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Chapterr 4 

HIV-11 RNA Editing, 
Hypermutation,, and Error-Prone 

Reversee Transcription 
Bouraraa et al. (1) reported that transcripts 
off  the human immunodeficiency virus-type 
11 (HIV-1) were subject to RNA editing in 
chronicallyy infected cells. They observed 
multiplee guanine-to-adenine (G-to-A) and 
cytosine-to-uracill  (C-to-U) changes in sev-
erall  regions of the HIV-1 RNA; commonly, 
aa G-to-A change in the untranslated leader 
wass present exclusively in spliced HIV-1 
messengerr RNA (mRNA), but not in the 
unsplicedd RNA and the proviral DNA ge-
nome.. Changes in the viral protein R (vpr) 
genee were present in spliced and unspliced 
HIV-11 RNA extracted from the cell, but not 
inn the unspliced RNA genome that is pack-
agedd in virion particles. Therefore, Bourara 
etet al. proposed that post-transcriptional 
mRNA-editingg events occur for a subset of 
virall  RNAs. Known editing mechanisms, 
however,, cannot easily explain these 
changess in the HIV-1 genome. We here 
proposee an alternative mechanistic model 
basedd on HIV-1 reverse transcription to 
explainn some of the nucleotide changes. 

Bouraraa et al. argued that the chronical-
lyy infected cells represent a clonal popula-
tionn with one proviral genome, based on the 
ideaa that reinfection of HIV-producing 
cellss is restricted by a mechanism known as 
superinfectionn interference. There is con-
vincingg evidence, however, that viral inter-
ferencee is not complete in chronically in-
fectedd cell cultures (2, 3). Thus, reverse 
transcribedd viral genomes are likely to end 
upp in the DNA of a subset of cells, thereby 
producingg a heterogeneous cell population. 
Also,, it is crucial to understand why a 
chronicallyy infected cell could be estab-
lishedd with this cytopathic virus. Viral la-
tencyy is frequently associated with muta-
tionall  inactivation of the viral transcription 
machinery,, in particular the essential tat-
TARTAR axis {4, 5). 

Thesee mechanisms can result in a very com-
plexx population of chronically infected cells. 
Alll  cells may harbor the original proviral ge-
nomee that is transcriptionally impaired, but 
theree may be several subsets of cells with ad-
ditionall  proviruses that underwent at least one 
roundd of reverse transcription. These minority 
provirusess will not be picked up by Southern 
blott analysis, but they may largely determine 
thee HTV-1 RNA content of the cell pool. The 
provirusess can have the typical mutations due to 
reversee transcription errors, which—because of 
mutationall  inactivation of motifs that regulate 
eitherr splicing (the rev-RRE axis) or RNA 

packagingg (Gag protein and the psi motif)— 
mayy not be distributed equally over the spliced 
versuss unspliced RNA and the cellular versus 
virionn HIV-1 RNA. Thus, the chronically in-
fectedd cell system is far too complex to provide 
evidencee for RNA editing based on sequence 
differencess in the viral DNA and RNA. 

Theree is also some experimental evidence 
thatt these typical mutations arise by means of 
reversee transcription. We have accumulated 
sequencee data of spontaneous HIV-1 variants 
thatt evolve in long-term tissue culture infec-
tionss that were started with molecular clones 
off  known sequence. This experimental sys-
temm reflects a natural infection in that bene-
ficiall  errors introduced during error-prone re-
versee transcription will end up in the majority 
off  proviruses by natural selection. These 
studiess focused on the untranslated leader 
regionn of the HIV-1 RNA genome. We fre-
quentlyy observed the identical G-to-A change 
att position 181 that was also reported in the 
RNA-editingg study (Fig. 1A). This residue is 
immediatelyy upstream of the primer-binding 
sitee (PBS) that base-pairs with the fRNA 
primerr for reverse transcription. Remarkably, 
wee found many other G-to-A changes in this 
regionn upstream of the PBS, whereas few 
sequencee changes were observed in the re-

gionss either further upstream or downstream 
off  the PBS (Fig. 1, A and B). 

Becausee the mutations cluster in the region 
thatt is copied first during reverse transcription, 
wee propose that G-to-A mutation is a typical 
propertyy of the reverse transcriptase (RT) com-
plexx that executes the initial stages of reverse 
transcription.. This initial phase of reverse tran-
scriptionn may be hindered by a low deoxycyti-
dinee 5'-triphosphate (dCTP) concentration in 
thee virion particle, which can trigger G-T mis-
pairingg that is the likely cause of biased G-to-A 
mutationn in the mechanism of hypermutation 
(<5).. The subsequent phases of reverse transcrip-
tionn will occur in the cytoplasm of infected 
cells,, and the surplus of deoxynucleotide 
triphosphatee (dNTP) building blocks may thus 
effectivelyy turn off this typical mutational bias. 
Thee PBS motif itself is almost invariable, which 
iss not unexpected because this sequence is cop-
iedd from the tRNAlys3 primer during the pro-
cesss of reverse transcription. The position im-
mediatelyy 3' of the PBS is highly mutable 
(T200N),, because this position corresponds to 
thee extension point after the second strand 
transferr of reverse transcription. The mecha-
nismss of error-prone initiation of reverse tran-
scriptionn and hypermutation may be very sim-
ilar,, but hypermutation cannot explain the clus-
teringg of mutations upstream of the PBS. We 
alsoo analyzed the sequence context of the resi-
duess that undergo the G-to-A change. A pref-
erencee for mutation of G residues in the NGT 
trinucleotidee sequence is apparent (Fig. 1C), 
whereass hypermutable G residues are usually in 
thee NGA sequence context (7, 8). 

Thesee combined results are consistent 

Positionn on the HIV-1 leader RNA 

Fig.. 1. (A) Distribution of spontaneous mutations surrounding the PBS signal of the HIV-1 RNA 
genome.genome. The 105/247 region of the untranslated leader is plotted, and the PBS motif is highlighted 
inn the gray box. The HIV-1 leader sequences were obtained in 87 independent virus evolution 
experimentss that each lasted approximately three months (9-77). (B) Mutational bias for a total 
off 127 leader mutations. (C) The 5' and 3' nucleotide context of all C's involved in a G-to-A 
mutationall event. Data have been corrected for the occurrence of the different NGN triplets in the 
HIV-11 leader segment. 
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withh the hypothesis that reverse transcription, 
ratherr than RNA editing, is responsible for 
thee acquired leader mutations. Similarly, the 
preferencee for G-to-A and C-to-U changes in 
thee vpr gene is a hallmark of error-prone 
reversee transcription (Fig. 1B). 
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