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Abstract: A novel solid-phase synthesis and purification
strategy for 5'-triphosphate oligonucleotides by using lipophilic
tagging of the triphosphate moiety is reported. This is based on
triphosphate synthesis with 5'-O-cyclotriphosphate intermedi-
ates, whereby a lipophilic tag, such as decylamine, is introduced
during the ring-opening reaction to give a linear gamma-
phosphate-tagged species. This method enables the highly
efficient synthesis of 5'-triphosphorylated RNA derivatives and
their gamma-phosphate-substituted analogues and will espe-
cially facilitate the advancement of therapeutic approaches that
make use of 5'-triphosphate oligonucleotides as potent activa-
tors of the cytosolic immune sensor RIG-1.

I t is well established that 5'-triphosphorylated viral RNA is
a crucial pathogen-associated molecular pattern, which is
detected by the cytosolic immune sensor RIG-I and triggers
antiviral signaling, including the production of type I inter-
feron.!"! Initial studies with well-defined synthetic 5'-triphos-
phate oligonucleotides resulted in the identification of
a triphosphorylated blunt-ended duplex structure as the
optimal RIG-I ligand® and provided essential insights into
the binding of 5'-triphosphate to the RIG-I regulatory
domain.®”! More recently, 3D structure determination of full
length RIG-T*! has provided a rational structural explanation
for the recognition of the triphosphorylated blunt-ended
duplex and the subsequent in vivo signal-generation steps that
lead to interferon induction.

There is great interest in gaining a detailed understanding
of the mechanism of this signaling pathway® and exploiting it
to induce a controlled antiviral response for therapeutic
purposes by using synthetic RIG-I agonists.!! Moreover,
RIG-I ligand-mediated selective apoptosis of cancer cells is
the basis for the emerging field of RIG-I-based immunother-
apy.! A flexible and efficient chemical synthesis of well-
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defined pppRNA derivatives is thus an essential requirement
for providing sufficient pure material for structural and
pharmacological studies.

Effective chemical synthesis of 5'-triphosphorylated RNA
in the 20-50-mer range necessitates addressing the purifica-
tion problem. The resolving power of anion-exchange chro-
matography for 5'-mono-, di- and triphosphorylated products
of longer oligoribonucleotides is limited.®! Moreover, the
required denaturing and high-salt conditions make charge-
based separations a tedious task.” Anion-exchange chroma-
tography cannot cleanly resolve mono-, di- and triphosphates
over 20nt in length. Given the sensitivity of RIG-I for
terminal structural elements, charge-based purification meth-
ods are not optimal for providing unequivocally defined
pppRNA ligands.

One of the most widely used methods for the synthesis of
monomer nucleoside triphosphates is the cyclotriphosphate
method,'!"! which effectively combines 5'-phosphorylation
with phosphate activation for the displacement reaction with
pyrophosphate by using a single trifunctional reagent. This
method is optimally suited for solid-phase applications
because the first phosphitylation step is independent of the
sequence and length of the controlled-pore glass (CPG)-
bound protected oligoribonucleotide. Moreover, it enables
the use of a large excess of the pyrophosphate nucleophile in
the P-O-P-forming step, which ensures an essentially quan-
titative conversion of the initial active ester into the P2,P3-
dioxo-5"-nucleosidyl cyclotriphosphite. The oxidation of this
alpha-P™ intermediate is usually performed with aqueous
iodine, thereby leading to alpha-P oxidation and concomitant
ring opening in one step. Although several applications of this
method for pppRNA synthesis have been reported,'? in most
cases, purification of the product mixtures requires gel
electrophoresis or anion-exchange purification techniques.

We found that when the P""—P" conversion is performed
under anhydrous conditions with an oxidation reagent such as
tert-butyl hydroperoxide, the primary product is a stable solid-
phase-bound RNA 5’-cyclotriphosphate. This intermediate is
suitable for ring-opening reactions with nucleophiles with
a wide range of nucleophilic reactivities!”! and enables
selective tagging of the triphosphate moiety. Under anhy-
drous conditions, the cyclic intermediate enables essentially
quantitative ring opening with aliphatic amines such as n-
decylamine with reaction times in the range of a few minutes,
thereby endowing the resulting substituted pppRNA deriva-
tives with distinguishing chromatographic properties.

The general procedure for the pppRNA synthesis is
outlined in Scheme 1. After the last coupling step and 5'-
detritylation of the full-length synthesis product, the CPG
loaded with the nucleobase-, ribose-, and phosphate-pro-
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Scheme 1. Synthesis of 5'-triphosphate RNA. a) 50 mm salicyl phos-
phorochloridite in anhydrous dioxane/pyridine 3:1 v/v; 30 min;

b) 0.5 bis(tri-n-butylammonium) pyrophosphate in anhydrous DMF,
10 min, then CH;CN wash; c) 1.1 M tBuOOH in dry CH,;CN, 15 min,
then CH;CN wash; d) 5M n-decylamine in dry CH;CN, 3 min, then
CH;CN wash; e) AMA, 30 min RT, then AMA 10 min at 65°C; 1m
TBAF in THF, 16 h; combined yield 73.7%,; f) pH 3.8 buffer, 60°C,
70 min. B = protected nucleobase, TBDMS =tert-butyldimethylsilyl,
DMF = N,N-dimethylformamide, AMA=40% aqueous methylamine/
concentrated aqueous ammonia 1:1 v/v, TBAF =tetra-n-butylammo-
nium fluoride, THF =tetrahydrofuran.

tected oligoribonucleotide 1 is treated with a 50 mm solution
of salicylphosphochloridite in dioxane/pyridine 3:1 v/v for
30 min under strict exclusion of moisture (see the Supporting
Information). The immobilized active ester 20" is then
reacted with a 0.5M solution of bis(tri-n-butylammonium)
pyrophosphate in DMF. The large excess of pyrophosphate
enables a virtually quantitative conversion of intermediate 2
into the P™-PY cyclic anhydride 3 within 10 min. After
oxidation with tBuOOH and washing with anhydrous aceto-
nitrile, the resulting solid-phase-bound RNA cyclotriphos-
phate 4 is reacted with a 1M n-decylamine solution in
acetonitrile for 3 min to give the immobilized gamma amidate
5 without cleaving the 3’-succinate linkage. The oligoribonu-
cleotide is then released from the support and nucleobase-
and 2’-OH-deprotected with AMA and Bu,NF under stan-
dard conditions.
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Analysis of a typical reaction mixture of a 24-mer RNA
synthesis with ion-pair reversed-phase chromatography cou-
pled to ESI mass spectroscopy (IP-RP LC-MS) revealed the
product composition shown in Figure 1 a. The efficiency of the
phosphitylation step can be estimated from the amounts of
residual 5'-OH 24-mer and the desired product 7. The results
confirm a greater than 95% conversion of the CPG-bound
protected 5-OH oligoribonucleotide. During the following
steps, an essentially side-product-free conversion of 2 into 3,
4, and 5 is obtained. Identification of minor side products
within the 24nt fraction reveals only trace amounts of H-
phosphonate RNA and the pppRNA hydrolysis product. The
minor peaks marked with an asterisk in Figure 1a result from
shorter 5'-capped oligonucleotide synthesis failure products.
This triphosphorylation procedure, which comprises pyro-
phosphate exchange, oxidation, and ring opening, is compa-
rable in efficiency to the standard amidite coupling reactions
and results in a reaction mixture containing 74 % triphos-
phorylated product 6.

The DecNHpppRNA 24-mer (6) was isolated by using
preparative reversed-phase HPLC. Using n-decylamine for
derivatization of the triphosphate product causes sufficient
lipophilic shift to enable a clean and convenient separation
from all nontagged components of the reaction mixture on
a PRP-1 column (Figure 1b). IP-RP LC-MS analysis of the
isolated preparative HPLC product fraction (Figure 1c,d)
confirms efficient isolation of 6 in greater than 97 % purity.

Compound 6 could be quantitatively converted into
pppRNA (7) by acid catalyzed P—N bond hydrolysis at
pH3.8 at 60°C (Figure 1e,f). The hydrolysis reaction is
completed after 70 min (Figure S1 in the Supporting Infor-
mation) and occurs without degradation of the triphosphate
moiety. These mild conditions are identical to the conditions
used for the removal of 2'-ACE protecting groups and do not
lead to hydrolysis or isomerization of the inter-ribonucleotide
bonds.™

IP-RP LC-MS analyses of intermediate 6 (Figure 1c,d)
and end product 7 (Figure 1e,f) show no detectable base
modifications resulting from the triphosphorylation reaction.
Analysis of the end product (Figure le,f) resolves small
amounts of cyanoethyl-containing base modifications result-
ing from the Michael addition of acrylonitrile and trans-
amination products formed during AMA treatment, both of
which are well known from standard RNA synthesis.

Potential side products resulting from phosphitylation at
uridine O-4 or guanosine O-6 are likely reverted to the parent
nucleoside by a mechanism similar to the acetate-mediated
base regeneration in the coupling—capping—oxidation cycle of
standard oligonucleotide synthesis.'” The nucleophile that
attacks the P™ of the nucleobase-phosphitylated product is in
this case the excess pyrophosphate, which is applied as a 0.5M
solution in the reaction.

To demonstrate the general utility of these synthesis and
purification conditions, we synthesized a series of pppRNA
derivatives in the 10-52nt range (Table 1). One characteristic
of this method is a nearly sequence-independent elution
pattern since the lipophilic tag alone determines the product
retention time. Table 1 shows examples prepared for 2'-OMe
modification interference analysis (Table 1, entries e-g) and
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Figure 1. a) IP-RP LC-MS profile of a crude 5'-decyl-NH-pppRNA reaction mixture (sequence: 5'-
GACGCUGACCCUGAAGUUCAUCUU): 5'-OH-RNA (3.1%; MW calcd: 7589.6 Da, found: 7587.6 Da);
5’-H-phosphonate-RNA (0.7 %; MW calcd: 7653.6 Da, found: 7651.6 Da); 5'-pppRNA (0.4%; MW calcd:
7829.5 Da; found: 7827.6 Da), and 5'-decyl-NH-pppRNA (73.7%; MW calcd: 7969.6 Da; found:

7966.8 Da). Oligonucleotide synthesis failure products are marked with *. b) RP-HPLC purification of

a 1 pmol scale reaction of 5’-Decyl-NH-pppRNA. ¢,d) IP-RP LC profile (c) and deconvoluted ESI-MS
spectrum (d) of the isolated product peak from (b): 5'-decyl-NH-pppRNA (6; 96.0%; MW calcd:

7969.6 Da; MW found: 7966.8 Da). e, f) IP-RP LC profile (e) and deconvoluted ESI-MS spectrum (f) of
the 5"-pppRNA end product (7; 83.2%, MW calcd: 7829.5 Da; MW found: 7827.6 Da). A=absorbance at

260 nm.

for the comparison of length variants (Table 1, entries a, b, h—
m; Figure S2 in the Supporting Information). This feature
enables a clean separation of tagged and nontagged products
even with a 52-mer sequence (Table 1, entry m) or with
sequences containing GC-rich stretches (Table 1, entries c,d).
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As verified by MALDI-TOF
analysis (Table 1, Figure S2),
the modification scheme clearly
selects for triphosphate deriva-
tives over ppRNA or mono-
phosphates in all cases, and the
pppRNA can be obtained with-
out contamination by shorter
sequences or mono- and di-
phosphate side products. Fur-
thermore, the method is also
compatible with the use of
modified CPG supports to gen-
erate  3’-modified pppRNA
derivatives, and polar 3'-resi-
dues such as biotin or fluores-
cein (Table 1, entry n,0) do not
interfere with the elution pat-
tern.

The immobilized RNA
cyclotriphosphate 4 is suitable
for ring-opening reactions with
a broad range of substituted
amines, thereby giving access
to the gamma substituted deriv-
atives as summarized in
Scheme 2. Derivatization using
azidoalkylamine 8, perfluoroal-
kylamine 9, or the monoacetyl-
ated lipophilic diamine 10 was
performed with a 0.1M solution
of the amine in acetonitrile with
an increased reaction time of 3 h
to provide the substituted tri-
phosphates in good yields
(Scheme 2; Table 2, 8-10; Fig-
ure S3 in the Supporting Infor-
mation). In this way, terminal
azide functionalities suitable for
further derivatization by click
chemistry and perfluoroalkyl
residues suitable for fluorous
affinity chromatography can be
easily incorporated into the
pppRNA products. Ring open-
ing of 4 with excess 2,2'-(ethyl-
enedioxy)diethylamine  gives
a pppRNA analogue with
a free terminal amino group,
which may be further derivat-
ized on-column with electro-
philic reagents as exemplified
with cholesteryl chloroformate
(Table 2, 11).

In summary, we report a novel synthesis strategy that
enables the convenient, high-yield conversion of immobilized
protected oligoribonucleotides into 5'-cyclotriphosphates and
their application in a product-specific labeling strategy for
efficient purification of 5'-triphosphate oligoribonucleotides.

Angew. Chem. 2014, 126, 47824786
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Table 1: Examples of pppRNA synthesis.
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Sequence (5'-3')% Yield [%]"! Calcd [M—H] Found [M—H]1
a ppPAGAAAUUAUUCAUGGCAGACUU 46.7 7250.2 7250.2
b ppPAAGAUGAACUUCAGGGUCAGCGUC 76.1 7954.6 7957.4
c pppGCGGCGUCGAGAAGUAUUUGACUUTT 61.5 8558.0 8563.0
d pppGCGGCGCUCAACUUGCAUUAAUUCTT 68.6 8437.9 8442.6
e pppG (Me)ACGCUGACCCUGAAGUUCAUCUU 72.7 7843.6 7848.7
f pppGA(Me) CGCUGACCCUGAAGUUCAUCUU 75.1 7843.6 7845.1
g pppGAC(Me) GCUGACCCUGAAGUUCAUCUU 59.0 7843.6 7843.6
h pppGACGCUGACCCU 80.0 4009.2 4010.0
i pppGACGCUGACCCUGAAGU 76.4 5664.2 5664.4
j pppGACGCUGACCCUGAAGUUCAU 78.3 6911.0 6912.8
k pppGACGCUGACCCUGAAGUUCAUCUU 69.0 7828.5 7828.8
| pppGACGCUGACCCUGAAGUUCAUCUUACG 46.1 8808.1 8809.3
m pppGACGCUGACCCUGAAGUUCAUCUUGAAAAAGAUGAACUUCAGGGUCAGCGUC 76.5 16939.0 16939.7
n pppGACGCUGACCCUGAAGUUCAUCUU-FAM 71.8 8397.6 8399.2
o pppGACGCUGACCCUGAAGUUCAUCUU-biotin 65.1 8398.1 8403.5

[a] ppp = 5'-triphosphate, N =ribonucleotide, N (Me) =2"-O-methyl nucleotide, FAM = 6-carboxyfluorescein (Figure S2). [b] Percentage yield in the
crude reaction mixtures as calculated from integration of the reversed phase chromatograms. [c] m/z measured by MALDI-TOF MS (Figure S2 in the

Supporting Information).
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Scheme 2. Synthesis of gamma-substituted pppRNA analogues.

Table 2: Examples of R—pppRNA synthesis."

R Yield [96]"! Calcd [M—H] Found [M—H]“
8 49 8028.6 8030.9
9 76 8287.5 8290.3
10 68 8212.8 8214.8
1 21 8370.9 8370.6

[a] RNA sequence (5-3'): GACGCUGACCCUGAAGUUCAUCUU. [b] Per-
centage yield in the crude mixture as calculated from integration of the
reversed phase chromatograms. [c] m/z measured by MALDI-TOF MS
(Figure S3 in the Supporting Information).

This synthesis route gives pure pppRNA independent of both
the sequence length and the efficacy of the initial phosphor-
ylation reaction and oligonucleotide coupling steps. The
synthesis procedure is straightforward and can be carried
out on standard automated oligonucleotide synthesizers.
Efforts are currently underway to adapt the solvent systems
for large-scale synthesizer compatibility to facilitate the
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application of this method to the development of pppRNA
based therapies.
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