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FIG. 4. Assessment of body weight, locomotion, and plantar sensation in the hind limbs of PBS- and AAV-treated mice. (A)
Throughout the 4-week experimental period, body weight remained similar in PBS- and AAV-treated mice. Data are presented
as means+ 1 SD (n=6 mice per group; p>0.05). (B) In the accelerating Rotarod test performed 4 weeks after injection, all mice
in both the PBS- and AAV-treated groups demonstrated similar performance levels. Each mouse was trained in four trials
daily for a total of 4 days. Data are presented as means+1 SD (n=6 mice per group; p>0.05). (C) Latency of response to heat
stimulation, (D) threshold for von Frey filaments, and (E) response to acetone application. No significant differences were
observed between the PBS- and AAV-treated groups. Data are represented as means+1 SD (n=6 mice per group; p>0.05).

and achieve long-term suppression of target gene expres-
sion in the CNS.

In general, intrathecal injection of a viral vector is a safe,
minimally invasive, and sound approach (Sakura et al., 1996;
Pogatzki et al., 2000). Using this route with AAV vector, we
showed that target gene mRINA expression was not decreased
in cardiac and skeletal muscles or liver. Therefore, intrathecally
injected AAV9 likely remains localized within, and is specific
for, the CNS. Moreover, through the use of intensive motor
and sensory behavioral tests, we confirmed the lack of adverse
effect associated with this method. Our study showed that
intrathecal administration of an AAV9-based vector does not
damage the tissues histologically or alter the expression of
unrelated endogenous mRNAs in the spinal cord and DRG.

Thus, we consider that intrathecal injection of ShARNA-AAV9 is
sufficiently safe for clinical application.

For the treatment of diseases causing intractable pain, in-
trathecally administered siRNA had been used to target
molecules such as the ¢ opioid receptor (Luo et al., 2005),
TRPV1 (Christoph et al., 2006), and the NR1 (Garraway et al.,
2009) and NR2B (Tan et al., 2005) subunits of the N-methyl-p-
aspartic acid receptor in the spinal cord or DRG. Similarly,
the intrathecal sShRNA-AAV9 approach might be used as
therapy for pathological states in which central molecular
integrators of nociceptive or pain-related receptors are acti-
vated, such as Sjogren’s neuropathy (Pavlakis et al., 2011),
complex regional pain syndrome (Wei et al., 2009), cancer
pain (Pan ef al., 2010), and the hypersensitivity of sensory
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neurons involved in chronic neuropathic pain (Luo et al.,
2005; Christoph et al., 2006; Garraway et al., 2009).

To our knowledge, our study is the first to demonstrate
that intrathecal injection of AAV9 vector encoding shRNA is
safe and effective for the suppression of target gene expres-
sion in the spinal cord and DRG of mice. Although further
investigations are needed to optimize the dose and compo-
nents of the vector construct, our study represents an im-
portant step in advancing the clinical use of a viral vector
encoding an shRNA as a promising system for gene therapy.
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The development of gene silencing therapies for neurological diseases has
placed great importance on the delivery of short interfering RNA (siRNA) to
the central nervous system (CNS). However, delivery of siRNA to neurons,
glia and brain capillary endothelial cells (BCECs) has not been well establi-
shed. This editorial describes different approaches that are being used to
efficiently deliver siRNA to the CNS via intravenous, intracerebroventricular,
or intranasal administration.
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1. Introduction

Because no disease-modifying therapies are currently available to treat neurodegen-
erative diseases, such as Alzheimer’s disease, Parkinson’s disease, Huntington's
disease and amyotrophic lateral sclerosis, silencing the causative gene using short
interfering RNA (siRNA) is a promising method for treating these diseases. How-
ever, it is technically challenging to deliver siRNA ro the central nervous system
(CNS) because of the blood-brain barrier (BBB). The BBB is composed mainly
of brain capillary endothelial cells (BCECs), pericytes and astrocyte foot processes.
The BBB is both a physical barrier, resulting from the presence of endothelial right
junctions, and a transport barrier, resulting from the presence of selective membrane
transporters and vesicular trafficking via BCECs. To cross the BBB, moieties must
have a molecular weight of < 500 Da and be lipophilic (1]; siRNAs, however, have a
molecular weight of > 14,000 Da and are hydrophilic. Improved delivery systems
are therefore necessary to achieve effective gene silencing therapy in the CNS.
Recently, several methods of delivering siRNAs to the CNS were developed. These
methods include the use of hydrodynamic injection technique, conjugation of the
siRNA to a lipid or peptide and the use of nanoparticles. The siRNAs were then
administered through the intravenous (i.v.), intracerebroventricular (ICV), or
intranasal (IN) routes. This editorial focuses on recent progress of administration
to the CNS (Table 1).

2. Intravenous administration

A few reports have successfully delivered siRNA into the brain across the BBB [2-5).
At first, there are few reports using liposomes conjugated with peptidomimetic
monoclonal antibody that bind to specific endogenous receptors (i.e., insulin and
transferrin receptors) located on both the BBB and the brain cellular membranes (2.
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Table 1. Advantages and disadvantages of each
administration route.

Advantages Disadvantages

iv. Be able to target whole

g brain including BBB

IV Highly effective

IN Easiest and safest route
of administration

Difficult to pass through
the BBB

Highly invasive
Insufficient effect

Recent reports used the same short peptide derived from
rabies viral glycoprotein (RVG) (351. RVG interacts specifi-
cally with the nicotinic acetylcholine receptor (AChR) on
neuronal cells to enable viral entry into the cells (3. The
nine-arginine-conjugated RVG peptide (RVG-9R) binds to
negatively charged siRNA and can deliver siRNA to neural
cells after i.v. administration (3). This method has been used
to specifically deliver siRNA to CNS cells, where it success-
fully inhibited the target endogenous gene (3). The i.v. admin-
istration of RVG-9R was also used to target delivery of the
siRNA to macrophages and microglial cells in the CNS (4.
Recently, i.v. administrated RVG-fused exosomes, which are
endogenous nanovesicles that can transport materials includ-
ing miRNA, were used in delivering siRNA specifically to
neurons, microglia and oligodendrocytes in the brain, where
it reduced the expression of an endogenous target gene (5.
Using siRNA-RVG exosome, no significant elevations of
cytokines including IL-6, TNF-ot and IFN-ot were registered
in contrast to siRNA-RVG-9R, which potently stimulated
IL-6 secretion [5]. The mechanism by which RVG transverses
the BBB is still not clear, but using RVG is a promising
method for delivering siRNA across the BBB to the brain after
i.v. administration.

Another drug delivery system to the neuron using i.v.
administration, MRI-guided focused ultrasound (MRIgFUS),
combined with intravascular delivery of microbubble contrast
agent, was reported [6]. MRIgFUS was noninvasive delivery
system of cholesterol-conjugated siRNA to CNS and was
used to locally and transiendy disrupt the BBB |s].

The BCECs are no longer regarded as an inert vascular
lining that is injured and morphologically changed during
the infarction, but are now understood to actively play
many important roles in the pathophysiological mechanisms
of ischemia, inflammation and transport across the BBB.
Thus, gene silencing therapy in the BBB is being considered
for the treatment of major neurological diseases, such as brain
ischemia, multiple sclerosis and Alzheimer’s disease. We first
reported the delivery of siRNA into BCECs using a hydro-
dynamic injection technique (7]. However, hydrodynamic
injection cannot be applied clinically because of the volume
overload and extremely high hydrostatic pressure involved.
Next, we reported the efficient delivery of siRNA into BCECs
using an endogenous lipoprotein (8]. We chose to conjugate
cholesterol to the siRNA for incorporation into extracted

endogenous high-density lipoproteins (HDL), because
cholesterol can be endocytosed via HDL receptors expressed
in BCECs, but cannot enter the brain. Cholesterol-
conjugated siRNA was successfully delivered into BCECs by
receptor-mediated uptake and suppressed an endogenous
gene in BCECs.

3. Intracerebroventricular administration

ICV administration can be used to bypass the BBB and other
mechanisms that limit drug distribution into the brain (9.
Gene silencing using ICV administration of siRNA has
been reported [10-12]. The ICV infusion of naked siRNA
into the third ventricle of the mouse brain suppressed a
target gene at a dose of 3 pmol [10), but another study
showed that naked siRNA does not reach brain cells as well
as naked antisense oligonucleotide after ICV administra-
tion [11]. To increase the stability and efficiency of siRNA,
several chemical modifications (‘Accell siRNA') have been
introduced into siRNA nucleotides. Although its mechanism
of delivery is unknown, chemically modified siRNA reduced
expression of target genes in neurons, but not glia, after ICV
administration [(12). These results suggest that chemical
modification is necessary to deliver siRNA to the CNS
even when using ICV administration.

We reported efficient siRNA delivery by ICV administra-
tion when using lipoprotein as an in vive carrier for the
siRNA (13], We used 0-tocopherol-conjugated siRNA to
bind serum HDL, and we achieved dramatic improvement
in siRNA delivery to neurons. In brain, o-tocopherol is
incorporated into HDL-like parricles that are synthesized
in astrocytes and transferred to neurons and glial cells.
Serum HDL and HDL-like particles have similar particle
size and density and both use apolipoprotein E as a ligand
for receptors. The dose of unconjugated siRNA needed
for target suppression was as much as 3 pumol (9], whereas
we found that only 3 nmol of e-tocopherol-conjugated
siRNA with HDL could inhibit a target gene to a
comparable degree [13].

Recently, the study showed chemically modified single-
stranded siRNAs (ss-siRNAs) dramatically improve both
potency and activity to treat model mouse of Huntington’s
disease by ICV administration [14]. The ss-siRNAs activity
required chemical modifications including phosphorothioate
linkages, 2’-methoxyribose, 2’-fluororibose, 2’-methoxyethyl-
ribose, and 5-(E)-vinylphosphonate. The ss-siRNAs do not
require special formulations to distribute to peripheral tissues,
and it is very useful to clinical application.

4. Intranasal administration

IN administration is a noninvasive method of drug delivery
that may also bypass the BBB to allow therapeutic substances,
including siRNA, to cross to the CNS. The advantage of this

method is the rapid onset of effects without injection. The
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disadvantage of this route is that the limited absorption
across the nasal epithelium has restricted its application to
particularly potent substances [15].

One recent study examined the delivery of the chemically
modified siRNA from the nasal cavity to the olfactory bulbs
via the olfactory nerve pathway [16]. The chemically modi-
fied siRNA was delivered to the olfactory bulbs via the
olfactory nerve but was not distributed to other regions of
the brain [16]. Other studies of IN administration of siRNA
using dendrimers [17.18] showed more efficient delivery of
siRNA to additional brain regions, including the hypothal-
amus, amygdala, cerebral cortex and striatum 117, IN
administration of siRNA using e-PAM-R, a biodegradable
poly(amidoamine) dendrimer, as a carrier reduced expres-
sion of the target gene HMGBI in the prefrontal cortex
and striatum, and also suppressed infarct volume in the
postischemic rat brain (17]. Another study that used poly
(amidoamine) G7 dendrimers complexed with 32p_labeled
siRNA achieved higher brain radioactivity than that
achieved by i.v. injection of dendriplexes or IN administra-
tion of naked siRNA 115, These results indicate that the
IN delivery of siRNAs complexed with dendrimers may
be an efficient method of gene suppression therapy in the
restricted area of the CNS.

5. Conclusion

Gene suppression using siRNA is a promising approach for
treating neurodegenerative diseases. Several methods have
shown efficacy in animal models, but further increase in the
efficiency of delivery is needed.

siRNA and the CNS: development of nonviral delivery systems

6. Expert opinion

The use of siRNA as therapy for CNS disorders is currently
under investigation, but getting siRNAs to cross the BBB
and to be sufficiently available in the CNS upon systemic
administration remains difficule. Each delivery route, i.v.,
ICV or IN, has advantages and disadvantages. The i.v.
method is the most common administration route clinically,
but it is still a big challenge to get the large, polar siRNA mol-
ecules to pass through the BBB. The ICV method more effec-
tively suppresses target genes than the other routes, but it is
invasive. The IN method is the easiest and safest route of
administration, and it affords an opportunity for repeated
self-administration, but its silencing effect is still weak.

In conclusion, these novel protocols we described are likely to
be useful not only in experimental investigations but also in
the clinical application of siRNA in the treatment of CNS
disorders. Another useful chemical modification, conjugation
of usable molecule, or using practical nanoparticle will be needed
in order for siRNA to be used clinically in the CNS. Although
further developments of these items are required, siRNA delivery
strategies to the CNS are being used more widely, and we think
that these methods should make treating CNS disorders possible.
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Acidic pH-Responsive siRNA Conjugate for Reversible Carrier Stability
and Accelerated Endosomal Escape without IFNa-Associated Immune

Response **

Hiroyasu Takemoto, Kanjiro Miyata*, Shota Hattori, Takehiko Ishii, Tomoya Suma, Satoshi Uchida,

Nobuhiro Nishiyama and Kazunori Kataoka*
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Small interfering RNA (siRNA) has garnered much interest as a
potential drug because of its strong gene silencing activity [1].
Toward the success in siRNA therapeutics, many strategies have
been developed for efficient siRNA delivery into the cytosol of
target cells [2]. Among them, siRNA conjugates have arisen as one
of the promising strategies in siRNA delivery, as siRNA can be
readily conjugated to a functional molecule to acquire the ability of
“programmed transfer” to the target sites [3]. Indeed, several ligand
molecules, such as lactose and RGD peptide, were conjugated with
siRNA for the site (or cell)-specific delivery [3]. Furthermore,
multimolecular siRNA conjugates enable stable polyion complex
(PIC) formation because of the increased electrostatic interactions
with polycations, leading to facilitated cellular uptake through the
charge neutralization of siRNA and also the protection of siRNA
from enzymatic degradations [4]. However, those siRNA
conjugates potentially stimulate immune responses through the
activation of toll-like receptor 3 and/or protein kinase R [4, 5], and
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thus they are desired to disintegrate into monomeric siRNAs (mono-
siRNAs) in the cell for reduced immune responses [4]. Meanwhile,
considering that macromolecular drugs, including siRNA and its
conjugates, would be uptaken by cells through endocytosis and then
delivered to the late endosome toward lysosomal degradation,
siRNA needs to escape from the endosome into the cytosol for
efficient gene silencing [6]. Therefore, design of a smart siRNA
conjugate for programmed endosomal escape and release of mono-
siRNA is a great challenge for successful siRNA delivery.

In this study, we developed a smart siRNA conjugate to fulfill the
multifunctionality desired for enhanced siRNA delivery with
reduced immunogenicity, i.e., reversible PIC stability, endosomal
escapability, and mono-siRNA releasability, based on single
chemistry. It is known that maleic acid amide (MAA) is relatively
stable at extracellular neutral pH, while rapidly hydrolyzed at
endosomal acidic pH [7]. Thus, we developed this MAA chemistry
as an acid-labile anionic moiety for linking siRNA to an endosome-
disrupting polycation and concurrently converting the cationic sites
to a biologically inert anionic derivative [8]. In design, the MAA-
based conjugate is expected to improve the PIC stability through
increased electrostatic interaction, while degrading the MAA
moieties in the endosome for triggering three actions, i) complex
destabilization through unbalanced charges within PICs, ii)
endosome disruption with the regenerated parent polycation, and iii)
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Figure 1. (a) Schematic illustration of REC with the multifunctionality
toward endosomal escape and release of mono-siRNA. (b) Chemical
structure of REC. (c) Chemical structure of uREC. PAsp derivative in
this study has the mixed sequence of o and § isomers. Only a
isomers are depicted in the Figures 1b and 1c for the simplicity.



mono-siRNA release via the MAA cleavage, as illustrated in Figure
la.  Figure 1b shows the chemical structure of siRNA-
releasable/endosome-disrupting conjugate (REC), in which several
siRNA molecules are grafted into the endosome-disrupting polymer
side chains via MAA linkage. The parent polycation is a
polyaspartamide derivative with two repeating units of
aminoethylene in each side chain (termed PAsp(DET)), which
destabilizes the endosomal membrane integrity with the cationic
diprotonated side chains to accelerate endosomal escape of the
payload [9].

A precursor polyanion was synthesized from PAsp(DET) to have
dibenzyl cyclooctyne (DBCO) group via MAA linkage as a
conjugation site for siRNA. Then, an azide-modified siRNA (azide-
siRNA) was reacted with the DBCO group in the polyanion side
chains (Supporting Scheme 5). It should be noted that more than
95% of azide-siRNAs were conjugated to the polymer backbone
utilizing a unique technique of “freeze-thawing treatment” for
generation of highly-concentrated reactant phase [10], as determined
by size exclusion chromatography (Supporting Figure 5). As a
result, ~30% of DBCO groups in the polymer side chains reacted
with azide-siRNA, i.e., ~5 siRNAs contained in the conjugate
(Figure 1b). To investigate the effect of MAA linkage on the
siRNA-releasability, another siRNA conjugate, where the DBCO
group was directly conjugated to primary amines in PAsp(DET)
without MAA linkage, was also synthesized as an siRNA-
unreleasable but endosome-disrupting control (uREC) (Figure lc).
The obtained siRNA conjugates were analyzed for their pH-
sensitivity by polyacrylamide gel electrophoresis (PAGE) analysis
(Figure 2a). The retarded bands in siRNA conjugates, compared to
mono-siRNA, indicate that both siRNA conjugates had significantly
higher molecular weight than mono-siRNA. A 1 h incubation of
REC at pH 5.0 resulted in the band appearance at the same position
as mono-siRNA, whereas such band was not observed at pH 7.4,
indicating that mono-siRNA release was triggered selectively at the
acidic pH. In contrast, the band corresponding to mono-siRNA was
not observed for uREC after a 1 h incubation at both pHs of 5.0 and
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Figure 2. (a) PAGE analysis of REC and uREC before and aftera 1 h
incubation at 37 °C and at pH 7.4 or pH 5.0. (b, c) Relative Ds of
siRNA conjugate PICs after a 30 min incubation at 37 °C with various
heparin concentrations at pH 7.4 or pH 5.0. Relative Ds are
calculated by normalization of Ds to that of uncomplexed siRNA
conjugates; REC PIC (b) and uREC PIC (c). Results were shown as
mean and standard deviation obtained from 10 measurements.
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Figure 3. (a-c) CLSM images 48 h after treatment of SKOV3-Luc
cells with mono-siRNA PIC (a), REC PIC (b), and uREC PIC (c). Red:
Cy3-siRNA, green: late endosomel/lysosome (LysoSensor Green),
blue: nucleus (Hoechst 33342). Yellow pixel indicates colocalization
between red pixel and green pixel. (d) Time-dependent change in the
colocalization ratio between Cy3-siRNA and late endosome/lysosome.
The colocalization ratio was shown as mean and standard deviation
obtained from 10 cells. P value was calculated according to Student's
t test.

7.4, indicating the essential role of MAA linkage for mono-siRNA
release from REC.

Next, siRNA conjugates were mixed with a polycation
PAsp(DET) to form PICs at N/P 10 (residual molar ratio of amines
of PAsp(DET) to phosphates of siRNA) for their facilitated cellular
uptake. PIC formation with siRNA conjugates as well as mono-
siRNA was confirmed by fluorescence correlation spectroscopy
(FCS) using Cy3-labeled siRNA (Cy3-siRNA) and its conjugates
(Supporting Table 2) as well as agarose gel electrophoresis
(Supporting Figure 6). The diffusion coefficients (Ds) in 10 mM
HEPES buffer (pH 7.4) were determined to be 66.2 um%/sec for
mono-siRNA PIC and 2.9 um?/sec for both siRNA conjugate PICs.
These values were significantly smaller than those of the
uncomplexed controls, i.e., mono-siRNA (94.5 um?/sec) and siRNA
conjugates (15.5 umzlscc for REC and 18.8 umzr‘sec for uREC).
Considering that D of nanoparticles is inversely correlated with their
size [11], the smaller Ds in the presence of polycation indicate
successful PIC formation with the siRNA conjugates as well as
mono-siRNA in the aqueous condition (siRNA concentration: 100
nM). The substantially smaller Ds of the conjugate PICs, compared
to the mono-siRNA PIC, indicate a larger association number of
siRNA in the conjugate PICs presumably due to increased anionic
charges in the conjugate. Then, the acidic pH-sensitivity in the PIC
was further evaluated by FCS after a 30 min incubation of PICs at
37 °C in 10 mM HEPES (pH 7.4) and 10 mM MES (pH 5.0)
containing heparin. Heparin is a major component of extracellular
matrices on cellular surface and probably serves as a strong
polyanionic counterpart to induce PIC dissociation [12]. The
obtained Ds of each sample were normalized to that of the
corresponding uncomplexed siRNA control, i.e., uncomplexed REC
for REC PIC, uncomplexed uREC for uREC PIC, and uncomplexed
mono-siRNA for mono-siRNA PIC (Figure 2b, 2¢, and Supporting
Figure 7, respectively). After incubation with heparin, a relative D
of mono-siRNA PICs progressively increased with the increase in
heparin concentration similarly at both pHs of 7.4 and 5.0,
indicating that mono-siRNA PICs gradually dissociated with the
increased counter polyanion regardless of the environmental pHs
(Supporting Figure 7). In contrast, relative Ds of REC and uREC
PICs decreased after incubation with heparin at pH 7.4, suggesting



that siRNA (or its conjugate) is stably encapsulated in PICs even
after binding of heparin onto PIC surface. Notably, the incubation
of REC and uREC PICs at pH 5.0 dramatically increased their
relative Ds, and further, the increase in the relative Ds was
facilitated in the presence of heparin, indicating the acidic pH-
responsive destabilization of the siRNA conjugate PICs (Figure 2b
and 2¢). Considering the fact that the MAA linkage contained in
both siRNA conjugates can degrade at pH 5.0 to generate the
polycations in PIC, the destabilization of siRNA conjugate PICs at
pH 5.0 is presumably due to the electrostatic repulsion between the
generated polycations and the originally incorporated polycations in
PIC. In addition, the increased relative Ds of REC PICs in the
presence of heparin, beyond that of uncomplexed REC, strongly
suggest the mono-siRNA release triggered by the cleavage of MAA
linkage. These results demonstrate that the acidic pH-sensitivity of
the MAA-based conjugates can be maintained even after PIC
formation, and also they provide siRNA PICs with a reversible
stability in response to the intracellular environment.

Delivery functionalities of REC PICs, ie., cellular uptake
efficiency and intracellular trafficking profile, were evaluated with
cultured human ovarian cancer cells stably expressing luciferase
(SKOV3-Luc). Cellular uptake of siRNA was estimated using Cy3-
siRNA with a fluorescence microscopy (Supporting Figure 8). REC
and uREC PICs (N/P 10) allowed 30% increase in Cy3 fluorescence
from cells, compared to mono-siRNA PICs (N/P 10, p < 0.005),
indicating that the conjugate formulation significantly enhanced the
cellular uptake of siRNA probably due to the higher stability, as
suggested by the FCS result at pH 7.4 (Figure 2b, 2¢, and
Supporting Figure 7). Next, confocal laser scanning microscopic
(CLSM) observation was performed to examine subcellular
distribution of siRNA PICs (N/P 10), especially focusing on the
colocalization of siRNA with the late endosome/lysosome as an
indicator for endosomal entrapment (Figure 3a-c) [13]. In the cells
treated with mono-siRNA PICs, the colocalization (yellow) ratio of
Cy3-siRNA (red) with a late endosome/lysosome marker
LysoSensor Green (green) was increased up to 70 % for the initial
12 h and then kept constant for subsequent 36 h (Figure 3d). In
contrast, the cells treated with REC and uREC PICs showed that the
colocalization ratio was progressively decreased over incubation
period and reached ~30% after a 48 h incubation. The significantly
lower colocalization ratios (or less endosomal entrapment) of
REC/UREC PICs strongly suggest more efficient endosomal escape
of siRNA, compared to mono-siRNA PICs (Figure 3d). This
enhanced endosomal escape with REC and uREC is consistent with
the endosome-disrupting functionality of the backbone polymer,
which should be converted to the parent polycation PAsp(DET) in
the acidic late endosome/lysosome for the membrane disruption, as
suggested by a membrane disruption assay at pH 7.4 and 5.0
(Supporting Figure 9) [8, 9].
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Figure 4. (a) Luciferase gene expression in cultured SKOV3-Luc cells
after PIC treatment at 100 nM Luc siRNA (siLuc) or scramble siRNA
(siScramble) for 48 h. (b) Cell viability in cultured A549 cells after PIC
treatment at 100 nM PLK1 siRNA (siPLK1) or siScramble for 72 h. In
both figures, results were shown as mean and standard deviation
obtained from 6 samples. P value was calculated according to
Student's t test.

Next, gene silencing ability of REC PICs was compared with
mono-siRNA and uREC PICs by luciferase assay with cultured
SKOV3-Luc cells (Figure 4a). Obviously, REC and uREC PICs
achieved more efficient sequence-specific gene silencing in the cells
than mono-siRNA PICs, presumably due to the enhanced endosomal
escape of siRNA conjugate PICs (Figure 3) as well as facilitated
cellular uptake of siRNA (Supporting Figure 8). Interestingly, REC
PICs induced significantly stronger gene silencing than uREC PICs
(p < 0.005), demonstrating the positive effect of siRNA releasability
via MAA linkage on siRNA delivery functionality. Mono-siRNA
releasates from REC might be more readily associated with the gene
silencing pathway due to compromised steric hindrance, compared
to the conjugated structure. Also, no cytotoxicity was observed for
all the tested PIC formulations under the same condition as the gene
silencing assay (Supporting Figure 10). Note that significantly
stronger luciferase gene silencing of REC PICs was also confirmed
in comparison with mono-siRNA PICs prepared with
PAsp(DET)/PAsp(DET-CDM) (a non-covalent control) and a
commercially available reagent ExGen500 (linear polyethylenimine)
(Supporting Figure 11), demonstrating the advantage of REC
formulation, including covalent conjugation between siRNA and the
backbone polymer. The effect of the siRNA-releasability of REC
was further examined from the standpoint of immune responses;
IFNa response was determined as an indicator of immune response
by enzyme-linked immunosorbent assay (ELISA). REC, uREC, and
their PICs did not induce a detectable level of [FNa production for
SKOV3-Luc cells (< 10 pg/mL, data not shown). Thus, the similar
ELISA experiment was further challenged for murine macrophage
cells (Raw264.7), which are known to be highly sensitive to
immunogen [14]. As a result, REC PICs induced a significantly
lower level of IFNa production (24.3 = 3.5 pg/mL) compared to
uREC PICs (60.8 = 12.9 pg/mL, p < 0.005), indicating that the
siRNA-releasability based on MAA linkage successfully decreased
the immune response for siRNA conjugates. Note that uncomplexed
REC and uREC without polycation did not induce a detectable level
of IFNa. production, suggesting that they should not stimulate [FNa
response at least on the cellular surface. Finally, the utility of REC
PICs was verified for other cell lines, using a therapeutic siRNA
targeting polo-like kinase 1 (PLK1). PLKI is known to be a cell
cycle regulator, and thus its silencing can arrest the cell cycle toward
the apoptosis [15]. REC PICs with PLK1 siRNA (N/P 20)
sequence-specifically suppressed the growth of human lung
carcinoma cells (A549) and human hepatocarcinoma cells (Huh-7)
(Figure 4b and Supporting Figure 12, respectively), demonstrating a
strong potential of the REC formulation bearing the MAA linkage
for siRNA-based cancer therapy.

In summary, an acidic pH-responsive siRNA conjugate was
developed for enhanced siRNA delivery with reduced
immunogenicity.  Single chemistry based on MAA linkage
successfully provided the multifunctionality required for successful
siRNA delivery, i.e., reversible carrier stability, endosomal
escapability, and mono-siRNA releasability. Ultimately, the siRNA
conjugate sequence-specifically achieved the significant growth
inhibition of cancerous cells. The programmed siRNA delivery
based on the smart conjugate will be further investigated for the
success in siRNA therapeutics.
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A smart siRNA conjugate was developed
based on acid-labile maleic acid amide
linkage for programmed transfer of siRNA
from the endosome to the cytosol and
concurrent siRNA release in the cell
interior. Polylon complex with the
conjugate allowed efficient cellular uptake
and endosomal escape of siRNA as well as
reversible stability in response to endosomal
acidic pH. Ultimately, the complexed
conjugate achieved the potent gene
silencing in various cultured cancerous cells
with negligible adverse side effects.
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A series of artificial peptides bearing cationic functional groups with different side chain lengths were
designed, and their ability to increase the thermal stability of nucleic acid duplexes was investigated.
The peptides with amino groups selectively increased the stability of RNA/RNA duplexes, and a relation-
ship between the side chain length and the melting temperature (T,,) of the peptide-RNA complexes was
observed. On the other hand, while peptides with guanidino groups exhibited a similar tendency with
respect to the peptide structure and thermal stability of RNA/RNA duplexes, those with longer side chain
lengths, such as 1-2-amino-4-guanidinobutyric acid (Agb) or r-arginine (Arg) oligomers, stabilized both
RNA/RNA and DNA/DNA duplexes, and those with shorter side chain lengths exhibited a higher ability
Artificial peptide to selectively stabilize RNA/RNA duplexes. In addition, peptides were designed with different levels of
RNAi drug flexibility by introducing glycine (Gly) residues into the .-2-amino-3-guanidinopropionic acid (Agp) olig-
DDS omers. It was found that insertion of Gly did not affect the thermal stability of the peptide-RNA com-
plexes, but an alternate arrangement of Gly and Agp apparently decreased the thermal stability.
Therefore, in the Agp oligomer, consecutive Agp sequences are essential for increasing the stability of
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RNA-binding peptide
Cationic peptide

RNA/RNA duplexes.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, increased attention has been paid to the devel-
opment of nucleic acid drugs. For example, antisense oligonucleo-
tides and RNA interference drugs (RNAi drugs) are well known
molecular tools for the regulation of gene expression, in which
their mechanisms of action are based on sequence specific interac-
tions.! The RNAi drugs act on the target mRNA in a sequence selec-
tive manner. Thus, RNAI drugs are attractive because of their high
selectivity for the target and their shorter drug development time.
Therefore, siRNAs have been widely studied for therapeutic appli-
cations; however, such RNA molecules are not sufficiently effective
because of their low-membrane permeability and instability in
cells. To stabilize oligonucleotides against metabolic degradation,
a number of chemical modifications have been proposed,” and
RNAI drugs generally consist of double stranded RNAs (dsRNAs)
with chemical modifications. A proper modification of an RNA mol-
ecule increases its stability in cells and improves its pharmacoki-
netic properties.® Another strategy for stabilizing siRNA is the use
of molecules that can non-covalently bind to RNA to protect it from
attack by nucleases. For example, a fusion protein of the peptide
transduction domain-dsRNA binding domain was shown to effec-
tively transport RNAi drugs into primary cells.* In this case, the in-

# Corresponding author. Tel.: +81 4 7136 3611.
E-mail address: wada@k.u-tokyo.ac.jp (T. Wada).

0968-0896/5 - see front matter © 2013 Elsevier Ltd. All rights reserved.
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creased thermal stability of the dsRNAs also increased their
stability in cells.® We are thus attempting to develop RNA/RNA du-
plex-binding molecules that are useful as drug delivery systems
(DDSs) for siRNAs.

A wide variety of RNA-binding molecules have been reported,
such as aminoglycosides® and RNA-binding proteins.” In paticular,
chemically modified peptides bearing different methylene lengths
in the arginine or lysine residues possess diverse affinities to
RNAs.® In our previous study, o-(1 — 4)-linked-2,6-diamino-2,6-
dideoxy-p-glucopyranose oligomers were synthesized, and their
highly RNA-selective binding ability was demonstrated.” These re-
sults suggested that the geometry of the cationic groups, particu-
larly the distance between the cationic groups, affects the affinity
and selectivity of the oligomers for nucleic acid duplexes. There-
fore, in this study, we designed a series of cationic oligopeptides
to reveal the relationship between the geometry of the cationic
groups and the affinity of the peptides for nucleic acids. In contrast
to oligosaccharide derivatives, peptides can easily be synthesized,
which is advantageous for obtaining a systematic series of mole-
cules. They can also be readily connected with other functional
groups such as transporter molecules.'® Therefore, RNA duplex-
binding peptides are useful tools for the development of drug
delivery systems (DDSs) for RNAi drugs. The t-arginine (Arg) oligo-
mers designed from the HIV Tat peptide are well known for their
high-membrane permeability!’ and the Arg 15mer has been
used as an RNAi transporter by forming a complex with RNA.'?
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However, the activity varies with the side chain length,'* and thus
a more detailed study of the relationship between the structure
and activity is important for the development of effective carriers
for RNAI drugs. Thus, to investigate the structural effects on bind-
ing ability, we designed and synthesized a number of cationic oli-
gopeptides bearing different side chain lengths to control the
distance between the cationic functional groups and peptides with
different flexibility by incorporating glycine (Gly).

2. Results and discussion

2.1. Design of the peptides

A series of cationic oligopeptides was designed (Fig. 1). All pep-
tides contained a unit of N-acetyl-L-tyrosine with two glycine res-
idues at the N-terminus for UV detection and quantification. In this
study, the 12mer of nucleic acid duplexes was used as a model to
estimate the interaction with peptides bearing four or eight cat-
ionic groups because four pairs of phosphate groups are aligned
on the inward portion of the major groove of the 12mer of A-type
nucleic acid duplexes. First, to compare the effects of the distance
between cationic groups, peptides with different side chain lengths
were designed. Peptides were synthesized with amino groups
(1-2,3-diaminopropionic acid (Dap), t-2,4-diaminobutyric acid
(Dab), L-ornithine (Orn), and t-lysine (Lys)) and guanidino groups
(L-2-amino-3-guanidinopropionic acid (Agp), .-2-amino-4-guanid-
inobutyric acid (Agb), and r-arginine (Arg)). In some molecules,
several glycine units were also inserted into an Agp octamer to
increase the flexibility of the peptides. Peptides with alternate
arrangements were also designed to change the position and

combination of the functional groups. These peptides were based
on the Agp oligomer and other amino acids such as glycine (Gly),
L-serine (Ser), and L-asparagine (Asn). Glycine was chosen because
of its high flexibility. Ser and Asn were chosen because they are
well known in RNA-binding proteins to form hydrogen bonds with
the phosphate groups of RNA.'

On the basis of molecular mechanics calculations with a GB/SA
water solvation model,'® a cationic oligopeptide 8mer consisting of
Dab can bind to the major groove of an A-type RNA/RNA duplex
12mer, in which all the protonated amino groups of the peptide
form the hydrogen bonds to the phosphate anions of the duplex
(Fig. 2). Therefore, the electrostatic interaction and hydrogen bond-
ing would be important for the binding of cationic oligopeptides to
RNA/RNA duplexes.

2.2. Melting temperature (T,,,) analysis

The T, values of the RNA duplexes were measured both in the
absence and presence of an equal amount of peptides. All measure-
ments were performed under-physiological conditions with
10 mM phosphate buffer containing 100 mM NacCl at pH 7.0. Fig-
ure 2 shows the melting temperature enhancements and Table 1
lists the Ty values for the self complementary RNA 12mer
1{CGCGAAUUCGCG), in the absence and presence of an equal
amount of peptides with amino groups. In this study, the peptides
were added into the solution of nucleic acid duplexes after anneal-
ing to avoid the aggregation of the peptides at high temperature.
The T, values were affected by the side chain length, with Dabg
(2) showing the highest Ty, value. Comparing the Dabg (2), Orng
(3), and Lysg (4), the Ty, value increased as the side chain length

AcYGG+ MNHZ A(;YGG\% i’r‘,NHz AcYGG+ NH, AcYGG N NH,
o' 8

Dapg 1 Dabg 2 Orna Lysg 4
NHz HZN\-- NH,
H2N~ _NH,
AcYGG\[\ MNH; MYGG\% M MYGG\;M
Agpg 5 Agbg 6 Argg 7

Peptides with amino groups

Dap, : Ac-YGG-Dap,-NH,1 Agp,G1
Dab, : Ac-YGG-Dab,-NH,2 Agp,G2
Orn, : Ac-YGG-Orn-NH, 3 Agp,G3
Lys, : Ac-YGG-Lys-NH, 4 Agp,A2
Peptides with guanidino groups Agp,P2

Agp, : Ac-YGG-Agp,NH,5

Agb, : Ac-YGG-Agb,-NH 6 AgpG
Arg, : Ac-YGG-Arg,-NH, 7 AgpS
AgpN

Peptides with flexible main chains

Ac-YGG-Agp,-G-Agp,-NH,
Ac-YGG-Agp,-G-Agp,-G-Agp,-NH,
Ac-YGG-Agp,-G-Agp,-G-Agp,-G-Agp,-NH, 10

Peptides with alternate arrangement

Ac-YGG-Agp,-A-Agp,-A-Agp,-NH, 11
Ac-YGG-Agp,-P-Agp,-P-Agp,-NH, 12
Ac-YGG-(Agp-G),-NH, 13
Ac-YGG-(Agp-S),-NH, 14
Ac-YGG-(Agp-N),-NH, 15

Figure 1. Structures and sequences of cationic peptides.
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Figure 2. Molecular model of 1-2,4-diaminobutylic acid (Dab) 8mer binding to A-
type RNA-RNA duplex (12mer).

Table 1

Thermal melting points (T, in °C) for oligonucleotide duplex (in the absence and

presence of peptides with amino groups®)®
Peptide RNA/RNA ATy DNA[DNA ATy
None 60.7 48.2
Dapg 60.2 -0.5 50.8 2.6
Dabg 74.7 14.0 49.5 1.3
Orng 74.2 13.5 51.3 3.1
Lyss 68.1 7.4 49.7 1.5

* Peptide concentration 4 pM.

® Buffer (10 mM phosphate buffere for pH 7.0), NaCl (100 mM), together with
each oligonucleotide strand (4 pM). T;;, values are reported at the means of dupli-
cate measurements.

decreased. These results suggest that the distance between the
amino groups in Dabg (2) fits to the distance of the opposing phos-
phate groups in the RNA duplexes. This tendency has been previ-
ously reported for cationic oligopeptides with p-amino acids.® On
the other hand, Dapg (1) did not stabilize the RNA/RNA duplexes.
This differing behavior may result because the distance of the ami-
no groups in Dapg is too short to interact with the phosphate
groups in the RNA/RNA duplexes. In fact, none of the peptides with
amino groups increased the thermal stability of the DNA/DNA du-
plex d(CGCGAATTCGCG); (Fig. 3). The distance between the phos-
phate groups in the major groove of a DNA/DNA duplex is twice
that in an RNA/RNA duplex. Therefore, none of the peptides were
able to interact with the DNA/DNA duplexes. In the minor groove
of a DNA/DNA duplex, the interstrand phosphate groups are much
closer than those in the major groove. However, the phosphate
groups facing outward of the minor groove are unfavorable to form
hydrogen bonds with the protonated amino groups of cationic
peptides.

The peptides with guanidino groups (5, 6, 7) exhibited the same
tendency as the peptides with the amino groups (Fig. 4, Table 2) for
the RNA/RNA duplexes. Peptides with shorter side chain lengths
had higher T, values. This result indicates that the position of gua-
nidino groups in Agps (5) also fits well with the RNA duplex struc-
ture. While the distance between the functional groups is similar in
the peptides with amino and guanidino groups, the peptides with

20
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Figure 3. Melting temperature enhancements for the RNA/RNA and DNA/DNA
duplexes at pH 7.0 in the presence of peptides 1-4. Differences in the thermal
melting points (AT,,) are given for the nucleic acid duplexes in the presence of
equimolar amounts of peptide relative to the duplex alone. The dark gray columns
represent ATy, for RNA/RNA duplex, and light gray columns represent AT, values
for DNA/DNA duplex.
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Figure 4. Melting temperature enhancements for the RNA/RNA and DNA[DNA
duplexes at pH 7.0 in the presence of peptides 5-7. Differences in the thermal
melting points (AT,,) are given for the nucleic acid duplexes in the presence of an
equal amount of peptide relative to the duplex alone. The dark gray columns
represent AT, for RNA/RNA duplex, and light gray columns represent AT, values
for DNA/DNA duplex.

Table 2
Thermal melting points (T, in °C) for oligonucleotide duplex (in the absence and
presence of peptides with guanidino groups®)°

Peptide RMNA/RNA AT, DNA/DNA ATy
None 60.7 48.2

Agps 76.9 16.2 499 1.7
p-Agps 75.8 15.1 489 0.7
D1-AZDs 73.0 123 49.4 12
Agbs 74.1 13.4 53.1 49
Argg 73.1 12.4 53.7 5.5

* Peptide concentration 4 puM.

® Buffer (10 mM phosphate buffere for pH 7.0), NaCl (100 mM), together with
each oligonucleotide strand (4 pM). T, values are reported at the means of dupli-
cate measurements.

the guanidino groups exhibited higher T, values. These different
Tm values can be attributed to the different features of the func-
tional groups. The guanidino group is known to have a stronger
interaction with phosphate groups than amino groups, and thus
the peptides with guanidino groups showed a stronger interaction
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with the nucleic acid duplexes. However, in the case of the DNA/
DNA duplex, the tendency changed because of the differences in
the guanidino and amino functional groups. For the peptides with
guanidine groups, those with longer side chain lengths had higher
T values. This result may also be due to the fact that the guanidino
groups strongly interact with the phosphate groups.

The different side chain lengths of the peptides resulted in dif-
ferent thermal stabilities of the nucleic acid duplexes. The duplex
stability may also be affected by the flexibility of the peptides.
Thus, to investigate the effect of incorporation of flexible residues
into the peptide backbone, glycine was inserted into Agpg (5) to in-
crease the flexibility of the main chain (8, 9, 10). Interestingly, it
was found that an increase in the flexibility of the main chain
did not affect the thermal stability of the peptide-RNA complexes
(Fig. 5, Table 3). These results suggest that the stabilization of the
RNA duplex with Agps (5) is mainly attributed to enthalpic factors.
In addition, insertion of L-alanine (Ala) or L-proline (Pro) into Agps
(5) also did not affect the thermal stability of the RNA duplexes (11,
12). If the peptides invade the major groove, the redundant amino
acid residues will give rise to steric hindrance and decrease the
thermal stability. Therefore, these results suggest that the peptides
interact with the surface of the nucleic acids.

Peptides with alternate arrangements also did not stabilize the
RNA duplexes (Fig. 6, Table 4). Peptides consisting of Agp and Gly
in an alternate arrangement, AgpG (13) did not have any effects
on the RNA/RNA duplex. On the other hand, Agp, showed an
appreciable stabilization effect for the RNA/RNA duplex. Therefore,
a consecutive Agp sequence is effective for RNA/RNA duplex stabil-
ization. Furthermore, AgpgG3 (10), in which four Agp, units are
connected, has the same affinity as Agps; thus, the Agp, structural
unit is effective for the interaction with RNA/RNA duplexes. In Agp
oligomers with a consecutive sequence, the guanidino groups are
located on both sides of the peptide backbone, and this alignment
is identical to that required for interaction between the guanidino
groups and the phosphates in the major groove of RNA duplexes.
However, peptides with a combination of guanidino and hydroxy
or amide groups (AgpS (14) and AgpN (15), respectively) had no ef-
fects on the thermal stability of RNA duplexes. These results also
suggest that a consecutive arrangement of cationic amino acids is
essential for effective interaction with the phosphates of RNA
duplexes.

The effect of chirality was also examined. The Agp oligomers
consisting of all-t.- and all-p-amino acids had similar T, values,

20

E

AT /°C

Figure 5. Melting temperature enhancements for the RNA/RNA duplexes at pH 7.0
in the presence of peptides 1, 8-12. Differences in the thermal melting points (AT;,)
are given for the nucleic acid duplexes in the presence of an equal amount of
peptide relative to the duplex alone.
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Table 3
Thermal melting points (T, in °C) for oligonucleotide duplex (in the absence and
presence of peptides with flexible main chian®)®

Peptide RNA/RNA ATy
MNone 60.9

Agps 77.5 16.6
AgpsG1 77.5 16.6
AgpsG2 78.8 17.9
AgpsG3 78.6 17.7
AgpsA2 77.7 16.8
AgpsP2 77.4 16.5

* Peptide concentration 4 puM.

b Buffer (10 mM phosphate buffere for pH 7.0), NaCl (100 mM), together with
each oligonucleotide strand (4 pM). T, values are reported at the means of dupli-
cate measurements.
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Figure 6. Melting temperature enhancements for the RNA/RNA duplexes at pH 7.0
in the presence of peptides 13-15. Differences in the thermal melting points (AT,)
are given for the nucleic acid duplexes in the presence of equimolar amounts of
peptide relative to the duplex alone.

Table 4
Thermal melting points (T, in °C) for oligonucleotide duplex (in the absence and
presence of peptides with alternate arrangements®)®

Peptide RNA/RNA AT
Mone 60.3

Agpa 65.2 49
AgpG 62.2 1.9
AgpS 58.9 ~14
AgpN 60.5 0.2

* Peptide concentration 4 pM.

" Buffer (10 mM phosphate buffere for pH 7.0), NaCl (100 mM), together with
each oligonucleotide strand (4 uM). T, values are reported at the means of dupli-
cate measurements.

but the peptides having pfi-alternate arrangements slightly had
lower thermal stability. A decrease in the thermal stability induced
by a heterochiral backbone was also reported for chiral PNA.'®

2.3. CD spectroscopy

The structures of the peptides and the RNA-peptide complexes
in solution were analyzed using circular dichroism (CD) spectros-
copy. On the basis of molecular mechanics calculations,'® the ami-
no groups and guanidino groups of the peptides, particularly in
Dapg (2) and Agps (5), can form intramolecular hydrogen bonds
with the amido groups in the main chain. However, in the absence
of nucleic acid duplexes, the spectra of all the peptides indicated
the presence of random coils.!” Therefore, the effect of the second-
ary structures of the peptides was negligible in these cases. The
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structures of the RNA-peptide complexes were also analyzed. Be-
cause the peptides showed a variety of T, values depending on
the side chain length and the nature of the cationic functional
groups, there existed not only electrostatic interactions and hydro-
gen bonding, but also structural factors. However, for both the RNA
and DNA duplexes, no appreciable structural changes in the nucleic
acids were observed following the addition of the peptides (Figs. 7
and 8). The CD spectra of the RNA and DNA duplexes in the pres-
ence and absence of peptides were typical for A-type and B-type
helices, respectively.

2.4. ITC measurement

Thermodynamic analysis of the peptide-nucleic acid interac-
tions was carried out using isothermal titration calorimetry (ITC)
measurements. The duplex concentration was 2.5 times higher
than that used for the UV melting analyses because the amount
of heat generated during the binding between the nucleic acid du-
plexes and the oligocationic peptides was expected to be insuffi-
cient for calculation of the thermodynamic parameters at the
lower concentration. Figures 9, S8,'7 and $9'7 show the prelimin-
ary results for the ITC titration of the peptides with the self com-
plementary RNA/RNA duplex r(CGCGAAUUCGCG), and DNA/DNA
duplex d(CGCGAATTCGCG),. In addition to electrostatic interac-
tions and hydrogen bonding between the peptides and nucleic
acids, dehydration and dissociation of the phosphates in the buffer
solution were apparently observed. Thus, the interactions were too
complex for calculation of the thermodynamical parameters. How-
ever, it was observed that both of the peptides selectively inter-
acted with the RNA/RNA duplexes. In contrast, only Agbs (5)
interacted with both the RNA/RNA and DNA/DNA duplexes. This
result may be due to the fact that, in Agbs, the side chain is long
and sufficiently flexible to interact with the phosphate groups of
both the RNA/RNA and DNA/DNA duplexes. In comparison with
the amino-substituted Dapg, the guanidine-substituted Dabg (5)
had larger endothermic interactions.

Inhibition assays were carried out to clarify the peptide-binding
sites in the RNA duplexes. The peptides were titrated into a solu-
tion of the RNA duplexes in the presence of neomycin, which is
known to bind to the major groove of RNA duplexes.'® The inhibi-
tion of peptide-RNA binding by neomycin was different for the
types of peptides (Fig. S10'7). For Dabg (2), the exothermic
interactions were selectively inhibited, while the endothermic
interactions were still observed. On the other hand, for Agps (5),
both of the interactions were inhibited. These results suggest that
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the exothermic interactions are attributed to the binding of the
peptides to the major groove of RNA/RNA duplexes and the endo-
thermic interactions are related to the interactions with other sites.

3. Materials and methods
3.1. Peptide synthesis

Peptides were synthesized via a conventional solid-phase meth-
od by using the 9-fluorenylmethyloxycarbonyl (Fmoc) strategy.'?
The peptide chains were assembled on a Fmoc-NH-SAL-PEG resin
by using Fmoc amino acid derivatives (5 equiv), N,N-diisopropyl-
ethylamine (DIPEA, 10equiv), and 2-(1H-9-azabenzotriazole-1-
y1)-1,1,3,3-tetramethyluronium  hexafluorophosphate  (HATU,
5 equiv) in dimethylformamide (DMF) for the coupling, and 25%
piperidine/DMF for the removal of the Fmoc group. After coupling
of the last amino acids, amino groups at the N-termini were pro-
tected with an acetyl (Ac) group using acetic anhydride (10 equiv).
To cleave the peptide from the resin and remove the side chain
protecting groups, the peptide resin was treated with trifluoroace-
tic acid (TFA)-triisopropylsilane-water, (95:2.5:2.5, v/v/v). Peptides
in sat NaHCOs5, (200 pl) were added in one portion to a solution of
the 1,3-di-Boc-2-(trifluoromethylsulfonyl)guanidine®® (10 equiv
per amino groups) in dioxane (200 pl), and stirred overnight at
rt, then concentrated in vacuo. To remove the protecting groups
from the guanidino groups, the peptides were treated with TFA-
triisopropylsilane-water (95:2.5:2.5, v/v/v). All peptides were
purified with reverse-phase HPLC (0.05% TFA in water-acetoni-
trile). The peptides were successfully identified by matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS). Compound 1, TOF-MS m/z calcd for [M+Na]*
1048.07; Found 1047.60. Compound 2, TOF-MS m/z calcd for
[M+H]" 1138.31; Found 1137.22. Compound 3, TOF-MS m/z calcd
for [M+Na]® 1272.50; Found 1271.56. Compound 4, TOF-MS m/z
caled for [M+H]* 1362.73; Found 1361.51. Compound 5, TOF-MS
m/z calcd for [M+H]" 1362.41; Found 1361.51. Compound 6, TOF-
MS m/z calcd for [M+H]" 1474.63; Found 1473.77. Compound 7,
TOF-MS m/z calcd for [M+H]" 1586.84; Found 1585.72. Compound
8, TOF-MS m/z calcd for [M+H]" 1419.46; Found 1418.53. Com-
pound 9, TOF-MS m/z calcd for [M+Na]* 1476.52; Found 1476.00.
Compound 10, TOF-MS m/z calcd for [M+H]" 1533.57; Found
1533.07. Compound 11, TOF-MS m/z calcd for [M+H]" 1504.57;
Found 1504.21. Compound 12, TOF-MS m/z caled for [M+H]"
1556.64; Found 1555.68. Compound 13, TOF-MS m/z calcd for
[M+Na]® 1100.07; Found 1099.25. Compound 14, TOF-MS m/z
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Figure 7. CD spectra of the RNA/RNA duplexes in the presence and absence of an equal amount of peptides 1-7 (at 20 °C, pH 7.0, 4 uM each of peptide and duplex).
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Figure 9. ITC profiles at 25 °C for titration of Dabg (2) into a solution of RNA/RNA duplex (left) and DNA/DNA duplex (right); each curve is the result of a 2.5 ul injection of
150 uM peptide. The duplex concentration was 10 pM in a 10 mM phosphate buffer with 100 mM NacCl at pH 7.0; corrected injection heat in the cases of RNA/RNA were

plotted.

calcd for [M+H]* 1198.18; Found 1197.67. Compound 15, TOF-MS
m/z calcd for [M+H]" 1306.29; Found 1305.46.

3.2. Melting temperature (T,,) analysis

Absorbance versus temperature profile measurements were
carried out in quartz cells with a 1cm path length using an
eight-sample cell changer. The variation in the UV absorbance with
temperature was monitored at 260 nm. The temperature was
scanned from 10 to 95 °C at a rate of 0.2 °C/min. The peptides were

added after oligonucleotides were annealed. The samples were
prepared as follows. The oligonucleotides were dissolved in a phos-
phate buffer (10 mM) containing NaCl (0.1 M) at pH 7.0. The solu-
tions of oligonucleotides (4 nM) were first rapidly heated to 95 °C,
left for 10 min, and then cooled to 10 °C at a rate of 1 °C/min. The
equal amounts of peptides (final concn: 4 pM) were then added to
the solution. The samples were left to equillbrate at the starting
temperature for 30 min, the dissociation of the duplex was ob-
served by heating the solution to 95°C at a rate of 0.2 °C/min,
and data points were collected at every 0.1 °C.
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3.3. CD spectroscopy

All CD spectra were recorded at 20 °C. The following instrument
settings were used: resolution, 0.1 nm; sensitivity, 10 mdeg; re-
sponse, 4 s; speed, 10 nm/min; accumulation, 6.

3.4. Conditions for ITC experiments

The peptides and nucleic acid duplexes were dissolved in a
10 mM phosphate buffer containing 100 mM NaCl at pH 7.0.
The peptide solutions (150 uM) were titrated into the nucleic
acid duplex solutions (10 uM) at 25 °C. Each titration of peptide
solution consisted of a preliminary 0.5 ul injection followed by
24 subsequent 1.5 pl additions, which were performed over 3 s
periods at 120 s intervals. In the inhibition assays, the peptide
solutions were titrated into the nucleic acid solution in the pres-
ence of 100 uM neomycin under the same conditions as de-
scribed above.

4. Conclusion

We have synthesized a series of cationic oligopeptides by
systematically changing the position of the cationic groups. On
the basis of UV-melting analysis, CD spectrometry and ITC mea-
surements, these cationic oligopeptides showed different tenden-
cies for the stabilization of nucleic acid duplexes. Peptides with
amino groups stabilized only RNA duplexes, while peptides with
guanidino groups stabilized both RNA and DNA duplexes. In partic-
ular, Dabg (2) and Agps (5) showed the highest T, values among
the series of peptides with the same cationic groups but different
side chain length. These results suggest that the distance between
the cationic groups, such as in Dabg (2) and Agps (5), are well fitted
to the distance between the phosphate groups in the major groove
of RNA duplexes. Furthermore, peptides with alternate arrange-
ments and those containing flexible amino acids did not stabilize
the RNA duplexes. These results indicate that at least two consec-
utive sequences of Agp are necessary for effective binding of cat-
ionic oligopeptides to RNA duplexes. Therefore, given their
unique properties, Dabg (2) and Agps (5) will be useful as stabiliz-
ers of dsRNA-based nucleic acid drugs or new materials for their
DDS.
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ABSTRACT: A method for the synthesis of P-stereodefined
phosphorothioate oligoribonucleotides (PS-ORNs) was devel-
oped. PS-ORNs of mixed sequence (up to 12mers) were
successfully synthesized by this method with sufficient

coupling efficiency (94—99%) and diastereoselectivity H

(>98:2). The coupling efficiency was greatly improved by
the use of 2-cyanoethoxymethyl (CEM) groups in place of the
conventional TBS groups for the 2"-O-protection of nucleoside
3'-0-oxazaphospholidine monomers. The resultant diastereo-
pure PS-ORNSs allowed us to clearly demonstrate that an ORN

containing an all-(Rp)-PS-backbone stabilizes its duplex with the

destabilizing effect.

B INTRODUCTION

Post-transcriptional gene silencing, mediated by RNA mole-
cules such as short interfering RNAs (siRNAs) and microRNAs
(miRNAs), has been extensively studied for its therapeutic
potential in treating various diseases." Conversely, miRNA itself
has also emerged as a potential therapeutic target owing to its
susceptibility to being silenced by antisense oligonucleotides.®
In addition, gene silencing by siRNA has become a powerful
tool for functional genomics.3 Synthetic oligoribonucleotides
(ORNs) with appropriate chemical modifications are useful for
these applications, especially for therapeutic purposes that
require oligonucleotides with sufficient nuclease stability, cell
membrane permeability, and favorable pharmacokinetic proper-
ties."”> Among various chemically modified ORN analogues
developed so far, phosphorothioate oligoribonucleotide (PS-
ORN) is one of the most well studied analogues owing to its
sequence-specific hybridizing affinity for target RNAs and water
solubility, features that are comparable to those of natural
ORNSs, as well as its high nuclease stability and lipophilicity."
A PS-ORN has chiral phosphorus atoms, and its properties
are theoretically dependent on the configuration of these
phosphorus atoms because it functions by interacting with
chiral biomolecules such as nucleic acids and proteins.” For this
reason, efforts have been made to develop methods for
synthesizing P-stereodefined PS-ORNs.** For example, ORNs
containing a single stereodefined PS-linkage at a specific
position have often been prepared by chromatographic
separation of diastereomixtures® and used as probes to study
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complementary ORN, whereas its all-(Sp)-counterpart has a

the functions of the pro-Rp and pro-Sp oxygen atoms of the
corresponding phosphodiesters in various RNA-related bio-
logical processes. However, this method is not applicable to
the preparation of ORNs with multiple stereodefined PS-
linkages, which are required for therapeutic studies. Diaster-
eopure dimer building blocks can be used to incorporate
multiple stereodefined PS-linkages into ORNs; however, this
method requires up to 32 types of building blocks (four types
of nucleosides for each of the 3’- and 5'-nucleosides and two P-
diastereomers) and yet cannot produce ORNs having
consecutive stereodefined PS-linkages.”*" P-Stereodefined PS-
ORNs can also be synthesized using RNA polymerases, but
only those with (Rp)-PS-linkages are available, and this method
is not suitable for large-scale syntheses.”** Although chemical
syntheses of P-stereodefined PS-ORNSs using stereoselective or
stereospecific reactions have also been studied, the methods
reported to date suffer from low coupling efficiency or
stereoselectivity.”'' Recently, an siRNA duplex having four
consecutive (Rp)-PS-linkages at both ends has been synthe-
sized using chromatographically separated diastereopure
nucleoside 3'-phosphorothioate triester derivatives as mono-
mers.'? To the best of our knowledge, this is the only report in
the literature describing the chemical synthesis of P-stereo-
defined PS-ORNs longer than 3mers with sufficient stereo-
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