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Abstract: A powerful new strategy for the fabrication of high-
density RNA arrays is described. A high-density DNA array is
fabricated by standard photolithographic methods, the surface-
bound DNA molecules are enzymatically copied into their
RNA complements from a surface-bound RNA primer, and the
DNA templates are enzymatically destroyed, leaving behind
the desired RNA array. The strategy is compatible with 2'-
fluoro-modified (2'F) ribonucleoside triphosphates (rNTPs),
which may be included in the polymerase extension reaction to
impart nuclease resistance and other desirable characteristics to
the synthesized RNAs. The use and fidelity of the arrays are
explored with DNA hybridization, DNAzyme cleavage, and
nuclease digestion experiments.

I n 1991 Fodor et al. ushered in the new field of biomolecular
array analysis, showing how photolithographic methods
developed for integrated circuit fabrication could be adapted
for the light-directed synthesis of addressed arrays of
biomolecules on planar substrates. Array technologies
evolved over the ensuing years into the powerful analytical
platform they represent today, with DNA arrays containing
millions of oligonucleotide features widely available and
employed for myriad applications such as SBH (sequencing
by hybridization),!! genome-wide gene expression analysis,”
ChIP-chip (Chromatin ImmunoPrecipitation and analysis by
DNA “chip”),! and CSI (cognate site identification).!
Remarkably, although DNA arrays became mainstream
and ubiquitous tools of the modern molecular biologist, the
seemingly straightforward extension of the concept to RNA
arrays never became practical. The fabrication of DNA arrays
relies upon the phosphoramidite chemistry developed by
Caruthers et al.”*® This chemistry is remarkable because of
its extraordinary efficiency, which manifests itself in over
99% vyield per step of monomer addition.”! This high
efficiency is what allows DNA molecules as long as 150 nt
in length™ to be synthesized, and is the fundamental reason
for the widespread availability of both individual high-quality
oligonucleotides and high-density DNA arrays. Although the
same chemistry can be used for RNA synthesis, it does not
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give results of comparable quality. For RNA synthesis it is
necessary to protect the 2’ hydroxy group to keep it from
coupling during synthesis; in spite of much effort by many
groups, it has not been possible to find a protecting group for
this position that does not interfere with coupling at the
adjacent 3’ hydroxy, and/or give rise to undesired side
reactions during deprotection.’! Because of these issues,
there has not existed to date any viable technology for the
fabrication of high-density RNA arrays, although two recent
reports describe the synthesis of RNAs attached to DNA
sequencing templates in a next-gen sequencing flow cell.*"!

We describe here a simple yet powerful new strategy for
the enzymatic synthesis of high-density RNA arrays with
a maskless array synthesizer.'”! The key idea is to use RNA
polymerase to copy surface-attached DNA molecules on
a high-density DNA array into their RNA complements
(Figure 1). The surface is first partially deprotected (e.g., light
is used to effect the removal of 50% of the nitrophenylpro-
pyloxycarbonyl (NPPOC) photolabile protecting groups
covering the surface),'!l an array of the DNA complements
to the eventual desired RNA sequences is synthesized by
standard light-directed synthesis on the exposed sites, and the
remaining surface sites are then deprotected, followed by
synthesis of an RNA primer sequence. These primer sequen-
ces on the second group of sites are hybridized to their
complements on the first group, whereupon they may be
extended with T7 RNA polymerase to yield RNA:DNA
duplexes. The DNAs are removed with DNase I, leaving
behind the desired single stranded RNAs. The strategy is
compatible with either unmodified ribonucleoside triphos-
phates (rNTPs) or, alternatively, 2'-fluoro-modified (2'F)
rNTPs may be included in the polymerase extension reaction
to impart nuclease resistance and other desirable character-
istics to the synthesized RNAs."? We note that the use of
a very long, flexible, hydrophilic spacer (we employed
a poly(ethylene glycol)2000 (PEG2000) moiety) between
the substrate and the oligonucleotides is critical; this is not
surprising, as it is necessary for the DNA complement and
RNA primer sequences to anneal while both are still attached
to the surface. A second key to this strategy is the ability to
fabricate two different nucleic acid sequences within individ-
ual DNA features—in this case both, a primer and a template
sequence.

Several approaches were employed to evaluate the fidel-
ity and utility of the arrays: these include nuclease sensitivity,
DNA hybridization, and sequence-specific DNAzyme cleav-
age. Figure 2 shows the results of nuclease digestion experi-
ments on DNA, RNA, and 2'F RNA arrays. Each array
contains three 31-33mer sequences arranged in a grid pattern
(Supporting Information (SI), Table S2). The arrays were
visualized after nuclease treatment by hybridizing them with
a mixture of the three corresponding oligodeoxynucleotide
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Figure 1. Enzymatic fabrication of high-density RNA arrays.
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Figure 2. Array susceptibility tests to DNase | and RNase A. The
unmodified RNA and 2'-fluoro RNA array were treated with DNase |
and RNase A, sequentially, whereas the DNA array was treated with
RNase A and then DNase I. The arrays were visualized by hybridization
with their DNA complements labeled with FAM (red), Texas Red
(gray), and Cy3 (blue). Differences in signal intensity reflect variability
associated with the array synthesis platform. A threshold was used to
enhance feature clarity (settings listed in Sl).

complements, tagged respectively with the fluorophores FAM
(red), Texas Red (gray), and Cy3 (blue), followed by washing
and fluorescence imaging. It is evident from the Figure that
although the DNA arrays are completely destroyed by DNase
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treatment but impervious to RNase treatment, the RNA
arrays show the opposite behavior in that they are completely
destroyed by RNase treatment but impervious to DNase
treatment. As expected, the 2'F RNA arrays are resistant to
both DNase and RNase treatment. These results confirm in
each case the nature of the nucleic acid comprising the array
elements. In addition, the experiments also show that for each
array, the nucleic acid molecules on the surface hybridize
specifically to fluorescently tagged solution complements, as
illustrated by the correct localization of the different features
in the image.

Figure 3 shows additional hybridization results further
demonstrating the fidelity of the RNA arrays. In this experi-
ment, a tiling array was synthesized containing the 161 20mer
RNA complements to a 180 bp DNA PCR amplicon from the
murine IGFBP1 promoter™ (stepping through the entire
sequence in single-base increments; sequence information is
provided in SI). The fluorescein-labeled target amplicon was
digested with T7 exonuclease and incubated with the array,
followed by washing and imaging. The pattern of hybrid-
ization illustrates the distribution of the exonuclease digestion
products, and is consistent with results obtained previously
using DNA arrays."¥

The hybridization and exonuclease sensitivity results
presented above provide strong evidence that the normal
and modified RNA arrays have the correct nucleic acid
compositions, and exhibit normal base-pairing functionality.
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Figure 3. Capture of FAM-labeled 180 bp IGFBP1 promoter DNA on a tiling RNA array.

We sought to further confirm the functionality of the
sequences with an additional experiment to test the ability
of the RNA sequences to serve as substrates for a RNA-
specific DNAzyme.

The 10-23 DNAzyme, first described by Joyce and
colleagues in 1997, consists of a catalytic core of 15
deoxynucleotides flanked by substrate-binding domains.!'4!
Any RNA substrate that is accessible to Watson—Crick
pairing with the 10-23 DNAzyme substrate-binding domains
can be cleaved at the phosphodiester linkage between purine
and pyrimidine nucleobases that separate the complementary
regions on the substrate (SI, Figure S1 A). We designed and
fabricated DNA and RNA arrays encoding a “Badger
Chemist” image. Each array contains three 31-33mer sequen-
ces corresponding to the body, sweater/flask, or lab coat of
a “Badger Chemist” (SI, Table S3). The arrays were visual-
ized by hybridizing them with a mixture of the three
corresponding oligodeoxynucleotide complements, tagged
respectively with the fluorophores FAM (green), Texas Red
(yellow), and Cy5 (red), followed by washing and fluores-
cence imaging. The arrays were incubated in a Mn**-contain-
ing buffer for 5 h at 37°C with a 10-23 DNAzyme specific for
the RNA sequences on the “Badger Chemist” array that
correspond to the red lab coat. As shown in Figure S1B, the
“lab coat” sequences remained intact on the DNA array,
whereas 70 % were cleaved on the RNA array. These results
show that the surface-bound RNA molecules are recognized
as RNA by the DNAzyme.

In summary, we have described a novel strategy for the
fabrication of high-density RNA arrays. The fidelity and
functionality of the RNA elements are demonstrated in
hybridization, nuclease digestion, and DNAzyme cleavage
experiments. Many possible applications for RNA arrays can
be envisioned, including: deciphering the binding specificities
of RNA-binding proteins, as a tool to aid in the engineering of
sequence-specific RNA-binding proteins,"” for screening and
characterizing RNA-based therapeutics,'®! for fabricating
tiling arrays of RNA viral genomes, for fabricating miRNA
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arrays, engineering ribozyme arrays, discovering new ribo-
zymes, studying ribozyme function, engineering artificial
siRNAs and miRNAs, fabricating mRNA tiling arrays, and
searching for miRNA “sponges” (molecules that bind to and
inactivate miRNAs).['”!
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