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ABSTRACT: It is controversial whether organic fluorine
can form energetically important hydrogen bonds in aque-
ous environments. We previously showed by NMR and
molecular modeling that the unexpectedly high bind-
ing affinity of 2'F-ANA is largely due to a C—H- - -F—C
pseudohydrogen bond at pyrimidine—purine steps. Com-
parisons of the melting of duplexes with identical sequence
composition but a rearranged sequence confirm that en-
ergetically important fluorine-mediated pseudohydrogen
bonding is in operation in these sequences. The effect is
of particular importance when the H-bond donor (purine
H8) is activated by the presence of fluorine at its own
2/-position. These results provide a rational method to
increase the binding affinity of antisense oligonucleotides
by placement of 2’F-ANA modifications at pyrimidine—
purine steps.

rganic fluorine does not generally act as a hydrogen bond
Oacceptor.l’2 Occasional examples appear: researchers have
observed short H—F distances in crystal structures,”” © favorable
interactions in molecular models,”® H- - - F scalar couplings in
NMR spectra’ '* and vibrational frequency shifts.">'* Yet par-
ticularly in aqueous systems, where better hydrogen bond accep-
tors are abundant, it is rare to find examples of energetically
important hydrogen bonds to fluorine.

The field of modified oligonucleotides has experienced a good
deal of the controversy over whether fluorine-mediated hydro-
gen bonds are important. The highest profile example is the Kool
group's difluorotoluene base."'® Developed as a non-hydrogen-
bonding isostere of thymine,'” controversy has raged for over
a decade after its synthesis about whether it could in fact accept
hydrogen bonds after all. A recent crystal structure showed
a short N—H- - +F—C distance in a difluorotoluene-adenine
base pair,” but the weight of the evidence is that N—H - - F—C
interactions in difluorotoluene base pairs are of little energetic
importance, especially in water where excellent hydrogen bond
acceptors are abundant." Evidence for R-H- - - F-C interactions
involving other modified nucleobases has come from crystallo-
graphic, computational and spectroscopic methods.**'***72° In
this paper we demonstrate modified oligonucleotides containing
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energetically important pseudohydrogen bonds to fluorine in a
non-base-pairing context.

2/-Fluoroarabinonucleic acid (2'F-ANA)?' is a DNA mimic
with high binding affinity to both DNA and RNA.” This high binding
affinity is surprising because its close cousin arabinonucleic acid
(ANA) binds to DNA and RNA with low affinity.”> We recently
determined the NMR structure of a 2'F-ANAeRNA duplex and
showed by structural, biophysical and computational methods that
its surprisingly high stability was largely due to the presence in the
2'F-ANA strand of a pseudohydrogen bond between 2'F and purine
HS of the 3'-proximal nucleotide.” This interaction was optimal at
S'-pyrimidine—purine-3’ steps, where the base stacking geometry
can adjust.**

The sequence dependence of our pseudohydrogen bond
suggests a testable hypothesis: if 2'F--+HS8 interactions at
S'-pyrimidine—purine-3' steps are of true energetic importance,
then an oligonucleotide with more of these steps should have
a greater increase in binding affinity upon modification with
2'F-ANA, as compared with a sequence of identical nucleotide
composition and degree of 2'F-ANA modification, but fewer
pyrimidine—purine steps.

Accordingly, we designed two sequences of identical base
composition (Table 1). Sequence A contained four pyrimidine—
purine steps (all four are §'-TA-3'), while sequence B contained
only one (5'-TG-3’). The unmodified sequences have a similar
Ty Upon 2'F-ANA modification of all the T and A nucleotides,
the T, of sequence A increased by 12.6 °C while that of sequence
B increased by less than 6 °C (sequences A4, B4, Figure 1 and
Table 1).

To further explore the nature of this change, we modified only
the T or A nucleotides (A2, A3, B2 and B3, Table 1). Modifica-
tion of only the adenines in sequence A3 gave a substantial
stabilization (AT,,/modification = 1.4 °C, only about 15% lower
than the 1.6 °C/modification observed for A4). We wondered if
this could be related to intraresidue pseudohydrogen bonding in
the modified purines.

There is some evidence for pseudohydrogen bonding between
a top-face 2/-fluorine and its own nucleobase.””'"** For a single
2/F-ANA nucleoside, evidence for intramolecular R-H- - -F—C
interactions has come from NMR splittings of purine H8 or
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Table 1. Sequences and T,, Values of Designed
Oligonucleotides”

name sequence (5'—3') T AT, AT,./mod AG?

Al ctatagtatac 27.5 — — —36.8
A2 cTaTagTaTac 31.0 3.5 0.9 —40.6
A3 CtAtAgtAtAc 332 5.7 1.4 —43.2
A4 cTATAgTATAc 40.1 12.6 1.6 —50.2
B1 caattgaattc 27.7 - - —362
B2 caaTTgaaTTc 284 0.7 0.2 —37.2
B3 cAAttgAAttc 28.2 0.5 0.1 —37.1
B4 cAATTgAATTc 335 5.8 0.7 —43.1

“Legend: 2'F-ANA, bold uppercase; dna, lowercase. ” In °C, for a duplex
of the strand with complementary RNA. © Change in T,,, relative to Al or
B1, respectively. “ In kJ/mol at 298 K, derived from the shape of the UV
melt curves.
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Figure 1. A sequence containing multiple pyrimidine—purine steps is
more heavily stabilized upon 2'F-ANA modification.

pyrimidine H6.”*~'"** Computational work has identified this

interaction as a pseudohydrogen bond (i.e., having partial cova-
lent character.)” We carried out three types of NMR experiments
to characterize this apparent C—H- - +F—C pseudohydrogen
bond in water.

Upon dissolving a purine nucleoside in D,0, the acidic H8
proton undergoes deuterium exchange and disappears from the
NMR spectrumy; at neutral pH this exchange takes several days. We
dissolved dA, rA, 2'F-rA and 2'F-araA in D,O and compared their
rates of H8 deuterium exchange at pH 7.4. The rate of exchange for
2'F-araA was markedly lower than that of dA, rA, or 2'FrA (kyp.ca/
kg aran = 2.9) (Figure 2). Since there is no reason to expect that the
2'F-araA H8 is inherently less acidic than the other three analogues, it
is likely stabilized ﬁ'om exchange by its engagement in a hydrogen-
bonding interaction.”

We then evaluated the thermal stability of this C—H- - -F—C
interaction. The 2 Hz splitting of 2'F-araA H8 was monitored by
NMR in D,0 or DMSO at various temperatures, and was stable
even up to 100 °C.”® Most H-bonding interactions of relatively
low energy would disappear by this temperature, but this one
remained stable—perhaps in part because the nucleobase is
constrained in the anti orientation by steric effects from the
top-face fluorine.”’
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Figure 3. Inducing a northern conformation by connecting the §'- and
3'-hydroxyl groups of 2'F-araA causes disruption of the otherwise stable
H8/F2' coupling.

2'F-ANA nucleosides generally adopt a southeast sugar pucker. To
provide further evidence that the H8/F2' coupling was not a five-
bond coupling, we constrained the nucleoside to adopt a northern
conformation by connectmg the 3'- and S'-OH groups with the
Markiewicz reagent (Flgu.re 3). The disiloxane product showed no
H8/F2' splitting. This result provides strong evidence for a stable
intramolecular pseudohydrogen bonding interaction in 2'F-ANA
purine nucleosides, particularly when taken together with the pre-
viously described NMR experiments, the fact that 2'F-rA does not
show splitting at H8, and the computational work mentioned above.”

It would not be surprising to find this intraresidual pseudohydro-
gen bond acting in oligonucleotides as well, if the base pairing
geometry can ad]ust In our previous structural study,” some short
intraresidual H- - -F distances were observed (2.3 A) but the
geometry was more favorable for the interresidual C—H- - - F bonds,
and we focused our analysis on the latter. In a partially modified
sequence such as A3, however, the base-stacking geometry could
readily adjust to optimize intraresidual H- - - F interactions. Thus the
relatively high stabilization observed for sequence A3 may be related
to intraresidue pseudohydrogen bonding within oligonucleotides.

In contrast, for sequence B3 where the purines are adjacent, the
base stacking geometry cannot adjust, and the stabilization is minimal
(or if the base stacking does adjust, it imposes a steric penalty with an
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Table 2. Sequences, T, Values and RNase H Cleavage
Velocities of Antisense Oligonucleotides”

name sequence (5'-3")" Tw® ATy v
X-DNA  tcatgagtggcagctgcaatt 64.9 - 1.00£0.10
X-gap TCATgagtggcagctgcAATT 68.0 3.1 0.80 £0.15
X-1 tCATgAGTggcaGCTgcAATt 721 72 0764003
X2 tcATGAgtgGCagCTgCAATt 723 74  0.83+0.12
X-4 {CATgAGTGgCagcTGCAatt  73.5 86  0.85+0.05
X-6 tCATGagTGgCAgcTGCAatt 742 93 0.5940.10

“Legend as for Table 1. ”2’F-ANA-modifed pyrimidine—purine steps
are underlined in the altimers. “In °C, for a duplex of the strand with
complementary RNA. I Relative velocity for RNase H cleavage of the
hybrid. By comparison, phosphorothioate X-DNA had a relative velocity
of 0.27 £ 0.15.

associated loss in binding affinity.) Accordingly, sequence B3 showed
an order of magnitude less stabilization than A3.

When only the thymines of sequence A2 were modified, substan-
tially smaller stabilization was observed (0.9 °C/2'F-ANA, Table 1).
Thus, the inter-residual pseudohydrogen bonding at pyrimidine—
purine steps is most favorable when both residues are modified.

Two possible explanations emerge. Hydrogen bonding inter-
actions are optimal when the donor is an acidic hydrogen. The
presence of electronegative fluorine at a nucleoside's 2’-position
may render the corresponding purine H8 more acidic. For
example, during the D, O exchange experiment described above,
2'F-rA had a rate of exchange about 20% faster than that of dA at
pH 7.4 (Figure 2). Besides the proton acidity, the exchange rate
depends on conformation and other factors, so the relative
acidity may in fact be smaller or larger.

Alternatively, the pyrimidine—purine dimer may adopt a more
favorable conformation for interresidual pseudohydrogen bond-
ing when both nucleotides are 2'F-ANA-modified. It is not yet
clear whether both intra- and inter-residual interactions can
occur simultaneously at the same residues, since the base pairing
geometry may need to adjust to optimize each independently.

Thus while we provide strong evidence that pseudohydrogen
bonding exists, it does appear to require cooperativity between
several favorable circumstances. This too is consistent with previous
work."® Corey et al. coined the term “induced” or “cooperative”
C—H- - - F hydrogen bonding for a related phenomenon.” Like-
wise, Koller et al. showed that fluorine exerts both direct and indirect
effects (through pseudohydrogen bonding and electronegativity) in
stabilizing modified base pairs.”® Accordingly, to obtain the highest
affinity oligonucleotide, both nucleotides of each pyrimidine—purine
step should be modified with 2’F-ANA — one fluorine serves as a
H-bond acceptor and the other activates a suitable C—H donor.

Can pseudohydrogen bonding at pyrimidine—purine steps be
used to increase binding affinity in a rational way and thus aid in
sequence design for therapeutically relevant oligonucleotides?
To find out, we synthesized five versions of a clinically relevant
antisense oligonucleotide.*® In comparison with a traditional
gapmer design (2'F-ANA wings and a central DNA section),
we designed altimer oligonucleotides containing 1, 2, 4 or 6
2'F-ANA-modified Py-Pu steps (Table 2). For the four altimers,
an equal number of total nucleotides and an equal number of
purines were modified with 2'F-ANA. Furthermore, all four
strands consisted of nine alternating segments — four regions
of 2/F-ANA and five regions of DNA. The termini were native
DNA in all cases. These parameters were kept constant to help
avoid confounding influences on the binding affinity.

As predicted, the T, of the four altimers increased with the
number of modified Py-Pu steps (Table 2). Thus the same
number of 2'F-ANA nucleotides, including the same number
of purines, can give higher binding affinity when pyrimidine—
purine steps are selectively modified. This provides a rational means
to increase the binding affinity of an antisense oligonucleotide
without increasing the degree of modification.

To ensure the therapeutic relevance of this strategy, we carried
out an RNase H assay on all of the modified oligonucleotides.
The four altimers had excellent RNase H activity; all four
were superior to phosphorothioate DNA (Table 2 and legend).
Altimers X-1, X-2, and X-4 had comparable rates to the gapmer;
while altimer X-6 was slightly slower (Supporting Information
Figure S1). More pseudohydrogen bonding may lead to higher
duplex rigidity as well as higher binding affinity. This could
explain the slower rate for X-6 since the RNase H enzyme reacts
more quickly with duplexes containing flexible antisense strands.>"
Flexible strands may enable the enzyme to deform the duplex
more easily as required during binding.*"*>

In conclusion, these data provide compelling evidence for
C—H- - -F—C pseudohydrogen bonding in water. We pre-
viously showed using NMR structural studies and computational
methods that short H- - - F distances exist and are predicted to be
favorable.”® Now we have shown that this rare interaction is in
fact energetically important in real systems and can be used to
tune the binding affinity of oligonucleotides in a rational way.

The principles described here may also be relevant to other
fluorinated oligonucleotides, although it appears that an array of
favorable circumstances are required for pseudohydrogen bond-
ing to have such a large effect.
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