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Abstract

Short-interfering RNAs (siRNAs) are common tools in molecular biology, however the
development of RNAI-based therapeutics is limited by immunostimulatory and non-specific
effects mediated by off-target RNA-binding proteins. PKR and ADARL1 are two proteins
implicated in RNAI off-target effects, and share a common means of interaction with siRNAs
through double-stranded RNA binding motifs (dsRBMs). Here we report the site-specific
introduction of N2- propargyl 2-aminopurine into siRNAs and subsequent conversion to two bulky
products via copper-catalyzed azide alkyne cycloaddition (CUAAC) with either Nazidoacetyl-
mannosamine azide or N-ethylpiperidine azide. We observed position-specific effects on RNAI
activity for modifications made to both the passenger and guide strands. These findings are
rationalized in light of recent structural studies of components of the RNA-induced silencing
complex (RISC) and RISC-loading complex (RLC). The most active siRNAs were assayed for
binding affinity to the RNA-dependent protein kinase (PKR) and adenosine deaminase that acts on
RNA 1 (ADARL1). PKR binding was significantly reduced by multiple modifications, regardless of
size, and ADARL1 binding was reduced in a position and size-sensitive manner. Our findings
present a strategy for designing siRNAs that reduce off-target dsSRBM-protein binding while
retaining native RNAI activity.

Introduction

Selective nuclease digestion of messenger RNAs inside living cells via the short interfering
RNA (siRNA)-triggered RNA interference (RNAI) pathway has become a mainstay in
molecular biology to study gene function and has exciting therapeutic potential (1).
However, converting these valuable research tools into drugs presents challenges due to
restrictions imposed by the natural RNA chemical structure. For instance, unmodified
siRNAs are sensitive to nuclease degradation in serum (2), can suppress off-target genes (3),
and often have poor cellular uptake and delivery to the desired site of action (4). In addition,
administration of sSiRNAs has been shown to stimulate the immune system (5-7).

A principal source of the undesirable properties of sSiRNAs is their ability to bind to cellular
proteins that are independent of the RNAI pathway (5). Several RNA-binding proteins have
been implicated in the immunostimulatory effects of siRNAs, including toll-like receptors
(TLRs) 3(8,9), 7 (10,11) and 8 (12), and the RNA-dependent protein kinase (PKR) (7).
Retinoic acid inducible gene 1 (RIG-1) and melanoma differentiation-associated gene 5
(MDA 5) are also capable of recognizing double-stranded RNA and can trigger immune
responses, making them candidate off-target receptors for sSiRNAs (13,14)
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Recent studies highlight the need to regulate siRNA binding to double-stranded RNA
binding motif (dSRBM) proteins, such as PKR and adenosine deaminases that act on RNA
(ADARS) (7,15,16). The dsRBM is an evolutionarily conserved motif expressed in many
proteins both on and off the RNAI pathway. The motif consists of ~70 amino acids and
binds to duplex RNA in a largely sequence independent fashion (17-19). One dsSRBM
protein in particular, PKR, is well known for its role in siRNA-dependent
immunostimulation and off-target effects (7,15). Duplex RNA-dependent activation of PKR
leads to phosphorylation of elF2a, inhibition of translation initiation and other antiviral
signaling events (20). Although siRNAs are shorter than ligands that trigger high PKR
activity, lower level activation of PKR has been observed with siRNAs in vitro and when
transfected into certain cell types (7,15,21,22). A report by Donnely and coworkers
described the PKR-dependent production of macrophage migratory inhibitory factor (MIF)
and the resultant proliferation of breast cancer cells in response to anti-MIF siRNA
transfection (15). These effects were induced by control siRNAs as well indicating they
were sequence independent.

ADARs, RNA editing adenosine deaminases, also contain dsSRBMs and have been shown to
interact with substrates within the RNAI pathway (23,24). The full-length isoform of
ADAR1 (ADAR1p150) has been linked to decreased siRNA potency in mammalian cells,
presumably due to the formation of high affinity siRNA « ADAR1p150 complexes within
the cytoplasm (16). Additionally, JADAR has been shown to reduce RNA. efficiency in
Drosophila (24) cell culture.

Chemical modification of the siRNA strands provides a solution to the undesired binding of
cellular receptors and resultant off-target effects (25). To date, chemical modification has
mainly been applied at the ribose and the phosphodiester backbone, and has focused on
improving nuclease resistance, siRNA activity and eliminating immune responses. For
example, inclusion of 2’-OMe, 2’-F, 2’-deoxy (DNA), locked ribose (LNA) and
phosphorothioate modifications at specific sites in an RNA duplex protects against immune
activation and improves in vivo persistence (26). Alternating 2’-OMe/2’-F modification also
dramatically enhances silencing potency (27). Less is known about how structural changes
to the nucleobases alter the characteristics of siRNAs. Reports indicate that incorporation of
unnatural bases into sSiRNAs can alter the sequence specificity for the mRNA target (28),
perturb duplex stability (29,30) and increase serum stability (31,32), but little information
exists on the effects of base modifications towards off-pathway protein binding.

Our previous studies demonstrated that the base analog N2-benzyl-2’-deoxyguanosine is
tolerated in the SIRNA passenger strand with some loss of duplex stability and RNAI
activity while also substantially reducing binding to PKR (22). Since dsRBM proteins
recognize double-stranded RNA through minor groove contacts (33,34), and the N2
substituent of guanosine is directed into the minor groove, this effect is most likely due to
steric occlusion, as has been previously observed in hon-siRNA substrates (35). Analogous
to PKR, minor groove modifications are known to interrupt the binding of ADAR’s
dsRBMs to RNA. This was demonstrated for ADARZ2, a closely related member of the
ADAR family (36), however, to date such modifications have not been analyzed in the
context of SiRNAs or for ADARL.

Here we employ our recently developed 2-aminopurine substitution strategy (37) to
modulate the minor groove structure at various sites in the passenger and guide strands of
siRNAs. We demonstrate positional and structural dependent effects on RNAI activity and
binding of the proteins PKR and ADARL.
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RESULTS AND DISCUSSION

Modular modification of the siRNA minor groove

We tested three analogs of 2-aminopurine as replacements for adenosine in A«U pairs in
siRNA. The analogs contain substituents on N2, which project into the minor groove of the
RNA duplex, the site of recognition for dSRBM proteins (Figure 1) (33,34). Replacement of
adenosine with N2-propargyl-2-aminopurine ribonucleoside results in some loss of duplex
stability (ATy = 4.5 °C per modification in a 12 mer duplex) but conserves base-pairing
specificity, as previously reported (37). RNA strands containing this analog were further
modified by copper-catalyzed azide-alkyne cycloaddition (CUAAC) (37) using two different
azides. Reaction with N-azidoacetyl-D-mannosamine was chosen to generate a polar and
neutral minor groove substituent more sterically demanding than propargyl (ManNAc
triazole) (Figure 1). Also, a new analog was generated using an azide of N-ethylpiperidine,
providing a large, positively charged minor groove substituent (PipNEt triazole) (Figure
1,Figure 2). We carried out the click reaction in aqueous conditions and purified the
resultant triazole products by gel electrophoresis. This method provides an alternative to a
previously described post-automated synthesis modification of the purine 2-position via
convertible nucleosides (38), which requires strand deprotection after modification and
longer reaction times. The advantages of click chemistry make it particularly desirable for
the generation of modified siRNA libraries and to investigate SiRNA structure activity
relationships. Thermal denaturation studies either described previously (37) or reported here
(Figure 2) indicate the two triazoles increase thermal stability relative to the propargyl
modification to generate stable base pairs with uridine and effectively mimic adenosine’s
base pairing specificity in duplex RNA.

RNA interference with modified siRNAs

To evaluate the effect of the different nucleoside analogs on RNAI activity, we substituted
adenosines in both the guide and passenger strands of an siRNA targeting the human
caspase 2 message. We employed a commercial Renilla/firefly luciferase plasmid with the
SiRNA target sequence inserted into the 3” UTR of the Renilla luciferase reporter. The
efficiency of Renilla-directed RNAI was evaluated in HeLa cells. The results, showing
Renilla luciferase activity normalized to nontargeted firefly luciferase activity, are shown in
Figures 3 and 4.

The guide strand of the caspse 2 siRNA contains two adenosines (positions 2 and 14). We
replaced these bases with 2-aminopurine analogs, in combination and individually (Figure 3,
A-C). We found that replacing both adenosines (Guide 2+14) with any of the three analogs
inhibited RNAI activity (Figure 3, A). The propargyl substitution had the least detrimental
effect, giving 40% knockdown at 10 nM where > 80% was observed for the adenosine-
containing control. The lower RNAI activity for the Guide 2+14 pattern is due primarily to
changes at position 2, which falls within in the seed region (positions 2-8). Substitution of
the adenosine at position 2 in the guide strand alone (Guide 2) with either of the two
triazoles completely inhibits RNAI (Figure 3, B). Propargyl at this position retains activity,
albeit at a slightly lower level (60% knockdown at 10 nM). The seed region guides target
recognition by the active RNA-induced silencing complex (RISC), and is known to be
sensitive to bulky modifications and modifications which dramatically increase or decrease
the thermal stability (39). Our modifications do not dramatically alter thermal stability,
however predictions based upon the crystal structures of a prokaryotic argonaute (Ago)
protein bound to ssDNA guide and ssRNA target (40) (Figure 5, A) and an archaeal Piwi
protein bound to siRNA-like duplexes (41) (Supplementary Figure 1) indicate that
modification at position 2 could interfere with Ago binding. In these structures, the minor
groove at position 2 is in close contact with amino acid residues of the PIWI/MID domains.
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A steric clash would occur upon the addition of bulky groups to the minor groove at this
site. For example, in the prokaryotic Ago protein/guide complex, the 2-amino group of the
guanosine nucleotide at position 2 in the guide is within 4.5 A of three amino acid residues.
The 2-amino group of guanosine in a G « C base pair is located in a similar relative spatial
position to the 2-amino group of 2-aminopurine in a base pair with U, indicating
introduction of substituents at N2 of 2-aminopurine would be predicted to cause a steric
clash with these residues. Previous studies involving modifications made at position 2 of the
guide strand are consistent with this observation. For instance, a single 2’-O-methoxyethyl
ribose modification at position 2, which is also directed in to the minor groove, has been
shown to reduce RNA. activity (42). However less sterically demanding 2’ modifications
such as 2’-OMe (43) and 2’-F (44) are tolerated at this site. The observation that RNAI
activity is dependent on minor groove structure at this position suggests interesting
possibilities for temporal control of RNAI. For example, RNAI activity could be eliminated
by installing a photocaging group either on the base or the sugar, and regained by in situ
deprotection of the modifier (45).

Both of the triazole modifications are accommaodated significantly better at position 14 of
the guide strand than at position 2, and the corresponding propargyl modified siRNA has
activity comparable to that of the unmodified siRNA (Figure 3, C). The prokaryotic Ago/
duplex crystal structure indicates that position 14 of the guide strand is void of close protein
contacts, suggesting that in RISC, modifications at this site would be directed into solvent
(Figure 5, B). This is consistent with our observation that exceptionally bulky click products
are tolerated at this position. Interestingly, 2’-O-methoxyethyl modification at position 14
has previously been reported to abolish RNAI activity (42). However, this is presumably due
to the methoxyethyl residues interfering with catalysis, rather than due to steric demand,
since the 2’-O-methoxyethyl modified guide strand retained affinity for Ago2. Taken
together, these observations indicate a marked difference in tolerance between modification
at the ribose and modification at the nucleobase at this particular position. This highlights an
important and unforeseen advantage of base modifications, in that large minor groove
substituents projecting from the base can be introduced at critical sites where modification
of ribose is known to be detrimental to activity.

Guided by our previous work, in which we determined critical passenger strand modification
sites for blocking dsRBM interactions (22), we employed a passenger strand modification
pattern in which adenosines 9 and 14 are substituted together for 2-aminopurine analogs. We
also chose a modification pattern in which adenosines 3 and 16 are substituted together,
allowing us to evaluate the positional effects of modification (Figure 4). Both modification
patterns lead to functional siRNAs. Modification in the middle of the passenger strand
(Passenger 9+14) leads to a small but reproducible reduction in RNAI activity with each of
the analogs tested (Figure 4, A). Importantly, however, we found that modification with all
analogs near the ends of the passenger strand (Passenger 3+16) has no effect on RNAI
activity (Figure 4, B). Ago2 has been shown to cleave the passenger strand during RISC
activation in an Mg2*-dependent mechanism at the scissile phosphate of the passenger
strand opposite position 10 of the guide (46,47). In the 21-bp siRNA used in this study this
corresponds to position 9 of the passenger strand. Previous studies have shown that 2’-OMe
ribose modification at passenger position 9 substantially reduces RISC activity, presumably
due to a disruption in magnesium ion binding in the active site (47). Modification of the base
with large, bulky groups via the Passenger 9+14 modification pattern could have a similar
effect, resulting in the observed mild inhibition of RNAI. An alternative explanation is that
the Passenger 9+14 modification may impede RISC loading by inhibiting components of the
RISC loading complex (RLC). In humans, TRBP and Dicer are involved in loading the
siRNA guide strand into RISC (48-50). Both of these proteins contain dSRBM domains
(51), and would therefore be expected to be sensitive to minor-groove modifications. It is
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possible that modifications near the middle of the duplex are capable of disrupting
interactions with these critical dSRBMs.

Interestingly, the Passenger 3+16 pattern retained full RNAI capability despite the large
triazole modifications, suggesting minimal recognition in the minor groove near the ends of
the siRNA duplex during RISC loading. Recent studies of the RLC and RISC are consistent
with this phenomenon. The process of RISC loading is still not fully understood, but
involves the transfer of the siRNA from Dicer to Ago2 with the assistance of TRBP. A
model of this process, supported by cryo-EM structures of the human Dicer/Ago2 complex,
suggests an intermediate involved in the transfer of sSiRNA from Dicer to Ago2, in which
both ends of the siRNA are simultaneously bound by the PAZ domains of Dicer and Ago2
(52-54). One would suspect that end modifications would disrupt this process by clashing
with the PAZ domains, yet this does not appear to be the case. The crystal structure of a
human Ago PAZ domain bound to an siRNA-like RNA shows that the minor groove near
the ends of the duplex is largely free of protein contact (Supplementary Figure 2) (55,56),
indicating that large minor groove modifications would be tolerated in these positions, as we
observe.

Considering the studies described above, RNAI experiments using siRNAs with 2-
aminopurine derivatives replacing specific adenosines identified seven modified sSiRNAs
with superior RNA. activity. Four of these duplexes had activity indistinguishable from the
unmodified sSiRNA (Passenger 3+16 with propargyl, PipNEt triazole and ManNAc triazole
along with Guide 14 with propargyl). Three of these duplexes showed small reductions in
RNA. activity compared to the adenosine-containing control (Passenger 9+14 pattern with
propargyl or ManNAc and Guide 14 with ManNAC).

Protein binding to modified siRNAs

For these seven most active duplexes, we tested the effects of the minor groove
modifications on the binding of the proteins ADAR1 and PKR, two dsRBM proteins
previously shown to interact with sSiRNAs and cause unwanted effects (vide supra). We
generated corresponding siRNA duplexes with 5’-biotin labels on the unmodified strands
and used affinity purification with magnetic streptavidin beads to isolate sSiRNA-binding
proteins present in lysates from human cells grown in culture (21). The siRNA-binding
proteins were then analyzed via Western blot, allowing us to evaluate the effect the
modifications had on the binding to specific proteins of interest. For these studies, we used
lysates from U87 human glioblastoma cells grown in the presence of interferon— a. The U87
cell line has been shown to up-regulate ADARL in response to interferon stimulation (57)
and expresses PKR, making it a good a model to study the binding of sSiRNAs to dsSRBM
proteins.

PKR was particularly sensitive to the minor groove modifications. Of the seven duplexes
tested, only the duplex with the propargyl modification at guide position 14 retained levels
of PKR binding greater than 30% (43 + 5% of the unmodified control) (Figure 6A, B). Each
of the remaining modified duplexes bound less than 30% of the PKR found in the control
sample. Since binding is a prerequisite to PKR activation, we predict that the bulky minor
groove modifications presented here will result in abatement of PKR activation. We have
previously shown that that N2-benzyl-2’-deoxyguanosine incorporated at positions 9 and 14
of the passenger strand causes 75-80% reduction in maximal PKR activation (22). Here we
report similar results with respect to PKR binding in cell lysates.

ADARL1 exists as two isoforms, cytoplasmic p150, and nuclear-localized p110. The two
isoforms are distinguished by the presence of two Z-DNA binding domains at the N-
terminal end of the p150 isoform (58). Both isoforms are retained on the streptavidin beads
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in an siRNA-dependent manner and the binding of both isoforms is reduced to similar
extents by the chemical modifications (Figure 7). In contrast to PKR, ADAR1 binding was
reduced to a lesser extent and was more sensitive to the sites and sizes of modifications.
While modification of the guide strand at position 14 with propargyl showed minimal effect
on the amount of ADARL retained, reduced binding was observed with the bulky ManNAc
triazole at this position (51 £ 7% of the unmodified control for p150). This trend is also
observed with the passenger strand modification patterns. The Passenger 3+16 pattern
modified with propargyls bound 91 + 15% of the ADAR1p150 bound by the control sample,
and both the ManNAc and PipNEt triazoles were much more effective at preventing
ADARL1 binding (< 40% for both forms). By comparison, the Passenger 3+16 pattern with
propargyls reduced PKR binding to 12 + 3% (Figure 6B). The increased tolerance to
modified sSiRNA demonstrated by ADAR could be due to the presence of three dSRBMs
compared to PKR’s two (59).

Modifications within the Passenger 9+14 pattern were more effective at blocking ADAR1
than corresponding modifications within the Passenger 3+16 pattern. When propargyls were
incorporated in the Passenger 9+14 pattern, the ADAR1p150 binding was reduced to 56 +
9%, significantly less than the propargyls in the Passenger 3+16 duplex. Additionally, the
ManNAc triazole in the Passenger 9+14 pattern reduced ADAR1 binding to approximately
10% of the unmodified control siRNA. Since the Passenger 9+14 pattern contains
modifications on opposite sides towards the middle of the duplex, while the Passenger 3+16
pattern features modifications on the same side and towards the ends of the duplex, these
results suggest a potential binding configuration involving the placement of ADAR1’s
dsRBMs on opposite sides of the duplex.

Overall, the Passenger 3+16 duplex containing the PipNEt triazole modification yielded the
best combination of RNAI activity and dSRBM complex disruption. Its activity was
indistinguishable from the unmodified siRNA and it blocked both PKR and ADAR1 binding
to < 30% of the amount bound but the unmodified siRNA. The Passenger 9+14 duplex
containing ManNAc triazoles was very effective at blocking both ADAR1 and PKR,
however displayed slightly reduced RNAI activity.

These chemical modification strategies will prove useful in designing siRNAs refractory to
confounding dsSRBM proteins, thereby increasing gene-specific silencing activity. This will
be realized in cells that express high levels of ADARL, such as immune cells during
inflammation (60), or cells that are known to be sensitive to sSiRNA-dependent PKR
activation (15). Since the expression of both PKR and ADAR1p150 is stimulated by
interferon (61,62), the chemical modifications outlined here could also be particularly
advantageous in the context of recent proposals for purposefully activating the immune
system in combination with sSiRNA-directed gene knockdown (63,64). This approach has
potential in antiviral and antitumor therapy, where the induction of the innate immune
response can be beneficial to clearance of the disease. Since expression levels of PKR and
ADAR1p150 are elevated in an immunostimulatory environment, one would predict that
increased gene-specific knockdown could be achieved by minimizing the binding of sSiRNAs
to these receptors. As shown here, this can be achieved by incorporating bulky minor-groove
modifications at key positions into the siRNAs.

In summary, we have described a method for varying the structure and position of minor
groove-localized base substituents within siRNAs to block the binding to the off-pathway
dsRBM proteins ADARL and PKR, while maintaining high RNAI activity. In general,
minor-groove modifications are more detrimental to PKR than ADARL binding, however,
the incorporation of bulky modifications (ManNAc and PipNEt triazoles) at two sites in the
passenger strand of the duplex yielded siRNAs that displayed minimal binding to both of
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these proteins. The siRNAs modified towards the end of the passenger strand with the bulky
modifications displayed activity indistinguishable from the unmodified duplex. In addition,
bulky modifications were accommodated surprisingly well at position 14 of the guide strand.
Our findings demonstrate the utility of base modifications in elucidating and blocking
protein/siRNA interactions, and contribute to the growing portfolio of chemical
modifications available for improving the properties of sSiRNAs.

RNA oligonucleotides were synthesized using 5’-DMTrO, 2’-OTBDMS protected f3-
cyanoethyl phosphoramidites. CUAAC reaction between propargyl-containing RNAs and the
relevant azides was performed in water or Tris-HCI, pH 8.0, using THPTA ligand (65),
followed by PAGE purification. RNAI activity was measured in HeLa cells using a co-
transfected dual-luciferase plasmid containing the target sequence (psiCHECK2, Promega)
and the Dual Luciferase Assay Reporter system (Promega). siRNA protein binding was
measured by incubating siRNA-conjugated magnetic streptavidin beads (Dynabeads M-280,
Invitrogen) with lysate from U87 cells (treated with human interferon-a. A (PBL Interferon
Source)), followed by washing, elution, and western blotting for PKR and ADARL1. Full
details of methods are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
N2-modified 2-aminopurines employed in this study. The nucleobases replace adenosine in
an AsU base pair, directing the N2 substituent into the minor grove of the siRNA duplex.
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5'-CAUUAXGGUGGG-3'

3'-GUAGUYCCAUCC-5'

L

[0 X = adenosine
[ X = PipNEt triazole

v

Triazole-containing RNAs were generated from N2-propargyl 2-aminopurine-containing
RNA via CuAAC reaction. A, generation of N-ethylpiperidine triazole RNA (PipNEt). B,
Thermal denaturation analysis of the PipNEt triazole modification in a 12 mer duplex
indicates that the stability and specificity of the modification is comparable to that of

adenosine.
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Figure 3.

Gene-specific RNAI activity for siRNAs containing guide strand modifications. A, 2 and 14
together, B, position 2 only and, C, position 14 only. Green, orange and gray bars
correspond to propargyl, PipNEt triazole and ManNAz triazole modifications, respectively.
Blue bars correspond to unmodified siRNA.
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Gene-specific RNAI activity for siRNAs containing passenger strand modifications. A,
Positions 9 and 14 together and, B, positions 3 and 16 together. Green, orange and gray bars

Blue bars correspond to unmodified siRNA.
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Crystal structure of T. thermophilus Ago(Asn478) in complex with 21 nt guide DNA

P o

Page 16

(purple) and 19 nt target RNA (silver), showing amino acid residues (green) within 5 A of
the guide strand at A, N2 of guanosine 2 and, B, O2 of thymine 14. The structure suggests
that minor groove modifications at position 2 would not be tolerated due to close protein
contacts, but would be accommaodated at position 14 due to a gap in the protein structure.

PDB code: 3HK2(40).

ACS Chem Biol. Author manuscript; available in PMC 2011 December 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peacock et al.

unmodified siRNA

Pass 3+16, propargyl!

Pass 9+14, propargyl

Pass 3+16, ManNAc triazole
Pass 9+14, ManNAc triazole

<—PKR

" "

h

Propargyl  PipNEt ManNAc Propargyl ManNAc

triazole triazole

triazole

100
2s 80
o zZ 7
2
25007
Q
240 A
o
S E
= 5207 W
Propargyl ManNAc
triazole
Guide 14
Figure 6.

Passenger 3+16

Passenger 9+14

A, Westen blot for PKR showing reduction in binding affinity as a result of propargyl
modification (lanes 3 and 4) and ManNAc triazole modification (lanes 5 and 6) in the
passenger strand, relative to unmodified siRNA (lane 2). B, Plot showing PKR binding
(relative to unmodified siRNA) for the modified siRNAs that displayed the highest RNAI

activity.
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Figure 7.

A, Westen blot for ADARL showing reduction in binding affinity as a result of propargyl
modification (lanes 3 and 4) and ManNAc triazole modification (lanes 5 and 6) in the
passenger strand, relative to unmodified siRNA (lane 2). B, Plot showing ADAR1 binding
(relative to unmodified siRNA) for the modified siRNAs that displayed the highest RNAI
activity. (Dashed bars: ADAR1p110, solid bars: ADAR1p150, *n = 2)
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