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ABSTRACT: Triple helix-forming oligonucleotides (TFOs) have been demonstrated to be capable of
interfering with gene expression and modifying genomic DNA in a sequence-specific manner. Partial
incorporation of 20,4'-C-methylene linked locked nucleic acid (LNA) residues in TFOs has been shown

to enhance significantly triple helix formation, whereas the full-length LNA TFO failed to form a stable
triplex. This work is aimed at understanding the triple helix-forming properties of LNA-containing TFOs
and at optimally designing their sequences. Both DNA thermal melting, gel retardation, and restriction
enzyme experiments as well as modeling studies by molecular mechanics were carried out to investigate
the base composition/sequence and pH-dependence effects of LNA-containing TFOs, as well as their
structural features underlying triple helix formation. Alternating LNA substitution evety Bucleotides

in TFOs is mandatory, whereas the use of thymine LNA residues should be favored under neutral pH
conditions. A rule for designing optimal LNA-containing TFOs is proposed. In addition, alternative LNA
and 2-O-methyl residues in TFOs do not significantly improve triple helix formation.

The design of molecules that can recognize specific TFO-mediated inhibition of transcription has been reported
sequences on the DNA double helix would provide interest- in vitro and in cell cultures either through competition with
ing tools to manipulate DNA information processing at an the binding of transcription factors at promoter sites during
early stage of gene expression and even to modify double-the initiation stage or by arresting physically the transcription
stranded DNA in a sequence-specific manner. The ability machinery during the elongation stag-6). The demon-
to interfere specifically with DNA metabolism has wide stration of the postulated triplex-mediated mechanism was
range of applications in functional biology and in gene-based provided by the use of mutant oligopyrimidsndigopurine
biotechnology and therapeutics. It is an important challenge target sequences. The accessibility of TFOs to the transcrip-
in biological and biomedical sciences. The so-called antigenetionally active target genes under the chromatin environment
strategy was first contemplated by two seminal works 15 Was demonstrated by the use of psoral@RO or nitrogen
years ago with the description of triple helix-forming Mustard-TFO conjugatesq, 7). The observation of triplex-
oligonucleotides (TFOs) that can bind to the major groove mediated downregulation of expression of integrated genes

of oligopyrimidineoligopurine sequences in duplex DNA into cellular chromosom_os or endogenous genes on .nofcive
by hydrogen bonding with purine bases ). chromosomes were additional proofs of TEOS’ access_lblllty
to their target sequence; 0). Even though triplex formation
is presently restricted to oligopyrimidismligopurine se-
. "The hDAaniSh Natio_raaldr?’_esea_rclh Foundation and The Danish quences, the fact that these sites can be located downstream
esearch Agency provided financial support. L of the transcription start site, including exons and introns,
b3
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Crick hydrogen bonding; x, Hoogsteen hydrogen bonding. down- or upregulated gene expression of selectively targeted

10.1021/bi036064e CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/20/2004



Sequence Effects of LNA Triplex-Forming Oligonucleotides Biochemistry, Vol. 43, No. 14, 20041161

§

5 Base Ta_ble 1: Melting TemperatureT() of Triple Helices Studied in
This Worlé
O\O Target double helix sequence:
O—p=0 3/ -GGTGAAAAATTTTCTTTTCCCCCCTGACC-5'
s 5/ -CCACTTTTTAAAAGAAAAGGGGGGACTGG-3’
LNA TFO Sequence Tm (£1°C)
Ficure 1: Chemical structure of 20,4'-C-methylene linked LNA pH6.2 pH7.2

residues.

16TC 5’-TTTTCTTTTCCCCCCT-3" 18 ~4

genes could be useful to dissect biological mechanisms and LNAI 5’-ttttCTTTTCCCCCCT-37 22 nd.
to alter phenotypes of cells and organisms.

During the past decade, many efforts have been devoted LNA2 5’-TtTtCtTtTCCCCCCT-3' 35 26

to modify TFOs to improve mostly binding properties to their

cognate target sequences in a cellular environment. A number LNA3 57 -£TTeCETETCCCCCCT-3" 37 26
of chemu;ally modified oligonucleotides have been _shown INA4 5/ -TTTTcTTTTCCCCCOT-3¢ 32 8
to be active in cell cultures (see rél for a recent review

and the references therein) through antisense and/or antigene  LNA5 5’/ -TTTtCTtTTcCCcCCT-3/ 39 18
strategies. One of the promising modified oligonucleotides

is locked nucleic acid (LNA) that can be considered as an LNA6 5'-tTTtCTtTTcCCcCCT-3' 43 23
analogue of an RNA derivative in which the ribose ring is INAT 5‘-tTtTeTLTtCeCoCeT-3/ 48 nd.

constrained by a methylene linkage between thexggen
and the 4carbon (Figure 1). This bridge results in a locked LNA8 5’ -tTtTcTtTtCcCeCeT-3/ 51 nd.
C3-endo sugar puckering and thus reduces the conforma- =~~~ 7 7

tional . ﬂet?(lblht}/ tf?f t?]e I’IEOZ? ?ndbmckrsases.rthhe IOCfaI a2 The sequence of 29-bp double helices is shown on the top where
organizaton of the phosphodiester backbone. IS CONIOr- o 16-bp target oligopyrimidireligopurine sequence is shown in bold.

mational restriction enhances binding affinity for comple-  The melting experiments were carried out in 10 mM sodium cacodylate
mentary sequences with high sequence selectivity. It confersbuffer at the indicated pH in the presence of 100 mM NaCl and 10
nuclease resistance but leads to an inability to activate RNase"M MgCl; (see Materials and Methods for experimental details). The
H for fully modified LNA (12—16). LNA—DNA chimera concentration of duplex anq TFOs were 1 and AN, respectively.

. . - . The symbols used for modified nucleotides are as follows: lower case
were used as antisense OI'gonUCIeOt'dels to t_arget a G'pro'[e'nfetters tand c are LNA thymine and LNA 5-methycytosine, respectively;
coupled receptor and produced a physiologic response whernderlined upper case letters T and C ar®©anethyl,thymine and
injected directly into rats1(7). Injection of LNA were well cytosine, respectively; italic upper case letter C is 5-methycytosine.

tolerated, suggesting that their in vivo toxicity is mild.

It has recently been shown that the (T,C)-motif TFOS standard procedures were used with modifications as de-
partially substituted by LNA pyrimidines significantly en-  s¢ribed previously for the LNA phosphoramidites-(8 min
hance triple helix formation, whereas the same TFO sequence:oupling time using “hand-couplings” andHitetrazole or
composed entirely of LNA residues failed to form a triplex pyridine hydrochloride as activatorp®). Coupling yields
(18 19). It seems thus that thgre is a balance t_)etween the>989, were obtained for LNA phosphoramidites and com-
preorganized strand conformation of the TFO owing to LNA mercially available DNA amidites. Satisfactory purities
residues and the necessary flexibility of the third strand to (>g809s) of the synthesized LNAs were verified by capillary
ensure optimal triple helix formation. The present work ge| electrophoresis and the compositions by MALDI-MS
addresses this issue for a better understanding of triple helix-gnalysis. The matrix used for MALDI-TOF experiment is
forming properties of LNA-containing TFOs and a better 3_hydroxypicolinic acid (50 mg/mL) mixed with ammonium
sequence design of these TFOs. To achieve these goals, bothjtrate (10 mg/mL) dissolved in water/acetonitrile (1:1). The
DNA melting experiments, biochemical assays, and molec- concentration of all oligonucleotides was determined from
ular modeling studies have been carried out to study the basgypsorbance at 260 nm according to the nearest-neighbor
composition/sequence and pH-dependence effects of LNA-model @2). A 29-bp double helix containing the 16-bp

containing TFOs, as well as their structural features underly- ojigopyrimidineoligopurine target sequence for triple helix
ing triple helix formation. A rule for designing optimal LNA-  formation was used (Table 1).

containing TFOs will be proposed. In this manuscript, the
symbolse and x designate WatserCrick and Hoogsteen
hydrogen bonding, respectively.

DNA Thermal Denaturation by UV Spectrophotometry.
Thermal stability of triple helices was measured by a dual
beam UV spectrophotometer. All the DNA thermal dena-

MATERIALS AND METHODS turation and renaturation experiment§ were p_erformed ona
UVIKON XL spectrophotometer equipped with a sample
Oligonucleotide and LNA SynthesiBeoxyoligonucleo- holder whose temperature was controlled by a Peltier device,

tides were synthesized by Eurogentec (Seraing, Belgium),and interfaced to a computer for experiment control, data
and used without further purification. LNA phosphoramidites acquisition, and analysis. Typically, the melting experiment
were prepared as previously describd®)( Synthesis of started at 60C and decreased to @, and then increased
LNAs was performed in a 0.2mol scale on an automated back to 80°C at a rate of 0.¥min. Quartz cuvettes of 1-cm
DNA synthesizer using the phosphoramidite appro&€. ( optical path length were used. The absorbance at 266 or 300



4162 Biochemistry, Vol. 43, No. 14, 2004 Sun et al.

was recorded every 10 min. The sample temperature was The LNA residues were constructed by addition of a
measured by a Teflon-coated temperature probe immersednethoxy group at the'Zleoxyribose position. The Hatom
directly in a control cuvette. All the oligonucleotide samples and one of the hydrogen of the methylene were declared as
were prepared in 10 mM sodium cacodylate buffer at pH dummy atoms. The closure of the methylene with th€ 4

6.2 or 7.2 containing 100 mM sodium chloride and 10 mM was performed byJUMNA program through a virtual bond
magnesium chloride. A common pool of solution containing with nominal C-C bond length, as well as angular and

1 uM target double helix was first prepared and then torsional angles by applying appropriate constraints during
distributed into the cuvettes before mixing with 18 TFO. energy minimization.

This protocol provides better sample preparation and makes Canonical coordinates of double helices (B80 and A80)
differential melting experiments possible, if necessary. Dif- were used for building double helices. The coordinates of
ferential melting experiments were carried out either by triple helices were derived from the previously published
subtracting the duplex melting curve from the triplex one, B-like triple helix 25, 26), which is consistent with NMR

or by placing the sample containing the duplex solution in and vibrational spectroscopic studies. The helix length was
the reference beam and that of triplex in the sample beam,10 base pairs or base triplets. Appropriate constraints were
to better determine the thermal duptexiplex transition. The applied to simulate sequence symmetry (cf. results for
melting temperaturesTf,) were evaluated as the midpoint details).

of the triple helix<> double helix+ TFO transition of the

melting curves. On the basis of multiple experiments, the RESULTS
uncertainty inT,, was estimated at1°C. Both experimental and computational approaches were

Gel Retardation AssayA 29-bp double-stranded DNA ~ Performed to study the base composition/sequence and pH-
fragment containing a 16-bp oligopyrimidieigopurine dependence effects of the (T,C)-motif triple helix-forming
target sequence (Table 1) was radiolabeled at 6ead (20 oligonucletides (TFOs) which contain LNA residues, as well
nM) and was incubated in the presence ¢fM TFO in 10 as their structural features underlying triple helix formation.
uIL of a solution containing 50 mM MES, pH 6.0, 100 mM Melting ExperimentsMelting experiments were carried
NaCl, 10 mM MgC}, and 10% sucrose. After overnight OUt by using UV spectrophotometer to assess the thermal
incubation at a controlled temperature, samples were loadedStability of triple helices. Eight LNA-containing TFOs were
on a 15% nondenaturing polyacrylamide (19:1) gel. Elec- investigated to study the effects of base composition,
trophoresis was performed in 50 mM MES, pH 6.0, and 10 Séquence, and pH. Figure 2A shows the melting curves of
mM MgCl, at 25 or 37°C. After drying, the gel was exposed the_Samples containing the target duplex and the TFOs
to a phosphorimager storage screen and quantification was167C. LNA3) as well as the duplex alone at pH 6.2

performed on a Phosphorimager densitometer (Molecular (écorded at 265 nm). The melting profiles of all samples
Dynamics). were almost reversible when the heating and cooling rate

was set at 0.1°C/min, indicative of the equilibrium of
- ) e ) reaction under the used experimental condition. The thermal
containing the 16-bp oligopyrimidireligopurine target transition at the high temperature (around €3 was the

sequence was used as a substrate for the restriction eNzZyme, e as that observed in the duplex sample, and thus was

Dra . The cleavage reacti.on was perfqrmed in Fhe Ioresenceassigned to the double helix single strands transition. The
of 1 uM TFOs at 25°C during 15 min with 10 units of Dra

: buff = , thermal transition occurring at lower temperature in the
| in a buffer containing 50 mM potassium acetate, 20 MM oo hjes containing both duplex and TFO was assigned to

Tris-acetate, pH 7.9, 10 mM magnesium acetate, 0.5 mM o triple helix< double helix+ TFO transition. It was noted

spermine, and 1 mM dithiothreitol, after an overnight yhat the melting transition of the triple helix LNA3 occurred
incubation. The reaction was stopped by the addition of 0.1 o higher temperature, but the transition was less pro-
M EDTA. Samples were then loaded on a 0.8% nondena- ,nced in amplitude than that of the control triple helix

turing agarose gel and stained by ethidium bromide dye for yith ynmodified TFO (16TC). Because of less cooperative
Imaging. transition of the triple helix> double helix transition of the
Molecular Modeling.Molecular modeling by conforma-  triplexes made of LNA3 (and other LNA-containing TFOs,
tional energy-minimization was carried out using #iVINA not shown), theifT,, values were determined according to
(version 10) program package2d), which allows the their melting profile recorded at 300 nm (Figure 2B) and
inclusion of virtually any modified nucleotides into the were found identical within experimental error to that
calculation via theNchem utility program. The Nchem determined from their differential melting curves (Figure 2C,
program was used both to calculate the partial charges andsee Materials and Methods) It has been established that the
to evaluate the appropriate geometrical parameters forchange of absorbance at longer wavelengths-{Z@% nm)
modified nucleotides, and prepare the file containing the indicates the formation of a nucleic acid structure which
information required by th@UMNAprogram. Nchem utilizes  requires protonation/deprotonation of cytosing( at this
a Huckel-Del Reprocedure for calculation of the partial wavelength, the spectral difference between protonated and
atomic charges. Neither water nor positively charged coun- nonprotonated cytosine is maximum, as inferred from
terions were explicitly included in the energy minimization. absorbance spectra at different pH values. It was observed
However, their effects were simulated by a sigmoidal, throughout this work that the triple heli® double helix+
distance-dependent, dielectric functidtd) and by assign-  TFO transition of all LNA-containing triple helices was less
ment of a half negative charge for each phosphate group.pronounced than that with unmodified TFO (16TC). This
Computations were carried out on a Pentium 4 PC underindicates that the formation of LNA-containing triple helices
Linux. is less enthalpy driven than the unmodified triple helices.

Restriction Enzyme AssayA 6810-bp plasmid pLG
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Ficure 2: (A) Melting curves of the 29-bp double helix (filled

squares) and the triple helices recorded at 266 nm: 16TC (filled

triangles); LNA3 (filled circles); (B) melting curves of 29-bp double
helix (filled squares) and the triplexes 16TC (filled triangles) and
LNAZ (filled circles) recorded at the 300 nm (see text for details);
(C) differential melting curves of the triple helices formed by 16TC
(filled triangles) and LNA3 (filled squares) (see Materials and
Methods for details). Experiments were carried out in 10 mM
sodium cacodylate buffer at pH 6.2 in the presence of 100 mM
NaCl and 10 mM MgGJ. The concentration of duplex and TFOs
were 1 and 1.5(M, respectively.

The thermal stability as indicated by tfg value of all
triple helices is given in Table 1. At pH 6.2, it was found
that the consecutive substitution of four thymines by their
LNA analogues at the'side of TFO had little stabilizing
effect (1°C/substitution, LNA1 vs 16 TC), whereas alternat-
ing substitution by LNA strongly stabilized triple helices
(about 4.5°C/substitution, LNA2 or LNA3 vs 16TC).
Alternating substitution of four cytosines by 5-methylcytosine
LNA residues also has a notable triplex-stabilizing effect (3.5
°C/substitution, LNA4 vs 16TC), but less than thymine LNA.
For the TFOs containing mixed thymine and 5-methyl-
cytosine LNA, theT, value of triple helices increased with
the number of LNA residues (LNA5, LNAG, and LNA7Y).
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Ficure 3: Gel retardation experiments were performed with 20
nM of radiolabeled duplex and AM TFO in 50 mM MES, pH
6.0, 100 mM NaCl, 10 mM MgG| and 10% sucrose at 2%
(upper panel) and at 3T (lower panel) (see Materials and Methods
for experimental details).

However, the extent of triplex stabilization per LNA
substitution was greater for one LNA residue every three
nucleotides (about 8C/LNA residue, LNA5 and LNAG) than
one LNA every two nucleotides (about 38/LNA residue,
LNA7Y). It is worth noting that a mixed LNA and D-methyl
TFO displayed only slightly higher triplex thermal stability
than its LNA-containing analogue (LNA8 vs LNA7) under
acidic conditions.

As expected, the thermal stability of all these (T,C)-motif
triple helices was decreased when the pH was raised from
6.2 to 7.2, due to a lower degree of cytosine protonation.
However, the pH dependence of these LNA-containing TFOs
revealed some unusual features. At pH 7.2, the thermal
stability of the triplexes formed by thymine LNA-containing
TFOs (LNA2 and LNA3) was decreased by 81 °C. This
triplex destabilization was notably less than that of all DNA
TFOs (about-14°C, 16TC). In contrast, the triplex formed
by 5-methylcytosine LNA-containing TFO in the absence
of thymine LNA was dramatically destabilized by 2€
(LNA4). The same trend was observed for the mixed thymine
and 5-methylcytosine LNA-containing TFOs21°C, LNAS
and LNAG), but it is noted that the LNA-containing TFOs
form much stable triplexes than the isosequential phospho-
diester TFO (16TC) even at neutral pH. Our data were
consistent with the previously published datE9)( The
observed variation of triplex stabilities of LNA-containing
TFOs indicated a specific effect of the base composition of
thymine and 5-methylcytosine LNA residues.

Gel Retardation Experiment&el retardation experiments
were carried out in the presence ofill TFOs under acidic
conditions (pH 6.0). Figure 3 shows that the labeled 29-bp
dsDNA fragment containing the 16-bp oligopyrimidéne
oligopurine target sequence exhibited reduced electromobility
in the presence of all LNA-containing TFOs, indicative of
triple helix formation, except the unmodified TFO (16TC)
at 25°C. At 37 °C, partial dissociation of triplex was notably
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9 g g z 4 E S E Table 2: Complexation Energy of Double-Stranded Complexes
= 5 33 3 53 3 3 Studied in This Work
S S S S

¢ Duplex AEr  AE Elnter Ec
2 22 22 2 2 22 3 T
Lane 1 2 3 4 5 6 7 8 9 10
D1 5’ -TTTTTTTTTT-3' +17.3 +30.8 -679 -99.6 -119.4
b | - o 3’ -AAAAAAAMAAA-5'
L e ., ) 2654
—_ = E— - 1936 D2 5/-tttttttttt-3/ +11.2 +37.6 -764 943 -121.9
ey — o —— 178 3’ -AAAARAARAR-5'
A ST — __f: 683.602 D3 5/-tttttTTTTT-3' +23 +37.8 -724 935 -125.8
- - an, | &34 3’ -AAAAAAAAAA-5'
FiGure 4: Dra | restriction enzyme assay was carried out with 0.5 °* SZ'TTTTTttttt%: 0.9 #4370 710 972 1203
X L . 3’ -AAAAAAAAAA-S

ug of pLG plasmid and in the presence ofilil TFOs in 50 mM

potassium acetate, 20 mM Tris-acetate, pH 7.9, 10 MM magnesium o o, _ereremeTer-3 4117 +36.6 747 -932  -119.6

acetate, 0.5 mM spermine, and 1 mM dithiothreitol (see Materials 37 _ARAAAAAARAA-5’

and Methods for experimental details).

. . D6 5’/ -TtTtTtTtTt-3’ +13.2 +36.3 -74.3 -93.1 -117.9
observed for LNA4 which contains only four 5-methyl- 3/ -ARAARAAARA-5’

cytosine LNA residues. These data were consistent Wjth

values measured at pH 6.2 (Table 1). o Rl  5'-TTTTTTTTTT-3' +16.7 +366 -68.1 -100. -114.8

Restriction Enzyme AssayBhe 16-bp oligopyrimidine 3/ -AAARAAARAA-5'
oligopurine target sequence provides a cleavage site for the 35 1457 99 956 -1156
Fr H R2 5’-tttttttttt-3’ +13. . -79. 95. - K

restr|(.:t|on.enzym.e Dra I T.h|s enzyme clea}ves exactly at S AAAADAAAAA- G

the B junction of triple helix site (5TTTIAAA-3") and triple -

helix formation competes with the binding of Dra | and thus R3 5’ -tttttTTTTT-3’ +55 4395 -73.7 -93.2 -121.9

inhibits DNA cleavageZ8). A plasmid (pLG) carrying one 3" -ARRARRRAAR-S

copy of 16-bp oligopyrimidineoligopurine sequence Was gy s/ TTTTTttttt-3° +146 +399 743 923 -112.1

used as a substrate for the Dra | enzyme. The plasmide 3/ -ARAARAAAAA-5'

contains seven Dra | cleavage sites that generate DNA

R5  5/-tTETtTETtT-3’ +13.2 +393 -766 935 -117.6
fragments of 19, 534, 683, 692, 1228, 1718, and 1936 bp. 3/ ARARARAARAR-G’

Inhibition of Dra | cleavage by triple helix formation leads

5/-TETETETtTt-3’ +148 +390 -763 935 -116.0

to the disappearance of the 1718- and 1936-bp cleavageRrs
products and to the appearance of a 3648-bp fragment, while
other DNA fragments were left unaffected which were used
as internal controls. Figure 4 shows that, upon addition of 1
uM TFOs, all LNA-containing TFOs could inhibit Dra |
cleavage with various efficiencies, but not the unmodified
TFO (16TC) at 25°C and pH 7.9. Complete inhibition was
obtained with LNA7. The extent of Dra | inhibition was
given as the following: LNA7> LNA8 > LNA2 ~ LNA6

> LNA3 = LNA5 > LNA4 > 16TC. These results were
mainly consistent with the availablg, data at pH 7.2 (Table
1). Itis noted that the alternating LNA an8@-methyl TFO \ )
(LNAB8) was slightly less potent than that of alternating LNA 4). the three last base pairs or triplets at both ends were
and DNA TFO (LNA7) at pH 7.9. The LNA4 which contains ~ "estrained to mononucleot@e symmetry to avoid e_nd effects
four 5-methylcytosine LNA residues was the least potent in @nd to focus on the transition between LNA residues and
inhibiting DNA cleavage by Dra | enzyme, except the unmodlfled nucleotides (the central four base pairs or
unmodified TFO (16TC). triplets).

Modeling. Molecular modeling was carried out with the It should be pointed out that the ions and solvent effects
aim to delineate the molecular mechanics of double and triple were not comprehensively treated by this force field based
helices where one strand contains LNA residues. The Simulation. Therefore, one should be cautious when compar-
JUMNAprogram 23) was used due to its capacity to control ing structures with significantly different chemical structures
helicoidal parameters throughout computation. Focus was(i.e., D1 vs D2; D2 vs D3, etc.). However, energy comparison
made on the position/sequence effect of LNA residues. should be possible for similar chemical structures (i.e., D3
Therefore, the data are primarily shown on the duplex and vs D4; D5 vs D6, etc.).
triplex formed by homothymidylate and homoadenylate (cf.  The total complexation energ¥€) was decomposed in
Tables 2 and 4). terms of intermolecular interactiong{er for duplexes, or

Mononucleotide symmetry was applied when one strand Epy—y for triplexes) between the two strands in double helix
was fully substituted by LNA residues as well as the or the third strand (Ill) and the target double-helical (DH)
unmodified control sequence (B2; R1-2; T1-2). Di- DNA, as well as the conformational deformation energy of
nucleotide symmetry was used for alternatively substituted the individual strands in dupleXAEr, AE,) or the double
structures (D56; R5-6; T5—6). When a half part of helices  helix (AEps) and the third strandXE;) in triplex. Confor-

3’/ -AAAAARAAAA-5'

a2 The total complexation energ¥€) was decomposed in terms of
intermolecular interaction(er) between the two strands in the double
helix, as well as the conformational deformation energy of the individual
strands AEr, AE,) in the duplex (see text for details). LJ and Elec are
Lenard-Jones and electrostatic components of interstrand interaction.
Thymine-LNA residues are indicated by a bold lower case letter t. The
RNA strand is given in underlined upper case letters. Energy is given
in kcal mol™.

consecutively contained LNA residues (B8; R3—4; T3—
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Table 3: Helical and Conformational Parameters of Some Modeled Double and Triple HMelices

Duplex/Triplex Xdisp Rise Inc Tip Twist ~ Chi Phase Ampli
D1 5/ -TTTTTTTTTT-3’' -2.6 32 79 -155 34.6 332 1511 38.1
3’ -AAAAAAAAAA-5' 24 272 -203 51.8 52 332
D2 5/-tttttttttt-3’ 5.6 38 6.6 -125 28.2 104 6.0 632
3’ -AAAAAAAAAA-5' 5.5 7.3 11.5 60.0 153.0  40.0

R1 5'-TTTTTTTTTT-3' -2.6 33 7.8 -14.7 354 327 152 38.0

3’ -AAAAAAAAAA-5' 23 33.1 -21.8 51.8 74 315
R2 5/-tttttttttt-3’ -6.4 3.5 52 -6.7 27.3 90 60 634
3’ -AAAAAAAAAA-5' -6.3 4.6 49 10.1 8.5 43.8
5/ -TTTTTTTTTT-3' -3.8 -2 24 59.1 1483 40.2
T1 3’ -AAAAAAAAAA-5'  -3.8 34 -1.7 1.3 31.0 58.8 1463 40.6
3/ -TTTTTTTTTT-5' -4.1 0.8 3.0 56.7 142.6 40.6
5'-TTTTTTTTTT-3' -4.2 -4.1 4.8 37.1 109.0 38.1
T2 3’ -AAAAAAAAAA-5' 4.2 37 74 1.6 28.5 57.8 1465 426
37-tttttttttt-5' =50 -11.7 -9.7 9.0 49 629

a2 Thymine-LNA residues are indicated by a bold lower case letter t. The RNA strand is given in underlined upper case letters.

Table 4: Complexation Energy of Double-Stranded Complexes this evaluation is approximate, especially for the single strand

Studied in This Work since the conformation of a free single-stranded DNA is
o B AE c c generally less well defined than a free double-stranded DNA.
Hpex e However, these approximations were necessary to take into
account the effect of nucleotide modification.
5'-TTTTTTTTTT-3" . . .
T1 3/ -AAAAAAMAAA-S’ 4248 +396 -1013 -849 -121.8 (a) Double Helix.Six double helices made of decadeoxy-
3/ -TTTTTTTTIT-5' riboadenylates and unmodified decadeoxyribo-thymidylates
or LNA-containing decathymidylates were modeled (D1-D6,
5'-TTTTTTTTTT-3"' .. .
T2 3/ -AMAARAMAAA-S 4353 +103 -1038 -764 -1346 Table 2). Similar modeling was also performed on decarbo-
3/-tttttttttt-5/ adenylates (R1R6, Table 2). Energy analysis of different
structures is shown in Table 2. It was found that the full-
5/ -TTTTTTTTTT-3’ . . . .
T3 3/ -AAAAAAAAAA-S 4207 +180 -1013 -83.6 -1372 length LNA substitution leads to stronger complexation with
3/ -TTTTTtttte-5 either deoxyriboadenylate (D2) or riboadenylate (R2) than
do the unmodified complexes (D1 and R1, respectively). This
5/ -TTTTTTTTTT-3’ . . . . .
T4 3/ -AARAARAAAA-S/ 4279 4209 -1027 -788 -132.8 was due to, in part, an increase of the interstrand interaction
3/ -tttttTTTTT-5' energy (LH Elec) which was mainly ascribed to the increase
of hydrogen bonding<18.1 kcal for D2 vs D1-16.9 kcal
5/ -TTTTTTTTTT-3"
TS 3/ -AAAARARAAA-S/ 4279 +12.1 -102.8 -86.0 -148.8 for R2 vs R1, data not shown). It was also noted that the
3/ -TETETtTETE-5' strand deformation energy was reduced for the LNA-
containing thymidylate strand, whereas it was increased for
5/ -TTTTTTTTTT-3" . .
T6 3/ -AARARARAAA-S/  +27.6 +133 -1024 -854  -146.9 the unmodified adenylate strand. Structural analysis (Table
3’ -tTETETETET-5’ 3) shows significant changes in helical parameters upon

binding of full-length LNA-containing thymidylate: (i) the
aThe total complexation energf§) was decomposed in terms of ~ base pairs were further displaced—8 A) into the minor
intermolecular interactiond=Gn-) between the target double-helical  groove; (i) significant rise increase; and (i) reduced

DNA (DH) and the third strand (lll), as well as the conformational ; it ; ;
deformation energy of the double helidEpn) and the third strand propeller twist. In addition, for LNA thymidylate residues,

(AEy) in triplex (see text for details). LJ and Elec are Lenard-Jones the glycosidic tor§|on adopted a high anti Conf,ormat'on’ and
and electrostatic components of intermolecular interaction. Thymine- the sugar puckering was at €&ndo conformation with an
LNA residues are indicated by a bold lower case letter t. Energy is unusual high amplitude (about50% as compared to
given in kcal mof™. unmodified sugar).

The duplexes D3 and D4 (also R3 and R4) were modeled
mational deformation energies were evaluated as the differ-to study the effect of transition between LNA residues and
ence between the corresponding energetic components beforeligodeoxynucleotide (DNA). It turned out that, in all cases,
and after duplex or triplex formation. It should be noted that the duplexes D3 and R3 had lower complexation energy than
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Ficure 5: Plots of phase of sugar puckers (squares) and glycosidic FIGURe 6: Twist adiabatic mapping of the duplex D1 (open squares)
torsion (circles) in the triplexes T3 (filled symbols) and T4 (open and D2 (filled squares) and the triplex T1 (open circles) and T2
symbols) (see text for details). (filled circles) (see text for details).

the duplexes D4 and R4, respectively. Thus, it indicated that Constraint on the twist was set with a step 6fahd then

a LNAS-3'DNA Step is energetica”y more favored than a the energy minimization was performed. Figure 6 ShOWS that
DNA5'-3'LNA Step_ For the a|ternate|y substituted dup'eX, stable energy wells were Obtained, which indicated that the
the duplexes D5 and R5, which had one more LNBBNA energy-minimized structures were quite stable. Unexpectedly,
step than DNA5S3'LNA step, were more stable than the the duplex D2 was about 2-fold more flexible than the
duplexes (D6 and R6) with one more DNABLNA step. unmodified duplex D1 (this observation holds true for the
In addition, it was noted that the presence of the LNA residue duplex R2 vs R1, data not shown). The triplex containing
at the 5_Side Constrained the DNA residue at ifssme to fu”-length Substituted LNA TFO haS COhSiderab|y reduced
adopt the C3endo conformation (data not shown) as twist flexibility as compared to the duplex D2, but was
reported in our previous NMR studie89 30). slightly more flexible than the unmodified triplex T1.

(b) Triple Helix. Similar to the duplex studies, six triple
helices were modeled and their energies were analyzedDISCUSSION
(Table 4). It was found that the triplex with full-length LNA Combined experimental and modeling studies consistently
TFO (T2) had reduced interstrand interaction energy mainly point to the following characteristic features of the (T,C)-
due to the electrostatic component as compared to that ofmotif triple helix formation where the TFO contains LNA
the triplex (T1). The deformation energy of the LNA strand residues. It should be kept in mind that the energy calcula-
was considerably reduced, whereas that of the target duplexions by conformational energy minimization in this work
was significantly increased. As observed in LNA-containing were indicative, as the ionic and hydration effects were not
duplex, the base triplets were further displaced into the minor explicitly treated in these molecular mechanics calculations.
groove and the rise was slightly increased with associatedHowever, the results provide an important qualitative percep-
reduction in twist (Table 3). The LNA thymines in the third tion of the general energetic contribution of the systems and
strand adopted high anti conformation with'@do and insights to possible explanation of their physical chemistry
high amplitude sugar puckering. and structural properties.

As observed in the duplex, the triplex with only one Structure and Energy Consideration, Sequence Effect.
LNA5'-3'DNA step in the third strand (T3) was energetically One of the main characteristics of all structures, either
more favored than that with one DNAS'LNA step (T4). double helices (LNADNA, LNAeRNA) or triple helices
This observation was also confirmed with alternately sub- (DNAeDNAXLNA), where one strand contains LNA resi-
stituted LNA (T5 vs T6). It was noted that the triplexes where dues, is the rather far displacement of bases of the LNA-
the third strand is made of alternating LNA residues (T5 containing strand in the minor groove and high rise values
and T6) had the strongest interaction energy {t.Elec) as compared to their DNA analogues. They are the direct
and the smallest DNA deformation energytpn andAEy,). consequence of the-B,4'-C-methylene-linked sugar: the

Figure 5 shows the variation of the sugar pucker phase unusual high puckering amplitude (aboti60%) of LNA
and the glycosidic torsion along the third strand containing residue almost excludes effective base stacking if base pairs
five consecutively substituted LNA (T3 and T4). It was found remained at the center of helical axis. Therefore, the base
that the transition from a tract of LNA located at theside pairs have to move further away into the minor groove to
to that of ODN at the 3side exceeded one more nucleotide avoid steric hindrance between base and sugar moieties and
at the 3-side and two nucleotides were likely necessary for to ensure base stacking which is still less important (mainly
the transition. However, the transition involving a tract of originating from less interstrand stacking) than in unmodified
ODN at the 5side and that of LNA at the'3&ide almost  structures. It can also explain the higher twist helical
took place at the junction. flexibility in duplex D2 (but also R2, data not shown), and

(c) Helical Flexibility. The deformability/flexibility of the to a less extent, in triplex T2 as compared to the duplex D1
duplexes and triplexes containing a full-length substituted (and R1) and the triplex T1, respectively. In double helices,
LNA strand was assessed by mapping of the twist around the reduced propeller twist observed in all duplexes contain-
the energy minimized structure in a step-to-step manner.ing LNA residues can account for the increase in hydrogen
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bonding which compensated, in part, for the reduced base
stacking. As anticipated, the deformation of the LNA-
containing strand was significantly less important than
deformation of the unmodified strand as a result of strand
preorganization. On the other hand, the deformation energy
of the pairing strand (d# or rA;p) or double helix (TeA10)

was higher upon binding of the LNA-containing strand. In
particular, the deformation energy cost of double helix
may explain: (i) the reported observation that a full-length
LNA residue TFO was unable to form stable triple helix¥)

(i) the partial consecutive substitution of DNA thymines
by their LNA analogues had marginal effect on triplex
stabilization as observed in the triplex LNAL in the present
study.

Further analyses show also that a LNAEDNA step is
energetically favored with respect to a DNABLNA step
in all modeled double and triple helices with alternating DNA
and LNA sequence (D3 vs D4, R3 vs R4 in Table 2; T3 vs
T4 in Table 4, etc.). In addition, the complexes with one
alternating strand of LNA and DNA residues have the
strongest interstrand interaction (EJ Elec). In particular,
the triplexes where the third strand is made of full-length
alternating LNA and DNA residues (Table 4, T5 and T6)
have not only the strongest interstrand interaction but also
the smallest double helix and the third strand deformation
energy AEpny andAEy,;). The experimental data in Table 1
were consistent with these predictions: thevalue of the
triplex LNA3 which had one DNA53'LNA step less than
the triplex LNA2 was+2 °C higher at pH 6.2, and they
were higher than that of the triplex LNAL.

Taken together, the results of energy calculation consist-
ently explain the observel, data listed in Table 1 and also
the data in the literaturel8, 19). For instance, the pre-
organized LNA-containing TFOs and less important inter-
strand base stacking in LNA-containing triple helices would
be consistent with the spectroscopic observation of melting
profiles of these triplexes where their triple hetix double
helix + TFO transition was less pronounced than that with
unmodified TFO (16TC), indicative of their more entropy-
driven (or less enthalpy-driven) nature of triplex formation
than the unmodified triple helices.

As pointed out above, the unusually high amplitude of
sugar puckering (about50%) of LNA residues is due to
its short 2-O,4'-C-methylene bridge. It can be expected that
a longer bridge such as-0©,4'-C-ethylene 81) could reduce
its puckering amplitude while keeping a locked'@ado
conformation. In return, it could be achieved a better base
stacking interaction and even allow full-length substituted
TFO for triple helix formation. In the course of this
manuscript preparation, a very recent report showing that a
TFO with full-length 2-O,4'-C-ethylene residues can indeed
form stable triple helix 32) supports this inference.

Inspection of the triple-helical structures reveals also a
clear difference between the triplex T2 formed by a full-
length LNA TFO and the triplex T1 formed by unmodified
TFO can be seen in Figure 7. The@4'-C-methylene bridge
in LNA TFO fills the narrow and shallow groove between
TFO and the oligopurine strand. This could explain the
property of LNA-containing TFO to enhance greatly triple
helix formation as compared to the unmodified TFO, due to
the additional release of water molecules and ions which
could bind in this groove in the absence of LNA residues.

Biochemistry, Vol. 43, No. 14, 20041167

Ficure 7: Space-filled models of the triplex T1 (left) and T2 (right).
The models are slightly forward tilted. Oligopyrimidine and
oligopurine strands are in blue and purple, respectively. TFO is in
yellow. 2-O,4'-C-Methylene bridge is in atom color.

Table 5: Variation ofTy, Values Pert+1 pH Unit (pH Dependence)
of LNA-Containing TFOs Studied in This Work and in Other
Works?

AT (°C)/

TFO sequence +1 pH unit ref
16TC B-TTTTCTTTTCCCCCCT-3 -14 this work
LNA2  5'-TtTtCtTtTCCCCCCT-3 -9 this work

NA 5'-tTTtCtTtTCCCCCCT-3 -11 this work
LNA4 5-TTTTcTTTTcCcCcCT-3 -24 this work
LNA5  5'-TTTtCTtTTcCCcCCT-3 -21 this work
LNA6  5'-tTTtCTtTTcCCcCCT-3 -20 this work
BNA-4  5'-tCtCtCtCcCtTTT-3 -28 19, 32
BNA-5 5-TcTcTcTcCcTtTT-3 -37 19, 32

aLower case letters t and ¢ are LNA thymine and LNA 5-methyl-
cytosine, respectively.

pH Dependenceélable 5 shows the variation a@f, values
per+1 pH unit (pH dependence) of LNA-containing TFOs
studied in this work and in other works. It seems that this
variation relates to the nature of LNA residues, thymine and
5-methylcytosine. The pH dependence of (T,C)-motif TFOs
originates from the protonation state of cytosines. Therefore,
it can be reasonably assumed that the pH effect of a given
TFO depends on its content of cytosine and the extent of
pH effect of a given TFO could be additive for each of the
cytosines. On the basis of this assumption and the observation
that the thermal stability of the control DNA triplex (16 TC)
was decreased by abottl4 °C upon the increase of one
pH unit (from pH 6.2 to pH 7.2), it seems that, at least for
the sequence studied in this work, the pH dependence of
each DNA cytosine was-2 °C/pH. With these in mind, the
observation of pH dependence of different triplexes can be
analyzed as below.

The presence of four LNA-thymine in TFOs conferred the
least destabilization of triplexes (LNA2 and LNA3) upon
raising of one pH unit. The apparent pH dependence of each
DNA cytosine was about-1.4 °C/pH in average. It seems
that the enhanced triplex stability provided by LNA-thymine
compensates in part the pH sensitivity of DNA cytosines.

The presence of four 5-methylcytosine LNA in the absence
of thymine LNA residues in TFO dramatically destabilized
the triplex (LNA4) by 24 °C/pH. Similar trend of pH
dependence was observed in the triplexes made of mixed
LNA thymines and LNA 5-methylcytosines in TFO (LNA5
and LNAG). However, even with only LNA 5-methylcytosine
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substitution (LNA4), it had slightly higher thermal stability
than the unmodified TFO (16TC) at pH 7.2.

The substitution of seven DNA cytosines in the control
DNA triplex (16TC) by their 5-methyl analogues had
marginal stabilizing effect{4 °C at pH 6.2, data not shown)
and the previous work showed that it did not change the pH
dependence of TFQ@8). Furthermore, Imanishi’s group had
reported that the substitution of cytosine in a TFO by either
5-methycytosine LNA or cytosine LNA exhibited the similar
pH dependencelf, 32). Therefore, it looks unlikely that
the presence of 5-methyl group in the 5-methylcytosine LNA
residues can account for its high sensitivity to pH change.

It is also unlikely that the high pH dependence of the
5-methylcytosine LNA residues observed in this work could
be ascribed to this particular sequence which contains a tract
of six cytosines in TFOs, as similar effect was also observed
by Imanishi’s group worked on a quite different sequence
with many isolated cytosines. Especially, two isosequential
TFOs with different content of 5-methylcytosine LNA
residues exhibited significantly different pH dependence:
—28 °C/pH unit for 3-tCtCtCtCcCtTTT-3 (BNA-4) and
—37 °C/pH for 5-TcTcTcTcCcTtTT-3 (BNA-5) (19,32).

Energy calculations were carried out with the triplexes
made of 10 @GxC triplets where the cytosines in the third
strand were either in their protonated or unprotonated state
and the third strand was either full DNA or full LNA. It
was found that the difference in complexation energy of the
triplexes between the protonated and the unprotonated state
of cytosines was roughly two times bigger when the third
strand was LNA than DNA (data not shown). This could
explain the observed high pH dependence of LNA 5-methyl-
cytosine. Again, the reduced base stacking in triplex as a
result of high sugar puckering of LNA residue could account
for, at least in part, this weak withstanding to pH change.

Rules for Designing TFO Sequendeéne data presented
in this work and in the literature have shown that the
sequence effect and the differential stabilization by thymine
LNA and 5-methylcytosine LNA residues. These peculiar
properties of LNA-containing TFOs dictate the following
rules that should be useful for optimally designing the
sequence of TFOs:

(i) Choose alternating LNA and DNA residues in TFO
(e.g., use one LNA every two or three nucleotides)

(ii) Maximize the number of LNA53'DNA steps in TFO
(e.g., use one LNA residue at thé-énd of TFO, when
appropriate)

(iii) Maximize the use of thymine LNA residues

In summary, the present work shows that the stability of
(T,C)-motif triple helices can be enhanced by substitution
of 2'-deoxynucleotides by LNA residues every-2 nt in
TFOs, in preference by LNA thymines, according to the
proposed rules. It is also worth to note that TFO made of
alternative LNA and 20-methyl residues does not signifi-
cantly improve triple helix formation. Further developments
of LNA TFO derivatives should provide an exciting chemical
approach for the control of gene expression and for a broad
range of biotechnological and therapeutical applications.
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