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Abstract Alpha-beta chimeric 17-mer oligodeoxyribonucleo-
tides containing either 5, 10 or 15 beta nucleotides were synthe-
sized. The stability of the RNA/chimera hybrids was only slightly
affected by the alpha stretch and by the alpha-beta link, as was
the affinity of the Moloney Murine Leukemia Virus reverse tran-
scriptase for the duplexes. All chimeras inhibited in vitro cDNA
synthesis in a cell-free system to various extent, via the degrada-
tion of the RNA target by RNase H.
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1. Introduction

One of the problems of using oligodeoxyribonucleotides in
cultured cells or in vivo as gene expression inhibitors, is their
sensitivity to nucleases. Most of chemical modifications intro-
duced into the backbone of antisense oligonucleotides were
aimed to make them resistant to these nucleases. As 3’ exonu-
cleases were shown to be mainly responsible for their degrada-
tion [1,2], oligonucleotides modified at their 3’-end only, were
more resistant than the unmodified analogues; this led to a
higher translation inhibition, due to an increased lifetime in the
culture media and likely inside the cell [3,4].

The key role played by RNase H in the effect of antisense
oligonucleotides on in vitro translation and reverse transcrip-
tion was demonstrated [S-10]: either natural phosphodiester or
phosphorothioate oligonucleotides inhibited protein or cDNA
synthesis with a high efficiency through the cleavage of their
RNA target. However, alpha oligonucleotides which could not
elicit the action of RNase H were able to block gene expression
in cell-free systems under certain conditions [8,11,12]. Taking
this in mind, we thought that chimeric oligonucleotides made
of a stretch of a units linked to an unmodified § one could
combine the properties of o and § oligonucleotides. Such oli-
gomers can be expected to (i) permit the action of RNase H at
least if the § stretch is long enough, (ii) be protected against
exonucleases, and (iii) physically block translation or reverse
transcription, i.e. prevent binding to or scanning of the RNA
by the ribosome or the reverse transcriptase (RT). We studied
the effect of such aff chimeric oligonucleotides on in vitro
cDNA synthesis by the Moloney Murine Leukemia Virus
(MMLYV) reverse transcriptase. We show that inhibition was
achieved mainly through an RNase H-dependent process
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whose efficiency was only slightly affected by the length of the
unmodified stretch.

2. Materials and methods

2.1. Oligonucleotides and RNA

Unmodified phosphodiester oligonucleotides were synthesized on a
Milligen synthesizer. The fully modified alpha oligomer was a gift from
N.T. Thuong (Orléans, France). Chimeric alpha/beta 17-mers (17af)
were synthesized as previously described [13] on a ABI 381A DNA
synthesizer via the phosphoramidite method and using the manufac-
turer’s 1 gmol cycle. For each chimeric oligodeoxynucleotide, the alpha
stretch was first assembled in the reverse (5’ to 3’) orientation with
deoxy-a-nucleoside  5'-cyanoethylphosphoramidites and 5'-linked
deoxy-a-adenosine derivatized LCA-CPG. Then regular deoxy-f-nu-
cleoside 3’-cyanoethylphosphoramidites (Millipore) were used to build
up of the beta stretch in the classical 3’ to 5" orientation. All other
reagents for oligonucleotide synthesis were from Millipore. Standard
protocols were applied for the deprotection and the reverse phase
HPLC purification of chimeric oligonucleotides. The 21-mer RNA
oligomer was enzymatically synthesized according to a published proce-
dure [14]. All oligonucleotides used throughout this study are described
(name and sequence) in Table 1; antisense oligonucleotides were
checked for purity by 5’-end radiolabeling with T7 polynucleotide ki-
nase (Boehringer Mannheim) and [y-*?P]JATP (111 TBg/mmol, ICN).

2.2. Reverse transcription

0.25 pmol of rabbit S-globin mRNA (Gibco BRL) was preincubated
15 min at 39°C, with 0.5 pmol of 5’-end radiolabeled primer (either
15P0O(130) or 15P0O(147)) and 1 to 5 pmol of one of the 17af oligonu-
cleotides, in a total volume of 8 ul of 100 mM Tris-HCI, pH 8.3,
containing 10 mM MgCl, and 10 mM dithiothreitol (buffer A). After
addition of 2 ul of 100 mM Tris-HCI pH 8.3 containing 10 mM MgCl,,
10 mM dithiothreitol, 360 mM KCI (buffer B), 1 nmol of each of the
four dXTPs and 50 units MMLV RT (Gibco BRL) corresponding to
1.8 pmol, cDNA synthesis was performed during one hour at 39°C. The
transcripts were precipitated with ethanol and analysed on a 20% poly-
acrylamide/7 M urea gel. The yield of cDNA synthesis was quantified
by counting the gel slices in a S-scintillation counter, and by comparing
the full-length cDNA abundance in the absence and in the presence of
antisense oligomer.

2.3. Analysis of RNA cleavage mediated by the RT RNase H activity
The activity of the RT RNase H on the 17af/RNA duplexes was
checked either with a portion of the S-globin mRNA corresponding to
nt 1-190 (a), or with a 5’-end radiolabeled 21-mer RNA complementary
to the 17af oligonucleotides (b), under conditions close to those used
for cDNA synthesis (see above). (a) The 1-190 RNA fragment was
generated by incubating 2.75 pmol of S-globin mRNA with 20 pmol of
a 19-mer complementary to nt 172190, in 20 ml of 20 mM Tris-HCl,
pH 7.5, containing 10 mM MgCl,, 100 mM KCl, 0.1 mM dithiothreitol,
and 2 units of E. coli RNase H (Promega). After 2 h at 37°C, the RNA
was precipitated with ethanol and used without further purification. RT
RNase H-mediated cleavage was analysed as follows: 0.25 pmol of the
1-190 RNA fragment was preincubated 15 min at 39°C, with 5 pmol
of either 17a,f,s, 17a,8,, or 17a,,8;, in the presence or the absence of
15PO(130), in 8 ul of buffer A. After addition of 2 ml of the reverse
transcription buffer B containing 1 nmol of each dXTP and 1.8 pmol
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of MMLV RT, the incubation was performed at 39°C during 15 min
only (to prevent the total digestion by the RT RNase H of the RNA
hybridized to the neo-synthesized cDNA). The RNA fragments were
extracted with chloroform, precipitated with ethanol, and loaded on a
10% polyacrylamide/7 M urea gel. Electroblotted on a nylon membrane
(Pall), they were probed with a *?P-radiolabeled 17-mer complementary
to nt 3-19 of the f-globin mRNA. (b) After 15 min preincubation at
39°C of 0.25 pmol of 21RNA (dephosphorylated and 5’-end radiola-
beled with {y-*P]ATP) with 5 pmol of one of the 17af in 8 ul of buffer
A, 2 ul of the reverse transcription buffer B containing 1 nmol of the
four dXTPs and 1.8 pmol of MMLV RT were added. Incubated 15 min
at 39°C, the digestion products were extracted with chloroform and
precipitated with ethanol, before being loaded on a 20% poly-
acrylamide/7 M urea gel. A ladder of RNA fragments, prepared by
incubating 0.5 pmol of 5-end radiolabeled 21RNA in 10 ul of 0.15 M
sodium bicarbonate (pH 9.5) for 10 min at 95°C, was loaded without
any further treatment.

2.4. Duplex stability measurement

Melting temperatures (7,,) of oligonucleotide/RNA duplexes were
measured by incubating 21RNA with the complementary oligonucleo-
tide at equimolar concentration (0.5 uM), in a 10 mM sodium cacodyl-
ate buffer, pH 7.0, containing 50 mM sodium chloride and 1 mM
magnesium acetate. Absorbance was monitored at 260 nm on a Uvikon
940 spectrophotometer, with temperature increased from 20 to 90°C,
at 30°C/h. Melting temperature was calculated from the first order
derived curve of the absorbance, versus temperature plot.

2.5. Quantitation of RNAloligonucleotidel MMLV RT complexes

2 pmol of 5 end-radiolabeled 21RNA were preincubated 5-10 min
at 39°C with an equal quantity of one of the 172, in 100 mM Tris-HCI,
pH 8.3, containing 10 mM MgCl,, 10 mM DTT and glycerol 15% (in
these conditions, almost all the RNA was hybridized to the oligonucle-
otides, not shown). After addition of 2 to 6 pmol of MMLYV RT, the
samples (10 ul) were incubated 5 min at 39°C, and loaded on a 5%
polyacrylamide, 0.13% bisacrylamide non-denaturing gel, buffered with
25 mM Tris-HCI pH 8 (at 4°C) containing 162 mM glycine. The migra-
tion was performed at 7.5 V/cm during 3 h, at 4°C. The quantitation
of ternary complex was performed by counting, in a S-scintillation
counter, the gel slices containing on the one hand, the remaining free
RNA/oligonucleotide duplex, and on the other hand all the shifted
species (ternary complex and smear). The affinity constant K, was
determined at the enzyme concentration ((MMLV],) leading to 50%
conversion of the RNA/oligonucleotide duplex ((RNA/oligonucleo-
tide]y) into a shifted species, according to the equation: K, = ((MMLV],
- 1/2 [RNA/oligonucleotide],) ™.

3. Results and discussion

3.1. Cleavage of an RNA target by the RT RNase H
Antisense sequences, 17 nt long, were synthesized as af chi-
meras: three different oligomers (17a,,8s, 17a,8,, and 17a,5,5)
were prepared, whose length of the § region was 5, 10 or 15
nucleotides, respectively (Table 1). As a oligomers hybridize in
a parallel orientation to their complementary sequence, these
chimeric oligomers had a 3’-3" phosphodiester junction between
the o and S blocks and possessed two 5" ends. In addition, we
prepared the unmodified 17-mer (174,,) and the fully modified
derivative 17a;. We first assayed the RNase H sensitivity of
hybrids formed by these chimeras with a 21 nt-long comple-
mentary RNA. As shown in Fig. 1, 17a, 8,5 and 17a,5,, induced
cleavage at two sites, one at the end of the RNA/oligonucleo-
tide duplex, the second one at the next position, i.e. one nucle-
otide inside the hybrid. Cleaved products represented 20 and
60% of the total RNA for 17a,8,5 and 17,8, respectively,
whereas no cleavage was detected in the presence of 17a,,8s
(Fig. 1). Therefore, sensitivity to RNase H was more important
with the oligomer containing a 10 nt stretch of 8 residues than
with the one containing 15 B nucleotides. These differences

C. Boiziau et al. | FEBS Letters 361 (1995) 4145

w
=%
o~
(]
N
—

17a7p10
17a12p5

3

G-

G =

U=
G -
G-
U =
U =
G =
A=
A=
G =
A =—
A=
G =

G =—

U=

G~
U=—

A
G~

G-

5
Fig. 1. Cleavage of 21RNA/17af hybrids by MMLV RT. 21RNA (25
nM) was incubated in the absence (=) or in the presence of 500 nM of
either 17a, 8,5, 17,8, or 17a,,85 as indicated at the top of the lanes,
and in the presence of 180 nM MMLYV RT. M is the alcaline digestion
of 5’-end radiolabeled 21RNA, whose sequence is indicated on the left,
from the 3" (top) to the 5" end (bottom). The region covered by the 17a8
is represented, the beta stretches of the chimeras being in white, and the
alpha ones in gray.

were not due to a significant variation of the hybridization
efficiency of oligonucleotides to the RNA: the melting temper-
atures ranged from 55 to 61°C for the three 17a8 oligonucleo-
tides and their unmodified (1783,;) and fully modified alpha
analogues (17a,,) (Table 1), in agreement with previous results
[15,16]). Furthermore, the 3-3’ link between the alpha and the
beta portions did not significantly destabilize the hybrids [13].
Therefore, under our conditions (10 mM Mg?*), every RNA
target should be involved in a duplex, as the antisense oligonu-
cleotide was in a 20-fold excess compared to the target.

The unexpected increased cleavage observed with 170,58,
compared to 17a,8,5 could be due either to various modes of
binding of the RT on the two hybrids or to a different structure
of the heteroduplexes formed by the two chimeras, which leads
to a different susceptibility of the bound RNA to RNase H.

So, ten contiguous f-anomeric nucleotides in the antisense
oligomer induced the RT RNase H-mediated cleavage of a
short RNA template. However, the situation could be different
when the target is embedded into a long RNA strand. An RNA
fragment corresponding to nt 1-190 of the rabbit S-globin
mRNA was generated from the intact message (see section 2),
which contained the binding site (nt 113-129) for the 17a8
oligonucleotides. In agreement with the results obtained with
the 21-mer RNA, fragments (representing 60% of the initial
RNA target) were detected in the presence of 17a,8,,, resulting
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from cleavage probably generated at the level of the hybrid
extremity (Fig. 2). In contrast, 17a, 6,5 led to two main degrada-
tion products (corresponding to 50% of the RNA), the shorter
fragment resulting from cleavage inside the RNA/17a,8,5 hy-
brid, at about ten nucleotides from the extremity of the RNA/
pS-portion, and consequently at about five nucleotides from the
3’-3’ junction (Fig. 2); such cleavages occuring opposite from
two to nine nucleotides of the 3' OH extremity of an unmodified
oligonucleotide were previously described with MMLV RT
[17]. In addition, 20% of the RNA hybridized with 17a,,5; was
a substrate for the RT RNase H: a band of cleavage was
detected at the level of the duplex (Fig. 2). No cleavage of this
RNA was detected in the absence of RT (not shown). This was
at variance with the results obtained with the short RNA, as
well for the rate as for the cleavage pattern. It is striking to note
that 17a,,85 was silent as far as cleavage was concerned with
the short target, whereas it elicited cleavage of the large target.
This suggests that RT enzyme engaged some interaction with
the RNA template outside the heteroduplex. This is in agree-
ment with the work of Ben-Artzi et al. [18]: the distance between
the 3’-OH extremity of the unmodified oligonucleotide and the
cleavage sites generated by MMLYV RT is larger when the 5 end
of the targeted RNA corresponds to the 3’-OH extremity of the
oligonucleotide (distance = 22-24 nt), than when a long over-
hanging RNA is targeted (distance =18 nt). Such interactions
could: (i) stabilize the duplex/RT complex, which was not the
case (see below), or (ii) allow the positionning of the RNase H
catalytic site in front of the phosphodiester window of the
RNA/17a,,8;5 duplex.

Upon ¢cDNA synthesis from a remote primer, a regular
RNA/DNA duplex can form in the vicinity of the antisense/
RNA hybrid. Therefore, it was of interest to check if an ol-
igonucleotide bound immediately upstream of the antisense
sequence could modify the pattern and efficiency of cleavage.

Table 1

Oligonucleotides used in this study

Name Sequence Target Tm
O

17a, 8,5 SAC**ACCTTCTTCAACCACY 113-129 58

17a, 81, YACACCTT**CTTCAACCAC” 113-129 58

17a, 85 YACACCTTCTTCA*¥ACCAC? 113-129 55

17a,; YACACCTTCTTCAACCACY 113-129 55

1784 YACACCTTCTTCAACCACY 113-129 61

17PO(3) STTGTGTCAAAAGCAAGT? 3-19 -

15PO(130) *TGCCCAGGGCCTCACY 130-144 -

15PO(147) *GTAGACAACCAGCAG* 147-161 -

19PO(172) SAAGGACTCGAAGAACCTCTY 172-190 -

Name Sequence Sense

21RNA YGGAUGUGGAAGAAGUUG-

GUGG” 112-130

The upper part contains the oligodeoxyribonucleotides, used as anti-
sense, primer or probe; at the bottom the sense 21-mer RNA, corre-
sponding to nt 112-130 of the S-globin mRNA is given. The name of
oligonucleotides is composed of their length, their chemical structure
(PO: natural phosphodiester, and the distinction between alpha and
beta configurations for the antisense chimeras 17af), and, in pa-
renthesis, the position of the first targeted nucleotide of the f-globin
mRNA, except for short, for the five antisense oligomers (17a8, 17a,
178) which have all the same target. The alpha stretches are underlined.
In the fourth column, the melting temperatures determined for the
antisense oligomers hybridized with 21RNA, under the conditions indi-
cated in materials and methods, are given.
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Fig. 2. Cleavage of a 190 nt RNA fragment by MMLV RT in the
presence of 17af chimeras. Incubation was carried out in the absence
(=) or presence of 500 nM of 17a,f,s, 17a-8,, or 17,8, as indicated
at the top of the lanes, and in the presence of 180 nM MMLV RT. M
indicates the DNA size markers (pBR322 digested by MSP I), whose
lengthes are reported on the left (in nt).

A 15-mer (15PO(130)) bound adjacently to antisense chimeras
will extend significantly the portion recognized as a substrate
by RNase H. Surprisingly, the degradation products induced
by either 17a, 8,5, 1708,y or 17a,, 85 chimeric oligonucleotides
were identical in the presence and in the absence of 15PO(130)
(not shown). As reverse transcription could be primed by
15P0O(130), this indicated that cleavage of the RNA/chimera
hybrids by RNase H was a fast reaction, degrading the RNA
moiety before a polymerizing RT had a chance to unwind the
RNA/antisense duplex. Therefore, these chimeric oligonucieo-
tides could constitute potential inhibitors of reverse transcrip-
tion.

3.2. 170 chimeras blocked reverse transcription

Reverse transcription was primed with 5-end radiolabeled
15PO(130). Addition of one of the 17af led to a decrease of the
synthesis of the full-length cDNA 144 nt long (Figs. 3 and 4a),
correlated with the appearance of shorter fragments (Fig. 3).
Either 17a,8,, or 17a,, 5 blocked elongation of cDNA after the
introduction of a single dXTP to the primer; in contrast,
17a,8,s induced abortive ¢cDNA synthesis after addition
of one to eleven dXTPs (Fig. 3). Arrest profiles were correlated
with the cleavage of the RNA template (fragment 1-190) by
RNase H for all the 17af chimeras. Furthermore, the inhibition
of cDNA synthesis induced by 500 nM chimera was identical
to the RNase H cleavage rate for 17a,8,5s (50%) and 17a,,8;
(20%) (Figs. 2 and 4a), whereas for 17a.8,,, arrested cDNA
synthesis (35%) was significantly less than the cleavage rate
(60%).

The dependence on RNase H cleavage for cDNA synthesis
arrest led us to think that chimeric af oligomers could interfere
with cDNA synthesis primed by a remote oligonucleotide, in
contrast to the fully modified oligonucleotide 17a;; which
blocked reverse transcription only when adjacent to the primer
[8]. Indeed, synthesis of the 161 nt-long cDNA primed by
15PO(147), was decreased in the presence of any 17af (Fig. 4b).
In addition, the patterns of inhibition were similar — with a shift
of 17 nt — to those observed with the adjacent primer 15PO(130)
(not shown). This suggested that antisense chimeric oligomers
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inhibited reverse transcription via the same mechanism what-
ever the primer position. This was in agreement with the capac-
ity of any 17af to induce digestion of the long RNA target by
RNase H. However, the efficiency of inhibition of reverse tran-
scription by 17af chimeric oligomers is rather low compared
to other derivatives. An unmodified beta oligonucleotide tar-
geted to the 5" end of the RNA template, its phosphorothioate
and 2’-O-allyl analogues led to 50% cDNA synthesis arrest at
60 nM, 100 nM and 100 nM, respectively [9,19], i.e. at concen-
trations five to ten times lower than 1728 oligomers. In the first
two cases, oligonucleotides acted via RNase H cleavage of the
template, whereas the 2’-0-allyl oligoribonucleotide physically
blocked the scanning RT. In this latter case, the antisense
oligomer displayed a much higher affinity for its target than any
other derivative.

3.3. Affinity of reverse transcriptase for the RNA/lchimeric
oligonucleotide heteroduplexes

Above results indicated that the RNA/17af hybrids were
substrates for the RT RNase H, whatever the size of the f
stretch, at least for long RNA templates. The affinity of
MMLYV RT for RNA/oligonucleotide hybrids was evaluated by
band-shift assay: the addition of MMLV RT to a radiolabeled
RNA/17a8 duplex led to the appearance of a slow migrating
species in the presence of either heteroduplexes (Fig. 5a). From
the amount of the shifted species, we evaluated that the enzyme
had approximately the same affinity for the three heterodu-

17a2ps 17a7p10 1701205

- 100 200 500 100 200 500 100 200 500

Full-length
cDNA >

Primer —p»

Fig. 3. Inhibition of reverse transcription by 17af chimeras. cDNA
synthesis, primed by the 5" end radiolabeled 15PO(130) (arrowhead),
was performed by MMLV RT (180 nM) in the absence (-) or presence
of 100, 200 or 500 nM of either 17a,f,s, 17a,6,, or 17a,,8s.
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Fig. 4. Inhibition of reverse transcription by 17af chimeras. cDNA was
synthesized as described in Fig. 3, primed by either 15PO(130) (a) or
15PO(147) (b), in the presence of 17a, 5,5 (w), 17a.8,, (@) or 17a,, 55 (4).
The residual full-length cDNA synthesis (%) was compared to the one
in the absence of antisense oligonucleotide.

plexes (Fig. 5b): K, =2.5-10° M™'. In a previous work, we
reported that MMLV RT had a similar affinity for another
RNA/S and RNA/a duplex [19]. Here, it seemed that the 3’-3’
alpha-beta junction was not a major hindrance to the binding
of MMLYV RT to an RNA/17a8 duplex.

How does RT bind to such non-natural RNA/17a8 du-
plexes? It could be proposed that this was determined by the
3’ extremity of the § stretch interacting with the DNA poly-
merase site of the enzyme, as in the case of unmodified oligonu-
cleotides [20-23]; consequently, the RNase H cleavage site
should have been shifted by five nucleotides when extending the
alpha stretch from two to seven and to twelve nucleotides. This
was clearly not the case, as well with the short 21-mer RNA as
with the 190 nt long RNA. Therefore, this suggested that the
position of RT on the RNA/17a8 duplexes was roughly the
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Fig. 5. Band-shift assay analysis of RNA/170/MMLV RT ternary
complexes. (a) 2IRNA (200 nM) was 5" end radiolabeled, and incu-
bated in the absence or presence of 200 nM of 17a,8,s, 17,8, or
17a,,8s. The duplexes were incubated in the absence (—) or pres-
ence of 500 or 800 nM of MMLV RT. Arrows indicate the position of
unseparated 2IRNA and duplexes 2IRNA/17af (bottom), and of the
ternary complexes (top). (b) Concentration (in nM) of the shifted spe-
cies (ternary complex and smear) versus the MMLV RT concentration
(in nM), in the presence of 2IRNA/17a, 53, (w), 21RNA/17a,8,, (®) or
21RNA/ 17a,,85 (a).

same whatever the size of @ and f stretches, leading to RNase
H cleavages located close to the 5" end of the beta stretch. This
indicates that the 3-3" internal junction of the chimera did not
determine the positionning of the MMLV RT. It is also likely
that RT is interacting with the alpha moiety of the chimeras
[16]. Together this means that this enzyme is not able to deter-
mine the relative orientation of the RNA strand (template) and
of the complementary one (antisense sequence) as the alpha
strand runs parallel to the template, i.e. in the opposite orienta-
tion of natural double-stranded nucleic acids.
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4. Conclusion

We demonstrated that chimeric af oligonucleotides can in-
hibit reverse transcription. First, as these oligomers have only
5’ ends, they will not be substrates for 3’ exonucleases which
have been shown to be the predominant activity in serum.
Moreover, the beta stretch, which is the Achille’s heel of the
molecule as it is sensitive to nucleases, does not need to be very
large: a block of five nucleotides in the beta configuration was
sufficient to induce both cleavage of the template and arrest of
c¢DNA synthesis; however, the efficiency of inhibition was sig-
nificantly less than with a longer § region. More interesting, an
oligonucleotide containing a 10 nt unmodified block was a
reverse transcription inhibitor as efficient as its analogue with
a 15 nt beta stretch.

References

[1]1 Wickstrom, E. (1986) J. Biochem. Biophys. Methods, 13, 97-102.

[2] Verspieren, P., Cornelissen, A.W.C.A., Thuong, N.T., Héléne, C.
and Toulmé, J.J. (1987) Gene, 61, 307-315.

[3] Dagle, J.M., Walder, J.A. and Weeks, D.L. (1990) Nucleic Acids
Res. 18, 4751-4757.

[4] Monia, B.P., Lesnik, E.A., Gonzalez, C., Lima, W.F., Mcgee, D.,
Guinosso, C.J., Kawasaki, A.M., Cook, P.D. and Freier, S.M.
(1993) 1. Biol. Chem. 268, 14514-14522.

[5]1 Minshull, J. and Hunt, T. (1986) Nucleic Acids Res. 14, 6433-
6451.

[6] Cazenave, C., Stein, C.A., Loreau, N., Thuong, N.T., Neckers,
L.M., Subasinghe, C., Héléne, C. and Toulmé, J.J. (1989) Nucleic
Acids Res. 17, 4255-4273.

[7] Walder, R.Y. and Walder, J.A. (1988) Proc. Natl. Acad. Sci. USA
85, 5011-5015.

[8] Boiziau, C., Thuong, N.T. and Toulmé, J.J. (1992) Proc. Natl
Acad. Sci. USA 89, 768-772.

[9] Boiziau, C., Moreau, S. and Toulmé, J.-J. (1994) FEBS Lett. 340,
236-240.

[10] Bordier, B., Héléne, C., Barr, PJ., Litvak, S. and Sarih-Cottin, L.
(1992) Nucleic Acids Res. 20, 5999-6006.

[11] Bertrand, J.R., Imbach, J.L., Paoletti, C. and Malvy, C. (1989)
Biochem. Biophys. Res. Commun. 164, 311-318.

[12] Boiziau, C., Kurfurst, R., Cazenave, C., Roig, V., Thuong, N.T.
and Toulmé, J.J. (1991) Nucleic Acids Res. 19, 1113-1119.

[13] Debart, F., Tosquellas, G., Rayner, B. and Imbach, J.-L. (1994)
Bioorg. Med. Chem. Lett. 4, 1041-1046.

[14] Milligan, J.F. and Uhlenbeck, O.C. (1989) Methods Enzymol. 180,
51-61.

[15] Zelphati, O., Imbach, J.-L., Signoret, N., Zon, G., Rayner, B. and
Leserman, L. (1994) Nucleic Acids Res. 22, 4307-4314.

[16] Morvan, F., Degols, G., Lefebvre, 1., Pompon, A., Sproat, B.S.,
Rayner, B., Lebleu, B. and Imbach, J.-L. (1993) J. Med. Chem. 36,
280-287.

[17] Oyama, F., Kikuchi, R., Crouch, R.J. and Uchida, T. (1989)
J. Biol. Chem. 264, 18808-18817.

[18] Benartzi, H., Zeelon, E., Amit, B., Wortzel, A., Gorecki, M. and
Panet, A. (1993) J. Biol. Chem. 268, 16465-16471.

[19] Boiziau, C., Larrouy, B., Sproat, B.S. and Toulmé, J.-J. (1995)
Nucleic Acids Res., in press.

[20] Furfine, E.S. and Reardon, J.E. (1991) J. Biol. Chem. 266, 406
412,

[21] Fu, T.B. and Taylor, J. (1992) J. Virol. 66, 4271-4278.

[22] Gopalakrishnan, V., Peliska, J.A. and Benkovic, S.J. (1992) Proc.
Natl. Acad. Sci. USA 89, 10763-10767.

[23] Destefano, 1.J., Mallaber, L.M., Fay, PJ. and Bambara, R.A.
(1993) Nucleic Acids Res. 21, 4330-4338.



