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part diverse functions (1, 2). For example, RNA

catalyzes reactions (3), regulates gene expres-
sion (4, 5), encodes protein, and plays other essential
roles in biology. Therefore, RNA is an interesting and im-
portant target for developing drugs or probes of func-
tion (6, 7). It is a vastly underutilized target, however,
mainly because of the limited information available on
RNA—ligand interactions that could facilitate rational
design.

One advantage of using RNA as a drug target is that
secondary structure information, which includes the mo-
tifs that comprise an RNA, can be easily obtained from
sequence by free energy minimization (8, 9) or phylo-
genic comparison (10). RNA tertiary structures are com-
posites of the secondary structural motifs and the long-
range contacts that form between them. Furthermore,
RNA motifs can have similar properties both as isolated
systems and as parts of larger RNAs. For example, ami-
noglycoside antibiotics affect the structure of the bacte-
rial rRNA A-site similarly when they bind the entire ribo-
some or an oligonucleotide mimic of the bacterial rRNA
A-site (11-16). Studies on the binding of aminoglyco-
sides and streptamine dimers to RNA hairpins (17-20)
have facilitated the development of compounds to com-
bat multidrug resistance by causing plasmid incompat-
ibility (19, 20). These results show that the identification
of RNA motifs that bind small molecules can be useful
for targeting the larger RNAs that contain them.

In order to understand how to target RNA with small
molecules, a large data set of RNA-ligand interactions is
required. This is due to the diverse structures that RNA
adopts, internal and hairpin loops for example. Current
methods to study and identify RNA—ligand interactions
include systematic evolution of ligands by exponential
enrichment (SELEX) (21, 22), structure—activity relation-

R NA forms complex tertiary structures that im-
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ABSTRACT Herein, we report the development of a microarray platform to se-
lect RNA motif—ligand interactions that allows simultaneous screening of both RNA
and chemical space. We used this platform to identify the RNA internal loops that
bind 6’-N-5-hexynoate kanamycin A (1). Selected internal loops that bind 1 were
studied in detail and commonly display an adenine across from a cytosine indepen-
dent of the size of the loop. Additional preferences are also observed. For 3 X 3
nucleotide loops, there is a preference for purines, and for 2 X 2 nucleotide loops
there is a preference for pyrimidines neighbored by an adenine across from a cy-
tosine. This technique has several advantageous features for selecting RNA
motif—ligand interactions: (1) higher affinity RNA motif—ligand interactions are
identified by harvesting bound RNAs from lower ligand loadings; (2) bound RNAs
are harvested from the array via gel extraction, mitigating kinetic biases in selec-
tions; and (3) multiple selections are completed on a single array surface. To fur-
ther demonstrate that multiple selections can be completed in parallel on the same
array surface, we selected the RNA internal loops from a 4096-member RNA inter-
nal loop library that bound a four-member aminoglycoside library. These experi-
ments probed 16,384 (4 aminoglycoside X 4096-member RNA library) interactions
in a single experiment. These studies allow for parallel screening of both chemi-
cal and RNA space to improve our understanding of RNA—ligand interactions. This
information may facilitate the rational and modular design of small molecules tar-
geting RNA.
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Figure 1. Structures of the aminoglycosides and derivatives thereof used in these studies. Compound
1 is 6’-N-5-hexynoate kanamycin A and was used in selection experiments. 1-FL is 1 conjugated to
fluorescein via a Huisgen dipolar cycloaddition reaction; the dye is indicated with the green ball. 1-FL
was used in fluorescence assays to determine dissociation constants. Kanamycin A, kanamycin B,
tobramycin, and neamine were used in competitive binding experiments to determine aminoglyco-
side preferences for selected internal loops.

members of the ligand library are har-
vested directly from the array surface by
gel excision, cloned, and identified via
sequencing. This approach was applied
toward identifying the RNA internal
loops that bound 6’-N-5-hexynoate ka-
namycin A (1, Figure 1). Results show
that 1 binds to internal loops that can
form potential CA pairs. All selected RNA
internal loops bind 1 with K, values
=22 nM.

RESULTS AND DISCUSSION
The Microarray Platform and the
RNA Library. Successful merging of

ships (SAR) by mass spectrometry (MS) (23-26) and
NMR (27), and chemical microarrays (28-30). These
methods probe RNA space (SELEX) or chemical space
(SAR by MS and NMR and chemical microarrays) sepa-
rately. A more desirable method would screen chemical
and RNA space simultaneously. One way to do this
would be to merge nucleic acid selections with chemi-
cal or carbohydrate microarray-based ligand screening.
Herein, we describe a microarray platform to com-
plete nucleic acid selections that combines the advan-
tages of selection methods and small molecule micro-
arrays. Our basic approach is to immobilize ligands onto
an agarose microarray surface and screen the ligands
for binding to an RNA motif library. The RNAs that bind
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nucleic acid selections and small molecule microarrays
required a unique microarray surface that is robust
enough for ligand screening and allows bound RNAs to
be harvested directly from the array surface. We found
that the optimal surface for this application is an
agarose-coated microarray (31-33). Agarose provides
a three-dimensional surface for high ligand loading and
a versatile surface to accommodate a variety of immobi-
lization chemistries, and bound RNAs can be harvested
from the array surface by simple excision of the agarose
from ligand-functionalized positions (Figure 2).

The RNA library (2) that was screened for binding 1
has six randomized positions displayed ina 3 X 3
nucleotide internal loop pattern (Figure 3) (34). By se-
lecting RNAs from this library, we focus selections only
on small RNA motifs that are likely to
be found as constituents of larger
RNAs. This is in contrast to SELEX,
which uses libraries with ~15 ran-
domized nucleotides. These 15-mers

NH, are very difficult to find in biological

RNAs; however, in rare occasions
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Figure 2. (Top) Schematic of the immobilization of 1 onto azide-functionalized agarose slides via a
Huisgen dipolar cycloaddition reaction. (Bottom) Representative autoradiograms of (left) an array hy-
bridized with radioactively labeled 2 and (right) an array after excision of bound RNAs. Bound RNAs
can be amplified by RT-PCR, cloned, and sequenced.
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SELEX has proven successful in RNA-
targeting endeavors (35, 36). Library 2
has 4096 members that can form a
variety of internal loops and also base
paired regions. Specifically, 2 con-
tains 1600 different 3 X 3 internal
loops, 1200 different 2 X 2 loops,
1080 different 1 X 1 loops, and 216
different base paired regions. These
values were calculated by assuming
that a GU pair is a standard RNA pair
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and that two 1 X 1 internal
loops cannot be separated by G A

a base pair; these structures i:ﬁ
are counted as 3 X 3 loops. U—A

Development of the N N

Microarray Selection Method. NN NN

An array containing 50 ligand- U—A
functionalized spots was con- 2:8
structed by immobilizing 1 ueaG

onto azide-functionalized sur- Elf

faces via a Huisgen dipolar cy- Geu
cloaddition reaction (37, 38). . g:g

The array was then probed for GGGAGA ) GCAAGG

binding to 5’ end 32P-labeled
2. All positions where 1 was
immobilized bound members
of 2 with similar intensities
(Figure 2). A diagonal of spots
was excised from the array to
assess if bound RNAs can be
harvested precisely without af-
fecting adjacent spots. Im-
ages of the array taken before and after excision show
that RNA was harvested only from the desired positions
and that signals in the surrounding spots were unaf-
fected (Figure 2); thus there is no cross-contamination
between spots. Harvested RNA is suitable for amplifica-
tion by reverse transcriptase polymerase chain reaction
(RT-PCR), cloning, and sequencing to identify the se-
lected library members (Figure 4).

Next, we immobilized serially diluted concentrations
of 1 onto azide-agarose and incubated the slide with
5’ end 32P-labeled 2 and unlabeled chase oligonucleo-
tides (Figure 3). Chase oligonucleotides included a
mimic of the stem (3) and hairpin (4) in 2 and DNAs
that formed d(GC) (5) and d(AT) (6) Watson—Crick pairs.
This combination was used to ensure that only internal
loop-small molecule interactions were probed in the se-
lection and that interactions were RNA-specific. For the
experiments in Figure 4, chase oligonucleotides were
added in 1000-fold excess over 2 and in excess over the
amount of ligand delivered to the array surface. Under
these conditions, concentration-dependent binding is
observed to 2 with signals that are well above back-
ground (Figure 4, panels a and b). Six samples were col-
lected from the surface where different amounts of 1
were immobilized (Figure 4, panel a) and amplified by
RT-PCR (Figure 4, panel c). RT-PCR product was only ob-
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Figure 3. Oligonucleotides used to identify the RNA internal loops that bind 1. Oligo-
nucleotide 2 is the internal loop library with six randomized positions (N). The library
has 4096 unique members. Oligonucleotides 3-6 were used at 1000 times the con-
centration of 2 in selection experiments to ensure that interactions occurred to loop
nucleotides and not to the cassette. 3 is a mimic of the stem in 2. The sequence was
altered such that it does not compete for RT-PCR primers. 4 is a mimic of the GAAA
hairpin in 2. 5 and 6 are DNA oligonucleotides that ensure interactions are RNA spe-
cific. 7 is the cassette in which the internal loop library is embedded.

served when samples were taken from positions func-
tionalized with 1 and when RT was added to the RT-PCR
reactions. No RT-PCR product was observed when
samples were taken from a position where 1 was not de-
livered or when RT was not added to the RT-PCR reac-
tion, provided =30 cycles of PCR were used.

One advantage of screening different concentrations
or loadings of ligands is higher affinity RNA motif—
ligand interactions should be identified at lower ligand
loadings. To determine if this is indeed the case, we
studied the binding of the pools of RNAs harvested from
1+ (higher ligand loading) and 2+ (lower ligand load-
ing) by using a fluorescence-based assay. Compound 1
was fluorescently labeled (1-FL, Figure 1) by reacting
Boc-protected 1 with propargylamine using the Huis-
gen dipolar cycloaddition reaction used to anchor 1 onto
the array surface. The product of this reaction was re-
acted with fluorescein isothiocyanate to yield 1-FL
(details in Supporting Information). Dissociation con-
stants for the binding of 1-FL to the library of RNAs was
determined because the fluorescence emission of 1-FL
decreased as a function of RNA concentration. The re-
sulting curves were used to determine dissociation con-
stants. Results show that K, values for 1+ and 2+ are
65 nM and 11 nM, respectively (Figure 4). Evidently,
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Figure 4. a) Image of an array after hybridization with

10 nM of 5’ end 32P-labeled 2 and 10,000 nM each of 3-6.
b) the dose-response curve for binding to 1 in the pres-
ence of 3-6 on the array. The extracted positions are
circled. c) Results from RT-PCR amplification of RNA har-
vested from the array. “+” indicates RT was added to the
RT-PCR reaction. “—” indicates RT was not added to the
RT-PCR reaction. PC is a positive control for RT-PCR. The
top bands on the gel are RT-PCR products while the bot-
tom bands are primers. The affinities of 1 for RNAs from
position 1+ and 2+ are 65 nM and 11 nM, respectively.

RNAs harvested at a lower ligand loading have higher af-
finities for 1.

Since RNAs harvested from the surface can be RT-
PCR amplified and subsequently used as templates for
runoff transcription, multiple rounds of selection can be
completed if desired. The ability to complete selections
at different ligand loadings on the same surface demon-
strates that this platform can be used to complete mul-
tiple selections in parallel on a single array.

To further illustrate that multiple selections can be
completed on a single agarose array platform, we immo-
bilized a four-member azido-aminoglycoside library

CHILDS ET AL.

(Figure 5, 8-11) onto alkyne-functionalized agarose
(37, 39) and selected members of 2 that they bound.
Each aminoglycoside was immobilized at five different
loadings and probed for binding 2 in the presence of
3-6. Members of 2 bound to these structures with sig-
nals that depend on both the aminoglycoside loading
and identity. Bound RNAs at the indicated positions in
Figure 5 were harvested and were cleanly RT-PCR ampli-
fied over positions excised from where aminoglycoside
was not delivered to the array surface (background)
(N.C., Figure 5). When only the number of aminoglyco-
sides are considered for binding 2, 4 X 4096, or 16,382,
interactions were probed in duplicate; however if the
number of aminoglycosides (four) and their loadings
(five each) are considered, 4 X 5 X 4096, or 81,920,
interactions were probed in duplicate.

Analysis of the Sequences of the Selected
Structures That Bind 1. Selected higher affinity RNAs
from 2+ (Figure 4) were cloned and sequenced, and
their secondary structures predicted by free energy mini-
mization using the RNAstructure program (Figure 6) (8).
Interestingly, many of the selected loops share se-
quence similarities. There is a clear preference for loops
with adenine across from cytosine. (We state adenine
across from a cytosine rather than A-C pair to denote
that we do not know if these bases are indeed paired.)
Ofthe 16 loops identified from the selection, 10 (62.5%)
contain at least one adenine across from a cytosine, in
contrast to only 33% of all library members (two-tailed
p-value = 0.0124) (details in Supporting Information).
For each internal loop class, the selection of at least one
adenine across from an cytosine is above the rate if the
selection were random: 60% of 1 X 1 nucleotide inter-
nal loops, 66% of 2 X 2 nucleotide internal loops, and
60% of 3 X 3 nucleotide internal loops. Of the 1080
1 X 1 nucleotide internal loops in 2, 20% have an ad-
enosine across from a cytosine; 36% of 2 X 2 nucle-
otide internal loops contain at least one adenosine
across from a cytosine; 44% of 3 X 3 nucleotide inter-
nal loops contain at least one adenosine across from a
cytosine. For the entire library, 2, 33% of the loops con-
tain at least one adenosine across from a cytosine. (See
Supporting Information for calculations.)

Other sequence preferences are also observed. For
the 2 X 2 nucleotide loops, the predicted lowest free en-
ergy structures show preferences for pyrimidines neigh-
bored by adenine across from cytosine (two-tailed
p-value = 0.0093). The preference for pyrimidines in

www.acschemicalbiology.org
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Figure 5. Two-dimensional combinatorial screen of an array-immobilized aminoglycoside library for binding to members of 2. a) Image of an array after
hybridization with 32P-labeled 2 and unlabeled 3-6. Bound RNAs were mechanically removed from the agarose surface at the positions indicated with
circles. b) Results from RT-PCR amplification of the samples removed in panel a. N.C. is a negative control RT-PCR reaction from background or nonami-
noglycoside functionalized agarose. c) Structures of the four azido-aminoglycosides that were anchored onto alkyne-functionalized agarose and
probed for binding to the RNA library. By screening four compounds at five loadings for binding 1, we probed 4 x 4096, or 16,382, interactions in du-
plicate when we only consider the different compounds or 4 x 5 x 4096, or 81,920, interactions in duplicate when we consider both the compounds
and their loadings. These experiments were completed in 20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM KCl, and 1 mM MgCl, (HBII).

2 X 2 nucleotide internal loops was also observed in
our resin-based selection (40). Interestingly, many of the
1 X 1and 2 X 2 nucleotide internal loops are closed
by GeU base pairs. The predicted lowest free energy
structures of the 3 X 3 nucleotide loops also show a
preference for purines (two-tailed p-value = 0.0309). In
fact, for the two 2 X 2 and two 3 X 3 nucleotide internal
loops that do not contain an adenine across from a cy-
tosine, three of them contain either a guanine across
from a guanine or a cytosine across from a cytosine,
which are both observed in the 1 X 1 loops. This may
suggest that the motifs displayed in the 1 X 1 nucle-
otide loops are also displayed in the 3 X 3 nucleotide
loops. The one 2 X 2 nucleotide loop that does fit either
criterion (IL 8) has tandem guanines across from ad-
enines, which are displayed in many of the selected
3 X 3 nucleotide loops (IL 12, IL 13, and IL 15). The ex-
act pairings that give rise to these structural features
will have to be determined through structural investiga-
tions, but it will be interesting to see if these sequences
display a similar RNA structural scaffold to bind 1.
Measuring the Affinities of Selected Structures to
1-FL. The affinity of each loop was determined using
the fluorescence assay described above. Each selected
internal loop binds to 1 with a similar affinity, all with K
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values =22 nM (Figure 6). The range of dissociation con-
stants (5—-22 nM) corresponds well to the dissociation
constant determined for the pool of RNAs harvested
from position 2+ (11 nM). In contrast, 1-FL binds more
weakly to the chase oligonucleotides and the library.
The fluorescence intensity of 1-FL did not change in the
presence of 3, 4, and 5+6 at concentrations up to 5 pM
(Figure 2). The affinity for 2 (the entire library) was
280 nM while the affinity for the empty cassette, 7, was
1.3 wM. Interactions between 1-FL and 7 likely occur be-
tween the deoxystreptamine ring and GeU pairs in the
stem, which have been reported as aminoglycoside inter-
acting motifs in other RNAs that bind aminoglycosides
(41). tRNAP" has also been shown to bind amino-
glycosides (42) and binds 1-FL with a K of 700 nM.

The dissociation constants for the two highest affin-
ity loops from our resin-based selection were also deter-
mined using the fluorescence-based assay. Both loops,
Jueae and 30005, bind as tightly to 1-FL as the highest
affinity 2 X 2 loop from the microarray selection with
dissociation constants of 5 = 0.4 and 4 + 0.9 nM,
respectively.

The affinities of the 1 X 1 nucleotide loops for 1-FL
have a range of 5—12 nM (Figure 6), and GG, AC, and
CC loops are represented. It should be noted that previ-
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Figure 6. Secondary structures of the internal loops selected to bind 1.
The secondary structures were the lowest free energy structures pre-
dicted by the program RNAstructure (8, 9). The nucleotides shown are

derived from the boxed region in 1 (Figure 2). The dissociation constants

(nM) were determined from fluorescence assays. The K values for oli-
gonucleotides 2, 3, 4, 5 + 6, and 7 are 280 nM, >5 pM, >5 puM,

>5 M, and 1.3 pM, respectively. The K for tRNAP"® is 0.7 M. For
each selected internal loop, the binding curves indicate a stoichiometry
of 1:1 (details in Supporting Information).

ous experiments have also found that several aminogly-

cosides bind a 1 X 1 CC internal loop that is derived
from the untranslated region in thymidylate synthase

mRNA (43, 44). In these previous reports, the dissocia-
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Figure 7. Secondary structure of the cassette with all GU and most AU

pairs mutated to GC used to determine if loop non-nearest neighbors con-

tribute to binding affinity. The loop-closing base pairs were not mutated

since they have been shown to affect loop structure. The dissociation con-

stants for the loops in the mutated cassette are directly below the loop

number and are reported in nM. The dissociation constants when the loops

are displayed in 2 are in parentheses.
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tion constants for kanamycin B and tobramycin were
1.1 and 0.87 uM, respectively, in a buffer containing

1 mM MgCl, and CaCl,, 150 mM NaCl, 5 mM KCl, and
20 mM HEPES (pH 7.5) (44). We studied the binding of
1-FLto IL 4 in the same buffer and observed a similar af-
finity (K, of 0.21 = 0.04 wM) despite differences in clos-
ing base pairs and aminoglycoside structure (details in
Supporting Information). The difference in binding affin-
ity between the two buffers is due to the presence of di-
valent metal ions and increased pH, which are well-
known to decrease the affinity of aminoglycosides to
RNA (17).

Because deoxystreptamine binds GeU pairs, the stem
in 2 was mutated to assess if loop non-nearest neigh-
bors contribute to binding affinity (Figure 7). All GeU
pairs and most AU pairs were mutated to GC. The loop-
closing base pairs (both AU pairs) were not mutated be-
cause previous reports have shown that closing base
pairs can affect internal loop structure (45, 46). Results
from fluorescence experiments show that similar K val-
ues are observed when the loops are displayed in ei-
ther cassette (Figure 7). Evidently, cassette nucleotides
are not important for recognition of the selected loops
by 1-FL.

To determine if selected loops have aminoglyco-
side preferences, the binding of five aminoglycosides
(1, kanamycin A, kanamycin B, tobramycin, and
neamine, Figure 1) to the pool of RNAs from spot 2+
(Figure 4) was probed using a competitive binding as-
say (43, details in Supporting Information). The K, val-
ues determined for 1, kanamycin A, and kanamycin B
were 12 nM, 9 nM, and 12 nM, respectively. The pool
bound approximately 9-fold more weakly to tobramycin
(K, = 85 nM), consistent with the 3" hydroxyl group in
ring | contributing to binding to the library of structures.
Binding to neamine was even weaker as there was no
change in fluorescence up to 500 nM neamine. We also
tested a single RNA sequence identified to bind 1, IL 14,
in the same manner. These experiments mirror the re-
sults of the pool of RNAs isolated from 2+, showing that
1, kanamycin A, and kanamycin B bind to IL 14 with K
values of 7, 5, and 5 nM, respectively. Binding to neam-
ine and tobramycin was also much weaker (details in
Supporting Information). Both sets of experiments sug-
gest that the recognition of 1 and related aminoglyco-
sides (kanamycins A and B) is not due to simple charge—
charge interactions; rather, there are specific inter-
actions between the functional groups displayed by the

www.acschemicalbiology.org



aminoglycosides and the RNA. The weaker affinities for
tobramycin and neamine suggest that both the 3’ hy-
droxyl groups in ring | and ring Il are important for bind-
ing. Interestingly, in both cases, 1 and 1-FL bind with
the same affinity showing that the fluorescence tag, the
triazole, and the 6" NH, groups do not contribute signifi-
cantly to binding. It is not surprising that the 6’ NH, is
not important for binding since structures were selected
that bind a 6’ acylated derivative of kanamycin A. It
should be noted, however, that the 6" NH, forms impor-
tant stabilizing contacts for aminoglycoside recognition
of the bacterial rRNA A-site. When the 6’ NH, is acety-
lated by AAC(6’) resistance enzymes, binding to an oli-
gonucleotide mimic of the bacterial rRNA A-site is re-
duced 1000-fold (47). Therefore, there are differences
in the molecular recognition of 1 to IL 14 and kanamy-
cin A to the bacterial rRNA A-site.

Advantages of the Microarray Selection Platform.
The microarray selection platform has several advan-
tages over other selection methods. One is the manner
in which selected RNAs are harvested. In typical resin-
based selections, selected RNAs are eluted with a high
concentration of immobilized ligand which can intro-
duce potential kinetic biases. Since the highest affinity
RNAs are the most difficult to compete off, standard se-
lection experiments can inadvertently miss the best
binders. Capillary electrophoresis (CE) SELEX has been
developed to mitigate this problem (48). The microarray
method described herein harvests bound RNAs by
simple excision of the agarose and gel extraction
(Figure 2), thus avoiding potential kinetic biases. RNAs
can be harvested precisely from the microarray surface;
adjacent spots are unaffected and the RNAs are free
from cross-contamination (Figure 2). Therefore, the RNA
is suitable for downstream applications such as RT-PCR
amplification and cloning, transcription of RT-PCR prod-
ucts, multiple rounds of selection, and determination of
dissociation constants. Another important advantage
of completing selections on a microarray platform is the
ability to determine dose response on a single array
(Figure 4). Standard selection methods only screen a li-
brary of nucleic acids against one compound at a single
loading. Therefore, a separate experiment for each li-
gand loading is required to construct a dose response.
In this study, higher affinity interactions were identified
at a lower ligand loading (Figure 4, panel a). This result
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and the ones shown in Figure 5 demonstrate that mul-
tiple selections can be completed on a single array sur-
face. The number of parallel screens is limited by the
number of compounds that can be placed onto an ar-
ray surface from which bound RNAs can be subse-
quently isolated. With manual methods, the minimum
number of compounds that can be screenedisona 1 X
3 in. slide with ~3 mm spot diameters is ~50. It is
likely that robotic arraying of compounds and using au-
tomated spot pickers to harvest bound RNAs could in-
crease this number to at least hundreds of compounds.
Finally, the microarray method requires a reduced
amount of ligand compared to resin-based selections.
Selected RNAs were amplified from positions where as
little as 250 pmol of ligand were delivered to the array
surface (Figure 4, spot 2).

Summary and Outlook. Our long-range goal is to de-
velop a database of RNA—ligand partners to facilitate
the rational design of small molecules that target RNA
(40). Clearly, new methods need to be developed be-
cause of the diverse number of RNA secondary struc-
tures and ligands that must be screened to construct
such a database. Therefore, we developed a small mol-
ecule carbohydrate microarray platform to identify
RNA—ligand interactions in which multiple selections
and dose response can be completed in a single experi-
ment. Traditional ligand discovery efforts screen a vali-
dated RNA drug target against a ligand library. This type
of screen, however, gives little insight into potential off-
target effects. Our microarray platform screens a library
of RNAs to determine the RNA motif(s) preferred by a li-
gand. These preferences can then be used in RNA target-
ing applications while identifying potential bystander
RNAs.

Once a wide variety of RNA motif—ligand interac-
tions have been identified, methods for modular assem-
bly of ligands can be developed, such as those applied
by the Dervan group for polyamide recognition of
Watson—Crick paired DNA (49). Microarray-based
screening is well suited for identifying ligands that will
be used for modular assembly because chemistries
used to anchor compounds onto surfaces can be used
to link ligand modules together. Results from these and
other studies using this platform will be disclosed in
due course.
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METHODS

General Methods. Chemicals were purchased from Sigma Al-
drich, except radioactivity which was purchased from Perkin-
Elmer. Chase RNA oligonucleotides were purchased from Dhar-
macon and were deprotected using the manufacturer’s standard
protocol. The chase DNA oligonucleotides (5 and 6, Figure 3)
and all DNA templates were purchased from Integrated DNA
Technologies (IDT). The RNA 3 X 3 nucleotide internal loop li-
brary was transcribed from a DNA template using T7 RNA poly-
merase (50) from a Strategene RiboMaxx transcription kit. Oligo-
nucleotides were radioactively labeled on their 5" ends and
purified as described (51). All solutions were made with DEPC-
treated water.

Microarray Construction, Hybridization, and Harvesting Bound
RNAs from the Agarose-Functionalized Array. The 6'-N-5-
hexynoate kanamycin A ligand (1) was spotted in 10 mM so-
dium phosphate, pH 7.5, 1 mM TCEP, 1 mM CuSO,, 100 uM
TBTA ligand (37), and 10% glycerol onto azide-displaying agar-
ose slides (31) constructed as described (40). Azidoamino-
glycosides (8-11) were immobilized onto alkyne-functionalized
agarose surfaces as described (52). The alkyne-functionalized
arrays were constructed as described (40) except that propar-
gylamine was used instead of 3-azidopropylamine. A grid affixed
to the back of the microarray was used as a guide for spatial ar-
raying. After immobilization, the grid was removed, and the
slides were incubated overnight in a humidity chamber. The fol-
lowing morning, they were washed by submersion in 30 mL of
hybridization buffer (HBI) (8 mM Na,HPO,, pH 7.0, 185mM NaCl,
and 1 mM EDTA) and then rinsed with water.

Microarrays were hybridized with a solution containing 5’
end >?P-labeled RNA 3 X 3 nucleotide library (2) and chase oli-
gonucleotides (Figure 3). Chase oligonucleotides were used to
ensure that RNA internal loop—ligand interactions were probed.
Each oligonucleotide (2 pmol of 5’ end 3?P-labeled RNA 3 X 3 in-
ternal loop library (2), 2 nmol of each chase oligonucleotide for
experiments with 1 and 12 pmol of internally labeled 2 (a->2P-
ATP, transcription with Stratagene RNAMaxx kit using half of the
suggested cold ATP and 4 p.L of >>P-ATP or 40 p.Ci) and 20 nmol
of each chase oligonucleotide for experiments with 8-11) was
annealed separately in HBI for experiments with 1 and HBII
(20 mM HEPES (pH 7.5), 150 mM NacCl, 5 mM KCl, and 1 mM
MgCL,) for experiements with 8-11 by heating at 95 °C for 1 min
and cooling to RT on the benchtop. After cooling to RT, the solu-
tions containing each oligonucleotide were mixed together and
40 pg/mL BSA was added in a total volume of 400 p.L.

Prior to hybridization, arrays were pre-equilibrated with
400 pL of hybridization buffer containing 40 p.g/mL of BSA for
5 min. The buffer was distributed evenly across the array surface
using a custom-cut piece of Parafilm that was placed over the
applied solution. The Parafilm and buffer were then removed.
The solution containing 2 and chase oligonucleotides was ap-
plied to the array surface and distributed evenly as described
above. Slides were hybridized for approximately 30 min at RT.
After incubation, the Parafilm was removed from the slide, and
the slide was submerged in 30 mL of hybridization buffer for
3 min with gentle agitation. The buffer was replaced, and the
step was repeated. The residual buffer was removed from the ar-
ray surface by applying a gentle stream of air, and the chip was
allowed to remain at RT for 30 min to dry completely. The array
was exposed to a phosphorimager plate that was scanned on
a BioRad FX phosphorimager (Figure 2).

An autoradiogram of the array and a grid used to spot 1
were placed under the microarray as a template to excise the
agarose at positions that captured RNA. A 200 nL aliquot of hy-
bridization buffer was added to each position. After 30 s, excess
buffer not absorbed by the surface was removed. The gel slice
at that position was then excised using a toothpick, and the gel
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slice was placed into thin-walled PCR tubes with 18 p.L of H,0,
2 plL of 10x DNase | buffer, and 2 units of RNase-free DNase |
(Promega). The tubes were vortexed and spun at 8000g for
4 min to force the agarose to the bottom of the tube. The solu-
tion was incubated at 37 °C for 2 h, and the reaction was
quenched by addition of 2 pL of 10x DNase stop solution. The
sample was then incubated at 65 °C for 10 min to inactivate
completely the DNase. Aliquots of this sample were RT-PCR am-
plified as described (Supporting Information). We found that
spot 2 (250 pmol of 1 delivered to the surface) was the lowest
amount of ligand from which captured RNA can be amplified
over the background (spot 3+) (Figure 4). RT-PCR product was
observed after 25 cycles of PCR following the RT step. Attempts
were made to amplify positions where lower amounts of 1 were
delivered, but they required >35 cycles for amplification. Un-
der these conditions, RT-PCR product was observed from posi-
tions where 1 was not delivered. We therefore only processed
the 2+ position.

RNA Internal Loop —Ligand Interaction Affinity Measurements.

Direct Binding Assay Measurements. A fluorescence-based as-
say was used to determine binding affinities by monitoring the
change in fluorescence intensity of 1-FL (Figure 1) as a function of
RNA concentration (up to 300 nM for selected loops; there is a non-
specific binding mode at concentrations >300 nM). RNA was an-
nealed in 1X HB + 40 pg/mL BSA at 60 °C for 5 min and allowed
to slow cool on the benchtop. Then, 1-FLin 1X HB + 40 pg/mL BSA
was added to the solution of RNA to a final concentration of 10 nM,
and the RNA serially diluted into 1X HB + 40 pg/mL BSA + 10 nM
1-FL. Samples were then placed into a well of a black 96-well plate
and allowed to equilibrate for at least 30 min before reading fluo-
rescence intensity on a Bio-Tek Synergy HT fluorescence plate
reader (excitation, 485 nm; emission, 528; sensitivity, 70). Several
different times were sampled to ensure that the fluorescence inten-
sity was taken after these interactions reached equilibrium. A de-
crease in fluorescence intensity was observed as a function of RNA
concentration. The binding measurements for each oligonucle-
otide were completed in at least triplicate. Dissociation constants
were determined by curve fitting, and reported values are the mean
of at least three experiments. The data were fit to:

=1, + 0.5Ae(([1-FL], + [RNA], + K) —
((12-FL)o + [RNA] + K)? — 4[1-FL]o[RNAJ5)>)

where [ is the observed fluorescence intensity, /, is the fluores-
cence intensity in the absence of RNA, Ae is the difference be-
tween the fluorescence intensity in the absence of RNA and in the
presence of infinite RNA concentration, [1-FL], is the concentration
of 1-FL, [RNA], is the concentration of the selected internal loop or
control RNA, and K; is the dissociation constant. Plots and curve fit-
ting for a representative internal loop and chase oligonucleotides
are available (Supporting Information). We also plotted the change
in fluorescence as a function of RNA equivalents for all selected in-
ternal loops. Saturation is observed between 0.8 and 1.3 equiv,
suggesting a 1:1 stoichiometry (details in Supporting Information).
Control experiments were completed to ensure that fluorescein (the
fluorescent tag) was not contributing to binding by incubating se-
rial dilutions of IL 4 up to 3 wM with 10 nM FITC-triazole and 10 nM
fluorescein (details in Supporting Information).

Competition Binding Experiments. A solution containing 75 nM
IL 14 was refolded in 1X hybridization buffer + 40 pug/mL BSA at
60 °C for 5 min. After slow cooling on the benchtop, 1-FL was added
to a final concentration of 10 nM. The competing, unlabeled amin-
oglycoside was then added, and the resulting solution was serially
diluted into 1X hybridization buffer + 40 pug/mL BSA + 10 nM 1-FL
containing 75 nM IL 14. The solutions were equilibrated for 30 min
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at RT, and the fluorescence intensities were measured on a Bio-
Tek HT fluorescence plate reader. Data were fit to:

K
0= M[Kr+ Z[CJ + [RNA] + [1-FL] —

\/(Kt+ % +[CJ] + [RNA] + [1-FL]> — 4[1-FL][RNA]] + A
d

where @ is the fraction of 1-FL bound, K; is the dissociation con-
stant determined for IL 14 from direct binding assays, K, is the dis-
sociation constant of the competing, unlabeled aminoglycoside,
[C] is the concentration of competing aminoglycoside, and [RNA]
is the concentration of IL 14. Plots and curve fitting of competition
experiments are available (Supporting Information).
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