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Chemically synthesized single and multi-labeled oligonucle-
otides are enabling tools in molecular diagnostics,"~! nano-
technologies,*” and other related fields. Most applications
involve relatively short DNAs and RNAs; however the
demand for labeled long RNA (> 60 nt) has increased in
line with our growing appreciation of a rich, only partially
understood biology of structured non-coding RNAs.

A common secondary structure motif in RNA is the
hairpin, which is composed of a terminal loop region and
a double-stranded RNA stem that often bears mismatches
and bulges. This motif is central to several biological functions
including RNA maturation, RNA folding, ribozyme function,
and protection of RNA from degradation.! The hairpin also
serves as a recognition site for RNA binding proteins as, for
example, during microRNA (miRNA) biogenesis."”! Cur-
rently however, the difficult synthesis of long functionalized
RNA:s, for example, pre-miRNAs, hampers research on their
biological properties (e.g. processing, metabolism, interaction
partners, localization in cells, etc.).

Long, unmodified RNAs can be prepared by in vitro
transcription from DNA templates. Functional groups can be
incorporated by enzymatic or chemical ligation at the 5'-
end,'*? at the 3-end,>'¥ or at random internal positions
through the use of labeled nucleoside triphosphates during
transcription.) Long RNAs labeled at defined internal
positions are accessible in a multi-step semi-synthetic
method by enzymatic ligation of short, labeled RNA strands.
These are typically prepared by solid-phase synthesis using
modified phosphoramidites.">?"! Considerable progress in
labeling short oligonucleotides has been made by applying
Cu'-catalyzed azide/alkyne cycloaddition (“click chemis-
try”).12 This reaction was first used by the groups of
Carell® and Seela for labeling short DNA. In their “post-
synthetic” approach, an alkyne-bearing nucleoside was incor-
porated into an oligodeoxyribonucleotide, and subsequently
reacted with an appropriate azide while still linked to the
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controlled pore glass (CPG) solid support. Elegant strategies
were employed to achieve multiple labeling of short DNAs,
for example through distinct protecting groups on the alkyne
function,”” or through combined solid- and solution-phase
click chemistry.” The subsequent introduction of Cu'-
stabilizing ligands®®® or of activated cycloaddition part-
ners®! rendered these protocols efficient also for RNA. This
procedure was first employed for solution phase labeling of
RNAs, #3031 and was then adapted to solid phase conjuga-
tion of small molecules to short interfering RNAs (siRNA)
with the aim to improve their targeting properties.**

In the course of our work on pre-miRNAs we have needed
to position labels at precise internal positions such that 1) the
label did not disturb the cellular function of the RNA, and
2) it remained attached to the desired RNA sequence after
biochemical processing into its 5p- and 3p-arms®™ (Figure 1).

However, we found that none of the literature protocols
reported for RNA functionalization on solid support were
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Figure 1. Representation of a pre-microRNA, internally labeled with
a 2'-O-propargyl-ribonucleoside in its 3p arm.

suitable for the labeling of pre-miRNAs. Rajeev’s condi-
tions, which involve microwave irradiation on a large scale
(0.6 umol) were not compatible with the 50 nmol synthesis
scale of pre-miRNAs. In our hands, Carell’s conditions,*!
although effective on short RNAs afforded labeled pre-
miRNA in very low yields (10% or less) (e.g. Table1,
entry 1). The negative influence of oligoribonucleotide length
on reactivity was surprising and obliged us to investigate new
protocols to label pre-miRNAs.
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Table 1: Results from post-synthetic labeling of 5-end modified pre-miR-
21 with Cy3 azide 1 under various reaction conditions overnight.

Entry Catl  Co-solvents T  Degrad- SM Yields [%)]
with H,O [°C] ation®  [%] (% as DMToff)
(vol) [%]

1 CuBr  tBuOH/DMSO 45 11 89 -
(1.2 mL)

2 CuSO, MeOH/THF 45 35 37 28(5)
(1.2mL)

3 CuSO, MeOH/DMF 45 14 20 67 (1)
(1.2 mL)

4 CuSO, tBuOH/DMSO 45 12 86 3(3)
(1.2 mL)

5 CuSO, MeOH/DMF 25 - 94 6
(1.2 mL)

6 CuSO, MeOH/DMF 65 68 4 28 (25)
(1.2mL)

7 CuBr  MeOH/DMF 45 18 37 46 (8)
(1.2 mL)

8  CuSO, MeOH/DMF 45 18 - 83014
(400 pL)

9 CuSO, MeOH/DMF 45 22 - 78 (9)
(133 pl)

[a] CuSO, refers to CuSO,-5H,O. [b] Estimated RNA degradation during
the click reaction: calculated by subtracting the integral of peak D in the
reference spectrum (failure sequences alone) from the integral of peak D
under a given set of click conditions (failure sequences + degradation).
[c] SM is unreacted starting material. [d] Yield in the click conjugation
step: calculated from the peak integrals (A+B)/(A+B+C+D), where
integral of D is corrected for failure sequences using the reference
spectrum (see [b] and text).

Although dedicated phosphoramidites have been devel-
oped for the synthesis of long RNAsP"*! we found that
regular 2'-O-tert-butyldimethylsilyl (TBDMS) phosphorami-
dites afford in good yields pre-miRNAs in lengths up to 70 nt,
even with the incorporation of one or two alkyne-modified
nucleosides for click conjugations. 2'-O-Propargyl cytidine
was selected as coupling partner because of a straightforward
synthesis (cf. Supporting Information) and the positioning of
the label in the minor groove of the duplex, thereby
minimizing interference with base-pairing. In addition, an
enhanced reactivity of the alkyne group, presumably due to
the o-oxygen substituent, was observed in a comparison with
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Scheme 1. Approach employed to screen reaction conditions (Table 1):
click labeling of 1 to 5-end modified pre-miR-21.
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the cytidine bearing a longer 2'-O-pentinyl linker during click
reactions (data not shown).

In order to determine an optimal set of reaction con-
ditions, we investigated systematically variations of the
copper salt, solvents, reaction volumes, and temperatures in
a series of side-by-side comparisons (Scheme 1). The oncomir
pre-mir-21 (60 nt) was selected as a test hairpin. Initially, 2'-O-
propargyl cytidine was incorporated at its 5" terminus to avoid
the labeling of non-full length failure sequences (n—1, n—2,
etc.) and thereby simplifying interpretation of HPLC spectra.
Ten CPG supports bearing the pre-miR-21 sequence were
synthesized, mixed, and redistributed equally into 10 wells to
ensure an identical starting point for each reaction condition.
In one well, the CPG was not subjected to click conjugation:
After a standard work-up, its HPLC chromatogram was used
as a reference spectrum (see below). Cy3 azide (1) was
prepared (see Supporting Information) and used for the
labeling on the remaining nine CPGs. This hydrophobic
molecule increases the HPLC retention time of a conjugated
RNA providing sufficient separation of the products
(Figure 2) and consequently their unambiguous identification
by mass spectrometry (MS). All reactions were run over 16 h.
Partial loss of the terminal DMT group during the click
reaction was always observed, leading to two product peaks in
the chromatogram (Figure 2: peaks A and B). However, these
products were easily distinguished from the unreacted start-
ing material (SM) (peak C) and the fast migrating RNA (peak
D) comprising the failure sequences together with RNA
degradation products from the click reaction. The results of
the nine experiments are summarized in Table 1.

Analysis of data in Table 1 led us to an optimized set of
conditions for the conjugation reaction. The best reaction
solvent mixture was H,O/MeOH/DMF: H,0O/tBuOH/DMSO
was unsatisfactory in the presence of either CuBr (entry 1) or
CuSO,-5H,0 (entry 4) catalysts with no or trace quantities of
products, respectively. Surprisingly, DMF was a superior co-
solvent to THEF, increasing the product yield from 28%
(entry 2) to 67 % (entry 3). CuSO,-5H,0 (entry 3, 67 %) was
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Figure 2. HPLC chromatogram of the products from Table 1, entry 2.
DMTon: dimethoxytrityl-protected oligoribonucleotide; DMToff: fully
deprotected oligoribonucleotide; Cy3: Cyanine3.
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superior to CuBr in H,O/MeOH/DMF (entry 7, 46 % ). Over-
night reaction at 45°C (entry 3, 67 % ) was better than at 25°C
(entry 5, 6% ) and 65°C (entry 6, 28 % ), with minimum RNA
degradation. Finally, total conversion was reached with
reaction volumes of 400 pL (entry8, 83%) and 133 pL
(entry 9, 78 %), though the former led to less degradation.
Consequently, the reaction conditions of entry8 were
adopted for the labeling of pre-miRNAs.

We then assessed the efficiency of our protocol with Cy3
azide (1) at positions within pre-miR-21 selected to show the
general applicability of the method: at the 3’ terminus, in the
hairpin’s 5p and 3p arms, and in its terminal loop. Reaction
conversions were estimated by comparison of the DMTon and
DMToff conjugates with the unreacted pre-miRNA. The 5
terminus, the 5p arm, and the loop were efficiently labeled in
conversions of >95%, 82%, and >95%, respectively
(Table 2). Surprisingly, labeling close to or at the 3’ terminus
was less efficient with respectively 68 % and 38 % conver-
sions. Double labeling was successfully carried out within the
3p and S5p arms as well as the 3'-terminus and the loop in
conversions of 64 % and 33 %, respectively.

Table 2: Post-synthetic single and double homo-labeling of pre-miR-21
at different positions with azide 1.

Product Position of the label (nt)? Conv.™
ORN-1 5-end (1) >95%
ORN-2 5p (13) 82%
ORN-3 loop (32) >95%
ORN-4 3p (56) 68%
ORN-5 3"-end (60) 38%
ORN-6 5p/3p (32/56) 64 %1
ORN-7 3"-end/loop (32/60) 339%M

[a] Nucleotide number of the modification from the 5'-terminus; 3p: 3p
arm; 5p: 5p arm. [b] Estimated conversion in the click step (calculated
from the peak integrals (A+ B)/(A+B+C)). [c] Single-labeled products
as the major side products (36 %). [d] Single-labeled products as the
major side products (57 %) while 10% of the hairpin remained
unlabeled.

The protocol was generally applicable for pre-miRNAs
and with a variety of labels (Table 3). We conjugated pre-let-
7a-2 (67 nt), pre-miR-106a (59 nt), pre-miR-122 (58 nt), and
pre-miR-32 (63 nt) to a selection of functional groups
commonly used in chemical biology. These included Cy3
(1), which we used for cellular localization studies, biotin (2)
for immobilization, trioxalen (3) for cross-linking studies, and
black hole quencher 1 (BHQ-1) (4) for FRET assays
(Figure 3, synthesis in the Supporting Information). Following
our procedure, 19 labeled pre-miRNAs were quickly pre-
pared. Conversions of the conjugation reaction are reported
in Table 3 which unexpectedly indicates that the efficiency of
conjugation is more dependent on the labeled position than
on the nature of the label. The 5" terminus, the 5p arm, and the
terminal loop of the pre-miRNAs were all functionalized in
good to excellent conversions (55->95%, 81-94% and 80-
>95%, respectively). Conversely, the 3p arm and the 3’
terminus of the pre-miRNAs were less efficiently labeled with
conversions of 46-92% (average of 60%) and 33-54%,
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Table 3: Post-synthetic labeling of pre-miRNAs at different positions.

Product  Pre-miRNA Position of the label®  Label Conv.!
ORN-8 pre-miR-21 3p (56) biotin 46%
ORN-9 pre-miR-21 loop (44) BHQ 90%
ORN-10  pre-miR21  3p (56) BHQ 53%
ORN-11  pre-miR-21 3p (34) trioxalen  92%
ORN-12  pre-let-7a-2 3p (62) biotin 64 %
ORN-13  pre-let-7a-2 loop (37) Cy3 90%
ORN-14  pre-let-7a-2 3’-end (67) BHQ 33%
ORN-15  pre-let-7a-2 5p (13) trioxalen  91%
ORN-16  pre-miR-106a  3p (55) biotin 60%
ORN-17  pre-miR-106a  5p (8) BHQ 92%
ORN-18  pre-miR-106a  loop (35) trioxalen  89%
ORN-19  pre-miR-122 5-end (1) BHQ 55%
ORN-20  pre-miR-122 3p (52) biotin 53%
ORN-21  pre-miR-122  5p (11) Q3 94%
ORN-22  pre-miR-122  loop (26) trioxalen  93%
ORN-23  pre-miR-32 loop (42) biotin 80%
ORN-24 premiR32  5p (6) Q3 81%
ORN-25  pre-miR-32 3-end (62) Cy3 54%
ORN-26  pre-miR-32 5-end (1) trioxalen  93%

[a] Nucleotide number of the modification from the 5'-terminus; 3p: 3p
arm; 5p: 5p arm. [b] Estimated conversion in the click step (calculated
from the peak integrals (A+ B)/(A+B+C)).
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Figure 3. Labels used to functionalize pre-miRNAs in this study.

respectively. This confirmed that labeling becomes sluggish at
positions closer to the solid support, possibly because of steric
hindrance.

Finally, we examined the double hetero-labeling of pre-
miRNAs which is more challenging because it requires
incorporation and selective functionalization of two modified
ribonucleotides. We elected to use a procedure similar to the
method of Wengel®! by interrupting solid phase synthesis for
the first functionalization. The second functionalization—still
on solid support—was performed after the final coupling step,
as for the mono-functionalized pre-miRNAs. We found it
advantageous to perform the first click reaction as late as
possible in the synthesis, that is, just prior to incorporation of
the second modified cytidine. This procedure permitted us to
prepare four hetero double-labeled pre-miRNAs bearing
combinations of Cy3/biotin and Cy3/BHQ-1 in low to
moderate conversions (20-61%) (Table 4). This procedure,
although quite efficient for some sequences, still suffers from
some limitations, particularly when the first click reaction
does not proceed to completion. This leads to functionaliza-
tion at both positions with the second label and product
mixtures that could not be easily separated.
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Table 4: Hetero bis-labeling of pre-miRNAs.

Product  Pre-miRNA Position of Labels Conv."
the labels!!

ORN-27  pre-let-7a-2 loop/3p (31/62)  biotin/Cy3  20%

ORN-28  pre-miR-106a  5p/3p (8/52) Cy3/BHQ 61%

ORN-29  premiR-122  Sp/3p (11/52)  biotin/Cy3  41%

ORN-30  pre-miR-32 5p/3p (6/52) BHQ/Cy3  24%

[a] Nucleotide number of the modification from the 5" terminus; 3p: 3p
arm; 5p: 5p arm. [b] Estimated conversion in the click step (calculated
from the peak integrals (A+ B)/(A+B+C)).

It is often necessary to optimize the location of a label so
that the proper functioning of a pre-miRNA is not disturbed.
Pre-miRNAs are processed into mature miRNAs comprising
S5p and 3p arms, either or both of which may be present and
active in cells.”” Thus, synthetic pre-miR-122 produced active
mature miRNAs from both arms in HeLa cells: through its Sp
arm it inhibited dose-dependently the expression of a reporter
gene bearing a target site cloned from the GYSI mRNA
(Figure 4a, left), and it suppressed a reporter bearing
a complementary target site for its 3p arm (Figure 4D, left).
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Figure 4. Properties of single- and double-labeled pre-miRNAs. Pre-
miR-122 and ORN-31 were assayed for inhibition of luciferase report-
ers in Hela cells (see Supporting Information): a) A reporter bearing
the GYS1 target site for the 5p arm of miR-122; b) a reporter bearing
a complementary target for miR-122-3p. c) ORN-27 and controls were
assayed against a let-7a-5p reporter. a—c) Error bars: single doses of 3
transfections. d) Empty magnetic streptavidin beads (i) and ORN-27
immobilized on magnetic streptavidin beads (ii: illustrated as cartoon)
(see Supporting Information) were imaged on an epifluorescence
microscope (AxioVision software). Two images were acquired: trans-
mission light and Cy3 fluorescence. The grayscale images were
processed with Image] (rsbweb.nih.gov/ij/) and merged. White scale
bars: 25 um.

Pre-miR-122 labeled on its 5-end with Cy3 (ORN-31:
Supporting Information) localized to the cytoplasm of cells
upon transfection (Figure S13). ORN-31 inhibited the 3p
target reporter (Figure 4b, right), but it showed little activity
against the GYSI reporter (Figure 4a, right), strongly sug-
gesting that the 5'-label hindered the proper processing/
activity of its 5p miRNA, but not its 3p arm. Analogous results
were obtained with end-labeled pre-miR-32 (not shown). This
data is consistent with reports that alkylation of riboses close
to the 5'-end of siRNAs suppresses their silencing ability.*”

Recently, we described the use of terminally-biotinylated
pre-miRNAs to capture from cells RNA-binding proteins
(RBPs) which interact with their terminal loop regions
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(TLR)."! Conversely, some RBPs regulate pre-miRNAs by
interacting with their stem regions.®*"*Jl In an extension of
our work we labeled pre-let-7a-2 with biotin in its TLR
(ORN-27) such that immobilization on streptavidin-coated
beads would enable its stem region to capture RBPs. Cy3 was
added to position 62 of ORN-27 to confirm the immobiliza-
tion step. Interestingly, whereas the terminal Cy3 group of
ORN-31 prevented proper functioning of its Sp miRNA,
labels in internal positions (loop, 3p arm) of ORN-27 had no
such adverse effects on miRISC-mediated silencing in HeLa
cells. Thus, ORN-27 inhibited a let-7a luciferase reporter gene
similarly to unmodified pre-let-7a-2 (Figure 4 c), showing that
it was processed correctly. Streptavidin-coated beads were
washed separately with solutions of ORN-27 and two mono-
labeled controls (ORN-13 and ORN-12 labeled with Cy3 and
biotin, respectively). Whereas beads washed with the controls
showed no Cy3 emission at 570 nm (not shown), ORN-27
gave a strong fluorescence (Figure 4d), suggesting it was
properly immobilized and that both biotin and Cy3 were
functioning correctly.

In summary, we have observed a poor reactivity of long
RNAs using published protocols for click conjugation reac-
tions. Through a careful experimental plan and HPLC-based
analysis, we have developed a reliable procedure for the
labeling of pre-miRNAs on solid support and we quickly
prepared a library of 26 mono- and bis-homo-labeled pre-
miRNAs in moderate to excellent conversion. Pre-miRNAs-
21, -106a, -122, -32, and let-7a-2 were all successfully
internally- and end-labeled with Cy3, BHQ-1, trioxalen, and
biotin indicating that the procedure is generally applicable.
Labeling efficiency was dependent on the position of the
modification in the sequence, and was lower close to the 3'-
end. Labeling on the 5-end, in the 5p arm or the loop was
generally very efficient with conversion >80%. Our con-
ditions were also compatible with the bis-hetero-labeling of
RNAs by resuming the automated synthesis after the first
click conjugation. Thus, four pre-miRNAs with combinations
of biotin/Cy3/BHQ were prepared in conversions of 20-61 %.
Importantly, the use of regular 2’-O-TBDMS phosphorami-
dites and an easily prepared 2'-O-propargyl cytidine phos-
phoramidite makes the chemistry accessible to most oligonu-
cleotide synthesis laboratories. We have shown that this
approach is straightforward and broadly applicable and we
expect it to open new avenues in chemical biology of miRNA
precursors and other long non-coding RNAs of topical
interest.
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