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The preparation of a polystyrene solid support decorated
with a photolabile linker is described. The entire post-
synthetic processing of RNA can be carried out on solid phase
in a minimum amount of time. The deprotected RNA is
available for “on-support” hybridization and photolysis
releases siRNA duplexes under mild, neutral conditions.

The scientific breakthroughs in gene silencing have triggered an
onset of interest for small interfering RNA (siRNA) in loss-of-
function experiments” > and as potential therapeutics.> * As
therapeutics, their final outcome crucially depends on the design and
the fine-tuning of their chemical and biophysical properties,™ ¢ which
can complicate RNA synthesis, deprotection and purification
procedures. Loss-of-function experiments, on the other hand, rely on
gene screening with large siRNA libraries.”'" Preparing such
libraries is costly and time-consuming, and consequently, the
demand for faster, efficient and more affordable RNA synthesis
methods is escalating.'" 12

In many ways, the deprotection of RNA can be regarded as the most
time-consuming step. In particular, fluoride-mediated deprotection
of tert-butyldimethylsilyl (TBDMS), widely used as a protecting
group for the 2'-OH function,'™ ' typically relies on long treatments
with TBAF or triethylamine-trihydrofluoride (TREAT-HF). While
shorter alternatives exist, such as mixtures of N-methylpyrrolidone
in TREAT-HF,'® the subsequent isolation of RNA and the required
removal of fluoride ions before purification on silica-based HPLC
columns contribute heavily to the processing time. A fast and
practical desilylation method is therefore highly coveted.

Performing deprotection on solid phase, whereby excess reagents
and prematurely cleaved shortmers can simply be washed away, is
an attractive idea to eliminate work-up procedures. However, it
supposes that the attachment between RNA and support is
chemically resistant (orthogonal) to the deprotection reagents.
Examples of such strategies with orthogonal linkers on solid
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supports include allyl moieties,'® 7 disulfide bonds'® ' and

hydroquinone-0,0'-diacetic acid (“Q-linker®®) when used in
combination with levulinyl-type of 2'-protecting groups." * An
additional orthogonal linker is derived from the photolabile (2-
nitrophenyl)propyloxycarbonyl (NPPOC?). When covalently bound
to controlled-pore glass (CPG) supports, NPPOC-based linkers are
cleaved under mild, photolytic conditions**?® and have been applied
to RNA synthesis with 2'-base labile protecting groups.27'29
Alternatively, photolabile linkers in conjunction with biotin have
been introduced on ribonucleosides to facilitate the isolation of RNA
after elongation on CPG and deprotection.’® However, clearly, the
chemical properties of CPG preclude any “on-support” desilylation
with fluoride-containing reagents.

An ideal and truly orthogonal linker would be amenable to RNA
synthesis and deprotection with standard 2'-O-TBDMS
phosphoramidites and reagents. We surmised that a polystyrene (PS)
support coupled to a photolabile NPPOC linker would resist HF
treatment and therefore bypass the need for work-up and desalting
procedures. In addition, a strategy involving the use of microwaves
was explored in order to accelerate TBDMS removal with TREAT—
HF.*! We then reasoned that the resulting deprotected RNA would
be available for “on-support” hybridization to its complementary
strand,? ¥ thereby providing a swift method for the preparation of
siRNA duplexes. The ability to prepare duplexes on solid phase after
deprotection participates in our efforts to access siRNA libraries in a
minimum amount of time (no HPLC purification) and enables a
control over the precise ratio of complementary strands (excess RNA
is washed away). A final photodeprotection would release the
double-stranded RNA into an appropriate buffered solution.

Our initial plan of action concerned the aromatic amide functionality
that usually connects the NPPOC moiety to the solid support.”’
Because of its relative sensitivity to ammonolysis, we wished to
replace the amide group with a stable O-methylphosphate instead.
The synthesis of photolabile linker 3 is described in Scheme la.
Starting from known compound 1,>**° hydrolysis of the fert-butyl

J. Name., 2012, 00, 1-3 | 1



ChemComm

ester in TFA led to carboxylic acid 2. Next, the primary alcohol
function was protected with a dimethoxytrityl (DMTr) and then
subjected to a borane-mediated reduction yielding alcohol 3.

To immobilize our photolabile linker, we chose a high-loaded PS-
based solid support (NittoPhase®) and transformed hydroxyl groups
to O-methylphosphoramidites 4 using a suitable chlorophosphine
(Scheme 1b). Alcohol 3, pre-mixed with dicyanoimidazole (DCI) as
activator, was then coupled to amidite 4 for 1h. Unreacted amidite
functions were quenched with the addition of ethanol and the
remaining hydroxyl groups were capped using a mixture of Ac,O
and N-methylimidazole. Finally, oxidation of the phosphite triester
linkage  with  fert-butylhydroperoxide®® *7  afforded  the
photocleavable solid support 5. The determination of loading density
as described in the literature® revealed a loading of ~220 pmol.g™.
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Scheme 1. (a) Synthesis of the photocleavable linker 3. (b)
Immobilization of the photocleavable NPPOC derivative 3 onto PS
solid support (NittoPhase®).

To investigate the cleavage efficiency by photolysis as well as the
stability of the linker under basic conditions, we set on to synthesize
a model dT;, oligonucleotide. The deprotection was performed in
40% MeNH, in water and the recovered supernatant was shown to
contain no UV-active material, demonstrating the stability of the
photolabile linker under those conditions. The supported
oligonucleotide was then released by UV irradiation (centered at 350
nm) in a triethylammonium acetate buffer and 35 O.D. units of
oligonucleotide were collected after 2h, which corresponds to 42%
cleavage efficiency (33% after 1h, Figure Sla). In these conditions,
literature precedents suggest that less than 3% photodimerized
thymidine are expected to be produced.”® The crude, 3'-
phosphorylated dT;, oligonucleotide was then analyzed by RP-
HPLC (Figure S1b) and compared to a crude sample prepared
according to standard methods. A clear main product and very few
impurities were detected in the HPLC trace of the photocleaved
dT), indicating that solid-phase synthesis on 5 is effective.

To further extend the usefulness of this approach, we wished to
develop and offer an alternative leading to 3'-unmodified strands. To
do so, and inspired by recent attempts,” we chose to append the
NPPOC linker to the internucleotidic linkage between two dT
monomers (Scheme 2). It was expected that photocleavage would
trigger the release of a dTdT dimer 3'-OH, a common 3'-overhang in
siRNA design. Following a published procedure,*” we prepared dT
phosphorodiamidite 7 and 3'-O-TBDMS protected dT 8. Upon
activation with DCI, the mixed monomers 7 and 8 reacted to a
phosphoroimidazolide intermediate which was directly added to
detritylated solid support 6. After a coupling time of 20 min, the
excess reagents were removed and the resulting phosphite triester
oxidized. Finally, capping of unreacted hydroxyl groups gave the
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derivatized photolabile solid support 9 in good yield (~140 pmol.g’
1
).
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Scheme 2. Derivatization of the photocleavable NPPOC-linked solid
support 5 with a 3'-O-TBDMS dTdT dimer.

With our photolabile supports 5 and 9, we moved on to RNA
synthesis and considered the use of microwaves to accelerate
desilylation times. We first synthesized a 12mer RNA sequence
containing all four bases on solid support 5§ using conventional 2'-
silyl protected phosphoramidites (see Supporting Information). The
decyanoethylation and base deprotection step was effected using
MeNH, for 30 min at 60°C and the supported, 2'-protected RNA
then underwent TREAT-HF-mediated desilylation at 60°C for 10
min under microwave (MW) irradiation. The solid support was
found to be relatively stable under those conditions (6% cleavage).
After a final photolysis for 1h at room temperature in RP buffer, the
deprotected RNA was analyzed by RP-HPLC and the chromatogram
showed little to no trace of 2'-protected material, suggesting that
desilylation is complete in as little as 10 min under MW (Figure S2).
To further validate our method, we prepared a 21mer sense strand
(lucl) of the siRNA targeting the firefly luciferase mRNA. The RP-
HPLC trace after on-support deprotection and subsequent photolysis
is shown in Figure la and compared to a crude sample of the same
sequence obtained following standard procedures. Synthesis on our
light-labile support yielded a crude 21mer RNA of excellent quality
(~73% of full-length product in the crude) and the identity of the
purified product was confirmed by ESI'-MS (Figure 1a-inset).

Next, the same sequence was synthesized on the derivatized support
9 and then deprotected and photolyzed as described above. The
resulting crude material was analyzed on RP-HPLC (Figure 1b) and
the main product (luc2) was characterized by MS, which confirmed
the presence of a 3'-OH species (Figure 1b-inset). The photocleavage
efficiency after 1h at r.t. was 31%, similar to that of the original solid
support 5 but when performed in ACN spiked with 1% piperidine, a
maximum of ~50% cleavage was obtained. DMSO, a solvent of
choice for photocleavage in a particular case,”® was in our hands a
poorer alternative (22% cleavage after 1h).

Overall, with only two hours to fully deprotect and to release RNA
from the support, our method provides a fast route towards high-
quality oligonucleotides. In addition, RNA isolation is greatly
facilitated since the supported oligomer is recovered by simple
filtration and no desalting is needed before HPLC purification.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. RP-HPLC traces of the sense strand of the siRNA tar-
geting firefly luciferase mRNA. Sequence (5' to 3'; t = dT):
GCUUGAAGUCUUUAAUUAALt. (a) Analytical RP traces of
crude lucl synthesized on (front) solid support 5 and (back) on
standard LCAA-CPG solid support with standard deprotection. (b)
Preparative RP traces of crude /uc2 synthesized on (front) solid
support 9 and on (back) standard LCAA-CPG solid support with
standard deprotection. Left insets: ESI'-MS analysis of purified
strands. Mg = 6693.85 Da (lucl) and 6613.75 Da (luc2).

With the supported sense strands in hand, yielding either a 3'-
phosphate or a 3'-OH upon photocleavage, we were keen to attempt
“on-bead” hybridization experiments. The complementary antisense
strand (luc3) was obtained following conventional procedures and
added in ten-fold excess to a mixture of supported-/uc! or luc2 in a
concentrated sodium citrate (20X SSC) buffer. We found it
necessary to use high salt buffers to counteract the high-density of
charged phosphodiesters on PS beads, negatively affecting the
ability of the sense strands to pair with their complement. After 3h of
hybridization at 45°C, the excess /uc3 was removed and the solid
support washed with buffers of increasing stringency (see
Supporting Information). We observed only a limited release of /uc3
during these washing steps. Non-complementary strands did not
significantly bind under those conditions. Next, the beads were
filtered, washed and photodeprotected in buffer. The duplexes were
analyzed by MS and were identified as single strands only (Figure
S3), which dissipates the possibility of UV-mediated crosslinking.
The recovered RNA duplexes (lucl/luc3 and luc2/luc3) were then
loaded onto 24% non-denaturing PAGE and visualized by staining.
As shown in Figure 2, on-support hybridization experiments (lanes 2
and 3) yielded duplexes whose mobility in gel is similar to that of
authentic samples (lanes 1 and 4). Bands moving slightly faster than
those of the duplexes (lanes 2 and 3) may possibly correlate with
hybrids of luc3 and shortmers of the photocleaved /ucl and luc2.
Interestingly, no excess of either single strand was detected; this
technique thus allows for the preparation of siRNAs of rigorous
stoichiometry. It also facilitates the preparation of siRNA libraries
since no precise quantitation of either strand is required before
mixing, and a known excess of the solution strand suffices.

This journal is © The Royal Society of Chemistry 2012

Figure 2. Evaluation of duplex formation and stoichiometry on 24%
non-denaturing PAGE. Sense strands (/uc/ and luc2) are loaded as
crudes after photolysis. The antisense strand (luc3) was synthesized,
deprotected and purified according to standard methods. Duplexes
made on support (lucl/luc3 and Iluc2/luc3) are loaded after
photolysis. Gel was visualized by staining with Stains-all.
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Figure 3. Firefly luciferase gene knockdown assays in HeLa cells
with siRNAs made in solution or on-support and carrying either a 3'-
phosphate (lucl) or a 3'-OH (luc2) at the end of the sense strand and
tested at different duplex concentrations (20 nM; 4 nM; 0.8 nM and
0.16 nM). Error bars indicate standard deviation. SCR.CTRL:
scrambled siRNA for control purposes.

Next, we investigated the ability of the siRNAs hybridized on-
support to reduce the expression of the firefly luciferase gene by
targeting its corresponding mRNA in an in vitro assay (Figure 3).
These duplexes exhibited an RNAi activity with an ICsy of 19 nM
and 9 nM for lucl/luc3 and luc2/luc3 respectively, similar to that of
control duplexes (17 nM and 13 nM, in the same respective order),
thus providing an additional evidence of duplex integrity after
photocleavage. It also shows that, in our hands, the sense strand
needs not be purified for the duplex to be equally potent. Work is
underway to expand the method to the preparation of siRNAs with
single strands synthesized exclusively on photolabile supports.

Conclusions

In summary, a photosensitive linker grafted on PS beads was
prepared and employed in a new “on-support” method for the
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synthesis, deprotection and hybridization of RNA. A chief asset
is its orthogonality to the deprotection reagents commonly used
in nucleic acid chemistry, allowing for a fast and simple post-
synthetic processing of DNA and RNA. In addition, the ability
to form duplexes on support without the need for HPLC
purification could greatly simplify the preparation of siRNA
libraries. Our approach also paves the way for a mild and
practical assembly of RNA containing base-sensitive or
biolabile groups (“prodrugs”), a matter of increasing
importance to the design of potent siRNAs.>" !
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