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SUMMARY

While an essential role of HIV-1 integrase (IN) for integration of viral cDNA into human
chromosome is established, studies with IN mutants and allosteric IN inhibitors (ALLINIS) have
suggested that IN can also influence viral particle maturation. However, it has remained enigmatic
as to how IN contributes to virion morphogenesis. Here we demonstrate that IN directly binds the
viral RNA genome in virions. These interactions have specificity as IN exhibits distinct preference
for select viral RNA structural elements. We show that IN substitutions that selectively impair its
binding to viral RNA result in eccentric, non-infectious virions without affecting nucleocapsid-
RNA interactions. Likewise, ALLINIs impair IN binding to viral RNA in virions of wild type but
not escape mutant virus. These results reveal an unexpected biological role of IN binding to the
viral RNA genome during virion morphogenesis and elucidate the mode of action of ALLINIs.

In brief

HIV-1 integrase binding to the viral RNA genome is necessary for formation of infectious viral
particles and can be impaired by allosteric integrase inhibitors.
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without inhibitor treated with allosteric
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INTRODUCTION

HIV-1 integrase (IN) catalyzes the covalent insertion of the reverse transcribed viral genome
into the host chromosome during the early steps of HIV-1 infection. A tetramer of IN binds
both double stranded viral DNA ends to form the stable synaptic complex (SSC) and
associates with cellular protein LEDGF/p75, which both enhances integration efficiency and
preferentially guides HIV-1 integration to actively transcribed genes (reviewed in (Debyser
et al., 2015; Engelman and Cherepanov, 2008)). The catalytic activity of IN has been
exploited as a therapeutic target and three FDA approved inhibitors (Raltegravir, Elvitegravir
and Dolutegravir) have witnessed widespread clinical success.

Mutational studies have unexpectedly revealed that various substitutions in the IN coding
region can influence not only integration but also other viral replication steps (reviewed in
(Engelman, 1999)). Therefore, IN mutations have been grouped into two general classes:
substitutions that selectively impair integration have been assigned to class I, and IN mutants
that adversely affect multiple steps of virus replication have been grouped as class Il
(reviewed in (Engelman, 1999)). Some class Il IN mutations impair correct virus particle
maturation during the late stage of replication. A hallmark of this phenotype is the
mislocalization of the ribonucleoprotein complexes (RNPs) to an eccentric position between
the empty capsid (CA) core and the particle membrane in mature virions, whereas normal
virions contain RNPs within the CA core. For the past 20 years it has remained enigmatic as
to how IN could contribute to proper viral particle maturation.

Allosteric IN inhibitors (ALLINIs, which are also known as LEDGINs, NCINIs or INLAIS)
have recently emerged as a promising class of antiretroviral agents and select compounds are
currently in clinical trials (Christ et al., 2010; Fader et al., 2014; Gupta et al., 2014; Kessl et
al., 2012; Le Rouzic et al., 2013; van Bel et al., 2014). ALLINIs bind at the IN catalytic core
domain (CCD) dimer interface and induce aberrant IN multimerization. Unexpectedly,
ALLINIs potently impair the late stage of HIV-1 replication. In particular, these inhibitors
selectively interfere with proper virus particle maturation and yield non-infectious particles
with eccentrically positioned RNPs closely resembling those seen for certain class 11 IN
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mutants (Balakrishnan et al., 2013; Desimmie et al., 2013; Fontana et al., 2015; Jurado et al.,
2013). However, it is unclear how ALLINIs, through the promotion of aberrant IN
multimerization, adversely affect virion maturation and result in the mislocalization of the
RNPs outside the CA core.

These observations prompted us to test the hypothesis that HIV-1 IN interacts with the viral
RNA genome in virions and that these interactions are essential for correct viral particle
morphogenesis. Further rationale for this notion was provided by an earlier study which had
selected RNA oligonucleotides from a random pool of /in vitro transcribed molecules of
artificial sequences and showed that they can bind recombinant HIV-1 IN with high affinity
(Allen et al., 1995). However, it remained unknown whether IN can interact with RNA in
virions. To examine this possibility we have employed a crosslinking-immunoprecipitation
sequencing (CLIP-seq) approach (Kutluay et al., 2014), which allows for the identification
of RNA molecules bound by an RNA-binding protein of interest in physiologically relevant
settings at near-nucleotide resolution. Our results have revealed that HIV-1 IN binds to the
viral RNA genome in virions and that ALLINIs inhibit these interactions.

HIV-1 integrase binds the viral RNA genome in virions

To examine whether IN is bound to RNA in virions we carried out CLIP-seq experiments
(Kutluay et al., 2014) with wild type (WT) HIV-1y4-3. Incorporation of 4-thiouridine (4SU)
in the nascent RNAs allowed us to crosslink interacting protein-RNA complexes.
Subsequent immunoprecipitation with IN antibody followed by autoradiography revealed
the IN-RNA adducts (Figure 1A) indicating that IN is directly bound to RNA in virions. The
IN-RNA adducts were not seen in control experiments with HIV-1p 4-3 ain, Which yields
eccentric, non-infectious virions (Bukovsky and Gottlinger, 1996; Engelman et al., 1995;
Jurado et al., 2013). CLIP-seq analysis allowed us to identify crosslinking sites in RNA by
the appearance of 7to Cmutations arising during reverse transcription. Figure 1B shows
that ~95% of IN-bound RNAs were derived from viral RNAs, whereas a much smaller
fraction (~5%) was of cellular origin. The higher levels of IN binding to viral versus cellular
RNA seen in our CLIP-seq experiments is consistent with the enriched levels of viral
(~80%) versus cellular (~20%) RNA present in virions as determined by RNA-seq (Kutluay
etal., 2014). In parallel control experiments, only residual reads were seen with virions
produced from HIV-1y 4-3 ain (Figures 1C). Importantly, IN binding to the viral RNA
genome was not uniform across the viral sequence but instead displayed evidence of
selectivity with highly reproducible binding sites evident at numerous discrete positions
across the genome (Figure S1).

Comparison of binding sites along the viral genome in virions identified by CLIP-seq
approaches for IN and previously reported NC (Kutluay et al., 2014) revealed distinct
binding patterns for these two proteins (Figure S2A and B). For example, IN but not NC
showed a strong preference for binding the trans-activation response (TAR) element (peak
centered on nucleotide position 30) (Figure S2C). In contrast, IN did not bind the Psi
packaging element (peak centered on nucleotide position 337), a preferred binding region
for NC (Figure S2C). Additionally, differential binding by NC and IN was evident in most
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other regions of the viral RNA genome (Figure S2D, E and F). Both IN and NC interacted
with the rev response element (RRE), but the local binding sites of these proteins within this
RNA structural element exhibited both similarities and differences (Figure S2F). For
example, both IN and NC bound to nucleotide positions 7516 and 7570 in RRE, but only IN
exhibited preference for additional RRE sites (nucleotide positions 7364 and 7437). Overall,
comparison of the 25 most frequent binding sites for IN and NC revealed only three
overlapping sites. Taken together, the CLIP-seq results indicate largely distinct interactions
for IN and NC with the viral RNA genome in virions.

IN preferentially binds to selected RNA elements in vitro

We next analyzed the binding of WT full-length recombinant IN to synthetic RNA
molecules /n vitro. First, we examined IN binding to an /n vitro transcribed viral RNA
segment, VRNA(1-850), using size exclusion chromatography (SEC) (Figure 2A), which had
been used to monitor IN binding to synthetic viral DNA (~ 1 kbp) (Kessl et al., 2011).
Unliganded IN is retained by the SEC column after centrifugation (Figure 2B, lane 3),
whereas larger complexes including unbound nucleic acids and nucleic acids in the complex
with IN are excluded from the column. Using this approach, we examined two reaction
conditions. Duplicate IN-nucleic acid complexes were formed in the physiologically relevant
(100 mM NacCl) ionic strength buffer. After complex formation, one set of samples was
adjusted to higher ionic strength buffer (1 M NacCl). Both conditions were then subjected to
SEC in their corresponding buffer (Figure 2B). Under physiologically relevant conditions IN
was excluded from the column in the presence of viral DNA or viral RNA (Figure 2B, lanes
4 and 5) indicating that IN binds either nucleic acid. However, in samples subjected to
higher ionic strength buffer prior to SEC, the SSC formed between IN and viral DNA
remained intact, as expected (Figure 2B, lane 6) (Kessl et al., 2011; Kotova et al., 2010),
whereas the preformed IN-viral RNA complex dissociated (Figure 2B, lane 7).

To determine the relative binding affinity of recombinant WT IN for various viral RNA
structural elements and cellular RNAs we have developed an AlphaScreen approach (Figure
2C). We first examined IN binding to several structurally distinct viral RNA elements of
similar nucleotide length derived from the 5'-UTR. The AlphaScreen binding assay
demonstrated a tight interaction between IN and VRNA(1-57)-TAR in physiologically
relevant ionic strength buffer of 0.1 M NaCl (Figure 2D). In agreement with the SEC data,
high ionic strength buffers (1 M NaCl) abolished IN-vRNA(1-57)-TAR binding (Figure 2D).
Figure 2E shows that IN bound to vRNA(1-57)-TAR with significantly higher affinity (2.8
+ 0.4 nM) than VRNA(58-104)-polyadenylation signal (poly-A), VRNA(237-279)-
dimerization initiation sequence (DIS), vVRNA(278-305)-splice donor (SD), or
VRNA(311-336)-Psi. Overall, these /n vitro findings are consistent with the IN binding
pattern seen in CLIP-seq experiments (Figures 1C, S1 and S2).

We used the VRNA(1-57)-TAR segment as an example to dissect whether IN exhibits
preference for certain RNA nucleotide sequence and/or structural features (Figure S3). Since
CLIP-seq data (Figures 1C, S2C and S3) revealed that nucleotide 30, located in the loop of
TAR, was the primary 4SU nucleotide binding site (accounting for ~80% of 7-to-C
conversions within TAR) to IN (Figure S3A), our mutagenesis experiments targeted the loop
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and adjacently located 3-nt bulge of TAR (Figure S3B). Deletions of these structural
elements reduced the IN binding affinity to VRNA(1-57)-TAR by ~14-fold while
substitutions in the loop and 3-nt bulge did not significantly compromise IN binding to
VRNA(1-57)-TAR (Figure S3C). Furthermore, the Tat derived L50 peptide (Athanassiou et
al., 2007), which selectively engages both the loop and 3-nt bulge but not the double
stranded stem of TAR, potently inhibited IN binding to VRNA(1-57)-TAR (Figure S3D).
Collectively, these results indicate that IN displays a preference for select structural RNA
elements of VRNA(1-57)-TAR including the adjacently located loop and 3-nt bulge, as
opposed to a specific nucleotide sequence. Furthermore, these /n vitro findings are in
excellent agreement with the CLIP-seq results which identified the TAR loop as a major
binding site for IN (Figures 1C, S1 and S2).

Next, we compared the relative binding affinities of IN to larger RNA segments of viral and
cellular origin (Figure 2F). Due to the varying length of different RNAs used in these
experiments, we normalized the binding affinities based on the overall nucleotide
concentration in the reaction. IN bound with similar affinities to VRNA(1-850) and
VRNA(7350-8200) containing TAR and RRE, respectively. However, IN exhibited ~8, 16
and 180-fold reduced affinities for human mRNA mix, yeast tRNA mix and human
tRNALYS, respectively (Figure 2F).

IN modulates RNA structure in vitro

To examine whether IN can affect RNA structure, we monitored the interaction of
recombinant full-length WT IN with in vitro transcribed vVRNA(1-850) using atomic force
microscopy (AFM) (Figures 3 and S3). Figures 3A and S3E show that IN alone did not yield
any detectable signal, whereas vVRNA(1-850) molecules were uniformly dispersed (Figures
3B and S3F). The measured VRNA(1-850) volumes were compatible with predicted /n silico
calculations (Figure S3H). Strikingly, AFM images of IN-vRNA(1-850) complexes
markedly differed in both shape and size compared to unliganded vVRNA(1-850) (compare
Figure 3C with B, and Figure S3G with F). Specifically, IN promoted the formation of large
nucleoprotein complexes; IN did not coat the vVRNA(1-850) but instead appeared to provide
nucleation points to bridge between several vVRNA(1-850) molecules (Figure 3C and D).
Furthermore, measured volumes of bound IN (bright spots indicated by arrows in Figure 3D)
corresponded to the sizes of dimers or tetramers (Figure S3I).

To evaluate the stoichiometry of IN and VRNA(1-850) interactions, we added a molar excess
of IN to vVRNA(1-850) and subjected the complex to SEC to remove unbound protein
(Figure 2B). Immunoblotting (Figure 2B) and AFM (Figures 3C and S3G) analysis
confirmed that purified samples contained IN-vRNA(1-850) complexes and not unbound IN
or VRNA(1-850). Examination of the purified complex in six independent experiments by
immunoblotting for IN and UV spectroscopy (OD2go nm) for RNA indicated a ratio of ~4 IN
per one VRNA(1-850) molecule (Figure S3J).

Because these data suggested that IN bridges separate RNA molecules, we developed an
AlphaScreen-based RNA bridging assay (Figure 3E). This approach is complementary to the
AFM experiments, which used longer vVRNA(1-850) (Figure 3C), as the RNA bridging assay
utilized short vVRNA(1-57)-TAR oligonucleatides to avoid potential non-specific RNA
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coating induced complex aggregation. Furthermore, we varied the IN concentration from 0
nM to 1600 nM to delineate whether RNA bridging could be induced by soluble low-order
oligomeric forms and/or higher order aggregates of the protein (Figure 3F). For example, in
our reaction conditions containing 100 mM NaCl, 10 to 100 nM IN constitutes a range of
soluble low-order oligomers such that monomeric IN predominates at the lower
concentrations and dimeric and tetrameric forms prevail with increasing IN concentrations
(Deprez et al., 2000). However, subsequent increased concentrations of IN, in the same
physiologically relevant buffer causes the formation of higher order aggregates (Deprez et
al., 2000). Figure 3F revealed a bell-shaped dose response curve where the AlphaScreen
signal increased markedly with increasing IN concentrations up to 100 nM, corresponding to
increasing dimeric and tetrameric forms of IN. In contrast, subsequent increases of IN
concentrations, corresponding to increased higher order aggregates, yielded reduced
AlphaScreen signal. Of note, parallel experiments with reverse transcriptase (RT) protein did
not yield any detectable AlphaScreen signal, indicating that this RNA binding viral protein
was unable to bridge two RNA molecules (Figure 3F). These results corroborate the AFM
results (Figures 3C and D) and indicate that only soluble low-oligomeric forms (dimers and
tetramers) of IN rather than higher order aggregates are capable of bridging RNA molecules.

The above findings suggested the possibility that RNA binding might stabilize functional
low- order oligomeric forms of IN. The rationale for this idea is based on the fact that
unliganded HIV-1 IN is poorly soluble, but LEDGF/p75 has been shown to stabilize a
soluble IN tetramer both /n vitroand in cells (Llano et al., 2006; McKee et al., 2008). While
experiments with LEDGF/p75 knockout cells have demonstrated the key role of this
chromatin bound protein during HIV-1 integration, LEDGF/p75 is fully dispensable during
particle morphogenesis as virions produced in the presence or absence of LEDGF/p75 are
equally infectious (Fadel et al., 2014). This raises the question as to how functional forms of
IN are maintained in the virions following proteolytic cleavage of Gag-Pol. To test whether
viral RNA binding can modulate recombinant IN multimerization we used
bis(sulfosuccinimidyl)suberate (BS®) to crosslink interacting protein subunits. We assayed
200 nM IN in physiologically relevant 100 mM NaCl buffer, where unliganded protein
forms both low-order oligomers (dimers and tetramers) as well as higher-order, functionally
compromised aggregates (Figure 3G, lane 3). Addition of ribonucleotide mixture or
VRNA(237-279)-DIS, which do not bind IN, before BS3 crosslinking had no impact on IN
multimerization (lanes 6 and 9). However, the addition of vVRNA(1-850) to IN under the
same reaction conditions markedly reduced the formation of higher-order aggregates and
instead stabilized low-order oligomers (compare lane 12 with lanes 3, 6 and 9). Importantly,
the profile of BS3 crosslinked IN-vRNA(1-850) complexes 7 vitro closely resembles that in
virions (compare lane 15 with lane 12).

Identification of HIV-1 IN residues interacting with VRNA

To map IN residues interacting with viral RNA we employed a mass spectrometry (MS)-
based protein footprinting approach (Kvaratskhelia and Le Grice, 2008). The Lys specific
small modifying reagent NHS-biotin was used to compare surface topologies of recombinant
IN in the presence or absence of synthetic VRNA(1-57)-TAR (Figure 4). The Lys residues
that are surface exposed in both unliganded IN and the IN-vRNA(1-57)-TAR complex are
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readily modified by NHS-biotin, whereas the residues that engage viral RNA are shielded
from the modification in the nucleoprotein complex. We detected modifications of 12 Lys
residues (K14, K159, K160, K186, K215, K219, K244, K258, K264, K266, K266, K273) in
unliganded IN. Strikingly, only 3 adjacently located Lys residues (K264, K266 and K273)
were protected in the presence of viral RNA (Figure 4).

To verify the significance of identified IN residues for viral RNA binding we prepared two
mutant recombinant INs containing either K264A/K266A or R269A/K273A substitutions.
R269A was included in our mutagenesis studies due to its adjacent location with the
identified Lys residues and a high degree of conservation amongst different HIV-1 variants.
In vitro AlphaScreen assays revealed that both K264A/K266A and R269A/K273A INs
failed to bind VRNA(1-57)-TAR (Figure 5A).

Given the pleiotropic nature of many IN mutations (Engelman, 1999; Rihn et al., 2015), we
also examined the effects of K264A/K266A and R269A/K273A substitutions on other
functions of the recombinant protein. WT and R269A/K273A INs exhibited a very similar
multimerization pattern with clearly separated tetrameric and monomeric peaks detected by
SEC (Figure 5B). K264A/K266A IN also displayed tetrameric and monomeric peaks but
had a slightly broader shoulder between the two peaks, possibly due to higher content of a
dimeric form. WT, K264A/K266A and R269A/K273A INs similarly bound to LEDGF/p75
(Figure 5C). Figure 5D shows that IN R269A/K273A efficiently catalyzed LEDGF/p75-
dependent concerted integration /n vitro, whereas IN K264A/K266A was inactive. In
summary, the K264A/K266A substitutions displayed pleiotropic effects, whereas R269A/
K273A IN was selectively impaired for RNA binding without significantly affecting other
known functions of the protein /n vitro.

IN mutants impaired for viral RNA binding yield viral particles with eccentric RNPs

We next introduced IN K264A/K266A and R269A/K273A substitutions in HIV-1y 4.3 to
examine their effects on HIV-1 replication and IN binding to RNA in virions. These amino
acid changes did not detectably affect proteolytic processing of HIV-1 polyproteins (Figure
S4A), genomic RNA packaging (Figure S4B) or particle release (Figure S4C). However,
these particles were not infectious (Figure S4D) and failed to initiate reverse transcription in
target cells (Figure S4E).

CLIP-seq experiments with virions isolated from producer cells transfected with
HIV-1N4-3 IN(K264A/K266A) OF HIV-1N14-3 IN(R269A/K273A) revealed that these substitutions
greatly reduced IN binding to the viral RNA genome in virions (Figure 6A, B). Importantly,
this finding was not due to reduced levels of IN protein in virions (Figure 6A). Moreover,
and in sharp contrast, comparable levels of NC-RNA complexes were detected in virions of
WT and IN-mutant viruses (Figure 6A).

Further inspection of HIV-1y 4.3 IN(K264A/K266A) and HIV-1y 4.3 IN(R269A/K273A) particles
with electron microscopy revealed eccentric cores with the characteristic class 11 phenotype

where the electron dense material corresponding to RNPs was mislocalized outside of the
translucent CA cores (Figure 6C). Sucrose density gradient fractionation experiments
(Figures 6D and E) reproducibly corroborated these findings; WT CA cores containing the
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RNPs migrated to higher density fractions compared with CA cores isolated from
HIV-1N 43 IN(K264A/K266A) OF HIV-1N14-3 IN(R269A/K273A) particles, which did not contain
RNPs (Figure 6C) and were found in lower density fractions (Figure 6D and E).

IN-RNA interactions are critical for formation of infectious virions

During HIV-1 particle maturation IN is cleaved from the Gag-Pol precursor by the viral
protease (PR). It was possible that IN-RNA interactions, and IN R269A/K273A
substitutions, exert their effects early during assembly as part of the Gag-Pol precusor, or
later after IN has been liberated. Moreover, it was possible that the effects of the mutations
caused a dominant perturbation of virion assembly or a recessive defect as a consequence of
the loss of IN-RNA binding. To distinguish between these possibilities, we complemented
HIV-1nL4-3 IN(R269A/K273A) With @ Vpr-IN fusion construct, containing either WT or the
RNA binding defective IN R269A/K273A mutant (Figure S5). Immunoblotting analysis
revealed that both WT and R269A/K273A mutant INs were effectively incorporated in
virions and cleaved from their respective Vpr-IN fusion proteins by viral PR (compare lanes
2 and 3 with 1 in Figure S5A). Complementation of HIV-1y14-3 INn(R269A/K273A) With Vpr-
IN(R269A/K273A) failed to yield detectable levels of IN-RNA adducts, whereas similar
levels of WT Vpr-IN supplied /7 transto HIV-1n14-3 IN(R269A/K273A) Fesulted in a marked
increase of IN-RNA adducts in virions (Figure S5B). Correspondingly,
transcomplementation with WT Vpr-IN but not with Vpr-IN (R269A/K273A) markedly
enhanced infectivity of HIV-1n| 4.3 In(R269A/K2734) Virions (Figure S5C).

In parallel experiments with WT HIV-1yy 4.3 (Figure S6), overexpression of Vpr-IN
(R269A/K273A) did not significantly alter the levels of IN-RNA adducts compared with
WT HIV-1y 4-3 (compare lanes 1 and 2 in Figures S6A and B) indicating that IN R269A/
K273A substitutions are recessive in nature. Incorporation of overexpressed levels of WT
Vpr-IN into virions correspondingly increased levels of IN-RNA adducts (compare lanes 1
and 3 in Figures S6A and B). Infectivity assays (Figure S6C) have revealed that
incorporation of WT Vpr-IN fusion protein into WT HIV-1y 4-3 Virions resulted in modest
(~40%) loss of infectivity. Importantly, a similar decrease in infectivity was observed for the
complementation of WT HIV-1y 4.3 with mutant Vpr-IN (Figure S6C) suggesting that
incorporation of overexpressed Vpr-IN fusion proteins into virions rather than IN R269A/
K273A substitutions led to the observed reductions in infectivity. In addition, the similar
levels of infectivity, that are detected in the presence of WT or mutant Vpr-IN (Figure S6C),
indicates that RNA binding defective IN R269A/K273A substitutions did not have
unintended, additional consequences on WT HIV-1y 4.3 particle maturation. Furthermore,
these results suggest that the levels of IN-RNA adducts observed with WT HIV-1y 4.3 (lane
1 in Figure S6B) are sufficent for formation of the infectious virions as further increases of
IN-RNA adducts by overexpression of WT Vpr-IN (lane 3 in Figure S6B) did not stimulate
infectivity of WT HIV-1y 4-3 virions (Figure S6C). Collectively, because we have been able
to specifically supply IN to the virion (rather than Gag-Pol) through the Vpr-IN fusion
protein, we conclude that IN-RNA interactions are critical for formation of infectious
virions.

Cell. Author manuscript; available in PMC 2017 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kessl et al. Page 9

ALLINIs impair IN-viral RNA interactions in virions

Since ALLINI treatment of HIV-1 infected producer cells have been shown to yield
eccentric viral particles with mislocalized RNPs, which resemble those of certain IN class 1l
mutants, we examined the effects of ALLINIs on IN-viral RNA interactions in virions. We
first tested the best characterized archetypal IN inhibitor BI-B2 (also known as ALLINI-2)
(Figure STA) in conjunction with the WT virus and HIV-1n1 4.3 In(a128T), @ Mutation that
confers significant resistance to this inhibitor (Figure 7A) (Feng et al., 2013; Fontana et al.,
2015; Shkriabai et al., 2014). BI-B2 treatment of virus producer cells substantially inhibited
the binding of WT IN to RNA in virions, while the treatment of HIV-1\14-3 In(a128T) With
the inhibitor yielded IN-RNA crosslink levels that were comparable with untreated WT virus
(Figures 7B and S7B). Further analysis of CLIP-seq data revealed that BI-B2 treatment of
cells producing HIV-1y 4-3 blocked the binding of WT IN throughout the entire viral
genome, while virions isolated from BI-B2 treated cells producing HIV-1n| 4.3 IN(A128T)
displayed the characteristic pattern of WT IN interaction with the viral RNA genome (Figure
7C).

In addition, we have analyzed another potent ALLINI BI-D (Figure S7A), which unlike BI-
B2 retains significant antiviral activity with respect to HIV-1y 4.3 in(a128T) (L€ Rouzic et
al., 2013). In full agreement with the antiviral activity results, BI-D impaired IN binding to
RNA in virions from both WT and IN A128T mutant viruses (Figures S7B). Importantly,
neither BI-B2 nor BI-D had any detectable effects on NC binding to RNA in mature virions
(Figures 7B and S7C).

DISCUSSION

The key findings of the present study are: i) HIV-1 IN binds to the viral RNA genome in
virions and exhibits a marked preference for certain viral RNA elements. Importantly, CLIP-
seq results show different but highly reproducible binding patterns for IN and NC (Figure
S2) suggesting that these proteins can bind the viral RNA genome at the same time in the
virion; ii) IN R269A/K273A substitutions compromise IN binding to the viral RNA genome
without significantly affecting other known functions of this viral protein and result in non-
infectious particles with eccentrically mislocalized RNPs; iii) transcomplementation of
HIV-1N14-3 IN(R269A/K273A) with WT IN but not the RNA binding defective IN R269A/
K273A mutant markedly enhances IN-RNA binding and infectivity of the virions; iv)
ALLINI treatments of virus producer cells infected with WT HIV-1, which result in non-
infectious eccentric particles, are now shown to impair IN binding to the viral RNA genome
in virions; v) Unlike IN-RNA interactions, NC-RNA complexes are not affected in the
eccentric non-infectious virions of HIV-1y1 4.3 IN(R269A/K273A) OF ALLINI treated WT virus.
These results strongly suggest an essential role for IN binding to the viral RNA genome
during virion morphogenesis.

During particle maturation, viral PR cleaves Gag-Pol and Gag polyproteins into individual
domains, triggering profound structural rearrangements within the virion and leading to the
RNPs being localized into the conical CA core. The RNPs contain two copies of viral
genome, some cellular RNAs, a number of viral proteins including NC, IN and RT as well as
a subset of cellular proteins. While the role of NC in the condensation of RNPs has been
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widely accepted (Mori et al., 2015), many of the mechanistic details and molecular
interactions required for correct viral particle morphogenesis are poorly understood. Our
results show that when IN binding to viral RNA is impaired by IN R269A/K273A mutations
(which do not affect any other known function of the protein) or ALLINI treatment, the
resulting virions contain WT levels of NC-RNA complexes in eccentrically mislocalized
RNPs. This finding demonstrates that the assembly of NC-RNA complexes, while essential,
is not sufficient for correct virion morphogenesis and that IN binding to the viral RNA
genome is also likely important for formation of infectious virions. We suggest that IN
interactions with the viral RNA genome has the following dual roles: i) IN binding to viral
RNA ensures the incorporation of this viral protein within the protective CA core and
stabilizes low-oligomeric forms of IN, which is likely to be essential for its function during
subsequent infection when it forms the catalytically active SSC with viral DNA in target
cells; ii) In turn, IN contributes to the formation of the correct architecture and/or
localization of RNPs within matured, infectious virions.

In vitro experiments with recombinant IN and NC have been instrumental to understand the
mechanistic basis of their binding to model nucleic acids (reviewed in (Cherepanov et al.,
2011; Mori et al., 2015)). In order to induce effective aggregation of the nucleoprotein
complexes, NC is typically added at a ratio that would allow for NC to cover the entire
nucleic acid with each molecule occupying ~7 nts segment. In contrast, IN does not coat
viral RNA, even when added in significant excess, as evidenced by the stoichiometry of
approximately four subunits of IN bound per one molecule of VRNA(1-850). Instead, IN
appears to provide nucleation points by bridging separate RNA molecules (Figure 3).

Taken together, these in vitro results suggest the following complementary roles for NC and
IN during particle maturation: ~2000 copies of NC could coat large segments of viral RNA
and thus contribute to RNP condensation while ~200 copies of IN could markedly impact
the architecture of RNPs, effectively compacting the two copies of viral genome by binding
and bridging between several sites. Such interpretations are consistent with the CLIP-seq
results that show distinct binding patterns for IN and NC to the viral RNA genome (Figure
S2). The combined action of both NC and IN could be required for timely formation and
correct localization of the RNPs within the CA core. Alternatively, IN could mediate the
correct localization of RNPs in mature virions through potential bridging interactions
between the viral RNA genome and CA cores. Further studies are warranted to better
understand the complex interplay between multiple viral, and possibly cellular, components
during particle maturation.

Surprisingly, our /n vitroand in virion experiments show that IN, a double stranded DNA
binding protein, displays marked preference for highly structured RNA elements. Such
structural features in the viral RNA genome could be recognized by IN and account for the
highly reproducible binding pattern seen in our CLIP-seq experiments (Figures 1 and S1).
These multiple binding sites would enable IN multimers to effectively bridge different
segments of the viral RNA genome and thus promote effective compaction of RNPs. In turn,
the redundancy of structural elements along the viral genome allows for the virus to
compensate and to not depend on a single binding event of IN to a particular viral RNA
element. For example, deletions of either TAR or RRE do not have noticeable consequences
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on virus particle morphogenesis (Das et al., 2007; Kutluay et al., 2014). In addition, we note
that highly structured RNA elements are also present in cellular mRNAs (Wachter, 2014)
and our /n vitro assays show that IN binds human mRNA mix with low nanomolar affinity
(Figure 2F). Therefore, it is likely that during the production of functional HIV-1 based
lentiviral vector particles containing the transgenes of cellular origin, IN could interact with
both viral RNA and the RNA region corresponding to the transgene to allow for effective
bridging between these RNA segments.

Our site-directed mutagenesis studies have revealed both similarities and differences
between IN interactions with viral DNA and viral RNA. The IN K264A/K266A
substitutions impaired its ability to bind both viral DNA and viral RNA, suggesting an
overlapping interface for interaction with either nucleic acid. In contrast, IN R269A/K273A
mutant was unable to bind viral RNA, yet exhibited effective LEDGF/p75-mediated
concerted integration activity. Another important difference between IN binding to viral
DNA versus viral RNA is seen when preformed IN-nucleic acid complexes are subjected to
high ionic treatments (1 M NaCl). When IN forms the SSC with cognate viral DNA, it is
resistant to high ionic treatments. The formation of such a stable complex is likely to be
important during the early steps of HIV-1 replication. For example, stably bound IN tetramer
could protect the viral DNA ends from cellular DNA modifying enzymes and also would
allow the preintegration complex to retain its integrity while traversing through the nuclear
pore and associating with LEDGF/p75 and chromatin for effective integration. In contrast,
IN binding to viral RNA can be reversed by high ionic treatments suggesting that there is a
dynamic interplay between IN and viral RNA, which could be important for allowing HIV-1
RT to effectively reverse transcribe the viral genome.

We and others have shown that the primary mechanism of action of ALLINIs is to induce
aberrant IN multimerization in virions, which leads to the formation of eccentric cores with
mislocalized RNPs (Balakrishnan et al., 2013; Desimmie et al., 2013; Fontana et al., 2015;
Jurado et al., 2013; Le Rouzic et al., 2013; Sharma et al., 2014). However, it was not clear
how altering the state of IN multimerization during the late stage of virus replication
affected virion morphology. Here we demonstrate that representative ALLINIs, BI-B2 and
BI-D, impair IN binding to the viral RNA genome in virions. All reported ALLINIs,
including BI-B2 and BI-D, bind at the IN CCD dimer interface (Feng et al., 2013; Jurado et
al., 2013). In addition, the CTD plays a critical role for ALLINI induced aberrant IN
multimerization (Gupta et al., 2014; Shkriabai et al., 2014). In particular, our MS-based
hydrogen-deuterium exchange studies have revealed that ALLINI binding to the CCD
promotes multiple protein-protein contacts, which include the extreme C-terminal segment
(aa 249-288) (Shkriabai et al., 2014). The identified viral RNA interacting residues (K264,
K266, R269 and K273) are located within this protein segment and could be shielded in the
ALLINI induced aberrant IN multimers and are hence not available to productively engage
viral RNA (Figure S7D and E). These observations coupled with our findings that ALLINIs
do not affect NC binding to RNA in virions (Figures 7 and S7C) suggest the importance of
IN binding to viral RNA for proper virus particle morphogenesis.

In summary, our studies elucidate a previously undescribed non-catalytic role of IN in HIV-1
biology as it interacts with the viral RNA genome during particle morphogenesis.

Cell. Author manuscript; available in PMC 2017 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kessl et al. Page 12

Furthermore, these findings significantly extend our understanding of the mechanism of
action of ALLINIs, which are currently in clinical trials, and have uncovered a functionally
essential interface between IN and the viral RNA genome that could serve as an attractive
antiretroviral target.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
HIV-1 integrase binds viral RNA in virions

Integrase exhibits distinct preference for select RNA structural
elements

RNA binding defective mutants of integrase yield non-infectious
virions

Allosteric integrase inhibitors impair integrase binding to viral RNA in
virions
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Figure 1. CLIP-seq experiments showing HIV-1 IN binding to viral RNA in virions
(A) A representative autoradiogram of IN-RNA crosslinked adducts from HIV-1p 4.3 and

HIV-1n1 4.3 AN Virions (upper panel). Corresponding western blot analysis of IN in
immunoprecipitated fractions (lower panel). (B) Percentage of reads that map to cellular and
viral RNA obtained from 2 independent CLIP-Seq analysis of IN-RNA adducts from WT
virions. Error bars indicate standard errors. (C) CLIP-seq results showing read densities
(frequency distribution of nucleotide occurrence) mapped to the viral genome obtained from
HIV-1py 4-3 (red) and HIV-1y 4-3 ain (blue) progeny virions. The read densities have been
normalized with respect to total reads for WT HIV-1yy 4.3. A collinear schematic diagram of
the HIV-1 genome is shown above.
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Figure 2. HIV-1 IN binding to synthetic viral RNA segments in vitro
(A) Schematic for the SEC approach to test IN interactions with nucleic acids. (B) SDS-

PAGE and immunoblotting with anti-IN antibodies of SEC fractions. Lane 1: molecular
weight markers; Lane 2: 1/2 input IN; Lane 3: unliganded IN subjected to SEC; Lanes 4 and
5: IN+vDNA or IN+vRNA(1-850) complexes were assembled in the buffer containing 0.1 M
NaCl and subjected to SEC in the same buffer. Lanes 6 and 7: IN+vDNA or IN
+VRNA(1-850) complexes were formed in the buffer containing 0.1 M NaCl. Then NaCl
concentration was increased to 1M followed by SEC. (C) AlphaScreen assay design to
monitor direct binding between 6xHis-tagged WT IN and biotinylated RNA
oligonucleotides (only IN dimer shown for simplicity). “A” and “D” indicate anti-His
Acceptor and streptavidin coated Donor beads bound to 6xHis-tagged IN or biotin
respectively. (D) Representative AlphaScreen binding curves for IN binding to VRNA(1-57)-
TAR in the presence of 0.1 M or 1 M NaCl. The average values of three independent
experiments and corresponding standard deviations are shown. (E and F) Summary of
AlphaScreen-based assays for IN binding affinities for various RNA oligonucleotides with
standard errors of three independent experiments shown.
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Figure 3. Biophysical analysis of IN-vRNA(1-850) complexes
AFM images of SEC purified samples: IN alone (A), VRNA(1-850) alone (B) and IN

+VRNA(1-850) (C and D). (D) The zoomed image of the box in (C) with arrows pointing to
the bright spots corresponding to IN bound to VRNA(1-850). (E) The design of
AlphaScreen-based RNA bridging assay (only IN dimer shown for simplicity). “A” and “D”
indicate anti-DIG Acceptor and streptavidin coated Donor beads bound to either biotin or
digoxin (DIG), respectively. (F) The results of the RNA bridging assay with 25 nM of total
RNA incubated with indicated concentrations of IN and RT. The average values of three
independent experiments and corresponding standard deviations are shown. (G) BS3
crosslinking to analyze the multimeric state of IN in the context of unliganded IN (lanes 2
and 3), IN+ribonucleotides mixture (rNTPs) (lanes 5 and 6), IN+VRNA(237-279)-DIS (lanes
8 and 9), and IN+VRNA(1-850) (lanes 11 and 12) /n vitro compared to the multimeric states
of IN in virions of HIV-1y 4.3 (lanes 14 and 15). Positions of monomeric (M) and dimeric
(D) forms as well as higher-order aggregates are indicated.
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Figure 4. Mapping IN residues binding to VRNA(1-57)-TAR using MS-based protein footprinting
Representative segments of MS spectra showing that two IN peptides 263-269 (containing

modified K264 and K266) and 270-284 (containing modified K273) are detected with
unliganded IN (middle panels) but are significantly diminished in the IN-vRNA(1-57)-TAR
complex (lower panels). In contrast, the peptide 216-224 (containing modified K219)
persists with both unliganded IN and the IN-vVRNA(1-57)-TAR complex. The unmodified
peptides 200-211 and 245-262 serve as internal controls. Shown below is a graphical
representation of HIV-1 IN protein with three domains and identified RNA binding residues

indicated.
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Figure 5. Biochemical characterization of IN mutants
(A) Interactions of recombinant WT, K264A/K266A and R269A/K273A mutant INs with

VRNA(1-57)-TAR measured by AlphaScreen. The average values of three independent
experiments and corresponding standard deviations are shown. (B) Analytical SEC of WT,
K264A/K266A and R269A/K273A mutant INs. Monomeric (M) and tetrameric (T) INs are
indicated. (C) Affinity-pull-down assays showing binding of WT and mutant INs to LEDGF/
p75. Lane 1: molecular weight markers; Lanes 2-5 loads of 6xHis-tagged WT IN,
IN(K264A/K266A), IN(R269A/K273A) and tag-free LEDGF/p75; Lanes 6-9: affinity pull-
down using Ni beads of LEDGF/p75 with 6xHis-tagged WT IN, IN(K264A/K266A) and
IN(R269A/K273A). (D) Agarose gel analysis of concerted integration products. Lane 1:
DNA markers (BIOLINE Quanti-Marker, 1 kb); Lane 2: linearized target DNA; Lanes 4-6:
activities of WT, K264A/K266A and R269A/K273A mutant INs in the absence of LEDGF/
p75; Lanes 7-9: activities of WT, K264A/K266A and R269A/K273A mutant INs in the
presence of LEDGF/p75. Target and donor DNA substrates as well as single-site and
concerted integration products are indicated.
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Figure 6. Characterization of mutant viruses
(A) Autoradiograms of IN-RNA and NC-RNA crosslinked adducts from WT HIV-1p 4-3,

HIV-1nL4-3 IN(K264A/K266A) and HIV-1N14-3 IN(R269A/K273A) ViriONs (upper two panels).
Corresponding western blot analysis of IN and NC in immunoprecipitated fractions (lower
two panels). (B) CLIP-seq results for IN-viral RNA crosslinks from WT HIV-1y 4.3,
HIV-1n1L4-3 IN(K264A/K266A) aNd HIV-1N1 4.3 IN(R269A/K273A) Virions (only the first 1000
nucleotides shown). (C) Representative EM images of virions from WT HIV-1y 4.3,

HIV-1NL4-3 IN(K264A/K266A) aNd HIV-1N14-3 IN(R269A/K273A)- (D) Sucrose density gradient
separation of capsid cores from detergent-lysed virions of WT HIV-1y 4-3,

HIV-1InL4-3 IN(K264a/K266A) aNd HIV-1N1 4.3 IN(R269A/K273A)- (E) Quantitation of triplicate
experiments of HIV-1 CA-p24 signal intensity from (D) using ImageJ software. The error

bars indicate standard deviations.
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Figure 7. Effects of BI-B2 on HIV-1 IN interactions with viral RNA in virions
(A) Virions from WT HIV-1y 4.3 and the escape mutant HIV-1yy 4.3 in(a128T) Were

prepared in the presence and absence of 10 uM BI-B2 in virus producer cells and used to
infect target cells to determine relative infectivity. The average values of three independent
experiments and corresponding standard deviations are shown. (B) Autoradiograms of IN-
RNA and NC-RNA crosslinks adducts from virions of WT HIV-1y 4.3 and

HIV-1n14-3 IN(a128T) Prepared in the presence and absence of 10 uM BI-B2 (upper two
panels). Corresponding western blot analysis of IN and NC in immunoprecipitated fractions
(lower two panels). (C) CLIP-seq analysis of IN binding to viral RNA genome from virions
of WT HIV-1n 4-3 (upper panel), WT HIV-1y 4.3 + BI-B2 (middle panels), and
HIV-1N4-3 IN(A128T) T BI-B2 (lower panel).
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