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ABSTRACT: (+)-Negamycin (1), a natural dipeptidic anti-
biotic bearing a hydrazide structure, exhibits a readthrough
activity toward the nonsense mutation of the dystrophin gene
and restores dystrophin expression in muscles of Duchenne
muscular dystrophy model mdx mice. Herein to develop more
potent readthrough compounds, we performed a structure—
activity relationship (SAR) study of 3-epi-deoxynegamycin (2),
which is also another natural readthrough compound with
little antimicrobial activity, focusing on the main carbon chain
length. We found that one carbon atom shorter derivative 9b
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3-epi-Deoxynegamycin derivatives
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shows a higher readthrough activity than 1 and 2. Further derivatization at the carboxylic acid part of 9b demonstrates that its
meta-chlorobenzyl ester derivative 17e, which has a higher ClogP value, exhibits a more potent readthrough activity than 9b.
Interestingly, in the cell-free protein expression system, the readthrough activity of 17e drastically decreases compared to that in
the cell-based assay. These results suggest that benzyl ester-type derivatives enhance the hydrophobicity and function as prodrugs

to produce active compound 9b in living cell systems.
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here are an estimated 1800 types of hereditary diseases
caused by nonsense mutations. One such disease,
Duchenne muscular dystrophy (DMD)," is a serious pro-
gressive X-linked recessive genetic disorder that occurs in 1 out
of every 3500 newborn boys.” About 20% of DMD cases are
caused by a nonsense mutation of the dystrophin gene with a
premature termination codon (PTC). Once PTC is induced
into the gene, protein translation is terminated, producing a
nonfunctional truncated dystrophin protein. In addition, such
PTC-containing mRNA is easily degraded by a nonsense-
mediated mRNA decay (NMD) pathway, which is a ubiquitous
mRNA surveillance system that protects an organism from the
deleterious effects of truncated proteins in eukaryotes.®
Although dystrophin has a very important biological role in
which it fastens the basement membrane firmly to the
cytoskeleton by attaching to the laminin of the extracellular
matrix through binding to sarcoglycan and dystroglycan,* a
functional dystrophin protein almost completely disappears in
DMD patients. A deficiency in the dystrophin function results
in a wide range of movement disorders. Currently, there is no
effective treatment for DMD except for a mild steroid
treatment.>®
Recently, the “readthrough” strategy has attracted attention
as a new therapeutic methodology to treat nonsense mutation-
mediated genetic diseases.” Readthrough compounds can
interact with ribosomes to promote a translational “skip” of
PTCs, resulting in the production of a full-length functional
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protein. Additionally, readthrough compounds should exhibit a
positive effect against NMD.*” To date, several forms of
aminoglycoside antibiotics such as gentamicin and G418 have
been reported to show readthrough activities,”'~"* but their
nephrotoxicity'® and ototoxicity'* are serious side effects for
long-term DMD treatment.

As a nonaminoglycoside readthrough compound, Ataluren,
which was developed from a chemical library, promotes
dystrophin production in primary muscle cells from humans
and mdx mice." In contrast, (+)-negamycin (1) (Figure 1), an
antibiotic with a dipeptide-like hydrazide structure, isolated in
1970 from culture filtrates of three strains related to
Streptomyces pm’peoj"uscus,16 exhibits efficacious antimicrobial
activity against Gram-negative microorganisms. In 2003,
Arakawa et al. reported that 1 induces the expression of the
dystrophin protein in skeletal and cardiac muscles of mdx mice
but shows a lower toxicity than gentamicin."”

Our previous study revealed that other native negamycin
analogues'® [i.e., 3-epi-deoxynegamycin (2) and leucyl-3-epi-
deoxynegamycin (3)] show a higher readthrough activity than
1 without an antimicrobial activity. Due to the structural
difference between 1 and 2, namely, the lack of the 5S-OH group
and the opposite stereochemistry of the amino group at the 3-
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Figure 1. Structures of the readthrough compounds.

position in B-amino acid residue of the left side of 2, native
analogue 2 probably does not induce an antimicrobial activity
in the prokaryotic ribosomal system, but it is tolerated by the
eukaryotic ribosomal system to elicit a readthrough activity.
Consequently, specific drug efficacies of analogues 2 and 3 to
the readthrough activity have been realized. These analogues
appear to be preferable lead compounds to develop more
potlegnt readthrough compounds without antimicrobial activ-
ity.

In the present study, we design and synthesize a series of
derivatives for analogue 2 and perform a structure—activity
relationship (SAR) study with an emphasis on the effects of (1)
the side chain length of the f-amino acid residue, (2) the
position of the 2-amino group on the left side, and (3) the
carboxyl group esterification on the right side on the
readthrough activity. One carbon atom shorter derivative 9b
exhibits a higher readthrough activity than 2 and its benzyl
ester-type derivatives further increase the potency by
functioning as a relatively hydrophobic prodrug.

Tables 1 and 2 depict the series of new derivatives of
analogue 2. The synthesis of derivatives 9a—c with modified left
sides was carried out based on the previously reported synthetic
procedure for 2." Briefly, as depicted in Scheme 1, Boc-
protected amino acid derivatives 4a—c were reduced to the
corresponding alcohols using NaBH, in tetrahydrofuran
(THF)/water via a mixed anhydride method. Then they were
protected with a mesyl group (Ms) by treating the crude
mixture with MsCl in the presence of Et;N in CH,Cl, to obtain
methanesulfonates Sa—c in 58—66% yields. Methanesulfonates
Sa—c were subsequently treated with KCN in the presence of a
phase transfer catalyst 18-crown-6 in N,N-dimethylformalde-
hyde (DMF) or acetonitrile to obtain nitriles 6a—c. Then
nitriles 6a—c were hydrolyzed under the basic conditions by the
addition of KOH in ethanol/water (2:1) and subsequent
coupling with t-butyl 2-(1-methylhydrazinyl)acetate-p-toluene-
sulfonic acid (PTSA) salt 7*° using the EDC-HOBt (EDC, 1-
ethyl-3—(3-(dimethylamino)gropyl)carbodumlde, HOBt, 1-hy-
droxybenzonitrile) method.”" Resulting hydrazides 8a—c were
treated with 4 M HCl/dioxane to deprotect two N-Boc groups
and the tbutyl ester. Purification by reversed-phase (RP)
HPLC afforded 9a—c.

To prepare 12a—d, which are a-amino acid derivatives on
the left side of the molecule, a series of hydrazides 11a—d were
synthesized by coupling Boc-protected amino acid derivative
4a—c or 10 and hydrazine unit 7 using the same coupling
procedure as shown above. Then the hydrazides 11a—d were

690

Scheme 1. Synthesis of Derivatives 9a—c and 12a—d“
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“Reagents and conditions: (A) Synthesis of 9a—c: (a) isobutylchlor-
oformate, N-methylmorpholine, THF, —15 °C, 10 min, then, NaBH,,
THF/H,0, —15 °C, 10 min; (b) MsCl, Et;N, CH,Cl,, rt, overnight,
58—66%; (c) KCN, 18-crown-6, DMF, 100 °C, 2 h, 51% (for 6a) or
acetonitrile, 40 °C, overnight (for 6b) or acetonitrile, reflux, 3 h (for
6¢c); (d) KOH, EtOH/H,0, 80 °C, 45 min—overnight; (e) PTSA-
H,N—N(Me)—CH,CO,t-Bu 7, HOBt-H,0, Et;N, EDC-HCI, DMF,
tt, overnight, 38—39% (2 steps); (f) 4 M HCl/dioxane, rt, 1 h, then,
RP-HPLC, 52—69%. (B) Synthesis of 12a—d: (a) 7, HOBt-H,O,
Et;N, EDC-HCI, DMF, rt, overnight, 62%—quant.; (b) 4 M HCl/
dioxane, rt, 1 h, then, RP-HPLC, 22—69%.

deprotected with 4 M HCl/dioxane and purified by RP-HPLC
to afford desired derivatives 12a—d.

Ester or amide derivatives 15a,b and 15d at the carboxyl-
terminal (1S5a, ethyl ester; 15b, benzyl ester; 15d, benzyl
amide) were synthesized from intermediate 6b (Scheme 2A).
Nitrile 6b was hydrolyzed by treatment with KOH in ethanol/
water (2:1) followed by coupling with hydrazine unit 13a—c
using the EDC-HOBt method to obtain corresponding
hydrazides 14a,b and 14d. Finally, the deprotection of the
Boc groups with 4 M HCl/dioxane and purification by RP-
HPLC gave desired ester or amide derivatives 15a,b and 15d in
36—50% yields. Moreover, the ethyl amide derivative 15¢ and a
series of substituted-benzyl ester derivatives 17a—1 (Tables 1
and 2 and Scheme 2B) were synthesized by replacing the
benzyl ester group of 14b with ethyl amide and a substituted-
benzyl group, respectively. Namely, after deprotection of the
benzyl group under an atmosphere of hydrogen over Pd/C
(10%) in methanol, the resulting carboxylic acid was coupled
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Scheme 2. Synthesis of 15a—d and 17a—1“
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“Reagents and conditions: (A) Synthesis of 15a—b and 15d: (a)
KOH, EtOH/H,0, 80 °C, 45 min—4 h; (b) ethyl or benzyl 2-(1-
methylhydrazinyl)acetate 13a,b or N-benzyl-2-(1-methylhydrazinyl)-
acetamide 13¢, HOBt-H,O, Et;N, EDC-HCI, DMEF, rt, overnight, 26—
57% (2 steps); (c) 4 M HCl/dioxane, rt, 1 h, then, RP-HPLC, 36—
50%. (B) Synthesis of 15c and 17a—1: (a) Pd/C, H,, MeOH, rt, 15
min; (b) ethylamine-HCl, HOBt-H,O, Et;N, EDC-HCl, DMF, rt,
overnight, 70% (2 steps); (c) substituted benzyl alcohol, DMAP,
DCC, rt, overnight, 23—68% (2 steps); (d) 4 M HCl/dioxane, rt, 1 h,
then, RP-HPLC, 23—90%.

with ethylamine-HCI and a series of substituted-benzyl alcohols
by the EDC-HOBt method or N,N’-dicyclohexylcarbodiimide
(DCC) in the presence of 4-dimethylaminopyridine (DMAP)
to obtain hydrazides 14c and 16a—I. Deprotection of the Boc
groups with 4 M HCl/dioxane and purification by RP-HPLC
produced the desired ethyl amide derivative 15c¢ and
substituted-benzyl ester derivatives 17a—I in 23—90% yields.
The readthrough activities of synthesized 3-epi-deoxynega-
mycin (2) derivatives were evaluated using a cell-based reporter
assay involving COS-7 cells transfected with a dual-reporter
plasmid encoding p-galactosidase and luciferase genes con-
nected with a TGA-containing nucleotide sequence as a PTC,
according to a previously described procedure.'” In this
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Table 1. Readthrough Activity of Derivatives 9a—c and 12a—
d

Readthrough
Compound Structure
activity”
1 OH NH, O | 0
HN A N 1.81+0.17
((+)-Negamycin) 2 N OH
2 NH, O | O
(eepi HzN\/\/é‘\)LN,NQLOH 2.94£0.12
Deoxynegamycin) H
I:\IHZ o} | (o]
9a HZN/\/\/S\)LH,NJLOH 2.05+0.23
9b NH, O O
4,28+0.16
(TCP-112) HoN 3 N OH
N0 O
9 HoN N,N\)J\OH 1.49 £0.07
NHz
12a I i I o 1.01 + 0.06
o I o
NH, H
12b HoN o Nep -OH 0.99 +0.03
\/\/2\[(])/ | /\n/
NH;
. N, OH
12c HN 2 N 1.07 +0.22
o I o
NH,
12d 1.30£0.09

“Cell-based readthrough activity (ratio) relative to control (D-MEM)
in COS-7 cells; compounds are evaluated at a concentration of 200
#M. Data are determined in triplicate. Values are the mean + SD.

reporter assay system, p-galactosidase, which is positioned
upstream of the PTC, was expressed constitutively. Luciferase,
which is positioned downstream of the PTC, was expressed
only when PTC readthrough occurred. By measuring both
enzymatic activities of cell lysates, the readthrough activities of
the compounds were obtained as ratios of the luciferase activity
over f3-galactosidase activity relative to the basal level (ratio =
1) without any compound (see the Supporting Information for
a detailed description of the assay method). (+)-Negamycin (1)
and G418 were used as positive controls. All compounds were
evaluated at a concentration of 200 uM.

Synthesized native 3-epi-deoxynegamycin (2) shows a
stronger readthrough activity toward TGA nonsense codon
than (+)-negamycin (1) as previously reported (Table 1)."
Compared to native analogue 2, one carbon longer derivative
9a at the left side shows a weaker readthrough activity, whereas
one carbon shorter derivative 9b interestingly exhibits a
stronger readthrough activity with a ratio of 4.28. However,
two carbon shorter derivative 9¢ displays a lower activity than
(+)-negamycin (1). These results suggest that the appropriate
configuration of the amino group in the side chain of the f-
amino acid residue on the left side of 2 is important for the
potent activity. These modifications led to the discovery of a
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Table 2. Readthrough Activity of Derivatives 15a—d and 5
17a-1
= 4
NH, O | O =
H <
(2]
=)
S >
=
Compound Ry ClogP* Readthrough %
. S
activity” nu% 1 %
9b (TCP-112) OH 4.07 426 +0.02 §
| N ; R
15a OEt -1.26 2.08+0.11 0 0 50 100 200 10 25 50 100 200 (uM)
15b OBn -0.08 4.04 £ 0.06 Cont.  (+)-Negamycin (1) 9b (TCP-112)
15¢ NHEt 2.12 1.42£0.15 Figure 2. Cell-based readthrough activity (TGA) of 9b in COS-7 cells.
15d NHBn 0.77 0.80 + 0.05 Error bars indicate SD (n = 3).
/\/%2)0]\ rl\l\/ﬁ\ analogues of (+)-negamycin have an unmodified carboxylic
HoN N oY N g acid. However, the hydrophilic nature of 1 (calculated log P
H s (ClogP) = —4.29) or its derivatives does not seem to increase
the cell penetration ability. Therefore, we then focused on the
Compound R, ClogP* Readthrough carboxylic acid in the right side. Four types of ester and amide
activity® derivatives 15a—d were synthesized based on the structure of
17a o-Br 0.78 3.8320.56 derivative 9b (ClogP = —4.07). Ethyl ester 15a (ClogP =
b . —1.26) interestingly shows a moderate but significant read-
17 m-Br 0.78 3.75+031 through activity’> (Table 2). More hydrophobic benzyl ester
17c p-Br 0.78 2.98+0.40 15b (ClogP = —0.08) maintains a similar potency to 9b.
17d o-Cl 0.63 3.34+0.15 However, amide derivative 15¢ having lower ClogP value
(ClogP = —2.12) and 15d having a similar ClogP value (ClogP
17¢ (TCP-182) m-Cl 063 490:£021 = —0.77) to 15a do not show any readthrough activity. The
17¢ p-Cl 0.63 421+0.16 observed difference in activity between ester and amide
17g 0-NO: 0.42 4.51 +0.07 derivatives with the same kind of alkyl group suggests that
17h mNO, 042 321+0.13 the ester—t??pe derivatives _may act as pr(.)drugs., V\{hlch are
converted into corresponding carboxylic acid derivative 9b in
17i p-NO: -0.42 3.05+0.16 the cellular assay.
17j 0-OMe -0.16 3.10+0.13 Because the benzyl ester shows a potent activity, we then
17k m-OMe 0.16 37140.19 S}.rnthesized a seri.es of sqbstituted—benzyl ester derivatives with
either electron withdrawing halogens and a nitro group or an
171 p-OMe -0.16 325+0.09 electron donating methoxy group. In addition, we determined
G418 na¢ -5.99 6.65+0.46 the ClogP value as a parameter for hydrophobicity, which is an

“Value of the calculated log P (ClogP) determined by CS
ChemBioDraw Ultra 12.0. ®Cell-based readthrough activity (ratio)
relative to 9b (= 4.26) in COS-7 cells;* compounds are evaluated at a
concentration of 200 M. Data are determined in triplicate. Values are
the mean + SD. “n.a.: not applicable.

new negamycin derivative with a more potent readthrough
activity than 1 and 2.

To determine the effect of the amino group at the 3-position
of the left side, we synthesized a series of 2-amino derivatives
with different chain lengths. The readthrough activity of these
a-amino acid derivatives (12a—d) is lost (Table 1), suggesting
that the configuration at the 3-amino group is an important
factor for activity. Furthermore, the readthrough activity of
potent derivative 9b is dose dependent between 25—200 yM
(Figure 2). However, 9b does not show antimicrobial activity
(MIC) against Gram-positive and Gram-negative microorgan-
isms (Staphylococcus aureus NBRC13276, MIC = 1024 ug/mL;
and Escherichia coli NBRC3972, MIC > 1024 ug/mlL),
indicating that 9b maintains a similar pharmacological
selectivity as native analogue 2."

In general, the carboxylic acid of negamycins seems to be
important for the biological activity because all known natural
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important factor when estimating the cell membrane
permeability. Compared to benzyl ester 15b, substituted benzyl
derivatives with halogen atoms increase the ClogP value, while
substitution of nitro and methoxy groups do not. However, the
observed readthrough activity is not related to the ClogP
values. Most derivatives in this modified series have lower
activities than benzyl ester 15b (4.04). Only electron
withdrawing m- or p-Cl and 0-NO, derivatives (17e—g) show
a more potent activity than 15b with values of 4.90, 4.21, and
4.51, respectively. Although this value is still lower than that of
G418 (6.6S, TGA), which is an aminoglycoside with the most
potent readthrough activity among known native products,®***
it is considerably improved.

Because derivative 17e exhibits both potency and hydro-
phobicity, we examined whether it could serve as a prodrug. A
cell-free readthrough assay (TGA) system consisting of a cell-
free protein expression system with a human cell line-derived
lysates (Human Cell-Free Protein Expression System, Takara
Bio Inc. Japan) was established."” This in vitro system can
directly evaluate the readthrough activity of the compounds
without the influence of cell penetration and metabolism of the
compounds. Derivative 9b displays a potent cell-free read-
through activity (2.72) against nonsense codon TGA (20 uM)
along with the cell-based assay (3.10) (Figure 3A). However,
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Figure 3. (A) Readthrough activity in cell-based and cell-free assays.
Readthrough activity (ratio) of the compound against that of control
(= 1) is shown. Cell, COS-7; compound concentration, 200 M (cell-
based assay, n = 3) or 20 uM (cell-free assay, n = 3). Error bars
indicate = SD. (B) Hydrolysis of 17e by porcine liver esterase.
Compound concentration (%) is determined by RP-HPLC. Error bars
indicate + SD (n = 3).

cell-free readthrough activity of the m-Cl benzyl ester 17e is
drastically decreased (1.23) compared to the cell-based assay
(3.58), clearly indicating that 17e acts as a prodrug, which is
hydrolyzed to 9b outside or inside of the cells in the cell-based
assay. The slightly higher activity of 17e compared to 9b in the
cell-based assay may be due to the slight increase in the cell
penetration ability. These results imply that the prodrug
strategy at the carboxylic acid part should effectively contribute
to the readthrough activity.

To confirm whether 17e acts as a prodrug, it was treated with
porcine liver esterase, a carboxylic-ester hydrolase (110 punits
of enzyme/mL), in a 100 mM phosphate buffer (pH 7.4) at 37
°C. The enzymatic stability was analyzed by RP-HPLC, and a
new metabolite peak was collected and identified by high-
resolution mass spectrometry. We detected the time-dependent
production of 9b along with the degradation of 17e (Figure
3B). Additionally, we confirm that derivative 17e is stable in an
environment of 100 mM phosphate buffer (pH 7.4) without
esterase at 37 °C (94% remaining after a 6 h incubation). These
results suggest that substituted benzyl ester derivatives function
as a prodrug to produce parent drug 9b in the living cell system.

In conclusion, to develop a promising readthrough drug
candidate, we performed a SAR study of 3-epi-deoxynegamycin
(2) and discovered more potent derivatives 9b (designated as
TCP-112) and its benzyl ester-type prodrugs. Particularly, the
in vitro studies, including the cell-free readthrough assay and
degradation with esterase, demonstrate that m-Cl benzyl ester
17e (designated as TCP-182), which has an increased
hydrophobicity, functions as a prodrug of 9b in the living cell
system. These new derivatives should be promising therapeutic
candidates for nonsense mutation-mediated genetic diseases
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like DMD. Currently additional SAR studies are underway to
develop more efficient derivatives.
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