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Triplex Crosslinking through Furan Oxidation Requires
Perturbation of the Structured Triple-Helix

Ellen Gyssels,” Lieselot L. G. Carrette,™® Emma Vercruysse, Kristof Stevens,” and

Annemieke Madder*®

Short oligonucleotides can selectively recognize duplexes by
binding in the major groove thereby forming triplexes. Based
on the success of our recently developed strategy for furan-
based crosslinking in DNA duplexes, we here investigated for
the first time the use of the furan-oxidation crosslink method-
ology for the covalent locking of triplex structures by an inter-
strand crosslink. It was shown that in a triplex context, al-

Introduction

Triplex-forming oligonucleotides (TFOs) can recognize a double
stranded DNA helix in a highly specific manner." Triplexes
are formed in vivo, and triplex target sites have been found
more abundantly in eukaryotic genes** Though the exact
roles of triplexes in vivo remain unclear, it is presumed that
they are necessary in a range of cellular functions, including
transcriptional regulation, DNA repair, post-transcriptional RNA
processing, and modification of chromatin.® Furthermore, tri-
plex formation is important for long noncoding RNAs that ful-
fills regulatory roles in gene expression and epigenetics.”

It has been demonstrated that TFOs can be applied to ac-
tively regulate gene expression by inhibition of transcrip-
tion.®"” TFOs can also be useful in diagnostics, for example to
detect single nucleotide polymorphisms (SNP detection)."” Fi-
nally, in the emerging field of DNA nanotechnology, first intro-
duced by Seeman in 1982, straightforward and fast self-as-
sembly of DNA is used to predictably construct a variety of
DNA-based motifs."™® Using triplex formation one can target
defined regions on the DNA nanostructure.!™

In order to irreversibly stabilize the triplex structure one can
exploit the formation of interstrand crosslinks (ICL). Covalent
locking enables new applications of triplexes and can be used
to discover the exact in vivo functions of triplexes. Previously,
TFOs linked to DNA-damaging agents have been used to intro-
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though crosslinking yields are surprisingly low (to nonexistent)
when targeting fully complementary duplexes, selective cross-
linking can be achieved towards mismatched duplex sites at
the interface of triplex to duplex structures. We show the
promising potential of furan-containing probes for the selec-
tive detection of single-stranded regions within nucleic acids
containing a variety of structural motifs.

duce an interstrand crosslink between the TFO and one of the
strands of the target duplex. One example is the introduction
of thiol functionalities to form a disulfide bridge." Secondly,
electrophilic moieties like N-bromoacetyl groups"®'” or nitro-
gen mustards"® are introduced to alkylate the target double-
stranded DNA. Another example is the introduction of trans-
platin to triplex-forming oligonucleotides.'*? All these moie-
ties are intrinsically reactive, thus often causing off-target reac-
tions due to poor selectivity. In contrast, some crosslink meth-
odologies can be triggered by external activation to improve
selectivity. UV-triggered psoralen-based crosslinking is exten-
sively exploited in the triplex context.?'* Upon crosslinking,
psoralen-modified TFOs can induce site-specific mutations or
recombination.”® The crosslinking methodology of Sakamoto
and co-workers, based on a 3-cyanovinylcarbazole nucleoside,
is also triggered by UV irradiation.”” Alternatively, oxidative ac-
tivation has been shown to trigger crosslinking with 2-amino-
6-vinylpurine-containing oligonucleotides, a methodology de-
veloped by Sasaki and co-workers,”*?* and has been used by
Greenberg and co-workers to allow activation of and crosslink-
ing with phenylselenyl-modified pyrimidines.®”

In the context of externally activated crosslink methodolo-
gies, we recently achieved selective interstrand crosslinking in
duplex DNA by introducing furan-modified nucleosides.®'
This site-selective and high-yielding crosslink methodology
was inspired by the natural toxicity of furan.®'*®¥ Furan is toxic,
and is classified as possibly carcinogenic by the IARC.B**? |t is
oxidized by cytochrome P450 to its metabolite cis-but-2-ene-
1,4-dial,”"” which is known to react with nucleobases."? Furan
introduction into oligonucleotides is relatively straightforward,
as various furan derivatives are commercially available, and the
small aromatic moiety is stable under both nucleoside and oli-
gonucleotide synthesis conditions. After hybridization of the
furan-modified oligonucleotide with its complement, furan can
selectively be oxidized to a reactive keto-enal functionality that
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Scheme 1. A) Furan oxidation crosslink methodology in a triplex context. B) Mechanism of nucleic acid crosslink formation. The exocyclic amine of cytidine or
adenosine attacks the aldehyde of the oxidized furan moiety to form a stable crosslink.

is susceptible to nucleophilic attack (Scheme 1B). The exocyclic
amines of A and C opposite the modified nucleoside react
with the electrophilic keto-enal to form a clean interstrand
crosslink within the duplex in high yield.®® The oxidation con-
ditions can be very mild (red light irradiation to generate sin-
glet oxygen), thus rendering this furan crosslink strategy
broadly applicable.®®

We now explored for the first time the usefulness and appli-
cation potential of the furan crosslink methodology in a triplex
context (Scheme 1A) by targeting double-stranded rather than
single-stranded DNA. A short oligonucleotide can bind in the
major groove of a purine-rich part of a duplex by Hoogsteen
hydrogen bonding. Two possible motifs exist: a parallel triplex,
and an anti-parallel triplex (Scheme 2). In the anti-parallel tri-
plex motif, the TFO, consisting of G, A, and T, is oriented anti-
parallel to the purine rich strand of the duplex. G-rich TFOs
can also form highly stable aggregates such as G-quadruplex-
es.[*** parallel triplexes on the other hand, are formed when
the TFO is oriented parallel to the purine-rich strand of the
duplex. In this case cytosine protonation (C*) within the TFO is
necessary to allow formation of two Hoogsteen hydrogen
bonds with guanosine, thus limiting this triplex formation to
slightly acidic conditions (pH 5). However, this can be solved
by using synthetically modified nucleotides in the TFO to
target natural duplexes.”>*? We thus decided to study our

ChemBioChem 0000, 00, 0-0 www.chembiochem.org

furan crosslink method in a parallel triplex context. Also, previ-
ous strategies for triplex crosslinking were mostly based on
parallel triplexes.['®-2"242528:301

Results and Discussion
Synthesis of furan-modified triplex-forming oligonucleotides

The furan-modified acyclic nucleoside analogue 2 was synthe-
sized, transformed into its phosphoramidite, and incorporated
centrally in an oligonucleotide by standard oligonucleotide
synthesis procedures (Scheme 3A), as previously described.®®
Additionally, to allow incorporation of the furan-modified
nucleoside at the 3’-end of the TFO, 2 was directly attached to
controlled pore glass (CPG; 5; Scheme 3, route B), which was
subsequently used in standard oligonucleotide synthesis.

Three different furan-modified TFOs were synthesized (Fig-
ure 1A). TFO1 had the furan moiety internally in the sequence
and can be combined with duplex ON1/ON2 to crosslink to an
AT base pair or with duplex ON3/ON4 to crosslink to a GC
base pair. In TFO2 and TFO3 the furan moiety was incorporat-
ed at the 3’-ends to crosslink to AT and GC base pairs, respec-
tively, in the complementary duplex ON1/0ON2.

The formed triplexes were detected by the observation of
biphasic melting during melting temperature measurements.
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Scheme 2. Triplex formation. A) Anti-parallel triplex formation with base triplets (A-A:T; G-G:C and T-A:T). B) Parallel triplex formation with base triplets
(C*-G:C and T-A:T)
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Figure 1. A) Furan-modified TFOs and their target duplexes. The furan moiety is introduced by incorporation of acyclic building block 1 either internally
(TFO1) or at the 3"-end of the sequence (TFO2 and TFO3). Two complementary target duplexes are used: ON1/ON2 has an AT base pair opposite the internal
furan of TFO1; an AT base pair opposite the external furan in TFO2; or a GC base pair opposite the external furan of TFO3. Duplex ON3/ON4 has a GC base
pair opposite the internal furan of TFO1. B) Non-denaturing PAGE analysis of single strands and duplex and triplex structures. Electrophoresis was performed
on a 16% acrylamide gel in TAE buffer (pH 5). C) Denaturing PAGE analysis of triplex crosslinking with furan incorporated internally (lane 1-4) or at the 3’-end
(lane 5-8). Odd lanes are the references before oxidation; even lanes represent reaction mixtures after oxidation with 4 equiv of NBS. Electrophoresis was per-
formed in TBE buffer on a 16% acrylamide gel containing 8 m urea. Within each lane, the relative density of the crosslink product is determined in comparison
to the total density of the single strands and the crosslink product.
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Scheme 3. DMT-protected furan-modified acyclic nucleoside 2 and its transformation
into phosphoramidite 3 for internal incorporation (A), or onto solid supported 5 for 3'-
incorporation (B). A) 2-Cyanoethyl N,N,N',N'-tetraisopropylphosphordiamidite, N,N-di-
isopropyl ammonium tetrazolide, CH,Cl,, 48 h, 0°C, 79%; B) i: succinic anhydride, Et;N,
CH,Cl,, RT, 4 h, 71%; ii: long-chain alkylamine controlled-pore glass, 1-hydroxy benzo-

triazole, N,N-diisopropylcarbodiimide, ACN, pyridine, RT, overnight.

The melting temperature of the natural 23-mer duplex ON1/
ON2 was 72.1°C. When TFO2 was added, the triplex melted at
58.9°C, whereas the duplex melting temperature remained
almost unchanged (Section 5 in the Supporting Information).
Triplex formation with the modified TFOs was further con-
firmed by native polyacrylamide gel electrophoresis (PAGE), by
the observation of a shifted band for triplex species (Fig-
ure 1B).

Crosslink formation in triplex DNA

We then investigated the crosslinking propensity of the furan-
modified TFOs towards dsDNA. After hybridization to the
target duplex, selective oxidation of the furan moiety was
achieved through the addition of n-bromo succinimide (NBS;
Section 2 in the Supporting Information). Four equivalents of
NBS were added, at a rate of one equivalent every 15 min.
First, crosslink reactions were performed for TFO1 (internal
furan). The absence of a formed product in both HPLC analysis
(Section 6.1 in the Supporting Information) and denaturing
PAGE (Figure 1C, lanes 1-4) showed that crosslinking had not
occurred. In view of the high yield typically obtained with the
furan oxidation methodology in a duplex context, the lack of
reactivity of the TFO for crosslinking to the target duplex
seemed rather surprising. As triplex formation had been dem-
onstrated (vide supra), lack of proximity between the oxidized
furan and the target DNA was thus unlikely to have been the
problem.

Interestingly, with TFO2 (furan at the 3'-end), crosslinking
did occur. This was evident in PAGE analysis by the formation
of a new product eluting at a higher position (ICL; Figure 1C)
than the single-stranded sequences (SS; Figure 1C lanes 5-8).
Still, a substantially lower amount of crosslinked species was
observed compared to what was generally obtained in the
duplex context. The formed product was analyzed and con-
firmed to be the crosslinked species by mass analysis (Sec-
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tion 7 in the Supporting Information). The crosslink
was formed between the TFO and the polypyrimidine
strand of the duplex (ON2), as determined by HPLC
analysis (Section 6.1 in the Supporting Information)
and further confirmed by mass analysis. (Calculated
mass crosslink product ON2-TFO2: 10992.83; ESI-MS:
10992.46. Calculated mass crosslink product ON2-
TFO3: 11296.88; ESI-MS: 11294.96; Section 7 in the
Supporting Information). In addition, a negligible
amount of brominated product, a known side prod-
uct, was formed (Section 2 in the Supporting Infor-
mation).5?

The modified base in TFO2 was targeted against
an AT base pair in the ON1/ON2 duplex. As the
target thymine in ON2 does not contain the necessa-
ry exocylic amine nucleophile to perform the nucleo-
philic attack, we assume the crosslink was formed
with the neighboring cytosine. In TFO3, the furan-
modified base targets a GC base pair and can thus
nicely crosslink to the complementary C base in ON2.

In an effort to explain these unexpected results,
previous reports on triplex crosslink strategies were analyzed
in more detail. Though some other methodologies allow cross-
linking at an internal position of the triplex (e.g., transplatin®”
or 2-amino-6-vinylpurine® mediated crosslinking), most of the
reported triplex crosslinking took place at the 5- or 3-end of
the TFO."*™"® Interestingly, for psoralen-mediated crosslinking,
specific intercalation at the duplex to triplex junction was ex-
ploited.?*47

In furan-modified triplexes formed with TFO2 and TFO3, the
furan moiety is at the triplex-duplex junction. One can thus
reason that crosslinking is more successful there, as at the
duplex to triplex transition point local distortion of the struc-
ture enables the involvement of the target nucleobase in
Watson-Crick base-pair formation to be weakened thus allow-
ing this nucleobase to attack the formed reactive enal. There-
fore it seems that in order to obtain high crosslink yields, base
pairing in the target duplex needs to be locally destabilized.
Indeed, in previous duplex crosslinking studies, single-stranded
rather than fully base-paired double-stranded DNA was target-
ed. In that case, the furan moiety within the modified strand
targeted a base on the complementary strand, which is not in-
volved in Watson-Crick base pairing. In addition, in all previous
studies a positive correlation between crosslink yield and
degree of duplex destabilization (caused by the furan-modified
nucleoside incorporation) was found; this further underscores
the importance of nucleobase availability.

To further illustrate this important difference between
duplex and triplex crosslinking, TFO3 was combined with its
complement ON5 for verification of its intrinsic duplex cross-
linking capability in the current context.

Though duplex crosslinking with furan containing building
block 1 has previously been demonstrated,?” it was not inves-
tigated with this type of polypyrimidine sequences. However,
as expected, TFO1 and TFO3, when targeted to a freely avail-
able base in the complementary strand, also allowed clean
and efficient crosslinking, as observed by PAGE and HPLC.
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Figure 2. PAGE analysis of duplex crosslinking. Odd lanes are the references
before oxidation; even lanes contain the reaction mixture after oxidation
with 4 equiv of NBS. The furan at the 3’-end of the oligo targets an opposite
C (lanes 1 and 2; TFO3/ON5); the internal furan targets an opposite C (lanes
3 and 4; TFO1/ONB6). Electrophoresis was performed in TBE buffer on a 16%
acrylamide gel containing 8 M urea. Within each lane, the relative density of
the crosslink product is determined in comparison to the total density of
the single strands and the crosslink product.

(Figure 2) The relative density’ of the crosslink product based
on PAGE was 57% for ON5/TFO3 and 71 % for ON6/TFO1. The
fact that duplex crosslink yields are lower when the furan
moiety is incorporated at the 3’-end (TFO3/ON5) can be ex-
plained by the decreased proximity between the oxidized
furan and the target base as a result of end-fraying of the
duplex. These results confirmed the intrinsic crosslink capabili-
ty of 1.

Further proof of the hypothesis that nucleobase availability
is of importance for efficient crosslinking was obtained in par-
allel studies where furan-modified DNA binding peptides were
targeted against a double-stranded DNA helix (unpublished
results, see also Section 8 in the Supporting Information).
Though the employed dipodal peptides (derived from the
DNA-binding sequence of the GCN4 transcription factor) were
shown to bind the target DNA duplex, crosslinking of the oxi-
dized furan moiety within the peptide to one of the nucleo-
bases of the target duplex could not be achieved. In contrast,
crosslinking from a furan-modified DNA strand within the
duplex to the lysine side chain functionality of bound peptides
was successful.*®

Improved triplex crosslinking by disturbing the duplex

Building on these new insights, an increase in the yield of tri-
plex crosslinking was attempted by disturbing the target DNA
helix while keeping the triplex formation. For this, in a first
test, the reactions were performed at higher temperatures. It is
clear from denaturing gel electrophoresis experiments that
crosslink yield first increased with temperature (from a relative
density of 9% to a maximum of 14% at 45°C) and then de-
creased (Figure 3B). This trend can be explained by thermal

The relative density of the spots on the gels cannot be used for calculating
yields, as the gels were stained with GelRed, which has a different sensitivity
for single-stranded versus double-stranded versus triplex species. We here
only refer to these values in a comparative way, each time comparing relative
densities between complexes of equal nature and sensitivity for GelRed.
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disturbance of the triplex; this first occurs locally at the site of
the modified nucleoside, thus allowing better crosslinking be-
cause of the increased nucleobase availability, until the triplex
structure melts (at 60.5°C).

Next, crosslinking was tested against mismatched duplexes
in which a non-Watson-Crick base pair was present opposite
furan. TFO1 (furan in the middle of the sequence) was com-
bined with AC- (ON1/ON4), CC- (ON7/ON4), and TC- (ON8/
ON4) mismatches (Figure 3C, lanes 3-8). No crosslink product
was formed in any of these triplexes. The mismatch effect on
its own does not sufficiently perturb the duplex to allow cross-
linking when using TFO1 (internally modified). TFO3 (furan at
the 3’-end) was hybridized both with a CC-mismatch (ON9/
ON2) and a TC-mismatch (ON10/ON2). PAGE analysis indeed
showed that significant improvements in crosslinking were ob-
tained by selective furan oxidation of these TFO mismatched
duplex complexes at room temperature (Figure 3C lanes 9-
12). The relative density of the crosslink product was shown to
increase to 33% in the case of the CC-mismatch opposite
furan. The combination of the mismatch effect and the pertur-
bation at the triplex to duplex junction ensured the required
nucleophile availability, thus resulting in a higher yield of cross-
link product.

Selective crosslinking to single-stranded regions

Because of the clearly observed preference of crosslinking to
single strands and the unavailability of the required nucleo-
philes in double-stranded regions, the methodology should
thus allow selective detection of single-stranded regions in a
mixed single- and double-stranded nucleic acid structure. This
type of selective crosslinking to single-stranded regions may
be used to reveal the secondary structure in higher-order RNA
sequences or to identify single-stranded regions in DNA.
Identification of single-stranded regions is of interest because
these regions are important in transcription™ and in RNA in-
teractions.”? Furthermore, clustered mutations are generated
in long single-stranded DNA regions in human cancers."™”
Single-stranded regions are often detected by specific DNA-
binding proteins; for example, S1 nuclease specifically cleaves
DNA in its single-stranded form.®" Potassium permanganate is
also used to detect single-stranded regions, by oxidation of
the pyrimidines, thus causing cleavage of the backbone.®*>?
However, the furan crosslink strategy offers a detection
method without cleavage of the structure.

This potential was illustrated in a competition experiment in
which the TFO had both a dsDNA and ssDNA target (Figure 4).
Duplex ON11/ON4 has a double-stranded and a single-strand-
ed region, both of which are complementary to TFO1. Upon
oxidative treatment of the complex ON11/ON4/TFO1, only the
ON11-TFO1 crosslink product appeared in denaturing PAGE
analysis (lane 3); this is the product of crosslinking to the
single-stranded region. Crosslink product ON4-TFO1, which
would be formed upon triplex crosslinking as ON4 is the poly-
pyrimidine strand, did not appear in the PAGE analysis. More-
over, changing the sequence of the single-stranded region by
mismatching the four surrounding base pairs aside the cross-
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Figure 3. A) Sequences of the matched and mismatched triplexes. B) PAGE analysis of triplex crosslinking (ON1/ON2/TFO3) at different temperatures. C) PAGE
analysis of triplex crosslinking with the furan-modified TFO3, when targeting a matched duplex (ON1/0ON2) and mismatched duplexes (ON9/ON2 or ON10/
ON2), and internally modified TFO1 targeting mismatched duplexes (ON1/ON4, ON7/ON4, or ON8/ON4). Odd lanes contain the references before oxidation;
even lanes contain the reaction mixture after oxidation with 4 equiv of NBS. Electrophoresis was performed in TBE buffer on a 16 % acrylamide gel containing
8™ urea. Within each lane, the relative density of the crosslink product is determined in comparison to the total density of the single strands and the cross-
link product. As can be seen in lanes 9 and 11 of C), there is an impurity already at 0 equiv of NBS. The relative density for crosslink products in lanes 10 and

12 are therefore reduced with this impurity.

----- = TFO1

Triple stranded double stranded

ON11:5 - GCG CGA GAA GGG GAG AAA GCC GGT TGA AAG AGC GGA AGA G-3

ON4: 3-CGC GCT CTT CCC CTC TTT CGG CC-5%5
TFO1:5 - CT CTT CC1 CTC TTT C-3 TFO1:3-CT TTC TC1 CCT TCT C-5

ON12:5 - GCG CGA GAA GGG GAG AAA GCC GGT TGA AAG GAC AAA AGAG-J3

DNA ON11 [ON11/ON4/TFO1 | ON12/ON4/TFO1

NBS Oeq 4eq Oeq 4eq

/

ICLON11-TFO1
SS 40-mer (ON11 or ON12)

Figure 4. PAGE analysis of crosslinking with the furan-modified TFO1 target-
ing a double-stranded region (ON11/0ON4) and a single-stranded region
(ON11). ON12 was used as a control, by forming a complementary double-
stranded region to TFO1, but in the single-stranded region four mismatches
are introduced, thus making this single-stranded region not complementary
to TFO1. Lane 1: single stranded 40-mer ON11; lanes 2 and 4: crosslink reac-
tion before addition of NBS; lanes 3 and 5: reaction mixture after oxidation
with 4 equiv of NBS. Electrophoresis was performed in TBE buffer on a 16%
acrylamide gel containing 8 m urea.

link site (ON12) caused loss of binding by TFO1 to that single-
stranded target. As seen in PAGE analysis (lane 5), no crosslink
product was formed upon oxidative treatment of ON12/ON4/
TFO1.

Furan oxidation crosslinking with an internally modified
furan oligonucleotide thus offers a very specific methodology
that requires the fulfillment of two conditions for the forma-
tion of crosslinked species: the target should be complementa-
ry and single stranded. Though this hampers the application of
the methodology for triplex crosslinking, it is clear from the
current studies that this stringency can be exploited for the
study of nucleic acid structures.
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Conclusion

In this work we illustrate that, rather unexpectedly, the furan
oxidation crosslinking methodology is not applicable for triplex
crosslinking when using fully matched duplexes as the target.
By experiments with the triplex to duplex junction, evidence is
provided that at higher temperatures and for a mismatched
target duplex, nucleophile availability is prerequisite for cross-
linking in high yield. The necessary nucleophile should not be
involved in Watson-Crick base pairing. By taking advantage of
the inherent stringency of this methodology, we were able to
selectively crosslink to a single-stranded target site within a
target containing a combination of single- and double-strand-
ed target regions. This methodology could therefore offer
promising perspectives in selective mismatch detection or the
identification of single-stranded regions within nucleic acid
sequences.

Experimental Section

Materials and methods for chemical synthesis: All solvents and
chemical reagents were purchased from Sigma-Aldrich and were
at the highest purity available. '"H NMR and "*C NMR spectra were
recorded at room temperature on an Avance 300 or a DRX 500
spectrometer (Bruker). Chemical shifts are reported in parts per
million relative to the residual solvent peak. RP-HPLC-MS data were
recorded at 35°C on an 1100 series LC/MS system (Agilent Technol-
ogies) equipped with a Luna C18 column (250x4.6 mm, 5 pum;
Phenomenex). The solvent system was NH,OAc (5 mm) in water (A)
and MeCN (B). The gradient was 0-100% B over 15 min.

Synthesis of furan-modified building blocks-: The furan-modified
and protected nucleoside analogue (2) and the phosphoramidite
(3) were synthesized as previously described.®

(S)-4-(1-(Bis(4-methoxyphenyl)(phenyl)methoxy)-3-(4-(furan-2-

yl)benzyloxy)propane-2-yloxy-4-oxobutanic acid (4): Compound
2 (1 equiv, 0.1 mmol, 54 mg) was dissolved in CH,Cl, (1 mL); succi-
nimate anhydride (1.5 equiv; 0.15 mmol; 15 mg) and triethylamine
(3 equiv; 0.29 mmol; 0.04 mL) were added, and the reaction mix-
ture was stirred for 4 h. The reaction mixture was washed with
citric acid (4%, 2 mL). Compound 4 was obtained in sufficient
purity for coupling on controlled-pore glass (CPG). IR (cm™'): #=
3462.5 (w), 2930.6 (m), 2358.9 (m), 2385.9 (m), 1607.0 (m), 1578.9
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(m), 1508.0 (s), 1460.1 (m), 1444.6 (m), 1300.6 (m), 1250.9 (s), 1175.8
(s), 1152.7 (m), 1077.3 (s), 1033.5 (s), 1010.7 (m), 828.1 (s), 801.4 (m),
7359 (m), 702.2 (m); LC-MS: m/z: 651.25 [44-H]" (tz=4.3 min),
551.24 [24+H]" (t=10.5 min).

Immobilization of 4 on CPG (5): CPG (517 mg), MeCN (2.24 mL),
pyridine (0.11 mL), 1-hydroxybenzotriazole (0.27 equiv; 0.02 mmol;
2.3 mg), and N,N-diisopropylcarbodiimide (2.7 equiv; 0.17 mmol;
26 pL) were stirred for 30 min. Compound 4 was dissolved in a
minimum of MeCN and added to the reaction mixture, which was
stirred overnight. The reaction mixture was filtered, and the solid
phase was washed with MeOH and CH,Cl,. The remaining free
amines were acetylated with cap A (THF/2.6-lutidine/acetic acid
8:1:1, 5mL) and cap B (1-methylimidazole (10%) in THF, 5 mL),
then the reaction mixture was stirred for 1 h and washed with
MeOH and CH,Cl, and dried.

Oligonucleotides: Non-modified DNA sequences were purchased
from Eurogentec (Seraing, Belgium).

Reagents for DNA synthesis were obtained from Glen Research
(Sterling, VA). All RP-HPLC experiments were recorded on a 1200
system (Agilent Technologies) equipped with a Clarity 110 A C18
column (250x4.6 mm, 5 um; Phenomenex) or an Aeris Widepore
column (150x4.6 mm, 3.6 um; Phenomenex) at 60°C in TEAA
(0.1 M, with MeCN (5%)) and MeCN as mobile phases (linear gradi-
ent: 0-30% MeCN over 15 or 30 min). MALDI-TOF spectra of oligo-
nucleotides were recorded on a Voyager DE-STR MALDI-TOF (Ap-
plied Biosytems) in positive mode. The matrix was a mixture of 3-
hydroxypicolinic acid (17 mg in 100 pL ultrapure water) and ammo-
nium citrate (10 mg in 40 pL ultrapure water and 50 uL. MeCN). The
samples were desalted by addition of DOWEX beads, which were
thoroughly rinsed with water before use. A desalted sample
(0.35 uL) was spotted on the MALDI plate. ESI-MS spectra of oligo-
nucleotides were recorded on a quadrupole ion trap LC mass
spectrometer (Thermo Scientific) with electrospray ionization. Data
were acquired in the negative ionization mode. The mass spectra
were deconvoluted with LC/MSD ChemStation software (version
A.08014; Agilent Technologies).

Synthesis of modified DNA: All oligonucleotides were synthesized
with the last nucleoside still DMT-protected (DMT-on) in an ABI 394
DNA synthesizer at 1 pmol scale. A standard synthesis protocol
was used except for coupling of the modified residues. The synthe-
sis column was removed from the DNA synthesizer for the intro-
duction of the modified residues. For these manual couplings, the
phosphoramidite (60mm) in acetonitrile and DCl (100mwm) in ace-
tonitrile were dried on molecular sieves for about 10 min. Small
portions of the phosphoramidite solution (0.4 mL) and the DCI
solution (0.5 mL) were then alternately passed over the reaction
column for 20 min. The column was reinstalled on the DNA synthe-
sizer, and automated synthesis was resumed. Oligonucleotides
were cleaved from the solid support and deprotected by incuba-
tion at 55°C overnight in concentrated aqueous ammonia. The
synthesized DMT-oligonucleotides were deprotected and purified
on SEP-PAK C18 cartridges (Waters).

UV measurements: Oligonucleotides concentrations were mea-
sured with a DropSense96 UV/VIS droplet reader (Trinean, Gent-
brugge, Belgium). Thermal denaturation experiments were record-
ed on a Varian Cary 300 Bio instrument (Agilent Technologies)
equipped with a six-cell thermostatted cell holder. Melting curves
were monitored at 260 nm, with a heating rate of 0.3°Cmin~". The
NaOAc/HOAc buffer (10 mm, pH 5) contained NaCl (100 mm) and
MgCl, (2 mm). Duplex concentration was 1 um and TFO concentra-
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tion was 1.5 pm. Melting temperatures were calculated from the
first derivative of the heating curves (Cary 300 Bio software).

Crosslink reactions: The modified TFO (0.03 mm, 1.5 nmol) was
mixed with its complementary duplex (0.02 mm, 1 nmol) in NaOAc/
HOAc buffer (10 mm, pH 5, 50 uL) containing NaCl (100 mm) and
MgCl, (2 mm). The triplexes were slowly annealed by reducing the
temperature from 95°C to room temperature. During the subse-
quent crosslink reaction the temperature was kept constant in an
Eppendorf thermomixer comfort at 25°C (unless otherwise men-
tioned, see temperature study Figure 3B). A stock solution of NBS
(1.5 nmol, 2 ul) was freshly prepared, and to start the reaction,
NBS (1 equiv, 1.5 nmol) of was added. This was repeated every
15 min until complete disappearance of the modified oligonucleo-
tide. The reactions were monitored by HPLC. For duplex crosslink-
ing and the competition experiment (crosslinking with sequence
containing single- and double-stranded regions, see Figure 4) the
same procedure was used, but at pH 7 and without MgCl,. TFO
(1 nmol) was used for duplex crosslinking, and TFO (2 nmol) was
used in the competition experiment.

For mass analysis of the crosslink product, the crosslinking reaction
was performed on a larger scale: duplex (20 nmol) and TFO
(30 nmol). The concentrations were the same as in small-scale
experiments. The crosslinked product was purified by fraction col-
lection on RP-HPLC and analyzed with ESI-MS.

Gel electrophoresis experiments: A 16% polyacrylamide gel (ac-
rylamide/bisacrylamide 37.5:1) with Tris/acetate/EDTA (TAE; 1x)
buffer (pH 5) was used for native PAGE. For denaturing PAGE, urea
(8 M) was added to a 16% polyacrylamide gel (acrylamide/bisacryl-
amide 37.5:1) with Tris/Borat/EDTA (TBE; 1x) buffer. The tempera-
ture of the gel was maintained at 25°with an F12-C circulator
(Julabo, Seelbach, German). The power supply was a Consort
EV202. Gels were stained with GelRed (VWR), and pictures were
taken with an Autochemi imaging system (UVP, Upland, CA). The
total density of the spots was calculated with UVP software. Rela-
tive density was calculated as the total density of the crosslink
product divided by the sum of the total densities of all the prod-
ucts in that lane.
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