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Development of siRNA for therapeutics: Efficient synthesis of
phosphorothioate RNA utilizing phenylacetyl disulfide (PADS)
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Abstract—Efficient synthesis of phosphorothioate RNA (PS-RNA) is demonstrated by using phenylacetyl disulfide (PADS) in a
mixture of pyridine and acetonitrile (1:1, v/v) for 3 min. Sulfurization is achieved with >99.8% stepwise efficiency. This reagent also
performs efficiently during synthesis of RNA containing PS:PO mixed backbone.
� 2006 Elsevier Ltd. All rights reserved.
Use of short synthetic strands of oligoribonucleotides
(siRNA) is of great interest as a novel mechanism
(RNA interference) for specific and reversible modula-
tion of gene expression.1–5 Although there are conflict-
ing reports on the nuclease stability of unmodified
siRNA duplexes, there is growing evidence that many
of them are degraded within minutes in mammalian
serum.6–8 Among the various analogs designed to
make them stable for use as therapeutic candidates,
phosphorothioate modification, where one of the
non-bridging oxygens is formally replaced by a sulfur
atom, is one of them.9,10 However, synthesis of RNA
and its analogs, in particular phosphorothioate RNA
(PS-RNA) continues to pose a formidable challenge.
In general, RNA synthesis strategies mimic the
approaches developed for chemical synthesis of DNA
and its analogs.11–18 The synthesis is achieved using
a repetitive, chemical procedure or cycle for each
nucleoside addition performed on an insoluble solid
support. Each cycle consists of a deprotection step,
in which the 5 0-hydroxyl of support-bound RNA
chain is made available for elongation, a coupling
step, in which this 5 0-hydroxyl is condensed with an
activated 3 0-phosphoramidite to form phosphite tries-
ter linkage, a sulfurization step in which the unstable
phosphite triester linkage is converted into a stable
phosphorothioate triester linkage; and a capping step,
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where the uncoupled hydroxyl groups are blocked
from further chain elongation.

The introduction of phosphorothioates into RNA can
be achieved in different ways.19–21 For oligoribonucleo-
tides that are synthesized by automated, solid-phase
phosphoramidite chemistry, sulfur can be introduced
at any internucleotidic linkage with an efficient sulfur
transfer reagent. One challenge in automated PS-
RNA synthesis is to find reagents that are effective in
the presence of bulky 2 0-O-silyl-protecting group. Our
initial efforts aimed at synthesizing high-quality PS-
RNA were unsuccessful. Sulfur transfer reagents such
as 3H-1,2-benzodithiol-3-one-1,1-dioxide (Beaucage
reagent),22,23 dimethylthiarum disulfide (DTD),24,25

and few other reagents26–29 did not give satisfactory
full-length product (<10%) and the quality was unac-
ceptable due to high contamination of phosphate dies-
ter impurities. However, 3-ethoxy-1,2,4-dithiazoline-5-
one (EDITH)30–32 gave acceptable results, but the
reagent was expensive.33 This necessitated the investi-
gation of an alternative reagent that could be efficient,
transfer sulfur quickly, inexpensive, and resulted in
high quality of oligonucleotide.

Another challenge for efficient synthesis of phosphoro-
thioate RNA is the choice of activator used. It is well
known that RNA phosphoramidite coupling efficiency
greatly depends on activator, activator concentration,
and time. In general, due to steric hindrance of the 2 0-
O-protecting group, longer coupling time and acidic
activators such as 5-ethylthio-1H-tetrazole (ETT)13 or
5-benzylthio-1H-tetrazole (BTT) are preferred. In our
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Table 1. Synthesis parameters of cycle used on GE Amersham Biosciences Äkta 100 DNA/RNA synthesizer using 24 mL column

Step Reagent Time (min)

Detritylation 15% Dichloroacetic acid/toluene 3

Coupling 20-O-TBDMS phosphoramidite (0.2 M) (4 equiv), 5-ethylthio-1H-tetrazole or

4,5-dicyanoimidazole (0.5 M) in acetonitrile

15

Sulfurization PADS (0.2 M) in pyridine–CH3CN (1:1, v/v) 3

Capping Cap A: 10% acetic anhydride in toluene 3

Cap B: 10% pyridine + 10% NMI in toluene
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Figure 1. Two kinds of DMT-C-phosphonate formed due to inefficient

sulfurization.

Table 2. PTEN targeted P@S RNA sequence 5 0-UUU-GUC-UCU-

GGU-CCU-UAC-UU-3 0 was synthesized; MW = 6501.94 (calculat-

ed); 6501.30 (found)

Quality by IP-LC–MS P@S P@O (n � 1)-mer CNET

% 94.8 2.5 1.6 1.1
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hands, using the conditions described in Table 1, we
have found both ETT and 4,5-dicyanoimidazole
(DCI)34,35 gave comparable results (yield and quality
based on ion-pair LC–MS).

This paper describes the use of phenylacetyl disulfide
(PADS) to create PS-RNA using phosphoramidite
chemistry, with superior results good enough for any
application, in particular for therapeutics.

A fully modified phosphorothioate 20-mer of sequence
5 0-UUU-GUC-UCU-GGU-CCU-UAC-UU-3 0 targeted
against PTEN was prepared on a 0.4 mmol scale on a
GE Amersham Biosciences Äkta 100 DNA/RNA auto-
mated synthesizer using a 24 mL column and controlled
pore glass loaded with standard succinate at 50 lmol/
g.36 The synthesis cycle used is shown in Table 1. 2 0-
O-TBDMS amidite monomers containing fast depro-
tecting groups (0.2 M solution in ACN; 4 equiv;
15 min contact time) and ETT or DCI (0.5 M solution
in ACN) were used for coupling. 15% Dichloroacetic
acid in toluene was used for detritylation.37,38 Sulfuriza-
tion was carried out using PADS (0.2 M solution in a
mixture of pyridine/ACN 1:1, v/v) with a contact time
of 3 min.39,40 In the case of mixed backbone RNA syn-
thesis, oxidation of the internucleotide phosphite was
accomplished using iodine/tetrahydrofuran/pyridine/
water for 2 min. At the end of synthesis, the support-
bound oligonucleotide was treated with a solution of tri-
ethylamine and acetonitrile (1:1, v/v) for 2 h to remove
acrylonitrile formed by deprotection of cyanoethyl
group from phosphorothioate triester.41 Subsequently,
the solid support was incubated in a mixture of 30%
aqueous ammonium hydroxide and ethanol (3:1, v/v)
at 55 �C for 3 h to remove base-protecting groups.
Removal of 2 0-O-silyl group was effected using a solu-
tion of N-methylpyrrolidinone/triethylamine/TEAÆ3HF
(1.5:0.75:1.0, v/v/v) at 65 �C for 3 h.42,43 The purification
of oligonucleotide was carried out by anion exchange
chromatography and desalted to afford the
oligonucleotide.

One of the crucial steps in PS-oligonucleotide synthesis
is the incorporation of sulfur atom in the internucleo-
tide linkage by oxidative sulfurization of P(III) phos-
phite triester intermediate to form a P(V)
phosphorothioate triester linkage. Inefficient sulfuriza-
tion during solid-phase synthesis leads to formation
of two classes of process-related impurities 5 and 6
each containing a DMT-C-phosphonate moiety
(Fig. 1).44 Concentration of reagent, number of molar
equivalents, and sulfurization contact time were
optimized for efficient synthesis using PADS. Under
this condition, no detectable levels of 5 or 6 were ob-
served using our LC–MS analytical method. In addi-
tion, the low level (0.1% per linkage) of phosphate
diester observed during use of PADS is probably not
due to inefficient sulfurization but due to post-desul-
furization occurring by currently unknown mecha-
nism(s). 31P NMR, strong anion exchange
chromatography, and mass spectroscopy have been
used for quantitative measurement of PO-content. In
our laboratories, we use state-of-the-art ion-pair
high-performance liquid chromatography/mass spec-
troscopy (IP-LC–MS) technique as a specific, accurate,
and sensitive means of quantitating oligonucleotides
containing PO-linkages within a matrix of PS-oligonu-
cleotides. Table 2 and Figure 2 show the results of one
of several phosphorothioate oligoribonucleotides syn-
thesized using PADS. This represents >99.8% average
stepwise sulfurization efficiency. The presence of
cyanoethyl adduct on N3 of uracil base (CNET spe-
cies) is not due to inefficient decyanoethylation proto-
col but due to the presence of cyanoethyl group
already present (0.1%) as an adduct in uridine phos-
phoramidite as analyzed by IP-LC–MS.

Tables 3 and 4 show the sequence and mass spectral
analysis of various RNAs synthesized.
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Figure 2. LC–MS analysis of crude P@S RNA synthesized.

Table 3. Synthesis of RNA thioates using PADS

Sequence Mass

Calcd Found

5 0-X-UUUGUCUCUGGUCCUUACUU-30 6581.92 6580.25

5 0-X-AGGCUGGUGGCACCAGGGAA-30 6909.31 6908.84

5 0-UUGUCUCUGGUCCUUACUU-30 6179.71 6178.92

5 0-X-GGCGAAUGAGACUUCUCUUA-30 6753.15 6754.08

5 0-UUUUGUCUCUGGUCCUUAC-30 6002.97 6001.73

5 0-UUGUCUCUGGUCCUUACUU-30 6002.97 6003.11

5 0-UUGUCUCUGGUCCUUACUU-30 5970.83 5971.87

Underlined nucleotides are phosphorothioates; X denotes terminal

phosphate monoester.
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A generally accepted hypothesis for sulfur transfer reac-
tion involves initial attack of phosphite triester on sulfur
transfer reagent (1) to form a phosphonium salt (2) as an
intermediate which then leads to formation of phosp-
horothioate triester (3). This intermediate (2) is sensitive
Table 4. Synthesis of alternating phosphate/thioates RNA using PADS

Sequence

5 0-ApoApsGpoUpsApoApsGpoGpsApoCpsCpoApsGpoApsGpoApsCpoApsA-30

5 0-UpsUpoGpsUpoCpsUpoCpsUpoGpsGpoUpsCpoCpsUpoUpsApoCpsUpoU-30

5 0-UpsUpoUpsGpoApsApoApsApoUpsGpoUpsUpoGpsApoUpsCpoUpsCpoC-30
to moisture and, if attacked by water molecule leads to
eventual formation of phosphate triester (4) as the unde-
sirable by-product (Scheme 1). However, we have ob-
served that addition of water (up to 1200 ppm) in
PADS solution does not lead to increased level of PO for-
mation besides an obviously expected result of decreased
yield.45 This clearly indicates that sulfurization by PADS
leads to a different intermediate as compared to other re-
agents. The exact mechanism is still under investigation.

In summary, we have demonstrated that efficient synthe-
sis of phosphorothioate oligoribonucleotides could be
achieved using PADS in pyridine/ACN, (>99.8% step-
wise efficiency). This reagent is inexpensive and can be
used in a variety of synthesizers thereby making it versa-
tile. Multiple phosphorothioate oligoribonucleotides at
various scales and different synthesizers have been syn-
thesized in our laboratories using PADS for in vivo
studies.
Mass

Calcd Found

6322.5 6322.1

6035.1 6034.4

6129.2 6128.9
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Scheme 1. General mechanism of sulfurization to form phosphorothioate triesters.
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