
8142–8155 Nucleic Acids Research, 2017, Vol. 45, No. 14 Published online 27 June 2017
doi: 10.1093/nar/gkx558

Amide linkages mimic phosphates in RNA
interactions with proteins and are well tolerated in the
guide strand of short interfering RNAs
Daniel Mutisya1, Travis Hardcastle2, Samwel K. Cheruiyot1, Pradeep S. Pallan3, Scott
D. Kennedy4, Martin Egli3, Melissa L. Kelley2, Anja van Brabant Smith2 and Eriks Rozners1,*

1Department of Chemistry, Binghamton University, The State University of New York, Binghamton, NY 13902, USA,
2GE Healthcare Dharmacon, Lafayette, CO 80026, USA, 3Department of Biochemistry, School of Medicine,
Vanderbilt University, Nashville, TN 37232, USA and 4Department of Biochemistry and Biophysics, University of
Rochester School of Medicine and Dentistry, Rochester, NY 14642, USA

Received March 31, 2017; Revised June 10, 2017; Editorial Decision June 15, 2017; Accepted June 18, 2017

ABSTRACT

While the use of RNA interference (RNAi) in molec-
ular biology and functional genomics is a well-
established technology, in vivo applications of syn-
thetic short interfering RNAs (siRNAs) require chem-
ical modifications. We recently found that amides
as non-ionic replacements for phosphodiesters may
be useful modifications for optimization of siRNAs.
Herein, we report a comprehensive study of sys-
tematic replacement of a single phosphate with an
amide linkage throughout the guide strand of siR-
NAs. The results show that amides are surprisingly
well tolerated in the seed and central regions of the
guide strand and increase the silencing activity when
placed between nucleosides 10 and 12, at the cat-
alytic site of Argonaute. A potential explanation is
provided by the first crystal structure of an amide-
modified RNA–DNA with Bacillus halodurans RNase
H1. The structure reveals how small changes in both
RNA and protein conformation allow the amide to es-
tablish hydrogen bonding interactions with the pro-
tein. Molecular dynamics simulations suggest that
these alternative binding modes may compensate for
interactions lost due to the absence of a phospho-
diester moiety. Our results suggest that an amide
can mimic important hydrogen bonding interactions
with proteins required for RNAi activity and may be a
promising modification for optimization of biological
properties of siRNAs.

INTRODUCTION

Technologies for controlling gene expression in vivo re-
quire chemical modifications that optimize the properties of
oligonucleotides without negatively affecting their biologi-
cal activity. Recent developments in antisense (1,2), RNA
interference (RNAi) (2–7) and, most recently, CRISPR-
Cas9 technologies (8,9) continue driving the interest in
synthetic chemistry of oligonucleotides. For short interfer-
ing RNAs (siRNAs), enzymatic stability, targeted delivery,
biodistribution and pharmacokinetics, and cellular uptake
are the main properties optimized using a variety of chemi-
cal modifications. Many modifications are available for im-
proving enzymatic stability; however, insufficient delivery,
biodistribution and cellular uptake remain the bottlenecks
for in vivo application of siRNAs (2–7). Other major obsta-
cles for RNAi success in vivo are limitations in potency, du-
ration and specificity (off-target effects) of the gene knock-
down by siRNAs. Compared to small molecule probes and
drugs, the problems with intracellular in vivo delivery of
oligonucleotides are related to their size, enzymatic lability,
hydrophilicity and the negatively charged phosphodiester
backbone (10). Despite substantial progress of the siRNA
modification field, there is still a significant unmet need for
new chemistries to improve performance of RNAi, espe-
cially for in vivo applications.

The traditional view is that the negatively charged phos-
phates are critical for siRNA recognition and binding by the
Argonaute (Ago) proteins. Early structural studies showed
that Ago proteins, which belong to the RNase H family
of enzymes (11), bind siRNAs through electrostatic inter-
actions with the phosphate backbone (12). The traditional
view is also supported by recent crystal structures showing
that almost all phosphates of the guide strand and most of
the phosphates of the passenger strand are contacted by
Ago primarily via electrostatic interactions (13–16). This
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notion has discouraged nucleic acid chemists from explor-
ing siRNA modifications that neutralize the negative charge
of the phosphodiester backbone, even though such modifi-
cations may be helpful in optimization of biodistribution
and cellular uptake (17).

The most popular backbone modification to improve
nuclease resistance and pharmacokinetic properties of an-
tisense oligonucleotides and siRNAs has been the phos-
phorothioate (PS) linkage (1–4,18). Moderate PS modi-
fication is well tolerated at the ends of siRNA duplexes
and improves duration of gene silencing (19–21), while
extensive PS modification may lead to toxic side-effects
(20,21). Apart from phosphorothioates, other backbone
modifications, such as boranophosphates (22) and phos-
phorodithioates, alone (23) or in combination with 2′-OMe
(24), have been successfully used in siRNAs to increase the
nuclease resistance and silencing potency, but have not yet
found broad applications. The phosphonoacetate and thio-
phosphonoacetate linkages have also been incorporated in
the passenger strand of siRNA, but did not improve ei-
ther silencing activity or cellular uptake of siRNAs (25).
In a clever design that enables the use of a neutral back-
bone for delivery of siRNA, Dowdy and co-workers (17)
recently demonstrated that replacement of phosphodiesters
with neutral and bioreversible S-acyl-2-thioethyl phospho-
triesters allowed conjugation of the neutralized siRNAs
to cationic peptides and efficient cellular delivery of these
prodrug conjugates. Once delivered in cells, the cytoplas-
mic thioesterases converted the phosphotriesters into na-
tive phosphodiesters that supported robust RNAi activity in
vitro and in vivo. These intriguing results prompted us to ex-
plore if siRNAs could tolerate permanent non-ionic back-
bone modifications that may support the use of cationic
peptide delivery agents.

We hypothesized that an amide linkage (AM1, Figure 1)
could serve as a non-ionic replacement for phosphate in
siRNAs. Our hypothesis was based on earlier work (26–
31) showing that isolated AM1 linkages were well accom-
modated in DNA–RNA heteroduplexes and all-RNA du-
plexes, with relatively small changes in thermal stability and
overall structures of the modified duplexes. Later, we re-
ported that isolated AM1 linkages were indeed surprisingly
good structural mimics of phosphate and did not change
the A-type conformation, thermal stability and hydration of
short RNA duplexes (32,33). While three consecutive amide
linkages in the middle of a short RNA duplex caused some
loss of thermal stability, the overall RNA structure was only
minimally altered (34). In all cases (32–34), the local confor-
mational changes caused by the amide linkage were easily
compensated by small adjustments in the RNA backbone,
which suggested that amides may be promising modifica-
tions for optimization of siRNAs.

Preliminary results on RNAi activity of amide-modified
siRNAs were encouraging. Iwase et al. showed that mod-
ification of the 3′-overhangs of an siRNA with two AM1
linkages increased the enzymatic stability but did not sig-
nificantly alter RNAi activity (35–37). Most recently, we re-
ported initial results that AM1 linkages were tolerated at
some internal positions of both guide and passenger strands
of siRNAs (33). Most interestingly, AM1 modification in-
creased the silencing activity when placed near the 5′-end

Figure 1. Structure of amide (AM1) linkage and sequences of amide-
modified siRNA guide strands. # G8 and G18 were not part of this study;
the data for G8 and G18 are from our previous study (33).

of the passenger strand. As a result, an siRNA containing
eight amide linkages was more active than the unmodified
control (33). In another study (34), we showed that three
consecutive amide linkages near the 5′-end of the passen-
ger strand caused little change in siRNA activity. Herein
we report a systematic study of how a single amide link-
age affects silencing activity when placed across positions 1
through 18 of the guide strand of siRNAs. Our results show
that amides are well tolerated in the seed and central regions
of the guide strand and actually increase the silencing activ-
ity when placed in the middle of the guide strand, between
nucleosides 10 and 11 and between nucleosides 11 and 12, at
the catalytic site of Argonaute. We also report the first crys-
tal structure of an amide modified RNA–DNA substrate
with Bacillus halodurans RNase H1 (BhRNase H) that re-
veals how small changes in both RNA and protein confor-
mation allow the amide moiety to establish new modes of
hydrogen bonding interactions with the protein. Taken to-
gether with our earlier studies (31–34), the present data sug-
gest that amides are not only excellent structural mimics of
the phosphate backbone in RNA, but may also mimic func-
tionally important hydrogen bonding interactions with pro-
teins required for activation of the RNAi machinery. Our
study shows that amides are promising backbone modifica-
tions for optimization of biological properties of siRNAs
for in vivo applications.
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MATERIALS AND METHODS

Synthesis of amide-modified RNA

Amide-modified oligoribonucleotides were synthesized on
a 1 �mol scale using the standard 2′-O-TOM RNA phos-
phoramidite (Glen Research) synthesis protocol on an Ex-
pedite 8909 Nucleic Acid Synthesis System and purified by
reverse-phase HPLC as previously reported (33) (Supple-
mentary Table S2 and Figures S4–S26). The UU (8a) and
UA (8b) dimer phosphoramidates were synthesized as pre-
viously reported (32,33); the AU (8c) and AA (8d) were pre-
pared using similar procedures (Scheme 1, for experimen-
tal details, see Supplementary Information). All modified
guide strands were chemically 5′-phosphorylated to make
sure that amide modifications do not interfere with enzy-
matic phosphorylation normally observed in cells.

siRNA activity test

HeLa cells were plated in 96-well plates (1 × 104

cells/well) for 24 h before transfection. On the day of
transfection, RNA–lipid complexes were introduced
into each well of cells (1–100 nM siRNA duplexes
formed by mixing the guide and passenger strands,
0.2 �l/well DharmaFECT 1 transfection reagent,
GE Healthcare Dharmacon, catalogue# T-2001-01).
siGENOME Non-Targeting siRNA #1 [guide strand 5′-
r(UAGCGACUAAACACAUCAAUU)-3′ and passenger
strand 5′-r(UUGAUGUGUUUAGUCGCUAUU)-3′,
GE Healthcare Dharmacon, catalogue# D-001210-
01] was used as a non-targeting control (NTC) and
siGENOME Cyclophilin B [PPIB, guide strand 5′-
r(GGAAAGACUGUUCCAAAAAUU)-3′ and passenger
strand 5′-r(UUUUUGGAACAGUCUUUCCUU)-3′, GE
Healthcare Dharmacon, catalogue# D-001136-01-05] was
used as a positive control for transfection efficiency. Un-
modified siRNA controls with sequences matching those
of siRNAs with amide linkages were custom synthesized at
GE Healthcare Dharmacon, and conclusions were based
on their relative activities. NTC and siRNAs targeting
the PPIB gene were both titrated separately at the same
concentrations to show that they behave in the same way.
Forty-eight hours post-transfection, the level of target
knockdown was assessed using a branched DNA (bDNA)
assay specific for the targets of interest according to the
manufacturer’s instructions (QuantiGene branched DNA
signal amplification kit; Panomics). Cells were lysed and
directly added to the bDNA assay plate without nucleic
acid purification, cDNA synthesis steps nor amplification
that can introduce bias. Experiments were performed 2–4
times; the results presented in Figures 2–5 are expressed
as ratios of target PPIB mRNA expression and reference
mRNA expression (GAPDH) and are averages of biolog-
ical triplicates from three separate wells of cells and two
replicate experimental plates.

Protein expression and purification

BhRNase H (D132N mutant; residues M58 to K196) was
expressed in Escherichia coli and purified as previously re-
ported (38).

Crystallization experiments

Solutions of BhRNase H and the duplex 5′-
r(GACACCUGAUaUC)-3′ / 5′-d(GAATCAGGTGTC)-3′
were mixed in a 1:2 molar ratio in the presence of 5 mM
MgCl2 and crystallization experiments were performed by
the sitting drop vapor diffusion technique, using the Crystal
Screen conditions (Hampton Research, Aliso Viejo, CA,
USA) (39). Complex solution (200 nl) was mixed with an
equal amount of reservoir solution and equilibrated against
60 mL reservoir well conditions using a Mosquito crys-
tallization robot (TTP LabTech). Crystallization hits were
then used to set up 2 ml sitting drops at 18◦C. Crystals used
in the diffraction experiments appeared in a crystallization
condition containing 100 mM sodium cacodylate (pH 6.5)
and 1.4 M sodium acetate. Crystals were mounted in nylon
loops, cryo-protected in reservoir solution supplemented
with 30% (w/v) glycerol and frozen in liquid nitrogen.

X-ray data collection, structure determination and refinement

Diffraction data were collected at a wavelength of 0.97856 Å
with a MAR 300 CCD detector on the 21-ID-G beam line
of the Life Sciences Collaborative Access Team (LS-CAT)
at the Advanced Photon Source, Argonne National Labora-
tory (Argonne, IL, USA). Diffraction data were integrated
and scaled with the program HKL2000 (40). The structure
was phased with the Molecular Replacement approach us-
ing the program MOLREP (41,42) and the protein coordi-
nates of the BhRNase H complex with PDB ID 1ZBI as the
search model. Following initial refinement using the pro-
gram REFMAC (43), and manual rebuilding of some pro-
tein residues in COOT (44), the amide linkage was inserted
between uridine residues near the 3′- end of the RNA and
the dictionary updated. Water molecules were then added
gradually and isotropic refinement was continued with the
program REFMAC. As the refinement proceeded, Mg2+

ions, acetate and glycerol molecules were added. A sum-
mary of crystal data, data collection parameters and crys-
tallographic refinement statistics is provided in Supplemen-
tary Table S1. All crystallographic figures were generated
with the program UCSF Chimera (45).

Data deposition

Atomic coordinates and structure factor data for the
BhRNase H complex with amide-modified RNA:DNA
have been deposited in the Protein Data Bank (http://www.
rcsb.org, entry code 5VAJ).

NMR

For NMR studies, BhRNase H with uniform incorpora-
tion of 13C and 15N isotopic labels was expressed in min-
imal media containing 13C-glucose and 15N NH4Cl using
the same plasmid as in preparation of protein for crys-
tal growth. Purified 13C/15N-labeled protein was concen-
trated and exchanged into buffer containing 150 mM NaCl,
40 mM phosphate (pH 6.9) and 0.02% sodium azide for
NMR studies at 25 ◦C. Backbone assignments of 118 of
126 residues in free BhRNase H (100 �M) were accom-
plished with HNCACB, CBCA(CO)NH and HNCO spec-
tra acquired at 800 MHz with a 1H(13C,15N) cryo-probe.

http://www.rcsb.org
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Scheme 1. Synthesis of dimeric r(UAM1U), r(UAM1A), r(AAM1A) and r(AAM1U) phosphoramidites.a. a Steps: (A) trifluoroacetic acid, THF, H2O, 0◦C, 4 h,
92% (2a) and 92% (2b); (B) 4-methoxytrityl chloride, pyridine, 0◦C to rt, 14 h, 85% (3a) and 90% (3b); (C) OsO4, 4-methylmorpholine N-oxide, dioxane, rt,
10 h, then NaIO4 in water, rt, 12 h, 95% (4a) and 98% (4b); (D) NaClO4, NaH2PO4, 2-methylbut-2-ene, t-BuOH, THF water, rt, 1 h, 82% (5a) and 92% (5b);
(E) O-benzotriazole-N,N,N′,N′-tetramethyluroniumhexafluoro phosphate (HBTU), 1-hydroxybenzotriazole (HOBt), diisopropylethylamine, CH2Cl2, rt,
12 h, 89% (7c) and 97% (7d); (F) P(OCH2CH2CN)(N(iPr)2)2, tetrazole, CH2Cl2, rt, 7 h, 76%, (8c) and 85% (8d).

1H–15N HSQC spectra of free BhRNase H (55 �M) and
with added RNA/DNA were acquired at 600 MHz with a
standard probe.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out in
explicit solvent using AMBER 14 (ff14SB and parm10). Ini-
tial coordinates of the BhRNase H complex with modified
RNA–DNA were taken from the X-ray structure described
in this work. The initial coordinates of the full-length
human Argonaute-2 (hAgo2) complexes with unmodified
miRNA-20a 5′-(rUAAAGUGCUUCAGG)-3′ were taken
from the structure described by Elkayam et al. (46) after
removal of the PAZ domain and parts of the N domain.
To obtain the starting structure of the complex with amide-
modified RNA, the coordinates at each amide modification
were determined by fitting the sugar rings of a dinucleotide
extracted from the dominant conformation of a modified,
unbound RNA duplex (32,33) to the sugar rings adjacent
to the desired modification site in the Ago2 complex. The
protein/nucleic acid complexes were surrounded with 6 Å
of TIP3P water molecules in an octahedral box. Ions were
added to neutralize the system, then Na+ and Cl− ions were
added to a concentration of ∼0.1 M. All systems were sub-
jected to two stages of minimization. In the first stage, all
atoms in the complex were restrained while water, ions, and,
in the case of Ago2 complexes with amide-modifications,
the two nucleotide residues flanking the amide modifica-
tion were minimized. In the second stage, protein residues
that were distant from nucleic acid were weakly restrained
(Supplementary Figure S1) while the rest of the system was
minimized. During the first 20 ps of MD the system was
heated to 298K. Then constant pressure dynamics was ini-
tiated at a pressure of 1 atm and a relaxation time of 2 ps.
Temperature regulation was done with Langevin dynamics
with a collision frequency of 1 ps−1. Bonds involving hy-
drogen atoms were constrained (SHAKE) and the time step
was 2 fs. Distances, torsions, and RMSDs were calculated
using the cpptraj module of the Amber software package.
Partial charges for the amide-modification were derived us-
ing the restrained electrostatic potential (RESP) approach

(47) based on an electrostatic potential grid calculated on
a UaA dimer at the HF/6-31G* level using Gaussian 09,
revision D.01.

RESULTS

Synthesis of amide-modified RNA

Synthesis of amide-linked UU, UA, AU and AA dimers
and their phosphoramidates (Scheme 1) was done fol-
lowing our previously published procedures (33). Amide-
linked dimeric phosphoramidites were used together with
common 2′-O-TOM protected ribonucleoside phospho-
ramidites (Glen Research) to synthesize a series of amide-
modified RNAs following the standard phosphoramidite
chemistry protocol on an Expedite 8909 instrument. Using
the Dharmacon bioinformatics database, we selected four
siRNA sequences targeting PPIB gene that allowed a sys-
tematic replacement of a single phosphate with an AM1
linkage throughout positions 1 to 18 (G1–G18, Figure 1)
of the guide strands using only the four amide-linked UU,
UA, AA and AU dimers. The choice was determined by
our experience that dimers built of U and A are easier to
synthesize than dimers including C and G. PPIB is a com-
mon experimental reference because it is a highly expressed
housekeeping gene. Knockdown of PPIB typically does not
cause a negative phenotype and the cells maintain viabil-
ity. The sequences allowed for double checking the effect of
an amide linkage at several positions using different dimers,
for example, UU in G2 and AA in G2*. The additional se-
quences (marked with *, e.g., G2*, G6*, etc.) allowed check-
ing for potentially sequence-specific effects of amide mod-
ifications. We did not study G19 and G20 because Iwase
and co-workers had previously shown that replacement of
the siRNA overhang phosphates with AM1 linkages caused
little change in the silencing activity of an siRNA (35,37).
In our previous study (33) we showed that an amide at G8
decreased and at G18 did not change the silencing activity
of the siRNA.
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Figure 2. Silencing activity of amide-modified siRNAs. Duplexed siRNAs,
formed from the respective guide strands 5′-UUUUGGAACAGUCUU
UCCGUU-3′ (blue sequences in Figure 1) and the unmodified passenger
strand 5′-CGGAAAGACUGUUCCAAAAUU-3′, at 1 nM final concen-
tration were transfected in HeLa cells using DharmaFECT 1 transfection
reagent for 48 h. The level of knockdown was assessed using a branched
DNA (bDNA) assay (QuantiGene branched DNA signal amplification
kit; Panomics). UnMod = unmodified, matched sequence siRNA, PPIB
= transfection control siRNA targeting PPIB (different target sequence),
NTC = non-targeting control siRNA.

The effect of amide modifications in the guide strand on RNA
interference activity

The relative activity of the siRNA duplexes formed by mix-
ing the guide and passenger strands to knockdown the
target sequence was initially performed in HeLa cells in
a dose-dependent manner (1, 10 and 100 nM final con-
centration). To observe differences among the siRNAs we
used a 1 nM final concentration as the other concentrations
(10 and 100 nM) resulted in typically >95% knockdown
(data not shown) and subtle changes in activity could not
be distinguished. siRNA activity was compared to knock-
down of the corresponding unmodified version of the same
siRNA sequence containing the amide modification. Data
were normalized to the siGenome non-targeting negative
control, and the siGenome positive control siRNA target-
ing PPIB was included as a transfection and assay control.
Further, experiments were performed on two separate plates
(Rep1 and Rep 2) to show reproducibility of the data. The
standard deviations are shown in the length of the error
bars. Based on its interactions with Ago2 and functional
roles, the guide strand of siRNAs can be categorized into
five regions: anchor (nucleotide 1), seed (nucleotides 2–8),
central (nucleotides 9–12), 3′-supplementary (nucleotides
13–17) and 3′-tail (nucleotides 18–21) (48). When discussing
the results, we consider the amide modifications in the struc-
tural and functional context of these five regions of the
guide strand.

Blue sequence. The unmodified blue siRNA (UnMod,
Figure 2) was highly active producing ∼90% knockdown of
PPIB. Amide modification in G1 (the anchor region) was
not tolerated and almost completely abolished silencing.
Surprisingly, amide modifications in the seed region were
well tolerated in this siRNA. While G2, G3 and G7 showed
notable loss of activity, these siRNAs still produced ∼70-
80% knockdown of PPIB. G14* and G15*, modified in the
supplementary region, showed similar trends.

Figure 3. Silencing activity of amide-modified siRNAs. Duplexed siRNAs,
formed from the respective guide strands 5′-CAAUUCGUAGGUCAA
AAUAUU-3′ (black sequences in Figure 1) and the unmodified passenger
strand 5′-UAUUUUGACCUACGAAUUGUU-3′, at 1 nM final concen-
tration were transfected in HeLa cells using DharmaFECT 1 transfection
reagent for 48 h. The level of knockdown was assessed using a branched
DNA (bDNA) assay (QuantiGene branched DNA signal amplification
kit; Panomics). UnMod = unmodified, matched sequence siRNA, PPIB
= transfection control siRNA targeting PPIB (different target sequence),
NTC = non-targeting control siRNA.

Black sequence. The unmodified black siRNA (UnMod,
Figure 3) had good activity that was somewhat lower than
that of the blue sequence, producing close to 80% knock-
down of PPIB. In contrast to G2 and G3 in the blue se-
quence, G2* and G3* were not active suggesting that there
is sequence dependence of amide tolerance. In a similar way,
G14 and G15 in the black sequence were less active than
G14* and G15* in the blue sequence (see Figure 2). Despite
the low overall activity of amide modified black sequences,
G4, having an amide linkage right in the middle of the seed
region, and G16, having an amide linkage close to the 3′-end
of the supplementary region, showed minimal loss of activ-
ity compared to the unmodified siRNA (Figure 3). Overall,
the amide modifications in the black sequence were notably
less tolerated compared to other siRNA sequences. This
supports the notion that the effects of the amide linkages
may depend not only on position, but also on the overall
sequence and properties of the specific siRNA.

Brown sequence. The unmodified brown siRNA (UnMod,
Figure 4) was highly active producing >90% knockdown
of PPIB. Consistent with the trend emerging in the blue
and black sequences above, G5, with an amide modification
in the seed region was well tolerated; however, G6 showed
some loss of activity. G9 and G12*, the first and the last po-
sitions of the central region, were active albeit showing some
loss in silencing compared to the unmodified siRNA. It is
interesting to note that G12* having an amide linkage not
far from the cleavage site was active. G17* that has an amide
linkage close to the 3′-end of the guide showed good activ-
ity, although less than the unmodified siRNA, as expected
from the general trend that the 3′-part of the guide strand is
more tolerant to chemical modifications (5–7). Overall, the
activity trends in the brown sequence were similar to those
observed in the blue sequence.
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Figure 4. Silencing activity of amide-modified siRNAs. Duplexed siRNAs,
formed from the respective guide strands 5′-UCAGUUUGAAGUUCU
CAUCUU-3′ (brown sequences in Figure 1) and the unmodified passenger
strand 5′-GAUGAGAACUUCAAACUGAUU-3′, at 1 nM final concen-
tration were transfected in HeLa cells using DharmaFECT 1 transfection
reagent for 48 h. The level of knockdown was assessed using a branched
DNA (bDNA) assay (QuantiGene branched DNA signal amplification
kit; Panomics). UnMod = unmodified, matched sequence siRNA, PPIB
= transfection control siRNA targeting PPIB (different target sequence),
NTC = non-targeting control siRNA.

Figure 5. Silencing activity of amide-modified siRNAs. Duplexed siRNAs,
formed from the respective guide strands 5′-ACACGAUGGAAUUUG
CUGUUU-3′ (green sequences in Figure 1) and the unmodified passenger
strand 5′-ACAGCAAAUUCCAUCGUGUUU-3′, at 1 nM final concen-
tration were transfected in HeLa cells using DharmaFECT 1 transfection
reagent for 48 h. The level of knockdown was assessed using a branched
DNA (bDNA) assay (QuantiGene branched DNA signal amplification
kit; Panomics). UnMod = unmodified, matched sequence siRNA, PPIB
= transfection control siRNA targeting PPIB (different target sequence),
NTC = non-targeting control siRNA.

Green sequence. The unmodified green siRNA (UnMod,
Figure 5) had good activity and afforded close to 80%
knockdown of PPIB, similar to the black sequence, but
somewhat lower than those observed for the blue and brown
sequences. In contrast to the brown sequence (Figure 4),
G6* showed minimal loss of activity. Most surprisingly,
G10, G11 and G12 with amide modifications in the central
region close to the catalytic site of Argonaute were highly
active. In fact, G10 and G11 were more active than the un-
modified control. Moving the amide linkage further to the
supplemental region, as in G13, resulted in some loss of ac-
tivity.

X-ray crystal structure of amide-modified RNA–DNA in
complex with RNase H

The silencing activity data in Figures 2-5 showed that
amides were surprisingly well tolerated at some positions
of the guide strand while causing almost complete loss of
activity at others. Such large differences were somewhat sur-
prising, given that almost all phosphates of the guide strand
are involved in contacts to Ago2. It is possible that amides
are able to maintain the interactions to the protein at some
positions, whereas they are lost at others. To gain structural
insight into how an amide linkage may mimic interactions
of a phosphodiester linkage in protein-RNA complexes, we
determined the 1.95 Å resolution crystal structure of the
complex between BhRNase H and the r(GAC ACC UGA
UaUC) - d(GAA TCA GGT GTC) hybrid duplex with a
single AM1 linkage (UaU) in the RNA strand. BhRNase H
was chosen as a model protein because it features a struc-
tural fold similar to the PIWI domain of Ago2 that har-
bors the endonuclease activity and crystal structures of its
complexes with hybrid duplexes have been studied in de-
tail (38). The BhRNase H enzyme employed contains the
D132N mutation to prevent cleavage of the RNA strand in
the crystallization drops in the presence of Mg2+. The struc-
ture is isomorphous to that of the complex between D132N
BhRNase H and the native RNA–DNA hybrid [(38) PDB
ID 1ZBI], with the asymmetric unit consisting of two pro-
tein molecules bound to a single duplex. An example of the
quality of the final electron density is depicted in Figure 6A.

Both RNase H molecules contact the minor groove of
the hybrid duplex and the amide modification sits adjacent
to the scissile phosphate (Figure 6B). The amide nitrogen
acts as a H-bond donor to the main chain oxygen and side
chain O� of S74. The comparison with the structure of the
native complex demonstrates that conformational changes
between the two complexes are limited to the modification
site. Thus, phosphate groups preceding (A9pU10) and suc-
ceeding (U11pC12) the amide that bridges residues U10 and
U11 can be overlaid with minimal deviations and local base
positions and stacking interactions are virtually unaffected
by the replacement of the phosphate by amide (Figure 6C).
As in the case of our recently reported (33) crystal struc-
ture of an RNA containing backbone amide modifications
[PDB ID 4O41], the amide carbonyl bond in the modified
RNA bound to RNase H assumes an orientation that mim-
ics that of the P–OP2 bond (Figure 6C and D). Neither OP2
nor amide carbonyl oxygen participate in a direct interac-
tion with a protein residue. In the structure of BhRNase
H with the native substrate, the OP1 phosphate oxygen ac-
cepts a H-bond from the amide nitrogen of S74 (Figure 6C).
The amide carbonyl, being aligned along the P–OP2 bond,
is unable to mimic this interaction; instead, the amide N–H
acts as a H-bond donor engaging in new stabilizing interac-
tions with the main chain carbonyl oxygen and side chain
O� of S74 (Figure 6B and C). As a result, both amide and
phosphate enable stabilizing interactions between protein
and RNA backbone. Importantly, the amide can serve as a
H-bond donor creating new interactions between RNA and
protein that are not available to native oligonucleotides.
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Figure 6. Crystal structure of the complex between BhRNase H and the hybrid duplex r(GAC ACC UGA UaUC)–d(GAA TCA GGT GTC). (A) Quality
of the final sum (2Fo – Fc) Fourier electron density (1 � threshold) in the region around the amide-modified U10aU11 dimer step in the RNA strand. (B)
A portion of the RNA strand viewed down the stack of bases from the 3′-end, with RNase H straddling the backbone and S74 engaging in two H-bonds
to the amide nitrogen (thin lines; the position of the N(H) hydrogen is calculated). The active site is visible at the upper left and Mg2+ ions are green
spheres with their coordination spheres indicated by dashed lines. Carbon atoms of RNA, AM1 linkage, DNA and protein are colored in green, yellow,
purple and beige, respectively, H-bonds are indicated with thin lines, and selected residues are labeled. (C) Superimposition of the BhRNase H complexes
with amide-modified RNA–DNA (identical to that seen in panel B) and the corresponding native RNA–DNA hybrid duplex (gray wire model). The view
is identical to that in panel B. (D) Side-by-side comparison of the conformation of amide linkage in RNA/DNA bound to BhRNase H (left), and the
conformation of amide linkage in protein-free RNA duplex from our previous study [right, (33) PDB ID 4O41]. The crystal structure of the latter RNA
contains two independent duplexes per asymmetric unit, thus allowing observation of four independent UaU dimer steps. All four adopt a very similar
conformation and only the dimer from strand A was used to produce the drawing shown here.

NMR data confirms that structure in crystal is maintained in
solution

NMR spectroscopy provided further evidence that the
structure of the amide-modified RNA/DNA/RNase H
complex when in solution is similar to that observed in the
crystal. BhRNase H residues that exhibit significant chemi-
cal shifts or loss of NMR signal when either amide-modified
or unmodified RNA–DNA is added to the solution map
closely with residues that are near the RNA–DNA in the
X-ray structure (Figure 7A). Furthermore, a 2:1 complex
of RNase H:RNA–DNA, as observed in the crystal, is in-
dicated in solution by the fact that no further changes in
the HSQC spectrum of RNase H are observed with RNA–
DNA additions beyond half of one protein equivalent (Sup-
plementary Figure S2). Finally, similarity of HSQC spectra
of RNase H complexed with either unmodified or amide-
modified RNA–DNA indicate that the amide-modification
does not alter the binding mode in solution, in agreement
with the crystal structures (Figure 7B).

Molecular modeling of H-bonding interactions at amide-
modified sites

The RNAi activity of amide-modified siRNAs may de-
pend on the ability of amides to replace the interactions of
Ago2 with phosphates of unmodified siRNA by similar or
compensatory interactions, as illustrated above in the crys-
tal structure of BhRNase H complex with amide-modified
RNA–DNA (Figure 6). Molecular computation methods
were used to examine the feasibility of compensatory inter-
actions at modified sites. Since the complex of BhRNase H
with amide-modified RNA–DNA provides the first detailed
example of a protein-AM1 interaction, MD of this structure
was carried out to see if the interactions present in the X-ray
structure are maintained in the computational models. An
MD trajectory in explicit solvent spanning 300 ns showed
that the orientation of the AM1 linkage and interactions of
the amide hydrogen with hydroxyl and carbonyl oxygen of
a serine residue were maintained as observed in the crystal
structure throughout the simulation (Supplementary Fig-
ure S3). This provides some confidence that simulations can
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Figure 7. NMR studies of BhRNase H:RNA–DNA complex. (A) Crystal structure of BhRNase H in complex with amide-modified RNA–DNA (yellow),
with protein residues colored according to chemical shift perturbation properties upon addition of RNA–DNA. Blue: residues whose NMR peaks disappear
or are clearly shifted at least two line-widths due to added RNA–DNA. Light blue: peaks that shifted one to two line-widths. Red: peaks that shifted less
than one line-width. Green: peaks where the shift is ambiguous (usually due to spectral crowding), or that were unassigned. (B) 15N-HSQC spectra of free
BhRNase H (light grey), BhRNase H bound to unmodified RNA–DNA (green), and BhRNase H bound to amide-modified RNA–DNA (blue).

correctly replicate, at least at short range, interactions of the
amide-modification.

For the molecular modeling study of amide–Ago2 inter-
actions, the crystal structure of miRNA-20a bound to hu-
man Ago2 by Elkayam et al. (46) was used for starting coor-
dinates. MD simulations were carried out with amide modi-
fications at various sites in the seed region on this physiolog-
ically relevant guide strand. Separate RNA:Ago-2 models
were generated for each phosphate-to-amide modification.
At each modified site, interactions formed between protein
and the carbonyl oxygen of the amide linkage were com-
pared with protein-phosphate oxygen interactions observed
in the crystal structure. In some cases, flexibility of both
protein and the amide-modified linkage allowed phosphate
oxygen interactions to be replaced by carbonyl oxygens, but
in other cases interactions were not recovered for most of
the simulation.

At the G2 site the initial orientation of the CO group was
not suitable for an interaction with the side chain of lysine
(K566) which interacts with OP1 in the unmodified com-
plex. However, within 10 ns the amide reoriented to a con-
formation that allows the interaction to form and remain
throughout the 200 ns simulation (Figure 8A). The recov-
ery of the K566 interaction is consistent with biological re-
sults for this site in the blue sequence in Figure 2, but not
the black sequence in Figure 3. One consequence of the re-
orientation of the G2 amide is an out-of-plane shift of the
sugar moiety of the third residue (A3) which affects the po-
sition and orientation of the attached base (Figure 8B). This
could affect the RNAi activity by changing the loading of
the target strand.

At the G3 site, as at the G2 site, the initial orientation of
the amide CO group is not conducive to interactions with
tyrosine (Y790) and arginine (R792) side chains that inter-
act with OP1 in the unmodified complex. In contrast to the
G2 site, the amide CO group of G3 is only transiently able

to re-establish these interactions during the simulation (Fig-
ure 8C). More importantly, even for close interactions, the
donor and acceptor are not well positioned for a hydrogen
bond with the donor oriented at ca. 90◦ angle from the CO
bond (Figure 8D). This result is consistent with the biologi-
cal results for this site in the black sequence in Figure 3, but
not the blue sequence in Figure 2. At both G2 and G3, no in-
teractions with OP2 are present in the unmodified complex,
and no interactions with the amide hydrogen are formed in
the simulations.

At sites G4 and G5, both OP1 and OP2 interact with pro-
tein. Obviously, the amide modification, which offers just
one carbonyl oxygen, is unlikely to replace all these interac-
tions. In MD simulations of the G4 modification, the amide
group reorients to place the carbonyl oxygen near the origi-
nal OP1 position, and is eventually (∼100 ns) able to retain
good geometry for the interaction with S798 HN and side
chain HO, although there are substantial fluctuations and
the amide linkage is slightly strained (Figure 8E and F). In
addition, the amide hydrogen occasionally forms a weak in-
teraction with the Y804 side chain, the original site for OP2.
The recovery of these interactions is consistent with the high
activity of the G4 modification in Figure 3. Displacement of
adjacent sugar residues is less than at G2.

At G5 the interaction with a lysine side chain (K709) is
unstable and the side chain moves far away. After losing the
lysine side chain, the amide group reorients and recovers
an interaction with R761 HN, formerly occupied by OP1.
However, positions of residues in the 3′-direction appear to
be affected by this switch (Figure 8G and H). Fluctuations
in the OP2–K709 interaction were noted in the G4 simu-
lations and even in simulations of the unmodified crystal
structure.
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Figure 8. Distances between indicated interacting atoms in MD simulations of amide-modified (blue) and unmodified (red) RNA/hAgo-2 complexes.
Interaction distances at: (A) site G2; (C) site G3; (E) site G4; (G, H) site G5. Representative frames show the region of the amide modification at (B) site
G2; (D) site G3; (F) site G4. The crystal structure starting coordinates are shown as thin, gray lines. Carbon atoms of RNA, protein, and amide moiety
are shown in green, copper and yellow, respectively. Arrows in the distance trajectories indicate time of the representative frames.
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DISCUSSION

RNAi has become a well-established and powerful tool for
functional genomics (49). There is also the intriguing poten-
tial that RNAi may become a new therapeutic approach and
currently more than 20 RNAi-based clinical trials are being
pursued (50–52). While unmodified siRNAs perform well
as research tools in cell cultures, in vivo applications require
proper patterns of chemical modifications to insure potent
and long lasting silencing activity (2–7). Chemical modifica-
tions of siRNAs must be compatible with the biochemistry
of the RNA-degrading Ago2 enzyme that dictates precise
requirements of the modification patterns. The purpose of
this study was to systematically explore how Ago2 tolerates
replacement of the phosphate with an amide linkage in the
guide strand of siRNAs. We hypothesized that because of
the similar orientation of the amide carbonyl and the OP2
non-bridging phosphate oxygen, the amide C=O will be
able to mimic hydrogen bonding interactions between Ago2
and OP2 oxygens.

The conventional wisdom in the field is that the entire
passenger strand and the 3′-end of the guide strand are rel-
atively tolerant to chemical modifications, as long as the
A-type RNA structure is not significantly distorted (5–7).
In contrast, the 5′-end and central positions of the guide
strand are sensitive, especially to multiple or bulky modifi-
cations (5–7). These notions are well supported by the struc-
tures determined for siRNA:Ago complexes (14,15,53–55).
Of importance for replacement of phosphates with neutral
amides is the observation that almost all phosphates of the
guide strand are engaged in hydrogen bonding interactions
to Ago residues in the crystal structures of complexes (13–
16). Figure 9 presents a comparison of the effect on func-
tionality of amide modification across the guide strand after
normalization for the unmodified controls specific to each
siRNA sequence (for sequences, see Figure 1). Contrary to
the conventional wisdom, our data show that amide link-
ages are well tolerated in the middle of the seed region (G4
and G5) and that they can enhance the silencing activity
when placed around the cleavage site (G10 and G11).

The 5′-end phosphate and the first nucleotide (anchor
in Figure 9) of the guide strand are docked in the MID
domain and make essential interactions for recognition of
the siRNA by Ago (15,53–55). The second phosphate that
links the anchor with the seed region of the guide strand
is kinked, thus assuming a non-canonical backbone con-
formation, and interacts with N551 and Q548 of the MID
domain (15). Consequently, the 5′-end of the guide is sensi-
tive to chemical modifications that may compromise siRNA
binding by Ago2. Consistent with these observations, G1
showed reduced RNAi activity (Figure 2) and G2 and G3
were also sensitive, though only in the black sequence (Fig-
ure 3).

Nucleotides 2–8 constitute the seed region (Figure 9) that
is responsible for initial recognition and guide-target du-
plex nucleation (48). The seed region, especially its cen-
tral part, is highly sensitive to structural perturbation, such
as mismatches and G–U wobble pairs (48). Surprisingly,
amide modifications were very well tolerated in G4 and G5
and, while causing some reduction in activity, were not pro-
hibitive in G6 and G7 (Figures 2-5). The high tolerance of

amides in the seed region, especially, in the middle of that
region, is contrary to the general perception that the seed
region is highly sensitive to chemical modifications (5–7).
MD simulations suggest that alternative conformations of
the amide linkage are accessible and often allow recovery of
some of the original interactions (e.g., G2 and G4). How-
ever, changes in the backbone which occur to accommo-
date the interaction may move the associated base (e.g. G2)
and influence loading of the target strand. It is conceivable
that such conformational changes around an amide linkage
may be acceptable in some siRNA sequences, but cause de-
creased siRNA activity in others. Such an effect could help
explain the different sensitivities of G2 and G3 positions in
the blue and black sequences. While the MD calculations
of amide-modifications in the seed region do not provide
clear explanations of the siRNA activity results, the appar-
ent availability of multiple conformations of amide link-
ages in RNA bound to Ago2 do not seem to be present in
the complex with BhRNaseH where MD shows only a sin-
gle, well-defined conformation in agreement with the crystal
structure. Furthermore, as the simulations of the unmodi-
fied RNA:Ago2 complex reproduce the starting point crys-
tal structure, it is possible that the simulations of the mod-
ified complex have simply not been carried out for suffi-
ciently long periods to provide converged results of these
as yet unknown structures.

The ability to introduce amide modifications in the seed
region may be useful for reduction of miRNA-like off-target
effects. Previous studies have shown that some seed mod-
ifications, for example, 2′-OMe at position 2 of the guide
strand (56), replacement of the entire seed ribonucleotides
with deoxynucleotides (57) and the strongly destabilizing
unlocked nucleic acid at position 7 of the guide strand
(58,59) reduced the off-target silencing due to miRNA-
like activity. In our previous studies, amide modifications
slightly reduced the thermal stability of RNA duplexes
(32,34). Since the reduction of duplex thermal stability of
the seed region also correlates with reduced miRNA-like
off-target effects (57,60,61), it will be interesting to explore
the effect of amide modifications in the seed region on
siRNA sequence specificity.

The fact that amide modification decreased silencing ac-
tivity in G6 through G9 may be related to kinks observed in
crystal structures of Ago with RNA guide strand between
nucleotides 6 and 7 (16,55,62,63) and nucleotides 9 and 10
(16). Upon binding of the target RNA, Ago undergoes con-
formational change, thus relaxing the kinks and avoiding
steric clashes with the guide-target duplex. Gong and De-
saulniers (64) reported that an amide linkage derived from
insertion of a peptide nucleic acid monomer at position
equivalent to G9 led to significant loss of silencing activ-
ity. We speculate that the amide modification may interfere
with the tight RNA:Ago2 interactions or conformational
movements of Ago2 in this region, leading to higher sen-
sitivity to amide modification in G6 through G9. Further
structural studies will be required to clarify this hypothesis.

The central region (nucleotides 9–12 in Figure 9) tolerates
chemical modifications that maintain proper RNA A-form
geometry around the cleavage site (65). The fact that amides
are very well tolerated in the central region is consistent
with our earlier findings that amide linkages cause negligi-
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Figure 9. Comparison of silencing activity across different siRNA sequences. The data present activity of the modified guide strand minus activity of the
unmodified control divided by one minus activity of the unmodified control Y = (YGn – YUnMod)/(1 – YUnMod). After the normalization, a negative value
indicates activity of amide-modified siRNA that is higher than that of unmodified siRNA, while ‘1’ indicates no activity (same as NTC). The data are
color-coded as in Figure 1; violet data (G8 and G18) are from reference (33). N1, N2, . . . , N21 refer to nucleotides of the guide strand. The positions of
amide linkages are numbered after the 5′-nucleotide, e.g. G1 has amide between N1 and N2. The number on top of the bar is the difference in melting
temperature of the modified guide and unmodified control, Dtm = tm(modified guide) – tm(unmodified control).

ble changes in the A-type conformation of duplex of RNA
(32,33). In crystal structures of guide-bound Argonautes,
phosphates at positions G11 and G12 have not been found
to engage in interactions with protein (13,62,66), which cor-
relates with excellent activity of amide-modified G11 in the
green sequence (Figure 5). Another explanation for the in-
creased activity may be local base-pairing destabilization
by the amide modification. Previous studies have found
that highly functional siRNAs have decreased internal base-
pairing stability at positions 9–14 (67). In another study,
placing thermally destabilizing modifications, such as non-
canonical bases like 2,4-difluorotoluene or base pair mis-
matches at positions 9–12 significantly improved the po-
tency of siRNAs (68). Overall, the crystal structures of Arg-
onautes with guide RNAs (15,16,55,62) are missing most
of the nucleotides in the central and supplemental regions,
which prevents correlation of effects of amide modification
with structural features of siRNA:Ago2 complexes. Never-
theless, the fact that amide modification at G10 and G11
increased the silencing activity is unexpected and encourag-
ing for future studies.

Crystal structures of Ago2 bound to siRNA-like sub-
strates suggest that only nucleotides 2–16 of the guide
strand base pair with the mRNA target (62,66), which sup-
ports the observations that the 3′-end of the guide strand
is tolerant to chemical modifications as long as they do not
interfere with anchoring of the 3′-overhang in the PAZ do-
main during the assembly of RNA induced silencing com-

plex (RISC). It is suggested that upon RISC assembly and
activation the 3′-end of the guide strand is released from the
PAZ domain after binding the target mRNA (62,66). Over-
all, the high activity of G16 and G18 was consistent with
this notion, while low activity of G17 (black sequence) and
good activity of G17* (brown sequence) was consistent with
the sequence dependency observed at other positions (vide
infra).

The unmodified siRNAs all resulted in high functional-
ity, with the unmodified blue and brown sequences demon-
strating ∼90% silencing and the unmodified black and
green sequences were slightly less active with ∼80% silenc-
ing. Comparison of siRNA activity normalized to the cor-
responding unmodified siRNA across the four sequences
(Figure 9) suggested that results depend on the siRNA se-
quence, rather than on the specific nucleosides surround-
ing the amide linkage. Examining the specific nucleotide se-
quences shows that at several positions (G2/G2*, G3/G3*,
G14/G14*, G15/G15*) AA and AU modified siRNAs had
lower activity compared to UU modified siRNAs. How-
ever, this was not a general trend and the opposite was
observed for G6/G6*, and significant differences in func-
tionality were observed for G12/G12* and G17/G17* both
having the same modified dimer: UU at G12/G12* and AU
at G17/G17*. Overall, the varying activity at these posi-
tions correlates better with different tolerance of amides in
the four siRNA sequences––the black siRNA was the most
sensitive to amide modifications, while the green siRNA was
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the most tolerant. The blue and brown siRNAs showed in-
termediate tolerance. Such differences may be caused by
factors other than interactions of amide with Argonaute
at the modified linkages. For example, the various siRNAs
may have different silencing efficiencies and strand selectiv-
ity of RISC loading, which may be further modulated by the
amide modifications. To test that the observed differences
in RNAi activity are not a result of changes in thermal sta-
bility caused by the amide modifications, we measured the
melting temperatures of all siRNA duplexes (Supplemen-
tary Table S3); the results are presented as �tm values on
the top of bars in Figure 9. Consistent with our previous
observations (32,33), single amide modification caused lit-
tle change in thermal stability (±1.3◦C, Figure 9) that had
no correlation with the differences in RNAi activity. While
more studies will be needed to fully reveal the sequence de-
pendency of amide modifications in siRNAs, our current re-
sults that active siRNAs may tolerate amide modifications
in the middle of the seed and central regions are encourag-
ing.

CONCLUSIONS

Our comprehensive study of systematic replacement of a
single phosphate with an amide linkage shows that amides
are unexpectedly well tolerated in the seed and central re-
gions of the guide strand and even increase the silencing
activity in G10 and G11. This is unexpected because Arg-
onaute makes extensive hydrogen bonding contacts to the
phosphate backbone of the guide strand. Moreover, G10
and G11 are in the middle of the guide strand at the cat-
alytic site of Argonaute. The crystal structure of an amide-
modified RNA–DNA substrate with BhRNase H provides
intriguing insights into how small changes in both RNA
and protein conformation allow the amide moiety to es-
tablish alternative modes of hydrogen bonding interactions
with the protein. MD simulations suggest that these confor-
mational changes and alternative binding modes may com-
pensate for interactions that are lost due to the absence of
a phosphodiester bond. Taken together with earlier stud-
ies (31–34), our results suggest that amides are not only
excellent structural mimics of the phosphate backbone in
RNA, but may also mimic functionally important hydro-
gen bonding interactions with proteins required for activa-
tion of the RNAi machinery and hence may be promising
modifications for optimization of the biological properties
of siRNAs.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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