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Abstract Aminoglycoside antibiotics are bactericidal drugs that have been at the forefront
of antimicrobial therapy for almost five decades. The past decade (1990-2000) saw a resur-
gence in aminoglycoside-based drug development as their chemistry/mechanism of action
became better understood. This work, however, had almost exclusively focused on targeting
RNA. This review summarizes new developments (past 4-5 years) in aminoglycoside-
nucleic acid interactions in the broader context of nucleic acid selectivity, not just RNA.
Aminoglycoside binding to A-form nucleic acid structures is discussed, as is the development
of novel conjugates for major-minor groove recognition of B-form DNA. Neomycin is
chosen as the representative aminoglycoside and is revealed here to be an underutilized
scaffold in nucleic acid recognition.

Keywords Aminoglycoside - Neomycin-Hoechst - A-form nucleic acids -
B-form nucleic acids - PNA

1
Aminoglycosides: An introduction

Aminoglycoside antibiotics (Scheme 1 and Scheme 2) are bactericidal agents
that are comprised of two or more amino sugars joined in glycosidic linkage to
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Scheme 1 Structures/pKas of aminoglycosides with a central ribose. Slightly different pKa
values have been recently reported [6]
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Scheme 2 Structures of aminoglycosides (kanamycin and gentamicin families)

a hexose nucleus [1]. Though they exhibit a narrow toxic/therapeutic ratio,
their broad antimicrobial spectrum, rapid bactericidal action, and ability to act
synergistically with other drugs makes them highly effective in the treatment
of nosocomial (hospital acquired) infections [2]. They are clinically useful in
the treatment of urinary tract infections [3], lower respiratory infections, bac-
teremias, and other superinfections by resistant organisms [4]. Their greatest
potential has been in combination drug regimens for the treatment of infections
that are difficult to cure with single agents and for use in patients who are al-
lergic to other classes of drugs [5]. Aminoglycosides (Schemes 1 and 2) contain
a unique polyamine/carbohydrate structure, and have attracted considerable
attention because of their specific interactions with RNA [6]. The bactericidal
action of aminoglycosides is attributed to the irreversible inhibition of protein
synthesis following their binding to the 30S subunit of the bacterial ribosome
and thus interfering with the mRNA translation process. The miscoding causes
membrane damage, which eventually disrupts the cell integrity, leading to
bacterial cell death [7-10].
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2
Aminoglycosides and Nucleic Acids: The Attraction for RNA?

After the discovery of streptomycin and other aminoglycosides by Selman
Waksman in the early to mid-1940s as life-saving antibacterials against tuber-
culosis [11, 12], considerable efforts were focused on understanding their
mechanism of action. In the decades that followed, and through seminal work
by Davies and others [13, 14], ribosomal RNA came to be accepted as the target
biopolymer responsible for drug action. In the early to late 1990s, as develop-
ments in nucleic acid synthesis, combinatorial biosynthesis, and the need
for new drugs/targets for infectious diseases emerged, aminoglycosides were
shown to bind to various RNA molecules. These include the 5-untranslated
region of thymidylate synthase mRNA [15], both Rev response element and
transactivating response element RNA motifs [16-18] of HIV-1, a variety of
catalytic RNA molecules such as group I introns [1, 19], ribonuclease P RNA
[20], hairpin ribozyme [21, 22], hammerhead ribozyme [23-25], and hepatitis
delta virus ribozyme [26, 27]. Aminoglycosides binding to HIV-1 RNA mole-
cules have been shown to prevent binding of the cognate viral proteins Tat and
Rev to TAR [28] and RRE [16], respectively. The glucose residues present in
glycosylated DNA render the DNA inaccessible for enzymes, and thus help the
pathogen escape degradation by host restriction enzymes [29, 30]. The litera-
ture of the past decade is rife with a large number of different RNA structures
that aminoglycosides have been shown to bind. The reason for this RNA-
centered development was understandable: aminoglycosides exhibit their
antibacterial action through rRNA binding and show high affinity binding
(K4 in the nanomolar range) to such RNAs. RNA rapidly became a target of
drug development and discovery of such functional RNAs for drug develop-
ment was a logical extension of an exploration of their extended activity. What
was remarkable, however, was the almost complete absence of reports on the
non-RNA structures targeted by aminoglycosides.

2.1
The Need for New Approaches: DNA vs RNA Recognition

RNA recognition has proven to be more challenging than DNA recognition
by small molecules. Recognition of DNA-RNA hybrids by small molecules was
virtually unexplored at the beginning of this century [31]. DNA-based inter-
calators and groove binders were the first to be examined for RNA recognition.
These approaches met with limited success, due in large part to the different
3-D structures of functional RNA molecules. Sequence-specific RNA recogni-
tion has more similarities to recognition principles used in targeting proteins
than to DNA duplexes. As with proteins, a distribution of charged pockets can
provide a 3-D pattern that can be targeted specifically by compounds exhibit-
ing structural electrostatic complementarity. Aminoglycosides have been shown
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to provide complementary scaffolds where the positively charged ammonium
groups displace several Mg?* ions from their RNA binding sites [32-38]. An
intriguing question in this regard was whether these scaffolds complementary
to hairpin RNA structures could be extended for recognition of higher ordered
RNA structures (triplexes, tetraplexes), DNA-RNA hybrids (duplex/triplex),
and even purely DNA structures (duplex, triplex, tetraplex). Therefore, at the
outset of our investigations, we wanted to investigate whether there were any
other nucleic acids that aminoglycosides were capable of targeting and to try
to understand their recognition principles in the larger context of nucleic acid
selectivity. In this paper, using neomycin as the key example, I wish to show
that our preliminary work of the past few years provides convincing evidence
of the underutilized nature of aminoglycoside scaffolds in nucleic acid tar-
geting.

3
The Nucleic Acid Triplex: Role of Aminoglycosides

The biochemical access to a living organism’s genetic information (stored in
DNA) is based on specific protein-DNA interactions. Predictive chemical prin-
ciples for protein-DNA recognition are still considered complex, despite the
recent progress using biological selection methods [39-43]. Recognition of
duplex DNA by small molecules (minor groove binders-polyamides) [44-49]
and oligonucleotides (major groove binders-DNA triple helices) [50-52] are
promising alternate approaches to a chemical solution for DNA recognition.
Triple strand formation has also been exploited to facilitate the delivery and
enhance the sequence specificity of DNA-cutting reagents [51, 53, 54] and drugs
[52,55]. In addition, triple strand formation has been used to modify enzyme
cutting patterns by selectively blocking enzyme binding sites in the major
groove [56, 57]. In short, appropriately designed and constructed third strand
oligonucleotides that hybridize to targeted duplex domains can be used to
control gene-expression, serve as artificial endonucleases in gene mapping
strategies, dictate or modulate the sequence specificity of DNA-binding drugs,
and selectively alter the sites of enzyme activity. Ligands that increase the
rates of association of a triplex forming oligonucleotide (TFO) to a target duplex
thus have enormous potential in drug development and as tools for molecular
biology.

Triple helix formation (see Fig. 1 for H-bonding in different types of triple
helical structures) has been the focus of considerable interest because of
possible applications in developing new molecular biology tools as well as
therapeutic agents [58-64], and the possible relevance of H-DNA structures in
biological systems [51, 65-67]. Intermolecular triplexes have aroused consid-
erable interest as potential inhibitors of the expression of particular genes,
since a sequence of either third-strand pyrimidines or purines, when 16-18
base pairs long, can be sufficient to be unique for recognition and binding to
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Fig.1 Base interactions in parallel (pyrimidine motif fop) and antiparallel (purine motif
bottom) triple helices

defined single sites in a genome [52]. A number of experiments have now been
reported that demonstrate the feasibility of the concept [68, 69].

dA«dT + dT = dA-2dT (1)

Association of a third strand with a duplex, however, is a thermodynamically
weaker and a kinetically slower interaction than duplex formation itself (Eq. 1)
[70,71].

A number of intercalators, groove binders and polyamines have been used
to stabilize triple helices [72-111]. The design of ligands that bind strongly to
triple-helical structures and have a high discrimination between triplexes and
duplexes opens new possibilities to control gene expression at the transcrip-
tional level. There is a significant amount of high-resolution information on
complexes of compounds that bind to both DNA and RNA by intercalation, and
on compounds that bind in the DNA minor groove [48, 112]. Good models
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exist for proteins and peptides that bind in the major groove of DNA and RNA
[40-42]. There is, however, little information available for antibiotics that
selectively bind DNA triplex grooves or RNA triplex grooves. We have recently
reported on the importance of neomycin in narrowing the disparity between
groove recognition of duplex versus triplex nucleic acids [113, 114]. Neomycin
was shown as one of the first examples that bridge this gap and thus may lead
to a novel understanding of the recognition principle(s) involved in selective
targeting of triplex grooves. These results have shown that neomycin selectively
stabilizes the DNA triplex without any effect on the DNA duplex.

3.1
Effect of Neomycin on a Polynucleotide Triplex

Neomycin selectively stabilizes DNA triplex without affecting the duplex
[113-116]. Increasing the molar ratios of neomycin from 0-25 pM, rg, (ratio
drug [neomycin]/base triplet)=1.67, increases the triplex melting point by
nearly 25°C, whereas the duplex is virtually unaffected (Fig. 2).

3.2
Thermal Denaturation Studies with Poly(dA)-2poly(dT) in the Presence
of Other Aminoglycosides and Diamines

Thermal analysis of poly(dA)-2poly(dT) in the presence of other aminoglyco-
sides is shown as a bar graph in Fig. 3. At high concentrations (rq,=0.66-1.67,
Fig. 3), most aminoglycosides with five or more amines are able to stabilize the
triple helix (increasing AT, ;_,, without significantly affecting the AT,,_,;
values). The difference between the effectiveness of paromomycin and neomycin
is quite remarkable. The structural difference between the two is a positively

AT_(°C)

0 0.5 1 1.5 2
Neomycin (r,, )

Fig.2 Variation of triplex melting (T,,;_,,) and duplex melting (T,,,_,;) of poly(dA)-2poly(dT)
as a function of increasing neomycin concentration; rg,=drug [neomycin]/base triplet ratio.
Reprinted with permission from ] Am Chem Soc (2001) 123(23):5385
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Fig. 3 Effect of aminoglycoside antibiotics on the melting of poly dA<2polydT triplex
(rgp=1.67). Number of amines in each antibiotic is shown in parenthesis. Reprinted with
permission from ] Am Chem Soc (2001) 123(23):5385

charged amino group (present in neomycin), replacing a neutral hydroxyl (pre-
sent in paromomycin). This leads to a difference of 10°C in T, values
(r4,=0.66) and a difference of 16°C at ry,=1.67 [114]. At lower concentration of
antibiotics (rg,=0.26), paromomycin has little effect on the stability of the
triplex. Lividomycin, a paromomycin analog with a polyhydroxy hexose tether,
is slightly less effective than paromomycin in increasing T, ;_,, values under
these conditions.

3.3
Stabilization of DNA Triple Helix Poly(dA)-2poly(dT)
by Other DNA Groove Binders

In order to assess how neomycin compares to other ligands in stabilizing
triplexes, thermal denaturation analyses of poly(dA)-2poly(dT) triplex in the
presence of previously studied DNA minor groove binders (Scheme 3) has also
been performed (Fig. 4). A comparison with groove binders, shown in Fig. 5,
indicates that neomycin is much more active than the minor groove binders
(berenil, DOC,DODC, DAPI, Hoechst 33258, Hoechst 33342). The minor groove
binders previously studied have little preference for triple helix (berenil, dis-
tamycin and Hoechst dyes). Most groove binders stabilize the duplex as well as
the triplex (Hoechst, berenil, distamycin) and some even destabilize the triplex
(berenil, distamycin). The groove-binding ability of neomycin was extremely
unique and presented a novel mode of triplex recognition. Neomycin, as op-
posed to other groove binders, differentiated the triplex grooves from those
present in the duplex (Fig. 4).
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Scheme 3 Structures of some groove binders known to bind duplex DNA

3.4
Thermodynamics of Drug Binding to the DNA Triplex (ITC)

An ITC-derived thermodynamic profile for neomycin binding to 12-mer intra-
molecular DNA triplex gave a binding constant of 2.0x10° M™! (Fig. 5 and
Table 1). The complexation is enthalpy-driven (81%), with little entropic con-
tributions. The binding is salt-dependent, with higher salt leading to a decrease
in the association equilibrium constant. A much higher binding constant of
neomycin is observed with other nucleic acids-RNA triplex/DNA tetraplex (un-
published results).
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Fig.4 Effect of 10 pM (rg,=0.66) groove binders on the DNA triplex melt, poly(dA)<2poly(dT)
(black bars) and the duplex melt, poly(dA)poly(dT) (striped bars). Distamycin does not
show T,;_,, transition (20°C). PEH Pentaethylene hexamine. Reprinted with permission
from ] Am Chem Soc (2001) 123(23):5385

Table 1 ITC-derived thermodynamic profiles for the binding of neomycin to 5'-dA,-x-
dT,-x-dT,-3" triple helix in 10 mM sodium cacodylate 0.5 mM EDTA, 150 mM KCl, pH 6.8
at 20°C

T AK AH TAS AG N
(K) (x10° M) (kcalemol™1) (kcalemol™!)  (kcalemol™!)  (drug/triplex)

293 1.96+0.13 -6.910.3 0.18 -7.1£0.04 2.17+0.09

Reprinted with permission from ] Am Chem Soc (2003) 125(13):3733.

3.5
CD/Molecular Modeling

Previous studies of neomycin have shown that it has a marked preference for
binding to the larger Watson-Hoogsteen (W-H) groove of the triplex [116].
Ring I/II amino groups and Ring IV amines were proposed to be involved in the
recognition process. CD/ITC studies indicate a five base triplet/drug binding
site. The novel selectivity of neomycin was shown to be a function of its charge
and shape complementarity to the triplex W-H groove (Fig. 6) [116].

A large number of molecules had previously been studied for triplex recog-
nition. Before we began our investigations on aminoglycoside-triplex interac-
tions, the goal of triplex-selective groove recognition had remained elusive.
Neomycin has been shown to be the first molecule to selectively stabilize DNA
triplex structures that include polynucleotides, small homopolymer, as well
as mixed base triplexes [116]. This stabilization was shown to be based on
neomycin’s ability to bind triplexes in the groove with high affinity (based on
viscometric and ITC titrations). Modeling/physicochemical results suggested a
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Fig. 5 a ITC profile of 5-dA,-x-dT ,-x-dT},-3" (4 pM/strand) titrated with neomycin
(500 pM) in 10 mM sodium cacodylate, 0.5 mM EDTA, 150 mM KCI, pH 6.8 at 20°C. b Cor-
rected injection heats plotted as a function of the [drug]/[DNA] ratio. The corrected
injection heats were derived by integration of the ITC profile shown in Fig. 5a, followed by
subtraction of the corresponding dilution heats derived from control titrations of drug into
buffer alone. The data points reflect the experimental injection heats, while the solid line
reflects calculated fit of the data. Reprinted with permission from J Am Chem Soc (2003)
125(13):3733
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Fig.6 Charge/shape complementarity of neomycin to the triplex W-H groove: Electrostatic
surface potential maps of neomycin approaching the W-H groove of the triplex (left), and
neomycin buried in the triplex groove (right). Reprinted with permission from ] Am Chem
Soc (2003) 125(13):3733

further preference of neomycin binding to the larger W-H groove. These find-
ings will further contribute to the development of a new series of triplex-specific
(DNA/RNA and hybrid) ligands, which may contribute to either antisense or
antigene therapies.

4
DNA-RNA Hybrids

RNA-.DNA hybrid duplexes are the primary targets for important enzymes that
include ribonuclease-H and reverse transcriptase [117, 118]. Stable RNA-DNA
triplexes normally adopt an A-type conformation and have been shown to in-
hibit RNA polymerase [119], DNAase-I,and RNAse [120]. Only six of the eight
possible combinations of triplexes are stable under physiological conditions
[121,122]. Stabilization of poly(rA)-2poly(dT) and 2poly(rA)-poly(dT) triplexes
can only be achieved under molar salt conditions [123]. Since these two
triplexes could not be studied under the lower salt conditions used in compe-
tition dialysis assay, we investigated the effect of neomycin on these two tri-
plexes using UV and CD thermal denaturation studies. Neomycin has been
shown to stabilize the hybrid poly(rA)-poly(dT) duplex [113],and even induce
poly(rA)-2poly(dT) triplex formation [113], much more effectively than pre-
viously reported ligands [100]. The effect of aminoglycosides on hybrid duplex
and triplex structures showed that almost all aminoglycosides stabilized the
hybrid poly(dA)-poly(dT) duplex (see Fig. 7). It is noteworthy that formation
of these triple helices require molar salt in the absence of the drug, whereas
micromolar neomycin concentration can induce the triplex formation. Recently,
work from the Pilch lab [124] has also corroborated these findings and shown
a high binding constant (107 M™!) for aminoglycoside binding to small RNA.
DNA hybrids.
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Fig.7 Effect of added aminoglycoside (r4,=0.66) on the stabilization of rA-dT duplex (gray)
and on inducing rA-2dT triplex (black). Number of amines in each aminoglycoside is shown
in parenthesis. AT,;_,, is calculated by assuming a T,,;_,, of 10°C in the absence of neomycin
(no transition seen). Reprinted with permission from ] Am Chem Soc (2001) 123(44):11093

5
The A-Form Nucleic Acids

5.1
Competition Dialysis of Neomycin—Acridine Conjugate with Nucleic Acid Forms

The remarkable ability of neomycin and other aminoglycosides to stabilize
DNA, RNA, and hybrid triple helices has been reported and discussed above
[113-116]. Neomycin has also been shown to induce the stabilization of hybrid
duplexes as well as hybrid triple helices [113]. This significantly added to the
number of nucleic acids (other than RNA) that aminoglycosides have been
shown to target. A clear requirement then arose for a quantitative assay to
determine the relative binding affinities for host triplex, duplex DNA, single-
stranded (SS) DNA/RNA and other possible nucleic acid targets (tetraplex) for
a given aminoglycoside ligand. Fortunately, a rapid technique has been estab-
lished by Chaires for this exact purpose, using a thermodynamically rigorous
competitive equilibrium dialysis method that exploits therapeutically useful
drug concentrations [91,125]. In the assay, solutions consisting of identical con-
centrations of different nucleic acid structures were dialysed simultaneously
against a common ligand dissolved in appropriately buffered conditions. After
equilibration, the amount of ligand bound to each DNA was measured by spec-
trophotometry. More ligand accumulated in the dialysis tube containing the
structural form of highest binding affinity and, since all of the DNA samples
were in equilibrium with the same free ligand concentration, the amount of
ligand bound was directly proportional to the binding constant for each con-
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formational form. Thus, comparison among the DNA samples gave a rapid and
thermodynamically reliable indication of structural selectivity for any given
ligand (an updated review on competition dialysis also appears in this volume).

Since aminoglycosides do not have a chromophore for spectrophotometric
analysis, competition dialysis of three acridines with increasing positive charge
was used to decipher aminoglycoside specificity (Fig. 8). Competition dialysis
studies were carried out using 9-aminoacridine, quinacrine, and a neomycin-
acridine (neo-acridine) conjugate [126] against 14 different nucleic acids. Go-
ing from acridine to neo-acridine, we were able to parse the effect of neomycin
conjugated to the acridine chromophore. At first sight, dialysis of neo-acridine
(Fig. 9) showed highly promiscuous binding with little preference for any
specific nucleic acid structure, except for a clear preference for RNA triplex.
Among comparable single strand, duplex, and triplex structures, maximum
binding was always observed with the triplexes. This seemingly promiscuous
binding yielded a different picture upon careful analysis of the dialysis data. All
three drugs showed comparable binding to one nucleic acid: calf thymus DNA.
Calf thymus DNA also represents a standard duplex DNA. This observation was
used to replot the dialysis results to emphasize differences relative to that stan-
dard. These results, shown in Fig. 10, better illustrate the change in specificity
of the different acridines toward different nucleic acids. While 9-aminoacridine
and quinacrine showed a clear preference for DNA triplex, neo-acridine bind-
ing to RNA triplex is much greater than DNA triplex and even better than the
natural aminoglycoside RNA target: eubacterial 16S A-site. Drug binding was
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Fig. 10 Competition dialysis results (difference plots, with calf thymus DNA as reference)
of 9-aminoacridine, quinacrine, and neo-acridine (1 pM) with various nucleic acids. Ex-
perimental conditions were identical to those for Fig. 6. Maximum binding of neo-acridine
is observed with nucleic acids that can adopt the A-type conformation. Reprinted with
permission from ] Am Chem Soc (2003) 125(34):10148
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Fig.11 Competition dialysis results of 100 nM drug: difference plots, neo-acridine minus
9-aminoacridine (left) and neo-acridine minus quinacrine (right). 180 pL of different nucleic
acids (7.5 pM per monomeric unit of each polymer) were dialyzed with 400 mL of 100 nM
ligand in BPES buffer (6 mM Na,HPO,, 2 mM NaH,PO,, 1 mM Na,EDTA, 185 mM NacCl,
pH 7.0) solution for at least 24 h

also observed with DNA as well as RNA duplex, and even with DNA tetraplex.
The binding to DNA tetraplex was still lower than to the RNA triplex. RNA<-DNA
duplexes were better targets than DNA homoduplexes; poly(dA)-poly(rU) hy-
brid duplex being comparable in binding to the tetraplexes. Previous studies
with aminoglycoside natural products have shown no effect on the stability of
A«T-rich duplex DNA (in the presence of salt), suggesting weaker, nonproduc-
tive binding. Triplexes, then, are the targets of choice for neomycin. Neo-acridine
shows a remarkable binding preference to RNA triplex that has not previously
been observed. A big surprise, however, was the significant binding observed
with the poly(dG)-poly(dC) duplex.

A competition dialysis assay using tenfold (100 nM) and 100-fold (10 nM)
lower concentrations (nanomolar range) was also carried out. Results from
dialysis under 100 nM drug concentration (Fig. 11) showed that neo-acridine
favors nucleic acid forms that can adopt an A-type conformation. However, re-
liable results could not be obtained at 1 nM and 10 nM concentrations due to
the low fluorescence intensity of the neo-acridine conjugate.

Neo-acridine binding to RNA triplex was also investigated by UV thermal
melts, ITC, viscometric and CD titrations. Thermal denaturation in the pres-
ence of neo-acridine showed an increase in T,;_, at low drug concentrations.
At higher drug concentrations, the duplex was stabilized as well. We have pre-
viously shown neomycin to be one of the best stabilizers of an RNA triple he-
lix [114]. Viscosity measurements showed a clear groove binding (as seen by
shortening of RNA triplex length) upon titration of neomycin as well as neo-
acridine into the triplex [127].
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5.2

The Common Thread that Holds Together RNA Duplex/Triplex,

DNA-RNA Hybrid Duplexes, DNA Tetraplexes, and the Poly(dG)-poly(dC) Duplex
is the Propensity Towards an A-type Conformation

RNA duplex structures are known to adopt an A-type conformation, as are
hybrid duplexes [128]. dG-dC-rich DNA duplex sequences [129] have also been
shown to have a high propensity for A-form in the presence of cations, includ-
ing neomycin [130], and CD studies have suggested the A-like solution confor-
mation of G4 tetraplexes [131]. Further evidence of A-type preference was ob-
served with the change in the CD spectrum of poly(dG)-poly(dC) upon inclusion
of neo-acridine. A shift in A, from 257 nm to 267 nm, and increased signal in
this range, in the presence of this drug, was strongly indicative of a B-A trans-
formation, as observed by Wang [130] as well as Kypr [129, 131] in similar CD
experiments. Additionally, the differences in binding to DNA-RNA hybrids can be
attributed to the fact that poly(dA)-poly(rU) has been known to adopt an
A-type conformation whereas poly(rA)-poly(dT) can exist in the B-form [128].

5.3
Importance of A-Form DNA and its Recognition

The polymorphism of DNA was noticed early after the discovery of its double
helical structure [132]. The conformations of DNA have since been limited to
two major distinctions: A-DNA and B-DNA (other less-well-known structures
do exist). Both structures are of identical topology and hydrogen bonding
patterns, but they differ largely in their overall shape (Fig. 12). B-DNA has long

«_—— Major Groove —*

Fig.12 Conformations of an A-type duplex (left) and a B-type duplex (right), generally seen
for RNA-RNA and DNA-DNA duplexes, respectively. The B-form duplex has a much wider
major groove
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been believed to be the dominant biological conformation, implementing wa-
ter molecules and biological cations appropriately within its structure. A-DNA,
on the other hand, requires dehydrated conditions. The transition of B- to
A-DNA is a reversible and cooperative process [133], in which the A-form is
considered the higher-energy state. The underlying factors for this instability
have been addressed, but with little success [134, 135].

Native DNA, which comprises the genetic information of all known free
organisms, mostly adopts B-form under physiological conditions because it is
associated with high humidity in fibers or with aqueous solutions of DNA.
However, it is important to switch B-DNA into the A-form in a living organism
since constitutive conformation of double-stranded RNA is predominantly
A-type. RNA probably preceded DNA in evolution [136], so the basic mecha-
nisms of genetic information copying are likely to have evolved on an A-form
rather than B-form. In fact, the template DNA is induced by many polymerases
into A-form at positions of genetic information copying in the microenviron-
ment. Thus, DNA switching into A-form may influence replication and tran-
scription of the genomes.

Understanding aminoglycoside A-form nucleic acid interactions then has
underlying importance to the area of drug development as well as to the fun-
damental understanding of A-form recognition because:

1. Novel nucleic acid therapeutic targets can be identified with a better un-
derstanding of the thermodynamics and kinetics of molecular recognition
involved in aminoglycoside specificity. We have already initiated such a
program in the development of novel antimicrobial agents targeting novel
RNA and DNA sequences [137, 138].

2. As opposed to B-form DNA recognition, very few small molecules (multi-
valent cations) [133, 139, 140] are known that select for A-form structural
features. Aminoglycosides present a novel scaffold for groove recognition of
A-form structures.

3. Aminoglycoside binding to such higher order structures (H-DNA triplex) has
also been implicated in their toxic side effects [114]. A better understanding
of aminoglycoside binding and selectivity can also help in a better under-
standing of toxic side-effects of these broad spectrum antibiotics.

6
From A- to B-Form Nucleic Acids: Using Organic Chemistry
to Tune Aminoglycoside Selectivity

Aminoglycosides most likely bind in the major groove of A-form structures
(much like RNA, as the A-form nucleic acids have a narrower major groove)
[127]. The B-form duplex has a much larger major groove and does not provide
a good shape complementarity for aminoglycoside binding (see Fig. 13). These
findings have complemented the success in development of DNA duplex-spe-
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Fig.13 Charge and shape complementarity of neomycin to the A-form major groove: Com-
puter models of neomycin docked in the major groove of A-form DNA (left),and neomycin
buried in the B-form major groove (right)

cific groove binders in the past few decades,among which netropsin, distamycin
and Hoechst 33258 have been the lead compounds. We wished to investigate
whether a molecule like neomycin could be forced into the B-form DNA major
groove. Therefore, conjugation of neomycin to Hoechst 33258 was accom-
plished. Another intriguing question in this regard was whether the binding
would be driven by Hoechst 33258 (duplex-selective groove binder) or neo-
mycin (triplex-selective groove binder). Such ligands with minor/major groove
recognition are promising drug candidates for development of inhibitors of
transcription factors [141]. To answer these questions, the synthesis and nucleic
acid binding of a novel neomycin-Hoechst 33258 conjugate has been recently
reported. The conjugate showed remarkable stabilization of DNA duplexes and
destabilization of the DNA triplex.

Starting from the natural product neomycin B, which is commercially avail-
able as the tri-sulfate salt, Boc (t-butoxycarbonyl) protection of the six amino
groups followed by conversion to 2,4,6-triisopropylbenzenesulfonyl derivative,
and subsequent substitution by aminoethanethiol, gave rise to the protected
neomycin amine [126] compound 4. Treatment of 4 with 1,1’-thiocarbonyldi-
2(1H)-pyridone using a catalytic amount of DMAP gave isothiocyanate deriv-
ative 5, which was coupled with bis(benzimidazole) 3 and deprotected to give
conjugate 7 (Scheme 4).

The thermal stability of DNA triple and double helices in the presence
of neomycin, Hoechst 33258, and neomycin-Hoechst 33258 conjugate 7 was
investigated using thermal denaturation monitored by UV absorbance. It was
found that 7 displayed a marked effect on the stability of poly(dA)-poly(dT)
duplex when compared to both neomycin (which is known to have no effect on



CN
| Il _NC)" H H
H \N\,E\A,CF:; %NHZ
1 2 3

iv
H
BocH H
5
HR
HO R
H HgHN E%Q,N
8 (3) HR
i WW”JLH,\/S H
H 6 (R=Boc) on YR
O H
_) Vv j RH H
/
7 (R=H)

Scheme 4 Reagents and conditions: i a 5-trifluoroacetamido-1-pentanol, PPh;, DIAD, di-
oxane, r.t., 2 h, 84%; i b HCI, EtOH, 0°C, quant.; ii a 2-(3,4-diaminophenyl)-6-(1-methyl-4-
piperazinyl) benzimidazole, HOAc, reflux, 4 h, 38%; ii b K,CO; in 5:2 MeOH:H,0, r.t.,
overnight, 94%; iii 1,1’-thiocarbonyldi-2(1H)-pyridone, cat. DMAP, CH,Cl,, r.t. 20 h, 95%;
iv 3, pyridine, r.t., overnight, 72%; v 1:1 CH,Cl,, TFA, r.t., 3 h, quant. Reprinted with permis-
sion from J Am Chem Soc (2003) 125(41):12398

the thermal stability of duplex DNA) and Hoechst 33258, which displayed some
degree of stabilization of duplex DNA (Fig. 14).

In the absence of ligand, the melting profile of poly(dA)-2poly(dT) is bipha-
sic with T 5_,,=34°C and T,,,_,;=72°C. As depicted in Fig. 14, the dissociation
of duplex DNA in the presence of 7 occurs at a higher temperature (>95°C) than
that of DNA in the presence of Hoechst 33258 (86°C) and neomycin (72°C,
unchanged when compared to native duplex melting). This suggests that 7
stabilizes the duplex better than the individual parent compounds. Samples
containing both neomycin and Hoechst 33258 displayed no difference in T,
from that observed with the individual molecules. It is important to note that
triplex melting was not observed for poly(dA)-2poly(dT) in the presence
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Fig.14 UV melting profile of poly(dA)-2poly(dT) in the absence (a) and presence of 2 uM
neomycin (b), 2 pM Hoechst 33258 (c), 2 pM Neomycin+2 pM Hoechst 33258 (d),and 2 pM
Hoechst-neomycin conjugate (e). Samples of DNA (15 pM/base triplet) in buffer (10 mM Na
cacodylate, 0.5 mM EDTA, 150 mM KCl, pH 7.20) containing ligand were analyzed for UV ab-
sorbance at 260 nm from 20-95°C using a temperature gradient of 0.2°C min'. Reprinted
with permission from ] Am Chem Soc (2003) 125(41):12398

of 7, suggesting that drug binding prevents the third strand polypyrimidine
from binding in the major groove. A comparison was then made with a self-
complementary DNA duplex d(CGCAAATTTGCG), well known for Hoechst
33258 affinity [142]. UV melting showed increased stability of the duplex
in the presence of 7, with a AT,,=25°C, compared to AT, ,=14°C for Hoechst
33258 [142].

Further studies of numerous duplex DNA 22-mers of varying G/C content
(breaking up stretches of A/T base pairs) were carried out. In all cases where
stretches of at least 4 base pairs were present, AT, for 7 was at least 10°C higher
than that for Hoechst 33258. Duplex stabilization by 7 followed the selectivity
shown by Hoechst 33258 (Fig. 15a), whereas neomycin had no effect on the
stabilization of any duplex. Hoechst 33258 is well known to have a primary
preference for A/T stretches as low as four base pairs, suggesting that the bind-
ing-induced thermal stabilization by 7 is largely controlled by the Hoechst
33258 moiety’s ability to bind to its required stretch of A/T base pairs. A model
depicting the possible binding of 7 to a 12-mer duplex is shown in Fig. 15b.
Computer modeling suggests that electrostatic and H-bonding contacts between
neomycin and sites within the major groove compete somewhat with the other-
wise deep minor groove binding of Hoechst 33258 (Fig. 15b). As Hoechst 33258
binds in the minor groove, neomycin is unable to be completely buried in the
major groove (due to the linker size). Despite this constraint, conjugate 7
prefers the duplex, suggesting that neomycin can be forced into the major
groove of a B-form DNA duplex. In retrospect, this could be due primarily to
the larger binding constants observed between Hoechst 33258 and duplex DNA
[142] (~10® M) as opposed to neomycin binding to triplex (10°-10° M™!) [116].
Conjugates of different linker sizes can then perhaps be designed to target
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Fig.15 aBar graph of AT,, for 22-mer duplexes in the presence of 4 pM Hoechst 33258 and
4 pM neomycin-Hoechst 33258 7 obtained from UV melting profiles (solution conditions
were identical to those for Fig. 14). Reprinted with permission from ] Am Chem Soc (2003)
125(41):12398. b Computer model of neomycin-Hoechst 33258 (yellow, linker atoms shown
in white) docked in the DNA major-minor grooves. Reprinted with permission from ] Am
Chem Soc (2003) 125(41):12398

a structure of preference and should aid in the development of even more
selective and potent conjugates. Development of such dual recognition ligands
opens up new avenues in targeting nucleic acids and is being further explored
in our laboratories.

7
Targeting Nucleic Acids with Aminoglycoside—-DNA and PNA Conjugates

7.1
RNA Sequence-Specific Aminoglycoside-ODN Conjugates

RNA has now become a well-established drug target [36, 143, 144]. Small mol-
ecules and antisense oligonucleotides are now being used to down-regulate
gene expression. Vitravene, the first antisense drug, was approved by the FDA
at the end of the 20th century [145]. RNA has distinct advantages in antibacte-
rial and antiviral treatment. Primarily, appearance of drug resistance through
point mutations in a conserved RNA motif among bacteria or viral strains is
likely to be slow. Bacteria become resistant to ribosomal RNA-binding antibi-
otics through exchange of genetic material encoding RNA-modifying enzymes
(typically methyltransferases and phosphotransferases), drug-modifying en-
zymes, or enzymes that affect drug transport [146, 147]. Therefore, if the struc-
ture of the nucleic acid-binding drug is novel, the emergence of resistance is
likely to be slower than for protein targets (barring any novel efflux pump
mechanisms). Antisense/antigene therapy can offer a viable alternative in tack-
ling such resistance mechanisms.
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Recent findings that aminoglycosides can stabilize DNA/RNA triplexes
[114, 115], hybrid duplexes [113], and that neomycin can even induce hybrid
triplex formation [113] suggested that aminoglycoside-DNA conjugates could
be effective models for targeting nucleic acids sequence specifically (via a hybrid
duplex or triplex formation). Conjugation of an aminoglycoside to an ODN can
assist in the following processes:

1. Delivery of aminoglycoside to a specific DNA/RNA site

2. Increasing the stabilization inferred by these hybrid duplex/triplex stabiliz-
ing agents

3. The unique structure of aminoglycosides can aid in cellular permeability/
site-specific delivery of the ODN

To investigate the advantage of nucleic acid-based specificity coupled with
aminoglycoside charge/shape complementarity, we have described a general
strategy for the synthesis of covalently attaching aminoglycosides (neomycin)
to nucleic acid analogs (DNA/PNA). Recently [148-150], ultrarapid functional
genomics technologies have helped identify approximately 4,000 essential gene
drug targets in 11 clinically relevant bacterial and fungal pathogens. In contrast,
most antimicrobials prescribed today inhibit only a small fraction of this
number of targets within bacterial and fungal pathogens. A comprehensive
approach to identifying such essential drug targets in multiple pathogens can
be combined with a complementary approach of developing antimicrobial
agents that are sequence-specific to previously known, as well as rapidly iden-
tified, new RNA targets. Interestingly, a shotgun antisense technology was used
as the key tool to identify these 4,000 essential genes, suggesting that oligos
binding to these RNA targets will be able to selectively shut down protein syn-
thesis. Additionally, the finding that aminoglycosides can stabilize DNA/RNA
triplexes and DNA.RNA duplexes [113,114, 116] suggests that neomycin-ODN
conjugates could also be effective models for targeting nucleic acids sequence-
specifically via triplex or hybrid duplex formation.

7.1.1
Synthesis of Aminoglycoside Isothiocyanates/ODN-Aminoglycoside Coniugate

The amino groups on rings I, II,and IV (neomycin) are necessary in recognizing
and in stabilizing various nucleic acid forms (aminoglycosides without any of
these amines do not stabilize DNA tniplexes as efficiently) [137]. The conjugates
based on aminoglycosides must then retain these amines. The 5”-OH on ring III
(neomycin) was chosen to provide the linkage to the nucleic acids (for ring num-
bering, please see Scheme 1). We recently reported the synthesis of neomycin
isothiocyanate as a stable reagent that can be coupled to a variety of amines [137].
Scheme 4 shows the synthesis of neomycin isothiocyanate, starting from
neomycin amine. The use of this isothiocyanate in the synthesis of a DNA
5’-aminothymidine dimer conjugated to neomycin and kanamycin also has
been recently reported (Scheme 5) [137].
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Scheme 5 Structures of neomycin-DNA and kanamycin-DNA dimers

7.1.2
Synthesis of Oligomeric Neomycin-ODN Coniugates

7.1.2.1
Neomycin-DNA/PNA Conjugate

The structures of generic neomycin DNA and PNA conjugates is shown in
Scheme 6a and has been recently reported [138]. The synthesis of neomycin
conjugated to 5”-end of a oligonucleotide dT ;¢ is shown in Scheme 6b. Neo-
mycin is linked to the DNA via a thiourea linkage. Neomycin isothiocyanate
(Scheme 6b) has been coupled to a 5-amino-5"-deoxy ODN, which is easily
prepared by incorporation of 5-amino-5" deoxythymidine (or cytidine) in a
growing ODN chain. The synthesis of neomycin linked to a 16-mer DNA dT
has been reported [138]. The reactive amine at the 5"-end of dT;4) (Scheme 6b)
was treated with a pyridine solution containing neomycin isothiocyanate and
4-dimethylaminopyridine (DMAP) for 12 h at room temperature, washed with
trifluoroacetic acid (TFA), and deprotected from solid support with NH,OH
[138]. Having established that these conjugates can be synthesized on solid
phase using conventional DNA synthesis, attention can now be devoted to syn-



Aminoglycoside-Nucleic Acid Interactions: The Case for Neomycin 173

a H H H H
! ‘ T | |
N_N N__N B
. ST I
S
fe) O
~0-P=0 N
fo) ° T (o] l"|
\ 14
_© B
0-P=0 (
Neo = Neomycin o o N >
T = Thymidine NH
B = Nucleobase OH o 2
b HN B
o HoH
NN it
3 Neo—s i w
o=p-0 N s
o B /\/NCS o 0
Yo (1)Neo—S~ @) +DMAP/Pyridine -0-p=0
6 i 2 | TFA, NH,OH ©
-elimination, ,
O:I%-o/\/CN 2 B 4 K J

o B o

B

o

14

I

. -0-p=0

ioyj Neo = Neomycin °© g B
: o)
o oH

Scheme 6 a Structure of a generic aminoglycoside-DNA/PNA conjugate. b Synthesis of
neomycin-DNA conjugate on the solid phase

thesizing ODNSs for targeting anticancer and antimicrobial DNA sequences of
interest [138].

Although considerable advances have been made in antisense technology
over the last few decades, there are still some issues that warrant active inves-
tigation [151]. These include:

1. Increasing the binding affinities (kinetic/thermodynamic) of ODNs to their
target duplexes and single strands

2. Improving the delivery and uptake of oligonucleotides into any cell or
tissue of interest

3. Enhancing the stabilities of the oligonucleotides inside the cells

Our preliminary work shows that aminoglycosides can considerably enhance
the binding affinities of the ODNSs to their duplex DNA target as well as to the
single strand RNA targets. Further investigations of the molecular basis of such
stabilizations and then using it to synthesize aminoglycoside-DNA/PNA con-
jugates with improved stability is being carried out in our laboratories. The
approach could open up doors for developing sequence-specific anticancer and
antimicrobial drugs.
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8
Summary

Electrostatic complementarity has been successfully used to explain the struc-
tural basis of RNA binding to their aminoglycoside substrates [33-37]. Perhaps
the best complementarity for aminoglycosides with a natural target is observed
with eubacterial ribosomal 16S A-site. The structural basis of A-form specificity
may be related to the closeness of the two negatively charged sugar-phosphate
backbones along the major groove in A-DNA, which can be effectively neu-
tralized by the multivalent positively charged amine functions of aniinoglyco-
sides. Groove recognition of triplexes and tetraplexes has been an elusive feat,
where such charged polyamine binding factors may be the key to opening this
Pandora’s box. While these findings do not question that aminoglycoside’s
mechanism of drug action involves binding to rRNA, they reevaluate, as a
matter of biochemical principles, the common belief that aminoglycoside
specificity is simply for RNAs, and subsequently unveil new targets for amino-
glycoside-based drug development.
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