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Abstract

HIV-2, a human pathogen that causes acquired immunodeficiency syndrome, is distinct from

the more prevalent HIV-1 in several features including its evolutionary history and certain

aspects of viral replication. Like other retroviruses, HIV-2 packages two copies of full-length
viral RNA during virus assembly and efficient genome encapsidation is mediated by the viral
protein Gag. We sought to define c/s-acting elements in the HIV-2 genome that are important for
the encapsidation of full-length RNA into viral particles. Based on previous studies of murine
leukemia virus and HIV-1, we hypothesized that unpaired guanosines in the 5’ untranslated region
(UTR) play an important role in Gag:RNA interactions leading to genome packaging. To test our
hypothesis, we targeted 18 guanosines located in 9 sites within the HIV-2 5 UTR and performed
substitution analyses. We found that mutating as few as three guanosines significantly reduce
RNA packaging efficiency. However, not all guanosines examined have the same effect; instead,
a hierarchical order exists wherein a primary site, a secondary site, and three tertiary sites are
identified. Additionally, there are functional overlaps in these sites and mutations of more than
one site can act synergistically to cause genome packaging defects. These studies demonstrate the
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importance of specific guanosines in HIV-2 5’UTR in mediating genome packaging. Our results

also demonstrate an interchangeable and hierarchical nature of guanosine-containing sites, which
was not previously established, thereby revealing key insights into the replication mechanisms of
HIV-2.
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INTRODUCTION

Human immunodeficiency virus type 1 and type 2 (HIV-1 and HIV-2, respectively) are
pathogens that were introduced into the human population through different zoonotic
transmission events (1-3). HIV-1 was derived from simian immunodeficiency viruses (SIVs)
that infect chimpanzees and gorillas (SIV¢p; and SIVy, respectively) (4,5), whereas HIV-2
was from SIVs that infect sooty mangabeys (SIVyy) (6). Although both viruses can cause
acquired immunodeficiency syndrome (AIDS), HIV-2 is less pathogenic compared with
HIV-1: only a subset of HIV-2 infected individuals develop AIDS and with a delayed onset
(7,8). These two related and yet distinct viruses share ~55% identity in nucleotide sequences
(9) and have some similar features in their replication mechanisms but are different in
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several aspects. For example, although HIV-1 and HIV-2 have similar general genome
structures, they differ in some of the encoded accessory genes; HIV-1 encodes Vpu whereas
HIV-2 encodes Vpx (10).

HIV-2 packages two copies of full-length RNA as a dimeric genome into their particles
(11); these RNAs carry the genetic information required for viral replication. Analyses of
viral RNA content in individual particles demonstrates that most virions (>90%) contain the
viral RNA genome (11). Therefore, HIV-2 RNA packaging is very efficient. This efficient
genome packaging is mediated by interactions between viral protein Gag and the full-length
viral RNA. In most retroviruses, sequences important for RNA packaging are located within
the 5° untranslated region (UTR) of the full-length RNA and often extend into the gag

gene (12). In addition to containing the sequences important for RNA genome packaging,
the 5° UTR of HIV2 also contains multiple elements essential for other aspects of viral
replication. These c/s-acting elements include the trans-activation response (TAR) element,
the polyadenylation (polyA) signal, and the major splice donor site (SD), all of which
regulate HIV-2 RNA and gene expression, whereas the primer binding site (PBS) is required
for reverse transcription.

Results from chemical probing experiments have been used to develop models for the HIV-2
5’ leader RNA structure (13,14). A generally accepted model suggests that the 5’UTR forms
a complex structure with multiple stem-loops (14); many of the aforementioned functional
elements reside in stem-loop structures, often named after these elements. In this model, the
5" UTR of the full-length RNA begins with a complex TAR stem loop, followed by a polyA
stem loop, a short C-rich region (C-box), a PBS stem loop, stem loop 1 (SL1), after which
there are four short stem loops termed psi 1, SD, psi 2, and psi 3; the 5° UTR ends with a
G-rich region (G-box) that extends into the gag reading frame. The dimerization initiation
signal of HIV-2 is a 6-nucleotide palindrome located at the top of SL1, and sequence identity
of this signal affects copackaging of RNA from two different proviruses, indicating RNA
was dimerized prior to packaging (11). The loose dimer RNA structure, the configuration

of RNA that is thought to be packaged, was also probed using /n vitro transcribed RNA

and Selective 2" Hydroxyl Acylation analyzed by Primer Extension (SHAPE) analysis (15).
The loose dimer structure is in general agreement with the previously proposed structure
determined by chemical probing (14) except for the long-range interaction between the
C-box and G-box. Long-range interactions in the HIV-2 5 UTR have been previously
suggested (16,17); specifically, interactions of the C-box and G-box were shown to affect
HIV-2 RNA dimerization /n vitro (17).

To assess the elements in HIV-2 5° UTR essential for RNA packaging, multiple studies
deleted a portion of the HIV-2 5 UTR and examined genome packaging (18-20). These
studies yielded varied results and conclusions probably because different deletion mutants
were used. For example, one report showed that deletion of sequences between the SD and
gag gene severely affected RNA packaging and concluded that the major packaging signal
was located downstream of SD (18). In contrast, other reports showed that deletion mutants
in this region only had a minor packaging defect (19,20) and concluded that the major
packaging signal is located upstream of the SD (20). Additionally, other reports suggested
that sequences important for packaging are located both upstream and downstream of SD
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(17,21). These conflicting results are reflected in the naming of the elements found in the 5’
UTR. In some studies, “psi”, a term commonly used to describe retroviral packaging signals,
is used to describe a short sequence between PBS and SL1 (22), whereas in many other
studies psi 1, psi 2, and psi 3 are used to describe a series of short stem loops flanking the
SD stem loop (14,15). To avoid confusion, we have adopted the nomenclature used in the
structural studies (14,15).

Viral protein Gag orchestrates the assembly process; during or soon after virus assembly,
viral protease cleaves Gag to yield multiple mature proteins including nucleocapsid (NC),

a nucleic acid binding protein. Gag selects the full-length viral RNA from a large pool of
cellular mRNAs. The mechanism by which Gag recognizes and selects viral RNA has been
an important question in HIV biology. The specific sites in the 5> UTR to which HIV-1

Gag or NC bind have been examined using several methods (23-29). Multiple recent studies
have mapped the HIV-1 Gag or NC binding sites in distinct locations of the HIV-1 5" UTR,;
furthermore, several studies suggest that Gag preferentially binds to unpaired guanosines in
the RNA structure (24-27,29,30). Intriguingly, structural and mutational studies on murine
leukemia virus (MLV) genome packaging also demonstrated that unpaired guanosines in

the 5° UTR play critical roles in RNA genome packaging (31). These studies suggest that
interactions between Gag and unpaired guanosines may be a conserved feature in retroviral
genome packaging. Although the binding of HIV-2 NC to /n vitro transcribed short RNA
has been probed (15), the mechanisms by which HIV-2 Gag selects its RNA genome has

not been explored. Additionally, the packaging specificity of HIV-2 Gag is distinct from that
of HIV-1 Gag because HIV-2 Gag is not capable of cross-packaging HIV-1 RNA (32,33).
Therefore, it is unclear whether HIV-2 Gag: RNA molecular interactions can be predicted
from those of HIV-1.

In the studies described in this report, we sought to define the c/s-acting elements important
for HIV-2 RNA packaging. Based on the HIV-1 and MLV studies, we hypothesized

that unpaired guanosines in the HIV-2 5" UTR play a critical role in mediating specific
packaging of the HIV-2 full-length RNA. To test our hypothesis, we selected 9 sites in the
5" UTR that are predicted to contain unpaired guanosines based on current RNA structure
models and generated a mutant with 18-nt substitution mutations. As these guanosines

are located in unpaired regions, these substitutions are less likely to cause large changes

in the RNA structure compared with large deletions. We found that substituting 18-nt

of a 9-kb genome generated a severe defect in RNA packaging without affecting virus
production. Further mutational analyses identified five sites that are important for efficient
RNA packaging; additionally, there is redundancy and synergism of these sites and they
display a hierarchical order of importance with respect to genome packaging.

System employed to examine HIV-2 RNA packaging.

To determine the efficiency of viral RNA genome packaging, we used a previously described
system termed single-virion analysis (34). This assay visualizes viral RNA in individual
particles and has single-RNA detection sensitivity (11,34). Briefly, two near full-length
HIV-2 constructs are used (Fig. 1A): 2-Gag-BSL expresses untagged Gag and 2-GagCeFP-

J Mol Biol. Author manuscript; available in PMC 2022 June 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Umunnakwe et al.

Page 5

BSL expresses Gag fused to cerulean fluorescent protein (CeFP) (11). Coexpression of
untagged Gag and Gag tagged with fluorescent protein at a 1:1 ratio allows for the formation
of morphologically normal immature particles (35). These HIV-2 constructs contain all the
cis-acting elements necessary for viral replication; additionally, within the truncated po/
gene, they harbor stem-loop sequences referred to as BSL that are specifically recognized
by a bacterial RNA-binding protein BglG (34,36). Although these constructs contain a
functional revgene, the fatgene contains an inactivating +1 frameshift mutation.

To analyze viral RNA packaging, Gag- and GagCeFP-expressing HIV-2 constructs were
cotransfected into human 293T cells along with a plasmid expressing BglG protein fused
with yellow fluorescent protein (YFP) and a plasmid expressing HIV-1 Tat and Rev (Fig.
1A). Supernatants were harvested from transfected cells, clarified by filtration, plated on
slides, and imaged using fluorescent microscopy. Viral particles were detected by the CeFP
signals from the GagCeFP fusion protein, whereas viral RNA genomes were detected by the
YFP signals mediated by specific binding of BglG-YFP to the BSL in the viral RNA (Fig.
1A). Because BSL is located in the po/ gene, only full-length viral RNAs were detected.
RNA packaging efficiency was determined by quantifying the proportion of Gag particles
(CeFP signal) that contained full-length viral RNA (YFP signal). Particle production was
quantified as the average number of CeFP particles per field captured in the imaging
experiments normalized by the volume of supernatant plated on the slide. To determine RNA
packaging efficiency, more than 1,000 viral particles were analyzed in each sample of an
experiment and a minimum of three independent experiments were performed.

Substituting predicted unpaired guanosines in the HIV-2 5’ UTR results in severe
packaging defects.

A consensus of the secondary structure of the HIV-2 5’UTR has been established, confirmed
by recent SHAPE study, and predicts multiple unpaired guanosines (14,15) (Fig. 1B). We
hypothesized that the unpaired guanosines play an important role in Gag:RNA interactions
that lead to RNA packaging. To test our hypothesis, we replaced unpaired guanosines in 9
sites predicted by the SHAPE study (15); these sites are located between the PBS and the
translational start codon of gag. There are 18 unpaired guanosines in these 9 sites; the red
Gs in Fig. 1B and 1C denote guanosines that were mutated, and the blue numbers indicate
sites in which these guanosines reside. We modified 2-Gag-BSL and 2GagCeFP-BSL to
generate a pair of mutants, M1-9, in which all 18 of the unpaired guanosines were replaced
with adenosines except in sites 2 and 3. In site 2, the sequence AGUAAG was changed

to ACUAAA to avoid the generation of a polyadenylation signal. Site 3 has the sequence
GGAGT, which is flanked by a guanosine at the 3’ end; this GGAGT(G) sequence was
changed to AAATT(G) to avoid introducing an ATG start codon upstream of gag translation
start codon (Fig 1C). We have performed RNA structure modeling and found that the
5’UTRs from wild-type HIV-2 and from mutant M1-9 fold into similar general structures
with comparable delta-G free energies (Supplementary Figure 1). These results suggest that
the substitutions introduced in the 18 guanosines do not cause major changes in the overall
RNA folding of the 5’UTR. Although mutations were made in both Gag- and GagCeFP-
expression constructs, for simplicity we refer to them as one mutant. We cotransfected the
Gag- and Gag- CeFP-expressing plasmids with Bgl-YFP and Tat/Rev-expression constructs,
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harvested particles, and performed single-virion analyses. Most of the viral particles (94%)
generated from the wild-type control with unaltered 5 UTR contained the viral RNA,
indicating that viral RNA was packaged efficiently (Fig. 2A). In contrast, only 10% of the
particles generated from mutant M1-9 contained viral RNA (Fig. 2A). Importantly, the M1-9
mutant generated similar amounts of viral particles as the wild-type controls (Fig. 2B),
indicating that the substitutions did not affect gene expression or viral particle production.

In this system, the same RNA species is used for Gag translation and genome packaging;
therefore, these results suggest that substituting the 18 guanosines significantly affected
RNA packaging efficiency without affecting other aspects of HIV-2 RNA.

Site 3 contains guanosines important for HIV-2 RNA packaging.

To determine the substitutions that caused the packaging defect in M1-9, we first generated
two mutants, M1234 and M56789, each carrying a portion of the mutations in M1-9. For
clarity, the names of the mutants correspond to the mutated sites; for example, M1234
contains mutations in sites 1 to 4, whereas M56789 contains mutations in sites 5 to 9 as
shown in the Fig. 1B and 1C. We performed single-virion analyses using these mutants
along with the wild-type control and M1-9 mutant. We observed that ~30% (31% =

5%; mean and standard deviation from three experiments) of the particles generated by
M1234 contained the viral RNA genome (Fig. 3A). This finding indicates the presence of
guanosine(s) within sites 1, 2, 3, and 4 that are important for HIV-2 RNA packaging. Mutant
M56789 exhibits a mild packaging defect, 74% + 8 of its particles contained viral RNA,
indicating that guanosines altered in mutant M56789 contribute to RNA genome packaging.
This conclusion is consistent with the observation that M1234 exhibits a significantly better
RNA packaging efficiency compared with that of M1-9 (Fig. 3A; £=0.003; ANOVA with
Bonferroni correction), indicating that restoring guanosines in sites 56789 partly recover
viral RNA packaging efficiency.

Among the four sites mutated in M1234, site 3 has been proposed to play important roles

in RNA packaging and viral replication (22,37,38). Thus, to further delineate the roles of
the mutated guanosines, we generated two mutants, M3 and M124, and performed single
virion analyses. Our results showed that ~50% (54% + 10%) of the particles generated by
mutant M3 contained the viral RNA genome (Fig. 3B). Hence, compared with wild-type
control, substituting three guanosines in the site 3 resulted in a significant 2-fold decrease in
packaging efficiency of a 9-kB genome (#=0.0003; ANOVA with Bonferroni correction).
In contrast, mutant M124 packaged the viral RNA genome at levels comparable to that of
the wild-type control (94% + 1%) (Fig. 3B). These results indicate that site 3 is the major
determinant in viral genome packaging. However, the packaging defect displayed by M3 is
significantly less than that from M1234 (£< 0.001; ANOVA with Bonferroni correction).
Thus, although mutations in M124 do not cause detectable defects by themselves, combining
them with substitutions in M3 exacerbate packaging defects.

Delineating mutations required to recapitulate the packaging defect observed in M1-9.

Our study identified that guanosines in site 3 are important for RNA packaging; however,
the M3 mutant only exerts moderate packaging defects. We hypothesized that site 3 together
with other sites coordinate Gag binding leading to RNA packaging; thus, combining site 3
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mutations with other guanosine substitutions would cause more severe packaging defects.
To identify the minimum substitutions required for such effects, we generated 8 mutants,
each containing mutations in site 3 and another site; the names of these mutants reflect the
sites mutated for example, M13 contained mutations of sites 1 and 3. We performed single
virion analyses using these mutants along with the M3 mutant and wild-type control. To
assess the effects of mutating site 3 plus an additional site, we compared the RNA packaging
efficiencies of these mutants with that of M3 (Fig. 4A). Of these mutants, M39 did not show
a reduction of genome packaging compared to M3 (59% + 7% and 52% = 8% respectively);
whereas M13, M34, M35, M36, M37, and M38 appeared to have a slightly lower, but not
significantly different, RNA packaging efficiencies compared with M3 (Fig. 4A). Compared
with M3, the only mutant that had a significantly lower RNA packaging efficiency was M23
(25% + 4%). Furthermore, the RNA packaging efficiency of M23 is similar to that of M1234
(Fig. 3A), suggesting that mutations in site 2 and 3 account for most of the packaging
defects in M1234.

Although mutant M23 exhibited a packaging defect, it packages RNA significantly better
than mutant M1-9 (Fig. 4B), suggesting that there are additional sites that contribute to
genome packaging. Compared to wild-type control, mutant M56789 exhibited a moderate
RNA packaging defect, suggesting that sequences altered within this mutant contribute to
specific RNA packaging (Fig. 3A). To further delineate these potential sequences, we added
substitution of an additional site to M23 to generate M235, M236, M237, and M238. We
did not test the effects of site 9 because M39 did not exhibit a lower packaging efficiency
compared with M3. Single virion analyses showed that the viral RNA packaging efficiency
of M236 is comparable to that of M23 and is significantly different than M1-9 (£ > 0.999
and P=0.0001, respectively; one-way ANOVA with Bonferroni correction). These results
indicate that adding the site 6 mutation to M23 does not enhance packaging defects. In
contrast, mutants M235, M237, and M238 all packaged viral RNA significantly lower than
mutant M23 (P=0.0114, A= 0.0036, and £ = 0.0184, respectively; one-way ANOVA

with Bonferroni correction). Furthermore, these three mutants package viral RNA at levels
comparable to that of M1-9 mutant (P > 0.999 for all three mutants; one-way ANOVA with
Bonferroni correction), indicating that adding mutation of site 5, 7 or 8 to M23 generates a
mutant with defects similar to that of M1-9 (Fig. 4B). Thus, a minimum of three mutated
sites are required to recapitulate the defects of M1-9.

Characterizing the interplay between mutating various sites on RNA packaging
efficiencies.

Thus far, we have identified site 3 and site 2 as important elements in RNA packaging, and
adding mutations in site 5, 7, or 8 to M23 resulted in phenotypes similar to that of M1-9.
These findings raised the question whether combining mutations of these three sites could
recapitulate the effects of mutations of site 3 or site 2 in M23. This possibility is supported
by our results on mutant M56789, which includes mutations in site 5, 7, and 8, displayed
a mild packaging defect (~75%, Fig 3A). To examine the effects of combining site 5,7,
and 8, we generated two mutants, M2578 and M3578, and compared their RNA packaging
efficiencies with that of M23. Our single virion analyses showed that M2578 and M3578
packaged HIV-2 RNA genomes at levels comparable to that of M23 (Fig 5A; P > 0.999
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for both M2578 and M3578, one-way ANOVA with Bonferroni correction). Thus, when
all three 5,7, and 8 sites were mutated, these mutations can indeed replicate the effects of
mutating sites 2 or 3 independently.

To further delineate whether mutations in all the three sites are required to cause the
observed phenotypes, we systematically restored one of the sites, either 5, 7, or 8, in the
M2578 and M3578 mutants. We then compared the RNA packaging efficiencies of M357,
M358, and M378 with that of M3578. We found that two of the mutants, M358 and

M378, packaged RNA at similar efficiencies as M3578; whereas the third mutant, M357,
exhibited slightly, but significantly improved RNA packaging efficiency (Fig. 5B; £=0.009;
one-way ANOVA with Bonferroni correction). We then compared the packaging efficiencies
of M257, M258, and M278 with that of M2578, and found that all three mutants exhibited
improved RNA packaging efficiencies (Fig 5B; £=0.014 for M257 and A< 0.0001 for

both M258 and M278, one-way ANOVA with Bonferroni correction). Thus, to recapitulate
the M23 phenotype, all three 5,7, and 8 sites need to be mutated when combining with

site 2 substitutions whereas mutations in two sites can be sufficient when combined with
M3. These results further underscore the importance of the site 3 in mediating HIV-2 RNA
packaging. Intriguingly, reverting a given site can yield very different results when combined
with site 2 or site 3 mutations. For example, the site 7 mutation was reverted in M3578 to
generate M358, and these two mutants package RNA at similar efficiencies. In contrast, the
site 7 mutation was reverted in M2578 to generate M258, which packaged RNA at almost
wild-type efficiencies (Fig. 5B). These findings further illustrate the complex interplay
between Gag and various sites in the viral 5> UTR during the process of packaging the viral
genomes.

Determining the relationship between the numbers of guanosine mutated and the RNA
packaging efficiencies.

We have examined the effects of mutating 18 guanosines in the 5> UTR and determined

the RNA packaging efficiencies of the mutants. To assess whether the number of guanosine
mutations is directly correlated with genome packaging defects, we plotted the wild-type
control along with the 25 mutants (shown as yellow, red, or blue dots) in Fig. 6, with the
number of guanosines mutated in the x-axis and the RNA packaging efficiencies in the
y-axis. The graph illustrates that RNA packaging is highly efficient without mutation and
severely defective when all 18 guanosines are mutated; however, the phenotypes between
these two data points are more complex. There is weak or little association between the
number of guanosine mutations and RNA packaging efficiencies (R?=0.22); furthermore,
there are large variations among mutants with the same numbers of guanosine mutations.
For example, the RNA packaging efficiencies of 7 mutants, each with 7 guanosine
substitutions, varied from 75% to 15%. These results indicate that the number of guanosine
mutations is not the sole determinant of the levels of genome packaging defects. Instead,
these findings suggest that individual guanosines have different effects on RNA packaging
efficiencies.

In our study, we observed that mutation of site 3 alone caused the RNA packaging efficiency
to decrease to ~50%. In contrast, the mutant containing sites 1, 2, and 4 mutations packaged
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RNA at a wild-type level, whereas the mutant with substitutions in all of the 5,6,7,8 and 9
sites displayed a packaging efficiency of 75%. Thus, of the 9 sites we examined, mutation
of site 3 had the most severe effect on RNA packaging and was designated the “primary
site”. Of the other 8 sites, when added individually to M3, only site 2 significantly further
hindered genome packaging. Thus, site 2 is designated as the “secondary site”. Addition of
mutations in site 5, 7, or 8 to M23 worsened packaging defects; thus, these three sites are
designated as “tertiary sites”.

In the current study, our mutants are based on a molecular clone, ROD12. To investigate
whether the sites described in this report are conserved in HIV-2 variants, we aligned 41
full-length HIV-2 group A and B sequences available in Los Alamos HIV database and
analyzed genetic variation in the guanosine positions of sites 2, 3, 5, 7, and 8. Our analyses
revealed that all guanosines in sites 3 and 2 are fully conserved in all analyzed sequences,
which is consistent with their role as primary and secondary site, respectively. However, not
all the guanosines in the tertiary sites are fully conserved. Site 5 contains three guanosines;
of these, two guanosines are fully conserved whereas 20 of 41 sequences (49%) encode
guanosine on the third nucleotide. Site 7 contains two guanosines, and guanosine is the
predominant nucleotide in both positions (38 and 40 out of 41). Site 8 has two guanosines,
and guanosine is encoded by 26 and 23 of 41 sequences (63% and 56% respectively). Taken
together, we found that in the analyzed sequences, guanosines are fully conserved for the
positions in the primary and secondary sites and highly conserved in the positions in tertiary
sites.

We then examined how the primary and secondary site mutations affect the correlation
between the number of guanosines mutated and RNA packaging defects. In Fig. 6, mutants
containing site 3 mutations are shown in blue, and mutants containing site 2 mutations

but without site 3 mutations are shown in yellow. The wild-type control and M56789,
which does not have mutations in site 2 and site 3, are shown in red. Among the four
mutants with 6 guanosine substitutions, two mutants without site 3 mutations exhibited
less severe packaging defects. Similarly, among the mutants with 7 guanosine substitutions,
two mutants without site 3 mutations also displayed less severe packaging defects. These
results further support the importance of site 3 for RNA packaging. However, not all
mutants with an unchanged site 3 exhibited improved packaging. Three mutants had 9
guanosine substitutions: M1234, M2578, and M56789; among these mutants, M1234 and
M2578 packaged RNA at similarly reduced efficiencies, whereas M56789 (red dot) has the
least packaging defects among the three mutants and encapsidated RNA at ~75%. These
results further support the importance of site 2 and site 3 in mediating RNA packaging.
Together, these mutational analyses illustrate that specific guanosines in the HIV-2 5’'UTR
are important for RNA packaging; however, not all guanosines impact packaging equally.
Instead, there is a hierarchical order of sites that have varied effects in mediating genome
packaging.

DISCUSSION

During assembly of nascent particles, HIV-2 must package its full-length RNA to carry the
genetic information. Thus, RNA packaging is an essential process for generating infectious
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virions. In this report, we sought to determine elements in the 5 UTR of HIV-2 full-length
RNA that affect genome packaging. We performed targeted mutagenesis on 18 guanosines
located in 9 different sites of the 5 UTR and found that substituting these guanosines
strongly affected HIV-2 genome packaging. However, not all the guanosine mutations had
the same effects; mutating specific sets of guanosines caused severe packaging defects
whereas mutating other guanosines have little effects on RNA packaging. Our analysis
revealed three previously unknown aspects of HIV-2 RNA packaging elements. First, there
is a hierarchical order to the multiple sites that affect HIV-2 RNA packaging: site 3 and 2 are
the primary and secondary sites, respectively; whereas three sites flanking the major splice
donor site are the tertiary sites. Second, there are synergistic effects to mutating sites. For
example, M1234 and M56789 have packaging efficiencies of 31% and 74%, respectively;
however, M1-9 has a packaging efficiency of 10%, which is more defective than expected
from additive effects (31% x 74% = 23%). Similarly, M3 and M124 have packaging
efficiencies of 54% and 94%, respectively; and yet M1234 has an efficiency of 31%, lower
than expected from combined effects (54% x 94% =51%). Our findings demonstrate that
these mutations act synergistically to cause packaging defects. Finally, there is functional
overlap among some guanosine sites; for example, M23, M2578, and M3578 exhibited
similar packaging defects, indicating that mutating sites 5, 7, and 8 together can replace
site 2 or site 3 mutation in the dual mutant. These results suggest that the HI\-2 packaging
signal contains redundant elements important for RNA packaging.

Our findings indicate that HIV-2 RNA contains multiple Gag binding sites, more than
minimally required to mediate packaging, thereby creating functional overlap; furthermore,
these sites have varied affinities. Because multiple Gag proteins need to bind HIV-2 RNA to
mediate packaging, we hypothesize that the presence of more than the minimally required
sites allow multiple paths to be taken to achieve sufficient Gag:RNA interactions necessary
for efficient packaging. Thus, mutating any one site, even in the case of the primary site,
does not completely abrogate packaging. However, mutating multiple sites can eliminate
the more efficient paths to achieve sufficient Gag:RNA interactions for packaging, thereby
creating the observed synergistic effects of multiple mutations on RNA packaging. The
presence of more Gag binding sites than minimally required ensures efficient genome
packaging, an essential step in viral replication. Furthermore, the functional overlap allows
genome packaging to occur even when one or two sites are mutated, a feature that also
serves as a layer of protection against substitution mutations in the 5° UTR.

Studies of MLV showed that two UCUG-UR-UCUG motifs in the 5 UTR of full-length
RNA are the major Gag binding sites (31). Mutation of all four guanosines in both

motifs caused severe RNA packaging defects (31). In contrast, studies of HIV-1 Gag:RNA
interactions suggest that there are multiple Gag/NC binding sites at the 5° UTR of the
full-length RNA (24,27,39); furthermore, these binding sites contained exposed guanosines.
We and others have examined the role of the unpaired guanosines in HIV-1 RNA packaging
(27,29). In our extensive mutational study, we identified multiple sites that are important for
RNA packaging; of those, mutations in two specific NC binding sites caused more severe
defects, reminiscent of the M3 mutant described in this report. Similar to HIV-2, combining
guanosine mutations in HIV-1 also has synergistic effects on RNA packaging (29).
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Results from this report, together with previous studies on MLV and HIV-1, suggest a
common theme of retroviral Gag proteins preferentially binding to unpaired guanosines
within a highly structured RNA region. However, there are many differences among these
three viruses. The major sites of MLV Gag binding that lead to RNA packaging are
defined in two 10-nt motifs; furthermore, these motifs do not appear to have a hierarchical
order. Our study demonstrates that the guanosines that influence RNA packaging in HIV-2
do not reside within one conserved motif but are scattered throughout a 190-nt region;
furthermore, there is a hierarchical order and redundancy among these sites. Intriguingly,
the mutational analyses of HIV-1 unpaired guanosines demonstrated features similar to
HIV-2; the Gag binding sites mapped in HIV-1 reside within a longer region in the 5’UTR,
have a hierarchical order, and display redundancy and synergism (29). These comparisons
suggest that although retroviral Gag proteins recognize unpaired guanosines in the 5’
UTR, different retroviruses may have evolved distinct features of Gag:RNA interactions.
Compared with MLV, HIV-1 and HIV-2 may share more similarities in the RNA elements
and their mechanistic interactions with Gag that govern genome packaging.

Previous studies have proposed that cis-acting elements important for packaging reside
either upstream, downstream, or both upstream and downstream of the major splice donor
site of HIV-2 RNA leader (17,18,20,21). Our results are in agreement with proposals that
elements both upstream and downstream of the major splice donor site are important for
genome packaging. Additionally, we have confirmed the role of a ‘GGAG’ element in site 3
on RNA packaging as proposed by several studies (37,38). This ‘GGAG’ element is part of
a larger 10-nt palindromic sequence upstream of the major splice donor site. When deleted
or substituted in previous studies, ~2-fold packaging defects were observed (38). Using a
different experimental system compared to all previous studies, we also observe a ~2-fold
packaging defect, with only guanosine substitutions in the GGAG element (M3). These
studies firmly establish that the ‘GGAG’ minimal subsequence of the 10-nt palindrome as a
key site important for HIV-2 viral genome packaging.

The 5” UTR of retroviral RNA is rich in regulatory elements for gene expression, genome
encapsidation, and reverse transcription. To serve these functions, RNA often folds into
complex structures and an element can have more than one function. Understanding the
intricate roles of the 5° UTR sequences and structures on HIV genome packaging not only
furthers our understanding of viral replication but also opens the possibility of targeting
these elements for potential antiviral strategies.

MATERIALS AND METHODS

Viral vectors and plasmids construction.

The HIV-2 constructs, 2-GagCeFP-BSL and 2-Gag-BSL, were modified from previously
described p2-GagCeFP-BSL and p2-Gag-BSL, respectively (11). These constructs were
derived from the ROD12 molecular clone and contain all the c/s-acting elements necessary
for viral replication, express untagged Gag or Gag tagged with CeFP, and in the truncated
pol gene, contain 18 copies of stem-loop sequences (BSL) recognized by Escherichia

coli BgIG protein (34). Additionally, these constructs have inactivating deletions in vpr,
and env, and an inactivating insertion in nefcontaining the internal ribosomal entry site
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(IRES) from the encephalomyocarditis virus (EMCV) and the mouse heat stable antigen
(hsa); for simplicity, IRES-hsa is not shown in the Fig. 1A. Two modifications distinguish
2-GagCeFP-BSL and 2-Gag-BSL from previously described p2-GagCeFP-BSL and p2-Gag-
BSL, respectively: first, an inactivating +1 frameshift was introduced in the first exon of faf,
second, a silent one-base substitution was introduced in the matrix (MA)-encoding region

of the gag gene to generate a unique Agel site. DNA fragments containing mutations in

the 5° UTR were synthesized (IDT) and introduced into 2-GagCeFP-BSL and 2-Gag-BSL
by replacing the existing Sfol to Agel fragment. In all experiments, untagged Gag- and
GagCeFP-expressing plasmids are transfected at a 1:1 molar ratio to maintain normal
immature viral particle morphology (35). Plasmid Bgl-YFP has been previously described
(40) and expresses a truncated version of the BglG protein fused to YFP. Plasmid Tat-p2A-
Rev is a CMV-driven codon-optimized zar-revexpression construct with a p2A self-cleaving
peptide from porcine teschovirus (41) between HIV-1 tatand rev genes. All newly generated
constructs were verified by sequencing of the cloned region.

transfections and virus production.

Human embryonic kidney 293T cells were cultured in a humidified 37°C incubator with 5%
CO, and maintained in clear Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 ug/ml). DNA transfections
were performed using TransIT-LT1 transfection reagent (Mirus) at 3:1 pl reagent: total pg
DNA. In all experiments, GagCeFP- and Gag-expressing plasmids were cotransfected at

a 1:1 molar ratio and a total of 100 ng Gag-expressing plasmids were used per well of
6-well plates. Virus supernatant was harvested 24 hrs post-transfection, filtered through a
0.45-pum-pore-size filter (Millipore), and either used immediately for image acquisition or
briefly stored at 4°C prior to image acquisition.

Single-virion analyses.

Filtered supernatant was mixed with Polybrene (50 pg/ml), plated onto y-Slide ibiTreat
8-well slides (Ibidi) and spun in a Beckman Coulter Allegra™ 21R centrifuge with a
Beckman Coulter S2096 rotor for 90 mins, 1200 x G at 15°C. The process was repeated to
increase the number of particles per observation field for microscopy.

Epifluorescence microscopy was performed with an inverted Nikon Eclipse TE 2000
microscope and a 100X 1.49 numerical aperture oil objective, using a SOLA light
engine® light source (Lumencor) for illumination. Digital images were acquired using a
Hammamatsu ORCA-ERA camera and NIS-Elements software (Nikon) with the excitation
and emission filter sets 427/10 nm and 472/30 nm for CeFP and 504/12 nm and 542/27 nm
for YFP. The diffraction-limited spots were detected, and their positions were determined
in each image using Localize (42). Colocalization of the Gag (CeFP) and RNA (YFP)
signals was determined using a custom MATLAB program (Mathworks) (34,43); signals
were considered colocalized if their centers were within 3 pixels (~0.39 um).

One-way ANOVA multiple comparison tests with Bonferroni correction, and correlation
analysis were performed using GraphPad Prism version 7 for Windows (GraphPad Software,
La Jolla, California, USA, www.graphpad.com).
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RNA structure modeling and sequence alignment.

RNA secondary structure prediction of HIV-2 wild-type (ROD12) and mutant 5° UTR
sequences (nucleotides 185 — 555) were performed with RNAStructure V6.0.1 (https://
rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predictl/Predict1.html) (44) Multiple
sequence alignment of 41 full-length HIV-2 sequences (Group A & B) from the HIV
Los Alamos Sequence Database (http://www.hiv.lanl.gov) was performed with the Clone
Manager program (Sci-Ed Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Mutating specific guanosines in the HIV-2 leader RNA abrogated genome
packaging

Five guanosine-containing sites were identified with varied importance to
packaging

There are functional overlaps and synergistic effects among sites with
guanosines

We propose that synergistic Gag:RNA interactions mediate HI\V-2 RNA
packaging
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Shift, CeFP and YFP signals were overlaid and YFP signals were shifted to the right by 3
pixels to visualize colocalization. B. Schematic of HIV-2 leader RNA structure as described
by Purzycka et al. 2011 (15). For simplicity, only the nucleotides within the single-stranded
sites targeted for mutations are shown; red uppercase Gs indicate specific guanosines
mutated; blue numbers (#1 to #9), denote sites of mutations; yellow box denotes position of
Gag translation start. Site 3 is embedded within a 10-nucleotide palindromic sequence (pal).
C. Sites of mutations in the context of the HIV-2 leader DNA sequence used in this study.
Red uppercase G, guanosines targeted for mutation; blue numbers, individual sites. Indicated
guanosines were mutated to adenosines, except in the case of site #2 in which the AGTAAG
sequence was mutated to ACTAAA to avoid introducing a major polyadenylation signal and
site #3 in which the GGAGTG sequence was mutated to AAATTG to avoid introducing an
ATG upstream of the gag open reading frame. For reference, the PBS sequence is shown in
bold and underlined, and the Gag ATG translation start codon is shown in bold uppercase
with yellow highlight.
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Effects of mutating putative unpaired guanosines in the HIV-2 5’UTR on RNA packaging
and viral particle production. A. Proportions of viral particles containing HIV-2 RNA
genome. Particles derived from HIV-2 constructs containing unaltered 5’UTR (WT) or
mutated 5° UTR in which guanosines in 9 target sites were mutated (M1-9). B. Particle
production of WT and M1-9 constructs. WT particle production is set to be 100%; equal
amounts of WT or M1-9 DNA were used in each transfection. Results shown are averages
of three independent experiments; error bars indicate standard deviations and open circles
indicate values obtained from each independent experiment. P-values were calculated using
the unpaired t-test; n.s., not significant; ****, p-value < 0.0001.
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mutating sites 1,2, and 4 (M124) or site 3 (M3) on HIV-2 RNA packaging. Results shown
are averages of at least three independent experiments. Error bars, standard deviations; open
circles indicate values obtained from each independent experiment. P-values were calculated
by one-way ANOVA with Bonferroni correction for multiple pairwise comparisons; n.s., not

significant; ****, p-value < 0.0001.

J Mol Biol. Author manuscript; available in PMC 2022 June 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Umunnakwe et al.

——

Page 21

Proportion of VLPs
containing HIV-2 genome (%

1001

N D D o A
FEPPS

D> D
P 5
\

Proportion of VLPs
containing HIV-2 genome (%)

Aé Y @'{""

Fig. 4.

é\o

%) © A >
P FE S e
\

Delineating the minimal number of mutations required to recapitulate the M1-9 phenotype.
A. Effects of mutating site 3 in combination with another site on genome packaging
efficiency. The RNA packaging efficiencies of double mutants were compared to that of
M3. B. Effects of mutating sites 2 and 3 in combination with select single sites on RNA
packaging. Statistical comparisons to M1-9 are shown for the mutants. All results are
averages of at least three independent experiments; error bars, standard deviations, with
open circles indicating values obtained from each individual experiment. P-values for all
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experiments were calculated by one-way ANOVA with Bonferroni correction for multiple
pairwise comparisons: n.s., not significant; **, p-value < 0.01; ***, p-value < 0.005; ****,
p-value < 0.0001.
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Fig. 5.

Ef%ects of sites 5, 7, and 8 mutations on genome packaging efficiency. A. Effect of
combining sites 2 or 3 with sites 5,7, and 8 mutations on RNA packaging. B. Effects of
restoring sites 5, 7, or 8 in M2578 and M3578 on RNA packaging. The same data sets

on WT, M2578, and M3578 are shown in both A and B panels. All results are averages

of at least three independent experiments; error bars, standard deviations, with open circles
indicating values obtained from each individual experiment. P-values were calculated by
one-way ANOVA with Bonferroni correction for multiple pairwise comparisons: n.s., not
significant; *, p-value < 0.05; **, p-value < 0.01; ****, p-value < 0.0001.
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Fig. 6.

Dglineating the effects of guanosine mutations on HIV-2 RNA packaging. X-axis, number of
guanosines mutated; y-axis, RNA packaging efficiency. Blue dots, mutants containing site 3
mutations; yellow dots, mutants without site 3 mutation but containing site 2 mutations; red
dots, wild-type and a mutant (M56789) without sites 2 or 3 mutations.
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