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ABSTRACT: RNAs have diverse structures that are important for biological function. These structures include
bulges and internal loops that can form tertiary contacts or serve as ligand binding sites. The most commonly
exploited RNA drug target for small molecule intervention is the bacterial ribosome, more specifically the rRNA
aminoacyl-tRNA site (rRNA A-site) which is a major target for the aminoglycoside class of antibiotics. The
bacterial A-site is composed of a 1 x 1 nucleotide all-U internal loop and a 2 x 1 nucleotide all-A internal loop
separated by a single GC base pair. Therefore, we probed the molecular recognition of a small library of four
aminoglycosides for binding a 16384-member bacterial rRNA A-site-like internal loop library using two-
dimensional combinatorial screening (2DCS). 2DCS is a microarray-based method that probes RNA and
chemical spaces simultaneously. These studies sought to determine if aminoglycosides select their therapeutic
target if given a choice of binding all possible internal loops derived from an A-site-like library. Results show that
the bacterial rRNA A-site was not selected by any aminoglycoside. Analyses of selected sequences using the RNA
Privileged Space Predictor (RNA-PSP) program show that each aminoglycoside preferentially binds different
types of internal loops. For three of the aminoglycosides, 6”-azido-kanamycin A, 5-O-(2-azidoethyl)-neamine, and
6"-azido-tobramycin, the selected internal loops bind with ~10-fold higher affinity than the bacterial rRNA
A-site. The internal loops selected to bind 5”-azido-neomycin B bind with an affinity similar to that of the
therapeutic target. Selected internal loops that are unique for each aminoglycoside have dissociation constants
ranging from 25 to 270 nM and are specific for the aminoglycoside they was selected to bind compared to the other
arrayed aminoglycosides. These studies further establish a database of RNA motifs that are recognized by small
molecules that could be used to enable the rational and modular design of small molecules targeting RNA.

Most cellular RNAs are single-stranded and fold back onto
themselves to minimize their free energy. This provides RNA
with structural diversity, forming a variety of motifs such as
bulges, internal loops, hairpin loops, and multibranch loops.
These individual motifs in RNA often dictate the function of the
larger biomolecule. For example, a hairpin loop and an internal
loop form the tetraloop receptor in group I and group II
introns (/—3). Deletion of these structures impairs self-
splicing (/—3). Riboswitches make up another functionally
important class of RNAs whose structure dictates function.
These RNAs alter their structures in response to the concentra-
tion of metabolites to either stimulate or repress translation of
mRNAs that contain these switches (4). Several small mole-
cules have been found to “short-circuit” riboswitch function in
bacteria and are serving as promising new leads for the develop-
ment of antibacterial agents (9).

Despite its importance in biology, RNA is underexplored as a
drug target. One barrier to targeting RNA is the limited informa-
tion available on RNA—ligand interactions. Currently, rRNA is
the most studied and perhaps the most biologically significant
RNA target for small molecules (6). The aminoacyl-tRNA site
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(A-site)' of the bacterial ribosome, which is located in the 16S
rRNA of the 30S subunit, is the primary target of the aminoglyco-
side class of antibiotics (7). This region is involved in the
recognition of cognate tRNAs and is critical for the maintenance
of fidelity in translation (§). A series of hydrogen bonding
interactions in the A-site help stabilize the binding of an mRNA
codon with the cognate tRNA anticodon (7, 9, 10).

The bacterial A-site is composed of a 1 x 1 nucleotide all-U
internal loop separated by one GC pair from a 2 x 1 nucleotide
all-A internal loop. The antibacterial activity of aminoglycosides
is directly attributed to their effects on the recognition of cognate
and noncognate tRNAs in the ribosome (8, /7). Aminoglycoside
binding to the A-site leads to indiscriminant recognition of
cognate and noncognate tRNAs. This results in mistranslation
of proteins and slowed bacterial growth. Crystal and NMR
structures of various aminoglycoside antibiotics complexed with
oligonucleotide mimics of the A-site or the whole ribosome show
specific hydrogen bonds are formed between the hydroxyl and
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chain reaction; RNA-PSP, RNA Privileged Space Predictor; RT-PCR,
reverse transcription polymerase chain reaction; RQ, RNA-Qualified;
SDS, sodium dodecyl sulfate; TBTA, tris(benzyltriazolylmethyl)amine;
Tris-HCI, tris(hydroxymethyl)aminomethane hydrochloride.
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FIGURE 1: Secondary structures of the oligonucleotides used in this
study. 1 is the 4 x 3 nucleotide asymmetric internal loop library,
where N represents an equimolar mixture of A, C, G, and U. RNA 2
is an oligonucleotide mimic of the bacterial A-site. Oligonucleotides
3—9 are used to compete off interactions with the regions in 1 that are
common to all library members.

amino groups of aminoglycosides and the RNA (/2—15). Other
studies have investigated aminoglycosides binding to other RNA
motifs (/6—18), but none have attempted to select an oligonu-
cleotide mimic of the bacterial A-site from a mixture of A-site-like
structures (1, Figure 1).

To identify the A-site-like RNAs that bind to four amino-
glycoside derivatives, we used two-dimensional combinatorial
screening (2DCS) coupled with the RNA Privileged Space Pre-
dictor (RNA-PSP) program. This approach rapidly identifies the
specific, privileged RNA space for multiple ligands simultaneously
by probing RNA and chemical spaces in parallel (/6). Results
showed that aminoglycosides do not select their therapeutic target
if given a choice. In fact, three of the aminoglycosides prefer RNAs
with other predicted structures, including 4 x 3 nucleotide internal
loops, 3 x 2 nucleotide internal loops, and 1 x 1 nucleotide internal
loops separated by 2 base pairs from a one-nucleotide bulge. This
study defines the A-site-like internal loops that are recognized by
aminoglycosides and also expands the database of known RNA
motif—ligand interactions that can be used to rationally design
modularly assembled small molecules that target RNA (19, 20).

MATERIALS AND METHODS

Azido Aminoglycosides. All azido aminoglycosides and the
corresponding fluorescein-labeled derivatives were synthesized as
previously described (16).

Construction of Alkyne-Functionalized Microarrays.
Microarrays were constructed as previously described (21, 22).
Briefly, agarose-coated slides were prepared by applying ~2 mL
of a 1% agarose solution to Silane-Prep slides (Sigma-Aldrich
Co., St. Louis, MO). After the agarose dried to a thin film at
room temperature, the slides were submerged in a 20 mM
aqueous solution of NalOy4 for 30 min (23). Oxidized agarose
slides were then washed with water (3 x 5 min). To display
alkynes on the surface, the slides were then reacted with 20 mM
propargylamine in 0.1 M NaHCO; overnight. The resulting
imine was reduced with a 4:1 1x phosphate-buffered saline
(PBS)/ethanol mixture containing 32 mM NaCNBH; for 3 min
at room temperature. The remaining periodate was quenched by
submerging slides in 10% aqueous ethylene glycol for 1.5 h at
room temperature. Slides were then washed with 0.1% sodium
dodecyl sulfate (SDS, 3 x 5 min) and water (5 x 5 min) and
allowed to dry to a thin film at room temperature.
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Construction of Azido Aminoglycoside Microarrays.
Azido aminoglycosides were immobilized onto an alkyne-
functionalized agarose surface via a Huisgen 1,3-dipolar cyclo-
addition reaction (21, 22, 24—26). Serial dilutions of azido
aminoglycoside were mixed with 1x spotting solution [10 mM
Tris-HCI (pH 8.5), 1 mM CuSOy4, 1 mM vitamin C, 100 uM
TBTA (26), and 10% glycerol]. A 200 nL aliquot of each serial
dilution was then spotted onto the surface (five 1:5 dilutions
beginning with 5 mM azido aminoglycoside). A negative control
for nonspecific binding of RNA to the slide surface was generated
by delivering 200 nL of 1x spotting solution to the slide surface.
The spotted microarray was placed in a humidity chamber for
3 h. The array was then washed three times (5 min each) with 1x
hybridization buffer | (HBI) [20 mM HEPES (pH 7.5), 150 mM
NaCl, and 5 mM KClI] and then water (3 x 5 min). The arrays
were left to dry to a thin film on the benchtop before use.

General Nucleic Acids. All DNA oligonucleotides were
purchased from Integrated DNA Technologies Inc. (IDT,
Coralville, IA) and used without further purification. The
RNA competitor oligonucleotides were purchased from
Dharmacon (Lafayette, CO) and deprotected according to
the manufacturer’s standard procedure. All aqueous solu-
tions were made with NANOpure water.

RNA Library and Competitor Oligonucleotides. The
RNA library (1, Figure 1) displays a 4 x 3 nucleotide internal
loop pattern with closing GC base pairs embedded in a hairpin
cassette (27). We chose this pattern since it mimics the bacterial
A-site (2, Figure 1). Library 1 was synthesized by in vitro
transcription from the corresponding DNA template that was
custom-mixed at the randomized positions to ensure equivalent
representation of all four nucleotides.

RNA Transcription and Purification. RNA oligonucleo-
tides were transcribed using an RNAMaxx transcription kit
(Stratagene) according to the manufacturer’s protocol using
12.5 uL of the amplified DNA template from a PCR described
below or 1 pmol of DNA template purchased from IDT. After
transcription, 1 unit of DNase I (Invitrogen, Carlsbad, CA) was
added, and the sample was incubated for an additional 30 min at
37 °C. Transcribed RNAs were then purified by gel electro-
phoresis on a denaturing 15% polyacrylamide gel. The RNAs
were visualized by UV shadowing and extracted into 300 mM
NaCl by being tumbled overnight at 4 °C. The resulting solution
was concentrated with 2-butanol, and the RNA was ethanol
precipitated. The RNAs were resuspended in 150 uL. of NANO-
pure water, and the concentrations were determined by the
absorbance at 260 nm and the corresponding extinction coeffi-
cient. Oligonucleotide extinction coefficients were determined
using HyTher version 1.0 (N. Peyret and J. SantaLucia, Jr.,
Wayne State University, Detroit, MI) (28, 29). These parameters
were calculated from information about the extinction coeffi-
cients of nearest neighbors in RNA (30).

The A-site-like library (1) was radioactively labeled by runoff
transcription using half the concentration of cold ATP per the
manufacturer’s protocol and 10 4L of [a-**PJATP (3000 Ci/mol
(PerkinElmer, Waltham, MA).

RNA Selection. The radioactively labeled internal loop
library (1, 50 pmol) and competitor oligonucleotides [3—9,
50 nmol each (Figure 1)] were annealed separately in 1x HBI
at 60 °C for 5 min and allowed to slowly cool on the benchtop.
MgCl, was then added to a final concentration of 1 mM.
Annealed RNAs were mixed together in a total volume of
400 uL. Azido aminoglycoside microarrays were pre-equilibrated
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with 1x HBI supplemented with 1 mM MgCl, and 40 ug/mL
bovine serum albumin (BSA), hybridization buffer 2 (HB2) for
5 min at room temperature to prevent nonspecific binding. After
the slides were pre-equilibrated, the annealed RNAs were
pipetted onto the slide and evenly distributed across the slide
surface with a custom-cut sheet of Parafilm. Slides were hybri-
dized at 37 °C for 30 min. After the 30 min hybridization period,
the slides were washed by being submersed in 30 mL of HB2 for
30 min with gentle agitation. This step was repeated three times.
Excess buffer was removed from the slide surface, and the slides
were left on the benchtop to dry.

The arrays were exposed to a phosphorimager screen and
imaged using a Bio-Rad FX phosphorimager. The image was
used as a template to identify spots that bound RNA and to
mechanically remove them from the surface. A 200 nL aliquot of
NANOpure water was added to the spot to be excised. After 30s,
excess water was pipetted from the surface (most is absorbed),
and the gel at that position was excised.

Reverse Transcription Polymerase Chain Reaction (RT-
PCR) Amplification. The agarose containing bound RNAs
was placed into a thin-walled PCR tube with 16 4L of H,O, 2 uL
of 10x RQ DNase I buffer, and 2 units of RQ DNase I (Promega,
Madison, WI). The tube was vortexed, centrifuged for 4 min at
8000g, and then incubated at 37 °C for 2 h. The reaction was
quenched by addition of 2 uL of 10x DNase stop solution
(Promega), and the sample was incubated at 65 °C for 10 min to
inactivate the DNase. This solution was used for reverse tran-
scription polymerase chain reaction (RT-PCR) amplification.
Reverse transcription reactions were completed in 1 x RT buffer
(supplied by the manufacturer), | mM dNTPs, 5 uM RT primer
[5-d(CCTTGCGGATCCAAT)], 200 ug/mL BSA, 3.5 units of
reverse transcriptase (Life Sciences, Inc., St. Petersburg, FL), and
20 uL of the selected RNAs treated with DNase I. The reaction
mixture was incubated at 60 °C for 1 h. To 20 uL of the RT
reaction mixture were added 6 uL of 10x PCR buffer [1x PCR
buffer consists of 10 mM Tris-HCI (pH 9.0), 50 mM KCl, and
0.1% Triton X-100], 4 uL of 100 uM PCR primer [5'-d(GGCCG-
GATCCTAATACGACTCACTATAGGGAGAGGGTTT-
AAT)], 2uL of 100 uM RT primer, 0.6 uL of 250 mM MgCl,,
and 0.1 uL of Taq DNA polymerase. PCR cycling conditions (two
steps) were as follows: 95 °C for | min and 72 °C for 1 min (27).
Aliquots of the RT-PCR mixtures were checked every five cycles
starting at cycle 25 on a denaturing 15% polyacrylamide gel stained
with ethidium bromide or SYBR Gold (Invitrogen).

Cloning and Sequencing. The RT-PCR products were
then digested with BamHI and EcoRI restriction enzymes
and cloned into the corresponding site of the pUCI9 vector.
Sequencing was completed by Functional Biosciences, Inc.
(Madison, WI).

PCR Amplification of DNA Templates Encoding Se-
lected RN As. The DNA templates encoding the selected RNAs
were PCR amplified from the harvested plasmid DNA
(Eppendorf Fast Plasmid Mini kit) in 50 4L of 1x PCR buffer,
4.25 mM MgCly, 0.33 mM dNTPs, each primer (RT and PCR
primers) at 2 uM, and 0.1 uL of Taqg DNA polymerase. The DNA
was amplified by 25 cycles at 95 °C for 30 s, 50 °C for 30 s, and
72 °C for 1 min. All PCR mixtures were checked by gel electro-
phoresis on a 5% agarose gel stained with ethidium bromide.

Identification of Trends in Selected RNAs and RNA
Secondary Structure Prediction. The secondary structures of
all selected RNAs were predicted by free energy minimiza-
tion using Mfold (3/—33). The structures were then analyzed
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computationally for commonalities using the RNA Privileged
Space Predictor (RNA-PSP) program, version 1.1 (18).
RNA-PSP was used to determine statistically significant
sequence trends in the selected RNAs. RNA-PSP generates all
sequences contained in library 1 and compares these sequences to
the sequences selected to bind the arrayed ligands. Each potential
trend is first assigned a Z score using eqs 1 and 2 (34), which
determine statistical significance:
D — nmpy+nap;
ny+m

(1)

_ PP
o = S o)1y 5 1) 2

where 7y is the size of population 1 (the selected mixture), n, is the
size of population 2 [the entire library (1), 16384 unique RNAs],
p1 is the observed proportion of population 1 displaying the
trend, and p, is the observed proportion of population 2 (1)
displaying the trend. The corresponding Z scores were then
manually converted to two-tailed p values using a Standard
Normal (Z) Table (35). Two-tailed p values correspond to the
confidence interval for the trend of interest. For example, a two-
tailed p value of 0.001 means that there is a 0.1% chance that the
observation occurred randomly.

Fluorescence Binding Assays. Dissociation constants were
determined using an in-solution, fluorescence-based assay (16, 22).
A selected RNA or RNA mixture was annealed in HBI supple-
mented with 40 ug/mL BSA at 60 °C for 5 min and allowed to
slowly cool to room temperature. Then, MgCl, and the fluore-
scently labeled aminoglycoside [10-FL, 11-FL, 12-FL, or 13-FL
(Figure 2A)] were added to final concentrations of 1 mM and
50 nM, respectively. Serial dilutions (1:2) were then completed in
1 x HB2 containing 50 nM fluorescently labeled azido aminoglyco-
side. The solutions were incubated for 30 min at room temperature
and then transferred to a well of a black 96-well plate. Fluorescence
intensity was measured using a Bio-Tek FLX-800 plate reader. The
change in fluorescence intensity as a function of RNA concentra-
tion was fit to eq 3 (36):

I =Iy+0.5Ae{[FL], + [RNA], + K,

—[([FL}, + [RNAJ, + K))* = 4[FL],[RNAJ|"*}  (3)

where 7 is the observed fluorescence intensity, I is the fluorescence
intensity in the absence of RNA, Ae is the difference between the
fluorescence intensity in the absence of RNA and in the presence of
an infinite RNA concentration and is in units of M~", [FL], is the
concentration of fluorescently labeled azido aminoglycoside,
[RNA]y is the concentration of the selected internal loop or control
RNA, and K; is the dissociation constant. Control experiments
were conducted as previously described with FITC-triazole (22),
which contains the dye and triazole linkage but no aminoglycoside.
No change in fluorescence is observed up to 5 M 1 (entire internal
loop library), indicating that the aminoglycoside is required for
binding.

RESULTS AND DISCUSSION

To determine the specific asymmetric internal loops (AILs)
that prefer to bind different aminoglycosides, 2DCS was used
to probe the binding of members of library 1 [16384 library
members (Figure 1)] to a four-member aminoglycoside library
(Figure 2A) (16). The RNA library (1, Figure 1) used in these
studies was designed using structures of aminoglycosides
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F1GURE 2: Two-dimensional combinatorial screening (2DCS) assay for identifying RNA loop—ligand interactions. (A, top) Chemical structures
of'azido aminoglycosides used in this study: 10—13 are kanamycin A, tobramycin, neamine, and neomycin B derivatives, respectively. (A, bottom)
Immobilization of 10—13 onto alkyne-displaying agarose microarrays for 2DCS or for conjugation of 10—13 to fluorescein (green ball) via
a Huisgen 1,3-dipolar cycloaddition reaction (HDCR) to yield 10-FL, 11-FL, 12-FL, and 13-FL, respectively. AmG refers to aminoglycoside.
(B, top) Image of an aminglycoside-functionalized microarray displaying 10—13 after hybridization with radioactively labeled 1 and com-
petitor oligonucleotides 3—9. Aminoglycoside derivatives were immobilized onto the slide surface using a HDCR at five different concentra-
tions. (B, bottom) Bound RNAs were harvested from the microarray surface by manual excision using the image of the hybridized slide as a template.

bound to an oligonucleotide mimic of the bacterial A-site
(2, Figure 1) (12, 13, 37). In these structures, it was found that
either direct or water-mediated contacts are formed to seven
bacterial A-site nucleotides (shown in orange lettering in 2 in
Figure 1). Thus, each of these nucleotides was randomized to
create the A-site-like library (1).

Library 1 is structurally diverse and contains other types of
structures besides the 1 x 1 and 2 x 1 nucleotide internal loops
that are present in the bacterial rRNA A-site. The total popula-
tion of RNA secondary structures in 1 was predicted by using the
Mfold server, which provides the ability to batch fold multiple
RNA sequences (38). Then, a simple algorithm was designed to
parse the .ct files describing the secondary structures. The
algorithm determines the pattern of base paired and unpaired
nucleotides within and around the variable region to sort and
calculate the exact occurrence of each motif type. Analysis of
these folds showed that 1 contains 3976 4 x 3 nucleotide internal
loops, 4274 3 x 2 nucleotide internal loops, 2865 2 x 1 nucleotide
internal loops, 2245 single-nucleotide bulges, 1813 single-nucleo-
tide bulges with 1 x 1 nucleotide internal loops, 333 single-
nucleotide bulges with flanking 2 x 2 nucleotide internal loops,
and 878 sequences with other more complex folding patterns.

The aminoglycoside antibiotics chosen for this study are
derivatives of kanamycin A (10), tobramycin (11), neamine
(12), and neomycin B (13), which bind the bacterial A-site. The
position in the aminoglycoside that was functionalized with
an azido group was chosen in part on the basis of the ease
of functionalization (kanamycin A and tobramycin at the
6"-OH, neamine at the 5-OH, and neomycin at the 5”-OH).
Crystal structures of kanamycin A (10 mimic) and tobramycin
(11 mimic) in a complex with an oligonucleotide mimic of
the bacterial A-site show that there are no contacts between the
6"-OH group of either aminoglycoside and the A-site (13, 14).
Hence, immobilization of 10 and 11 would emulate their biolo-
gical presentation for binding to the A-site. In contrast, the 5-OH

and 5”-OH groups form intramolecular aminoglycoside contacts
in 12 and 13, respectively (13, 14).

Two-Dimensional Combinatorial Screening. The amino-
glycosides were arrayed onto alkyne agarose slides at five
concentrations in duplicate (Figure 2B). Serial dilutions afford
a dose response for each compound. Via isolation of RNA
structures that are bound at the lowest ligand loading that gives
signal above background, the highest-affinity interactions are
selected (22). Since four different aminoglycosides at five differ-
ent concentrations in duplicate were arrayed and probed for
binding library 1, 655360 interactions were probed in a single
experiment.

Aminoglycoside arrays were probed for binding to radio-
actively labeled RNA library 1 (Figure 1) in the presence of
excess unlabeled competitor oligonucleotides (3—9, Figure 1).
Competitors ensure that selected RNA—aminoglycoside inter-
actions were confined to the randomized region. Oligonucleo-
tides 3—6 collectively mimic the stem and flanking single-
stranded regions, while oligonucleotide 7 mimics the
hairpin. DNA competitors (8 and 9) were added to further
increase the stringency of the selection. Each competitor
oligonucleotide was added in a 1000-fold excess over the
amount of 1 and in a 5-fold excess over the total amount of
10—13 delivered to the array surface. These ratios effectively
compete off interactions to regions that are common to all
members of library 1 (22).

Members of 1 only bound to positions on the array where
azido aminoglycosides were immobilized (Figure 2B, top). The
amount of RNA bound as a function of aminoglycoside con-
centration exhibited a clear dose response for each amino-
glycoside. Binding was observed when as few as 40 pmol of
aminoglycoside was delivered. The lower loading spots were
mechanically excised and subjected to RT-PCR amplification. In
good agreement with a previous report, the RNAs harvested
from lower ligand loadings have a higher affinity than those
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Table 1: Dissociation Constants (nanomolar) for the Binding of Amino-
glycosides to Bacterial rRNA A-Site Mimics and to Mixtures of Selected
RNAs

oligonucleotide  kanamycin A tobramycin neamine neomycin B

bacterial rRNA 18000 1500 7800 19
A-site mimic®

10-FL 11-FL 12-FL 13-FL

1 >3800 =>2000 >3800 220418

2 >2000 500 £90 >2000 13+8

mixture of RNAs harvested ~1800 480 £ 15 510+ 18 200460
from each aminoglycoside

“Previously reported dissociation constants determined by surface
plasmon resonance (SPR) (39).

harvested at higher loadings (22). For example, the dissociation
constant obtained from the mixture of RNAs that were harvested
when 200 pmol of 11 was delivered to the surface (circled in
Figure 2B, bottom) was 690 + 80 nM, whereas the dissociation
constant for the RNAs harvested when 40 pmol was delivered
was 480 + 15 nM.

Affinities of the Mixtures of RNAs Selected To Bind
Aminoglycosides. The binding affinities of all four aminoglyco-
side derivatives for 2, the A-site mimic, were determined using a
fluorescence-based assay and the corresponding fluorescein-
labeled compound. These values are in good agreement with
previous reports (Table 1) (39). For example, the binding affinity
of neomycin B for the bacterial rRNA A-site mimic (19 nM) is
comparable to the affinity of 2 for 13-FL (13 nM). Likewise, the
previously published dissociation constants of kanamycin A and
neamine for an A-site mimic are 18000 and 7800 nM, respec-
tively; 2 binds to 10-FL and 12-FL with Ky values of >2000 nM.
Tobramycin binds to the bacterial A-site mimic with an affinity
of 1500 nM, while 2 binds to 11-FL with a K4 of 500 nM.

The mixtures of the selected RNAs for 10 and 12 bind their
corresponding aminoglycosides with an affinity higher than that
of 2 (Table 1). In comparison to an A-site mimic binding to
kanamycin A and neamine, the mixtures of RNAs selected to
bind 10 bind ~10-fold more tightly and the 12-selected RNAs
bind ~15-fold more tightly. The mixture of RNAs selected to
bind to 11 binds 11-FL with an affinity similar to that of 2, while
the 13-selected RNAs bind ~10-fold more weakly to 13-FL than
2 does.

Library 1 was tested for binding to each of the arrayed
aminoglycoside derivatives to determine the enhancement in
binding that 2DCS provides (Table 1). Results show that 10-FL
and 12-FL bind 1 with Ky values of > 3800 nM, 11-FL binds 1 with
a Ky of 22000 nM, and 13-FL binds 1 with a Ky of 220 nM.
Comparison of these values with the values for the selected
mixtures shows that 2DCS allows for selection of higher-affinity
binders within 1 for 10-FL, 11-FL, and 12-FL. In contrast, the
binding of 13-FL to the whole library and the binding to the
selected mixtures are similar. These results suggest that neomycin
B (13-like) binds promiscuously to RNA asymmetric internal
loops.

Determination of Privileged RNA Space Using the RN A
Privileged Space Predictor (RNA-PSP) Program. The
harvested RNAs were cloned and sequenced to identify the
RNAs that were selected to bind each aminoglycoside. A total
of 152 clones were sequenced (40 sequences for 10, 27 sequences
for 11, 36 sequences for 12, and 49 sequences for 13). All selected
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sequences are in the Supporting Information. The sequence for 2,
the bacterial A-site, was not observed. This is perhaps not
surprising since the mixtures selected to bind 10 and 12 bind
more tightly than 2 while 11 binds with a similar affinity. Further
analysis of sequences was completed using the RNA-PSP pro-
gram, which facilitates the identification of statistically signifi-
cant trends in sequencing data from selections (/8). The program
outputs Z scores that can be converted into two-tailed p values. A
larger value for a Z score (the corresponding two-tailed p value is
smaller) indicates greater statistical significance. For a trend to be
considered statistically significant, the corresponding two-tailed
p value must be <0.05, or there is at least 95% confidence that the
trend of interest did not occur by chance. RNA-PSP identified
common and unique trends within selected RNAs for each
aminoglycoside based only on their sequences. For example,
23 of the 78 trends identified for 10 with >95% confidence were
unique. For 11, 33 of 74 trends were unique while the 12
derivative has the most unique trends (36 of 78). In contrast,
the selected RNAs for 13 had the fewest unique trends, only 11 of
77 total trends identified. This result is consistent with the high-
affinity binding of 13-FL to 1. This qualitatively suggests that
10, 11, and 12 have selected more unique RNA spaces, while
13-selected RNAs are generally more promiscuous for all four
arrayed aminoglycosides. The protocol that was used to identify
selected internal loops that have unique trends for the corre-
sponding aminoglycoside is shown in Figure 3. See the Support-
ing Information for a list of all trends identified for 10—13.

One of the most common trends for all RNA sequences
independent of aminoglycoside is guanine at position 7
(Figures 1 and 3), which occurred in 113 of 150 sequences
(two-tailed p value of <0.0001). Interestingly, both the human
and a mutated bacterial rRNA A-sites contain a G at position 7,
and both RNAs bind aminoglycosides with similar affinity (40).
There are other trends that are common to all or a subset of
RNA—aminoglycoside pairs. For example, NN is a trend
observed for 11—13, while 5;?‘5@? " is shared among 10—12.

Nevertheless, there are unique trends based on sequence
and position in the mixtures selected for each aminogly-
coside (Table 2, top). Specifically, there are three unique trends
for 10 53’«'_%/?\}?;1_\15/3 (Zscoreof7.04), 37 IANNY (Zscore of 7.04),
and YA (Z score of 7.04)] suggesting that the
kanamycin derivative prefers to bind members of 1 with U and
G in positions 1 and 7, respectively, which are predicted to form a
wobble UG base pair. Therefore, these RNAs display 3 x2
nucleotide internal loops. Unique trends for 11 such as ARA
(Z score of 8.72), 5 NS (Z score of 8.72), and FSNRES (Z of
score of 5.75) suggest that it prefers purine-rich asymmetric loops
with A or G at position 1 and G at position 7. The identification
of the following trends implies that 12 prefers loops that con-
tain A, C,and G at posmonsl 2,and 7, respectlvely ;r GNG N7 (Z
score of 12.5), 53/ AQENS (Zscoreof 10. O) and 0 L aeNAY (Z score
of 10.0). Umque trends for 13 include %y Goces” (Z score of 8.46),
53’/ QUGS (Zscoreof6.28), 53[‘?\%%1?1573’ (Zscoreof6.28),and 53,/%%%1\15/3’
(Z score of 6.28). RNAs displaying trends that are unique for
each aminoglycoside are expected to be specific binders for that
ligand.

Affinities of Aminoglycosides and Individual Selected
RN As. After evaluation of significant trends for each amino-
glycoside, the secondary structures of the selected RNAs
were predicted using Mfold (33). On the basis of the unique
trends identified by RNA-PSP, a subset of RNAs for each
aminoglycoside was chosen for further investigation (Table 2
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FI1GURE 3: Protocol utilized to choose selected RNA internal loops to determine binding affinities and selectivities. The output of 2DCS is
analyzed via the RNA-PSP program (/8) to identify trends that are significant to a >95% confidence level. The trends for each ligand were then
compared to identify those that are unique. Features that were specific for each aminoglycoside were then used to identify the selected internal
loops that have the highest number of unique features. These were expected to be the most selective.

and Figure 3). The loops that contained the maximum number of
unique trends were studied to determine their binding affinities
and selectivities. For example, KAN AIL2 was chosen because it
contains seven unique trends for 10, four of which have the
highest Zscores: 3 onea 3 Mares v oney ,and 3 2ANY
(Table 2). These RNAs are predicted to be high-affinity forms
and selective for their corresponding aminoglycoside.

RNAs Selected To Bind 10. Loops that were predicted to
selectively bind 10 are shown in Figure 4A. All are predicted to be
3 x 2 nucleotide internal loops. For this type of loop to form,
either positions 1 and 7 or positions 4 and 5 must be able to form
a base pair. Interestingly, only predicted GU closing base pairs
were selected. Dissociation constants ranged from 50 to 180 nM,
which are at least 10-fold higher than that of the selected mixture
or 2 (Table 1). Another statistically significant trend observed for
the 10-selected RNAs was the presence of an adenine across from
a cytosine (Kan AII2 and AIL4). Interestingly, this A across from
C trend was also observed for 3 x 3 nucleotide internal loops (22)
and six-nucleotide hairpins (17) that were selected to bind 6'-N-
5-hexynoate kanamycin A.

The selectivities of these selected loops were also studied by
determining their affinities for the other arrayed aminoglycosides
(11-FL, 12-FL, and 13-FL) (Table 3). These studies showed that
purine-rich KAN AIL1 binds 10-FL with the highest selectivity. It
binds 7-fold more weakly to 11-FL, 6-fold more weakly to 12-FL,
and 4-fold more weakly to 13-FL. The best single selectivity is
observed for KAN AIL2 which binds to 11-FL 11-fold more
weakly than to 10-FL. This is interesting since 10 and 11 are
structurally related, differing at the 3’ (OH for 10 and NH, for 11)
and 4 (OH for 10 and H for 11) positions. However, KAN AIL2
binds only 2- and 4-fold more weakly to 12-FL and 13-FL,
respectively. KAN AIL3 is 5-fold selective over 12-FL and 13-FL
and only 3-fold selective over 11-FL. KAN AIL4 is the least
selective loop, binding 12-FL with a similar dissociation constant
(180 and 210 nM) and binding only 2-fold more tightly to 10-FL
than 11-FL and 13-FL.

RNAs Selected To Bind 11. All of the loops chosen to study
the molecular recognition of 11 are predicted to be 4 x 3
nucleotide internal loops. Dissociation constants range from
25to 170 nM. Closer analysis of all selected RNAs for 11 reveals

that most of the predicted 4 x 3 nucleotide internal loops have the
potential to form an internal Watson—Crick base pair, resulting
in structures similar to the bacterial rRNA A-site mimic
(Figures 1 and 4). For example, TOB AIL1 has a potential
internal base pair between the G at position 2 and the C at
position 6, thus forminga 1 x 1 nucleotide loop (a GG mismatch)
and 2 x 1 5/55;%:%: internal loop. In a previous selection of
symmetric internal loops, G across from G was also preferred
by 11 (16). As was the case for the RNAs selected to bind 10, all
11-selected RNAs studied bind to 11-FL with a higher affinity
than 2 and the selected mixture ~3-fold more tightly (Table 1).

TOB AILL1 is the most specific internal loop selected to bind
11-FL that was further studied. It binds 8-, 26-, and 24-fold more
tightly to 11-FL than 10-FL, 12-FL, and 13-FL, respectively
(Table 3). TOB AIL2 is 6-fold selective for 11-FL over 10-FL and
12-FL and 4-fold selective over 13-FL. TOB AIL3 and AIL4 are
less selective, binding the other derivatives between 2- and 4-fold
more weakly. Interestingly, NEA AIL4 (Figure 4C), a predicted
4 x 3 nucleotide internal loop that does not have the potential
to form an internal base pair, binds more weakly to 11-FL with a
K4 of ~400 nM. Taken together, statistical analysis and affinity
measurements suggest 11 prefers to bind predicted 4 x 3 nucleo-
tide internal loops with potential internal base pairing, forming
RNAs that display 1 x 1 and 2 x 1 nucleotide internal
loops separated by one base pair similar to the bacterial rRNA
A-site.

RNAs Selected To Bind 12. The unique loops that bind to
12 are generally predicted to contain 1 x 1 mismatches separated
by two base pairs from a one-nucleotide bulge (with the exception
of NEA AIL4) (Figure 4C). The dissociation constants of the
RNAs studied to bind 12-FL range in affinity from 45 to 270 nM
and bind much more tightly than 2 binds to 12-FL (> 2000 nM).
NEA AILT1 is the highest-affinity loop and is predicted to contain
an adenine bulge at position 1 and a GG mismatch at positions
4 and 5. The bulge and loop are separated by CG and GU base
pairs. Although NEA AIL2 and NEA AIL3 are predicted to
form similar structural motifs, they bind approximately 5-fold
more weakly to 12-FL than NEA AIL1. This could be due to
the identity of the loop nucleotides or the closing base pairs
(GC vs UG). The selected loops also have multiple 5'-GC and
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Table 2: Output of RNA-PSP Analysis of the RNA Space Selected To Bind to the Four Aminoglycosides Used in This Study for Four Base Trends

10-Selected Library 11-Selected Library 12-Selected Library 13-Selected Library
Trend ? Z-score” Trend ® Z-score ° Trend ? Z-score ° Trend ® Z-score °
U= A Une A ) { U= A
Ac_Gc AC—(iN NC—GG
G U N
N N 9.45 N C 8.72 c N 12.50 8.46
Nec © fec © fe_c ©
\ YU— A U= A / L\ U— A
{ Uem A Y { Uem A ) { EI_A \
A1:— G N GC— G N -G N
2 N 7.04 ] 8.72 g N 10.00 6.28
UG— [« N & AG -C s
\ U= A \U—A
U— A U= A
NC — Gc AC— G N
N N 7.04 5.75 B c 10.00 6.28
LU= A ) U= A
U= A U A )
nNE = GN NE= GN
N G 7.04 5.75 g c 10.00 6.28
e é Ag_c®
L U= A U= A )
( U— A ) U= A
Ce= G C=— G
A N N ]
N N 7.04 5.75 & N 7.46
UsgG A N
G- C Gem C
\, U= A ) U= A
(E=8) (F=%)
o “ N NE= Sy
] G 7.04 5.75 ] U 7.46
ag_cN Ag_c "
\ U—=A ) U= A
Selected Number of Selected Number of Selected Number of Selected Number of
Sequences trends © Sequences trends © Sequences trends© Sequences trends ©
U—a ( U=A U=—aA U=—A
c—¢6 g c— c —
g’ * G CU u GG-UG Au.GC
A o 4 g 4 A€ —C 13 A€ — G 3
AG =c G—C G —C G —cC
U—A ) \U—A ) W U—aAa ) \U—A )
(U—a ) FU=A ’u—e‘ CU—=4a
AC-GC C—GC AC—- c C—Gc
g c 7 f c 4 G—C 11 ¢ G 3
A . G UA G Ac -G AA e
g - C G—C G —C G—C
U—A ) \U—A ) Uu—A ) \U—A )
U—Aa U=—Aa U—A U—A
AC—GA ‘fc_G UC—GC UC—GC
l"\u . a® 5 & éJ 4 GH ol 7 g .t 4
a=¢ f6—c 6 —¢ é2é
\ U—A ) \U—A ) \U—A ) U—A )
Uu—a U=A U-—Aa U=—A
AC—G GC—G AC— AC—G
[+ G a c
§ 10 € G 7 g c 13 Y c 3
UegG G a A G Uegdg
G—¢ G—C G—¢ G—C
W U=—A ) \VU—A )  U=A ) U—A )

“Boxed nucleotides are derived from 1 as indicated in Figure 1. “Two-tailed p values that correlate with these Z scores are all <0.0001. “The number of
trends is calculated by counting the number of aminoglycoside-specific trends displayed by an individual loop.

5'-CG steps, which was also determined by hairpin loops selected
to bind 6'-N-5-hexynoate neamine (17).

The most selective RNA for 12-FL is NEA AILI1, which binds
7-fold more tightly to 12-FL than 10-FL and 11-FL and 9-fold
more weakly to 13-FL (Table 3). The other three RNAs studied
show either no selectivity for some aminoglycosides (NEA AIL4
and 11-FL) or moderate selectivity (2—3-fold). Interestingly,
NEO AILI1 (Figure 4D) is structurally similar to the 12-selected

loops, containing a single-nucleotide bulge and a 1 x 1 nucleotide
internal loop. However, NEO AIL1 binds 2-fold more tightly to
13-FL than it does to 12-FL. This suggests that aminoglycoside
specificity is based not only on the generalized motif structure but
also on the specific nucleotides within the loop.

RNAs Selected To Bind 13. On the basis of the trends
identified via statistical analysis from RNA-PSP, loops that were
selected for 13 are predicted to be structurally diverse. For example,
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FiGURE 4: Secondary structures of selected RNAs predicted
by Mfold and their corresponding dissociation constants (nano-
molar). The nucleotides shown were derived from the boxed region
in 1 (Figure 1). Structures in panel A were selected to bind 10.
Structures in panel B were selected to bind 11. Structures in panel
C were selected to bind 12. Structures in panel D were selected to
bind 13.

Table 3: Binding Constants and Selectivities of Individual Internal Loops
Selected To Bind 10—13¢

internal loop 10-FL 11-FL 12-FL 13-FL
KAN AIL1 50+31;,—  330+34;7 305+10;6 210+ 10;4
KAN AIL2 80+67,— 930+£140;11 130+10;2 340 £5;4
KAN AIL3 90+76;,— 270+£100;3  490+£300;5 440+45;5
KAN AIL4  1804+74;— 420+£100;2 210+ 110;1  380+75;2
TOB AIL1  190+3;8 25+9;— 6404220526 600 £ 30;24
TOB AIL2  340+22;6 60£20;—  330£8;6 220 +£28;4
TOB AIL3  420+£15;3 125+21;— 250+110;2 400+ 1;3
TOB AIL4  320+95;2 170+ 16;—  640+180;4  330+£110;2
NEA AIL1 330 £60;7  300+£80;7 45+24;—  410+48;9
NEA AIL2  330+£170;2 460+£83;2 210+ 120;— 560 £75;3
NEA AIL3  250+85;1  370+£130;2  220+130;— 460+£110;2
NEA AIL4  520+200;2 390+87;1 270+3;— 480 +3;2
NEO AIL1  105+55;2 220 £50;4 1004+ 12;2 50+ 10; —
NEO AIL2  270+120;2 200£100;2  590+75;5 110£21;—
NEO AIL3  130+17;1  240+63;2 600+200;5  120+4;—
NEO AIL4  880+260;4 790+160;4  3404+200;2  200+£20;—

“Dissociation constants are reported in nanomolar, and the values after
the semicolons indicate the selectivity of the selected RNA motif—ligand
interaction. Selectivities were calculated by dividing the Ky for the other
aminoglycoside by the K, for the aminoglycoside that the loop was selected
to bind.
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NEO AILT1 has the same motif that was specific for 12; the NEO
AIL2 motif appears to be similar to the structure preferred by 11,
and NEO AIL3 and NEO AIL4 share the motif that was selected
for 10. The affinities of the loops studied for binding 13 range from
50 to 200 nM. These loops have a lower affinity for 13 than the
A-site and an affinity similar to that of the mixtures of RNAs
selected for 13. Overall, the NEO AILSs have the lowest selectivities,
ranging from only I- to 5-fold. As mentioned above, there is
significant overlap between the structures selected to bind 13 and
those selected to bind 10—12, which explains the low selectivity.

RNA-PSP Effectively Predicts High-Affinity and Spe-
cific RNA Motif—Ligand Interactions. The protocol shown
in Figure 3 was used to determine the RNA internal loop space
that was specific for each aminoglycoside selected via 2DCS. By
selecting the RNA internal loops that have the highest number of
unique, or nonoverlapping trends, we defined specific RNA
motif—ligand partners (Table 3). This is especially interesting
since in some cases, the aminoglycoside with the largest number
of amines (neomycin B) has the highest affinity (39, 47). Thus,
the aminoglycoside derivatives are likely interacting with their
corresponding selected RNA loops via specific contacts that are
governed by the shapes of the loops and the functional groups
that they present rather than solely binding via charge—charge
interactions. Such details will require structural determination
using NMR spectroscopy or X-ray crystallography.

In addition, the unique RNA motifs identified using RNA-
PSP generally have higher affinities than the mixtures of struc-
tures selected by 2DCS. For example, mixtures selected for 10
bind 10-FL with a K4 of ~1800 nM, while the structures
determined to have unique trends by the overlap analysis bind
with K4 values ranging from 50 to 180 nM; the mixture selected to
bind 11 bound 11-FL with a Ky of 480 nM, while the structures
from the overlap analysis bound with Ky values ranging from
25 to 170 nM. These results are also mirrored in unique trends
identified from 12 and 13. Thus, a protocol based on these
observations could be generally applicable to other 2DCS selec-
tions for predicting the highest-affinity and most specific RNA
motif—ligand interactions from sequence analysis rather than
having to subject each selected RNA to a binding assay.

Impact on Our Understanding of the Recognition of
RNA in Biological Systems. Many studies have investigated
the molecular recognition of aminoglycosides by the bacterial
rRNA A-site. For example, studies by Wong and co-workers
showed that several aminoglycosides have only limited specificity
for binding a variety of RNAs that mimic the bacterial rRNA
A-site (39). In this study and other previously reported 2DCS
studies (16—18, 21I), specific RNA structures that bind amino-
glycosides have been identified using only a single round of
selection. With the bacterial rRNA A-site-like library, overlap of
statistically significant trends in the 2DCS selections has helped
to identify the RNA motifs that prefer to specifically bind an
aminoglycoside (Figure 3). Thus, sequence data not only can
provide insights into the RNAs that prefer to bind a specific
aminoglycoside but also can facilitate an understanding of how a
specific RNA motif recognizes the ligand that it was selected to
bind over all other arrayed ligands.

Collectively, binding data on aminoglycoside—RNA motif
interactions (/16— 18) suggest that it is likely many loops present
in biological RNAs should bind aminoglycosides with high
affinity. These interactions are, in fact, of higher affinity than
the binding of aminoglycosides to the bacterial rRNA A-site
(Tables 1 and 3), which likely explains why the bacterial A-site
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was not observed in sequencing data at least for 10—12. The
A-site, however, is not the only binding site for the amino-
glycosides in the Escherichia coli ribosome, as a crystal structure
of an intact ribosome in a complex with aminoglycosides shows
that aminoglycosides bind to RNA helix 69 (H69) in the large
subunit (/5). The interaction of aminoglycosides at this second
site prevents ribosome recycling (/5) and can also contribute to
the drug’s antibacterial effects. Promiscuous binding of amino-
glycosides to other RNAs has also provided insights into side
effects associated with the clinical use of aminoglycoside anti-
biotics (42, 43). For example, sequence alterations in eukaryotic
ribosomes can render them hypersusceptible to aminoglycoside-
induced mistranslation. These interactions have been associated
with aminoglycoside-induced inhibition of mitochondrial trans-
lation and cause aminoglycoside-induced cochlear toxicity (44).

All of these studies suggest that the ribosomal A-site is the
most occupied target for aminoglycosides in vivo for many
reasons: (i) the relative abundance of rRNAs compared to pre-
mRNAs and other noncoding RNAs (49), (ii) the slower turnover
rate of RNAs compared to those of other RNAs (46), and (iii)
the potential inaccessibility of some loops due to formation of
tertiary contacts or interactions with protein. If the exact inter-
play of each of these features were known, it could help to identify
RNA drug targets in genomic sequence that would be more
amenable for small molecule intervention.
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