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SECOND GENERATION ANTISENSE OLIGONUCLEOTIDE 

Sudhir Agrawal,*' Zhiwei Jiang,' Qiuyan Zhao,' Denise Shaw,2 Daisy Sun 
and Carl Saxinger3 

Hybridon, Inc., One Innovation Drive, Worcester, MA 01605;2 Lurleen B. Wallace 
Tumor Institute, University of Alabama at Birmingham, 1824 6th Ave. South, 

37, Room 6B04, Bethesda, h4D 20892 

1 

Birmingham, AL 35233; National Cancer Institute-Division of Basic Sciences, Building 

ABSTRACT: Antisense oligonucleotides are being studied as novel therapeutic agents. 
To hrther improve the properties of antisense oligonucleotides, we have synthesized 
phosphorothioate oligonucleotides containing methylphosphonate linkages at the 5'-end, 
the 3'-end, or in the center, and have evaluated the impact of these linkages on the 
biophysical properties, biological properties, and some of the safety parameters. 

Phosphorothioate oligodeoxynucleotides (PS-oligos) have been shown to be 

effective in the down regulation of gene expression in various in vitro and in vivo models 

and a number of clinical trials are underway. I 

While PS-oligos continue to show promising results as first generation of antisense 

oligos, they have certain limitations. Toxicity studies of PS-oligos in rats have shown 

dose limiting side effects including thrombocytopenia, elevation of liver transaminases, 

hyperplasia of lymphoid cells and reticuloendothelial cells in various organs ', ', Additional 

side effects have been observed in monkeys following bolus intravenous administration 

including hemodynamic changes'3374. Activation of complement and prolongation of 

activated partial thromboplastin clotting time (aPTT) have been observed as well4. Most 

of these side effects in monkeys can be avoided by slow intravenous inhsion3. 

The majority of the side effects observed (e g. thrombocytopenia, elevation of liver 

enzymes, complement activation, prolongation of aPTT) have also been observed 

following administration of dextran sulfate' suggesting that these effects may be related to 
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928 AGRAWAL ET AL. 

the polyanionic nature of the oligonucleotides. In our efforts to design second generation 

antisense oligos that have fewer side effects while retaining the biological potency, we 

have studied mixed backbone oligonucleotides (MBOS)'~'-". In the MBOs, one segment 

is a PS - oligo which is a substrate for RNase H and another segment is modified DNA or 

KNA, which could modulate the biophysical, biochemical, biological, 

pharmacodynamic and , pharmacokinetic properties and the in vivo stability of oligos. 

Two classes of h4BOs have been studied; one in which modified segments of the 

oligonucleotides were incorporated at both the 3'- and S ' -  ends of PS-oligos (end 

modified MBOs, Fig, 1) and another in which modified segments of oligonucleotides 

were incorporated at the 3'-end, the 5'-end, or in the center (Fig. 1) .  In our earlier 

studies, we have shown that end modified Ml3O's have increased biological potency and 

are significantly more stable in vzvo9~'", and produce fewer side effects (e.g., complement 

activation and prolongation of aPTT)4 and mitogenic response" than unmodified PS - 

oligos. In the present study, we have designed oligos that contain nonionic 

methylphosphonate linkages (shaded segment in Table 1 )  either at the 3'-  end , the 5'- 

end, or in the center of the PS-oligo The purpose of the study is to understand the 

impact of these modified oligos on biophysical properties, biological activity, and some 

safety parameters 

Synthesis of oligonucleotides: The structures of the oligos used in the present 

study are listed in Table 1 PS-oligo (oligo 1) was synthesized and purified using 

standard protocols as described earlier12 Oligonucleotides containing phoshorothioate 

linkages and methylphosphonate linkages were synthesized using the appropriate 

nucleoside phosphoramidite followed by oxidation with the appropriate reagent. The 

methylphosphonate segment of the oligo was synthesized using nucleoside 

methylphosphonamidites followed by oxidation with iodine reagent13 The 

phosphorothioate segment of the oligo was synthesized using standard protocols MBOs 

containing both phosphorothioate and methylphosphonate linkages were deprotected in 

two steps, first with ammonium hydroxide for 2 hours at room temperature and then with 

mixture of ethylenediamine: ethanol (1.1) for 6 hours at room temp'' Purification was 

carried out as reported earlier12 The purity of oligonucleotides was confirmed by 

capillary gel electrophoresis contained more than 90% N-mer. 
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MIXED-BACKBONE OLIGONUCLEOTIDES 929 

1. PS-Oligonucleotide 
5'1 13' 

2. Mixed Backbone Oligonucleotides 

a) 3' and 5'-end modified MBO 
5' 3' 

b) 5'-end modified MBO 
5' 3' 

c) 3'-end modified MBO 
5' 3' 

d) Centrally modified MBO 
5' 3' 

Figure 1. Structure of various mixed - backbone oligonucleotides 

TABLE 1 

Melting RNase H 
Temperature t 112 HIV 

22.4 0.24 

CACCCATCTCTCTCCTT 11.5 0.55 

CACCCATCTCTCTCCTT 9.7 0.48 

ACCCATCTCTCTCCTT 8.1 0.95 

5 5*CTCTCGCAC T C T C C T T C T ~  57.9 11.5 0.46 

6 "CTCTCGCAC TCTCCTTCT" 57.7 14.4 0.49 

7 ~ C T C T C G C A  TCTCCTTCT" 56.8 9.3 0.85 

8 "CTCTCGCACCCATCTCTCT 3' 60.7 21.2 0.36 
CTCGCACCCATCTCTCT 3' 60.5 23.0 0.41 

CTCGCACCCATCTCTC 59.0 41.8 0.75 

Oligo # Sequence ("C) (mid Ic90 (PM) 

1 5' C T C T C G C A C C C A T C T C T C T C C T T C T 63.6 
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930 AGRAWAL ET AL. 

Biophysical Studies: The two important parameters for effectiveness of an 

antisense oligo are its affinity to the target sequence and its ability to cleave RNA in the 

presence of RNase 11, Oligonucleotides listed in Table 1 were studied for their melting 

temperature (Tm) with complementary oligoribonucleotide (3 5-mer) Typically the two 

strands were mixed in a 1 . 1  ratio to obtain an overall concentration of 0 2 AX,) units in 

10 mM PIPES, lmM EDTA, and 100 mM NaCl (pH 7) The Tm of oligo I ,  containing 

phosphorothioate linkages, was higher than other oligos that contained both 

phosphorothioate and methylphosphnnate linkages. In general, centrally modified MBOs 

(oligos 5,  6, and 7 )  had lower Tms than 5'-end modified MBOs (oligos 2 ,  3, and 4) and 

3'-end modified MROs (oligos 8, 9, and lo). 

The oligos listed in Table 1 were also studied for their ability to cleave RNA in 

the presence of RNase I I .  The comparative rate of cleavage was studied by mixing 0 05 

units of oligo with 0.1 AZhO units of' complementary oligoribonucleotide (35-mer) in a 

buffer containing 20 mM Tris HCI (pH 7 5), 10 mM MgCI2, 100 mM KCI, 2% glycerol, 

and 0 1 niM DTT. 'The mixture was heated and then cooled to room temperature The 

sample was then placed in a cuvet of a spectrophotometer, five units of KNase H were 

added, and the mixture was incubated at 37" C for 180 minutes Absorbance at 260 nm 

versus time was recorded and t1s2 were calculated from the curve In general, oligo 1 

and 3'-end modified MBOs (oligos 8,9, and 10) showed similar rates of cleavage (tl = 

21 2 to 41.8 min), whereas centrally modified MROs (oligos 5 6 ,  and 7 )  and 5'-end 

modified MROs (oligos 2,3, and 4) showed faster cleavage rate ( t l  , = 8 I to 14 4 min) 

(Table I )  Further studies are in progress to understand the issues which impact the 

change in the rate of  RNA cleavage 

Nuclease Stability and degradation profile. Following digestion by .sr~zkc 

veiioni /,ho.s/~hou'ie.sterar.ve PS-oligos (oligo 1) generate a ladder of shorter lengths of 

oligos both /ti vilro (Fig 2) and in i ~ i w  ", The experiment was carried out using [ "PI 

end-labeled oligonucleotide in 10 mM Tris HCI (pH 8) and 10 mM MgC12 and 0 03 units 

of ph0sphodiestercr.c.e (from C 'rofaluv L/II One of the objectives in designing the 

various type of MROs listed in Table I ,  and Figure 1 ,  was to (a) understand what type of 

metabolites are generated following digestion by 3 '-exotzuclea.se, and (b) if the 

degradation pattern remains the same in V I V O ,  what impact these metabolites may have on 

US) 
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MIXED-BACKBONE OLIGONUCLEOTIDES 93 1 

5 7 8 --- Oligo# , 1 , 
0 30 60120 0 30 60120 0 30 60120 0 30 60f20 mm 

Figure 2. Stability and digestion profile of oligonucleotides against snake venom 
phosphodiesterase (SVPD). 5'-end labeled oligonucloetides were incubated with SVPD. 
At the indicated times, an aliquot was analyzed by gel electrophoresis. Oligo 1 following 
digestion, generated a ladder of shorter oligonucleotides. Oligo 5, and 7 which contain 
methylphosphonate likages in the center showed no degradation product in the center. 
Oligo 8, which contains six methylphosphonate linkages at the 3'-end , generated a ladder 
of shorter oligonucleotides starting at 18- 19 mers. 

the safety profile With oligo 5 and 6 ,  which contain methylphosphonate in the center, 

the phosphorothioate segment of the oligo was digested but hrther degradation was 

reduced If however, the methylphosphonate segment was removed by endonuclease 

type activity , hrther digestion of the oligo was observed In the case of oligo 8, which 

contained methylphosphonate linkages at the 3 '-end, degradation was slowed down, and 

following removal of methylphosphonate linkages, stepwise degradation of the 

phosphorothioate segment of the oligo was observed Oligos containing 

methylphosphonate linkages at the 5'-end could not be studied by this procedure as they 

are not substrates for kinases 

Biological Activity The biological activity of oligonucleotides against HIV- 1 

Molt-3 cells was studied in cell culture assays, using the method reported earlier 15,16  
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932 AGRAWAL ET AL. 

were infected with 1jIV-1, and cultured in the presence of oligonucleotides. The cell 

concentration was adjusted to 4x10 /ml on days 3 and 6 and the cells were treated with 

oligos at the initial concentrations. On day 9, HIV-1 replication was monitored using the 

p24 antigen capture assay The 1C90 value was determined from the concentration versus 

percent inhibition plots which are listed in Table 1 for various oligos. Oligo 1 was the 

most potent of the series, other oligonucleotides had two to three fold higher IC90 values 

in the present assay. 

Lymophocyte Proliferation Studies. Oligos containing CG dinucleotides 

have mitogenic effects. which are predominantly B cell response, as shown by both in 

wfro and it? viva st~dies’~”~‘’.  Oligos listed in Table 1 contain one CG dinucleotide, 

however, in  certain sequences, CG is modified with internucleotidic methylphosphonate 

linkages (oligo 2, 3, and 4) or the oligo contains methylphosphonate linkages downstream 

to CG at the 3’-end (oligos 5,  6,and 7). Comparative studies (Figure 3) of the oligos 

showed that the lymphocyte stimulation index of oligo 1 was highest; all other oligos had 

smaller stimulation index. Oligos 8, 9, and 10, which were modified at the 3’-end 

showed less reduction in the stimulation index than oligos 2 through 7 

Effect on Coagulation - Prolongation of aPTT. Administration of PS-oligos in 

monkeys and humans a clinical parameter measuring blood 

coagulation. The oligos listed in Table 1 were studied for their ability to prolong aPTT 

in  an it7 vi/ro assay The assay was performed using citrated normal donor plasma, 

according to the procedure reported earlier4 The 50% prolongation doses were 

extrapolated from plots of oligonucleotide concentration versus percent prolongation of 

the clotting time compared to the appropriate buffer control (Figure 4). All 

oligonucleotides prolonged aPTT but the concentration of oligo 1 required to prolong 

the aPTT by SO% was less than any other oligo tested Centrally modified MBOs (oligo 

5, 6, and 7 )  showed less effect than 3’- end modified MBOs (oligos 8 ,9, and 10) or 5’- 

end modified MBOs ( oligos 2, 3, and 4). As has been shown earlier, the prolongation of 

aPTT by PS-oligos results from the polyanionic nature of the oligo and is dependent on 

the lengths. These MBOs, which contain inethylphosphonate linkages, the overall 

polyanionic nature has been reduced, and consequently had less effect on aPTT. 

prolongs the aPTT, 
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2.0 
X 
0 a 
d 

0 

cd 

H 1.5 
.3 Y 

-3 1.0 E 
3 j  
.4 

0.5 

0.0 
1 2  3 4 6 7 8 9 10 

Oligo # 

Figure 3. Lymphocyte proliferation index of oligonucleotides 

Panel A Panel B 

l5 1 

- 
1 2 3 4 5 6 7 8 9  " 1 2 3 4 5 6 7 8 9  

Oligo # Oligo # 

Figure 4. Comparative effect of oligonucleotides on (a) fifty percent prolongation of 
aPTT (Panel A) and (b) fifty percent of hemolytic complement(Pane1 B). MBOs had less 
of an effect on prolongation of aPTT and hemolytic complement activities 
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AGRAWAL ET AL. 934 

Effect on Complement Activation. In addition to prolongation of aPTT, the 

other short - term side effects observed in monkeys following administration of PS-oligos 

were complement activation and reduction of serum hemolytic activity. The oligos listed 

in Table 1 were studied for their ability to activate complement using fresh normal donor 

serum according to the procedure described earlier. In Figure 4, data are presented as 

the oligonucleotide dose producing 50% reduction of hemolytic activity, determined from 

the plots of oligo concentration versus percentage of control hemolysis. All oligos 

produced a concentration-dependent reduction in complement induced hemolysis in in 

vitro assays. Oligo 1 at a concentration of about 15 pM reduced hemolysis by 50%; all 

other oligos required concentrations greater than 15 pM for the same activity. 

DISCUSSION 

The effectiveness of an antisense oligonucleotide as therapeutic agent depends on 

many parameters. In in vitro studies (cell culture), the biological activity of an 

oligonucleotide depends on its chemical modification and sequence, the assay system, 

and the target mRNA. the activity of an 

oligonucleotide also depends on its safety profile, pharmacokinetic tissue disposition, 

elimination, and in vivo stability’. To hrther optimize the properties of PS-oligos as 

antisense agents, we have made MBOs that have the combined properties of two oligo 

modifications. These MBOs provide significant increase in in vivo stability, an improved 

safety profile, while retaining biological activity. 

In in vivo studies (animal models), 

In the present study we carried out modifications of PS-oligos by incorporating 

methylphosphonate linkages at (a) the 5 ’ -  end, (b) in the center, and (C) at the 3’- end. 

The 5 ’ -  end modified MBOs have better stability towards 5’- exonucleases but not 

against 3’- exonucleases compared to PS-oligos. Centrally modified MBOs have no 

increase in nuclease stability over PS-oligos. The 3’-end modified h4BOs have better 

nuclease stability against 3’-  exonuclease, than do PS-oligos , but no increase in stability 

against 5’-exonuclease. While these MBOs have various degrees of nuclease stability 

towards exonucleases, the degradation profile and nature of metabolites generated are 

quite different. 

All oligonucleotides showed co-operative Tms with complementary RNA, but 

the Tms of MBOs were lower (1.8 to 6.8 “C). The other factor that is important for 
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MIXED-BACKBONE OLIGONUCLEOTIDES 935 

antisense activity is the ability of oligonucleotides to activate RNase H to cleave 

complementary RNA. PS-oligos are substrates for RNase H. At higher concentrations, 

however they inhibit RNase H activity. The 5’-end modified MBOs (oligos 2, 3, and 4) 

or centrally modified Ml3Os (oligos 5,  6, and 7) showed a higher rate of cleavage of 

RNA than did PS-oligo (oligo 1) or 3’-end modified MBOs (oligo 8, 9, and 10). Anti- 

HIV activity of oligos in a long -term culture assay showed PS-oligo (oligo 1) to be more 

potent than other oligos, with an IC9” two-to three-fold higher. 

The MBOs listed in Table 1 also had less effect on lymphocyte proliferation. This 

is in agreement with our previous results in which we showed that modifications of oligo 

containing CG dinucleotide affects the mitogenic response both in vitro and in V I V O .  The 

results of hemolytic complement and coagulation studies with MBOs clearly suggest that 

reducing the contiguous length of phosphorothioate linkages significantly reduces on 

prolongation of aPTT and activation of complement effects. 

From these studies, it is clear that reducing the polyanionic nature of the PS-oligo 

significantly reduces the polyanonic-related side effects (prolongation of aPTT and 

complement activation), and the appropriate placement of methylphosphonate linkages in 

the PS-oligo provides nuclease stability and improved RNase H activity. Some of the 

oligonucleotides listed in Table 1 have been studied for pharmacokinetics and safety, and 

show better safety profile”. 
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