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Binding of the anticancer drug cisplatin (cis-Pt) to nucleic
acids is believed to favor DNA over RNA.[Y Covalent
modification of DNA produces intrastrand cross-links (at
GpG, ApG, and GpNpG; N=A, C, G, or T),? and
interstrand cross-links (at GG).”! Cisplatin reacts with other
cellular components including proteins,”! phospholipids,®
and small molecules.” To enhance DNA targeting, numerous
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conjugates have been prepared in which the cis-Pt moiety has
been tethered to high-affinity nucleic acid ligands (for
example, acridine, ethidium bromide, peptides, and short
oligonucleotides).”’ As part of our program aimed at advanc-
ing RNA as a drug target,®) we have become interested in
devising methods to “reverse” the nucleic acid selectivity of
cis-Pt. Since RNA-protein complexes serve key functions in
the life cycle of many retroviruses, RNA-selective delivery of
reactive Pt" complexes may provide a novel mechanism for
the inactivation of pathogen-specific RNA.

HIV-1 replication is critically dependent on the nuclear
export of intron-containing viral RNA by the Rev protein."’
The high-affinity Rev binding site within the Rev response
element (RRE) is located at a G-rich bulge that is present in
the minimized construct RRE JW shown in Figure 1. Rev-
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Figure 1. Secondary structures of the RRE constructs used. RRE JW is
a minimized all-ribo Rev-binding RRE construct."” All-ribo 31 RRE JW
contains three inosine (1) residues substituting the corresponding G

residues. dRRE JW is an all-deoxyribo DNA analogue of RRE JW. The

numbering used is in accordance with ref. [10].

RRE recognition has served as an important paradigm for
exploring the competitive inhibition of RNA-protein inter-
actions.” Aminoglycoside antibiotics,'”? guanidinoglyco-
sides,™™ and other small molecules that exhibit RNA over
DNA selectivity have been shown to bind to the RRE and
displace Rev through noncovalent interactions.' We
hypothesized that, by using Pt" derivatives to covalently
cross-link aminoglycosides and guanidinoglycosides to the
RRE, viral RNA could be permanently damaged. Toward this
end, we have developed RNA-selective Pt" conjugates.
Herein we report the synthesis and RRE selectivity of two
conjugates that, to our knowledge, represent the first
examples of RNA-selective cross-linking agents.

Several criteria have guided the design of the glycoside—
Pt" conjugates: a) Established RNA-selective scaffolds (for
example, aminoglycosides or guanidinoglycosides) are chosen
to secure preferential RNA over DNA binding; b) the
polycationic scaffold is modified by substitution of a hydroxy
group, rather than a chargeable group that is likely to be
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essential for RNA binding; c) a short linker between the Pt
center and the RNA ligand is chosen to ensure enough
conformational flexibility while maintaining proximity of the
reactive metal center to the RNA-selective scaffold; and d) a
chelating diamine is selected to secure Pt" coordination to the
RNA-selective binder. With these considerations in mind, Pt"
conjugates of neomycin B (1, Scheme 1) and guanidinoneo-
mycin B (2, Scheme 2) were selected as our first-generation
RNA-selective modifiers.

The synthesis of both derivatives starts with 5”-2,4,6-
triisopropylbenzenesulfonate ~ N-Boc-protected neomycin
3. Treatment of 3 with excess sodium azide affords the
desired monoazide 4 in 89% yield (Scheme 1).'! Catalytic
hydrogenation of 4 quantitatively gives the corresponding
amine 5, which is coupled to N*NP-di-Fmoc-(5)-2,3-di-
aminopropionic acid by using TBTU and HOBT. Cleavage
of the Fmoc groups under basic conditions affords the
neomycin derivative 6, which presents a bidentate coordina-
tion site for platinum. Treatment with potassium tetrachloro-
platinate in DMF/H,O leads to the formation of the fully
protected aminoglycoside conjugate. Deprotection with 2m
HClI in dioxane/water affords the desired Pt derivative 1 as
the chloride salt in 95% yield (from 6).1%

The 5”-azido neomycin derivative 4 is a common pre-
cursor for the synthesis of the neomycin-Pt" and guanidino-
neomycin-Pt" conjugates, 1 and 2, respectively. Thus, after
removal of the six Boc protecting groups in 4 with 50 % TFA/
CH,Cl,, the crude 5”-azido neomycin is dissolved in MeOH/
NEt; and treated with excess N,N'-di-Boc-N"-triflylguanidine,
a powerful guanidinylating reagent.'’!8! Excess reagent is
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readily removed, and the desired Boc-protected perguanidi-
nylated 5”-azido neomycin 7 is obtained in excellent yield
(99 %; see Scheme 2). Reduction to the corresponding amine
under Staudinger conditions provides 8 in 75% yield."”)
Condensation of the free amine with N*NP-di-Fmoc-(S)-
2,3-diaminopropionic acid by using TBTU/HOBT, followed
by deprotection of the Fmoc groups with piperidine, gives 9 in
63 % yield for the two steps. The reaction of the free chelating
1,2-diamino group with potassium tetrachloroplatinate in a
two-phase CHCly/H,O system, followed by TFA-mediated
deprotection of the Boc groups, leads to the desired guani-
dinylated aminoglycoside-Pt" conjugate 2 as the TFA salt in
94 % yield.””

To explore the ability of 1 and 2 to form covalent cross-
links with RRE JW, denaturing polyacrylamide gel shift
electrophoresis (DPAGE) has been utilized. Upon titration
of RRE JW with 1 and 2, DPAGE shows multiple retarded
bands, a result indicating that the Pt" conjugates covalently
bind the RRE (Figure 2a).”!! Addition of neomycin B, the
parent aminoglycoside, produces no such effect (Fig-
ure 2b).”!1 The reaction of 1 and 2 with the RRE is rapid
and the adducts formed are stable under these denaturing
conditions (Figure 2b).”? According to DPAGE analysis,
both conjugates covalently modify the RRE with comparable
efficiencies (Figure 2a). Importantly, covalent modification
takes place even in the presence of a vast excess of calf thymus
DNA (CTDNA; Figure2c). Approximately 5000-fold
nucleotide excess of CT DNA must be added to prevent
covalent-adduct formation between the platinated glycosides
1 and 2 and the RRE (Figure 2¢). This competition experi-
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Scheme 1. Synthesis of 1: a) NaN;, DMF/H,0, 89%; b) H,, Pd/C, 99%; c) 1. N* NF-di-Fmoc-(S)-2,3-diaminopropionic acid, TBTU, HOBT, 2,4,6-
collidine, DMF; 2. piperidine, DMF, 80%,; d) 1. K,PtCl,, DMF/H,O; 2. 2m HCl/dioxane, 95 %. Boc = tert-butoxycarbonyl, DMF = N,N-dimethylform-
amide, Fmoc = 9-fluorenylmethoxycarbonyl, HOBT = 1-hydroxy-1H-benzotriazole, TBTU = benzotriazol-1-yl-N-tetramethyluronium tetrafluoroborate.
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Scheme 2. Synthesis of 2: a) 1. TFA/CH,Cl,; 2. N,N’-di-Boc-N"-triflylguanidine, Et;N, MeOH, 99%,; b) Ph,P, THF/H,0, 75%,; c) 1. N NP-di-Fmoc-
(5)-2,3-diaminopropionic acid, TBTU, HOBT, 2,4,6-collidine, DMF/CHCl;; 2. piperidine, DMF, 63 %; d) 1. K,PtCl,, H,O/CH,Cl,, nBu,NCl; 2. TFA/

CH,Cl,, 94%. TFA =trifluoroacetic acid.

ment indicates a significant preference of these Pt''—glycoside
conjugates for the RRE over CT DNA.

To explore the nature of the modification induced by the
platinated conjugates, nonlabeled RRE JW (20 um) was
incubated with 1 (1.5 equiv) for 4 h, and the desalted reaction
mixture was analyzed by MALDI-TOF mass spectrometry
(Figure 3a,b). Under these conditions, the primary species
observed (m/z 11914) represents a 1:1 covalent adduct,
1-RRE, with both chloride ions displaced (expected m/z
11911).%*) Smaller amounts of both unmodified RRE JW
(m/z 11023) and doubly conjugated (1), RRE (m/z 12806;
expected m/z 12800) are also observed (Figure 3b). As shown
in Figure 3¢, a similar reactivity pattern is established for the
guanidinoneomycin-Pt" conjugate 2 under the same condi-
tions, where the dominant species observed is the singly
conjugated product 2-RRE (m/z 12164; expected m/z 12164).
As with 1, small amounts of the unmodified RRE JW and
doubly modified product (2),-RRE (m/z 13304; expected m/z
13303) are detected (Figure 3c¢). In contrast, treatment of 1
with 31 RRE JW or dRRE JW (see Figure 1 for sequences)
under similar conditions does not yield a significant fraction
of covalent adducts (not shown). Since neomycin displays
lower affinity to these analogous nucleic acids than to
RRE JW,™ a correlation between specific binding and
conjugation is implied.?* When it is taken into account that
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MALDI-TOF mass spectrometry is a strongly denaturing
technique, these mass spectral data confirm the specific
covalent-adduct formation of platinated glycosides to the all-
ribo RRE JW.>I

To identify the modification site of the Pt" conjugates 1
and 2 within RRE JW, the mixtures represented by the
spectra in Figures 3b and ¢ were 5'-*P-labeled and fraction-
ated by using preparative 20% DPAGE. A representative
purification gel is shown in Figure 3d. Whereas the 1-RRE
adduct ran as primarily one shifted band, addition of 2 to the
RRE yielded two separable bands (marked 2-RRE, and
2-RRE,). Once labeled and isolated, these platinated RRE
adducts were characterized by alkaline hydrolysis mapping
(Figure 4). Covalent binding of the platinated glycosides to
the RRE not only increases the mass of the RNA but also
considerably diminishes its overall negative charge. This
reduces the mobility of each hydrolyzed RNA fragment that
contains the Pt" conjugate, whereas unmodified RNA frag-
ments migrate identically to the hydrolyzed control. Thus, a
discontinuity in the ladder points to the site of RNA-ligand
conjugation. For 1, this binding site is localized at the 3'-side
of the tetraloop, a fact suggesting coordination to Ag,, A,
and G, (Figure 4a). This putative binding site is consistent
with the coordination to purines that is seen for cis-Pt binding
to DNA. Interestingly, a distinct gap is observed in the
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Figure 2. DPAGE radiogram with 25 nm 5'-*?P-labeled RRE JW.'®
a) Lane 1: RNA only; lanes 2-9: increasing concentrations of 1 (0.050,
0.10, 0.50, 1.0, 2.5, 5.0, 7.5, and 10 um, respectively); lane 10: RNA
only; lanes 11-16: increasing concentrations of 2 (0.050, 0.10, 0.50,
1.0, 2.5, and 5.0 pm, respectively). b) Lanes 1-4: RNA with increasing
concentrations of neomycin B (0.625, 1.25, 12.5, and 125 pum, respec-
tively); lanes 5-9: RNA with 625 nm of 1 after incubation (after 0.5, 1,
2,3, 4 and 5 h, respectively). c) Lane 1: RNA only; lanes 2-8: RRE JW
with 1T um 1 and increasing concentrations of calf thymus DNA (0, 8.5,
85, 425, 850 pum, 4.25 and 8.5 mm base pairs, respectively); lane 9:
RNA only; lanes 10-17: RRE JW with 1 pm 2 and increasing calf
thymus DNA (0, 8.5, 85, 425, 850 um, 4.25 and 8.5 mm base pairs,
respectively).

hydrolytic map of 2-RRE, (Figure 4a), a result that suggests
an intramolecular cross-link between nucleosides at the
boundaries of the gap, as has been previously observed for
other RNA-RNA cross-links.”® These results suggest the
formation of an intramolecular cross-link between approx-
imately G, and Gg;. This is consistent with the known
propensity of cis-Pt to form cross-strand purine—purine cross-
links.’”l Examination of the NMR spectrum of the RRE
reveals that the N7 positions of these two nucleotides are
favorably placed for forming this interstrand cross-link
(Figure 4c).”"

In summary, new Pt conjugates of neomycin B and
guanidinoneomycin B are found to generate site-specific,
RNA-selective, covalent cross-links to the RRE. The use of
RNA-selective scaffolds, such as aminoglycosides or guanidi-
noglycosides, is demonstrated to impart the necessary RNA
selectivity upon the cis-Pt moiety. This observation serves as
an important precedent for the selective covalent modifica-
tion of therapeutically relevant RNA targets.

Experimental Section

RNA: Oligonucleotides were purchased from Dharmacon Research,
deprotected, and purified by using standard protocols. A solution of
calf thymus DNA was purchased from Gibco BRL (catalogue
no.: 15633-019) and quantified by using an average extinction
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Figure 3. MALDI-TOF MS analysis of 20 um RRE JW a) alone, b) with
30 um of 1, and c) with 20 um of 2. See the Experimental Section for
procedures. d) Denaturing gel purification of 5'-*?P-labeled RRE JW and
RRE JW adducts. The two adducts isolated are indicated (2-RRE, and
2.RRE,).

coefficient of 6550 cm™'M~! per base. The extinction coefficient for
all RRE JW constructs was calculated as 371000 cm~'m .

DPAGE analysis: For evaluating the cross-linking ability of 1 and
2, RNA was prefolded by being heated to 65 °C for 5 minutes and then
cooled to room temperature for 20 min. A final concentration of
25nM prefoldled RREJW containing a trace of 5-P-labeled
RREJW (&5000 cpm) was then incubated with the indicated
amount of 1 or 2 in 10 mMm sodium phosphate buffer (pH 7.0)
containing 100 mm sodium perchlorate. Where appropriate, calf
thymus DNA was added to the folded RRE JW prior to the addition
of 1 or 2. After 2 h at room temperature, cross-linking reactions were
diluted with an equal volume of formamide loading dye, heated to
90°C for 3 min, and loaded immediately onto a 20% denaturing
polyacrylamide gel.

MALDI-TOF MS experiments: A solution of RRE JW (75 pL of
a 40 pMm solution) in 10 mM tris(hydroxymethyl)aminomethane (Tris;
pH 7.5) with 50 mm NaCl was heated to 65°C for 5 min and cooled at
room temperature for 20 min. This solution was diluted with
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Figure 4. Alkaline hydrolytic footprint of RRE )W and its platinated adducts."® a) “std”
lanes are untreated RNA, “OH™" lanes show RNA after alkaline hydrolysis, and “T1”
lanes show RNA after cleavage by ribonuclease T1 under denaturing conditions. The con-
jugation site of 1 is shaded. An interstrand cross-link (dotted line) is observed between
approximately G,3 and Gg; (shown in red). b) Conjugation sites are shown in the context
of the secondary structure of RRE JW. c) The three-dimensional structure of the RRE
reveals that the N7 positions of G, and Gg; (red space-filling representation) are near

each other in space and well-positioned for forming an interstrand cross-link.

phosphate/perchlorate buffer (75 puL) to yield final concentrations of
10 mM sodium phosphate (pH 7.4), 100 mm sodium perchlorate, and
either 30 um 1 or 20 pm 2. These reaction mixtures were incubated at
room temperature for 4 h, at which point they were desalted by
passing through a G-25 spin column (Amersham-Pharmacia) that
had been equilibrated with water. After desalting, the reactions were
lyophilized overnight and resuspended in water (20 uL). To confirm
the addition of platinated conjugates, an aliquot was fractionated on a
20% DPAGE gel and visualized with Stains-all (Acros). For MALDI-
TOF MS analysis, 2 uL. of each sample was combined with 1 pm
ammonium citrate buffer (PE Biosystems), 1 uL of 75 um DNA
standard (5-AGGCATGCAAGCTTGAGTATTCTAT-3'), and 6 uL
of saturated 3-hydroxypiccolinic acid. After desalting with an ion-
exchange resin (PE Biosystems), the sample was spotted onto a gold-
coated MALDI plate and dried on a 55°C heat block. MALDI-TOF
spectra were collected on a PE Biosystems Voyager-DE STR
MALDI-TOF spectrometer in positive-ion, delayed-extraction
mode. By calibrating all spectra relative to the +1 and +2 ions of
the internal DNA standard, the observed mass of RRE JW and its
adducts should have a resolution of +4 mass units.

Footprinting analysis: 1'RRE and 2-RRE (3uL) from the
MALDI-TOF MS analysis described above were labeled with
T4 polynucleotide kinase (New England Biolabs) and purified by
using standard protocols.' Purified RNA adducts were resuspended
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in water (50 uL). Alkaline hydrolysis reactions were
conducted in a 50 mm sodium bicarbonate buffer
(pH 9.0; total volume 8 pL) and contained 5'-**P-
labeled RRE JW (60000 cpm). These reactions
were heated to 90°C for 6.5 min and immediately
quenched on ice for 10 min. Following a brief spin,
samples were 1:1 diluted with formamide loading
dye and 1.5 pL were loaded onto a 20 % polyacryl-
amide gel. Ribonuclease T1 reactions contained
38000 cpm of each RRE JW adduct and 1 unit of
ribonuclease T1 (Boehringer Mannheim) in a so-
lution of 20 mMm sodium citrate (pH 5.0), 1 mm
ethylenediaminetetraacetate (EDTA), 3M urea,
and 0.04 ugul™' yeast torula RNA (Ambion).
These reactions were incubated at 65°C for
30 minutes, then diluted into an equal volume of
formamide loading dye and separated with 20 %
denaturing polyacrylamide gels. All gels were run
for approximately 3 h at 15 W and analyzed by using
a Molecular Dynamics Storm Phosphorimager.
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