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In this study, 12 different native or LNA, carba-LNA-modified dinucleoside phosphates
were designed as simple chemical models to study how carba-LNA modifications improve the
3’-exonuclease (SVPDE in this study) resistance of internucleotidic phosphate compared to those
exhibited by LNA-modified and the native counterparts. Michaelis—Menten kinetic studies for dimers
3 — 7, in which the LNA or carba-LNA modifications are located at the 5'-end, showed that (i) increased
3'-exonuclease resistance of > [LNA-T] |, T (3) compared to the native 5'TI,T (1) was mainly attributed to
steric hindrance imposed by the LNA modification that retards the nuclease binding (Ky;) and (ii)
digestion of 5/[carba-LNA-dT],,T (4) and 5/[LNA-T],,T (3), however, exhibit similar Kys, whereas the
former shows a 100x decrease in K, and is hence more stable than the latter. By studying the correlation
between log k., and pK, of the departing 3'(or 6)-OHs for 3—7, we found the pK, of 3'-OH of carba-
LNA-T was 1.4 pK, units higher than that of LNA-T, and this relatively less acidic character of the
3’-OH in the former leads to the 100x decrease in the catalytic efficiency for the digestion of 5/[carba-
LNA-T],T (4). In contrast, Michaelis—Menten kinetic studies for dimers 9—12, with the LNA or carba-
LNA modifications at the 3'-end, showed that the digestion of > T [LNA -T](9) exhibited similar Ky, but
keqa decreased around 40 tlmes compared to that of the natlve T T (1). Similar k., values have been
observed for digestion of ° T plcarba-LNA-T] (10) and °T ILNA- T] (9). The higher stability of carba-
LNA modified dimer 10 compared with LNA modified dlmer 9 comes solely from the increased Kyy.

Introduction

The therapeutic potential of antisence oligonucleotides
(AON)"? and small interference RNA (siRNA)>* has at-
tracted considerable attention in recent years. One of the
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most important criteria in this regard is that an oligonucleo-
tide should be nuclease resistant in order to maximize its
chances (in terms of its stability) of penetrating the cell and
binding to the target RNA and be recognized in its duplex
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form by the cleaving enzymes, RNase H” in the case of AON
strategy and argonaute proteins in the case of RNAi.°
Finding solutions to the problems in all of these steps is
essential to modulate the pharmacokinetic and pharmaco-
dynamic properties in order to devise successful therapeu-
tics.

Chemical modification represents the most popular strat-
egy to construct nuclease-resistant therapeutic AONs>” and
siRNAs.>*® There are many different types of modified
nucleotides reported thus far in the literature;” ' in parti-
cular, in the past decade, locked nucleic acid (LNA)'? and it
is derivatives'* ?° have attracted considerable interest.”!
LNA exhibits unprecedented affinity (AT, = 3—8 °C per
modification depending upon the sequence context) toward
complementary DNA and RNA, which endows it with broad
application in biotechnology and therapeutics.** Although it was
reported that LNA-modified AON and siRNA showed im-
proved nuclease resistance and functionality,”>~ > this improve-
ment on nuclease resistance is, however, minimal compared to
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that of the native counterpart.”® Hence, consecutive LNA
modifications?” in combination with the phosphorothiate
linakge®™ have been used for therapeutic application of
LNA-modified oligonucleotides. Recently, our group has
reported the synthesis of several derivatives of carba-LNA
nucleoside through a radical cyclization approach.>”~** The
structural difference between LNA nucleoside and carba-LNA
nucleoside lies in the facr that the 2’-O- in LNA is replaced with
—CHR— functionality in carba-LNA (in which R can be either
a carbon® or a heteoatom™"). Our radical cyclization approach
also opened unique possibilities to functionalize the other
carbon atom (i.e., at C6') in the fused carba-ring with other
substituents.”” *! This fine-tuning does not result in major
structure variations in terms of recognition of the complemen-
tary DNA or RNA strand, but carba-LNA nucleoside modi-
fied oligonucleotides showed considerably improved nuclease
resistance relative to LNA nucleoside modified counterparts.
In the present study, several dinucleoside monophosphates
modified with LNA or carba-LNA nucleoside derivatives were
used as the chemical models to answer the question of why
carba-LNA modification is much better than LNA modifica-
tion in the engineering of the nuclease resistance to the oligo-
nucleotides. Clearly, answers to this question may in the future
allow us to design improved nucleotides for putative therapeu-
tic applications.

It was known that the metabolism of oligonucleotides in
vivo involves degradation by both exo- and endonucleases,
whereas the predominant nuclease activity comes from a
3/-exonuclease®® such as phosphodiesterase I (EC 3.1.4.1).%
Phosphodiesterase I from Crotalus adamanteus (also known
as snake venom phosphodiesterase, SVPDE) is the most
popular 3’-exonuclease used for testing the nuclease resis-
tance of modified AONs, ' 1%13:16:26.36=39 1py thig study,
kinetic studies of digestion of chemical models by SVPDE,
together with the comparison of the pK,’s of the departing
3’-OHs during SVPDE digestion, suggested that both steric
and electrostatic effects contribute to the improved 3’-exo-
nuclease resistance for LNA- and especially carba-LNA-
modified oligonucleotides.
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FIGURE 1. Cleavage of 3’O—P bond at the 3'-end nucleotide by
3/-exonuclease, SVPDE.

Results and Discussion

1.0. Design and Synthesis of the Dimeric Model Systems
1—12. It is known that 3’-exonuclease SVPDE-mediated
phosphate scission involves recognition of the 3’-end nucleo-
tide (number “N” in N-mer oligonucleotides, Figure 1)
followed by the attack by threonine residue of the enzyme
on the phosphate in line with the 3-O of N™! nucleoside,
which subsequently departs.***' SVPDE can recognize a
broad range of substrates including longer or shorter, native
and/or modified nucleotides.** Dinucleoside monopho-
sphates have only one internucleotidic phosphodiester link-
age and are therefore convenient models for investigating the
effect imposed by modification at either the “N” or “N~!”
position*® by Michaelis—Menten kinetics. In this study, we
designed 12 dinucleoside monophosphates, and their struc-
tures are shown in Figure 2. T, T (1), U, T (2),and T, U (8) are
native dimer nucleotides, whereas in the modified dimer
nucleotides 3—7, the “N” nucleoside (3’-end) is thymidine
(T) and the modified nucleosides at position “N~!”(5'-end)
include LNA-T, carba-LNA-T, 6'(R)-OH-carba-LNA-T,
and 6'(S)-OH-carba-LNA-T. These modified models were
designed to study how the LNA-T or carba-LNA-T mod-
ifications at the “N~!'” position can affect nuclease resistance
of the internucleotidic phosphate. However, in dimers 9—12
the modifications located at position “N” (3’-end) provide
simple models to study the effect of modifications at the “N”
position.

These chemical models have been synthesized according to
our previously published procedures,”*** and a brief
description of the synthesis is presented in the Experimental
Section.

2.0. 3’-Exonuclease Resistance of the Internucleotidic Phos-
phate with 5'-End-Modified Dimers 3—7. 2.1. Comparison of
Relative Nuclease Resistance of 5'-Modified Dimers 3—7 with
Native 1 and 2. To compare the relative nuclease resistance of
the internucleotidic phosphate with LNA-T or carba-LNA-
T modifications at the “N ™' position, compounds 1—7 were
treated with SVPDE under identical conditions (1 o.d.
dimer, 100 mM Tris-HCI, pH 8.0, 100 mM NacCl, 15 mM
MgCl,, SVPDE 30 ug/mL, 21 °C, total reaction volume 1
mL). Aliquots were taken at appropriate time points and
analyzed by RP-HPLC (HPLC profiles are shown in Figure
S1—11, Supporting Information). From the digestion curves
shown in Figure 3A, we can see that the nuclease resistance
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(ti2 of dlgestlon) of dimers 1-7 decredses in the following
order: *[carba-LNA- T],T (4) (693 min) ~ >[6(S)-OH-carba-
LNA-T],T (6) (693 min) > °[3’-OH-carba-LNA-T]- 6',3'-T
(7) (9() min) > [6 (R)-OH- Cdl‘bd LNA-T],T (5) (15 3 mm)
Y[LNA- -T],T (3) (9.4 min) > TI,T (1 (1.9 mm) ~ U T(2)
(1 2 min). Briefly, native dimers ° T T (1)and’ U,,T (2) were
degrdded by SVPDE very fast. LNA modification, as in
S[LNA- -T],T (3) leads to slightly improved nuclease resis-
tance, whereas > [carba LNA- T] |, T (4) was found to be nearly
100 times more stable than >[LNA- T,]T (3). Interestingly,
nuclease resistance of the internucleotldlc phosphate can be
modulated significantly by addition of one C6’-OH to the
“N~! residue of carba-LNA-T modification. If the C6/-OH
is oriented away from the internucleotidic phosphate, as in
5/[6’(S)-OH-carba-LNA-T],,dT (6), it does not lead to any
significant effect on the stability of the phosphate. However,
if the C6¢' -OH is directed toward the internucleotidic phos-
phate, as in ° I (R)-OH-carba- LNA T],T (5), it immensely
destabilizes the phosphate. The [3-OH-carba-LNA-T]-
60',5'-T (7) with the 6'—5' phosphate linkage was also a good
substrate for SVPDE. Its stability was found to be in between
Y[6/(R)-OH-carba-LNA-dT],T (5) and [6'(S)-OH-carba-
LNAJ-dT,T (6).

2.2. Comparison of Michaelis—Menten Kinetics of Diges-
tion of 5'-Modified Dimers 3—7 with Those of Native Dimers 1
and 2. To explore why different 5'-end modifications on
“N~" nucleosides in 3—7 result in such different impacts
on the nuclease resistance of the 1nternucleotydlc phos-
phates, Michaelis—Menten kinetics*® of digestion of these
dimers by SVPDE have been carried out. Kinetic parameters
were subsequently compared with those of the native dinu-
cleoside phosphates 1 and 2 (Table 1).

2.2.1. Different Ky; Modulations by Different 5'-End Mod-
ified Dimers. The Michaelis constant (Ky;) of digestion of
1—7 decreases in the followmg order: [6/(R)-OH-car-
ba-LNA Tlp-T (5) (545 uM) > [carba LNA-T],T (4) (412
uM) ~ >[LNA- -Tl, T(3) (365 uM) > 6/(S)-OH-carba-LNA-
T],T (6) (250 uM) > S[3/-OH- carba-LNA T]-6',5'-T (7) (83
uM) > 5T T (1) (46 uM) > UI,T (2) (15 uM) Hence,

Y[LNA- -T], T (3) is bound by SVPDE about 10 times weaker
than those of the native compounds. On the other hand,

[carba LNA-T],T (4) exhibits Ky; comparable to that of

Y[LNA- -T],T (3), so binding by nuclease is not the key factor
that leads to the improved nuclease resistance for the former
than for the latter. It is likely that a 6-OH substituent
in carba-LNA-T (“N'), as in [6/(R)-OH-carba-LNA-
dT],dT (5) and e’ (5)-OH-carba-LNA-dT],dT (6), can
slightly modulate the binding of SVPDE, compared to that
of 5/[carba-LNA-T]pT (4), since their Kyss are more or less
comparable. An interesting observation is that although the
5 and 7 have the same modified “N™'” nucleoside, their
different phosphate linkage topologies result in very differ-
ent binding affinities by SVPDE in that 5/[3’-OH-carba-
LNA-T]-6',5'-T (7), which has the 6'—5'-phosphate linkage,
can be bound by SVPDE much more effectively than that of
¥[6/(R)-OH-carba- LNA-T], T (5).

The 1—2 orders of magnitude decrease in the binding
affinity, Ky, for 5'[LNA-T]pT (3) compared to those of the

(45) Fersht, A. Structure and Mechanism in Protein Science: A Guide to
Enzyme Catalysis and Protein Folding; W. H. Freeman Company: New York,
1998.
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FIGURE 2. Structures of the modified dinucleotide models used in this study including native dinucleotides 1, 2, and 8. In the modified
dinucleotide models 3—7, the modified nucleosides are located at the 5'-end, whereas in the modified dinucleotide models 9—12 the modified
nucleosides are located at the 3'-end. All internucleotidic linkages (p) are 3' —5' linked except for [3'-OH-carba-LNA-T]-6',5'-T (7) which is

6'—5' linked.

native dimers 1 and 2 is likely to be the result of steric clash
and change of hydration (electrostatlc) penalty imposed
by the 2/.4'- locked ring in “[LNA- -T],T (3). Compared to
5’[LNA-T],,T 3), 3[carba-LNA- T],T (4) has an additional
bulky 7’-Me group on the 2’ .4'-carba-locked ring, which is
likely to contribute additional steric clash and alteration of
hydratlon but it does not seem to be the case because

[carba-LNA -T],T (4) exhibits very similar Ky, as that of

S[LNA- T],T (3). Thus it is hkely that the region around
C7 (or 02) of N~ ! nucleoside in >[carba-LNA- T],T (4) is
not involved in any tight interaction with the SVPDE bind-
ing site, and instead, steric clash and electrostatics near the
C6' of N™! nucleoside in 5/[carba-LNA-T],,T (4) are appar-
ently more important for retarding SVPDE binding since

2344 J. Org. Chem. Vol. 75, No. 7, 2010

5/[6’(R)—OH-carba-LNA-T] , T (5), which has one protruding
C6’-OH toward the internucleotidic phosphate, shows the
largest Ky; value, which means a poorer affinity to the
enzyme. In contrast, 5/[6/(S)-OH-carba-LNA-T]I,,T (6), in
which the 6/(S)-OH group is turning away from the phos-
phate has a ca. 2 times larger binding affinity than that of

>[6/(R)- OH carba-LNA-T], T (5). The poorer binding affi-
nity of >[6/(R)-OH-carba-LNA- -T],T (5) can, however be
dramatically improved by 6'—5-phosphate linkage in >[3'-
OH-carba-LNA-T]-6',5'-T (7).

2.2.2. Different Kcat Modulation by Different 5'-End Mod-
ified Dimers. The decrease of the catalytic efficiency (K.,,) of
digestion of 1—7 follows this order: *[6'(R)-OH-carba-
LNA-T],T (5) (302 min~") > “[LNA-T],T (3) (237 min~ ")
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FIGURE 3. (A) Comparison of the stabilities of dimers 1—7 upon SVPDE degradation. Digestion curves of 4 (green solid line) and 6 (pink
dotted line) overlay each other. (B) Comparison of the stabilities of dimers 9—12 with native dimers 1 and 8 upon SVPDE digestion. Digestion
curves of 10 (green dotted line) and 11(dark red solid line) overlay each other. Note that the differences in the stabilities in the pairs of isomeric
5’-end modified dimers compared to those of respective 3’-end modified dimers is evident from the pairwise comparison of the respective plots
in A versus B: 6/12,5/11, 4/10, 3/9 etc. Digestion conditions: dimer 1 0.d. (4260 nm), 100 mM Tris—HCI (pH 8.0), 100 mM NacCl, 15 mM MgCl,,
SVPDE 30 ug/mL, reaction temperature 21 °C, total reaction volume 1 mL.

TABLE 1.

Dimers with the Native Counterparts

Comparison of Michaelis—Menten Kinetic Parameters® of Internucleotidic Phosphate Scission by SVPDE for 3'-Modified and 5'-Modified

dimers Ky (uM) Ko (min_]) Koo/ Kng (uM min_l)
native dimers T,T (1) 45.6 £5.6 157.5+£5.8 3.65+0.38
SUT(2) 14.68 + 1.21 153.17 £ 2.50 9.74+ 0.88
5’T,,U @8 20.0+ 1.7 114.744+2.2 6.00 % 0.06
5’-modified dimers [LNA T],T (3) 365.5+44.8 236.6+17.3 0.6254 0.037
[Carba LNA-T], T (4) 412.1 £78.4 2.21+£0.27 0.0059 £ 0.0003
[6’(R) OH-carba- LNA-T],T (5) 5452+ 81.9 301.9+ 29.3 0.5865 =+ 0.007
[6’(5) OH-carba-LNA-T], T (6) 250.2+21.6 1.93+0.09 0.0078 & 0.0005
[3’ OH-carba-LNA-T]-6',5'-T (7) 832+ 5.6 7.57+0.17 0.089 £ 0.009
3'-modified dimers ST, [LNA-T] (9) 52.5+4.4 4.0+0.10 0.075+0.001
ST T,[carba-LNA-T] (10) 313.6+ 354 3.60+0.23 0.01140.0007
ST »[6'(R)-OH-carba- LNA-T] (11) 289.5 £ 57.1 3.60 + 0.40 0.013£0.003
5 T H10'(S)-OH-carba-LNA-T] (12) No cleavage detected

“All values are averages and standard deviations of three independent experiments.

> 3T, T(1)(157min ")~ U, T(2)(153 mm_l) > 3[3/-OH-
carba-LNA- T] 0',5'- T (7) (7.6 min~ ') > ¥[carba-LNA- T],T
4 (2 2 m1n ) '~ 3[6/(S)-OH-carba-LNA- T],T (6) (1.9
min~"). *[6/(R)-OH-carba- LNA- -T],T (5) exhibits the best
catalytic efficiency (despite a very high Ky), suggesting the
6'(R)-OH that is directed toward the internucleotidic phos-
phate plays an important role in assisting scission of the
P—03' bond. *[carba-LNA-T], T (4) and *[6/(S)-OH-carba-
LNA-T],T (6) exhibit roughly 100 times smaller K., than
those of the native 1 and 2. *[3-OH-carba-LNA-T]- -6',5'-T
(7), which contains the 6/—5" phosphate linkage, shows
very small K., which is slightly higher than those of 5’[Carba-
LNA-T],T (4) and 5[6/(S)-OH-carba-LNA-T] »T (6).

From these kinetics data, we can see that the nuclease
resistance of > [LNA-T] ,T (3) is only slightly improved (K,/
Ky difference is around 6 times) compared to that of the
native 5/TpT (1), which is mainly attributed to the poorer
binding affinity (Ky;) of the former compared to the that of the
latter to the nuclease. Comparison of Ky and Ky, for *[LNA-
T],T (3) and 5’[carba-LNA-T],,T (4) shows that 100x im-
provement in the nuclease resistance for the latter comes from
its much-decreased catalytic efficiency compared to the for-
mer, not from the Ky, because it is very comparable for both.
Remarkably decreased stability imposed by 6'(R)-OH mod-
ification in carba-LNA-T as in >[6/(R)-OH-carba-LNA-T] T

(5), as evident from a significant increase of the K, compared
to that of ¥ [6'(S)-OH-carba-LNA-T],T (6), is attributed to the
fact that the 6/(R)-OH in the former is located on the same side
as the internucleotidic phosphate, whereas the 6'(S)-OH in the
later is located on the opposite side of the phosphate. There-
fore, the 6'(R)-OH is in steric proximity with the internucleo-
tidic phosphate in the former, is predisposed to H-bonding
interaction, and assists in the catalysis.

The observed digestion rates and the #,, of the nuclease
resistances of dimers 1—7 shown in Figure 3 decreases as the
K.../Kv (Table 1) decreases, as expected.

3.0. Nuclease Resistance of the Internucleotidic Phosphate
with 3'-End Modifications at Position “N” in Dimers 9—12. In
order to understand the structure—activity relationship in
Michaelis kinetics, we have used isomeric substrates to
explore the mode of cleavage of the internucleotidic linkage
by SVPDE.

3.1. Comparison of Relative Nuclease Resistance of Mod-
ified Dimers 9—12 with Native 1 and 8. To compare the
relative nuclease resistance of the phosphate with LNA-T
or carba-LNA-T modifications at position “N” (at the 3'-
end), dimers 8—12 were treated with SVPDE under identical
conditions as described in section 2.1. Their nuclease resis-
tdnces decreases (f;)») in the following order (Figure 3B):

T,[6/(S)-OH-carba-LNA-T] (12) > °T[carba-LNA-T]
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(10) (288 min) ~7T »[6'(R)-OH- carba LNA-T] (11) (277 min)

>T [LNA T] (9)(103 min) > U, T (8) (2.5min) ~ *T,T (1)
(1.9 mm) [LNA T] (9) is about 50 times more stable than
native ° T,T (1) ST plcarba-LNA-T] (10) and °T »[6'(R)-OH-
carba- LNA T] (11) have very similar stability, and both of
them were only around 2.5x more stable than S/T[,[LNA-T]
(9). However, 5/T‘,,[6’ (S)-OH-carba-LNA-T] (12) with 3'-term-
inal (i.e., “N”) substitution showed unusual nuclease resis-
tance and almost no degradation and could be detected after
incubation for 4 h, in contrast with that of the “N~!”
substituted dinucleotide °[6/(S)-OH-carba-LNA-T] »T (6),
which is degraded ~20% under identical conditions
(compare Figure 3A,B). Finally, this study shows 5’TP[6’ (S)-
OH-carba-LNA-T] (12) has the highest nuclease stability
among all 12 dimers studied in this work toward the
3’-exonuclease, which we believe will be useful as take-home
lessons for the future design of modifications for therapeutic
oligonucleotides.

3.2. Comparison of Michaelis—Menten Kinetic Parameters
of Nuclease Digestion of Modified Dimers 9—12 with Those of
the Native 1 and 8. Subsequently, Michaelis—Menten ki-
netics of digestions of 3’-end-modified dimers 9—11 by
SVPDE were carried out to further explore the mechanism
of nuclease resistance of the internucleotidic phosphate with
LNA and carba-LNA modifications at position “N”.

Asshown in Table 1, Ky of digestion of 5’TP[LNA-T] 9)is
very similar as that of native counterparts, suggesting that
the bulky 2’,4’-locked ring in LNA at the 3’-end of the dimer
does not impair the binding (Ky) of SVPDE. It turns out that
it is the reduced catalytic efficiency, K., that leads to its
higher nuclease resmtance On the contrary, °T T [carba-
LNA-T] (10) and °'T [6'(R)-OH-carba- LNA-T] (11) exhibit
very similar catalytlc efficiency as ST T,[LNA-T](9) but
roughly 5x higher Ky, values for dimers 10 and 11, suggest-
ing it is the less binding affinities that make dimers with
carba-LNA modifications at the 3’-end (residue “N”) nu-
cleolytically more stable than their LNA-modified counter-
part.

Unlike the 7-Me modification on the “N~'” residue which
does not influence Ky, 7'-Me modification on the “N”
remdue definitely impairs the bmdmg of SVPDE because

1,[carba-LNA -T] (10) and ° T [6’§R) -OH-carba-LNA]-T
(11) show nearly 5x higher Ky than T,[LNA-T](9). On the
other hand, 6/(R)-OH modification on N nucleomdes does
not seem to mfluence the SVPDE binding since ST plcarba-
LNA-T] (10) and °T »[0'(R)—OH-carba- LNAJ-T (11) exhi-
bit very similar Ky. 5T,,[6’(S) OH-carba-LNA-T] (12) is
completely resistant to SVPDE digestion, and so the Km
and K, could not be determmed In comparison with ° T -
[carba-LNA-T] (10), ° T,[6'(S)-OH-carba-LNA-T] (12) has
only one additional C6/(S) OH protruding toward the inter-
nucleotidic phosphate. This C6'(.S)-OH could spatially pre-
vent the attacking of SVPDE on the internucleotidic
phosphate, and thus, digestion of this phosphate by SVPDE
becomes impossible. Hence it seems that bulky (.S)-substitu-
tion at C6’ of carba-LNA could be a very efficient approach
to improve the nuclease resistance.

4.0. Correlation between Catalytic Efficiencies (K., and
Leaving Abilities (pK,) of the Departing 3’ (or 6')-OH of LNA
or Carba-LNA Derivatives. During the digestion of 3’-mod-
ified dimers 9—11, the leaving native 5'-residues (“N~')
were always the T residue (see Figure 2), which results in
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similar K., in the SVPDE digestion of these dimers. This
made us speculate that significantly different K,s found in
the digestion of 5'-modified dimers 3—7 could be the result of
their differently modified departing 5'-nucleoside residues
(“N~1) with different leaving abilities. Hence, the pK,s of
the departure 3/(or 6')-OHs of the “N ™' nucleosides in 1 -7
have been determined by NMR based pH titration experi-
ments.*¢47

4.1. pK, Values of 3'- and/or 6'-OH of LNA and Carba-
LNA Derivatives. The experimental pK, values of the 3'(or
6')-OH of the departing nucleosides 13—18, generated from
the SVPDE digestion of dimers 1—7, respectively, decreases
in the following order (Figure 4): 6'-OH of 6/(S)-OH-carba-
LNA-T(18) (pK, > 13.5) > 3/-OH of carba-LNA-T(16)
(pK, = 13.53 £ 0.10) > 3’-OH of T (13) (pK, = 13.50 +
0.19) > 3-OH of 6'(R)-OH-carba-LNA-T (17) (pK, =
13.06 £ 0.06) > 3-OH of 6'(S)-OH-carba-LNA-T(18)
(pK, = 1291 £ 0.05) > 6’-OH of 6/(R)-OH-carba-LNA-T
(17) (pK, = 12.82+£0.03) > 3’-OH of U(14) (pK, = 12.62 +
0.03) > 3-OH of LNA-T(15) (pK, = 12.10 £0.01). The pK,
of 3-OH of LNA-T (15) is even lower than that of U (14),
suggesting the constrained conformation of the pentose
sugar in LNA-T must play a role in decreasing the pK, of
3’-OH. All the nucleosides 15—18 have the same constrained
N-type sugar but very different pK, values for the 3’-OH,
suggesting the pK, of 3’-OH can be significantly modulated
by modification on the 2’,4'-locked ring. This observation is
consistent with our previous study that showed the nature of
the sugar conformational constrains steer the physicochem-
ical property of nucleoside.*® The pK, modulation in nucleo-
sides 15—18 is likely to be the result of electrostatic effect
imposed by the modification. Thus, replacement of electron-
withdrawing 2’-O in LNA-T (15) with electron-donating
group —CH,(CHj3)— gives carba-LNA-T (16) whose pK,
of 3-OH is 1.4 units larger than LNA-T (15). Further
addition of an electron-withdrawing OH group at C6' as in
compounds 17 and 18, on the other hand, decreases the pK,
of 3’-OH. The pK, of C6'-OH was remarkably dependent on
its orientation: in nucleoside 18, the pK, of C6'(S)-OH (pK,
> 13.5) is much larger than that of the 6'(R)-OH in nucleo-
side 17. Deprotonation of the 6¢'(R)-OH in nucleoside 17
could be assisted by the vicinal 3’-OH through formation of
intramolecular hydrogen bonding, thus significantly de-
creasing the pK, of the 6/(R)-OH. On the other hand,
intramolecular interaction between C6'(S)-OH and 3’-OH
in nucleoside 18 is impossible.

4.2. Correlation between log K, and pK, of the Departing
3'(or 6')-OH. For 5-end-modified dimers 3—7, the log k..
values were almost linearly correlated (R = 0.89) to pK,s of
the departing 3’- or 6’-hydroxyls except that dimer [6'(R)-
OH-carba-LNA-T], T (5) escapes the fitting line (Figure 5),
thereby suggesting that the SVPDE cleavage mechanism for
5 is different from the rest. The linear correlation of SVPDE
cleavage of modified dimers 3, 4, 6, and 7 with those of the
pK,s of the departing of 3’ or 6 oxyanion, however, suggests
that the rate-limiting step is the formation of the 3’ or ¢

(46) Velikyan, I.; Acharya, S.; Trifonova, A.; Foldesi, A.; Chattopadhyaya,
J. J. Am. Chem. Soc. 2001, 123, 2893-2894.

(47) Acharya, S.; Foldesi, A.; Chattopadhyaya, J. J. Org. Chem. 2003, 68,
1906-1910.

(48) Plashkevych, O.; Chatterjee, S.; Honcharenko, D.; Pathmasiri, W.;
Chattopadhyaya, J. J. Org. Chem. 2007, 72, 4716-4726.
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FIGURE 4. Structures and pK, values of 3’-OH and/or 6'-OH of compounds of 13—18. The pK, values were measured by NMR based pH

titration experiments.
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FIGURE 5. Correlation between catalytic efficiencies (log K.,
from Table 1) and pK,s (Figure 4) of the departing 3/(or 6')-OHs
for SVPDE mediated digestion of 3—7. Log K..s of SVPSDE
cleavage of modified dimers 3, 4, 6, and 7 show linear correlation
with pK,s of the departing of 3’ or 6 oxyanion, giving Pearson’s
correlation coefficient R = 0.89. However, the data for [6'(R)-OH-
carba- LNA-T], T (5) do not fit in the correlation plot, thereby
suggesting that SVPDE cleavage mechanism for dimer 5 is likely to
be different from the rest.

oxyanion. This explains why different leaving group abilities
of the 5/-end-modified nucleosides (“N~ ') in dimers 3, 4, 6,
and 7 lead to their different K., values.

For digestion of 3’-modified dimers 9—11, the different
pK, values of the 3’-OH of the 3’-end-modified nucleosides
(“N”)doesnot result in different K, values because the pK,s
of their 3’-OH have no role to play in the SVDPE enzymatic
kinetics since the cleaving 3’O—P bond belongs to the leaving
native 5'-residues (“N~'”) (see Figure 2).

Conclusion
This work shows that LNA and carba-LNA modifications
at either the “N” or “N~'” position can improve the

3’-exonuclease (SVDPE in this study) resistance of internu-
cleolytic phosphate. Michaelis—Menten kinetic studies
further demonstrated that when LNA modification is situated
at the “N~ ! position, it increases the nuclease resistance of
internucleotidic phosphate mainly by retarding the enzyme
binding through steric hindrance and electrostatics. When
carba-LNA modification occurs at the “N~'” position of the
dimer, it exerts a similar magnitude of steric hindrance for

binding to the enzyme, but the catalytic efficiency (K.a) of
degradation of the internucleolytic phosphate is 100 times
smaller compared to that of the LNA-modified counterpart.
We found that for the digestion of dimers with LNA or carba-
LNA modification at “N ™! position by SVPDE, departure
of 3-O7 is the rate-limiting step and the pK, of 3'-OH of
carba-LNA is 1.4 units higher than that of LNA. Hence, it is
the more basic property of 3’-OH of carba-LNA-T that makes
it a less labile leaving group during 3’-exonuclease-mediated
degradation than that of LNA; thus, a much lower K, is
observed for digestion of carba-LNA relative to digestion of
LNA.

When LNA or carba-LNA modification is located at
the 3’-terminus (position “N”), LNA improves the exo-
nuclease resistance by decreasing the K.,,. Carba-LNA
modification exhibits higher nuclease resistance than
LNA, which is mainly because the carba-LNA-T-modi-
fied nucleoside has less binding affinity toward 3’-exonu-
clease.

C6/-OH substitution on carba-LNA can modulate the
3’-exonucleoase activity to a different degree depending
upon the chirality of the C6'-OH as well as the modification
position (“N” or “N~ ') in the dimer. Thus, the C6¢'(S)-OH
substitution at the 5-end (“N~') in >[6/(S)-OH-carba-
LNA-T],T (6) does not change the 3'-exonucleoase resis-
tance for the internucleotidic phosphate (compared to that
of 5/[carba-Ll\JA-T][,T (4) because the C6'(S)-OH has an
opposite orientation (and further away) with respect to the
phosphate. In contrast, C6/(R)-OH substitution at the 5'-end
(“N~") in *[6/(R)-OH-carba-LNA-T],T (5) considerably
enhances the 3’-exonucleoase activity for the internucleotidic
phosphate (compared to that of 5/[carba-LNA-T]‘,,T, 4)
because its C6'(R)-OH has the same orientation (and is
nearer) with respect to the phosphate. On the contrary,
C6'(S)-OH substituted or C6'(R)-OH substituted carba-
LNA modification at the 3'-end (“N”) has a completely
opposite effect: When the C6'(S)-OH analogue is located
at the 3’-end (“N”) in 5’T,,[6’(S)-OH-carba-LNA-T]p (12), it
is completely resistant to 3’-exonucleoase because the C6'-
(S)-OH protrudes toward the phosphate, probably retard-
ing the attacking of SVPDE on the phosphate. In contrast,
C6/(R)-OH substitution at the 3'-end (“N”) in >T,[6'(R)-
OH-carba- LNA-T], (11) exerts no influence on degrada-
tion of internucleotidic phosphate (compared to that of
5/Tp[carba-LNA-T]p (10) because its C6'(R)-OH has an
opposite orientation (and further away) with respect to
the phosphate.
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Implications

This study has deep implications for our understanding of
design principles of new nuclease resistance oligonucleotides
for therapeutic application. For example, the chiral discri-
mination of the hydroxyl group at C6' of carba-LNAs to
engineer their nuclease stability can further be extended
through the synthesis of 6’-monoalkyl (pure S and R at
C6') diasteromeric carba-LNAs or 6'-dialkyl (ethyl, propyl,
butyl, or homologues) carba-LNAs because (1) the 6¢'-alkyl
group(s) will exert strong steric hindrance for 3'-exonuclease
and thus decrease binding affinity greatly toward nuclease
when this modification is located at the N~! position; (2)
just like the 6'(S)-OH in T,[6'(S)-OH-carba-LNA-T] (12),
6'-alkyl group(s) when substituted in carba-LNA at “N”
position in the modified oligos will retard nucleophilic
cleavage of the internucleotidic phosphate by 3’-exonu-
clease; and (3) the electron-donating properties of alkyl
groups at C6’ will make the 3’-OH much less acidic, thereby
decreasing the catalytic efficiency (K, of scission of inter-
nucleotidic phosphate when this modification is located at
the N~! position. Synthesis of these molecules and their
nuclease resistance properties are in progress in our labora-
tory. It should be noted that synthesis of C6'(S or R)-ethyl-
LNA has been reported by Seth et al. very recently,* and
oligonucleotides with these modifications have been found
to indeed show striking affinity toward target RNA as well as
unusual nuclease resistance.

Experimental Section

Materials. Phosphodiesterase 1 from C. adamanteus (E.
C.3.1.4.1, SVPDE) was obtained from a commercial supplier.
This enzyme was obtained as a powder, and after reception, 1.82
mg (100 unit) of this enzyme was resuspended at a concentration
of 1 mg/mL in 110 mM Tris—HCI, pH 8.0, 110 mM NacCl,
15 mM MgCl,, and 50% glycerol. This enzyme solution was
keptat —20 °C for digestion study. Under this storage condition,
we did not observe obvious activity variation for at least
6 months.

Dimer nucleotides 1—6 and 8—12 were synthesized using an
automated DNA/RNA synthesizer (ABI 394 model) based on
phosphoramidite chemistry according to previously reported
procedures.>®>*>! For synthesis of dimers 9—12, universal sup-
port II (purchased from a commercial supplier) was used, and
the cleavage was carried out according to the product descrip-
tion. The dimer nucleotides 7 were obtained by hydrolysis of D,-
CNA.* After synthesis and deprotection, the obtained crude
dimers were purified by preparative reversed-phase (RP) HPLC:
Kromasil 100, C18, 5 um, 250 x 8 mm; 0 — 10 ft — 30 ft, A —
A/B = 1/9— A/B = 5/5, v/v with a flow 1.2 mL/min at room
temperature. UV detector with detecting wavelength of 260 nm
was used. HPLC buffer A: 0.1 M TEAA in H,O—CH3CN (95/
5). HPLC buffer B: 0.1 M TEAA in H,O—CH;CN (50/50). The
integration of the dimers 1—12 was verified by MALDI-TOF
mass spectroscopy: 1, [M + H]" found 546.5, caled 547.1; 2,
[M + HJ* found 548.5, calcd 549.1; 3, [M + H]" found 574.2,
caled 575.1; 4, [M + H]" found 586.3, caled 587.1; 5, [M + H]*
found 602.7, caled 603.0; 6, [M + H]* found 602.7, caled 603.0;

(49) Seth, P. P.; Vasquez, G.; Allerson, C. A.; Berdeja, A.; Gaus, H.;
Kinberger, G. A.; Prakash, T. P.; Migawa, M. T.; Bhat, B.; Swayze, E. E.
J. Org. Chem. 2010, 75, 1569-1581.

(50) Zhou, C. H.; Honcharenko, D.; Chattopadhyaya, J. Org. Biomol.
Chem. 2007, 5, 333-343.

(51) Zhou, C. Z.; Pathmasiri, W.; Honcharenko, D.; Chatterjee, S.;
Barman, J.; Chattopadhyaya, J. Can. J. Chem. 2007, 85, 293-301.
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7,[M + H]" found 603.0, calcd 603.0; 8, [M + H]" found 548.2,
caled 549.1; 9, [M + H]" found 574.4, calcd 575.1; 10, [M + H]"
found 586.3, caled 587.1; 11, [M + H]" found 602.5, calcd 603.0;
12, [M + H]" found 602.4, calcd 603.0.

Relative Stabilities of Dimers 1—12 upon SVPDE Degrada-
tion. A 1 0.d. (4 260 nm) dimer and 30 uL (1.65 unit) of SVPDE
solution was mixed in 1 mL of buffer conatiningl00 mM
Tris—HCI, pH 8.0, 100 mM NacCl, and 15 mM MgCl,. This
mixture was kept at 21 °C, and aliquots (100 4L) were taken at
proper time points and quenched with 100 4L of 10 mM EDTA
solution followed by freezing with anhydrous ice quickly. Then
the aliquots were analyzed by analytical RP-HPLC: Kromasil
100, C18, 54,100 x 4.6 mm;0—10ft—20ft, A—A/B=1/9—
A/B = 38/62, v/v. Flow of 1 mL/min at room temperature was
used in a UV detector with detecting wavelength of 260 nm. The
total percentage of integrated dimers was plotted against time
points to give the degradation curves (Figure 3), and the pseudo-
first-order reaction rates (kops) could be obtained by fitting the
curves to single-exponential decay functions. ;> was calculated
according to this equation: ¢, = In 2/kgps.

Michaelis—Menten Kinetics of SVPDE Digestion. Dimer
(concentration varied from 23.8 to 416.6 uM) and SVPDE
(for different dimers, different concentrations of SVPDE were
used: dimers 1 and 8, 0.022 unit; dimer 2, 0.017 unit; dimers 3
and 5, 0.083 unit; dimers 7 and 9, 0.55 unit; dimers 4, 6, 10 and
11, 1.1 unit) were mixed in 500 #L of buffer conatining 100 mM
Tris—HCI, pH 8.0, 100 mM NacCl, and 15 mM MgCl, at 21 °C.
Aliquots were taken at proper time points (less than 6% diges-
tion occurred) and quenched with EDTA solution followed by
freezing with anhydrous ice. The aliquots were then analyzed by
analytical RP-HPLC as described above. The total percentage
of integrated dimers was plotted against time points to give the
initial velocities (vo) of the reactions (see the Supporting
Information). Values of the kinetic paramethers (Ky; and Vy,.x)
in this method were determined directly from v, versus concen-
tration of substrate ([S]) plots (see the Supporting Information)
using a correlation program where the correlation equation was
y = ax/(b+ x),wherea = V.xand b = Ky;. K., was obtained
from this equation: K.,y = Viax/Eo, Where Eqcorresponds to the
concentration of enzyme used in the reaction. All values are
averages with standard deviations of three independent experi-
ments.

pH-Dependent '"H NMR Measurement and Experimental pK,
Determination. All NMR experiments were performed using
Bruker DRX-600 spectrometers. The 2.5 mM NMR samples of
compounds 13—18 were prepared in D,O solution with dpgs =
0.015 ppm as internal standard. All pH-dependent NMR mea-
surements have been performed at 298 K. The pH values (with
the correction of deuterium effect) correspond to the reading on
a pH meter equipped with a calomel microelectrode (in order to
measure the pH inside the NMR tube) calibrated with standard
buffer solutions (in H,O) of pH 7, 10, and 12.45. The pD of the
sample has been adjusted by simple addition of microliter
volumes of NaOD solutions (1, 0.5, and 0.1 M). The pH values
are obtained by the subtraction of 0.4 from corresponding pD
values [pH = pD — 0.4]. All 'H spectra have been recorded
using 128 K data points and 64 scans.

The pH titration studies were done over a range of pH (9 <
pD < 13.5) with (0.1—0.3) pH interval. The pH-dependent 'H
chemical shifts (9, with error & 0.001 ppm) of H3' (or H2' if
determination of chemical shift of H3' is difficult because of
overlay) and H6' for all compounds have shown a sigmoidal
behavior (see the Supporting Information), which corresponds
to 3’-OH or 6/-OH deprotonation. Values of the pK,s have been
determined by fitting the titration curves employed with a Hill
coefficient set close to unity. The pH-dependent 'H che-
mical shifts of H6' of 6¢'(S)-OH-carba-LNA-T(18) do not
change with pH up to 13.5; hence, the pK, of the 6/(S)-OH in
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6'(S)-OH-carba-LNA-T (18) must be much higher than 13.5.
The pK, of 2’-OH (pK, = 12.62 & 0.03) of uridine (14) has been
measured previously in this way by us.*® Since the adjacent
2'-OH and 3’-OH can interact during depronation, the obtained
pK, value is supposed to be the combined effect of 2’-OH and 3'-
OH.>? Some other experiments also support the conclusion that
2’-OH and 3’-OH in ribonucleoside have similar pK, values.>
Hence, we define the pK, of 3’-OH of uridine to be 12.62.
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Soc. 1965, 87, 2760-2761.
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329-338.
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