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Abstract

Multimeric HIV-1 integrase (IN) plays an essential, multifunctional role in virus replication and
serves as an important therapeutic target. Structural and biochemical studies have revealed the
importance of the ordered interplay between IN molecules for its function. In the presence of viral
DNA ends, individual IN subunits assemble into a tetramer and form a stable synaptic complex
(SSC), which mediates integration of the reverse transcribed HIV-1 genome into chromatin.

Cellular chromatin-associated protein LEDGF/p75 engages the IN tetramer in the SSC and directs
HIV-1 integration into active genes. A mechanism to deregulate the productive interplay between
IN subunits with small molecule inhibitors has recently received considerable attention. Most
notably, allosteric IN inhibitors (ALLINIs) have been shown to bind to the IN dimer interface at
the LEDGF/p75 binding pocket, stabilize interacting IN subunits, and promote aberrant, higher
order IN multimerization. Consequently, these compounds impair formation of the SSC and
associated LEDGF/p75-independent IN catalytic activities as well as inhibit LEDGF/p75 binding
to the SSC in vitro. However, in infected cells, ALLINIs more potently impaired correct
maturation of virus particles than the integration step. ALLINI treatments induced aberrant, higher
order IN multimerization in virions and resulted in eccentric, non-infectious virus particles. These
studies have suggested that the correctly ordered IN structure is important for virus particle

Correspondence to: Mamuka Kvaratskhelia, Kvar at skhel i a. 1@su. edu.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Feng et al.

Page 2

morphogenesis and highlighted IN multimerization as a plausible therapeutic target for developing
new inhibitors to enhance treatment options for HIV-1-infected patients.

Graphical abstract

HIV integration. A tetramer of HIV integrase (B) assembles on viral DNA (A) ends and mediates
its integration into host cell chromatin. Cellular protein LEDGF/p75 (C) binds IN tetramer in the
nucleoprotein complex and navigates HIV-1 integration in active genes

1 Introduction

A tetramer of HIV-1 integrase (IN) assembles with viral DNA ends to form the stable
synaptic complex (SSC) or intasome and catalyzes integration of reverse transcribed viral
DNA into the host chromatin (Brown 1997). Initially, IN removes a GT dinucleotide from
the 3’-terminus of each viral DNA end (3’-processing) and subsequently catalyzes concerted
transesterification reactions (DNA strand transfer) to integrate the recessed viral DNA ends
into the target DNA in a staggered fashion. Cellular chromatin-associated protein lens
epithelium-derived growth factor (LEDGF)/p75 engages the IN tetramer in the
preintegration complex (PIC), which in addition to the intasome contains additional viral
and cellular proteins, to target HIV-1 integration into active genes (Cherepanov et al. 2003,
2005a; Ciuffi et al. 2005; Llano et al. 2006; Shun et al. 2007; Ferris et al. 2010; Busschots et
al. 2005).

Mutagenesis studies have revealed that in addition to its catalytic function, IN also plays an
important role during the late stage of HIV-1 replication [reviewed in (Engelman 1999,
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2011)]. Accordingly, IN mutants have been grouped in two separate classes: The mutations
that selectively impair integration, such as substitutions of catalytically essential residues,
have been defined as class | mutants, while the mutants that display pleiotropic phenotypes
affecting in addition to integration other replication steps including virus particle maturation
are termed class Il mutants (Engelman et al. 1995; Engelman 1999, 2011; Johnson et al.
2013; Jurado et al. 2013; Bukovsky and Gottlinger 1996; Cannon et al. 1994). The class |1
mutants which displayed aberrant virion morphology were also severely impaired for
subsequent reverse transcription. Virions generated with a virus containing a complete or
partial IN truncation of the polyprotein were also defective for subsequent reverse
transcription (Dar et al. 2009; Wu et al. 1999); however, this phenotype could be corrected
by expression of a Vpr-IN fusion protein, which was catalytically inactive due to a D116A
mutation in the active site but which was still efficiently packaged in the virions (Wu et al.
1999). These findings have collectively indicated that ordered IN structure rather than its
catalytic activities is important for correct virus particle maturation and subsequent round of
reverse transcription. Taken together, structural and mechanistic studies have suggested that
both the catalytic function of IN during integration and its structural role during the late
stage of HIV-1 replication can be exploited as antiviral targets.

HIV-1 IN strand transfer activity has been targeted by three clinical inhibitors: raltegravir
(RAL), elvitegravir (EVG), and dolutegravir (DTG) (collectively termed as IN strand
transfer inhibitors or INSTIs) (Johnson et al. 2004; Hazuda 2012). These compounds bind
the active site of IN and inhibit DNA strand transfer. HIV-1 IN mutations that confer cross-
resistance to the first generation INSTIs, RAL, and EVG have emerged in infected patients
receiving treatment (Sichtig et al. 2009; Steigbigel et al. 2008; Metifiot et al. 2011). The
second generation INSTI and DTG appears to have a higher genetic barrier and is effective
against a number of RAL and EVG resistance strains. Nevertheless, IN mutations that confer
resistance to DGT, albeit at lower levels than was seen for the first generation INSTIs, have
been described (Wares et al. 2014). Therefore, the development of small molecule inhibitors
that impair IN function with distinct mechanisms of action while retaining potency to
current INSTI resistant mutants is an important objective.

One such mechanism is to inhibit functional IN multimerization. For example, a small
molecule N,O-bis(3,4,-diacetyloxycinnamoyl)-serinate [referred in (Kessl et al. 2009) and
here as compound 1] has been shown to bind at the IN dimer interface and stabilize
interacting subunits into an inactive multimeric form Kessl et al. (2009) and Shkriabai et al.
(2004). The interest in this mechanism as a therapeutic target has been bolstered by the
recent identification of allosteric IN inhibitors or ALLINIs. While different groups have
suggested various names including LEDGF-IN inhibitors (LEDGINS), non-catalytic
integrase inhibitors (NCINISs), tert-butoxy-(4-phenyl-quinolin-3yl)-acetic acids (tBPQAS), or
IN-LEDGF allosteric inhibitors (INLAIS) (Christ et al. 2010; Le Rouzic et al. 2013; Tsiang
et al. 2012; Balakrishnan et al. 2013; Fader et al. 2014b) for the same class of compounds,
here we will refer to these inhibitors as ALLINIs due to their allosteric mechanism of action
(Kessl et al. 2012; Engelman et al. 2013). ALLINIs bind at the IN dimer interface in the
LEDGF/p75 binding pocket and impair HIV-1 replication. While the initial report suggested
that ALLINIs selectively compromise IN-LEDGF/p75 binding (Christ et al. 2010),
subsequent studies have clarified that the primary mechanism of action of this class of
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inhibitors is to promote aberrant, higher order IN multimerization (here the term “aberrant
IN multimerization” refers to the inhibitor-induced assembly of individual IN subunits into
catalytically inactive IN oligomers that differ from the functional tetramer found in the SSC)
(Kessl et al. 2012; Tsiang et al. 2012; Christ et al. 2012). Strikingly, ALLINIs potently
impaired the late stage of HIV-1 replication and yielded non-infectious particles reminiscent
to what was seen for the class I IN mutants (Jurado et al. 2013; Balakrishnan et al. 2013;
Desimmie et al. 2013). These findings have prompted interest in better understanding the
structural and mechanistic foundations for the functional multimerization of IN during both
early and late stages of HIV-1 replication and the subsequent exploitation of IN subunit—
subunit interactions as a novel therapeutic target.

2 Dynamic Interplay Between IN Subunits

Biochemical studies with full-length recombinant IN have revealed the highly dynamic
interplay between individual IN subunits, which enables them to assemble into catalytically
active tetramers in the presence of viral DNA (McKee et al. 2008). In the absence of cognate
DNA substrates, the apo-protein can adopt various multimeric forms depending on protein
concentration and buffer composition. Under limited ionic strength, IN readily oligomerizes
and forms inactive aggregates. Partial unfolding of IN with 1 M urea improved protein
solubility and allowed for the purification of active enzyme (Jenkins et al. 1996). More
sophisticated protocols for IN purification have since been developed. For example,
purification of IN in the presence of 7.5 mM zwitterion CHAPS and high ionic strength (1
M NaCl) buffer has yielded ~2 mg/ml active IN (Cherepanov 2007). The small-angle X-ray
scattering (SAXS) analysis of IN in a buffer containing 7 mM CHAPS and 0.5 % Nonidet
P-40 revealed exclusively monomeric protein (Baranova et al. 2007). However, upon
removal of these detergents, the oligomeric state of IN shifted to dimeric and tetrameric
forms. An alternative approach for IN purification is in the presence of 1 mM EDTA and
high ionic strength buffer, which results in predominantly monomeric protein (Pandey et al.
2011). Subsequent addition of 50 uM ZnCl, shifted its oligomeric state to a tetramer.
Interestingly, both monomeric and tetrameric forms of the protein displayed robust
concerted integration activities (Pandey et al. 2011).

Homogeneous time-resolved fluorescence (HTRF)-based assays coupled with mathematical
modeling were used to measure the association of individual subunits into dimers (Tsiang et
al. 2009). These experiments were conducted with wild-type IN in a buffer containing 150
mM NaCl and yielded Kd(gimer) 0f ~68 pM. The dissociation constant for a tetramer into
dimers has been monitored by sedimentation equilibrium experiments and revealed a
Kditetramer) Of 20 UM (Jenkins et al. 1996). However, this value is likely to significantly
underestimate the affinity for two interacting dimers as the sedimentation equilibrium
experiments were conducted with a buffer containing 1 M NaCl and 1 mM EDTA to
improve solubility of the protein. Furthermore, in these experiments, IN contained two
amino acid substitutions of F185K and C280S, which additionally enhanced protein
solubility (Jenkins et al. 1996).

The low solubility of IN has been one of the major obstacles toward obtaining atomic
resolution structures of the full-length protein. Therefore, structural studies have focused on
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individual domains. HIV-1 IN is comprised of three domains: the N-terminal domain (NTD)
(residues 1-46), catalytic core domain (CCD) (residues 56-202), and the C-terminal domain
(CTD) (residues 220-288) (reviewed in (Jaskolski et al. 2009), also see Fig. 1a). Two
flexible linker regions consisting of residues 47-55 and 203-219 connect the NTD with the
CCD and the CCD with CTD, respectively. NMR structures of IN NTD (1-47) (Cai et al.
1997) and a C-terminally truncation IN CTD (220-270) (Lodi et al. 1995; Eijkelenboom et
al. 1995, 1999) revealed dimeric organizations for each of the domains. The F185K
substitution has been identified as pivotal for increasing the solubility of IN CCD and has
enabled the crystallization and structure determination of the dimeric CCD (F185K) (Dyda
et al. 1994; Jenkins et al. 1995; Bujacz et al. 1996; Goldgur et al. 1998; Maignan et al.
1998). Subsequent efforts have succeeded in solving the structures of two domain constructs
of NTD-CCD (residues 1-212) (Wang et al. 2001) and CCD-CTD (residues 52—-288) (Chen
et al. 2000). Each polypeptide contained a number of mutations (W131D, F139D, and
F185K in the NTD-CCD; and C56S, W131D, F139D, F185K, and C280S in the CCD-
CTD) to increase the solubility of these proteins. Additionally, CHAPS was included in the
crystallization buffer for CCD-CTD (Chen et al. 2000). The NTD-CCD polypeptide yielded
a tetramer, whereas the CCD-CTD was seen as a dimer (Fig. 1b, c).

Comparative analyses of all available IN structures indicate that the focal point for protein—
protein interactions occur at the CCD dimer. The CCD-CCD interactions are conserved in
the CCD only structures (Dyda et al. 1994; Jenkins et al. 1995; Bujacz et al. 1996; Goldgur
et al. 1998; Maignan et al. 1998) as well as in the both two domain NTD-CCD and CCD-
CTD structures (Wang et al. 2001; Chen et al. 2000). The CCD dimer exhibits extensive
interactions with a buried surface area (BSA) of around 1500 A2. Furthermore, mutations
introduced at the CCD dimer interface compromised IN multimerization and HIV-1
replication (Serrao et al. 2012). The CCD contains the DDE motif, which is located on the
opposite side of the dimer interface (Fig. 1b, ¢). The DDE motif coordinates two Mg2* ions
and catalyzes both 3’-processing and strand transfer reactions.

NTD residues His12, His16, Cys40, and Cys43 coordinate a Zn cation which is essential for
the ordered structure of this domain as well as the functional multimerization of the full-
length IN (Zheng et al. 1996; Cai et al. 1997; Bushman et al. 1993; Lee et al. 1997,
Engelman and Craigie 1992; Hare et al. 2009a). In the NMR structure (Cai et al. 1997),
HIV-1 NTD was seen as a dimer with a relatively modest BSA of 330 A2, However, these
NTD-NTD interactions were not preserved in the context of the two domain NTD-CCD
tetramer (Wang et al. 2001). Instead, NTD-CCD inter-domain interactions were observed
with a BSA of 530 A2 (Wang et al. 2001). It should be noted that the flexible region (residue
47-55) connecting the NTD with CCD lacked appreciable electron density, which limited
the unambiguous assignment of NTDs from different polypeptides in the NTD-CCD
tetramer. The proposed model (Wang et al. 2001) suggested that one of the two NTDs from
one two domain NTD-CCD dimer interacts with the CCD from another two domain NTD-
CCD dimer, thus stabilizing a tetrameric form of the protein. The NTD-CCD interactions
were mostly polar, including interactions between Glull and Lys186, Lys14 and Trp132,
His16 and Arg187, and Asp25 and Lys188 (Wang et al. 2001). The functional significance
of NTD-CCD interactions was confirmed by mutagenesis experiments (McKee et al. 2008;
Hare et al. 2009a). For example, K14A, K186A, R187A, and K188A substitutions that

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2016 March 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng et al. Page 6

neutralize the charge or E11K and K186E substitutions that reverse the charge compromised
the functional tetramerization of full-length mutant IN with concomitant loss of the catalytic
activities (McKee et al. 2008; Hare et al. 2009a).

The CTD adopts a SH-3-like fold and was observed as a dimer with a BSA of 330 A2 in the
NMR structure (Eijkelenboom et al. 1995, 1999; Lodi et al. 1995). Mutagenesis studies have
shown that when L241A and L242A substitutions, which are seen at the hydrophobic CTD
only dimer interface, are introduced in full-length IN; they compromise IN multimerization
and catalytic activities (Lutzke and Plasterk 1998). However, the relatively limited CTD-
CTD interactions seen in the NMR structure are fully compromised in the context of the two
domain CCD-CTD structure (Chen et al. 2000). The CCD-CCD interaction in the two
domain dimer completely separates the CTDs (Fig. 1c). Furthermore, the CTD-CTD
interactions are not seen in molecular models for the HIV-1 intasome, which propose that
the CTDs contribute to the assembly of the SSC through directly binding viral DNA
substrates (see below).

The structural organization of individual domains in the context of full-length IN has been
analyzed by SAXS and protein cross-linking coupled with mass spectrometry (Bojja et al.
2013). Two mutant proteins were examined: IN E11K, which disrupted NTD-CCD
interactions that are important for the tetramer formation, and IN F181T, which
compromised CCD-CCD interactions. Interestingly, both mutant full-length proteins
yielded dimers; however, their structural organization differed markedly. The dimer formed
with HIV-1 IN E11K was stabilized by the canonical CCD-CCD interactions, whereas in
HIV-1 IN F181T dimer, the two CCDs were separated from one another, and instead, two
subunits were drawn together by interactions between the NTD of one monomer and the
CTD and the CCD of another monomer as well as by CTD-CTD contacts. Taken together,
structural studies with HIV-1 IN have highlighted the complexity of inter- and intra-subunit
interactions with individual protein domains adopting various conformations.

3 A Tetramer of IN Assembles on Viral DNA Ends to form the SSC

Initial indications that IN functions as a multimer have emerged from trans-
complementation experiments, where two inactive mutant INs containing substitutions in
different domains could be combined to regain the catalytic activities in vitro (Engelman et
al. 1993; van Gent et al. 1993; van den Ent et al. 1999). Similar observations were made in
infected cells where the pair-wise combinations of integration defective IN mutants from
HIV-1 molecular clones and Vpr-IN fusions resulted in provirus formation (Fletcher et al.
1997). Biochemical and biophysical experiments, which monitored interactions between
recombinant IN and short, typically 21-mer, synthetic double-stranded DNA
oligonucleotides mimicking the U5 viral DNA sequence, have concluded that a dimer of IN
assembles onto each viral DNA end and effectively catalyzes the 3’-processing reaction
(Baranova et al. 2007; Guiot et al. 2006; Deprez et al. 2000; Faure et al. 2005). IN can also
bind to non-specific DNA sequences but forms conformationally distinct inactive dimers
and tetramers (Baranova et al. 2007). Interestingly, experiments with longer viral DNA
substrates (~1 kbps) that allowed the monitoring of pair-wise integration events have also
revealed varying binding modes of IN to DNA (Li et al. 2006; Li and Craigie 2009; Kessl et
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al. 2011; Bera et al. 2009; Pandey et al. 2007; Kotova et al. 2010; Li and Craigie 2005;
Sinha et al. 2002; Sinha and Grandgenett 2005). For example, the specific functional SSC
complex is formed upon IN binding to both viral DNA ends and remains stable even when
exposed to high ionic strength buffers or detergents. In contrast, IN binding along the length
of the double-stranded DNA results in non-specific complexes which readily dissociate upon
exposure to 1 M NaCl. These observations have been exploited to isolate highly purified
SSCs (Li et al. 2006; Kessl et al. 2011; Li and Craigie 2009). Cross-linking experiments
have shown that IN is a tetramer when part of the SSC (L. et al. 2006). Furthermore, these
findings were supported by atomic force microscopy experiments which enabled the
visualization of IN synapsing two viral DNA ends with the volume of the IN molecules in
the SSC corresponded to a tetrameric form (Kotova et al. 2010; Tsuruyama et al. 2013).

Principal clues about the structural organization of the IN subunits in the SSC emerged from
the breakthrough crystal structures of prototype foamy virus (PFV) intasome [(Hare et al.
2010a, b, 2012; Maertens et al. 2010), reviewed in (Cherepanov 2010; Li et al. 2011,
Cherepanov et al. 2011; Engelman and Cherepanov 2012; Krishnan and Engelman 2012)].
The successful crystallization of the functional complex was aided by the fact that PFV IN
remains exclusively momomeric at high protein concentrations in a low ionic strength
buffer. This allowed for DNA-driven assembly of individual PFV IN subunits into the fully
functional intasome. The structure of the PFV intasome revealed that DNA—protein
interactions together with protein—protein contacts play an essential role in the organization
of IN subunits within the intasome. In particular, two distinct dimerization interfaces are
observed: inner subunits that are stabilized by DNA—protein and protein—protein
interactions, and two outer subunits that engage their inner counterparts through canonical
CCD-CCD interactions. The two inner subunits adopt a domain-swapped conformation,
where the NTD of one subunit interacts with the CCD of the other subunit. The two inner
CCDs do not interact with each other but instead engage the two viral DNAs with each DDE
catalytic site being optimally positioned to hydrolyze their respective scissile bond. In
addition, other domains of the inner subunits including the N-terminal extension domain
(NED), the NTD, and the CTD as well as the linker regions connecting the NTD with the
CCD and the CCD with the CTD also engage viral DNA. In contrast, the outer subunits do
not interact with viral DNA but instead appear to play a supporting role in the tetrameric
architecture of the protein.

The structure of PFV intasome has enabled plausible homology modeling studies with the
HIV-1 intasome (Krishnan et al. 2010; Kessl et al. 2011; Johnson et al. 2013). The overall
tetrameric organization of HIV-1 IN and its interactions with viral DNA in the proposed
models resemble the PFV intasome structure. The intra-subunit NTD—CCD interactions as
well as the interplay between the inner and outer CCD dimers have generally been accepted
for modeling the HIV-1 intasome. However, the proposed models (Krishnan et al. 2010;
Kessl et al. 2011; Johnson et al. 2013) differed with respect to the architecture of the linker
region connecting the CCD with the CTD of the inner IN subunits. A long, flexible loop-
helix—loop linker connects these two domains in PFV IN and allows for the CTD to be
optimally positioned to bind viral DNA (Hare et al. 2010a). In contrast, in the HIVV-1 IN
CCD-CTD structure, these two domains are bridged by a rigid, slightly tilted alpha-helix
(Chen et al. 2000). To allow for HIV-1 CTD to engage viral DNA, the connecting alpha-
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helix would have to be fully unwound (Krishnan et al. 2010; Kessl et al. 2011). However,
Johnson et al. (2013) has proposed an alternative arrangement where the linker adopts a
loop-helix-loop motif, which is reminiscent of the PFV linker. This model proposed that the
helical nature of the 214-221 region could be stabilized by interactions between two
subunits through intermolecular hydrogen bonding between GIn214 and GIn221. This
hypothesis was tested with site-directed mutagenesis which revealed that alanine or cysteine
substitutions at these positions significantly compromised virus replication (Johnson et al.
2013). Furthermore, these mutations have yielded eccentric particle morphology
characteristic for some class Il IN mutants, potentially providing a link between altered IN
multimerization and aberrant core morphogenesis. However, it is not clear whether these
mutations could also affect the assembly of the functional SSC. Future studies to scrutinize
the proposed homology based models and to better understand subunit—subunit interactions
within the HIV-1 intasome are warranted.

4 LEDGF/p75 Binds and Stabilizes IN Tetramers

LEDGF/p75 strongly modulates the dynamic interplay between HIV-1 IN subunits and
promotes IN tetramerization (McKee et al. 2008). As a result, LEDGF/p75 markedly
increases the solubility of recombinant IN by restricting its ability to form higher order
oligomers. Mutagenesis studies have mapped the principal interacting interfaces between the
C-terminal fragment of LEDGF/p75, termed the integrase-binding domain (IBD), and the IN
CCD and NTD domains (Cherepanov et al. 2004, 2005b). Furthermore, X-ray crystal
structures have revealed that a small loop of LEDGF/IBD docks in the V-shaped
hydrophobic cavity located at the CCD dimer interface with LEDGF/IBD Asp366 forming a
pair of essential hydrogen bonds with the IN backbone amides of Glu170 and His171
(Cherepanov et al. 2005a). Adjacent LEDGF/IBD residues 11e365 and Leu368 further
enhance these interactions through hydrophobic contacts with the CCD dimer. While
LEDGF/IBD interactions with the CCD dimer are minimally sufficient, full-length
LEDGF/p75 interactions with IN extends to the NTD (Hare et al. 2009a, b; McKee et al.
2008). In particular, positively charged residues along LEDGF/p75 a-helix 4 establish
extensive salt bridging with a number of acidic residues of a-helix 1 of IN. Point mutations
in either IN or LEDGF/p75 that compromise these charge—charge interactions significantly
reduced the binding affinity between IN and LEDGF/p75 and adversely affected virus
replication in cell culture (Hare et al. 20094, b).

Mass spectrometry-based protein footprinting of HIV-1 IN bound to LEDGF/p75 implicated
a number of amino acids in the NTD and CCD (McKee et al. 2008). Mutations of these
residues destabilized the HIV-1 IN tetramer and significantly reduced the binding affinities
of HIV-1 IN for LEDGF/p75 (McKee et al. 2008). These findings, together with the
available X-ray crystal structure of HIV-1 IN NTD-CCD (Wang et al. 2001), allowed for
the generation of a molecular model where LEDGF/IBD stabilizes the IN tetramer by
engaging the CCD-CCD interface of one dimer and interacting with the NTD of another
dimer (McKee et al. 2008). The proposed model is generally in good agreement with the
structural interactions observed with maedi-visna virus (MVV) IN and LEDGF/IBD (Hare
et al. 2009a). Here, LEDGF/IBD bridged two MVV IN NTD-CCD dimers by engaging with
the CCD-CCD interface of one dimer and the NTD of the other dimer. Interestingly, the co-
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crystal structure of MVV IN in complex with LEDGF/IBD revealed four distinct tetrameric
forms of the lentiviral IN. While each tetramer was stabilized by identical intermolecular
NTD and CCD-CCD dimer interactions with LEDGF/IBD, the relative positioning and
orientations of interacting dimers varied significantly which indicates that there is a high
degree of plasticity for IN tetramerization (Hare et al. 2009a). It should be noted that each of
the dimer—dimer interfaces seen for these tetrameric forms of MVV IN differed significantly
from the organization of the two dimers found in the PFV intasome. In line with the mass
spectrometry-based protein footprinting and X-ray crystallography studies, cryo-EM
analysis and SAXS experiments have also implicated that a tetramer of HIV-1 IN binds with
LEDGF/p75 (Michel et al. 2009; Gupta et al. 2010). However, the resulting models differed
in terms of organization of individual IN subunits within the complex.

Fdérster resonance energy transfer (FRET) experiments have compared the assembly of
individual HIV-1 IN subunits in the presence of LEDGF/p75 and viral DNA (Kessl et al.
2011). Interestingly, the conformations of IN tetramers formed in the presence of viral DNA
or LEDGF/p75 differed substantially. The IN-viral DNA complex yielded significantly
higher FRET compared to the IN-LEDGF/p75 complex indicating different pathways for IN
multimerization. Furthermore, in order-of-addition experiments, it was shown that
LEDGF/p75 can bind to the preassembled IN-viral DNA complex without detectably
altering the conformation of the SSC, whereas the preformed IN-LEDGF/p75 complex
failed to yield the SSC upon addition of viral DNA (Kessl et al. 2011). Interestingly, the
preincubation of LEDGF/p75 with IN enhanced 3’-processing and single-site integration
reactions, but this preformed protein—protein complex lacked the ability to carry out the
biologically relevant pair-wise integration in vitro (Kessl et al. 2011; Pandey et al. 2007,
Raghavendra and Engelman 2007). These findings have suggested the importance of the
temporal interplay of HIV-1 IN with viral DNA and LEDGF/p75 for the formation of fully
functional nucleoprotein complexes.

The chronology for interactions between IN, viral DNA, and LEDGF/p75 during the early
steps of HIV-1 replication is not known. LEDGF/p75 is a predominantly nuclear protein, but
it has been suggested that low amounts of the cytoplasmic protein could interact with HIV-1
IN (Llano et al. 2004). However, PICs isolated from LEDGF/p75 knockout cells displayed
normal levels of strand transfer activity indicating that HI\VV-1 IN can form functional SSC in
the absence of LEDGF/p75 in cells (Shun et al. 2007). Biochemical assays suggest that the
dynamic interplay between individual IN subunits is a prerequisite for their correct assembly
in the presence of viral DNA ends for the generation of the SSC (McKee et al. 2008).
LEDGF/p75 can subsequently bind the preformed IN-viral DNA SSC and tether it to the
target DNA. The proposed molecular model for the functional complex [(Kessl et al. 2011),
also see Fig. 2] shows that two HIV-1 IN dimers are brought together through DNA—protein
and protein—protein interactions that exhibit overall similarity with the PFV intasome. Such
a domain organization of the IN tetramer within the SSC allows for two molecules of
LEDGF/p75 to optimally engage both the CCD-CCD interface of one dimer and the NTD
of another dimer (Fig. 2). An alternative chain of events whereby LEDGF/p75 binds and
stabilizes a conformationally distinct IN tetramer before it encounters viral DNA could
restrict the DNA-driven assembly of individual IN subunits into the fully functional
nucleoprotein complex.
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Initial indications that modulation of IN multimerization can adversely affect its function in
infected cells have emerged from studies with ectopic expression of a dominant negative
LEDGF/IBD as well as treatments with LEDGF/IBD-derived peptides (Llano et al. 2006;
De Rijck et al. 2006; Meehan et al. 2011; Hayouka et al. 2007; Tsiang et al. 2009; Rhodes et
al. 2011). Overexpression of eGFP-LEDGF/IBD, which lacks the nuclear localization signal
and chromatin binding module, interacted with HIV-1 IN in the cytoplasm and stabilized it
from proteosomal degradation (Llano et al. 2006; Meehan et al. 2011). However, the
resulting stable IN complex with eGFP-LEDGF/IBD failed to integrate its viral DNA into
the target chromosome. Interestingly, overexpression of eGFP-LEDGF/IBD in LEDGF/p75
knockdown cells impaired HIV-1 replication by 555-fold, whereas LEDGF/p75 knockdown
alone reduced HIV-1 replication by ~30-fold (Llano et al. 2006). The significantly increased
inhibition observed with dominant negative LEDGF/IBD is unlikely to be due entirely to the
competition between dominant negative LEDGF/IBD and residual endogenous full-length
LEDGF/p75. Instead, in vitro experiments have suggested that LEDGF/IBD stabilizes a
distinct tetrameric conformation of IN which is defective for the pair-wise integration of two
viral DNA ends (Kessl et al. 2011). A separate study has demonstrated that LEDGF/IBD-
derived peptides shifted the IN oligomeric state from the active dimer toward an inactive
tetramer and inhibited HIV-1 IN catalytic activities through a non-competitive mechanism
(Hayouka et al. 2007). Furthermore, the LEDGF/IBD-derived peptides blocked HIV-1
integration in infected cells. Taken together, these studies have suggested that modulation of
IN multimerization in infected cells could present a plausible therapeutic strategy.

5 Small Molecules Promote Aberrant, Higher Order HIV-1 Integrase

Multimerization

There are two possible approaches for inhibiting the functionally essential dynamic interplay
between IN subunits. One approach is through the use of compounds that bind at the
monomer—monomer interface that blocks the assembly of catalytically viable IN tetramers.
Alternatively, compounds that bind at the CCD dimer interface and stabilize interacting
subunits could promote aberrant, higher order oligomerization of inactive IN. In general,
developing small molecules that would potently and effectively interfere with protein—
protein interactions has been a challenging task (Wells and McClendon 2007). The main
hurdle is to overcome the large energy barriers created by extensive protein—protein
interfaces. In this regard, IN is no exception with the CCD—CCD dimer interface alone
comprising ~1500 A2, which significantly exceeds the potential of a small molecule binding
site. The majority of work to interfere with IN dimerization has focused on developing
various peptides [reviewed in (Maes et al. 2012)]. Most notably, peptides derived from the
CCD al and a5 helixes, which mediate CCD-CCD interactions, have been able to disrupt
IN dimerization (Maroun et al. 2001). However, micromolar concentrations of these
peptides were needed to outcompete the interacting IN subunits and inhibit IN catalytic
activities (Maroun et al. 2001). A recent study utilized in silico approaches and available
crystal structures of the HIV-1 CCD dimer to develop a series of small molecule inhibitors
of IN dimerization. In particular, a potential small molecule binding pocket at the dimer
interface has been targeted (Tintori et al. 2012). This study resulted in two promising
compounds that inhibited IN dimerization in an in vitro AlphaScreen-based assay with 1C50
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values of ~50 uM. However, compounds with antiviral activities that interfere with
functional multimerization of IN in infected cells are still lacking.

An alternative mechanism for a small molecule inhibitor is to bind at the HIVV-1 IN CCD
dimer interface and stabilize interacting subunits into an inactive multimeric form (Kessl et
al. 2009). A main advantage of such a mechanism is that a small molecule inhibitor does not
need to overcome the significant energy barriers created by large protein—protein interfaces.
Instead, these compounds can exploit the pockets created by interacting IN subunits. Several
small molecules that inhibited IN catalytic activities in vitro with 1C50 values ranging from
low to high micromolar have been shown to interact with the IN CCD dimer interface. X-ray
crystallographic and photo-cross-linking experiments have, respectively, mapped the
binding sites of 3,4-dihydroxyphenyltriphenylarsonium bromide and coumarin-containing
compounds to sites on IN that partly overlapped with the LEDGF/IBD binding pocket
(Molteni et al. 2001; Al-Mawsawi et al. 2006). This pocket as a plausible small molecule
binding site is discussed in more detail below in the context of ALLINIs. A separate,
adjacent cavity has been identified as the binding site of compound 1 [(Shkriabai et al. 2004;
Kessl et al. 2009), also see Fig. 3a]. This inhibitor selectively acetylated Lys173, which is
located at the IN CCD dimer interface and complementary docking studies helped to predict
additional contact amino acids (Glu87, Glu96, Tyr99, and Lys103) from both CCD
molecules (Fig. 3b). Another IN inhibitor, 1-pyrrolidineacetamide, has also been shown to
bridge between interacting CCDs by engaging Lys103, Lys173, and Thr174 (Du et al.
2008). Taken together, these studies have identified two separate small molecule binding
pockets (Fig. 3). However, these structural findings alone could not explain the mechanism
of action for these inhibitors. Therefore, the subunit-subunit exchange assay that helped to
initially identify the highly dynamic nature of interacting IN subunits was exploited to study
the mode of action of compound 1 (Kessl et al. 2009). The inhibitor interfered with the
dynamic interplay of interacting subunits in a dose-dependent manner, which correlated with
its ability to inhibit IN strand transfer activity. The subunit—subunit exchange assay and
protein cross-linking experiments have additionally shown that compound 1 enhanced rather
than interfered with IN multimerization (Kessl et al. 2009). Thus, these findings have
provided important proof-of-concept studies that a small molecule can inhibit IN catalytic
activity by binding at the CCD dimer interface, stabilizing the interacting subunits, and
enhancing the formation of higher order inactive IN multimers.

The most promising class of inhibitors that potently modulate IN multimerization both in
vitro and in infected cells is ALLINIs (reviewed in (Jurado and Engelman 2013; Engelman
et al. 2013; Demeulemeester et al. 2014), also see Fig. 3c, d). These compounds bind at the
IN CCD dimer interface in the principal LEDGF/p75 binding pocket through engaging with
both IN subunits. The X-ray structure for an archetypal ALLINI BI-1001 bound to IN CCD
shows that the interactions with subunit 1 are mediated through a hydrogen bonding network
between the critical pharmacophore carboxylic acid and IN residues Glu170 and His171acid
as well as between the metoxy group and Thr174 side chain (Kessl et al. 2012; Christ et al.
2010; Tsiang et al. 2012; Feng et al. 2013; Jurado et al. 2013). At the same time, the
quinoline ring, another important structural feature of ALLINI BI-1001, establishes
hydrophobic interactions with subunit 2 (Kessl et al. 2012; Christ et al. 2010; Tsiang et al.
2012). Since ALLINIs occupy the principal LEDGF/p75 binding pocket and bridge between
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IN subunits, these compounds inhibit IN-LEDGF/p75 binding and promote aberrant IN
multimerization with comparable IC50 values in vitro. However, the key for their antiviral
activity is the ability of ALLINIs to induce aberrant, higher order multimerization of IN.

The analyses of the antiviral mechanism of action of ALLINIs have unexpectedly revealed
that ALLINIs are significantly more potent when added to the virus producer cells than to
target cells. For example, the IC50 values for ALLINI GS-B when added to virus producer
and target cells were 39.4 nM and 743.5 nM, respectively (Tsiang et al. 2012). The addition
of ALLINISs to virus producer cells resulted in eccentric, non-infectious particles (Jurado et
al. 2013; Balakrishnan et al. 2013; Desimmie et al. 2013) with a capsid core lacking the
characteristic electron density associated with the ribonucleoprotein complexes (RNPs).
Instead, RNPs were situated between the empty translucent core and the particle membrane.
Intriguingly, the observed phenotype following ALLINI treatment is closely reminiscent
with the particle maturation defects observed with some class 11 IN mutants (Engelman et al.
1995; Engelman 1999, 2011; Johnson et al. 2013; Jurado et al. 2013). Substitutions in HIV-1
IN that conferred resistance to ALLINIs were able to overcome these defects (Balakrishnan
et al. 2013; Jurado et al. 2013; Feng et al. 2013) indicating that these inhibitors selectively
targeted IN during particle morphogenesis. Consistent with these interpretations, AIN
viruses supplemented with wild-type Vpr-IN fusion proteins were fully sensitive to ALLINI
inhibition, whereas Vpr-IN fusion proteins containing a single amino acid substitution in IN
at the inhibitor-binding pocket exhibited striking resistance (Jurado et al. 2013).

Several lines of evidence have emerged that the eccentric particle phenotype is linked to
ALLINI-induced aberrant IN multimerization rather than inhibition of IN-LEDGF/p75
binding. (i) The protein cross-linking and florescence studies have revealed that ALLINI
treatments enhanced IN multimerization in virions (Balakrishnan et al. 2013; Sharma et al.
2014; Desimmie et al. 2013; Jurado et al. 2013). In contrast, therapeutically relevant
concentrations of ALLINIs had no detectable effects on LEDGF/p75-mediated HIV-1
integration site selectivity (Sharma et al. 2014; Gupta et al. 2014); (ii) Structural,
biochemical, and virology experiments have collectively indicated that the A128T IN
substitution, that confers marked resistance to ALLINI BI-1001, has evolved to overcome
ALLINI-induced aberrant IN multimerization rather than to avoid the inhibition of IN-
LEDGF/p75 binding (Feng et al. 2013). (iii) Recent studies have designed pyridine-based
compounds (Sharma et al. 2014; Fader et al. 2014a) that have allowed for probing the role of
HIV-1 IN multimerization independently of IN-LEDGF/p75 binding in infected cells. To
accomplish this, the rigid quinoline moiety that is characteristic of ALLINIs was replaced
with pyridine-based structures containing a rotatable single bond to enhance the ability of
these compounds to more effectively bridge between interacting IN subunits (Sharma et al.
2014). These changes have led to the development of the multimerization selective IN
inhibitors or MINIs, which belong to the same general class of ALLINIs. The most potent
pyridine-based compound, KF116, induced aberrant IN multimerization with EC50 of 86
nM, whereas it displayed an 1C50 of ~5 uM for IN-LEDGF/p75 binding in vitro.
Consequently, KF116 potently (IC50 of 24 nM) blocked HIV-1 replication by promoting
aberrant IN multimerization in virions during particle maturation without detectably
effecting IN-LEDGF/p75 interactions during the early steps of replication.
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While the biologically relevant mechanism of action for ALLINIs occurs during the late
stage, increased concentrations of ALLINIs have been shown to also affect the early steps of
HIV-1 replication. When added to target cells, ALLINIs did not affect reverse transcription
but instead blocked HIV-1 integration (Balakrishnan et al. 2013; Tsiang et al. 2012; Jurado
et al. 2013; Christ et al. 2010; Le Rouzic et al. 2013; Desimmie et al. 2013). An elegant
approach of monitoring deletions at the 2-long terminal repeat (2-LTR) junctions in HIV-1-
infected cells allowed researchers to dissect that ALLINIs impaired a step at or prior to viral
DNA 3’-processing (Tsiang et al. 2012). Consistent with these results, in vitro experiments
showed that ALLINI-induced aberrant IN multimerization inhibited the formation of the
SSC and associated LEDGF/p75-independent catalytic activities of IN (Kessl et al. 2012;
Tsiang et al. 2012). Additionally, elevated concentrations (5 and 10 uM) of ALLINI GS-B
affected LEDGF/p75-mediated HIV-1 integration site selectivity (Sharma et al. 2014),
which correlate well with in vitro findings that high concentrations of ALLINIs can also
inhibit LEDGF/p75 binding to the SSC (Kessl et al. 2012). Taken together, these results
have suggested that during the early steps of HIV-1 replication, ALLINIs exhibit dual
inhibitory activities in infected cells by affecting both IN multimerization and IN-
LEDGF/p75 binding albeit at inhibitor concentrations that significantly exceed their in vitro
IC50 values.

Since inhibitor-enhanced IN multimerization would be expected to compromise both early
and late stages of virus replication, it was not initially clear as to why ALLINIs were
significantly more potent when included in virus producer cells as compared to target cells.
Experiments with LEDGF/p75 knockdown and knockout cells helped to explain these
observations (Jurado et al. 2013; Wang et al. 2012; Schrijvers et al. 2012; Balakrishnan et al.
2013; Fadel et al. 2014; Slaughter et al. 2014). ALLINI BI-D potency during the early stages
of viral replication increased ~29-fold and ~17-fold in LEDGF/p75 knockdown and
knockout cells, respectively (Jurado et al. 2013; Slaughter et al. 2014). These findings have
suggested that LEDGF/p75 is able to effectively compete with ALLINIs for binding at the
IN CCD dimer interface during the initial steps of virus replication. In contrast, in producer
cells, neither depletion nor overexpression of LEDGF/p75 influenced the potency of
ALLINIs on subsequent virus infectivity (Jurado et al. 2013; Balakrishnan et al. 2013;
Slaughter et al. 2014; Fadel et al. 2014). These results indicate that the lack of competition
between the inhibitor and LEDGF/p75 during virus assembly enables ALLINISs to potently
induce aberrant IN multimerization and impair correct core morphogenesis.

6 The Complexity of IN Subunit—Subunit Interactions

Why do viral DNA and LEDGF/p75 stabilize IN tetramers, whereas ALLINIs promote
higher order multimerization? The molecular model in Fig. 2 [also see (Kessl et al. 2011;
Krishnan et al. 2010; Johnson et al. 2013)] shows that interactions between the two inner IN
subunits in the SSC are driven by their binding to viral DNA and intra-subunit NTD-CCD
contacts, whereas the inner and outer subunits are drawn together by the CCD-CCD
interactions. LEDGF/p75 binds the CCD-CCD dimer interface and the NTD of another
dimer to stabilize tetrameric IN. Collectively, the extensive interactions of IN with both viral
DNA and LEDGF/p75 provide rigidity to the overall conformation of the functional IN
tetramer and significantly restrict its ability to engage with additional IN subunits to form

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2016 March 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng et al.

Page 14

higher order multimers. In contrast, ALLINIs dock in the small pocket at the canonical
CCD-CCD dimer interface and trigger additional inter-subunit interactions, which in turn
lead to higher order IN multimerization (Kessl et al. 2012; Tsiang et al. 2012; Jurado et al.
2013; Feng et al. 2013). The dynamic light scattering (DLS) experiments have been
instrumental to monitor IN multimerization in the presence of ALLINIs and allowed for the
proposal of the mechanism depicted in Fig. 3e (Sharma et al. 2014; Slaughter et al. 2014). In
the absence of the inhibitor, individual IN subunits are in dynamic equilibrium between
monomers, dimers, and tetramers. ALLINIs bind at the IN CCD dimer interface and
stabilize interacting subunits, which in turn shifts the equilibrium to higher order multimers
in a time-dependent manner. The size estimated from DLS experiments of aberrant IN
multimers formed in the presence of ALLINI significantly exceeded that of functionally
viable tetrameric IN (Sharma et al. 2014; Kotova et al. 2010).

Recent biophysical studies have revealed the critical role of the CTD in addition to the CCD
for inhibitor-induced aberrant IN multimerization (Gupta et al. 2014; Shkriabai et al. 2014).
Sedimentation velocity and turbidity assays with truncated IN variants have shown that the
addition of ALLINI stabilized a dimeric form of IN CCD but induced higher order
multimerization with the two domain IN CCD-CTD construct or full-length IN (Gupta et al.
2014). Mass spectrometry-based protein footprinting of full-length IN in complex with
ALLINI has identified protein—protein interactions in the CCD and CTD that extend beyond
the inhibitor-binding site and which contribute to higher order IN multimerization (Shkriabai
et al. 2014). For example, IN CTD residues Lys264 and Lys266, which are significantly
distanced from the ALLINI-binding site, were shielded from modification when the
inhibitor was added to IN. Furthermore, the mutant IN containing K264A/K266A
substitutions exhibited marked resistance for ALLINI-induced aberrant IN multimerization
in vitro. Collectively, these findings suggest that ALLINI binding to the CCD-CCD dimer
interface triggers additional CTD-CTD and/or CCD-CTD interactions, which are not seen
in the functional SSC complex (Fig. 2). Initial interactions such as these could lead to
aberrant multimerization of functionally impaired IN (Fig. 3e).

7 Concluding Remarks and Remaining Questions

Extensive structural, biochemical, and virology studies have led to the widely accepted
conclusion that IN functions as a tetramer during the early steps of HIV-1 replication.
However, the multimeric state of IN during the late stage of virus replication is not known.
Furthermore, it is not clear whether IN plays an active role during virus particle maturation
or how ALLINI-induced aberrant IN multimerization prevents the formation of electron
dense cores in virions. Since certain class Il IN mutants yield a phenotype reminiscent to
ALLINI-treated producer cells, it would be intriguing to explore the effects of these class I1
mutations on IN multimerization. Future studies to better understand the various multimeric
states of IN and their potential role during the late stage of viral replication are warranted.

Recent studies have uncovered HIV-1 IN multimerization as a plausible antiviral target and
have provided a strong impetus for developing inhibitors that target the clinically
unexploited HIV-1 IN CCD dimer interface. Indeed, the extensive patent literature focusing
on different derivatives of ALLINISs attests to the immense interest in this class of
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compounds (reviewed in (Demeulemeester et al. 2014)). However, one apparent drawback
to the quinolone-based ALLINIs is that they exert a relatively low genetic barrier for
evolution of resistant HIV-1 variants. For example, a single IN A128T substitution readily
emerges in infected cells under inhibitor pressure and confers marked resistance to the
majority of ALLINIs without imposing significant costs to the replication capacity of the
mutant virus (Christ et al. 2010; Feng et al. 2013). Available X-ray crystal structures and
mechanistic studies have provided a possible path for rationally improving these compounds
(Feng et al. 2013). For example, replacing the rigid quinolone moiety with a more flexible
pyridine-based structure in KF166 avoided the marked A128T resistance seen for quinolone-
based ALLINIs (Sharma et al. 2014). Instead, the HIV-1 phenotype with a triple IN T124N/
V1651/T174l substitution has emerged under selective pressure of KF116 indicating that
there is an increased genetic barrier imposed by this inhibitor in comparison with quinoline-
based ALLINIs.

A novel approach for the discovery of new inhibitors that modulate IN multimerization can
take advantage of subunit—subunit exchange assays. The original design of this assay
(McKee et al. 2008; Kessl et al. 2009) has been more recently updated to HTRF- or
AlphaScreen-based formats (Kessl et al. 2012; Tsiang et al. 2012; Christ et al. 2012;
Demeulemeester et al. 2012), which are ideally suited for high-throughput screening (HTS)
of large chemical libraries. Previous experiments with ALLINI and RAL have provided
positive and negative controls, respectively, with excellent signal-to-baseline ratios (Kessl et
al. 2012). Previous HTS efforts using the strand transfer and 3’-processing assays have led to
discovery of diketo acid-based INSTIs and quinoline-based ALLINIs (Hazuda et al. 2000;
Fader et al. 2014b). The subunit exchange assay offers a novel, DNA free format and could
lead to the discovery of new classes of inhibitors, which selectively modulate IN
multimerization. The rationale for these studies is provided by the observations that the
CCD-CCD dimer interface contains small molecule binding sites (Fig. 3). In addition, new
inhibitors could potentially target previously unexploited interactions of the NTD and CTD,
which also contribute to IN multimerization. Such inhibitors are expected to be active
against HIV-1 phenotype resistant to INSTIs and hence complementary to current antiviral
therapies.
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Abbreviations

IN Integrase

PIC Preintegration complex
SSC Stable synaptic complex
NTD N-terminal domain
CCD Catalytic core domain
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CTD C-terminal domain
LEDGF Lens epithelium-derived growth factor
IBD Integrase-binding domain
ALLINI Allosteric integrase inhibitors
LEDGIN LEDGF-IN Inhibitor
NCINI Non-catalytic integrase inhibitor
tBPQASs tert-butoxy-(4-phenyl-quinolin-3yl)-acetic acids
INLAIs Integrase-LEDGIN allosteric inhibitors
INSTI Integrase strand transfer inhibitor
RAL Raltegravir
EVG Elvitegravir
DTG Dolutegravir
RNP Ribonucleoprotein complex
2-LTR 2-long terminal repeat
HTRF Homogeneous time-resolved fluorescence
SAXS Small-angle X-ray scattering
PFV Prototype foamy virus
MVV Maedi-visna virus
BSA Buried surface area
FRET Forster resonance energy transfer
DLS Dynamic light scattering
HTS High-throughput screening
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Fig. 1.

ngain organization of HIV-1 IN. a A schematic to show organization of individual
domains in the full-length protein. b The crystal structure of the two domain NTD-CCD
tetramer. Individual IN subunits are colored yellow, green, magenta, and cyan. Active-site
residues Asp64, Asp116, and Glul152 are shown as red spheres. Of importance are the
interactions between CCD (shown in yellow and cyan) with NTD of the other CCD-CCD
dimer (shown in cyan and yellow respectively) in addition to the canonical CCD-CCD
interactions. ¢ The crystal structure of the two domain CCD-CTD dimer. Individual IN
subunits are colored yellow and green, and active-site residues Asp64, Asp116, and Glu152
are depicted as red spheres
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Fig. 2.
A molecular model for the functional complex between IN tetramer, viral DNA ends, and

LEDGF/IBD. In the presence of viral DNA substrates, individual IN subunits assemble into
a tetramer to form the SSC. Two inner subunits colored green and magenta directly bind
viral DNA, whereas two outer subunits colored yellow and cyan engage the inner subunits
through the canonical CCD-CCD interactions. Two LEDGF/IBD molecules colored gray
bind the SSC by bridging between two IN dimers through interactions with the CCD dimers
(one dimer shown in yellow and green and one dimer in magenta and cyan) and the NTD of
the opposite dimer (shown in magenta and green, respectively)
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Fig. 3.
Two adjacent small molecule binding pockets (indicated by circles) at the HIV-1 IN CCD

dimer interface. a A molecular model of compound 1 bound to IN showing that the inhibitor
bridges between two subunits. b A zoomed-in view to depict compound 1 interactions with
subunit 2 (colored yellow) residues Lys173 and Tyr99, and subunit 1 (colored green)
residues Glu87, Glu96, and Lys103. ¢ The crystal structure of ALLINI BI-1001 bound to the
HIV-1 IN CCD dimer. d A zoomed-in view to show the hydrogen bonding and hydrophobic
interactions of ALLINI BI-1001 with subunit 2 (colored yellow) and subunit 1 (colored
green), respectively. Hydrogen bonding between ALLINI BI-1001 carboxylic acid and the
backbone amides of IN residues Glu170 and His171 as well as between the methoxy group
and the side chain of Thr174 are indicated by dash lines. The quinoline rings extend toward
the A128 residue, which allows the evolution of HIV-1 IN A128T escape mutation. e A
schematic to show ALLINI-induced aberrant IN multimerization. In the absence of the
inhibitor, IN is in a dynamic equilibrium between monomers, dimers, and possibly tetramers
(for clarity only monomers and dimers are shown). ALLINI binds at the IN CCD dimer
interface, stabilizes interacting IN subunits, and consequently shifts the thermodynamic
equilibrium toward aberrant, higher order multimerization
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