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ABSTRACT: (+)-Negamycin, isolated from Streptomyces purpeofuscus,

shows antimicrobial activity against Gram-negative bacteria and readthrough oNH,

activity against nonsense mutations. Previously, we reported that two natural

negamycin analogues, 5-deoxy-3-epi-negamycin and its leucine adduct, have O NH O o Br
more potent readthrough activity in eukaryocytes (COS-7 cells) than HzN\/\/E\)I\ JI\I\)I\
negamycin but possess no antimicrobial activity and no in vitro readthrough 3 H O/\©
activity in prokaryotic systems. In the present study, on leucyl-3-epi-

deoxynegamycin, a structure—activity relationship study was performed to Leucyl-3-epi-deoxynegamycin derivative 13b
develop more potent readthrough agents. In a cell-based readthrough assay, - exhibited higher readthrough activity than G418

the derivative 13b with an o-bromobenzyl ester functions as a prodrug and - showed in vivo readthrough activity with low toxicity
exhibits a higher readthrough activity against TGA-type PTC than the

aminoglycoside G418. This ester (13b) shows an in vivo readthrough activity with low toxicity, suggesting that it has the
potential for treatment of hereditary diseases caused by nonsense mutations.
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n recent years, more than 1,800 hereditary diseases have readthrough compounds can skip PTCs and lead to the

been reported,’ and it is known that 5—20% of these are production of functional full-length proteins. Most studies
attributable to nonsense mutations.” Because these nonsense concerning readthrough drugs have been directed against two
mutations provide congenital premature termination codons serious hereditary diseases, DMD and cystic fibrosis (CF).
(PTCs) in mRNA, normal translation of the corresponding DMD is a serious progressive X-linked recessive genetic
functional proteins is disrupted. Specifically, either protein disorder occurring in 1 of ~3,500 newborn boys.” Approx-
translation is terminated at the PTC site with the production of imately 20% of DMD cases are caused by a nonsense mutation

a nonfunctional truncated protein or the mRNA with a PTC is
easily recognized and degraded by the inherent nonsense-
mediated mRNA decay (NMD) system. Consequently, the
corresponding protein is largely not produced following the
emergence of PTC in mRNA, and this is a basis of hereditary
diseases. As a fundamental treatment to regenerate the intact
protein from the mRNA that has lost its normal translational
ability, gene transfer using virus vectors and stem cell
transplantation have been studied extensively.”* However,
there is currently no accepted clinical treatment for nonsense-
associated diseases, although an antisense-mediated exon
skipping drug, eteplirsen (AVI-4658), received accelerated
approval from the US Food and Drug Administration in 2016
after controversy over its efficacy for the treatment of
Duchenne muscular dystrophy (DMD).”> Recently, another

of the dystrophin gene.® Dystrophin protein plays an essential
role in maintenance of the structure of muscle cells, and its
deficiency causes dysfunction and necrosis of these cells.”
Approximately 10% of CF cases are caused by a nonsense
mutation of the cystic fibrosis transmembrane conductance
regulator (CFTR) gene. Hypoactivity of CFTR causes
intestinal malabsorption, obstruction, and respiratory tract
infection as a result of chloride ion defective secretion in
digestive and respiratory organs.'’ Therefore, promotion of
readthrough drugs by chemotherapy is a promising challenge.
To date, many small molecules that exhibit readthrough-
promoting activity have been reported and include various
aminoglycoside antibiotics, such as gentamicin,11 G418,"*

strategy, application of “readthrough drugs”, has been attracting Received: July 3, 2017
attention as a new therapeutic method with which to treat Accepted: September 29, 2017
nonsense-associated diseases.” It has been reported that Published: September 29, 2017
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arbekacin' and their analogues.'* Barton-Davis et al. reported
that, after administration of gentamicin, the dystrophin
expression increases in the mdx mouse, an animal model of
DMD,"" and Sabbavarapu et al. reported that gentamicin-
derived novel aminoglycoside derivatives enhance suppression
of diseases that cause nonsense mutations.'* However, it is
generally known that there are serious side effects such as
nephrotoxicity'® and ototoxicity'® from long-term treatment
with aminoglycosides. Recently, a nonaminoglycoside 1,2,4-
oxadiazole derivative Ataluren,'” which was found by chemical
library screening, has been conditionally approved from the
European Medicines Agency (EMA) for DMD."

(+)-Negamycin (1, (2-(2-(3R,SR)-3,6-diamino-S-hydroxy-
hexanoyl)-1-methylhydrazinyl)acetic acid) is a dipeptide-like
antibiotic that was isolated in 1970 from Streptomyces
purpeofuscus and that exhibits efficacious antimicrobial activity
against Gram-negative microorganisms.19 In 2003, Arakawa et
al. reported that (+)-negamycin restores dystrophin expression
in skeletal and cardiac muscles of mdx mice with toxicity lower
than that of gentamicin.20 Therefore, 1 was regarded as a new
readthrough drug candidate for treatment of DMD and other
diseases caused by nonsense mutations.

To date, using 1 as a lead compound in a structure—activity
relationship (SAR) study, we have obtained several compounds
with more potent readthrough activity than 1.”"** Particularly,
as shown in Figure 1, we found that native S-deoxy-3-epi-
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Figure 1. Structures of readthrough compounds.

negamycin analogues™ such as 3-epi-deoxynegamycin (2) and
leucyl-3-epi-deoxynegamycin (3) show potent readthrough
activity with no antimicrobial activity,”' suggesting that these
analogues have no effect on the prokaryotic ribosomal system.
We demonstrated that these analogues fail to show any
readthrough activity in a prokaryotic cell-free translation system
and were therefore thought to be more suitable leads for the
development of readthrough drugs with a lower risk of
emergence of antibiotic-resistant bacterial strains. Moreover,
from a SAR study focused on the length of main chain in 2, the
derivative 4 (TCP-112) with one less carbon atom showed a
higher readthrough activity than 1 or 2.** Further optimization
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of 4 demonstrated that the o-bromo- and m-chlorobenzyl ester
derivatives (5 and 6, respectively) as prodrugs exhibit more
potent readthrough activity than 4. This is probably due to the
enhanced hydrophobic properties leading to an improved cell
penetration ability and increased intracellular production of
parent drug 4.

As leucyl-3-epi-deoxynegamycin (3) has an additional leucine
residue connected to the 3-amino group of 2 through an amide
bond, the amino function that had been thought to be
important for the readthrough activity is masked. However,
because 2 and 3 exhibit similar readthrough activities, the role
of this residue in the readthrough activity was of interest.
Accordingly, a SAR study based on a substitution of the Leu
residue at the 3-position was performed. Ester derivatives of 3
as prodrugs were also investigated in an effort to develop more
potent readthrough compounds. A prodrug (13b) containing
an o-bromobenzyl moiety was found to exhibit a higher
readthrough activity than the aminoglycoside G418 in a cell-
based readthrough assay. The in vivo readthrough activity of
13b, using transgenic readthrough evaluation and assessment
by dual reporter (READ) mice,”" and its in vivo acute toxicity
were also evaluated.

A series of derivatives (10a—f) with different amino acid
residues at the 3-position of 3 were synthesized using the
procedure previously reported for 3.”' Briefly, as illustrated in
Scheme 1, the intermediate hydrazide (8) was prepared in 14%
overall yield from commercially available Boc-Orn(Cbz)-OH
(7) in 6 steps. The resulting hydrazide (8) was treated with 4
M HCl/dioxane to deprotect the N-Boc group at the 3-position
followed by coupling with several Boc-protected amino acids
(for 9a, Boc-p-Leu-OH; 9¢, Boc-Phe-OH; 9d, Boc-Tyr-OH; e,
Boc-Val-OH; 9f, Boc-Gly-OH) and 9b ((S)-2-hydroxy-4-
pentanoic acid) by a I-ethyl-3-(3-(dimethyl amino)propyl)-
carbodiimide/1-hydroxy-benzotriazole (EDC/HOBt) meth-
od™ to give the protected derivatives (9a—f) in 50—95%
yields. The Cbz and benzyl protective groups of 9a—f were
removed by hydrogenation in the presence of 10% Pd/C under
H, at 1 atm. Such treatment of 9b gave a crude product that
was purified by RP-HPLC to afford 10b in 65% yield. In other
derivatives (9a, 9c—f), the crude products obtained were
further treated with 4 M HCl/dioxane to remove the N-Boc
group, and this was followed by purification by RP-HPLC to
afford the desired derivatives (10a, 10c—f) in 30—65% vyields.

The esters derivatives 13a—e were synthesized from
intermediate 11°' in four steps as illustrated in Scheme 2.
After the Cbz and benzyl protecting groups were removed by
hydrogenation, the resultant 6-amino group was protected by
treatment with Boc,O in the presence of Et;N in DMF.
Subsequently, without further purification, the crude product
was directly condensed with benzyl alcohol or substituted
benzyl alcohol using N,N’-dicyclohexylcarbodiimide (DCC) in
the presence of a catalytic amount of 4-dimethylaminopyridine
(DMAP) to give corresponding ester (12a—e) in 43—82%
yields after three steps. Finally, deprotection of two N-Boc
groups was performed with 4 M HCl/dioxane, and subsequent
purification with RP-HPLC afforded the desired derivatives
(13a—e) in 23—55% yields.

The readthrough activities of the synthesized derivatives
10a—f were evaluated using a previously described procedure”'
in a cell-based reporter assay using COS-7 cells. The reporter
consisted of a dual-reporter plasmid encoding S-galactosidase
and luciferase genes that were connected with a TGA-
containing nucleotide sequence used as a PTC.*" All derivatives
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Scheme 1. Synthesis of Derivatives 10a—f"
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“Reagents and conditions: (a) 4 M HCl/dioxane, rt, 1 h; (b) Boc-
protected amino acid (for 9a, 9c—f) or (S)-2-hydroxy pentanoic acid
(for 9b), EDC-HCl, HOBt-H,0, Et;N, DMF, rt, overnight, 50—95%
(2 steps); (c) H,, Pd/C, MeOH, rt, 3 h, quant, then RP-HPLC, 65%
(for 10b); (d) 4 M HCl/dioxane, rt, 1 h, then RP-HPLC, 30—47%
(for 10a, c—f). R, substituents of derivatives 10a—f are shown in Table
1.

Scheme 2. Synthesis of Ester Derivatives 13a—e”
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benzyl alcohol, DCC, DMAP, DMF, rt, 3.5 h—overnight, 43—82% (3
steps); (d) 4 M HCl/dioxane, rt, 1 h, then RP-HPLC purification, 23—
55%. R, substituents of derivatives 13a—e are shown in Table 2.
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were evaluated at a concentration of 200 xM, and the results
are shown in Table 1. As previously reported,”’ leucyl-3-epi-
deoxynegamycin (3) showed a stronger readthrough activity
(2.72) than that of (+)-negamycin (1) (1.54). The activity of
derivative 10a with p-Leu and of 10b with 2-hydroxyisovaleic
acid were approximately half that of 3. This result suggests that
the appropriate configuration at the a-position and the
existence of @-amino group in the Leu side chain are important
for potent activity. The conversion of Leu to aromatic amino
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Table 1. Cell-Based Readthrough Activity of Derivatives
10a—f

Ra.
l:\lH (0] [ (0]
HZNMH,NJKOH
10a-f
. «  Readthrough
0,
Compound R, Yield (%) activityh
\NH, ¢
3 (TCP-126) \S 50 2.72+0.50
o7
10a \S/N”Z 45 1.30+0.09
o7&
10b \S“OH 49 1.33+0.14
o7
10¢ NH, 26 2.13+0.08
O ~
OH
10d 17 1.92 +0.21
“NH,
o7&
«NH;
10e )1 21 1.87+0.29
o7
H,N
10f l 42 2.10+0.90
o7
Negamycin (1) n.a’ n.a’ 1.54+0.13

“Yields were calculated from intermediate 8 for analogues 3 and 10a—
f, respectively. “Cell-based readthrough activity (ratio) relative to
control (D-MEM) in COS-7 cells; compounds are evaluated at a
concentration of 200 uM. Values are expressed as the mean + SD (n =
3). “See ref 21. “N.a: not applicable.

acids 1-phenylalanine (10c) or L-tyrosine (10d) to understand
the effect of hydrophobic interaction with an aromatic group
failed to increase the readthrough activity.

Next, for understanding the effect on the activity of the side
chain aliphatic group, the readthrough activity of derivative with
one less carbon atom 10e (1-valine) and derivative lacking a
carbon atom (glycine, 10f) was evaluated. However, these
derivatives showed limited activity compared to 3, and these
results suggest that the isobutyl group existing in 3 provides a
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more favorable side chain structure for the potent readthrough
activity.

Because in the previous study the benzyl esters of derivative
4 as a prodrug showed increased activity in cell-based assays,””
we synthesized five different benzyl esters (13a—e) derived
from the most potent compound (3) obtained in the present
SAR study. As shown in Table 2, the readthrough activity of

Table 2. . Cell-Based Readthrough Activity of Esters 13a—e

\NH,
o> o | o
H2N\/\/\)J\N’N\)J\O N
H | R4
=
13a-e
compound R, yield (%) readthrough activity”  ClogP®
3 (TCP-126) na” na” 2.58 + 0.07 -1.97
13a H 16 8.92 + 0.19 0.02
13b (TCP-199) 0-Br 28 8.84 + 0.07 0.85
13c m-Cl 13 5.37 £ 0.22 0.58
13d 0-NO, 45 9.15 £ 0.21 -0.23
13e m-OMe 13 5.15 £ 0.13 —0.10

“Yields were calculated from intermediate 11 for ester derivatives
13a—e. "Cell-based readthrough activity (ratio) relative to control (D-
MEM) in COS-7 cells; compounds are evaluated at a concentration of
200 pM. Values are expressed as the mean + SD (n = 3). “Value of the
calculated log P (ClogP) determined by ChemDraw professional 16.0.
“N.a: not applicable.

13a—e is higher than that of the original analogue 3 (2.58). In
particular, the readthrough activity of unsubstituted (13a), o-
bromo (13b), and o-nitrobenzyl esters (13d) (8.92, 8.84, and
9.1S, respectively) were noteworthy. On the other hand, no
significant cytotoxicity of these derivatives was observed in
COS-7 cells and human dermal fibroblasts (Figure S1).
Furthermore, the calculated log P (ClogP) value, which is an
indication of hydrophobicity, highlighted that o-bromobenzyl
ester 13b (ClogP; 0.85) showed the best value among them.
Considering these results comprehensively, we selected 13b
(TCP-199) as a representative prodrug and performed the
detailed biological activity of 13b. In a dose-dependent assay
(Figure 2), prodrug 13b shows an improved potent read-
through activity (8.89 = 0.10, 3.95-fold increase) compared to
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Figure 2. Cell-based readthrough activity (TGA) of 13b (TCP-199) in
the COS-7 cells. Error bars indicate SD (n = 3). NM: (+)-negamycin
(D).
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that of parent drug 3 (2.25 = 0.23) at 200 yM. In particular,
this value is higher than that of G418 (7.20 = 048), an
aminoglycoside possessing the most potent readthrough
activity but also strong toxicity.”® Prodrug 13b exhibits dose-
dependent readthrough activity at concentrations ranging from
10 to 200 M. Moreover, the in vitro readthrough activity of
13b (200 uM) against other PTCs (TAG and TAA) was also
evaluated using the previously reported plasmids,” resulting in
good activity with values of 2.55 + 0.05 and 1.22 + 0.0,
respectively. These activities were more potent than those
observed in 3 (1.30 + 0.06 and 1.11 =+ 0.0S, respectively). In
the TGA sequence, 13b was shown to have a 2.69%
readthrough frequency in comparison to the in-frame control
containing TGG (tryptophan coding) sequence.

For confirming that 13b behaves as a prodrug, it was treated
with porcine liver esterase (110 units of enzyme/mL) in a 100
mM phosphate buffer (pH 7.4) at 37 °C, a process based on a
previously reported procedure.”” After incubation, the reaction
mixture was analyzed by RP-HPLC, and the conversion of 13b
to the parent compound (3) by esterase was evaluated. In
addition, the peak corresponding to a new metabolite was
collected and identified by high-resolution mass spectrometry.
As a result, time-dependent production of parent 3 (TCP-126)
along with the decrease of 13b (Figure S2) was observed.

Incubated with human plasma, 13b was almost completely
hydrolyzed within 30 min. Under similar reaction conditions,
13b was found to be stable in the absence of esterase (99%
remaining after a 6 h incubation at 37 °C). This result suggests
that ester 13b functions as a prodrug that produces the active
parent drug (3) (TCP-126) probably intracellularly.

For the in vivo biological effects of prodrug 13b to be
evaluated, its readthrough activity was evaluated using READ
mice,”* which express a dual-reporter gene segmentalized with a
PTC. Compound 13b was injected subcutaneously in the
abdominal region of READ mice at a dose of 1 mg in saline
(0.2 mL) day ™' 20 ¢! body weight for 7 days (Figure 3A). As a
positive control, arbekacin, a clinically used minimally toxic
aminoglycoside that is known to have a relatively strong
readthrough activity,'* was used. In comparison to the negative
control (saline), 13b-treated mice show a significant increase in
readthrough activity (1.59 + 0.11), although this is slightly
inferior, but statistically insignificantly so, to that of arbekacin
(1.94 + 0.32). This result indicated that 13b effectively
functions as a readthrough agent in vivo.

In an evaluation of in vivo acute toxicity for 2 weeks based on
the body-weight change of B10 mice, shown in Figure 3B, after
single subcutaneous injection of 13b (10 mg day™' 20 g~'
body-weight) into the abdominal region of mice, the body-
weight of 13b-treated mice showed a gradual increased similar
to that observed in control mice, although a slight weight
decrease was observed just after administration (day 1). The
result of this preliminary experiment suggested that the acute
toxicity of 13b is low, and consequently, 13b has the potential
for long-term treatment of DMD.

In conclusion, we synthesized a series of derivatives focused
on negamycin analogue (3) and evaluated their readthrough
activities with a cell-based reporter assay. On the basis of the
modification of analogue 3, we synthesized o-bromobenzyl ester
13b (TCP-199) as a prodrug. This compound exhibits a higher
readthrough activity than those of both the parent (3) and
aminoglycoside G418. By treatment with esterase, 13b was
converted to the parent (3) in vitro. In in vivo studies using
READ mice, 13b exhibited readthrough activity with a low
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Figure 3. (A) In vivo readthrough activity in READ mice. Compound
13b (TCP-199) and ABK (arbekacin) were subcutaneously injected
into the abdominal region of READ mice at a dosage of 1 mg day™* 20
g~" body weight for 7 days. Data are mean + SD * p < 0.01. (B) Acute
toxicity test of 13b. The body weight of 13b-treated B10 mice (n = 4)
during 2 weeks was measured in comparison to saline-treated B10
mice (n = 3) as a control. The analogue was subcutaneously injected
only once (10 mg day™' 20 g™' body weight) into the abdominal
region of B10 mice.

acute toxicity. It was concluded that 13b (TCP-199) has
potential for the treatment of nonsense-associated hereditary
diseases by readthrough chemotherapy. Further SAR studies of
3 and evaluation of the biological effects of 13b in different
nonsense-associated diseases are in progress in an effort to
develop a clinical candidate.
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