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Abstract

Background: During HIV-1 maturation, Gag and Gag-Pol polyproteins are proteolytically cleaved and the capsid
protein polymerizes to form the honeycomb capsid lattice. HIV-1 integrase (IN) binds the viral genomic RNA (gRNA)
and impairment of IN-gRNA binding leads to mis-localization of the nucleocapsid protein (NC)-condensed viral
ribonucleoprotein complex outside the capsid core. IN and NC were previously demonstrated to bind to the gRNA in
an orthogonal manner in virio; however, the effect of IN binding alone or simultaneous binding of both proteins on
gRNA structure is not yet well understood.

Results: Using crosslinking-coupled selective 2/-hydroxyl acylation analyzed by primer extension (XL-SHAPE), we
characterized the interaction of IN and NC with the HIV-1 gRNA 5’-untranslated region (5’-UTR). NC preferentially
bound to the packaging signal (Psi) and a UG-rich region in U5, irrespective of the presence of IN. IN alone also bound
to Psi but pre-incubation with NC largely abolished this interaction. In contrast, IN specifically bound to and affected
the nucleotide (nt) dynamics of the apical loop of the transactivation response element (TAR) and the polyA hairpin
even in the presence of NC. SHAPE probing of the 5’-UTR RNA in virions produced from allosteric IN inhibitor (ALLINI)-
treated cells revealed that while the global secondary structure of the 5/-UTR remained unaltered, the inhibitor
treatment induced local reactivity differences, including changes in the apical loop of TAR that are consistent with the
in vitro results.

Conclusions: Overall, the binding interactions of NC and IN with the 5-UTR are largely orthogonal in vitro. This study,
together with previous probing experiments, suggests that IN and NC binding in vitro and in virio lead to only local
structural changes in the regions of the 5’-UTR probed here. Accordingly, disruption of IN-gRNA binding by ALLINI
treatment results in local rather than global secondary structure changes of the 5’-UTR in eccentric virus particles.

Keywords: HIV-1, Nucleocapsid, Integrase, XL-SHAPE, 5-UTR, RNA binding, RNA secondary structure, ALLINI

*Correspondence: musier-forsyth.1@osu.edu

! Department of Chemistry and Biochemistry, Centers for RNA Biology
and Retroviral Research, The Ohio State University, Columbus, OH, USA
Full list of author information is available at the end of the article

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-0354-4172
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12977-021-00582-0&domain=pdf

Liu et al. Retrovirology (2021) 18:37

Page 2 of 16

Graphical Abstract

In vitro XL-SHAPE

HIV-15’-UTR
+NC

+IN

Psi \
+NC&IN

Cross-linking sites
X=NC
X=IN

TAR

In virio SHAPE

+ALLINI

(IN RNA binding
inhibitor)

TAR

® |Increased SHAPE reactivity
@® Decreased SHAPE reactivity

Background

Retroviruses such as HIV-1 undergo dramatic morpho-
logical changes during viral assembly and maturation
that are essential to form mature infectious virions [1,
2]. Understanding these processes at the molecular level
may lead to new therapies interfering with these critical
steps. In the first step of viral assembly, Gag and Gag-
Pol polyproteins assemble in a radial manner to form an
immature particle. In the second step, immature HIV-1
particles undergo maturation wherein the polyproteins
are cleaved by the viral protease and rearrange to form
the infectious viral particle [3]. During this step, liberated
capsid (CA) proteins assemble to form the mature capsid
core, enclosing a viral ribonucleoprotein complex (vVRNP)
containing two copies of genomic RNA (gRNA) that are
coated and condensed by nucleocapsid (NC) proteins;
the vRNP also contains reverse transcriptase (RT) and
integrase (IN) [1, 3]. The canonical role of HIV-1 IN is
to catalyze insertion of the reverse transcribed viral DNA
into host chromatin [4]. However, IN mutations have
been identified that not only impair viral integration, but
also influence other steps of the viral lifecycle, including
maturation (reviewed in [5, 6]). Mutations that specifi-
cally impair viral DNA integration are known as class I,
whereas class II mutations also affect other steps of the
viral lifecycle [5]. Many class II IN mutations lead to
aberrant virion morphogenesis and mis-localization of
the vRNP outside the capsid core, resulting in non-infec-
tious virions [5, 7-13]. Similarly, mutants with insertion
of stop codons in the IN-coding region display abnormal
virion morphogenesis [7, 14]. Supplying IN in trans to
class II mutant virions partially restored vVRNP encapsi-
dation and HIV-1 infectivity, suggesting an active role for
IN in HIV-1 particle morphogenesis [11].

Allosteric IN inhibitors (ALLINIs, also known as
NCINIs, LEDGINs, or INLAIs) are a promising class
of anti-retroviral drugs [15-20]. ALLINIs interact with
the dimer interface of the IN catalytic core domain and
induce aberrant IN multimerization [21-26]. The phe-
notype of virions produced from ALLINI-treated cells
is very similar to that of class II IN mutations, i.e., mis-
localization of vRNPs [11, 12, 15, 23, 24, 27, 28]. The
mechanism of the ALLINI-induced effect was shown
to be through disruption of IN-gRNA interactions
[12]. Consistently, class II IN mutant viruses displayed
impaired IN-gRNA interactions, although through dif-
ferent mechanisms including protein stability, which
greatly reduced the packaged IN levels [13]. While IN-
gRNA interactions are largely abolished by ALLINIs,
mis-localized VRNPs still maintain a high NC content as
determined by “tomo-bubblegram” imaging [11]. CLIP-
seq studies also indicated that NC-gRNA interactions are
unaltered in the presence of ALLINI treatment [12, 29].
The decrease in viral infectivity under ALLINI treatment
is due to the premature loss of viral gRNAs and IN in tar-
get cells [29, 30].

Disruption of proper CA core formation around the
VRNP appears to be a particularly attractive drug target
[1, 3]. However, a detailed understanding of the inter-
play between key players in this process (NC, IN and
gRNA) at the molecular level is lacking. A crosslinking
study performed in cells revealed that NC and IN bind
to gRNA in a largely orthogonal manner [12]. The HIV-1
gRNA 5’-untranslated region (5-UTR) consists of mul-
tiple structural elements: the transactivation response
element [TAR, nucleotide (nt) 1-58] and polyadenyla-
tion signal (polyA, nt 59-105) hairpins, the primer bind-
ing site domain (PBS, nt 126-224), and the packaging
signal (Psi, nt 229-335) [31]. This region of the genome
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regulates diverse aspects of the viral life cycle, including
gRNA dimerization, packaging, initiation of reverse tran-
scription, RNA transcription and translation [32]. HIV-1
NC is known to specifically bind to Psi and mediate
gRNA packaging [33-39]. A high-affinity IN binding site
was identified in TAR, based on CLIP-seq and in vitro
binding studies [12]; however, the interactions between
IN and gRNA have not been probed at the single-nt
resolution level. Therefore, in this work we focused on a
detailed investigation of interactions of NC and IN with
the gRNA 5’-UTR domain.

We applied crosslinking-coupled selective 2’-hydroxyl
acylation analyzed by primer extension (XL-SHAPE), a
single-nt resolution technique that allows the identifica-
tion of both direct protein interaction sites and protein
binding-induced RNA conformational changes [40].
Changes in SHAPE reactivity indicate altered flexibility
of the RNA backbone, reflecting RNA conformational
changes as a result of protein binding. Increased reactiv-
ity is likely due to an indirect effect, whereas decreased
SHAPE reactivity may be due to indirect effects or direct
protein binding. The crosslinking method is used to con-
firm direct sites of protein interaction. We probed the
interactions of the HIV-1 5-UTR, with IN or NC alone,
and with both proteins simultaneously. Combined with
results of SHAPE experiments performed in native viri-
ons both in the absence and presence of ALLINI treat-
ment, our data provide significant new insights into IN/
NC-gRNA 5'-UTR interactions in vitro and in virio.

Results

RNA and protein constructs, design of in vitro probing
experiments, and data presentation

We first used SHAPE to probe the 352-nt HIV-1 5/-UTR
RNA in the absence of added protein factors to ensure
the RNA is properly folded. To avoid conformational
heterogeneity due to monomer-dimer equilibrium, a
monomeric mutant 5’-UTR-ADIS construct was used for
all in vitro probing experiments, wherein the palindro-
mic dimerization initiation signal (DIS) loop (AAGCGC
GCA) was mutated to a stable GAGA tetraloop [41]. The
sequence at the 5’-end of the HIV-1 genome has been
shown to be heterogeneous, containing variable numbers
of guanosines [42, 43]. RNAs with a single 5’ G are prefer-
entially packaged, in part due to adopting a DIS-exposed
conformation and having a higher propensity to dimer-
ize [43, 44]. The conformation of the 5'-UTR-ADIS con-
struct was largely insensitive to the number of 5’ Gs (data
not shown) and a construct containing three 5’ Gs was
used here. The lowest-energy secondary structure was
obtained using RNAstructure [45], with the SHAPE data
as pseudo-energy constraints. The secondary structure
of the RNA (Additional file 1: Fig. S1) is consistent with
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previous in vitro probing results [46] and is also similar
to the previously determined in virio 5-UTR structure
[38]. Therefore, the RNA conformation under our in vitro
probing conditions resembles the authentic RNA confor-
mation inside HIV-1 virions.

We present probing data for the following protein
binding conditions: NC alone, IN/IBD alone and the
two proteins together with different order of addition.
IN/IBD refers to a complex between the IN-binding
domain (IBD) of lens-epithelium-derived-growth-factor
(LEDGF)/p75 and an F185H mutant form of HIV-1 IN.
The IBD helps improve the solubility of IN and stabi-
lizes the tetrameric form of IN that displays high bind-
ing affinity to RNAs [13, 47-49]. The F185H IN variant
was used because this single point mutation increases the
solubility of recombinant IN but does not affect viral rep-
lication [50]. In experiments wherein both proteins were
present, NC or IN/IBD was added first, followed by titra-
tion of the second protein. To specifically assess the effect
of the second added protein under these conditions, XL-
SHAPE data of RNA complexes with the first protein
were used as the background.

A summary of the results for the 5-UTR under each
protein binding condition is presented in Figs. 1, 2, 3 and
4. To facilitate comparisons of the effect of the different
proteins, data obtained with each protein combination
are summarized separately for each of the major 5-UTR
domains (Additional file 2: Fig. S2, Additional file 3: Fig.
S3, Additional file 4: Fig. S4, and Additional file 5: Fig.
S5). The statistical significance of the identified crosslink-
ing sites and SHAPE reactivity changes were assessed by
the two-tailed Student’s t-test, and the indicated changes
were all dose-dependent.

IN/IBD binding results in increased SHAPE reactivity

of the apical TAR loop and polyA hairpin independent

of NC binding

TAR plays a major role in stimulating viral transcrip-
tion [51], whereas the polyA hairpin has been shown to
regulate gRNA production and packaging [36]. These
hairpins together adopt a stable coaxially stacked con-
formation [41]. NC alone crosslinked to sites in both
TAR and polyA hairpins (Fig. 1). As indicated by the
sites with decreased SHAPE reactivity (green arrow-
heads), NC binding led to decreased backbone flex-
ibility in the internal and apical loops of TAR and
there were two significant sites with decreased SHAPE
reactivity in polyA. In the case of IN/IBD alone, we
observed one significant crosslinking site at C39 in
TAR (Fig. 2). This is consistent with a previous CLIP-
seq study showing that the TAR loop is an IN interac-
tion site in virions [12]. IN/IBD was also observed to
crosslink at the 3’-end of the polyA hairpin. Although
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Fig. 1 XL-SHAPE analysis of 5’-UTR RNA in presence of HIV-1 NC. The identified crosslinking sites are labeled by red stars. Sites with decreased and
increased SHAPE reactivity upon protein binding are indicated by green and red arrowheads, respectively. All identified sites had reactivity changes
of > 0.3 and p<0.05 based on unpaired, two-tailed Student’s t-tests, compared with the no protein control. Results are based on the average of at
least 3 independent experiments. Nucleotides that could not be analyzed are shown in grey. In this construct, the Psi DIS sequence (AAGCGCGCA)
was replaced by a GAGA tetraloop (boxed). Nucleotide numbering is according to the WT HIV-1 5-UTR sequence

two of the observed crosslinking sites for NC and IN/
IBD overlapped (Figs. 1 and 2), IN/IBD binding largely
increased SHAPE reactivity in the apical loop of TAR
and the polyA hairpin, in contrast to the decrease reac-
tivity observed upon NC binding (Fig. 2). Although
most of the sites with significantly increased SHAPE
reactivity were in or near the single-stranded regions of
polyA, there was an overall trend of increased SHAPE
reactivity across the entire polyA hairpin (Additional
file 10).

When NC was preincubated with the 5’-UTR before
IN/IBD addition, the C39 crosslinking site observed
for IN/IBD alone was lost (Fig. 3); however, IN/IBD
binding still resulted in increased SHAPE reactivity
in the TAR apical loop and the polyA hairpin (Fig. 3),

suggesting that increased nt flexibility upon IN/IBD
binding was unaffected by the presence of NC. When
IN/IBD was preincubated with the 5’-UTR followed by
NC addition, a similar although not identical pattern of
XL-SHAPE reactivity was observed as with NC alone
(Fig. 4). The preincubation with IN/IBD led to new NC
crosslinking sites (G89, G80) in polyA, possibly because
IN/IBD binding destabilized the backbone, mak-
ing these sites more accessible. G89 also showed sig-
nificantly lower SHAPE reactivity, consistent with the
crosslinking result. In contrast to the NC only results,
preincubation with IN/IBD triggered significantly
increased SHAPE reactivity in multiple polyA sites
upon NC binding (Fig. 4). The changes in TAR/polyA
are summarized in Additional file 2: Fig. S2.
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Fig. 2 XL-SHAPE analysis of 5’-UTR RNA in presence of IN/IBD. The identified crosslinking sites are labeled by red stars. Sites with decreased and
increased SHAPE reactivity upon protein binding are indicated by green and red arrowheads, respectively. All identified sites had reactivity changes
of > 0.3 and p<0.05 based on unpaired, two-tailed Student’s t-tests, compared with the no protein control. Results are based on the average of at
least 3 independent experiments. Other information is as noted in the legend to Fig. 1

NC shows strong crosslinking to a UG-rich single-stranded
region in U5

Upon binding of NC alone, numerous crosslinking
sites were observed in the single-stranded region of U5
(Fig. 1). This region is highly UG-rich, which is consist-
ent with NC’s preferred binding motif [39, 52, 53]. Two
additional crosslinking sites were observed in the single-
stranded region that connects the PBS and Psi domains.
These sites are consistent with the previously identified
NC interaction sites from in virio SHAPE and in vitro
binding studies [38, 54]. For IN/IBD alone, one signifi-
cant crosslinking site (U118) was identified in the sin-
gle-stranded region of U5 (Fig. 2). Decreased SHAPE
reactivity was observed in the single-stranded region
between PBS and Psi (Fig. 2). In the presence of preincu-
bated NC, IN/IBD still crosslinked to the single-stranded
region near U5:AUG (Fig. 3). However, the presence of

NC largely prevented the IN/IBD-induced decrease in
SHAPE reactivity of the single-stranded region between
PBS and Psi (Fig. 3). When IN/IBD was pre-bound, NC
still crosslinked to this region of the RNA (Fig. 4). The
changes in the U5:AUG region are summarized in Addi-
tional file 3: Fig. S3.

Variable SHAPE reactivity changes of the PBS/TLE domain

The PBS domain contains sequences complementary to
the 3/-end 18 nt of human tRNAY3, the HIV-1 reverse
transcription primer, and is important for reverse tran-
scription initiation [55]. Within the PBS domain, there is
also a hairpin known as the tRNA-like element (TLE, nt
149-161), which mimics the tRNAY*? anticodon domain
[41, 56, 57]. Several crosslinking sites were observed for
NC alone that were consistent with this protein’s pref-
erence for single-stranded guanosines and UG motifs
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Fig. 3 XL-SHAPE analysis of IN/IBD binding to the HIV-1 5’-UTR-ADIS/NC complex. The identified crosslinking sites are labeled by red stars. Sites with
decreased and increased SHAPE reactivity upon protein binding are indicated by green and red arrowheads, respectively. All identified sites had
reactivity changes of > 0.3 and p <0.05 based on unpaired, two-tailed Student’s t-tests, compared with the RNA -+ NC control. Results are based on
the average of at least 3 independent experiments. Other information is as noted in the legend to Fig. 1

(Fig. 1). Three crosslinking sites (G182, U183 and G184)
are proximal to where the 3’-end of the tRNA™*? primer
anneals. NC binding also increased the SHAPE reactiv-
ity at these crosslinking sites, indicating that NC bind-
ing may make the PBS region more accessible to the
tRNA*3 primer. IN/IBD alone crosslinked to U166
near the TLE hairpin and C208, downstream from the
PBS, resulting in mixed decreased and increased SHAPE
reactivity (Fig. 2). When NC was preincubated with
the 5/-UTR, IN/IBD still crosslinked to U166 (Fig. 3).
A second crosslinking site was retained under these
conditions, though shifted from C208 to G218, while
maintaining mixed decreased and increased SHAPE
reactivity. When IN/IBD was preincubated with the
RNA, a crosslinking pattern reminiscent of NC alone was
observed (Fig. 4). New SHAPE reactivity changes, how-
ever, were observed near the TLE hairpin, suggesting that

NC triggered increased nt flexibility under these condi-
tions. In the single-stranded region of the PBS domain,
several sites with increased SHAPE reactivity changes
were also observed (Fig. 4). The changes in the PBS/TLE
domain are summarized in Additional file 4: Fig. S4.

NC bound Psi independent of IN/IBD binding

The Psi domain, which is responsible for directing gRNA
packaging via interactions with the NC domain of the
Gag polyprotein [58-60] (also reviewed in [61-63]),
is composed of three stem-loops: SL1, SL2 and SL3. As
expected based on the known binding specificity of NC
to Psi [33-37], NC crosslinked to a G-rich bulge region
near the base of the SL1 hairpin, which correlated with
decreased SHAPE reactivity changes (Fig. 1). Signifi-
cantly decreased SHAPE reactivity changes were also
observed in the upper single-stranded bulge region of
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Fig. 4 XL-SHAPE analysis of NC binding to the HIV-1 5-UTR-ADIS/IN/IBD complex. The identified crosslinking sites are labeled by red stars. Sites with
decreased and increased SHAPE reactivity upon protein binding are indicated by green and red arrowheads, respectively. All identified sites had
reactivity changes of > 0.3 and p <0.05 based on unpaired, two-tailed Student’s t-tests, compared with the RNA + IN/IBD control. Results are based
on the average of at least 3 independent experiments. Other information is as noted in the legend to Fig. 1

SL1, as well as in a single-stranded region near the base
of SL3. Although the decreased shape reactivity was
consistent with NC binding to these regions, significant
levels of crosslinking were not observed in the vicinity
of the SL3 base. The decreased SHAPE reactivity in the
G-rich apical loop of SL2 was also consistent with pre-
vious in virio SHAPE probing results [38]. IN/IBD also
crosslinked to the single-stranded regions in SL1, con-
sistent with the decrease in SHAPE reactivity it invoked
in these regions (Fig. 2). In contrast to NC, IN/IBD led
to increased SHAPE reactivity in the apical loop regions
of both SL1 and SL2. When NC was preincubated with
the RNA, IN/IBD crosslinking to the Psi domain was
abolished and SHAPE reactivity changes in SL1 were also
largely eliminated (Fig. 3). Interestingly, the converse was

not observed. That is, upon preincubation with IN/IBD,
NC crosslinking sites and NC binding-induced SHAPE
reactivity changes in SL1 were very similar to the results
obtained with NC alone (Fig. 4). The changes in Psi are
summarized in Additional file 5: Fig. S5.

IN-specific XL-SHAPE reactivity effects in vitro

To assess potential contributions from the IBD protein
to the XL-SHAPE changes observed upon IN/IBD bind-
ing, we carried out XL-SHAPE analysis with IBD only
(Additional file 6: Fig. S6). The IBD did not reveal any
crosslinking sites, indicating it does not stably interact
with RNA. Although SHAPE reactivity changes were
observed for the IBD, these affected only 11 RNA sites
compared to 22 sites with the IN/IBD complex (Fig. 2).
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Also, in the vast majority of cases, the sites affected by
the IBD alone differed from the IN/IBD complex (com-
pare Fig. 2 and Additional file 6: Fig. S6). The only altera-
tion in common to both the IBD and IN/IBD complex
was G224 reactivity. Collectively, these results indicate
that the IBD does not significantly contribute to the RNA
binding profile of the IN/IBD complex.

An orthologous control experiment was performed
with the IN/IBD pretreated with BI-D, a well-character-
ized quinoline ALLINI [11, 12]. It was previously shown
that exposure of HIV-1 in cells to ALLINIs during virus
egress impaired IN-RNA binding in virions [12]. The XL-
SHAPE results obtained with the BI-D-treated IN/IBD-
RNA complex were mapped onto the RNA secondary
structure (Fig. 5). Compared to the results obtained with
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untreated IN/IBD complexes (Fig. 2), BI-D pretreatment
significantly reduced XL-SHAPE effects. For example,
BI-D-treated IN/IBD failed to increase SHAPE reactiv-
ity in the TAR apical loop and polyA hairpin and failed
to decrease SHAPE reactivity in Psi. The five sites of IN
crosslinking in these regions observed under baseline
conditions were also absent. In contrast, one crosslinking
site (U166) in the TLE hairpin and one site with signifi-
cantly increased SHAPE reactivity in the TLE loop were
retained following BI-D pretreatment. Taken together,
these data support specific IN-RNA binding in the
TAR/polyA and Psi regions of the 5-UTR, which were
adversely affected by ALLINIs.

As an additional control, an IN mutant (R269A,
K273A) with impaired RNA binding [12] was tested.
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The XL-SHAPE results are shown in Additional file 7:
Fig. S7. As expected, we no longer observed any signifi-
cant crosslinking sites, consistent with an RNA-binding
defect. This IN mutant also induced far fewer significant
SHAPE reactivity changes, compared to WT IN/IBD,
especially in TAR/polyA. There were still several sites
with significant SHAPE reactivity changes in Psi, suggest-
ing that these may be less specific effects.

In vitro probing of 5/-UTR-protein complexes

with near-physiological NC stoichiometry

HIV-1 virions incorporate two copies of gRNA (~9.4
kilobases each), ~2500 copies of NC, and ~125 cop-
ies of IN [64, 65]. Therefore, the stoichiometry of NC:nt
and IN:nt is about 1:8 and 1:160, respectively. In the
XL-SHAPE experiments described thus far, the IN and
RNA concentrations that were used matched physiologi-
cal stoichiometries. However, a lower NC concentration
(up to a maximum of INC: 30 nt) was used to maintain
dose-dependent reactivity changes; when higher con-
centrations were used, dose dependence was no longer
observed, potentially due to NC saturation or NC-
induced RNA aggregation. We next compared the results
obtained at lower NC concentrations to experiments
using near-physiological NC/RNA stoichiometries. The
result of an XL-SHAPE experiment wherein 5-UTR-
protein complexes were probed following IN/IBD pre-
incubation and addition of NC at 1INC:8nt is shown in
Additional file 8: Fig. S8. As before, the reactivity of the
IN/IBD-RNA complex was used as the background to
assess the reactivity changes induced by NC addition.
Overall, the results were very similar to those observed
previously at lower NC concentration (Fig. 4), with the
exception of additional sites of increased SHAPE reactiv-
ity in the PBS/TLE domain.

In virio probing following ALLINI treatment leads

to specific local SHAPE reactivity changes in the 5-UTR
Next, we performed in virio SHAPE probing of RNA
extracted from virions to assess how inhibition of IN-
RNA binding by ALLINI treatment affects global and
local 5-UTR structures. To abolish IN-RNA binding,
viral producer cells were exposed to BI-D during HIV-1
egress [12]. In the absence of BI-D treatment, the SHAPE
reactivity-constrained lowest energy secondary structure
of the 5’-UTR (Additional file 9: Fig. S9) was almost iden-
tical to the previous in virio SHAPE structure [38]. Like-
wise, when the producer cells were treated with BI-D,
the lowest energy secondary structure was the same as
the structure obtained in the dimethyl sulfoxide (DMSO)
control experiments (Fig. 6), suggesting that BI-D treat-
ment did not impart global secondary structure changes
throughout the 5-UTR region probed in our assay. We
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also derived lowest energy secondary structures of the
5’-UTR using in vitro SHAPE data with bound protein
factors, and none of these structures differed from the
structure of RNA alone (Additional file 1: Fig. S1). The
fact that the derived structures with bound proteins were
identical to the structure of RNA alone indicates that
protein binding did not significantly affect global 5-UTR
secondary structure.

Upon BI-D treatment, some local SHAPE reactivity
changes were, however, observed. Decreased SHAPE
reactivity was detected throughout the 5-UTR, with the
most significant changes occurring in the TLE and TAR
apical loops, as well as the PBS (Fig. 7). The most signifi-
cant effects were observed at U31 (TAR loop, decrease),
A90 (polyA stem, increase), C153 (TLE loop, decrease),
G191 (PBS, decrease), and A236 (Psi, increase). This sug-
gests that inhibiting IN-RNA binding alters nt flexibility
in these regions. The decreased in virio SHAPE reactivity
upon BI-D treatment in the apical TAR loop is consist-
ent with the increased in vitro SHAPE reactivity upon
IN/IBD binding (Figs. 2 and 3). As mentioned above, the
TAR loop was identified as a high-affinity IN binding
site based on CLIP-seq and in vitro binding studies [12].
While many nt in the polyA hairpin showed increased
SHAPE reactivity upon IN/IBD binding in the in vitro
XL-SHAPE experiments performed in the absence or
presence of NC (see Figs. 2 and 3), we did not observe
a corresponding significant decrease in SHAPE reactiv-
ity at the majority of these sites upon BI-D treatment of
virions (Fig. 7). This may be due to the presence of other
factors in virions that are missing in our in vitro system.

Discussion

A previous CLIP-seq study of RNA extracted from HIV-1
virions suggested that U31 in the apical loop of TAR is a
direct IN interaction site [12]. In our in vitro study, U31,
G32 and G33 revealed significantly higher SHAPE reac-
tivity, or increased flexibility, upon IN/IBD binding, with
G32 displaying clear dose-dependent reactivity changes
(Fig. 2 and Additional file 10). We observed increased
crosslinking at C30 and U31 in the presence of IN/IBD
(Additional file 10), though these changes were not des-
ignated as significant once we applied our stringent cri-
teria. C39 in TAR was a significant site of IN crosslinking
in our study. Significant increases in SHAPE reactivity
were observed in the polyA domain upon IN/IBD bind-
ing and importantly, these increases were largely main-
tained even upon preincubation with NC. Interestingly,
NC crosslinked to G33 in the TAR loop irrespective of
IN/IBD binding. When IN/IBD was preincubated with
the RNA, we observed several additional NC crosslinking
sites (G80, G89) in polyA (Fig. 4). Overall, these data sug-
gest that IN binding has a primary impact on nt flexibility
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in the polyA hairpin, with a more minor influence on
TAR.

A previous in virio SHAPE study suggested that
the ejection of Zn?" from the NC zinc fingers, which
results in defective NC-RNA binding, led to increased
SHAPE reactivity changes in several single-stranded
regions of Psi: two bulges in SL1 (nt 240-243, nt
272-274) and the apical loop of SL2 [38]. Our data are
consistent with decreased SHAPE reactivity in these
regions upon NC binding (Fig. 1). While many previ-
ous studies also suggested the importance of SL3 in
NC binding and gRNA packaging [38, 54, 66, 67], we
were unable to analyze this region for technical reasons
related to overlap with the SHAPE primer annealing
site. Within Psi, most of the sites with SHAPE reactivity
changes and identified crosslinking sites were found in
SL1, consistent with many previous studies suggesting
SL1 is an important determinant for Gag recognition
and gRNA packaging [33, 37, 68, 69]. We also observed

several NC crosslinking sites and increased SHAPE
reactivity changes near the PBS (Fig. 1), in good agree-
ment with recent Rous sarcoma virus Gag crosslinking
results [70].

IN and NC were previously demonstrated to bind to
the gRNA in an orthogonal manner in virio [12]. Here,
our SHAPE results suggest that IN/IBD binding triggered
increased backbone flexibility of the apical loop of TAR
and the polyA hairpin, regardless of the presence of NC,
while NC preferentially bound to the single-stranded
regions in U5, the region between PBS and Psi, and the
Psi domain, regardless of the presence of IN/IBD. There-
fore, the effect of NC and IN binding to the 5-UTR is
also orthogonal in vitro. We also observed some syner-
gistic effects. For example, in the polyA hairpin, the pres-
ence of IN/IBD led to enhanced NC crosslinking (Figs. 1
and 4). In addition, the XL-SHAPE results suggested that
IN/IBD interacts with the single-stranded bulges of SL1
only in the absence of NC (Figs. 2 and 3).
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In virio SHAPE studies performed after treating pro-
ducer cells with the ALLINI BI-D revealed that the low-
est-energy secondary structure of the 5-UTR was the
same as the DMSO control (Fig. 6 and Additional file 9:
Fig. S9). This was not surprising, as previous in virio
SHAPE studies suggested that the secondary structure
of HIV-1 gRNA is strongly conserved across different
biological states (in vitro, ex virio, in virio) [38]. Addi-
tionally, ejection of Zn*" from NC zinc fingers did not
change the overall structure of the 5-UTR in virio [38].
Therefore, our data and previous probing data [38] col-
lectively suggest that IN and NC binding in vitro and in
virio do not induce global secondary structural changes
within the 5-UTR. Our in virio SHAPE reactivity pro-
files in the PBS/TLE region (Additional file 9: Fig. S9)
are also consistent with previous studies showing limited
SHAPE reactivity at the PBS, and high SHAPE reactivity
in the sequences downstream from the TLE loop due to

additional tRNA/5-UTR interactions [38, 71]. The DIS
and the single-stranded bulges in SL1 were also unreac-
tive, consistent with intermolecular interactions in the
DIS and protection due to NC binding.

Our in vitro experiments suggested that NC specifi-
cally interacts with Psi, independent of the presence of
IN. Treatment with ALLINIs was previously shown not
to affect NC-RNA binding [29]. Consistent with this find-
ing, our in virio SHAPE probing experiments suggested
that pretreatment of virus with the ALLINI BI-D did not
induce local SHAPE reactivity changes in Psi.

During viral maturation, the stability of the HIV-1
RNA dimer increases in a stepwise manner, and this
process largely depends on the HIV-1 protease [72, 73].
The SHAPE reactivity of the viral RNAs may vary in viri-
ons of distinct ages. Future work aimed at probing viral
RNAs from virions of different ages or protease-deficient
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virions may be beneficial to understand changes in RNA
conformation during viral maturation.

Conclusions

Our detailed investigation of in vitro binding of NC and
IN with the HIV-1 5’-UTR is consistent with the conclu-
sion that binding is largely orthogonal. NC binds prefer-
entially to the UG-rich region proximal to the U5:AUG
stem and Psi, while IN binding impacts nt flexibility in
the TAR/polyA domains. The global secondary structure
of the 5-UTR remained unaltered in native vs. eccentric
virions produced in the presence of ALLINIs. Instead,
inhibition of IN-RNA interactions by ALLINIs changed
local RNA backbone flexibility at a few specific sites
throughout the 5’-UTR, including the apical TAR loop.

Methods

Preparation of proteins and RNAs

Hiss-tagged IN(F185H) and Hisg-tagged IBD (resi-
dues 307-460) [74, 75] were co-purified to form the IN
(F185H)-IBD complex by using three chromatographic
steps. The protocol to purify IN as described previously
[76] was used with minor modifications. Briefly, both IN
and IBD were expressed in BL21 (DE3) strain of Escheri-
chia coli and the cells were grown at 37 °C in LB contain-
ing 120 pg/mL ampicillin for IN and 50 pg/mL kanamycin
for IBD. The cells were grown to ~0.6—-0.8 ODy,, fol-
lowed by 1 mM isopropyl B-p-1-thiogalactopyranoside
induction for 4 h at 37 °C. Both IN and IBD cell pellets
were lysed together in 50 mM 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES), pH 7.5, 1 M NacCl,
10% glycerol, 2 mM 2-mercaptoethanol (BME) and pro-
tease inhibitor. After sonication, the filtered supernatant
was subjected to nickel-affinity and heparin column puri-
fication as previously described [76]. This was followed
by size-exclusion chromatography using a HiL.oad 16/600
Superdex column (GE healthcare, Chicago, IL) in 50 mM
HEPES, pH 7.5, 800 mM NaCl, 5% glycerol and 3 mM
BME. The fractions were collected, concentrated and
frozen at — 80 °C. A similar procedure was followed for
purifying His.-tagged IBD alone. Hisg-tagged IN(R269A,
K273A) was purified as described [12, 48].

HIV-1 NC protein (BH10 strain) was purchased as a
synthetic peptide from New England Peptide (Gardner,
MA).

HIV-1 352-nt 5-UTR-ADIS (NL4-3 strain) was pre-
pared by in vitro transcription using FoklI-linearized
pUC19 plasmid templates and T7 RNA polymerase, as
described [77]. This RNA contains a GAGA tetraloop
mutation in replacement of the DIS. The RNA concen-
tration was determined by measuring the absorbance at
260 nm and the following molar extinction coefficient:
3.2 x 10° M/cm.
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In vitro XL-SHAPE probing

Prior to all XL-SHAPE probing experiments, the HIV-1
5-UTR-ADIS RNA (4 puM) was refolded in 50 mM
HEPES, pH 7.5 by heating to 80 °C for 2 min, 60 °C for
2 min, addition of 1 mM MgCl,, followed by incubation
at 37 °C for 30 min and incubation on ice for at least
30 min.

An initial SHAPE probing experiment was performed
to test whether the RNA was properly folded in the
absence of bound protein. For this experiment, the folded
RNA was diluted to 0.1 pM in 20 mM HEPES, pH 7.5
and 1 mM MgCl,. Diluted RNA (90 pL) was mixed with
either 10 puL of neat DMSO or 10 pL of N-methylisatoic
anhydride (NMIA, from Sigma Aldrich, St. Louis, MO) (8
mM in DMSO). The SHAPE reactions were incubated at
37 °C for 45 min and the RNAs were recovered by etha-
nol precipitation.

For XL-SHAPE probing experiments with NC, IN/IBD,
or IN(R269A, K273A), the folded RNAs were diluted to
0.1 uM and incubated with each protein for 2 h on ice, in
a buffer containing 20 mM HEPES, pH 7.5, 1 mM MgCl,
and 100 mM NaCl. The following protein concentra-
tions were used: 1, 0.7, 0.3 and 0 uM for NC; 0.3, 0.2, 0.1
and 0 pM for IN/IBD, and 0.3, 0.1, 0 uM for IN(R269A,
K273A). For XL-SHAPE probing experiments with BI-D-
treated IN/IBD, 10-fold molar excess of BI-D (in DMSQO)
was added to each diluted IN/IBD complex, followed by
incubation at room temperature for 1 h. For XL-SHAPE
experiments with both NC and IN/IBD, the folded RNA
was diluted to 0.125 uM and first incubated with 1.25 uM
NC or 0.25 pM IN/IBD for 2 h on ice, in the same bind-
ing reaction buffers as described above. IN/IBD or NC
was then added to NC+RNA complex or IN/IBD +RNA
complex, respectively, and incubated for another 2 h
on ice in the same binding reaction buffers. The follow-
ing protein concentrations were used: 0.2, 0.15, 0.1 or 0
uM for IN/IBD; 4 (to mimic near-physiological stoichi-
ometry), 1, 0.7, 0.3 or 0 uM for NC. The addition of the
second protein also led to dilution of RNA to 0.1 pM,
preincubated NC to 1 uM, and preincubated IN/IBD to
0.2 uM.

After binding, half of the samples were used for SHAPE
probing and half were used for UV crosslinking. For
SHAPE probing, 10 pL NMIA (8 mM in DMSO) was
added into 90 pL of each of the binding reactions. Con-
trol reactions without proteins contained either neat
DMSO or NMIA (in DMSO). The SHAPE reactions were
incubated at 37 °C for 45 min. For XL probing, each of
the binding reactions (90 pL) was exposed to UV light
(254 nm, total energy of 400 mJ/cm?) on ice in a UVP UV
crosslinker CL-1000 model (Analytik Jena, Germany).
Two control XL experiments were also performed with-
out proteins: an RNA-only reaction was exposed to UV
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light to assess UV damage and a second RNA-only reac-
tion was incubated on ice in the absence of UV irradia-
tion. After SHAPE reaction or UV crosslinking radiation,
all the samples were treated with 10 pL of 5% SDS and
1 pL of Proteinase K (New England Biolabs, Ipswich,
USA), and incubated at 55 °C for 60 min. The RNAs were
recovered by phenol-chloroform extraction and ethanol
precipitation.

The primer extension and capillary electrophoresis
(CE) experiments were performed as described pre-
viously [70, 78]. The sequence of the 5'-NED-labeled
primer used in the primer extension reactions was:
5-TAC CGA CGC TCT CGC ACC-3' (from Applied
Biosystems, Foster City). The CE experiments were per-
formed in the Genomics Shared Resources facility (The
Ohio State University). The raw data obtained from the
CE analysis were analyzed using RiboCAT software [46].
The SHAPE data for RNA alone were used as pseudo-
energy constraints for structure modeling using RNAs-
tructure [45]. A helix file was generated in RNAstructure
and loaded into XRNA (http://rna.ucsc.edu/rnacenter/
xrna/xrna.html, UCSC), which was used to generate
the secondary structure representation. The differences
between the XL and SHAPE reactivity of the control
and protein-bound samples were compared using an
unpaired, two-tail student’s t-test. Absolute reactivity dif-
ferences of >0.3 with a p value <0.05 were considered
to be statistically significant. Dose-dependent reactivity
changes in the case of protein binding were an additional
prerequisite for establishing significance. At least 3 inde-
pendent trials were performed for all in vitro XL-SHAPE
experiments. The raw data of all XL-SHAPE experiments
can be found in Additional file 10.

In virio SHAPE probing

HEK293T cells were propagated in humidified incu-
bators at 37 °C in Dulbecco’s modified Eagles medium
supplemented to contain 10% fetal bovine serum (FBS),
100 IU/mL penicillin, and 100 pg/mL streptomycin in
the presence of 5% CO,. Cell-free HIV-1y;,_3 viral par-
ticles were produced by transfecting HEK293T cells in
15-cm cell culture plates with 30 pg pNL4-3 plasmid
DNA [79] per plate using PolyJet DNA transfection rea-
gent (SignaGen Laboratories). Where indicated, 10 uM
BI-D was added to the cell media. Two days after trans-
fection, 160 mL cell supernatants were filtered through
0.22 pm filters and pelleted by ultracentrifugation using
a Beckman SW32-Ti rotor at 26,000 rpm for 2 h at 4 °C.
Pellets were suspended in 160 pL 2x NMIA reaction
buffer (50 mM HEPES (pH 8.0), 200 mM NaCl, 0.1 mM
EDTA, 10% FBS). The resuspended virions were treated
with NMIA (16 pL, 100 mM in DMSO) or vehicle con-
trol DMSO (16 pL) for 50 min at 37 °C. Viral gRNAs
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from both (4+) and (—) NMIA treatments were gently
extracted using Qiagen viral RNA miniprep Kit. The
extracted viral RNA was treated with DNase (Life tech-
nologies, cat # AM1907) at 37 °C for 1 h. Viral RNA
genomes were quantified by real-time reverse-tran-
scription PCR (RT-PCR) as previously described [24].

Primer extension and CE analyses were performed
with ~1.2 pmol of NMIA-modified or control RNA,
as described above. The CE data were also analyzed as
described above. Absolute SHAPE reactivity differences
of > 0.3 between BI-D-treated and DMSO-treated con-
trol samples were considered significant. Two inde-
pendent trials were performed for in virio SHAPE
experiments.
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Additional file 1: Figure S1. SHAPE reactivity-constrained lowest energy
secondary structure of the 352-nt HIV-1 5/-UTR-ADIS RNA. The secondary
structure model was generated by applying averaged normalized SHAPE
reactivity from three independent trials as pseudo free-energy constraints.
Nucleotides are colored in accordance to SHAPE reactivity as indicated in
the key. Nucleotides that could not be analyzed are shown in grey. In this
construct, the Psi DIS sequence (AAGCGCGCA) was replaced by a GAGA
tetraloop (boxed). Nucleotide numbering is according to the WT HIV-1
5"-UTR sequence.

Additional file 2: Figure S2. Results of in vitro XL-SHAPE analysis of 352-
nt HIV-1 5’-UTR-ADIS RNA in TAR/polyA region, upon binding to (A) NC; (B)
IN/IBD; (C) NC+IN/IBD (NC incubated first) and (D) IN/IBD+ NC (IN/IBD
incubated first). Sites with decreased and increased SHAPE reactivity upon
protein binding are indicated by green and red arrowheads, respectively.
Identified crosslinking sites are labeled with stars. All identified sites had
reactivity changes of > 0.3 and p <0.05 based on unpaired, two-tailed
Student’s t-tests, compared with RNA alone control (A and B), RNA+ NC
(©), or RNA+IN/IBD (D). Results are based on the average of at least 3
independent experiments. Nucleotides that could not be analyzed are
shown in grey.

Additional file 3: Figure S3. Results of in vitro XL-SHAPE analysis of
352-nt HIV-1 5/-UTR-ADIS RNA near the U5:AUG region, upon binding to
(A) NG; (B) IN/IBD; (C) NC+IN/IBD (NC incubated first) and (D) IN/IBD + NC
(IN/IBD incubated first). Sites with decreased and increased SHAPE reactiv-
ity upon protein binding are indicated by green and red arrowheads,
respectively. Identified crosslinking sites are labeled with stars. All identi-
fied sites had reactivity changes of > 0.3 and p <0.05 based on unpaired,
two-tailed Student’s t-tests, compared with RNA alone control (A and B),
RNA 4+ NC (C), or RNA+IN/IBD (D). Results are based on the average of at
least 3 independent experiments. Nucleotides that could not be analyzed
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are shown in grey. Nucleotide numbering is according to the WT HIV-1
5/-UTR sequence.

Additional file 4: Figure S4. Results of in vitro XL-SHAPE analysis of 352-
nt HIV-1 5’-UTR-ADIS RNA in the PBS/TLE region, upon binding to (A) NG
(B) IN/IBD; (C) NC+IN/IBD (NC incubated first) and (D) IN/IBD +NC (IN/IBD
incubated first). Sites with decreased and increased SHAPE reactivity upon
protein binding are indicated by green and red arrowheads, respectively.
Identified crosslinking sites are labeled with stars. All identified sites had
reactivity changes of > 0.3 and p <0.05 based on unpaired, two-tailed
Student’s t-tests, compared with RNA alone control (A and B), RNA 4+ NC
(C), or RNA+IN/IBD (D). Results are based on the average of at least 3
independent experiments.

Additional file 5: Figure S5. Results of in vitro XL-SHAPE analysis of
352-nt HIV-1 5/-UTR-ADIS RNA in the Psi region, upon binding to (A) NC;
(B) IN/IBD; (C) NC+IN/IBD (NC incubated first) and (D) IN/IBD +NC (IN/IBD
incubated first). Sites with decreased and increased SHAPE reactivity upon
protein binding are indicated by green and red arrowheads, respectively.
Identified crosslinking sites are labeled with stars. All identified sites had
reactivity changes of > 0.3 and p <0.05 based on unpaired, two-tailed
Student’s t-tests, compared with RNA alone control (A and B), RNA+NC
(C), or RNA+IN/IBD (D). Results are based on the average of at least 3
independent experiments. Nucleotides that could not be analyzed are
shown in grey. The Psi DIS sequence (AAGCGCGCA) was replaced by a
GAGA tetraloop (boxed). Nucleotide numbering is according to the WT
HIV-1 5-UTR sequence.

Additional file 6: Figure S6. XL-SHAPE analysis of IBD binding to the
352-nt HIV-1 5"-UTR-ADIS RNA. Sites with decreased and increased SHAPE
reactivity upon protein binding are indicated by green and red arrow-
heads, respectively. All identified sites have reactivity changes of > 0.3
and p <0.05 based on unpaired, two-tailed Student’s t-tests, compared
with the no protein control. Results are based on the average of at least

3 independent experiments. Other information is as noted in the legend
to Fig. S1.

Additional file 7: Figure S7. XL-SHAPE analysis of IN (R269A, K273A)
binding to the 352-nt HIV-1 5-UTR-ADIS RNA. Sites with decreased and
increased SHAPE reactivity upon protein binding are indicated by green
and red arrowheads, respectively. All identified sites have reactivity
changes of >0.3 and p <0.05 based on unpaired, two-tailed Student’s
t-tests, compared with the no protein control. Results are based on the
average of at least 3 independent experiments. Other information is as
noted in the legend to Fig. S1.

Additional file 8: Figure S8. XL-SHAPE analysis of near-physiological
stoichiometry of NC binding to the HIV-1 5’UTR-ADIS/IN/IBD complex.
Sites with decreased and increased SHAPE reactivity upon protein bind-
ing are indicated by green and red arrowheads, respectively. Identified
crosslinking sites are labeled with stars. All identified sites have reactivity
changes of >0.3 and p <0.05 based on unpaired, two-tailed Student’s
t-tests, compared with the RNA 4 IN/IBD control. Results are based on the
average of at least 2 independent experiments. Other information is as
noted in the legend to Fig. S1.

Additional file 9: Figure S9. In virio SHAPE reactivity-constrained lowest
energy secondary structure of the HIV-1 5-UTR after treatment of cells
with DMSO. The secondary structure model was generated by applying
averaged normalized SHAPE reactivity from two independent trials as
pseudo free-energy constraints. Nucleotides are colored according to
SHAPE reactivity as indicated in the key. Nucleotides that could not be
analyzed are shown in grey. The tRNAY*3 annealing site is indicated by a
black line.

Additional file 10. Raw data files for all of the XL-SHAPE studies reported
here.
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