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Aminoglycoside-Hybrid Ligands
Targeting the Ribosomal Decoding
Site

Dionisios Vourloumis,* Geoffrey C. Winters,”?

Klaus B. Simonsen,” Masayuki Takahashi,”

Benjamin K. Ayida,® Sarah Shandrick,” Qiang Zhao,"
Qing Han,” and Thomas Hermann*™®

The bacterial ribosome is the primary target for many classes
of antibiotics including the aminoglycosides, tetracyclins, mac-
rolides, and oxazolidinones, all of which interact predominantly
with ribosomal RNA (rRNA), thereby interfering with cellular
protein synthesis."? These antibiotics bind selectively to RNA
sites that harbor unique sequence signatures that distinguish
bacterial from eukaryotic targets. The aminoglycoside antibiot-
ics of the related neomycin B and paromomycin classes, for ex-
ample, induce translational miscoding by recognizing specifi-
cally the bacterial 16S rRNA at the decoding site, which differs
by two bases from the eukaryotic sequence (Figure 1).5% In
contrast, the aminoglycoside hygromycin B binds to a site that
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is conserved among bacteria and eukaryotes,” inhibiting pro-
tein synthesis indiscriminately in organisms from both lineag-
es.”! Consequently, hygromycin B, which blocks ribosomal
translocation without causing significant miscoding,®® is toxic
to eukaryotes and thus not used in anti-infective therapy. The
binding sites of paromomycin and hygromycin B are located
immediately adjacent to each other, within helix 44 of 16S
rRNA,B78 which plays a key role for mRNA decoding™® and
has been implicated in movements during translocation.”>™
X-ray crystallographic studies on the whole ribosomal 30S sub-
unit, individual domains of rRNA, and antibiotic complexes
thereof have revealed three-dimensional structures of paromo-
mycin and hygromycin B in complex with their RNA tar-
gets.”8" Comparison of the individual aminoglycoside com-
plexes shows that the binding sites of paromomycin and hy-
gromycin B are partially overlapping at the position of the
U1406:U1495 base pair (Figure 1b, c). Mutations at these resi-
dues conferring resistance to either aminoglycoside, in agree-
ment with the structural data, have been described."

In this report, we outline an approach to develop novel lead
structures based on aminoglycoside-hybrid ligands that were
conceived to bridge between the paromomycin and hygromy-
cin B binding sites in helix 44 of bacterial rRNA and thereby
potentially interfere with ribosomal function. To obtain such
bridging RNA binders, we designed compounds that combined
the neamine core moiety of neomycin B, which is known to
confer bacterial decoding-site-specific RNA binding, along with
substituents at the 1- and 6-positions of the 2-deoxystrepta-
mine (2-DOS) ring, which were chosen to project into the hy-
gromycin B binding site (Figure 1¢). In the superimposition of
the rRNA complexes of paromomycin and hygromycin B, the
aminoglycosides overlap at the 2-DOS moieties, which adopt
almost identical orientations, shifted by approximately 3 A
along the RNA helix. Ramakrishnan and co-workers have noted
that this displacement corresponds exactly to the distance be-
tween neighboring residues in the RNA helix.! This observa-
tion, along with the wide conservation of the 2-DOS moiety
among natural aminoglycosides, emphasizes the role of the 2-
DOS ring system as a privileged scaffold for RNA recogni-
tion."

Structural studies on aminoglycoside-RNA complexes have
revealed that the 1- and 3-amino groups of 2-DOS are predom-
inantly involved in RNA base recognition.”"' The hydroxy
groups in the 4-, 5-, and 6-positions are often linked to addi-
tional sugar moieties. Many aminoglycosides of the potent neo-
mycin and kanamycin classes of antibiotics carry a glucos-
amine-based substituent at the 4-position. The minimal amino-
glycoside core structure of neamine, consisting of 2-DOS,
linked at the 4-position to 2,6-diaminoglucose (Figure 1), inter-
feres with protein synthesis at nanomolar concentration and
shows moderate antibacterial potency (Table 1)."*) Removal of
the 5-hydroxy group leads to enhanced activity of the resulting
5-deoxyneamine against aminoglycoside-resistant bacteria
(Table 1).'" Since the 2,5-dideoxystreptamine (2,5-dDOS) core
of 5-deoxyneamine is readily available, we used it as a starting
material for the synthesis of the novel RNA binders described
herein (Figure 1d).
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Figure 1. a) Hygromycin B, a 5-substituted N3-methyl-2-deoxystreptamine aminoglycoside that inhibits translation in
bacteria and eukaryotes. Paromomycin and neomycin B are 4,5-disubstituted 2-deoxystreptamine (2-DOS) aminogly-
cosides that interfere specifically with bacterial protein synthesis. The paromamine and neamine core structures,
which are comprised of 2-DOS linked to a glucosamine moiety, are common to many potent aminoglycoside antibi-
otics. b) Secondary structure of the bacterial decoding-site internal loop and flanking sequences of helix 44 in 165
rRNA. Residues that are specific to the bacterial sequence are shown in bold. Nucleotides involved in aminoglycoside
binding sites are in colored boxes (blue: paromomycin/neomycin B binding site; orange: hygromycin B binding site).
¢) Three-dimensional structure of the bacterial decoding-site RNA in complex with paromomycin” (blue sticks) and
superimposed with hygromycin B bound to helix 44 (yellow and orange sticks). The 2-DOS moiety of hygromycin B
(yellow) overlaps with the 2-DOS in paromomycin whose 1- and 6-positions are indicated. RNA bases, dark gray;
sugar-phosphate backbone, light gray with phosphate groups in pink. d) 2,5-Dideoxystreptamine (2,5-dDOS) deriva-
tives described here, which contain the 5-deoxyneamine core, were designed to bind in a bridging mode between the

the amine moiety at the 1-posi-
tion for further functionalization
(Schemes 4, 5, and 7, below).
Specifically, epoxidation of cy-
clohexa-1,4-diene with 3-chloro-
peroxybenzoic acid (mCPBA), fol-
lowed by syn-stereoselective ep-
oxide opening with hydrazine,
after Pd-catalyzed hydrogena-
tion, produced the desired
meso-2,5-dDOS  (Scheme 1), as
previously described."® Protec-
tion of the amines as the corre-
sponding azides was achieved
by the action of triflic azide
under CuSO, catalysis,"” furnish-
ing diazo diol 1. Transformation
of the two hydroxy groups to
acetates, followed by enzymatic
resolution with Novozym 435%%
resulted in the formation of
monoacetate 2. The relative ste-
reochemistry of 2 was establish-
ed by the concurrent synthesis
of 5-deoxyneamine 7 via two dif-
ferent routes, the one presented
in Scheme 2 (below), as well as
by deprotection of the natural
neamine-derived advanced inter-
mediate 24 (Scheme 4, below),
and direct comparison of these
compounds. Coupling® of 3
with 1 produced the desired
a,0-anomer in 74% yield after
chromatographic purification.
Staudinger reduction of the
azides followed by hydrogenoly-
sis of the benzylic ethers furnish-
ed 4 in excellent overall yield

paromomycin/neomycin B and hygromycin B binding sites of helix 44.

Based on the overlap of the 2-DOS moieties of paromomycin
and hygromycin B in the crystal structures,”®"! we designed
several series of 2,5-dDOS N1 and O6 derivatives, which were
conceived to extend the interactions of the compounds with
RNA into the hygromycin B binding site (Figure 1d). Specifical-
ly, we synthesized O6-alkyl, O6-alkylamine, O6-acetamide
(Tables 1 and 2), as well as N1-alkyl and N1-amide derivatives
(Table 3).

Two different approaches were pursued in parallel to synthe-
size the desired deoxyneamine analogues. The first route re-
quired the independent synthesis of two appropriately func-
tionalized components, the optically active 2,5-dDOS mono-
acetate 2 and a protected form of the activated glucosamine
3, as shown in Schemes 1-3, and 6, below. The second ap-
proach was a modification of a more linear route, reported by
Mobashery and co-workers,'” that allowed differentiation of
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(for analytical data see the Sup-

porting Information).
Incorporation of benzylic-type functionalities at the 6-posi-
tion, which potentially exploit m-stacking interactions at the
binding site, dictated a protection strategy not based on re-
ductive cleavage for the 3'- and 4’-hydroxy groups. Treatment
of the previously described®" diol 5 with PMB-CI (PMB =4-me-
thoxybenzyl) and sodium hydride in DMF furnished the corre-
sponding di-PMB ether in quantitative yield (Scheme 2). Cou-
pling with 2 followed by saponification of the acetate pro-
duced alcohol 6. The parent aminoglycoside 5-deoxyneamine
(7) was synthesized by oxidative cleavage of the PMB-ethers in
6 followed by Staudinger reduction of the azides. Comparison
of 7 with deprotected 24, obtained from neamine by a semi-
synthetic route (Scheme 4, below), provided verification of the
absolute stereochemical configuration of 7 and hence 2. Alky-
lation of the 6-hydroxy group in 6 was performed by utilizing
chlorides (a-d, inset, Scheme 2), sodium hydride and catalytic
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Table 1. Structure-activity relationships for 2,5-dideoxystreptamine O6-ether derivatives.
Compound Structure Compound Structure Compound Structure
BurlCso ByrlCso BurlCso
M|c[a] M|C[a] M|C[a]
7 15f 18f
0.25 R= (N 1.7 R 0.94
16/4 HO & 64/64 PN 64/64 R, OH
R-H | HO HoN | NH Y NH; LN A OH
O\ NH, OH
O;.
18a R 15e 18j
1.4 H\N o 1.8 R 17 R oH
HO H
>64/32 o = 64/32 \/NHQ 64/64 \/N\)\/OH
OH
18b R 18k 18d
1.0 NH 0.39 1.0
64/32 o 32/16 R 4 >64/32 R 4 o
HoZ LN~ oOH LUNo~UN
HN
o) O
18l OH 9b R 18e
43 o R 13 34 RoH
>64/32 "% N >64/> 64 \© > 64/64 NN
HOO _~_NH o
18m OH 9a 18g R
R
45 0 77 0.32 H
R
>64/32 H,.?oéﬁ ] >64/>64 B 64/16 N
H
4 OH 9c 18i
68 9} 180 0.89
>64/8 % NH; >64/>64 R 32/8
HaN O N N, “ ROy O
| R
ONH, 2 NH,
G N
(@]
HO
R R H o]
9d 18h \/ N \_)J\
X H NH2
037 Neamine™ 44 | 22 :
=N ~N
16/8 > 64/ > 64 64/32 OH
R 4 O
18c K/ N \_)L NH2
0.032 Neomycin® 0.55
1/0.1 4/16 Rt
HN .«
[a] ByICs: concentration [um] required for 50% inhibition in a bacterial in vitro transcription assay, calculated as the average of six replicate experiments
for each compound (& 10%). MIC: minimum inhibitory concentration [ugmL™'], determined as the average of triplicate measurements in serial dilution
against E. coli (strain ATCC-25922, first value) and Staphylococcus aureus (strain ATCC-25923, second value). Assays were performed as previously de-
scribed.?® [b] For structures of the natural aminoglycosides see Figure 1a.

tetra-n-butylammonium iodide (TBAI), producing the benzylic-
type ethers in very good yields. The same two-step deprotec-
tion sequence furnished the 5-deoxyneamine analogues 9a-d.
The derivatives 15e and 15 f were conceived to evaluate po-
tential H-bonding interactions in proximity to the 6-hydroxy
group. These analogues were obtained by alkylation of alcohol
10 with triflates 11e and 12f, synthesized from the corre-
sponding azido alcohols 11 and 12, followed by removal of
the protecting groups.
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The 5-deoxyneamine derivatives 18a-m (Scheme 3) were
synthesized to explore the potential for simultaneous occupa-
tion of the paromomycin and hygromycin B binding sites. Ally-
lation of the 6-hydroxy group in 10%? followed by ozonolysis
and reductive work-up, furnished aldehyde 16 in excellent
yield. Reductive amination of 16 with a variety of commercially
available (c-e, g-i, k) as well as synthetically accessible (a, b, f,
j. L, m, Scheme 3)®" amines resulted in the formation of ana-
logs 18 a-m, after deprotection.
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Table 2. Structure-activity relationships for 2,5-dideoxystreptamine O6-acetamide derivatives.

Compound Structure Compound Structure Compound Structure
BirlCso BrlCso BirlCso
M|C[a] Mlc[a] Mlc[a]
7 42f o
0.25 R= NH, 26 N )H
16/4 o o >64/8 o H o
R-H | HO HoN NH, K[rNH HQN/le:O NH,
NH » OH
O\ NH, o OH
O;. (@]
H,N
42d Ry 42e R 4 421 R 4 OH
49 KD,N\/\/OH > 200 HfN\/\/O\ 26 RN\/'\,OH
n.d. 0 n.d. 0 > 64/ > 64 0
42i 42j 42k R
R (@] R NH H
>200 \If ,\(\/ 20 Hf & >200 HT N oy NHe
nd. >64/>64 o n.d. o
0] o 0 OI—P
42m R 42h R 429 R
H 200 >200
32 Hr No~N > Kﬂ’ N Kfr N
> 64/ >64 n.d. OH n.d. NH,
(o] o o o 0
42b 42c Ry 42a
14 R y 43 Hf N 76 Ry (O]
>64/>64 H( n.d. o .0 n.d. \[rN N
@] S0 0
H,N
[a] See footnote to Table 1.
Table 3. Structure-activity relationships for 2,5-dideoxystreptamine N1-derivatives.
Compound Structure Compound Structure Compound Structure
BIVTICSO B\VTICSO BIVTICSO
M|c[a] Mlc[a] Mlc[a]
7 43¢ 43i
0.25 R= NH: 75 160
16/4 Ho ol n.d. - NH2 on n.d. . NH,
R-H | HO HoN NH, H m/‘\,
X e} (e}
OH #
39 o 43b 43d
100 Re™o N?:_ 33 NH, 87
R
nd. o >64/32 RTI/k/\OH nd. TIXNHz
(0] 0 o]
HyN
38 0] 43a 43f
100 R/\/\O N?-l_ 3.8 NH, n HN
n.d. OH 64/16 R 64/ > 64 R
o OH NH,
0 0
HyN
35 o) 43h 43¢g
>200 R0 N%'_ 23 R 140 HNTNL oy
nd. o >64/>64 TN, nd. R
o] ) o
HO
37 43e O
1.9 OH 60 HN
64/> 64 R AU NH, n.d. R
@)

[a] See footnote to Table 1.
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Scheme 1. Reagents and conditions: a) cyclohexadiene (1 equiv), mCPBA

(2.1 equiv), CH,Cl,, 8 h at 0°C, 16 h at 23°C, 39% for the syn isomer and 9%
for the anti isomer; b) syn-epoxide (1.0 equiv), hydrazine (1.5 equiv), EtOH,
reflux, 19 h, 98%; c) diol (1.0 equiv), Pd/C (10%, 0.01 equiv), AcCOH/H,0 (1:1),
50 psi, 7 h, 60°C, 89%; d) diamine (1.0 equiv), TfN; (4.0 equiv; Tf=trifluoro-
methanesulfonyl), CuSO,-5H,O (0.2 equiv), 4-(dimethylamino)pyridine (4-DMAP;
2.0 equiv), MeOH/H,0 (4:1, 0.1m), 20 h, 23°C, 50%; e) 1 (1.0 equiv), Ac,0

(10.0 equiv), 4-DMAP (0.10 equiv), pyridine, 18 h, 23°C, 93 %; f) diacetate

(1.0 equiv), Novozym 435 (1:1 w/w), toluene/potassium phosphate buffer

(pH 6.2), 72 h, 22 % for 2 (76 % recovered 1); g) 3 (1.0 equiv), 1 (4.0 equiv), N-io-
dosuccinimide (NIS; 8.0 equiv), 4 A molecular sieve, Et,0/CH,Cl, (4:1, 0.03 m),

2 h, —30-0°C, 74%; h) PMe; (1 m in THF, 6.0 equiv), pyridine/NH,OH (7:1), 3 h,
23°C, 93%; i) benzyl ether (1.0 equiv), Pd(OH), (20%/C, 0.01 equiv), AcOH, H,

(1 atm), 14 h, 23°C, 87 %.

Our molecular-modeling studies indicated that modification
of the N1 amino group might provide access to the hygromy-
cin B binding site (Figure 1c). For the synthesis of N1 deriva-
tives, a synthetic strategy developed by Mobashery and co-
workers was followed."” Compound 19"7 was first treated
with sulfuryl chloride in pyridine to furnish axial chloride 20 in
72% yield, which was reduced with nBu;SnH-AIBN (AIBN=2,2'-
azobisisobutyronitrile) to produce the deoxygenated com-
pound 21 in excellent yield (Scheme 4). Activation of the cyclic
carbamate, induced by tert-butoxycarbonyl (Boc) protection,
followed by basic hydrolysis and final acidic removal of the
Boc and the methoxymethyl ether (MOM) protecting groups,
resulted in the formation of amino-triol 24 in excellent overall
yield.

A variety of different a-glycosides with two- or three-carbon
linkers were synthesized by known reaction sequences® and
modified at the 6-position to include both amino- and hy-
droxy-functionalities. Aldehydes 30, 31, 33, and 34, resulting
from ozonolysis of alkenes 26-29 (Scheme 5), were used with-
out further purification. Aldehyde 32, the product of a Dess-
Martin oxidation of the corresponding glycidol-derived ana-
logue, was included to further explore spatial requirements at
the aminoglycoside-binding site. Reductive amination between
24 and aldehydes 30-34 followed by deprotection resulted in
the formation of 5-deoxyneamine analogues 35-39.

In an approach similar to that presented in Scheme 3, the in-
troduction of an amide linker along with a variety of hydro-
gen-bond donors or acceptors, as well as groups capable of
stacking interactions was pursued. Specifically, alcohol 6 was
treated with 2-iodoethyl acetate to produce, after ester hydrol-
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Scheme 2. Reagents and conditions: a) 5 (1.0 equiv), NaH (2.5 equiv), PMB-CI
(2.2 equiv), DMF (0.5m), 4 h, —5—23°C, quantitative; b) thioglycoside

(1.0 equiv), 2 (1.5 equiv), NIS (2.0 equiv), 4 A molecular sieves, Et,0/CH,Cl, (4:1,
0.03m), 2 h, —30—0°C, 82 %; c) acetate (1.0 equiv), K,CO; (2.0 equiv), MeOH
(0.5m), 2 h, 23°C, quantitative; d) 6 (1.0 equiv), ammonium cerium(iv) nitrate
(CAN; 3.0 equiv), CH;CN/H,0 (9:1, 0.3 M), 3 h, 23°C, 89 %; e) azide (1.0 equiv),
PMe; (8.5 equiv, 1m in THF), NH,OH/pyridine (1:7), 4 h, 23°C, 84%; f) 6

(1.0 equiv), RCI (a—d; 1.5 equiv), NaH (3.0 equiv), TBAI (0.05 equiv), DMF/THF
(3:1,0.1m), 5 h, 23°C, 68-87 %; g) PMB ethers (1.0 equiv), CAN (3.0 equiv),
CH;CN/H,0 (9:1, 0.3 ™), 3 h, 23°C, 81-92% for 8a-d; h) 11 or 12 (1.0 equiv),
Tf,0 (1.5 equiv), CH,Cl,, 3 h, 0—23°C, quantitative; i) 10 (1.0 equiv), 11e or 12 f
(1.2 equiv), NaH (1.5 equiv), DMF (0.5m), 4 h, 0—23°C, 82% for 13e, 85% for
13 f; j) 13 f (1.0 equiv), tetra-n-butylammonium fluoride (TBAF; 1.5 equiv), THF,
2 h, 0—-23°C, 95%; k) 14e-f (1.0 equiv), Pd(OH), (20%/C, 0.01 equiv), AcOH, H,
(1 atm), 14 h, 93% for 15e and 91 % for 15 f. TBS = tert-butyldimethylsilyl.

ysis, carboxylic acid 40 in 94% yield (Scheme 6). Treatment of
40 with Vilsmeier complex gave the acid chloride, which was
coupled with amines (a-m). The resulting amides were depro-
tected to yield amides 42a-m. In the case of diamine f, the
corresponding dimer 42 f was isolated (Table 2).

Finally, the use of acid fluorides® (a-i, Scheme 7) or the syn-
thesis of the corresponding amides provided the required che-
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N, N, NHCbz NHCbz
BnO ab  BnO MOMO O . Mowmo O,
BnO NN =~ "BnO NN MOMO oo NHCbz _2 . MO oy NHCbz
3 3
o m/Na (o) "VT: N, NH 0 NH
10 OH 16 o} Ho o4 ©
19 o) 20 cl o)
J
¢|o bJ
NH, N,
NHCbz NHCbz
HO 2 BnO 2
HO NH, de  "BnO MOMO 9, ¢ MOMO O
HN NH MOl NHCbz «~—— MOMO o NHCbz
% 2 /m/ CbzH N-Boc z [@] NH
18a-m (0] 17a-m 22 o 21 O"&
j j o o
RHN J d
OH NHZ H,N CONHZ o NHCbz NHCbz
o E] ﬁ o o
N MOMO HO
H e \[ P < NH, NMONO NHCbz , — = HO NHCbz
HN OAIIyI AGHN 61y, CbZHNo/m N. ChzHN, NH,
b 23 on  Boc 24 OH
QH H,N._-CONH Scheme 4. Reagents and conditions: a) 19 (1.0 equiv), SO,Cl, (5.0 equiv), pyr
HN i OH HN N~ 2 3 itions: . uiv), SO,Cl, (5. uiv), pyr-
2 2" ph 3 H:N._-CONH, idine (0.25m), 4 h, —20—0°C, 72%; b) 20 (1.0 equiv), nBuSnH (5.0 equiv),
f [¢] h "OH ) AIBN (0.01 equiv), toluene (0.2m), 4 h, 90°C, 93%; c) 21 (1.0 equiv), 4-DMAP
RNH, (0.2 equiv), Et;N (1.3 equiv), Boc,0 (1.3 equiv), THF (0.2m), 15 h, 23°C, 85%;
OH Bn d) 22 (1.0 equiv), LiIOH (10.0 equiv), dioxane (0.25 m), 30 min, 23°C, 96 %; e) 23
H N\/'\/OH H,N._~_ OH BnO BnO 0 (1.0 equiv), HCI (2 m in MeOH)/CHCl; (1:1), 48 h, 23°C, 91 %. Cbz = benzyloxycar-
BnO bonyl.
j \j Bno/\oj
HN H,N 18b, 181, and 18 m, which were designed to project a flexibly

Scheme 3. Reagents and conditions: a) 10 (1.0 equiv), allyl bromide (1.5 equiv),
NaH (3.0 equiv), DMF (0.1m), 2 h, 0—23°C, 87 %; b) allyl ether (1.0 equiv), Os,

CH,Cl,/MeOQH, 10 min, —78°C; then Me,S (10.0 equiv), 1 h,
—78—23°C, 93%; c) 16 (1.0 equiv), RNH, (a-m; 4.0 equiv),
NaBH;CN (1.0 equiv), MeOH (0.2 m), AcOH to pH 5.0, 12 h, 23°C,
72-91%; d) 17 a-m (1.0 equiv), PMe; (8.5 equiv, 1M in THF),
NH,OH/pyridine (1:7), 4 h, 23°C; e) benzyl ethers (1.0 equiv),
Pd(OH), (20%/C, 0.01 equiv), AcOH, H, (1 atm), 14 h, 8-19%
overall yield for 18a-m.

moselectivity for the preferential reaction of the N1
amine over the three hydroxy functionalities pres-
ent in 30. Catalytic hydrogenation and acid treat-
ment accomplished the removal of all protecting
groups, furnishing analogues 43 a-i.

The synthetic N1- and O6-substituted 2,5-dDOS
derivatives were tested for their activity as inhibi-
tors of bacterial and eukaryotic in vitro translation,
as well as for suppression of bacterial growth and
toxicity against eukaryotic cells (Tables 1, 2, and 3).
The parent compound 5-deoxyneamine (7) was a
slightly more potent inhibitor of bacterial in vitro
translation than neamine and showed improved ac-
tivity against S. aureus (Table 1). Whereas the 06-
linked 2,5-dDOS derivatives were inferior inhibitors
of bacterial growth with respect to either neamine
or 5-deoxyneamine, several compounds displayed
comparable potency in the bacterial translation
assay (Table 1). The four glycoside derivatives 18a,

ChemBioChem 2005, 6, 58 -65 www.chembiochem.org

linked sugar moiety into the hygromycin B binding site, were
four- to 16-fold less potent inhibitors of bacterial translation
and growth compared to 5-deoxyneamine. Binding of these

OH N,

HO O de HO O
e} _— HO
AcNH OH /-\CNHOR. AcNHOR.
25 26: R' = allyl 28: R' = allyl
27: R' = homoallyl 29: R' = homoallyl
NHCbz NH,
HO 0 fahi HO 9
H ChaHN NHCbz HO HN NH,
o NH, N NHCH,R
24 OH 35-39 OH

/é o} é OTBS HO/_é [o)g é
AcNH AcNH AcNH AcNH

J

0

/

O\ o

RCHO O\

Scheme 5. Reagents and conditions: a) BF+Et,0 (1.5 equiv), allyl- or homoallyl-alcohol
(0.2m), 4 h, 90°C; b) Ac,0 (5.0 equiv), pyridine (0.2 m), 14 h, 0—23°C, 80-82 % (a-anomer);
c) NaOMe (2.0 equiv), MeOH, 4 h, 23°C, 90-91 %; d) 4-toluenesulfonyl chloride (1.2 equiv),
pyridine (0.2 m), 0—23°C, 14 h; e) NaN; (4.0 equiv), DMF (0.5m), 4 h, 70°C, average 60 % for
two steps; f) 24 (1.0 equiv), RCHO (30-34; 2.0 equiv), NaBH;CN (1.0 equiv), MeOH (0.2 m),
AcOH to pH 5.0, 12 h, 23°C, 74 % average yield; g) silyl ether (1.0 equiv), TBAF (1.5 equiv),
THF (0.25m), 1 h, 23°C, 93%; h) Cbz-protected amines (1.0 equiv), Pd(OH), (20 %/C), AcOH,
H, (1 atm), 14 h, 23°C, 84-87 % yield; i) azides (1.0 equiv), PMe; (2.5 equiv, 1 m in THF),
NH,OH/pyridine (1:7), 4 h, 23°C, 91 % for 37, 78% for 38, 77 % for 39.
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Scheme 6. Reagents and conditions: a) ICH,CO,Et, TBAI (0.2 equiv), toluene,
NaOH (12 m, 40 equiv), 14 h, 23°C, 94%; b) LiOH-H,0 (3.0 equiv), THF, 60°C,

14 h, 89 %; c) (COCl), (3.0 equiv), DMF (3.0 equiv), CH,Cl,, (0.1m), —20°C, 1 h;
then 40 in CH,Cl, (0.2m); d) R'R*NH (5.0 equiv), pyridine (5.0 equiv), CH,Cl, 0—
23°C, 57-96 %; e) 20 % trifluoroacetic acid in CH,Cl,, p-toluenethiol (4.0 equiv),
30 min, 23°C; f) PMe; (6.0 equiv, 1M in THF), pyridine/NH,OH (7:1), 3 h, 23°C,
62-87 %.
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Scheme 7. Reagents and conditions: a) 24 (1.0 equiv), RCOF (1.5 equiv), N,N-di-
isopropylethylamine (2.0 equiv), DMF/CH,Cl, (1:1, 0.1m), 1 h, 23°C, 80% aver-
age yield; b) Pd(OH), (20%/C), AcOH, H, (1 atm), 14 h, 23°C, 85% average
yield; ¢) HCI (1.0 m), 30 min, 23°C, quantitative. Fmoc = 9-fluorenylmethoxycar-
bonyl.
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synthetic aminoglycosides to the decoding-site RNA was mea-
sured by using a fluorescence-based assay that we had previ-
ously established.”””?¥ The affinity of compounds 18a, 18b,
181, and 18 m for the decoding site ranged from 1.0-3.5 um;
this was consistent with their potency as inhibitors of bacterial
translation.

The antibacterial activity of the synthetic aminoglycoside 4
against S. aureus is likely to be due to action on a target other
than the ribosome, as indicated by the moderate impact on
translation by this compound. Among the strongest inhibitors
of translation was the alcohol 18k, which showed better activi-
ty than either of the related vicinal diol diastereomers 18 f and
18j. While the secondary hydroxy group in the diols provides
added potential for hydrogen-bond interactions, it might also
restrict the orientation of the terminal alcohol and, thus, pre-
vent a more favorable interaction with the RNA. A similar phe-
nomenon had been observed before for paromamine and the
corresponding 6'-diol derivative."” The relatively good potency
of the phenyl derivative 18g and the histidine analogue 18c
as translation inhibitors might involve stacking of bases in the
RNA target against the phenyl and imidazole groups, which
are present in both compounds in a comparable structural
context. Despite a slightly more favorable ICs, of translation in-
hibition, the histidine analogue 18c showed lower activity in
bacterial growth inhibition compared to the parental amide
18i, potentially due to reduced membrane permeation of the
more highly charged imidazole derivative. Replacement of the
heterocycle by a hydroxy group in 18h led to further reduc-
tion of translation inhibition and antibacterial potency. Interest-
ingly, the O6-linked compounds 18d, 18e, 18f, 18g, and 18j
displayed eukaryotic cytotoxicity with an 1Cs, of cell prolifera-
tion inhibition in the range of 70-100 um whereas all other
2,5-dDOS derivatives described here, including the related
amides 18c, 18h, and 18i, showed no eukaryotic cytotoxici-
ty.”? It is generally believed that the cationic character of ami-
noglycosides prevents their penetration into eukaryotic cells,*”
and thus the nature of the O6 substitution may have an
impact on the permeation properties of the compounds.

Introduction of an acetamide linker at the O6-position of the
2,5-dDOS moiety, limiting the conformational flexibility of the
substituents, yielded inactive compounds that no longer inhib-
ited translation efficiently (Table 2). The single exception was
the 5-deoxyneamine dimer 42 f, which retained some potency
as an inhibitor of bacterial translation and growth. The antibac-
terial potency of the dimer 42 f was comparable to other ami-
noglycoside dimers that have been described in the litera-
ture.BV

The coupling of an additional sugar moiety at the N1-posi-
tion of 2,5-dDOS resulted in inactive compounds for different
sugars and linker lengths (Table 3). Among the synthesized N1-
substituted 5-deoxyneamine derivatives, the amines 37, 43a,
and 43 b showed some activity as translation inhibitors. Short-
ening of the N1-sidechain by one methylene group in the ana-
logue 43¢ resulted in a greater than 20-fold loss of inhibition
compared to the alcohol 43b. The N1-substituent of 43b was
related to the (S)-4-amino-2-hydroxybutyryl group at the N1-
position of the aminoglycoside antibiotic amikacin, which had

ChemBioChem 2005, 6, 58 -65


www.chembiochem.org

previously been used as a template for the design of novel an-
tibacterial compounds.!'”?

In contrast to the individual derivatization of the N1- and
0O6-positions of 5-deoxyneamine described here, Mobashery
and co-workers have synthesized a small series of O6-(w-ami-
noalkyl)-substituted neamine derivatives that retained the (S)-
4-amino-2-hydroxybutyryl group of amikacin at the N1-posi-
tion. Some of these doubly substituted compounds showed
antibacterial activity superior to the parent neamine.'” In a
cocrystal structure determined for one of these synthetic deriv-
atives bound to a decoding-site RNA construct,*? the N1-
linked substituent was oriented toward the hygromycin B bind-
ing site, in line with observations from our modeling studies
that led to the 5-deoxyneamine series described here.

In conclusion, we have synthesized and tested in biological
assays novel aminoglycoside-hybrid ligands designed to target
the ribosomal decoding site. The ligands described here were
conceived to bridge between the paromomycin and hygromy-
cin B binding sites in helix 44 of bacterial rRNA. Whereas sever-
al of the hybrid ligands were active as inhibitors of bacterial
translation, none of the compounds showed potency superior
to the parental aminoglycosides, once again demonstrating
the exquisite sensitivity of the natural ligands to modification.
Whether the biological activity of the synthetic ligands was
due to simultaneous interaction at the paromomycin and hy-
gromycin binding sites, as suggested by the design concept,
cannot be proved by the functional assays described here. In
order to answer this question, we will use an affinity assay that
is currently being developed based on a similar system that
we had previously established for the paromomycin binding
site.’”? Results will be reported in a future communication.
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