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ABSTRACT: A series of (+)-negamycin 1 analogues were synthesized, and their readthrough- OH
promoting activity was evaluated for nonsense mutations in Duchenne muscular dystrophy HQN\/\/\)LN/WOH
(DMD). A structure—activity relationship study indicated that 11b was the most potent drug

candidate. Immunohistochemical analyses suggested that treatment with 11b restored

dystrophin expression in mdx mice, a DMD mouse model. Furthermore, 11b decreased 11b

serum creatine kinase (CK) levels, an indicator of muscle fiber destruction. Most importantly,

11b demonstrated lower toxicity than 1, and thus, it could be a useful candidate for long-term treatment of DMD.

KEYWORDS: Negamycin, readthrough-promoting activity, Duchenne muscular dystrophy, nonsense mutations, hydrazino dipeptide,
genetic disease

D uchenne muscular dystrophy (DMD), characterized by mice, an animal model of DMD with a nonsense mutation in

progressive muscle degeneration, is one of the most the dystrophin gene. In spite of these positive results, long-term
common hereditary dlsorders, affecting approximately 1 in administration of gentamicin is not recommended due to 1ts
3500 live male births.! This disorder is caused by mutations in severe side-effects including ototoxicity® and nephrotoxicity.”
the DMD gene, located on the X-chromosome. The DMD Small molecules possessing readthrough-promoting activity
gene encodes the protein dystrophin, which plays a crucial role have also been described for DMD treatment, including
linking the intracellular cytoskeleton and the extracellular aminoglycosides,'® RTC compounds,’’ and an oxadiazole
matrix via the dystrophin-associated protein complex (DAPC). derivative, ataluren (PTC-124, phase IIB)."*
The loss of dystrophin function causes destabilization of the In the same vein, Arakawa et al ? reported that the dipeptidic

DAPC, which results in the breakdown of muscle fibers, loss of antibiotic (+)-negamycin (1, [2-(3,6-diamino-S-hydroxyhexa-
membrane integrity, and difficulty in walking and breathing, noyl)-1-methylhydrazinoJacetic acid, Figure 1)'* also induced
and it ultimately leads to death. Nonsense mutations, which

lead to premature termination codons (PTCs) in the reading OH NH, O | O
frame of the DMD gene, are responsible for up to 20% of DMD HoN. A N oH
cases. The nonsense mutations yield truncated dystrophin H

proteins, which have no valuable biological function. 2 Presently,
although the molecular basis for the disease is clear, there is no
cure for DMD.? The only available treatment is glucocorticoid
therapy, which can prolong ambulation and reduce the
incidence of severe scoliosis, although it is lumted to relatively
short-term treatments due to severe side effects.*”

Recently, a unique therapeutic strategy, so-called “read-
through drugs”, was proposed to target genetic diseases caused

Figure 1. Structure of (+)-negamycin 1.

the readthrough of PTCs in both a prokaryotic translational
system'® and mdx mice.”® Therefore, 1 has been recognized as
a potential therapeutic agent for diseases caused by nonsense
mutations. Here, we designed and synthesized a series of
negamycin analogues, and their biological activity was evaluated

by nonsense mutations.” These drugs promote a translational using a transgenic mouse strain, READ (readthrough evaluation
“skip” of PTCs, but not of normal termination codons, resulting and assessment by dual rePOYter);16 which expresses a dual-
in the production of full-length proteins. Specifically, reporter gene segmentalized with a PTC. Once the most potent
gentamicin, an aminoglycoside antibiotic, was reported to

promote the readthrough of disease-causing PTCs in Received: October 19, 2011

mammalian cells. Furthermore, its treatment partially restored Accepted: January 2, 2012

dystrophin expression in skeletal and cardiac muscles of mdx Published: January 2, 2012
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Table 1. Readthrough-Promoting and Antimicrobial Activities of Synthetic Negamycin Analogues

e Yield Readthrough " Antimicrobial
Compound Structure (%) activity © activity
OH
Genmtamicin 555 o P e, NaY 1.00 %024 NT®
OH}?EWNHQ
1 OH NHaO ,°
b HN wMAgy  NA® 1.00 +0.25 32/128/2/32/8
{+)-negamycin H
OH NH, 0 | O
6 HaN\N‘S\)LN,N\)LOH 32 LOT£0.16  >50/>50/25/>50/50
H
OH o o
N AN NI 2 0.83£0.13 -
H
QH o]
11b HzN\/'\/s\)LN/\nzo“ 27 1.36+0.14 -
oo
QH [e]
11e HzN\/‘\/\/“\NfYOE' 43 0.81£0.11 -
H o
QH o]
11d HeN\/‘\/\)L?fYOH 44 0.92 £ 0.09 NT®
(¢}
QH [o] o]
e AN AN A~ 24 <038 -
H
QH o)
1uf “ZN\/\/\)LNCCOZH 13 <08 NT®
COH
OH o
14 HzN\/\/\)LN/\D/OH 24 <0.8 -
H oo

“Synthetic yields were calculated from intermediates 3 or 7 for analogues 6 or 11a—f and 14, respectively. *NA; not applicable, see ref 18. “Relative
in vivo readthrough-promoting activity, which is expressed as a ratio compared to gentamicin. Samples were subcutaneously injected at the abdominal
region of the READ mouse with a dosage of 0.1 mg/day/20 g body-weight for 7 days. Data are mean #+ SD (1 = 4). “The antimicrobial activity
(MIC) against several microorganisms (Staphylococcus aureus FDA 209P/Bacilus subtilis NRRL B-558/Escherichia coli BEM11/Shigella dysenteriae J
S11910/Pseudomonas aeruginosa A3, respectively). “— 7 denotes >128 ug/mL (MIC). See ref 24. °NT: not tested.

11b had been identified (Table 1), we used mdx mice to assess
the effect on dystrophin expression, serum creatine kinase
levels,"” which are a clinical indicator of DMD, and general
toxicity. We found that 11b performed better than 1, with
markedly reduced toxicity, thus making it a promising
therapeutic candidate.

(+)-Negamycin 1 was first isolated in 1970 from a
microorganism closely related to Streptomyces purpeofuscus."*
In an attempt to synthesize chiral 1, we developed shortened,
highly efficient synthetic routes.'®'? Using one of these routes
as a starting point,19 here, we synthesized a series of analogues.
Briefly, for the synthesis of analogue 6 (Scheme 1A),
intermediate 3 was prepared from the commercially available
ester 2 over 7 s’teps.19 Then, 3 was converted to the N-
protected fert-butyl ester 4 as a single diastereomer
(diastereomeric excess (de) >99%) over 3 steps using Node’s
asymmetric Michael addition,*®
auxiliary,”’ and protection of the inserted 3-amino group.
The obtained intermediate 4 was then efficiently converted to
the acid form by a microwave-assisted saponification, and it was
subsequently coupled with a hydrazino ester using an EDC-
HOBt (EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide;
HOBY, 1-hydroxybenzotriazole) method™ to yield 5. Depro-
tection of 5 with 4 M HCl/dioxane and purification by ion
exchange chromatography afforded 6 (specific rotation: found
[a]p?* +14.0 (c 0.94, H,0), literature data® [a]p®° +8.5 (c
0.70, H,0)).

removal of the chiral .
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Next, analognes 1la—f were synthesized (Scheme 1B).
Weinreb amide 7' was prepared from 2 over six steps, and
then it was reduced with diisobutylaluminium hydride (DIBAL-
H) to the corresponding aldehyde, directly followed by
treatment with (benzyloxycarbonylmethylene)triphenyl-
phosphorane in THF under reflux conditions. After purification
by flash chromatography on silica (Silica Gel 60N, KANTO
CHEMICAL), we obtained 8 in 69% yield over two steps. After
8 was treated with Pd/C under a H, atmosphere, the resultant
9 was coupled with various amino acid fert-butyl esters or a
hydrazinoacid tert-butyl ester'® using an EDC-HOBt method to
obtain 10a—f. Deprotection of 10a—f with 4 M HCl/dioxane
and purification by reversed-phase HPLC afforded 11a—f with
30—96% yield.

In the synthesis of analogue 14 (Scheme 1C), 7 was
converted to the intermediate 12 by a procedure similar to that
employed for 8 (Scheme 1B). Then, 12 was converted to the
acid form by saponification and subsequently coupled with
HCI-H-Gly-Ot-Bu using an EDC-HOBt method to yield 13.
Deprotection of 13 with 4 M HCl/dioxane and purification by
reversed-phase HPLC afforded 14 with 85% yield. The purity
of each synthesized analogue for biological evaluation was over
95%.

To evaluate the readthrough-promoting activity, we adapted
an m vwo dual-reporter gene expression system using READ
mice.’® This system encodes - -galactosidase and luciferase
genes connected with a PTC (see the Supporting Information).
PB-Galactosidase activity is present constitutively, but luciferase

dx.doi.org/10.1021/mi200245t | ACS Med. Chem. Lett. 2012, 3, 118-122



ACS Medicinal Chemistry Letters

Scheme 1. Synthesis of Analogue 6°

A ﬁé
oH 9 7 steps Q O 3 steps

Boc X 0¢Bu

2 OH e}
Boc” N \/\/\/U\ R HoN \/\/\/U\ R
10a-f t1a-f

10a: R = NHN(Me)CH,COt-Bu, 63%
10b: R = NHCH,CO,t-Bu, 63%

10¢: B = NHCH,CO,Et, 95%

10d: R = N(Me)CH,CO,t-Bu, 79%
10e: R = NHCH,CHoCO,+Bu, 56%
10f: R = N(CH,CO,tBu)p, 63%

C
74@. o a)
goe A~ -OMe ———

{
7 12

véo 2
\/\/\/L /\f(OfBu

13

: R = NHN(Me)CH,CO,H, 63%
: B = NHCH,CO,H, 62%

: R = NHCH,CO,Et, 96%

- R = N(Me)CH,COH, 81%

: R = NHCH,CH,CO,H, 59%

© R = N(CH,COuH),, 30%

14

“Reagents and conditions: (A) Synthesis of 6: (a) (i) KOH, MeOH,
microwave (300 W), 100 °C, 10 min; (ii) PTSA-H,N—N(Me)-
CH,CO,t-Bu, HOBt-H,0, Et;N, EDC-HCl, CH,CL,, rt, 4 b, 62% (2
steps); (b) (i) 4 M HCl/dioxane, rt, 1 h; (i) ion exchange
chromatography, 98%. (B) Synthesis of 1la—f: (a) (i) DIBAL-H,
toluene, —78 °C, 2 h; (ii) PhyP = CHCO,Bn, THF, reflux, overnight,
69% (2 steps); (b) Pd/C, H,, MeOH, rt, 1.5 h, quant; {c) amino acid
t-Bu esters or hydrazinoacid +Bu ester, HOBt-H,O, Et;N, EDC-HC],
DMEF, tt, 3 h to overnight, $8-—95%; (d) (i) 4 M HCl/dioxane, rt, 1 h;
(ii) reversed-phase HPLC, 30—96%. (C) Synthesis of 14: (a) (i)
DIBAL-H, toluene, —78 °C, 2 h; (ii) PhyP = CHCO,Me, THF, reflux,
overnight, 63% (2 steps); (b) (i) KOH, MeOH/H,0 (2:1), rt, 4 h;
(i) HCIH-Gly-Ot-Bu, HOBtH,0, Et;N, EDC-HC|, DMF, tt,
overnight, 44% (2 steps); (c) (i) 4 M HCl/dioxane, rt, 1 h; (ii)
reversed-phase HPLC, 85%.

activity is only detected when readthrough occurs. Therefore,
the activities of both enzymes in skeletal muscle were measured
to calculate the activity ratio of luciferase to f-galactosidase
after negamycin analogues (0.1 mg) were subcutaneously
administered in the abdominal region of READ mice for 7 days.
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The antimicrobial activity was also measured.”* The results of
these biological evaluations are shown in Table 1.

Since synthetic 1 showed similar levels of readthrough-
promoting activity to the extracted native 1 (data not shown)
and gentamicin, we first evaluated the importance of stereo-
chemistry at the 3-amino group. The (+)-3-epi-negamycin 6
exhibited equipotent activity to 1, suggesting that the
stereochemistry of the 3-amino group might not be important
for the activity. Next, analogue 11a with no 3-amino group was
prepared (Table 1). However, complete removal of the amino
group led to a decrease and a loss of the readthrough-
promoting and antimicrobial activities, respectively. Thus, the
presence, but not the stereochemistry, of the 3-amino group
was important for both biological activities.

In striking contrast, however, we observed that when both
the N-methyl and amino groups were omitted from 11a, the
corresponding glycine analogue 11b was a potent promoter of
readthrough activity, demonstrating a 1.4-fold increase in
functionality as compared to the case of 1. Importantly, 11b
also did not display antimicrobial activity, making it a more
selective readthrough-promoting analogue than 1. In other
words, it means that the readthrough-promoting activity can be
distinguished from the antimicrobial activity.

Encouraged by these results, we synthesized additional
analogues based on the chemical structure of 11b. However,
both the ethyl ester analogue 11c and the N-methyl glycine
analogue 11d demonstrated decreased activities. From these
results, we inferred that the glycine residue with a free
carboxylic acid was functionally important, a hypothesis that we
confirmed using lle and 11f Moreover, 14, with the
unsaturated amide structure, did not show any significant
activity.

To understand the biological effects in detail, the most active
11b was chosen for further in vivo immunohistochemical and
biochemical evaluations. Regarding the immunohistochemical
evaluation, 11b was subcutaneously injected in the abdominal
region of mdx mice at a dosage of 1 mg in phosphate-buffered
saline (PBS, 0.2 mL)/day/20 g body-weight for 4 weeks.
Dystrophin expression was clearly observed in the skeletal
muscle of wild-type B10 mice (Figure 2A), while mdx mice

mdx + saline {(n = 2)

B10 + safine (n= 1) mdx +11b (n=3)

Figure 2. Dystrophin expression in skeletal muscles. Immunofluor-
escent staining of dystrophin in mouse muscle tissues was performed
on 8 pm transverse cryosections.'” (A) wild-type B10 mouse; (B)
untreated mdx mouse; (C) 11b-treated mdx mouse. Bar = 200 ym.

lacked this signal (Figure 2B). In contrast to these controls,
dystrophin expression was only partially restored in the skeletal
muscle of 11b-treated mdx mice (Figure 2C). However, this
result suggested that 11b promotes PTC readthrough and is
therefore a potential therapeutic candidate for DMD.
Regarding biochemical evaluation, we assessed levels of
serum creatine kinase (CK)'7 in mdx mice treated subcuta-
neously with 11b at a dosage of 1 mg in PBS (02 mL)/ day/20

dx.doi.org/10.1021/ml200245t | ACS Med. Chem. Lett. 2012, 3, 118—-122



