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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations 
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many 
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary 
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining 
knowledge from genomic studies, and by systems biologists building predictive models of normal and disease 
variant pathways. 
The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751), 
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European 
Molecular Biology Laboratory (EBI Industry program).
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Minus-strand DNA synthesis ↗

Stable identifier: R-HSA-164516

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

In the first part of reverse transcription, minus-strand synthesis, a DNA strand complementary to the HIV genomic 
RNA is synthesized, using the viral RNA as a template and a host cell lysine tRNA molecule as primer. The 
synthesis proceeds in two discrete steps, separated by a strand transfer event. As minus strand DNA is synthesized, 
the viral genomic RNA is degraded, also in several discrete steps. Two specific polypurine tracts (PPT sequences) in 
the viral RNA, one within the pol gene (central or cPPT) and one immediately preceding the U3 sequence (3' PPT) 
are spared from degradation and serve to prime synthesis of DNA complementary to the minus strand (plus-strand 
synthesis). During plus-strand synthesis, Preston and colleagues observed secondary sites of plus-strand initiation at 
low frequency both in the cell-free system and in cultured virus (Klarman et al., 1997). Both DNA synthesis and 
RNA degradation activities are catalyzed by the HIV-1 reverse transcriptase (RT) heterodimer.
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Synthesis of minus strand strong stop DNA (-sssDNA) ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-164504

Type: transition

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

To catalyze DNA synthesis, retroviral reverse transcriptase requires a primer strand to extend and a template strand 
to copy. For HIV-1, the primer is the 3'-end of a partially unwound lysine(3) tRNA annealed to the PBS (primer 
binding site) 179 bases from the 5' end of the retroviral genomic RNA (Isel et al. 1995). Reverse transcription of the 
viral genomic RNA proceeds from the bound tRNA primer to the 5' end of the viral RNA, yielding a minus-strand 
strong-stop DNA (-sssDNA) complementary to the R and U5 elements of the HIV-1 viral genome, as shown in the 
figure below (Telesnitsky and Goff 1997; Jonckheere et al. 2000). The reaction takes place in the host cell cytosol, 
and is catalyzed by the reverse transcriptase activity of the HIV-1 RT heterodimer.

NucleoCapsid (NC) protein prevents self-priming by generating or stabilizing a thermodynamically favored RNA-
DNA heteroduplex instead of the kinetically favored TAR hairpin seen in reverse transcription experiments in vitro 
(Driscoll and Hughes 2000).

Followed by: RNase H-mediated cleavage of the RNA strand of the -sssDNA:RNA duplex
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RTC binds NRTIs ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-9697051

Type: binding

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

Antiretroviral (ARV) therapy, comprising a backbone of two nucleos(t)ide reverse transcriptase inhibitors (NRTIs) 
plus another ARV, has helped extend life expectancy in people living with HIV (Orkin et al. 2018). NRTIs work by 
inhibiting HIV reverse transcriptase (RT), preventing transcription of HIV RNA to DNA. Emtricitabine, a cytidine 
analogue (Feng et al. 2009, Al-Majed et al. 2020) and tenofovir, an acyclic nucleotide diester analogue of adenosine 
monophosphate (McConville et al. 2015, Ray et al. 2016) are compounds which inhibit RT causing chain 
termination and inhibition of viral protein synthesis.
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RNase H-mediated cleavage of the RNA strand of the -sssDNA:RNA duplex ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-164519

Type: transition

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

As the reverse transcriptase activity of the HIV-1 RT heterodimer catalyzes the synthesis of minus-strand strong stop 
DNA (-sssDNA), the RNaseH activity of the same RT heterodimer catalyzes the degradation of the complementary 
viral genomic RNA sequences. Degradation of this RNA is required for the efficient transfer of the -sssDNA to the 5' 
end of the viral genomic RNA. The RNase H active site is positioned within the HIV-1 RT heterodimer so as to 
attack the RNA strand of the RNA:DNA duplex at a point 18 bases behind the site of reverse transcription (Furfine 
and Reardon 1991; Ghosh et al. 1995; Gopalakrishnan et al. 1992; Wohrl and Moelling 1990). The rate of RNase H 
cleavage is substantially lower than the rate of DNA synthesis, however (Kati et al. 1992), and may further depend 
on RT stalling and structural features of the viral genomic RNA template. The product of these combined DNA 
synthesis and RNA degradation events is a DNA strand still duplexed with extended viral genomic RNA fragments.

Preceded by: Synthesis of minus strand strong stop DNA (-sssDNA)

Followed by: RNase H-mediated degradation of the RNA strand of the -sssDNA:RNA duplex
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RNase H-mediated degradation of the RNA strand of the -sssDNA:RNA duplex ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-182859

Type: transition

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

The rate of RNase H cleavage is substantially lower than the rate of DNA synthesis (Kati et al. 1992), so the product 
of the combined DNA synthesis and RNA degradation events catalyzed by the RT heterodimer mediating minus-
strand strong stop DNA (-sssDNA) synthesis is a DNA segment still duplexed with extended viral genomic RNA 
fragments. In vitro, other RT heterodimers bind the remaining RNA:DNA heteroduplexes and their RNase H 
domains further degrade the viral genomic RNA (Wisniewski et al. 2000a, b).

Preceded by: RNase H-mediated cleavage of the RNA strand of the -sssDNA:RNA duplex

Followed by: First strand transfer mediated by Repeated (R) sequence

Literature references

Wisniewski, M., Bambara, RA., Palaniappan, C., Balakrishnan, M., Fay, PJ. (2000). Unique progressive cleavage 
mechanism of HIV reverse transcriptase RNase H. Proc Natl Acad Sci U S A, 97, 11978-83. ↗

Wisniewski, M., Bambara, RA., Palaniappan, C., Balakrishnan, M., Fay, PJ. (2000). The sequential mechanism of HIV 
reverse transcriptase RNase H. J Biol Chem, 275, 37664-71. ↗

Kati, WM., Jerva, LF., Johnson, KA., Anderson, KS. (1992). Mechanism and fidelity of HIV reverse transcriptase. J 
Biol Chem, 267, 25988-97. ↗

Editions
2006-05-19 Authored Gopinathrao, G., D'Eustachio, P.

2006-10-31 Reviewed Hughes, SH.

https://reactome.org Page 8

https://reactome.org/content/detail/R-HSA-182859
http://www.ncbi.nlm.nih.gov/pubmed/11035788
http://www.ncbi.nlm.nih.gov/pubmed/10956669
http://www.ncbi.nlm.nih.gov/pubmed/1281479
https://reactome.org


First strand transfer mediated by Repeated (R) sequence ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-164503

Type: transition

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

The minus strand strong stop DNA (-sssDNA) is transferred to the 3' end of the HIV-1 genomic RNA, where the 3' 
end of the -sssDNA anneals to the viral genomic R sequence motif (Ghosh et al. 1995; Klaver and Berkhout 1994; 
Ohi and Clever 2000; Telesnitsky and Goff 1997). Viral NC (nucleocapsid) protein may play a role in this transfer 
(Driscoll and Hughes 2000).

Preceded by: RNase H-mediated degradation of the RNA strand of the -sssDNA:RNA duplex

Followed by: Minus strand DNA synthesis resumes
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Minus strand DNA synthesis resumes ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-164520

Type: transition

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

Synthesis of minus-strand DNA proceeds toward the 5' end of the PBS motif of the template HIV genomic RNA.

Preceded by: First strand transfer mediated by Repeated (R) sequence

Followed by: RNase H-mediated cleavage of the template strand
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RNase H-mediated cleavage of the template strand ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-164528

Type: transition

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

As the reverse transcriptase activity of the HIV-1 RT heterodimer catalyzes the extension of the minus-strand DNA, 
the RNaseH activity catalyzes the degradation of the complementary viral genomic RNA sequences. Telesnitsky and 
Goff (1993) observed that two defective forms of reverse transcriptase can complement to restore retroviral 
infectivity. The RNase H active site is positioned within the HIV-1 RT heterodimer so as to attack the RNA strand of 
the RNA:DNA duplex at a point 18 bases behind the site of reverse transcription (Furfine and Reardon 1991; Ghosh 
et al. 1995; Gopalakrishnan et al. 1992; Wohrl and Moelling 1990). The rate of RNase H cleavage is substantially 
lower than the rate of DNA synthesis and the level of its activity in vivo is unclear, however (Kati et al. 1992). The 
product of these combined DNA synthesis and RNA degradation events is a DNA strand still duplexed with 
extended viral genomic RNA fragments.

Preceded by: Minus strand DNA synthesis resumes

Followed by: RNase H-mediated degradation of the template strand

Literature references
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RNase H-mediated degradation of the template strand ↗

Location: Minus-strand DNA synthesis

Stable identifier: R-HSA-182795

Type: transition

Compartments: cytosol

Diseases: Human immunodeficiency virus infectious disease

The rate of RNase H cleavage is substantially lower than the rate of DNA synthesis (Kati et al. 1992), so the product 
of the combined DNA synthesis and RNA degradation events catalyzed by the RT heterodimer mediating minus-
strand DNA synthesis is a DNA segment still duplexed with extended viral genomic RNA fragments. Other RT 
heterodimers bind the remaining RNA:DNA heteroduplexes and their RNase H domains further degrade the viral 
genomic RNA (Wisniewski et al. 2000a, b). Two PPT (polypurine tract) sequence motifs in the template, one 
immediately 5' to the U3 sequence and one located within the pol gene in the center of the viral genome, are spared 
from degradation (Charneau et al. 1992; Julias et al. 2004; Pullen et al. 1993).

Preceded by: RNase H-mediated cleavage of the template strand
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