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Neamine dimers targeting the HIV-1 TAR RNA
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Abstract—Natural aminoglycoside antibiotics, such as neomycin, target bacterial ribosomal RNA. Neomycin also binds strongly to
HIV TAR and RRE RNA through the predominant interactions of its neamine core. In the search for antiviral agents targeting
multiple binding sites for aminoglycosides in RNA, we report here the synthesis of new neamine dimers and a trimer in which
the neamine cores are connected by different linking chains attached at the 4’- and/or 5-positions. Inhibition of TAR-Tat complex-
ation by these oligomers was studied via fluorimetric binding assays performed under two ionic strengths. All dimers strongly inhibit
TAR-Tat association, with ICso values 17-85 times better than the value obtained with neomycin. These results demonstrate that
modifying neamine at the 4'- or the 5-position is a promising strategy in the search for antiviral agents.

© 2005 Elsevier Ltd. All rights reserved.

Ribosomal RNA (rRNA) is the target of clinically
important antibiotics. Among them, aminoglycosides
(aminosides) constitute a large family of natural antibi-
otics effective against a broad range of microorganisms.'
These pseudo-oligosaccharides are multiply charged
cationic molecules of high flexibility that bind specifical-
ly in the bacterial ribosome to the A-site of the decoding
region of 16S rRNA and induce the synthesis of modi-
fied proteins.”> The aminoglycoside antibiotic neomycin
B (1) (Fig. 1) also binds to other RNA targets,>* such
as the HIV RNA recognition elements RRE (rev
responsive element)® ® and TAR (trans-acting responsive
sequence),’ and blocks the HIV-Rev and HIV-Tat protein
binding necessary for viral RNA transactivation.

Unfortunately, neomycin B is toxic and high level anti-
biotic resistance involving enzymatic modifications has
been reported.!’!? Detailed comparative NMR studies
and biochemical experiments have shown that rings |
and II of neomycin-class aminoglycosides (Fig. 1) are
sufficient to confer the specificity of binding to a model
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Figure 1. Structures of neomycin B 1 and neamine 2.

A-site RNA and serve as a minimal structural motif for
binding to the 16S subunit of rRNA'? and to the RRE
and TAR HIV RNA.!%!5 Therefore, in the search for
new antibiotic or antiviral drugs, less toxic than neomy-
cin, neamine 2 (Fig. 1) appears to be an attractive start-
ing molecule.

In the last few years, neamine derivatives have been
prepared by modifying the amino groups, or the 3’-,
the 5- or the 6-hydroxyl function to increase the affinity
for the RNA targets and/or to induce resistance to
aminoglycoside-modifying enzymes.!'®2°

In an attempt to explore the multiple binding sites
for aminoglycosides in RNA and target them,
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aminoglycoside antibiotics kanamycin A, tobramycin
and neomycin B have been homo- and heterodimerized
with linking chains of various lengths through disulfide
bond formation.?’” These dimers inhibit the catalytic
function of Tetrahymena ribozyme 20- to 12,000-fold
more efficiently than the corresponding monomers.?
Their dissociation constants to a dimerized A-site 16S
RNA construct were about 20-fold higher than the
monomeric aminoglycoside molecules.?® Incorporation
of a naphthalene diimide threading intercalator in the
linking chain led to a 35-fold enhancement in binding
affinity compared to the monomeric aminoglycosides.?"
Neomycin dimers also showed dissociation constants
to RRE RNA to be approximately 17-fold higher than
neomycin.”3! Combinatorial chemistry has been used
to generate dimers of neamine, that target rRNA, in
which the two subunits are linked by an amino chain
attached to the 5-positions. Some of these dimers
exhibit very interesting antibiotic effects and resistance
to aminoglycoside-modifying enzymes.>+26:32.33
Aminoglycoside dimers have also been shown to
stabilize B-form duplex DNA.3*

The deoxystreptamine core, corresponding to ring I
in neamine, was recently dimerized and the resulting
dimers were shown to bind strongly to RNA hairpin
loops.®

Both mass spectrometry and gel mobility shift assays
have revealed the existence of multiple neomycin bind-
ing sites in TAR RNA.3® We also observed a biphasic
profile in the melting temperature curve of mixtures
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TAR RNA-neomycin B, suggesting the presence of at
least two binding sites. In the search for aminoglycosides
having multiple binding sites in the TAR RNA, we re-
port here the synthesis of four symmetrical 4',4'-, and
5,5-neamine dimers 3, 5,7, 9, and a 5,5,5-neamine trimer
11 (Fig. 2) using protecting groups optimized previous-
ly37-3® and a comparative study of their affinity for
TAR RNA through inhibition of the TAR-Tat associa-
tion via fluorimetric binding assays.

We have recently reported a route for preparing, for
the first time, 4'-neamine derivatives using trityl and
p-methoxybenzyl protective groups for the amino and
hydroxyl functions, respectively. Interestingly, a com-
parative study of the binding to TAR RNA of 4'-
and 5-neamine-histidine, -phenanthroline, -flavin, and
-adenine conjugates has shown that 4’-neamine deriva-
tives have similar affinities and selectivities for TAR
RNA than their corresponding 5-derivatives.’” A
4’-neamine-histidine conjugate has also revealed a
remarkable affinity and selectivity for TAR RNA
better than those of the corresponding 5-derivative.’’

The isomeric 5,5- and 4’,4’-dimers 3 and 7 possessing an
uncharged linking chain at pH 7 in water were synthe-
sized from the neamine derivatives 13 and 15,3738 carry-
ing an amino function at the end of a hexyl chain
introduced at the 5 and 4/-positions, respectively
(Schemes 1 and 2). Compounds 13 and 15 were convert-
ed to the corresponding carboxylic acids 14 and 16,
respectively, through the reaction with succinic anhy-
dride (90% and 89% yields, respectively). The reaction

4:R'=Tr, R =PMB
6: R'=Tr, R> = PMB

1 2

=R’=H 8R'=Tr,R°=PMB

X = CHy-N(CHg)-CHy :

9:R'=R’=H 10:R'=Tr,R®=PMB

Figure 2. Structures of the neamine dimers 3, 5, 7, 9, trimer 11 and their protected derivatives 4, 6, 8, 10, and 12, respectively.
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Scheme 1. Synthesis of the 5,5-symmetrical neamine dimer 3. Reagents: (a) succinic anhydride, Et;N, CH,Cl,; (b) EDC, HOBt, CH,Cl,; (c) TFA,

anisole.
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Scheme 2. Synthesis of the 4’,4’-symmetrical neamine dimer 7. Reagents: (a) succinic anhydride, Et;N, CH,Cl,; (b) EDC, HOBt, CH,Cly; (c) TFA,

anisole.

of these carboxylic acids with the corresponding amino
derivatives 13 and 15 in the presence of EDC/HOBt
and then deprotection with TFA/anisole led to the cor-
responding dimers 3 and 7 (80% and 84% yields, respec-
tively, for the coupling and deprotection reactions).

The 5,5- and 4',4'-dimers 5 and 9 possessing a meth-
ylamino function in the center of the linking chain
were obtained in one step through the reaction of
the amino derivatives 13 and 15, respectively, with
methyliminodiacetic acid in the presence of EDC/
HOBt and then deprotection (Scheme 3; 67% and
49% yields, respectively, for the coupling and deprotec-
tion reactions).

The 5,5,5-trimer 11 was prepared from the 5-hexylamino
derivative 13 (Scheme 4). The reaction of this derivative
with ethyl bromoacetate in THF/EtOH in the presence
of triethylamine and, then treatment with KOH in
THF led to the bis carboxylate salt intermediate 17
(91% yield for the two steps).

Condensation of this derivative with the 5-hexylamino
derivative 13 led to the protected trimer 12, which was
deprotected in TFA/anisole to afford the trimer 11
(35% yield for the two steps). The four dimers and the
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Scheme 3. Synthesis of the 4’,4’- and 5,5-symmetrical neamine dimers
5 and 9, respectively, possessing an amino function in the linking
chain. Reagents: (d) EDC, HOBt, Et;N, CH,Cl,; (c) TFA, anisole.
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Scheme 4. Synthesis of the 5,5,5-neamine trimer 11. Reagents: () ethyl
bromoacetate, Et;N, THF/EtOH; (f) KOH, THF ; (b) EDC, HOBt,
CH,Cly; (c) TFA, anisole.

trimer prepared were characterized by 'H and '*C
NMR and HRMS (see Supplementary data).

In the presence of trimer 11 (1 equiv), precipitation of
27mer TAR RNA models®” at 2.5 uM was observed
and, thus, this neamine derivative was not studied further.

To define the affinity of the dimers for TAR, the fluorimet-
ric competition assay of Hamasaki and co-workers was
applied to the 31mer oligonucleotide (' GGCCAGAUC
UGAGCCUGGGAGCUCUCUGGCC) including the
lateral UCU bulge found in the wild-type TAR RNA
(Table 1).3940

In this assay, a TAR-bound Tats9_s;—sequence fluores-
cein~rAAARKKRRQRRRAAAC-rhodamine is titrat-
ed with a competitor RNA ligand. Upon displacement
from the TAR complex, the peptide conformation
changes from extended to random coil. This change is
accompanied by significant quenching of the fluores-
cence emission. At pH 7.4 and 70 mM salts, ICs, values
of all dimers were found in the 0.15-0.4 uM range (see
Table 1 and Fig. 3 for dimers 5 and 9) and appeared
to be lower than the values obtained for neomycin
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Table 1. Aminoglycoside concentrations required to decrease TAR-Tat binding by 50% (ICs), as determined in a fluorimetric competition assay*’

Aminoglycoside
Neomycin 1 Neamine 2 5,5-Dimer 3  4/,4’-Dimer 7 5,5-Dimer 5 4/,4’-Dimer 9
ICso uM pH 7.4, 50 mM Tris—HCI, 20 mM KClI 7.0+£0.2 10.0 £ 0.5 0.40 £ 0.01 0.15%0.01 0.15%£0.02 0.33 £0.01
ICso uM pH 7.5, 10 mM Tris-HCI, 150 mM KCl  35%3 40+ 4 0.9+ 0.03 0.48 £0.02 1.0+ 0.1 0.44 £ 0.05
A 50000 600007
450001 ICqp = 1 UM ( 0.09) 550001 ICs = 0.15 M (2 0.02)
40000 500007
> " ) J
2 35000 . 2 45000 .
. 40000 "
30000 .
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25000
T T T T T — 30000 T T T T T T —
0 1 2 3 4 5 00 01 02 03 04 05 06
¢ [um] ¢ [um]
B 25000] . 600001
260001 "™ "
24000{ %, ICs, = 0.44 UM (£ 0.05) 550007 IC5 =0.33 uM (£ 0.01)
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@ 18000 4 .
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12000 . .
10000 ' 300007 -
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Figure 3. Determination of I1Cs, values. Typical titration curves are shown: (A) left: dimer 5 at pH 7.5, 10 mM Tris-HCI, 150 mM KCI; right: 5 at
pH 7.0, 50 mM Tris-HCI, 20 mM KClI; (B) left: dimer 9 at pH 7.5, 10 mM Tris-HCI, 150 mM KCl, right: 9 at pH 7.0, 50 mM Tris-HCI, 20 mM
KCI. The given ICsy numbers are mean values from three independent titrations.

(Sigma N1876, 7 uM) and neamine (10 uM). At a higher
ionic strength (pH 7.5, 160 mM salts), ICs, values of the
dimers were found in the uM range increasing from 1.3
(dimer 9, Fig. 3B) to more than six times (dimer 5,
Fig. 3A). These values remain much lower than those
observed under the same conditions for neamine
(40 uM) and neomycin (35 uM). Biphasic titration
curves were observed for dimers 3 and 7 (data not
shown). This particular behavior indicates the presence
of at least two independent binding sites in TAR occu-
pied by these dimers with rather different affinities.

In conclusion, all synthesized dimers are able to inhibit
the TAR-Tat binding at interesting submicromolar
concentrations. These results point out that modifying
neamine at the 4'- or the 5-position is a highly promising
strategy to compete with the TAR-Tat binding in the
search for antiviral agents. The dimers have now to be
modified to allow their cellular uptake.

Supplementary data
Supplementary data associated with this article can

be found in the online version at doi:10.1016/
j.bmcl.2005.07.082.
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