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ABSTRACT. The RNase H cleavage potential of the RNA strand basepaired with the complementary antisense
oligonucleotides (AONs) containinjorth—East conformationally constrained’,2'-methylene-bridged
(azetidine-T and oxetane-T) nucleosiddsyrth-constrained 24’ -ethylene-bridged (aza-ENA-T) nucleoside,

and 2-alkoxy modified nucleosides (@-Me-T and 2-O-MOE-T modifications) have been evaluated
and compared under identical conditions. When compared to the native AON, the aza-ENA-T modified
AON/RNA hybrid duplexes showed an increase of melting temperaiirg € 2.5-4 °C per modification),
depending on the positions of the modified residues. The azetidine-T modified AONs showed a drop of
4—5.5°C per modification with respect to the native AON/RNA hybrid, whereas the isosequential oxetane-T
modified counterpart, showed a drop 6—6 °C per modification. The '20-Me-T and 2-O-MOE-T
modifications, on the other hand, showed an increasen,dfy 0.5°C per modification in their AON/

RNA hybrids. All of the partially modified AON/RNA hybrid duplexes were found to be good substrates
for the RNase H mediated cleavage. TKg and Vmnax values obtained from the RNA concentration-
dependent kinetics of RNase H promoted cleavage reaction for all AON/RNA duplexes with identical
modification site were compared with those of the reference native AON/RNA hybrid duplex. The catalytic
activities Kca) of RNase H were found to be greater).4—2.6-fold) for all modified AON/RNA hybrids
compared to those for the native AON/RNA duplex. However, the RNase H binding affirity)(4howed

a decrease~1.7—8.3-fold) for all modified AON/RNA hybrids. This resulted in less effectivel(1—
3.2-fold) enzyme activity KcalKn) for all modified AON/RNA duplexes with respect to the native
counterpart. A stretch of five to seven nucleotides in the RNA strand (from the site of modifications in
the complementary modified AON strand) was found to be resistant to RNase H digestion (giving a
footprint) in the modified AON/RNA duplex. Thus, (i) the AON modification with azetidine-T created a
resistant region of five to six nucleotides, (ii) modification with@Q-Me-T created a resistant stretch of

six nucleotides, (iii) modification with aza-ENA-T created a resistant region of five to seven nucleotide
residues, whereas (iv) modification with@-MOE-T created a resistant stretch of seven nucleotide residues.
This shows the variable effect of the microstructure perturbation in the modified AON/RNA heteroduplex
depending upon the chemical nature as well as the site of modifications in the AON strand. On the other
hand, the enhanced blood serum as well as trex8nuclease stability (using snake venom phosphodi-
esterase, SVPDE) showed the effect of the tight conformational constraint in the AON with aza-ENA-T
modifications in that the'3exonuclease preferentially hydrolyzed tfigopBosphodiester bond one nucleotide
away (n+ 1) from the modification site (n) compared to all other modified AONs, which wére 3
exonuclease cleaved at theghosphodiester of the modification site (n). The aza-ENA-T modification

in the AONs made the'Sesidual oligonucleotides (including the-n 1 nucleotide) highly resistant in

the blood serum (remaining after 48 h) compared to the native AON (fully degraded in 2 h). On the other
hand, the 5residual oligonucleotides (including the n nucleotide) in azetidine-D-®le-T, and 2-O-
MOE-T modified AONs were more stable compared to that of the native counterpart but more easily
degradable than that of aza-ENA-T containing AONS.

Antisense oligonucleotides (AONshave been widely  sion by binding to the target mRNA and/or by (ii) catalytic
used as a tool for down-regulation of gene expression throughcleavage of the target mRNA in the AON/RNA by the
RNA targeting either by (i) blocking the message transmis- activation of RNase H, a ubiquitous enzyme cleaving the
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RNA part of AON/RNA hybrid duplexesl). The second o g 2

strategy has essential advantages over the steric blocking N -

because it requires only a relatively small amount of AON o | /g g, | )\
o ) =] o N (o]

for catalytic turnovers. The permanent destruction of the o) °

target RNA message with catalytic turnover may provide

enough Iif_etime in cells?) for the AON toactasa potential g_\m. g ocH 0 Ou~oon,
drug provided the AON has sufficient stability in the blood

serum and is capable of penetrating in the cell (Delivery). aza-ENA-T 2-0-Me-T 2'-0-MOE-T
Considerable attention has been directed toward the chemica (A) (B) (©)

design of AONs that would enhance the target affinity,
specificity, capability to recruit RNase H, and nuclease i i
stability. The first generation of AONs, phosphorothioate \IELNH \f‘\w
DNA analogues, showed an increase of the nucleases o N/L% "o N/L%
resistance, but their therapeutic potential was limited due to ° ©

low binding affinity to the target RNA, less sequence

specificity, and strong affinity to the heparin-binding proteins g N g ©

(3, 4). Reduction of toxicity with enhanced binding affinity
was achieved by the second generation of AONs based on ¢
mixed backbone oligonucleotideS)( involving 2-O-alkyl
modifications, 2-O-alkyl modifications with glycol ether
linkages, and 2F and 2-O-aminoalkyl modifications §—

8). The disadvantage of these chimeric oligonucleotides was
that they have poor nuclease stabili§) @s well as low
RNase H recruitment and cleavage capabilityg). AONs
containing boranophosphatekdf and methylphosphonates
(12) enhanced RNase H activity, whereas binding affinity

to the target RNA was not significantly improved. as well as give the AON strand adequate stability toward
The AONs with one or more conformationally locked cellular nucleases. We report here the RNase H cleavage
nucleoside residues have also been an area of considerablgroperties and kinetics of AON/RNA duplexes withQ-
interest (2-19). Introduction of conformationally con-  Me-T, 2-O-MOE-T modifications B and C in Figure 1)
strained nucleotides can make the AON strand locked to and compare their RNase H C|eavage properties with those
mimic the DNA- or RNA-type conformation1( 20). It is of the conformationally constrained modifications in the
known that for eliciting RNase H activity2( 21) the AON sugar moiety involving 12-methylene bridged [azetidine-
in the AON/RNA hybrid duplex should retain the B-type T (D) and oxetane-TH) in Figure 1] @5, 27) with a North-
DNA conformation with theSouthtype sugar; at the same  Easttype sugar conformation and,Z-ethylene bridged
time the RNA moiety should retain its A-type helix character nycleoside, aza-ENA-TA(in Figure 1) @2), with a North-
with the North-type sugar 22). Incorporation of a confor-  constrained conformation. We show that each of these
mationally preorganizedliorth-type nucleotide into an oli-  modifications shows uniquely different RNase H recruitment
gOdeOXynUCleotide modulates the thermal Stabl“ty of the and C|eavage properties’ which potentia”y can open up new
AON/RNA duplex depending upon the type of conforma- avenues for different applications. We also show here how
tional constraint. For example, each locked nucleic acid the blood serum and thé-8xonuclease (using snake venom

azetidine-T oxetane-T

(D) (E)
Ficure 1: Structure of the chemically modified nucleotide mono-
mer moieties: aza-ENA-T,'N,4'-C-ethylene-bridged nucleic acid
thymidine; 2-O-Me-T, 2-O-methylthymidine; 20-MOE-T,
2'-O-[2-(methoxy)ethyl]thymidine.

substituents modulate the preorganization of the AON strand
and the AON/RNA duplex for the recruitment of RNase H,

(LNA) (23, 24) residue increases thg, by 4—8 °C per
modification, each oxetane-1R%, 26) or azetidine-T 27)
moiety reduce th&, by 4—6 °C per modification but no

phosphodiesterase, SVPDE) stability of the modified AON
strand can be steered by effective change of the chemical
nature of the substituent as well as its site in the AON strand.

change in th@, for oxetane-A and oxetane-G residugs)(

The ability of theséNorth-type conformationally constrained MATERIALS AND METHODS

AON:Ss is that the local conformational change is transmitted

to the neighboring nucleotides in the AORS} to transform Materials Escherichia colRNase H (5 unitg/L, specific

a small stretch of the AON strand to the RNA-type. This activity 420 000 units mg', molecular weight 21 000 g

essentially produces an RNA/RNA-type duplex, which is not mol™), T4 polynucleotide kinase (30 uniigl), and [y-**P]-

cleaved by RNase H, thereby showing the footprints in the ATP were purchased from Amersham Pharmacia Biotech

RNase H cleavage reaction of the heterodupliex2, 26, (Sweden). Phosphodiesteras€idtalus Adamanteugenom)

30). Thus, LNA-modified AONs showed high affinity to the ~and human serum (AB male) were from Sigma. Target RNA

target RNA, and the gapmer of LNA/RNA heteroduplexes Was from IBA BioTAGnology (Germany).

required gaps of 78 native deoxynucleotides between LNA Oligonucleotide Synthesigzetidine-T @7), aza-ENA-T

moieties to elicit RNase H activity3(). In the case of (32 (Scheme S1 and Experimental Section in Supporting

conformationally constrained oxetane-modified AOIZS, ( Information), 2-O-Me-T (33), and 2-O-MOE-T (34, 35)

26, 28—30), a gap of only five nucleotides is needed to regain modified nucleosides (Figure 1) were synthesized following

the RNase H eliciting capability compared to seven to eight the previously reported procedures. Synthesis of modified

nucleotides for the LNA. oligonucleotides 1-11 and the complementary DNA
To improve the design principle of the AON strand, clearly (Table 1) was carried out using an Applied Biosystems 392

we need to understand how the introduction of various 2 automated DNA/RNA synthesizer, as previously described



2'-Alkoxy Modified Oligonucleotides Biochemistry, Vol. 46, No. 19, 20056637

Table 1: Oligonucleotides of Various AONs and the Thermal Denaturation Studies of Their Duplexes with Complementary RNA or DNA
Targets

T./°C T./°C MALDI-MS of
AON AON Oligonucleotid T 7+ | AONI-IL
s 1gonucieotides With - With - Found/cale
RNA DNA [M+H]
1 S“d(CTTCATTTTTTCTTC)-3' 44 - 45 - 4448.6/4448.7
2 | S-d(CTTCATTTTTTCT.. 0 TO)3' | 48 4 | 445 | 05 | 44807/44017

3 5-d(CTTCATTTTI-0.ena TCTTC)-3 46.5 +2.5 425 -2.5 4489.7/4490.7

4 S“d(CTTCATTT-40a-ena TTTCTTC)-3' 47.5 +3.5 42 -3 4489.7/4490.7
5 5'-d(CTTCAT-uena TTTTTCTTC)-3' 48 +4 42 -3 4489.7/4490.8
6 5-d(CTTCAT-pn . TTTTTCTTC)-3' 44.5 +0.5 41 -4 4479.4/4478.8

7 5-d(CTTCAT-4moe TTTTTCTTC)-3' 44.5 +0.5 40.5 -4.5 4523.2/4522.8

8 5-d(CTTCATTTTTTCT-,,, TC)-3' 385 | 55 41 -4 4475.3/4475.7
9 5%d(CTTCATTTTT- ;- TCTTC)-3' 40 -4 395 | 55 | 4475.6/4475.7
10 5%d(CTTCATTT-y, TTTCTTC)-3' 40 -4 39 -6 4475.4/4475.7
1 5-d(CTTCAT-y, TTTTTCTTC)-3' 40 4 41 -4 4475.5/4475.7
12 5'-d(CTTCAT-oy TTTTTCTTC)-3' 39 -5 405 | 45 | 4478.7/4478.0°

Target RNA  5-r{GAAGAAAAAAUGAAG)-Y

Target DNA  5-d(GAAGAAAAAATGAAG)-3'

@ Ty values measured as the maximum of the first derivative of the melting cAsygvé temperature) recorded in medium salt buffer (60 mM
Tris-HCI at pH 7.5, 60 mM KCI, 0.8 mM MgG| and 2 mM DTT) with temperature range 200 °C using 1uM concentrations of the two
complementary strand&T,, = T, relative to RNA complementAT* = T, relative to DNA complement [M + 2H]". ¢[M — H]".

(27). AONs were purified by 20% polyacrylamed’ M urea for 5 min followed by 1.5 h equilibration at 23C. Total
denaturing gel electrophoresis (PAGE), extracted with reaction volume was 36L. Aliquots of 3uL were removed
0.3 M NaOAc, and desalted with C18-reverse phase car-after 7, 15, 35, and 60 min, and the reactions were terminated
tridges. Purity of the products was greater than 95% asby mixing with stop solution (7xL) containing 0.05 M
determined by PAGE. EDTA, 0.05% (w/v) bromophenol blue, and 0.05% (w/v)
UV Melting ExperimentsDetermination of thd,, values ~ Xylene cyanole in 80% formamide. The samples were
of the AON/RNA or AON/DNA hybrid duplexes was carried Subjected to 28 7 M urea PAGE and visualized by
out in a buffer, containing 60 mM Tris-HCI (pH 7.5), 60 autoradiography.
mM KCI, 0.8 mM MgCh, and 2 mM dithiothreitol (DTT). To obtain the rate constants for RNaseH cleavage, three
Absorbance was monitored at 260 nm in the temperatureindependent sets of experiments were performed with the
range from 20 to 70C using a Lambda 40 UV spectropho- target RNA (0.1uM, specific activity 50 000 cpm) and a
tometer equipped with a Peltier temperature programmer with 25-fold excess of AON by incubating them in a buffer
a heating rate of 2C/min. Samples (mixture of AM AON containing 20 mM Tris-HCI (pH 8.0), 20 mM KCI, 10 mM
and 1uM RNA or DNA) were denatured at 8T for 5 min MgCl,, 0.1 mM EDTA, and 0.1 mM DTT at 22C in the
followed by slow cooling to 17C prior to the measurements. presence of 0.03 . coli RNase H. Aliquots of 3L were
Tm values were obtained from the maxima of the first removed after 5, 10, 15, 20, 25, and 40 min, and the reactions
derivatives of the melting curves. All, values given are  were terminated by mixing with stop solution as described
the averages of three independent sets of experiments andbefore. The samples were subjected t&2DM urea PAGE

are within a£0.2 °C error range. and visualized by autoradiography. Quantitation of cleavage
%2P Labeling of Oligonucleotided he oligoribonucleotide  products was performed in each set of experiments using a
and oligodeoxyribonucleotides wereénd labeled with¥?P Molecular Dynamics Phosphorlmager. All values are aver-

using [y-32P]JATP and T4 polynucleotide kinase by a standard ages and standard deviations of three independent experi-

procedure. Labeled RNA and AONs were purified by 20% ments and are normalized.

7 M urea PAGE, and specific activities were measured using  Kinetics of RNase H Hydrolysis

a Beckman LS 3801 counter. (A) Calibration of RNase H Concentratioithe solution
RNase H Digestion Assayarget 0.1uM RNA (specific of 15mer AONL/RNA duplex, [AON] = 2.5 uM, [RNA]

activity 50 000 cpm) and a 25-fold excess of AON were = 0.1uM in a buffer containing 20 mM Tris-HCI (pH 8.0),

incubated in a buffer containing 20 mM Tris-HCI (pH 8.0), 20 mM KCI, 10 mM MgC}, 0.1 mM EDTA, and 0.1 mM

20 mM KCI, 10 mM MgCh, 0.1 mM EDTA, and 0.1 mM DTT at 21°C in 30uL of the total reaction volume in the

DTT at 21°C in the presence of 0.04 H. coli RNase H. presence of 0.06 U of RNase H has been used as standard

Prior to the addition of the enzyme, reaction components substrate to calibrate the amount of RNase H used in kinetics

were preannealed in the reaction buffer by heating &@0  experiments. The percentage of RNA cleavage was moni-
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Ficure 2: Kinetic pathway for RNase H hydrolysis of an AON
substrateD is the AON;R is the target RNAKjy is the equilibrium
constant of dissociation of the heterodupleR; E is RNase H
enzyme;Ks is the association constant of the substraezyme
complexDRE; K¢y is the catalytic constanDPE is the AON-
product-enzyme complex.

tored by gel electrophoresis as a function of time $2min)
to give the initial velocity. Thus, the initial velocity of the
RNase H cleavage reaction (0.0118@/min) for the above

Honcharenko et al.

concentration of the enzymeE{) and the substrate
(S = [RNA]):

Vo= EOSOKcat (1)
° Knt$S
where
Keao = Vimax )

Equation 1 can be used for monitoring RNA cleavage
kinetics by RNase H only when RNA is saturated by AON.
In this case, we can consider that the substrate concentration
is equal to the concentration of RNA. Also we assume that
the initial velocity o) is the rate of product formation only

standard substrate corresponds to 0.06 U activity of enzymefor the first few percentages when the products have not
in 30 uL of the total reaction mixture. These are based on significantly accumulated and also the substrate concentration

seven independent experiments. According to the Michaelis
Menten equation, eq B6), the initial velocity of the reaction

linearly depends on the enzyme concentration. Therefore,

using the initial velocity (0.01158M/min) for the standard
substrate corresponding to 0.06 units{d0 concentration
of the RNase H, the correlation coefficient was found by
dividing the observed experimental initial velocity by the
standard initial velocity of 0.0115@W/min. Then using this
correlation coefficient the initial velocities of the reactions

has not significantly changed. In this case, changes in RNA
concentrations are linear with time.

To avoid the influence of thermal stabilitie$,(s) of the
AON/RNA heteroduplexes [to minimize influence &
(Figure 2)], all the kinetic experiments were performed at a
temperature (22C) much lower than th&@, values of the
duplexes and in saturated conditions.

From eq 1, initial velocity 4o) in unsaturated conditions
(S = Ky) increases with an increase of substrate concentra-

in each experiment were corrected to the real initial velocities tion (S) and has a saturation plateau wHgn— . Since
corresponding to the identical enzyme concentration. This We have used a wide range of RNA concentrations or,

correlation coefficient was used to calibrate the initial

alternatively, substrate concentratior®)(the Michaelis-

velocity of the RNase H promoted cleavage reaction for each Menten equation (eq 1) will have different forms under low

substrate presented in this work.

(B) RNA Concentration-Dependent Experimentd-
Labeled RNA (0.01, 0.04, 0.08, 0.2, 0.4, or @18, specific
activity 50000 cpm) and AONs (2.BM) were incubated
with 0.06 U of RNase H in buffer, containing 20 mM Tris-
HCI (pH 8.0), 20 mM KCI, 10 mM MgCJ, and 0.1 mM
DTT at 21°C. Total reaction volume was 3@._. Prior to

the addition of the enzyme, reaction components were

preannealed in the reaction buffer by heating at’@0for
5 min followed by 1.5 h of equilibration at 21C. After
2—5 min, aliquots (3uL) were mixed with stop solution
(7 uL), containing 0.05 M EDTA, 0.05% (w/v) bromophenol

blue and 0.05% (w/v) xylene cyanol in 80% formamide, and

subjected to 2% 7 M urea PAGE. The concentration of the

and high substrate concentrations.
In the case of low substrate concentratidh & Kpy),
eg 1 can be rewritten as eq 3:

v = Vinax
0=
Km

S 3

Under these conditions, the initial velocityo) is linearly
dependent upon the substrate concentrati®h \fith the
linear coefficientVma/Km.

Under high substrate concentratidh & Kn), eq 1 takes
the form of eq 4:

Vo = Vmax= KcatEO (4)

cleavage products was determined and plotted as a functionthis means that the initial velocityd) is dependent only

of time (Supporting Information, Figures S&8) to give
the initial velocities of the reactions. Values of the kinetic
parametersKm, and Vmay) in this method were determined
directly from v vs [S] plots using SigmaPlot Program
(version 2000), where the correlation equation was ax/

(b + X), wherea = Vmax and b = K. All values for the

0N Vmax OF in other words, orK¢, and E.

3'-Exonuclease Degradation Studidhe stability of the
AONSs toward 3-exonucleases was tested using snake venom
phosphodiesterase (SVPDE) fr@notalus adamanteudll
reactions were performed at @V DNA concentration
5'-end %P labeled with specific activity 50 000 cpm) in

kinetic of RNA cleavage reactions are averages and standardsg mm Tris-HCI (pH 7.9) and 4.4 mM MgGlat 21 °C.
deviations of three independent experiments and are normalxonuclease concentration of 2.5 mig/ was used for

ized.

Method for Kinetic AnalysisThe kinetic analysis of RNase
H promoted cleavage of the AON/RNA duplex involves three
distinct steps (Figure 2): (i) the duplex formation, (ii) the
duplex (i.e., substrate)enzyme complex formation, and (iii)
cleavage of the RNA substrate in the AON/RNA duplex,
and formation of the produetenzyme complex.

According to the MichaelisMenten equation, eq 1, the

digestion of oligonucleotides. Total reaction volume was
14 uL. Aliquots of 3uL were removed at 1/2, 1, 2, and 24
h and quenched with stop solution (0.05 M EDTA in 80%
formamide). These samples were subjected & ZQM urea
PAGE and visualized by autoradiography. Quantitation of
cleavage products was performed using a Molecular Dynam-
ics Phosphorimager.

Stability Studies in Human Serurf’-End 32P labeled

initial velocity (vo) of the cleavage reaction depends on the oligonucleotides with specific activity 90 000 cpm at®I
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concentration were incubated in 26 of human serum (AB contrast to the azetidine-T containing ACIRNA hybrid
male) at 21°C. Total reaction volume was 38.. Aliquots or isosequential oxetane-T modified AON/RNA hybrid
(3 uL) were removed after 1/4, 1/2, 1, 2 h (in another set  duplex (Figure 3, Supporting Information Figure S1). (ii)
of experiments, after 4, 10, 24, 34, 48 h) and quenched with For aza-ENA-T modified AON4, the main cleavage site
7 uL of stop solution (0.05 M EDTA in 80% formamide). was found at A13 position of the complementary RNA unlike
They were resolved in 268 7 M urea PAGE and visualized the isosequential azetidine-T modified AON) and isos-
by autoradiography. The modified AON stability studies in equential oxetane-T25, 30) modified AON, which showed
the human serum were performed at least twice in each caseadditional strong cleavage at A7 and G12 positions. (iii) In
the case of aza-ENA-T modified AOB| seven nucleotides
RESULTS toward the 3-end from the site opposite to the modification
(A) Binding Affinity of the Chimeric Antisense Oligonucle- were found to be insensitive toward RNase H promoted
otides to the Target RNA and DNAncorporation of the cleavage. This cleavage pattern was also found to be identical
single aza-ENA-T modificationA in Figure 1) to AON to that of the isosequential-®-MOE-T modified AON7
(entries2—5 in Table 1) significantly enhances its affinity (Figure 3). (iv) Only aza-ENA-T incorporated AOI
to complementary RNAAT,, +2.5 to +4 °C) depending  showed a comparable cleavage footprint pattern of a resistant
upon the site of the modification in the AON strand. The stretch of five nucleotides as for the isosequential azetidine-T
different AT, values can be due to the site-dependency of AON 9 and isosequential oxetane-T modified AON. (v) The
the variable conformational preorganization dictated by the cleavage pattern of the complementary RNA in the AON
North-fused sugar moiety to the single-stranded AON. Single 6/RNA hybrid duplex, containing'20-Me-T modification,
azetidine-T incorporation( in Figure 1) enhances thg, has been found to be similar to that of the isosequential
of the AON/RNA duplex (entrie8—11 in Table 1) by~1 azetidine-T modified AONL1 and oxetane-T modified AON
°C compared to that of the isosequential oxetane-T modified but with less intensive cleavage at the A9 position (Figure
hybrid duplex 25, 30); however this leads to a4—5 °C 3, Supporting Information, Figure S1).
drop inTy, with respect to the unmodified AON/RNA hybrid To evaluate the RNase H cleavage potential of the
duplex. Incorporation of '20-Me-T or 2-O-MOE-T modi- modified hybrids (Table 1) containing aza-ENA-T, azetidine-
fications B andC in Figure 1) to AON (entrie$ and7 in T, 2-O-Me-T, and 2-O-MOE-T modifications (Figure 1),
Table 1) did not change the target binding affinity signifi- we estimated rate constants at @ RNA concentration
cantly compared to the unmodified hybrid duplex. However, under saturation conditions when the enzyme is completely
with complementary DNA, all modified AONs showed a saturated by the substrate (see Materials and Methods, for
significant drop in duplex melting (Table 1). gel pictures Supporting Information, Figures S2 and S3). At
(B) RNase H Cleaage All of the aza-ENA-T modified appropriate time points, aliquots were removed from the
AONs 2—5/RNA duplexes, azetidine-T modified AONs sample. The amount of remaining RNA was determined and
8—11/RNA, 2-O-Me-T modified AON6/RNA, and 2-O- plotted as a function of time (Figures 4 and 5). Kinetic
MOE-T modified AON7/RNA hybrids (Table 1) were found  evaluation with a monoexponential decay function (Tables
to be good substrates for tle coli RNase H with varying 2 and 3) showed slightly faster reaction rates for the RNase
cleavage potential and patterns. All azetidine-T modified H cleavage of RNA in AON/RNA hybrid duplexes contain-
AONs 8—11/RNA duplexes showed a similar cleavage ing2-O-Me-T (AON 6), 2-O-MOE-T (AON 7), azetidine-T
pattern as those of the isosequential oxetane-T modified (AONs8—11), and aza-ENA-T modified AONS and5 than
duplexes (Figure 3, Supporting Information Figure $15,(  for the native AONL/RNA duplex. The observed reaction
29, 30). The RNase H mediated cleavage pattern of azeti- rate in the case of aza-ENA-T modified AONwas found
dine-T modified AON8/RNA was found to be quite similar ~ to be same and in the case of aza-ENA-T modified ADN
to the cleavage pattern of the native AANRNA duplex the rate was found to be slightly slower than that of the native
except that there was no cleavage at the A5 and A6 positions AON 1/RNA hybrid duplex (Tables 2 and 3).
In the modified AONs9—10/RNA hybrids with azetidine- (C) Michaelis-Menten Kinetics of the Aza-ENA-T, Aze-
T, five nucleotides toward the-&nd from the site opposite tidine-T, 2-O-Methoxy-T and 20-Methoxyethoxy-T Modi-
to the modification were found to be insensitive toward fied AON/RNA Hybrids and Their Comparison with the
RNase H promoted cleavage (Figure 3). On the other handOxetane-T and Nate AON/RNA Hybrid DuplexesTo
for the AON12/RNA duplex, six nucleotides toward th&3  explore the impact of chemically modified oligonucleotides
end from the site opposite to the modification showed containing various conformationally constrained residues as
resistance toward the RNase H mediated cleavage. Thesavell as 2-sugar modifications on the binding affinity and
observations are presumably owing to the local steric andthe catalytic activity of the RNase H, detailed Michaelis
structural alterations brought by the modification, thereby Menten kinetics (see Method for kinetic analysis) has been
preventing the flexibility and accessibility required for the carried out for each of the isosequential aza-ENA-T (AON
RNase H cleavagel). However, in the case of aza-ENA-T  5), azetidine-T (AON11), 2-O-Me-T (AON 6), and 2-O-
modified AONs 2—5/RNA hybrid duplexes, the RNA  MOE-T (AON 7) modified AON/RNA duplexes. Kinetic
cleavage patterns were found to be different from those of parameters were subsequently compared with those of the
the isosequential azetidine-T modified AONs-11 and native (AON 1) and oxetane-T (AONL2) modified AON/
oxetane-T 25, 30) modified AONs. Comparison of the RNA hybrids (Table 1).
cleavage pattern of isosequential AON/RNA hybrids shows  The extent of the RNA cleavage by RNase H in all AONs
the following molecular discrimination by the RNase H: (i) (1, 5—7, and11)/RNA hybrid duplexes was investigated by
There is no cleavage at the A7 position of the complementary changing the RNA concentration at a constant effective
RNA for aza-ENA-T containing AON2/RNA hybrid in concentration of RNase H and constant AON concentration,
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Ficure 3: (A) Autoradiograms of 20% denaturing PAGE, showing the cleavage patterr*@##-tabeled target RNA bf. coli RNase H

in native AON1/RNA, aza-ENA-T modified AON2—5/RNA, 2'-O-Me-T modified AON6/RNA, 2-O-MOE-T modified AON 7/RNA

and azetidine-T modified AON8—11/RNA hybrid duplexes after 7, 15, 35, and 60 min of incubation. Conditions of cleavage reactions:
RNA (0.1 M) and AONs (2.5uM) in buffer containing 20 mM Tris-HCI (pH 8.0), 20 mM KCI, 10 mM Mgg&land 0.1 mM DTT at
21°C; 0.04 U of RNase H. Total reaction volume @0. (B) Pictorial representation of RNase H cleavage pattern of AONSIV/RNA
hybrid duplexes, where vertical arrows show the RNase H cleavage sites.

which is sufficient for complete saturation of RNA for all azetidine-T (AON 11), 2-O-Me-T (AON 6) and 2-O-
varying concentrations. Thus, the initial velocitieg)(rave MOE-T (AON 7), and~2.6-fold for aza-ENA-T (AONb)]
been obtained at six different RNA concentrations (ranging in comparison with the native AOWRNA hybrid. However,
from 0.01 to 0.8«M) (Table 4) at saturation conditions for the introduction of modified moiety to the AON decreases
RNA by AONs 1, 5-7, and 11 (2.5 uM), which were the enzyme binding affinity (K,) of AON/RNA duplex
subsequently plotted as a function of substrate (AON/RNA [from 1.3- to 1.7-fold less for 20-Me-T (AON 6) and
hybrid duplex) concentration ([§ to give the Michaelis- oxetane-T (AON12), from 3.8- to 4.2-fold less for azeti-
Menten parameter&, andVmax (Table 5, Figure 6). Since  dine-T (AON 11) and 2-O-MOE-T (AON 7), and ~8.3-
Vmax = EoKcat (Eo is initial effective enzyme concentration), fold less for aza-ENA-T (AONS5)]. Therefore, effective
and for all of our concentration-dependent kinetic experi- enzyme activity Kca/Km), which refers to the properties and
ments the value dE, was identicalVmaxis thus proportional  the reactions of the free enzyme and free substrate decreases
to Kear for all of the chemically modified substrates.1-fold less
The effective enzyme activity(./Km) for all chemically for 2-O-Me-T (AON 6), ~1.4-fold less for oxetane-T (AON
modified substrates was without exception lower than that 12), ~2.6-fold less for 20-MOE-T (AON 7), ~2.7-fold less
for the native substrate (Table 5, Figure 7). These datafor azetidine-T (AONL1), and~3.2-fold less for aza-ENA-T
showed that the catalytic constamd.{), which represents  (AON 5)] (Table 5, Figure 7).
the maximum number of substrate molecules converted to (D) 3'-Exonuclease Stability of AON ChimerdRapid
products per active site per unit tim@6], is greater for the  degradation of unmodified AONs by various nucleases
modified AON/RNA duplexes [from 1.4- to 1.6-fold for present in the cell media is a serious problem for nucleic
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100 e AON 1 (Native) Table 2: Observed Reaction Rates and Relative Rates Normalized
._ = AON2 to the Value for the Control Native Oligonucleotide for RNase H
A AON3 Digestion for the Native AONY/RNA, aza-ENA-T Modified AONs
3 90 A v AON4 2—5/RNA and 2-O-MOE-T Modified AON 7/RNA Hybrid
= ¢ AONS Duplexe8
< ® AON7 ©
E 80 - AONSs k (per min) Krel
& 1 (native) 0.034+ 0.005 1
2 70 - 2 0.029+ 0.006 0.8
'g 3 0.05+ 0.01 15
; 4 0.033+ 0.008 1
7] —
F 60 A o= 5 0.042+ 0.011 1.2
~—a_| 7 0.036-+ 0.009 11
50 ' aAll values are averages and standard deviations of three independent
. . . . experiments.
0 10 20 30 40
Time (min) Table 3: Observed Reaction Rates and Relative Rates Normalized

. ey P 320 to the Value for the Control Native Oligonucleotide for RNase H
g?;gf éN APsb(;ud;Nf;rSsé Oﬁd?rq ﬂgﬁ\\:gggg&%ﬁi ﬁai_léﬂi?-? Digestion for the Native AON/RNA, Azetidine-T Modified AONs
modified AONs 2-5/RNA and 2-O-MOE-T modified AON g‘llﬂRNgA’ and 2-0-Me-T Modified AON 6/RNA Hybrid
7IRNA hybrid duplexes after 5, 10, 15, 20, 25, and 40 min of PUP!€X€

incubation. Conditions of cleavage reactions: RNA (0M) and AONs k (per min) Krel
AONSs (2.5u4M) in buffer containing 20 mM Tris-HCI (pH 8.0), -

20 mM KCI, 10 mM MgCb, and 0.1 mM DTT at 2FC; 0.03 U 1 (native) D036+ 0.009 l,
of RNase H in a total reaction volume of 3. Target RNA 0.044+ 0.004 12
remaining was densitometrically evaluated and plotted as a function 10 0.047+ 0.006 13
of time. All values are averages and standard deviations of three 11 0.038+ 0.008 11
independent experiments (see Materials and Methods for full 6 0.048+ 0.008 13

experimental details).

2 All values are averages and standard deviations of three independent

100 § ® AON I (Native) experiments.
= AONS
4 AON9 after 30 min, whereas the full length of aza-ENA-T (AONs
2 %0 1 : ig: :? 2-5) and azetidine-T (AOM) still remained to certain extent
": %0 | . AONSG (~41, ~14, ~9, ~6, and~21%, respectively). For'20-
Z Me-T (AON 6), 2-O-MOE-T (AON 7), and azetidine-T
fn 70 1 modified AONs9—11 degradation went faster with respect
£ to the isosequential aza-ENA-T (AON-5) (Figure 8). Also,
g 60 all aza-ENA-T modified AONs were cleaved by&onu-
2 cleases at the phosphodiester linkaget(i) at the 3-end,
50 A which is one nucleotide after the modification site (n) of the
oligonucleotide. This is an interesting observation in view
40 1 of the fact that the identical AON oligonucleotides with

North—East constrained azetidine and oxetar#s)(modi-
fications were cleaved at the'-Bhosphodiester of the
modification site (n) under the same conditions (Figure 8).
FiGURe 5. Pseudo-first-order cleavage kinetics ¢f*%-labeled It is likely that the above difference in thé-8xonuclease
s i a2 e Y v Aines|  promoted cleavage Sites reflects 2 tihter conformatonal
hybrid duplexes after 5, 10, 15, 20, 25, and 40 min of incubation. Constraint for aza-ENA-T residue in the modified AONSs,
Conditions of cleavage reactions: RNA (0:M) and AONs compared to azetidine and oxetane modifications, such that
(2.5uM) in buffer containing 20 mM Tris-HCI (pH 8.0), 20 mM  the conformational hyperspace of the adjacét®sphodi-

KCI, 10 mM MgCh, and 0.1 mM DTT at 2FC; 0.03 U of RNase  esters (at n) adopts a conformation which prevents hydrolysis

H in a total reaction volume of 30L. Target RNA remaining was i . e . )
densitometrically evaluated and plotted as a function of time. All of the 3-phosphodiester at the modification site (n). How

values are averages and standard deviations of three independer@Ver; this effect of the tighter conformational constraint from
experiments (see Materials and Methods for full experimental aza-ENA-T at (n) vanishes at the (h 1) phosphodiester
details). linkage toward the ‘3end and is cleaved by-&xonuclease

in a normal manner as for the (n) phosphodiester linkage of
acid based therapeutics. As a result, many chemical modi-azetidine and oxetane modifications.
fications of natural DNA have been investigated for im-  (E) Human Serum Stability of AON Chimerage stability
provement of AON stability in vivo37—40). To examine of AONs was also checked against human serum, which
the effect of 3-exonuclease on the chemically modified contains mainly 3exonucleases9j. The digestion pattern
chimeric oligonucleotides, AON&-11 (Table 1) were tested  was similar to that obtained from the digestion with SVPDE.
against SVPDE??P-labeled oligonucleotides were incubated When compared with the native AON, which was
with enzyme at 22C for up to 24 h. Aliquots were removed completely degraded after 2 &,15—22% of full length of
at the appropriate time points to analyze the cleavage patterraza-ENA-T modified AON®—5 was left undegraded after
(Figure 8). The unmodified AON was completely degraded the same period of time (Supporting Information, Figure S9).

0 10 20 30 40
Time (min)
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Table 4: Dependence of the Initial Velocity.f on the Substrate Concentration

Vo, UM min~t
[RNA], AON 1 AON 6 AON 7 AON 11 AON 5
uM native 2'-O-Me-T 2'-O-MOE-T azetidine-T aza-ENA-T
0.01 0.28x102+2x10* 036x102+3x10* 0.14x102+1x10* 0.16x 102+15x10* 0.14x 102+ 1x 10*
0.08 1x102£5x%x 10* 15x102+11x10% 0.86x102+£5x%x10* 0.89x102+5x10* 0.95x1024+£5x10*
0.4 2x1024+£13x10* 23x102+£13x10* 21x102+£11x10* 19x102+18x 10* 2x102+£20x 10
0.8 19x102+17x 104 32x102+12x 104 26x102+17x 104 22x102+20x 104 3.3x102+23x10*

anitial velocity has been found from the data taken from 2 to 5 min of the reaction time. All values are averages and standard deviations of three
independent experiments.

Table 5: Kinetic Characteristics of RNA Cleavage by RNase H in the AON/RNA Hybrid Duglexes

Vinax 1072 Km 1072 Keat Vima!Km KealKm relative
AONs Tm (°C) («M min—1) (uM) (min~?%) (min~1) (UM~ min 1) KealKm
1 (native) 44 2.1+0.2 6.4+ 2.0 92.6+ 8.8 0.36+0.11 1578+ 482 1
6 (2'-O-Me-T) 445 3.3+ 04 12.2+ 5.0 1455+ 17.6 0.32+0.13 1413+ 574 0.89
7 (2-O-MOE-T) 44.5 3.4+ 0.1 242+ 2.1 149.9+ 4.4 0.144+ 0.02 619+ 88 0.39
11 (azetidine-T) 40 2903 23.6+ 6.0 127.94+ 13.2 0.13£ 0.03 587+ 135 0.37
5 (aza-ENA-T) 48 5.40.9 53.2+16.9 238.1+ 39.7 0.11+ 0.04 493+ 179 0.31
12 (oxetane-T) 39 2.0+0.1 8.3+ 2.2 88.2+ 4.4 0.26+ 0.07 1151+ 310 0.73

2 Keat = VmadEo (Eo = 0.06 U per 3quL = 2 x 103 U uL =1 = 2.26757x 10~* uM), enzyme specific activity= 420 000 U/mg or 2.3& 10°°
mg U1 = 1.13386x 10~ mol per unit, MW= 21 000 g mot*. All values are averages and standard deviations of three independent experiments.
b Vmax and K, were taken from ref 26 for comparison with other modified AONSs.

0.04 3.0 A
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Ficure 6: Initial velocity of the hydrolysis of the target RNA in

the AON/RNA hybrids by RNase H as a function of the RNA
concentration. Conditions of the cleavage reaction: RNA (from
0.01 to 0.8«M) and AONSs (2.5«M) in buffer containing 20 mM |
Tris-HCI (pH 8.0), 20 mM KCI, 10 mM MgGland 0.1 mM DTT modified AONs5—7, 11, and12 (Table 1). All values are averages

at 21°C, 0.06 U of RNase H. Total reaction volume was;30 and stand.ard deviations of three independent gxperiments

All values are averages and standard deviations of three independentsee Materials and Methods for full experimental details).

S)é?ae”rg;ents (see Materials and Methods for full experimental serum after 48 h at 2°C (Figure 9). However, the Sesidual
oligonucleotides (including the n nucleotide) of the azeti-

For other AONSs the behavior of exonuclease tolerance hasdine-T modified AONs9 and10 remained only up to 34 h
been found to be similar to that of the digestion with SVPDE. Under the same experimental condition. In contrast, the 5
Thus, afte 2 h of digestion in human serum, the@-Me-T residual oligonucleotides (including the n nucleotide) 'of 2
modified AON 6, 2-O-MOE-T modified AON 7, and O-Me-T modified AON6, 2-O-MOE-T modified AON7
azetidine-T modified AONS—11 (Supporting Information, ~ &nd one of the azetidine-T modified AONs (AQN) have
Figure S9) were found to be almost fully degraded. It should P&en found to be stable only for 10 h (Figure 9).

be noted that, similar to the SVPDE digestion, all aza-ENA-T

modified AONs were cleaved by human serum at the DISCUSSION

FiIGURe 7: Relative (with respect to the native AON)nay 1/Km,
and KcofKn) values for the RNase H promoted RNA hydrolysis
in AON/RNA hybride duplexes formed by the native ACGNand

phosphodiester linkage, which is one nucleotide aftet-(n
1) the aza-ENA-T modification site (n) toward theehd.
These 5residual oligonucleotides (including the f 1
nucleotide) for aza-ENA-T modified AON3—5 as well as
the B-residual oligonucleotide (including the n nucleotide)
for azetidine-T modified AONS still remained in human

The structural requirement of oligonucleotide hybrids to
be recognized and to be cleaved by RNase H has been well
studied. Many of the conformationally constrained nucle-
otides have been shown to enhance the stability of the
modified AON/RNA heteroduplex, but they failed to show
any RNase H recruiting capabilityt,(6, 20, 23). Increase in
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Ficure 8: PAGE analysis of the SVPDE degradation of AONs11. Lanes 1-5 represent the time points taken after 0, 1/2, 1, 2, and 24
h of incubation with enzyme. The percentage of AON left after 0.5 h of incubation: 0% of ACM 1% of AON 2, ~14% of AON 3,
~9% of AON 4, ~6% of AON 5, ~2% of AON 6, ~2% of AON 7, ~21% of AON 8, ~4% of AON 9, ~3% of AON 10, and~2% of
AON 11
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Ficure 9: Autoradiograms of 20% denaturing PAGE, showing the degradation pattet+#4f-&beled AONsl—11 (see Table 1 for the
AON oligonucleotides) in human serum. Lanes6lrepresent the time points taken after O, 4, 10, 24, 34, and 48 h of incubation with
serum.

the affinity of AON toward target RNA without inducing ENA-T modified AONs2—5 (2.5 to 4°C per modification)
RNase H activity does not give expected results for develop- could also be attributed to the electrostatic interaction’-of 2
ing new antisense drug€l). It has emerged that for a amino function of aza-ENA-T with the neighboring phos-
modified AON/RNA heteroduplex to become a substrate for phate at the physiological pH, which is known to lead to
RNase H the functional groups present in the minor groove efficient duplex formation44, 45). This particular argument
of the duplex should not inhibit binding of the enzyme. The can also account for azetidine-T modified AQN/RNA
2'-OH group of the target RNA should be easily accessible hybrid duplexes AT, = —4) when compared to the
to the enzyme, and the duplex should have enough flexibility isosequential oxetane-T modified AOMN/RNA hybrids
to allow optimal RNase H cleavage activity, 42). (AT = —5) (Table 1). As azetidine or oxetane analogues
Therefore, we investigated the ability of AON chimeras haveNorth—Eastconstrained sugars with anomeric carbon
of different kinds to recruit RNase H. Chimeric oligonucle- participating in the modification, the AON containing these
otides (Table 1) containing conformationally constrained analogues therefore could change the nucleobase orientation
residues [aza-ENA-TA in Figure 1) and azetidine-TD(in only to less efficient stacking between the nearest-neighbors,
Figure 1)] and 2modifications [2-O-Me-T (B in Figure 1) leading to the drop i, toward the target RNA with respect
and 2-O-MOE-T (C in Figure 1)] at various positions in  to the unmodified AON/RNA hybrid.
duplex with the complementary RNA were compared with  To map the structural perturbation in the microenvironment
the native as well as with the isosequential oxetane-T owing to the modification in the variously modified AON/
(E in Figure 1) @5, 29, 30) modified counterpart. RNA duplexes (Table 1, Figure 1), we determined the
The binding affinity of the chimeric AONs to the target cleavage footprint of the complementary RNA strand by
RNA was determined first. An increase of the binding affinity RNase H. Thus, the comparison of the RNase H cleavage
toward RNA in the case of aza-ENA-T modification was pattern of the complementary RNA in AON/RNA hetero-
expected due to the incorporationNérth-conformationally duplexes containing different modifications showed that the
constrained sugar as it improves stacking between theRNase H indeed can discriminate the local variations of the
nearest-neighbors48) and thus minimizes the entropic microstructure of the heteroduplex substrate brought about
energy penalty in the free-energy of stabilization for the by incorporation of various modified residues in the AON.
duplex formation with RNA. This increase if, for aza- However, the global helical conformation of the AON/RNA
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hybrid duplexes with respect to the unmodified hybrid duplex modification in the AON strand of AON/RNA hybrid duplex
was not changed, which was evident from the CD compari- made the minor groove irresponsive to the structural adjust-
son @9, 30, 32). We conclude that the resistant stretch of ment required for recognition and interaction by RNase H.
five ribonucleotides in the chimeric azetidine-T modified Also, the introduction of a single positively charget 2
AONs 9—10/RNA and aza-ENA-T modified AONB/RNA propoxyamine modification into the chimeric AON portion
duplexes is created, as for isosequential oxetane-T AONsof the heteroduplex substrate resulted in decreased RNase
chimeras 80), as a result of microstructure perturbation in H binding affinity (8). Electrostatic interaction between the
those resistant stretches of the modified heteroduplexespositively charged modification and the enzyme can be
compared to the regular native AON/RNA duplex. However, responsible for the reduction in binding affinity. Therefore,
in the case of 20-MOE-T modified AON7/RNA and aza- the decrease of the enzyme binding affinity and a resulting
ENA-T modified AON5/RNA duplexes, a stretch of resistant loss in the effective enzyme activity for azetidine-T modified
seven nucleotides toward théeénhd from the site opposite  AON 5/RNA hybrid in comparison with the oxetane-Z6)
to the modification site were found due to the insensitiveness counterpart AONLZRNA can be attributed to the ability of
toward the RNase H promoted cleavage. In contrast, in thethe endocyclic 2amino function of azetidine-T to be
case of 20-Me-T modified AON6/RNA and azetidine-T ~ protonated at the physiological pi27) (pKa of 6.07). A
modified AON 11/RNA duplexes, a resistant stretch of six similar reason may also be responsible in the case of aza-
nucleotides was found to be insensitive toward the RNase ENA-T modified AONS5, in comparison with its analogous
H cleavage (Figure 3). These results suggest that theENA (46) modified AON, as the endocyclic aza-ENA-
conformational preorganization of the single modified AONs nitrogen can also be protonated at the physiological3) (
depends on the type as well as on the site of incorporationeven more efficiently (i, of 6.66) than the azetidine-T Ka
of the modification in the AON strand, which in the of 6.07).
heteroduplex form with the complementary RNA can  To check the influence of modification incorporated to
transmit the conformational changes of the AON to the RNA the AON on its resistance to nucleolytic degradation,
strand. Interestingly, the resulting microstructure perturba- chimeric AONs2—11 were tested with SVPDE and human
tions can be recognized by the enzyme in AON/RNA hybrids serum. In both cases, the enzyme digestion pattern for AONs
in a variable manner depending upon the type and site ofwas found to be similar (Figures 8 and 9). Even though the
modifications in the AON strand. oligomers were not end-blocked6 to 41% (when digested
Observed reaction rates from pseudo-first-order kinetics with SVPDE) and~15 to 22% (when digested with human
for the RNase H cleavage of RNA strand in the modified serum) of the full length of AON®—5 containing aza-
AON/RNA hybrid duplexes (Tables 2 and 3) showed that ENA-T modification remained after 2 h, depending on the
aza-ENA-T modified AON3 (ke ~ 1.5) and azetidine-T  incorporation site of the modification to the AON, whereas
modified AON 8 (ke ~ 1.4) were the most efficient for  native AON1 was completely degraded (Figure 8, Support-
activation of RNase H, while aza-ENA-T modified AON ing Information Figure S9). On the other hand, all of the
(kret = 0.8) induced slightly slower cleavage compared with aza-ENA-T modified AONs2—5 were cleaved by '3
that of the native AONVRNA duplex ke = 1). The exonucleases only at the phosphodiester linkage at one
observed reaction rate in the case of aza-ENA-T modified nucleotide after (n+ 1) the modification site (n) toward the
AON 4 (ke =~ 1) was found to be the same as native AON 3'-end, and the 'Sresidual oligonucleotides (including the n
1/RNA duplex. AONs containing '20-Me-T (AON 6, K + 1 residue) still remained in human serum after 48 h
~ 1.3), 2-O-MOE-T (AON 7, ke ~ 1.1), azetidine-T (AONs  (Figure 9). In contrast, all azetidine-T modified AONs (AON
9, kel & 1.2; 10, ket ~ 1.3 and1l, ke ~ 1.1), and aza- 8—11), 2-O-Me (AON 6) and 2-O-MOE (AON 7) modified
ENA-T (AON 5, ke &~ 1.2) showed slightly faster relative  AONs were cleaved at the-Bhosphodiester of the modi-
rates than for the native AON/RNA duplex. Thus, the fication site (n) toward the'3&nd. However, theseé-Besidual
pseudo-first-order reaction rate constants suggest in generabligonucleotides (including n) showed lower stability toward
that the incorporation of a single modification to the AON the human serum compared to those of the aza-ENA-T
leads to RNase H digestion as good as or better than themodified AONs2-5 (including n+ 1 residue), except for
native AON except for one, AOR. azetidine-T modified AONS3 (5'-residual oligonucleotide
Therefore, to evaluate the effect of different sugar modi- including n was remaining after 48 h). Thé-rgsidual
fications on the RNase H activity a detailed Michaelis  oligonucleotides (including n) for the azetidine-T modified
Menten kinetics was carried out for the isosequential AONs AONs 9—10 were found to be less stable (remaining after
containing aza-ENA-T (AONb), azetidine-T (AONL11), 2'- 34 h) in the human serum, wheredsrésidual oligonucle-
O-Me-T (AON 6), 2-O-MOE-T (AON 7) modifications, otides (including n) for the azetidine-T modified AOI,
which are then compared with the native AONRNA 2'-O-Me-T modified AON 6, and 2-O-MOE-T modified
hybrid, as the standard. Kinetic data showed an expectedAON 7 were found to be the least stable (remaining only
decrease in effective enzyme activity for all modified AON/ until ~10 h) in it among all modified AONs used in this
RNA hybrids (Table 5, Figure 7). Thé-DH of the RNA study (Figure 9).
which is stereochemically located in the minor groove of  The above results suggest that conformational effect of
the AON/RNA hybrid duplex plays important role in the the aza-ENA-T modification in the AON chimeras is
RNA cleavage reactiori. Therefore, the site for the RNase transmitted toward the'#nd and recognized by-g&xonu-
H catalytic cleavage activity is highly sensitive toward cleases. This influence of the aza-ENA-T when only a single
conformational changes as well as toward which substituentmodification at second position from thé@&nd of AON can
is stereochemically oriented at the minor groove. Introduction give significant stability toward'3exonucleases can be used
of conformationally constrained nucleotides dralkoxy for further design of aza-ENA-T modified AONs.



2'-Alkoxy Modified Oligonucleotides

In this study, chimeric oligonucleotides containing differ-

ent modified units were evaluated for the RNase H cleavage

potential of the RNA strand in AON/RNA hybrid duplex,

their relative stability in blood serum and in the presence of
3'-exonuclease (SVPDE). To achieve the goal for efficient
antisense-based therapeutics we need to find a balance
between a high target affinity, better RNase H recruitment,

and higher stability in the presence of cellular nucleases.
All of the chimeric AONs, except AON.1, with confor-
mationally constrained nucleotides showed highleex®-
nuclease stability compared to thed®koxy modified AONSs.
For the recruitment of the RNase H in the AON/RNA hybrid
duplexes chimeric AONs with'20-Me-T and oxetane-T

modifications were found to be better substrates than the

AONSs containing 20-MOE-T, azetidine-T, and aza-ENA-T

at the same modification site. If binding to the target RNA

is rate limiting (7), the increase in affinity to the target RNA

with less efficient cleavage would have better results than
high enzyme activity and loss in duplex stability. Therefore,
the aza-ENA-T modified AONs is a promising antisense

agent compared to the othdlorth—East constrained and

2'-alkoxy modified counterparts mainly because (i) it shows

higher affinity to the complementary target RNA,; (ii) it is

found to be a good substrate but with less effective enzyme

activity for the RNase H; and (iii) it also shows improved

resistance toward nucleases, which is one of the most desired

requirements for antisense technology.

SUPPORTING INFORMATION AVAILABLE

Experimental methods and experimental conditions for the
preparation of aza-ENA-T and its phosphoramidite building
block (Scheme S1). Autoradiograms of 20% denaturing

PAGE, showing the cleavage kinetics 6f*%P-labeled target
RNA by E. coliRNase H in native AON/RNA, oxetane-T
modified AONs12—15RNA, aza-ENA-T modified AONs
2—5/RNA, 2-O-MOE-T modified AON7/RNA, azetidine-T
modified AONs8—11/RNA and 2-O-Me-T modified AON
6/RNA hybrid duplexes (Figures S1S3). Cleavage kinetics
of target RNA (0.01, 0.04, 0.08, 0.2, 0.4, or Q:81) by
RNase H in the native AON/RNA, azetidine-T modified
AON 11/RNA, aza-ENA-T modified AON5/RNA, 2'-O-
Me-T modified AON 6/RNA and 2-O-MOE-T modified
AON 7/RNA hybrid duplexes (Figures S458). PAGE
analysis of the degradation of AONs-11in human serum

until 9 h (Figure S9). Pseudo-first-order cleavage kinetics

of 5'-3?P-labeled target RNA by RNase H in native AON
1/RNA, aza-ENA-T modified AON2—5/RNA, 2-O-MOE-

T modified AON7/RNA, azetidine-T modified AON8—11/
RNA and 2-O-Me-T modified AON6/RNA hybrid duplexes

(Figures S16-S11). This material is available free of charge

via the Internet at http://pubs.acs.org.
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