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Small interfering RNAs (siRNAs) with phosphorodithioate modifica-
tions (PS2-RNA) possess favourable properties for use as RNAi thera-
peutics. Beneficial here is the combining of PS2 and 2'-O-methyl
modifications (MePS2). SiRNAs with MePS2 moieties in the sense
strand show promising efficacies in vitro and in vivo. Crystal structures
of PS2- and MePS2- modified RNAs reveal subtle changes in geometry
and hydration compared with natural RNA. A model of an MePS2-
RNA-PAZ domain complex points to a hydrophobic effect as the
source of the higher affinity of MePS2-RNA for Ago2.

Small interfering RNAs (siRNAs) designed against a wide range
of targets, of various formulations, and in many cases
comprising chemical modifications are now being evaluated in
the clinic.*™ Chemical modification of the antisense (guide)
and/or sense (passenger) siRNA strand modulates RNA affinity,
nuclease resistance, immune stimulation, uptake and bio-
distribution, and is widely expected to be required for efficacy in
vivo.>® SiRNAs containing phosphorodithioate modifications
(PS2-RNA; Fig. 1) were recently shown to exhibit favorable
properties for therapeutic applications.' Thus, the PS2 moiety,
despite destabilizing the duplex slightly relative to the native
phosphate (PO2), appears not to distort the A-form geometry,
improves serum stability, and is tolerated in the central part of
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the antisense strand as well as in most of the positions tested in
the sense strand.

Unlike the phosphorothioate moiety (PS; Fig. 1), PS2 is achiral,
thus precluding potential drawbacks that may arise from chiral P-
substituted oligonucleotides, owing to variable biophysical and
biochemical properties of individual (e.g. PS-) diastereo-
isomers."*> In addition, PS2-modified siRNAs display increased
protection against degradation by nucleases compared with PS-
modified oligonucleotides.****** Combining the PS2 with the 2'-
O-methyl ribose modification (MePS2-RNA; Fig. 1) afforded
increased loading of modified siRNA duplexes into the RNA-
induced silencing complex (RISC) as well as enhanced anti-
tumor activity.” Interestingly, the former property can be attrib-
uted to MePS2 modification at two residues adjacent to the 3'-TT
overhang in the sense siRNA strand (ESI Fig. S17). This conclusion
is supported by higher association (based on in vitro pull-down
assays), and tighter intracellular binding between MePS2-siRNA
and Ago2 protein, relative to the corresponding PO2, PS2-, or
methoxy-modified RNAs (RNA, PS2-RNA, or Me-RNA, resp.; Fig. 1).
MePS2-siRNA showed significantly enhanced silencing of EphA2
involved in taxane resistance compared to all other RNA chemis-
tries (Fig. 1) in both the SKOV3ipl and HeyA8 epithelial ovarian
cancer cell lines that highly express target protein.'® Other proteins
with a key role in chemo-resistance besides EphA2, such as
GRAMD1B, were subsequently targeted by systemic administra-
tion of MePS2-siRNA, leading to a re-sensitization of chemo-
resistant ovarian tumors to taxane therapy.*
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Fig. 1 Structures of native and modified DNA and RNA.
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Fig. 2 Crystal structure of the Cps,G-RNA duplex. (A) View across the
major and minor grooves. Fourier Fo-Fc difference electron density
(2.50 level) around O1P and O2P of G4 and G16 (indicating the pres-
ence of sulfur) is depicted as a green meshwork, terminal residues are
labeled, and water molecules are red spheres. (B) Close-up view of
residue G4 with difference density around O1P and O2P before
incorporation of sulfur. (C) View into the central major groove with
sulfur atoms colored in yellow.

Fig. 3 Close-up views of the MePS2-modified backbones in the (A)
Ameps2A- and (B) Ameps>G duplexes. Fourier (2Fo-Fc) electron density
(1.20 level) is depicted as a green meshwork, and 2'-O-methyl carbon
and sulfur atoms are highlighted in cyan and yellow, respectively.

Table 1 Melting temperatures T, of native and MePS2-siRNAs

RNA Sequence Tm [°C]

5" AUA CAG GCA GCA GUA ACU UU TT 3/

3’ TT UAU GUC CGU CGU CAU UGA AA 5/

5" AUA CAG GCA GCA GUA ACU
Unteps2Umeps2TT 3/

3’ TT UAU GUC CGU CGU CAU

UGAAAYS5

5" AUA CApmepszGGCAGpeps:CAGUAepsACU
UUwmeps2 TT 3’

3’ TT UAU GU C CGUC GUCAU UGA AA 5’

5" AUA CAG GCA GCAGUAACU UUTT 3/
3’ TT UAU GUC CGU CGU CAU
UGmeps2Ameps2AA 5/

5" AUAMeps2CAG GCA GCApyepsGUA ACU
UU TT 3’

3’ TT UAU GUC CGU CGUpepsCAU UGA AA 5’
MePS2-11 5" AUA CApneps2GGCAGpeps2 CAGUAepsACU
UUpmeps2 TT 3

3’ TT UAU GU CCGUpeps2Cmeps2GUCAU
UGA AA 5’

SiRNA-1 73.7£0.8

MePS2-1 74.0 £ 0.2

MePS2-3 73.7 £ 0.5

MePS2-4 742 £ 0.8
MePS2-9 74.4 £ 0.5

73.2+£0.2
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Fig. 4 Models of the interactions between the human Ago2 PAZ
domain and the (A) MePS2-modified and (B) native siRNA sense
strands. Only the 3'-terminal five residues of the RNA are shown (n-4
to n) and the TT-overhang is visible on the upper right in both panels.
The formation of a hydrophobic patch between the Met-273 and Cys-
270 side chains, methoxy moiety of G,,_, and PS2 of T,,_; is highlighted
with a dashed circle in panel A. PS2 groups, sulfur atoms (yellow) and
2'-O-methyl carbons (cyan) are depicted in ball-and-stick mode and
hydrogen atoms are white spheres of smaller radius. Note the signif-
icantly more polar environment of the phosphate (His, 2x Tyr, Lys)
between overhanging dTs, visible on the right-hand side of the two
panels.

To gain insight into the conformational consequences of PS2
modification and potential changes as a result of combining it
with the ribose 2’-O-methyl substitution, we determined crystal
structures of the RNA duplexes (CGCps;GAAUUAGCG), (Cps,G-
RNA),  (CGCGAeps;AUUAGCG),  (Ameps2A-RNA),  and
(CGCGAAUUApps,GCG), (Ameps2G-RNA) at resolutions of 1.19,
1.18 and 1.13 A, respectively.; The structures were phased by
molecular replacement, using the previously determined
structure of the native RNA® as search model [ESI (Table S17)].

The structures of the PS2-modified RNA duplexes are
isomorphous with that of the native RNA.* Thus, the duplex is
located on a crystallographic dyad and a single dodecamer
strand constitutes the asymmetric unit. Residues are numbered
1-12 and those in the symmetry-related strand are numbered
17-12" (Fig. 2). Superimposition of the Cpg,G and native RNA
duplexes demonstrates their virtually identical conformations
(Fig. S21). In particular PS2 modification does not trigger any
changes in the ribose conformation and the backbone torsion
angles. The most obvious deviation concerns the P-S bond
lengths in the phosphorodithioate moiety (ca. 1.94 A) compared
to the P-O bonds in the native phosphate (ca. 1.60 A) (Fig. S21).

In the ApepspA- and ApepsoG-RNA duplexes, 2’-O-methyl
groups are directed into the minor groove, a result of the
familiar ap orientation around the C2'-02’ bond (Fig. 3).'”*®
Therefore, neither the PS2 modification alone nor the combi-
nation of the PS2 and 2’-O-methyl modifications appear to have
a notable effect on the conformation of A-form RNA judging
from the crystallographic results.

However, the 2'-O-methyl modification can offset the slight
thermodynamic destabilization caused by the PS2 moiety
compared with the native RNA duplex.'® We determined the
melting temperatures (7y,) of siRNAs containing two to six
MePS2 modifications and found that they exhibit thermal

This journal is © The Royal Society of Chemistry 2014
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Table 2 Human Ago?2 binding affinities of EphA2 siRNAs with various
sense strand modifications adjacent to the 3’'-overhang

siRNA ID Sequence Kp

AF163A  5'-UGA CAU GCC GAU CUA CAUpepss Gmeps2dTdT-3' 21.1
3’-Biotin dTdT ACU GUA CGG CUA GAU GUA C-5' pM*

AF163B 5-UGA CAU GCC GAU CUA CAU GdTdT-3' 0.6 uM
3/-Biotin dTdT ACU GUA CGG CUA GAU GUA C-5’

AF163C 5-UGA CAU GCC GAU CUA CAUpseps GpepsdTdT-3' 41.1 nM
3/-Biotin dTdT ACU GUA CGG CUA GAU GUA C-5’

AF163D 5-UGA CAU GCC GAU CUA CAUps, GpspdTdT-3' 124
3/-Biotin dTdT ACU GUA CGG CUA GAU GUA C-5' pM*

AF163F 5-UGA CAU GCC GAU CUA CAUps GpsdTdT-3' 14.5 nM

3/-Biotin dTdT ACU GUA CGG CUA GAU GUA C-5'

“ The PS2- and MePS2-siRNA affinities based on bio-layer interferometry
are similar, although those from cellular Ago2 association or pull-down
assays consistently show tighter binding by MePS2-modified RNAs."
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Fig. 5 The PS2 moiety disrupts H-bonding interactions in the water
chain bridging adjacent O2P atoms in the major groove.

stabilities that are comparable to that of the unmodified RNA
(PO2) (Table 1).

To assess potential conformational consequences of the
MePS2 modification in solution, we measured the circular
dichroism (CD) spectra of the siRNA duplexes listed in Table 1.
All spectra were closely similar to the spectrum of the native
duplex and are consistent with the typical A-type structure (a
maximum of the positive Cotton effect at 268 nm and a cross-
over point at 240 nm; Fig. S37).

The lack of an obvious change in both the conformation
and stability of MePS2-RNA relative to native RNA points to
another cause of the favorable therapeutic properties of this
modification.” To better understand the increased Ago2
affinity of siRNA containing MePS2-modified sense
strands (Fig. S17), we built models of PAZ-siRNA complexest
based on the crystal structure of a short RNA fragment
featuring a 3’ two-residue overhang bound to the human
Ago2 PAZ domain.” This domain is most likely the only
region of Ago2 affected by MePS2 modification near the
siRNA 3’-end (Fig. S4t). Comparison of the complexes with
siRNA and MePS2-siRNA reveals formation of a hydrophobic
patch in the latter, that involves both the 2/-O-methyl and
PS2 moieties as well as methionine and cysteine side
chains from the PAZ domain (Fig. 4). The hypothesis that
increased hydrophobicity conferred by the MePS2 modifica-
tion plays a key role in the stronger binding to Ago2 and its
enhanced efficacy is supported by the relative Ago2 affinities
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of siRNAs containing no modification, PS, MePS, PS2 or
MePS2 (Table 2).

Conclusions

The MePS2 modification in the backbone region adjacent to the
3'-dTdT overhang of the siRNA sense strand triggers a strongly
enhanced affinity to the RISC Ago2 slicer and silencing of
proteins that confer chemoresistance in ovarian cancer cell
lines and tumors.* This finding is surprising given the fact that
the antisense siRNA strand mediates cleavage of the target RNA
at the Ago2 active site and indicates that chemical modification
of the sense strand can play a key role in siRNA loading and
efficacy.

We demonstrate here that MePS2 modification does not
affect RNA conformation and stability. Instead the increased
Ago2 affinity is likely the result of favourable hydrophobic
interactions with the PAZ domain mediated by both the 2'-O-
methyl and PS2 moieties. This conclusion is consistent with the
inability of PS2 sulphur atoms to form H-bonds with water
molecules lining the RNA backbone in the crystal structure
(Fig. 5).

Both steric and electronic factors can contribute to the
increased nuclease resistance afforded by a modification.'®****
The bulkier sulphur atoms in the PS2 moiety along with the
increased hydrophobicity relative to PO2 might exclude non-
thiophilic metal ions (e.g. Mg>") from an exonuclease active site
or result in suboptimal positioning of the water nucleophile for
attack at the phosphate group.
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Synthesis of native and Me-, PS-, PS2- and MePS2-modified siRNAs

The siRNA and modified RNAs were synthesized on an Expedite 8909 DNA/RNA Synthesizer using
commercial 5-DMT-2"-O-TBDMS nucleoside (AB?, CA¢, GA¢, and U) phosphoramidite monomers as
well as 2'-OMe-thiophosphoramidites. The average stepwise coupling efficiency of all phosphoramidites
including thiophosphoramidites was about 97% as estimated by the DMT-cation assay. After
deprotection, all of the modified RNAs were isolated by FPLC according to a previously described
protocol for purifying PS2-DNAs.!> The PS2-RNAs were desalted using reverse-phase HPLC to yield
the PS2-RNA final products. The representative structures of the MePS2-RNAs were confirmed by ESI-
MS. Assembly of siRNA duplexes was performed in ammonium acetate buffer (pH 7.4) by heating the
equivalent mixture of RNA oligonucleotides coding for the sense and antisense strands of siRNA at
90°C for 2 min, followed by slow cooling to room temperature (over 2 h). Assembly of the resulting

duplexes was confirmed by electrophoresis using a 4% agarose gel.

T,, measurements

All absorption measurements were performed in a l-cm path length cell with a Cintra 4040
spectrophotometer equipped with a Peltier Thermocell (GBC, Dandenong, Australia). Complementary
RNA strands were mixed in 10 mM Tris-HCI buffer (pH 7.4) with 100 mM NaCl, and 0.1 mM EDTA at
a final concentration of 2 uM (0.8 OD of both mixed strands). The first step of the analysis was an
annealing step from 85 to 15°C, with a temperature gradient of 1.5°C/min. Melting profiles were
measured with a temperature gradient of 1°C/min, from 15 to 85 °C, with the detector set at 260 nm.

Each T}, reported was an average of values from three to six independent experiments.

Ago2 affinity assays

The antisense strand siRNA is biotinylated at its 3'-terminus, allowing immobilization of an annealed
duplex on to a streptavidin (SA) coated sensor surface. This enables kinetic analysis of siRNA duplex
binding to Ago2 on a fort¢BIO Octet Red96 instrument set at 30°C. Samples were agitated at 1000 rpm.
The annealing method, binding buffer condition, siRNA loading concentration, siRNA loading time,
Ago?2 titer range, appropriate blocking reagent, blocking time, Ago2 stability over assay duration, and
octet baseline correction methods were thoroughly investigated and optimized in the current study. Ago2
in HSCMT was prepared as a dilution series (0, 12.5, 25, 50, 100, and 200 nM) along with HSCMT
buffer blanks (unloaded sensor controls). Association was monitored for 300 sec and dissociation was

followed for 300 sec. If necessary, the dissociation was stretched to at least 900 sec to verify tight
S2



binding. The data were fit to a 1:1 binding model using fort¢éBIO Octet data analysis software. Kinetic
constants were determined by integration of the experimental data using the differential rate equation
dR/dt = ko C-(Rya-R)-kor R to obtain both the k, and k; values (R = observed response, R, =
maximum response upon saturation, C = analyte concentration, k,, = association rate constant, k,; =
dissociation rate constant). The ratio between k,; and k,, corresponds to the reported dissociation

constants (k,y/k,,=Kp). The goodness of the fit was judged by the reduced y* and R? values.

CD measurements

CD spectra were recorded on a CD6 dichrograph (Jobin-Yvon, Longjumeau, France) using cells with
0.5 cm path length, 2 nm bandwidth, and 1-2 sec integration time. Each spectrum was smoothed with a
25-point algorithm (included in the manufacturer’s software, version 2.2.1) after averaging of at least
three scans. The spectra from 200 nm to 340 nm were recorded at 25°C in the same buffer used for the

melting experiments. The concentration of the two complementary RNA oligonucleotides was ca. 2 uM.

Modeling of PAZ:siRNA complexes

Coordinates for the crystal structure of a self-complementary RNA with a 3'-dCT overhang bound to the
human Ago2 PAZ domain? were obtained from the Protein Data Bank (http://www.rcsb.org/pdb/home/
home.do; PDB ID 1si2). Using the program UCSF Chimera* non-canonical Py:Py and Pu:Pu pairs were
replaced by Watson-Crick pairs according to the EphA2 siRNA sequence (Fig. S1, Table 2), and the 2'-
deoxy-C in the 3'-overhang was replaced by T. In addition all water molecules were removed and
hydrogen atoms were added. Following rebuilding of the RNA, the native complex was subjected to
minimization by steepest descent and conjugate gradient using the Amber ff12SB force field in
Chimera. In the complex with the MePS2-modified sense strand, two phosphates adjacent to the 3'-
overhang were replaced by phosphorodithioate moieties (taken from the crystal structure of Cpg,G-
RNA). In addition, methyl groups were added to the 2'-oxygen atoms, such that the conformation of the
CH;-02'-C2'-C3' torsion angle is in the antiperiplanar range. The complex was subsequently subjected

to refinement as described above for the native PAZ:siRNA complex.

Crystallization experiments

The modified RNA dodecamers r(CGCps;GAAUUCGCQG) [Cps;G-RNA], 1(CGCGAMps2AUUAGCQG)
[Amers2A-RNA] and r(CGCGAAUUAMeps2GCG) [Ameps2G-RNA] were dissolved in deionized water
and the stock concentrations adjusted to ca. 1.2 mM. Crystallization trials were performed with the

S3
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hanging drop vapor diffusion technique, using the 24 conditions of the Nucleic Acid Miniscreen
(Hampton Research Inc., Aliso Viejo, CA).> Droplets (1 pL) of modified RNA dodecamer were mixed
with droplets of equal volume of the individual sparse matrix screen solutions and equilibrated against
0.6 mL of a 35% v/v solution of 2-methyl-2,4-pentanediol (MPD) at 18°C. The optimal crystallization
conditions for the three oligonucleotides were as follows. Cps;G-RNA: condition 20; sodium cacodylate
buffer, pH 7.0, 80 mM sodium chloride, 20 mM barium chloride, 12 mM spermine tetrahydrochloride,
and 10% v/v MPD. Apeps2A-RNA: condition 15; 40 mM sodium cacodylate pH 7.0, 12 mM spermine
tetrahydrochloride, 80 mM potassium chloride, and 10% v/v MPD. ApepsoG-RNA: condition 8; 40 mM
sodium cacodylate, pH 6.0, 80 mM sodium chloride, 12 mM spermine tetrahydrochloride, and 10% v/v
MPD.

X-ray data collection, structure determination and refinement

Crystals were mounted in nylon loops, flash-frozen in liquid nitrogen without further cryo-protection
and stored in liquid nitrogen prior to data collection. Diffraction data were collected on the 21-ID-F or
21-ID-G beam lines of the Life Sciences Collaborative Access Team (LS-CAT) at the Advanced Photon
Source (APS), located at Argonne National Laboratory (Argonne, IL), using MARCCD 225/300
detectors. The wavelength was 0.98 A and crystals were kept at 100K during data collection. Diffraction
data were integrated, scaled and merged using HKL2000.® Selected data collection and refinement
statistics are listed in Table S1. The structure was determined by the molecular replacement method
with the program MOLREP’ in the CCP4 suite of crystallographic software,® using the native RNA
dodecamer as the search model (PDB ID 2QI1R?; http://www.rcsb.org). Following initial positional and
isotropic temperature factor refinements with the program REFMAC,!? the R-work dropped to the mid
20s and R-free to the upper 20s. After further refinement in REFMAC, refinements were continued with
SHELX.!!' The phosphorodithioate and 2'-O-methyl moieties (the asymmetric unit contains a single
strand) were built into Fourier (2F,-F,) sum and (F,-F,) difference electron density maps that were
visualized with COOT!? and the refinement was continued after adaptation of the dictionary files.
Further refinements were carried out and after each refinement the nucleotides and water molecules
were checked for possible alternate conformations/positions and corrections were made where
necessary. A final refinement was carried out with all nucleic acid atoms and water molecules being
treated with anisotropic B-factors and these refinement parameters are summarized in Table S1. All

figures were generated with the program UCSF Chimera.*
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Table 1. Selected crystal data and refinement parameters for PS2- and MePS2-modified RNAs

Structure

Crystal data

Space group

Unit cell constants

a[A]

b[A]

c [A]

B ldeg]

No. of strands per asym. unit
No. of unique reflections
Resolution [A] (last shell)
Completeness [%] (last shell)
R-merge [%] (last shell)
Refinement

R-work / R-free

No. of RNA atoms

No. of water molecules
No. of metal ions

R.m.s. deviations:

Bond lengths [A]

Bond angles [A] ®

Data deposition

PDB ID

Cps2G-RNA

40.93
35.02
31.87
128.8

1
11,133
1.19 (1.23-1.19)
97.7 (88.5)
5.0 (4.2)

0.139/0.183
256
97
7 gp2ta

0.012
0.03

4RBY

AMepszA—RNA

Monoclinic C2

41.18
35.05
31.85
128.7

1
11,706
1.18 (1.22-1.18)
99.9 (100)
8.2 (21.6)

0.160/0.201
258
70

0.011
0.036

4RBZ

Apmeps2G-RNA

40.91
34.84
32.27
127.5

1
12,267
1.13 (1.17-1.13)
95.5 (90.7)
5.3 (25.5)

0.181/0.208
258
52

0.012
0.040

4RCO

aRefinement suggested Sr?" ions with occupancy 0.3. This is in contrast to the crystallization conditions.
b1...3 distance based on SHELX refinement.
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Sense 5'-UGACAUGCCGAUCUACAUMBPSQGMQPSQTT-3'
Antisense 3'-TTACUGUACGGCUAGAUGUA C-5'

Fig. S1. Sequence of the EphA2 siRNA with two sense-strand MePS2 modifications.
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Fig. S2. Superimposition of the native (pink carbon atoms; PDB ID 2qlr) and Cps,G RNA dodecamer

crystal structures (gray carbon atoms).
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Fig. S3. CD spectra of the native RNA duplex siRNA-1 (for sequences see Table 1; purple), and
MePS2-modified RNA duplexes MePS2-1 (black), MePS2-3 (red), MePS2-4 (green), MePS2-9 (blue),

and MePS2-11 (cyan).
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(PDB ID 4F3T)
Z:RNA (PDB ID 1S12)

Fig. S4. (A) Overall and (B) close-up views of superimposed crystal structures of the complexes
between the human AGO2 PAZ domain and a self-complementary 9mer (cyan) with a 3’-dCT overhang?
(PDB ID 1si2), and between human AGO2 and miR-20a RNA (green)!* (PDB ID 4f3t). The images
illustrate that the interactions between the 3'-end of siRNAs and the PAZ domain can be analyzed in an
isolated fashion. The region of the structure analyzed in the context of the MePS2 modifications at the n-
1 and n-2 phosphates and shown in Fig. 4 in the main paper is boxed in panel B and phosphates are
labeled. The mid-section of the green RNA strand (dotted red line) is not visible in electron density

maps of the Ago2:miR-20a complex.
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