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Understanding 
the genetic 
structure 
of the virus 
led to new 
insights into 
the regulation 
of viral gene 
expression and 
RNA export

1985 marked the year when the 
full nucleotide sequence of HIV-1 
was reported by three groups, a 
development that was instrumental 
to further understanding of the 
genetics and molecular biology of 
the virus. Ratner et al., Sanchez-
Pescador et al. and Wain-Hobson 
et al. were the first to describe the 
full DNA sequence and genome 
organization of viral isolates. The 
complete sequences (>9,000 kb in 
length) were derived from proviral 
DNA and circular unintegrated viral 
DNA, and they encompassed the 
long terminal repeats (LTRs), which 
have crucial roles in the regulation 
of transcription of viral genes and 
integration. It is now established 
that the viral genome encodes the 
capsid proteins (Gag), viral enzymes 
(Pol) and the envelope glycoprotein 
(Env), as well as six additional open 
reading frames. By determining the 
locations and sizes of the viral open 
reading frames, it was revealed that 
the fundamental genetic structure is 
similar to that of other retroviruses, 
but that HIV-1 not only has 
distinctive genetic complexity but 

also encodes genes with features not 
previously recognized in biology.

Understanding the genetic 
structure of the virus led to new 
insights into the regulation of viral 
gene expression and RNA export.

An important discovery following 
rapidly on the heels of the full 
sequence information was the finding 
that HIV-1 encodes a trans-acting 
factor, termed Tat, which was shown 
to be vital for the transactivation of 
viral gene expression from the 5ʹ LTR. 
During the following years, several 
studies revealed the mechanism of 
Tat-mediated transactivation: early 
during infection, low levels of viral 
transcripts are generated, which are 
subsequently spliced and translated to 
make Tat. Tat binds to an RNA stem-
loop structure, the trans-activation 
response element (TAR), a regulatory 
element located downstream of the 
transcriptional initiation site at the 
5ʹ end of nascent viral transcripts. 
Following binding to TAR, Tat recruits 
the positive transcription elongation 
factor b (P-TEFb), a host factor that 
comprises cyclin-dependent kinase 
9 (CDK9) and cyclin T1 as well as 
other elongation factors. Cyclin 
T1 binds directly to Tat and CDK9 
phosphorylates the C-terminal 
domain of RNA polymerase II, thus 
promoting efficient transcriptional 
elongation. Smaller fully spliced 
messages, such as those encoding Tat, 
are exported readily from the nucleus 
to the cytoplasm and are translated, 
whereas unspliced and incompletely 
spliced mRNAs require the action of 
Rev (regulator of expression of virion 

proteins), a regulatory HIV-1 protein 
that is also expressed during the early 
phase of infection.

The mechanism of Rev-dependent 
export of HIV-1 mRNA species 
became apparent in the late 1980s. 
Rev induces the sequence-specific 
nuclear export of late-phase HIV-1 
mRNA species and promotes the 
cytoplasmic expression of HIV-1 
mRNAs that encode viral accessory 
and structural proteins, including 
Gag and Env. The initial step in this 
pathway involves binding of Rev to 
the Rev-response element (RRE; a 
stem-loop structure that is present 
in intron-retaining viral mRNAs) 
in a highly cooperative manner. An 
important finding was that RRE-
bound Rev forms a complex with 
cellular nuclear export factor CRM1 
through its nuclear export signal. 
This interaction enables CRM1 to 
transport the mRNA–Rev complex 
into the cytoplasm for ensuing 
translation.

The description of the full 
nucleotide sequence enabled 
remarkable discoveries that revealed 
how gene expression in HIV-1 is 
controlled by the HIV-1 RNA-
binding proteins Tat and Rev and how 
the virus hijacks the core molecular 
machinery of the host during viral 
replication, using mechanisms that 
were unprecedented at that time. The 
sequencing work also set the stage 
for further discoveries regarding 
the origins and diversity of the virus 
(MILESTONE 7).
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From sequence to proteins
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