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Upon the discovery of the RNA interference (RNAi) path-
way,1,2 bioorganic chemists seized the opportunity to

engineer chemically modified strands of RNA with altered and
improved properties.3�5 Such synthetic modifications aid our
understanding of the mechanism of RNA interference and im-
prove the potency and specificity of short interfering RNAs
(siRNAs), the triggers of RNAi, for therapeutic applications.
Numerous studies have illustrated the utility of sugar, backbone,
and bioconjugate modifications in improving the properties of
siRNAs, such as increasing stability and cell permeability and
decreasing immunostimulation.6�9 In this synopsis, we highlight
recent work in chemical modifications of siRNA nucleobases.

SiRNAs are 21 to 23 nucleotide RNA duplexes that engage the
RNAi pathway. Upon cellular uptake, a complex of proteins binds
the siRNA and loads one strand (termed the “guide strand”) into
Argonaute 2 (Ago2), an RNase H-like endonuclease.10 The
selection of the guide strand is based on the thermodynamic sta-
bility of the siRNA duplex ends, with the least stable end pre-
senting the 50-end of the guide strand.11,12 The other strand of
the siRNA, termed the “passenger stand”, is then cleaved.13,14

Ago2 loaded with the guide strand is referred to as RISC, for
RNA-induced silencing complex. RISC binds target mRNA
(mRNA) that isWatson�Crick complementary to the guide strand
and cleaves it, resulting in inhibition of expression of the corres-
ponding gene product (termed “gene silencing”) (Figure 1).15,16

The interaction of RISC with mRNA is highly dependent on
nucleotides 2�8 of the guide strand,17 which is termed the “seed
region”. On its way to the RISC, the siRNA should avoid binding
to certain proteins such as the Toll-like receptors (TLRs),18 the
RNA-dependent protein kinase (PKR),19 and double-stranded
RNA-specific adenosine deaminases (ADARs).20 Interaction
with proteins other than RISC is a principle cause of off-target
effects that reduce overall gene silencing activity, decrease target
gene specificity, and trigger toxicity.21

This review covers the nucleobase analogues 1�27, shown in
Chart 1. The chart is accompanied by Table 1, which details the
sites of incorporation of each modification (passenger or guide
strand), the effect of each modification on the duplex melting
temperature (Tm) relative to the unmodified siRNA, and the effect
of each modification on gene silencing activity (i.e., increasing,
decreasing, or maintaining the silencing activity of the unmodi-
fied siRNA).
Effects of Thermal Stability. Early work on siRNA chemical

modifications suggested the importance of the thermal stability
of the siRNA duplex, as measured by the melting temperature,
Tm, on the gene silencing activity.3,37,38 However, there is no
obvious correlation between the overall duplex Tm and the gene
silencing activity of the siRNA. Rather, specific regions of the
siRNA duplex have distinct tolerances toward stabilization and
destabilization, resulting in position-specific changes of activity
upon incorporation of chemical modifications that affect thermal
stability.
In an initial study of siRNA chemical modifications, Chiu

and Rana incorporated multiple 2,6-diaminopurines (19) at the
50-end of an siRNA guide strand, replacing adenines.3 2,6-Diami-
nopurine uses its additional amine to form a third hydrogen bond
with U39 and thus increases the association of the base pair. The
siRNA containing the stabilizing modifications displayed decreased
RNAi activity. This observation is now supplemented by a large
body of evidence that the 50-end of the guide strand (i.e., the seed
region) is particularly sensitive to changes in thermal stability, both
positive and negative.40 More recently, Nawrot and co-workers23

reported that the activity of an siRNA could be increased by
incorporating single 2-thiouracil (5) or pseudouracil bases (6) at
the 30-end of the guide stand in conjunction with a single
dihydrouracil (4) base at the 30-end of the passenger strand
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ABSTRACT: Considerable attention has focused on the use of
alternatives to the native ribose and phosphate backbone of
small interfering RNAs for therapeutic applications of the RNA
interference pathway. In this synopsis, we highlight the less
common chemical modifications, namely, those of the RNA
nucleobases. Base modifications have the potential to lend
insight into the mechanism of gene silencing and to lead to
novel methods to overcome off-target effects that arise due to
deleterious protein binding or mis-targeting of mRNA.
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(i.e., opposite the seed region). 2-Thiouracil and pseudouracil
favor a C30-endo sugar pucker (the conformation preferred by an
A-formRNAhelix) and can increase the thermal stability by up to
2 �C.41�43 However, dihydrouracil, which favors a C20-endo
sugar pucker and lacks the base-stacking ability of aromatic
heterocycles, decreases the thermal stability by 3�5 �C.44 Thus,
the increase in activity of the siRNA was attributed to the en-
hanced thermodynamic asymmetry of the duplex ends, favoring
the “opening” of the duplex at the 50-end of the guide strand. As
expected, incorporation of 2-thiouracil and pseudouracil at the
30-end of the passenger strand was detrimental to activity.
In another study, Terrazas and Kool reported that small base

modifications projecting into the RNA major groove (5-MeU, 2,
and 5-MeC, 7) can improve siRNA thermal stability without im-
pairing gene silencing, whereas bulkier groups (5-propynyl-U, 3)
that increase thermal stability to a greater degree (∼1.5 �C per
modification) disrupted activity when incorporated at the 50-end
of the guide strand.22 This disruption could be due to close

protein contacts around the seed region in addition to the
selective thermal stabilization of the 50-end of the guide strand. In
examples such as this, further investigation is needed to distin-
guish the steric and thermal effects of modification.
Addepalli et al. investigated the introduction of the destabiliz-

ing modifications 2,4-difluorotoluene (9), hypoxanthine (14),
5-nitroindole (16), purine (17), and 2-aminopurine (18) at
various positions within the passenger strand. The degree of
thermal destabilization of the duplex varied between 1 and 12 �C.
Their analysis revealed that the non-hydrogen-bonding nucleo-
base isosteres 2,4-difluorotoluene (9) and 5-nitroindole (16), or
base pair mismatches involving natural bases, can improve activity
when incorporated at central locations in the passenger strand
(i.e., nucleotides 9, 10, 11, and 12).25 However, the effect was
highly dependent on the specific position and type of modifica-
tion. Interestingly, at positions 9, 11, and 12, the effect of the
modifications on activity was fairly independent of the extent of
thermal destabilization; however, a strong correlation between

Chart 1. Structures of siRNA Base Modifications

Figure 1. Guide strand of an siRNA directs cleavage of Watson�Crick complementary mRNA, mediated by the RNA-induced silencing complex
(RISC). Cleavage of mRNA results in silencing of the corresponding gene.
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thermal destabilization and activity was observed at position 10.
Additional analysis, including replacement of the destabilizing
base modifications with highly destabilizing abasic ribose mod-
ifications, confirmed that thermal destabilization is responsible
for the activity enhancement. Their analysis also excluded the
possibility that guide strand selection was biased by the presence
of the chemical modifications in the passenger strand and also the
possibility that the modifications inhibited the nucleolytic de-
struction of the passenger strand.
Effects of hydrogen Bonding and Sterics. Crystallographic

analyses of Argonaute proteins provide considerable insight into
themechanism ofmRNA cleavage.26,45�47However, other impor-
tant factors, such as the necessity to maintain hydrogen bonds
and steric effects, can be better understood by the introduction of
nucleobase analogues within the guide strand. Principal to this
analysis are the non-hydrogen-bonding nucleobase isosteres 9�13.
Manoharan and co-workers showed that 2,4-difluorotoluene (9),
which was introduced above in the context of passenger strand
modifications, is an effective replacement for U at certain posi-
tions in the guide strand, such as position 7 and the 50-end.27

However, when the modification was incorporated at position
10 of the guide stand, which is adjacent to the site of mRNA
cleavage, the siRNA activity was reduced. Consistent with these

observations, Kool and co-workers also showed that an siRNA
containing either 2,4-difluorobenzene (10) or 2,4-dichloroben-
zene (11) at position 7 of the guide strand displayed near-wild-
type activity; however, the activity was dramatically decreased by
the incorporation of 10 at positions 10 and 11 of the guide
strand.28,29 High levels of activity were also observed for the
incorporation of 10 at several other locations on the guide strand.
Collectively, these results suggest that hydrogen bonding is not
critical at several positions, most notably position 7, for effective
cleavage of target mRNA, but critical at other locations, such as
10 and 11. Further evidence for the requirement of hydrogen
bonding at position 11 is provided by the fact that 3-methyluracil
(8), which has a compromised Watson�Crick face due to the
N-alkylation, is also not tolerated at this site.3

Incorporation of 10 or 11 at position 7 of the guide strand gave
an siRNAwith improved sequence selectivity for target mRNA in
comparison to an siRNA containing the natural base (U) at this
position.28,29 This target nucleotide preference was not due to
the base-pairing selectivity of the RNAs alone, indicating that
RISC enforces steric constraints on base-pairing interactions at
this location. In contrast, the non-hydrogen-bonding base ana-
logues 2,3-dichlorobenzene (12) and 4-methylbenzimidazole
(13) showed preference for activity at position 7 when paired

Table 1. Effects of Chemical Modification of siRNA Bases on Tm and RNAi Activitya

no. modification name strand ΔTm (�C) RNAi activity ref

1 5-halouracil G NR � 3

2 5-methyluracil G 0.2 to �0.7 +/� 22

3 5-propynyluracil G 1.3 to 1.8 � 22

4 dihydrouracil G, P �3 to �5 � to +/� 23

5 2-thiouracil G, P 0 to 2 � to + 23

6 pseudouracil G,P �1 to 1 � to +/� 23

7 5-methylcytosine G 1 +/� 22,24

8 3-methyluracil G NR ��� 3

9 2,4-difluorotoluene G, P �5 to �12 +/� to + 25�27

10 2,4 - difluorobenzene G, P �4 to �10 � to +/� 28,29

11 2,4-dichlorobenzene G �4 +/� 29

12 2,3-dichlorobenzene G �8 � 29

13 4-methylbenzimidazole G �4 to �15 � to +/� 29

14 hypoxanthine P �4 +/� 25

15 7-deazaguanine G NR NR 24

16 5-nitroindole P �8 to �12 +/� to + 25

17 purine P �11 to �12 +/� to + 25

18 2-aminopurine P �2 to �8 +/� to + 25

19 2,6-diaminopurine G NR � 3

20 N2-propy1/N2-cyclopentyl-2-aminopurines P 0 +/� 30,31

21 N2-propargyl-2- aminopurine G, P �4 to �5 � to +/� 31,32

22 N2-“clicked’’-2- aminopurines G, P �2 to �3 ��� to +/� 31,32

23 N2-alkyl-8-oxoguanine (deoxyribose) G �3 to �13 ��� to + 33,34

24 N2-cyclopentyl guanine G, P 0 � to +/� 30

25 N2-benzyl guanine (deoxyribose) G �3 � to +/� 35

26 O6-[2-(2- nitrophenyl)propyl]guanine G, P NR ��� (protected)

+/� (deprotected)

36

27 O4-[2-(2- nitrophenyl)propyl]thymine G, P NR ��� (protected)

+/� (deprotected)

36

a P, passenger strand; G, guide strand; +, increased silencing activity; �, decreased silencing activity; ���, severely decreased silencing activity/not
tolerated; +/�, no significant change in silencing activity; NR, not reported.



7298 dx.doi.org/10.1021/jo2012225 |J. Org. Chem. 2011, 76, 7295–7300

The Journal of Organic Chemistry JOCSYNOPSIS

opposite U in the mRNA target, thus resembling the selectivity
profile of A.29 Steric comparisons indicated that, unlike 10 and
11, these two base analogues are closer in shape to A than U, thus
consistent with their pairing preferences. This observation further
supports the role of steric effects on mRNA selection and
cleavage at certain locations within RISC.
Manoharan and co-workers also incorporated 9 in place of C,

thereby forming 9:G base pairs adjacent to the site of mRNA
cleavage. This resulted in substantial loss of RNAi activity.26

Crystallographic analysis revealed a widening of the duplex at the
9:G base pairs, indicating that structural distortion of the duplex
away fromWatson�Crick geometry could be responsible for the
decreased activity in this case. In addition, the incorporation of 9
at position 16 of the guide stand protected the siRNA duplex from
endonuclease cleavage in human serum; however, the silencing
activity was halved.27

Minor-GrooveModifications To Prevent Off-Target Effects.
SiRNAs can stimulate the TLR-mediated innate immune
response18 and can interact with off-target proteins such as PKR
and ADAR, resulting in inefficient gene silencing20 and upregula-
tion of off-target genes.48 The Beal laboratory has been pursuing
minor-groove localized base modifications to prevent the interac-
tions of siRNAwith protein receptors other than theRISC.Recently,
in a collaboration with Sirna Therapeutics, we demonstrated that
N2-cyclopentylguanine (24) and N2-propyl or N2-cyclopentyl-2-
aminopurines (20) could inhibit the immunostimulatory pro-
perties of a microRNA mimic (which can be considered as an
siRNA).30 When this microRNA mimic was transfected into
peripheral bloodmononuclear cells (PBMCs), a single cyclopentyl
modification at selected sites on the guide strand decreased
production of the inflammatory cytokine tumor necrosis factor R
(TNF-R) by at least 5-foldwhilemaintaining the full RNAi activity
of the unmodified RNA. The base-localized minor-groove projec-
tions are likely preventing the activation of one or more of the RNA-
sensing TLRs 3,49,50 7, and 8.51,52 These base modifications rival
ribose modifications such as 20-methoxy and 20-fluoro at in-
hibiting immune stimulation.24,53�55 Unlike the minor-groove mod-
ifications, the major-groove modification 7-deazaguanosine (15) did
not inhibit immune stimulation when incorporated into an siRNA.24

In an earlier study, Puthenveetil et al. reported that incorpora-
tion ofN2-benzyl-20-deoxyguanosine (25) at specific positions in
the passenger strand blocked activation of the RNA-dependent
protein kinase (PKR) by siRNA.35 Since the double-stranded
RNA binding motif present in PKR recognizes RNA through
minor-groove contacts,56,57 the minor-groove localized benzyl
substituent is poised to provide a steric block to protein binding.
The Beal lab expanded on this idea by incorporatingN2-propargyl-
2-aminopurine (21) into siRNAs for subsequent conversion to

bulky triazoles (22) via the copper(I)-catalyzed azide�alkyne
cycloaddition (CuAAC) with azides.32 This initial report on
synthetic RNA modification via the CuAAC reaction31 and
the initial demonstration of RNAi with triazole-modified
siRNAs32 was followed by recent reports from others present-
ing further CuAAC strategies for RNA modification.58�61 The
propargyl-modified siRNAs and, surprisingly, the triazole-
modified siRNAs showed minimal losses in activity when
incorporated at certain locations in the passenger and guide
strands. In fact, at one site in the guide strand where bulky
triazole modifications were tolerated (position 14), a ribose
20-methoxyethyl modification at this position has been re-
ported to abolish activity.62 This highlights an advantage of
base modifications over ribose modifications, in that large
minor-groove substituents projecting from the base can be
introduced at critical sites where ribose modification at such
sites appears to be detrimental to RNAi activity. The binding of
PKR was reduced by both propargyl and triazole modifications,
and the binding of the double-stranded RNA-specific adeno-
sine deaminase 1 (ADAR1) was reduced by the bulky triazole
modifications. These base modifications thus present a strategy
for designing siRNAs that reduce off-target effects while
retaining native RNAi activity.
Chemical Modification as a Tool To Switch on siRNA

Activity. Introduction of modifications that prevent enzymatic
degradation or off-target protein binding during delivery, but that
can be removed when targeting mRNA in the RISC, could be
highly advantageous. Ideally, the modified siRNA should be
completely inactive in its delivery form, but fully active after
triggering the removal of the blocking group. Two different
designs have capitalized on this approach—one involving a photo-
cleavable protecting group on an siRNA base,36,63�66 and the
other using conformational switching to display or hide a steric
blockage in the minor or major groove of siRNA.21,22

In the first of these examples, Mikat andHeckel introduced the
2-(2-nitrophenyl)propyl group (NPP group) on the nucleobases
guanine (26) or thymine (27) at various positions of the guide
and passenger strands and determined its effect on silencing
activity.36 The modifications introduced on the bases near the
mRNA cleavage site were capable of blocking the RNAi activity,
but upon irradiation, the normal level of activity returned. Modi-
fications introduced at other positions or even on backbone or
terminal phosphates were incapable of achieving either complete
inhibition of activity while protected or full reactivation upon
deprotection.36,63�66 Overall, the photolabile protective group
was shown to be useful for turning on siRNA activity at a precise
point in the RNAi mechanism.

Figure 2. N2-Alkyl-8-oxo-20-deoxyguanosine can be used to switch an alkyl group from the minor to the major groove depending on the base opposite.
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A second example of switchable activity of chemicallymodified
siRNAs was developed jointly in the Beal and Burrows labora-
tories. As discussed above, off-target effects due to deleterious
siRNA�protein binding can be addressed through the introduction
of minor-groove modifications. We reasoned that the activity of
these modified siRNAs could be improved by switching of the
sterically interfering modifications from the minor groove to the
major groove during RISC formation. In recent work, we showed
that N2-alkyl-8-oxo-20-deoxyguanosine analogues (alkyl = propyl,
benzyl) (23), adopting either the syn or anti conformation depend-
ing upon their base-pairing partner, can be used as the switchable
base to introduce a steric blockade to protein binding in one form
(C opposite) versus the other (A opposite) (see Figure 2).33,34

N2-Alkyl-8-oxo-20-deoxyguanosine introduced in the guide
strand can project the N2-alkyl group into the minor groove
when in the anti conformation uponWatson�Crick pairing with
C of the passenger strand during delivery. In this conformation,
the steric blockage projecting into the minor groove reduces
binding to off-target proteins such as PKR. The same modified
nucleoside adopts the syn conformation on pairing with A in
target mRNA which would then place the N2-alkyl modification
in the major groove, where it is less likely to interfere with the
target mRNA cleavage process. PKR binding and RNAi activity
were found to be highly dependent on the guide strand position
substituted with the N2-alkyl-8-oxo-20-deoxyguanosines. For
RNAi activity, introduction of these modifications was tolerated
better at positions 11 and 16 of the guide strand than at position 4
(seed region).33 Particularly, in the case of position 11 modifica-
tions, overall silencing efficiency improved compared to wild-
type siRNA, suggesting that avoidance of off-target protein bind-
ing could be improving efficacy. Furthermore, this case suggests that
changes in base pair geometry can be tolerated at the cleavage site; in
this case, the guide:mRNA duplex is expected to make a Hoogsteen
base pair (Figure 2) at the cleavage site. In most cases, siRNAs with
multiple modifications led to reduced activity, although a propyl
substituent at both positions 4 and 11 gave greater than expected
activity. This study showed that a conformational switch of sterically
blocking groups between theminor andmajor grooves ofRNAcould
be an important new strategy for manipulating RNA�protein
binding important to RNA interference.

’CONCLUSION

The research efforts described here illustrate how chemical
modification of the nucleobase components of siRNAs furthers
our understanding of the RNAi mechanism and could be used to
advance RNAi therapeutics. While unmodified siRNAs make
poor drug candidates because they are prone to various types of
off-target effects, are sensitive to nuclease degradation, and can
have lack of specificity for the target mRNA, assembly of siRNAs
with nucleoside analogues bearing structural changes to the
sugars or the bases can improve these properties. As more
siRNA-based drug candidates enter clinical trials, it is clear that
organic chemists will be called upon to invent new ways to over-
come the shortcomings of the natural siRNA structure. The next
generation of siRNAs for therapeutic applications may indeed
contain new nucleobases with enhanced base paring specificity,
novel interactionswithinRISC, and avoidance of immune receptors.
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