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ABSTRACT: Chemical modification of siRNA is achieved in
a high-throughput manner (96-well plate format) by copper
catalyzed azide−alkyne cycloadditions. This transformation
can be performed in one synthetic operation at up to four
positions with complete specificity, good yield, and acceptable
purity. As demonstrated here, this approach extends the
current synthetic options for oligonucleotide modifications
and simultaneously facilitates the systematic, rapid biological
evaluation of modified siRNA.

■ INTRODUCTION

Pharmaceutical application of siRNA requires both passenger
and guide strand chemical modifications to improve desirable
qualities such as in vivo stability, potency, toxicity, and
deliverability.1−13 Despite tremendous strides in the field, the
clinical application of siRNA is limited and thus necessitates
improved chemical and biological approaches to address these
challenges.14−24 Years of research have also made it apparent
that structural modifications that improve one property may be
detrimental to other desired properties and no single positional
modification stands out as a universal solution. As a result,
researchers continue to explore modifications on various
components of nucleosides (bases, ribose ring, and phosphate
backbone) and continue to optimize physicochemical and
biochemical properties of siRNA with a desire to realize their
therapeutic capacity as gene silencing agents (Figure 1).14−24

In recent years, various groups have reported improved
delivery and activity of oligonucleotides via conjugation/
complexation of various molecular entities like PEG, poly-
amines, peptides, and lipid nanoparticles.26−34 These advances
have made it clear that improved methods for rapid evaluation
of analogs is warranted. As successfully demonstrated with
small molecules, chemistry amenable to high throughput
screening (HTS) would greatly expidite both oligonucleotide
discovery and optimization. Currently, intensive structure−
activity relationship studies via multistep, nucleoside building
block modifications are synthetically challenging and time-
consuming, making high-throughput synthesis difficult and
uneconomical.35−39 A viable alternative that avoids these
complications involves postsynthetic high throughput chemical
modifications of oligonucleotides that is operationally simple,
avoids the use of excess reagents, and uses established
purification protocols.
One potential solution to this challenge is the use of the

“click” reaction, a highly efficient method for installation of
chemical diversity. This well established [3 + 2] cycloaddition

reaction has been applied to a wide variety of molecules with a
diverse array of physical properties: small molecules, antibodies,
oligonucleotides, and proteins.40−43 We therefore chose to
focus on the use of click chemistry to achieve our HTS goal,
with particular focus placed on application at the 2′ position of
the oligonucleotide (Figure 2).
Modification of the 2′-position of ribose is implicated in

improved siRNA properties including reduced off-target effects,
immunogenicity, and nuclease resistance compared to native
RNA.44−52 It is important to note that ligand assisted copper
catalyzed click chemistry of oligonucleotides under microwave
conditions and cyclooctyne-strain−release click conjugations
have been reported.53,54 This previous work serves as an
excellent starting point for our studies. In particular, the
creation of a methodology that would allow for the fast and
efficient introduction and evaluation of a library of desirable
substrates55−63 on bases (A, C, G, U) in a high throughput
manner. Herein we have addressed existing challenges and
expanded the scope of postsynthetic modifications by
developing a high yielding Cu(I)-catalyzed click64−67 method-
ology which does not require use of ligand or a strained alkyne
appendage. Furthermore, this approach is amenable to HTS,
enables rapid exploration of the structure−activity relationships,
and fits into the well-established oligosynthesis protocols used
in many laboratories.

■ RESULTS AND DISCUSSION

Click Optimization and Scope. Multiwell oligonucleotide
synthesis is a well-established technique for library generation.
As such, we wanted to develop a system which would fit into
this workstream so as to minimize unecessary manipulations
and incorporation of additional instruments. We opted to focus
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on modifying the siRNA after cleavage from the resin, but prior
to protecting group removal which serves as a useful handle for
purification. The representative process is illustrated in Scheme
1. All four canonical 2′-O-propargyl nucleosides, generalized as
1, were incorporated into RNA using oligonucleotide synthesis
via phosphoramidite chemistry.68,69 The oligonucleotides were
released from the solid support with concurrent removal of the
nucleobase amide and cyanoethyl phosphate protecting groups
using 40% aqueous MeNH2. The crude products were
lyophilized to remove volatiles and leave the click precursor
single strand. Peg-24 azide substrate a was selected for click
development and optimization studies (Figure 3). After
investigating a number of catalyst systems and reaction
conditions, we were gratified to find that the cycloaddition
reaction proceeded with excellent conversion (>95%) using
CuBr·Me2S as catalyst in DMAc:H2O to afford modified RNA
strand 3. Removal of the 2′-O-TBS groups was then effected by
treatment with aqueous NH4F.

70 Subsequent purification of
RNA strand 4 over C18-cartridges allowed for removal of
failure sequences, protecting group byproducts and removal of
residual copper. This process gave 5 with residual copper <0.1
ppm as ascertained by ICP-MS analysis. Annealing with the
complementary RNA strand affords the siRNA duplex as free-
flowing white powder after lyophilization.
With proof of concept demonstrated, we sought to explore

the scope and robustness of this process in a multiwell format
on three test substrates (Figure 3). In particular, we sought to
understand what types of substrates could be tolerated and the
extent to which they could be incorporated multiple times. In
addition to chemical validation, we sought to explore what
impact these type of modifications would have on biological
activityinformation that has, up to now, not been obtained
for these subtrates and oligonucleotides.
We first examined the positional impact (“walkthrough”) of

polydisperse PEG substrate b on the click reaction using an
siRNA complementary to SSB291, a ubiquitously expressed
gene useful for siRNA proof of concept studies. Using the

conditions outlined above, we were pleased to find that the
click reaction at all 18 positions individually resulted in good
conversion and yield; i.e., the reaction tolerated the PEG
moiety, even on the more sterically encumbered internal
positions of the oligonucleotide. A similar walkthrough was
done on the guide strand of a Luciferase-80 siRNA, this time
with azide subtrates c and d. Much like the Peg substrate, both
of these substrates cleanly incorporated into the oligonucleo-
tide. The impact on multiple substitutions was evaluated as
well, this time with the well-defined PEG moiety N3−PEG24−
OH (a) as this PEG would make characterization more
straightforward. Again, we were pleased to see that upward of
four modifications were tolerated. It should be noted that
higher-molecular-weight PEG azides and peptide azides also
worked and will be reported at a later time.71

Biological Evaluation of Click Modified Oligonucleo-
tides. To highlight the utility of this approach, we investigated
the effect of chemical modifications performed above on the
biological activity of both the Sjögren syndrome antigen B gene
(SSB291)72 and luciferase73 (Figure 4a−d). For the SSB291
siRNA with MeO-PEG2000 modifications, SAR was established
at 0.1 nM where several oligomers exhibited either markedly
improved (positions 1 and 2), equal (positions 12−16), or
lessened (positions 11 and 12) gene silencing activity relative to
unmodified siRNA (Figure 4a). For ease of analysis we then
selected monodisperse azido-PEG24-OH to install at multiple
positions along the oligomer (Figure 4b). The relative levels of
SSB291 mRNA were reduced at 0.1 nM siRNA concentrations;
however, in general multiple substitutions did attenuate the
overall activity of the siRNA with the following trend:
unmodified > 2 position click > 3 position, 4 position click.
These PEG modifications highlight the scope of this method-
ology and may also allow for modulation of stability and plasma
exposure of siRNAs.
Cells stably expressing Luc80 were transfected with either

unmodified Luc80 siRNAs or benzyl-modified Luc80 siRNAs.
As illustrated in Figure 4c, incorporation of 2′-benzyl-
modification at nucleotides 3, 5, 18, and 19 afforded oligomers
with gene-silencing activity similar to that of unmodified RNA.
In comparison, modification of the 2′-position at nucleotides 1,
2, 4, 6−14, 16, and 17 led to reduction in RNAi activity.
Incorporation of a single benzyl-modification at position 15 of
the guide strand of siRNA led to a 10% increase of RNAi
activity compared to unmodified RNA at 0.1 nM siRNA. The
incorporation of a single benzyl modification at position 15 in

Figure 1.Modification options for siRNA include both terminal and internal positions.25 This work focuses on modifications at the 2′ position of the
ribose.

Figure 2. Example of an oligonucleotide 2′ position click modification.
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the guide strand of Luc80 also translated into a 3.5-fold increase
in the measured EC50 of RNAi potency and exhibited 15%
increased duration of action as measured in vitro at day 5 after
transfection (data not shown). Parallel experiments were
conducted on Luc80 sequence that was modified with

azidomethyl phenyl sulfide (Figure 4d). Despite the relatively
small difference in size between the phenyl sulfide (d) and
benzyl (c), statistically significant differences in activity were
observed at different positions demonstrating the utility of this
methodrapid evaluation of substitutional differences. To

Scheme 1. Process for Post-Synthetic Chemical Modification of RNAa

aExemplified for ribo-guanidine adenine at position 4, ribo-uridine at positions 9, 14 and ribo- adenine at position 19. Conditions: (a) RNA synthesis
incorporating 2′-O-propargyl ribonucleotides, 40% aqueous MeNH2, 45 min, 35 °C, lyophilization; (b) N3PEG24−OH, CuBr·Me2S, DMAc:H2O
(75:25), rt to 50 °C; (c) NH4F; (d) C18 cartridge purification/deprotection.

Figure 3. Azide and alkyne substrates. Abbreviations: rA = ribo-adenosine; rC = ribo-cytidine; rG = ribo-guanosine; rU = ribo-uridine; dT =
deoxythymidine; a = 2′-OMe-adenosine; c = 2′-OMe cytidine; u = 2′-OMe-uridine. The numbering scheme for the specific nucleotide positional
click modifications begins at the 5′ position of both the SSB291 and Luc80 oligonucleotide strands.
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Figure 4. (a) In vitro assay of SSB-291 siRNA with triazole-PEG2000 conjugated passenger strand at single nucleotide positions, [0.1 nM siRNA];
(b) In vitro assay of SSB-291 siRNA with triazole-PEG24-OH conjugated passenger strand at multiple nucleotide positions, [0.1 nM siRNA]; (c)
position-dependent mRNA knockdown for luciferase(80) at 1 nM [siRNA] modified with benzyl-triazole group; (d) position-dependent mRNA
knockdown for luciferase (80) at 1 nM [siRNA] modified with mercapto benzyl-triazole group. Cell viability was unaffected when transfected with
modified siRNAs as compared to unmodified siRNAs. The numbering scheme for the specific nucleotide positional click modifications begin at the
5′ position of both the SSB291 and Luc80 oligonucleotide strands (see Figure 3).

Table 1. Benzyl Azide Clicked Luc-80 Guide Stranda

aMolecular formula = C206H255N65O150P20, MW (calculated) = 6661 (obtained). * = M-2 = 6659, ** = M-1 = 6660. BnclickrA = ribo-adenosine
clicked with benzyl azide at the 2′-position. BnclickrC = ribo-cytosine clicked with benzyl azide at the 2′-position.
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highlight, while benzyl substitution was tolerated at position 9,
phenyl sulfide activity was not tolerated. In contrast, position
14 was tolerated with phenyl sulfide but not tolerated with
benzyl substitutions. While we ideally are searching for
modifications which improve activity against the unmodified
siRNA, these experiments demonstrate that every position of
the siRNA will give different activity depending on the
substitution, and as such, this method is well suited to
exploring this variability.

■ SUMMARY AND CONCLUSIONS

We have developed a high yielding and operationally simple
strategy for high-throughput postsynthetic chemical modifica-
tion of RNA molecules that is readily amenable to all canonical
bases. Our approach was effective for generating both single
and multiple conjugations, and allowed for rapid identification
of nucleotide positions that tolerate small and large
modifications. This protocol offers many advantages in terms
of throughput and flexibility relative to traditional approaches
used to generate 2′-modified RNAs and avoids the requirement

for myriad novel nucleoside phosphoramidites to perform SAR
studies. Our results suggest that similar modification strategies
should allow expeditious production and identification of RNA
molecules that exhibit potent and persistent RNAi activity with
improved plasma exposure and cell permeability.

■ MATERIALS AND METHODS

Phosphoramidites. Phosphoramidites used in the syn-
thesis of RNA sequences were obtained from commercial
sources.74 The following chemicals used for preparing reagents
for oligoribonucleotide synthesis were purchased from Sigma-
Aldrich, and were used without further purification: acetonitrile,
acetic anhydride, azidomethylphenyl sulfide (95%), citric acid,
CuBr·SMe2, trichloroacetic acid, dichloromethane, N,N-dime-
thylacetamide, DMSO, hexafluoroisopropanol, H2O, imidazole,
iodine, 2,6-lutidine, methanol, methylamine, N-methylimida-
zole, ammonium fluoride, pyridine, and triethylamine. Azido-
dPEG 24-alcohol was purchased from Quanta. Benzyl azide
(94%) was purchased from Alfa-Aesar. 5-Ethylthio-1H-tetrazole
was purchased from American International Chemicals (AIC).

Table 2. Azidomethylphenyl Sulfide Clicked Luc-80 Guide Stranda

aMolecular formula = C206H255N65O150P20S, MW (calculated) = 6693 (obtained). * = M-2 = 6691, ** = M-1 = 6692, *** = M = 6693.
Abbreviations: PhsclickrA = ribo-adenosine clicked with azidomethylphenyl sulfide at the 2′-position. PhsclickrC = riibo-cytosine clicked with
azidomethylphenyl sulfide at the 2′-position, PhsclickrG = ribo-guanidine clicked with azidomethylphenyl sulfide at the 2′-position, PhsclickrU =
ribo-uridine clicked with azidomethylphenyl sulfide at the 2′-position.

Table 3. SSB291 (Sense or Passenger) Strand Multi-Clicked with Azido-dPEG 24-Alcohola

aAbbreviations: pegclickA = Peg-24-OH clicked on 2′-O-propargyl rA, pegclickC = Peg-24-OH clicked on 2′-O-propargyl rC, pegclickG = Peg-24-
OH clicked on 2′-O-propargyl rG, pegclickU = Peg-24-OH clicked on 2′-O-propargyl rU. A1−A3 = quadruple clicked with PEG-24-OH, A4−A7 =
triple clicked with PEG-24-OH, A8−A10 = bis clicked with PEG-24-OH.
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Succinyl long chain alkylamine controlled-pore glass (Succ-
LCAA-CPG) functionalized with deoxy-thymidine and ribo-
adenosine were obtained from Prime Synthesis and used
directly. Synthesis columns were packed with dT CPG (75

μmol/g, 500 nmol, ∼6.7 mg) for Luc-80 guide strand synthesis
and rA CPG (72 μmol/g, 500 nmol, ∼6.9 mg) for SSB-291
passenger strand synthesis. Triethylammonium acetate buffer
was purchased from EMD chemicals.

Solid-Phase Synthesis and Annealing of Oligoribonu-
cleotides. Succinyl long chain alkylamine controlled-pore glass
(Succ-LCAA-CPG) solid support functionalized with the base

Table 4. LC/MS of SSB291 (Sense or Passenger) Strand
Multi-Clicked with Azido-dPEG 24-Alcohol

entry molecular formula MW (calcd.) MW (obtained)

A1 C393H634N82O225P18 10665 10666
A2 C393H634N82O225P18 10665 10666
A3 C396H640N82O225P18 10707 10708
A4 C342H535N79O201P18 9527 9526
A5 C345H541N79O201P18 9569 9570
A6 C342H535N79O201P18 9527 9526
A7 C343H537N79O201P18 9541 9542
A8 C292H438N76O177P18 8403 8403
A9 C294H442N76O177P18 8431 8431
A10 C292H438N76O177P18 8403 8402
A11 C293H440N76O177P18 8417 8417

Figure 5. RP HPLC analysis of C-18 purified Luc-80 sequences
modified via copper catalyzed click reaction with benzyl azide (Table
1, A1−B7). Purity of modified guide strands is >98A% by RP HPLC.

Figure 6. RP HPLC analysis of C-18 purified Luc-80 sequences
modified via copper catalyzed click reaction with azidomethylphe-
nylsulfide (Table 2, C1−D7). Purity of modified guide strands is >98
A% by RP HPLC.

Figure 7. SAX chromatogram analysis of SSB-291 passenger sequence
multi-clicked with azido-dPEG 24 alcohol (Table 3, entries A1−A11).
Purity of modified passenger strands is >98% by SAX HPLC.

Figure 8. UPLC-MS analysis of a C-18 purified Luc-80 guide
representative sequence clicked with benzyl azide (Table 1, entry
A11). MW calcd for C206H255N65O150P20 = 6661, obtained = 6659.

Figure 9. UPLC-MS analysis of a C-18 purified Luc-80 guide
representative sequence clicked with azidomethylphenylsulfide (Table
2, entry D5). MW calcd for C206H255N65O150P20S = 6693, obtained =
6693.

Figure 10. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence quadruple clicked with azido-dPEG 24 alcohol (Table 3,
entry A1). MW calcd for C393H634N82O225P18 = 10665, obtained =
10665.

Figure 11. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence quadruple clicked with azido-dPEG 24 alcohol (Table 3,
entry A2). MW calcd for C393H634N82O225P18 = 10665, obtained =
10665.
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at position 3′ (500 nmol) was placed in a 96 well reaction plate
and RNA sequences were synthesized on MerMade-192
(BioAutomation) oligonucleotide synthesizer.75 The automated
synthesis protocol involved iterative construction via four
synthetic steps: (a) detritylation of nucleoside on solid support,
(b) activation of phosphoramidite followed by coupling, (c)
oxidation of the phosphite, followed by (d) capping of any
unreacted 5′-OH species.76 Once the synthesis of the desired
sequence was completed, cleavage from CPG support and
deprotection of phosphate and nucleobases was performed

using methylamine (40% aq). Lyophilization gave RNA
oligomers as oils that were used directly for subsequent click
modifications. Final desilylation was done using aqueous
NH4F.

70After deprotection of 2′-O-TBDMS ethers crude
oligomers were purified using C-18 cartridges (Orochem).77

Purified oligoribonucleotides were assayed via RP HPLC
(Figures 5, 6), SAX HPLC (Figure 7), and LC-MS (Figures
8−20). siRNA Duplexes were assembled by mixing equimolar
amounts of complementary oligoribonucleotides in 20%
aqueous acetonitrile (Figures 21, 22).78

Figure 12. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence quadruple clicked with azido-dPEG 24 alcohol (Table 3,
entry A3). MW calcd for C396H640N82O225P18 = 10707, obtained =
10708.

Figure 13. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence triple clicked with azido-dPEG 24 alcohol (Table 3, entry
A4). MW calcd for C342H535N79O201P18 = 9527, obtained = 9526.

Figure 14. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence triple clicked with azido-dPEG 24 alcohol (Table 3, entry
A5). MW calcd for C345H541N79O201P18 = 9569, obtained = 9570.

Figure 15. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence triple clicked with azido-dPEG 24 alcohol (Table 3, entry
A6). MW calcd for C342H535N79O201P18 = 9527, obtained = 9527.

Figure 16. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence bis clicked with azido-dPEG 24 alcohol (Table 3, entry A7).
MW calcd for C343H537N79O201P18 = 9541, obtained = 9542.

Figure 17. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence bis clicked with azido-dPEG 24 alcohol (Table 3, entry A8).
MW calcd for C292H438N76O177P18 = 8403, obtained = 8403.

Figure 18. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence bis clicked with azido-dPEG 24 alcohol (Table 3, entry A9).
MW calcd for C294H442N76O177P18 = 8431, obtained = 8431.

Figure 19. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence bis clicked with azido-dPEG 24 alcohol (Table 3, entry A10).
MW calcd for C292H438N76O177P18 = 8403, obtained = 8402.
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Protocol for High-Throughput Click Reaction (96 Well
Plate Format). Parallel synthesis of 19 21-mer oligoribonu-
cleotides (SSB291 sequences) was carried out on a CPG solid
support (rA, 63 μmol/g, 7.9 mg, 500 nmol) in a 96 well plate
format. After the synthesis was complete, synthesis tips were
treated with 40% aqueous MeNH2 (2 × 100 μL) and aged at rt
(2 × 4 min). The CPG support was then washed with DMSO
(2 × 150 μL) and product collected into a 96 well deep well
plate (1.75 mL capacity). The deep well plate with TBS-
protected RNA oligomers in DMSO/40% aqueous methyl-
amine was covered with a cap mat and aged at 37 °C (200 rpm)
over 45 min for complete deprotection of phosphate and
nucleobases. The reaction plate was then subjected to overnight
lyophilization. To lyophilized RNA (500 nmol) in 2 mL deep
well plate were added parylene coated stir bars (1.67 × 2.01 ×
4.80 mm). DMAC:H2O (75/25, 50 μL) was added to
individual wells followed by benzyl azide (0.1 M, 12.5 μL, 2.5
equiv) and CuBr·SMe2 (100 μL, 4 mM in DMSO or DMAC,
∼0.2 equiv/click site). Reaction mixture was aged in at 50 °C
over 3 h (800 rpm). The deep well plate was then cooled to rt
and treated with NH4F (2.7 M, 25 μL) and aged at 65 °C over
1 h. The plate was then cooled to rt. To the crude RNAs was
added aqueous NaCl (1 M, 600 μL), and samples were loaded
onto a C-18 column for purification. On column detritylation
was performed with 1% aqueous TFA (aged 10 min after
wetting column). The purified RNAs were eluted with 20%

acetonitrile in water (1.2 mL) and then subjected to LC-MS
and RP-HPLC analysis. Lyophilization afforded the desired
click modified siRNA as a white solid (2 mg, ∼38% isolated
yield, 96−98 A% SAX-HPLC). Note: Isolated yield is
calculated based on starting monomer used for nucleotide
assembly.

RP HPLC Method. Sample preparation: 10 μL of final
eluent from C-18 purification is diluted to 300 μL with 20%
ACN in H2O. HPLC conditions: Eclipse X-bridge-Phenyl DB-
C8, 4.6 × 150 mm column. Flow rate = 1.5 mL/min.
Temperature = 65 °C, injection volume = 10 μL, UV detector
at 260 nm. Gradient Method: eluent A. 200 mM TEAA in DI
water. B = 200 mM TEAA in ACN. Run time = 20−30 min,
post time = 5 min. % B, 0 min = 8, 20 min = 17, 28 min = 25,
30 min = 25.

SAX HPLC Methods. Sample preparation: 10 μL of
reaction mixture is diluted to 300 μL with 20% ACN in
H2O. HPLC conditions: Dionex DNApac PA-100; 4 × 250 mm
column. Flow rate = 1.3 mL/min. Temperature = 80 °C,
injection volume = 10 μL, UV detector at 260 nm. Gradient
Method: eluent A. 10 mM NaClO4 and 10 mM tris HCl in
EtOH/H2O (pH = 6.1). B = 300 mM NaClO4 and 10 mM tris
HCl in EtOH/H2O (pH = 6.1). Run time = 10 min, post time
= 5 min. % B, 0 min = 5, 4 min = 30, 5 min = 90, 5.2 min = 100,
5.6 min = 8 0, 7 min = 100, 8 min = 0, 10 min = 0.

UPLC-MS Method. UPLC-SQD instrument from Waters
was used. Sample preparation: 10 μL of reaction mixture was
diluted to 300 μL with 20% ACN in H2O. HPLC conditions:
Acquity BEH C18, 2.1 × 50 mm column. Particle size = 1.7 μm.
Flow rate = 0.3 mL/min. Column temperature = 65 °C,
injection volume = 1 μL, UV detector at 260 nm. Gradient
method: Eluent A = 400 mM HFIP + 16.3 mM TEA/Eluent B
= MeOH. Run time = 12 min, post time = 5 min. % B, 0 min =
10, 5 min = 18, 10 min = 22, 12 min = 25, 15 min = 10. A guard
column (C-18, OPTI-LYNX, 3 mm) was used to remove salts
from crude reaction mixture. MS acquisition = Scan Range:
400−2000 amu. Ionization = ESI. Data = continuum. Scan
duration = 0.5 s. Time = 0−20 min. Deconvolution method:
Range = 4000−10 000; Resolution = 1.00 Da/Channel;
Damage model = Uniform Gaussian. Width at half height =
1.7 Da. Minimum intensity ratios: left = 30%, right = 35%.

Protocol for Knockdown Analysis. Luciferase stable
expressed HeLa-Luc cells were plated in 96-well plates at
density of 4500 cells per well in 100 μL DMEM media without
antibiotics 24 h prior to transfection. siRNA transfection was
performed using the RNAiMAX (Invitrogen): Briefly, 0.05 μM
siRNA was mixed with Opti-MEMmedia and RNAiMAX and
incubated at rt for 15 min. The mixture was then added to the
cells. The final siRNA concentration was 1 nM. Cell plates for
all time points were transfected at the same time with a
medium change at 6 h post-transfection into 100 μL of fresh
completed DMEM (DMEM + 10% FBS + Pen/strep). In vitro
duration was determined by the luciferase expression post-
transfection at 4 time points: day 1, day 2, day 5, and day 7.
Addition medium changes were performed at day 2 and day 5
into 100 μL of fresh completed DMEM (DMEM + 10% FBS +
Penn/strep). Luciferase levels were determined using the
Bright-Glo Luminescence Assay (Promega) and measuring the
wells on an Envison instrument (PerkinElmer) according to
manufacturer’s instructions. To reduce the variation caused by
cell viability and cell plating process, the cell viability of the
same treatment wells was measured using CellTiter-fluor kit
(Promega) according to manufacturer’s instructions. This assay

Figure 20. UPLC-MS analysis of a C-18 purified SSB-291 passenger
sequence bis clicked with azido-dPEG 24 alcohol (Table 3, entry A11).
MW calcd for C293H440N76O177P18 = 8417, obtained = 8417. Note:
modified strands are of high purity (>98A% by RP & SAX HPLC). No
corresponding mass was observed by LC/MS for smaller peaks
(Figures 8−20).

Figure 21. RP HPLC of typical duplex. Luc80-DXBA: duplex of Luc-
80 guide strand (A1) with Luc-80 passenger strand and Luc80-
DXMPS: duplex of guide strand (C1) with Luc-80 passenger strand.

Figure 22. SAX chromatogram analysis of a typical duplex prepared
from qudruple clicked SSB-291 passenger sequence and SSB-291
guide sequence (PEG-QDDX), triple clicked (TRDX), and bis-clicked
(BIDX).
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measured the conserved and constitutive protease activity
within live cells and therefore served as a marker of cell
viability, using a fluorogenic, cell-permeable peptide substrate
(glycyl-phenylalanyl-aminofluorocoumarin; GF-AFC). The flu-
orescence was measured on the Envision using exciton filter at
405 nm and emission filter at 510 nm. The luciferase expression
was normalized to cell viability. The log of this number was
calculated to determine the luciferase protein that was degraded
(knockdown). A nontargeting siRNA was subtracted from this
value to account for nonspecific background.
Walkthrough Click Modified Luc-80 Guide sequences

(Tables 1 and 2). Click Modified SSB-291 Passenger
Sequences (Tables 3 and 4). RP HPLC Profile of C-18
Purified Luc-80 Guide Sequences. See Figure 5.
RP HPLC of C-18 Purified Luc-80 Guide Sequences.

See Figure 6.
SAX HPLC Analysis for a C-18 Purified SSB-291

Passenger Strands. See Figure 7.
Typical UPLC/MS Analysis for a Guide Strand (A1). See

Figure 8.
Typical UPLC-MS Analysis for a Guide Strand (C1). See

Figure 9.
Passenger Strand (A1) Quadruple-Clicked with Azido-

dPEG 24 Alcohol. See Figure 10.
Passenger Strand (A2) Quadruple-Clicked with Azido-

dPEG 24 Alcohol. See Figure 11.
Passenger Strand (A3) Quadruple-Clicked with Azido-

dPEG 24 Alcohol. See Figure 12.
Passenger Strand (A4) Quadruple-Clicked with Azido-

dPEG 24 Alcohol. See Figure 13.
Passenger Strand (A5) Triple-Clicked with Azido-

dPEG 24 Alcohol. See Figure 14.
Passenger Strand (A6) Triple-Clicked with Azido-

dPEG 24 Alcohol. See Figure 15.
Passenger Strand (A7) Triple-Clicked with Azido-

dPEG 24 Alcohol. See Figure 16.
Passenger Strand (A8) Bis-Clicked with Azido-dPEG

24 Alcohol. See Figure 17.
Passenger Strand (A9) Bis-Clicked with Azido-dPEG

24 Alcohol. See Figure 18.
Passenger Strand (A10) Bis-Clicked with Azido-dPEG

24 Alcohol. See Figure 19.
Passenger Strand (A11) Bis-Clicked with Azido-dPEG

24 Alcohol. See Figure 20.
RP HPLC Analysis of Representative Double-Stranded

RNA (Luc-80). See Figure 21.
SAX HPLC Analysis for a Double-Stranded siRNA. See

Figure 22.
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(38) Lönnberg, H. (2009) Solid-phase synthesis of oligonucleotide
conjugates useful for delivery and targeting of potential nucleic acid
therapeutics. Bioconjugate Chem. 20, 1065−1094.
(39) Sing, Y., Murat, P., and Defrancq, E. (2010) Recent
developments in oligonucleotide conjugation. Chem. Soc. Rev. 39,
2054−2070.
(40) New, K., and Brechbiel, M. W. (2009) Growing applications of
“click chemistry” for bioconjugation in contemporary biomedical
research. Cancer Biother. Radiopharm. 24, 289−301.
(41) Simon, M., Zangemeister-W, U., and Plückthun, A. (2012)
Facile double-functionalization of designed ankyrin repeat proteins
using click and thiol chemistries. Bioconjugate Chem. 23, 279−286.
(42) Hein, C. D., Liu, X.-M., and Wang, D. (2008) Click chemistry, a
powerful tool for pharmaceutical sciences. Pharm. Res. 25, 2216−2230.
(d) Kolb, H. C., and Sharpless, K. B. (2003) The growing impact of
click chemistry on drug discovery. Drug Discovery Today 8, 1128−
1136.
(43) Amblard, F., Cho, J. H., and Schinazi, R. F. (2009) Cu(I)-
catalyzed Husigen azide-alkyne 1,3-dipolar cycloaddition reaction in
nucleoside, nucleotide and oligonucleotide chemistry. Chem. Rev. 109,
4207−4220.
(44) Sioud, M. (2006) Innate sensing of self and non-self RNAs by
Toll-like receptors. Trends Mol. Med. 12, 167−176.
(45) Jackson, A. L., Burchard, J., Leake, D., Reynolds, A., Schelter, J.,
Guo, J., Johnson, J. M., Karpilow, J., Nichols, K., Marshall, W.,
Khvorova, A., and Linsley, P. S. (2006) Position-specifc chemical
modification of siRNAs reduces “off-target” transcript silencing. RNA
12, 1197−1205.
(46) Koller, E., Propp, S., Murray, H., Lima, W., Bhat, B., Prakash, T.
P., Allerson, C. R., Swayze, E. E., Marcusson, E. G., and Dean, N. M.
(2006) Competition for RISC binding predicts in vitro potency of
siRNA. Nucleic Acids Res. 34, 4467−4476.
(47) Shukla, S., Sumaria, C. S., and Pradeepkumar, P. I. (2010)
Exploring chemical modifications for siRNA therapeutics: a structural
and functional outlook. ChemMedChem 5, 328−349.
(48) Allerson, C. R., Sioufi, N., Jarres, R., Prakash, T. P., Naik, N.,
Berdeja, A., Wanders, L., Griffey, R. H., Swayze, E. E., and Bhat, B.
(2005) Fully 2′-modified oligonucleotide duplexes with improved in
vitro potency and stability compared to unmodified small interfering
RNA. J. Med. Chem. 48, 901−904.
(49) Hamm, S., Latz, E., Hangel, D., Müeller, T., Yu, P., Golenbock,
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