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Abstract: Hexito!l nucleic acids (HNAs) with four natural bases form stable and se-
quence-selective duplexes with RNA. This was investigated by 7, determinations and
gel shift experiments. The CD spectra of an HNA—-RNA duplex show similarities with
the CD spectra of the A-form of dsRNA. Single-stranded HNAs are able to induce
strand displacement in a double-stranded RNA sequence. An HNA-RNA duplex is a
poor substrate for RNase H, and can inhibit the RNase H-mediated cleavage of a
natural DNA~-RNA substrate. The HNA -RNA hybrid enhances the activity of HIV
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Introduction

In previous publications we reported the discovery of hexitol
nucleic acids (HNAs) and studied their hybridisation mainly
with ssDNA (single-stranded DNA).I' 731 The studies in these
publications!® ~3 are restricted to oligoadenylate—oligothymidyl-
ate interactions and polypurine sequences. As dA—dT duplexes
in particular have a rigid conformation, such oligomers cannot
be considered as ideal models for hybridisation studies. Exami-
nation of the structure of a 1,5 -anhydrohexitol nucleoside sug-
gests a good fit with a natural furanose nucleoside in its 3’-endo
conformation, rather than in its 2-endo conformation.™ ¥ This
results from the axial orientation of the base moiety,® which
can be explained by the preference of hexitol nucleosides for a
conformation avoiding sterically unfavourable 1,3-diaxial re-
pulsions.'™ If hexitol oligomers preserve this sugar conforma-
tion, an oligonucleotide may be obtained exhibiting a confor-
mational preorganisation of the single strand that fits an
A-form helical structure. In that case, strong hybridisation with
natural single-stranded RNA can be expected. Therefore, the
torsion angles of the backbone structure should deviate from the
ideal staggered conformation, which is normally not the case
with pyranose oligonucleotides, which more often fit the classi-
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cal diamond lattice.'”! However, the positioning of the base
moiety in the 3’-axial position in HNAs allows base stacking to
occur. Here, we report on the sequence-specific and strong hy-
bridisation of HNAs with natural RNA and describe their po-
tential strand displacement properties and interactions with the
selected nucleic acid binding enzymes RNase H and HIV reverse
transcriptase.

Results and Discussion
Our earlier work on the hybridisation properties of oligonucle-

otides constructed of 1’,5-anhydrohexitol nucleoside building
blocks (HNAs, Figure 1), proved that these HNA oligonucleo-
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Figure 1. Structural formula of hexitol nucleic acids (HNA): 1",5-anhydrohexitol
nuclcic acids.
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tides are completely stable against 3’-exonuclease and form very
stable duplexes with natural DNA and RNA.!2-3! Formation of
triple helices has also been observed. These encouraging results
prompted us to extend the study of these promising antisense
constructs.

A mixed HNA 8-mer 6'-GCGTAGCG-4" was synthesised and
subjected to a number of melting experiments. The HNA &-mer
was mixed in a 1:1 molar ratio with either its RNA complement
(1, 3-CGCAUCGC-5") or with RNA strands 2 to 13 (Table 1),
each containing one mismatch (buffer: NaCl 0.1m, KH,PO,
0.02m, pH 7.5, EDTA 0.1 mm). Melting of the duplexes followed

Table 1. Influcnce of mismatches on the melting temperatures ("C) of a mixed HNA 8-rier and its DNA and RNA
analogues with their RNA complement containing one mismatch (bold and italic), determined at 260 nm in NaCl
(0.1v), KH,PO, (20mm, pH 7.5), EDTA (0.1 mm), with 4um of cach oligonucleotide. The thermodynamic data

were caleulated only for the matching sequences.

a less favourable enthalpy change but a more favourable en-
tropy change. Thus here the stabilisation is due to the smaller
reaction entropy. The low AS value may be due to smaller con-
formational changes during complexation and/or to differences
in counterion organisation and hydration (presence of hydro-
phobic regions and tightly bound water molecules) in the single-
stranded and double-stranded state. It is expected that the
order of hydration of the single-stranded form will be
HNA <DNA <RNA. From the 7, values obtained with the
mismatch sequences it can be seen that the HNA 8-mer can
discriminate clearly between the match and mismatch se-
quences, which indicates that HNAs
have a very strong potential for selective
hybridisation to an RNA target. The
temperature difference (AT7,) between
match and mismatches varies between

6'-GCGTAGCG-4 §-GCGTAGCG-3

S -GCGUAGCG-Y —12.8°C (CA mismatch base pair) and

RNA HNA DNA RNA —38.2°C (GA mismatch base pair).
AT, T, AT, T, AT, . ,
Ln " » " " The mixtures of the DNA strand 5'-
i 3¥-CGCAUCGC-5 54.4 210 47.6 GCGTAGCG-3 with the RNA mis-
—AH (kcalmlol"l) . 73.6 40.0 815 match sequences 3 or 5 gave T, values
—AS (calK " mol™ 1) 225 135 254 . . S .
_AG? (calmol ™) 6550 230 $%60 whlcb were higher (32.0 and 33.3°C, re-
2 ¥-CGCAACGC-§ 327 =217 [a] 273 =203 spectively) than the T, observed for the
3 ¥-CGCAGCGC-5 370 174 (32.0)[b] 329 —147 completely matching duplex (21.0°C).
4 3-CGCACCGC-5 408  —13.6 fa] 305 —17.1 .
5 3-CGCGUCGC-S' #5129 (333)(b] 437 -39 These melting temperatures, however,
6 3. CGCCUCGC-5 3.0 —234 ] 300 —175 were due to self-association of the RNA
7 ¥-CGCUUCGC-§ 338 —20.6 (a] 301 —175 ot oy .
8 3-CGAAUCGC-S 162 382 12.1 ~8.9 197 279 strands 3 and 5, demonstrated by mea
9 3-CGUAUCGC-5 408 —136 {a] 350 —12.6 suring melting curves of the single-
10 3.CGGAUCGC-S' 0.6 —238 11.9 —9.1 281 —195 stranded RNA (4 um). The other RNA
n 3-CCCAUCGC-5' 362 —182 .8 —92 365 —11.1 trands did not displ: 1f- N
12 3-CACAUCGC-§ 416 128 152 -538 ®S 9.1 strands i not display any seli-associa-
13 ¥-CUCAUCGC-§ 374 —17 10.6 —~10.4 358 —11.8 tion. Some of the DNA-RNA mis-

la] No T, observed between 5 and 90 °C. [b] Meliing points observed are those of self-association of the RNA

strands. The other RNA strands did not show any self-association.

a bimolecular all-or-none mechanism.f®: ?1 The first derivative of
the absorbance versus temperature curves resulted in the melt-
ing temperatures (7,,) summarised in Table 1. The T, values for
the duplexes of the DNA and RNA analogues of the HNA
8-mer with RNA strands 1 to 13, evaluated the same way, are
given in comparison. The completely matching HNA-RNA
duplex (7;, = 54.4°C) clearly hybridises more effectively than its
corresponding DNA—-RNA and RNA-RNA analogues (7,
21.0 and 47.6 °C, respectively), resulting in a T,, increase of 4.2
and 0.9 °C per base pair respectively. For the DNA complement
3-CGCATCGC-5, no complex formation could be observed
between 5 and 90 °C with either the HNA 8-mer or its DNA or
RNA analogues (data not shown). From the melting curves
obtained for the completely matching duplexes, the thermody-
namic data AH and AS were calculated (Table 1) by means of a
two-state model for helix—coil transition.''®! Although we are
awarc that thermodynamic data obtained this way are less infor-
mative than those obtained by direct calorimetric measure-
ments, these data may give us an initial idea about the changes
in AH and AS upon complexation. The stabilisation of the
HNA - RNA duplex compared with its DNA-~RNA analogue
is due to a considerable gain of reaction enthalpy (AH), which
compensates for the unfavourable entropy change (AS). Com-
pared to the RNA-RNA duplex, the HNA--RNA hybrid has
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match duplexes had a T, too low to be
observed under the experimental condi-
tions. In those cases where clear duplex
formation was observed between the
DNA strand and the RNA mismatches, the absolute AT, val-
ues, representing the discriminating capacity of the oligonucle-
otide, were always smaller than for the corresponding HNA -
RNA duplexes. Also compared with the RNA-RNA
analogues, the HNA -RNA mismatch duplexes exhibited better
discrimination, except for one mismatch duplex with oligori-
bonucleotide 4 (3'-CGCACCGC-5"), where the RNA-RNA
mismatch duplex gave a higher absolute AT, than its HNA-
RNA analogue. Therefore, this HNA 8-mer is generally superi-
or to its DNA and RNA analogues as an antisense construct,
both in hybridisation strength and in discriminating capacity.
These observations were confirmed by CD measurements
(Figure 2). The HNA 8-mer and its DNA and RNA analogues
and complements were dissolved in a buffer containing NaCl
(0.1M), Na cacodylate (10mm, pH 7.0) and MgCl, (10mm).
Spectra were recorded of the single-stranded oligomers and of
mixtures with their complementary RNA or DNA strands. The
spectrum of the single-stranded HNA 8-mer is very similar to
those of both RNA strands (Figure 2A). The analogous DNA
strands gave a different spectrum with a negative Cotton effect
around 250 nm and the positive Cotton effect shifted to 275 nm
(spectra not shown). The spectra of the HNA-RNA and
RNA-RNA mixtures (Figure 2 B) were also very much alike,
which is indicative of a similar helical structure of both duplex-

0947-6539/97;0309-1514 $ 17.50 +.50/0 Chem. Eur. J. 1997, 3. No. 9
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Figure 2. CD spectra recorded at 10°C and temperature-dependent CD curves of the monomeric and duplex forms of the HNA
8-mer 6-GCGTAGCG-4' and its RNA analogue 5-GCGUAGCG-3" and RNA complement 5-CGCUACGC(C-3', measured in A,
B and C: NaCl (0.1 m), cacodylate (10 mm, pH 7.0), MgCl, (10mm); D: NaCl (0.1 M), KH,PO, (20mM, pH 7.5). EDTA (0.1 mm),

at a concentration of 3.2 um of each oligonucleotide.

es. These results confirm our earlier observations*! in which
CD experiments suggested a DNA-HNA duplex structure
closely resembling the A-form structure of dsRNA. The temper-
ature-dependent CD measurements (Figure 2 C) yielded a T, of
65.3°C for the HNA-RNA duplex and 56.6 °C for the RNA -
RNA duplex in the Mg? "-containing cacodylate buffer. The
presence of a small amount of Mg?* ions seems to stabilise both
duplexes compared with the results from UV melting curves we
obtained earlier using a phosphate buffer with-
out Mg?* (T, 54.4°C and 47.6 °C, respective-
ly). The stabilising effect of Mg?* ions on the
HNA-RNA duplex is in agreement with ob-
servations that divalent ions increase the T, of

sised, both targeted towards the Ha-ras oncogen.!' ! The melt-
ing behaviour of these HNA oligomers and their DNA ana-
logues mixed with their RNA or DNA complements was studied
in the phosphate buffer specified above. It can be seen from
Table 2 that the 7, of the HNA--RNA duplexes was always
higher than those of the corresponding DNA-RNA duplexes
with an increase of the 7, of 2.5°C and 1.4 °C per base pair for
the HNA 8-mer and HNA 12-mer, respectively. From the ther-

Table 2. Melting points (“C) and thermodynamic data for an HNA 8-mer and 12-mer and their DNA
analogues with the complementary RNA and DNA sequences, determined at 260 nm in NaCl (0.1m),
KH,PO, 20mm, pH 7.5), EDTA (0.1 mM), at a concentration of 4 um of each oligonucleotide. AH is given
in kealmol !, AS in calK " 'mel™ !, AG in calmol !,

RNA duplexes, because two phosphates on op-

5-CGACGGCG-¥

5-CACCGACGGCGC-3

i i DNA  HNA (6----4) DNA HNA (6= -4
posite strands in A-form RNA are close ¢ )
enough to bind a single metal ion, thus reduc- RNA 3-GCUGCCGC-§
ing the electrostatic repulsion between the o 46 65 (AT, = +19  nd[a nd

. — AH 80.0 96.5 nd nd
phosphate groups. The CD experiments were _AS 251 985 nd nd
repeated in this phosphate buffer (NaCl 0.1m, - AG 5200 11550 nd nd
. DNA 3-GCTGCCGC-5

KH,PO, 20m1y1, pH 7.5, EDTA Q.I mM); the T . W6 AT, = — 5) i "
CD spectra (Figure 2D) were similar to those _AH 89.6 70.8 nd nd
obtained in the cacodylate buffer. The temper- - A4S 276 220 nd nd
ature-d dent CD t sh had —AG 7350 5250 nd nd
ature-dependen curves (not shown) 1 RNA 3-GUGGCUGCCGCG-5
inflection points that confirmed the melting T, 52 68 (AT, = +16) 63 80 (AT, = +17)
temperatures observed by the above-men- i 55.7 85.0 17 143.0
. . -as 171 249 347 405
tioned UV experiments. The CD spectra of _AG 4750 10800 13600 22300
mixtures containing the DNA analogue of the DNA 3-GTGGCTGCCGCG-5

_ : : 7, 56 44 [b] (AT, = —12) 69 59 (AT, = —10)
HNA §-mer or its pNA cgmplement did not T 0 16 149 s
show any cooperative melting at all (data not _AS 222 105 435 127
shown). —AG 6850 2310 19350 4350

In order to extend and confirm our results,

another HNA 8-mer and a 12-mer were synthe- hybridisation.

Chem. Eur. J. 1997, 3, No. 9
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[a] nd = not determined. [b] A broad melting curve was obtained which might be indicative for irregular
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modynamic data calculated from the melting curves, it can be
concluded that this increased stability is duc to an increase in
reaction enthalpy, which compensates for the unfavourable en-
tropy change. The HNA-DNA duplexes listed in Table 2, in
contrast, were less stable than their DNA--DNA analogues.
Notwithstanding a considerable favourable change in reaction
entropy for the HNA-DNA duplexes, the decreased reaction
enthalpy causes duplex destabilisation. Similarly, the stabilisa-
tion of the HNA -RNA hybrids compared with their HNA-
DNA analogues is driven by favourable reaction enthalpy,
counteracted by the large entropy change. This unfavourable
entropy change is unexpected, as we found a high similarity of
the CD spectra of the HNA and RNA strands, indicating a
structural rescmblance between these strands. However, as men-
tioned above, other important factors such as differences in
counterion organisation and hydration have to be considered
too. Summarising these results and those of our earlier work,™
we can conclude that the increasc of the melting temperature of
an HNA-RNA duplex compared with that of its DNA—-RNA
analogue is sequence-dependent and generally decreases with
growing chain length of the duplex. From the available data and
by analogy with natural duplexes it seems that the presence of
pyrimidine bases in the HNA strand results in the formation of
less stable duplexes than the presence of purine bases. The rea-
son for this finding is not clear yet but might be due to different
solvation as well as to different stacking interactions. The melt-
ing temperatures for the sequences examined demonstrate a
clear preference in the HNA oligomers to hybridise with their
RNA complement rather than their DNA complement. This
implies that such HNA oligomers might be used as antisense
oligonucleotides, able to hybridise strongly as well as selectively
with their RNA target.

Next, the hybridisation of the HNA oligomers was visualised
by means of gel mobility shift analyses. Because we were unable
to radiolabel the HNA oligomers following the classical proce-
dures, the complementary strands were *2P-labelled at the 5
end. The results are rcpresented schematically in Table 3. The

Table 3. Results of the gel shift mobility analyses. The number of complementary
strands is given at the head of each column. + = gel shift to complete duplex formation,
p = partial hybridisation (both single strands and duplex present). [ = very faint duplex
hand, — = no gel shift, no hybridisation. HNA §-mer: 6-CGACGGCG-4'; DNA 8-
mer: 5~-CGACGGCG-3; HNA 12-mer: 6-CACCGACGGCGC-4"; DNA 12-mer: 5-
CACCGACGGCGC-3"; RNA* 8-mer: 3-GCUGCCGC-5; DNA* 8-mer: ¥-GCTGC-
12-mer:

CGC-5; RNA* 12-mer: 3-GUGGCUGCCGCG-5; DNA*
F-GTGGCTGCCGCG-S. See experimental section for the conditions.

Table 3a.

HNA 6-GCGTAGCG-4 DNA 5-GCGTAGCG-¥

i 10 100 110 100

RNA™* 3-CGCAUCGC-Y 1 + + + - - =
DNA* 3-CGCATCGC-5 1 - - = - - -

Table 3b.
HNA §-mer DNA §-mer HNA 12-mer DNA 12-mer
1 10100 1 10 100 t 10 100 110 100
RNA* &-mer 1 4+ + o+ - p 4+
DNA* §-mer 1 -+ o+ P o+ +
RNA* 12-mer 1 + 4+ + - p + + + + + + +
DNA* 12-mer 1 - - f P+ + PP+ o+ 4+

1516

i3 WILEY-VCH Verlag GmbH. D-69451 Weinheim. 1997

HNA oligomers and their DNA analogues were mixed with
their complementary radiolabelled RNA or DNA strand in a
1:1,10:1 or 100:1 ratio, in the same phosphate buffer as used
for the thermal denaturation profiles. After incubation for 4 h at
room tempcrature, the samples were analysed on a native 20%
polyacrylamide gel (PAGE) cooled to 2°C. The PAGE results
for the mixed HNA 8-mer 6'-GCGTAGCG-4" (Table 3a) were
in line with the melting experiments: the HNA 8-mer formed
only a duplex with its RNA complement and, thus, exhibited a
lower gel clectrophoretic mobility than the single-stranded ref-
erence oligomer. The mixture of the DNA analogue 5'-GCG-
TAGCG-3" with the RNA complement did not result in mobility
retardation. Its low T, of 21°C probably hampered hybridi-
sation at room temperature. In case of the HNA 8-mer 6'-
CGACGGCG-4' and the HNA 12-mer 6-CACCGACGGCGC-
4’ (Table 3b), all the mixtures examined show a clear band shift,
except for the mixture of the HNA 8-mer with its complemen-
tary DNA 12-mer, where only a very faint band could be ob-
served on the original autoradiograph at the 100:1 HNA:DNA
ratio. This mixture also gave a broad melting curve, which might
be due to competition with the slow self-association of the DNA
12-mer, which has 8 potential self-complementary G-C base
pairs. Thermal denaturation of the DNA 12-mer showed an
irregular melting curve with a possible 7, around 53°C, but
only after heating the mixture to 65°C. Nevertheless, the ex-
tremcly poor hybridisation is unexpected, since the same HNA
g-mer gave a sharp melting point and a significant band shift in
PAGE when mixed with its complementary DNA §-mer. This
was also the case for the mixture of the HNA 12-mer with the
same complementary DNA 12-mer. The result of the gel shift
experiments carried out with the mixtures containing this radio-
labelled complementary DNA 12-mer (DNA* 12-mer) is shown
in Figure 3. When comparing the mobility shifts of the DNA
12-mer/DNA* 12-mer mixture (lanes 2—4) with those of the
analogous HNA 12-mer/DNA* 12-mer mixture (lanes 5-7), it
is clear that the hybridisation of the DNA-DNA duplex is
stronger than that of the HNA-DNA duplex, where some sin-
gle-stranded DNA complement can still be observed at a
HNA:DNA ratio of 100:1. The difference in mobility shift be-
tween these duplexes also points to the structural differences
between a DNA -DNA and an HNA-DNA duplex. Probably
the HNA strand forces its DNA complement into an A-type
helical structure resembling dsRNA, whereas in solution the
DNA - DNA duplex normally adopts a B-type helical structure.

When using antisense strategy to inhibit the function of a
mRNA target, one should take into account the complex sec-
ondary structures of mRNA. It might be that the target site is
located in a double-stranded region of the folded RNA mole-
cule. This means that the antisense construct should be able to
displace the complementary RNA strand from the target strand.
Strand displacement experiments, evaluated by means of gel
electrophoresis, were performed to investigate this characteristic
for thc mixed HNA &-mer 6'-GCGTAGCG-4" and anti Ha-ras
HNA 12-mer 6'-CACCGACGGCGC-4' with their correspond-
ing dsRNA target. First, some preliminary gel shift cxperiments
were carried out to see whether the target RNAs themselves
showed complete duplex formation on polyacrylamide gel. Both
target and complementary RNA strands were radiolabelled,
mixed with their unlabelled complement in several ratios and

0947-6539/97/0309-1516 § 17.50 4+ .50,0 Chem. Eur. J.1997. 3. No. 9
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& i polyacrylamide gel electrophoretic
atios of oligomers analysis after 6 h of incubation. The
DNA® 12-mer 11 1 1 1 1 1 1 1 1 1 1 1 1 1 . .
autoradiograph was quantified by
DNA 12-mer 1 10 100 . .
- — scanning laser densitometry. At the
ratio of 1:10:10 of RNA*:RNA:
DNA 8-mer 1 10 100 ’ . o
R — T — HNA (lane 4), 23% of' thc radiola-
belled RNA* was hybridised to the
Lane number: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 HNA 8-mer instead of to its RNA
complement. When 100equiv of
Al iv of RNA : i
SRR e e aar HNA, 10 equiv of RNA and 1 equiv
R i of RNA* (lane 5) were used, 64% of
-mer an . .
ERAANA Brnaels e 1RNA \ffris dlsp’)lﬁcec.i bly 1.ts P(Ijl\tlg\ (m‘}-
SRR Bpp—— ogue. The sma mlgrat{on ifference
between both duplexes is another in-
& dication of the very similar structure
. of HNA—RNA and RNA-RNA du-
wiis | B - o sees plexes. For the anti Ha-ras HNA
12-mer  6-CACCGACGGCGC-4,
strand displacement could subse-

Figure 3. Autoradiograph of gel shift experiments, analysed at low temperature (2°C) on native 20% polyacry-
lamide gel. DNA* 12-mer: complementary 3-GTGGCTGCCGCG-5; DNA 12-mer: 5-CACCGACGGCGC-3;
HNA 12-mer: 6-CACCGACGGCGC-4'; DNA 8-mer: 5-CGACGGCG-3'; HNA 8-mer: 6-CGACGGCG-4". Mix-
ing ratios of the strands are indicated on top. Lanes 1, 8 and 135 are single-stranded DNA* {2-mer. * = radiolabelled.
{a] The band of the DNA*/HNA 8-mer could only be observed in lanc 14 on the original autoradiograph and is not

reproduced in this picture. Sce experimental for other conditions.

analysed as for the aforementioned gel mobility shift experi-
ments. For the 8-mers, it was necessary to use a 10:1 ratio of
unlabelled to labelled RNA strands in order to force the labelled
strand completely to a double-stranded structure on the gel
(results not shown); for the 12-mer, a 1:1 ratio was sufficient.
Strand displacement experiments for the mixed HNA 8-mer
were carried out at 15°C. Radiolabelled 3'-CGCAUCGC-5
(RNA#*) was hybridised with its unlabelled complement 5'-
GCGUAGCG-3" in a 1:10 ratio and then mixed with the HNA
8-mer using 1, 10 or 100 equivalents of the latter in proportion
to the labelled RNA* strand. Figure 4 shows the result of the

Ratios of oligomers

quently be monitored with both RNA
strands as the radiolabelled strand,
because of the ideal 1:1 ratio in the
preliminary gel shift experiments. The
radiolabelled RNA* strand was hy-
bridised with its unlabelled comple-
mentina 1:1 ratio and then mixed with 1, 10 or 100 equiv of the
HNA 12-mer in proportion to the labelled RNA* strand. After
6 h of incubation at 37 °C, the mixtures were analysed on nonde-
naturing PAGE (Figure 5). In lanes 1-5, the RNA strand com-
plementary to the HNA 12-mer (cCRNA) was radiolabelled; in
lanes 610, the radiolabel was attached to the other RNA
strand. Lanes §—-10 show 13 %, 29 % and 35% strand displace-
ment, respectively, visible as the increasing amount of again
single-stranded radiolabelled RNA displaced out of the duplex
by its HNA 12-mer analogue. In lanes 3—5, the same strand
displacement should occur, but could not be observed owing to

the identical mobility of the HNA-cRNA* and

RNA-cRNA* duplexes. The same experiment was

repeated at room temperature but here only 1.4%,

13% and 18% strand displacement for the similar

lanes 8—10 could be observed (gel not shown). To

RNA* 3-CGCAUCGC-5' 1 1 1 1 1 1
RNA 5-GCGUAGCG-3' 10 10 10 10
HNA B-GCGTAGCG-4' 1 10 100 10
Lane number 1 2 3 4 5 6
RNA-RNA" —» - i ‘ -
HNA-RNA* —»
SSRNA® -

Figure 4. Autoradiograph of the strand displacement experiments at 15°C with the mixed HNA
8-mer 6-GCGTAGCG-4, analysed at low temperature (2 °C) on native 20 % polyacrylamide gel.
Mixing ratios of the strands are indicated on top. Lane 1 is single-stranded RNA*, lane 6 shows
the HNA- RNA* duplex as a reference. The darker bands of tanes 1 and 6 are due to a higher

loading. See experimental for other conditions.
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sum up, then, these experiments prove that HNA con-
structs are able to displace their RNA analogues from
their complementary RNA strand of similar length,
which is another promising asset in their use as anti-
sense constructs.

An important role in antisense activity can be at-
tributed to RNase H. When acting on an RNA-
DNA hybrid, this enzyme degrades the RNA strand
and leaves the antisense DNA free to hybridise with
another RNA strand, thus bringing about a catalytic
turnover of the RNA target. It would therefore be a
valuable benefit for the use of HNA as antisense
oligomers if the HNA - RNA hybrids were a substrate
for RNase H. The RNase H activity on the hybrid of
anti Ha-ras HNA 12-mer 6-CACCGACGGCGC-4'
with its complementary RNA substrate 22-mer 3'-
CGGGUGUGGCUGCCGCGGGUGG-5 was de-
termined and compared with the activity on the

1517
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HKallos of hgorrides the gel as hybrids with the HNA oligonucleotide,

cRNA o g g P q notwithstanding the denaturing conditions of

RNA 1 1 1 T o e 1 4 the gel electrophoresis and heating of the sam-

A 1 10 100 1 100 ples to 90 °C prior to loading onto the gel. This

was not the case for the DNA -RNA, where the

S . T E2 3% B 8 3 8 e intact RNA substrate clearly migrated as a single
strand, with the same mobility as the single-

CRNA - RNA or stranded blank in lane 1. This emphasises the

oRNA- HHA -+ -~ EEB=

ss cCRNA —

s5 RNA : .

Frgure 5. Autoradiograph of the strand displacement experiments at 37°C with the anti-Ha-ras
HNA 12-mer 6'-CACCGACGGCGC-4', analysed at low temperature (2 °C) on native 20 % polyacry-
tamide gel. cRNA: complementary 12-mer 3-GUGGCUGCCGCG-5; RNA: 12-mer 5-CAC-
CGACGGCGC-3. Mixing ratios of the strands are indicated on top. Lane 1 is single-stranded
cRNA* lane 6 is single-stranded RNA*: both RNA strands show more than one band, due to

secondary structures. See experimental for other conditions.

analogous DNA —RNA hybrid. Control tubes without enzyme
were incubated in the same conditions; no degradation could be
observed. The resulting autoradiograph is shown in Figure 6.
Scanning densitometry resulted in the data below the picture,
which were corrected for the small amount of shorter oligori-
bonucleotides already present in the freshly prepared blank
(lane 1). Figure 6 shows that after 1 min of incubation of the
DNA-RNA hybrid the main part (85%) of the RNA substrate
is already cleaved (lane 2), whereas for the HNA - RNA hybrid
the same amount of degradation is only reached after 19h
(1140 min). It is remarkable that in lanes 7~ 11, the intact RNA
substrate and part of the cleavage products migrated through

Time (minutes) 1 5 10 20 30 10 30 60 180 1140

very strong hybridisation between HNA and
RNA compared with the DNA—-RNA analogue.

Because of the very low activity of RNase H
on the HNA -RNA hybrids, we carried out pre-
liminary experiments to investigate the potential
competitive  inhibitory  activity of  this
HNA-RNA duplex on RNase H. To avoid the
experimentally observed RNA exchange be-
tween HNA and DNA, we checked for RNase H
inhibition of this HNA-RNA duplex using an-
other DNA —~RNA substrate with a different se-
quence, which could not hybridise with the HNA
oligonucleotide examined. The radiolabelled
RNA substrate (RNA*) consisted of a 12-mer
RNA connected to oligothymidylates on both 3’
and 5 ends: 3'-T, ;-r(UCCCUCUCCUCU)-T -5, which was
easier to synthesise and manipulate than all RNA oligonucle-
otides. The RNA part became susceptible to RNase H cleavage
after hybridisation to the DNA 12-mer 5-AGGGAGAGGA-
GA-3". In these experiments we investigated whether different
concentrations of the HNA-RNA duplex could inhibit the
RNase H-mediated cleavage of the DNA-~RNA* duplex, with
and without preincubation of the enzyme with the HNA-RNA
duplex. The latter was stable during the cleavage test because of
its extremely low degradation rate and the short duration of the
experiment. The results are graphically depicted in Figure 7. In
the control tube (1), which contained no HNA-RNA duplex,
degradation was nearly complete after 5 min. Simulta-
neous addition of 1 equiv of HNA—RNA duplex (equiv-
alents proportional to the DNA-RNA* duplex) to the
reaction mixture (tube 2), prior to addition of the en-

Lane number 1 2 3 4 5 6 7 8 9 0 1"

11y

Intact RNA* .

SRR

RNA degraded B85 86 94 96 97 30 31 40 54 85

Figure 6. Autoradiograph of the RNase H cleavage experiments with the anti Ha-ras HNA
12-mer 6-CACCGACGGCGC-4, analysed oa a denaturing 20 % polyacrylamide gel (8.3m
urea). Radiolabelled RNA* substrate 22-mer: 3-CGGGUGUGGCUGCCGCGGGUGG-
57 DNA 12-mer: 5-CACCGACGGCGC-3. Time intervals for aliquots are indicated on top.
Lane 1 is intact single-stranded substrate RNA¥*, lanes 2--6 show cleavage of the DNA-
RNA* hybrid, tunes 7- 11 show cleavage of HNA-RNA* hybrid. See experimental for

other conditions.
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Figure 7. Inhibitory effect of HNA, as a duplex with RNA or single-
stranded, on the RNase H mediated cleavage of a DNA - RNA substrate.
o: control tube, no HNA—DNA nor ssHNA added; e: 1 equiv ol HNA -
DNA added, no preincubation; a, a, *: 0.1, 1 and 10 equiv. respectively.
of HNA-DNA added and preincubated with RNase H: o: 10 equiv of
single-stranded HNA added and preincubated with RNase H. See experi-
mental for other conditions.
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zyme, did not influence the degradation rate. In the other test
tubes (3—6), the enzyme was preincubated with the HNA—
RNA duplex (3-5) or HNA strand alone (6) and the reaction
was started by addition of the cleavable DNA-RNA* duplex.
As can be seen clearly from Figure 7, preincubation of the
HNA-RNA duplex with RNase H (3-5) gave inhibition of the
RNase H-mediated cleavage of the DNA-RNA* substrate.
Ten minutes after addition of 0.1 equiv of HNA-RNA duplex
(tube 3), 26% of the substrate was still intact, whereas for the
control (no HNA-RNA present) this level of degradation was
reached after approximately 2 min (value estimated from the
graph). The same inhibitory effect was obtained using 1 equiv of
HNA-RNA duplex, in contrast to tube 2, where the same
amount of HNA-RNA duplex was used but without
preincubation with the enzyme. The presence of 10 equiv of
HNA-RNA duplex (tube 5) slowed down the degradation, so
that after 20 min the same amount of intact DNA-RNA* was
found as after 10 min for tubes 3 and 4 and after only 2 min for
the control tube 1. To a lesser extent, an inhibitory effect could
also be observed upon addition of the single-stranded HNA
instead of the HNA-RNA hybrid (tube 6). Preincubation
of 10 equiv of the single-stranded HNA with the enzyme de-
creased the RNase H activity to a level between the control tube
(1) and tubes 3 and 4; after 5 min, 30% of the substrate was
left intact.

Because of their inhibitory effect on RNase H, we also exam-
ined the effect of HNA—RNA duplexes on HIV reverse tran-
scriptase (HIV-RT), which, like RNase H, binds to a DNA-
RNA duplex, as the polymerase reaction starts from the duplex
formed between the RNA template and a short DNA primer.
Inhibition of HIV-RT by an HNA-RNA duplex could provide
an effective method for inhibition of HIV replication. Selective
hybridisation of an HNA oligomer to an essential part of the
viral RNA genome would in that case not only impair transla-
tion of the RNA by physical blockage but also inhibit the re-
verse transcription of the RNA to DNA and thus interfere with
the integration of HIV genetic material into the host chromo-
some. Three different HNA-RNA duplexes were tested for
their influence on HIV-RT: duplex A, formed between HNA
8-mer 6'-GCGTAGCG-4' and RNA §-mer 3'-CGCAUCGC-5;
duplex B, HNA 8-mer 6-CGACGGCG-4" and RNA 8-mer 3'-
GCUGCCGC-5; duplex C, HNA 12-mer 6-AGGGAGAG-
GAGA-4 and its complement 3-TT-f(UCCCUCUCCUCU)-
TT-5. Also, the influence of the HNA oligomers as single
strands was examined. Surprisingly, the HNA -RNA dupiexes
gave a significant increase of the HIV-RT activity, instead
of the desired inhibitory effect (data not shown). Particularly
for duplex C a clear correlation could be found between
the natural logarithm of the duplex concentration and the
percentage of enhancement as compared with the reference
values. For the two other duplexes too a distinct improve-
ment of the enzyme activity was observed, but the curves
showed more deviations. Upon addition of the HNA oligo-
mers as single strands, some irregular inhibition of the
HIV-RT activity could be observed for the HNA 12-mer. A
correlation between the percentage of inhibition and the
HNA concentration was, however, hard to find. The shorter
single-stranded HNA oligomers had very little influence on the
HIV-RT.
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Conclusions

Hexitol nucleic acids are oligomers with a preorganised struc-
ture, able to form stable duplexes with RNA, and can thus be
considered as RNA receptors. The structure of the HNA -RNA
duplex resembles that of the A form of dASRNA. as deduced from
CD experiments. The sequence sclectivity of hybridisation is
mostly larger than found between two natural RNA strands. As
duplex formation between HNA and RNA is stronger than
between complementary RNA sequences, an HNA oligomer is
able to displace the RNA strand from its complement. This
opens up possibilities for the targetting of different RNA struc-
tures. It should be mentioned, however, that this displacement
has only been tested for sequences of similar length. Disrupting
longer duplexes with a short antisense construct is more diffi-
cult. Compared to natural DNA-RNA, the HNA -RNA du-
plex is a very poor substrate for RNase H. On the other hand,
the HNA—-RNA duplex is able to inhibit the enzyme, which
makes the molecule a potential tool to distinguish between
RNase H-induced or sterically blocking antisense activity. The
HNA-RNA duplex is also able to bind to HIV reverse tran-
scriptase, but in so doing induces an enhancement of the tran-
scription activity.

Experimental Section

Materials and Methods: The synthesis of the protected 1',5-anhydrohexitol
nucleosides will be described elsewhere.!'?) The phosphoramidites were syn-
thesised as described in ref. {3). Most of the natural oligo(ribo)nuclcotides
were purchased from EurogentecBel. Other unmodified oligonucleotides
were synthesised on an Applied Biosystems 392 DNA synthesiser on a 1

2 umol scale with phosphoramidites from Applied Biosystems and were
worked up as described previously.l'® T4 polynucleotide kinase was pur-
chased from Gibco BRL and [;-**PJATP from ICN: NAP-5" columns and
poly(rC)/oligo(dG) were from Pharmacia; £. coli RNasc H and *H-labelled
dGTP were {from Amersham. Radioactivity on Whatman GF;C glass fibre
filters was measured in a Canberra- Packard liquid scintillation counter,
Recombinant HIV-1 reverse transcriptase was a kind gift of H. Jonckhecre.

Solid-Phase Oligonucleotide Synthesis of the Hexitol Nucleic Acids: Oligonu-
cleotide synthesis was performed on an Applied Biosystems 392 DNA synthe-
siser by means of the phosphoramidite approach. 1-O-Dimethoxytrityl-1.3-
propanediol-functionalised LCAA - CPG, synthesised as reported by Tang et
al. " ¥ was used as a universal solid support, attaching a propanediol group
at the 3'-end of the HNA oligonucleotides. This propanediol moiety did not
influence the melting behaviour. The normal synthesis protocol was used,
except for the concentration of the anhydrohexitol phosphoramidites, which
was increased from 0.1m to 0.13M. The acidic detritylation step was pro-
longed from 180 s to 300 s because of the presence of monomethoxytrityl
groups instead of the more generally used dimethoxytrityl groups. The
oligomers were deprotected, cleaved from the solid support and purified as
described.!?!

Melting Temperatures and Thermodynamic Data: Oligomers were dissolved in
a buffer containing NaCl (0.1 M), potassium phosphate (0.02M pH 7.5} and
EDTA (0.1 mm). The concentration was determined as described.”®! The con-
centration in all experiments was approximately 4 um of each single strand.
Melting curves were determined with a Uvikon 940 spectrophotometer. Cu-
vettes were kept at constant temperature with water circulating through the
cuvette holder. The temperature of the solution was measured with a thermis-
tor directly immersed in the cuvette. Temperature control and data acquisi-
tion were carried out automatically with an IBM-compatible computer. The
samples were heated and cooled at a rate of 0.5°Cmin~" and no hysteresis
could be observed between heating and cooling melting curves. Melting tem-
peratures were evaluated by taking the first derivative of the absorbance
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versus temperature curve. The thermodynamic data AH and AS were calcu-
lated from the melting curves by means of a two-state model for helix—coil
transition '?]

Electrophoretic Experiments: Oligo(ribo)nucleotides were radiolabelled (32P)
at the S-end by means of T4 polynucleotide kinasc and [y-*?PJATP
(4500 Cimmol ') by standard procedures**®! and purified on a NAP-5*
column. The radiolabelled oligo(ribo)nucleotides were dissolved in NaCl
(0.1m). KH,PO, (0.02m., pH 7.5) and EDTA (0.1 mm).

Gel mobility shift analyses: Samples were mixed and heated at 80 °C for 3 min,
then stored at room temperature for 4 h. The concentration of the *?P-la-
belled oligo(ribo)nucleotide was held constant throughout at 0.15um. The
concentration of the complementary unlabelled strand was 0.15pm, 1.5uMm or
1Sum (ratio 1:1, 1:10 and 1:100, respectively). After addition of an equal
volume of gel-loading buffer (bromophenol blue 0.25%, xylene cyanol FF
0.25%, sucrose 40 % in water), the samples were analysed on 20 % nondena-
turing polyacrylamide gel (19:1 acrylamide: N,N'-mcthylenebisacrylamide).
Electrophoresis was performed at 2°C (Haake K 20 and DC 3 cooling unit)
using Tris (tris(hydroxymethyl)aminomethanc) - borate (TB) buffer [5x TB:
Tris base (27 g) and boric acid (13.75 g) in H,0 (500 mL), pH 8 at 1 W over
8-10h (dependent on the length of the oligonucleotides). The gels were
visualised by autoradiography.

Strand displacement ussays: Complementary RNA strands were mixed, heat-
ed at 80°C (8-mers) or 90 °C (12-mers) for 3 min, stowly cooled and stored at
{57C (8-mers), room temperature or 37 °C (12-mers) for 1 h. HNA soiutions
were added and the mixtures were kept at the same temperature for a further
6 h. After addition of an equal volume of gel-loading buffer (bromophenol
blue 0.25%, xylene cyanol FF 0.25%, sucrose 40% in water) on ice, the
samples were analysed as {or the gel mobility shift analyses. Scanning laser
densitometry was performed with a DeskTop Densitometer (pdi, NY, USA)
cquipped with Discovery Series® (Diversity One") software.

CD Experiments: CD spectra were measured at 10 “C with a Jasco 600 spec-
tropolarimeter in thermostatically controlled 1 cm cuvettes connected with a
Lauda RCS 6 bath. The oligomers were dissolved and analysed in two differ-
ent buffers: a) NaCl (0.1u), Na cacodylate (10mm, pH 7.0), MgCl, (10mwm);
and b) NaCl (0.1 M), potassium phosphate (0.02M, pH 7.5), EDTA (0.1 mm),
at a concentration of 3.2 M of each strand.

RNase H Experiments: The substrate oligoribonucleotides were *?P-labelled
at the 5-end as described for the electrophoretic experiments.

Enzyme activity was determined at 37 °C in the presence of Tris--HCI (10mwm,
pH 7.5). KCl (25mm), and MgCl, (0.5mmM). In a total reaction volume of
S0 ul, radiolabelled RNA substrate 22-mer 3-CGGGUGUGGCUGC-
CGCGGGUGG-S (2.5 pmol) was mixed with 50 pmol of complementary
DNA 12-mer 5-CACCGACGGCGC-3 or HNA 6'-CACCGACGGCGC-4
and preincubated for 15 min at 37°C. Cleavage reactions were started by
addition of 30 U RNase H (E. coli ribonuclease H) to the mixture. Control
tubes received no enzyme. At appropriate time intervals aliquots were taken,
mixed with an equal volume of stop mix (EDTA S0mu, xylene cyanol FF
0.1% and bromophenol blue 0.1% in formamide 90%) and chilled on ice.
Samples were analysed by denaturing 20% PAGE containing urea (8.3 M)
with TBE buffer!'> at 400 V for 3 h, followed by autoradiography and scan-
ning laser densitometry.

RNuse H inhibition was cxamined under similar conditions with the
RNA -DNA duplex formed between radiolabelled 37-mer 3'-T, -r(UCCCU-
CUCCUCU)-T, -5 (RNA*) and DNA 12-mer 5-AGGGAGAGGAGA-3'
as substrate and the HNA -RNA hybrid of HNA 12-mer 6-CACCGACG-
GCGC-4" with its complementary RNA 22-mer 3-CGGGUGUGGCUGC-
CGCGGGUGG-5" as potential inhibitor. Inhibition of the enzyme activity
was determined at 37°C in the presence of Tris—-HCI (10mm, pH 7.5), KC1
(25mm), MgCl, (0.5mm) in a total reaction volume of 56 uL. HNA-RNA
and DNA--RNA* duplexes were prehybridised in separate tubes by mixing

equal amounts of HNA and RNA or DNA and RNA* in water, after which
the mixtures were heated at 90 “C for 3 min and stored at 37°C for 15 min to
allow duplex formation to occur. DNA - RNA* duplex (1.25 pmol) was put
into tubes 1 and 2. Tube 1 received no HNA-RNA. To tube 2, HNA-RNA
duplex (1.25 pmol, 1 equiv) was added. The reaction in tubes 1 and 2 was
started upon addition of RNasc H (0.05 U). In tubes 3, 4, 5 and 6, RNase H
(0.05 U) was mixed with 0.1 equiv, 1 equiv and 10 equiv HNA-RNA duplex
and 10 equiv of ssHNA, respectively, and preincubated for 10 min at 37 °C,
after which the reaction was started upon addition of DNA-RNA* duplex
(1.25 pmol, 1 equiv). Aliquots were taken after 1, 5, 10, 20 and 30 min and
analysed as described above for the determination of the enzyme activity
(PAGE for 5h at 400 V).

HIV Reverse Transcriptase Assay: The in vitro assay was carried out as
described by H. Jonckheere et al.l'®! Poly(rC)/oligo(dG) was used as template
primer and *H-labelled dGTP as substrate in an RNA-dependent DNA
polymerase reaction. Three HNA -RNA duplexes were examined: duplex A,
formed between HNA 8-mer 6-GCGTAGCG-4 and RNA 8-mer
¥-CGCAUCGC-5'; duplex B, HNA 8-mer 6-CGACGGCG-4 and RNA
8-mer 3'-GCUGCCGC-5'; duplex C, HNA 12-mer 6-AGGGAGAGGAGA-
4 and its complement 3'-TT-fUCCCUCUCCUCU)-TT-5". The respective
complementary strands were mixed, heated at 90 °C, slowly cooled down to
room temperature, chilled on ice and added to the reaction mixture in final
concentrations of 0.0032, 0.016, 0.08, 0.4, 2.0 and 10 M, in the presence of the
cnzyme (2nM). The HNA oligomers werc also tested as a single strand with
the same concentrations. The positive control tube received no HNA-RNA
duplex; the negative control tube received neither HNA--RNA duplex nor
enzyme.
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