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scaffolds have been shown to enable the attachment of
structurally diverse functionalities and holds promise for uses
relating to the development of therapeutic or diagnostic ONs. [11-13]

Abstract: Attachment of cationic moieties onto oligonucleotides
(ONs) promises not only to increase the binding affinity of antisense
ONs by reducing charge repulsion between the two negative strands
of a duplex but also to augment their in vivo stability against nucleases.
In this study, polyamine functionalities were introduced into ONs via
2’-amino-LNA scaffolds. The resulting ONs exhibited efficient binding
towards ssDNA, ssRNA and dsDNA targets, with the 2’-amino-LNA
analogue carrying a tri-aminated linker showing the most pronounced
duplex and triplex stabilizing effect. Molecular modelling revealed that
favourable conformational and electrostatic effects led to the saltbridge formed between positive-charged polyamine moieties and the
Watson-Hoogsteen groove of the dsDNA targets, resulting in the
observed triplex stabilization. All the investigated monomers
conferred increased resistance against 3’-nucleolytic digestion
relative to the non-functionalized controls.

In general, unmodified ONs suffer from low cellular uptake and
high susceptibility to nuclease-mediated degradation in
vivo.[3,14,15] Different strategies have been proposed to improve
the intracellular delivery of ONs.[16-23] Among them, bioconjugation
of polyamines and cationic cell-penetrating peptides to ONs being
noted examples which impact the overall charge state of the
resulting ONs.[15,24-26] The nuclease stability issue can at least in
part be tackled by introducing chemical modifications or replacing
the natural ribose-phosphate backbone with artificial
analogues.[12,27-34] By combining these two strategies, nucleotide
modifications like N-methylguanidino-, guanidino-, piperazino- or
glycyl-2’-amino-LNA nucleosides have been studied and shown
to equip the resulting ONs with 3’-nucleolytic stability and highaffinity toward single-stranded DNA (ssDNA) and single-stranded
RNA (ssRNA) targets (Figure 1).[27,31,32,35,36] Significant triplex
stability was also observed for ONs carrying such 2’-amino-LNA
monomers.[27,32] Moreover, after being introduced into so-called
bisLNAs (a triplex-forming ON (TFO) linked to a Watson-Crick
interacting ON, both targeting the same ssDNA), piperazino- and
glycyl-modified 2’-amino-LNA nucleotides induced a remarkable
ability to invade double-stranded DNA (dsDNA) targets in vitro.[37]
In a further work, a norspermidine unit (pKa, ∼11) was coupled to
a 2’-amino-LNA to give ONs displaying substantial charge
neutralization and thermal stability of resulting duplexes and
triplexes.[12]

Introduction
Intensive research efforts have been invested to expand the
arsenal of functionalized nucleic acids towards enabling their
applications in biology, medicine, nanotechnology and
biochemistry.[1-6] Along this line, one successful strategy has been
to replace the natural ribose-phosphate backbone of
oligonucleotides (ONs) with artificial analogues. [7-9] Among such
modifications, locked nucleic acids and 2’-amino-locked nucleic
acid (LNA and 2’-amino-LNA, Fig. 1) are examples having the
ribofuranose moiety locked in a North-type (C3’-endo)
conformation via oxymethylene and azamethylene bridges
between the C2′ and C4′ atoms, respectively.[10,11]
Functionalization on the 2’-amino position of 2’-amino-LNA
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Figure 1. Structures of DNA, LNA, 2-amino-LNA, AB-LNA-T, X-LNA-T, Y-LNA-T, and Z-LNA-T nucleotide monomers.

However, a significant synthetic effort is required to obtain these
2’-amino-LNA phosphoramidite monomers. Additionally, we have
observed significant decreases in coupling efficiency over time for
the monomer termed as AB-LNA-T,[12] possibly due to the
hygroscopic nature of the polyamine-modified 2’-amino-LNA-T
phosphoramidite monomer. These shortcomings severely hinder
the general use of those 2’-amino-LNA derivatives.

Fmoc protection was achieved by neutralization with sodium
hydroxide followed by the treatment with Fmoc Nhydroxysuccinimide ester in a mixed solvent system
(acetonitrile/carbonate buffer, 2:1, v/v) to give the desired
intermediate 3. Synthesis of phosphoramidite monomer 6 was
accomplished by direct condensation of DMTr-protected 2’amino-LNA-T 4[41] and the carboxy-functionalized building block 3
to give nucleoside 5 followed by subsequent O3’-phosphitylation
of compound 5 (Scheme 1A).

Herein we have developed an efficient and user-friendly strategy
to introduce polyamine functionalities at the N2’-position of 2’amino-LNA scaffolds via post-ON-synthesis click chemistry. The
2’-(1-oxo-pent-4-yn-1-yl)-N-amino-LNA-T
phosphoramidite
monomer 13[13] was firstly incorporated into ONs to furnish a
functionalization handle. Subsequently, following ON synthesis
and purification, the resulting ON substrates was coupled with
azide-containing polyamines via copper-catalyzed alkyne-azide
cycloaddition reactions. This strategy circumvents the laborious
synthesis of individual 2’-amino-LNA phosphoramidite monomers.
Moreover, Sawamoto et. al. recently reported an efficient method
for high-yielding transglycosylation reactions for nucleobase
interconversions on the 2’-amino-LNA scaffold,[38] potentiating a
further expansion of the proposed strategy onto 2’-amino-LNA
monomers of all canonical nucleobases. Thus, the developed
method may greatly improve the availability of ONs carrying a
range of 2’-amino-LNA derivatives. As a note, synthesis of ONs
containing the X-LNA-T monomer was carried out conventionally
employing the X-LNA-T phosphoramidite monomer followed by
ON synthesis.

Azide-functionalized compounds 9 and 12 were synthesized from
the commercially available spermidine (7) following reported
procedures with minor alterations (Schemes 1B and S1). [42] Bocprotection was done by reacting spermidine with 2-(tertbutoxycarbonyloxyimino)-2-phenylacetonitrile in tetrahydrofuran
to give 8 (Scheme S1). The Boc-protected spermidine was
reacted with chloroacetyl chloride in CH 2Cl2 followed by first
azidation using sodium azide in DMF and then deprotection of the
Boc-group using TFA to give compound 9. Further, compound 8
was reacted with 3-bromopropanol in the presence of potassium
carbonate to provide the N-propanol-functionalized spermidine
derivative 10 (Scheme S1), which was converted into the azide
functionalized linker 11 (Scheme S1). Finally, Boc deprotection of
11 using TFA gave compound 12 as a TFA salt. The known 2’-(1oxo-pent-4-yn-1-yl)-N-amino-LNA-T phosphoramidite monomer
13[13] was incorporated into ONA, ONB, TFOA and TFOB to
introduce a click handle. The azide-modified polyamines were
then conjugated to these ONs via copper-catalyzed click
chemistry (Scheme 1B) followed by desalting on NAP columns to
furnish the target ONs.

Results and Discussion
Precursor 3 was synthesized starting from diethyl malonate (1)
following a similar route as reported (Scheme 1A). [39,40]
Specifically, 1 was alkylated under basic conditions at 95 oC using
N-(5-bromopentyl)phthalimide and sodium ethoxide to give 2,
which was further reacted without purification with hydrazine in
ethanol to convert the phthalimido groups into two primary amino
groups. This was followed by acidic ester hydrolysis and
subsequent decarboxylation to give the carboxylic acid using
concentrated hydrochloric acid under reflux. Finally, successful

2

This article is protected by copyright. All rights reserved.

Accepted Manuscript

FULL PAPER

10.1002/chem.202004495

Chemistry - A European Journal

Scheme 1. (i) Na, EtOH, N-(5-bromopentyl) phthalimide, 95 oC, 2.5 h, 47%; (ii) a) EtOH, hydrazine, RT, 3 h; b) HCl (12 M), reflux, 16 h; c) NaOH (2
M), sodium carbonate buffer (pH 8.75, 0.5 M), acetonitrile, Fmoc N-hydroxysuccinimide ester, RT, 1 h, 81%; (iii) HATU, DIPEA, DMF, 3, RT, 2 h, 83%;
iv) CH2Cl2, DIPEA, 2-cyanoethyl N,N-diisopropyl-chlorophosphoramidite, RT, 1.5 h, 96%; v) 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile (BocON), THF, 0 oC, 4h, 60%; vi) a) triethylamine, CH2Cl2, chloroacetyl chloride, 0 oC→RT, 3 h; b) DMF, NaN3, RT, 6 h; c) CH2Cl2, trifluoroacetic acid, RT,
2 h, 60%; vii) THF, potassium carbonate, 3-bromopropanol, RT, 24 h, 40%; viii) a) DMF, methyltriphenoxyphosphonium iodide, RT, 45 min; b) NaN3,
RT→55 oC, 3 h, 90%; ix) CH2Cl2, trifluoroacetic acid, RT, 2 h, 70%; x) CuSO4:TBTA, 2 M triethylammonium acetate buffer, L-ascorbic acid, DMSO,
H2O, MW, 60 oC, 2 h. M = 2’-(1-oxopent-4-yn-1-yl)-N-amino-LNA-T. Other ONs used as controls in this study: ON1, 5’-GTGATATGC; ON2, 5’GTGAaTATGC; ON3, 5’-GTGAXATGC; ON6, 5’-GXGATAXGC; TFO-1, 5’-TTTTCTTTTCCCCCCT; TFO-2, 5’-TTTTCTTTaTCCCCCCT; TFO-3, 5’TTTaTCTTTaTCCCCCCT; TFO-4, 5’-TTTTCTTTXCCCCCCT; TFO-5, 5’-TTTXCTTTXCCCCCCT. Key: aT = 2’-amino-LNA-T and X = X-LNA-T.

Phosphoramidite monomers 6 and 13 displayed average
stepwise coupling efficiencies of 92% and 93%, respectively
using a manual coupling procedure, [43] while the incorporation of
2’-amino-LNA-T and standard DNA monomers proceeded with
stepwise efficiencies of 95% and 99%, respectively. After DMTrON reversed-phase HPLC and/or ion-exchange HPLC
purification, the composition and purity (>85%) of the obtained
ONs were confirmed by MALDI-MS and HPLC analysis. Coppercatalyzed click chemistry was then performed under microwave
(MW) conditions between the azide-bearing polyamines (9 and
12) and ONA, ONB, TFOA and TFOB (Table S1 and S2, ESI) in the
presence of Cu(I)-TBTA ligand (Scheme 1B). The TBTA ligand
was chosen as it has been reported to provide enhanced catalytic
activity and protect the CuI from oxidation to CuII.[44] Both single
click and double click strategies were successful, providing the
wanted click products after desalting without further purification.
The purity and composition of these click products were confirmed
by MALDI-MS and analytical HPLC (>85% purity).

Among them, a shoulder peak (+593.2 Da) was noticed for both
TFO-6 and TFO-7 on MALDI-MS (where Y-LNA-T had been
incorporated). This was interpreted as the ON-(TBTA-Cu)
complexes. Thus, RP-HPLC purification was carried out for TFO6 and TFO-7 to remove undesired by-products. The click yields
for ON4, ON5, ON7, ON8, TFO-6, TFO-7, TFO-8 and TFO-9 were
89%, 91%, 51%, 56%, 50%, 40%, 95% and 95%, respectively.
Attempted synthesis of 9-mer ONs containing three identical
polyamine modifications (X-LNA-T, Y-LNA-T, or Z-LNA-T) was
not successful, probably due to the zwitterionic nature of the
resulting click products. Thus, double modifications were chosen
for further studies of the duplex systems. Along this line, each
monomer (X-LNA-T, Y-LNA-T, and Z-LNA-T) was incorporated
into a 9-mer sequence and their effects on binding affinity were
evaluated toward ssDNA- and ssRNA-target strands (Table 1).
For single modifications, when binding to the ssDNA target, ON2
(2’-amino-LNA-T) conferred higher duplex stability compared to
ON1 (T), in good agreement with previous results.[10,12,24]
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Table 1. Thermal denaturation temperatures of duplexes[a]

#

ssRNA-Target [5‘-GCAUAUCAC]

Medium salt [oC]

Low salt [oC]

Medium salt [oC]

Low salt [oC]

5’-GTGATATGC
5’-GTGAaTATGC
5’-GTGAXATGC

ON1
ON2
ON3

31.5
36.5 (+5.0)
39.5 (+8.0)

17.0
22.5 (+5.5)
28.0 (+11.0)

29.5
38.5 (+9.0)
39.0 (+9.5)

15.0
23.0 (+8.0)
26.5 (+11.5)

5’-GTGAYATGC

ON4

40.0 (+8.5)

29.5 (+12.5)

39.5 (+10.0)

27.5 (+12.5)

5’-GTGAZATGC

ON5

40.0 (+8.5)

29.5 (+12.5)

39.5 (+10.0)

28.0 (+13.0)

5’-GXGATAXGC

ON6

39.0 (+7.5)

30.0 (+13.0)

43.0 (+13.5)

32.5 (+17.5)

5’-GYGATAYGC

ON7

40.0 (+8.5)

31.5 (+14.5)

45.5 (+16.0)

36.0 (+21.0)

5’-GZGATAZGC

ON8

41.0 (+9.5)

33.5 (+16.5)

45.0 (+15.5)

37.5 (+22.5)

[a] Tm values (°C) of unmodified and modified (aT = 2’-amino-LNA-T, X = X-LNA-T, Y = Y-LNA-T, or Z=Z-LNA-T) DNA/DNA and DNA/RNA duplexes
measured as an average of two independent Tm determinations with a deviation ≤ 0.5 oC. Values in brackets are ΔTm values measured as the difference in
Tm values between modified and unmodified duplexes. The experiments were carried out at pH 7.0 in medium salt buffer (5.8 mM NaH 2PO4/Na2HPO4 buffer,
containing 100 mM NaCl and 0.10 mM EDTA) and low salt buffer (6.7 mM NaH 2PO4/Na2HPO4 buffer, containing 0.10 mM EDTA). The increase in Tm of 2’amino-LNA-T is in general agreement with previous results reported for ON2.[10,12]

Relative to 2’-amino-LNA-T (ON2), the three nucleoside
modifications (X-LNA-T, Y-LNA-T, and Z-LNA-T) gave an
increase of up to 3.5 oC in Tm. Binding to ssRNA target afforded
an increase of up to 10.0 oC for these three new monomers
relative to DNA-T (ON1). These experimental results were
supported by molecular modelling, which qualitatively explains
how the variation in conformational preferences and electrostatic
interactions across X-LNA-T, Y-LNA-T, and Z-LNA-T may
modulate differences in duplex stabilization (S8, Figure S22- S23,
ESI). Double modifications (ON6, ON7 and ON8) gave the same
stabilizing order as single modifications, namely Z-LNA-T > YLNA-T > X-LNA-T. No additive effect was noticed when binding
to the ssDNA target. However, a different trend was observed
when binding to ssRNA target, where the double modification
showed greater duplex-stabilizing effect than single modification.
The stabilizing effect was further amplified under low salt
condition, where favourable electrostatic interactions between the
polyamines and the phosphate backbone are less intervened by
cation screening. Taking Z-LNA-T as an example, relative to ON1,
an increase of 13.0 oC in duplex Tm for single modification (ON5)
and 22.5 oC for double modifications (ON8) were obtained when
binding to the ssRNA target. This is likely caused by the higher
buffer capacity provided by the six amino groups of ON8 which
likely are fully protonated under the experimental pH of 7.0.[45]
Same relation between duplex stabilizing and salt concentration
was observed for the two reference strands ON1 and ON2. This
was expected as the pKa of the 2’-amino group in 2’-amino-LNAT has been reported to be 6.17.[46]
Binding specificity was assessed for ON3, ON4 and ON5 in
comparison with ON1 with the nucleobase complementary to the
site of modification on the opposite strands being varied from
adenosine to either guanine, cytosine or thymine/uracil centrally
(Table S3). Here X-LNA-T induced a decrease in Tm of 16.0 oC
against guanine in the DNA/DNA duplex while Y- and Z-LNA-T
resulted in a destabilization of 13.5 oC. Against DNA-T, both XLNA-T and Z-LNA-T showed similar high destabilization while YLNA-T showed decreased specificity. All three modifications had
similar destabilization against cytosine for the DNA/DNA duplex.
For DNA/RNA heteroduplex, a slightly different pattern emerged,
Z-LNA-T showed the best discrimination (-12.5 oC) against
guanine while X- and Y-LNA-T had weaker specificity. Towards
uracil, X-LNA-T had the highest drop in Tm (-20.5 oC ) while Yand Z-LNA-T had lower discrimination. Against cytosine in the
DNA/RNA heteroduplex, all modifications had similar specificity.

Figure 2. Conformational search results for molecular models of a DNA triplex
(sequence in Table 2) with inserted X-LNA-T (A, B), Y-LNA-T (C, D) and ZLNA-T (E, F) modifications. A, C, E show the superimposed 10 kJ/mol lowest
energy conformations, while B, D, F show (rotated) views of the first (i.e. lowest
energy) conformer of this ensemble. Dashed lines indicate hydrogen bonds/salt
bridges.

For the medium-salt condition when the central T was substituted
with X-LNA-T, Y-LNA-T or Z-LNA-T, (ON3, ON4 and ON5), an
increase of up to 8.5 oC in melting temperature (Tm) was observed.

4

This article is protected by copyright. All rights reserved.

Accepted Manuscript

ssDNA-Target [5‘-GCATATCAC]
Sequences

10.1002/chem.202004495

Chemistry - A European Journal

In addition, three aminated monomers were also incorporated into
the TFO sequence to assess their triplex-stabilizing properties
when binding toward a 29-mer dsDNA sequence derived from the
wild-type HIV polypurine tract.[47] The experiments were carried
out for single- or double-modified TFO sequences (TFO-4, TFO5, TFO-6, TFO-7, TFO-8 and TFO-9) with DNA-T and 2’-aminoLNA-T as controls (TFO-1, TFO-2 and TFO-3) (Table 2).

on either side of the groove (Figure 2D). We note that interactions
between poly-cations and the W-H groove have previously been
proposed as a specific mode of triplex stabilization. [48] When the
amide unit was replaced with a tertiary amine at the branching
point, an increase of 10.5 oC per modification was observed for
TFO-8 (Z-LNA-T) relative to TFO-1 (DNA-T). This result could be
ascribed to the introduction of an additional position for
protonation[45] combined with improved linker flexibility. A
conformational search supported that both of these effects may
contribute to stability via a conformational freedom intermediate
between that of X-LNA-T and Y-LNA-T (Figure 2E), and by the
existence of salt-bridges between all three protonated amines and
the phosphate backbone in several low-energy (<10 kJ/mol)
conformations (Figure 2E and 3F). The conformational ensemble
in Figure 2E populates the W-H groove more extensively than the
other two modifications (Figure 2A and 2C), lending support to the
specific mode of triplex stabilization mentioned above. [48] When
two substitutions were used, an additive effect was noticed by
providing, relative to DNA-T, increases of +17.5 oC and +18.0 oC
for Y-LNA-T (TFO-7) and Z-LNA-T (TFO-9), respectively.

Table 2. Thermal denaturation temperatures of Triplexes[a]

5’-TT1TCTTT2CCCCCCT
5’-CCACTTTTTAAAAGAAAAGGGGGGACTGG
3’-GGTGAAAAATTTTCTTTTCCCCCCTGACC
#

1

2

TFO
Duplex

pH 6.0(oC) pH 7.0(oC)

TFO-1 DNA-T
DNA-T
25.5
TFO-2 DNA-T
2’-Amino-LNA-T 34.0 (+8.5)
TFO-3 2’-Amino-LNA-T 2’-Amino-LNA-T 39.5 (+14.0)

<8.0
<8.0
15.0

TFO-4 DNA-T

X-LNA-T

29.0 (+3.5)

<8.0

TFO-5 X-LNA-T

X-LNA-T

30.0 (+4.5)

<8.0

TFO-6 DNA-T

Y-LNA-T

35.0 (+9.5)

12.0

TFO-7 Y-LNA-T

Y-LNA-T

43.0 (+17.5)

25.0

TFO-8 DNA-T

Z-LNA-T

36.0 (+10.5)

15.5

TFO-9 Z-LNA-T

Z-LNA-T

43.5 (+18.0)

30.5

When the pH was increased from 6.0 to 7.0, deprotonation of N3
on cytosine would significantly contribute to reducing the triplex
stability.[49-51] This destabilization could be counterbalanced by
favourable electrostatic interactions when Y-LNA-T and Z-LNA-T
were introduced. For single modification at pH 7.0, no triplex Tm
was observed for TFO-1, TFO-2 and TFO-4. However, clear
triplex melting transitions were observed for TFO-6 (Y-LNA-T)
and TFO8 (Z-LNA-T). When two modifications were introduced,
compared to TFO-3 (2’-amino-LNA-T), significant increases of 10
o
C and 15 oC in triplex Tm was provided for TFO-7 (Y-LNA-T) and
TFO-9 (Z-LNA-T), respectively. It is notable that Z-LNA-T under
these conditions even showed higher triplex stabilizing ability than
polyamine-modified 2’-amino-LNA-T.[12]

[a] Tm values (°C) are an average of two independent Tm with deviation of no
more than 0.5 °C. Values in brackets are ΔTm = Tm (amino-LNA-T, X-LNA-T, YLNA-T, or Z-LNA-T) − Tm (DNA-T) at pH 6.0. The experiments were performed
in 10 mM sodium cacodylate, 150 mM NaCl, and 10 mM MgCl2 under pH 6.0
and pH 7.0. The concentration of TFO:target DNA was 1.5 μM:1.0 μM.

At pH 6.0, the control TFO-1 showed a Tm of 25.5 oC, in good
agreement with previous results.[12] Replacing the central DNA-T
with 2’-amino-LNA-T (TFO-2) resulted in a noticeable increase in
triplex Tm (8.5 oC), which is consistent with the results from our
previous study.[27] When X-LNA-T (TFO-4) was introduced, only
a modest increase in Tm (3.5 oC) was found relative to TFO1, and
this modification thus was surprisingly less stabilizing than TFO2. Molecular modelling was used to examine if this could be
caused by an unfavourable structural perturbation to
accommodate the bulky alkylamine modification. The simulation
results (Figure S24D, ESI) illustrate the proximity of the triplex
surface and the alkylamine. A conformational search on the model
confirmed the strained surface interaction resulting in conformers
localized to a small region around the Crick-Hoogsteen (C-H)
groove (Figure 2A). The lowest energy conformer (Figure 2B)
which is typical of the whole ensemble (Figure 2A), shows that
each amine forms a salt bridge with a backbone phosphate on
either side of the C-H groove. The stabilizing interactions are
apparently unable to balance the unfavourable strain and
desolvation effects from the tight association between the
aliphatic parts of X-LNA-T and the triplex surface, causing the
experimentally observed destabilization relative to 2’-amino-LNAT.
Figure 3. 20% PAGE denaturing gel showing the time-course of SVPDEmediated degradation of 5′- 32P-GTGABATGC with ON1 (DNA-T), ON3 (XLNA-T), ON4 (Y-LNA-T), and ON5 (Z-LNA-T) at pH 8.5 and at 21 °C (S6).
Samples were incubated for 5, 20, and 60 min. The negative control (0 min) was
taken before the enzyme was added. The gel was visualized by autoradiography.

With the Y-LNA-T (TFO-6) substitution, increases of 9.5 oC and
6.0 oC compared to DNA-T and X-LNA-T, respectively, were
observed. The enhanced triplex stabilization by Y-LNA-T relative
to X-LNA-T can be attributed to the introduction of a longer linker
to ameliorate the unfavourable steric effects. A conformational
search on the less strained molecular models (Figure S24E and
S24F, ESI) produced an ensemble of distinct conformers (Figure
2C) supporting the enhanced conformational freedom of Y-LNAT relative to X-LNA-T. Furthermore, these conformations mainly
place the polyamine moiety near the Watson-Hoogsteen groove
(W-H) with the lowest energy conformers bridging the groove by
forming salt bridges between amines and backbone phosphates

A 3’-exonuclease assay was conducted for ON1, ON3, ON4 and
ON5 (Table 1), to evaluate their resistance towards nucleolytic
degradation when ONs were incubated with snake venom
phosphodiesterase (Figure 3). The all-DNA sequence (ON1) was
rapidly digested with no trace of the full-length 9-mer sequence
being present after 5 min digestion and full decomposition being
observed after 20 min. Reduced in-gel mobility was observed
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when DNA-T was replaced with either X-LNA-T, Y-LNA-T, or ZLNA-T, which is mainly ascribed to the number of positive
charges being introduced into the ONs. Similar phenomena have
been reported earlier.[12] Relative to ON1, ON3-ON5 all showed
significantly improved resistance against full 3’-nucleolytic
degradation with only a trace of complete digestion even after 60
min incubation. As seen in Figure 3, degradation of ON3-ON5
from the 3’-end led to shorter fragments with lower electrophoretic
mobility than the intact ONs. This unusual behaviour reflects the
bulk of the aminated monomers and an increased mass/net
charge ratio originating from the protonation of the primary amines
attached to the 2’-amino-LNA monomers.

[5]

To interpret the composition of the digestion products from ON3ON5, a parallel 3’-exonuclease assay was performed (without 5’32
P-labeling). The subsequent MALDI-TOF-MS analysis showed
that the digestion product(s) (ON3*, ON4*, and ON5*) gave a
dominating MS signal, corresponding 6-mer ON (5’-GTGA1A [1 =
X, Y and Z], Figure S25).

[13]

[6]
[7]
[8]
[9]
[10]
[11]
[12]

[14]
[15]
[16]
[17]

Conclusion
[18]

Polyamine functionalities have efficiently been installed on ONs
via a 2’-amino-LNA scaffold using a post-ON synthetic strategy.
When binding to ssDNA/ssRNA and dsDNA targets, all modified
ONs and TFOs showed excellent duplex and triplex stability,
respectively. Molecular modelling gave a qualitative view of how
conformational and electrostatic effects may contribute to the
stabilization, of the bis and tri-protonated amine-linkers, capable
of forming salt bridges to the backbone of the oligonucleotide
while having sufficient conformational freedom. Furthermore,
these modified monomers induced resistance against 3’nucleolytic digestion. The facile method of introducing cationic
substituents onto a 2’-amino-LNA-T scaffold on the ON level
greatly reduces the amount of synthetic work needed to study a
range of functionalizations by removing the bottleneck of
phosphoramidite monomer synthesis for each individual
polyamine-carrying 2’-amino-LNA derivatives.
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Polyamine functionalities has been introduced into oligonucleotides (ONs) via a 2’-amino-LNA scaffold in a facile manner, providing
significantly improved binding affinity towards ssDNA, ssRNA and dsDNA targets. Molecular modelling lends support to the high stability
observed in this study.
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