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ABSTRACT. Semisynthetic aminoglycoside derivatives may provide a means to selectively target viral RNA
sites, including the HIV-1 Rev response element (RRE). The design, synthesis, and evaluation of derivatives
based upon neomycin B, kanamycin A, and tobramycin conjugates of 9-aminoacridine are presented. To
evaluate the importance of the acridine moiety, a series of dimeric aminoglycosides as well as unmodified
“monomeric” aminoglycosides have also been evaluated for their nucleic acid affinity and specificity.
Fluorescence-based binding assays that use ethidium bromide or Rev peptide displacement are used to
guantify the affinities of these compounds to various nucleic acids, including the RRE, tRNA, and duplex
DNA. All the modified aminoglycosides exhibit a high affinity for the Rev binding site on the RRE

(Kg = 10 nM), but few compounds have a high specificity for the RRE. Compared to the acridine
conjugates, the dimeric and unmodified aminoglycosides exhibit good RNA over DNA selectivity, but
show little differentiation between different RNA molecules. Neomycin-based derivatives consistently
have the highest RNA and DNA affinities, but the lowest RRE specificity. To optimize these derivatives
for RRE specificity, a series of neomyeiacridine conjugates with variable linker lengths were synthesized
and evaluated. The neo-acridine conjugate with the shortest linker length has the optimal RRE specificity.
Duplex DNA, on the other hand, prefers the acridine conjugate with the longest linker length, and duplex
RNA (poly r[A]—r[U]) has the highest affinity for the conjugate with an intermediate linker length.
Compared to neomycin B, the derivatives based upon tobramycin and kanamycin A have slightly lower
RRE affinities, but better RRE specificities. These results illustrate how the binding affinity and specificity
of aminoglycoside intercalator conjugates can be tuned by optimizing the linker length and by changing
the identity of the aminoglycoside moiety. These results also indicate that many aminoglycoside-based
ligands are capable of high-affinity binding of RNA, but achieving high site specificity remains a challenging
objective.

Aminoglycoside antibiotics are highly selective in their less discrimination between different RNA molecules. Ami-
preferential binding of RNA over DNA, but exhibit much  noglycosides bind to a wide range of unrelated RNAs,
including simple duplex RNA 1), 16S and 18S rRNAs
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Ficure 1: Structures of the unmodified aminoglycosides3, and aminoglycosideacridine conjugated—8. The primary hyrdoxyls of
the aminoglycosides have been used for acridine conjugation (see Suppporting Information for synthesis and charactetjfafioarmd
8). The amines of aminoglycosides can be used for “one step” conjugation reactions with dye moRR)ulesiines are, however, known
to be essential for RNA bindind.). Elimination of hydroxyls, on the other hand, does not necessarily interfere with aminoglyc&dite

binding @9).

facilitate the conformational change of calf thymus (ET)
DNA from a B-form into an A-form double helix% 10).

of HIV-1 isolates, and is even similar to the RRE of HIV-2
(18, 21). Compounds that inhibit HIV replication by binding

Many RNA molecules contain bulges, loops, and other to the RRE and displacing Rev are expected, therefore, to
features that distort helical regions, thus providing unique retain activity across genetically diverse HIV infectioa8)(

3-D binding sites that can, in some cases, exhibit higher
binding affinities to aminoglycosides as compared to analo-

gous structures with less perturbed duplex regidis 12).

Given the therapeutic potential of targeting biologically
relevant RNA sites, a number of groups have made semi-
synthetic aminoglycoside derivatives in an attempt to tune

the RNA affinity, site specificity, and inhibition activities
of the resulting derivativesl@—17). One potentially impor-
tant RNA target for these compounds is the HIV Rev
response element (RRE)S).

The Rev-RRE interaction is essential to the replication
of HIV (see refl9 for a review). The Rev protein binds to
the RRE and facilitates the export of viral RNA from the
nucleus, while protecting it from the cell’s splicing machinery
(19). Without Rev-RRE binding, the proteins essential for
virus production are never translat&0). The Rev binding

site on the RRE is highly conserved across different groups

1 Abbreviations: RRE, Rev response element; CT DNA, calf thymus

DNA; HIV, human immunodeficiency virus; HEPES, 4-(2-hydroxy-

ethyl)-1-piperazineethanesulfonic acid; EDTA, ethylenediamine-

tetraacetic acid; TE, Tris-EDTA.

In 1993, Zapp et al. reported that certain aminoglycosides
bind to the HIV-1 RRE and displace the Rev protein with
moderate inhibitory activities (AM < ICso < 100uM) (22).
Later studies by Hendrix et al. suggested that the most active
aminoglycoside, neomycin B, binds nonspecifically to mul-
tiple sites on the RRE]. In an attempt to improve the RRE
affinity and specificity of aminoglycosides, we have made
synthetic modifications to the aminoglycosides and evaluated
the resulting derivatives for binding to the RRE3(24). In
this contribution, we report the synthesis and characterization
of six new aminoglycoside derivatives (see Supporting
Information for details). The RRE affinity, specificity, and
RNA versus DNA selectivity of these compounds are
compared to the parent aminoglycosides as well as four
previously published high affinity RNA ligands.

We have recently communicated the synthesis and char-
acterization of a new neomycin B derivative, trivially named
“neo-S-acridine” (compoun8, Figure 1) £3). Rev peptide
displacement experiments (conducted in the absence of other
nucleic acids) indicated that neo-S-acridine binds at (or near)
the Rev binding site on the RRE with an affinity similar to
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that of the Rev proteinKy = ~2 nM) (23). Enzymatic
footprinting experiments and native gel shift electrophoresis
support this conclusior2@). To our knowledge, the binding
between neo-S-acridine and the RRE is still the highest
affinity interaction between a natural RNA molecule and a
small synthetic ligand reported in the literatut&{17). Here

we demonstrate that neo-S-acridine has a l@mspecificity

for the RRE (relative to a Rgy.so peptide). The RRE
specificity of neomycir-acridine conjugates can, however,
be improved by changing the linker length between the
intercalator and the aminoglycosidic moiety. In addition, we
compare the RRE affinity and specificity of aminoglycoside
acridine conjugates to two well-established families of RNA
ligands: aminoglycoside antibiotics and their dimeric deriva-
tives.

For the purposes of this discussion, the term “specificity”
will be defined as the affinityleq) of a molecule to the RRE,
weighted by its average affinity to many other nucleic acid
binding sites.

Keq(interaction of interest)
averageK,, (other sites of interaction)

specificity =

)

The reported specificity is, therefore, dependent on the
selection of the “other” species used for the comparison.
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number of times it appears in the sequerfee=(15 400 cm'*
M™% G=11700 cm* M™%, C= 7300 cm! M™%, U=
10100 cm* MY to obtain 741 400 cmt M1 for the
RRE66 @3). For this value to be accurate, the RRE must
first be hydrolyzed before quantificatioi29). Since base
hydrolysis produces free nucleotides, this calculated extinc-
tion coefficient does not need to make any assumptions
regarding nearest neighbor base stacking interactions. Pro-
cedure for hydrolysis: kL of RNA solution is added to 10
uL of 1 M NaOH and heated 9TC for 10 min. The reaction
is then quenched with 16L of 1 M HCI, diluted into 500
uL of 50 mM sodium phosphate pH 7.5, and its absorbance
at 260 nm is measured. By comparing the Y\'s absor-
bance spectrum of the RRE before and after base hydrolysis,
an extinction coefficient of 560 000 crh M~ has been
determined for the nonhydrolyzed (native) form of RRE66
(29). The differences in RRE absorbance, upon base hy-
drolysis, were not taken into account in previous studies,
resulting in about 25% lower calculated concentrations of
RRE66 @3). Since the total concentration of RRE is
instrumental to botkKy andK; calculations, approximately
2-fold higher apparent affinities for both the ReviRRE,
and the neo-S-acridireRRE binding interactions were,
therefore, previously reporte@3).

Rev PeptidesThe synthesis, purification, and quantifica-
tion of RevFl and RevlA have been described in the

Whenever possible, a heterogeneous mixture of nucleic aCid%upporting Information section of r&o.
is used for the basis of comparison, so that the reported g Thymus (CT) DNASonicated CT DNA was pur-

specificity is with respect to many different potential nucleic
acid binding sites. A commercially available mixture of
tRNAs (“tRNA™*") provides a biologically relevant mixture
of over 30 different pre- and mature tRNAs for a broad
specificity comparison. The term “selectivity”, on the other
hand, will be used in a more limited fashion, where the
binding affinities of a small molecule to two different nucleic
acids are compared.

EXPERIMENTAL SECTION

Aminoglycoside Deriatives. Tobramycin (free base) was
a generous gift of Meiji Seika Kaisha Ltd. (Japan) and used

chased, in solution, from Gibco BRL. Solutions were
quantified (without base hydrolysis) using an extinction
coefficient of 13 100 cm! M~ per base pairdl).

Poly r[A] —poly r[U]. The RNA duplex heteropolymer
poly r[A] —poly r[U] was purchased from Sigma, dissolved
in 1x TE, and quantified (without base hydrolysis), using
an extinction coefficient of 14 280 crhM~* per base pair
(3D.

tRNA"™. A mixture of pre- and mature yeast tRNAs
(containing over 30 different species) was purchased from
Sigma (type X). Stock solutions were prepared i TE
and quantified (after base hydrolysis as described above)

as received. Kanamycin A sulfate was purchased from Sigmausing an extinction coefficient of 11 125 ciM ! per base

and desalted using AG 1X-4 (BioRad) (OHorm of the
resin). Neomycin B was obtained from Sigma, and purified
as described 27). See Supporting Information for the

synthesis and characterization of neo-N-acridine, neo-C-

acridine, tobra-N-acridine, kana-N-acridine, neo-N-neo, and
tobra-N-tobra. See réX3for the synthesis of neo-S-acridine,
and see reR6 for the synthesis of neeneo, tobra-tobra,
and kanaA-kanaA. Serial dilutions of all stock solutions
were made in buffer (20 mM sodium phosphate pH 7.5, 100
mM KCI, 3 mM MgCl,, 1 mM EDTA) to minimize loss of
these compounds onto pipet tips and plastic tubes.
RREG66.T7 RNA polymerase was utilized for “run-off”
in vitro transcription with a complementary 83-nt DNA
template as described§). Transcription products were
purified using denaturing PAGE, extraction, and multiple

(average of A, T, C, G). Stocks of tRNX can be quantified
in its native form (without base hydrolysis) using an
extinction coefficient of 9640 cnt M1 per base Z9).
Conditions for Binding AssaysAll experiments were
conducted at 22C in a buffer containing 30 mM HEPES
(pH 7.5), KCI (200 mM), sodium phosphate (10 mM), NH
OAc (20 mM), guanidinium HCI (20 mM), MgGIl(2 mM),
NaCl (20 mM), EDTA (0.5 mM), and Nonidet P-40
(0.001%). This complex mixture of cations and anions
minimizes the nonspecific binding of ligands to the Rev
RRE complex, and maximizes the reversibility of the Rev
RRE interaction (as evident in both anisotropy and solid-
phase assays). In addition, the loss of polycationic ligands
(including RevFl, the dimers, and the acridine conjugates)
onto pipet tips, cuvettes, etc., is minimized in this buffer.

rounds of ethanol precipitation. The expected sequence of ReFI—RRE66 Binding by Fluorescence Anisotrojpya

the 66-nt RNA transcript was verified by &nd labeling

with 32P and subsequent enzymatic digestions (RNase T1,

A, and U2) @3). The molecular extinction coefficient (260
nm) for the RRE was calculated by a summation of the
extinction coefficients of each nucleotide multiplied by the

Perkin-Elmer LS-50B luminescence spectrometer equipped
with polarizing filters, a 10 nM solution of RevFl in buffer
was excited at 490 nm, and its emission monitored at 530
nm. Maximum slit widths and & value of 1.006 were used
for taking at least six independent anisotropy values for each
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data point. RRE66 was then titrated into the RevFI solution present, but the resulting; values for all compounds were
and the anisotropy of RevFl was measured after each additionapproximately the same at 10-fold higher concentrations of
of RNA. Upon binding the RRE, only minor changes in the RREG66 @9).

emission spectrum of fluorescein were seen (about 10% Solid-Phase AssayjExperiments were conducted as de-
guenching of RevFl). We have, therefore, taken the changescribed in ref30. Briefly, beaded agarose covalently modified
in anisotropy as being directly proportional to the fraction with stretavidin (“lImmunoPure”) was purchased from Pierce

of RevFl bound. Nonlinear curve fitting of the RevFl
association data (conducted as described i23gfvas used
to fit the raw binding isotherm to K4 = 5 + 1 nM (error

and washed with 3 volumes of buffer (above). Dilute
biotinylated RRE66 (50@2L of a 400 nM solution in buffer)
was added to 1 mL of a 40% slurry (40 of beads and

indicates the standard deviation of the data for 3 individual 600 uL of buffer). The slurry was incubated at room
titrations). This value is 2-fold higher than that previously temperature for 1.5 h with constant inversion for mixing.
reported 23), due to changes in the methodology used to By monitoring absorbance of the supernatant at 260 nm, the
quantify RRE stock solutions (discussed above under efficiency of RRE immobilization is calculated. The loading
“RRE68). efficiency is >95% for biotinylated RRE and<1% for
ResF| Displacement Experiments by Fluorescence Ani- nonbiotinylated RRE. Following RRE immobilization, 1
sotropy. A RevFI-RNA complex was formed by mixing  equiv of RevFl was added, incubated foh while mixing,
RevFl and RRE66 (10 nM each) in a thermocontrolled and the supernatant quantified for fluorescence intensity.
fluorescence cuvette. Small volumes of a concentratedUnder these conditions, approximately 80% of RevFl is
solution of inhibitor were then titrated while the fluorescence associated with the solid support, and nonspecific binding
anisotropy of the solution was monitored (as described of RevFl to the solid support is not observed (as determined
above). For all titrations, the final volume in the cuvette never by addition of RevFl to streptavidin-agarose which lacks
increased by more than 5%. Nonlinear curve fitting was used immobilized RRE). Inhibition assays were conducted in 0.75

to determine 16, values by fitting the raw displacement data

mL siliconized tubes, where 2Q¢L of buffer (above) was

to a one-phase exponential decay curve using Prism 3.0, ancadded, followed by 3@L of the 30% Rev-RRE solid-phase

allowing AA, Ar, and G to float in the following equation:

()

whereA is the anisotropy valué\A is the difference between
the initial anisotropy value and the final anisotropy value
(Ap), Cis the total concentration of inhibitor, and4gs the
concentration of inhibitor wher@ = (1/2 AA) + A-.

Ki values have been calculated fromsdGralues by
considering the following 3-way binding isotherm and the
resulting equation:

[NA] +

+

JTKi K; =

[NA-]

[Obs]

——
-

Ka

[NA-Obs]

K4 [NA-Obs] [1]
[Obs] [NA-I]

3)

where [NA] is the concentration of “free” (unbound) nucleic
acid, [Obs] is the concentration of the “free” observable
species (either RevFl, or ethidium), [NA-Obs] is the con-
centration of the NA-Obs complex, [I] is the concentration
of “free” inhibitor, and [NA-I] is the concentration of
inhibitor-bound nucleic acid. According to the ReviRRE
association curve, upon mixing 10 nM of RRE66 with 10
nM of RevFl, the concentration of ReWrRRE complex
[NA-Obs] = 5.0 nM, and the concentrations of free RRE
and free RevFl ([NA] and [Obs]) are each 5.0 nM. Upon
titration of the inhibitor to its 1G, value, the concentration
of the complex [NA-Obs} 2.5 nM, [Obs]= 7.5 nM, [NA]

= 1.0 nM, [NA-I] = 6.5 nM, and the concentration of free
inhibitor [I] = ((ICsp value) — [NA-I]). These values were
used to solve eq 3, resulting K = ((ICso — 6.5 nM)/4).
This assumes that a single equivalent of inhibitor is sufficient
to displace RevFl. The calculations for bdthand Ky are
critically dependent on the total concentration of RRE

slurry (at 0.5 pmol of RRE/L of gel). A small volume of
concentrated inhibitor and/or competitor was then added,
mixed gently, and incubated at room temperature for 90 min
with constant inversion for mixing. The tube was then gently
centrifuged (1000 rpm for 30 s) to settle the beads. A total
of 200 uL of supernatant was then added to 8@D of
“quantification buffer” (4 M guanidinium HCI, 250 mM Tris/
HCI pH 9.0, 250 mM KCI, 50 mM MgGCJ, 0.01% Nonidet
P-40), and quantified for fluorescence intensity (Perkin-Elmer
LS-50B fluorimeter, maximum slit widths, Excitation 490
nm). For the maximum signal control (see Supporting
Information for a representative titration), 200 of 8 M
guanidinium HCI was added instead of buffer. For experi-
ments containing CT DNA, 11BM (final concentration in
base pairs) of sonicated CT DNA was included. For
experiments containing tRNA, 230uM (final concentration

in bases) was included.

Ethidium AssociationA 1.25 uM solution of ethidium
bromide was excited at 546 nm, and its fluorescence emission
was monitored at 600 nm while small aliquots of a
concentrated nucleic acid were titrated. The fractional change
in emission intensity was taken as equal to the fraction of
ethidium bound and was used to calculate the concentration
of free ethidium [G] and concentration of bound ethidium
[Cp] at each concentration of nucleic acid Ntotal
concentration). The data collected from 0.1 to 0.9 fractional
change in emission intensity were then used to generate a
Scatchard plot where/C; is plotted versus, (wherer =
[Cul/[N{]). The negative inverse slope of this linear correlation
is equal toKg, and the X-intercept equals the binding
stoichiometry (in equivalents of ethidium per base p&p) (

Ethidium DisplacementThe fluorescence intensity of a
1.25 uM solution of ethidium bromide was monitored (as
above), and 300 nM (in bp) of either CT DNA or poly r[A]
rfU] RNA were added, followed by small aliquots of a
concentrated inhibitor. 1§ values were determined by using
eq 2 for curve-fitting the raw data (using fluorescence
intensity instead of anisotropy). Under these conditions, no
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significant increase in emission intensity was observed for
ethidium upon addition of tRNAX. This prevents the

application of ethidium displacement assays to evaluate the

binding of tRNA™*, The fluorescence intensity of ethidium
does increase upon binding the RRE@®)( but ethidium
has at least two nonequivalent binding sites on the RE, (
complicating the interpretation of displacement experiments
using the RRE. Ethidium displacement experiments using
tRNA and the RRE are, therefore, not present§dralues
have been estimated fromdgralues by using the measured
ethidium binding affinity and stoichiometry of each nucleic
acid in conjunction with eq 3.

According to the ethidiumpoly r[A]—r[U] association
curve, theKq = 0.6 uM, and the binding stoichiometry is
0.2 ethidium binding sites per base pair. Upon adding 300
nM of poly r[A]—r[U] to 1.25 uM of ethidium, therefore,
the concentration of ethidiusrRNA complex [NA-Obs]=
0.040uM, free ethidium [ObsE 1.21uM, and free RNA
[NA] = 0.020uM (in available binding sites). Upon titration
of the inhibitor to its 1Go value, the concentration of RNA
ethidium [NA-Obs]= 0.020uM, free ethidium [Obs} 1.23
uM, free RNA [NA] = 0.010uM (in available binding sites),
[NA-I] = 0.030uM, and the concentration of free inhibitor
[l = ((ICsp value) — [NA-I]). Using these values to solve
eq 3,Ki; = ((ICso — 30 nM)/3.1). This calculation assumes
that one equivalent of inhibitor displaces one equivalent of
ethidium.

According to the ethidiumCT DNA association curve,
the Kq = 2.4 uM, and the binding stoichiometry is 0.2
ethidium binding sites per base pair. Upon adding 300 nM
of CT DNA to 1.25uM of ethidium, the concentration of
ethidium-DNA [NA-Obs]= 0.020uM, free ethidium [Obs]
= 1.23uM, and free DNA [NA]= 0.040uM (in available
binding sites). Upon titration of the inhibitor to its 4gvalue,
the concentration of the complex [NA-Obsj 0.010uM,
free ethidium [ObsE 1.24 uM, free RNA [NA] = 0.020
uM (in available binding sites), [NA-Il= 0.030uM, and
the concentration of free inhibitor [l ((ICso value) —
[NA-I]). Using these values to solve eq R, = ((ICso — 30
nM)/1.6). This calculation assumes that one equivalent of
inhibitor displaces one equivalent of ethidium and, thus, the
term “apparent” affinity is used.

RESULTS

Rev—RRE Association and Inhibition According to Fluo-
rescence AnisotropyThe fluorescence anisotropy of a
fluorescein-labeled Regy 5o peptide “RevFI" has been used

to monitor to the real-time association and subsequentvery high apparent affinity ofi;

inhibition of the Rev-RRE interaction 18, 33, 34). Upon
titration of the RRE into a buffered solution of RevFl (Figure

Biochemistry, Vol. 42, No. 39, 20031395
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FIGURE 2: (A) Secondary structure of the 66 nucleotide HIV-1 RRE
construct “RRE66”. The high-affinity Rev binding site is indicated
in bold (19). Also indicated is the enzymatic footprinting of
neomycin B §) (22), as well as the potential high-affinity binding
sites for intercalating agents (arrowg)l). (B) Sequence of the
peptides “RevFI” and “RevIA” based upon Rgvso, whereg,c =
succinylated, angd, = amidated.

values for the aminoglycosides and their derivatives
(1—13) as well as RevlA 14) are summarized in Table 1a.

If a single binding site for the small molecule is responsible
for the displacement of RevFl, its affinity at or near Rev
binding site on the RRE can be calculated from thg 1@lue
(whereK; is equivalent toKg) (23, 33). The apparent RRE
affinities of compound4—14 are summarized in Table 1b.
The term “apparent” is used since the 1:1 displacement
stoichiometries are, for most molecules, unproven. This
assumption does hold true fo# and has also been validated
for neo-S-acridine43, 29). We have examined the validity
of this assumption for all other compounds by measuring
theK; value for each compound at 10 and 100 nM of RRE66
(29). While the 1Go values for each compound are different
at each concentration of RRE, the calculakgdialues are
approximately the same, thus supporting a 1:1 displacement
stoichiometry for all compounds presenté&®)( All of the
modified aminoglycosides (including all of the acridine
aminoglycoside conjugates and the aminoglycoside dimers)
bind at (or near) the Rev binding site of the RRE with a
< 10 nM, Table 1b). The
RRE specificity of these compounds, however, is highly
variable.

2), an increase in RevFl anisotropy is observed that reflects Measuring RRE Specificity Using a Solid-Phase Assay.

the formation of a RevHHRRE complex (Figure 3 A).
Analysis of these data yields an affinity of-6 1 nM for

To evaluate the RRE specificity of each compound, its
affinity to other nucleic acids must be measured (eq 1). Two

RevFHRRE binding 85). This value is similar to the values  orthogonal fluorescence-based methods have been employed
reported for the binding of the RRE by related Rev peptides for this purpose. We recently communicated a novel solid-
(33—34), as well as the Rev protei2%). Once the RevH phase assay that can rapidly evaluate the RRE specificity of
RRE complex is formed, an inhibitor can be titrated and the small molecules30). The assay is based on the release of
displacement of RevFl from the RRE is apparent by a RevFl from a solid-phase immobilized RRE66. Inhibitory
decrease in the anisotropy of RevFIl back to the value of the ligands that bind at or near the Rev binding site on the RRE
free peptide in solution (Figure 3B). The ReviRRE 1G5 will displace RevFI from the solid support into solution. The
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Ficure 3: Fluorescence anisotropy is used to monitor ReVdRE
association (A), and dissociation by a competitive inhibitor (B).
The fluorescence anisotropy of 10 nM of RevFl is monitored as
RREG66 is titrated (A). Upon partial complex formation (10 nM of
RRE), an inhibitor is added (neo-S-acridine) that displaces RevFl
from the RRE (B). The shape of the displacement isotherm is
approximately the same for all compounds evaluated. All binding

Luedtke et al.

significantly displaced by a large excess (100-fold) of
tRNA™* or CT DNA (30). The Gy values of inhibitors can,
therefore, be determined in either the absence or presence
of an excess of competing nucleic acids by measuring the
concentration-dependent release of RevFl from the im-
mobilized RRE66 (see Supporting Information for a repre-
sentative titration using neomycin B, and Table 2 for a
summary of 1Gy values). The change in activity of each
inhibitor, upon addition of a competitor nucleic acid, is
proportional to its affinity for that competitor. Dividing the
average I values measured in the presence of nucleic acid
competitors by the I values measured in the absence of
other nucleic acids, a “specificity ratio” is calculated for each
compound (Table 2d). The lower this ratio is, the more
specific the ligand is for the RRE. This ratio is, however,
somewhat sensitive to the total concentration of competing
nucleic acids relative to the kgof each compound. Less
active compounds, including the aminoglycosides, are less
affected by the presence of competitors since theivalues

are sometimekigherthan the concentrations of competitor
nucleic acids used (hence, even if a competitor becomes
saturated with the inhibitor, the Re\RRE 1G5, value may

not appreciably change). The absolute RRtecificity of
each compound is, therefore, a combination of both the RRE
specificity ratio and its absolute affinity for the RRE. It
should be noted that the igvalues presented for Rev
RRE inhibition are not directly comparable between Tables

experiments (including those using the solid-phase assay andl and 2 because kgvalues (unlikeK; values) are highly

ethidium displacement) were conducted at X2 in a buffer
containing 30 mM HEPES (pH 7.5), KCI (100 mM), sodium
phosphate (10 mM), N¥DAc (20 mM), guanidinium HCI (20 mM),
MgCl; (2 mM), NaCl (20 mM), EDTA (0.5 mM), and Nonidet
P-40 (0.001%). This complex mixture of cations and anions is found
to minimize aggregation and maximize the reversibility of the Rev

RRE interaction (as evident in both anisotropy and solid-phase

assays).

dependent upon the concentrations of components being
inhibited. These parameters are not easily determined for the
solid-phase assay. Despite this, trendsin Rev—RRE G
values are the same for both fluorescence anisotropy (Table
la) and solid-phase displacement experiments (Table 2a).
Ethidium Displacement Experimenfso provide an or-
thogonal, and somewhat more direct approach, for evaluating
RRE specificity, we have used ethidium bromide displace-

emission intensity of the solution is then measured to quantify ment experiments to measure the apparent affinity of each

the fractional inhibition of RevF| binding. RevFl binds to
the immobilized RRE with the same affinity as in solution,

compound for duplex DNA and RNA3Q, 40). The fluo-
rescence emission intensity of ethidium bromide increases

and shows no binding to agarose/strepavidin gel that lacksupon addition of either CT DNA or poly r[A}r[U] duplex

immobilized RRE 80). As in solution, RevFl binds to the
immobilized RRE with high specificity, and it is not

RNA (Figure 4 A). The fraction of ethidium bound as a

function of nucleic acid concentration can, therefore, be

Table 1: RevFH-RRE IG5, Values from Fluorescence Anisotropy (a), Calculated RRE Affinitkg} (b), and Ethidium Displacement &
Values and Apparent Affinitieskf) for poly r[A] —r[U] Duplex RNA (c) and (d), and CT DNA (e) and )

(c) ethidium+ (d) apparent  (e) ethidium+ (f) apparent
(@) RevF-RRE6G6  (b) apparent RRE66 poly r[A]—r[U] rTA] —r[U] CT DNA CT DNA

compound ICs (uM) affinity K; (M) ICsc® (uM) affinity K; (M) ICsc® (uM) affinity K; (M)
neomycin B () 0.9 2.2x 1077 6.0 1.9x 1076 60 3.8x 1075
tobramycin @) 10 2.5x 10°® 25 8.1x 106 >800 >5.00x 104
kanamycin A 8) 100 2.5x 1075 450 1.5x 10 >15000 >9.4x 1073
neo-N-acridine 4) 0.016 2.4x 10°° 0.65 2.0x 1077 0.85 5.1x 1077
neo-S-acridines) 0.017 2.6x 107° 0.05 6.5x 107° 0.14 6.9x 1078
neo-C-acridine) 0.017 2.6x 107° 0.13 3.2x 1078 0.08 3.1x 1078
tobra-N-acridine 7) 0.030 5.9x 107° 1.3 4.1x 1077 0.49 2.9x 1077
kanaA-N-acridine §) 0.045 9.6x 107° 4.4 14x 106 2.1 1.3x 1078
neo—neo Q) 0.017 2.6x 107° 0.067 1.2x 10°8 0.65 3.9x 1077
neo-N-neo 10) 0.015 2.1x 107° 0.035 1.6x 107° 0.45 2.6x 1077
tobra—tobra (1) 0.040 8.4x 107° 0.61 1.9x 1077 1.0 6.1x 1077
tobra-N-tobra {2) 0.043 9.1x 107° 0.47 1.4x 1077 1.5 9.2x 1077
kanaA—kanaA (3) 0.050 1.1x 1078 6.0 1.9x 107 12.0 7.5x 1076
RevlA (14) 0.014 1.9x 10°° 1.0 3.1x 1077 1.3 7.9x 1077

2 Experimental errors are less than or equakt85% of each value’ Using 10 nM each of RRE66 and RevFIL.25uM of ethidium bromide

+ 300 nM (base pairs) of the duplex nucleic acid.
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Ficure 4: Increasing fluorescence intensity of a 1,28 solution of ethidium bromide (excitation 546 nm) upon addition of poly FA]

r[U] (A). Fraction of ethidium bound as a function of nucleic acid concentration (B) as determined by the fluorescence emission intensity

at 600 nm. Scatchard plot for the binding of ethidium by poly ffAlJU] and CT DNA (C). Examples of ethidium displacement experiments
from poly r[A]—r[U] and CT DNA using neo-N-acridine (D).

Table 2: 1Go Values According to Solid-Phase Assay

(@) 1Cso (b) ICso  (c) ICs0
(uM) @M)  (@M)  (d)RRE
without  with CT with specificity
compound competitors DNAP tRNA™x¢  ratio?
neomycin B () 7 8 20 2.0
tobramycin @) 45 48 100 1.6
kanamycin A 8) 750 750 1200 1.3
neo-N-acridine 4) 0.040 0.15 1.2 17
neo-S-acridineg) 0.040 0.45 1.6 26
neo-C-acridine) 0.040 1.7 2.3 50
tobra- 0.24 4.0 2.8 14
N-acridine )
kanaA- 0.61 25 2.2 3.9
N-acridine @)
neo—neo Q) 0.050 0.11 4.8 49
tobra—tobra (L1) 0.13 0.20 2.6 11
kanaA-kanaA (L3) 0.24 0.60 25 6.5
RevlA (14) 0.035 0.080 0.085 2.3

a Experimental errors are less than or equatt85% of each value.
b115uM (base pairs) of CT DNA included. This is approximately a
100-fold molar excess of bases relative to the RRE30uM (bases)
of a tRNA mixture (Sigma type X) included. This is approximately a
100-fold molar excess of bases relative to the RRE&pecificity ratio
= (average IG in the presence of DNA and tRN®)/(ICs in the

absence of other nucleic acids).

determined (Figure 4B). Scatchard analysis of these data

proximately a 4-fold higher affinity to poly r[A}r[U] duplex
RNA (Kg = 0.6 uM) as compared to CT DNAKy = 2.4

uM) (Figure 4C). Upon titration of another ligand, ethidium

is displaced from each nucleic acid, and its fluorescence
intensity decreases back to its value in solution (see Figure
4D for representative examples). The concentration of each
compoundl—14 needed to displace one-half of the ethidium
from either CT DNA or poly r[A}-r[U] duplex RNA is
reported in Table 1. The Kgvalues for ethidium and RevFI
displacement are not directly comparable between columns
a, ¢, and e of Table 1, since d&values (unlikeK; values)

are highly sensitive to the affinities and concentrations of
the components being inhibited. To make thesg i@lues
more comparable, apparent affinitid§)(have been calcu-
lated by assuming a single equivalent of ethidium is displaced
by each equivalent of inhibitor (Table 1d,f). Assumptions
made regarding the binding and displacement stoichiometries
of these interactions may affect the absolute magnitudes of
the reported affinities (Table 1b,d,f), but the relative trends
in the activities of these compounds will be unaffected
(Tables 1a,c,e, and 2). By comparing the trends in the nucleic
acid affinity and specificity of individual compounds (or
families of compounds), the rules that govern aminoglyco-
side-mediated recognition of DNA and RNA can be assessed.

(Figure 4C) indicates that, under these conditions, ethidium  Affinity and Specificity of Unmodified Aminoglycosides
has approximately the same binding stoichiometry for these Consistent with the trends reported in earlier studge24)
two nucleic acids (0.2 equiv of ethidium per base pair). the unmodified aminoglycosided+3) have, in general, a

Consistent with earlier studies3Y), ethidium has ap-

higher affinity to RNA as compared to DNA. Neomycin has
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about a 20-fold higher affinity to poly r[Afr[U] as

10-fold lower RRE affinity than neomycin B, and kanamycin

compared to CT DNA (Table 1d,f). Tobramycin and kana- A has about a 10-fold lower affinity than tobramycin (Table

mycin A each have over a 60-fold higher affinity to poly
rTA] —r[U] as compared to CT DNA, and therefore, exhibit
more RNA selectivity than neomycin B. Results from the

1b). These differences are consistent with the binding of these
compounds to an A-site hairpin, where each additional amino
group increases its RNA affinity by approximately 10-fold

solid-phase assay are similar, where each aminoglycoside(44).

(especially neomycin B) loses more activity in the presence

of tRNA™* than in the presence of CT DNA (Table 2).
Similar results are obtained in the presence of poly +A]
rfU] RNA and plasmid DNA 24). This supports, in general,
a very broad RNA over DNA selectivity by the amino-
glycosides.
Consistent with earlier studiesly, 18, 36, 37, 38),

neomycin B binds to the RRE with an apparent affinity of
approximately 0.2«M (Table 1b). Tobramycin has about a

Consistent with an earlier reportX), neomycin B has a
higher affinity to the RRE as compared to unperturbed duplex
RNA. According to RevFl and ethidium displacement
experiments, neomycin Bl) has about a 10-fold higher
affinity to the RRE as compared to poly r[A}[U] (Table
1b,d). Tobramycin, on the other hand, has only a 3-fold
higher affinity to the RRE than poly r[A}r[U], and
kanamycin A has approximately a 15-fold higher affinity to
the RRE than poly r[A}r[U] (Table 1). These results are
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consistent with differences in Re\RRE inhibition activities
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(Ki = 6 and 70 nM, respectively). Neo-C-acridine, as

of these three compounds when the solid-phase assay isompared to neo-S-acridine, has a lower affinity to poly

conducted in the presence or absence of poly-+fJ] RNA

rfA] —r[U], but a higher affinity to CT DNA withK; = 32

(24), and support a moderate, yet general, preference of theand 31 nM, respectively (Table 1d,f). Neo-N-acridine, on

aminoglycosides for the RRE versus simple duplex RNA.
Affinity and Specificity of NeomyeirAcridine Conjugates
and RelA. Consistent with our initial report2@, 35), both
neo-S-acridineq) and the unlabeled Rev peptide “RevIA”
(14) have approximately the same affinity for the Rev binding
site on the RREK; = ~2 nM) (Tables 1b and 2). In the
presence of CT DNA or tRNA*, however, the activity of

neo-S-acridine drops by 10- and 40-fold, respectively (Table

2). Under these same conditions, thesl®@alues for the
unlabeled Rev peptide drop by only-3-fold (Table 2). This

the other hand, has a much lower affinity to both of these
nucleic acids withK; = 200 and 510 nM for poly r[A}
r[U]) and CT DNA, respectively. Taken together, these
results indicate that the RRE specificity of these neomycin
acridine conjugates is inversely proportional to their linker
length, and that RNA over DNA selectivity of each conjugate
is highly sensitive to linker length.

Affinity and Specificity of Acridine Conjugates of Kana-
mycin and TobramycinVe have conjugated aminoacridine
to the 8' position of both tobramycin and kanamycin A to

indicates that neo-S-acridine has a much higher affinity to provide the new aminoglycoside-acridine conjugates “tobra-
these competing nucleic acids as compared to RevlA, andN-acridine” (7) and “kanaA-N-acridine”§). RevFI displace-

therefore, a much lower RRE specificity (eq 1). Ethidium

displacement experiments provide similar results. Neo-S-

acridine has a 10-fold higher affinity to poly r[AJ[U] than

CT DNA, and it has much higher affinity to both of these
nucleic acids as compared to RevlA (Table 1d,f). Impor-
tantly, the unlabeled Rev peptid&4] exhibits almost a 200-
fold higher affinity to the RRE as compared to poly rfA]
r[U] (Table 1b,d). Neo-S-acridine5), on the other hand,
exhibits only a 2-fold higher affinity to the RRE as compared
to poly r[A]—r[U] duplex RNA (Table 1). This is a lower

ment experiments indicate thatand8 have approximately
400- and 2500-fold higher RRE affinities, respectively, as
compared to their “parent” aminoglycosides (Table 1b). In
contrast, the conjugation of acridine to neomycin B increases
its affinity to the RRE by approximately 100-fold (Table 1).
Interestingly, neithef7 nor 8 exhibit a general selectivity
for RNA over DNA. These compounds, in fact, have slightly
higher affinities to CT DNA as compared to both poly rfA]
r[U] and tRNA™* (Tables 1d.,f, and 2ac). This is the
opposite trend as exhibited by neo-N-acridid® (nterest-

RRE selectivity than that observed for the parent compound, ingly, the unlabeled Rev peptide is highly specific for the
neomycin B. Taken together, these results indicate that theRRE, but, in general, it is not very selective for RNA over

RNA over DNA selectivity of neo-S-acridine is largely

DNA (Tables 1 and 2). It appears, therefore, that high RNA

maintained by the conjugate, but that the RRE specificity of selectivity is not a prerequisite for high RRE specificity.

neo-S-acridine (with respect to other RNAS) is very poor.

Consistent with this, the kanamycin A- and tobramyein

Both of these properties, however, vary as a function of acridine conjugates exhibit better RRE specificity ratios than

linker-length.

We have synthesized two new neomyeacridine con-
jugates with different linker lengths (compoundisand 6,
Figure 1) and evaluated their RRE affinity and specificity.
Neo-N-acridine 4) has a shorter linker than neo-S-acridine,

the neomycir-acridine conjugates, but little if any RNA over
DNA selectivity (Tables 1 and 2).

All aminoglycoside-acridine conjugate4(-8) exhibit a
high affinity for the RRE K; < 10 nM, Table 1b). The solid-
phase assay indicates, however, that compared to all other

but both compounds have approximately the same affinity acridine conjugates kanaA-N-acridine has the best RRE

for the Rev binding site of the RRE (Tables 1 and 2). In
contrast to neo-S-acridined); neo-N-acridine 4) retains

specificity ratio (Table 2d). Consistent with this, ethidium
displacement experiments (Table 1) confirm that kanaA-N-

much more of its activity in the presence of a vast excess of acridine has a relatively low affinity to both CT DNA and

CT DNA and tRNA"™ (Table 2). Consistent with this finding,

poly r[A]—r[U] (K; = ~1 uM). Neo-N-acridine and tobra-

ethidium displacement experiments indicate that neo-N- N-acridine, on the other hand, bind to these nucleic acids
acridine @) has much lower affinities to CT DNA and poly  with much higher affinities (Table 1) and exhibit lower RRE
rTA] —r[U] RNA (7- and 30-fold lower affinities, respectively)  specificity ratios than kanaA-N-acridine (Table 2). Interest-
as compared to neo-S-acridine (Table 1d,f). Neo-N-acridine ingly, the neomycin-based acridine conjugates have, in
has almost a 100-fold higher affinity to the RRE as compared general, the highest RRE affinity and the lowest RRE
to poly rf[A]—r[U] (Table 1b,d), and it exhibits the best RRE specificity; the kanamycin A derivatives have a slightly lower
specificity ratio (lowest value) as compared to all the other RRE affinity and the best RRE specificity; and the tobra-

neomycin derivatives evaluated (compoudd$, 6, and9,
Table 2d).

Interestingly, all of the three neomyeiracridine conju-
gates 4—6) have (within experimental error) the same RRE

mycin derivatives have both an intermediate affinity and
specificity (Tables 1 and 2). A similar trend is also observed
for the aminoglycoside dimers.

RRE Affinity and Specificity of Aminoglycoside Dimers

affinity (Tables 1 and 2). These compounds, however, have Dimerization dramatically increases the affinity of aminogly-

different RRE specificity ratios (Table 2d). Neo-N-acridine

cosides to many different RNAs including the HH16 ri-

has the shortest linker length and the best RRE specificity, bozyme 26), tRNAP"® (6), a dimerized A-site 45), the

neo-C-acridine has the longest linker and the worst specific-

Tetrahymenaibozyme @6), and the RRE (Tables 1 and 2).

ity, and neo-S-acridine has an intermediate linker length and Dimerization increases the binding affinity of aminoglyco-

an intermediate RRE specificity (Table 2d). Ethidium

sides to both poly r[A}r[U] and the RRE by up to 1000-

bromide displacement experiments support this trend andfold depending on the identity of the aminoglycoside (Table

indicate that neo-S-acridine binds to simple duplex RNA
(poly r[A] —r[U]) and CT DNA with high apparent affinities

1). The dimerization of neomycin B increases its affinity to
the RREG6, poly r[A}-r[U], andCT DNA by approximately
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100-fold (compoundd, 9, and 10, Table 1). The dimeric  tobra—tobra (L1) versus tobraN-tobra (L2), or for neo-
neomycin B derivatives9 and 10) have similar affinities neo Q) versus nee-N-neo (0) (Table 1). Nee-N-neo @0),
(Ki = 1—10 nM) to both poly r[A}-poly r[U] and the RRE66 however, possesses the same linker length as neo-C-acridine

(Table 1). The solid-phase assay indicates thatimem Q) (6), allowing a direct comparison between the two com-
also has a high affinity to a mixture of tRNAs. In the pounds. Both the neomycin dimer and acridine conjugate
presence of tRNAX it loses about 100-fold of its Rev (10and6, respectively) have approximately the same affinity

RRE inhibitory activity (Table 2a,c). This unusually high for the Rev binding site on the RRE (Table 1). This suggests
general affinity for RNA gives rise to nemeo’s very poor that both the neomycin and acridine moieties contribute
RRE specificity ratio (Table 2d). Indeed, the neomycin approximately the same binding energy to the interaction
dimers exhibit little if any preference for the RRE over between RRE66 and the neo-acridine conjugate.
simple duplex RNA (Table 1). Neomycin's RNA over DNA
selectivity is, however, maintained upon dimerization. The pjSCUSSION
neomycin dimers have 10100 fold higher affinities to poly
rTA] —r[U] duplex RNA as compared to CT RNA (Table 1), Neomycir-Acridine ConjugatesEnzymatic footprinting
and the inhibitory activity of neeneo decreases by only experiments by Zapp et al. suggested that neomycin B binds
2-fold in the presence of a vast excess of CT DNA (Table near the purine-rich bulge on the RRE2). Flanking this
2a,b). internal bulge is a single adenosine bulge (Figure 2).
Tobra—tobra (L1) has a 300-fold higher affinity to the RRE Intercalating agents are known to preferentially bind to
when compared to the parent compound tobramy8&n ( duplex regions that contain single-base bulgéh.(In an
(Table 1). As observed for nemeo, tobra-tobra retains attempt to create an RRE ligand that will simultaneously
most of its Rev-RRE inhibition activity in the presence of recognize both the RRE’s internal G-rich bulge as well as
excess CT DNA and loses activity in the presence of other its single adenosine base-bulge, 9-aminoacridine was con-
RNAs (Table 2). Compared to nemeo, tobra-tobra has jugated to the 5 hydroxyl of neomycin B 23). Preliminary
about a 3-fold lower RRE affinity (Tables 1 and 2), butitis binding studies with compoun®d and the RRE were
about 2-fold more active for Rev-RRE inhibition in the  conducted using native gel shift electrophoresis and enzy-
presence of tRNA* (Table 2). This indicates that tobra matic footprinting experiments in the presence of a large
tobra has a significantly higher specificity for the RRE as excess of tRNA* (23). These experiments showed that neo-
compared to neoneo. Ethidium displacement experiments S-acridine §) binds within the Rev binding site of the RRE,
confirm that upon dimerization of tobramycin, about a 40- and that it displaces a Rev peptide with about a 10-fold higher
fold increase in affinity for simple duplex RNA is observed, activity as compared to neomycin B)((23). This is the
which is much lower than the 300-fold increase in RRE same difference between these compounds according to the
affinity. The dimerization of neomycin B, on the other hand, solid-phase assay when RevFI displacement experiments are
increases its affinity to both the RRE and poly rfAJU] conducted in the presence of an excess of tRKNATable
by about the same factor (Table 1). 2c). In the absence of competing nucleic acids, however,
The dimerization of kanamycin A increases its affinity to neo-S-acridine inhibits Rev-RRE binding about 100-fold
the RRE by 2200-fold, and for poly r[A]r[U] an increase better than neomycin B (Tables 1a and 2a). The reason for
of only 80-fold is observed (Table 1). Compared to all the this 10-fold difference is that neo-S-acridine binds to many
aminoglycoside dimers evaluated, the kand&naA dimer nucleic acids (including CT DNA, poly r[Atr[U], and
(13) has the best RRE specificity ratio (Table 2). Ethidium tRNA™X) with high affinity (Tables 1 and 2). The RRE
displacement experiments confirm that, compared to all the specificity of neo-S-acridine can, however, be improved by
high-affinity RRE ligandsiy < 10 nM), the kanaA-kanaA shortening the linker between its two moieties.
dimer has the lowest affinity to simple duplex DNA and All three neomycin-acridine conjugated—6 have ap-
RNA (Table 1d,f). These trends are very similar to those proximately the same RRE affinity (Tables 1 and 2). The
observed for the aminoglycosigacridine conjugates, where  differences in their RRE specificity ratios are, therefore,
the conjugates with slightly lower RRE affinities typically directly proportional to their differences in RRE specificity
exhibit better RRE specificities. Interestingly, the karaA  (eq 1). An obvious trend in RRE specificity is observed for
kanaA dimer exhibits a 2-fold better ReRRE inhibitory these three conjugates: the linker length is inversely
activity in the presence of tRN& than does neeneo, even proportional to their RRE specificity (Table 2d). Ethidium
though nee-neo has a 5-fold higher RRE affinity than does bromide displacement experiments confirm that, compared
kanaA—kanaA (Tables 1 and 2). This illustrates the inherent to neo-N-acridine, both neo-C-acridine and neo-S-acridine
difficulty of measuring RNA affinities in the presence of have higher affinities to simple duplex RNA and DNA (Table
nonspecific competing nucleic acids, as the measurementsic—f). The short linker in neo-N-acridine may impose fewer
can reflect the selectivity of the interactions, not necessarily degrees of freedom onto the conjugate and, therefore, fewer
the trends in affinity. nucleic acids can bind to it with high affinity. Interestingly,
Linker lengths play a major role in the RRE specificity of the conjugate with a medium-length linker (neo-S-acridine)
the neomycir-acridine conjugates where shorter linkers has the “optimal” linker length for binding to poly r[A]
provide higher RRE specificity (presented above). Neomycin r[U] duplex RNA (Table 1d). This may indicate that neo-
B and tobramycin dimers were, therefore, synthesized with N-acridine has “too short” of a linker for both the acridine
two different linkers (Figure 5). Unlike the trends observed and the neomycin moieties to bind to poly rfAjU]
for the neomycir-acridine conjugates with different lengths, simultaneously. On the other hand, the long linker of neo-
we have not observed significant differences in thgyIC C-acridine may impose a small entropic disadvantage for
values for RevFl or ethidium bromide displacement for the simultaneous binding of both moieties to poly HA]
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r[U]. Both the solid-phase assay and ethidium bromide
displacement experiments indicate that neo-C-acrid@e (
has the highest affinity to CT DNA, followed by neo-S-
acridine 6), and finally neo-N-acridine4) (Tables 1 and
2). The longer linker of neo-C-acridine may give DNA better
“access” to the intercalating moiety, as neomycin B is an
RNA-selective molecule and acridine is essentially a non-
specific intercalating agen#i®). These results indicate that
both the RNA over DNA selectivity, and the RRE specificity
of aminoglycoside intercalator conjugates is “tunable” by
variation of linker length.

Tok et al. have also recently reported intercalator
glycoside conjugates with linkers of variable leng#8)(

Biochemistry, Vol. 42, No. 39, 20031401

Dimeric Aminoglycosidedlany different RNAs, including
the RRE, are reported to contain multiple binding sites for
neomycin B 8, 36). Aminoglycoside dimers can, in principle,
simultaneously occupy one or more binding sites, resulting
in entropic and enthapic advantages relative to the mono-
meric species. The synthesis and evaluation of aminoglyco-
side dimers was first reported by Wang and Ta6)(
Subsequently, it has been shown that the dimerization of
neomycin B, kanamycin B, and tobramycin enhances their
binding of a wide range of unrelated RNAs, including the
HH16 ribozyme 26), tRNAP"¢(6), a dimerized A-site45),
the Tetrahymena ribozym@!6), and the HIV-1 packaging
domain @8). No studies, until now, have systematically

Their approach involved incorporation of methylene spacers examined the RNA and DNA affinity and specificity of these

to link the 8' amine of paromomycin to either pyrene or

compounds.

thiazole orange. Subsequent evaluation of these compounds Unlike the acridine conjugates, the RNA over DNA
as A-site antagonists indicated that as the number of atomsselectivity of the aminoglycoside is largely maintained upon

in the linker increases, the A-site affinity decreasts.(This

dimerization. Both neeneo @) and neomycin BJ) exhibit

is markedly different than the trend observed here, as all of about a 20-fold higher affinity to r(A)r(U) as compared to
the neo-acridine conjugates have, within error, the same RRECT DNA (Table 1). Most of the acridine conjugates; T,

affinity (Tables 1 and 2). In addition, the neo-acridine
conjugates with longer linkers hat@heraffinities to duplex
DNA and RNA. It is possible that hydrophobic linkers
(including polymethylene chains) introduce a penalty for
binding nucleic acids43). Indeed, other groups have found
that linker composition is an important determinant for RNA
binding @7). Ethylene glycol and thioether linkers are
neutral, but well-hydrated, flexible linkages that should not,
by themselves, significantly interact with RNA. Indeed, we
have evaluated the synthetic precursor of the-+rem dimer
(9) that has a glycol linker attached at the Bydroxyl of
neomycin (see Supporting Information for synthesis and
structure of B-B-mercaptoethylether-neomycin B). This
“linker-only” neomycin B conjugate has approximately the
same RRE affinity i = 150 nM) as unmodified neomycin
B (Ki = 220 nM). This indicates that the position and
composition of this particular linker does not, in itself,
dramatically affect the RRE affinity of the resulting conju-
gates.

Tobramycin and KanamycirAcridine ConjugatesCom-
pared to Neo-N-acridine, kanaA-N-acridir® has a slightly
lower RRE affinity, but it exhibits a better RRE specificity.
Tobra-N-acridine7) has an RRE affinity and specificity that

and8), on the other hand, have approximately the same or
even higher affinity to duplex DNA as compared to RNA
(Tables 1 and 2). The solid-phase assay gives similar results.
In the presence of CT DNA, the acridine conjugatési(
and8) lose 4- through 40-fold of their RevRRE inhibitory
activity, while the inhibitory activities of the aminoglycoside
dimers 9, 11, 13) as well as RevIA14) diminish very little
(about 2-fold) (Table 2). The RRE specificity of the
aminoglycoside dimers suffers, however, from their high
affinity to many other RNAs (Tables 1 and 2).

Another group has recently published the binding of-neo
neo @) and tobra-tobra (L1) to a minimized RRE construct
“RREIIB-TR” (37). Tok et al. have reported that the
dimerization of neomycin increases its RRE affinity by 17-
fold (37). Our results indicate a 100-fold increase (Tables 1
and 2). Surprisingly, the dimerization of tobramycin was
previously reported to have no effect on its RRE affinity
(37). Our results, however, indicate that dimerization of
tobramycin increases its affinity to the RRE66 by 300-fold.
There are a number of potential reasons for these differences.
The difficulties we have previously encountered when
making serial dilutions of these compounds in pure water
(i.e., significant loss of neeneo and tobratobra onto pipet

are intermediate between the neo-acridine conjugates andips and tubes) may, in part, explain some of these discrep-
kanaA-N-acridine (Tables 1 and 2). This indicates that there ancies (thus decreasing the apparent activities of-neo

is an inverse relationship between the RRE affinity and
specificity of these aminoglycosidecridine conjugates.

and tobra-tobra). Making serial dilutions of these com-
pounds in buffer can minimize these losses. In addition, it

Consistent with this, Wong et al. have established a correla-is possible that the aminogycoside dimers do not bind to the
tion between the number of amines on aminoglycosides with same sites on the RREIIB-TR as compared to the RREG66.

their nonspecific binding affinity for an A-site hairpid4).
The same relationship is apparent with thamodified
aminoglycosides for binding to both the RRE66 and poly
rf[A] —r[U], where approximately a 10-fold increase in RNA
affinity is gained for each additional amine (compoufés3,
Table 1 and re#}4). This same relationship, however, does
not hold true for the acridine conjugates. For compoufids
7, and8, approximately a 2.5-fold increase in binding affinity

This does not, however, seem to be a sufficient explana-
tion, as Tok et al. have reported approximately the same
affinities for RREIIB-TR binding to each of the monomeric
species (tobramycin2j and neomycin B X)) as we have
measured for the RRE66 (Table 1 and 3&j. In addition,
Tok et al. used 600 nM of RREIIB-TR to measure an RRE
affinity (K;) of 10 nM for nee-neo Q) (37). This should
not, in theory, be possible, as examination of their raw data

is observed for each additional amine (Table 1). This may suggests that 10 nM of nemeo somehow binds to 400 nM
highlight a potential advantage of molecules that contain an of the RREIIB-TR @7). The |G values that we report for
intercalating moiety, where the relationship between chargethese interactions, on the other hand, do not violate any

and binding affinity is less “steep” than for compounds that
solely rely upon electrostatic interactions for RNA binding.

theoretical limits for 1:1 associations, where sdC>
6.5 nM for RevFl displacement and 4£> 30 nM for
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ethidium displacement experiments (see Experimental Sec-ACKNOWLEDGMENT
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Comparison of Aminoglycoside Dimers and Acridine preliminary synthesis of neo-N-acridine.

ConjugatesSome trends in RRE affinity and specificity are
apparent for both the aminglycoside dime®s {1, and13)

and the aminoglycosideacridine conjugates( 7, and8).
Among all modified aminoglycosides, the kanamycin-based
derivatives 8 and13) exhibit the lowest RRE affinities and
the best RRE specificities. Their RRE specificity ratios are
similar to the ratio exhibited by the unlabeled Rev peptide
(Table 2d). The neomycin-based derivativdsafid 9), in
contrast, exhibit the highest RRE affinities and the worst

SUPPORTING INFORMATION AVAILABLE

Synthesis and characterization of neo-N-acridine, neo-C-
acridine, tobra-N-acridine, kana-N-acridine, reeo, neo-
mycin B conjugate, tobra-N-tobra, and neo-N-nédNMR
spectra of neo-N-neo, nemeo, 5'-3-mercaptoethylether-
neomycin B, and neomycin B. Representative data for the
displacement of RevF| from the solid-phase immobilized
RRE. This material is available free of charge via the Internet

RRE specificities. The tobramycin derivatives §nd 11)
exhibit RRE affinities and specificities that are intermediate

at http://pubs.acs.org.
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