
native (+)-1 (data not shown). Further derivatization of the 1
structure using the above synthetic methodology will

n contribute to a better understanding on the structure-activity
relationship of 1 and the development of more potent
compounds with efficient read-through activity. Studies in this
regard are currently in progress and details pertaining to the
biological activity will be soon published elsewhere.

15 In conclusion, the proposed synthetic route for the total
synthesis of optically active (+)-negamycin starting from N-
Boc-glycinal §, led to the desired product with a total yield of
42% from only 8 steps. To our knowledge, this study
represents the most efficient strategy to prepare (+)-1. Current

» efforts with this new synthetic approach are now expanding
into medicinal chemistry to discover new drug candidates with
potent read-through activity for Duchenne Muscular
Dystrophy. The chemical biology of Negamycin is also now
investigated to better understand its read-through mechanism.
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