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HIV-1 spliced RNAs display transcription start site bias
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ABSTRACT

Human immunodeficiency virus type 1 (HIV-1) transcripts have three fates: to serve as genomic RNAs, unspliced mRNAs, or
spliced subgenomic mRNAs. Recent structural studies have shown that sequences near the 5’ end of HIV-1 RNA can adopt
at least two alternate three-dimensional conformations, and that these structures dictate genome versus unspliced mRNA
fates. HIV-1's use of alternate transcription start sites (TSS) can influence which RNA conformer is generated, and this
choice, in turn, dictates the fate of the unspliced RNA. The structural context of HIV-1's major 5’ splice site differs in these
two RNA conformers, suggesting that the conformers may differ in their ability to support HIV-1 splicing events. Here, we
tested the hypothesis that TSS that shift the RNA monomer/dimer structural equilibrium away from the splice site seques-
tering dimer-competent fold would favor splicing. Consistent with this hypothesis, the results showed that the 5’ ends of
spliced HIV-1 RNAs were enriched in 3G structures and depleted of 1G“® RNAs relative to the total intracellular RNA
population. These findings expand the functional significance of HIV-1 RNA structural dynamics by demonstrating roles for
RNA structure in defining all three classes of HIV-1 RNAs, and suggest that HIV-1 TSS choice initiates a cascade of molecular

events that dictate the fates of nascent HIV-1 RNAs.
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) replication
requires the generation of multiple species of RNA from
a single transcription unit (Stoltzfus 2009; Emery et al.
2017; Sertznig et al. 2018). To achieve this, HIV-1 primary
transcripts are processed to yield three distinct length clas-
ses of mature RNAs: unspliced (~9 kb), partially spliced
(~4 kb), and multiply/completely spliced (~1.8 kb) RNAs
(Stoltzfus 2009; LeBlanc et al. 2013). Completely spliced
RNAs are especially important during early phases of infec-
tion, as they include the mRNAs that encode the essential
regulatory proteins Tat and Rev, which aid in transcription
and subsequent export of unspliced and partially spliced
transcripts from the nucleus (Karn and Stoltzfus 2012).
Partially spliced transcripts encode Env and certain acces-
sory factors. Unspliced RNAs play two distinct roles in HIV-
1 replication: alternately serving as the genomic RNAs that
will become encapsidated into progeny virions or as
mRNAs for the structural and enzymatic Gag and Gag-
Pol polyproteins (Tazi et al. 2010; LeBlanc et al. 2013).
To ensure the transmission of their intact genomes, ret-
roviruses must favor the recruitment of unspliced RNAs
over spliced isoforms during virion assembly. For gamma-
retroviruses, RNA packaging signals are located in intronic

Corresponding author: ateles@umich.edu
Article is online at http://www.rnajournal.org/cgi/doi/10.1261/ma.
073650.119.

sequences that are removed from subgenomic RNAs. In
contrast, some RNA elements that contribute to HIV-1
packaging specificity, albeit that are insufficient on their
own, lie upstream of HIV-1's initial 5" splice site and thus
are not removed from spliced RNAs. Recent structural
studies support earlier suggestions that, at least in part,
HIV-1 solves the problem of how to discriminate against
spliced RNAs during packaging and to direct its unspliced
RNAs into more than one fate by forming multiple alter-
nate RNA structures from sequences residing near the
RNAs' 5 ends (Greatorex 2004; Abbink et al. 2005; Lu
etal. 2011a).

The 5 ends of unspliced HIV-1 RNAs can adopt at least
two distinct folded conformations, and structural NMR
has provided evidence that these adopt secondary struc-
tures that include features illustrated in Figure 1A,B
(Abbink et al. 2005; Keane et al. 2015, 2016; Keane and
Summers 2016). In the dimer-competent conformation
that precedes packaging, HIV-1 RNAs display palindromic
sequences in the hairpin loops of their so-called dimer ini-
tiation signal (DIS) hairpins (Fig. 1B). The DIS palindrome
pairs intermolecularly with the corresponding sequences
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FIGURE 1. Predicted alternate secondary structure elements of HIV-1
RNAs' 5 ends. HIV-1 RNAs with 1G®?P 5 ends, which exist in the
dimer-competent fold (B) and 2G%®P or 3G*P 5’ RNAs, which adopt
a constitutively monomeric form (A). The addition of the single guano-
sine that differentiates 2G“* from 1G“*P RNAs allows for the restruc-
turing of the bottom of the poly(A) hairpin stem as shown. Specifically,
an additional 5" G extends the TAR hairpin stem by recruiting a cyto-
sine residue from the base of the poly(A) hairpin stem, thereby liber-
ating a previously paired guanosine from the downstream arm of
the poly(A) hairpin, which in turn extends Watson—-Crick base-pairing
between sequences in U5 and in the DIS hairpin loop. This restructur-
ing affects the accessibility of the dimer initiation sequence (DIS) pal-
indromic hairpin loop. An early step in the formation of the HIV-1 RNA
dimer linkage is a loop-loop “kissing” interaction between the DIS
palindrome on one HIV-1 RNA with an identical sequence on a second
HIV-1 RNA, which will become its packaging partner. Arrows between
each structure demonstrate two populations of the HIV-1 5 leader
that exist based upon heterogeneous transcription start sites (TSS).
Arrows above each structure indicate the favored equilibrium be-
tween dimer versus monomer competent conformations. Lighter,
gray arrows represent less favored and darker, heavier arrows repre-
sent more favored. Sequestration of the splice donor (SD) in a three-
way junction structure is shown in red in the space-filling model of B.

in a second RNA to initiate dimerization. Subsequent struc-
tural rearrangements result in the formation of the mature
dimeric packaging signal that becomes encapsidated in
HIV-1 particles (Abbink et al. 2005; Keane et al. 2015,
2016; Keane and Summers 2016).

In contrast to its accessible position in the dimer-compe-
tentfold, the DIS palindrome is sequestered by intramolec-
ular base-pairing in an alternate predicted monomeric
conformer (Fig. 1A). Recent work has helped explain
what dictates alternate 5’ leader folds by showing that
HIV-1 transcription initiates within a cluster of three guano-
sine residues, and that TSS choice affects RNA structure.
RNAs initiating with 1G%F, 2G%P, and 3G®®P are all ob-
served in cells, but under native replication conditions,
>90% of encapsidated genomic RNAs possess 1G*°P ends
(Kharytonchyk et al. 2016; Masuda et al. 2016). Consistent
with the hypothesis that the equilibrium between the mono-
mer form of the HIV-1 5’ leader and the alternate, dimer-

competent conformation is modulated by this TSS hetero-
geneity, unspliced transcripts containing a single guanosine
plus 7meG (1G“%P) at their 5 ends preferentially adopt the
dimer-competent fold in vitro, whereas RNAs possessing
either 2G“*" or 3G“*" ends adopt an altemate fold in vitro
and are found enriched on polysomes in cells (Tran et al.
2015; Kharytonchyk et al. 2016). Figure 1 illustrates how
the equilibrium between RNA monomer and dimer-compe-
tent forms can be shifted by the single 5’ nucleotide varia-
tion between 1G%P and 2G®P RNAs; 3G“*P RNAs adopt
the same fold as 2G“° RNAs (Kharytonchyk et al. 2016).

Prior to the recent elucidation of the HIV-1 packaging
signal’s three-dimensional structure by NMR, folding algo-
rithms and chemical probing experiments had predicted
that HIV-1's 5’ splice site (5'ss; also called the major splice
donor or D1), resides in the loop of an RNA hairpin that is
sometimes called the SD (splice donor) hairpin (Abbink
and Berkhout 2003; Kenyon et al. 2013). This predicted
SD hairpin is represented in the monomeric 5’ leader draw-
ing in Figure 1A.

Surprisingly, however, the three-dimensional structure
of the packaging signal revealed that the D1 5’ss does
not exist in an independently folded SD hairpin. Instead,
the arms and loop sequences of this predicted hairpin
join with more distal primary sequences and contribute
to the body of a double three-way junction structure that
is involved in genomic RNA recognition (Fig. 1B; LeBlanc
etal. 2013; Keane et al. 2015; Sertznig et al. 2018). As a re-
sult, the D1 5’ss, which is used in the generation of every
splicing product required during HIV-1 replication, is bur-
ied in a structural context, as shown in the space-filling
model of Figure 1B. Its location within the packaging sig-
nal RNA structure suggests HIV-1's major 5'ss would be
largely inaccessible for U1 snRNP binding and early spli-
ceosome complex formation when RNAs adopt the
dimeric packaging competent conformation.

Integrating findings that HIV-1 RNAs with 1G**® ends
adopt the dimer-competent fold but that one- or two-
base longer RNAs do not with the apparent inaccessibility
of the D1 5’ss within the packaging structure fold predicts
that HIV-1 spliced transcripts should be biased against
RNAs with 1G5’ ends. These observations further pre-
dict that spliced HIV-1 transcripts should exhibit an enrich-
ment of 2G*" or 3G“?P 5" ends because unspliced RNAs
with these 5 ends adopt the alternate structure.

RESULTS AND DISCUSSION

To test the hypothesis that HIV-1 spliced RNAs are en-
riched for 2G“*P/3G*P transcripts, the 5’ ends of specific
classes of HIV-1 RNAs were compared at single-nucleotide
resolution. To achieve this, specific spliced transcript pop-
ulations were isolated from 293T cells transfected with an
NL4-3 strain proviral clone that contained a catalytically in-
activated integrase gene and a frameshift mutation in env.
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HIV-1 RNA splicing generates 40 or more different prod-
ucts and makes use of multiple combinations of 5" and 3’
splice sites, with 5 splice sites referred to as D1, D2, and
so forth (for “splice donor”), while 3 splice sites are desig-
nated as acceptor sites A1, A2, etc. Splice donor/acceptor
pair D1/A5 (shown in red font in Fig. 2A) was selected for
study because D1/AS5 transcripts are the most abundant
HIV-1 splicing products in cells (Emery et al. 2017), while
D4/A7 (shown in purple) was also chosen because D4/A7
is the most abundant junction unique to multiply spliced
HIV-1 RNAs.

Targeted spliced transcripts were selectively enriched
from cells using biotinylated oligonucleotides comple-
mentary to the D1/A5 and D4/A7 splice site junctions, us-
ing the approach illustrated in Figure 2B. Selective
enrichment after capture, as shown in Figure 2C, was eval-
uated via RNase protection assays (RPAs) using a probe
that spanned the 5'ss D1. This 5 splice site is believed to
be used in the formation of all HIV-1 splicing products,
and thus only unspliced RNAs will protect sequences
that span D1. The results indicated that total RNA from
cells protected both a short fragment (corresponding to
spliced RNA) that includes sequences upstream of D1
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FIGURE 2. Purification of specific HIV-1 splicing products (A) HIV-1
RNA categories including unspliced and examples of partially spliced
and completely spliced transcripts, with associated virus gene names
(not to scale). Locations of donor (D) and acceptor (A) splice sites, as
HIV-15"and 3’ splice sites are called, are indicated. The red line above
D1 indicates the location of the riboprobe used in C; lengths of frag-
ments protected by unspliced and spliced RNAs are indicated above
brackets. The red line under D1A5 under the env/vpu RNA represents
the location of the D1/A5 capture probe, and the blue bar under
the tat mRNA indicates the location of the D4/A7 capture probe.
(B) Schematic overview of capture assay. Cell RNA is annealed with a
biotinylated oligonucleotide selective (capture probe) specific for a
single class of RNA followed by incubation and capture with streptavi-
din-coated paramagnetic beads. (C) RNase protection assay compar-
ing total cell HIV-1 RNA before (lane 2) and after (lane 5) selective
enrichment of specific spliced RNAs. The migration positions of
unspliced and spliced RNA protected probe fragments are indicated.
Total enrichment of spliced relative to unspliced RNA efficiencies var-
ied between 83% and 98% across five capture assay repetitions.
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and a longer fragment derived from unspliced RNA (Fig.
2C, lane 2). Importantly, HIV-1 RNAs captured using splice
junction probes displayed no detectable unspliced RNA
(Fig. 2C, lane 5).

After these specific splicing products were purified from
total cell RNA, their 5’ ends were compared to those of total
cell and virion-derived HIV-1 RNAs. This was initially done
using a single base resolution RPA using previously de-
scribed approaches (Fig. 3A; Kharytonchyk et al. 2016).
Three capped synthetic RNAs, each with authentic HIV-1
5" leader sequences and differing numbers of 5 guano-
sines, as well as their uncapped derivatives, were used as
standards to define the mobilities of 1G*?P, 2G“*, and
3G transcription products (Fig. 3C displays a large
portion of the gel that is presented in cropped form in
Fig. 3D, lanes 1-6). Consistent with our previous results
(Kharytonchyk et al. 2016), products of 1G%®P and 2G2P
standards each included two distinct protected bands, as
visible in Figure 3D, lanes 2 and 4. This mixture of products
reflects weak base-pairing between the RNAs' 7-methyl-
guanosine cap structure and the riboprobe. “Breathing”
of this weak pair results in a lower protected band corre-
sponding to the uncapped 1G structure, twinned with an
upper band corresponding to the protection of two cyto-
sines by 1G“ in the case of the 1G“*P standard
(Kharytonchyk et al. 2016). A similar double band pattern
resulted when the 2G“*" standard was probed. The
3G marker did not appear as a mixture of products
because the riboprobe used here was complementary to
the native U3/R junction (which contains 3Gs) and thus
the same length fragment was protected by RNAs with
both 3G and 3G“*P 5 ends. Riboprobe products protected
by uncapped 1G, 2G, and 3G RNA standards are included
for reference.

We next compared the 5 end contents of the specific
HIV-1 splicing products to those of virion and total cell
HIV-1 RNA samples (Fig. 3E). As noted above, cells contain
a mixture of HIV-1 RNAs, with 1G“*?, 2G**, and 3G“* 5’
ends, with a large majority comprised of 1G“*P and 3G“P
ends (Kharytonchyk et al. 2016; Masuda et al. 2016). Earlier
work performed under conditions used here showed that
<5% of total HIV-1 RNAs in cells possess 2G%%P 5 ends,
and thus the work here focused on 1G“*P and 3G*P
RNAs (Kharytonchyk et al. 2016). Because individual
capped RNAs yield multiple bands in RPAs, as exemplified
by the 1G“*" standard’s products visualized in lane 2 of
Figure 3D, the comigration of probe fragments protected
by capped RNAs and by uncapped RNAs one base longer
unavoidably complicated quantifying the mixtures of
RNase protection products generated by each sample.
Nonetheless, a comparison of sample banding patterns
in cells (Fig. 3E, lane 2) to those for specific splicing prod-
ucts (Fig. 3E, lanes 3 and 4), as well as visual comparison
to RNase protection products generated from differing
molar ratios of 1G®?P and 3G P standards (bottom portion
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FIGURE 3. Single-nucleotide resolution analyses of RNA 5’ ends. (A)
Schematic description of RNase protection assay, showing riboprobe
in red and lengths of twinned fragments protected by 1G RNAs above,
and by1Gca'D RNAs both above and below brackets. (B) Schematic of
7meG cap-dependent PCR approach for assessing 5" end classes. A
double-stranded adaptor with unpaired 5" C is ligated to nascent
cDNA in a cap-dependent manner. The yellow star represents the
32p radiolabel on one PCR primer used to amplify ligated adapter/
cDNA products (C) RNase protection products of in vitro transcribed
RNA size standards, including uncapped and capped 1G, 2G, and
3G 5 ends, as described in panel A. An overexposed ~25 cm portion
of the 40 cm sequencing gel is visualized, with (left to right) undigested
probe, molecular size standards, and experimental samples: the
boxed data indicate regions enlarged in panel D. Panel Cis included
as a control to demonstrate what was cropped from subsequent pan-
els. (D) Enlarged region from panel C. (E) 5" end structural heterogene-
ity of HIV-1 spliced and unspliced RNAs in virions and cells. RNase
protection products for viral RNA (lane 1), total cell RNA (lane 2),
spliced D1/A5 RNA (lane 3), and spliced D4/A7 RNA (lane 4). This ex-
periment was repeated five times, with similar patterns observed in
each. The lower portion of panel E shows RNase protection products
resulting from digestions of the following molar mixtures of in vitro syn-
thesized 1G*P:3G?P standards (from left to right): 64:1, 32:1, 16:1,
8:1,4:1, 2:1, 1:1, 1:2, and 1:4. (F) 5 end structural heterogeneity of
HIV-1 RNAs assessed using the cap-dependent PCR method outlined
in panel B. PCR products for 2G or 4G controls (lanes Tand 2), viral RNA
(lane 3), total cell RNA (lane 4), captured spliced D1/A5 RNA (lane 5),
and captured D4/A7 RNA (lane 6). Three technical replicates of this as-
say were performed. Note that because cDNA synthesis of 1G-P
RNAs produces products with 2Gs during the cap-dependent PCR as-
say, the 2G and 4G controls generate fragments with mobilities diag-
nostic of 1G=*P and 3G“*P RNA products, respectively. (G) Bar graph
and individual data points presenting the proportion of each indicated
HIV-1 RNA species with 3G ends, as compared to total cell values;
ratios determined for the total cell samples were set to 1. Data com-
piled from the experimental repetitions of panel F experiments, with
standard deviations, are indicated.

of Fig. 3E), provided initial evidence for biases in TSS usage
among spliced RNAs.

This analysis (Fig. 3E) revealed that, as reported previ-
ously, RNA isolated from virions was highly enriched in
1G® RNA, while total cell RNA included HIV-1 RNAs
with a mixture of 5 1G“*P and one or two base longer
5" ends (Fig. 3E, lanes 1 and 2). Consistent with predic-
tions, results in lanes 3 and 4 demonstrated that both of
the assayed purified splicing products—those with D1/
A5 and with D4/A7 junctions—included a mixture of 5
ends, with a higher proportion of 2G“**/3G“*" 5’ ends
than was observed for the total cell sample in lane 2.
Visual comparison of splicing products’ 5" ends (lanes 3
and 4) to those of experimental standards suggested a sig-
nificant enrichment of the longer RNA product in these
samples compared to total cell RNA (lane 2). The lower
portion of panel E shows RNase protection assay banding
patterns that result from varying proportions of synthetic
RNA standards as a comparison. However, the overlap-
ping twinned band patterns generated by capped RNAs
differing by only one or two bases prevented reliable
quantification of 5’ end ratios using this method.

Thus, an alternate, more readily quantifiable cap-depen-
dent PCR method for determining 5’ end ratios was devel-
oped. Unlike standard 5 RACE, which can artifactually
yield several amplification products from a single species
of RNA if the studied RNA includes broken molecules, if
RNA structure or other factors interfere with cDNA synthe-
sis reaching the RNAs’ 5’ ends, or if the polymerase used
adds nontemplated terminal nucleotides, this new method
has enhanced specificity for completed cDNAs synthe-
sized on 5 capped RNAs. The technique is outlined in
Figure 3B and the results displayed in panels F and
G. Results using this new PCR-based assay confirmed the
trends evident in the unamplified 5" end protection assay
shown in Figure 3E, and indicated that D1/AS5 spliced
RNAs displayed a more than twofold enrichment of
3G 5 ends relative to total cellular HIV-1 RNA. Note
that cellular RNA included a mixture of unspliced and
spliced RNAs: an undetermined fraction of which con-
tained the D1/A5 splice junction.

This apparent de-enrichment of 1G°P RNAs within the
populations of specific splicing products, as indicated by
the reduced fraction of RNAs with 1G“*® ends as com-
pared to total cell RNA, was consistent with the hypothesis
that 1G“*® RNAs favor a conformation that is relatively re-
fractory to splicing. These findings add to existing exam-
ples in nature, such as riboswitches, where RNA
conformational heterogeneity drives alternate functions
(Al-Hashimi and Walter 2008; Mustoe et al. 2014;
Sherwood and Henkin 2016). The equilibrium between
monomeric and dimeric conformations of the HIV-1 RNA
5’ leader has been shown to impact the packaging versus
translation fate decision of unspliced transcripts (Dirac
et al. 2001; Huthoff and Berkhout 2001a,b; Ooms et al.
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2004a,b; Abbink et al. 2005; Lu et al. 2011b). Previous re-
ports have provided data that suggests modulation of sec-
ondary structure in the vicinity of the major splice donor
can perturb HIV-1 splicing (Abbink and Berkhout 2008;
Mueller et al. 2014). Now, with insight from the NMR struc-
ture of the packaging signal, findings that a key modulator
of the fine-tuned equilibrium of RNA structures is TSS
heterogeneity, paired with the new data here, provides
a more complete structurally driven model wherein TSS
differences also modulate 5 splice site accessibility (Lu
et al. 2011a,b; Tran et al. 2015; Keane and Summers
2016; Keane et al. 2016).

In this model, recognition and binding of U1 snRNP to
the major 5'ss (D1) is inhibited when RNAs adopt the
dimeric conformation, as is favored by 1G%®P RNAs. In con-
trast, the SD is within more accessible sequences in RNAs
that adopt the monomeric fold, which is strongly favored
for RNAs initiating with 2G*® or 3G“P, thus allowing rec-
ognition by U1 snRNP and efficient splicing. In agreement
with the structural models depicted in Figure 1, the spliced
HIV RNAs studied here, including D1/A5 and D4/A7 tran-
scripts, showed 5’ end structures biased toward those with
3G%*P ends when compared to total cell RNA, whereas
unspliced viral genomic RNAs were enriched for 1G=*P
5" ends.

The finding here that the 5" ends of spliced RNAs dis-
played an enrichment for a subset of total TSS products,
but did not exclude the 1G“* products associated
with packaging, is consistent with earlier findings about
the RNA populations that associate with polysomes
(Kharytonchyk et al. 2016). Understanding of the factors
that contribute to these TSS product biases, which may in-
clude differential RNA stability and cotranscriptional ver-
sus post-transcriptional splicing, will require additional
study (Girard et al. 2012; Martin et al. 2013; Merkhofer
et al. 2014). Nonetheless, our results demonstrate a
marked enrichment of 3G 5 end structures among
spliced RNAs, thus supporting the hypothesis that a TSS-
enabled structural equilibrium shift in the nascent 5’ leader
enhances its splicing competence, and that TSS choice de-
limits the ability of an HIV-1 RNA to adopt each of its three
fates.

The results here describe the properties of RNAs gener-
ated by a single common laboratory subtype B isolate of
HIV-1, NL4-3, and only examine RNAs produced in cul-
tured cells in vitro. In work currently ongoing, we have
demonstrated that both the first and third of three guano-
sines at the U3-Rjunction in the subtype A strain, HIV-1yaL,
also are used as TSS and that, as is the case for NL4-3, the
vast majority of encapsidated RNAs possess 1G“?P 5’ ends
(Brown et al. 2020). Most HIV-1 strains contain the GGG se-
quence signature at their TSS, and most Pol Il transcripts
initiate with purine residues. However, addressing how
universal alternate TSS use is, and how often biased 5
end populations correlate with HIV-1 RNA fates, remain
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to be determined. Now, with our newly developed cap-de-
pendent 5" end mapping assay, we are well positioned to
address the extents to which these findings pertain to vi-
ruses propagated under more physiologic conditions, to
other retrovirus isolates, and possibly to variation in tran-
scription elongation outcomes during host gene expres-
sion as well.

MATERIALS AND METHODS

Plasmids

pNL4-3, which contains the full genome of HIV-1 strain NL4-3
(Adachi et al. 1986; Delwart et al. 1992; Freed et al. 1992) was
modified to generate HIV-Int, which encodes all HIV proteins ex-
cept Env and IN. The mutation in Env was designed to attenuate
this construct for use in a BSL-2 laboratory and consists of a frame-
shift generated by fill-in of a Kpn | site in env. HIV-Int contains an
additional mutation generated by overlap extension PCR within
integrase coding sequences, that consists of the insertion of a
376 bp fragment of the murine leukemia virus genome, which
contains an oligo binding domain sequence used in previous
work and empirically determined to be efficiently selected in cap-
ture assays (Flynn and Telesnitsky 2006).

Viruses and cells

For transient transfection with the HIV-Int vector, HEK 293T
cells were grown in 10 cm? culture dishes to a confluence of
80% in 10 mL of DMEM containing 10% FBS, 50 ug/mL gentami-
cin, and 0.33 pg/mL amphotericin B. These cells were transfected
with pHIV-Int at a scale of 5 ug of plasmid and 20 pg PEI (4 pg PEI
per microgram of DNA used) per plate. Plasmid DNA was dis-
solved in Tris—=EDTA, pH 8 (TE) buffer and PEI (Polysciences,
Inc.) was prepared in water and the pH adjusted to 7. Cells and
viral media were harvested 48 h after transfection and reverse
transcriptase (RT) activity in the media was quantified via a real-
time PCR assay (RT assay) (Vermeire et al. 2012) including media
with a known concentration of CA-p24 as a standard.

RNA extraction

Viral RNA was obtained by filtering transfected cells’ media
through 0.22 pm filters followed by ultracentrifugation through
a 20% sucrose cushion. To lyse virus-containing pellets, TRIzol re-
agent (Ambion) was used followed by chloroform/isoamyl alcohol
extraction and isopropanol precipitation. Following precipitation,
RNA pellets were dissolved in Tris-EDTA (TE) buffer, treated
with RQ1 DNase (Promega), then phenol/chloroform/isoamyl al-
cohol extracted and ethanol precipitated. Final RNA pellets
were dissolved in TE and nucleic acid concentration was deter-
mined by nanodrop measurement. To obtain total cell RNA
from transfected 293T cells, the culture medium was removed
and 2.4 mL of TRIzol reagent (Ambion) was added to each 10
cm? culture dish. The cell RNA was then extracted from the
TRIzol-cell mixture using chloroform/isoamyl alcohol as described
above. Subsequent steps to DNase treat and extract/precipitate
RNA were performed as above.
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Capture assays

Sequence-specific biotinylated DNA oligo capture probes
(Invitrogen) were designed to enrich for completely spliced (D4/
A7) or partially spliced (D1/A5) HIV-1 RNAs. The biotinylated
D1/A5 capture probe sequence was 5 CTCCGCTTCTTCCAG
TCGCCGCC, and the D4/A7 probe was 5 TCGGGATTGGGA
GGTGGGTTGCTTTGA. For spliced capture assays, RNA was first
poly(A) purified using a Dynabead mRNA micro purification kit
(Invitrogen). Then, 2-4 ug of poly(A) purified or total cell RNA
was mixed with capture probe (final concentration 2 uM), 20x
sodium chloride/sodium citrate buffer (SSC; 3 M NaCl, 0.3 M
NazCgHs05) plus water to a final SSC concentration of 2x, in a
total volume of 100 pL. For hybridization, the samples were incu-
bated at 65°C for 15 min followed by incubation on ice for 3 min
before the addition of 500 uL per sample Streptavidin
MagneSphere Paramagnetic beads (Promega). The beads were
washed with 0.5x SSC three times and suspended in 100 pL of
0.5x SSC prior to addition to RNA samples. The beads and
RNA samples were incubated for 10 min at room temperature fol-
lowed by collection of the beads using a magnetic stand and re-
moval of the “flow through” sample. Subsequently, the beads
were washed four times with 0.5x SSC and the final wash was col-
lected for analysis. Finally, the bound RNA was eluted by the ad-
dition of 250 pL water and heating at 95°C for 5 min. The flow
through, final wash, and elution samples were ethanol precipitat-
ed and pellets were dissolved in 5 pL of TE buffer followed by con-
centration determination via nanodrop measurement. RPAs were
used to evaluate the success of the capture assay.

RNase protection assay

RPAs were performed according to previously published proto-
cols (Flynn and Telesnitsky 2006; Kharytonchyk et al. 2016).
Briefly, the riboprobe template for evaluation of spliced and
unspliced HIV RNAs (pSKhé5) is a pBluescript KS+ derivative
that contains a 128 nt PCR fragment from pNL4-3 that flanks
the D1 5 splice site (RNA map positions 217-344) and thus pro-
tects 128 nt of HIV-1 unspliced RNA and 72 nt upstream of D1 for
all spliced RNAs. The riboprobe was *2P body-labeled by the syn-
thesis in the presence of a-CTP and transcribed using T3 RNA po-
lymerase and a linearized plasmid template. For the digestion of
unhybridized RNAs, both RNase A and RNase T1 were used.
Samples were run on an 8% denaturing gel made from Sequel
A and Sequel B solutions (AmericanBio) at 1000 V for 1.5
h. For samples analyzed on 40 cm sequencing gels, a PCR gener-
ated template was transcribed using SP6 RNA polymerase to gen-
erate a body-labeled riboprobe. For digestion, only RNase A was
used. The resolution of products was achieved using a 15% dena-
turing PAGE (29:1 acrylamide/bis-acrylamide) at 1700 V for 5-6
h. Uncapped and 5 capped synthetic RNAs used as standards
were provided by the Summers laboratory and prepared as previ-
ously described (De la Pefia et al. 2007; Kharytonchyk et al. 2016).

Cap-dependent PCR assay of RNA 5’ ends

To analyze 5" end structures of capped viral RNAs, RNA samples
from the indicated sources were purified as described in the RNA
extraction section above and used as templates for cDNA synthe-

sis using the TeloPrime Full-Length cDNA Amplification Kit V2
(Lexogen) according to the manufacturer's protocol. cDNA syn-
thesis was primed using an HIV-1 specific primer 5 CGCTTC
AGCAAGCCGAGTCC (corresponding to positions 239-258 on
viral RNA) using 250 ng RNA as template in each reaction. After
cap-depended adaptor ligation, second-strand DNA synthesis
was performed according to the manufacturer’s instructions.
Based on empirical trials to optimize detection, viral cDNA was
amplified for 15 PCR cycles with Phusion polymerase (NEB) and
primers 5" TGGATTGATATGTAATACGACTCACTATAGG (com-
plementary to ligated adaptor) and 5 AGAGCTCCCAGGCT
CAGATC (complementary to HIV-1 R region). In initial work to
confirm specific amplification of RNA 5" ends using this approach,
PCR products obtained from total cell RNA were cloned into
PGEM T-easy (Promega). Twelve individual plasmid clones were
sequenced and, as anticipated, all were found to contain either
2G or 4G nucleotides at the positions corresponding to the
5 end of HIV-1 RNA. Subsequently, two plasmid clones, one
containing 2G and the other 4G, were used as templates for
PCR amplification to generate size standards. The same amplifica-
tion conditions used to generate cloneable fragments were used
for the PCR reactions visualized by autoradiography, with the ex-
ception that the HIV-1 specific primer was first radiolabeled with
[y-*2P]-ATP and T4 PNK (NEB), using the NEB protocol. PCR prod-
ucts were resolved by denaturing 15% PAGE (29:1 acrylamide/
bis-acrylamide) at 1700 V for ~5 h and quantified by phosphor-
imaging using ImageQuant software. Autoradiogram shown is
one of three technical replicates; all data points obtained are in-
dicated in Figure 3G, and bar graph represents values and stan-
dard deviations from these three experiments.
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