
We have previously designed an ODN targeted to the
polypurine tract (PPT) of HIV with the idea of inhibiting
HIV replication. The ODN was designed as a clamp
around the PPT to inhibit the RT/RNase H during retrovi-
ral replication. The sequence consisted of an antisense
strand homologous to the extended 25-nucleotide PPT.
The second strand was designed on the basis of Hoogsteen
base-pairing to allow a triple helix at the PPT. A linker of
four nucleotides connected the strands. The PPT is the site
that resists RNase H digestion during reverse transcription
of the first cDNA copy, then the RT initiates at this local
hybrid the second cDNA strand including cleavage by the
RNase H at the ACU site, where two non-purines interrupt
the PPT (Jendis et al. 1996, 1998; see Coffin et al. 1997).

The ODN, which by itself can form a hairpin-loop
structure, was applied to T lymphocytes 2 hours postin-
fection with HIV at a low multiplicity of infection of 0.01
with ODN at 1 µM concentration without carrier. This
resulted in inhibition of viral replication for 20 days with-
out viral breakthrough (Jendis et al. 1996). Patient iso-
lates including resistant isolates against azidothymidin
(AZT) were also inhibited. A control antisense ODN was
less efficient (Jendis et al. 1996, 1998). Replication of
two viral isolates, HIV IIIB and BaL-1, which differ in
their PPTs by 2 of 24 or 23 nucleotides, was inhibited
preferentially by their homologous ODNs and to a lesser
extent by their heterologous ODNs. This indicates a very
high sequence specificity (Moelling et al. 2006). The PPT
is highly conserved, and 1700 of 2000 isolates collected
in the Los Alamos Database were identical. PPT is also
conserved in SIV (simian immunodeficiency virus).

We analyzed numerous variants of the ODN by chang-
ing single nucleotides or its length. All variants were inef-
fective in destroying the viral RNA (Moelling et al. 2006).
To understand the molecular mechanism, we performed a

kinetic analysis. RT-PCR (polymerase chain reaction)
analysis indicated the disappearance of the viral RNA
within about 2 hours posttreatment and the absence of a
detectable DNA provirus (Jendis et al. 1996; Moelling et
al. 2006). Furthermore, we were unable to demonstrate a
triple-helix effect. However, we could attribute the ODN-
mediated molecular mechanism to destruction of the viral
RNA by the retroviral RT/RNase H. We showed this by
applying the ODN to purified viral particles, where the
RT/RNase H was able to destroy the viral RNA and abol-
ish viral infectivity within a few hours (Matskevich et al.
2006). The phenomenon is reminiscent of siRNA-medi-
ated silencing and may be designated as “siDNA.”

SUBSTRATE SPECIFICITIES 
OF RNASE H AND PIWI

siRNA-mediated silencing has been shown by dsRNA,
23-mers with overhanging ends, which are generated by
Dicer and processed by AGO2 and associated proteins.
The cleaving PIWI domain of Argonaute was shown to be
structurally related to an RNase H (Song et al. 2004; Ma
et al. 2005; Yuan et al. 2005). This relationship was only
deducible from structural analyses and not obvious from
the primary sequences. RNases H share a characteristic
conserved triad of acidic amino acids at their active
centers, the DDE motif (Yang and Steitz 1995; Nowotny
et al. 2005). Not only do RNases H exist in retroviral repli-
cation complexes (Moelling et al. 1971; Moelling 1975;
Hansen et al. 1988), but they also exist in Escherichia coli
and mammalian cells as RNase H1 for removal of RNA
primers during DNA replication (Nowotny et al. 2005).
All of these RNase H enzymes cleave RNA in RNA–DNA
hybrids (Moelling et al. 1971) or at the junction of
RNA–DNA, opposite to an RNA strand, for example, dur-
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ing HIV replication for removal of the tRNA primer after
initiation of cDNA synthesis. The structural homology
was, however, not shared at the functional level, because
a hallmark of an RNase H is its specificity for cleaving
RNA in RNA–DNA hybrids, not dsRNA as required for
siRNA. Yet, both the RT/RNase H and PIWI give rise to
oligonucleotides with 3′-OH and 5′-phosphate.

The PIWI domain has been shown to also cleave RNA in
RNA–DNA hybrids, tested with an archaebacterial PIWI
under extreme conditions, whereby the relative KD values
of single-stranded DNA to DNA–RNA hybrid to dsRNA
were approximately 0.01 to 1 to 10 (Yuan et al. 2005).

We used the recombinant HIV-RT/RNase H with the
ODN and siRNA and targeted them to the PPT of HIV
together with HIV RNA extracted from viral particles in
an in vitro reaction and then used primer sets covering the
HIV-PPT RNA for analysis of cleavage of the RNA by
RT-PCR analysis (Fig. 1a). As shown, RT/RNase H can
perform siRNA-mediated silencing of HIV RNA,
whereby the effect induced by the ODN is more efficient.

We then analyzed cells in which we had knocked down
the cellular RNase H1 to more specifically determine the
effect caused by the viral RT/RNase H. The cells, in which
the cellular RNase H1 was knocked down, were transfected
and overexpressed the HIV RT/RNase H and AGO2 (both
linked to HA tags). In vitro reactions were performed with
HIV RNA and ODN or siRNA, supplemented with the cel-
lular extracts. As shown, the recombinant p66 RT/RNase H
cleaved the viral RNA in the presence of ODN, and AGO2
cleaved the viral RNA in the presence of siRNA. Both
enzymes also cleaved the RNA under reversed conditions,
indicating that the RT/RNase H can silence RNA with low
efficiency also by means of siRNA and AGO2 also by
ODN (Fig. 1b). The results indicate that the specificities of
the RT/RNase H and AGO2 are not absolute.

It should be noted that the HIV RT/RNase H and the
murine leukemia virus (MLV) RT/RNase H have also been
shown to process dsRNAs, not only RNA–DNA hybrids
(Ben-Artzi et al. 1992; Hostomsky et al. 1994; Blain and
Goff 1993). This activity has also been named RNase H*.
Furthermore, a mutation in the active center of an archaeal

RNase H, D125N, resulted in the loss of dsRNA cleavage
efficiency, but not for hybrids (Ohtani et al. 2004). In addi-
tion, stalling the RNase H by omission of the four des-
oxyribonucleoside triphosphates (4dNTPs), so that the RT
cannot move and polymerize, increased the efficiency for
cleavage of dsRNA (Götte et al. 1995). The relationship
between RT/RNase H and PIWI is therefore both structural
and functional, not just structural. Figure 2 summarizes
these results, showing both homologous and heterologous
activities. Destruction of the HIV RNA by the RT/RNase H
in the presence of the “siDNA” is designated as “suicide,”
since a normal step in retroviral replication is mimicked by
the siDNA, but prematurely, before a cDNA is made.

COMPARISON OF RETROVIRAL AND RNA
INTERFERENCE MACHINERIES

Comparison of the components of the replication
machinery of retroviruses suggests some further relation-
ships besides the RNase H with the PIWI domain. Several
similarities are summarized in Table 1. The RT, for
example, has an attachment site for the RNA primer for
initiating cDNA synthesis by the primer grip (Jacques et
al. 1994). A similar function has been described for the
PAZ domain of AGO2, fixing the 3′-OH end of the anti-
sense strand in a PAZ pocket. Furthermore, AGO pro-
teins have a binding pocket for the phosphorylated 5′ end
of the antisense strand (Ma et al. 2005) with no known
equivalent for the RT/RNase H.

The HIV RNase H requires RNA-binding properties
similar to those of PIWI. Fusion of the RNase H to the RT
domain supplies this ability. The RNase H without the RT
domain has been shown to be active only in a special in
situ assay by immobilizing the RNase H domain in a gel
containing a radioactive hybrid (Schulze et al. 1991).
Perhaps this assay may allow detection of RNase H activ-
ities of some of those AGO proteins, which appear to be
inactive. Furthermore, the RT has an RNA-dependent as
well as DNA-dependent DNA polymerase activity. It is
not known whether it can also function as an RNA-
dependent RNA polymerase. The RT also has an unwind-
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Figure 1. (a) Recombinant HIV RT/RNase H can cleave viral RNA in the presence of siRNA and an ODN, both targeted to the PPT
of HIV RNA and measured by RT-PCR. (b) Cleavage of viral RNA in the presence of siRNA and ODN with cellular extracts as source
of enzymes. Extracts were prepared from HEK 293 cells in which the cellular RNase H1 had been knocked down and either the p66
HIV RT/RNase H or the AGO2 protein was overexpressed. Cleavage was determined by RT-PCR.



ing activity (Hottiger et al. 1994), corresponding to the
helicase in the RNA interference machinery. Some simi-
larities seem to exist between the integrase of retroviruses
and Dicer, both of which generate dinucleotide 3′-
overhanging ends at the DNA, in the case of the DNA
provirus at the two identical long terminal repeats (LTRs)
and in the case of Dicer on dsRNA fragments. In addition,
the integration site in the DNA of the host cell requires
this type of cleavage. Both enzymes have nucleic-acid-
binding domains. The integrase forms dimers for cleav-
age. Perhaps Dicer also dimerizes to produce 21-mers.

Furthermore, retroviruses code for a nucleocapsid (NC)
protein with a bipartite basic stretch of sequences, binding
to single-stranded as well as double-stranded RNA. It is a
chaperone or matchmaker and straightens out hairpin-
looped structures and fixes the tRNA primer to the viral
RNA at the primer-binding site (PBS). It may be worth not-
ing that the NC has, in addition to its unspecific RNA-bind-
ing properties, the ability to specifically bind and select
only one tRNA from the cellular pool, which requires a
sequence-specific recognition through its zinc fingers
(Dannull et al. 1994). RNA-binding domains or factors are
also associated with the PAZ-PIWI domains of AGO2,
even though a sequence specificity has not been detected.
An RNA-binding protein is the fragile X syndrome mental
retardation protein (FMRP), which can associate with
AGO (Caudy et al. 2002). What about the protease, another
highly specific and important component in the retroviral
replication machinery? Is it yet to be found in siRNA-
mediated silencing? There is a protease involved in an
antiviral defense mechanism, the virus fights back by a
protein, which drives AGO into the proteasomal pathway
in plants (D.C. Baulcombe, pers. comm.). 

Structural components of retroviruses may not be
related to the siRNA machinery, but what about some of
the luxury functions known for HIV such as Tat, Rev,
Nev, and Vif? The Tat RNA-binding protein (TRBP) is
used by the virus (HIV) and the cell, where it can com-
plex with AGO (Chendrimada et al. 2005).

RNA VIRUSES ESCAPE THE HOST DEFENSE
BY SUPPRESSORS OR BY A DNA PROVIRUS

RNA viruses with their dsRNA intermediates are tar-
gets of the siRNA-mediated cellular defense, and hit back,
for example, by P19 (Voinnet et al. 1999), p21 (Reed et al.
2003), or suppressor proteins counteracting AGO.
Retroviruses may have escaped the siRNA-mediated
antiviral defense and developed instead of suppressors a
disguise as dsDNA proviruses via an RNA–DNA inter-
mediate. They may have adopted some of the siRNA
machinery for their replication machinery, specializing in
tools for DNA instead of RNA. One cellular defense
mechanism against an integrated DNA provirus can be by
keeping it silent by DNA methylation, which in some
species is mediated by small RNAs. The equivalent of this
small RNA in mammals are methylases. The virus can
escape this effect by fast replication.

If this also fails against viral invaders, the next level of
defense is posttranscriptional gene silencing (PTGS),
leading to destruction of the viral mRNA by small RNAs
at noncoding untranscribed regions or inhibition of trans-
lation or initiation of translation. At this stage, DNA
viruses may also be silenced. If the invader escaped even
this level of defense, the ultimate rationale of the cell
would be, while dying, to warn the neighboring cells by
diffusion of small RNAs, thereby guaranteeing survival
of an organism or a cell community, not the individual
cell. Thus, diffusible small RNAs are the alarm system
for bystander cells in plants. The worm Caenorhabditis
elegans can even warn other worms in the neighborhood
by secreted siRNAs. In mammals, such an effect is
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Figure 2. A relationship between siRNA components and retro-
viral proteins is proposed. PAZ and PIWI correspond to
RT/RNase H, and Dicer corresponds to integrase (see also Table
1). PIWI of AGO2 and RT/RNase H are functionally related.
This is shown by siRNA-mediated RNA silencing in parallel to
“siDNA” silencing of retroviral RNA. AGO2 and RT/RNase H
can also cleave the other substrates with less specificity and
lower efficiency. This has been shown with the archaebacterial
AGO (Yuan et al. 2005) and RT/RNase H, whereby nonspecific
cleavage was increased in the absence of 4dNTPs. HIV commits
suicide with the “siDNA” targeted to the PPT, which prema-
turely activates the viral RT/RNase H for cleavage of the viral
RNA before the first cDNA is made. Thus, the viral RNA is irre-
versibly destroyed (Moelling et al. 2006).

Table 1. Similarities of Retroviral Replication and RNA
Interference Machineries

Retrovirus siRNA

Reverse transcriptase (RT) PAZ
RNase H PIWI
3′-OH, 5′-phosphate 3′-OH, 5′-phosphate 

oligonucleotide oligonucleotide
RT (primer-grip) PAZ pocket
RT (RNA-dependent DNA RNA-dependent RNA 

polymerase/DNA-dependent polymerase
DNA polymerase)

RT (DNA unwinding) Helicase
Integrase (dinucleotides Dicer (dinucleotides 

overhangs) overhangs)
Nucleocapsid (melting, RNA-binding proteins, 

RNA protection) TRBP, FMRP
TRBP TRBP
Protease ?



achieved probably not by siRNA but by interferon, a dif-
fusible protein, which alarms bystander cells against
viruses. There are other striking similarities between
siRNA and the interferon response, the RNA-dependent
protein kinase (PKR), which inhibits translation, and
RNase L, which degrades mRNA. Thus, it appears that
siRNA-mediated responses in primitive organisms have
been replaced by proteins in the mammalian system.

CONCLUSIONS

The siRNA-mediated antiviral defense machinery in the
RNA World may have coevolved with the retrovirus repli-
cation machinery. We and other investigators have shown
a structure/function relationship between retroviral
RT/RNase H and PIWI; we also pointed out the related
properties of the two machineries. This analogy may raise
questions or make predictions, e.g., whether the viral pro-
tease has an equivalent in the RNA interference system, yet
to be discovered. Furthermore, we may not yet have deter-
mined the equivalent of the viral sequence-specific RNA-
binding protein. Cellular defense against integrated DNA
proviruses requires mechanisms such as siRNA-mediated
methylation for silencing of the viral DNA in plants. The
mammalian equivalent may occur via proteins such as
methylases. Warning of neighboring cells or organisms by
small RNAs may have evolved into the interferon system.
Analogies to the mammalian interferon system, especially
in this latter respect, are striking, whereby proteins became
the mediators and may have replaced the small RNAs. In
summary, some of the analogies discussed here may allow
predictions for the RNA interference machinery from the
retroviral replication machinery as well as from the inter-
feron system, in particular on the role of proteins instead of
siRNAs in the mammalian system.
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