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ABSTRACT	 AIDS has been transformed from a death sentence to a manageable disease 
for many patients with access to combination antiviral therapy. It is informative to look 
back on some of the key advances that have led to this transformation. The arsenal of tools 
currently available to clinicians now includes inhibitors of the viral reverse transcriptase, 
protease and integrase enzymes. The author discusses some of the key advances that have 
led to this transformation with an emphasis on the role of basic science in developing 
integrase inhibitors. Many of the stepping-stones could not easily have been foreseen to 
lead to medical advances. Treatments for diseases that are yet to emerge will likely depend 
on the progress made in basic science today.

Retroviruses & disease
At the time HIV-1 was identified as the causative agent of AIDS in 1983 [1], retroviruses had recently 
been found to be associated with lymphoma [2] and Sézary syndrome [3] in humans. However, these 
discoveries were preceded by studies of diseases in animals that are caused by retroviruses. The first 
examples, leukosis and sarcoma in chickens, were discovered in the early 20th century [4,5]. Today 
these viruses are collectively termed as avian sarcoma/leukosis viruses (ASLVs). Subsequently, viruses 
associated with cancers were found in many other species of vertebrates. As molecular tools to study 
viral replication were developed in the 1960s, viruses such as ASLV presented a puzzle. No double-
stranded RNA replication intermediates were found as with other RNA viruses. Furthermore, 
replication was sensitive to inhibitors of DNA synthesis and DNA-dependent RNA synthesis. 
These observations led Howard Temin to propose the radical provirus hypothesis that viral RNA 
introduced into cells upon infection is converted to DNA that is integrated into DNA of the host 
genome, thus explaining how the transformed state of cells infected with ASLV was maintained in 
the absence of viral replication [6,7]. The proposal was met with skepticism at the time because the 
dogma was that genetic information flows in one direction from DNA to RNA, to protein. However, 
the provirus hypothesis was subsequently vindicated by the discovery of reverse transcriptase [8,9], 
direct detection of integrated viral DNA in the genome of infected cells [10] and characterization of 
the structure of the integrated provirus [11].

Two paradigms for DNA integration from studies in prokaryotes
How might the viral DNA be integrated into cellular DNA? Studies with bacteriophage lambda 
suggested a possible mechanism. Lambda is a DNA ‘virus’ of bacteria that integrates into the genome 
as a lysogen that is analogous to the prophage of retroviruses. Integration occurs by the mechanism 
first postulated by Alan Campbell in 1962 [12]. Briefly, the bacteriophage DNA is circularized after 
infection and integration is accomplished by recombination between sites on the circular lambda 
DNA and chromosomal DNA. The finding of circular forms of retroviral DNA after infection gave 
credence to such a mechanism and for a time circular molecules that bear two copies of the viral long 
terminal repeat sequence were thought to be the direct precursor of the integrated provirus. However, 
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the hypothesis was disproved and the precursor 
to integrated retroviral DNA was found to be 
the linear form [13,14].

Retroviral DNA integration occurs by a 
mechanism that is shared by bacteriophage Mu 
and many DNA transposons in prokaryotes. 
Biochemical studies of these systems greatly 
facilitated the later biochemical studies of DNA 
integration of HIV-1 and other retroviruses. Mu 
is a bacteriophage that uses the DNA transposi-
tion mechanism to form the replication forks 
that initiate replication of its genome. In the 
process of multiple rounds of replication the 
host genome is destroyed and progeny phages 
are released. Although transposons of this class 
use essentially the same biochemical mechanism 
to move from one location in the genome to 
another, they have typically evolved to do so very 
inefficiently so as not to kill the host cell during 
this process. The inherently high efficiency of 
the Mu system, which results from its lifestyle 
as a phage, jump-started biochemical studies of 
DNA transposition [15]. It is an example where 
picking a system that is highly amenable to study 
can lead to rapid advances that can be applied 
later to study more intractable systems.

In the simplest type of DNA transposition, a 
transposase encoded by the transposon excises 
the transposon from its original site in DNA 
such that free hydroxyl groups exist at the 3′ 
termini of linear transposon DNA. The trans-
posase then uses these 3′-OH groups to attack 
a pair of phosphodiester bonds in the target 
DNA, resulting in the covalent joining of the 
transposon to the target DNA. Finally cel-
lular enzymes complete the process. The sites 
of joining on the target DNA strands are typi-
cally staggered by several nucleotides resulting 
in the duplication of a short sequence of target 
DNA flanking the newly integrated transposon. 
Some of the many variations on this theme have 
been previously reviewed in [16]. These studies 
revealed the integral role of highly stable nucleo-
protein complexes in DNA transposition. The 
transposon ends are first paired in the Stable 
Synaptic Complex, within which the 3′ ends of 
the transposon are cleaved to form the Cleaved 
Donor Complex. Subsequently, the Cleaved 
Donor Complex captures a target DNA and 
DNA strand transfer occurs to form the Strand 
Transfer Complex. Each successive complex 
on the reaction pathway is progressively more 
stable. These complexes have collectively been 
called transpososomes [17]. It is noteworthy that 

retroviral DNA integration recapitulates such 
a series of stable nucleoprotein complexes. The 
retroviral term ‘intasomes’ is analogous to the 
prokaryotic transpososomes.

Early biochemical studies of retroviral 
DNA integration
Biochemical studies of retroviral DNA inte-
gration were pioneered by studies of avian and 
murine systems, notably ASLV and Moloney 
murine leukemia virus (MLV), which in turn 
were stimulated by earlier work with prokary-
otic DNA transposition systems. Genetic studies 
identified mutations in two regions of the viral 
DNA that abolished integration while allowing 
infection and reverse transcription to proceed 
normally. One site mapped to the ends of the 
linear viral DNA while the second site mapped 
to the 3′ end of the viral pol gene. This region 
of pol encodes the protein we now call integrase 
that is cleaved from the Gag-Pol polyprotein by 
the viral protease. The first biochemical studies 
of this protein identified it as a relatively non-
specific endonuclease present in ASLV virions 
[18]. Although this activity was proposed to be 
important for integration, the mechanism was 
unknown as was the proper precursor DNA 
substrate for integration.

The finding that viral DNA within extracts 
made from cells infected with MLV efficiently 
integrated into exogenous DNA in vitro invigor-
ated biochemical studies of retroviral DNA inte-
gration [19]. Using this system, the precursor viral 
DNA for integration was unambiguously deter-
mined to be the linear form [13,14]; the circular 
forms are dead-end products that do not go on to 
integrate. The next advance was the development 
of cell-free systems using detergent-disrupted 
MLV virions as the source of integration activ-
ity [20]. Although these in vitro reaction systems 
provided powerful tools to study the mechanism 
of DNA integration, the assay systems were labo-
rious and not suitable for large-scale screening for 
inhibitors of integrase activity.

Simplified in vitro assay systems 
& inhibitors
The discovery that integrase is necessary and 
sufficient for catalysis of 3′ end processing and 
DNA strand transfer paved the way for high-
throughput screening for inhibitors. The struc-
ture of the integration intermediate proved that 
the precursor for integration is linear and that 
the reaction must proceed in two steps. The 
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terminal two nucleotides are missing from each 
end of the integrated viral DNA, so the first step 
must involve removal of two nucleotides from 
each 3′ end of the viral DNA–3′ end process-
ing. These 3′ ends are then integrated into target 
DNA–DNA strand transfer (joining). Cellular 
enzymes then repair the resulting integration 
intermediate structure. The necessary steps are 
removal of two overhanging nucleotides at each 
5′ end of the viral DNA, filling in of the single 
strand gaps between viral and target DNA, and 
ligation. It was shown with ASLV [21], MLV [22] 
and HIV-1 [23] that the integrase protein is suf-
ficient for 3′ end processing with short oligonu-
cleotide substrates that mimic the ends of the 
respective blunt ended linear viral DNA. The 
same integrases are also necessary and sufficient 
for DNA strand transfer with oligonucleotide 
DNA substrates [22,24,25].

Recapitulation of the chemical steps of DNA 
integration with purified integrase and simple 
DNA substrates laid the foundation for high-
throughput screening for compounds that 
inhibit these reactions. For a detailed account of 
the steps leading to the development of the first 
integrase inhibitor approved by the US FDA, 
the Merck drug raltegravir, see [26]. Screening 
for inhibitors of DNA strand transfer rather 
than 3′ end processing was one of the keys to 
the success of the Merck effort; indeed, all the 
integrase inhibitors to date that target the active 
site of integrase are selective for the DNA strand 
transfer step. Still the path from initial screen-
ing to a therapeutic drug was laborious and 
spanned a period from the early 1990s to final 
approval of raltegravir in 2007. The first promis-
ing compounds were the diketo acids L-731988 
and L-708906. These compounds inhibited 
HIV replication in cell culture and passed the 
important tests that steps prior to integration, 
such as reverse transcription, were not affected 
and serial passage of HIV in cell culture in the 
presence of the inhibitor resulted in mutations 
that mapped to integrase [27]. Diketo acids have 
undesirable properties that make them unsuit-
able for drug development, but they served as the 
starting point for medicinal chemists at Merck 
and Shionogi to develop compounds with more 
favorable properties that inhibit integrase by the 
same mechanism.

Mechanism
Diketo acids exhibit a strong inhibitory selec-
tively for DNA strand transfer but have little 

effect on 3′ end processing. This is contrary to 
what would be expected for simple binding to 
integrase near the active site blocking access to 
DNA substrate. An important step in under-
standing the mechanism was the finding that 
binding of radiolabeled diketo acids to integrase 
is approximately 1000-fold less in the absence 
of viral DNA and a divalent metal ion [28]. 
The inhibitor therefore binds to integrase after 
engagement of the viral DNA ends. To date, 
efforts to obtain high-resolution structures of 
HIV-1 integrase in complex with viral DNA 
has not been successful. However structures of 
the closely related prototype foamy virus intas-
omes have been determined [29]. These struc-
tures reveal the detailed mechanism of inhibi-
tors such as raltegravir. Binding of the inhibitor 
displaces the reactive 3′ end of the viral DNA 
from the active site, thus preventing catalysis of 
DNA strand transfer. This is an example where 
studying a mechanistically related system that 
is not involved in human disease has provided 
invaluable insights that could not otherwise have 
been obtained.

Future perspective
The mobility of human populations in the 
modern age enables newly emerging diseases 
to quickly spread worldwide as happened with 
AIDS. It is easy to envisage worse scenarios in 
which a new disease is readily transmitted by 
airborne routes and it seems likely that we will 
face such problems in the future. In the case of 
HIV, earlier basic research on polymerases and 
proteases in other systems laid the foundation for 
rapid development of antiviral drugs targeting 
these enzymes. The development of drugs target-
ing integrase was much slower because the mech-
anism of integration was not well understood at 
the time HIV emerged as a serious public health 
problem. High-throughput screening for inte-
grase inhibitors had to await the development of 
suitable in vitro assay systems. Combating future 
emerging diseases will undoubtedly depend on 
knowledge acquired from basic research that is 
ongoing today. Since the nature of the challenges 
we will face in the future is unknown, our best 
defense is advancing broad-based basic research 
in the biological sciences.
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EXECUTIVE SUMMARY
Retroviruses & diseases

●● 	First examples of diseases in animals that we now know to be caused by retroviruses were discovered over 100 years ago.

●● 	AIDS is one of the first human diseases known to be caused by a retrovirus.

●● 	DNA integration is essential for retroviral replication; the integrated proviral DNA is stably replicated along with 
cellular DNA.

Two paradigms for DNA integration

●● 	A popular early model was that retroviral DNA integration occurs by a mechanism similar to that of the extensively 
studied bacteriophage lambda. This hypothesis was later disproved.

●● 	Retroviral DNA integration uses a mechanism that is very similar to how a class of DNA transposons hop from one 
location to another in DNA.

●● 	Biochemical studies of DNA transposition in prokaryotes laid the groundwork for later biochemical studies of retroviral 
DNA integration.

Early biochemical studies of retroviral DNA integration

●● 	Pioneered by studies of avian and murine retroviruses.

●● 	The discovery that extracts of cells infected with a murine retrovirus support DNA integration in vitro was a pivotal 
advance.

Simplified in vitro assay systems & inhibitors

●● 	Discovery that integrase is necessary and sufficient for catalysis of the chemical steps of DNA integration enabled the 
development of simple in vitro assay systems.

●● 	Provided a powerful tool to study reaction mechanism.

●● 	Were adapted into high-throughput screening format to search for inhibitors.

●● 	The first integrase inhibitor was approved by the US FDA in 2007.

●● 	Structural studies with prototype foamy virus integrase have been crucial to understanding the mechanism of action 
of this class of inhibitor.

Future perspective

●● 	Basic research on DNA transposition in prokaryotes and retroviruses that are non-pathogenic to humans laid the 
foundation for the development of HIV-1 integrase inhibitors.

●● 	Combating future emerging diseases will undoubtedly depend on knowledge acquired from basic research that is 
ongoing today.
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