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G-quadruplexes (G4s) are four-stranded nucleic acid P ‘\’|’ 77),
structures formed by the stacking of G-tetrads. Here HIV-1 Cell Ao /N
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physics analyses we first searched for evolutionary
conserved G4-forming sequences in HIV-1 genome.
We identified 10 G4s with conservation rates higher
than those of HIV-1 regulatory sequences such as
RRE and TAR. We then used porphyrin-based G4-
binders to probe the formation of the G4s during
infection of human cells by native HIV-1. The G4-
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binders efficiently inhibited HIV-1 infectivity, which Transcription

is attributed to the formation of G4 structures dur-

ing HIV-1 replication. Using a qRT-PCR approach, we o

showed that the formation of viral G4s occurs dur- q S

ing the first 2 h post-infection and their stabiliza- ,

tion by the G4-binders prevents initiation of reverse Blockage of
transcription. We also used a G4-RNA pull-down ap- Reverse-Transcription
proach, based on a G4-specific biotinylated probe, to ‘i Initiation

allow the direct detection and identification of viral
G4-RNA in infected cells. Most of the detected G4-
RNAs contain crucial regulatory elements such as
the PPT and cPPT sequences as well as the U3 re-
gion. Hence, these G4s would function in the early
stages of infection when the viral RNA genome is
being processed for the reverse transcription step.

by G4 Ligands

- Integration . _

*To whom correspondence should be addressed. Tel : +33 54000 2224; Email: samir.amrane@u-bordeaux.fr
Present address: Aurore De Rache, Department of Chemistry, U. Namur, 61 rue de Bruxelles, B5000 Namur, Belgium.

© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0003-0147-776X
https://orcid.org/0000-0001-9576-4449
https://orcid.org/0000-0003-3043-8401

INTRODUCTION

G-quadruplexes are polymorphic and stable nucleic acid
structures

G-quadruplexes (or “G4s”) are non-canonical nucleic acid
structures formed by guanine-rich DNA or RNA sequences
(Figure 1A). G4s are based on the formation of two or more
G-quartets; each quartet resulting from the square planar
arrangement of four guanines connected by eight hydrogen
bonds (Figure 1B). Potassium, and to a lesser extent sodium
cation, both present in the cellular environment, stabilize
these G-quartets through specific electrostatic interactions
with the oxygens of the carbonyl groups of the four gua-
nines. The stacking of two or more G-quartets defines the
core of the G4 structure. The guanines of the core can adopt
either syn or anti glycosidic bond angles (Figure 1C). This
crucial feature enables a DNA G4 structure to explore a
vast space of conformations (1). Indeed, in the case of in-
tramolecular G4s, the four strands can be interconnected
by three different types of loops (lateral, diagonal or pro-
peller) of variable lengths and sequences (Figure 1D). Con-
sequently, each of the four strands can either be parallel
or antiparallel to its adjacent strands. Depending on this
orientation, the four grooves delimited by the strands can
be narrow, medium, or wide (Figure 1B). All these struc-
tural elements depend on the nucleotide sequence of the G4-
forming sequences (G4FSs) and govern the overall shape of
the G4 (Figure 1E). The versatility of these parameters is at
the root of the tremendous plasticity of these nucleic acid
structures. G4 structures are generally stable under physio-
logical conditions, with thermal denaturation temperatures
often above 50°C, and sometimes above 90°C (2).

G4s have biological functions in human cells and microbes

G4s were long regarded as mere curiosities; however, as re-
viewed recently, these structures are now known to be in-
volved in key biological processes (3) such as telomere dy-
namics (4-6), replication (7), transcription (8) and trans-
lation (9,10). In order to infer the biological role of G4s,
we and other groups have performed genome-wide bioin-
formatics studies to identify putative G4FSs in the human
genome (11,12). Using the G4Hunter algorithm (11) we
identified up to 1.5 million putative G4FSs in the human
genome. We also found that roughly half of human promot-
ers have at least one putative G4FS. Several ex vivo stud-
ies using G4-specific antibodies have confirmed that these
structures exist in genomic DNA and cellular RNA (13,14—
16). Furthermore, G4s are also conserved in bacteria, fungi,
and viruses (17-19) and have been linked to important pro-
cesses such as antigenic variation, recombination, and la-
tency.

As functional biomolecules, G4s are certainly involved in
complex networks of interactions with multiple proteins. In-
deed, an increasing number of cellular proteins have been
demonstrated to interact with G4s (reviewed here (20)). De-
pending on the mode of interaction or the function of the
G4, the protein will either stabilize the G4 by locking its
conformation or it will destabilize it by unfolding it to facil-
itate a given biological process. For example, the RPA (21)
and POT1 (22) proteins present in the telomeric nucleopro-
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tein complex as well as the BLM (23) and PIF1 (24) heli-
cases will tend to unfold the G4 structures present at the
telomeres. On the contrary, the proteins SP1 (25), PARP-1
(26) and Nucleolin (27) will stabilize the G4 localized at the
promoters and may decrease the expression of the gene as
reported in the case of Nucleolin. Some proteins are also
known to preferentially bind to G4 RNA. This is the case
of the DHX9 (28) protein which destabilizes G4s and the
FMRP (29) protein which on the contrary stabilizes the
G4 structure. Despite a certain scarcity of high-resolution
structures describing G4—protein complexes, several bind-
ing modes have already been identified: Stacking at the top
of the G-tetrad, groove recognition and loop binding. The
stacking interaction is exemplified by the DHX36 helicase
(30). The C-terminal domain consists of a G4-binding helix
called the DHX36-specific motif (DSM), which sits atop the
5 end of the G4 with a preference for parallel G4 DNA. The
loop recognition mode has been proposed for a synthetic
zinc finger protein (ZFP) in which one zinc finger is able
to recognize two residues of the G4 loop (31). The groove-
binding mode was observed with the equivalent of the hu-
man POTI-TPP1 complex that is present in the telomere
nucleoprotein found in Oxytricha nova (32). Interestingly,
the X-ray structure shows at the same time an interaction
with an unfolded G4 and the phosphate backbone of an
intact G4. Remarkably, a very recent Cryo-EM structure
demonstrated a dual mode of binding by recognizing both
grooves and loops. In this case, the G4 is trapped by the
POLAT1 domain of Tetrahymena telomerase (33). This G4
formed by four telomeric repeats of Tetrahymena binds to a
positively charged DNA binding surface of POLA1 mainly
through groove recognition.

G4s are promising therapeutic targets

As G4 structures are very distinct from canonical duplexes
or single-strands, G4s represent a promising class of phar-
macological targets (34), especially against viruses (35). The
structural diversity of G4s suggests that a relatively high
degree of selectivity can be achieved with small molecules.
Rational design of ligands and in silico screening have
been reported (36, 37), and several thousands G4 ligands
are currently described in the G4 ligands database (38)
(http://www.gdldb.com). At least two G4 ligands have been
tested in clinical trials as cancer therapies and further ap-
plications have been proposed in virology (39). Notably,
G4 ligands of various chemical families (bisquinoliniums,
naphthalene diimides, acridiniums) are able to inhibit repli-
cation of DNA viruses such as herpesviruses and hepatitis
B virus as well as RNA viruses such as HIV-1 and hepatitis
C virus (40,41). Although this suggests that G4s have im-
portant functions in viruses, the G4-based mechanisms of
action are not well understood.

G4s in HIV-1

HIV-1 is a retrovirus that infects cells that express CD4 and
one of the chemokine receptors CCR5 or CXCR4 on their
surface. The HIV-1 genome is composed of two copies of
a single-stranded 9.2 kb-long, plus-strand RNA encoding
nine viral proteins (Figure 2A). During infection, the viral
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Figure 1. G4 nucleic acid structures. (A) Example of a G-quadruplex motif: Repeats of two to four guanines are separated by inter-block sequences
composed of 1 to 15 nt (X, any nucleotide). The blocks of more than three Gs can be interrupted by one or two non-G residues. (B) Structure of a G-
quartet. The guanine in red adopt a syn conformation. Those in black are in the anti conformation. Different groove sizes are depicted (N, narrow; M,
medium; W, wide). The tetrad is stabilized by a central K* or Na* cation (blue). (C) Syn and anti conformations adopted by Guanines. (D) Schematic
representation of a hybrid type G4 (PDB = 2LOD) composed of three tetrads with three different loop types: propeller, diagonal and lateral. Syn and anti
conformations appear in red and cyan. (E) Surface view of the G4 (PDB = 2LOD). Syn and anti conformations appear in red and cyan.

RNA is reverse transcribed into a 9.6-kb double-stranded
DNA flanked by two regulatory regions called the long ter-
minal repeats (LTRs). The viral DNA is then integrated
into the genome of the infected cell. The host cell machin-
ery then transcribes the viral genes and produces viral pro-
teins, leading to the assembly of new viruses. We (42) and
others (43,44) have described a G4FS in the U3 region of
the LTRs. This region is found at both ends of the proviral
DNA genome, whereas it is only present at the 3’ extremity
of the RNA genome (Figure 2A). In the 5-LTR, the U3-
GA4FS overlaps with the binding sites of SP1 transcription
factors and serves as a promoter for the entire viral genome.
We have proposed that the formation of a DNA G4 struc-
ture in this region may be critical for HIV-1 gene expression
(42). Other studies have detected G4FSs in the genes encod-
ing GAG and POL (45) and proposed a role of these struc-
tures in the recombination and/or dimerization (46) of the
genomes.

In this study, we first screened 2177 complete HIV-1
genomes and identified conserved G4FSs at both the DNA
or RNA levels. We detected ten evolutionarily conserved
G4FSs. In order to probe the formation of G4 during
HIV-1 infection, we treated human cells in culture with
a family of porphyrin-based G4 binders. We showed that
these compounds inhibited viral infectivity by targeting
the viral RNA without affecting enzymatic activity. These

molecules acted after the viral entry and prevented the ini-
tiation of reverse transcription in a G4-mediated mecha-
nism of action. We finally implemented an RNA pull-down
approach based on a G4-specific biotinylated probe and
we demonstrated the formation in infected cells of viral
RNA G4s. Some of these RNA G4s contain crucial regu-
latory elements like the PPT and cPPT sequences as well
as the U3 region. These data point toward a functional
role of G4 structures during the two first hours of HIV-1
replication and pave the way for the development of new
anti-HIV therapeutic strategies constructed around these
viral G4s.

MATERIALS AND METHODS
Bioinformatics analysis

G4Hunter was used to detect putative G4-forming se-
quences in an alignment of 2177 genomes from HIV-1
database (www.hiv.lanl.gov). A phylogenetic tree was in-
ferred using FastME v2.1.5 (options -dF81 -T10) from 2177
HIV-1 sequences. Branch lengths and site-specific evolu-
tionary rates (posterior mean rate) were then estimated us-
ing PhyML v3.3.20180621 (options -0 Ir -u <fastme> -d
nt -f m -b 0 -m HKYS85 -c 6 -t e -v e -a ¢ —print_site_Inl).
Evolutionary rates of sites within motifs were compared to
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Figure 2. Insilico detection of the putative G4FSs in HIV-1 and biophysical validation. (A) Scheme of HIV-1 genome composed of nine genes. The positions
of the putative G4FSs are indicated by red dashed lines for the sequences located on the RNA or DNA plus strands and blue dashed lines indicate those
located on the minus strand of the DNA. (B) Putative G4FSs detected using G4Hunter using a window of 25 nt. The average of the 2177 scores for each
window is then assigned to the first nucleotide of the 25-nt sequence. Regions with scores greater than or equal to 1 (in absolute value) can form a G4,
whereas those with scores below 1 (in absolute value) are unlikely to form a G4. The putative G4FSs are numbered. Above the numbers, symbols indicate
whether the region forms a stable DNA (green) or RNA (purple) G4 in vitro (marked with v'), an unstable G4 (marked with =), or does not form a G4
(marked with X). The final sequence alignment has a length of about 12 000 nt exceeding the size of 9.2 kb known for the HIV-1 genome due to the insertion
of “gaps” necessary to optimize the sequence alignment. (C) Logo representations of the putative G4FSs generated using Weblogo (www.weblogo.com).
The heights of the residues are proportional to frequencies in the alignment. (D) Average evolutionary rates of each putative G4FS and RRE-S1, RRE-S2,
TAR regulatory elements. The average pairwise p-distances are shown in Figure S2. (E-H) Biophysical analyses of the U3-G4FS. The oligonucleotide was
dissolved at a concentration of 5-10 wM in a buffer containing 70 mM KCl and 10 mM potassium phosphate at pH 7. (E) Circular dichroism profiles of
full-length dU3 (blue) and full-length rU3 (pink). (F) Circular dichroism profiles of truncated dU3 and truncated rU3. (G) UV melting profiles of full-length
dU3 and full-length rU3. (H) UV melting profiles of truncated dU3 and truncated rU3.

UV-absorbance measure-

evolutionary rates of sites outside motifs using R v3.4.3.
Average pairwise p-distances of sequences within mo-
tifs were computed using goalign (47) (https://github.com/
evolbioinfo/goalign) v0.3.1 and compared to average pair-
wise p-distances of 1000 random HIV alignment windows
of 30 nt.

Biophysical analysis

Circular dichroism studies. CD spectra were recorded on
a Jasco J-1500 instrument equipped with a Peltier temper-
ature control accessory. Each spectrum was obtained by
averaging five scans recorded at a speed of 100 nm/min
at 20°C.

Ultraviolet melting experiments.
ments were performed on a Uvikon XS (Secomam) spec-
trophotometer thermostated with an external circulating
water bath. The absorbance was monitored at 295 nm, and
the heating/cooling rate was 0.2°C/min. For each sample,
the TDS was obtained by subtracting the absorbance spec-
trum at 4°C from the one at 95°C as previously described
(48).

FRETmelting assay. FRET melting experiments were run
on a Stratagene Mx3005P real-time PCR equipment in 96-
well plates on the DNA sequences listed in Supplementary
Table S2. Experiments were performed in 10 mM lithium
cacodylate buffer (pH 7.2) and 10 mM KCl and 90 mM LiCl
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as previously described (49). The DNA concentration was
0.2 wM. See supplementary methods for a more detailed
protocol.

Ligand-induced fluorescence quenching assay. The ligand-
induced fluorescence quenching assay was conducted as
previously described (50). A Stratagene Mx3005P instru-
ment was used to carry out the assay in 96-well plates. The
labeled oligonucleotide was used at 10 nM, and the buffer
was 10 mM lithium cacodylate (pH 7.2), 10 mM KCI, 90
mM LiCl in a final volume of 50 pl. The ligand was added
over a range concentration from 0 to 10 wM. See supple-
mentary methods for a more detailed protocol.

Viral infectivity assays and RT-qPCR analysis

Virus infection. Infections were performed in a BSL-3 lab-
oratory at the UB’L3 platform in Bordeaux. Native HIV-
LAI was obtained after co-culture between MT4 cells and
HO cells carrying a copy of integrated HIVLAI genome
(51). 10 MT#4 cells were co-cultured with 10° HOLAI for
48h then the supernatant was collected and clarified by
filtration on 0.22 wM filters. Aliquots were then kept at
—135°C. Viral RNAs in supernatant were quantified by
qRT-PCR. HeLa P4 cells were infected at a MOI of 1 (de-
termined according to Trono lab: estimation of 1 infectious
particle for 1000 particles). HeLa P4 cells (52) used for in-
fection experiments were maintained in DMEM medium
(Invitrogen) supplemented with 10 % inactivated fetal calf
serum (FCS), 1 mg/ml geneticin (G418, Gibco-BRL). This
cell line encodes a Tat-inducible B-galactosidase (B-gal)
gene driven by the HIV-1 LTR and linked to the expression
of the viral Tat protein. HeLa P4 cells were seeded in a 96-
well or 24-well plates (containing 10 000 or 100 000 cells
per well respectively) 24 h before infection. Serial dilutions
of drugs were added at the time of infection.

Infectivity analysis. After 24 h of culture, B-gal activity
was quantified by adding 4-MUG mix (50 mM Tris—HCI,
pH 8, 100 mM B-mercaptoethanol, 0.05% Triton X-100, 5
mM 4-methylumbelliferyl beta-D-galactoside) to cells. Flu-
orescence associated with the reaction product was moni-
tored 24 h after adding the 4-MUG mix using a Cytofluor-II
plate reader (Applied Biosystems) with excitation/emission
filters at 360/460 nm. Cytotoxicity analysis was performed
under similar conditions without virus and measured with
the CellTiter 96@®) AQueous One Solution Cell Prolifera-
tion Assay System (Promega). Porphyrins are known to be
fluorescent which could interfere with this test. However,
the gold-porphyrins used here are not fluorescent. There is
no interference with the reading of the 4-MUG test.

Nucleic acid extraction. Viral DNA extraction was per-
formed 3, 6 and 24 h after infection in 96-well plates using
the High Pure Viral Nucleic Acid Kit (Roche). RNA extrac-
tion was performed 2 h after infection in 24-well plates using
TRI-Reagent (Molecularsup Research Center, Inc.) after a
trypsin treatment to remove any bound viral particles at the
surface of the cells. The purity and integrity of the RNAs
were determined using capillary electrophoresis on a Bio-
analyzer 2100 (Agilent). A 2 wM concentration of ligand
allowed an almost complete inhibition of the replication.

RT-PCR and gPCR. Serial dilutions of pNL4-3 and
GAPDH plasmids were used to derive a standard curve.
For total DNA quantification, qPCR reactions were
performed using the http://GoTaq/qPCR/Master/Mix
(Promega) to amplify the gag viral gene (Gag.F:
5-GCCTATTGCACCAGGCCAGAT-3 and Gag

R2: 5-GTGAAGCTTGCTCGGCTCTTAGA-3')
and the GAPDH cellular gene (GAPDH+: 5'-
GGAAGGTGAAGGTCGGAGTCAACGG-¥ and

GAPDH-: 5-TCCTGGAAGATGGTGATGGGATTTC-
3’). For RNA quantification, RT-qPCR reactions were per-
formed using the http://GoTaq/1-Step/RT-qPCR/System
(Promega) to amplify the viral LTR (LTRNec001:
5-GCCTCAATAAAGCTTGCCT-3' and LTRI131: 5-
GGCGCCACTGCTAGAGAT-3) and the GAPDH
cellular gene. Amplifications of strong-stop DNA,
first jump DNA, and second jump DNA were per-
formed using the following primers and probes: R
(5-GTTAGACCAGATCTGAGCCTGG-3), OHO65
(5-GCTAGAGATTTTCCACACTG-3), OHo4
(5-TAACTAGGGAACCCACTGC-3), U3 (5-
AGCAGCTGCTTTTTGCCTGTACT-3), U5 (5-
ACACAACAGACGGGCACACAC-3), and postPBS
(5-CCTGCGTCGAGAGAGCTCCTCTGG-3). For
Tagman experiments, OHC64 in the R region and
postPBS  were used with 5-FAM/3-TAMRA probe
(5-ACACAACAGACGGGCACACACTA-3'). See sup-
plementary methods for a more detailed protocol.

RNA G4 pull-down. We adapted the protocol developed
by Yang et al. for transcriptomic profiling of RNA G-
quadruplexes (G4-RNA) using the G4RP-seq (53). Cells in-
fection was performed for 2 hours. After washing in DEPC-
PBS, cells were fixed for 5 min at room temperature with 1%
formaldehyde in fixing buffer (50 mM HEPES-KOH pH
7.5, 100 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA
pH 8.0 in DEPC-H,0), then quenching of the cross-linking
was obtained by addition of 125 mM glycine. After cen-
trifugation the pellet was washed in DEPC-PBS and sus-
pended in 400 wl G4Rp buffer (150 mM KCI, 25 mM Tris
pH 7.4, 5 mM EDTA, 0.5 mM DTT, 0.5% NP40, Roche
RNase inhibitor). Sonication was performed with a Vibra-
cell (Bioblock scientific). After centrifugation, 5% of the
supernatant was kept as input. AuMA-biotin was added
at a concentration of 40 wM and incubated overnight at
4°C on a rotator. Streptavidin beads (Promega) were in-
cubated for 2 h at 4°C on a rotator. After three washes
with G4R P buffer followed by two washes with DEPC-PBS,
beads were suspended in 100 wl of DEPC-PBS. Samples
were incubated for 1 h at 70°C to reverse the crosslink, be-
fore purification of RNAs with TRIZOL. Amplification of
RNAs and qRT-PCR was performed as described in RT-
PCR and gPCR method (see previous paragraph). The sizes
of the RNA fragments produced during the sonication pro-
cess were analysed by capillary electrophoresis (Figure S26).
The majority of the fragments were between 100 and 200
nucleotides in size and a minority of RNA fragments was
up to 700 nucleotides in size. The primers were designed to
amplify products with sizes comprised between 118 and 219
nucleotides and displaying only one G4FS (Table S3). Sam-
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ples were analyzed by migration on an agarose gel. See sup-
plementary methods for a more detailed protocol.

RESULTS

In silico screening reveals evolutionarily conserved putative
G4-forming sequences in the HI'V-1 genome

RNA viruses have compact genomes and conserved sec-
ondary structures have important functions during the viral
life cycle as illustrated by the TAR and RRE structural ele-
ments of HIV-1 (54). RNA viruses evolve extremely rapidly.
Indeed, different subspecies often diverge by 10-30% at the
sequence level (55). We reasoned that functional G4s should
be conserved. In order to identify evolutionary conserved
G4s in the HIV-1 genome, we used the G4Hunter algorithm
(11) to search for putative G4FSs in an alignment of 2177
complete HIV-1 genomes from the M (subtypes A, B, C, D,
F, G) and O groups. We detected 11 putative G4FSs: nine
located on the plus-stranded RNA and DNA genomes and
two on the minus-strand DNA (Figure 2A, B and Table 1).
These putative G4FSs are well conserved (Figure 2C). In or-
der to precisely assess the level of conservation in compar-
ison with the rest of HIV-1 genome, we estimated the evo-
lution rate at each position of the alignment using FastME
(56) and PhyML (57) (Figure 2D). A phylogenetic tree was
inferred from the 2177 HIV-1 genomes. As “speed of evo-
lution” is allowed to vary across the sites of the alignments
during tree inference, branch lengths and site-specific evo-
lutionary rates (posterior mean rates) could be estimated.
Moreover, the average pairwise p-distances (i.e. the number
of mutations normalized by the sequence length) between
the sequences of each putative G4FS were computed as well
as the average pairwise p-distance between the sequences
of 1000 randomly selected HIV-1 alignment windows of
30 nucleotides (nt) (Figures S1 and S2). Interestingly, the
calculated mutation rate was significantly lower in putative
G4FSs than in the rest of the alignment, and the average
pairwise distances of the putative G4FS was lower than the
average pairwise p-distances of random HIV-1 alignment
windows; these data are indicative of a high conservation of
these putative G4FSs. Moreover, the average evolution rate
of the 11 putative G4FSs was significantly slower than the
average evolution rate of the entire HIV-1 genome (Figure
2D). Most of the putative G4FSs had evolution rates simi-
lar or even lower than those of the TAR and RRE structural
elements with evolution rates ranging from 0.16 to 0.39 for
sequences 1, 6 and 8-11 and between 0.4 and 0.13 for se-
quences 2-5 and 7.

Ten putative G4-forming sequences adopt stable intramolec-
ular and bimolecular DNA or RNA G4 structures in vitro

To verify whether candidate sequences form G4s, we syn-
thesized DNA and RNA corresponding to the eleven and
nine putative G4FSs, respectively (Table 1), and analyzed
them using several biophysical approaches. The experimen-
tal data for sequence 11 (U3-pG4FS) are presented in Fig-
ure 2E-H and data for the other 10 putative G4FSs are sum-
marized in Table 1 with experimental results shown in sup-
plementary information (Figures S3-S16).
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Conformational analysis by circular dichroism spec-
troscopy (Figure 2E, F and Table 1) revealed that the rU3
RNA sequence adopts a parallel fold, whereasits dU3 DNA
counterpart adopts a hybrid-type G4. The dU3-1 and dU3-
2 DNA sequences, which are oligonucleotides correspond-
ing to shorter version of the U3 region, have anti-parallel
and parallel CD signatures, respectively. These data are in
agreement with previous NMR studies (42,44, 58). dU3-
3 has a hybrid-type G4 profile similar to the full-length
dU3 sequence. The RNA version rU3-3 also has character-
istics of a parallel signature identical to rU3. Analyses of
the molecularities of the oligonucleotides by size-exclusion
chromatography (SEC) confirmed intramolecular folding
for most sequences (Table 1, Figure S17-S20). Analyses of
the stabilities using thermal denaturation experiments al-
lowed the determination of the melting temperatures (71,s)
(Figure 2G, H) which ranged from 56°C to 63°C for DNA
and 72°Cto 75°C for RNA. Hence, the DNA versions of the
U3-G4ES are able to form stable intramolecular G4 struc-
tures of parallel, antiparallel, or hybrid conformations while
the RNAs are all parallel. The thermal differential spectra
(TDS) and isothermal difference spectra (IDS) were also
recorded and confirmed the formation of G4s for all U3 se-
quences except rU3-2 (Figures S3-S16 and Table 1).

Overall, among the nine putative G4FSs in the RNA
genome, all but rENVS were able to form stable intramolec-
ular and/or bimolecular G4 structures with 7p,s ranging
from 45°C to 85°C. In the case of the 11 DNA sequences,
only five (dU3, dENV7, dENV9, dCPPT, dPOL3) formed
intramolecular and/or bimolecular G4 structures with 7p,s
higher than 35°C. The remaining DNA sequences either did
not form G4 structures (dAENVS) or formed unstable mul-
timeric G4s (dGAG, dPOL2, dPOL5, dVPR, dPPT) with
Tms lower than 30°C, which are unlikely to be formed under
physiological conditions (Figure 2B). These bioinformatic
and biophysical analyses suggest that there are eight stable
G4FSs in the HIV-1 RNA genome, whereas the viral DNA
counterpart seems to be less prone to G4 formation, with
only three G4FS located on the plus strand and two on the
minus strand.

Porphyrin-based G4-ligands bind to the DNA and RNA U3-
GA4FS in vitro with high affinity and specificity

In an effort to determine whether viral G4FSs actually form
G4 structures during HIV-1 infection, we investigated the
effect of specific G4-stabilizing ligands on the virus life
cycle. We previously designed metalated porphyrins with
bulky and positively charged substituents at the four meso-
positions (59-62) (Figure 3A). These compounds bind to
the G4 structures by stacking on top of the G-quartets. In
contrary to the first generation of porphyrins like TMPyP4
(called here H2T) these derivatives have higher affinity for
G4 structures than for double-stranded DNA (63-65). Us-
ing the FRET melting assay (49), we studied the binding
properties of six porphyrins toward three different DNA G4
conformations derived from the U3-G4FS (Table S2): dU3-
1 (parallel), dU3-2 (antiparallel) and dU3-3 (hybrid). Data
are shown for the fluorescently labeled dU3-1 in Figure 3B—
D and for the other two conformations in Figure S21. The
addition of 2.5 molar equivalents of TMPyP4 (H2T) or met-
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Table 1. Analysis of the putative G4-forming sequences
Evolution

N° Name Start® rate® Start®  Sequence 5'— 3’ CD IDS/TDS T, (°C) SEC GA4FS?
1 dGAG 1126 0.36 388 GGTTAAGGCCAGGGGGA Other (+) <15 mono/bi/h YES
rGAG GGUUAAGGCCAGGGGGA Parallel (+) 38/48  mono/bi YES
2 dPOL2 3043 0.1 1936 GGGGGAATTGGAGG hybrid (+) 26/44  mono/bi YES
rPOL2 GGGGGAAUUGGAGG Parallel (+) 56/61  mono/bi YES
3* dPOL3 5413 0.09 4205  GGGGATTGTAGGGGATC hybrid +) 47/68  bi YES
4 dCPPT-1 5540 0.1 4329  AAGGGGGGATTGGGGGGTACAGTGCAGGGGAA Parallel (+) 44/48  mono/bi/h YES
rCPPT-2 GGGGGGAUUGGGGGGUACAGUGCAGGGG Parallel (+) 70/78  mono/bi YES
5 dPOLS 5770 0.04 4499  GGAAAGGTGAAGGGG Hybrid (+) <30 mono/bi/h YES
rPOL5 GGAAAGGUGAAGGGG Parallel +) 43/50  bi YES
6 dVPR 6610 0.24 5245  GGGGATACTTGGGCAGGAGTGG Anti-P (+) <30 mono/bi YES
rVPR GGGGAUACUUGGGCAGGAGUGG Parallel (+) 43/46  mono YES
T* dENV7 7661 0.13 5982 TGTGGGTTGGGGTCTGTGGG Parallel (+) 32/55  bi YES
8 dENVS 9784 0.16 7535  AGGAATTTGGGGCTGCTCTGGA Other () NO mono NO
rENVS AGGAAUUUGGGGCUGCUCUGGA Other -) 50 nd NO
9 dENV9 10471 0.18 8111 GGGACTACAGAGGGGGGTGGG Parallel (+) 59/81  mono/bi YES
rENV9 GGGACUACAGAGGGGGGUGGG Parallel (+) 69/75  bi YES
10 dPPT-1 11178 0.32 8611 AAGGGGGGACTGGAAGGGCT hybrid (+) <35 mono/bi/h YES
rPPT-2 GGGGGGACUGGAAGGGCU Parallel (+) 54/62  bi YES
11 du3 11823 0.38 9005  GGGAGGCGTGGCCTGGGCGGGACTGGGGAGTG Hybrid (+) 63 mono YES

G
rU3 GGGAGGCGUGGCCUGGGCGGGACUGGGGAG Parallel (+) 74 mono/bi YES
UGG

dU3-1 GGGCGGGACTGGGGAGTGGC Parallel (+) 56 mono/bi YES
rU3-1 GGGCGGGACUGGGGAGUGGC Parallel (+) 75 mono YES
dU3-2 TGGCCTGGGCGGGACTGGG Anti-P (+) 56 mono YES
rU3-2 UGGCCUGGGCGGGACUGGG Other =) nd mono NO
dU3-3 AGGGAGGCGTGGCCTGGGCGGG Hybrid (+) 55 mono YES
rU3-3 AGGGAGGCGUGGCCUGGGCGGG Parallel (+) 72 mono/bi YES

aStarting of the sequence in the alignment of 2177 genomes. ®Evolution rate is calculated for the 2177 sequences °Starting of the sequence in NC-001802 genome isolate. *The G4-
forming sequence is only present in the (—) strand at the DNA level. CD: topology deduced from circular dichroism spectra; Anti-P stands for antiparallel. IDS/TDS: isothermal
or thermal differential spectra. (+) indicates that a negative peak at 295 nm is present, and (-) means there is no peak at 295 nm. 7,,: melting temperature, the uncertainty of the
value is +1°C; two values indicate that there was hysteresis; Ty, deduced from both cooling and heating experiments are provided. SEC: size exclusion chromatography; mono
indicates monomolecular, bi indicates bimolecular, and h indicates higher order structures. G4FS?: YES indicates the formation of a G4, NO indicates that the sequence does

not form a G4.

alated porphyrins AuT, AuMA, or AuPG considerably sta-
bilized the G4 structure with increases in Ty, of 25°C or
more. The complexes formed by AuMA or AuPG were not
melted completely at 90°C (Figure 3C). The non-metalated
H2MA and H2LA derivatives only stabilized the G4 struc-
ture by 9.9°C and 5.6°C, respectively, likely as result of a
lower affinity for G4 structures (Figure 3D). All six ligands
stabilized the parallel conformation to a greater extent than
the hybrid or anti-parallel conformations (Figure 3E, F).
These results suggest that this family of ligands prefers to
bind to the parallel G4 structures. Binding specificity for
G4 was further assessed using a competition assay in which
the thermal stabilization was measured in the presence of
a duplex (ds26) competitor (Dx in Figure 3B-D). AuT and
TMPyP4 (H2T) proved to be poorly selective because the
stabilization almost completely disappeared in the presence
of 50 molar equivalents of the non-fluorescent competi-
tor duplex. In contrast, AuMA, H2ZMA, AuLLA and H2LA
appeared to be selective for G4 as stabilization was only
modestly affected by the presence of the double-stranded
competitor. In the case of the highly stable U3-G4 RNAs
(T > 72°C), we could not use the FRET melting assay to
study the binding of the ligands. Therefore we used a ligand-
induced fluorescence quenching assay (50), to analyze the
interaction of the porphyrins with the 5" or 3’ fluorescently-
labeled rU3-1-cy5 RNA (Figures 3G-1, S22, and Table S2).
This approach allowed us to determine the dissociation con-
stants (Ky) of each porphyrin derivative with either the 5’ or
the 3’ quartet of the G4 structure. The fluorescence quench-
ing of the CyS5 only occurs when the ligand is bound closely
to the dye (50). For instance, in the case of the 3’ quartet, the

dissociation constants ranged from 40 nM for AuMA to 1
pM for H2LA. Similar results were obtained for the sec-
ond binding site at the 5’ extremity. This analysis allowed
us to rank the ligands according to their binding affinities
and specificities (Table 2).

These data led to several conclusions. First, the metala-
tion of the porphyrin plays an important role on the affin-
ity. The insertion of a gold(IIl) ion in AuMA increased
the ATy, by almost 20°C relative to HZMA and improved
the affinity by a factor of 5—10 depending on the 5 or
3’ quartet. The incorporation of gold(IIl) adds an extra
positive charge and induces electron deficiency in the aro-
matic cycle of the porphyrin (60). Second, the substituents
in meso-position influence G4 binding affinity. Unlike the
first-generation porphyrin TMPyP4 (H2T); LA, MA and
PG compounds carry bulky substituents at the four meso-
positions. In comparison with TMPyP4, H2LA and H2MA
have lower affinities for the RNA and DNA G4. However,
MA and LA porphyrins have much better binding selec-
tivity for G4 with respect to the duplex DNA than does
TMPyP4.

HIV-1 inhibition induced by the G4-binders correlates with
their ability to stabilize and bind to the viral G4 structures

Next, we evaluated the ability of the six porphyrin deriva-
tives to inhibit the replication of HIV-1 in human cells.
Dose-response experiments were performed to establish
1Cs values for all the compounds. We first used very short
incubation times: porphyrins were incubated at the time
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Figure 3. Interaction of porphyrin-based G4 binders with viral DNA and RNA G4 structures. (A) Chemical structures of the non-metalated and gold(I1I)
porphyrin metallo-complexes studied here. The first generation porphyrin TMPyP4 is called here H2T (presence of two protons without gold(I11)), which
can be directly compared to the gold(III) metallo complex AuTMPyP4 called here AuT (two protons are replaced by gold(Ill)). (B-F) FRET melting
assay. The DNA oligonucleotides were labeled with fluorophores (TAMRA and fluorescein) at either end and dissolved at a concentration of 0.2 pM in
10 mM KCI, 90 mM LiCl, and 10 mM lithium cacodylate at pH 7.2. Thermal denaturation experiments were performed by heating and recording the
fluorescence emission of the fluorescein. Ligands were added at a concentration of 0.5 WM. As a first approximation, the higher the increase in 77>, the
higher the affinity of the ligand for the target. (B-D) dU3-1-ft melting profiles were recorded in absence of ligand (pink triangles) or in the presence of
0.5 wM porphyrin. Competition experiments were performed in the presence of a competitor duplex (Table S1) at 10 wM (grey squares and violet circles).
(E, F) Summary of the stabilization induced by the ligands on dU3-2 (dark blue), dU3-1 (red), and dU3-3 (cyan) quadruplexes in the (E) absence or (F)
presence of 10 uM ds26 (Table S1b). (G-I) Ligand-induced fluorescence quenching assay evaluated the binding of the porphyrin ligands to rU3-1Cys5,
which induces the quenching of the fluorescence of Cy5 dye. Conditions: 10 mM KCl, 90 mM LiCl, 10 mM Li-cacodylate pH 7.2 and 10 nM of rU3-1Cys5.
(G) Saturation binding curves for the 5" quartet of the 5'rU3-1Cy5 G4. (H) Saturation binding curves for the 3’ quartet of the 3'rU3-1Cy5 G4. The curves
fitting allow the determination of Kj. (I) Histogram representation of the Ky values measured for porphyrin binding to the 5" and 3’ end G quartets.

Table 2. Binding properties of the G4 ligands
HIV-1 Inhibition
Ligand dU3-1-ft ATy, (°C) dU3-2-ft ATy, (°C) dU3-3-ft ATy, (°C) rU3-1-cy5 Kq (nM) 1Cs0 (uM)
—Dx +Dx —Dx +Dx —Dx +Dx 5'Cy5 3'Cy5

H2LA 5.6 4.5 5.1 34 5.8 29 1.244+0.24 1.04£0.25 1.41£0.13
H2MA 9.9 3.6 16.5 10.1 12.6 33 0.58+£0.17 0.22+0.06 0.53+£0.04
AuMA 27.0 4.5 >30 13.2 25.0 7.2 0.06 £0.01 0.04£0.01 0.39+£0.10
AuPG >35 2.7 >35 14.4 >35 4.6 0.05+0.01 0.04 £0.01 0.16£0.01
AuT >30 1.2 >30 1.8 >30 0.9 0.07+£0.02 0.08 £0.02 >20
TMPyP4 (H2T) 25.0 1.2 28.0 4.5 20.2 1.7 0.06 £0.01 0.07 £0.02 4.504+0.30
Bracol9 4.3 1.7 11.5 7.7 3.8 0.7 0.96 +£0.27 0.20 £0.64 9.50£0.10

ATy, difference in Ty, with and without G4 binder as determined by FRET melting experiments; the uncertainty of the value is + 1°C. +/— Dx: FRET
melting performed in the presence (+) or absence (—) of 10 wM (50-fold excess) of duplex competitor ds26 (Table S1).

of infection, i.e. infection is carried out immediately after
ligands were added to the cell culture medium. No virus
nor ligands washing step was performed. Of the porphyrins
tested, AuPG and AuMA were most effective (ICsy val-
ues of 160 and 390 nM, respectively) (Table 2 and Fig-
ure 4A). TMPyP4 (H2T) and AuT, the two poorly selec-
tive G4 binders, had 1Cs, values higher than 4.5 pM, de-
spite high binding affinities for G4 structures measured
in vitro. We also used fluorescence microscopy to follow

the cellular localization of the G4-ligands as a function
of time (Figure S23A). Two hours after infection, ligands
were observed in the cytoplasm of the cells and twenty-
four hours after infection, ligands were also found in the
nucleus. To confirm that the inhibition was not due to
cellular toxicity of the ligands, viability assays were per-
formed with AuMA and AuPG. No cytotoxic effect on hu-
man cells was observed at concentrations up to 10 puM
for AuMa or AuPG, a concentration two orders of mag-
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Figure 4. Analyses of effects of G4 binders on HIV-1 infectivity. (A) Dose effect of the G4 binders on HIV-1 infectivity in the presence of indicated
porphyrins. Infection was performed with native HIVLai. The G4 ligands were added to the cells at the time of infection. 3-Galactosidase activity was
measured to evaluate the viral infectivity. Data are the results of at least three independent experiments each performed in duplicate. (B) Correlation between
HIV-1 inhibition (ICsg) of each G4 binder and stabilization of DNA G4 conformations dU3-1ft (parallel), dU3-3ft (hybrid), and dU3-2ft (antiparallel)
(AT, in°C). The best fit was obtaining using an exponential equation (AuT and H2T (TMPyP4)) were excluded from the fit). (C) Correlation between
HIV-1 inhibition (ICsp) and K4 measured for the RNA rU3-1-cy5. The best fit was obtained using a linear equation (AuT and H2T were excluded from
the fit). (D, E) Dose and incubation time effect of the G4 binders on HIV-1 infectivity in the presence of AuMA (D) or AuPG (E). Ligands were added two
hours before infection (2 h B.I blue line) with a ligand washing step before infection; or at the time of infection (0 red line); or after infection (post-infection):
half hour (dotted blue line), 1 h (violet line), 2 h (yellow line) or twenty four hours (green dotted line).

nitude above the ICsy values (Figure S24). In an additional
experiment, no cytotoxic effects were observed when cells
were incubated with 30 wM AuMa or AuPG for 96 hours
(Figure S23B). We also verified that the ligands were not
degraded in conditions that mimic the cellular medium
(Figure S23C).

We then compared the effects on viral inhibition induced
by the six ligands as a function of their ability to interact
with the G4 structures in vitro (AT, and Ky, Figure 4B,
C). In the case of the three DNA G4s dU3-1, dU3-2 and
dU3-3, we observed a good correlation (excluding TMPyP4
(H2T) and AuT) between the AT}, and HIV-1 ICsg inhi-

bition for H2LA, H2MA, AuMA and AuPG (Figure 4B).
AuT and TMPyP4 (H2T) were excluded due to their low
binding specificity as shown by FRET competition exper-
iments. AuPG and AuMA exhibited the highest ATy, and
strongest antiviral effect (i.e. lowest ICsy values). We ob-
served the same trend when comparing the K4 for U3 RNA
and the ICsy (Figure 4C). For instance, when comparing
H2LA and AuPG, a 25-fold decrease in Ky (i.e. stronger
affinity) translated into a 9-fold decrease in ICsy (i.e. bet-
ter inhibition). This correlation between in vitro interactions
and ex vivo inhibition indirectly suggests that the observed



inhibition is due to the recognition of G4 structures located
in the genomic RNA and/or DNA of the virus.

In order to further investigate the kinetics of the inhi-
bition mechanism, we added AuMA or AuPG ligands at
several times before or after infection is carried out (Figure
4D, E). When the ligands are added at the time of infection
or thirty minutes or one hour after infection, a similar ef-
fect is observed in the three cases. When the compounds are
added two hours after infection, a weaker inhibition is ob-
served and no effects are detected when ligands are added
twenty-four hours post-infection. We also added the ligands
two hours before infection to allow the ligand to diffuse in-
side the cells. Then, we washed away the ligands that did
not penetrate the cells before proceeding to infection. The
ligand was still able to inhibit the virus but the effect was
less efficient than when the molecules are added at the time
of infection or shortly post-infection. Altogether these data
suggest that the inhibition mechanism does not involve the
viral entry step and occurs during the first hours post infec-
tion.

The G4 binders prevent the initiation of reverse transcription

In order to determine the actual stage of the viral life cycle
which is inhibited by AuMA and AuPG ligands, we quanti-
fied the viral RNA and DNA present at each step of the viral
life cycle (Figure SA) by RT-gPCR in cells infected with the
replicative virus. The effects of G4 binders on cellular up-
take were assessed by quantification of the viral RNAs in-
side cells 2 hours after infection. The cells were infected in
the presence of 2 wM porphyrin, a concentration at which
AuPG and AuMA strongly (100 and 90%, respectively) in-
hibit viral replication. Neither AuPG nor AuMA had any
effect on viral entry as the amount of viral RNA detected
was the same within experimental error with and without
porphyrin (Figure 5B).

To assess the effects of G4 binders on the reverse tran-
scription step, viral DNAs were extracted 3, 6 and 24 h af-
ter infection and quantified by qPCR (Figure 5C, D). At
3 h post-infection, viral DNA was detected in absence of
drug but not in the presence of 10 uM AZT or 2 uM AuPG
or 2 M AuMA (not shown). At 6 h after infection in the
presence of AuMA or AZT, viral DNA levels were 4% and
1% of those in the absence of drug; no DNA was detected
in the presence of AuPG (Figure 5C). At 24 h post infec-
tion, AuPG and AuMA inhibited the synthesis of DNA by
97% and 90%, respectively, and AZT inhibited synthesis by
68% (Figure 5D). Therefore, the G4 binders unambiguously
inhibited the viral replication between the entry and the re-
verse transcription step. Notably, AuMA and AuPG ligands
also proved to be more potent inhibitors than AZT.

Since the HIV-1 LTR contains several DNA G4s in its
U3 region, we wanted to assess if the ligands had an effect
on the DNA proviral stage by targeting DNA G4s and in-
hibiting transcription. To do so, we used latent Jurkat cells
carrying a GFP reporter gene under LTR promoter control
(Figure S23D). Before transcription reactivation of the re-
porter gene, the expression of GFP in cells was silent, with
or without ligands, as quantified by flow cytometry (0 and
0.1% positive cells). Transcription was then reactivated by
addition of 8 or 4 nM of PMA and the proportion of pos-
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itive cells reached around 40% and 57% respectively. The
addition of AuMA or AuPG ligand did not significantly af-
fect the expression of the reporter gene. This indicates that
the expression from the HIV-1 LTR was not affected by the
G4 ligands and confirms that their effect was strictly due to
the RNA targeting of the incoming virus.

We then attempted to accurately identify the step of the
reverse transcription process blocked by the G4-ligands. Re-
verse transcription process (Figure 6A) begins with the syn-
thesis of a 175-nt cDNA composed of the U5 and R region
that is also called strong-stop cDNA. The complete cDNA
is obtained after completion of the first DNA strand (first
jump) and the second strand following the second jump
of reverse transcription. For this analysis, we used primers
specific for the strong-stop DNA and for the first and sec-
ond jump cDNAs. The strong-stop cDNA was detected in
cells infected by the virus in absence of drug but not in the
presence of AuMA or AuPG (Figure 6B). No strong-stop
cDNA was detected in control experiments in uninfected
cells or without cellular extracts. We did not observe any
amplification with the primers we used to detect the first or
second jump cDNAs in the presence of AuMA or AuPG,
although these cDNAs were detected in cells infected with
virus in the absence of porphyrin (Figure 6C). To ensure that
the absence of detection of DNA was not due to a lack of
sensitivity of the method, PCR was used for the detection
of strong-stop DNA with a different set of primers, none
was detected in the presence of the G4 ligands (Figure 6E).
These data show that the G4 binders did not inhibit viral
entry but did block the initiation of reverse transcription
(Figure 6F).

Direct in-cell detection of viral RNA G4s using biotinylated
G4 ligands

In order to directly detect the formation of RNA G4s in
HIV-1 infected cells, we synthesized biotinylated derivatives
of AuMA (45) which we named AuMA-biotin (Figure 7A
and supplementary methods). We first checked the interac-
tion between AuMA-biotin and fluorescently labeled rU3-
1-cy5 RNA using the ligand-induced fluorescence quench-
ing assay (Figure S25). The addition of the biotin tag to the
AuMA scaffold decreased its binding affinity from around
60 nM to 440 nM, which still proved to be a robust inter-
action. As a result, AuMA-biotin was also able to inhibit
HIV-1 infectivity with a slightly decreased efficiency than
AuMA (ICsy values of 1.5 and 0.4 M, respectively) (Figure
S25). Therefore, AuMA-biotin retained most of the activity
of the parent AuMA compound.

To detect the formation of viral RNA G4s over the course
of the first two hours post-infection, we implemented a G4
RNA pull-down approach (Figure 7B) using the AuMA-
biotin G4 probe (see G4 pull-down section in the meth-
ods). Two hours after infection, cells were cross-linked to
stabilize transient structural interactions and then lysed by
sonication. The AuMA-biotin probe and AuMA (used as a
negative control) were incubated in the cell extracts. Subse-
quently, RNAs were captured with streptavidin beads and
quantified after amplification by RT-qPCR. In order to de-
sign the G4 specific qPCR primers, we first evaluated the
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Figure 5. Determination of HIV-1 replication step inhibited by the G4 ligands. (A) Scheme of HIV-1 replication cycle highlighting the steps for viral nucleic
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sizes of the RNA fragments produced during the sonica-
tion process by capillary electrophoresis (Figure S26). The
majority of the fragments were between 100 and 200 nu-
cleotides in size and a minority of RNA fragments was up
to 700 nucleotides-long. Therefore, the primers were de-
signed to amplify products with sizes comprised between
118 and 219 nucleotides and displaying only one G4FS (Ta-
ble S3). Of the 11 G4 sequences previously identified, we
wanted to determine which of them were formed in infected
cells. We did not consider the sequence 8-Env8, which does
not form a G4, as well as the two sequences 3-POL3 and
7-ENV7 present only on the negative strand of the DNA
genome, and thus absent on the viral RNA. We therefore
selected primer pairs surrounding the remaining 8 G4FS
as well as a viral RNA fragment (located in the middle of
the gag gene) that do not present any putative G4FS (called
Non-G4) and used here as negative control. The PCR prod-
ucts of 6 G4FS were separated on agarose gel (Figures 7C
and S27) and showed a single band as expected. Amplifi-
cation was unsuccessful for the sequences 6-VPR and 9-
ENVO9. Sonication might have resulted in RNA fragmen-
tation patterns for which the primers were in two separated
RNAs. The sequences 1-GAG, 2-POL2, 4-cPPT, 5-POLYS,
10-PPT and 11-U3 were all successfully amplified in sam-
ples treated with the AuMA-biotin probe. Conversely, PCR
products were barely detected in control samples incubated
with AuMA, except for the sequences 2-POL2 and 11-U3
for which a less intense band was also detected. Further-

more, a precise comparison between the Ct values obtained
with the AuMA-biotin probe or AuMA control showed that
a six- to twenty-five-fold enrichment is obtained in the pres-
ence of G4 AuMA-biotin probe (Figure 7D). No enrich-
ment was obtained in the case of AuMA control except for
11-U3 sequence that presented a two-fold enrichment which
was still significantly smaller than the ten-fold enrichment
measured for AuMA-biotin probe. The negative control un-
able to form a G-quadruplex (Non-G4) was hardly detected
in both conditions highlighting the G4 specificity of the
AuMA-biotin G4 probe. Hence, the 1-GAG, 2-POL2, 4-
cPPT, 5-POLS, 10-PPT and 11-U3 RNA G4s were present
in the cell two hours after infection and were detected by
the biotinylated G4 probe.

DISCUSSION

HIV-1 is a rapidly evolving virus with high levels of genetic
variability. This extreme diversity results from three impor-
tant factors: the low fidelity of the reverse transcription pro-
cess, RNA-level recombination events, and short genera-
tion times (66). This diversity prevents the immune system
from eradicating the virus and renders it difficult to develop
effective drugs and vaccines to fight infection. Conversely,
some conserved secondary structures have important func-
tions during the viral life cycle as illustrated by the TAR and
RRE structural elements of HIV-1 (54). Our bioinformatics
and biophysics analyses of HIV-1 genome identified evolu-
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Figure 6. Effect of the G4 ligands on reverse transcription. (A) Scheme of the RT process. Viral DNA is in cyan, viral RNA is in red and tRNADYS is
in purple. The red arrows indicate positions of the pairs of primers used for PCR amplification of (a) strong-stop cDNA, (b) first jump cDNA, and (c)
second jump cDNA. The G4FSs are indicated by numbers. The steps of the reverse transcription process are as follows: (1) The tRNA primer base pairs
to the primer-binding site (PBS). (2) The reverse transcriptase initiates minus-strand DNA synthesis creating an RNA/DNA duplex on the U5-R region.
RNase H degrades the RNA resulting in the strong-stop cDNA. (3) Via pairing with the R sequence of the strong-stop cDNA, the minus-strand DNA is
translocated to the 3’ end of the viral RNA; this is the first jump cDNA. (4) The minus-strand DNA synthesis resumes. RNase H degrades the RNA that has

been copied with exceptions of the PPT and cPPT sequences that are resist:

ant to RNase H. (5) The PPTs serve as primers for plus-strand DNA synthesis.

(6) The U3, R, US and PBS sequences of the plus DNA strand are synthesized. (7) After the removal of the tRNA primer, the PBS of the minus-strand
DNA is translocated to the 5" end of the minus-strand DNA. The plus-strand DNA synthesis resumes, and both the plus and minus-strand DNAs are then

elongated. This leads to the second jump cDNA. (8) The plus strand synthe

sis initiated at the U3 junction displaces the segment of the plus-strand that was

initiated from the cPPT, creating the central flap. (B-E) Detection and quantification of viral DNAs. Virus indicates DNA from cells infected with virus in
the absence of drug; AuPG and AuMA indicate DNA from infected cells treated with 2 wM porphyrin; cells indicates DNA from uninfected cells; and the
line indicates no DNA. (B) Gel separation of products of amplification with primers to strong-stop cDNA. (C) Gel separation of products of amplification

with primers to first jump DNA. (D) Gel separation of products of ampl
primers to strong-stop cDNA. Percent strong-stop cDNA relative to viru
HIV-1 viral cycle. The main steps from the virus-cell fusion (top) to the a

ification with primers to second jump cDNA. (E) Tagman amplification with
s-infected cells. (F) Mechanism of action of the porphyrin G4-binders during
ssembly of new viruses (bottom) are represented. Viral RNA is colored in red

and viral DNA is colored in cyan. The G4-binder is represented in blue. The G4 binders act during the two first hours after cell entry and prevent reverse

transcription of viral RNA.

tionary conserved G4s with mutation rates even lower than
those of RRE and TAR structural elements. In this context,
the conservation and formation of the viral RNA G4s (1-
GAG, 2-POL2, 4-cPPT, 5-POLS5, 10-PPT and 11-U3) dur-
ing the two first hours post-infection strongly suggest that
these structures play a role in the virus life cycle, after cell en-
try and before reverse transcription starts. Some of the G4s
studied here were identified in earlier studies: Evidence sug-
gests that RNA G4s within the 1-GAG, 4-cPPT, and 11-U3
function in viral RNA recombination and/or dimerization
processes (67-69). At the DNA level, the 11-U3 appears to
be involved in transcription regulation of the provirus (42,
70). A role of 4-cPPT in the migration of the pre-integration
complex into the nucleus was suggested (45), and an inter-
action of 10-PPT with topoisomerase | has been described
(71).

In previous studies, G4 ligands including naphthalene di-
imides (72) and acridiniums (73) have been shown to in-
hibit HIV-1 replication. These antiviral effects pointed to

a likely role of G4 structures in HIV-1, but the G4-based
mechanisms of action remained elusive in most cases. Data
from previous investigations suggest that G4 binders act
mainly during the reverse transcription step with a mi-
nor contribution at post-integration levels. In our study,
we used porphyrin-based G4 binders to probe the for-
mation of viral G4s during HIV-1 infection. We showed
that the porphyrin-based compounds acted after viral en-
try and impeded the initiation of the reverse transcrip-
tion process. This mechanism of action indicates that viral
RNA G4s are formed and are targetable during the early
stages of the viral cycle within the first hours post-infection
(Figure 6F).

There are several possible molecular mechanisms by
which the G4 binders might block initiation of reverse tran-
scription. Piekna-Przybylska et al. and earlier Sundquist et
al proposed that genetic recombination and/or dimeriza-
tion events between the two encapsulated viral RNAs are
stabilized by formation of a bimolecular G4 involving the
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rCPPT-G4, the rGAG-G4 or the rU3-G4 (67-69). These
G4s could form transient G4 bridges that facilitate the ex-
change of material between the donor RNA and the re-
cipient RNA and may also help the reverse transcriptase
switch templates during DNA synthesis. The NCp7 chap-
erone protein, known to facilitate the packaging of the vi-
ral RNA, could also play a role in dimerization or recom-
bination events by promoting the formation of a bimolec-
ular G4s (74-76). Recently, Butovskaya et al. showed that
NCp7 is able to bind and unfold rU3-G4s in vitro but this
effect can be partially counteracted by the presence of G4
binders (77). In theory, the other viral G4FS identified here
(rENVO, rVPR, rPOL2 and rPOLS) could also play a role
in dimerization or recombination.

In the initial stages of the reverse transcription process, a
complex mechanism enables transfer of the growing minus-
strand DNA from the 5 end of the viral RNA to a re-
mote region at around 9000 nucleotides away located at the
3" end of the genome. This process is called minus-strand
DNA transfer (Figure 6A, steps 2 and 3). It has been pro-
posed that the primer tRNAMS3 simultaneously binds the
PBS (primer binding sequence) at the 5’ end and the Sl
sequence (5-GCCUGGGCGGGACU-3') located at the 3’
end. This dual interaction induces a circularization of the

RNA genome that brings the two R regions into proxim-
ity and triggers the minus-strand transfer (78-80). Interest-
ingly, the S1 sequence is embedded in the U3-G4 studied in
this work (Table 1). Therefore, it is possible that the stabi-
lization of U3-G4 by the ligands may impede the formation
of this ternary complex, thus blocking the initiation of the
reverse transcription process.

It is also possible that G4s participate to plus-strand
and/or minus-strand DNA synthesis. The rPPT-G4FS,
located at the boundary between the NEF gene and
the U3 region, contains the 3’ polypurine tract (5'-
AAAGAAAAGGGGGGACU-3'). The CPPT-G4FS, lo-
cated in the center of the genome, contains the central poly-
purine tract (5-AAAGAAAAGGGGGGAUU-3). Both
sequences are important in the reverse transcription process
(Figure 6A, steps 5 to 6). After the synthesis of the minus
strand, all the viral RNA that initially served as template
is degraded by RNase H except for these two RNA tracts
that are used as primers for the initiation of plus-strand syn-
thesis. Notably, several studies have shown that RNase H
is able to bind to G4 structures such as the 93del aptamer
(81). The resistance of these polypurine tracts may be re-
lated to their abilities to form a G4 structure and to bind to
RNase H.



CONCLUSIONS

During the early stages of HIV-1 life cycle, the RNA genetic
material must be prepared for initiation of the reverse tran-
scription. This process involves perfectly synchronized 3D
rearrangements that will influence the overall progression
of viral replication. Nucleocapsid proteins and the reverse
transcriptase are also involved in this process. Our investiga-
tions demonstrated the formation of highly conserved viral
RNA Gd4s during this early stage of the viral cycle. Some
of these RNA G4s contain crucial regulatory elements like
the PPT and cPPT sequences as well as the U3 region sug-
gesting an important function in HIV-1 life cycle. Indeed,
we have shown that, during the first 2 hours of the viral cy-
cle, the stabilization of a viral G4 intermediate by the G4
binders locks the viral replication system and impede the
initiation of reverse transcription. This unprecedented inhi-
bition mechanism suggests that stabilizing G4s with small
molecules during the early stages of the viral cycle would
block infection. It is interesting to note that these G4 tar-
gets are highly conserved in the HIV-1 genome as shown
by our analysis of about 2200 HIV-1 sequences. Therefore,
targeting these G4 RNA structures represents a promising
new antiviral avenue with limited risks of developing resis-
tance. Indeed, such drugs designed to bind conserved viral
elements should counteract the ability of HIV-1 to evolve
drug resistance. Gold(I1T) porphyrins could also inhibit in-
fections by other viruses that employ RNA G4s during their
replication cycles.
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