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Abstract

The retroviral protein Integrase (IN) catalyzes concerted integration of viral DNA into host
chromatin to establish a permanent infection in the target cell. We learned a great deal about

the mechanism of catalytic integration through structure/function studies over the previous

four decades of IN research. As one of three essential retroviral enzymes, IN has also been
targeted by antiretroviral drugs to treat HIV-infected individuals. Inhibitors blocking the catalytic
integration reaction are now state-of-the-art drugs within the antiretroviral therapy toolkit. HIV-1
IN also performs intriguing non-catalytic functions that are relevant to the late stages of the

viral replication cycle, yet this aspect remains poorly understood. There are also novel allosteric
inhibitors targeting non-enzymatic functions of IN that induce a block in the late stages of the viral
replication cycle. In this chapter, we will discuss the function, structure, and inhibition of retroviral
IN proteins, highlighting remaining challenges and outstanding questions.
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Introduction

The Retroviridae family describes a group of enveloped viruses that contain two copies of
single-stranded, positive-sense RNA molecules. Retroviruses infect a wide range of animals,
leading to blood and tissue pathologies. Genome and protein sequence analyses have divided
the family into seven genera: Alpha-retrovirus, Beta-retrovirus, Gamma-retrovirus, Delta-
retrovirus, Epsilon-retrovirus, Spumavirus, and Lentivirus (Figure 1). A defining feature

of all retroviruses is their ability to integrate the complementary DNA copy (also known

as viral DNA or vDNA) of their reverse transcribed RNA genome into host chromatin to
establish a permanent infection in the target cell. Integration can occur in principle at any
site in the genome, although there are preferences for certain regions of chromatin. This
integration process is catalyzed by an essential retroviral enzyme, integrase (IN), whose
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primary function is to insert the vDNA into host chromosomal target DNA (tDNA) through
endonucleolytic cut and paste reactions. IN has also become an important target for the latest
antiretroviral therapeutics used in the clinic to treat HIV-infected individuals. In this chapter,
we will focus on the structure, mechanism, and the development of inhibitors that target IN
protein, highlighting some of the most relevant findings from HIV-1 and other retroviral INs.

Enzymatic functions of retroviral IN

The discovery that a retroviral protein possesses DNA endonuclease activity was initially
shown more than four decades ago with the first purification and enzymatic characterization
of a 32 kDa protein, now termed IN [1]. Subsequently, numerous mechanistic aspects of the
enzyme have been clarified through careful biochemical and structural studies. Retroviral
IN possesses two distinct enzymatic activities and catalyzes two consecutive reactions.
These reactions are termed 3"-processing and strand transfer [2]. During 3"-processing,
di-or-trinucleotides are removed from the 3" ends of vDNA, leaving exposed a reactive
3"-hydroxyl on each VDNA end [3-7]. These 3"-hydroxyls are activated to catalyze strand
transfer into a tDNA. IN then joins the processed 3 -hydroxyl vDNA ends with a scissile
phosphate on the opposing tDNA strands through Sy2-type nucleophilic substitution [2].
Integration is irreversible if both ends of vDNA (U3 and U5 attachment sites of long
terminal repeat sequences) are inserted into tDNA, termed “concerted integration”. However,
if only one end is inserted, integration is incomplete and termed “half-site integration”,
leaving one unintegrated end. Concerted integration is irreversible and establishes a
permanent proviral infection within the target cell. The vDNA that is incorporated into

the host cell genome is referred to as a provirus. In vitro, these reactions are performed in
the context of a nucleoprotein assembly, which consists of multimers of IN bound to vDNA
ends. The fact that a multimer of IN is required to catalyze integration into host DNA was
immediately apparent upon consideration of the reaction, because two cuts in tDNA are
necessary for concerted integration. Accordingly, early studies showed that multimers of IN
assemble into a nucleoprotein complex for the integration reaction [8,9]. Once integrated

in the host genome, the multimers of IN must be disassembled, and the two gaps and

short single-stranded overhangs that remain following the integration reaction are repaired
by cellular enzymes. These latter steps are among the less well studied processes in the
retroviral replication cycle and have been reviewed elsewhere [10].

The functional stable association of integration activity (and by inference IN protein)

with VDNA ends was first established by studies with preintegration complexes (PICs)
[4,11-13], which are large nucleoprotein complexes that include the vDNA made by reverse
transcription and a number of viral and cellular proteins. PICs are competent for efficient
DNA integration in vitro when provided with a divalent metal ion and target DNA [11,12].
However, PICs are present in very low abundance in cell extracts and therefore not readily
amenable to biochemical and structural studies. Biochemical studies took a major leap
forward when it was shown that retroviral IN is both necessary and sufficient for the
catalytic steps of DNA integration in the presence of linear DNA that mimics the ends of
the vVDNA, a divalent metal ion, and a target DNA (tDNA) [14-16]. Mutations in IN affected
3" end processing and DNA strand transfer in parallel, suggesting a common active site

for both reactions. However, these reaction systems lacked the full fidelity of biologically
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relevant concerted DNA integration because the reaction products were mostly the result of
integration of a single DNA end into one strand of tDNA. These earlier reaction systems
with purified IN also provided little evidence for the stable nucleoprotein intermediates that
we now call intasomes.

An intasome is a collective term for the series of stable biochemically assembled
nucleoprotein complexes on the integration reaction pathway (Figure 2). A pair of vDNA
ends are first bridged by a multimer of IN to form the Stable Synaptic Complex (SSC)
intasome. Two (or for some retroviruses three) nucleotides are cleaved from the 3" ends

of the vDNA within the SSC to form the Cleaved Synaptic Complex (CSC) (this is the

3 -processing step introduced above). The CSC then captures a target DNA to form the
Target Capture Complex (TCC). Finally, nucleophilic attack by the 3" hydroxyl ends of the
vDNA on a pair of phosphodiester bonds in the tDNA result in covalent joining of the viral
and target DNAs. IN remains stably associated with vDNA in the resulting Strand Transfer
Complex (STC) (Figure 2). The sites of nucleophilic attack on the two tDNA strands are
separated by a spacing that is characteristic for each retrovirus (typically four to six bases).
The pathway for this type of reaction was first established with DNA transposition reactions
where the corresponding stable complexes are called transpososomes [17-20]. In the case of
bacteriophage Mu STC transpososome an active energy-dependent disassembly process is
required to strip the transposase from the DNA product [21]; the mechanism of retroviral
STC intasome disassembly, which is required for access of cellular enzymes to complete the
integration process, remains to be determined.

Structures of individual IN domains

The structures of retroviral IN domains provided initial insights into the function of the
enzyme. Retroviral IN proteins range from ~280 to ~400 residues in length and have
three structurally conserved domains characterized by low sequence identity (Figure 3).
All retroviral INs include the N-terminal domain (NTD), the catalytic core domain (CCD)
and the C-terminal domain (CTD), which are essential for performing the basic catalytic
function of IN — to insert vDNA into tDNA. Some retroviral INs also have an N-terminal
extension domain (NED), which is required for function in the specific retrovirus. There
is a substantial variability in the length of the linkers connecting the three domains, and
this appears to confer differences to the structure, organization, and function of different
retroviral INs.

The NTD ranges in size from ~40-50 residues (Figure 4A-B). The first structures of
retroviral IN NTDs were determined by NMR and described for HIV-1 and HIV-2 [22,23].
All retroviral IN NTDs share the highly conserved HHCC motif (HX3H ... CX,C) that
coordinates Zn2* and is required for the proper folding of the domain into a three-helix
bundle. In HIV-1 (PDB: 6put), the residues that coordinate Zn2* are His12, His16, Cys40
and Cys43. Deletion or substitution of any residue within the HHCC motif or depletion

of Zn*2 by chelating agents leads to unstructured NTD, which compromises IN activity
[23,24]. Individually expressed NTDs are dimeric [22] and do not appear to bind DNA

in vitro[25,26], but they do have interactions with DNA when part of higher-order
nucleoprotein assemblies, which will be discussed later.
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The CCD comprises ~150 residues and is the most conserved IN domain (Figure 4C-D).

It is responsible for the catalytic enzymatic activity, and all retroviral CCDs harbor the
invariable catalytic triad motif D...DX35E [27], which is also present within a large
superfamily of nucleases, recombinases and transposases [25,28]. In HIV-1, these residues
are Asp64, Asp116, and Glul52. Collectively, they form a triad of negatively charged
residues that coordinate a pair of divalent metal ions (Mg2* or Mn2*) and participate in the
enzymatic cleavage reaction catalyzed by IN. The mutation of any one of these residues
will abolish enzymatic activity [27,29,30]. The first structure of the CCD was determined
crystallographically for HIV-1 IN [31] and was facilitated by the mutation F185K, which
improves the protein solubility [32,33]. This structure provided insights into the IN active
site and the configuration of the residues, which led to a better understanding of the cleavage
mechanism. There are many more CCD structures now available from different retroviral
INs. A superposition of 11 CCD structures available in the PDB highlights the degree of
conservation among them (Figure 4C), as well as among other members of the superfamily,
such as the transposases Mos1 [34] and Metnase [35] (Figure 4D). This conservation
reinforces the role of the CCD domain in the catalysis of nucleic acids more generally. The
CCD can also catalyze the “disintegration” reaction — which is the reverse of the integration
reaction — albeit much weaker than the forward reaction, and disintegration only occurs in
the presence of MnZ*, but not with the biological cofactor Mg?* [36,37]. Disintegration

is likely particular to in vitro conditions and would be disfavored in a cell, because the
enzyme, in the context of the Mg2*-bound intasome assembly, is tuned to drive the forward
reaction (as will be discussed below). When expressed alone, the CCD forms stable dimers
[31,38-41].

The CTD comprises ~50 residues and is the least conserved domain among INs. Retroviral
CTDs are characterized by a Src homology 3 (SH3)-like p-barrel fold [42,43]. A
superposition of the CTDs that are available in the PDB shows the overall similarity within
the B-barrel, but also highlights the divergence in the loop regions, which play important
roles in the structural organization of the higher-order nucleoprotein assemblies (Figure

4E). Retroviral CTDs have some correspondence to the Tudor family of chromatin binding
domains, highlighting their involvement in DNA-binding, which is relevant to the enzymatic
activity of IN. When expressed alone, the CTD can also adopt both monomeric and dimeric
forms [42-44].

The NED that precedes the NTD is only found in members of Spumaviruses, Gamma-
retroviruses, and Epsilon-retroviruses, and is characterized by ~50 residues. The structure of
the NED has been initially described in the context of nucleoprotein intasome assemblies
formed by PFV IN [45,46]. In these structures, the NED interacts with the phosphodiester
backbone of the vDNA through a patch of positive residues (Figure 4F), which help

to assemble and stabilize the nucleoprotein complex. The NED from MLV IN1-105 wags
described more recently [47], which shares 19% identity with the NED from PFV.

Their secondary structures are somewhat conserved, whereas the tertiary structure shows
important differences that are mostly associated with the length of the linkers connecting
the alpha-helices to the beta-sheets within both structures (Figure 4G). The NED region of
MLV is required for the proper folding of the NTD and also impacts integration activity
[48]. Given the relevance of both, the combined NED+NTD domains have been referred to
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as the N-terminal region (NTR), to avoid confusion with retroviral INs that do not possess
this domain [47].

IN multimerization

Retroviral INs are highly dynamic proteins that are capable of forming multiple oligomeric
species in solution. The oligomerization properties depend on the fragment of the protein
used, the strain, the protein concentration or buffer conditions, among other factors. For
example, it has long been known that HIV-1 IN can form a range of oligomeric states, from
monomer to dimer to tetramer, and the exact state will be dependent on the buffer conditions
and IN concentration [32]. Other retroviral INs appear to either exist as monomers or
dimers. Most of the individual domains described in the previous section (NTD, CCD, CTD)
crystallized as dimers, or were dimeric under solution NMR conditions (Figure 5A-C).
Lentiviral INs are currently the only genera where the IN can form multimers greater

than dimer [49-51]. However, it appears that the tetrameric form, in solution, only exists
when all three domains are present, and there are also many mutations that readily disrupt
IN tetramerization [32,50,52,53]. This suggests that in biochemical assays the purified
recombinant tetramer, at least in HIV-1, is somewhat unstable, and this instability may have
interesting biological implications.

Structures of multi-domain constructs

The first multi-domain structure of IN that was determined experimentally encompassed the
CCD-CTD domains. Structures from three distinct retroviral INs were determined around
the same time — from Simian Immunodeficiency Virus (SIVmac) (Figure 5D) [54], Rous
Sarcoma Virus (RSV) (Figure 5E) [55], and HIV-1 (Figure 5F) [56]. In all cases, the
proteins crystallized as dimers and they all had their solubility optimized through point
mutations. Both individual domains within these two-domain structures were similar to the
isolated constructs resolved previously, but their arrangement with respect to one another
was informative. In the CCD-CTD structures from SIVmac (IN50-293) and RSV (IN49-286),
the CTDs bend back and interface with the core of the CCD dimer, connected by a flexible
linker; in contrast, in the CCD-CTD structure from HIV-1 (IN52-288) the CTDs project from
the core CCD dimer, connected by rigid extended alpha-helical linkers. These changes in the
configurations of individual domains were the first indications of IN pliability, which likely
plays an important role in IN function. In the following year, the structure of the HIV-1
NTD-CCD (IN1-212) was resolved (Figure 5G), which provided insight into the possible
configuration within the nucleoprotein assembly [57]. Since then, three other NTD-CCD IN
structures have been determined. The tetrameric (dimer of dimers) assembly of Maedi Visna
Virus (MVV) IN1-219 (Figure 5H), which was also bound to the Integrase Binding Domain
(IBD) of the host factor Lens Epithelium Derived Growth Factor (LEDGF, discussed

later) revealed a similar overall organization, although there were differences in how the
connectivity were interpreted between neighboring protomers in comparison to the HIV-1
structure [50]. The structure of the NTD-CCD (IN1-299) from HIV-2 was also determined

in the presence of the IBD domain of LEDGF and crystalizes as a trimer of dimers with
distinct NTD-NTD interfaces (Figure 51) [58]. More recently, the crystal structure of the
NTD-CCD (IN212) from HIV-1, which contains residue Phe at position 1 instead of Met
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(Met is typically used to facilitate bacterial overexpression of the protein) revealed a similar
dimer of dimers arrangement, but again differences in the interfaces formed by the NTDs
(Figure 5J) [59]. From the collective body of structures, the CCD-CCD interface is always
conserved, but the interfaces among the other domains, which are connected by flexible
linkers, frequently vary. These variations may arise from the sample itself, the conditions
used for structure determination, or strategies for protein stabilization. Regardless, they
suggest that the strong CCD-CCD dimerization interface scaffolds the IN multimer, but the
final conformations and oligomeric configurations are dependent on the adjacent domains,
among other factors. We should also expect INs from different genera to form distinct
complexes that are context- and condition-dependent. Collectively, these data highlight IN
plasticity and malleability, a hallmark of the protein. This plasticity is likely necessary for IN
to assemble into nucleoprotein species and to perform its function. To date, there remain no
structures of the full-length (FL) proteins in the absence of nucleic acid.

Structures of nucleoprotein intasome assemblies

Trapping of intasomes required the development of higher fidelity in vitro systems that were
capable of concerted integration of pairs of viral DNA ends [60-63]. Under these conditions,
highly stable complexes of IN and vDNA ends (SSC intasomes) are formed, that mimic

the tight association of IN with VDNA in the PICs [64-66]. Once formed in vitro, HIV-1
intasomes carry out 3" end processing and DNA strand transfer with very high efficiency,
and the two VDNA ends are transferred to target DNA sequentially [65]. The two active
sites within the intasome process the chemical reactions independently. As the assembly
events on each VDNA end appear to also be independent [67], and the assembly of HIV-1
intasomes is generally very inefficient in vitro, many intasomes are difficult to assemble

in vitro. Lentiviral INs, especially from HIV-1, also have a high propensity to aggregate.
These factors frustrated attempts at structural studies of intasomes for a long time. The

key breakthrough in high-resolution structural studies of retroviral intasomes came from
Cherepanov and colleagues finding that prototype foamy virus (PFV) IN is highly active

in vitro and soluble [38]. Moreover, it efficiently assembles intasomes that are soluble and
homogeneous.

Crystallization of PFV intasomes resulted in the first structures of any retroviral
nucleoprotein assembly containing IN [45]. The structure revealed that IN binds to vDNA
in a tetrameric configuration, with the two inner IN protomers fully resolved and wrapping
around the ends of vVDNA,; the two outer IN protomers only had their CCDs resolved,
indicating that they provide supporting function and leading to the hypothsis that the outer
NTDs and CTDs may play auxiliary roles in the context of chromatin engagement. In

this tetrameric PFV intasome structure, the DNA-protein interactions act as the glue that
holds the intasome together, and all three canonical IN structural domains are involved

in extensive protein~-DNA and protein—protein interactions. Such a configuration could

not have been predicted from the known structures of the protein domains alone. The
structure of the pre-catalytic TCC and the post-catalytic STC intasomes were described
shortly thereafter and defined the structural basis of DNA integration [46]. A key finding
was that the cleft between IN dimers within the intasome accommodates chromosomal DNA
in a severely bent conformation. Presumably, this bent DNA configuration helps to decrease
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the activation energy required for catalysis, driving the forward reaction and minimizing

the possible reversal via the disintegration reaction. This conclusion could only be obtained
from experimental structures of the nucleoprotein assemblies, and could not be determined
from structures of individual domains or multi-domain constructs. Target DNA bending was
subsequently also supported by bioinformatics analyses [44,68,69].

All IN proteins catalyze an identical set of reactions and share considerable sequence
homology, especially in the CCD (Figure 3). This mechanistic and sequence similarity led
to the general expectation that all retroviral intasomes would be fundamentally similar in
structure. However, the PFV intasome structure raised a conundrum. The tetrameric PFV
intasome structure requires a long linker between the catalytic and C-terminal terminal
domain, but many retroviral INs have only a very short linker between these domains,
making such an intasome architecture impossible. The surprising finding was when the
intasome from Rous Sarcoma Virus (an alpharetrovirus) and from the Mouse Mammary
Tumor Virus (a betaretrovirus) were found to be composed of eight IN protomers [70,71]. In
these structures, the synaptic CTDs were contributed by the flanking protomers, rather than
by the core protomers. Still, lentiviral intasomes remained refractory to structural biology
efforts. Several key advances facilitated high-resolution structures of lentiviral intasomes. In
the case of HIV-1, fusion of a non-specific DNA binding domain of a chromosomal protein
derived from a Suffolobus solfataricus to the N-terminus of HIV-1 IN resulted in a protein
that, under appropriate conditions, assembles intasomes that are highly active and exhibit
much less aggregation than intasomes assembled with wt IN [72]. In lieu of modifying the
protein, an alternative approach was to identify a lentiviral IN that would be naturally better
behaved under stringent biochemical conditions; the IN from MVV [50], a lentivirus that
infects sheep, could assemble intasomes that were better behaved biochemically than its
HIV-1 counterpart. Secondly, advances in cryo-EM [73] enabled high-resolution structures
to be determined from populations that are not entirely homogeneous [74-76]. These
collective advances led to structures of intasomes from both HIV-1 and MVV [77,78]. The
structures revealed a dynamic organization containing a minimum of four INs and as much
as sixteen INs, all arranged around the central vDNA ends. There are also now intasomes
from the Human T-Cell Lymphotropic Virus (HTLV, a deltaretrovirus) and from the Simian
Immunodeficiency Virus (SIV, another lentivirus). Collectively, the distinct structures reveal
a remarkable pliability in the IN protein and the distinct manner of intasome assembly
(Figure 6). All retroviral intasome structures to date have a common set of positionally
conserved IN domains around the DNA substrate — referred to as the conserved intasome
core (CIC) — but these domains can be contributed by different IN protomers, depending on
the retrovirus [79]. The functional consequences of the different assemblies remain less well
defined, but are of significant interest.

mechanism of retroviral integration

Biochemical and structural studies have collectively shed light on the molecular mechanism
of retroviral integration. Early stereochemistry experiments using HIV-1 IN [2] indicated
that both 3"-processing and strand transfer reactions occur by a common mechanism, using
water as the nucleophile for 3"-end processing, and the 3" hydroxyls at the ends of the vDNA
as the nucleophile for DNA strand transfer. However, as already mentioned, intasomes
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formed with HIV-1 IN were not amenable to structural biology for a long time. Due to

its favorable biochemical properties, the PFV intasome provided a better model system
with which to elucidate the mechanics of these two reactions through careful structural and
biochemical experiments. Crystallographically determined structures of the CSC intasome
and the TCC intasome from PFV provided the first snapshots of intasome formation [45,46].
Later, the structures of uncleaved SSC intasomes and TCC intasomes, in their ground
states committed to 3"-processing and strand transfer, respectively, elucidated the complete
enzymatic process [80]. These latter structures were particularly important in clarifying our
understanding of the atomic mechanism of integration. For 3"-processing, the structures

of the SSC in its ground state revealed that a water molecule located in the active site

and adjoining the metal ion is positioned for nucleophilic attack onto the VDNA scissile
phosphate that coordinates the two metal ions (Figure 7A). For strand transfer, the structure
of the TCC in its ground state revealed that the exposed 3’-hydroxyl of vDNA resides

in a position poised to perform a nucleophilic attack on the nearby scissile phosphate of
tDNA (Figure 7B). The putative pathway of nucleophilic attack by the water molecule and
by the 3’-hydroxyl of vDNA are indicated by bold arrows in Figures 7A-B. Following

the transesterification reaction, the viral—target DNA phosphodiester bond is relocated to
its new configuration. The mechanism has important analogies to the classical two-metal
ion mechanism, which was first proposed for divalent ion-dependent DNA hydrolytic
cleavage based on structures of a 3,5 DNA exonuclease [81] and has since been used

as a mechanistic model for many metal ion-dependent phosphoryl transfer enzymes [82].
These structures also provided an explanation as to why tDNA binding must occur following
3’-processing. The scissile dinucleotide end of the vVDNA is sterically incompatible with
the presence of tDNA, and may therefore serve as a natural strand transfer inhibitor.

The requirement to complete 3”-processing prior to engaging substrate DNA may be an
evolutionary adaptation to reduce the chance of suicidal auto-integrations.

In a cell, the same basic molecular mechanisms must occur for functional integration, but
the process is more involved, and the timing of individual events is less clear. The cellular
form of the complex — the PIC — remains a mysterious and poorly characterized entity.
Minimally, the PIC consists of multimers of IN bound to the linear ends of vDNA. In

reality, the PIC contains ~10k base pairs of vDNA, which are likely chromatinized very
soon after nuclear entry [83-85], and for HIV-1, the viral capsid (CA) protein [86] and
potentially host proteins (discussed below) including the barrier to autointegration factor
(BAF) [87]. Notably, there have been substantial advances (and active ongoing research)

in understanding the role of CA protein in nuclear integration targeting, and thus its
relationship to the PIC [86,88,89]. The /n situ data is supported by the recent breakthrough
efforts to reconstitute the early events in the replication cycle using an in vitro system, which
also highlighted the involvement of CA in endogenous reverse transcription and integration
[90]. In PFV, Gag forms part of the PIC [91,92], and similarly, in MLV, the viral protein

p12 (a cleavage product of the Gag precursor), is also a well-characterized component in the
PIC [93,94] in addition to viral CA protein. Although we now know much about the basic
biochemistry of integration, elucidating the mechanistic details, the PIC assembly pathway,
and the spatiotemporal and structural organization of these events in cells would be of
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significant interest. In the meantime, the recent in vitro reconstituted system [90] provides
an attractive alternative to cells that may be more tractable for studying certain processes.

Chromatin engagement by a retroviral intasome

The cellular target for integration is chromatinized DNA. It has long been appreciated that
integration is favored in sites of chromatinized DNA and disfavored in naked DNA [95-97].
The structure of the PFV intasome complexed to a nucleosome but before integration
(simulating the TCC) elucidated the basis for nucleosome capture by a retroviral intasome
(Figure 8) [98]. This structure showed that intasomes form multivalent interactions with a
nucleosome that involve both gyres of nucleosomal DNA and one H2A-H2B heterodimer.
The DNA is lifted from the surface of the H2A-H2B heterodimer to allow integration

at a single strongly preferred superhelical location at position +/-3.5 on the nucleosome.
This lifting of the DNA was previously postulated through structures of the TCC and

STC intasomes, which also showed similar DNA bending, and it is likely necessary to
decrease the activation energy and promote the forward integration reaction. In a cell,
nucleosome engagement events are probably more frequent than actual integration events.
In fact, intasomes appear to be actively scanning host chromatin for a considerable time,
and most attempts to integrate into host tDNA are unproductive [99], suggesting that
chromatin engagement and integration are functionally uncoupled. In vitro, allowing the
intasome to conduct strand transfer into the nucleosome resulted in a post-integration
structure (simulating the STC) with important structural differences that are induced during
strand transfer [100]. The post-integration structure revealed a twisting and sliding of

the nucleosomal DNA arm by approximately two base pairs along the histone octamer,
proximal to the integration site. This sliding is apparently necessary to lift the DNA

from the histone H2A-H2B subunits to allow engagement with the intasome. These two
structures highlight some of the dynamic rearrangements, in the context of chromatin, prior
to and after catalytic integration. Although it’s clear that chromatin engagement is a general
hallmark of retroviral intasomes, the preferred chromatin substrates for integration among
the other intasomes needs to be clarified, and characterizing nucleosome preferences by
other retroviral intasomes will surely reveal novel insights into the integration process.

The role of host factors in the enzymatic activity of IN

The integration reaction may be facilitated by cellular host factors, which affect the targeting
and enzymatic properties of some retroviral INs. The primary host factor that both binds
HIV-1 IN and impacts integration is the 60 kDa splicing variant of the transcriptional
coactivator lens epithelium derived growth factor (LEDGF/p75), or LEDGF for short. Using
a synthetic gene that stably and efficiently expresses HIV-1 IN in a line of 293T cells, it was
shown that IN associates with LEDGF in nuclear extracts [49]. LEDGF, a nuclear protein
that is involved in gene regulation and cellular stress response [101,102], binds tightly to
HIV-1 IN, increases its solubility, and stimulates enzymatic activity in vitro, as measured

by both conventional strand transfer of cleaved oligonucleotides and through concerted
integration into circular plasmid DNA [49]. The structure of the IN-binding domain (IBD) of
LEDGEF in its free form [103] and bound to HIV-1 IN [104], provided insights into how the
protein engages the integration complex. In cells, LEDGF also affects chromatin targeting
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and integration site specificity. It has been known that DNA integration is favored in genes
marked by active transcription [105]. By analyzing global integration patterns, it was found
that HIV-1 integration in cells depleted for LEDGF was less frequent in transcription units,
less frequent in genes regulated by LEDGF, and more frequent in GC-rich DNA [106]. Since
LEDGEF is a nuclear factor that binds chromosomal DNA [107-109] through its PWWP
domain and HIV-1 IN through its IBD domain, the factor may directly facilitate integration
through a bimodal tethering mechanism to bring the PIC to regions characterized by active
transcription. Replacing the PWWP domain with other chromatin-tethering domains alters
genomic integration patters in cells [110,111]. In the absence of LEDGF, a second factor,
HDGF2 (or HRP2), was shown to play an ancillary role in directing integration into actively
transcribed genes [112]. Both LEDGF and HDGF2 directly bind lentiviral IN [49,113]. Even
though depletion of both LEDGF and HDGF2 further reduced specificity for transcriptional
targeting compared to LEDGF knock out cells, the preference for actively transcribed genes
was not fully lost. It has been shown that HIV-1 capsid binding cellular protein cleavage

and polyadenylation specificity factor subunit 6 (CPSF6) plays crucial role in integration
site specificity, and deletion of this factor redistributes integration targeting toward lamina-
associated domains [88,89]. Although CPSF6 mediates integration specificity, it binds to the
capsid (CA) protein, and not to IN directly.

A variety of other host factors have been suggested to mediate functional integration through
specific binding to HIV-1 IN [114]. The Snf5 protein of the mammalian Swi/Snf complex
was initially reported to bind HIV-1 IN through a yeast-two hybrid analysis and became
known as “Integrase Interactor 1” or Inil [115]. However, a bona fide role for this protein
in integration has not been defined, and it was later suggested that Snf5/Inil may play
arole in late stages of the retroviral replication cycle post-integration, when IN is part

of Gag-Pol [116,117]. The human FACT complex, which consists of the two proteins

Ssrpl and Sptl16 [118-120], apparently plays a similar role to LEDGF and HDGF2 in
transcriptional activation [121], but does not contain an IN binding domain. The data on
FACT and its involvement in retroviral integration is of interest, and multiple groups have
reported results working with different retroviral INs. The FACT complex was suggested

to bind ASLV IN (ASLYV, like Rous Sarcoma Virus, belongs to the alpha-retroviral genus),
but not HIV-1 IN, and knockdown of FACT components impaired ASLV integration into
naked DNA in vitro and into cellular chromatin in vivo, but not HIV-1 integration [122]. In
separate work, the lack of integration into naked DNA was reproduced, but FACT enhanced
integration into chromatinized templates in vitro [123]. The conclusion from the latter work
was that the FACT complex affects integration specificity by mediating local nucleosome
dissociation and modulating the functional association between the HIV-1 intasome and

the targeted nucleosome [123]. In separate work, the FACT complex was not implicated

in viral integration, but instead was suggested to contribute to LTR-driven gene expression
[124]. These collective data point to an interesting interplay between chromatin remodelers
and retroviral INs, but also indicate that the role of FACT in viral integration remains an
open question, and further experimental work needs to be conducted to clarify its role.
Numerous other factors have been pulled down with HIV PICs (which contain numerous
other proteins in addition to IN) [114,125]. An important consideration is whether the
binding factor mediates function. Although in vitro biochemical assays, such as strand
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transfer and/or concerted integration, can shed some light on enzyme activity, whether
stimulation of integration occurs, or is necessary, in vivo is unclear. IN is a non-processive
enzyme and only needs to perform a single integration event during the retroviral replication
cycle, which contrasts it from processive enzymes such as reverse transcriptase. Therefore,
in vitro stimulation of activity only reveals part of the story, and it is important to examine
whether a host factor affects integration in cells. With this criterion in mind, to date the

only IN-binding proteins that play a clearly defined role in HIV-1 integration are LEDGF
and HDGF2. Although other host factors, such as CPSF6, clearly affect integration targeting
(reviewed in [86]), they do not directly bind IN, and are the mechanism is distinct.

Cellular host factors have also been identified that bind other retroviral INs and facilitate
integration targeting. The bromodomain and extraterminal domain (BET) proteins were
shown to preferentially bind gammaretroviral INs [126] and to direct integration to regions
upstream of transcription start sites [127-130]. The primary forms of the BET proteins are
Brd2, Brd3, and Brd4 (others exist in tissue-specific contexts). These proteins preferentially
bind to acetylated histones, which are characteristic of upstream transcription start sites
[131]. The association of BET proteins with gamma-retroviral IN provided mechanistic
explanation to earlier observations that integration occurs preferentially within transcription
start sites and upstream promoter regions [132]. Purified Brd4 protein binds tightly

to Murine Leukemia Virus (MLV) IN and stimulates concerted integration, and small
molecules targeting of BET proteins impaired MLV, but not HIV-1 integration in cells [127].
Like LEDGF, BET proteins appear to bring MLV intasomes to select chromatin locations
through a bimodal tethering mechanism, binding IN and chromatin through two distinct
locations on the proteins [133]. These collective data supported an earlier report showing
that gamma-retroviral integration is preferred in transcription start sites and upstream
promoter regions [132]. More recently, the cellular serine/threonine protein phosphatase 2A
(PP2A) was identified as a binding partner of delta-retroviruses, which include the human
T cell lymphotropic virus type 1 and 2 (HTLV-1 and HTLV-2), as well as bovine leukaemia
virus (BLV) [134]. Structures of HTLV-1 intasomes in complex with PP2A were recently
reported, and knockdown of the PP2A was shown to affect HTLV-1 infection [39,135].
However, the exact role of PP2A in delta-retroviral intasome function remains unclear, and
other than binding IN, what this cellular host factor is doing in the context of integration
remains to be determined. There are otherwise currently no known host factors for other
retroviral genera, including beta-retroviruses, epsilon-retroviruses, and spumaviruses.

Non-catalytic functions of retroviral IN

Whereas the role of IN in the early stages of the viral replication cycle have been
extensively studied, an unexpected role of IN within the late stages of the replication
cycle has been brought to light. Recent discoveries showed that IN has non-enzymatic
functions during virion maturation, following proteolytic processing of gag-pol. In HIV-1,
IN binds the viral RNA genome in virions and exhibits distinct preference for select

viral RNA structural elements, indicating specificity in this interaction [136]. Disruption
of IN-mediated RNA binding leads to the formation of eccentric, non-infectious virions,
and the viral genome is mislocalized outside of the conical capsid core [136-138]. These
observations of mislocalized cores were reminiscent of early studies, which suggested that
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certain IN mutations — termed Class Il mutations — led to the production of virions that were
characterized by a broad range of defects at distinct stages of the replication cycle [139,140].
The Class Il mutations are distinct from the Class | mutations, which selectively affect the
integration step. By examining a wide body of mutations, it was clarified that disruption

of IN-mediated RNA binding can occur through one of three possible mechanisms: (1)
depletion of IN from virions, which would limit the amount of IN available to facilitate
RNA packaging; (2) impairment of functional IN multimerization, which would disrupt
proper IN/RNA binding; (3) direct disruption of IN/VRNA binding without affecting other
biochemical or enzymatic properties, such as by obstructing the interaction interface [137].
Collectively, any inhibition of IN/VRNA interactions resulted in mislocalization of the viral
ribonucleoprotein complexes outside the capsid lattice, which in turn led to premature
degradation of the viral genome and IN in target cells. These data shed light on the
functional phenotype of the Class Il mutant subset. The data indicates that many of the
defects that were traditionally ascribed to any of a number of early stages of the lifecycle,
including defects in reverse transcription, nuclear import, or uncoating, may collectively
result from an initial mislocalization of ribonucleoprotein complexes outside of the
protective capsid shell during virion morphogenesis [141]. Treatment of virus producer cells
with allosteric IN inhibitors (ALLINISs, to be described below) impairs IN-RNA binding

in virions, also yielding mislocalization of ribonucleoprotein complexes [136,138,142].
Taken together, these exciting results suggest that HIV-1 IN plays a non-catalytic biological
role in virion morphogenesis to ensure correct positioning of ribonucleoprotein complexes
within protective capsid shell. Understanding how this process occurs at the molecular

and biochemical level will be of interest. It is curious that with MLV, complete deletion

of IN does not affect the viral replication cycle up to completion of reverse transcription
[143]. A positive role of IN in morphogenesis may not therefore be a general feature of all
retroviruses.

Catalytic Inhibition of Integration

The search for small molecule inhibitors targeting HIV-1 integration has been ongoing for
nearly three decades. The early literature describing steps toward identifying IN inhibitors
has been extensively reviewed [144,145]. Initial attempts identified small molecules that
bind IN, but none of them potently inhibited integration in cells. This changed when the
assay used to evaluate IN inhibitors was redesigned to evaluate strand transfer, rather than
3"-processing. In a series of papers, Hazuda and coworkers staged the complete integration
reaction and defined the requirements for nucleoprotein assembly and the enzyme’s separate
catalytic activities, namely 3"-processing and strand transfer [146,147]. This provided a
means by which to screen compounds that inhibited IN strand transfer activity, specifically,
which ultimately lead to the first potent IN inhibitors [148,149]. These compounds were
characterized by a p-diketo acid (DKA) moiety as their pharmacophore, and subsequently
became known as the IN strand transfer inhibitors, or INSTIs. There remained a major
concern —that INSTIs would have exactly one shot at blocking the catalytic reaction,
because integration needs to only occur once to establish infection in the target cell. This
property contrasts IN with other processive enzymes, such as RT, and cast doubt on the
promise of IN inhibition as a therapeutic strategy. However, eventually the new inhibitors
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turned out to be highly effective. It was later clarified that one reason for their efficacy is

the very long dissociative half-life of the drug from the nucleoprotein assembly [150,151].
The early efforts lead to the first DKA INSTIs, and ultimately to clinically approved drugs.
Below we will briefly describe the distinct compounds, their mechanisms of action, and
pathways toward viral resistance. We note that this topic has been extensively reviewed over
the last year, and we point the interested reader to this literature for further details [152-154].

Clinically approved INSTIs for use in antiretroviral therapy

There are now five INSTIs that are clinically approved by the US Food and Drug
Administration (FDA) for use to treat HIV-infected individuals, and INSTIs are standard
of care in ART regimens. These drugs include the first generation INSTIs Raltegravir
(RAL, approved in 2007) and Elvitegravir (EVG, approved in 2011), as well as the second
generation INSTIs Dolutegravir (DTG, approved in 2013), Bictegravir (BIC, approved in
2018) and Cabotegravir (CAB, approved in 2021). The chemical structures of these drugs
are shown in Figure 9. With the exception of CAB, all the currently approved INSTIs are
given as oral medications; CAB is the first injectable regimen for HIV-infected adults and
is administered once monthly (an oral form of CAB was also approved to be used with
Rilpivirine, a non-nucleoside reverse transcriptase inhibitor, for the first month prior to
starting the injectable form of treatment) [155,156]. CAB was found to have an unusually
long half-life, which led to its formulation as a long-acting injectable. The comparative
safety and efficacy of these drugs has been recently discussed [157].

All clinically approved INSTIs have specific chemical features and a well-defined
mechanism of inhibition. Early structures of the prototype foamy virus (PFV) intasome
bound to both first and second generation INSTIs provided insights into the mode of
INSTI binding [45,158,159]. The structures of PFV intasomes bound to INSTIs revealed
commonalities between the different ligands. INSTIs are generally characterized by: (1)
the presence of three electronegative atoms that chelate two Mg?* ions in the active site

of IN and that are typically embedded into or around a core scaffold of the ligand; (2) a
halogenated benzene moiety that inserts into a pocket of the nucleoprotein assembly and
makes a -1 stacking interaction with the penultimate base of viral DNA,; (3) a linker that
connects the core scaffold to the halogenated benzene [160]. The structural data also shed
light on chemical strategies for INSTI improvement and modification, and there have been
multiple improvements that conferred potency to the compounds, leading to the second-
generation inhibitors [158]. First, the linker connecting the core scaffold to the halogenated
benzene moiety was lengthened, which allowed the benzene moiety to extend deeper into a
pocket and make a stronger interaction with the penultimate vDNA base. Second, the core
scaffold was enlarged, and a third ring was appended to generate more surface contact with
the IN active site, allowing the ligand to bind with increased stability in the active site. We
now have structures of lentiviral intasomes from SIV,, and from HIV-1 bound to second
generation INSTI drugs [161,162] (Figure 10A). Since the active sites of lentiviral and
PFV intasomes are <50% identical, these new structures highlighted small but significant
differences between the two active sites, which confer some variability to the binding mode
of certain drugs. The common feature of all INSTIs is that the vDNA forms part of the
binding motif, which explains why INSTIs target intasomes specifically, and not free IN
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[148]. As a result, INSTIs are also fairly specific for their biological target, and they appear
to have low off-target binding. Although there have been early reports that some INSTIs
bind the Rag1/Rag2 recombinase enzymes [163], which form nucleoprotein assemblies with
DNA that remotely resemble intasomes, the binding affinity of INSTIs toward Rag1/Rag?2
assemblies is in the uM range [164,165], and whether such off-target effects are clinically
significant remains unclear. In summary, INSTIs are potent and now established drugs with a
well-defined binding mode and mechanism of inhibition.

Developmental INSTIs containing the naphthyridine core scaffold

Nearly two decades ago, compounds containing a naphthyridine core were shown to contain
IN inhibitory activity [166-168]. These compounds were developed into potent IN inhibitors
that rival or even outcompete clinical drugs in terms of their ability to inhibit a broad

range of viral resistant variants (VRVS) [169-172]. The best naphthyridine compounds were
designed to include the features of the more potent second generation INSTIs, including:

a halogenated benzyl moiety that base pairs with the penultimate cytosine of viral DNA,

a long linker that connects the halogenated benzene to the core scaffold, while conferring
flexibility to the INSTI against VRVs; modifications around the core scaffold that improve
potency to the compounds. Overall, the binding mode of the naphthyridine compounds
resembles that of all other INSTIs, with the exception that they bind closer to the IN active
site by virtue of the fact that one of the three electronegative atoms is embedded directly into
the core INSTI scaffold [162,169] (Figure 10B).

The structures of HIV-1 intasomes bound to naphthyridine-containing INSTIs provided
novel insights into the small but significant variability of drug binding. Sequence divergence
between HIV-1 IN complicates extrapolation of the PFV structural data to HIV-1, and many
residues in HIV-1 that confer INSTI resistance when mutated are not conserved in PFV.
This lack of conservation leads to important differences in how naphthyridine-containing
INSTI binds to the active site of each IN. For example, the exact same ligand (either

the developmental naphthyridine-based inhibitors 4f or 4c) binds distinctly to the different
intasomes (Figure 11). The chemical substituent that is appended to the core scaffold of

the INSTI and confers potency to the ligand extends out toward the solvent-exposed cleft
when bound to the HIV-1 intasome, but bends back when bound to the PFV intasome; in the
case of the sulfhydryl benzene moiety, the substituent makes an intramolecular t—r stacking
interaction with the INSTI core and dislodges it from its preferred location. These recent
data indicate that the HIV-1 intasome should now be used for subsequent efforts aimed at
understanding drug binding and the acquisition of viral resistance, which will be discussed
in the following section.

Viral resistance against clinically used INSTIs

Al INSTIs are extremely potent inhibitors of WT IN, with affinities in the low nM range.
The major difference between the first and second generation INSTIs primarily has to do
with their ability to inhibit mutant forms of IN. Whereas both RAL and EVG can potently
inhibit the WT enzyme, the virus quickly develops resistance against both compounds [173].
The first-generation INSTIs are susceptible to the emergence of viral resistance, and once
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resistant variants emerge, neither of these compounds is able to inhibit VRVSs. In contrast,
the second-generation INSTIs and the developmental naphthyridine-containing INSTIs can
potently inhibit mutant forms of IN that arise during the course of treatment with the first-
generation inhibitors [171,172,174]. Nonetheless, resistance to second generation INSTIs
still occurs [175]. Resistance is particularly acute in HIV-1, because the virus rapidly selects
for drug-resistant mutations, and viral sequences within an infected individual can differ

by 10% or more [176]. Viral diversity and the rapid selection for drug-resistant mutations
imposes challenges on the development of treatment strategies for people living with HIV.
These challenges may also be exacerbated when INSTIs are administered sub-optimally,
leading to further complications and genetic recombination in the infected cell [177,178].

The basic mechanism of resistance follows a well-defined pattern. First, an initiating
mutation reduces the binding affinity of the drug but frequently confers a fitness penalty;
secondary resistance substitutions arise after continued drug pressure and alleviate the
negative effects of primary mutations and restore viral fitness, and they may also increase
the level of INSTI resistance [179]. The quintessential pair of viral mutations that arises

in response to continued INSTI treatment is the G140S/Q148H double mutant. Glu148

is initially mutated to His, which reduces the dissociative half-life of the compound and
facilitates drug displacement, but this mutation comes with a fitness cost. Subsequently,
Gly140 is mutated to Ser, and this mutation restores viral fitness while maintaining the
decreased ligand binding affinity [180]. The mechanism of resistance was elucidated
recently through structural studies using the SIV .y, intasome [161]. A change at residue
148 increases the local electropositivity of and redistributes the local charge around the
Mg?+-ligand cluster, weakening the interaction between the drug heteroatoms and the metal
ions. There are other mutations that can arise in these amino acids, and the collective set is
typically defined as G140A/S + Q148H/K/R escape pathway. This general escape pathway is
important to understand, because it underlies the binding mode of all INSTIs. There are also
many complex mutations (“complex” is defined as having three or more residue changes
compared to WT) that develop along this pathway, which may further impair binding and
eventually lead to viral escape [171,172,174,181]. Several other escape pathways have been
described. Resistance involving the residue Y143 is a frequent cause of RAL failure [182].
Resistance through the Y143 pathway can be readily explained, because RAL makes a
putative 7t stacking interaction with Y143 in HIV-1 IN (the mechanism was defined

with the prototype foamy virus IN, which contains Y212 at that position), and loss of this
stacking interaction considerably reduces the binding affinity of the drug [45]. N155H is
also frequently selected during INSTI treatment and appears to represent a separate pathway.
Although an attempt was made to define the mechanism of resistance using the PFV
intasome as a model system [159], given the considerable structural differences between the
active sites of HIV-1 and PFV IN [161,162], the mechanistic basis for this pathway needs
to be revisited with structures of lentiviral intasomes. Newer pathways that appear to be
selective for second-generation INSTIs include the R263K and G118R variants [183-185].
There is currently no mechanistic explanation for these resistance pathways, and structures
of mutant intasomes bound to second-generation INSTIs need to be determined. There are
many other IN mutants that have been identified that exhibit decreased susceptibility to
INSTIs (reviewed in [153]). Tissue culture experiments using serial viral passages have
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been helpful in identifying novel variants and may be good predictors of escape pathways
that arise in patient populations [153,175,183]. There are multiple systematic reviews of
mutations to INSTIs that arise in the clinic and/or in cell culture experiments, and the reader
is pointed to those for further details [153,181].

One approach to combat resistance is to constrain the ligand to the regions characterized

by the molecular substrate envelope of the enzyme. The substrate envelope is the molecular
envelope of an enzyme that binds natural substrates. In the case of IN, the natural substrates
are both viral and target DNA. If the ligand is maintained entirely within the natural
substrate envelope of the enzyme, then a resistant variant that displaces the ligand must
protrude into the natural substrate envelope. This may compromise viral fitness, and the
resistant variant is less likely to persist in the viral population. Conversely, if the ligand
protrudes out of the substrate envelope, then it is easier for resistant variants to displace

the ligand and have no impact on the natural function of the enzyme, thus increasing the
chance of maintaining normal viral fitness. The idea of maintaining a ligand within the
substrate envelope to avoid the development of resistance was initially developed with and
applied to the design of HIV-1 Protease inhibitors [186-188]. This idea was then adapted
for use with INSTIs, initially using the atomic structure of the PFV intasome for defining
the substrate envelope [169] and then using the atomic structure of the HIV-1 intasome
[162]. Optimization of INSTIs should take into account this simple principle to increase the
probability of identifying compounds that will remain potent against VRVs. The idea may be
more broadly applicable to other studies of small molecule inhibition.

Single round replication assays using clinical isolates of HIV-1 have enabled accurately
defining the replication capacity of mutant viruses and the inhibitory potencies of INSTIs
against resistant viruses [153,175]. These assays, in combination with structural biology
and synthetic chemistry, have been essential for systematically comparing different INSTIs
against broad panels of VRVs that arise either in the clinic or in tissue culture and
establishing structure—activity relationships to guide INSTI design efforts. For example,

it was possible to define how substituents could be optimally positioned around the
naphthyridine core. The addition of an amino group at the 4- position yielded substantial
improvements in potency against important VRVs [189]. Similarly, the addition of
substituents at the 6- position typically resulted in improvements in potency, which could be
attributed (at least in part) to the additional contacts between ligand and protein interface;
6- substituents could be titrated, for example the addition of a pentanol / hexanol was found
to be more effective than the addition of an octanol or propanol in terms of minimizing

the half maximal effective concentration (EC50) of ligand in cellular assays [169]. In
contrast, substitutions at the 7- position yielded no benefits [170]. Substitutions at the 5-
position have not been extensively explored, but some have yielded interesting findings
[190]. There are ongoing efforts to combine the best chemical substitutions for each position
to yield maximal benefits in terms of ligand potency against VRVs. Such systematic studies
that include chemistry, structural biology, and virology have collectively yielded several
compounds that are highly potent against many of the VRVs that arise in the clinic (e.g.
Figure 11). Some of the best naphthyridine compounds, including 4c, 4d, and 4f, are at least
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as potent, if not more so, at inhibiting mutant forms of the virus and are frontrunners as
next-generation drugs [162,169,172].

Future directions with INSTI development

The active site of the intasome bound by INSTIs can be conveniently described with

a “roadmap” chemical representation depicting the important atomic interactions. INSTI
interactions with IN residues and water molecules can be subdivided by their relative
positions, with respect to the plane formed by the MgZ*-coordinating ligand scaffolds—
respectively above, in-plane, and below the plane, as depicted in Figure 12 [162]. The INSTI
core is engaged from above by the purine ring of the 3’-adenosine via a m—m stacking
interaction. Below the core, there is a network of water molecules, which plays an important
role in INSTI binding and the onset of resistance. Such depictions, in combination with
structural biology data, can guide structure-based drug design. For example, there is a
considerable chemical space on the side of the INSTI opposite the vDNA, which points
toward the bulk solvent, on the left of the schematic. Both the second generation INSTIs and
the developmental naphthyridine compounds have made use of some of this space, and their
increased potency can be in part attributed to the additional interactions made in this general
area [161,162]. Both of the recent structural reports describing HIV-1 and SIV ¢, intasomes
bound to the latest INSTIs also defined extensive water networks throughout the active

site of the enzyme assembly (labeled “W” in Figure 12). Water molecules play important
roles in ligand binding and contribute significantly to ligand affinity. For example, the
displacement of water molecules can have drastic effects on ligand binding and potency, and
the resulting effects have been described in both enthalpic and entropic terms [191-194]. The
role of water, and the mechanisms through which water network reorganization contributes
to ligand binding has gained considerable attention over the past decade within the drug
design community. Despite the important advances in the recent structural biology data,
experimental resolutions were still limited, and it is likely that more water molecules will be
identified as experimental resolutions improve. An accurate understanding of water network
topology and the interactions between neighboring water molecules or with the enzyme,
coupled with an understanding of their dynamics and stability, is essential for gaining insight
into mechanisms of viral resistance and for accurate drug design. The insights will lead to
improved abilities to compute ligand binding free energies, to predict how changes in the
active site affect ligand binding, and may help with designing improved compounds that
make better use of the enzyme active site for potent inhibition. To complement efforts in
identifying novel protein/ligand interfaces, it may also be possible to build into the empty
cavity that is occupied by water molecules below the plane of the INSTI, as was recently
proposed based on the cryo-EM structures of HIV-1 and SIV ¢, intasomes bound to INSTIs
[161,162].

An important future consideration for all studies focusing on INSTI design is whether the
compounds inhibit resistant variants of the virus. The most relevant variant appearing in
patient samples is the G140S/Q148H double mutant, which arises in response to both first-
and second-generation drugs and affects the potency of all INSTI regimens [153,175,181].
This double mutant exploits the INSTI Achiles’ heel — it affects the ability of all INSTIs
to bind IN by altering the charge distribution around the metal ions and thus affecting
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the chelation the two Mg?* ions [161]. Many of the complex resistant variants include

the G140S/Q148H variants, but novel resistance pathways are also appearing [153]. It is
important to begin investigating the drug resistant variants, because all currently available
INSTIs, including 15t generation and 2" generation drugs as well as developmental
compounds, bind to the wild type enzyme with low nanomolar affinity and potently inhibit
integration. There are extensive ongoing efforts to develop novel INSTI scaffolds that
would improve upon the second-generation compounds, and some of these have shown
impressive results in biochemical and cellular inhibition studies, with several compounds
exhibiting picomolar affinities to the WT enzyme [195]. The latest efforts and successes
have been described in a recent review [152]. However, once the virus evolves resistance,
many currently available INSTIs fail. We argued that it is no longer productive to design
compounds that accomplish the same goal in a slightly different manner. The more

useful strategy will be to design compounds that target patient-derived VRVs, especially

in response to the 2"d generation drugs. The rationale is that treatment targeting distinct
variants that may arise in response to therapy restricts the viral population early on during
therapy and reduces the number of variants that must be targeted in future therapeutic
strategies [196]. Optimal ART will prevent future viral evolution and, in this way, it will be
possible to stay ahead of the virus during treatment. Lessons from such studies with HIV can
be extended to many human diseases.

Allosteric Integrase Inhibitors

A second class of drugs has been more recently developed that inhibits IN through a novel
mechanism of action that is distinct from INSTIs. Using either high-throughput screening
or structure-guided modeling that was intended to inhibit the interaction between IN and
the cellular factor LEDGF, several groups reported on compounds that have inhibitory
activity against IN [197,198]. Similar compounds have been reported in other work and
given a variety of names, including Allosteric Integrase Inhibitors (ALLINIS), Non-Catalytic
Integrase Inhibitors (NCINIs), LEDGF/p75-IN interaction site (LEDGINSs) and IN-LAI
(IN-LEDGEF allosteric inhibitors), and multimeric IN inhibitors (MINIs). Below, we will
give a brief account of the main properties of these compounds. There has been an
extensive literature discussing the different ALLINI compounds, chemical optimizations,
mechanism of action, and their utility, and the interested reader is pointed to those works
for further details [199-202]. The class of allosteric inhibitors is characterized by the
presence of heterocyclic cores, such as pyridine [203,204], thiophene [205], quinoline
[197,198,206-209], isoquinoline [210], and thienopyridine [198,211]. All compounds
belonging to this class bind to the interface formed by LEDGF and IN, effectively blocking
this interaction. Although the blockage of this interaction can be clearly recapitulated in
vitro [206,208,211], more recent data indicates that the compounds display the greatest
potencies in the late phases of the viral replication cycle [138,203,207,209,212,213].

The basis of their mechanism of action is the rapid hyper-multimerization of IN
[51,138,203,207,209,212-217]. Because IN has been implicated in RNA binding and
packaging of the genomic RNA (see above), treatment with ALLINIs also leads to the
improper localization of vVRNA outside of the conical capsid core [51,136,138]. Early
structural reports showed how ALLINI compounds bind at the CCD-CCD dimer interface,
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which would be normally occupied by the IBD of LEDGF/p75 [138,197]. These, as well as
more recent structural reports [51,138,197,203,210,215,218-221], all used the CCD dimer to
template different ALLINI compounds for structural studies. Several examples of ALLINI
structures bound to the CCD dimer interface, and how their binding compares with that

of the IBD domain of LEDGF, are shown in Fig. 13A-C. The sole structural report that

used full-length IN revealed further inter-dimeric contacts spanning the CTD of IN, the
ALLINI compound, and the CCD of IN, implying that regions beyond the CCD may also
play a role in ALLINI potency [214] (Fig. 13D-E). These structural findings were supported
by modeling experiments, which showed that ALLINIs facilitate the aberrant formation

of inter-subunit interactions between an external CTD and the CCD-CCD dimer interface
[217]. Notably, in the structural biology study, the NTD of IN was not observed in the
structure, although it is known that the NTD may contribute to ALLINI potency and drug-
mediated IN hyper-multimerization [51]. At least for the pyridine-based compounds, there
actually appears to be selectivity for the tetrameric form of IN, whereas the quinoline-based
compounds can hyper-multimerize both dimeric and tetrameric IN [51]. More recently,

a comprehensive biophysical report showed that the quinoline-based compounds induce
higher-order aggregates that have the characteristics of weak three-dimensional gels with a
fractal-like character [216]. As with INSTIs, there are numerous ways in which resistance
can occur, and several variants have been studied that arise to distinct drug classes
[198,203,205,208,214,215,218]. Interestingly, ALLINIs appear to be selective for HIV-1
and do not potently inhibit SIV or HIV-2 [198,205,212], which is in stark contrast to the
INSTIs that broadly bind to intasomes and inhibit viruses across different retroviral genera
[45,135,161,162]. Taken together, the collective data is beginning to elucidate the intriguing
structural, biophysical, and inhibitory properties of this developmental drug class. Although
there are currently no FDA-approved ALLINI drugs, numerous ongoing efforts indicate that
this is a promising class of selective compounds that targets a distinct genetic pathway of
the HIV-1 replication cycle, and may therefore synergize with other treatment strategies,
including INSTIs.

Concluding remarks

In this chapter, we have focused on the biochemical properties, structural biology, and
inhibition of IN. Mechanistically, there is still much to learn about the interactions of
retroviral INs with cellular proteins and with host chromatin, as well as the functional roles
of these proteins. Excitingly, technologies for studying bona fide PICs, in and outside of
their cellular context are also beginning to mature. The PIC remains a mysterious entity,

and its constitution, structural organization, and interactions with viral/host components
need to be clarified. There are active developments in the rapidly expanding fields of super-
resolution florescence microscopy, focused ion beam milling, and cryo-electron tomography
that are opening up opportunities for cellular structural biology, and at least some of these
mysteries should be clarified in the next decade. There are also still numerous outstanding
questions pertaining to the post-integration steps of the viral replication cycle, as well as

an actively developing area of investigation detailing the mechanisms by which HIV-1 IN
interacts with RNA to mediate correct packaging of the viral genome into virions. The RNA
binding function of IN is a recently appreciated phenomenon and may open doors to entirely
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novel areas of investigation. In the context of inhibition, IN inhibitors are now a frontline
treatment for HIV. The development of these drugs has been a decades long quest from

the development of the first in vitro systems for retroviral DNA integration to large scale
screening of compounds and the many uncertain steps between identifying lead compounds
and finally bringing a drug to market. The early progress was made in the absence of
high-resolution structural information because retroviral intasomes have been refractory to
such studies. Advances in the biochemistry of retroviral IN systems, especially PFV IN

and more recently SIV,.m and HIV-1 IN, together with prodigious advances in cryo-EM,
have now opened the door to more systematic improvement of INSTIs and understanding of
the mechanisms of drug resistance. Entirely different strategies of targeting HIV-1 integrase
based on allosteric inhibitors, which compete with the RNA-binding function of IN, show
great promise. During the next decade, we can anticipate exciting new advances that build
on current structural knowledge of INSTI mechanism and progress with understanding some
of the less well studied facets of IN and integration.
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Figure2.
Schematic mechanism of intasome assembly. Under the right biochemical conditions, an

oligomer of IN proteins assembles on the ends of vDNA to form the stable synaptic complex
(SSC). IN then cleaves two nucleotides from the 3" ends of vDNA, forming the cleaved
synaptic complex (CSC) that exposes the conserved free 3'-OH groups of the catalytically
competent CA dinucleotides. CSC intasomes can capture tDNA to form the target capture
complex (TCC), which will rapidly catalyze strand transfer to form the post-catalytic strand
transfer complex (STC) in which the tDNA and the integrated vDNA are still bound

to the intasome. In this schematic, there are two oligonucleotides that mimic the two
long-terminal repeats of vDNA ends, which facilitates in vitro assembly and biochemical/
structural studies. However, in a cell, these would be replaced by a single vDNA genome
containing long-terminal repeats on each end, respectively.
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Domain organization and conservation of retroviral IN proteins. (A) Schematic

representation of different retroviral INs. The distinct domains (NED, NTD, CCD, and

Page 37

CTD) are indicated, along with amino acid positions. (B-D) sequence conservation among
retroviral IN domains, including (B) the NTD, (C) the CCD, and (D) the CTD.
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Figure 4.
Structures of individual IN domains. (A) The NTD from HIV-1 IN first solved by NMR,

showing the basic organization and the Zn-binding HHCC motif. (B) Overlay of NTDs from
different retroviral INs in the public domain. (C) Overlay of CCDs from different retroviral
INs in the public domain. (D) Overlay of the CCD from HIV-1 IN with the catalytic domain
from transposases, Metnase and Mosl. (E) Overlay of CTDs from different retroviral INs

in the public domain. (F) The NED from PFV shown in its configuration interacting with
VDNA. (G) Overlay of the NED from PFV and from MoMuLV.
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Figureb.
Structures of oligomeric and multi-domain constructs of IN. (A-C) Individual domains

of HIV-1 IN form homodimers. Each domain is colored accordingly to the domain
representation on the top left of the panel. (D-F) Structures of the SIV, RSV and HIV-1 INs
comprising the CCD-CTD domains and organized into dimers. (G) Structure of the NTD-
CCD multi-domain construct from HIV-1 IN in a tetrameric configuration. The tetramer,

or dimer of dimers, is maintained by CCD-CCD dimers that interact through the loop
comprising residues ~186-195, as well as interactions involving NTD dimers. (H) Structure
of the NTD-CCD multi-domain construct from MVV IN, also in a tetrameric configuration.
This complex also had the IN-binding domain (IBD) of the protein LEDGF/p75 (discussed
later) bound to each CCD dimer. This structure differs slightly by the manner in which the
CCD-CCD dimers interact, as well as by the configuration of the NTDs. (I) Structure of the
NTD-CCD multi-domain construct from HIV-2 IN, packed as a trimer of dimers in a distinct
configuration from the other NTD-CCD constructs. This structure also had the IBD domain
bound. (J) Structure of the NTD-CCD multi-domain construct from HIV-1 IN carrying a
Phenylalanine at the N-terminus.
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Figure®6.
Structures of intasomes from different retroviruses. Each IN protomer is colored with a

different color. The oligomeric forms are tetramer (PFV and HTLV1), octamer (MMTYV and
RSV), hexadecamer (MVV) and both tetramer and dodecamer (HIV). The SIV structural
form depicted here is the base unit of an intasome stack, which is a run-on oligomer of
incompletely formed “proto-intasome” octamers containing 2 VDNAS per octameric unit.
They are not biologically relevant as an oligomeric species, but should contain an identical
active site and can therefore be successfully used to study INSTIs.
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Figure 7. Structural basis of integrase 3’ processing and strand transfer activities.
(A) Structure of the manganese-bound SSC (PDB 4E71). The water labeled Wy, performs

a nucleophilic attack on scissile phosphodiester bond of vDNA (bold red arrow), displacing
two or three nucleotides from the end. The DNA and IN backbones are colored khaki and
blue, respectively; red and orange sticks are oxygen and phosphorus, respectively. Purple
and red spheres are manganese ions and water molecules, respectively, with the nucleophilic
water labeled Wyy,c. Purple dashed lines indicate metal ion interactions. (B) Overlay of
metal ion-bound TCC (PDB 4E7K); DNA and protein in green) and STC (PDB 4E7L; DNA
and protein in pink) structures. The 3"OH performs a nucleophilic attack on the scissile
phosphodiester bond of tDNA (bold red arrow) [80]. Both sets of metal ions are shown; the
3.8 A spacing between ions in the TCC contracts to 3.2 A in the STC. The curved black line
indicates the displacement of the viral-target DNA phosphodiester bond after strand transfer
relative to the scissile bond in tDNA. Other labeling is the same as in panel A.
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Figure8.
Structure of the PFV intasome bound to the nucleosome core particle. The intasome binds to

superhelical location at position +/-3.5 on the nucleosome
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Figure9.

Clinically approved drugs used to treat HIV-infected individuals. The first-generation drugs
include Raltegravir and Elvitegravir, and the second generation drugs include Dolutegravir,
Bictegravir, and Cabotegravir.
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Figure 10.
Binding modes of second generation and developmental naphthyridine-scaffold INSTIs to

lentiviral intasomes. (A) Superposition of second generation INSTIs bound to SIV,m and
HIV-1 intasomes. (B) Superimposed binding modes of the second generation INSTI BIC
and the developmental naphthyridine-scaffold compound 4d, bound to the HIV-1 intasome,
are displayed. The compound 4d binds closer to the Mg2* ions because the electronegative
atoms are embedded into the core of the scaffold. The terminal adenine base of vDNA and
all water molecules are omitted for clarity.
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Figure 11.
INSTIs can bind differently to PFV and HIV intasomes. (A and B) Compound 4f bound

to the (A) HIV (pink) and (B) PFV (gray) intasome. (C) Overlay of compound 4f binding
modes. (D and E) Compound 4c, containing a 6-pentanol substituent, bound to the (D) HIV
(green) and (E) PFV (gray, PDB 5FRN) intasome. (F) Overlay of compound 4c binding
modes. Compound 4d, containing a 6-hexanol substituent, is also shown in its binding mode
to the HIV (light blue) intasome. In (A), (B), (D), and (E), intasome active sites are shown
as surface views, with labeled residues. R231 is poorly ordered in the map and is, therefore,
displayed as an Ala stub. The terminal adenine is removed for clarity.
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Schematic representation that recapitulates the receptor molecular environment and

the water (W) networks with which the naphthyridine scaffold ligands interact when
coordinating the Mg2* ions. The scheme summarizes interactions by their locations with
respect to the metal coordination plane of the naphthyridine scaffold (above, in-plane, or
below). For clarity, the two water molecules coordinating the Mg2+ ions from above are not

shown.
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Figure 13.
Binding mode of ALLINIs to HIV IN. (A) The structure of the IBD of LEDGF/p75 (green)

bound to a dimer of CCDs of HIV-1 IN (brown) (PDB 2B4J). Residues in contact distance
are depicted. (B) The structure of compound KF116 (yellow surface) bound to the CCD
dimer interface of HIV-1 IN (PDB 4055). The chemical structure of KF116 is on the top
left of the panel. (C) The structure of compound BI1224436 (gray) bound to HIV-1 IN (PDB
4ANYF). The chemical structure of B1224436 is on the top left of the panel. Green circles
depict two critical regions of ALLINIs potency, the carboxylic acid, and tert-butoxy, that
mimic the key residues lle-365 and Asp-366 of LEDGF/p75, respectively. (D) The structure
of the compound GSK1264 bound to the CCD:CTD dimer of HIV-1 IN (PDB 5HOT). Both
the CCD and the CTD form part of the ALLINI interface. (E) Depiction of the CCD dimer
interface where GSK1264 binds for comparison with panels A-C (here, the CTD has been
omitted for clarity).
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