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ABSTRACT
In a previous study, we demonstrated that the sugar confor-
mation and helical geometry of the heteroduplex substrate at
the catalytic site of human RNase H1 directs the selective
recognition of the substrate by the enzyme (J Biol Chem 279:
36317–36326, 2004). In this study, we systematically intro-
duced 2�-methoxyethoxy (MOE) nucleotides into the antisense
oligodeoxyribonucleotide (ASO) of the heteroduplex to alter the
helical geometry of the substrate. The MOE substitutions at the
3� and 5� poles of the ASO resulted in fewer cleavage sites and
slower cleavage rates compared with the unmodified sub-
strates. Furthermore, a greater reduction in cleavage activity
was observed for MOE substitutions at the 5� pole of the ASO.
The 3�- and 5�-most cleavage sites were positioned two and

four to five base pairs, respectively, from the nearest MOE
residues, suggesting a conformational transmission of the
MOE/RNA helical geometry into the DNA/RNA portion of the
heteroduplex. Similar conformational transmission was ob-
served for Okazaki-like substrates containing deoxyribonucle-
otide substitutions at the 3� pole of the oligoribonucleotide.
Finally, the heteroduplex substrates exhibited preferred cleav-
age sites that were cleaved 2- to 3-fold faster than other sites
in the substrate, and these sites exhibited the greatest influence
on the initial cleavage rates. The data presented here offer
further insights into the role substrate structure plays in direct-
ing human RNase H1 activity as well as the design of effective
ASOs.

RNase H hydrolyzes RNA in RNA-DNA hybrids (Stein and
Hausen, 1969). RNase H enzymes function as endonucleases
requiring divalent cations (e.g., Mg2�, Mn2�) to produce
cleavage products with 5�-phosphate and 3�-hydroxyl termini
(Crouch and Dirksen, 1982). RNase H activity seems to be
ubiquitous in eukaryotes and bacteria (Busen, 1980; Rong
and Carl, 1990; Itaya and Kondo, 1991; Itaya et al., 1991;
Kanaya and Itaya, 1992; Eder et al., 1993). Two classes of
RNase H enzymes have been identified in mammalian cells
(Busen, 1980; Masutani et al., 1990; Eder et al., 1993; Frank
et al., 1994; Wu et al., 1998). Although the biological roles for
the human enzymes are not fully understood, RNase H2
seems to be involved in de novo DNA replication, and RNase
H1 has been shown in mice to be important for mitochondrial
DNA replication (Busen et al., 1977; Turchi et al., 1994;
Ceritelli et al., 2003). In addition, human RNase H1 was
shown to play a dominant role in the activities of DNA-like
antisense oligonucleotides (ASO) (Wu et al., 2004).

The structure of human RNase H1 consists of an RNA-

binding domain homologous with yeast RNase H1 that is
separated from the catalytic domain by a 62-amino acid
spacer region (Cerritelli and Crouch, 1995; Evans and By-
croft, 1999; Wu et al., 2001). The catalytic domain is highly
conserved with the amino acid sequences of other RNase H1
proteins and contains the key catalytic and substrate binding
residues required for activity (Katayanagi et al., 1990; Yang
et al., 1990; Kanaya et al., 1991; Nakamura et al., 1991; Wu
et al., 2001). In addition, the catalytic domain has been
shown to contain a unique redox switch formed by adjacent
cysteine residues (Lima et al., 2003a). The spacer region has
been shown to be required for RNase H activity (Wu et al.,
2001). Although the RNA binding domain is not required for
RNase H activity, this region is responsible for the enhanced
binding affinity of the human enzyme for the heteroduplex
substrate as well as the strong positional preference for
cleavage exhibited by the enzyme (Wu et al., 2001; Lima et
al., 2003b). Finally, the positional preference for cleavage is
consistent with the proposed biological role for mammalian
RNase H1 (i.e., the removal of RNA primers during mito-
chondrial DNA synthesis) (Ceritelli et al., 2003).

First-generation phosphorothioate oligodeoxynucleotides
have been shown to induce pharmacological effects in vivo
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and to reduce target RNA in humans (Yacyshyn et al., 1998).
However, they display significant limitations, including lim-
ited potency and the need to be given intravenously every
other day. The 2�-methoxyethoxy (MOE) modified chimeric
ASOs are the product of more than a decade of medicinal
chemistry research of antisense oligonucleotides (for review
see Crooke, 2001). MOE modifications enhance affinity for
target approximately 1° to 2° per modification, improve po-
tency by 10- to 40-fold, and extend elimination half-lives in
all species, including humans, from 14 to 30 days (for review,
see Crooke, 2001). MOE-modified chimeric ASOs have also
been shown to interact differently with the Toll-like receptors
than do the DNA ASOs; as a result, they are less pro-inflam-
matory (for review, see Crooke, 2001). Second-generation
MOE chimeric ASOs currently in clinical trails are showing
improved efficacy and therapeutic indexes in humans com-
pared with first-generation ASOs. For example, Isis 301012
(Kastelein et al., 2006), an inhibitor of apoB100, was shown
to reduce apoB100 protein, low-density lipoprotein, very-low-
density lipoprotein, total cholesterol, and triglycerides in a
dose-dependent fashion, with a minimum effective dose of 50
mg/week administered s.c. Consistent with an elimination
half-life of 31 days, it produced effects that lasted as long as
3 months. Moreover, it was extremely well tolerated (Kaste-
lein et al., 2006). In addition, positive phase 2 results with
patients with type 2 diabetes have been reported for the
protein tyrosine phosphatase 1B inhibitor Isis 113715 (Kjems
et al., 2005). As another example, OGX-011 (Chi et al., 2004)
produced dose-dependent reduction to greater than 90% of its
target, clusterin, in prostate cancer and lymph nodes in pa-
tients with locally invasive prostate cancer (Chi et al., 2004).

The purpose of the present study was to extend our earlier
observations and to provide a more precise understanding of
the effects of MOE nucleotides on both the overall rate of
cleavage and the precise positions of cleavage induced by
human RNase H1. In a previous study, we evaluated the
effects of modified nucleotides positioned at sites on the sub-
strate that interact directly with the enzyme (Lima et al.,
2004). Here, we designed a series of chimeric ASOs to eval-
uate the local and long-range influence of the substrate struc-
ture on human RNase H1 activity. The MOE nucleotides
were selected for this study because they have been shown to
enhance the potency of ASOs through increased hybridiza-
tion affinity and nuclease resistance (for review, see Crooke,
2001).

Materials and Methods
Preparation of Human RNase H1. Human RNase H1 contain-

ing an N-terminal His-tag was expressed and purified as described
previously (Lima et al., 2001). In brief, the plasmids were transfected
into E. coli BL21 (DE3) (Novagen, Madison, WI). The bacteria was
grown in Terrific Broth medium (Qbiogene Inc., Carlsbad, CA) at
37°C and harvested at an OD600 of 1.2. The cells were induced with
1 mM isopropylthiogalactoside at 37°C for 2 h. The cells were lysed
in 6 M guanidine hydrochloride, 100 mM sodium phosphate, 10 mM
Tris, pH 8.0 for 16–20 h at 24°C. The recombinant proteins were
incubated for 1 h with 1 ml of nickel-nitrilotriacetic acid Superflow
beads (QIAGEN, Valencia, CA) per 50 ml of lysate. The nickel-
nitrilotriacetic acid medium was packed into an FPLC column, and
the RNase H1 proteins were partially purified with sequential gra-
dients (flow rate, 5 ml/min; buffer A, 100 mM sodium phosphate, 10
mM Tris-HCl, and 8 M urea, pH 6.3; buffer B, 100 mM sodium

phosphate, 10 mM Tris-HCl, and 2 M urea, pH 6.3; buffer C, 100 mM
sodium phosphate, 10 mM Tris-HCl, 2 M urea, and 100 mM EDTA,
pH 7.0). The eluent was further purified by ion exchange FPLC
chromatography using a Mono S column (GE Healthcare, Uppsala,
Sweden); flow rate, 1 ml/min; buffer A, 20 mM sodium phosphate, 2
M urea, and 200 mM NaCl, pH 7.0; buffer B, 20 mM sodium phos-
phate, 2 M urea, and 2 M NaCl, pH 7.0. Fractions containing RNase
H1 were pooled and concentrated. The concentrated protein was
purified by reversed-phase, fast-performance liquid chromatography
using Resourse RPC Column (GE Healthcare); flow rate, 1 ml/min;
buffer A, 2% acetonitrile in deionized water and 0.065% trifluoroace-
tic acid; buffer B, 80% acetonitrile in deionized water and 0.05%
trifluoroacetic acid. Fractions were lyophilized, resuspended in
deionized water and analyzed by SDS-polyacrylamide gel electro-
phoresis.

Synthesis of Oligonucleotides. Synthesis and purification of
chimeric 2�-methoxyethoxy/deoxy oligoribonuceotides were as de-
scribed previously (Baker et al., 1997; Mckay et al., 1999). The
oligoribonucleotides were synthesized on a PE-ABI 380B synthesizer
using 5�-O-silyl-2�-O-bis(2-acetoxyethoxy)methyl ribonucleoside
phosphoramidites and procedures described elsewhere (Scaringe,
1998). The oligoribonucleotides were purified by reversed-phase
HPLC. The oligodeoxyribonucleotides were synthesized on a PE-ABI
380B automated DNA synthesizer and standard phosphoramidite
chemistry. The oligodeoxyribonucleotides were purified by precipita-
tion twice in 0.5 M NaCl with 2.5 volumes of ethyl alcohol. The
purified products were greater than 90% full-length material as
determined by polyacrylamide gel electrophoresis analysis.

Preparation of 32P labeled substrate. The RNA substrate was
5�-end-labeled with 32P using 20 U of T4 polynucleotide kinase (Pro-
mega, Madison, WI), 120 pmol (7000 Ci/mmol) of [�-32P]ATP (MP
Biomedicals, Irvine, CA), 40 pmol of RNA, 70 mM Tris, pH 7.6, 10
mM MgCl2, and 50 mM DTT. The kinase reaction was incubated at
37°C for 30 min. The labeled oligoribonucleotide was purified by
electrophoresis on a 12% denaturing polyacrylamide gel (Sambrook
et al., 1989). The specific activity of the labeled oligonucleotide was
approximately 3000 to 8000 cpm/fmol.

Preparation of the Heteroduplexes. The heteroduplex sub-
strate was prepared in 100 �l containing 500 nM unlabeled oligori-
bonucleotide, 105 cpm of 32P-labeled oligoribonucleotide, a 2-fold
excess of complementary oligodeoxyribonucleotide and hybridization
buffer (20 mM Tris, pH 7.5, and 20 mM KCl). Reactions were heated
at 90°C for 5 min, cooled to 37°C. Hybridization reactions were
incubated 2 - 16 h at 37°C and 1 mM tris(2-carboxyethyl)phosphine
hydrochloride, 1 mM MgCl2 and 60 U of Prime RNase Inhibitor
(Eppendorf North America, Westbury, NY) was added.

Multiple-Turnover Kinetics. The human RNase H1 proteins
were incubated with dilution buffer (50 mM tris, 50 mM NaCl, and
100 �M tris(2-carboxyethyl)phosphate, pH 7.5) for 1 h at 37°C. The
heteroduplex substrate was digested with 0.4 ng of enzyme at 37°C.
A 10-�l aliquot of the cleavage reaction was removed at time points
ranging from 2 to 120 min and quenched by adding 10 �l of stop
solution (8 M urea and 120 mM EDTA). The aliquots were heated at
90°C for 2 min, resolved in a 12% denaturing polyacrylamide gel, and
the substrate and product bands were quantitated on a Phosphor-
Imager (GE Healthcare). The concentration of the converted product
was plotted as a function of time. The initial cleavage rate (V0) was
obtained from the slope (nmol RNA cleaved/min) of the best-fit line
for the linear portion of the plot, which comprises, in general �10%
of the total reaction and data from at least five time points.

Cell Culture and Treatment. ASOs were transfected into mouse
brain endothelial (bEND) cells, obtained from the American Type
Culture Collection (Manassas, VA), using 3 �g/ml lipofectin (Invitro-
gen, Carlsbad, CA) in OptiMem (Invitrogen) for 4 h. Transfection
mixes were then exchanged with normal growth medium (high-
glucose Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum, all from Invitrogen) and cells incubated for 48 h before
RNA harvest. RNA was purified using an RNeasy 96-well plate
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(QIAGEN) according to manufacturer’s protocol and eluted in water.
RNA was analyzed by quantitative reverse transcription-PCR using
an ABI Prism 7700 (Applied Biosystems, Foster City, CA). TRADD
RNA levels were normalized to those of cyclophilin A, a housekeep-
ing gene. Primers used for determination of TRADD RNA level are as
follows: forward, 5�-GGCCGCCTGCCAGAC-3�; reverse, 5�-TGAA-
GAGTCAGTGGCCGGTT-3�; probe, 5�–6-carboxyfluorescein-TTTC-
TGTTCCACGGGCAGCTCGTAGT–5-carboxytetramethylrhoda-
mine-3�. Primers used for determination of cyclophilin A RNA level
are as follows: forward, 5�-TCGCCGCTTGCTGCA-3�; reverse, 5�-A-
TCGGCCGTGATGTCGA-3�; PR, 5�-carboxyfluorescein–CCATGG-
TCAACCCCACCGTGTTC-5-carboxytetramethylrhodamine-3�.
Values shown represent the average � S.D. (n � 3 per treatment
group).

Results
Effects of Successive MOE Substitutions Positioned

at the 3� and 5� Poles of the ASO. The cleavage sites of the
heteroduplex A substrates in which the deoxyribonucleotides
were successively substituted with MOE-modified residues

at the 3� pole of the ASO are shown in Fig. 1A. Human RNase
H1 cleavage of the unmodified heteroduplex A resulted in a
broad cleavage pattern consisting of 10 cleavage sites with
the 5�-most and 3�-most cleavage sites 6 and 15 residues,
respectively, from the 5� terminus of the oligoribonucleotide
(Fig. 1A). The unmodified heteroduplex A also exhibited sev-
eral preferred human RNase H1 cleavage sites; i.e., sites
cleaved 2- to 3-fold faster than other sites by the enzyme. For
example, preferred cleavage sites were observed at ribonucle-
otides 7, 8, 9, 11, and 15 from the 5� terminus of the RNA.
Heteroduplexes in which the first one or two 3�-nucleotides
were MOE residues (19-1 and 18-2) exhibited a similar num-
ber of cleavage sites compared with the unmodified hetero-
duplex (Fig. 1A). Ablation of the 5�-most cleavage site in the
oligoribonucleotide was observed for the heteroduplex con-
taining three MOE residues at the 3� terminus of the ASO
(Fig. 1A). Each additional MOE substitution resulted in a
concomitant ablation of the 5�-most cleavage site in the oli-
goribonucleotide, resulting in a separation of four to five base

Fig. 1. Relative human RNase H1 initial cleavage rates and cleavage sites for the modified heteroduplex substrates. A, successive substitution of
MOE-modified nucleotides at the 3� pole of the ASO. B, successive substitution of MOE-modified nucleotides at the 5� pole of the ASO. Lines indicate
the position of the human RNase H1 cleavages on the heteroduplex substrate. The length and thickness of the lines represent the intensity of the bands
on the denaturing polyacrylamide gel for each respective cleavage site. Longer and thicker lines correspond to bands exhibiting greater intensity.
Underlined sequences indicate the position of the MOE modified nucleotides. Heteroduplexes are shown with the sense oligoribonucleotide (above)
oriented 5�33� and chimeric ASO (below) 3�35�. Ratio V0 represents the initial cleavage rates for the modified heteroduplexes divided by the
unmodified substrate. The V0 values are an average of three measurements with estimated errors of CV �10%. Initial cleavage rates were determined
as described under Materials and Methods.
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pairs between the 5�-most cleavage site and the 5�-terminal
MOE residue with greater than 11 MOE substitutions, re-
sulting in the loss of all the human RNase H1 cleavage sites.

The cleavage rate for the 19-1 heteroduplex containing a
single MOE positioned at the 3� terminus of the ASO was
31% slower than the unmodified heteroduplex A (Fig. 1A).
Two MOE substitutions at the 3� terminus of the ASO (18-2)
resulted in a cleavage rate approximately 50% slower than
the cleavage rate for the unmodified heteroduplex. No fur-
ther reduction in the cleavage rate was observed for the
heteroduplexes containing 3 to 11 MOE residues at the 3�
pole of the ASO irrespective of the number of cleavage sites.
In addition, the MOE residues at the 3� pole of the ASO
produced new preferred cleavage sites 3� on the RNA (Fig.
1A). For example, one human RNase H1 cleavage site on the
11–9 heteroduplex accounted for an initial cleavage rate com-
parable with the 16-4 heteroduplex with eight cleavage sites.

The effect of MOE substitutions at the 5� pole of the ASO
on the cleavage patterns and initial cleavage rates are shown
in Fig. 1B. Similar numbers of cleavage sites were observed
for the unmodified substrate and heteroduplexes containing
one to three MOE residues at the 5� terminus of the ASO
(Fig. 1B). Four MOE residues at the 5� pole of the ASO
resulted in the ablation of the 3�-cleavage site on the RNA.
Additional MOE substitutions at the 5� pole of the ASO
resulted in a concomitant ablation of the 3�-most cleavage
site in the RNA (Fig. 1B). The cleavage pattern for the het-
eroduplexes containing greater than three MOE residues at
the 5� pole of the oligodeoxyribonucleotide showed a consis-
tent separation of two base pairs between the 3�-cleavage site
on the RNA and the 3�-terminal MOE nucleotide on the ASO
(Fig. 1B). In contrast to the observations with MOE modifi-
cations positioned at the 3� pole of the oligodeoxyribonucle-
otide, fewer cleavage sites resulted in slower overall cleavage
rates. For example, a 70% reduction in the cleavage rate was
observed for the 10-10 heteroduplex containing three cleav-
age sites compared with the unmodified substrate with 10
cleavage sites. In this case, the successive ablation of the
5�-most cleavage sites did not produce an enhanced rate for
the remaining cleavage sites. Finally, similar reductions in
the cleavage rates were observed for the heteroduplexes con-
taining two MOE substitutions at either the 3� or 5�-termini
of the ASO (Fig. 1, A and B).

Effects of Heteroduplex Length. Given that the MOE
substitutions at the 3� and 5� poles of the ASO effectively
shortened the length of the RNA/DNA region of the chimeric
substrates, we evaluated the influence of RNA/DNA length
on human RNase H1 activity (Fig. 2). In particular, the
sequence of the heteroduplex A was either shortened (A-10
and A-15) or extended (A-30 and A-40) from the 3�-RNA/5�-
DNA terminus of the parent 20-base-pair sequence (A-20)
(Fig. 2). The 5�-most cleavage site was consistently positioned
six ribonucleotides from the 5� terminus of the RNA. In
contrast, the position of the 3�-most cleavage site on the RNA
was dependent on the length of the heteroduplex. For exam-
ple, the 3�-cleavage sites for the 10- and 15-base-pair hetero-
duplexes were positioned four ribonucleotides from the 3�
terminus of the RNA, whereas the distance between the
3�-most cleavage site and the 3� terminus of the RNA in-
creased to 6, 7, and 10 ribonucleotides for the 20-, 30-, and
40-base-pair substrates, respectively (Fig. 2). The positions of
the preferred cleavage sites were also dependent on the

length of the heteroduplex. The greatest human RNase H1
activity was observed at ribonucleotides 6 and 7 from the 5�
terminus of the RNA for the 10 base pair heteroduplex and
ribonucleotides 6, 7, 8, and 11 for the 15-base-pair substrate.
Additional preferred cleavage sites were observed 3� on the
RNA for the 20-, 30-, and 40-base-pair substrates. For exam-
ple, preferred cleavage sites were observed at ribonucleotides
21 and 23 for the 30-base-pair heteroduplex and 30, 33, and
34 for the 40-base-pair heteroduplex.

Effects of Heteroduplex Sequence. The cleavage pat-
terns and cleavage rates for various RNA/DNA heteroduplex
sequences are shown in Fig. 3A. Heteroduplex A exhibited an
unusually broad cleavage pattern with numerous preferred
cleavage sites (Fig. 1). This unique cleavage pattern resulted
in the greatest initial cleavage rate among the heterodu-
plexes tested. In contrast, the other heteroduplexes displayed
a narrower cleavage pattern with fewer preferred cleavage
sites positioned predominantly within the preferred position
for cleavage (i.e., 7 to 12 ribonucleotides from the 5� terminus
of the RNA). Slower cleavage rates (�2-fold)were observed
for these heteroduplexes compared with the heteroduplex A
substrate.

Effects of 2�-MOE Substitutions Positioned at Both
the 3� and 5� Poles of the ASO. Cleavage sites and rates for
the chimeric heteroduplexes in which the RNA/DNA region
was positioned either centrally (5-10-5) or toward the 3� pole
of the RNA (25-10-8) are shown in Fig. 3A. The cleavage sites
for the 5-10-5 heteroduplexes were shifted 3� on the RNA
compared with the unmodified substrates. A further shift 3�
in the RNA was observed for the cleavage sites of the 25-10-8
heteroduplexes (Fig. 3A). Consistent with the successive

Fig. 2. Cleavage pattern for heteroduplex A of various lengths. Lines
indicate the position of the human RNase H1 cleavages on the heterodu-
plex substrate. The length of the lines represents the intensity of the
bands on the denaturing polyacrylamide gel for each respective cleavage
site. Longer lines correspond to bands exhibiting greater intensity. Het-
eroduplexes are shown with the sense oligoribonucleotide (above) ori-
ented 5�33� and the oligodeoxyribonucleotide (below) 3�35�.
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MOE substitutions in the ASO (Fig. 1A), the 5-10-5 and
25-10-8 heteroduplexes exhibited a separation of four to five
base pairs from the 5�-most cleavage site on the RNA and the
nearest MOE at the 3� pole of the ASO (Fig. 3A). Likewise, a
separation of two base pairs was observed between the 3�-
most cleavage site on the RNA and the nearest MOE at the 5�
pole of the ASO. The greatest loss in human RNase H1
activity compared with the unmodified substrate was ob-
served for the 5-10-5 chimeric heteroduplex A. The reduction
in activity seemed to be due to the failure to generate a
preferred cleavage site within the RNA/DNA portion of the
chimeric substrate. Likewise, no preferred cleavage sites
were observed for either the 5-10-5 or 25-10-8 heteroduplexes
D, resulting in a reduction of �2-fold in the initial cleavage
rate compared with the unmodified heteroduplex D, even
though both chimeric heteroduplexes exhibited a greater
number of cleavage sites compared with the unmodified het-
eroduplex D (Fig. 3A). In the case of heteroduplex C, new
preferred cleavage sites were observed for the 5-10-5 hetero-
duplex, resulting in a cleavage rate comparable with the
unmodified heteroduplex, whereas the 25-10-8 heteroduplex

showed fewer cleavage sites, resulting in a 3-fold slower
cleavage rate compared with either the 5-10-5 or unmodified
heteroduplexes. In contrast, the 5-10-5 chimeric heterodu-
plex B exhibited a similar number of preferred cleavage sites
compared with the unmodified heteroduplex B, resulting in
an initial cleavage rate comparable with the unmodified sub-
strate. Again, the number of preferred cleavage sites seems
to have a greater effect on the initial cleavage rates for the
various chimeric heteroduplexes than the total number of
cleavage sites.

The sequences were chosen based on active ASO binding
sites identified from ASO transfection of cultured cells (data
not shown). To compare the effects of MOE substitutions in
the ASO on human RNase H1 activity with the gene-silenc-
ing activities of the ASOs in cells, we transfected the 5-10-5
and 25-10-8 ASOs of heteroduplex C into bEND cells and
measured the intracellular concentrations of the target
mRNA, in this case TRADD mRNA. The heteroduplex C
ASOs were chosen because these heteroduplexes showed the
greatest difference in human RNase H1 activity for ASOs
containing the same number of MOE residues and therefore

Fig. 3. Initial cleavage rates and cleavage sites for chimeric ASO configurations of various heteroduplex sequences. A, initial cleavage rates (V0) and
cleavage sites for heteroduplexes containing unmodified, 5-10-5 and 25-10-8 chimeric ASOs. B, initial cleavage rates and cleavage sites for
heteroduplexes containing chimeric and unmodified ASO with similar 3�-DNA termini. Lines and underlined sequences are as described in Fig. 1.
Heteroduplexes are shown with the sense oligoribonucleotide (above) oriented 5�33� and chimeric ASO (below) 3�35�. The initial cleavage rates were
determined as described in Fig. 1.
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probably exhibit similar binding affinities for the mRNA
target (Fig. 3A). Consistent with the reduction in cleavage
rate observed for the 25-10-8 heteroduplex C compared with
either the 5-10-5 or unmodified heteroduplexes, the 25-10-8
ASO was also less potent than the 5-10-5 ASO at reducing
TRADD mRNA levels in the cell (Fig. 4). It is noteworthy that
a greater reduction in activity was observed in cells; e.g., a
6-fold difference in IC50 was observed for the 25-10-8 and
5-10-5 ASOs compared with the 3-fold difference in the hu-
man RNase H1 cleavage rate (Figs. 3A and 4).

To evaluate both the influence of the MOE modifications
and the contribution of heteroduplex sequence on human
RNase H1 cleavage rates, unmodified heteroduplexes were
prepared with the 5� termini of the ASO positioned to match
the 3�-MOE/5�-DNA junction of the 5-10-5 chimeric hetero-
duplexes (Fig. 2B). The length of the ASO was either 10
nucleotides to match the DNA portion of the 5-10-5 chimeric
oligodeoxyribonucleotide or 20 nucleotides to match the un-
modified substrate. In all cases, the initial cleavage rates for
the unmodified heteroduplexes were significantly greater
than the cleavage rates observed for the 5-10-5 heterodu-
plexes (Fig. 3B). Although similar cleavage patterns were
observed for the 5-10-5 heteroduplexes and the unmodified
heteroduplexes containing 10 deoxyribonucleotides, the
RNase H1 activity at the cleavage sites of the unmodified
heteroduplexes containing 10 deoxyribonucleotides was sig-
nificantly greater compared with the 5-10-5 heteroduplexes.
For example, two cleavage sites were observed for the 5-10-5
and unmodified heteroduplexes B and E containing 10 de-
oxyribonucleotides. However, the unmodified substrates ex-
hibited significantly greater human RNase H1 activity at
those sites, resulting in a 3-fold increase in the initial cleav-
age rates compared with the 5-10-5 chimeric heteroduplexes.
In contrast, the heteroduplexes containing 20 deoxyribonu-
cleotides exhibited additional cleavage sites 3� on the RNA
compared with the 5-10-5 and 10-deoxyribonucleotide hetero-
duplexes, although comparable cleavage rates were observed

for the unmodified heteroduplexes containing 10 and 20 de-
oxyribonucleotides (Fig. 3B). These data suggest that the
slower cleavage rates observed for the 5-10-5 heteroduplexes
compared with the unmodified substrates were due to the
MOE substitutions and not to the length of the deoxyribonu-
cleotide region of the ASO.

Okazaki-like substrates were prepared with a oligode-
oxyribonucleotide annealed to a complementary RNA/DNA
chimeric oligonucleotide containing 10 (A-10/10) and 15 (A-
15/5) ribonucleotides at the 5� pole and 10 and 5 contiguous
deoxyribonucleotides, respectively, extending 3� (Fig. 5). De-
oxyribonucleotide substitutions at the 3� pole of the oligori-
bonucleotide resulted in a loss of the 3�-most cleavage site
and an increase in the cleavage rates for the remaining sites
(Fig. 5). In other words, the successive ablation of the 3�-most
cleavage sites produced new preferred cleavage sites, result-
ing in comparable cleavage rates for the A-10/10, A-15/5, and
unmodified heteroduplexes.

Discussion
Heteroduplex Sequence and Structure Affect Cleav-

age Sites and Rates. Certain human RNase H1 cleavage
sites seemed to be preferentially cleaved, exhibiting 2- to
3-fold greater activity compared with the other cleavage sites
(Figs. 1–3). In addition, these preferred cleavage sites pro-
vided the greatest contribution to the overall cleavage rate.
No consensus sequence was observed for the preferred hu-
man RNase H1 cleavage sites (Figs. 1–3). Instead, the posi-
tion of the preferred cleavage sites in the heteroduplex sub-
strate is consistent with the strong positional preference for
cleavage observed for the enzyme; i.e., human RNase H1
preferentially cleaves the heteroduplex substrate 7 to 10
nucleotides from the 5�-RNA/3�-DNA terminus (Wu et al.,
1999; Lima et al., 2003a). Except for heteroduplex A, the
preferred cleavage sites observed for the various heterodu-
plex sequences were positioned within this 7- to 10-nucleo-
tide region (Fig. 3A).

The lack of a consensus sequence for the preferred cleavage
sites is probably due to the binding interaction between the
enzyme and substrate that is predicted to comprise approx-
imately one helical turn of the heteroduplex substrate (Lima
et al., 2003b, 2004). Consequently, the preferred cleavage
sites are the product of the sequence/helical geometry of the
heteroduplex region interacting with the enzyme. Consistent
with these observations, proteins involved in the small-inter-
fering RNA pathway have been shown to measure subtle
sequence-dependent differences in the helical geometry of
oligoribonucleotide duplexes (Tomari et al., 2004). For exam-
ple, the Dicer-2/R2D2 heterodimer was shown to orient the
small-interfering RNA for loading into the RNA-induced si-
lencing complex based on subtle thermodynamic differences
of the terminal base pairs. The complexity of these interac-
tions is further emphasized by the results shown in Fig. 2. In
theory, as the length of the heteroduplex was increased,
cleavage sites should have expanded relatively uniformly,
because all of the experiments were in substrate excess. In
contrast, as the heteroduplexes were lengthened, we ob-
served areas in which there was essentially no cleavage as
well as new sites of preferred cleavages.

MOE Substitutions Inhibit Human RNase H1 Activ-
ity. The human RNase H1 cleavage rates for the chimeric

Fig. 4. Potency of heteroduplex C 5-10-5 and 25-10-8 ASOs in cultured
cells. bEND cells were transfected with the 5-10-5 and 25-10-8 anti-
TRADD ASOs of heteruplex C as described under Materials and Methods.
The TRADD mRNA levels were determined for various ASO concentra-
tions by quantitative RT-PCR. Results were plotted with percent normal-
ized mRNA versus ASO concentrations for the 5-10-5 ASO (f) and the
25-10-8 ASO (Œ). The bars represent S.D. of the mean of three treatment
groups. IC50 (shown bellow the graph) were calculated from nonlinear
least-squares fit of the data.
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substrates containing deoxyribonucleotides flanked on both
ends with MOE residues were slower than the cleavage rates
observed for substrates containing similar RNA/DNA regions
without MOE residues (Fig. 3). Several factors seem to con-
tribute to the reduction in human RNase H1 activity. First,
several chimeric heteroduplexes redirected the position of
cleavage outside the positional preference for cleavage (e.g.,
the 25-10-8 chimeric heteroduplexes B, C, D, and E), result-
ing in fewer preferred cleavage sites and slower overall cleav-
age rates (Fig. 3A). It is noteworthy that the reduction in
human RNase H1 activity observed for the 25-10-8 of hetero-
duplex C was consistent with a reduction potency observed
for this ASO in cultured cells compared with the 5-10-5 ASO
(Fig. 4).

Second, the reduction in human RNase H1 activity ob-
served for the chimeric heteroduplexes seemed to be due
primarily to the MOE substitutions and not to the shorter
length of the deoxyribonucleotide region of the chimeric het-
eroduplexes, because comparable cleavage rates were ob-
served for the heteroduplexes containing the 10 and 20 de-
oxyribonucleotides without flanking MOE residues (Fig. 3B).
The influence of the MOE substitutions on human RNase H1
activity is consistent with the solution structure of a chimeric
heteroduplex containing deoxyribonucleotides flanked on
both ends with 2�-methoxy residues hybridized to RNA
(Nishizaki et al., 1997). In particular, the central deoxyribo-
nucleotides exhibited the eastern-biased sugar conformation
preferred by RNase H1, whereas the flanking 2�-methoxy
residues exhibited a northern sugar conformation. It is note-
worthy that the deoxyribonucleotides adjacent to the 2�-me-
thoxy residues also were shown to exhibit a northern sugar
conformation, suggesting the conformational transmission of
the northern-biased 2�-methoxy residues into adjacent deoxy-
ribonucleotides (Nishizaki et al., 1997). Given that heterodu-
plexes containing northern-biased nucleotides within the
DNA strand do not support human RNase H1 activity (Lima
et al., 2004), the attenuation of the human RNase H1 activity
observed for the chimeric heteroduplexes is probably due to
the conformational transmission of the northern-biased MOE
residues into the adjacent deoxyribonucleotides.

Third, the influence of the MOE residues on human RNase
H1 activity was directional (Fig. 1). The observed differences
in activity between chimeric heteroduplexes containing MOE
residues at the 5� pole of the DNA strand compared with the
3� pole are probably due to the binding directionality of the
enzyme. Human RNase H1 is predicted to position the cata-

lytic domain 3� on the RNA relative to the RNA binding-
domain (Fig. 6). As a result, MOE substitutions at the 3� pole
of the oligodeoxyribonucleotide would be positioned at the
RNA binding-domain, and the MOE modifications at the 5�
pole would be positioned adjacent to the catalytic domain of
the enzyme (Fig. 6). Given that the RNA binding domain of
human RNase H1 has been shown to be important for prop-
erly positioning the enzyme on the heteroduplex for catalysis
(Lima et al., 2003a), MOE substitutions at the 3� pole of the
oligodeoxyribonucleotide probably interfere with the binding
of the enzyme to this portion of the substrate, effectively
redirecting the enzyme to the RNA/DNA region of the chi-
meric heteroduplex (Figs. 1A and 6). Consistent with this
model, MOE substitutions at the 5� pole of the oligodeoxyri-
bonucleotide would interfere with the catalytic domain of the
enzyme, resulting in the observed progressive ablation of
human RNase H1 cleavage sites without the concomitant
production of new preferred cleavage sites (Fig. 1B and 6).

Human RNase H1 Is Optimally Evolved to Cleave
Okazaki Fragments. A recent study demonstrated that
RNase H1 is required for mitochondrial DNA replication and
plays a critical role in the embryonic development of mice
(Ceritelli et al., 2003). The enzyme is believed to participate
in the removal of RNA primers during lagging strand DNA
synthesis (Busen et al., 1977; Turchi et al., 1994; Ceritelli et
al., 2003). Therefore, the proposed native substrates for the
enzyme are chimeric heteroduplexes consisting of 7 to 14
ribonucleotide primers with contiguous stretches of DNA
extending 3�, hybridized to DNA (Bambara et al., 1997).
Consistent with the proposed biological role for the enzyme,
the Okazaki-like substrates containing 5 and 10 deoxyribo-
nucleotides at the 3� pole of the oligoribonucleotide produced
new preferred cleavage sites and exhibited cleavage rates
comparable with the unmodified heteroduplex (Fig. 5). Con-
sidering that the short RNA primers are interspersed within
long stretches of dsDNA, the model proposed here for the
interaction between the enzyme and the heteroduplex sub-
strate correlates well with biological roles for the enzyme
(Fig. 6). First, the strong positional preference for cleavage is
consistent with the length of the RNA primers. Second, hu-
man RNase H1 binds the RNA/DNA heteroduplex �50-fold
tighter than dsDNA, suggesting that the enzyme would not
be trapped in nonproductive interactions within the large
field of dsDNA (Wu et al., 1999). Third, the limited sequence
discrimination exhibited by the enzyme would be beneficial
given that the RNA primers comprise mixed sequences. Fi-

Fig. 5. Initial cleavage rates and
cleavage sites for Okazaki-like sub-
strates. Heteroduplexes are shown
with the chimeric sense oligonucleo-
tide (above) oriented 5�33� and oli-
godeoxyribonucleotide (below) 3�35�.
The underlined sequences indicate
the positions of the ribonucleotide res-
idues. The substrates consisted of het-
eroduplexes containing 10 (A-10/10)
and 15 (A-15/5) ribonucleotides at the
5� pole of the sense oligonucleotide
with contiguous stretches of 10 and 5
deoxyribonucleotides, respectively, at
the 3� pole of the sense oligonucleo-
tide. Lines are as described in Fig. 1.
Ratio V0 was determined as described
in Fig. 1.
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nally, DNA substitutions seemed to affect human RNase H1
activity differently than MOE substitutions. Although both
the DNA and MOE substitutions resulted in a similar shift in
the position of cleavage and few cleavage sites compared with
the unmodified substrate, the MOE substitutions resulted in
slower overall cleavage rates, whereas the DNA substitu-
tions generated new preferred cleavage sites. The differences
in activity are probably due to the differences in the sugar
conformation as well conformational transmission of the
MOE and DNA residues.

The Design of Improved DNA-Like ASOs. The obser-
vations presented here combined with the demonstration
that human RNase H1 plays a dominant role in the activities
of DNA-like ASOs offer approaches to enhance the design of
effective chimeric ASOs (Lima et al., 2003b). Although the
endogenous ASO/mRNA structures contain single-stranded
RNA regions extending from both termini of the ASO, the
cleavage patterns observed for the chimeric ASOs with flank-
ing 2�-modifications suggest that these regions would have
no effect on the activity of the enzyme (Fig. 3). In fact,
cleavage sites identical to those observed for the 5-10-5 het-
eroduplex E were also observed for the endogenous target
mRNA from human cells transfected with the 5-10-5 chi-
meric ASO of heteroduplex E using RNA ligase mediated
rapid amplification of 5�-cDNA ends (Barnes, 1994) (data not
shown). Most importantly, the observed influence of the

MOE substitutions of on human RNase H1 activity suggests
that reducing the number 2�- modified nucleotides should
improve the enzyme activity. As 2�-modified nucleotides im-
prove affinity to target RNA, reducing the number of 2�-
modified nucleotides would obviously reduce the ability of the
ASO to invade structured RNA sites, resulting in fewer ac-
tive sites in the mRNA. However, once hybridization is ac-
complished, RNase H1 activity becomes limiting, so fewer
2�-MOE residues should result in greater ASO potency (Lima
et al., 2003b). Finally, inserting modified nucleotides to mod-
ulate the transmission of the 2�-modified/RNA geometry into
the RNA/DNA portion of the chimeric heteroduplex should
also improve human RNase H1 activity.
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