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a b s t r a c t

Upon viral infection, double-stranded viral RNA is detected very early in the host cell by several cel-
lular 2′–5′ oligoadenylate synthetases, which synthesize 2′–5′ adenylate oligonucleotides that activate
the cellular RNase L, firing an early primary antiviral response through self and non-self RNA cleavage.

′ ′
eywords:
ntiviral
′–5′ Oligoadenylate
ligoadenylate synthetase

Transfecting cells with synthetic 2 –5 adenylate oligonucleotides activate RNase L, and thus provide a
useful shortcut to study the early steps of cellular and viral commitments into this pathway. Defined
2′–5′ adenylate oligonucleotides can be produced in vitro, but their controlled synthesis, purification,
and characterisation have not been reported in detail. Here, we report a method suitable to produce
large amounts of 2–5As of defined lengths in vitro using porcine OAS1 (pOAS) and human OAS2 (hOAS).
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. Introduction

The mammalian cell response to a viral infection is mainly medi-
ted by type I interferon-regulated pathways (Sen, 2001; Servant
t al., 2002). One of the main and early effects is to activate the 2′–5′

ligoadenylate synthetase (OAS)/ribonuclease L (RNase L) path-
ay (Roberts et al., 1976), where double-stranded non-self RNA
roduced during infection by the viral invader is recognized by
ne or several OAS isoforms. This enzyme is allosterically acti-
ated by dsRNA to synthesize small specific RNA molecules which
re oligomers of adenosine with the particularity to be linked by
′–5′ phosphodiester bonds instead of 3′–5′ as in “classic” RNAs
Hovanessian and Justesen, 2007). These oligomers (2–5As) are
nown to bind RNase L (Dong and Silverman, 1995), and the 2′–5′

hosphodiester bonds have been shown to be essential for the
pecific binding. The structural basis of this activation has been

eported in the crystallographic structure of the 2–5A:RNase L com-
lex (Tanaka et al., 2004), currently the only example of protein
rystallized in complex with 2–5As. Once activated, RNase L cleaves
oth cellular and viral single-stranded RNA, thus playing an impor-

Abbreviations: DP, degree of polymerisation; OAS, oligoadenylate synthetase;
OAS1, porcine OAS 1; hOAS2, human OAS 2; 2–5A, 2′–5′ oligoadenylate; RNase L,
ibonuclease L; CIP, calf alkaline phosphatase; VCE, vaccinia virus capping enzyme;
Nase T2, ribonuclease T2.
∗ Corresponding authors. Tel.: +33 4 91 82 86 44; fax: +33 4 91 82 86 46.

E-mail addresses: karine.alvarez@afmb.univ-mrs.fr (K. Alvarez),
runo.canard@afmb.univ-mrs.fr (B. Canard).

166-3542/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2010.06.003
pectrum of 2–5As at the milligram scale and report an HPLC-purification
ith quantified yield for 2–5A of various lengths.

© 2010 Elsevier B.V. All rights reserved.

tant role in the endogenous antiviral pathway (Silverman, 2007b).
In recent years, several correlations between viral infections and
the OAS/RNase L pathway have been reported (Behera et al., 2002;
Kajaste-Rudnitski et al., 2006; Sawicki et al., 2003; Smith et al.,
2005). Conversely, the ability of some viruses to counteract the
antiviral action of RNase L has also been demonstrated (Han et al.,
2007; Min and Krug, 2006; Xiang et al., 2002). Precise mechanisms
remain ill-defined, though, and mechanisms of indirect or direct
interaction between viral proteins and the OAS/RNase L pathway
remain to be discovered.

No direct interaction of a viral protein with 2–5As has been
reported yet. Conceptually, however, these 2–5As represent early
triggers of the non-specific innate immune response, and thus, early
viral interference with this pathway would be expected to effi-
ciently dampen the host response to viral invasion. Indeed, direct
induction of the RNase L response with these purified oligomers has
been achieved successfully through transfection of 2–5A (Malathi
et al., 2007; Silverman, 2007a). Likewise, activation of RNase L by
small organic molecules has been shown to efficiently launch an
antiviral state in the host cell (Thakur et al., 2007). Thus, it would
be logic that viruses had evolved a way to interfere early with the
innate immune response which involves the induction of more than
a thousand actors in a potent and complex antiviral response.

With this idea in mind, we set up to obtain high amounts of

pure and structurally characterised 2–5A in order to study their
interaction with potential viral targets before they reach RNase L
in the cell cytoplasm.

Several 2–5A synthesis protocols have been described, using
either chemical or enzymatic method (Imai and Torrence, 1981;

dx.doi.org/10.1016/j.antiviral.2010.06.003
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:karine.alvarez@afmb.univ-mrs.fr
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ustesen et al., 1980; Kitade et al., 1991; Rusch et al., 2001; Thakur
t al., 2007). However, the chemical synthesis of a 5′-triphosphate,
sine qua non condition to retain RNase L activation, is not easy

nd has been reported in an eight-step synthesis. In addition,
either easy nor large-scale production nor detailed purification,
eporting yield, size distribution, and individual fractionation of
ize-controlled 2–5A, has been documented.

The enzymatic synthesis of 2–5A has been reported using puri-
ed OASs. Human OASs belong to a family of enzymes encoded
y 3 closely linked genes with the following order: small (OAS1),
edium (OAS2) and large (OAS3) isoforms, corresponding to pro-

eins of 40/46, 69/71 and 100 kDa respectively. They are composed
f one, two or three repeats of the basic OAS module, correspond-
ng to their size (Hovanessian and Justesen, 2007). At their optimum
ctivity conditions, OAS1 and OAS2 have the capacity to synthesize
ligomers of “high” molecular weight, whereas OAS3 has the ten-
ency to synthesize preferentially dimeric oligonucleotides. Some
f these enzymes have been used to synthesize 2–5As (Rebouillat
nd Hovanessian, 1999), but no detailed protocol, precise purifi-
ation, nor characterisation of the synthesized products has been
escribed.

Here we report a protocol to produce large amount of differ-
nt 2–5As in vitro. Two OASs, the porcine OAS1 (pOAS1) and the
uman OAS2 (hOAS2), were used and compared to synthesize a
road spectrum of 2–5As at the milligram scale with quantified
ield for 2–5A of various lengths. We show that the Vaccinia virus
RNA capping enzyme is active as an RNA 5′-triphosphatase on the

–5As, providing a simple and robust method to prepare 2–5A with
5′-diphosphate. The purified 2–5As are able to induce rRNA degra-
ation in transfected cell, as expected for an RNase L-mediated
ntiviral response.

. Materials and methods

.1. Expression and purification of recombinant human OAS2 in
nsect cells

The human OAS2 cDNA cloned in pFastBac vector (Invitrogen
ac-to-Bac Baculovirus Expression System) as a N-terminal His-
ag fusion protein was a kind gift of Saumendra N. Sarkar and
ames C. Sen from The Lerner Research Institute, Cleveland, USA.
his construction was transformed into DH10-Bac Escherichia coli
o produce bacmid DNA. The presence of recombinant bacmids
as verified by PCR, and bacmids were used for the generation

f human OAS2 recombinant baculovirus using Invitrogen Bac-to-
ac Baculovirus Expression System. All experiments were carried
ut according to the manufacturer’s protocol in insect Sf9 cells. Sf9
nsect cells were maintained in a spinner or monolayer cultures
t 27 ◦C in Insect-XPress medium (BioWhittaker, Lonza). For large-
cale production of the hOAS2 isoenzyme, 3 × 108 Sf9 cells were
nfected. 72 h post-infection, cells were harvested and the hOAS2
rotein was purified as described in Sarkar and Sen (1998).

.2. Expression and purification of recombinant porcine OAS1 in

. coli

The optimized gene of porcine OAS1 cloned into pET-15b as
n N-terminal His-tag fusion protein was purchased from Gen-
art (Germany). The protein was expressed in BL21 (DE3) pLysS
Stratagene, U.S.A.) at 25 ◦C overnight after induction with 0.5 mM

PTG in LB Broth. The protein was purified in two steps, first with
ation exchange chromatography (Cellulose Phosphate P11, What-
an) in 50 mM NaPO4 buffer pH 7.5, 10% glycerol, 1 mM DTT, 0.1%

gepal CA630 (Sigma–Aldrich), 1 mM EDTA, and 50 mM NaCl. A gra-
ient from 50 mM to 0.5 M NaCl was applied, and the protein was
rch 87 (2010) 345–352

eluted at 0.32 M NaCl. Fractions were collected and applied to an
immobilized metal affinity chromatography column (Ni-NTA, GE
Healthcare) in 50 mM NaPO4 buffer pH 7.5, 45 mM imidazole, 10%
glycerol, 0.1% Igepal CA630, 1 mM EDTA, and 0.32 M NaCl. After
washing with the same buffer, the protein was eluted in the same
buffer supplemented with 240 mM imidazole (final concentration).
The collected protein was dialysed against the same buffer without
imidazole. The last dialysis buffer change constituted the storage
buffer, i.e., 50 mM NaPO4 pH 7.5, 50% glycerol, 0.3 M NaCl, 0.5 mM
EDTA and 5 mM �-mercaptoethanol.

2.3. HPLC set-up

A Waters model 600 gradient HPLC system equipped with two
600 pumps, a 717 plus Autosampler injector, and a 996 photo-
diode array detector. An in-line degasser AF was employed for
reverse phase chromatography. The separation column (Reverse
Phase C18) and a pre-column (Reverse Phase C18) were installed
in parallel on a two 7000 Rheodyne valve system (Interchim) for
the online-cleaning procedure. A filter insert protected the column
assembly. As buffer stock solution a 1 M solution of triethylam-
monium bicarbonate (TEAB) was prepared by adding dry-ice to a
1 M triethylamine solution until the pH reached 7.4 and filtered
through 0.22 �M GV-type membranes (Millipore). HPLC eluents
were freshly prepared. Eluent A was a 0.05 M solution of TEAB (pH
7.4) and eluent B was a 1:1 mixture of acetonitrile (HPLC grade,
SDS, Peypin, France) and TEAB (final concentration 0.05 M, pH 7.4).
The applied gradients for analytical and preparative separation of
2–5As are described in the corresponding sections (see below).

For HPLC coupled mass spectrometry, a Waters model Alliance
2790 system equipped with a photodiode array detector was
employed. Mass spectra were recorded on an analyzer Quadrupole
time-of-flight “Qtof” mass spectrometer (Waters). Conditions were
accelerating potential 20 V, capillary potential 3000 V, source tem-
perature 150 ◦C and nebulization temperature 250 ◦C.

2.3.1. Analytical scale
20 �l of sample was mixed with 180 �l of TEAB (0.05 M) and

analysed. The column assembly consists of a pre-column (Delta-
pak C18 100 Å, 5 �m, 3.9 × 20 mm) and a separation column (Nova-
pak C18, 4 �m, 3.9 × 150 mm). Separations were run at a flow rate
of 1 ml/min and started with a 5 min elution (100% eluent A) on
the pre-column to remove proteic material. The analytical gradient
started after 5 min at 100% eluent A with an increase to 8% eluent
B after 15 min, to 15% eluent B after 30 min, to 20% eluent B after
35 min and to 100% eluent B after 40 min.

2.3.2. Preparative scale
250 �l of sample was mixed with 400 �l of TEAB (0.05 M) and

analysed. The column assembly consists of a pre-column (XTerra
prep MSC18, 10 �m, 10 × 10 mm) and a separation column (XTerra
prep MSC18, 10 �m, 10 × 250 mm). Separations were run at a flow
rate of 5 ml/min and started with a 5 min elution (100% eluent A) on
the pre-column to remove proteic material. The analytical gradient
started after 5 min at 100% eluent A with an increase to 8% eluent
B after 15 min, to 15% eluent B after 30 min, to 20% eluent B after
35 min and to 100% eluent B after 40 min.

2.4. Mass spectrometry analysis

MALDI-TOF mass spectra were recorded on a Voyager DE

mass spectrometer (Perseptive Biosystems, Framingham, MA, USA)
equipped with an N2 laser (337 nm). MALDI conditions were
accelerating potential, 24,000 V; guide wire, 0.05% of accelerating
voltage; grid voltage, 94% of accelerating voltage; delay extraction
time, 550 ns. Spectra were obtained in negative mode and were
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ot smoothed. The oligonucleotides (100 pmol) were suspended in
0 �l of water and desalted using drop dialysis through a mem-
rane filter WSWP 0.025 �m, 13 mm (Millipore) floating on a 0.1 M
mmonium citrate solution for 30 min. When drop dialysis did not
llow the removal of all salt traces, the samples were further treated
ith a few beads of DOWEX 50W X8 resin (ammonium form) before

potting them on the MALDI target. Samples of 0.5 �l were mixed
ith 0.5 �l of the matrix 2,4,6-trihydroxyacetophenone (THAP,

5 mg, ammonium citrate, 4 mg in 500 �l acetonitrile/water, 1:1,
/v) and the mixtures were spotted on the stainless steel MALDI
arget and left to dry under air before MALDI analysis.

.5. HPLC coupled mass spectrometry

Samples were previously filtered on Microcon (size exclusion
3000 Da) (Millipore) to remove proteic material. 20 �l of sam-
le was mixed with 20 �l of TEAB (0.05 M) and analysed. The
olumn assembly consists of a pre-column (Delta-pak C18 100 Å,
�m, 3.9 × 20 mm) and a separation column (Nova-pak C18, 4 �m,
.9 × 150 mm). Separations were run at a flow rate of 1 ml/min. The
nalytical gradient started after 5 min at 100% eluent A with an
ncrease to 8% eluent B after 15 min, to 15% eluent B after 30 min,
o 20% eluent B after 35 min and to 100% eluent B after 40 min. The
ow was split in tandem UV and MS. Mass spectra were obtained

n negative mode (electrospray ion source).

.6. 2–5A synthetase activity assay

The 2–5A synthetase activity assay was performed by incubating
he recombinant protein (2 �M of pOAS1 or 1 �M of hOAS2) in a
eaction mixture containing 20 mM Tris/base pH 7.5, 20 mM MgCl2,
.5 mM DTT, 50 �g/ml poly (I:C), 10 mM ATP as a substrate in a
nal volume of 50 �l at 30 ◦C. The reaction was stopped by heating
t 95 ◦C for 5 min and analysed on HPLC. In the case of radiolabel-
ontaining reactions, 0.4 �Ci/�l of (�-32P) ATP was added to the
ixture. The reaction was stopped by the addition of a standard gel-

oading formamide Blue Dye/EDTA solution and heating at 95 ◦C for
min. The 2–5A products were then analysed by electrophoresis on
4% polyacrylamide gels containing 7% urea in TTE buffer (89 mM
ris–HCl, pH 8.0, 28 mM taurine, 0.5 mM EDTA). For reactions using
substrates, 7 mM of ATP and 3 mM of the other (ADP or AMP) was
dded to the mixture, and incubated for 2 h.

.7. Large-scale synthesis of triphosphate 2–5A

A preparative reaction (1 ml) was set up using the same condi-
ions as described above, with 2 �M of pOAS1 for 2 h, and samples
f 250 �l reaction mixture were injected into the HPLC system. The
ifferent peaks were collected, and fractions corresponding to each
ligomer were pooled together. Finally, the pooled fractions were
yophilised two times and the concentration was determined. The
260 values (M−1 cm−1) of 2–5As used were 30,800, 46,200, 61,600,
7,000 and 92,400 for the dimer, trimer, tetramer, pentamer and
examer respectively.

.8. Vaccinia virus 5′-RNA triphosphatase activity

25 �l of the synthetase reaction mixture was treated with 80
nits of Vaccinia virus capping enzyme (Epicentre Biotechnologies)
t 37 ◦C for 2 h. The reaction was stopped by heating at 95 ◦C for
min and analysed by HPLC.
.9. CIP alkaline phosphatase activity

100 �l of the synthetase reaction mixture was treated with 10
nits of Calf alkaline phosphatase (CIP) (Biolabs) at 25 ◦C for 1 h. The
rch 87 (2010) 345–352 347

reaction was stopped by heating at 95 ◦C for 5 min and analysed by
HPLC.

2.10. RNase T2 phosphodiesterase activity

After reaction, purification, separation and collection (using
large-scale conditions), the sample corresponding to the 5′-
triphosphate trimer was lyophilised two times and re-suspended
in water. The purity was verified by HPLC, its concentration deter-
mined by measuring OD260 values and the molecular mass was
verified by mass spectrometry (MALDI-TOF). 50 nmols of 2–5A
trimer was then treated with 1 unit of CIP and injected into the
HPLC system for purification (using large-scale conditions). The
peak corresponding to the 5′-hydroxyl 2–5A trimer was collected,
lyophilised two times and re-suspended in water. 20 nmols of the
2–5A and 3–5A (Dharmacon) trimer having 5′-hydroxyl ends were
treated with 23 units of RNase T2 (Gibco BRL) at 37 ◦C for 1 h. The
reaction was stopped by heating at 95 ◦C for 5 min, loaded onto the
HPLC column and analysed by mass spectrometry.

2.11. Cell transfections and RNAse L-mediated rRNA cleavage

Hela cells (human cervical epithelial cells) were grown in
DMEM supplemented with 10% heat-inactivated fetal bovine serum
(Biotech GmBH) and streptomycin–penicillin (Gibco). Cells were
plated 1 day before transfection in order to be 50–60% conflu-
ent by the time of transfection. 2–5As were transfected using
Oligofectamine Reagent (Invitrogen) according to the manufac-
turer’s protocol. Cells were harvested 3 h after transfection and
washed with ice cold PBS. Total RNA was extracted from trans-
fected cells using Qiagen RNeasy isolation kit (Qiagen) according to
the manufacturer’s instructions. rRNA degradation was analysed
using agarose gel electrophoresis. RNA samples (2 �g) were heat-
denatured 10 min at 70 ◦C in RNA loading buffer (50% formamide,
6% formaldehyde and 5% glycerol in MOPS buffer), then separated
on 1% agarose gel in MOPS buffer.

3. Results and discussion

3.1. Kinetics and product distribution during hOAS2- and
pOAS1-mediated synthesis of 2–5A oligomers

In order to cover a wide degree of polymerisation (DP) of 2–5A
products, we chose the porcine OAS1 (pOAS1) and the human
OAS2 (hOAS2) oligoadenylate synthetase as catalysts in enzymatic
reaction synthesizing 2–5As from ATP. An OAS3 enzyme was not
included in the study since such protein catalyses mainly the pro-
duction of 2′–5′ dimers (Rebouillat et al., 1999). The enzymes were
expressed and purified from recombinant cloned genes in E. coli and
insect cells for pOAS1 and hOAS2 (Hartmann et al., 2003; Kodym
et al., 2009; Sarkar and Sen, 1998), respectively (see Section 2). We
obtained ∼450 �g of purified hOAS2 and 60 mg of purified pOAS1
per liter of culture, both with a ∼90% purity as judged by denaturing
PAGE. For enzyme characterisation, we tested published exper-
imental conditions for these proteins (Marie et al., 1997; Sarkar
and Sen, 1998), except that a high concentration of substrate (ATP
10 mM) was used in an attempt to maximize the overall yield. How-
ever, at concentrations above 10 mM, substrate inhibition became
prevalent (data not shown). We first selected the lowest concen-
tration of each protein giving a wide range of oligomer products, as

detected in PAGE separated products containing (�-32P) AMP in 5′

(i.e., using (�-32P) ATP as a substrate, Fig. 1). The radiolabel incor-
porated in each band product was counted in the region of the gel
corresponding to each of the 2–5A oligomers, and plotted in a graph
(Fig. 1).
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ig. 1. Time course reaction of 2–5A synthesis. The OAS activity of both the porci
escribed in Section 2. The reaction was stopped at different times and the 2–5A p
he spots corresponding to each oligomer was counted and the values were expre
hown in the graphic below the corresponding autoradiogram. �: dimer, ©: trimer

As expected from enzymes from type 1 and type 2 families, the
ize distribution of the products is well over the dimer. The prod-
ct DP varies between these two polymerases, in accordance with
he reported difference in processivity (Hovanessian and Justesen,
007). The reaction reaches equilibrium much faster in pOAS1
1 h) (Fig. 1A) than in hOAS2 (>12 h) (Fig. 1B). A clear prefer-
nce for the trimer is observed for both at equilibrium, although
OAS1 synthesizes before equilibrium (after 10 min) a maximum
f dimer in absolute. However, the pOAS1 is less stable and pre-
ipitates during the reaction in contrast to the hOAS2 which does
ot. We did not investigate on this observation further, although

t should prove helpful if the dimer synthesis yield is to be opti-
ized. In the case of pOAS1 (Fig. 1A), the trimer is the major

ligomer in the mixture at equilibrium and represents 40% of
he total products, while dimer and tetramer represent around
2% of the total products formed. Longer oligomers represent

ess than 10%, which renders their production more problem-
tic.

In the case of the hOAS2, the reaction is much slower than but
imilar to that of pOAS1 in the early stage (Fig. 1B). After 14 h of
eaction, the size distribution of the products formed during the
eaction is stable and in contrast to pOAS1, a very low concen-
ration of dimer remains, as if it had been used in the reaction

nd converted to products of higher DP. The final proportions of
rimer and tetramer are around 30% of total products, followed by
he pentamer (22%) and hexamer (10%). At the end of the reaction,
he amount of pentamer produced using hOAS2 is close to that of
etramer produced using pOAS1. Overall, the OASs are polymerases
and human (B) OAS was assayed using (�-32P) ATP. Reaction conditions were as
ts were analysed by PAGE, and the gel was auto-radiographed. The radioactivity of
s a percentage of total products formed at the end of the reaction. The values are
tramer, ×: pentamer, ♦: hexamer, �: heptamer, and |: octamer.

of low processivity compared to e.g., RNA polymerases, allowing
appropriate control of product size.

3.2. Production of 5′ triphosphate, 5′ diphosphate and 5′ hydroxyl
2–5A

In order to produce 2–5A oligomers with various 5′-ends, the
synthesized reaction products were treated with phosphatase to
generate two different types of 5-ends: a 5′-diphosphate and 5′-
hydroxyl. The commercial Vaccinia Virus capping enzyme (VCE)
is known to possess all the activities essential for RNA cap-
ping which are the triphosphatase, the guanyltransferase and the
methyltransferase (Shuman, 1990). In our experiment, the triphos-
phatase activity was used in order to generate oligomers with a
5′-diphosphate end. Calf intestine phosphatase (CIP), known to
remove all 5′-phosphates (Kim and Wyckoff, 1991) was also used
to generate 5′-hydroxyl RNAs. First, a 2–5A synthesis reaction was
performed as described in Section 2, with 2 �M of pOAS1 during
15 min. The reaction was stopped, split in two, and two separate
subsequent reactions were performed: one with VCE and the other
with CIP. Then, the three reactions were analysed by HPLC. Mass
spectrometry analysis was performed in order to identify every
peak product (Fig. 2). Hence, analysis of the synthesis reaction on

HPLC shows 4 major peaks which correspond respectively to the
residual ATP, the dimer, the trimer and the tetramer (Fig. 2, lane
1). Upstream of each of these peaks has small peaks corresponding
to each 5′-diphosphate oligomers generated by the formation of
ADP during the reaction. After incubation with the VCE (Fig. 2, lane
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Fig. 2. HPLC profiles of synthesis and phosphatase reaction experiments. A synthesis reaction was performed for 15 min using condition described in Section 2. The reaction
mixture was devised in two samples, one load on the HPLC system (lane 1, in black), the second used for phosphatase experiments. Two phosphatase experiments, using
VCE (lane 2, in blue) and CIP enzymes (lane 3, in green), were performed to cleave 5′ triphosphatase to generate a diphosphate or a hydroxyl 5′-end, respectively. Reaction
conditions are given in Section 2. The reaction products were then loaded on an HPLC system (Delta-pak C18 100 Å, and Nova-pak C18). The gradient started after 5 min at
1 min,
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00% eluent A with an increase to 8% eluent B after 15 min, to 15% eluent B after 30
omposition of each peak is indicated above them. 5′-Triphosphate ends are labeled
rrows indicate the synthetase reaction mixture treated by both VCE and CIP (see S
he reader is referred to the web version of the article.)

), we observe a decrease of the retention time for the different
ajor peaks. In fact, the peaks corresponding to the 5′ triphos-

hate oligomers are transformed into those corresponding to 5′

iphosphate oligomers. Likewise, when the cleavage reaction was
erformed using CIP (Fig. 2, lane 3), we observed an increase of
he retention time of the different products correlated to their size.
n contrast to the cleavage with the VCE, the CIP cleaves all the
hosphates at the 5′ end of the 2–5A and generates products less
harged than the triphosphate 2–5A, which explain the differences
bserved in retention time. Altogether, these results validate a con-
enient method of 2–5A oligomer synthesis, either 5′-triphosphate,
′-diphosphate, or 5′-hydroxyl. We note that it is possible to pro-
uce small quantities of 5′-diphosphate and 5′-monophosphate
–5A, using reaction mixture with two substrates: ATP and ADP, or
TP and AMP (data not shown). The synthesis of 5′-monophosphate
–5A was not investigated further.
.3. Synthesis of triphosphate 2–5A on a preparative scale

To quantitate the yield of 2–5A oligomer after purification of
2–5A synthesis, a large-scale 1 ml reaction for 3 h was set up

able 1
arge-scale synthesis of triphosphate 2–5A oligomers. A preparative reaction was set up w
. Yields are given as isolated values (percentage of formed product, nmol or �g product
f pure product after lyophilisation. Given retention times correspond to the use of the p

Size HPLC retention time (min) Yields

% Formed product nmol

2 23.2 13.9 324.0
3 25.4 55.5 867.4
4 27.5 24.8 289.4
5 29.1 5.1 47.4
5 30.7 0.7 5.2
to 20% eluent B after 35 min and to 100% eluent B after 40 min. The corresponding
′-diphosphate end are labeled 2P, and 5′-hydroxyl ends are labeled 5′-OH. The two

2 for details). (For interpretation of the references to colour in this figure legend,

using pOAS1. The entire volume of the reaction was divided into
four fractions and injected independently on HPLC. All the peaks
corresponding to the triphosphate oligomers were collected and
lyophilised two times to remove the volatile buffer solution. Com-
pounds were characterised by mass spectrometry and isolated
yields of each oligomer are given in Table 1.

Hence, masses of various oligomers, as measured by mass spec-
trometry, are in agreement with the theoretical values, namely 835
for the dimer; 1165.76 for the trimer; 1495.30 for the tetramer;
1823.7 for the pentamer; and 2152.05 for the hexamer (Table 1).
Based on the mass of recovered products, the best yield (55.5%)
was obtained for the trimer. In fact, the amount of trimer recov-
ered after purification is relatively high, close to 1 mg. Yields of
two of the other oligomers are also fairly good with a better yield
for the tetramer (24.8%) than the dimer (13.9%), and the amount
recovered is in the order of several hundreds of �g. At last, but in

less proportion, pentamer and hexamer are also recovered during
the purification on HPLC. Quantities of product recovered are also
significant with more than 80 �g for the pentamer, and more than
10 �g for the hexamer. It is also interesting to note the total amount
of product recovered at the end of the purification, which repre-

ith pOAS. For experimental conditions and MALDI-TOF characterisation, see Section
produced and percentage of ATP conversion) based on absorbance measurements

reparative gradient as described in Section 2.

m/z exp. negative mode m/z calc.

Mg %/ATP

269.4 6.5 835.00 836.39
1005.8 26 1165.76 1165.59
430.6 11.6 1495.30 1494.80
86.1 2.4 1823.70 1824.00
11.2 0.3 2152.05 2153.21
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Fig. 3. HPLC profiles of RNase T2 experiments. A preparative reaction was set up and products were purified as described in Section 2. The purified 2–5A trimer fraction was
then incubated with the CIP to generate a hydroxyl 5′-end. Commercial 5′-hydroxyl 3–5A trimer (AAA RNA) and the purified 5′-hydroxyl 2–5A trimer were then treated with
RNase T2 under conditions described in Section 2. 2–5A trimer (lane 1), 2–5A trimer treated with RNase T2 (lane 2), 3–5A trimer (lane 3) and 3–5A trimer treated with RNase
T Nova-
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2 (lane 4) samples, were injected into an HPLC system (Delta-pak C18 100 Å, and
luent B after 15 min, to 15% eluent B after 30 min, to 20% eluent B after 35 min and
f each peak is indicated above them, and the retention times are indicated under t

ents almost 50% of the total ATP used initially for the reaction. This
arge-scale production of 2–5A oligomers in vitro shows that signif-
cant amounts of products (mg scale) can be easily recovered after
urification of the reaction products by HPLC. It is noteworthy that
he HPLC method used here (based on hydrophobic interactions)
as the advantage of removing residual salts present in the reaction

n contrast to previously reported studies using an ion exchange
urification procedure (Budowsky et al., 1994; Xiao et al., 1996).

.4. Characterisation and structural analysis of 2–5A products

We then set up to characterise the precise structure of 2–5A
roducts in order to design standardized purification protocols. The
hemical type of the internucleotidic bonds of the 2–5A products
as assayed using phosphodiesterases.

RNase T2 is unable to hydrolyse oligomers having 2′–5′ phos-
hodiester bonds (Budowsky et al., 1994; Rushizky and Sober,
963). Two types of trimer were used to assay RNase T2 cleavage: a
ommercial 3–5A trimer (5′AAA RNA trimer) with a 5′-hydroxyl
nd, and a 2–5A trimer purified after pOAS1-mediated synthe-
is. In order to compare trimers, the 2–5A trimer was treated
ith CIP to release a 5′-hydroxyl end. After the treatment of

oth 2–5A and 3–5A 5′ hydroxyl-trimers with RNase T2, reac-
ions were analysed using HPLC (Fig. 3). The first characterisation
f the difference between 3′–5′ and 2′–5′ phosphodiester bonds
s the variation of retention times between the two substrates,
34 min and ∼41 min, respectively (Fig. 3, lane 1 and lane 3).

ndeed, the 5′AAA RNA trimer has a retention time increased rel-
tive to that of the 2–5A trimer, as described previously (Lesiak
t al., 1983). After treatment with the RNase T2, the retention
ime observed for the entire peak corresponding to the 3–5A

rimer was considerably lower (∼24 min). Thus, the products of
leavage contained in the peak were characterised by mass spec-
rometry and two different products were identified: 3′AMP and
denosine. Thus, these two cleavage products had already been
dentified after the treatment of a 3–5A trimer of adenosine with
pak C18). The gradient started after 5 min at 100% eluent A with an increase to 8%
0% eluent B after 40 min (see Section 2 for details). The corresponding composition
responding peaks.

the RNase T2 (Rushizky and Sober, 1963). As expected, this result
shows that the 3–5A trimer is totally degraded by the treatment
with the RNase T2. On the contrary, the same experiment made
with the 2–5A trimer shows little change in retention time after
treatment with RNase T2, indicating that phosphodiester bonds
present in the trimer synthesized by the pOAS1 are different from
those of the commercial trimer. The variation of retention time
between 2–5A and 3–5A trimers and the resistance to the RNase
T2 of the 2–5A trimer are both in agreement with the presence
of 2′–5′ phosphodiester bonds in oligomers produced by these
OASs.

3.5. Analysis of rRNA degradation in transfected cells

Finally, to further characterise the purified 2–5As we tested
their effect on the activation of endogenous RNase L in cell trans-
fection experiments. To that end, we transfected Hela cells with
increasing concentrations of 2–5A (1–10 �M) and monitored rRNA
degradation after 3 h following transfection. As a positive con-
trol, synthetic dsRNA poly (I:C), known to induce the OAS/RNase L
response (Silverman, 2007b). Poly (I:C) binds to endogenous OASs
which activate latent RNase L. The latter cleaves ribosomal RNA
thereby leading to 28S and 18S degradation (Fig. 4, and (Silverman,
2007b)). As shown in Fig. 4, the transfection of cells with either
oligofectamine alone (mock) or the 2–5A dimer at various concen-
trations does not induce rRNA degradation since 28S and 18S rRNA
bands remain intact. The 2–5A dimer is known to neither bind nor
activate RNase L (Xiang et al., 2003). However, the introduction of
trimer into cells leads to the appearance of rRNA degradation prod-
ucts (Fig. 4). This degradation is weak at 1 �M and increases with
increasing amount of 2–5A. A similar but slightly weaker effect is

obtained with tetrameric 2–5A. Functional and structural studies
revealed that RNAse L contains three domains namely the N-
terminal ankyrin repeat domain, responsible for 2–5A binding, the
kinase-like domain and the C-terminal catalytic domain, respon-
sible for catalytic activity (Dong and Silverman, 1997; Nakanishi
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Fig. 4. Analysis of rRNA cleavage in mammalian cells following 2–5A transfection.
Hela cells were transfected with oligofectamine reagent alone (Mock), Poly (I:C) at
0.5 and 2 �g/ml or various 2–5As at increasing concentrations (1–10 �M). Total RNA
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as extracted 3 h after transfection and analysed using agarose gel electrophoresis
see Section 2 for experimental details). M: RNA 0.5–10 kb Ladder; 2 (2–5A): dimer;
(2–5A): trimer; 4 (2–5A): tetramer. Arrows indicate rRNA degradation products.
esults are representative of three independent experiments.

t al., 2005; Tanaka et al., 2004). The ankyrin domain consists
f eight complete ankyrin repeats which will bind the two 2–5A
nds (AMP moieties) at repeats 2 and 4. The central AMP moi-
ty is oriented towards the solvent and even if it is involved in
eak interactions with the protein it does not interact directly
ith the ankyrin region (Tanaka et al., 2004), thus pointing out

he importance of 2–5A length for RNase L binding and activation
Dong and Silverman, 1997; Nakanishi et al., 2005; Tanaka et al.,
004; Xiang et al., 2003). In fact short 2–5A dimers are not able
o interact with both ankyrin repeat sites at the same time and
hus are not able to bind nor to activate RNAse L (Tanaka et al.,
004; Xiang et al., 2003). Hence, the physiological effect of the
urified 2–5As corresponds to what was previously reported, i.e.,
he dimer is inactive while the trimer and the tetramer show the
xpected RNase L activation effect (Tanaka et al., 2004; Xiang et al.,
003).

In conclusion, we have made use of two mammalian OASs to
roduce a variety of 2–5As that were subsequently HPLC puri-
ed and individually characterised. The method described herein is
elatively straightforward and does not require a specialized equip-
ent other than an HPLC set-up. The large amount and purity

f these 2–5As should prove useful to study the yet ill-defined
athway of viral innate immunity involving 2′5′OAS and RNase
.
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