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Abstract

A hallmark of retroviral replication is establishment of the proviral state, wherein a DNA copy 

of the viral genome is stably incorporated into a host cell chromosome. Integrase is the viral 

enzyme responsible for the catalytic steps involved in this process, and integrase strand transfer 

inhibitors are widely used to treat people living with HIV. In the past decade, a series of 

X-ray crystallography and cryogenic electron microscopy studies revealed the structural basis 

of retroviral DNA integration. A variable number of integrase molecules congregate on viral DNA 

ends to assemble a conserved intasome core machine that facilitates integration. The structures 

additionally informed on the modes of integrase inhibitor action and the means by which HIV 

acquires drug resistance. Recent years have witnessed the development of allosteric integrase 

inhibitors, a highly promising class of small molecules that antagonise viral morphogenesis. This 

review focusses on the recent insights into the organisation and mechanism of the retroviral 

integration machinery and highlights open questions and new directions in the field.

Retroviruses are enveloped diploid (+) strand RNA viruses that require integration of a 

DNA copy of the viral genome into a host cell chromosome to establish infection. The 

phylogeny of this well-studied viral family includes two subfamilies, Orthoretrovirinae and 

Spumaretrovirinae, each of which contains several genera: α-, β-, γ-, δ-, ε-retroviruses, and 

lentiviruses comprise Orthoretrovirinae, while Spumaretrovirinae includes simii-, prosimii-, 

bovi-, feli-, and equispumaviruses. The first human retrovirus, human T-cell lymphotropic 

virus (HTLV, a δ-retrovirus), was isolated in 1979 (REF.1,2). Human immunodeficiency 

virus (HIV, a lentivirus) was discovered four years later3,4. Both viral species comprise 

two main types (e.g., HIV-1 and HIV-2) that largely share biological properties although 

they differ in severity of clinical manifestations. While members of the remaining retroviral 
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genera are not known to cause pathology in humans, research on these species has been 

invaluable to elucidate cellular transformation and tumorigenesis mechanisms, develop 

anti-HIV/AIDS therapies, and biomedical science in general. Retroviral vectors based on 

murine leukaemia virus (MLV, a γ-retrovirus) are widely used in biological research. 

Thanks to the many additional years of basic studies of avian sarcoma-leukosis virus (ASLV, 

an α-retrovirus) and the discovery of reverse transcriptase (RT)5,6, the development of 

anti-retroviral drugs had an early start, resulting in the rollout of the first HIV inhibitor, 

zidovudine, in 1987.

The obligatory integration step distinguishes retroviruses from all other viral families. This 

process is catalysed by integrase (IN), which together with protease and RT comprise 

the canonical triad of enzymes carried by replication-competent retroviruses. Produced 

as part of the Gag-Pol polypeptide, IN is released during proteolytic maturation within 

HIV particles7. It is estimated that a mature HIV-1 virion contains about 120 copies of 

IN protein8,9. Upon entry of the viral core into a host cell, RT synthetises a linear double-

stranded DNA copy of the viral genome (vDNA), flanked by direct long terminal repeats 

(LTRs). The exact cellular location and timing at which vDNA is liberated from the HIV-1 

core is unclear, though recent results indicate this transpires in the cell nucleus close to the 

site of integration10–13. In addition to vDNA and IN, retroviral pre-integration complexes 

(PICs) were reported to contain cell-derived components including barrier-to-autointegration 

factor (BAF)14,15, high-mobility group protein A1 (HMGA1)16, lens epithelium-derived 

growth factor (LEDGF/p75)17, and histones18,19. Acting upon the ends of the vDNA 

molecule, IN accomplishes two enzymatic reactions (Fig. 1). During the 3’-processing 

reaction, IN hydrolyses the vDNA to liberate 3’-hydroxyl groups attached to the invariant 

dCdA dinucleotides, which, prior to processing, are located within three bases of the vDNA 

3’ termini. During the strand transfer reaction, IN uses the 3’-OH groups to cut both strands 

of chromosomal DNA, simultaneously joining the 3’ ends of the vDNA molecule to the 

target. Integration initially results in a hemi-integrated form of vDNA flanked by short 

single-stranded gaps and short 5’ overhangs. This integration intermediate subsequently 

relies on thus far poorly characterized host cell enzymes to join the 5’ vDNA ends to 

the chromosome20,21. Because the 3’ ends of vDNA are inserted in a staggered fashion, 

across the major groove of target DNA, the hemi-integrated provirus is initially flanked by 

4–6-nucleotide gaps (the gap length varies between viral species). Upon repair, these gaps 

give rise to short direct repeats of the target DNA sequence flanking the integrated virus.

Highlighting this field of research, inhibitors of HIV IN are common components of 

frontline antiretroviral therapies. Herein we overview results of IN structural biology that 

over the past decade have elucidated the structural basis for retroviral integration and the 

mechanism of clinical inhibitor action. We also describe approaches used by different 

retroviruses to target host chromatin for integration, which informed the development 

of a preclinical class of HIV-1 IN inhibitors. Unexpectedly, these compounds block the 

morphological transformation of the immature virus particle, a step in virus replication that 

is far removed from the catalytic steps of vDNA integration. Our goal is to describe the 

current status of the different types of IN inhibitors and what could be done to improve their 

efficacies in coming years. At the same time, we aim to highlight exciting new directions in 

the basic science of retroviral integration.
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Architectures of retroviral intasomes

INs are encoded within the 3’ portions of retroviral pol genes7 and are composed of ~300 

amino acid residues. All INs harbour three structural domains connected by flexible linkers: 

the N-terminal domain (NTD), the catalytic core domain (CCD), and the C-terminal domain 

(CTD). Structures of the individual HIV-1 IN domains were determined in the 1990s. The 

NTD folds into a compact three-helical bundle, stabilised by coordination of a Zn2+ ion by 

invariant His and Cys residues of the HHCC motif22. The CCD harbours the active site and 

shares its characteristic α/β-fold with a family of diverse polynucleotidyl transferases and 

nucleases including RNase H, Holliday junction resolvases, and DNA transposases23. The 

C-terminal domain features an SH3-like β-barrel fold24. The INs from the γ-, ε-retroviruses, 

and spumaviruses additionally contain a small N-terminal extension domain that interacts 

with vDNA25,26.

Retroviral integration is highly similar to prokaryotic transposition, and work with 

bacteriophage Mu greatly informed the early years of viral research27. To accomplish its 

function, a multimer of IN assembles at the ends of vDNA to form the highly stable 

intasome nucleoprotein complex. The intasome exists in four sequential functional states: 

the initial stable synaptic complex, which converts into the cleaved synaptic complex upon 

3’-processing, the target capture complex, and, finally, the post-catalytic strand transfer 

complex (Fig. 2A, bottom panel). The transitions between these states do not seem to be 

accompanied by profound remodeling of intasome structure28.

Akin to functionally equivalent transposase-DNA complexes, retroviral intasomes are 

resistant to challenge with high-salt conditions, and this property was instrumental in 

their biochemical isolation. The intasomes from several retroviral species were assembled 

from purified components and visualised by X-ray crystallography or single-particle 

cryogenic electron microscopy (cryo-EM)25,29–39 (Figs. 2A, 3). Consistent with their 

function, all intasomes feature 2-fold symmetry and harbour a pair of juxtaposed active 

sites engaged with 3’ vDNA ends. The structures revealed unexpected architectural 

diversity among intasomes from different retroviral genera. While the intasomes from the 

prototype foamy virus (PFV, a simiispumavirus) as well as the δ-retroviruses HTLV-1 and 

simian T-cell lymphotropic virus (STLV) contain four IN subunits (arranged as a dimer-

of-dimers)25,29,37,38, those from ASLV and mouse mammary tumour virus (MMTV, β-

retrovirus) harbour eight IN chains (a tetramer-of-dimers)30,31,39. The intasome from maedi-

visna virus (MVV, a lentivirus), containing sixteen IN subunits (a tetramer-of-tetramers), is 

the largest characterized to date32. The stoichiometric state of primate lentiviral intasomes 

from HIV-1 and the simian immunodeficiency virus (SIV) remain a subject of debate, with 

complexes containing four and eight to sixteen IN molecules observed by cryo-EM and 

negative stain electron microscopy33–36. Despite these differences, all intasomes incorporate 

the conserved intasome core (CIC) assembly, which is the minimal functional unit and is 

represented by the PFV structure (Figs. 2A, 3). The CIC contains two IN CCD dimers 

(painted cyan and green in Figs. 2–4), each of which contributes one active site for catalysis. 

Within the CIC, the IN dimers are bridged via the exchange of associated NTDs and are 

joined by a pair of CTDs (referred to as the synaptic CTDs), which act as rigid spacers. 
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Inserted into this assembly, the vDNA ends make extensive interactions with all three types 

of IN domains within the CIC.

The flanking IN dimers within α-, β-retroviral and lentiviral intasomes visualised by cryo-

EM display considerable flexibility31,33,34,39. The expansion of the intasome architecture 

in these viruses is dictated by three factors. While in δ-retroviral and spumaviral INs 

comparatively long and extended CCD-CTD linkers allow the CIC IN subunits to provide 

the synaptic CTDs, these are donated by additional IN molecules in the cases where the 

CCD-CTD linker is too short (α- and β-retroviruses) or too compact due to formation of 

an α-helix (lentiviruses). Secondly, the multimeric state of the IN protein before assembly 

partly determines the building unit of the resulting intasome. Thus, α- and β- retroviral INs, 

which tend to form dimers in solution40,41, assemble into octameric intasomes: two dimers 

donate one active site each, while the additional two dimers provide the synaptic CTDs. 

Conversely, the propensities of MVV and HIV-1 INs to form tetramers in solution32,42,43 

lead to formation of the larger intasome assemblies (Fig. 3). The lentiviral IN tetramers 

formed in the absence of DNA are structurally dissimilar from the intasomal spumaviral and 

δ-retroviral IN tetramers that only assemble on vDNA ends. Finally, the architecture of the 

intasome is controlled by the properties of the CTD, which shows the lowest extent of amino 

acid sequence conservation among the three canonical IN domains. While all intasomes 

harbour a pair of CTDs in the synaptic positions, the remaining CTDs form diverse 

protein-protein and protein-DNA contacts. In particular, the lentiviral IN CTDs form stable 

dimers, which in the case of MVV multimerise further into tetrads providing intra- and 

inter-tetramer contacts within the hexadecameric intasome32,33,44. Yet, these biochemical 

and structural insights shed little light on the functional significance of intasome expansion 

in the α-, β-retroviruses and lentiviruses. Furthermore, while the intasome structure covers 

only ~20 bp of vDNA, footprinting studies suggested that as much as 200–250 bp at each 

vDNA end are protected by a stable protein complex within retroviral PICs45,46. Thus, the 

field would greatly benefit from visualisation of the intasome as part of native retroviral 

PICs.

The mechanism of integration at the level of the IN active site

The active site of retroviral IN is fully structured only upon engagement of the vDNA end 

in the context of the intasome25. The placement of the 3’ vDNA end in the active site is 

afforded by fraying of the vDNA termini by insertion of a CCD 310 helix between vDNA 

strands. Within the CIC, the vDNA duplex is split at the invariant dCdA dinucleotide: while 

dC remains paired to its dG mate from the opposing vDNA strand, 3’ dA and the scissile 

dinucleotide are unpaired. The IN active site contains three acidic residues comprising the 

essential D,D-35-E motif, and even conservative substitutions of these residues ablate the 

enzymatic functions. The side chains of these residues serve to coordinate the essential pair 

of Mg2+ ions, which facilitate 3’-processing and strand transfer reactions. Due to similarities 

in coordination geometry and size, Mn2+ can substitute for Mg2+ in vitro. The mechanism 

of two-metal ion catalysis at DNA phosphodiester bonds was elucidated in the context 

of the RNase H active site and can be extended to the reactions executed by retroviral 

IN28,47,48. Both reactions catalysed by IN follow the general SN2 nucleophilic substitution 

pathway at a phosphorus atom in vDNA (during 3’-processing) or target DNA (during 
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strand transfer)49. During 3’-processing, a water molecule is used as a nucleophile, and the 

reaction results in cleavage of a phosphodiester bond to reveal a 3’ dA hydroxyl group. 

The latter hydroxyl takes the role of the nucleophile during the strand transfer reaction to 

attack the phosphodiester backbone of chromosomal DNA, leading to transesterification and 

covalent joining of vDNA to the chromosome. Both of these reactions were visualised in 

PFV intasome crystals28.

3’-Processing reaction.

The PFV intasome crystallised with blunt-ended vDNA underwent catalysis upon incubation 

of the crystals in the presence of Mg2+ or Mn2+ salts. Briefly soaking the crystals in 

Mn2+ allowed visualisation of the active site in the Michaelis complex form just prior to 3’-

processing28. The metal ions coordinate the scissile phosphodiester and a water molecule for 

in-line nucleophilic attack. In this pre-reaction state, both active site metal ions (designated 

A and B, Fig. 2B) interact with the scissile phosphodiester bond. While Mn2+ ion A, 

which interacts with the water nucleophile, exists in a near perfect coordination geometry, 

the coordination of metal B deviates significantly from the ideal, potentially promoting 

destabilization of the scissile phosphodiester28,47,48. Following catalysis and dissociation 

of the 3’ dinucleotide, both metals exist in low energy states. Prior to 3’-processing, the 

retroviral IN active site is fully occupied, presenting no available pocket, likely explaining 

why effective catalytic inhibitors of this step have yet to be found.

Target DNA capture and strand transfer.

The PFV intasome assembled using pre-processed vDNA was co-crystallized with a double-

stranded DNA oligonucleotide in the form of the target capture complex28. The target 

DNA bound a groove between the active sites of the intasome, nestling on the synaptic 

CTDs. Sharp bending of the target DNA duplex substantially widened the major groove 

at the site of integration, permitting the insertion of opposing strand phosphodiester bonds 

into the intasome active sites (Fig. 2A). Brief incubation of the crystals in the presence 

of Mn2+ ions prior to snap-freezing in liquid nitrogen trapped the active site prior to 

strand transfer. A pair of metal ions interact with the scissile phosphodiester, and it 

is metal B that coordinates the vDNA 3’-hydroxyl nucleophile for in-line nucleophilic 

substitution (Fig. 2B). Thus, the metal ions in the IN active site swap their roles during 

3’-processing versus strand transfer. Because transesterification does not change the balance 

of high-energy bonds, the strand transfer reaction should be reversible. Indeed, retroviral 

INs can cleave branched DNA constructs that mimic strand transfer products, in a reaction 

termed disintegration50. However, in the context of the intasome, strand transfer results in 

reconfiguration of the active site followed by dissociation of metal ion B28. Relocation of 

the new phosphodiester bond that joins vDNA to the target protects it from a nucleophilic 

attack by the 3’ hydroxyl of the target DNA28,29. The driving force for this conformational 

change is thought to originate from the tension within sharply bent target DNA. Breaking a 

pair of phosphodiester bonds in the target duplex during transesterification could allow local 

relaxation of the structure. Intasomes from several retroviral species as well as prokaryotic 

and eukaryotic transpososomes have been visualised as post-catalytic strand transfer 

complexes, all of which display sharp deformations of target DNA29,30,32,33,37,51–54. Thus, 
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the mechanism of channelling transesterification towards the product is likely conserved 

throughout this highly diverse family of enzymes.

PFV and MLV INs cut the target DNA major groove with 4-bp spacings and strongly 

disfavour rigid purine/pyrimidine (RY) dinucleotides at the centres of their integration 

sites29,55. Considering the extent of base stacking among the four possible dinucleotide 

pairs, RY and YR dinucleotide steps are the most and the least physically constrained, 

respectively. The observed integration target site preference accordingly supports the large 

target DNA distortion required to accommodate scissile phosphodiester bonds at opposing 

IN active sites, as observed in the PFV structure29. HIV-1 IN cuts target DNA with a 5-bp 

spacing, and subsequent analyses revealed the RYNRY consensus at the centre of these sites, 

which would secure a malleable YR dinucleotide close to the middle of the integration site 

regardless of the central nucleotide’s identity56. IN residues that interact with target DNA 

which, when altered, significantly changed base preferences at integration sites29,55–57. 

While the PFV structures provided a plausible empirical explanation of how the IN active 

site works, quantum mechanical simulation of the reactions may be required to explain the 

process at a fundamental level.

Integration in the context of chromatin

The bulk of chromosomal DNA exists in the form of nucleosomes, and the nucleosomal 

structure imposes severe constraints on DNA conformation, greatly restricting accessibility 

of the major groove58. Moreover, DNA wrapping around a histone octamer results in 

a relatively smooth bend in contrast to the sharply distorted target DNA conformations 

visualised in retroviral intasomes. Yet, chromatinized DNA was shown to be a suitable, or 

even preferred target for retroviral integration in vitro and in vivo59–64. Cryo-EM structures 

of the PFV intasome engaged with a mononucleosome revealed that the latter adapts to 

present the DNA in a conformation optimal for strand transfer64,65. The intasome forms a 

multivalent interface with the nucleosome, contacting both nucleosomal DNA gyres and the 

core histones (Fig. 4). These interactions are thought to offset the energy required to shift 

nucleosomal DNA along the histone octamer core to create the slack for lifting the target 

DNA at the site of integration (Fig. 4)65. Consequently, the PFV intasome displays highly 

preferred nucleosomal integration sites at superhelix ±3.5 locations that overlay the H2A-

H2B heterodimers64. The same nucleosomal positions are favoured by yeast retrotransposon 

Ty1 in vivo63. However, in vitro studies with intasomes of several retroviruses suggested 

genus-specific modes of chromosomal integration66, which is consistent with predicted 

variations in target DNA conformations required to integrate across 4–6 bp spacings67. 

The expansion of the intasome structure may allow lentiviruses to form more extensive 

interactions with chromatin, possibly spanning several nucleosomes. Thus, it would be of 

considerable interest to visualize expanded orthoretroviral intasome structures engaged to 

chromatinized targets.

Selection of a suitable integration site

Retroviral integration into host genomes is non-random and is influenced by several factors 

including the mode of viral nuclear entry and PIC-host interactions (see REF.68 for a recent 
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in-depth review). Within the retroviral family, only lentiviruses have the ability to infect 

cycling and growth-arrested cells with similar efficiency. In particular, while HIV-1 PICs 

are actively transported through nuclear pore complexes69, their MLV and PFV cousins lack 

this function and require disassembly of the nuclear envelope during the M phase of the 

cell cycle70,71. The well-understood integration preferences of HIV-1 for active transcription 

units72 and MLV for promoter/enhancer regions73–75 are in large part dictated via specific 

interactions of the respective IN proteins with chromatin-bound host factors.

Nuclear entry and access to host chromatin.

HIV-1 nuclear import is mediated via the viral capsid, which interacts directly with 

several components of the cellular nuclear import machinery, including the nuclear pore 

complex components Nup153 and Nup358 (REF.76–78). Cleavage and polyadenylation 

specificity factor 6 (CPSF6), which is a component of the cellular pre-mRNA cleavage 

and polyadenylation machinery79, binds the same region of capsid as Nup153 (REF.78,80). 

During nuclear import, CPSF6 is thought to compete with Nup153 for capsid binding to 

release the viral core from the nuclear pore complex81. In addition to its role in nuclear 

import, CPSF6 plays a critical role in regulating nuclear PIC incursion. Lamina-associated 

domains (LADs), which tend to be gene-sparse heterochromatin, segregate to the nuclear 

periphery due to associations with lamina proteins82. Conversely, transcriptionally active 

speckle-associated domains (SPADs) are located towards the interior of the nucleus83. Under 

normal infection conditions, HIV-1 PICs colocalized with nuclear speckles and strongly 

favoured SPADs for integration while avoiding LADs84. In CPSF6 knockout cells, PICs 

congregated at the nuclear periphery and uncharacteristically targeted LADs for integration 

while losing the preference for SPADs84,85. The mechanistic basis for the CPSF6-mediated 

HIV-1 capsid interaction with chromatin is currently unknown. Possibly, the Arg-Ser-like 

domain of CPSF6, which has been implicated in nuclear speckle condensation, is sufficient 

to direct PICs to speckles for SPAD-proximal integration86. Interestingly, non-primate 

lentiviruses displayed minimal preferences for integrating into SPADs, and the respective 

capsid proteins did not bind CPSF6 (REF.87). Thus, additional work is required to ascertain 

whether the involvement of capsid in integration targeting is shared among the non-primate 

lentiviruses. Depletion of cellular Nup153 or Nup358 also shifted HIV-1 integration away 

from gene-dense regions of chromatin88,89, highlighting a functional connection between 

PIC nuclear entry and integration site selection.

C-terminal proteolytic processing of spumaviral Gag proteins, which is required for 

infection, occurs adjacent to the chromatin binding sequence (CBS)90. The PFV Gag 

CBS binds nucleosomes via an acidic patch predominantly composed of core histone 

H2A/H2B heterodimers91,92, which is similarly leveraged by other nucleosome binding 

proteins such as herpesvirus latency-associated nuclear antigen92. The R540Q substitution in 

PFV Gag, which altered an Arg residue conserved across this group of H2A/H2B binding 

proteins, decoupled CBS-nucleosome binding in vitro and redirected a large portion of 

PFV integration events into centromeres92. In MLV, the chromatin tethering function is 

accomplished by p12, a small phosphoprotein that is encoded within the gag gene, which 

acts in a manner seemingly indistinguishable from the PFV Gag CBS93–95.
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IN-host factor interactions.

Given the key role of IN in mediating integration, it is not surprising that IN-host 

interactions play fundamental roles in retroviral integration targeting. Best understood for 

the lentiviruses and γ-retroviruses, these interactions influence integration site distribution 

at the scale of individual genomic features such as transcription units, promoters, and 

enhancers. The lentiviral IN binding protein LEDGF/p75 significantly stimulated IN 

strand transfer activity in vitro17,43,96,97. Knockout of the PSIP1 gene, which encodes for 

LEDGF/p75, similarly suppressed levels of vDNA integration in cells several fold98,99. 

The genic proviruses that did form under these conditions uncharacteristically congregated 

around transcription start sites87,99–101. LEDGF/p75 has been shown to bind several pre-

mRNA splicing factors and to assist transcriptional elongation on chromatinized DNA 

in vitro100,102. Whether the role of LEDGF/p75 in lentiviral integration site targeting is 

dependent on specific interactions with mRNA splicing and/or transcriptional elongation 

machineries warrants further investigation.

LEDGF/p75 appears to function as a bimodal tether in lentiviral integration targeting. 

Elements including a PWWP chromatin reader domain and two copies of an AT-hook DNA 

binding motif in the N-terminal half of the protein mediate its association with chromatin, 

while the C-terminal IN-binding domain (IBD) confers binding to IN103–105. The CCD is 

the main IN binding determinant, with the NTD contributing secondary interactions for full 

binding affinity106,107. The LEDGF/p75 IBD is an α-helical domain topologically related 

to HEAT repeat proteins108. Residues Ile356 and Asp366 located on the loop between 

α-helices 1 and 2 mediate interactions with both IN monomers of the CCD dimer while 

electropositive residues on the outward face of α-helix 4 interface with electronegative 

residues of IN NTD α-helix 1 (REF.107,109). The LEDGF/p75 PWWP domain can bind 

nucleosomes in vitro that are modified to carry a chemical mimic of trimethylated lysine 

at position 36 of the histone H3 tail (H3K36me3)110,111, and spatial distribution of 

LEDGF/p75 on chromatin coincided with H3K36me2 and H3K36me3 epigenetic marks102. 

Alterations that disrupted LEDGF/p75 binding to chromatin or IN ablated its cofactor 

function during HIV-1 infection99,103,112. LEDGF/p75 similarly tethers several cellular 

proteins to chromatin, including MLL1 and MML2 methyltransferases, via IBD interactions 

with a linear IBM (for IBD-binding motif) amino acid sequence113. Thus, lentiviruses have 

leveraged the juxtaposition of independent IN NTDs and CCDs to evolve a functional mimic 

of the cellular IBM.

MLV and other γ-retroviral INs interact directly with bromo- and extra-terminal domain 

(BET) proteins, including bromodomain proteins 2, 3 and 4 (REF.114–116). Several 

similarities can be drawn between the γ-retroviral IN-BET and lentiviral IN-LEDGF/p75 

interactions. BET proteins significantly stimulate γ-retroviral IN strand transfer activities 

in vitro67,115,116 and appear to act as bimodal tethers to direct PICs to preferred genomic 

locations74,75,114,117,118. N-terminal bromodomains confer binding to acetylated histone H3 

and H4 tails, while the C-terminal extraterminal domain interacts with chromatin modifying 

enzymes such as histone methyltransferase NSD3 (REF.119,120). While LEDGF/p75 

interacts primarily with the lentiviral IN CCD dimer interface, BET proteins more simply 

engage a conserved linear sequence motif located at the C-terminus of γ-retroviral IN 
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proteins114–116,121. The C-terminal peptide of MLV IN folds onto the extraterminal domain, 

contributing two β-strands to complete a 3-stranded β-sheet within a compact quaternary 

structure122,123.

Other retroviral IN binding host factors have also been shown to significantly stimulate the 

strand transfer activities of purified IN proteins in vitro. B56 (also called B’ or PR61), a 

regulatory subunit of protein phosphatase 2A, significantly stimulated δ-retroviral IN124, 

while purified histone chaperone FACT complex facilitated ASLV IN activity in vitro125. 

Although PP2A-B56 does not bind chromatin directly, it has a range of chromatin-associated 

substrates126. It is currently unclear if these host factors play roles in targeting δ- or 

α-retroviral integration, which display less dramatic site preferences than their lentiviral and 

γ-retroviral cousins68,127,128. Plausibly, the primary reason for IN to evolve an interaction 

with a chromatin-associated host factor is to stimulate strand transfer activity at an 

opportune place and time. Encagement of PICs within capsids during trafficking towards 

a suitable nuclear location may prevent premature integration10,11,13. Be this as it may, 

B56 proteins additionally served as key structural components of the recent δ-retroviral 

intasome structures37,38. Similarly, LEDGF/p75 was instrumental to reconstitute lentiviral 

intasomes for structural characterisation32–36. While the biochemistry of integration is 

now well understood, the organisation of the native PIC, the mechanisms of its assembly 

and disassembly, and the host factors involved in the post-integration DNA repair20,21 

remain to be characterized. Recent reconstruction of reverse transcription and integration in 

permeabilised HIV-1 virions may provide inroads into solving some of these mysteries129.

Beyond integration

Mutations in HIV-1 IN are often associated with baffling phenotypes that do not lend 

themselves to straightforward interpretations. Thus, ablation of HIV-1 IN via a premature 

stop within the pol gene disrupted viral assembly and egress130, while partial deletions 

within the IN coding region or point mutations, such as H12N, additionally impaired 

HIV-1 core formation131. The literature is replete with examples of HIV-1 IN point mutants 

that retain enzymatic activity yet fail to support viral replication (REF.132 and references 

therein). These observations led to suggestions that IN plays essential functions outside of 

the integration process. The pleiotropic phenotypes of HIV-1 IN mutants were generally 

characterized by a reduction in the levels of reverse transcription in infected cells. On that 

basis, HIV-1 IN mutants were divided into two groups: class I, which harbours variants 

specifically defective at the step of integration, and the much larger class II that incorporates 

variants with a variable degree of reverse transcription defects133. Accumulation of 2-LTR 

circles, the products of end-to-end ligation of unintegrated vDNA ends, in cells infected with 

class I variants was consistent with a specific defect at the stage of integration131,134. In 

particular, the majority of amino acid substitutions within the HIV-1 IN D,D-35-E catalytic 

triad fell into this category. At least in some cases, the class II phenotype was accompanied 

by premature proteolytic maturation, misfolding or perhaps mislocalisation of the mutant 

Gag-Pol polyprotein130,135,136. However, there are many examples of class II HIV-1 IN 

mutants that incorporated normal levels of mature viral proteins132. HIV-1 IN can bind RT 

and stimulate its activity in vitro137. Studies using nuclear magnetic resonance identified 

amino acid residues within the IN CTD responsible for the interaction, and viruses carrying 
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mutations at these IN positions displayed pronounced defects in reverse transcription138. 

Moreover, in avian α-retroviruses, the large RT subunit retains the entire IN polypeptide due 

to alternative proteolytic processing7. These observations suggest that IN may play a role in 

reverse transcription, accounting for some of the class II phenotypes.

A mature HIV-1 particle harbours a conical capsid shell pregnant with the ribonucleoprotein 

complex composed of viral nucleocapsid protein and genomic RNA, which appears as a 

dark body on electron micrographs of stained virions139. Class II IN mutations additionally 

affected viral particle morphology, with the ribonucleoprotein material found outside of 

the capsid shell, oftentimes in association with the viral membrane131,132,139–142. The 

mislocalisation of the viral genomic material provides an attractive explanation as to why 

class II mutants fail to synthetize normal levels of vDNA upon infection132. Strikingly, 

recent cross-linking immunoprecipitation experiments demonstrated that HIV-1 IN directly 

interacts with viral genomic RNA132,141. Examined class II HIV-1 IN mutant proteins 

failed to engage genomic RNA, though for varying reasons including defects in virion 

incorporation, tetramerization, and/or RNA binding132. Because HIV-1 IN tetramerization 

was important for RNA binding, the lack of IN-RNA complex within virions seems to be 

the unifying property of the three subclasses. These data suggest that IN may have a role 

in organising RNA within infectious particles, which is not inconsistent with the proposed 

co-factor function during reverse transcription138. If the IN-RT interaction is physiologically 

relevant, it is important to distinguish whether it is required for viral particle morphogenesis 

or the ensuing step of reverse transcription. Another unanswered question in the field is 

whether IN-RNA binding plays important roles in particle morphogenesis and/or reverse 

transcription of other retroviruses. Similar to HIV-1, mutations in MLV IN can strongly 

reduce reverse transcription143. Pertinently, class I and II HIV-1 IN mutant phenotypes are 

phenocopied by strand transfer and allosteric IN inhibitors, respectively (see next section).

It is becoming increasingly clear that the classification of IN mutants introduced more than 

2 decades ago is outdated. Two recent studies described HIV-1 IN mutants with normal 

reverse transcription and integration, but delayed proviral expression19,21. The handover of 

the hemi-integrated vDNA from IN to cellular machinery for 5’-end joining and subsequent 

proviral gene expression are unlikely to be disordered processes left to chance and represent 

an exciting frontier in the field. Accordingly, a recent report indicated that HIV-1 IN might 

persist on proviral DNA after integration19.

Small molecule antagonists of HIV-1 integrase

Strand transfer inhibitors

Because human cells lack a close IN homolog, the viral enzyme would appear an ideal target 

for drug development. However, by contrast to RT and protease, HIV IN inhibitors had to be 

created without the benefit of prior mechanistic insights or known natural inhibitors144,145. 

Moreover, unlike RT and protease, both of which must catalyse thousands of individual 

reactions, the IN active site carries out a single strand transfer event during infection. Thus, 

a successful inhibitor would have an extremely slow dissociation rate, remaining bound for 

the lifetime of the PIC. Therefore, it is not surprising that 24 years transpired from the 

discovery of HIV-1 before the first IN strand transfer inhibitor (INSTI), raltegravir, became 
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available in clinical practice146. In the last 14 years, four more INSTIs were approved for 

treatment of HIV infection: elvitegravir, dolutegravir, bictegravir and cabotegravir147–150. 

The latter three, classified as second-generation compounds, are characterized by reduced 

susceptibility to viral mutations that render the first-generation drugs, raltegravir and 

elvitegravir, ineffective151–153. Currently, dolutegravir is recommended by the Word Health 

Organisation for use in first-line combination antiretroviral therapy154.

The prototypical INSTIs, diketo acids, were discovered over 20 years ago by Merck 

scientists in a screen for small molecule inhibitors of pre-assembled HIV-1 intasomes155. 

The INSTI pharmacophore consists of a metal chelating core - generally a co-planar 

triad of oxygen atoms - and a halobenzyl side chain (Fig. 5A, shown in red and blue, 

respectively)156. These compounds bind to the IN active site only when it is engaged 

with vDNA and compete with target DNA157. Because retroviral IN active sites are 

highly conserved, INSTIs are broadly active across the retroviral family32,158,159 save the 

occasional example when an IN residue, such as Ser150 in ASLV IN, confers baseline 

resistance, in this case to elvitegravir39,160. The mode of action of these compounds was 

visualized in crystals of the PFV intasome25,161,162 and later refined in HIV-1 and SIV 

cryo-EM structures35,36. The INSTI heteroatoms interact with the essential metal pair in 

the IN active site, while the halobenzyl sidechain burrows into the vDNA-IN interface, 

replacing the base of the 3’ adenosine of the processed vDNA end (Fig. 5B). Thus, INSTIs 

take advantage of the enhanced mobility of the 3’ vDNA nucleotide that is separated 

from its Watson-Crick pair in the intasome. Because the 3’ adenosine must vacate its 

normal position to allow inhibitor binding, the INSTIs display slow binding kinetics163. 

The displaced vDNA nucleotide forms a stacking interaction with the metal chelating core 

of the inhibitor, greatly enhancing the strength of binding35,36,163. The second-generation 

compounds feature extended scaffolds, allowing them to fill the active site more completely, 

and make additional interactions with the IN backbone35,36,162. Due to their interaction with 

the metal ions, stacking with vDNA bases and extensive van der Waals interactions with IN, 

INSTIs display unusually long residence in the active site. Thus, the dissociation half-times 

of dolutegravir and bictegravir from the wild-type HIV-1 intasome were reported to be ~100 

and 160 h, respectively164,165.

Although the majority of INSTI interactions with the intasome occur via immutable features 

- the catalytic Mg2+ ion pair, the invariant dCdA vDNA dinucleotide, and the IN protein 

backbone - the virus can develop resistance to these compounds. Three main genetic 

pathways lead to high-level resistance to raltegravir, involving changes of HIV IN residues 

Tyr143, Gln148, or Asn155 (REF.166). The oxadiazole group of raltegravir, unique to this 

inhibitor, stacks with the side chain of Tyr143, explaining why amino acid substitutions 

such as Y143R/C cause resistance to this drug161. Yet, the most nefarious mutations that 

contribute to complete or partial loss of INSTI susceptibility involve changes of Gln148 

and Asn155, which do not directly contact the drugs. The primate lentiviral intasome 

structures revealed that these residues participate in the secondary coordination spheres of 

the metal cations (Fig. 5B). Accordingly, substitutions at these positions exert their effects 

by destabilizing the coordination spheres of the Mg2+ ion pair, indirectly affecting drug 

binding35. Thus, the sensitivity of metal ions for the geometry and electronic properties of 

the ligand chelating cluster underpins the major mechanism of INSTI resistance. Despite 
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the remarkable success of INSTIs, it is becoming increasingly clear that HIV can acquire 

high-level resistance even to the second-generation compounds, highlighting the need to 

continue developing this family as well as exploring new targets167–169. The urgency is 

underscored by the rising prevalence of HIV resistance to RT inhibitors, which comprise the 

backbone of combination antiretroviral therapy170.

Allosteric inhibitors

Allosteric IN inhibitors (ALLINIs) are a distinct class of small molecule HIV-1 IN inhibitors 

(Fig. 6A). ALLINIs engage the LEDGF/p75 binding cleft at the IN CCD dimer interface, 

which is distal from the IN active site109,171. Lead compounds in this class were discovered 

using two very different high-throughput approaches: a screen for inhibitors of HIV-1 IN 3’-

processing activity172, and structure-based design of small molecule inhibitors of the HIV-1 

IN-LEDGF/p75 interaction171. Many, though not all, of the ensuing compounds effectively 

inhibit IN-LEDGF/p75 binding in vitro171,173–175. The common biochemical consequence 

of ALLINI binding is aberrant HIV-1 IN hyper-multimerization140,142,174–181. In addition to 

ALLINI, other utilized acronyms for this drug class include LEDGIN for LEDGF-IN site171, 

NCINI for non-catalytic IN inhibitor142, IN-LAI for IN-LEDGF allosteric inhibitor174, and 

MINI for multimerization IN inhibitor177. Compounds of the latter class do not effectively 

antagonise HIV-1 IN-LEDGF/p75 binding. Although ALLINIs have yet to advance in 

clinical trials, several compounds display exquisite low-nM potencies to inhibit HIV-1 

replication in vitro172,180,182,183.

Counterintuitively, the underlying mode of ALLINI action is not via inhibition of 

integration140,142,174–177,179–181. Critical clues for dissecting the mechanism of ALLINI 

antiviral activity came from staging the ingress versus egress phases of HIV-1 replication. 

Egress can be modelled by plasmid DNA transfection, which supports infectious virus 

particle formation while bypassing the early steps of virus entry, reverse transcription 

and integration. The early infection steps are readily staged via so-called single-round 

virus constructs that harbour a reporter gene for rapid readout of virus infection and a 

deletion in a late-acting gene such as env. Functional envelope glycoprotein is provided 

in trans during transfection, and the viruses are thus restricted to the single round of 

integration and infection. Under these conditions, it became clear that HIV-1 was more 

susceptible to ALLINIs when exposed to the compounds during egress as compared 

to ingress140,142,174–176. MINI compounds moreover were ineffective at inhibiting the 

early stage of HIV-1 infection177. Detailed analysis of virus particles produced in the 

presence of ALLINIs revealed that although viral RNA and proteins were incorporated 

properly, IN-RNA binding was disrupted, and the ribonucleoprotein complex was located 

eccentrically (Fig. 6B)140–142,174–176. Accordingly, ALLINIs are inhibitors of HIV-1 

maturation/morphogenesis139. Consistent with the known role of LEDGF/p75 in HIV-1 

integration targeting, genic integration targeting during HIV-1 ingress was suppressed by 

ALLINIs177,184,185. Resultant proviruses were marginally recalcitrant to transcriptional 

activation via latency reversal agents183,185, indicating that ALLINIs could potentially be 

employed as preexposure prophylactic compounds to reduce both the size and reactivation 

potential of the latent viral reservoir.
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ALLINIs display limited structural diversity, sharing a warhead comprising three chemical 

functions: a carboxylate, a compact aliphatic (typically tert-butoxy) sidechain and a 

relatively bulky hydrophobic (usually aromatic) group (Fig. 6A, shown in red, green and 

blue, respectively). Many ALLINIs were co-crystallised with the isolated HIV-1 IN CCD, 

and the structures revealed the molecules grip onto the LEDGF/p75 IBD binding pocket 

at the IN CCD dimerization interface171,172,174,175,180,186,187. The carboxylate establishes 

a bidentate hydrogen bond with main chain amides of IN Glu170 and His171, perfectly 

recuperating the interactions made by Asp366 of LEDGF/p75 (Fig. 6C)109. The bulky 

hydrophobic side chain contacts several hydrophobic residues from both subunits of the 

IN dimer, thus mimicking Ile365 of LEDGF/p75. The compact aliphatic side chain of the 

inhibitor explores the base of the pocket. Resistance to ALLINIs maps to the IN CCD 

dimer interface in the vicinity of the LEDGF/p75 binding site171,173,179,182,188. Some of 

the residues that line the ALLINI binding pocket are highly polymorphic among circulating 

HIV-1 strains, inspiring efforts to design molecules that remain active in the face of such 

amino acid sequence variability186,187.

While the primary ALLINI binding site on HIV-1 IN CCD is well characterized, the 

mechanism of IN aggregation by these compounds is far from clear. A co-crystal structure 

of full-length HIV-1 IN with GSK1264 revealed that binding of this ALLINI at the CCD 

dimer interface contributes to a novel interface for the CTD, leading to formation of linear 

IN polymers (Fig. 6D)179. Solution measurements using mass spectrometry footprinting 

techniques, mutagenesis and computational chemistry strongly support this mode of IN 

aggregation by ALLINIs178,189. A more recent study detected branching of the GSK1264-

induced IN polymers via homomeric (CTD-CTD) interactions181. Unfortunately, the limited 

resolution of the available X-ray diffraction data precluded detailed description of the 

interactions involving the small molecule with the CTD179. The absence of structural 

similarity between ALLINIs outside of the common warhead (Fig. 6A) likely contributes 

to differential IN aggregation mechanisms reported for some of these compounds180, calling 

for more research and development of this fascinating class of antiviral agents.

Conclusions and Perspectives

The PFV intasome crystal structures reported in the early 2010s supercharged the field of 

retroviral integration structural biology25,29,161. Not only did they provide the first glimpses 

of the active DNA recombination machine, but they also helped to elucidate the mechanism 

of INSTI drug action. By leveraging the resolution revolution, subsequent single-particle 

cryo-EM structures of α-, β-, δ-retroviral and lentiviral intasomes revealed unexpected 

diversity among the number of IN molecules required to construct the active CIC30–33,37,38. 

Although the α-retroviral strand transfer intasome complex structure was solved by X-ray 

crystallography30, it seems highly doubtful, given their propensities to artificially stack upon 

one another in solution35,36, that primate lentiviral intasomes would ever crystallize.

In the coming years, it will be good to see research uniting integration with the anterior 

(reverse transcription and PIC assembly) and posterior (repair of the chromosomal lesions 

initially flanking the provirus, chromatinization and the onset of transcription) events of the 

retroviral life cycle. We also hope that the exciting developments in in situ cryo-electron 
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tomography190 and super-resolution correlative microscopy191 will allow to visualise the 

viral nucleoprotein complexes in their natural environment, provided many remaining 

technical challenges can be solved. Such a fit may help to clarify how the PIC avoids 

suicide by autointegration and how it interacts with the cellular trafficking machinery and 

chromatin.

The key translational aspect of retroviral IN research is the ability to aid in the development 

of retroviral/lentiviral vectors and anti-HIV/AIDS drugs. Recent work uncovered surprising 

differences between mechanisms involved in targeting retroviral integration, even within 

a single genus87. These results will inform the design of vectors for future gene therapy 

applications. Although highly potent compounds, ALLINIs to date have proven too toxic 

for in-depth clinical trials183, warranting attempts to develop safer compounds that can 

hopefully advance to the clinic. The recent primate lentiviral intasome structures importantly 

resolved INSTI occupancies in the most relevant retroviral IN active sites and helped to 

elucidate the structural basis for INSTI drug resistance35,36. Visualising the HIV-1 intasome 

bound to INSTIs at even higher resolution will be necessary to refine the precise positions 

of the key water molecules that complete the metal chelating cluster. These basic research 

outcomes will accordingly be invaluable to design improved inhibitors as long as INSTI-

containing regimens remain topical to the ongoing fight against the HIV pandemic.
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Figure 1. Schematic of the retroviral integration process.
The intasome undergoes two enzymatic steps (blue arrows) en route from the initial stable 

synaptic complex to the post-catalytic strand transfer complex, wherein 3’ vDNA ends are 

joined to chromosomal DNA. Following intasome disassembly, ligation of the 5’ vDNA 

ends to the chromosome requires at least three additional enzymatic functions (thick black 

arrows) provided by host cell factors.
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Figure 2. PFV intasome structures and IN active site mechanics.
(A) Crystal structures of the PFV cleaved synaptic complex (left) and the target capture 

complex (right)28,161. IN and DNA chains are shown as cartoons and color-coded: target 

DNA and the scissile vDNA dinucleotides (below) are magenta, the rest of the vDNA is 

dark grey; IN chains providing the active sites are green and cyan, and the outer IN chains 

are yellow. Grey spheres are catalytic metal ions. Active sites carboxylates comprising the 

IN D,D-35-E motif are shown as red sticks. Locations of the individual IN domains (NTD, 

CCD, and CTD) and the intasome active sites (red arrowheads) are indicated. Bottom panel 

shows target DNA and/or vDNA within four successive functional states of the intasome 

as it transitions from the initial stable synaptic complex (left) to the post-catalytic strand 

transfer complex (right). (B) IN active sites primed for 3’-processing (left) and strand 
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transfer (right). DNA chains and IN active site residues (indicated as D, D, and E) are shown 

as sticks. DNA chains are coloured dark grey, except for target DNA and scissile vDNA 

dinucleotide (magenta). Selected water molecules are shown as small red spheres. Direction 

of the SN2 nucleophilic substitution at each step is indicated with red arrows. Grey and red 

dashes are hydrogen and metal coordination bonds, respectively.
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Figure 3. Diversity of retroviral intasome architectures.
Examples of intasome structures from simiispumavirus (PFV, containing a tetramer of IN), 

δ-retrovirus (STLV, a tetramer), α-retrovirus (ASLV, an octamer), and lentivirus (MVV, a 

hexadecamer) are shown as cartoons with cylinders representing α-helices25,30,32,38. In each 

case, IN domains contributing to the CIC are shown in colour with the remainder of the 

structure in grey. Synaptic CTDs in ASLV and MVV intasomes are coloured orange to 

indicate their origins from flanking IN protomers.
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Figure 4. Integration into nucleosomal DNA.
Cryo-EM structure of the PFV intasome in a strand transfer complex with a 

mononucleosome65. The structure is shown in two orthogonal orientations. DNA (vDNA 

and nucleosomal DNA) and protein (IN and histones) are depicted as cartoons or in 

spacefill, respectively (H2A, orange; H2B, olive; H3 and H4 grey). For clarity, IN chains are 

hidden in the right panel. Note that the nucleosomal DNA is lifted from the surface of the 

histone octamer at the site of integration64.
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Figure 5. IN strand transfer inhibitors.
(A) Chemical structures of a lead diketo-acid compound (L-731,988) and of the five 

INSTIs approved for clinical use. Co-planar oxygen atoms involved in metal chelation are 

highlighted in red, and halo-benzyl groups in blue. (B) Bictegravir bound to the active site 

of the red-capped mangabey SIV intasome visualised by cryo-EM35. The drug molecule is 

shown as sticks with carbon atoms in magenta. Note that Asn155 and Gln148 participate 

in the secondary coordination spheres of the metal ions. In particular, Q148H leads to 

displacement of a key water molecule (W) bonded to carboxylates of Asp116 and Glu152 

(REF.35).
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Figure 6. Allosteric HIV-1 IN inhibitors.
(A) Examples of small molecules of this class. Functional groups comprising the shared 

ALLINI warhead structure are shown in colour: red, a carboxyl group; green, an aliphatic 

side chain; and blue, a bulky hydrophobic group. (B) Thin section electron microscopy 

of stained HIV-1 virions produced under normal conditions (left) or in the presence of an 

ALLINI (right)139. Idealised schematics of the respective morphologies are shown on the 

bottom. (C) Co-crystal structure of HIV-1 IN CCD dimer with GSK1264 (REF.179). IN 

chains are depicted as cartoons, with the amino acid residues lining the ALLINI binding 

pocket as sticks. Carbon atoms of the inhibitor are shown in magenta. (D) A chain of 

IN dimers observed in the co-crystal structure of full-length HIV-1 IN with GSK1264 

(REF.179). Positions of IN CCDs and CTDs are indicated; NTDs were not resolved in this 

structure. The ALLINI molecule (positions indicated with arrowheads), found at each of the 

CTD-CCD interfaces, is shown in spacefill, with carbon atoms in magenta.
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