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Abstract

The Rev protein of human immunodeficiency virus type-1 is an RNA-binding posttranscriptional transregulator encoded by an accessory gene
that is distinct from retroviral oncogenes and whose origin is unclear. We hypothesize that the rev gene was generated by duplication of a viral RNA
segment having a secondary-structure that evolved into the Rev-responsive element (RRE). This hypothesis is based on the following findings. First,
accumulated data on functional mapping of Rev, Tat, and the transmembrane protein of Env suggested that the major coding exon of rev should
have been inserted into the transmembrane region of env during the course of its evolution. Experiments with equine infectious anemia virus, another
complex retrovirus, also indicate that a large portion of rev is located within the dispensable transmembrane region of env. Second, base usage analysis
suggests the same origin for rev and RRE. Our hypothesis may provide a new insight into the evolutionary aspect of RNA-binding transactivators.
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Human immunodeficiency virus type-1 (HIV-1) is
shown as the primary causative agent of acquired immu-
nodeficiency syndrome (AIDS) [1]. This virus is one of
the complex retroviruses that possess several accessory
genes in addition to the common structural genes. The
Rev protein is an RNA-binding transregulator that has
been shown to induce cytoplasmic accumulation of
unspliced viral RNA via a structural RNA target termed
the Rev-responsive element (RRE) [2,3]. The rev gene
consists of three exon: of the three, exon 2 encoding the
N-terminal 26 amino acid residues and exon 3 encoding
the C-terminal 90 residues [4]. Exon 3 of rev is over-
lapped with the coding region of the envelope transmem-
brane glycoprotein (gp41). The minor exon 3 of tar re-
sides within this area as well [5]. Indeed, a certain region
of the env gene is translated into three different proteins
using all coding frames. However, frames that are indis-
pensable functionally do not overlap with each other, as
shown in Fig. 1. Although rev seems to be completely
overlaid by the gp41 coding region, its functional domain
is located within a region of gp41 that is not essential for
viral replication [5,6]. In contrast, the C-terminal amino
acid residues 91-116 of Rev are dispensable for its func-
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tion and they overlap an indispensable region of gp4l
(amino acid residues 793-847 in Env; see Fig. 1) [4].
Additionally, the minor exon 3 of tat overlapped by rev
is wholly dispensable for its TAR-dependent transacti-
vating ability [7,8]. Thus, this region, to be termed the
‘Rev-dominant unit’, may have evolved primarily for
Rev function. It should be noted that the gp41 cytoplas-
mic domain including the Rev-dominant unit is extraor-
dinarily long compared to that of simpler retroviruses
[9], implying that such a long cytoplasmic tail may not
be essential in the retroviral life cycle. This theory is also
supported by a recent report showing different evolu-
tionary pathways for env and rev [10]. To examine
whether the Rev-dominant unit is present in other com-
plex retroviruses, we investigated the genomic organiza-
tion of EIAV (Fig. 2).

EIAV possesses a gene encoding an extraordinarily
long envelope transmembrane glycoprotein (gp45) in ad-
dition to the rev gene [9,11]. The major exon of rev is
located in the gene for the transmembrane glycoprotein.
For viral maturation, gp4$5 is processed into the N-termi-
nal mature transmembrane protein gp32 or gp35 and
C-terminal unglycosylated protein p20 [12], cleaving co-
incidentally near the start site of the major rev exon (Fig.
2A). Although frequent mutations terminate the transla-
tion of gp45 upstream of the cleavage site, without major
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Fig. 1. Aligned mapping of functional domain structures of three genes encoded in different frames of the HIV-1 eny region. The solid line represents
a part of HIV-1 genomic RNA. Numbers above the line indicate nucleotide positions for the LAV-1 isolate (GenBank entry: HIVBRUCG). Boxes
represent protein-coding regions: shaded areas indicate regions that are functionally essential and open areas indicate dispensable regions. Numbers
within parentheses denote residues counted from the initiator methionine of each protein. The location of the RRE in the genome is also displayed.

alteration of infectivity, the premature termination of rev replication, it is likely that the 3’ region of the env gene
has never been observed in proviruses integrated in cells (immediately downstream of gp32) was evolved into the
producing infectious EIAV [12] (Fig. 2B). Since the C- present form by the insertion of the ancestor of rev as
terminal domain of Env (p20) is not essential for virus observed for HIV-1.
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Fig. 2. ‘Cutoff’ of the C-terminal region of EIAV gp45 overlapping Rev (A) ‘Cutoff” at the protein level. Boxes represent proteins translated from
corresponding regions of the EIAV genome. Arrows denote the cleavage of gp45. (B) ‘Cutoff’ at the DNA level. A serial prototypic DNA sequence
upstream of the gp32-p20 cleavage site is serially shown. Solid arrows above and under the DNA sequence, indicate variations of DNA sequences
obtained by polymerase chain reaction (PCR) with genomic DNA from cells producing infectious EIAV. Numbers within parentheses indicate the
percentages of the incidence of each mutation. The mutations that cause premature termination of gp45 are underlined. Premature translational
terminations of gp45 are displayed by small boxes and arrows. Amino acid changes in gp45 and Rev are shown in single letter code circled and by

arrows. Arrowheads indicate the gp32-p20 cleavage site and its corresponding locus on the DNA sequence.
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Fig. 3. Base-usage analysis of an HIV-1 isolate, LAV-1. The nucleotide sequence of LAV-1 from GenBank was analyzed by DNASIS (HITACHI
SK). All histograms except those for the whole genome and RRE were derived from information about the coding regions. Light shadings are for
env-patterns and dark shadings are for RRE and rev-patterns. Solid black was used only for the pattern of the whole genome. Numbers at the bottom

of each histogram indicate the percentages of bases.

Considering the origin of the rev sequence, we can
speculate that its ancestor might have been derived from
a cellular transcript by recombination during reverse
transcription, comparable to retroviral oncogenes. How-
ever, the structure of the rev gene is genomic and requires
splicing for its expression. Furthermore, the rev homolog
has not been found in host cells. Another source of the
rev gene may be the viral genome itself. A fragment of
viral genome might have been inserted into the env gene
at a certain stage of evolution. We propose that the
ancestor of rev was derived from a secondary structure-
bearing viral RNA fragment that evolved further to be-
come the RRE.

It should be noted that the base-usage patterns of
RRE and the major rev coding region in an HIV-1 strain
(LAV-1) are strikingly similar, yet quite different from
those of the other portion of env or the whole genome
(Fig. 3). These data may reflect the footprint of their
common origin, albeit with less sequence homology be-
tween rev and RRE. Similarly the resemblance of base-
usage patterns of gp120 and gp41 nucleotide sequences,
excluding the rev and RRE regions, suggests their close
relationship as env.

Complex retroviruses might have evolved by the for-
mation of structured regions on genomic RNAs from
prototypic primitive retroviruses. If so, then proteins
that bind to such secondary structure regions of RNA
might have evolved to favor the survival of these retro-

viruses. Since host cells have many RNA-binding pro-
teins, some viruses could utilize such cellular proteins as
binding molecules. Conversely, viruses could evolve to
become complex retroviruses by encoding their own
RNA-binding proteins. We assume that the structured
region is duplicated during replication which could result
in the evolution of a gene encoding a binding protein for
the structured region and, ultimately, the RNA-binding
posttranscriptional transregulator. In the case of both
HIV-1 and EIAV, such a gene, the rev gene, is located
in env as a spacer sequence.
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