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Preface to ”"G-quadruplex and Microorganisms”

G-quadruplexes (G4s) are nucleic acid secondary structures that form in DNA or RNA guanine
(G)-rich strands. Four G residues are connected through Hoogsteen-type hydrogen bonds, forming a
G-tetrad, and two or more G-tetrads can stack on top of each other forming a G4, which is stabilized
by coordinating monovalent cations, such as K*.

G4s have been extensively described in the human genome, especially in telomeres and
oncogene promoters, where their involvement in the regulation of different biological pathways such
as replication, transcription, translation, and genome instability has been suggested. In addition to
humans, putative G4-forming sequences have been found in other mammalian genomes, plants,
yeasts, protozoa, bacteria, and viruses. In particular, in recent years, the presence of G4s in
microorganisms has attracted increasing interest. In prokaryotes, G4 sequences have been found
in several human pathogens and bacterial species present in the environment. Bacterial enzymes
able to process G4s have also been identified. In viruses, G4s are involved in key steps of the viral
life cycle: They have been associated with pathogenic mechanisms of the human immunodeficiency
virus (HIV), herpes simplex virus 1 (HSV-1), human papilloma virus and have been detected in
several other virus genomes. New evidence shows the presence of G4s in parasitic protozoa, such
as Plasmodium falciparum. G4 binding proteins and mRNA G4s have been implicated in the regulation
of microorganisms” genome replication and translation. G4 ligands have been developed and tested
both as tools to study the complexity of G4-mediated mechanisms in the viral life cycle and as
therapeutic agents. Moreover, new techniques to study G4 folding and their interactions with proteins
have been developed. This Special Issue focuses on G4s present in microorganisms, addressing all

the above aspects.

Sara N. Richter
Special Issue Editor
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Conserved G-Quadruplexes Regulate the Immediate
Early Promoters of Human Alphaherpesviruses
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Abstract: Human Alphaherpesviruses comprise three members, herpes simplex virus (HSV) 1 and 2
and varicella zoster virus (VZV). These viruses are characterized by a lytic cycle in epithelial cells and
latency in the nervous system, with lifelong infections that may periodically reactivate and lead to
serious complications, especially in immunocompromised patients. The mechanisms that regulate
viral transcription have not been fully elucidated, but the master role of the immediate early (IE)
genes has been established. G-quadruplexes are non-canonical nucleic-acid structures that control
transcription, replication, and recombination in many organisms including viruses and that represent
attractive antiviral targets. In this work, we investigate the presence, conservation, folding and
activity of G-quadruplexes in the IE promoters of the Alphaherpesviruses. Our analysis shows that
all IE promoters in the genome of HSV-1, HSV-2 and VZV contain fully conserved G-quadruplex
forming sequences. These comprise sequences with long loops and bulges, and thus deviating from
the classic G-quadruplex motifs. Moreover, their location is both on the leading and lagging strand
and in some instances they contain exuberant G-tracts. Biophysical and biological analysis proved
that all sequences actually fold into G-quadruplex under physiological conditions and can be further
stabilized by the G-quadruplex ligand BRACO-19, with subsequent impairment of viral IE gene
transcription in cells. These results help shed light on the control of viral transcription and indicate
new viral targets to design drugs that impair the early steps of Alphaherpesviruses. In addition, they
validate the significance of G-quadruplexes in the general regulation of viral cycles.

Keywords: G-quadruplex; immediate early promoters; Alphaherpesvirinae; Herpesvirus; virus

1. Introduction

In the last years the fact that the DNA can adopt complex secondary structures other than the
double-stranded (ds) form wrapped around histones and packaged as chromatin [1] has become
evident [2-4]. Guanine (G)-rich sequences in nucleic acids can assemble into G-quadruplex (G4)
structures, comprising G-tetrads linked by loop nucleotides. Each G-tetrad is composed of four G
residues connected through Hoogsteen-type hydrogen bonds. G4s are highly polymorphic structures,
the topology of which depends on the strand stoichiometry and polarity, the nature and length of
the loops and their location in the sequence [5]. The G4 parallel, antiparallel or mixed topology is
directly correlated to the syn and anti conformational state of the glycosidic bond between the G
base and the sugar [2]. The anti conformation characterizes a parallel folding, while antiparallel
G4s can adopt both syn and anti orientations [6]. A number of different experimental techniques
are used to study G-quadruplex formation, each examining different aspects of the structures, and
hence reporting on different aspects of their formation. Circular Dichroism (CD) is a sensitive tool,
widely used to investigate the conformations of nucleic acids. Based on the CD profile of maximum
and minimum peaks at signature wavelengths (around 240, 260 and 290 nm), this technique allows
identification of the G4 folding and characterization of the G4 topology [7]. UV absorption is an

Molecules 2019, 24, 2375; d0i:10.3390/molecules24132375 1 www.mdpi.com/journal/molecules
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additional useful technique: G4s show both a hypochromic and a hyperchromic sigmoid transition at
295 and 240 nm, respectively [8]. The Thermal Difference Spectra (TDS) acquired by subtracting the
UV absorbance spectra of the unfolded from the folded form of a given sample yield profiles that are
characteristic of the G4 (i.e., a negative peak around 295 nm, and two positive peaks around 275 and
243 nm). Other useful techniques to highlight G4 formation are Tag polymerase stop assay [9] and
mass spectrometry [10,11]. Finally, to acquire the structural details of G4 folding at the atomic level,
NMR and X-ray crystallography are the ideal techniques, recently reported also in cells [6,12,13].

G4s have been shown to regulate key cellular processes, including gene expression and mRNA
translation, many of which are in turn linked to significant human disorders [14-16]. The most recent
literature has broadened the G4 spectrum of influence also to pathogens [17-23]. In the last years
many viruses have been reported to have putative G4 sequences (PQS) in their genome, and in most
cases the biological role of these structures and the potential administration of G4-ligands as active
and selective antiviral agents have been described [24]. Interestingly, G4s and PQS that are significant
from a functional standpoint have been repeatedly identified in members of the Herpesviridae virus
family both at the genomic and mRNA level [17-19,25-27]. This family contains over 100 ds-DNA
viruses that infect humans and a wide range of eukaryotic organisms, with eight members that are
exclusively human pathogens [28]. These viruses differ significantly with respect to base composition
and sequence arrangement of their DNA, but share many biologic properties including the ability to
remain latent in their host. On the basis of these, the human non-zoonotic Herpesviruses have been
classified into three subfamilies, i.e., Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae. The
members of the Alphaherpesvirinae subfamily are characterized by a short reproductive cycle, rapid
spread in culture, efficient killing of infected cells, and capacity to establish latent infections primarily
but not exclusively in sensory ganglia. This subfamily contains the genera Simplexvirus (HSV-1, HSV-2)
and Varicellovirus (VZV). The life cycle of these genera is characterized by a coordinated and sequential
cascade of expression of three temporal classes of viral genes [29,30]: the viral tegument protein VP16
binds to the TAATGARAT signal sequence and activates transcription of the immediate early (IE)
viral genes [31], the products of which in turn activate transcription of the early and late viral genes;
transcription of the late viral genes is also coupled to viral DNA replication. IE gene products include
regulatory proteins, while early and late gene products comprise the viral replication machinery and
the structural components of the virus, respectively.

We have recently demonstrated and visualized the presence of G4s in the HSV-1 genome [27]
and their targeting by two classes of G4-ligands, which efficiently inhibited viral replication [17,32].
In addition, we evidenced that several members of the Herpesviridae family, i.e., HSV-1, HSV-2, VZV,
HHV-4 and HHV-8, are statistically significantly enriched in G4 patterns [33]. These data suggest a
conserved and essential role of G4s in Herpesviruses.

Here we show that conserved and stable G4s are present in crucial points of the Alphaherpesvirinae
(i.e., HSV-1, HSV-2 and VZV) genome, in particular in promoters of IE genes, the major regulators of the
life cycle of these viruses. The IE promoters contain multiple G4s on both leading and lagging strands;
these viral G4s are in general stable and can be further stabilized by G4-ligands. Their folding results
in inhibition of transcription. A significant parallelism in conserved G4s in key genomic regulatory
regions within members of the same viral subfamily becomes apparent. Our results point for the first
time to a G4-mediated regulation of the initial viral steps of this important class of human pathogens
and may pave the way to a deeper understanding of Alphaherpesvirinae infection regulation.

2. Results

2.1. Detection of PQS in Herpesviridae Immediate Early (IE) Promoters

G4s have been reported to regulate transcription, both at the cellular and viral level, when
embedded in promoter regions [15,24]. The HSV-1 infective cycle is predominately driven by the
five immediate early (IE) genes, namely ICP0, ICP4, ICP27 (UL54), ICP22 and ICP47 (US12) [34]. Our
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previous investigation showed that the GGG-island type PQS in HSV-1 were distributed along four
defined genomic features, i.e., coding sequences (CDS), repeat regions (RR), 5’- and 3’-untranslated
(UTR), and promoter regions, with a particularly high concentration in the RR and 5'-regulatory
region [33]. However, while CDS and RR are explicitly described in RefSeq and GenBank databases,
the annotation for promoters in viruses is generally inconsistent. To check whether G4s were reliably
present in the promoters of HSV-1 IE genes, we first selected the region up to 1 kb upstream of
the Transcription Start Site (TSS) of any unambiguous IE transcripts in the HSV-1 reference genome
(NC_001806.2) [35]. The selected regions were examined for the presence of specific genomic features,
such as the TAATGARAT signals, TATA boxes, replication origins, polyA signals or CDSs on the
opposite strand, in order to restrict our analysis to sequences that most likely contained promoters.
This analysis yielded five prominent sequences.

To corroborate our findings, we looked for any reported biological evidence: interestingly, all five
regions were indicated to exert promoter activity in IE genes [36—40], with the peculiarity that the same
sequence repeated in two different genomic regions constitutes the promoter of the ICP22 and ICP47
genes [37]. We thus checked these four promoter regions for PQS by running an initial algorithm-driven
analysis to search for [G(2)L(1-7)]4, [G(3)L(1-12)]4 and [G(4)L(1-12)]4-type G4s, followed by a manual
sequence revision to highlight the possible presence of “non-canonical” G4s (i.e., G(3)L(0-12)) or bulged
PQS [41]. Subsequently the degree of conservation of each sequence was retrieved from the G4 virus
website (http://www.medcomp.medicina.unipd.it/main_site/doku.php?id=g4virus#data_download) in
order to discard non-conserved regions. Interestingly, all identified PQS were fully conserved, both in
terms of G-tracts and loop-length and -composition, in the entire set of fully sequenced genomes present
in the National Center for Biotechnology Information (NCBI) databank. The HSV-1 IE promoters
contained multiple PQS (Table 1), embedded both in the leading and lagging strand.

Table 1. Putative Quadruplex Sequences (PQS) in the Herpes Simplex Virus 1 (HSV-1) Immediate
Early (IE) promoter sequences. Each PQS is indicated by the 5’ nucleotide (nt) position on the viral
reference genome (NC_001806.2). The leading and the lagging strands are indicated with respect to the
Transcription Start Site (TSS) position. The conservation ratio (C (%)) of the entire sequence (G tracts
and loops) among all the strains available in the National Center for Biotechnology Information (NCBI)
databank is also indicated.

HSV-1 Leading Strand Lagging Strand C (%)
1cPo
GCGGGAGGGGCATGCTA
1875 ATGGGGTTCTTTGGGG 100
1581 GGGGCATGCTAATGGGGT 100
TCTTTGGGGGACACCGGG
1966 GGGGGCGCCGGGTTG 100
GTCCCCGGGGACGGGG
- GGGCCTGCCTCCCCTGGG 100
ACGCGCGGCCATTGGGGG
2066 GGGGAGGGGAAAGGCGTGGGG 100
ICP4
GGGCGGGGCGCG
R146532 AGGGCGGGTGGG 100
GGGCGGGGCCGGG
146574 GGTTCGACCAACGGG 100
GGGGCCGGGGGTTCGAC
146578 CAACGGGCCGCGGCCACGGG 100
GGGGTGGGCCCGCC
146666 GGGGGGGCGGGGGG 100
GGGGCCGGGGGTTCGACCA
146947 ACGGGCCGCGGCCACGGG 100
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Table 1. Cont.

HSV-1 Leading Strand Lagging Strand C (%)
1CP22/ICP47
131746 GGGCAGGGGGC GGGGCCCGGG 100
GGGCGGGACCGGGGGGCCCGGG
R131803 GACGGCCAACGGGCGCGCGGEE 10
GGGACCAACGGGACG
131857 GCGGGCGGCCCAAGGG 100
GGGGGCGGGCCCGGGCGGE
132059 GGGGGGCGGGTCTCTCCGGCG 100
132065 GGGCCCGGGCG GCGGGGGGCGGG 100
GGGCGGCGGGGGG

132070 CGGGTCTCTCCGGCG 100
R132290 GGGTGGGGTGGGCGGG 100

ot GGGGGCGGAGGAGGGGGGAC 100

GCGGGGGCGGAGGAGGGGG
GGGGGGACGCGGGGGCGGAG
132424 GAGGGGGGACGCGGGGG 100
1cP27
GGGGCGGGGGCCCC
113501 GCCCGGGGGGCGG 100
GGGGGGCGGAACGA
113519 GGAGGGGTTTGGG 100

ICPO displayed five PQSs, two preceding the TAATGARAT signal, and three upstream the TATA
box, all on the leading strand (Figure 1A); ICP4 promoter contained five PQSs, four embedded in
the region encompassing the TAATGARAT signal and the TATA box, the most distal G4 being on
the lagging strand, and one close to the TSS (Figure 1B); ICP22/ICP47 promoter included 9 PQSs,
6 upstream of the TATA box signal, both on the leading and lagging strand and the remaining 3
between the TATA box and the TSS (Figure 1C); ICP27 promoter displayed two partially overlapped
PQSs embedded between the TAATGARAT signal and the TATA box (Figure 1D). Notably, ICP0 and
ICP22/ICP47 promoters contained bulged PQS. Moreover, the majority of the predicted PQS had at
least one region possibly forming GC stem loops.

To check whether the G4 pattern identified in the HSV-1 IE promoters was also present and
conserved in all members of the Alphaherpesviruses, we extended our analysis to HSV-2 and VZV IE
gene promoters. First of all, we identified the homologues genes in the three viruses (Table 2) [42,43]
and then performed the same algorithm and manual predictive analysis described for HSV-1.

Table 2. IE genes/proteins (they maintain the same name) in the three Alphaherpesviruses. The proteins
of each single virus can complement the relative homologue of the other two classes. The only exception
is Varicella Zoster Virus-Open Reading Frame 4 (VZV-ORF4), which cannot entirely substitute for
HSV-1/HSV-2 ICP27 protein.

HSV-1 HSV-2 \7A%
ICPO ICPO ORFé61
1CP4 ICP4 ORF62
IE genes/proteins ICP27 1CP27 ORF4
ICP47 ICP47 n.p.

I1CP22

1CpP22

ORF6
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Figure 1. Schematic comparative representation of G4s in Alphaherpesvirus IE promoters. The four IE
promoters (A. ICP0; B. ICP4 or ORF62; C. ICP22/ICP47 or ORF63 and D. ICP27) are reported. HSV-1,
HSV-2 and VZV promoter schemes are shown in blue, red and green, respectively. The TAATGARAT
region is shown as a blue/red box with the VP16 protein nearby (or as a green box with ORF10 protein
in the case of VZV); the TATA box is represented as a red box; the arrow indicates the position of the
Transcriptional Start Site (TSS). The position of each of these features on the double helix with respect
to the TSS is on scale. In each promoter, the predicted G4s are shown above and below the DNA strand
for G4s present in the leading and lagging strand, respectively.

Notably, also HSV-2 and VZV presented fully conserved PQS within the IE promoters, as reported
in Table 3.

HSV-2, has always been considered a close homologue of HSV-1, but recent research highlighted
that the two viruses are less related than initially believed [44]. Our analysis retrieved fewer PQS in
the HSV-2 IE promoter regions with respect to HSV-1, but all of them were conserved in all sequenced
circulating strains. VZV, despite sharing a similar biology with HSV-1 and HSV-2, including latency
in sensory neurons, has a different genome organization and gene expression regulation [45,46]. The
number of PQS predicted for VZV promoters was the smallest among the three viruses (n = 6); however,
all of them retained the highest degree of conservation. PQS were retrieved on both strands: similarly
to HSV-1 ICP22 and ICP47, ORF62 and ORF63 of VZV are transcribed in opposite directions from a
1.5-kb intergenic region that acts as a bidirectional promoter [44] and also contains the VZV origin of
replication [47]. ORF62 and ORF63 TSSs lie on opposite strands, thus PQS on the leading strand with
respect to ORF63, on the lagging strand may act as regulators of ORF62, and vice versa. VZV is also the
only virus with a predicted GG-island type PQS (ORF4 4278). Even if the TAATGARAT sequence is not
present in VZV promoters, a TAATGARAT-VP16-like transcriptional enhancement can be mimicked by
the ORF10 protein [48]. The ORF10 protein has been shown to influence the transcription of the VZV
immediate-early (IE) gene, ORF62, but not of ORF61, ORF4 or ORF63 [49,50]. The relative comparison
of PQS position on each Alphaherpesviruses IE promoter is reported in Figure 2.
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Table 3. PQS in the HSV-2 and VZV IE promoter sequences. Each PQS is indicated by the 5’ nt position
on the viral reference genome (NC_001798.2 and NC_001348.1). The leading and the lagging strands
are indicated with respect to the TSS position. The conservation ratio (C (%)) of the entire sequence (G

tracts and loops) among all the strains available in the NCBI databank is also indicated.

HSV-2 Leading Strand Lagging Strand C (%)
ICPO
7 GGGAAGCCGGCGCGGGGCG 100
GTCGCCGGGGCGGAGTCCGGG
1013 GGGGGCGGGCACCACTCAGGGCC 100
GCGCCGGCGGGGCGCCGGGGEE
GGGGACGGGGCCGC
2027 CCCGAGAGGGGGGG 100
ICP4
149044 GGGGCGCGCGGGGCGGGGGG 100
GGGGCCGGCGGGAG
149088 CCAACGGGAGCGCGGGG 100
GCGGACGCGCGGG
149287 CGTCGGGGCGGGG 100
149570 GGGGCGGCAGTG GGGGGGGGTGG 100
ICP22/ICP47
GGGGGGCCGGGC
132299 CGGGGGGACGGG 100
GGGGGGACGGGC
132325 CGGGGGGACGGG 100
132988 GGGCCCGGACG GGGGGCGGG 100
cr27
4386 GGGGACGGCGGGGGCGGGGG 100
CGGTGACGCCCGACGGGGAGGG
GGGGCTGGGATGGCGG
114579 GTGTCCTCCGAGGGGG 100
VZV Leading Strand Lagging Strand C (%)
ORF61
104021 GGGGTCCGCCGGGCGCCCAGAAACC o
GGGGGGGGGTTATTTTCGGGGGGGGG
105081 GGGCGGGCGACGGGCGGG 100
ORF62/ORF63
GGGGAGGAAATATGCG
109246 GTCGAGGGGGGGG %
GCGGTTTTATGGGGT
109703 GTGGGCGGG
040 GGGTAAAATGGCAATGGGGGATT 100
CCGGGGCGGGAGACCTTCGATTGGG
ORF4
o7 GGGTGCAGGTAA 100

GCTTGTTTGGGG
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Figure 2. Circular Dichroism (CD) spectra of the PQS embedded in the Alphaherpesvirus IE promoters
in PB 20 mM and KCI1 70 mM.

These data indicate the possibility that IE gene expression of Alphaherpesviruses is regulated by Gds.

2.2. The Identified PQSs Fold into G4 Structures

The actual ability of Alphaherpesvirus IE promoter PQSs to form G4 structures was initially assessed
by Circular Dichroism (CD), as this technique is considered a reliable tool to study nucleic acids
conformation [51]. All sequences were analysed in the presence of K* to establish G4 folding, topology
and thermal stability. Table 4 and in Figure 2 show that all predicted PQS did actually fold into G4
structures. The large majority (77%) of G4s displayed a parallel topology, with a maximum positive
peak at ~260 nm and a minimum at ~240 nm. Some G4s were also characterized by a modest shoulder
at 295 nm, without wavelength shift of the minimum peak at 240 nm and were considered parallel G4s
(Table 4). The remaining sequences (18%) showed two maxima at 265 and 295nm and a minimum at
245nm and were thus classified as hybrid structures.

Table 4. CD and Thermal Difference Spectra (TDS) analysis of PQS embedded in the Alphaherpesvirus
IE promoters. Both analyses were performed at 100 mM KCl. Topology and T, values in the presence
and absence of B19 are reported. For mixed structures, Ty, values were calculated at both 260 and 290
nm. n.a.: oligonucleotide not available due to its too high G content.

HSV-1 Topology Tm Tm (B19) AT, TDS
ICcpPo
1875 parallel 60.9 £0.1 733 £0.2 124 +
1881 hybrid 51.9 +0.3/45.9 + 0.2 80.7 +1.2/66.3 + 0.5 28.8/20.4 +*
1966 parallel 68.6 £0.1 >90 >21.4 +
2009 hybrid 54.9 + 0.6/65.0 + 0.4 69.2 + 0.6/>90 14.3/>25 +/-
2066 parallel >90 +
ICP4
R146532 parallel 795+0.1 >90 >10.5 +
146574 parallel 63.4+0.2 >90 >26.6 +
146578 parallel 66.2+0.1 80.3£0.4 14.1 +/-
146666 parallel >90 +
146947 parallel 69.2£0.2 >90 >20.8 +
ICP22/ICP47
131746 hybrid >90/71.4 +0.8 +
R131803 hybrid 73.7 +0.8/76.7 £ 0.9 >90/85.1 + 0.8 >16.3/8.4 +*
131857 hybrid 62.4 +0.5/65.3 + 0.2 69.6 +0.9/67.6 + 0.4 7.2/2.3 +*
132059 parallel >90 +
132065 hybrid >90/78.8 £ 0.7 +
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Table 4. Cont.

HSV-1 Topology Tm Tm (B19) ATm TDS
132070 parallel 742+0.1 >90 >15.8 +*
R132290 parallel >90 + **
132411 parallel >90 +
132424 parallel >90 + **
1cpP27
113501 parallel >90 +/-
113519 parallel >90 +
HSV-2
ICPO
1571 hybrid 77.7 £0.8/79.0 £ 0.7 >90/712 1.1 >123/-78  +/-
1913 n.a.
2027 parallel >90 +
ICP4
149044 parallel >90 +
149088 hybrid 672+0.7/72.6 £ 0.7 64.5 + 0.9/>90 -2.7/>17.4 +
149287 parallel 672+0.7 84.1+22 16.9 +
149570 parallel 81.8+0.8 >90 >8.2 +
ICP22/ICP47
132299 parallel >90 +
132988 parallel >90 +
132325 parallel >90 +
icr27
114386 parallel 759 +0.4 >90 >14.1 +*
114579 parallel 66.8 +0.9 83.4+0.7 16.6 +
VZV
ORF61
104021 na.
105081 parallel 759 + 0.4 >90 >14.1 +
ORF62/ORF63
109246 parallel >90 +
109703 parallel 57.7£0.2 84.7+0.5 27.0 +
110410 parallel 56.5 + 0.4 85.2+0.8 28.7 +/—
ORF4
4278 hybrid 57.5+0.3/532+0.5 79.2+£0.9/82.0 0.9 21.7/28.8 +

+/— G4 TDS lacking negative peak at 295 nm; * 150 mM KCl; ** 50 mM KCl.

The stability of all G4s was assessed by melting experiments monitored by CD. The melting
temperatures (Tr,) were calculated according to the van 't Hoff equation (Table 4 and Figure S1). In
half of the analysed sequences (58%) the CD signal decreased over temperature, leading to discrete
Tm values. Notably, the remaining sequences (42%) maintained their G4 folding up to the maximum
tested temperature (90 °C). For hybrid structures, where two transitions were visible, Ty, values were
calculated at both wavelengths.

We next investigated the Alphaherpesvirus IE promoter sequences in the presence of the
commercially available G4-ligand, BRACO-19 (B19), which has been reported to specifically recognize
and stabilize G4 structures over double- and single-stranded nucleic acids [52]. The effect of B19 was
assessed by CD thermal unfolding analysis. B19 was able to further stabilize all G4s, with an increase
in Ty higher than 10 °C (Table 4). In cases where several transitions were observed, Tr, values for each
transition were annotated. The results obtained with B19 further confirm the ability of all the predicted
sequences to fold into G4 structures.
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TDS spectra analysis was next employed to corroborate G4 folding. Mergny and others [8,53]
established that G4 structures exhibit a TDS negative peak at 295 nm, and two positive peaks at 275 and
243 nm, respectively. The vast majority (86%) of analysed sequences displayed the G4 distinctive TDS
spectrum (Table 4 and Figure S1). Bulged sequences, sequences containing more than four G-islands
and sequences retaining the ability to form stem-loops displayed the characteristic TDS at higher cation
concentration (KCI 150 mM), which allowed increased stabilization of the G4 over possible competitor
structures. Five sequences displayed only the two positive peaks, and thus reported a non-definite
TDS spectrum (indicated as +/-). It is possible that “non canonical” G4 structures cannot confidently
be distinguished by TDS analysis.

For these reasons, two non-canonical G4s were additionally explored by Tag polymerase stop
assay. These corresponded to the HSV-1 ICP0 and ICP27 promoter sequences (ICP0 2066 and ICP27
113501+113519): the first one was a putative bulged G4 that displayed G4-representative CD and TDS
profiles, the second with long G-tracts and the possibility to form GC stem loops, had showed an
ambiguous TDS profile. The Tag polymerase stop assay indicates the ability of a G4 to block or pause
the enzyme activity and allows evaluation of G4 structures within an extended DNA environment.
Samples were incubated in the absence and presence of increasing concentrations of KCl (Figure 3),
and 1 uM B19. Stop sites resulted specific and located mainly at, or just before, the most 3" G-tract
involved in G4 formation (Figure 3, * symbol). Additional stop sites (Figure 3, g, §, #, ¥ and & symbols)
corresponding to other G-tracts indicated the “breathing” of the G4 structure and possibly the ability
of the tested oligonucleotides to fold into multiple G4 structures, preferentially stabilized at different
K* concentrations. The G4-ligand B19 blocked enzyme processing mainly in correspondence of the
most 3’ tract involved in G4 formation, suggesting that the structure with the longest sequence is likely
the most stable and thus the one preferentially bound by B19 (Figure 3, * symbol). These data indicate
that both the tested non-canonical G4s are able to fold into G4, and thus provide evidence that the TDS
assay may lack the negative peak at 295 nm while still depicting a non-canonical G4.

Taken together these data indicate that IE PQS can fold into dynamic G4 structures, which are
induced and stabilized by increasing concentrations of K* and a G4-ligand.

2.3. G4s Tune IE Promoter Activity at the Cellular Level

The biological role of G4s at the promoter level is still matter of debate since little is known on
how G4 structures and their interaction with transcription factors and other proteins may contribute to
regulate viral promoters. Here, we decided to study the activity of two representative promoters, i.e.,
HSV-1ICP0 and ICP27 in cells. These two promoters were chosen both for their peculiar G4 content and
for their unique roles during HSV-1 infection. ICPO is the viral ubiquitin ligase that has been described
to act as a powerful viral transactivator—both during productive infection and in reactivation from
latency [54]. In contrast, at the nuclear level ICP27 induces the expression of a restricted number of
early and late genes, such as UL42 (polymerase processivity factor) and UL44 (glycoprotein C) but it
remains highly expressed during the whole viral life cycle [55]. The two sequences, ICP0 and ICP27
(NC_001806.2 nts 1551-2261 and nts 113451-113734, respectively) were cloned upstream of the firefly
luciferase gene in a promoterless plasmid. The two promoters were studied in U-2 OS cells, a human
osteosarcoma cell line that withstands HSV-1 infection [56], in the absence and presence of increasing
concentrations of B19. The assay was performed monitoring also cell viability in the presence of B19
(CCsp uz-0s > 100 uM) to avoid luciferase signal variation due to cytotoxicity. As shown in Figure 4, the
activity of both promoters decreased in a dose dependent manner, up to ~65% of the untreated control
in ICP0 and up to ~55% in ICP27, proving that in this case G4s act as suppressors of transcription.
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Figure 3. Sequencing PAGE of Tag-amplified ICPO and ICP27 templates in the absence or presence of
increasing concentrations of KCl and the G4-ligand B19. Symbols *, g, §, #, ¥ and & indicate pausing
sites just before the G4 regions in the templates. P indicates the lane of the labeled primer.
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Figure 4. Luciferase assay on HSV-1 ICP0 and ICP27 promoters in U-2 OS (human osteosarcoma)
cells in the presence of the G4 ligand B19 (2.5-20 uM). Cell viability, determined by MTT
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay, in the presence of B19 is
also indicated.
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These findings support the hypothesis that G4s tune the activity of Alphaherpesvirus IE promoters,
as indicated by the B19-mediated G4 stabilization, which down-regulates ICP0 and ICP27 transcription.

3. Discussion

In the past few years, interest in the characterization of G4 structures and their role within viral
genomes has greatly increased, providing possibly innovative antiviral targets against many human
pathogens. In this context, our group proved that HIV-1 transcription is modulated by the tuned
folding/unfolding of G4s located in the U3 region of the LTR promoter [23,57]. We successively
demonstrated that the HSV-1 genome contains an impressively high number of putative G4s that were
visualized during infection in cells by means of an anti-G4 antibody [17,27]. In support of the presence
and involvement of G4s in key viral processes, we found that two G4-ligands (B19 and a core extended
naphthalene diimide) displayed remarkable antiviral activity in both viruses [17,32,58,59].

The HSV-1 cycle is strictly regulated by five IE proteins (namely ICP0, ICP4, ICP22, ICP27 and
ICP47), that are also responsible in vivo for the establishment of latency at the neuronal level [34,60].
The five genes that encode for these proteins are immediately transcribed after infection and mutations
altering their expression are strongly associated with a dysregulated viral cycle [60].

In this work, we investigated the presence of G4s within the promoter regions of IE genes of all
members of the Alphaherpesvirus subfamily. The promoters were unambiguously identified based
both on the presence of characterizing motifs, such as the TATA box and the TAATGARAT sequence
and on previously reported biological evidence. In each promoter, we found several multiple and
non-overlapping G4 folding motifs, interestingly located both on the leading and lagging strands. At
the promoter level, G4 structures on the lagging strand have been shown so far only in few examples, in
particular in the promoter region of the REarranged during Transfection (RET) proto-oncogene [61,62]
and as regulators of DNA strand replication [63] in mammalian cells. In the human papillomavirus as
well as in the human cytomegalovirus, G4s on the lagging strand were predicted only in non-coding
regulatory regions, lacking experimentally proved promoter activity [18,64]. Promoters containing
multiple G4s have been described in oncogenes [65-67], however, none of these features has been
reported in viruses as yet. This work indicates the possibility that the large and strictly regulated
genome of Herpesviruses controls gene transcription at the promoter level through G4-mediated
mechanisms, as reported for the human genome. ICP4 is the major viral transcription factor, and its
promoter presents 5 G4s. The G4 most distant from the TSS is embedded in the lagging strand close to
the TAATGARAT sequence, which is a recognition signal for the viral protein VP16 [31]: it is possible
that this G4 is involved in the transactivation activity of VP16. The ICP22 and ICP47 promoters, which
share the same sequence albeit in two different locations along the genome, display a high number
of G4s, also in this case located on both strands: we envisage the possibility of a control on both
transcription and replication, since in the same region resides oriS, one of the origins of viral genome
replication [68]. ICPO plays a major role both on viral transactivation during the lytic cycle and in
reactivation from latency: it contains five G4s nearby the TAATGARAT sequence and TATA box. ICP27
is an essential HSV-1 IE protein along with ICP4, but in contrast to the latter which is expressed only in
the early stages and is involved in transcription initiation, ICP27 is a multifunctional protein and its
expression remains high throughout the viral cycle, with post-translational modifications that regulate
its activity [69-71]. The ICP27 promoter is the one that contains fewer G4s. Four out of five ICP0 G4s,
displaying low Tm (50 < Tm < 68 °C), were significantly stabilized by the G4-ligand, whereas ICP27
G4s were very stable even in the absence of B19 and thus were less affected by the G4-ligand. These
features are likely the reason why we observed a lower degree of response to the G4-ligand B19 in cells
for ICP27 compared to ICP0.

As HSV-1, HSV-2 and VZV are closely related viruses, all displaying a wide host-cell range, similar
pathogenesis and analogous genome organization, we evaluated the presence of G4s also in HSV-2 and
VZV IE promoters. The vast majority of the retrieved sequences, besides being fully conserved within
all sequenced strains, were experimentally proven by at least two techniques to fold into G4 structures.
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Finally, we found that many of the Alphaherpesvirus IE promoter G4-forming sequences described
in this work formed “non-canonical” G4s: they were able to fold even in the absence of loops (i.e.,
HSV-1 ICP4 149570; VZV ORF62/63 109246) or in the presence of putative stem-forming sequences in
the loop (i.e., HSV-1 ICP0 1966; HSV-1 ICP4 146666, 146578 and 146947; HSV-1 ICP22/ICP47 R131803,
131857, 132059) or with bulges (i.e., HSV-1 ICP0 2009 and 2066; HSV-2 ICP4 149044, 149287). This
fact indicates that the classic prediction methods based on motif recognition may overlook many
non-canonical G4s that actually form. In this view, the newest machine learning models trained with
sequences of experimentally validated G4 may yield more reliable results [72]. Moreover, several G4s
(see HSV-1 ICP4, HSV-1 ICP22/ICP47, HSV-2 ICP0, HSV-2 ICP27 and VZV ORF62/ORF63) presented 5
G-tracts; multiple G-tracts have been previously described for another strictly regulated viral promoter,
the LTR sequence of HIV-1 virus [23]. These data may corroborate the recently proposed hypothesis by
Burrows CJ and co-workers that the tracts exceeding four work as “spare tires” in promoters [73].

The described data provide a possible new direction for active antiviral design. Up to date, only
polymerase inhibitors have been found active against HSV-1, HSV-2 and VZV. However, because
of the emergence of resistant strains that may be extremely dangerous especially in transplant and
immunocompromised patients [74], new antivirals with a different mechanism of action are highly
wished for. We propose that selective anti-IE promoters G4-ligands could hinder the viral cycle ata much
earlier stage, preventing the discomfort, the possible neuronal damage, the painful sequelae (specific to
VZV) in normal human hosts and the possible life-threatening effects in immunocompromised patients
caused by the Alphaherpesviruses.

4. Materials and Methods

4.1. PQS Detection and Evaluation of Conservation

The complete set of human Alphaherpesvirus genome sequences were downloaded from GenBank.
The first analysis was performed with free G4 hunting software (QGRS http://bioinformatics.ramapo.
edu/QGRS/index.php and Quadbase http://quadbase.igib.res.in/), using the standard parameters of
the two programs (Minimum G-tetrad 2 and 3, Loop length1-7 for GG and 1-12 for GGG). Since
Herpesviridae are dsDNA viruses, the presence of PQS was analysed on both genome strands.

4.2. Oligonucleotides and Cell Lines

Desalted oligonucleotides were purchased from Invitrogen and from Sigma-Aldrich, Milan, Italy
(Table 1, Table 3). U2-OS (ECACC 92022711) were purchased from Sigma Aldrich and maintained in
Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% heat-in- activated fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). Cells were grown in a humidified incubator maintained at 37 °C with 5% CO,.

4.3. Circular Dichroism Spectroscopy

DNA oligonucleotides were diluted to a final concentration (4 uM) in phosphate buffer (PB, 20
mM, pH 7.4) and KC1 70 mM. All samples were annealed at 95 °C for 5 min and gradually cooled to
room temperature. The G4-ligand Braco-19 (B19, ENDOTHERM, Saarbruecken, Germany) was added
from stock at final concentration of 16 uM. CD spectra were recorded on a Chirascan-Plus (Applied
Photophysics, Leatherhead, UK) equipped with a Peltier temperature controller using a quartz cell of 5
mm optical path length, over a wavelength range of 230-320 nm. For the determination of Tr,, spectra
were recorded over a temperature range of 20-90 °C, with temperature increase of 5 °C. The reported
spectra are baseline-corrected for signal contributions due to the buffer. Observed ellipticities were
converted to mean residue ellipticity () = deg x cm? X dmol™! (mol ellip). T, values were calculated
according to the van’t Hoff equation, applied for a two-state transition from a folded to unfolded state,
assuming that the heat capacity of the folded and unfolded states are equal [75].
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4.4. Taq Polymerase Stop Assay

Taq polymerase stop assay was carried out as previously described [23]. Briefly, the 5’-end labelled
primer was annealed to its template (Table S1) in lithium cacodylate buffer in the presence or absence
of KC1 (50-150 mM) and by heating at 95 °C for 5 min and gradually cooling to room temperature.
Where specified, samples were incubated with 1 uM B19 for 24 h after the annealing step. Primer
extension was conducted with 2 U of AmpliTaq Gold DNA polymerase (Applied Biosystem, Carlsbad,
California, USA) at 47 °C for 30 min. Reactions were stopped by ethanol precipitation, primer extension
products were separated on a 16% denaturing gel, and finally visualized by phosphorimaging (Typhoon
FLA 9000).

4.5. Plasmids Construction

The ICPO0 and ICP27 promoter regions were amplified by PCR on the HSV-1 genome (GU734771.1)
extracted from U2-OS infected cells. The promoter amplicons were subcloned into pGL4.10-Luc2
(Promega) within Xhol and HindlIII sites. The resulting pGL4.10-ICP0 and pGL4.10-ICP27 vectors
contained the sequenced regions corresponding to nts 1551-2261 (ICP0) and nts 113451-113734 (ICP27)
in the HSV-1 reference genome (NC_001806.2), fused to the luciferase-coding region.

4.6. Reporter Assays

Vectors pGL4.10-ICP0 and pGL4.10-ICP27 (150 ng each) were transfected in 1.2 x 10° U2-OS cells
per well onto 12-well plates, using Lipo3000 transfection reagent (Invitrogen, Life Technologies Italia,
Monza, Italy). B19 was added to the cell medium 1 h after transfection at increasing concentrations (5-20
uM), to avoid interference, if any, with transfection. Expression of firefly luciferase was determined 24
h after transfection using the Britelite plus Reporter Gene Assay System (PerkinElmer Inc., Milan, Italy)
at a Victor X2 multilabel plate reader (PerkinElmer Inc., Milan, Italy), according to the manufacturer’s
instructions. Cells were lysed in 0.1% Triton-X100-PBS and protein concentration was determined by
BCA assay (Thermo Scientific Pierce, Monza, Italy). Luciferase signals were subsequently normalized to
total protein content, according to the manufacturer’s protocol (http://ita.promega.com/~/pdf/resources/
pubhub/cellnotes/normalizing-genetic-reporter-assays/). Each assay was performed in duplicate and
each set of experiments was repeated at least three times.

4.7. Cellular Cytotoxicity

Cytotoxic effects were determined by MTT assay. U-2 OS cells were grown and maintained
according to manufacturer’s instructions (https://www.lgcstandards-atcc.org). Cells were plated into
96-microwell plates to a final volume of 100 pL and allowed an overnight period for attachment. The
following day, the tested compound (B19) was added to each well and tested in triplicate. Control
cells were treated in the exact same conditions. Cell survival was evaluated by MTT assay, 24 h after
treatment: 10 puL of freshly dissolved solution of MTT (5 mg/mL in PBS) were added to each well, and
after 4 h of incubation, MTT crystals were solubilized in solubilization solution (10% sodium dodecyl
sulphate (SDS) and 0.01 M HCI). After overnight incubation at 37 °C, absorbance was read at 540 nm.
Data were expressed as mean values of at least three individual experiments conducted in triplicate.
The percentage of cell survival was calculated as follows: cell survival = (Awell — Ablank)/(Acontrol —
Ablank) x 100, where blank denotes the medium without cells. Each experiment was repeated at least
three times.

5. Conclusions

The work presented here provides for the first time a comprehensive analysis on the presence of
G4s in the IE promoter regions of the three Alphaherpesviruses that infect humans. In these viruses,
regulation of gene expression has been largely debated in the last decades but clear data are still
lacking. Thus, the fact that in all Alphaherpesviruses the promoters of all genes involved in the first steps
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of infection and in the control of expression of the later genes contain 100% conserved G4 forming
regions is a potent indication of their significance. Our data broaden the boosting recognition of G4s
as molecular switches of gene expression at the viral level [24]. The in-depth understanding of the
role of G4s at the viral promoter level will likely allow unravelling the mechanisms that regulate
Alphaherpesviruses infection and latency in the human nervous system, with the subsequent possibility
to design innovative drugs to manage the infection of some of the most widespread latency-associated
human pathogens.

Supplementary Materials: The following are available online, Figure S1: CD thermal unfolding spectra, CD
thermal unfolding fitting and TDS of Alphaherpesvirus IE promoter G4 sequences, Table S1: Oligonucleotides used
in the Taq polymerase stop assay.
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Abstract: Guanine-rich sequences in the genomes of herpesviruses can fold into G-quadruplexes.
Compared with the widely-studied Gs-quadruplexes, the dynamic Gy-quadruplexes are more
sensitive to the cell microenvironment, but they attract less attention. Pseudorabies virus (PRV)
is the model species for the study of the latency and reactivation of herpesvirus in the nervous
system. A total of 1722 G,-PQSs and 205 G3-PQSs without overlap were identified in the PRV
genome. Twelve G,-PQSs from the CDS region exhibited high conservation in the genomes of the
Varicellovirus genus. Eleven G,-PQSs were 100% conserved in the repeated region of the annotated
PRV genomes. There were 212 non-redundant G,-PQSs in the 3’ UTR and 19 non-redundant G,-PQSs
in the 5 UTR, which would mediate gene expression in the post-transcription and translation
processes. The majority of examined G,-PQSs formed parallel structures and exhibited different
sensitivities to cations and small molecules in vitro. Two G,-PQSs, respectively, from 3’ UTR of
UL5 (encoding helicase motif) and UL9 (encoding sequence-specific ori-binding protein) exhibited
diverse regulatory activities with/without specific ligands in vivo. The G-quadruplex ligand, NMM,
exhibited a potential for reducing the virulence of the PRV Ea strain. The systematic analysis of the
distribution of G,-PQSs in the PRV genomes could guide further studies of the G-quadruplexes’
functions in the life cycle of herpesviruses.

Keywords: alphaherpesviruses; pseudorabies virus; genome; G-quadruplex; G-quadruplex ligand;
nucleic acids conformation; regulatory element

1. Introduction

The life-long latency of herpesviruses poses potential threats to the host at any time, and the
reason for the wide existence of the GC-rich sequences in herpesvirus genomes remains unknown [1].
Guanine-rich sequences have been discovered to form special DNA or RNA secondary structures called
G-quadruplexes. They are composed of 7-stacked G-quartets via hydrogen-bonded structure in DNA
or RNA [2]. Each G-quartet contains four guanines held by eight hydrogen bonds, and coordinated with
a central monovalent cation, such as K* and Na*. The Gz-putative quadruplex sequences (G3-PQSs) in
the form of (G3+N1.7)3G3, form three or more G-quartets in the structures (Figure 1), and they exhibited
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good thermal stability under near-physiological conditions [3]. The function of these G3-quadruplex
sequences has been well-studied in the genomes of humans [3], maize [4] and human viruses [5,6].
Recently, some studies have reported on the regulatory function of Gy-quadruplexes (Figure 1),
with two G-quartets in the viral mRNA translation of Epstein—Barr virus [7] and in the polyamine
biosynthesis pathway of eukaryotic cells [8]. However, Gy-putative quadruplex sequences (G,-PQSs)
in the form of (G2+N1.7)3Gy. have not attracted wide attention, due to their relatively low stability,
even though they exhibit certain superiority in sensitivity. The systematic analysis of G,-PQSs in
the genomes of herpesviruses could explore more functions of G-rich sequences in herpesviruses,
compared with that of G3-PQSs.

G
5
Gz-quadruplex Gs-quadruplex
(G2N1.7)3G2 (G3N1.7)3G3

Figure 1. Schematic diagram of the G,-quadruplex and the Gz-quadruplex.

Pseudorabies virus (PRV) represents a good model for the study of Gy-quadruplex functions in
herpesvirus genomes. This virus is a herpesvirus of the Varicellovirus genus in the Alphaherpesvirinae
subfamily that is included in the family Herpesviridae. The Alphaherpesvirinae chooses the nervous
system for latency [9]. PRV causes neuronal and lethal infection in many animal species, yet posing
little or no danger to humans [10-14]. PRV has been used as a model species for studying
the cycle of infection, latency, and reactivation, which are critical processes for the survival of
alphaherpesviruses [10]. Vaccination is the most effective approach to preventing virus infection.
However, herpesviruses can establish latency in the host after the first infection, and they can reactivate
to cause serious diseases in their host. Failure of vaccination will result in a big threat to humans and
animals. For example, the Bartha-K61 vaccine has been used worldwide, and it played an important
role in the eradication of pseudorabies virus in many countries. Nevertheless, it had failed to protect
piglets from being infected by several virulent PRV strains in China, resulting in PRV re-outbreak
in 2011 [15-23]. In order to prevent and cure herpesvirus infections successfully, it could be helpful
to reveal the latency-reactivation mechanism, based on the characteristics of herpesvirus genomes
and their feature in host cells. The Human gammaherpesvirus 4 (Epstein-Barr virus, EBV) was
assumed to modulate immune evasion with a Go-quadruplex forming in the coding sequence (CDS) of
Epstein-Barr virus-encoded nuclear antigen 1 (EBNAT1) [7]. The PRV may respond to the defense of the
host cells, through the formation and resolution of G-quadruplexes to regulate latency and reactivation.
This study is aimed to provide clues for vaccine and drug development at the nucleic acid level.

In this work, a systematic analysis will be carried out to locate the distribution
of G,/Gs-quadruplex sequences in the PRV genome. The conservation of the putative
G-quadruplex-forming sequences will be evaluated in the PRV strains and in the Varicellovirus
genus. The evolutionary differences in the G-quadruplexes between non-human infectious herpesvirus
and human herpesviruses will be discussed further. G,-PQSs structure types and their sensitivities to
different cations and ligands will be examined, for their roles in regulating gene expression. The study
of a classic G-quadruplex ligand, N-methyl mesoporphyrinIX (NMM), exhibited potential for inhibiting
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the virulence of the PRV Ea strain. This study will further investigate G,-quadruplexes working as
sensors in response to small molecules, proteins, and physiological cation conditions in the specific
microenvironment, to reveal the latency-reactivation mechanism of herpesviruses.

2. Results
2.1. Bioinformatic Analysis

2.1.1. Genome-Wide Analysis of G3-PQSs and G,-PQSs Distributions in the PRV Genome

The putative Gz-quadruplex sequences (G3-PQSs) in the PRV genome were predicted with
the Quadparser program [3] in the form of the GnNm sequence (where n > 3 and 1 < m < 7).
The putative Gy-quadruplex sequences (G,-PQSs) were predicted with the same program, but in
the modified sequence form (n > 2). The genome size of PRV was 143,461 bp, and it encoded 69
proteins. The analysis of the PRV reference genome (NC_006151.1) indicated that 1722 G,-PQSs and
205 G3-PQSs were distributed in the PRV genome (Figure 2; File S1), with the density of the G,-PQSs
being 12 PQS/kb.

As the formation of the G-quadruplex could affect either transcription or translation, our analysis
of PQSs was based on double strands with the well-annotated regions, and the predicted regulatory
regions in the PRV reference genome (File S2). The 3’ end untranslated regions (3’ UTRs) from
63 genes, and the 5" end untranslated regions (5" UTRs) from 61 genes were annotated in the PRV
reference genome in The National Center for Biotechnology Information (NCBI) Genome database [24].
The promoters of the annotated PRV genes were predicted to be 1 kb upstream of the annotated
transcription start site of each gene. G,-PQSs were higher in density in the CDS region and in the
large latency transcript (LLT) than in the repeat region, while the G3-PQSs were densely distributed in
the repeat region (Table 1). The density of the G,-PQSs in the 3’ UTR was higher than that in the 5’
UTR (Table 1). In the promoter regions, the G,-PQSs density was 5.34 PQS/kb, and it was more than
eight-fold that of the G3-PQSs density (Table 1).

The PQS monomer was named the single G-quadruplex-forming sequence, and the sequences
forming more than two possible simultaneous G-quadruplexes were defined as the PQS cluster.
The G3-quadruplex cluster, forming a highly stable structure, was identified in the repetitive region of
the Herpes simplex virus type 1 (HSV-1) genome [25]. This study found that 86.8% of G3-PQSs and
77% of G-PQSs were monomers in the genome of PRV (File S1). 27 non-redundant G3-PQSs clusters
were located in the regulatory regions, rather than in the coding region in the PRV genome. Sixty-nine
G2-PQS clusters were distributed in the repeat regions, and 122 G,-PQS clusters were located in the
coding region in the PRV genome (Table 1).
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Figure 2. Distribution of G-putative quadruplex sequences (G,-PQSs) in the double-strand genome
of pseudorabies virus (PRV). One red circle indicates one G»-PQS. The red bars indicate the coding
sequence (CDS) region. The blue bars indicate the untranslated region.
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2.1.2. Conserved G,-PQSs in the Coding Sequences of PRV Genes

G,-PQS Distribution in the Coding Regions of Genes Involved in the Replication Cycle of PRV

The G;-quadruplex formation in the open reading frame (ORF) of Epstein—Barr virus-encoded
nuclear antigen 1 (EBNA1) led to decreased mRNA translation in the Epstein-Barr virus (EBV),
which suggested that the G-quadruplex in viral transcripts acts as a specific regulatory element to
regulate translation level and immune evasion [7]. The PRV replication cycle contains five main
processes, including entry, immediate early stage, early stage, late stage, and egress [10]. There were
481 G,-PQSs in the ORFs of the genes in above five stages (Figure 3). 112 G,-PQSs were found in
the entry stage, and 30 of them were involved in important envelope glycoproteins recognizing host
cells. After the entry stage, PRV is in the immediate early stage. It transcribes and expresses only
one immediate early gene, IE180; this was different from human herpesviruses, which transcribe
three to five immediate early genes. IE180 is required for the effective transcription of early viral
genes [10]. There were two copies of IE180 in the PRV genome, and 22 G,-PQSs were located in the
coding sequence of each copy. The genes in the early stage contained 144 G,-PQSs, which was twice as
many as the total number of G»-PQSs in the late stage (1 = 77). The early-stage proteins had functions
in transactivation and viral DNA synthesis, while the late-stage proteins were mainly responsible for
DNA packaging and capsid maturation. A total of 104 G,-PQSs were identified in the egress stage,
and most of them were present in the tegument proteins, which are important for virion formation
before cell-to-cell movement (Figure 3).
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Figure 3. Number of G,-PQSs in the coding sequences of the genes that are involved in the PRV
replication cycle.

G2-PQSs Involved in the Processes of DNA Replication and Encapsidation

Eighty-four G,-PQSs were identified in the genes involved in the viral DNA replication process
(Figure 3), including UL5, ULS8, UL9, UL29, UL30, UL42, and UL52. In total, 39% of these G,-PQSs were
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in the coding region of the helicase—primerase complex formed by UL5, ULS, and UL52. Twenty-five
G,-PQSs were found in the gene UL29, encoding the single-stranded DNA-binding protein ICP8.
The DNA replication origin-binding helicase UL9 contained 13 G,-PQSs in its coding sequence, and the
DNA polymerase complex UL30/UL42 contained 13 G,-PQSs in total.

In the late stage, UL38, UL35, UL25, UL19, UL18, and UL6 encoded the proteins of the
mature capsid constituents; these are required for the capsid assembly in the nucleus of the cell,
and two scaffolding proteins (UL26 and UL26.5) have been reported to have participated in capsid
formation [10]. The above late proteins accounted for 61% of the G,-PQSs in the late stage (Figure 3).

G2-PQSs Involved in the Processes of Virus Entry and Egress

Both UL36 and UL37 were the tegument protein genes required in both the entry and egress
stages [10]. The VP1/2 protein (UL36) is the important component of the inner layer of tegument
proteins, and it was reported to be associated with the capsid during PRV transport across cytoplasm
into the nuclear pore [27]. The production of VP1/2 protein is cut off by truncating the translation of
UL36 gene, resulting in the failed transportation of the virus particle. Fifty-six G,-PQSs were observed
in the CDS region of UL36, accounting for 50% of the total number of G,-PQSs in the stages it involved
(Figure 3). The viral glycoproteins gC (UL44), gD (US6), gB (UL27), gH (UL22), and gL (UL1) mediated
a cascade required by PRV virions to enter specific cells, and totally there were 29 G,-PQSs in the ORFs
of glycoproteins (Figure 3).

Conservation and Potential Function of G,-PQSs in CDS Region in the Varicellovirus Genus

Since coding sequences had higher conservation than regulatory regions among different viruses
in the same genus, the inter-species analysis of the conservation of the G,-PQSs in the coding region
was performed within 11 Varicellovirus species including PRV. The conservation of the 494 G,-PQSs in
the CDS region was analyzed. The analysis indicated that 55.3% of G,-PQSs exhibited the conservation
score higher than 0.2 (Figure S1). Twelve of these 494 G,-PQSs were found with the conservation
score higher than 0.7 (Table 2). Five G,-PQSs of them were derived from the immediate early gene
IE180, and two G,-PQSs were derived from the gene UL30 encoding the DNA polymerase catalytic
subunit. One G,-PQS derived from the gene UL13 encoding protein-serine/threonine kinase was 100%
conserved in the Varicellovirus genus (Table 2). The other G,-PQSs with their conservation scored as
1.0 were from the gene UL33 associated with UL28 and ULI5 to contribute to DNA cleavage and PRV
package. The DNA cleavage and encapsidation related gene UL17 and major capsid protein gene UL19
contained one conserved G,-PQS in their coding sequences. Two tegument protein genes UL16 and
UL47 also contained one conserved G,-PQS, respectively (Table 2).

Table 2. G,-PQS with high conservation score in the coding sequence of Varicellovirus genes.

Gene Nucleotide

Common Function Putative Gy-quadruplex Sequence (5/-3") Score .
Identity
Name
GGGCCGGGAACTGGACCGGG 1.000 0.579
0 ) homolos of GGACTGGCCCGCGGACGGCCCGGCCGTGGGGG  0.900 0.579
IE180 ra“s“t“’alté’;; # Omolog O GGCTCGGCGCGGCGCGGCGCCGG 0.800 0.579
GGCCAACGTGGCCGCGGCCCGG 0.700 0.579
GGGCCCCGGTCCCGGGCCGGCTCCGGGCCCCGG  0.700 0.579
UL30 DNA replication GGACGACGGCGGCGGCTACCAGGGCGCCAAGG 0727 0.678
P GGTGTACGGGTTCACGGGCGTGGCCAACGGG 0727 0.678
UL33 DNA cleavage and packaging GGGGAGGCGCTGCGGGCGCGG 1.000 0.664
uL17 DNA cleavage and GGGGCGGCCGGCGCGGGCCCCGG 0778 0589
encapsidation
UL16 Tegument protein GGTCCTGGCCCCCGGCGCGTGGTGGGCGCGCGG  0.800 0.580
. GGGGACGAGGAGGAGGAGGAGGAGGAGGAGG

uL47 Tegument protein AGAGCGAGGGGGGCGCGTGGTCCGACGGGG 0700 0486
UL13 Protein-serine/threonine GGCCGTCGGGGCCGGATCGTACGG 1.000 0.525

kinase
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2.1.3. Distribution Analysis of G,-PQSs in Regulatory Regions in PRV Genomes

Promoter, untranslated region, and intergenic region, which were important regulatory regions,
had multiple functions in gene regulation. G3-PQSs were reported to be mainly located in the regulatory
regions in the genomes of human herpesviruses [5], while less report on G,-PQSs was available.
Systematic analysis of Gp-PQS could be conducive to the exploration of their regulatory function.
In this study, PRV was found to have higher density of G,-PQS than G3-PQS in the repeat regions
(Table 1).

Dozens of Conserved G,-PQSs in the Repeat Regions Related to Genome Recombination

Terminal repeat (TR) region is important for genome replication in some herpesviruses.
The G-quadruplex in the TR region of gammaherpesvirus Kaposi sarcoma-associated herpesvirus
(KSHYV) altered the latent DNA replication and episomal persistence [28]. Furthermore, the stabilization
of HSV-1 G-quadruplexes in the repeat region inhibited DNA polymerase processing and viral DNA
replication [25]. The PRV genome was similar to the HSV-1 genome which was characterized by
two unique regions (UL and US), and the US region was flanked by the internal and terminal repeat
sequences (IRS and TRS, respectively). During PRV infection, the recombination between the inverted
repeats produced two possible isomers of the genome with the Ug region in opposite orientation.
Both isomers were infectious and were in equimolar amount after infection, and the PRV genome was
circularized upon entry into the host nucleus through blunt end ligation independent of any viral
protein synthesis (reviewed in [10]).

4 G,-PQSs were located in 0-656 bp region, and 208 G,-PQSs were located in the two regions
between genes IE180 and US1 (Figure 4). The conservation percentage of 117 G,-PQSs on the sense
strand of PRV genome ranged from 4% to 100% (Figure 5). There were 38 G,-PQSs in the repeated
region between IE180 and US1 with conservation percentage more than 90% (Figure 5), including
11 G,-PQSs with 100% conservation rate (Table S1). These conserved GC-rich sequences might form
G-quadruplexes in the inverted repeat region, mediating the genome recombination after infection.
14 G,-PQSs existing between IE180 and ORF1 may be switches of PRV replication in circular genome.

120 1M
100 o7

Number of PQS

3
R

&
&

2 3
] N \fa

Location of repeat regions
Figure 4. Distribution of G,-PQS in repeat regions in PRV genome.
G2-PQSs in the Untranslated Regions of PRV Genes

The untranslated regions (UTR) are important regulatory region for gene expression.
G-quadruplex-forming sequences in the 5 UTR acting as translational repressor have been reported in
several human genes [29,30]. The 3’ UTR is related to mRNA stability, alternative splicing, polyadenylation,
and localization. G-quadruplexes in the 3' UTR of CaMKIla (Ca®* /calmodulin-dependent protein kinase
II) and PDS-95 (post-synaptic density protein 95) mRNAs are responsible for the transport of those
mRNA in neurites in vivo [31].
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Nineteen non-redundant G,-PQSs and five G3-PQSs were found in the 5 UTR of the annotated
PRV genes (Figure S2). Among all the genes in PRV genome, the gene UL13 contained four G,-PQSs
in its 212-bp 5 UTR with the highest density of G,-PQS in the 5 UTR regions, and the gene UL28
contained one G3-PQS in its 72-bp 5 UTR with the highest density of G3-PQS in the 5" UTR (Figure 6).
The transactivator gene US1 contained four G,-PQSs in its 5’ UTR, accounting for 17% of G,-PQS
monomers found in 5 UTR region in the whole genome (Figure 7A). UL13 had three G,-PQS monomers
in its 5 UTR, accounting for 13% of G,-PQS monomers in 5' UTR in the PRV genome (Figure 7A).
In the early protein genes, the deoxyribonuclease gene UL12 and dUTPase gene UL50 had two G,-PQS
monomers in their 5 UTR, respectively (Figure 7A). One G,-PQS cluster was found in the gene UL13,
which was the unique G,-PQS cluster in the all annotated 5’ UTR of PRV genes (File S2).

The G,-PQSs in the 3' UTR of annotated PRV genes were more than ten folds of those found in
the 5 UTR of the annotated PRV genes. There existed 212 non-redundant G,-PQSs and 8 G3-PQSs
in the 3’ UTR of PRV genes (Figure S2). These results suggested that Gy-quaduplexes might regulate
gene expression frequently by effecting 3’ UTR secondary structure. The genes UL51 and UL29 had
the highest density of G3-PQSs in their 3’ UTR regions (Figure 6).

More than 70 G»-PQS monomers were found in the 3’ UTR of the genes related to viral genome
replication, envelopment, and packaging processes (Figure S2). UL48 encoded the VP16 protein
exerting multiple functions in the PRV, including transactivation in gene regulation and secondary
envelopment in viral egress [10]. 21 G,-PQS monomers were found in the 3' UTR of gene UL48,
accounting for 11% of all the G,-PQS monomers in the 3’ UTR in the PRV genome (Figure 7B). The late
stage gene UL15 encoding DNA packaging terminase subunit 1 had 15 G,-PQS monomers in its 3’ UTR.
The UL9 encoded the sequence-specific ori-binding protein OBP which formed the ATP-dependent
helicase motif. OBP was essential for the replication of the viral DNA [10]. UL9 had 13 G,-PQS
monomers in its 3’ UTR. The tegument protein coding gene UL14 and type III membrane protein
coding gene UL24 had the same number of G»-PQSs in their 3’ UTR (Figure S2). The G,-PQS monomers
from UL9, UL14 and UL24 accounted for 21% of the entire number of G,-PQS monomers in the 3/ UTR
(Figure 7B).
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Figure 6. Heat maps of PQS density in coding sequence and regulatory regions of each PRV gene.
(A) Heat map of G,-PQSs; (B) Heat map of G3-PQSs.
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Figure 7. Quantitative distribution of G,-PQSs in the untranslated regions of annotated genes in PRV
genome. (A) G»-PQS monomers in the 5 UTR of the PRV genes. (B) G-PQS monomers in the 3’ UTR
of the PRV genes. (C) G-PQS clusters in the 3' UTR of the PRV genes.
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Another important characteristic was that G,-PQS clusters existed in the 3’ UTR of PRV gene
densely. The gene UL48 had 3 G,-PQS clusters in its 3 UTR. The DNA replication related gene group
had far more G,-PQS clusters than other functional gene groups. The UL9/UL5/UL52 group had 6
G,-PQS clusters in the 3' UTR region (Figure 7C). The proteins coded by above three genes included
the sequence-specific ori-binding protein, helicase motif, and primase subunit. The G,-PQSs from
3’ UTR of UL5 and UL9 were validated in further experiments. The identification of the functional
G2-PQSs in the untranslated regions of genes in transactivation, and viral DNA synthesis processes
will provide the elements for post-transcriptional regulation of virus genes.

A Wide Distribution of G,-PQSs in the Large Latency Transcript

The large latency transcript was the only gene reported to be transcribed during PRV latency [10].
It overlapped with the oppositely transcribed IE180 gene and EP0 gene, and it was one of the spliced
transcripts in the PRV genome [9]. Sixty-seven G,-PQSs and 72 G,-PQSs were predicted, respectively,
in the positive strand and in the negative strand of the LLT (Figure 8). Forty G,-PQSs were found to be
100% conserved among the annotated PRV genomes (Table S2). Thirty G,-PQSs in the negative strand
were overlapped with the G»-PQSs in the EP0 and IE180 transcripts, suggesting that these overlapped
G2-PQSs could be potential dual-functional regulatory elements. Twenty-seven G3-PQSs were found
in the LLT transcription region (Figure S3), and only one G3-PQS was overlapped with EP0 transcript,
while the IE180 transcript did not have any overlapped G3-PQS. The LLT intron had a microRNA
cluster that was involved in PRV replication and affecting virulence [32,33]. Fifteen G3-PQSs and 35
G,-PQSs were found to be located in the intron of LLT. Thus, it could be speculated that these PQSs in
the intron might be involved in the transcription regulation of microRNAs during PRV latency.
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Figure 8. Distribution of G,-PQSs in the double-strands of the PRV large latency transcript region.
One red circle indicates one G,-PQS.

Density of the G-PQSs in the Promoter Regions

The Gs-quadruplexes in the promoter regions of Human immunodeficiency virus 1 (HIV-1)
and human herpesviruses were reported to negatively regulate gene expression [5,34-36]. Since the
promoters of PRV genes were not annotated in the reference genome, we predicted the promoters to
be 1 kb upstream of the transcription start site of each gene. The gene UL14 coding tegument protein
and the gene UL28, coding DNA packaging terminase subunit 2, were found to contain nine G,-PQSs
in their promoters, respectively, which was the largest number among all of the PRV genes. Viral DNA
replication-related genes UL29/UL30/UL8 had eight G,-PQSs in each promoter (Figure 6).
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2.1.4. Comparison of PQS Distribution among Three Herpesvirus Genomes

Inter-species comparison was performed among PRV, HHV-1 (Herpes simplex virus type 1, HSV-1)
and HHV-3 (Varicella-zoster virus, VZV). These three viruses were neurotropic alphaherpesviruses.
PRV and HHV-3 belonged to the same genus called Varicellovirus. These herpesviruses always caused
serious diseases after reactivation from latency. Trigeminal ganglia (TG) was the common latency
site for these three herpesviruses, and the dorsal root ganglia (DRG) was another latency site for
HHV-3 [10,25,37]. It was difficult to control the switch between latency and reactivation of these
herpesviruses. An analysis of the common features and differences in the PQS distribution among
these herpesviruses will provide an insight into latency modulation.

G3-PQSs with the highest density among three herpesviruses were located in the repeat regions
(Table 1) related to genome recombination during infection. Though they were in different genuses,
PRV and HHV-1 shared similar features in the distribution and high density of G,-PQSs, which were
different from HHV-3. G»-PQSs with the highest density in PRV and HHV-1 were located in the coding
regions. The density of G,-PQSs in the coding regions of PRV and HHV-1 genes was found to be
five-fold as much as that of HHV-3 (Table 1). In the PRV and HHV-1 genomes, the number of the G,-PQS
monomers in the 3' UTR regions was 8-12 fold of that of the 5 UTR region. The latency-associated
transcripts in HHV-1 and PRV were much longer than that in HHV-3. In PRV, the densities of G,-PQSs
and G3-PQSs were 10.66 Gp-PQS/kb and 2.07 G3-PQS/kb in its LLT, respectively. In HHV-1, it was
9.91 G,-PQS/kb and 3.39 G3-PQS/kb in its LAT, while in HHV-3, no G3-PQS was observed in its VLT,
and the density of G,-PQS was half that of PRV (Table 1). Compared with HHV-1, the PRV had more
G3-PQS monomers distributed in the repeat region, but less G3-PQS monomers in the CDS, UTR,
promoter, and LLT regions (Table 1).

2.1.5. Summary of Bioinformatics Analysis

In herpesvirus genomes, G3-PQSs were especially abundant in the repeat regions, while G,-PQSs
were distributed genome-wide. The non-coding region had many more G,-PQSs than G3-PQSs,
and G-PQSs showed a higher density in the CDS region and LLT than in the repeat region. The genes
involved in transactivation, genomic DNA replication, and the virus maturation processes had rich
and conserved G,-PQSs in their mRNA sequences. In the Varicellovirus genus, some G,-PQSs in the
coding sequences of the immediate early protein ICP4, DNA cleavage and packaging protein (UL33),
and serine/threonine kinase (UL13) exhibited conservations of 100%. The highly conserved G,-PQSs
provide universal target sites to control Varicellovirus by disturbing the translation of the above proteins.
The density of G,-PQS in 3’ UTR was higher than that in the 5 UTR, and more G,-PQS clusters were
found in the 3’ UTR of PRV genes than those in the 5 UTR. The 38 G,-PQSs in the repeated region
between IE180 and US1 exhibited conservations of higher than 90% among all the annotated PRV
genomes, indicating that the conserved elements might be involved in PRV genome recombination.
The LLT overlapped with the oppositely transcribed IE180 gene and the EPO gene. The PQSs in the
overlapped regions might be potential dual-functional regulatory elements.

2.2. Experimental Validation

The genome-wide analysis of the G,-PQS distribution indicated that one-third of the PRV
G,-PQSs were distributed in the non-coding regions of PRV genome, such as the regions of UTR, IRS,
TRS, and LLT (File S1). Further study is needed to determine whether these PQSs could serve as
cis-regulatory elements in gene expression.

2.2.1. Parallel G-Quadruplexes formed by G,-PQSs In Vitro

Circular dichroism (CD) spectroscopy is widely used to distinguish parallel, anti-parallel or
hybrid G-quadruplex structures [38]. A parallel G-quadruplex showed a negative peak near 240 nm,
and a positive peak near 260 nm. An anti-parallel G-quadruplex exhibited a negative peak near 260 nm
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and a positive peak around 290 nm. The hybrid G-quadruplex always displayed one negative peak
at 240 nm and two positive peaks at 260 nm and 290 nm. Of the 15 G,-PQS oligonucleotides (details
in Table S3) selected from the regulatory regions of the PRV genome, 13 G,-PQS folded into parallel
G-quadruplexes in a buffer containing 100 mM potassium. LLT-PQS1 and LLT-PQS2, between the
start of LLT and the Prv-miR-1-5, formed hybrid G-quadruplexes, while other LLT-PQSs between
Prv-miR-11-1 and the end of LLT formed parallel G-quadruplexes (Figure 9A). The three G,-PQSs
were located in the repeat region between IE180 and US1, and the five G,-PQSs were located in the
repeat region complementary to US1 CDS, and all of these eight G,-PQSs mentioned above formed
parallel G-quadruplexes (Figure 9B,C). One G,-PQS from the 3’ UTR of UL5, and another from the 5’
UTR of US1 exhibited typical parallel G-quadruplex peaks (Figure 9D).
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Figure 9. Circular dichroism (CD) spectra of G-quadruplex structures formed by selected
oligonucleotides. (A) Go-PQS from the large latency-associated transcript (LLT) region. The LLT-PQS1
and LLT-PQS?2 are located between the start site of LLT and the Prv-miR-1-5'; the LLT-PQS3, LLT-PQS4,
LLT-PQS5, and LLT-PQS6 are located between Prv-miR-11-1 and the end of the LLT. (B) G,-PQS from
the internal repeat sequence (IRS) region. The IRS-PQS1 and IRS-PQS?2 are located between IE180 and
US1. (C) G,-PQS from the terminal repeat sequence (TRS) region. TRS-PQS1, TRS-PQS2, TRS-PQS3,
and TRS-PQS4 are located in the sequence complementary to LUS1 CDS; TRS-PQSS5 is located between
IE180 and US1. (D) G,-PQS from the untranslated region (UTR). The UL5-3UTR is from the 3’ UTR of
the gene UL5; US1-5UTR is from the 5 UTR of the gene USI.

2.2.2. Gy-quadruplexes in the 3' UTR Affects Gene Expression In Vivo with Varying Sensitivities

The formation of a G-quadruplex in the 3' UTR was reported to result in gene expression decrease,
alternative polyadenylation [39], and retrotransposition [40].This study found that there were more
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G2-PQSs in the 3 UTR than in the 5 UTR, in PRV (Table 1). In this study, G,-PQSs from the 3’ UTR
were inserted into the dual luciferase vector, to check their functions.

In the Circular dichroism (CD) experiment, the PQS UL9-3'UTR-2G exhibited no G-quadruplex
signal in 100 mM sodium solution, while it folded into a parallel G-quadruplex in the buffer containing
100 mM potassium (Figure 10A). The stability of the G-quadruplex increased with the addition of
the potassium cation. (Figure 10B). UL9-3'UTR-2G showed a higher sensitivity to the increase of the
potassium than the 3G mutant oligonucleotide obtained by replacing “GG” with “GGG” (Figure 10C).
The insertion of PQS UL9-3'UTR-2G into the 3’ UTR region of the renilla luciferase gene in the
psiCHECK-2 vector resulted in a 38% decrease in relative luciferase activity (Figure 11A). The PQS
UL5-3'UTR-2G folded into a parallel G-quadruplex in a buffer with 100 mM K* (Figure 10D), and the
addition of the G-quadruplex ligand NMM stabilized the structure. The insertion of PQS UL5-3'UTR
into the 3’ UTR region of renilla luciferase gene in the psiCHECK-2 vector made no difference in
the protein expression (Figure 11A). The addition of NMM at 20 uM increased the relative luciferase
activity (p < 0.01) (Figure 11B, Figures S5). The addition of other typical G-quadruplex ligands such as
PDS and BRACO-19 made no significant difference in structural stability (Figures S5, S6A, S6B) and
relative luciferase activity (Figures S5, S7A, S7B). The above results suggested that the G-quadruplex
formed from G,-PQSs in 3’ UTR affected the protein expression, and that G,-PQSs were more sensitive
to different cations and ligands than G3-PQSs. These features made the G,-quadruplex suitable as
sensitive switches for gene expression regulation in response to different environmental factors, such as
various proteins, small molecules, and signal cations.
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Figure 10. G,-PQSs from UL5-3'UTR and UL9-3'UTR are sensitive to cations and ligands. (A) CD
spectroscopy of the Go-PQS (UL9-3'UTR-2G) in the presence of 150 mM NaCl or KCL. (B) CD
spectroscopy of the G,-PQS (UL9-3'UTR-2G) with increasing KCl concentration (0-150 mM). (C) CD
spectroscopy of G»-PQS (UL9-3'UTR-2G) and the G3-PQS mutant (UL9-3'UTR-3G-mut) with increasing
KCl concentration (70-100 mM). (D) CD spectroscopy of the G-PQS (UL5-3'UTR-2G) with increasing
NMM concentration (10-50 uM).
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Figure 11. G»-PQSs from UL5-3'UTR- and UL9-3’UTR—regulated gene expression. (A) Dual-luciferase
assay of G»-PQS from UL5 and UL9 in gene expression regulation. Different uppercase letters indicate
the significant differences among the different constructs (p < 0.05, Tukey’s honestly significant
difference (HSD) test) (B) Dual-luciferase assay of G,-PQS from UL5 in gene expression regulation
with the ligand NMM. ** p < 0.01, Student f-test.

2.2.3. The G-Quadruplex Ligand Decreases the Virulence of PRV

G-quadruplex ligands were reported to interfere with biological processes related to tumor growth,
by binding, stabilizing, converting, or unwinding G-quadruplex structures [41-43]. NMM at a series
of concentrations (150 nM, 100 nM, 50 nM) was employed to treat the PRV-infected PK15 cells for
24 h. The plaque assay indicated that the NMM had the potential for reducing the virus titer at 24 h
post-treatment (Figure S8).

3. Discussion

A high density of G,-PQSs was distributed widely in the genomes of PRV, HHV-1, and HHV-3,
and they could provide sensitive regulatory switches in response to environmental factors in
gene expression regulation. Compared to the G3-quadruplexes, the Gy-quadruplexes exhibited less
thermal stability and higher sensitivity to loop size and compositions, and they presented multiple
conformations in different solutions [44]. As they were sensitive to the microenvironment in the
cells, the Gy-quadruplexes could act as the receptors of specific proteins or metabolites in the cells,
to identify the cells that are suitable for PRV latency. In this study, PQS UL9-3'UTR-2G exhibited
a parallel structure in potassium solution, while it could not fold into a G-quadruplex in a sodium
cation solution (Figure 9A). The insertion of PQS UL9-3'UTR-2G into the psiCHECK-2 vector led to the
decrease in reporter gene expression, while the insertion of PQS UL5-3'UTR-2G resulted in an increase
in gene expression only with the addition of the ligand NMM (Figure 11, Figure S4). The G-quadruplex
structural sensitivity enabled the virus to be easily mediated by physiological cations, different small
molecules, or proteins. These findings are conducive to revealing the latency-reactivation mechanism
of PRV in specific tissues under certain conditions.

Highly conserved G,-PQSs were discovered in the coding regions of genes related to virus
replication and maturation, in the Varicellovirus genus. The formation of the RNA G,-quadruplex in
the open reading frame of EBNA1 of EBV resulted in a downregulation of the expression level of the
maintenance protein, facilitating virus escape from immune recognition [7]. The conserved G,-PQSs
in the Varicellovirus genus were located in the unique immediate early protein (IE180), viral DNA
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replication protein (UL30), DNA cleavage and package proteins (UL33/UL17), and tegument proteins
(UL16/UL47). IE180 had five conserved G,-PQSs among all the Varicellovirus (Table 2). IE180 was found
to be a unique immediate early gene of PRV and the first viral gene transcribed during PRV infection.
IE180 is reported to mediate latency and reactivation by regulating early genes, and it activates US4,
UL12 (alkaline exonuclease), UL22 (type I membrane protein), UL23 (thymidine kinase), and UL41
(RNAse) [10]. Based on previous reports, we speculated that the formation of the G-quadruplex in
the CDS region of IE180 would result in a reduction of immediate early protein levels, disturbing
downstream gene expression in the life-cycle of PRV. Therefore, it could be further inferred that the
G;-quadruplex might have a significant regulatory effect on the Varicellovirus genus, especially for the
immediate early protein ICP4, the homolog of immediate early protein from PRV.

A high density of G,-PQSs in the untranslated regions of the PRV genes could provide cis-elements
to regulate the post-transcription and translation processes. Though the G3-quadruplexes in 3’
UTR and 5 UTR were widely reported to have regulated human gene translation [5,29-31,45],
few reports on the G-quadruplexes in the untranslated regions of human herpesvirus genes are
available. In this study, many G,-PQSs were found in the untranslated regions of herpesvirus genes
(Figure 7). Various G-quadruplexes formed by those G,-PQSs regulated gene expression diversely,
either under physiological conditions or with a stabilizing ligand (Figure 11). The data suggested that
the formation of these G,-quadruplexes might result in the truncated 3’ UTR, and in turn, disturb
3’-end polyadenylation, finally leading to unstable virus mRNA. The G-quadruplex in the 3’ UTR was
also reported to have played a role in regulating microRNA binding in humans [46,47], suggesting
that the G-quadruplex might be involved in the interaction between virus/host microRNAs and
virus genes.

A large number of G,-PQSs and G3-PQSs in the repeat regions of the herpesvirus genomes
might play an important role in genomic integration or recombination during herpesvirus latency.
Some conserved G3-PQSs in herpesviruses were reported to have played important role in
virus integration, latent DNA replication, and episomal persistence. Several herpesviruses, like
Marek’s Disease virus (MDV) [48], gallid herpesvirus 2 (GaHV-2) [49], and human herpesvirus
6 (HHV®6) [50], were found to establish latent infections, with viral genomes integrated into
telomere repeat tracts in host chromosomes through homologous recombination. In this study,
the pseudorabies virus had 205 G3-PQSs in the genome, with 43.9% located in the repeat region
(File S1). A high density of conserved G,-PQSs existed in the repeat regions between the two
diverging transcripts IE180 and US1, which were close to the origin of replication (OriS) (Figure 5).
Telomeres were reported to form G-quadruplex clusters with a repeated sequence of (GGGTTA)n [51].
This study found that the PRV genome had imperfect telomeric repeats, with the unit sequence
5'-GGGGTGGAGACGGTGGAGGGAGAGGGGAGTGGG-3 repeated 12 times. Thus, these G»-PQSs
were speculated to be related to genomic recombination and integration during latency.

4. Methods and Materials

4.1. Virus Sequences

The complete genome sequence of the Suid herpesvirus 1 (Pseudorabies virus, PRV) (NC_006151.1)
was retrieved from NCBI Genome database [24]. It was annotated into 12 features, including 69 CDS
regions, 70 genes, four introns, 119 misc. feature regions, one misc. RNA, 20 polyA sites, 14 protein
binding sites, 117 regulatory region, 28 repeat regions, seven stem loop regions, one sequence tagged
sites (STS), and one variation. The UTR was determined through alignment between the CDS sequence
and the gene sequence. The sequences included in the gene sequences and located upstream of the
CDS sequence were designated as 5 UTRs, and the sequences downstream of the CDS were defined as
3’ UTRs. The putative G-quadruplex sequences (PQS) were searched in the standard genome sequence
of PRV. The number of PQSs in the CDS, 3’ UTR, 5’ UTR and repeat regions was counted, respectively.
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The standard genome sequences of the Varicellovirus genus retrieved from the NCBI Genome
database [24] for conservation analysis were Human herpesvirus 3 (NC_001348.1), Equid herpesvirus
1 (NC_001491.2), Equid herpesvirus 3 strain AR/2007/C3A (NC_024771.1), Equid herpesvirus 4
(NC_001844.1), Equid herpesvirus 8 (NC_017826.1), Equid herpesvirus 9 (NC_011644.1), Bovine
herpesvirus 1 (NC_001847.1), Bovine herpesvirus 5 (NC_005261.2), Suid herpesvirus 1 (NC_006151.1),
Cercopithecine herpesvirus 9 (NC_002686.2), and Felid herpesvirus 1 (NC_013590.2).

4.2. Identification of Putative G-Quadruplex Sequences in the PRV Genome

The putative Gz-quadruplex sequences were searched by Quadparser software [3]. The formula of
the putative Gp-quadruplex sequence was defined as G, N1.7G2.N1.7G2:N1.7Go,, where G is guanine,
and N is any nucleotide including G. With the same software, the putative I-motif sequences were
searched with the formula CpN1.7C2,N1.7C2.N;_7Cy,, where C is cytosine, and N is any nucleotide
including C. The Quadparser coded the sequence in the format x:y:z, where x stands for the number of
guanine tracts or C-runs, y stands for the number of locations of putative G4 or I-motif formations,
and z stands for the number of possible simultaneous G4- or I-motif structures.

The number of I-motif sequences in the sense strand was the same as the number of G,-PQSs in
its complementary strand. The sum of the G,-PQSs and I-motif sequences in the sense strand was
the total number of G,-PQSs in the double-stranded genome of PRV. The density of G,-PQS in the
PRV standard genome was calculated by dividing the total number of G,-PQSs in the double-stranded
genome of PRV by the genome size. If z = 1, the G,-PQS was counted as a PQS monomer. If z > 2,
the G,-PQS was counted as a PQS cluster.

4.3. Comparison of the Distribution of G-PQS and G3-PQS between PRV and Two Herpesviruses

The G3-PQS preferred to be located in the repeat regions in human herpesvirus genomes and
some repeated G3-PQS clusters among the analyzed genomes were reported to be conserved [5].
In order to determine the distribution features of PQSs in PRV genome, we compared PRV, Human
herpesvirus 1 (HHV-1), also known as Herpes simplex virus type 1 (HSV-1), and Human herpesvirus
3 (HHV-3), also known as Varicella-zoster virus (VZV). The reference genome sequences of PRV
(NC_006151.1), HHV-1 (NC_001806.2) and HHV-3 (NC_001348.1) were downloaded from NCBI [24]
and saved as FASTA files. The genome features of viruses above were analyzed with the software
BEDTools (https:/ /github.com/arg5x/bedtools2) [52] and the length of CDS region, 3’ UTR region,
5" UTR region, repeat region, and latency associate transcript was recorded. The promoter region
of each gene was predicted as 1kb upstream of the transcription start site of each gene. The PQSs
in CDS, latency associate transcript, and repeat regions were counted in both positive strand and
negative strand, and the PQSs in the untranslated regions and promoters were counted in terms of the
transcription direction of each PRV gene. The number of G3-PQS monomer, G3-PQS cluster, G,-PQS
monomer and G,-PQS cluster was counted with the Quadparser software. Quadparser was modified
as described in last section. The density of PQSs was calculated by dividing the total number of PQSs
located in each region or gene by the length of the corresponding region or gene.

4.4. Conservation of Putative G-Quadruplex Sequences and I-Motif Sequences in the PRV CDS Region in the
Varicellovirus Genus

The reference genome sequences of 11 virus species from the Varicellovirus genus were
downloaded from NCBI. All the PQS and I-motif sequences in the genome of viruses from Varicellovirus
genus were searched with Quadparser software and output into file g4_cds.txt (File S3). The protein
sequences in each genome were listed in file common_protein.txt (File S4). Following data preparation,
CDS and amino acid sequences of all proteins in the eleven virus species were used for multiple
sequence alignment with MAFFT software (https:/ /www.ebi.ac.uk/Tools/msa/mafft/). The identity
of the above nucleotide sequences and amino acid sequences of each protein was calculated
with infoalign program of the EMBOSS package (http://emboss.sourceforge.net/apps/release/6.

35



Molecules 2019, 24, 774

6/emboss/apps/infoalign.html). The PQS sequences (GG*GG*GG**GG) and I-motif sequences
(CCH*CC*CCH*CC) from the multiple alignment result of nucleotide sequences were identified and
counted, and then the ratio of the common PQSs and I-motif sequences to the nucleotide sequences of
all the proteins was calculated and output as conservation score of each PQS and I-motif sequence.
The conservation of PQS in PRV CDS in the Varicellovirus genus was analyzed.

4.5. Percentage Conservation of Putative G-Quadruplex Sequences in the Repeat Regions and LLT5 of the
PRV Genomes

Twenty-five PRV complete genome sequences from different strains were downloaded from the
NCBI Genome database [24]. These sequences were Suid herpesvirus 1 (NC_006151.1, KU056477.1,
BK001744.1), Suid alphaherpesvirus 1 isolate Ea (Hubei) (KX423960.1), Suid alphaherpesvirus 1
isolate LA (KU552118.1), Suid herpesvirus 1 strain NIA3 (KU900059.1), Suid herpesvirus 1 isolate
DL14/08 (KU360259.1), Suid herpesvirus 1 strain Ea (KU315430.1), Suid herpesvirus 1 strain
ADV32751/Italy2014 (KU198433.1), Suid herpesvirus 1 strain Kolchis (KT983811.1), Suid herpesvirus 1
isolate HL]J8 (KT824771.1), Suid herpesvirus 1 strain HN1201 (KP722022.1), Suid herpesvirus 1 strain
HNB (KM189914.3), Suid herpesvirus 1 strain Fa (KM189913.1), Suid herpesvirus 1 strain Kaplan
(KJ717942.1, JF797218.1, JQ809328.1), Suid herpesvirus 1 strain HNX (KM189912.1), Suid herpesvirus 1
isolate SC (KT809429.1), Suid herpesvirus 1 strain JS-2012 (KP257591.1), Suid herpesvirus 1 strain HeN1
(KP098534.1), Suid herpesvirus 1 isolate ZJ01 (KM061380.1), Suid herpesvirus 1 strain T] (K]J789182.1),
Suid herpesvirus 1 strain Becker (JF797219.1), and Suid herpesvirus 1 strain Bartha (JF797217.1). All of
the putative G-quadruplex sequences located in the repeat regions or LLT of the reference genome
sequence (Accession Number: NC_006151.1) were searched from the other 24 genome sequences,
and the percentage conservation was calculated through dividing the number of genome sequences
containing the same putative G-quadruplex sequences by the total number of genome sequences.

4.6. Oligonucleotide Folding Conditions

All oligonucleotides purchased from Sangon Biotech, Shanghai, China were salt-free, purified,
and dissolved in ddH,O to a concentration of 100 uM. Oligonucleotide sequences of PQS in regulatory
region were selected from the PQSs predicted by Quadparser (Table S3). G,-PQSs from the UL5 3/
UTR, UL9 3’ UTR, and mutant sequences (Table S4) were folded under the same conditions, as follows.
Oligonucleotides were diluted to 10 uM in 10 mM phosphate buffer at pH 7.0 supplemented with
100 mM KCI, then they were heated to 95 °C for 5 min in a 1.5 mL Eppendorf tube in water bath,
and subsequently slowly cooled for ~8 h to room temperature, then used for spectra or stored at 4 °C.

Under the induced folding conditions for G,-PQS from UL9 3’ UTR, the G,-PQS was diluted
to 10 uM in 10mM Tris-HCl buffer at pH 7.0, supplemented with an increasing concentration of
KCl (50 mM, 100 mM, and 150 mM). The G,-PQS in 10mM sodium phosphate buffer at pH 7.0
supplemented with 100 mM NaCl was tested. These samples were placed at room temperature for
30 min, and then applied to CD spectra.

Under the induced folding condition for G,-PQS from UL5 3’ UTR, the G,-PQS was diluted to
10 uM in 10 mM phosphate buffer at pH 7.0, supplemented with 100 mM KCl, and then incubated
with different ligands at room temperature for 30 min before CD spectroscopy.

4.7. Circular Dichroism Spectroscopy

CD spectra of the 10 uM folded oligonucleotide samples were collected at 25 °C on a JASCO
1500 CD spectrometer by using a quartz cuvette with 1 mm optical path. Data within a 200-320 nm
range were collected using two scans at 100 nm/min with 1 s settling time and 1 nm bandwidth.
The buffer baseline was recorded with the same parameters, and it was subtracted from the sample
spectra before plotting.
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4.8. Plasmid Construction

The plasmids UL5-3'UTR-psiCHECK-2 and UL9-3'UTR-psiCHECK-2 were constructed by using
specific oligonucleotides (Table S5), with the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing,
China) according to the manufacturer’s instructions.

4.9. Cell Culture

Cell lines, human embryonic kidney (HEK) 293T, porcine kidney cell (PK-15), and bovine kidney
cells (MDBK) were provided by the State Key Laboratory of Agricultural Microbiology, College of
Veterinary Medicine, Huazhong Agricultural University in China. The above cell lines were cultured
in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 0.044 M
NaHCOg3, and 0.025 M HEPES. Cells were grown at 37 °C in a humidified atmosphere with 5% CO;.

4.10. Cytotoxicity Assay

The cytotoxicity of the G-quadruplex ligands, N-methyl mesoporphyrin IX (NMM) [53] (J&K
Scientific, Beijing, China), BRACO-19 [54] (Sigma-Aldrich, Saint Louis, MO, USA), and pyridostatin
(PDS) [55] (J&K Scientific, Beijing, China) to HEK293T was determined by the MTT assay, which is
dependent on the measurement of mitochondrial dehydrogenase enzyme activity of viable cells.
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, is a yellow tetrazole, and it can
be reduced to a purple formazan in living cells. The HEK293T cells, at a density of 1 x 10* cells
per well were seeded into a 96-well microplate. When the cell confluence reached 90%, the growth
medium was replaced with 100 pL. of DMEM containing 2% FBS and G-quadruplex ligands at a
series of final concentrations (Figure S5), and the cells were incubated at 37 °C for 24 h. Then, 50 uL
of MTT solution was added into each well, and the cells were incubated at 37 °C for another 4 h.
After incubation, the supernatant was removed and 150 puL of dimethyl sulfoxide (DMSO) was added
into each well to dissolve the formazan. The relative cell viability was analyzed by measuring the
absorbance of formazan at 570 nm on the Synergy ™ HTX microplate reader (BioTek, Winooski, VT,
USA). The cytostatic concentration, which will be applied in the subsequent dual luciferase assays,
was required to maintain a cell viability of more than 90%.

4.11. Transfection and Dual Luciferase Assays

The HEK293T cells were seeded in the 24-well plates at the concentration of 1 x 10° cells/well.
The cells were transfected with 0.8 ug of psiCHECK-2 reporter plasmids and Lipofectamine 2000
(Thermo Fisher Scientific, Carlsbad, CA, USA) according to the manufacturer’s instructions. NMM at
20 uM, BRACO-19 at 10 uM, or PDS at 10 uM was respectively added to the cells, with the medium
being replaced at 6 h after transfection. The activities of firefly and renilla luciferase were measured
24 h after addition of the above G-quadruplex ligands, using the Dual-Luciferase Reporter Assay Kit
(Promega, Madison, WI, USA) on a GloMax 20/20 luminometer (Promega, Madison, WI, USA).

4.12. Plaque Assay

The antiviral activity of NMM to PRV Ea strain was examined through plaque assay. The PK15
cells at the density of 1.2 x 10° cells per well were seeded in the 6-well plate. When cell confluence
reached 80-90%, the cells were placed in 4 °C for 1 h, and then the PRV Ea strain virus solution
(MOI = 5) was added into each well. Then, the cells were placed back to 4 °C for 2 h, and the plate
with cells was shacked once every 15 min during the incubation. After the incubation at 4 °C, the virus
solution was removed and replaced with 2 mL of DMEM supplemented with NMM at different
final concentrations (150 nM, 100 nM, 50 nM). Afterwards, the cells were incubated at 37 °C for
24 h. After incubation, the infectious viral particles were isolated from each well and prepared for
plaque assay:.
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MDBK cells at the density of 2 x 10° cells per well were seeded in the 12-well plate. When the
cell confluence reached 90%, the cells were used for the plaque assay. Exactly 200 puL of virus solution
was added into each well. Afterwards, the cells were incubated at 37 °C for 2 h. Then, the infected
cells were covered by 4% sodium carboxymethylcellulose (CMC-Na) supplemented with 3% FBS and
1% penicillin-streptomycin solution. After incubation at 37 °C for another 48 h, the infected cells
were fixed and stained with the crystal violet solution (0.35%, w/v in ethanol) at room temperature.
After 15 min, the crystal violet solution was removed, and the plate was washed with tap water. Then,
the plate was put in the dry oven for a few minutes. Finally, the viral titer was determined by the
plaque assay:.

4.13. Statistical Analysis

A Student’s t-test was used to determine the significant differences in luciferase activity between
the ligand treatment and control of each construct. One-way analysis of variance (ANOVA) with
Tukey’s multiple comparison was applied to determining the significant difference among various
treatments dual luciferase assay.

5. Conclusions

In summary, the systematic analysis of the distribution of G,-PQS in the PRV genomes provides
a clear guide for elaborated studies of their functions, related to the establishment of latency and its
reactivation in herpesviruses. We analyzed the putative Gy-quadruplex and G3-quadruplex sequences
in the PRV genome systematically, and then compared it with typical human herpesviruses in the same
subfamily, then evaluated the structures and functions of Gy-quadruplexes. Gy-quadruplex sequences
in the form of both monomers and clusters were found to be distributed in the entire PRV genome,
especially in the CDS, LLT, and repeat regions. Extremely conserved G,-quadruplex sequences existed
in the CDS of the genes related to viral genome replication and maturation processes. Gy-quadruplex
sequences tended to be located in the repeat regions close to the origin of replication site, which may
contribute to genome replication and recombination. Most Gy-quadruplexes from the regulatory
regions formed parallel-type G-quadruplex. There were more G,-quadruplex sequences in the 3’
UTR regions than in the 5" UTR regions. These Gy-quadruplexes showed different sensitivities to
physiological cations and small molecules. Thus, it could be inferred that the G-quadruplex could act
as a switch to control the expression of genes involved in virus latency establishment, viral genome
replication cascade, and virus cell-to-cell movement. The G-quadruplex ligand, NMM, exhibited
the potential for inhibition of the proliferation of PRV in its host cells. These massive and sensitive
G;-quadruplexes could serve as a class of receptors in response to intracellular environments, guiding
herpesviruses to choose specific cells or conditions for latency or reactivation.
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Abstract: The potential to affect gene expression via G-quadruplex stabilization has been extended
to all domains of life, including viruses. Here, we investigate the polymorphism and structures of
G-quadruplexes of the human papillomavirus type 52 with UV, CD and NMR spectroscopy and gel
electrophoresis. We show that oligonucleotide with five G-tracts folds into several structures and that
naturally occurring single nucleotide polymorphisms (SNPs) have profound effects on the structural
polymorphism in the context of G-quadruplex forming propensity, conformational heterogeneity and
folding stability. With help of SNP analysis, we were able to select one of the predominant forms,
formed by G-rich sequence d(G3TAG3CAG,ACACAG3T). This oligonucleotide termed HPV52;_y)
adopts a three G-quartet snap back (3 + 1) type scaffold with four syn guanine residues, two edgewise
loops spanning the same groove, a no-residue V loop and a propeller type loop. The first guanine
residue is incorporated in the central G-quartet and all four-guanine residues from G4 stretch are
included in the three quartet G-quadruplex core. Modification studies identified several structural
elements that are important for stabilization of the described G-quadruplex fold. Our results expand
set of G-rich targets in viral genomes and address the fundamental questions regarding folding of
G-rich sequences.

Keywords: G-quadruplex; NMR; folding; DNA; structure; human papillomaviruses

1. Introduction

Human papillomaviruses (HPV) are pathogens infecting skin and mucosa that have co-evolved
with human species and are therefore well adapted to cause infection with minimal damage to their
host. Even though there are currently more than 200 different types of HPVs described [1], only a
fraction of those are responsible for the development of diseases in humans. Their life-cycle unravels in
synchrony with differentiation of keratinocytes, starting from increased copy number of viral episome
in the basal layer, through production of viral protein and finally assembly of viral particles that are
shed from mature keratinocytes when they die [2]. In most cases the infection passes unnoticed and is
quickly resolved by immune system [3]. A subgroup of HPVs designated as ‘high-risk” are more potent
in driving differentiating keratinocytes into the unscheduled and therefore potentially erroneous cell
cycle due to a wider range of binding partners of main viral oncoproteins E6 and E7 [4-6]. Consequently,
persistent infection with high-risk HPVs can eventually lead to development of neoplasms and even
cancer, most commonly cancer of skin, head and neck and anogenital regions [7,8]. Among most
potent high-risk HPVs are HPV16, HPV18, HPV52 and HPV58 with different regional distribution
around the world and ability to cause disease [9].
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We have recently examined ability of G-rich sequences in several high-risk HPV types to fold
into G-quadruplexes [10], four stranded DNA structures with square planar arrangements of guanine
residues [11] stacked on each other and stabilized with cations. Stabilization of G-quadruplexes in
cells was shown to induce breaks in double-stranded DNA and lead to genome instability [12-14],
while reporter assays in different expression systems confirmed effect on protein expression for a wide
range of G-rich sequences [15]. Analogously, several G-rich sequences with G-quadruplex forming
potential were identified in viruses [16-18] and stabilization of G-quadruplexes with ligands could
have potential effect on expression and/or stability of viral DNA [19-24], especially in viruses with
double stranded DNA genomes, such as HPV. However, designing ligands that would specifically
bind to G-quadruplexes and lock their structure is hampered due to a large number of potential
G-quadruplex-forming sequences in the human genome [25-28], highlighting the importance of
structural characterization of G-rich oligonucleotides to guide ligand design. Most promising
G-quadruplex targets possess specific structural features found in loops that could promote specific
binding in tandem with large planar surface of G-quartets [29]. Additionally, as G-rich oligonucleotides
are notoriously polymorphic, their structure can change with variations in solution conditions (pH,
T, oligonucleotide and cation concentrations) and intrinsic attributes of G-rich sequence (length of
G-tracts, type of connecting loop residues and 5'- and/or 3'-end flanking residues) [30-32]. Selective
stabilization of predominant fold and its characterization therefore still represent the main obstacle on
the way to design structurally discriminating ligands. Moreover, point mutations or single nucleotide
polymorphisms (SNPs) inevitably present in G-rich sequences from natural sources might drastically
affect structure and therefore cannot be neglected when assessing structural polymorphism of a given
G-rich oligonucleotide.

In the current study, we have concentrated our efforts on structure determination of the
predominant form of G-rich oligonucleotide from HPV type 52, as well as the characterization of other
folds that might exist in dynamic equilibrium and may also be important in the cellular environment.
HPV 52 is one of the most relevant HPV types especially in (Southeast) Asia, where it causes up to
20% of all cervical cancer [33]. G-rich oligonucleotide found in the genome of HPV52 forms several
different structures due to its five G-rich tracts of different lengths (3, 3, 4, 3, and 3 nt, Figure 1A) [10].
Shortening of the G-rich sequence to four G-tracts was considered as the first approach to reduce
polymorphism and be able to identify predominant form(s). By this approach we obtained two shorter
oligonucleotides that comprise first to the fourth and the second to the fifth G-tract. The second
approach utilizes introduction of point mutations, which can drastically affect number and type of
G-quadruplex structure(s). Specifically, three SNPs were found in the genomes of different HPV type 52
isolates in GenBank [34] (Figure 1A) that can be exploited to study effect of nucleotide changes without
introduction of artificial sequence changes. SNPs in the G-rich tracts (8G > A and 22G > A) were
expected to substantially reduce number of structures in solution, while SNP in loop region (18C > T)
was expected to have minimal effect. Selection of the predominant species and its characterization
followed by determination of 3D structure to the level of atomic resolution offers a rich collection
of NMR parameters uncovering structural elements that are important for stabilization of described
G-quadruplex fold and for their recognition by cellular partners or ligands. With introduction of
modifications we were able to assess the importance of several structural elements, particularly a
four-guanine tract adopting a V loop and a GNA type loop that have been well studied in the context
of nucleic acid’s structure and can potentially drive formation of G-quadruplex structure.

2. Results

2.1. SNPs Reduce Polymorphism of HPV521_5) and Assist Identification of Predominant Species

Twenty seven (27) nt long oligonucleotide originating from the genome of HPV type 52 with
its five G-rich tracts was expected to adopt a large number of structures, thus posing a challenge
for structural studies. Indeed, after titration with aqueous solution of KCl a high number of signals
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of different intensities was observed in the region between § 10.0 and 12.2 ppm in the 'H-NMR
spectrum of HPV52(1-5) (Figure 1B), which indicated its folding into several G-quadruplex structures.
Comparison of NMR and CD spectra of HPV52;_5) without and with SNPs enabled several interesting
observations (Figure 1B-D). Spectra of HPV52(;_5) and HPV52(;_5) 18C > T are very similar, which
suggests that SNP 18C > T in the third loop does not affect structures formed by the HPV52(;_s) or
reduce their number. In contrast, for HPV52(_5 8G > A and HPV52(;_5) 22G > A the number of
"H-NMR signals in imino region decreases to 24, suggesting reduction of a number of G-quadruplex
structures to two in each case. PAGE gel for all four oligonucleotides shows fast moving bands, which
are suggestive of formation of monomeric species (Figure S1 and [30]).
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Figure 1. Characterization of G-rich oligonucleotides HPV52(;_5), HPV52(1y4) and HPV52(, 5.
(A) G-rich sequence of HPV type 52 with indicated position and frequency (in %) of occurrence
of observed SNPs in the sequence. (B) NMR, (C) CD spectra and (D) UV melting curves of twelve
different oligonucleotides derived from G-rich sequence of HPV type 52. Spectra were recorded at
25°C, pH 7, 50 mM [K*] and c,j;g, between 0.26 and 0.41 mM (NMR) and 10 pM (CD, UV).

From the analysis of the fingerprint imino region it can be inferred that most likely four different
structures present for HPV52(;_5) 8G > A and HPV52(;_5) 22G > A are also observed for HPV52,_s).
Especially one of the structures adopted by HPV521_5) 22G > A can be easily distinguished due to its
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upfield signal at 6 10.09 ppm (Figure 1B). Apart from the four structures observed for oligonucleotides
with SNPs 8G > A and 22G > A, detailed analysis of imino region of 1D 'H spectra revealed at least one
additional species for HPV52(1_5). Four structures of HPV52;_5) that are present for oligonucleotides
with SNPs 8G > A and 22G > A most likely incorporate one of the central G-tracts in their loop regions,
which results in structures with very long loops (i.e., either 7 or 11 nt). Respective thermal stabilities
support this assumption, as apparent T, values decrease for oligonucleotides with SNPs (Figure 1D
and Figure S2). Clearly, melting temperature can be determined only for a two-state equilibrium,
which is not the case for HPV52,_5). However, apparent melting temperatures can still give a useful
estimation of thermal stability of structures adopted by oligonucleotides and are used as such in
our case. The highest apparent T, decrease of 10 °C is observed for HPV52(;_5 22G > A, which
exhibits the longest possible loop (11 nt) within HPV52 G-rich sequence that encompasses the fourth
G-tract (Figure 1A). HPV52(;_5), however, displays the highest apparent melting temperature, which
allows for several inferences to be made. First, the most stable structure of HPV52;_s) is not one of
those observed for HPV52(;_5) 8G > A and HPV52(1_5) 22G > A since apparent melting temperature
for HPV521_5) is the highest among the three oligonucleotides. As a consequence, HPV52;_5) must
contain both the second and the fourth G-tracts, which are not present in the structures of HPV52(1_5)
8G > A and HPV52(;_5, 22G > A. Second, the most stable structure of HPV52(;_s) has loops that are
shorter than 7 nt, as structures with longer loops are expected to exhibit lower thermal stability [35],
as has been observed for HPV52(;_5) 8G > A and HPV52(;_5) 22G > A. Therefore, the most stable
structure must also comprise the third G-tract of HPV52(;_5) as a part of the G-quadruplex core. Third,
thermally most stable structure is arguably the most relevant in biological context. These initial results
suggested that reducing the number of G-tracts at either 5’ or 3’ end might be a favourable strategy for
reducing polymorphism of HPV52;_s), thus enabling determination of topology of the most stable
and biologically relevant G-quadruplex structure. Further studies were therefore performed on shorter
oligonucleotides, HPV52(;_4) and HPV52,_5) that comprise the first to the fourth and the second to the
fifth G-tract, respectively.

Titration of HPV52_4) and HPV52(;_4) 18C > T with aqueous solution of KCl resulted in twelve
sharp signals in the region between § 11.8 and 12.3 ppm, characteristic of a structure with three
G-quartets. Position of signals in CD spectra is typical for a (3 + 1) topology (Figure 1B-C) [36].
SNPs 8G > A and 22G > A have detrimental effect on the formation of G-quadruplex structure,
more so for the former (Figure 1B). In agreement, a larger decrease in apparent T, was observed for
HPV52(;_4) 8G > A (25 °C) than for HPV52;_4) 22G > A (18 °C) compared to the apparent Tm of parent
oligonucleotide HPV52(;_y) (Figure 1D). PAGE gel shows bands with slow(er) mobilities for HPV52(1_y)
8G > A and 22G > A, which are characteristic for formation of intermolecular species, presumably
dimers (Figure S1).

Upon titration of HPV52,_5) and HPV52,_5) 18C > T with KCI solution several structures were
formed (Figure 1B). CD spectra are characteristic of a (3 + 1) topology, while the apparent Ty, is 60 °C
for both oligonucleotides (Figure 1B-C). For HPV52,_5) 8G > A eight partially overlapped signals are
observed in the region from § 11.4 and 11.8 ppm of "H-NMR spectrum, which in combination with
distribution of CD signals points to the formation of an antiparallel structure with two G-quartets [36].
Similarly, for HPV52(,_5) 22G > A eight partially overlapped signals assigned to antiparallel fold are
observed in the imino region of the TH-NMR spectrum. Several other signals of low intensity most
likely correspond to non-antiparallel species, since CD spectrum of HPV52(,_5) 22G > A that represents
a sum of CD spectra of all species exhibits characteristics for mixture of different topologies [37].

2.2. Topology of G-quadruplex Adopted by HPV521_y)

Residue-specifically °N isotope labelled oligonucleotides were used to resolve ambiguity as to
which guanine residues of HPV52(;_4) with uneven G-tract lengths (i.e., 3, 3, 4 and 3 nt) are involved in
the G-quartet formation. Unexpectedly, only G1 and G2 from the first G-tract and all four residues from
the third G-tract (i.e., G11, G12, G13 and G14) are incorporated in the G-quadruplex core (Figure 2A).
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We were able to establish topology model of HPV52(;_4) through analysis of NOE contacts in the
imino-imino region of 2D NOESY spectrum (Figure 2C,D).
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Figure 2. Topology determination of HPV52(1_4). (A) 1D TH-15N HSQC spectra of site-specific partially
labelled oligonucleotides for identification of guanine residues in the G-quadruplex core. (B) Imino
region of 'H-NMR spectrum 5 min after DyO-H,O exchange. Arrows point to the resonances of the
least water accessible imino protons. (C) Imino-imino region of 2D NOESY spectrum (tm 250 ms) with
assigned contacts between pairs of imino protons and schematics of correlations within G-quadruplex
core. (D) Topology of HPV521_4), where residues with extensive contacts to G-quadruplex core are
shown with rectangles. Guanine residues in syn and anti-conformation, thymine and adenine residues
are shown in dark grey, green, orange and blue colours, respectively. (E) Anomeric-aromatic region of
2D NOESY spectrum with sequential walk along the oligonucleotide sequence. (F) Imino-aromatic
region of 2D NOESY spectrum with assigned connectivities between H1 and H8 pairs of protons within
G-quadruplex core and contacts that define position of loop residues. Spectra were recorded at 25 °C,
pH 7,50 mM [K*] and cjig, between 1.0 and 2.7 mM. 2D NOESY was recorded with Tm of 250 ms.

Gl is involved in the central G-quartet and is followed by G2 and G3-T4-A5 in edgewise loop
orientation. G6-G7-G8 segment represents the second edge of the G-quadruplex core and adopts
antiparallel orientation with respect to the first edge. Missing spot in the first edge of a G-quadruplex
core defined by G1 and G2 is filled with G11, which is made possible by folding back of the DNA
chain facilitated by C9 and A10 forming an edgewise loop. A no-residue V loop traverses the central
G-quartet plane and connects G11 with G12-G13-G14 segment constituting the third edge. The
loop consisting of A15-C16-A17-C18-A19 segment connects G12-G13-G14 and G20-G21-G22 edges of
G-quadruplex core in a propeller-type orientation (Figure 2D).

Sequential connectivities in the anomeric-aromatic region of 2D NOESY spectra of HPV52(;_4) are
broken as expected at either anti-syn steps or in the loop regions (Figure 2E). Four instead of five strong
intra-residual H1’-H8 cross-peaks denoting syn conformation are observed in NOESY spectrum for
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residues G1, G6, G11 and G20 (marked in bold in Figure 2E and colored grey in Figure 2D). G12 would
be assumed to adopt syn conformation considering the established ‘rules’ on orientation of the strands
within the G-quadruplex core [38], but it displays a weak H1’-H8 cross-peak and clearly adopts an
anti-conformation. In full support, 13C-NMR chemical shifts of C8 atoms are downfield [39-41] for
four guanine residues adopting predominantly syn conformation (Figure S3).

Several NOE contacts of imino protons of guanine residues involved in the G-quadruplex core
with methyl group of T23 and H2 and HS8 protons of A5, A19 and especially A10 suggest extensive
nucleobase stacking of loop residues on G-quartets (Figure 2F). Altogether the observed NOE contacts
indicate that the capping structures on the both sides of the G-quadruplex core formed by the two
edgewise loops together with A19 and T23 add to the overall stability of the structure. Interestingly,
capping structures do not increase protection of imino protons in the G-quadruplex core from exchange
with bulk water as hydrogen exchange times for all residues in the two outer G-quartets are relatively
short. Signals in the imino region of 'H-NMR spectrum are observed already 5 minutes after change
of solvent from D,0 to H,O (Figure 2B). Signals of guanine imino protons of the central G-quartet also
re-appear relatively quickly, which shows that they are relatively poorly protected from exchange with
bulk water molecules (Figure 2B).

High-resolution structure of HPV52(;_4 (Figure 3A) was calculated with 377 NOE and 82
torsion angle restraints and is with the exception of C16-C18 region very well-defined (Table 1).
Insertion of G1 in the middle of the G-quadruplex core introduces a loop extension, similar to the
fold-back feature found in other G-quadruplexes. Hydrogen bond directionalities are in agreement
with (3 + 1) topology and follow clockwise orientation for two G-quartets (G11—+G14—G22—G8
and G1-G13—G21—G7) and anti-clockwise for one G-quartet (G2—G6—G20—G12). Stacking of
G-quartets is based on 5/5-membered ring overlap between G1-G13-G21-G7 and G2-G6-G20-G12
quartets, and on 6/5-membered ring overlap between G1—+G13—G21—G7 and G11-G14—G22—G8
quartets. Stacking of the loop residues onto the G-quadruplex core is especially pronounced for both
capping structures. Capping structure formed by G3-T4-A5 edgewise loop is complemented by A19
from propeller loop at the opposite side of G2-G6-G20-G12 quartet (Figure 3B). On the other side of
the G-quadruplex core, residues C9, A10 and T23 form capping structure that has been found to adopt
two different conformations in the ensemble of calculated structures. In the first conformation that
accounts for 70% of lowest energy structures, methyl group of T23 points away from G8-G11-G14-G22
quartet (Figure 3C). In the second, T23 lies in the plane with C9 and A10, while hydrogen bonds are
formed between amino proton of A10 and O4 of T23 as well as between amino proton of C9 and O2 of
T23. Even though cumulative length of loops for HPV52(;_4) quadruplex is considerable, only three
(T4, C16 and C18) out of 11 residues protrude from the structure. T4, however, is stacked with G3 and
is quite well defined. C16 and C18, on the other hand, represent the least defined part of the 5-residue
long propeller loop, while its three adenine residues are less flexible. A15 aligns in the plane of the
central G-quartet, A17 is found in different positions under A15, while A19 is involved in the capping
structure and interacts with G3 and A5 of edgewise loop (Figure 3B). It must be emphasized that
several NOE contacts that could lead to a well-defined A15-C16-A17-C18-A19 loop conformation were
not used in structure calculations due to spectral overlap. For example, interesting sequential-like
H1’/-H8 NOE contacts were observed between the A15 and A17 residues, suggesting that they are most
likely stacked on each other and possibly aligned in the planes of G-quartets.

Residues that display non-B-DNA ranges of sugar-backbone torsion angles cluster in the regions
of sharp turns of DNA chain, most notably at A5, C9-A10 and G12-G13. Calculated structures showed
that position of these residues was insufficiently defined by NOE contacts alone and that introducing
torsion angles restraints importantly reduced their indeterminacy. For example, C9 is localized in
the groove defined by residues G11-G1-G2 and G6-G7-G8 in several structures that were calculated
without restraint for 3 and y torsion angles of C9, although no NOE contacts between C9 and residues
on the both sides of the groove were observed. Analysis of backbone torsion angles in those structures
revealed that in-groove conformation shown to be most stable in MD simulations was not in agreement
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with experimentally determined 3 (g*) and vy () values of C9. Using (3 and y torsion angle restraints
led to C9 being positioned below G8-G11-G14-G22 quartet (Figure 3C). G12 is the only residue of
HPV52(;_y) that adopts the C3'-endo conformation, which may be attributed to the sharp turn of DNA
chain and fits well with unusual torsion angles of G12 and G13.

G14

ﬁozz A0 E?
23 )
—a—

Figure 3. Structure of HPV52(;_4). (A) Superposition of 10 lowest-energy structures of HPV52;_y).
(B) Capping structure formed by G3, A5 and A19. (C) Capping structure formed by C9, A10 and T23.
Guanine residues in syn and anti-conformation, thymine, adenine and cytosine residues are shown in
black, green, orange, blue and yellow colour, respectively. DNA backbone is shown in grey.

2.3. Conformations of Edgewise G3-T4-A5 and A No-Residue V Loop Justify Unusual Chemical Shifts

The observed NMR chemical shifts of HPV52(;_y) exhibit several uncommon values which are
however in perfect agreement with the calculated high-resolution structure. Most notable is the
chemical shift of H4' of T4 at § 2.097 ppm (Figure 4A), which is shifted upfield by more than 2 ppm in
comparison to the average chemical shift of H4' of thymine residues (5 4.14 ppm) [42]. As G3-T4-A5
edgewise loop conforms to the GNA loop sequence requirements [43-48], its distinct conformation
brings T4 H4' proton in close proximity of shielding zone of A5 (Figure 4B). Although resonance of G3
amino proton was not observed even at low temperatures, and therefore the sheared base pair between
G3 and A5 that is typical for GNA loops could not be confirmed experimentally, conformation of G3
and A5 in calculated structures is very similar to a GA sheared base pair. Non-observed signal for
amino group of G3 could be rationalized by the involvement of A19 in the dynamic hydrogen bonding
network with G3 and A5 (Figure 3B). This could reduce the intensity of the signals corresponding to
hydrogen-bonded protons of G3. Moreover, intermediate to fast exchange on NMR chemical shift
time scale was observed from 0 to 40 °C for G3-T4-A5 residues formally constituting an edgewise
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loop (vide infra), which might have also precluded observation of signals corresponding to hydrogen
bonded amino protons at low temperatures.
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Figure 4. HP-COSY spectrum and structural details of G3-T4-A5 edgewise and no-residue V loop.
(A) HP-COSY spectrum with assignment of phosphorus resonances in 1D 3P spectrum. (B) Close-up
of G3-T4-A5 edgewise loop shows proximity of H4’ proton of T4 residue to aromatic ring of A5.
(C) Perusal of V loop shows position of H3' proton of G11 residue. Colour scheme used is the same as
in Figure 3.

Second atypical chemical shift has been observed for G11 H3/, which is shifted downfield to &
6.088 ppm into the region of anomeric protons (Figure 4A). Together with unusual conformations
of torsion angles B (¢*) and vy () of G13, «, ¢ and ¢ torsion angles of G12 as well as C3'-endo
puckering and anti-conformation of G12, atypical chemical shift of H3' proton of G11 substantiates
unusual conformation of G12-G13 part of DNA chain. Perusal of the calculated structures shows
that sugar-phosphate backbone undergoes effectively a 180° turn at G12 in order to accommodate a
no-residue V loop (Figure 4C). As a consequence, H3' proton of G11 is positioned in close proximity
of deshielding zone of its aromatic ring, which rationalizes its downfield shift. Furthermore, G11
H3' proton is positioned also in the close proximity to H8 proton of G13 (3.5 A), whose dipole-dipole
interaction was indeed observed as a cross-peak in NOESY spectrum, albeit it was not used in structure
calculations due to the spectral overlap.
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Table 1. Structural statistics.

NMR Distance and Torsion Angle Restraints

NOE-derived distance restraints Non-exch. Exch. All
Total 322 55 377
Intra-residue 215 0 215
Inter-residue 107 55 162
Sequential 88 15 103
Long-range 19 40 59
Chemical shift derived distance restraints 4
Hydrogen bond restraints 24
Hydrogen bonds non-observed 3
Torsion angle restraints 82
G-quartet planarity restraints 36

Structure statistics

Violations
Mean NOE restraint violation (A) 0.14 £ 0.001
Max. NOE restraint violation (A) 0.33
Max torsion angle restraint violation (°) 6.768

Deviation from idealized geometry

Bonds (A) 0.012 = 0.000
Angles (°) 2.43 +0.03
Pairwise heavy atom RMSD (A)
Overall 1.779
G1-G14 + G20-G23 0.987
G-quartets 0.751

2.4. Internal Motion of G3-T4-A5 Edgewise Loop

'H-NMR spectra recorded in 0 to 40 °C temperature range show that several imino and aromatic
resonances of G1, G2, T4, A5, G6, G7 and G12 broaden severely and some even merge into the baseline
at lower temperatures (Figure 5A). The largest changes in resonance linewidths are concentrated
at A5-G6 and neighboring residues (Figure 5B,C). The largest signal broadening has been observed
for A5, with its inter- and intra-residual NOESY cross-peaks involving sugar and aromatic protons
practically non-observable below 15 °C. Signals for G6 also broaden dramatically, although effect
on its H1 resonance could not be evaluated unambiguously due to the overlap with G22 H1. As
syn to anti reorientations of G6 could be a possible cause for the observed dynamics, we prepared
oligonucleotide with 8Br-dG residue at position 6. We reasoned that modification should prevent G6
from adopting anti conformation due to the sterically preferred orientation of large bromine atom
away from the sugar moiety. Spectra of 8Br-G6-modified HPV52;_4) at 25 and 5 °C showed similar line
broadening for imino resonances of the residues G1, G2, G20, G6, G7 and G12, while other residues
were affected minimally (Figure S4B). However, we observed that imino resonances of G2-G6-G20-G12
quartet of G6-8Br HPV52(;_y4) were broadened at 5 and 10 mM potassium concentration (Figure S4A),
which was attributed to slow formation of G2-G6-G20-G12 quartet as a result of incorporation of bulky
G-8Br modification. In agreement with presumption of more open conformation of G2-G6-G20-G12
quartet, imino protons were more susceptible to exchange with water. Namely, cross-peaks of G20, G12
and G6 with water were observed for the G6-8Br HPV52;_y) oligonucleotide, but not for the parent
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HPV52;_y). To exclude slow G-quartet formation as the cause of spectral similarities with HPV52;_y)
at low temperatures, 2D NOESY spectra of both oligonucleotides at 25 and 5 °C were compared.
Analysis showed that 8Br-G6 modification did not prevent dynamics in the G3-T4-A5 loop, since
H1'/H2' /H2""-H8 and H2' /H2"-H1’ cross-peaks of A5 of G6-8Br HPV52(;_4) were not observed at
5 °C, while resonances of G12 and T4 were severely broadened and no additional cross-peaks appeared.
As the same behavior was detected for HPV52(1_y) (Figure 5), syn-anti-reorientation of G6 is not the
cause of observed dynamics. In attempt to reach slow dynamic regime to be able to identify species in
conformational exchange temperature was lowered to —10 °C or 1 M choline dihydrogenphosphate
was added to the sample to increase viscosity. Nevertheless, similar spectral characteristic at those
conditions indicated that exchange observed was still in intermediate regime. Interestingly, structural
fluctuations presumably due to the wobbling of A residue between syn and anti-position was reported
for GNA minihairpin loops [47], while for (GGA)4 G-quadruplex that consists of three consecutive
GNA loops no reports of dynamic behavior exist [45,46].
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Figure 5. Spectral changes of HPV51(;_y4 as a function of temperature. (A) Imino and aromatic regions
of 1D 'H spectra in 5 °C steps from 0 to 40 °C. (B) Temperature dependency of signal width at
half-height of imino (left) and aromatic and methyl protons (right). To estimate contributions other than
change of temperature and viscosity the minimal line broadening observed at certain temperature has
been subtracted from measured values for specific residues. (C) Structure of HPV52;_4) with coloured
residues displaying line-broadening above 10 and 15 Hz for imino and aromatic protons, respectively.

2.5. GNA and Four Guanine Tract Are Crucial Structural Elements That Guide Folding of HPV52(1_4)

G3-T4-A5 segment with its predisposition to adopt a structure of a well-described GNA
trinucleotide loop could drive conformation of HPV52(;_y into a preorganized state that is on the
pathway for folding into a G-quadruplex, even more so since structuring of GNA loops is not
[K*]-dependent in a way that is critical for G-quadruplex folding. Several modifications were
introduced into HPV52;_4) in order to better understand sequence requirements for its structure
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(Figure S5). First, 4T > A modification in HPV52,_4 was used to examine effect of N residue in
GNA loop on G-quadruplex stability. Yoshizawa et al. [47] have shown that the stacking capability
of N residue onto the sheared GA base-pair correlates with GNA minihairpin stability with a 6 °C
increase in Tm in the case of GAA compared to GTA loop. Thermal stability of HPV52(1-4) with
4T > A modification was therefore expected to increase. However, no substantial change in melting
temperature of HPV52(;_4) 4T > A compared to HPV52;_4) was observed, while NMR experiments
clearly showed conservation of the fold (Figure S5). This suggests that contribution of GNA loop to
the overall G-quadruplex stability is not as straightforward as in the hairpin-stem loop structures
and depends on a wider structural context. Thymine residue in GTA loop in HPV52(1—4) could, for
example, importantly facilitate initial stages of G-quadruplex folding if not even trigger it via molten
globule-like state, as was shown for telomeric sequences [49].

Next, we examined the overall importance of 5A > T modification for conservation of HPV52;_4)
fold, while keeping in mind that a mutated GTT loop does not conform to GNA sequence requirements.
As expected, 5A > T modification was found to abolish formation of HPV52(;_4) G-quadruplex and
resulted in the formation of more than one structure (Figure S5B). These observations confirmed
importance of GNA loop for structural integrity of G-quadruplex structure adopted by HPV52;_y).

Influence of interaction of GNA loop with residues in other loops for G-quadruplex formation
was tested with deletion of A19 that is included in hydrogen bonding network of GTA loop. We
hypothesized that if GTA loop on its own can stabilize or lead folding of HPV52;_4), deleting A19
should not affect HPV52;_y) structure. Surprisingly, A19 was found to play an important part in
formation of capping structure together with GNA loop, since deletion of A19 did not retain HPV52;_y)
G-quadruplex fold (Figure S5B).

Finally, interruption of four guanine tract with T12 insertion was designed to test if G4 tract is
actually beneficial for G-quadruplex formation, or does it complement formation of G-quadruplex
framework that is set up by other very stable or faster forming structural elements. Titration of the
oligonucleotide with T12 insertion with aqueous KCI prevented formation of HPV52,;_4), G-quadruplex
and resulted in several different structures (Figure S5), which leads us to conclude that G4 tract and
resulting V loop are important for formation of HPV52(;_4) G-quadruplex.

3. Discussion

G-rich sequence from genome of HPV type 52 which is the cause of 20% of cervical cancer
comprises five G-rich tracts. Their number and variation in length (3, 3, 4, 3 and 3 nt) lead to folding
into several different G-quadruplex structures. We could detect at least five different monomeric folds
for HPV521_5) with the help of analysis of imino fingerprint region and naturally occurring SNPs [10].
In order to unveil and possibly determine structure(s) of predominant forms involved in dynamic
equilibrium we focused on oligonucleotide HPV52;_y) that consists of the first four G-tracts and which
demonstrated promising preliminary NMR data. High-resolution NMR structure of a G-quadruplex
adopted by 23 nt HPV52(;_4 has several exciting structural features, in line with observation of
unusual NMR parameters. G1 is found in the central G-quartet stacked between G2 and G11, which
constitute one of the outer G-quartets each. Formally, G1-G11 segment adopts a circular arrangement
with G11-G1-G2 and G6-G7-G8 forming edges of a G-quadruplex adopted by HPV52(;_y). A double
fold-back of DNA chain is made possible by three (G3-T4-A5) and two (C9-A10) residue edgewise
loops that span the opposite sites of the same wide groove. At the same time, G11 is in the terms of
primary sequence part of the four consecutive guanine residues (i.e., G11-G14) that are all included
in the three G-quartet core and are connected via a no-residue V loop. The last loop consisting of
A15-C16-A17-C18-A19 connects G12-G13-G14 and G20-G21-G22 edges of G-quadruplex core in a
propeller type orientation. Perusal of G-quadruplex adopted by HPV52;_4) suggests that capping
structures on both sides of the three G-quartet core contribute substantially to its stabilization. In
particular, G3-T4-A5 edgewise loop in the GNA loop conformation interacts with A19 at the 5'-end,
while C9-A10 edgewise loop interacts with T23 at the 3'-end.
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The structure of HPV52;_y is similar to a G-quadruplex adopted by 5’ intronic sequence of
gene chl1, whose product belongs to a FANC] helicases. The chl1 G-quadruplex has been reported
earlier when searching for sequence pattern G3-T-G4-AA-G4-T-G3T [50]. However, HPV52;_y4) does
not adhere to G3-N-G4-NA-G4-A/C/T-G3-A/C/T sequence requirements that were at that time
recognized as vital for adopting the fold. In fact, HPV52(;_4) has only the following few characteristics
in common: (i) the 5'-end Gg3 tract of which only the first two guanine residues are involved in the
G-quadruplex core, (ii) an NAGy tract that incorporates a no-residue V-loop, and (iii) a thymine
residue at the 3’-end. Updated sequence requirement for folding of HPV52(;_4y and chl1 into their
respective G-quadruplex structures is G3-Np-G3-NpA-G4-Np-G3-A/C/T, where n > 1 and N can
be any nucleotide. Furthermore, HPV52;_4) and chi1 allow us to better understand importance of
specific structural elements that stabilize the fold. From comparison of the two structures it can
be concluded that the length of both edgewise loops spanning the wide groove may vary and any
structural elements formed within the two edgewise loops contribute to additional stabilization of
the structure, but are not essential for folding. However, considering that the two-residue edgewise
loops spanning wide grooves were shown to be very rare due to imposing the strain in structure [51],
it is highly unlikely that two short (2 nt) loops could be accommodated in the same structure. As a
consequence, the minimal cumulative length of both edgewise loops of a double fold-back circular
element is presumably five residues. Interestingly, the sugar-phosphate backbone conformation of
a two-residue edgewise loop bridging wide groove is the same for both HPV52;_4) (C9-A10 loop)
and chl1 (G3-T4 loop). Very similar sugar-phosphate backbone conformation was observed in the
structure of d(G4C;)3Gy), the only other known experimentally observed example of a two-residue
edgewise loop (C11-C12) spanning a wide groove (PDB ID 2N2D) (Figure S6) [52]. In contrast to the
experimentally determined structures with both residues of the loop positioned above a G-quartet,
MD simulations have shown the first residue of a two-residue edgewise loop to reside in the wide
groove [51]. It must be emphasized that in-groove conformation was observed for C9 during structure
calculations of HPV52(;_4) when experimentally determined restrains for backbone torsion angles of
C9 were excluded from structural calculations, which shows that other interactions within the loop
must compensate for energetically less favorable loop conformation.

For HPV52(;_y) the first edgewise loop was recognized as a very stable GNA type of loop.
Modification of oligonucleotide sequence, however, showed that this loop stabilized fold together with
A19 residue from the propeller loop stacking on G2-G6-G20-G12 quartet. Interestingly, the second
edgewise loop of chll with sequence G8-A9-A10 can also fold as GNA type loop. Indeed, sheared
GA base-pair was detected for chll and although chemical shift of A9 H4' proton was not reported,
the conformation of the loop fits to the GNA type loop. Sheared GA base-pair is involved in triple
with 3’-end residue (T19 and A19), which means that in both ch!1 and HPV52(;_4) structures additional
interactions with other residues involve GNA type of loop in the capping structures.

The most defining part of HPV52(;_4) and chi1 structures seems to be AGy tract that results in A10
residue being stacked on the outer G-quartet and thus contributing to the stabilization of a no-residue
V loop. To the best of our knowledge, HPV52,;_4) represents the third structure with such a loop, the
first one being found in the dimeric d(G3T4G4), [53]. In comparing structures of V loops it becomes
clear, however, that they differ in conformation of their sugar-phosphate backbone (Figure S7). Namely,
HPV52(;_y is the only case in which H3' of G11 is observed at § 6.088 ppm and in which this proton
is placed in the plane and close to the aromatic ring of G11, resulting in considerable deshielding
related to the decreased electron density. While structures of HPV52y_y) fall into two different groups
with regards to the sugar-phosphate backbone torsion angle values of G11-G12, spatial position of
sugar-phosphate backbone changes minimally within the two groups and position of H3' of G11 is
conserved (Figure S7). Several conformations of sugar-phosphate backbone between G11 and G12
were found also for chl1, but while H3' of G11 is placed close to the aromatic ring in chl1, it is not in
plane with it, as in HPV52(;_4). Therefore, & (H3') of G11 in chl1 is somewhat, but not substantially
downfield shifted (§ 5.62 ppm) [50]. For d(G3T4Gy),, H3 of G19 is placed far away from its aromatic
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ring and its chemical shift (5 5.00 ppm) is close to the average value of H3' chemical shifts of guanine
residues (5 4.95 ppm) [42].

Another interesting feature of V loop region of G-quadruplex adopted by HPV52(;_y) is that sugar
ring of G12 predominantly adopts North-type conformation, while it is 80% South in d(G3T4G4)> [53]
and no data has been reported for chl1 [50]. The difference is also in glycosidic torsion angle x of
G12, which is in anti-region for HPV52(1_4) and chi1, but in high-anti region for G20 of d(G3T4Gy)>.
As North conformation of sugar ring is energetically less favorable for DNA, structural flexibility
must be additionally restricted for HPV52(;_4) in comparison to d(G3T4Gy)z. In summary, while
HPV52;_4) shares a no-residue V loop with the two other known G-quadruplexes, structural details
show existence of several distinct loop subtypes, which is rather unanticipated for such a short
structural element. We hypothesize that combination of a two-residue edgewise loop that traverses
wide groove and a no-residue V loop in HPV52(;_4) represents two consecutive strained elements that
impose spatial limitations on the structure and result in the accumulation of unusual and, in a classical
view, energetically less favorable torsion angles conformations.

Our study has been focused on formation of G-quadruplex structures formed by G-rich sequence
of HPV type 52. Recently, increasingly large efforts have been made by G-quadruplex community
to understand biological role of G-quadruplexes, while structural part of this effort is complicated
by polymorphism and challenges in relating a specific (element of) structure to a specific function. If,
however, G-quadruplexes are ever to be used as targets for rational drug design, structural information
is of paramount importance. This knowledge is also vital for our understanding of processes that G-rich
sequences found in various parts of genomes are involved in. Moreover, while number of detailed 3D
structures of G-quadruplexes has been increasing steadily, we are still very far from understanding
their folding or polymorphism of even quite simple G-rich sequences, such as HPV52;_4). SNPs were
proven useful to better understand structural polymorphism of HPV52(;_y), albeit G-quadruplexes
with SNPs are supposedly less relevant in biological context as they form structures with lower melting
temperatures and were, as expected for SNPs, found in only a very low number of isolates. While
G-quadruplex structures formed by G-rich HPV52 oligonucleotides display high enough thermal
stability to reduce expression levels in usual in vitro transcription experiments, the high complexity
of the HPV viral life cycle precludes us from drawing any (definite) conclusions from simplified
model systems. More comprehensive understanding of impact of G-quadruplex formation on gene
expression of HPV52 will therefore require further and more complex studies. Nevertheless, it is
tempting to speculate that formation of a certain structure would depend on the direction in which the
DNA chain is unwound by DNA processing enzymes, as it would expose single stranded DNA at
either 5 or 3’ ends of G-rich sequence, corresponding to HPV52(;_4) and HPV52,,_s oligonucleotides,
respectively. Formation of a HPV52(1_4 structure with G1 in the central G-quartet opens a question of
relevance of such structure within DNA of viral genome. However, increasing the length of HPV52;_y)
at both 5 or 3’ ends does not preclude G-quadruplex formation (Figure S5), suggesting that the
G-quadruplex structure described herein can form even in the context of longer DNA chain. Moreover,
HPV52;_y) offers several structurally distinct elements besides G-quartet planes that are common to
all G-quadruplexes and are typically targeted with ligands. For example, while narrow groove that
accommodates a no residue V-loop is inaccessible for HPV52(;_y), both medium and wide grooves are
completely accessible for hydrogen bond recognition of the G-quartet edges (Figure S8). Moreover,
capping structures on both sides efficiently lengthen wide and medium grooves between G20-G22 and
G6-GS8 tracts, while A15-C16-A17-C18-A19 loop defines a pocket in medium groove between G12-G14
and G20-G22 tracts (Figure S8) that is particularly interesting potential target.

54



Molecules 2019, 24, 1294

4. Materials and Methods

4.1. Sample Preparation

Oligonucleotides were either purchased from Eurogentec (Seraing, Belgium) and Metabion
(Planegg, Germany) or synthesized on a DNA/RNA Synthesizer H-8 (K&A Laborgeraete GbR,
Schaafheim, Germany) using standard phosphoramidite solid-phase chemistry. Cleavage of protecting
groups was carried out in 1:1 solution of methylamine and aqueous ammonia at 65 °C for 20 min. All
samples were purified and desalted with the use of a Millipore Stirred Ultrafiltration Cell model 8010
(Cole-Parmer, Vernon Hills, Illinois, USA). Samples were prepared by dissolution in H,O containing
10% of 2H,0. pH was adjusted to 6.8 or 7.0 with LiOH solution and held constant with 10 mM
potassium phosphate buffer (pH 6.8/7.0). Aqueous KCI was titrated into the samples to the final
concentration of 50 mM. For measurements at —10 °C oligonucleotide sample was dissolved in 20%
deuterated aqueous methanol, while for measurements in choline dihydrogen phosphate lyophilized
sample was dissolved in its 1M solution. Annealing procedures included heating of the sample to
95 °C for 3 min and slow cooling to room temperature overnight. Strand concentration in the samples
was ranging from 0.26-2.7 mM and was determined by UV absorption at 260 nm using CARY-100 BIO
UV-VIS spectrophotometer (Varian, Santa Clara, CA, USA) and the computer program UV WinLab.
Extinction coefficients used were 2.80 x 10°,2.36 x 10° and 2.28 x 10° 1mol~! ecm™~! for HPV52(1_5),
HPV52,_5) and HPV52;_y), respectively, and were determined by the nearest neighbour method.

4.2. CD Spectroscopy

The CD spectra are the average of five scans and were recorded on an Chirascan CD spectrometer
(Applied Photophysics, Leatherhead, Surrey, UK) at 25 °C using a 0.1 cm path length quartz cell.
The wavelength was varied from 200 to 320 nm in 1 nm steps. Samples for CD measurements were
prepared at 10 uM oligonucleotide concentration in 10 mM potassium phosphate buffer and 40 mM
KCI. A blank containing only 10 mM potassium phosphate buffer and 40 mM KCI was used for
baseline correction.

4.3. UV Spectroscopy

UV melting curves were recorded with a Varian CARY-100 BIO UV/VIS spectrophotometer
equipped with Cary Win UV Thermal program in cuvettes with 1 and 0.5 cm path-length at 260,
295 and 350 nm. Temperature interval was 70 °C or 80 °C with 0.1 °C/min temperature change.
Measurements started at 10 °C for thermally susceptible samples (HPV52(;_y4) G22 > A and HPV52,_5)
G22 > A) and at 90 °C for all other samples and were repeated four times. Samples were covered with
mineral oil and stopped to prevent evaporation at high temperatures. Stream of nitrogen was applied
throughout the measurements to prevent condensation at low temperatures. Sample concentration
was 10 uM in 10 mM KPi/40 mM KCL

4.4. Native Gel Electrophoresis

Polyacrylamide gel electrophoresis was carried out in temperature-controlled vertical Protean II
XI Cell with PowerPac 3000 power supply machine (BioRad, Hercules, CA, USA) at 10 °C for 22 h at
120 V. Gel concentration was 15% (19:1 monomer to bis ratio). Gel was run in 25 mM Britton-Robinson
buffer, pH 7, and 50 mM KCl. Sample concentration was 0.24 mM. DNA was visualized with Stains-all
(Sigma Aldrich, St. Louis, MO, USA) staining. GeneRuler Ultra Low Range DNA ladder with 12-300
base pairs (Thermo Scientific, Waltham, MA, USA) was used as a relative mobility marker. Gel was
photographed with a D3200 camera (Nikon, Minato, Tokyo, Japan).
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4.5. NMR Spectroscopy

NMR spectra were recorded on VNMRS 600 and 800 MHz NMR spectrometers (Agilent-Varian,
Santa Clara, CA, USA) in the temperature range 045 °C. DPFGSE pulse sequence was used to suppress
the water signal. 2D NOESY spectra acquired at Ty, of 80, 150 and 250 ms were used to determine
glycosidic torsion angle conformation, to establish oligonucleotide topology and consequently to
assign exchangeable and non-exchangeable proton resonances. 2D DQF-COSY and TOCSY (1, of
20 and 80 ms) spectra were used to cross-check assignment of 2D NOESY spectra and to estimate
sugar conformations.

Spectra were processed with programs VNMR] (Agilent Technologies, Santa Clara, CA, USA)
and NMRPipe [54]. Cross-peak assignment and integration with Gaussian fit procedure was achieved
using software NMRFAM-SPARKY (NMRFAM) [55,56]. NOE distance restraints for non-exchangeable
protons were obtained from 2D NOESY spectra (T, 80, 150 and 250 ms) recorded at 25 °C in 100%
2H,0 and 10% 2H,0/90% H,O. Non-overlapping peaks only were used for the distance restraints
calculations. Average volume of H7-H6 cross-peaks of T4 and T23 was used as reference distance
of 3.0 A [57,58]. Cross-peaks were classified as strong (1.8-3.6 A), medium (2.5-5.0 A) and weak
(3.6-6.5 A). Another 0.5 A was added for restraints for ambiguous geminal protons (H2'/H2” or
H5'/H5”), as restraint was placed on a C atom (either C2’ or C5'). NOE distance restraints for
exchangeable protons were obtained from 2D NOESY spectra recorded at 25 °C in 10% 2H,O/90%
H,0 with mixing times of 80, 150 and 250 ms. Cross-peaks of medium and weak intensity that could be
observed in 2D NOESY spectrum with a mixing time of 80 ms were classified as strong (1.8-4.1 A) and
medium (2.5-5.5 A), respectively. Cross-peaks that appeared in 2D NOESY spectrum with a mixing
time of 150 and 250 ms were classified as weak (3.6-7.0 A).

Data at 25 °C only were used in structure calculations, even though spectra recorded at 0 °C
displayed several additional cross-peaks with exchangeable protons. However, as part of the structure
was shown to be dynamic, the intensity of NOE cross-peaks at lower temperatures was considered
unreliable. Torsion angle x was restrained to syn (0 & 90) for G1, G6, G11 and G20 and to anti region
(240 £ 70) for all other residues, except A5 and A15. High intensity of the H1’-H8 cross-peak for A15
showed this residue might be involved in syn-anti equilibrium and was therefore left unrestrained,
while residue A5 was left unrestrained due to the dynamic nature of the T4-A5-G6 region. Backbone
torsion angles were restrained to typical values of g*/g~, t, g*, tand g* /g~ for « (G2, G3, G6, G7,
G21), B (G2, G3, T4, G11, G12, G14, G21, G22), vy (G2, G3, T4, G8, A10, G14, A19, G21), ¢ (G1, G7,
G8, G9, A10, G11, G14, A15, Cl6, A17, C18, A19, G21, G22) and ( (G2, G3, G6, G7, G21) based
on phosphorous chemical shift (o and ), visible 31P-H4’ cross-peak ( and y) and strong 31P-H3'
cross-peak () [46,59-63]. For A5, C9, A10 and G13 strong P-H5'/H5” cross-peaks were observed,
which indicate unusual rotamers of 3. Unusual splitting patterns (——++) of these residues were
then compared with simulated HP-COSY cross-peaks in the Pikkemaat and Altona paper [62], which
lead to limiting B to g* for A5, C9, G13 and g* /t for A10. Intense H4’-H5' or H4'-H5'/ cross-peaks in
DQEF-COSY spectrum for residues A5, C9, G13 and G20 indicated that their y torsion angle values
are not in typical g* range. Strong intensity of H2'/H2”-H5'/H5"" NOE cross-peaks and similar
intensity of H3'-H5" and H3/-H5"' cross-peaks in combination with intense H5"-H8 cross peaks for
residues in anti-conformation indicated t conformation of vy torsion angle, which was determined
for C9, G13 and G20. For A5, g~ conformation could not be excluded, which is why vy torsion angle
of A5 was restrained to g~ /t to exclude typical g* values. Torsion angles that were shown to be
involved in equilibria between several distinct conformations on the basis of spectral characteristics
were left unrestrained.

4.6. Structure Calculations

Structure calculations were performed with CUDA version of pmemd module of AMBER 14
software [64], and parmbscO [65] force field with xora [66] and eCopy [67] corrections. The initial
extended single-stranded DNA structure was obtained with tleap program of AMBER14. Pairwise
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generalized Born implicit model was used with 0.4 fs time steps and collision frequency of 5 ps~!. For
each simulated annealing (SA) a random velocity was used. The cut-off for non-bonded interactions
was 999 A and the SHAKE algorithm for hydrogen atoms was used. Solution-state structure was
calculated in two steps of NMR restrained SA simulations. Topology was built in the first step with
the help of restraints for hydrogen bonds, G-quartet planarities and limited number of H1-H1 and
H6/8-H6/8 distance restraints. 1000 final structures were then calculated in 300 ps SA with the
following temperature program: temperature was raised from 300 to 1000 K in the first 5 ps, held
constant at 1000 K for 65 ps and scaled down to 0 K in the next 235 ps. Restraints used in the calculation
were hydrogen bond (force constant 30 kcal mol~! A=2, 0-300 ps) and NOE-derived distance restraints
(force constant 10 kcal mol ! A’Z, 100-300 ps ), torsion angles x, vo, &, B, v, € and ( restraints
(force constant 200 kcal mol~! rad 2, 0-300 ps) and planarity restraints for G-quartets (force constant
20 kcal mol~! rad 2, 50-290 ps)- All restraints were linearly increased to their final value in the first
100 ps of SA. A family of ten structures was selected based on the lowest energy and the smallest
restraints violations. Structures were minimized with 100,000 cycles of steepest descent minimization.
No planarity restraints were used in the final stage of structure refinement.

Atomic coordinates and chemical shifts for the reported NMR structure have been deposited with
the Protein Data bank under accession number 504D and with the Biological Magnetic Resonance
Bank under accession number 34145.
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Abstract: A subset of guanine-rich nucleic acid sequences has the potential to fold into G-quadruplex
(G4) secondary structures, which are functionally important for several biological processes, including
genome stability and regulation of gene expression. Putative quadruplex sequences (PQSs)
G3:N1_7G3:N;1_7G3.N;_7G3, are widely found in eukaryotic and prokaryotic genomes, but the
base composition of the Ny.; loops is biased across species. Since the viruses partially hijack
their hosts’ cellular machinery for proliferation, we examined the PQS motif size, loop length,
and nucleotide compositions of 7370 viral genome assemblies and compared viral and host PQS
motifs. We studied seven viral taxa infecting five distant eukaryotic hosts and created a resource
providing a comprehensive view of the viral quadruplex motifs. Overall, short-looped PQSs are
predominant and with a similar composition across viral taxonomic groups, albeit subtle trends
emerge upon classification by hosts. Specifically, there is a higher frequency of pyrimidine loops in
viruses infecting animals irrespective of the viruses’ genome type. This observation is confirmed by
an in-depth analysis of the Herpesviridae family of viruses, which showed a distinctive accumulation
of thermally stable C-looped quadruplexes in viruses infecting high-order vertebrates. The occurrence
of viral C-looped G4s, which carry binding sites for host transcription factors, as well as the high
prevalence of viral TTA-looped G4s, which are identical to vertebrate telomeric motifs, provide
concrete examples of how PQSs may help viruses impinge upon, and benefit from, host functions.
More generally, these observations suggest a co-evolution of virus and host PQSs, thus underscoring
the potential functional significance of G4s.

Keywords: G-quadruplex; virus; eukaryotic hosts; Herpesviridae; genome evolution

1. Introduction

G-quadruplexes (G4s) are alternative DNA or RNA secondary structures formed by the stacking of
planar arrangements of guanine residues, further stabilized by monovalent cations [1]. The importance
of quadruplex-forming sequences as regulatory elements has been supported by extensive evidence
in eukaryotic cells [2-4]. Putative quadruplex-forming sequences (PQSs) are prevalent in numerous
genomes [5,6] and have been implicated in key genomic functions, such as transcription regulation,
replication, repair, and telomere maintenance reviewed in [7-9]. Typically, the consensus sequence
motif G3,N1_7G3,N1_7G3.N1_7G3, has been used to identify potential PQSs [5,10]. This has led to an
estimate of over 400,000 PQSs in the human reference genome, with a median density of 0.5 motif per
kbp. In other eukaryotes and in bacteria, the density of G4 motifs is highly variable (2.5 to >0.1 motifs
per kbp) [6].

PQSs are also present in viral genomes [11,12], and emerging evidence suggests that they can be
implicated in viral replication and recombination, in the regulation of virulence via gene expression
control [13,14], and in key steps in the viral cycles [15]. The presence of putative G4 sequences has
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been reported in various viral genomes, such as the human immunodeficiency virus (HIV-1) [16-20],
the Epstein-Barr virus (EBV) [21,22], or papillomaviruses (HPV) [23-25]. In particular, the Epstein-Barr
virus encodes the genome replication and maintenance protein EBNA1 that binds G-rich sequences to
recruit the replication complex [21]. The herpes simplex virus 1 (HSV-1) genome displays multiple
clusters of repeated sequences forming very stable quadruplexes that are involved in viral DNA
replication [26]. The HIV-1 promoter contains a highly conserved G-rich region able to fold into a
G4 structure [19] and is involved in the regulation of viral replication [18]. The presence of highly
conserved PQSs able to potentially form intermolecular G4s has been reported in several human
herpesvirus packaging signals [27], as well as in HIV-1 [28], further highlighting the biological role of
viral G4s. In addition, several DNA aptamers (short synthetic single-stranded oligonucleotides that
specifically bind to various molecular targets) containing G4-forming sequences were found to have
antiviral activity [29,30] and have been used as diagnostic tools to detect viruses [11].

Within a quadruplex, the length of the G-tracts as well as the length and the base composition of
the loops are critical to determine the conformation of the G4s and their stability [31-36]. Remarkably,
it has been observed that most quadruplex-forming sequences found in gene promoters contain at
least one single-nucleotide loop [37-41]. Genome-wide, our analyses across numerous eukaryotes
outlined a striking enrichment of single-nucleotide loop G4s and further revealed a prominent trend
favoring pyrimidine nucleotides in these loops as well as the accumulation of Gys; sequences in
plants and invertebrates [36]. Whether these divergent evolutionary trends reflect differential biases in
mutagenesis and DNA repair mechanisms from species to species and/or are the result of functional
selection remains an open question.

Given that viruses utilize the hosts’ cellular machineries for replication and transcription, especially
in large DNA viruses [42], we wished to examine whether the composition of G4 motifs in the viral
genomes could be correlated to that of their hosts. To address this question, we identified and
analyzed all G4 motifs (size, loop length, and nucleotide compositions) present in the currently
available 7370 viral genome assemblies, which include seven viral taxa infecting five evolutionary
distant groups of eukaryotic hosts: vertebrates (including Homo sapiens), invertebrates, protozoa, fungi,
and plants. Here, we provide a large comparative view of the quadruplex motif loop content at
nucleotide-level resolution, with particular focus on the Herpesviridae family, ubiquitous large dsDNA
(linear double-stranded DNA) viruses that are amongst the best characterized host-adapted viruses.

2. Results and Discussion

2.1. G-Quadruplex Metrics in Viral Genomes

To analyze the G4 motifs in a large panel of viruses, we retrieved the 7370 viral genome assemblies
from the viruSITE [43] database. This database comprises all curated virus genomes available in
the NCBI Reference Sequence Database (RefSeq), categorized into seven viral taxa: dsDNA, ssDNA,
dsRNA, ssRNA, satellites, as well as retro-transcribing or unclassified viruses (Figure 1, panels A,B).
These viruses infect a broad range of eukaryotic hosts (Figure 1C).

First, we analyzed several viral genome metrics: genome size (kilo base pairs, kbp), which varies
from 0.2 kbp to over 2400 kbp; GC content (%), which varies from 17.8% to 76.1%; and PQS densities
(PQS/kbp), that allow to compare the quadruplex content of each assembly independently of the
genome lengths, as well as their presence on the positive (G-rich) or negative (C-rich) strand (Materials
and Methods). To identify the G4 motifs, we searched the canonical G3,N1_7G3,N1_7G3,N1_7G3,
sequences by regular expression matching (Materials and Methods), as previously described for
eukaryotic genomes [5,10,36]. All the identified quadruplex sequences are individually reported along
with their coordinates in Table S1 (Supplementary Materials), which we propose as a resource. Finally,
we performed virus-host analyses, classifying the eukaryote hosts into vertebrate or invertebrate
animals, protozoa, plants, and fungi species. Unless otherwise mentioned, the group of vertebrates
includes Homo sapiens.
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The overall viral PQS metrics, classified by viral taxa or host group, are summarized in
Tables 1 and 2, respectively. Not surprisingly, the total number of quadruplexes depends on the
viral genome size, albeit it displays an uneven density and moderate correlation (Spearman’s rho =
0.38, non-parametric test for association between paired samples p < 2.2 x 10716; Figure 1A). Of note,
the dsDNA viruses, which greatly vary in genome size, show the highest densities of G4 sequences
in the retrieved viral genomes (with an average of 0.08 + 0.79 PQS/kbp; Table 1). Among them,
the Herpesviridae family, further analyzed hereafter, exhibits the highest PQS content: we found a total
of 6735 motifs, with an average density of 0.45 + 0.60 PQS/kbp and up to 2.8 PQS/kbp in the Papiine
alpha herpesvirus 2 (Table S2). In the remaining viral taxa, that include fewer G4 motifs and shorter
viral genomes, the density of PQSs is not negligible since ssDNA, ssRNA, and retro-transcribing (RT)
viruses carry 0.04 + 0.18 to 0.07 + 0.16 PQS/kbp (Table 1). However, as previously observed for human
viruses [12], the viral genomes are in general relatively G4-poor, with a PQS density of <0.1 motif per
kbp (Figure 1A). Nevertheless, PQSs are not less frequent than in zebrafish (0.019 G4/kbp), lower-order
groupings of eukaryotes (e.g., 0.02 G4/kbp in Caenorhabditis elegans, 0.002 G4/kbp in Plasmodium),
or bacteria (0.001 to 0.02 G4/kbp) (Table 3).

Table 1. Genome metrics and quadruplex sequences in seven viral taxa.

Taxon Assemblies Median % GC Median Genome Total PQS Mean PQS

Size (Base Pairs) Count Density !
dsDNA 2758 445 45,531 11,315 0.083
dsRNA 301 445 2178 11 0.018
RT 2 153 43.6 7743 85 0.074
Satellites 227 41.0 1348 2 0.011
ssDNA 988 440 2707 102 0.058
ssRNA 1784 434 6944 553 0.036
Unclassified 1158 44.6 4492 206 0.024

1 Number of PQSs per kilo base pair (PQS/kbp); 2 RT: retro-transcribing viruses.

Table 2. Genome metrics and quadruplex sequences in various organisms.

Organism Median % GC  Genome Size (Mb)  Total PQS Count!  Mean PQS Density 2
Human 37.8 3095.69 434,272 0.140
Mouse 42.6 2730.87 327,452 0.120

Zebrafish 36.8 1371.72 25,677 0.019

Drosophila melanogaster 421 143.73 5262 0.037
Caenorhabditis elegans 354 100.29 1561 0.016
Saccharomyces cerevisiae 38.4 12.16 7 0.001
Leishmania major 59.6 32.86 7913 0.241
Trypanosoma brucei 46.8 35.83 635 0.018
Plasmodium falciparum 19.6 23.33 51 0.002
Arabidopsis thaliana 36.1 119.67 338 0.003
Rhodobacter sphaeroides 68.8 4.64 5 0.001
E. coli 50.8 4.6 109 0.024

1 PQS counts retrieved from Marsico et al. 2019 [44]; 2 Number of PQSs per kilo base pair (PQS/kbp).

We observed that giant viruses infecting protozoan hosts are relatively enriched for G4 sequences,
reaching 181 PQSs in the 2,473,870 bp (0.07 PQS/kb) Pandoravirus salinus genome. Intriguingly,
the Mimiviridae viruses, which exhibit a low GC content (~28%), are exceptionally G4-poor with only
three G4 motifs found in the Mimivirus terra2 assembly (1,168,989 bp; 0.003 PQS/kbp). Globally, there
is a significant positive correlation between the PQS and GC content, although the relationship is weak
(Spearman’s rho = 0.28, non-parametric test for association between paired samples P < 2.2 x 1071%;
Figure 1B) and the median GC content of the various viral taxa are rather similar (44% + 8), albeit with
large variations within each taxon (Figure 1B). Thus, the impact of the GC content on the probability to
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create a G4 motif is not strong, suggesting that at least a fraction of these quadruplex sequences may
be maintained under positive selection.
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Figure 1. Genome metrics and quadruplex motif content of viral genomes. (A) From left to right,
genome size (in kilo base pairs, kbp), putative quadruplex sequence (PQS) density (number of motifs
found per kbp), and relationship between PQS content and genome size for different viral taxa. (B) GC
content and relationship between PQS content and GC content for different viral taxa. (C) From left to
right, genome size, GC content, and PQS density for different eukaryote host groups. For panels A
through C, differences in average size, GC, and density values were assessed using Kruskal-Wallis rank
sum tests and pairwise Wilcoxon rank-sum tests. Spearman correlation coefficients and their statistical
significance are provided at the top of the scatterplots. Regression lines are shown in blue (Preg, linear
regression significance).

Finally, in our broad viral set, we detected a significant enrichment for PQSs in the negative
(C-rich) strand of dsDNA, ssRNA, RT, and unclassified viruses but not for the ssDNA virus (Figure S1A,
Supplementary Materials). The overall significance of this strand bias is likely diverse and complex.
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Two recent functional studies suggested different and non-exclusive explanations. On one hand, Jaubert
and colleagues showed that the formation of quadruplexes in the negative RNA strand of the hepatitis
C virus is associated with impaired RNA synthesis [45]. On the other hand, Ding and colleagues
outlined the strong bias for quadruplex sequences in the negative strand flanking the transcription
start sites (TSS) in microorganisms (Deinococcales and Thermales bacterial orders), and correlated it with
oxidation-dependent regulation of transcription [46].

The distribution of genome size, PQS density, GC content, and strand biases of the viruses with
respect to their various hosts are reported in Figure 1C. Table 2 shows a balanced representation of
the various host groups, after assessing an equivalent number of assemblies for vertebrate (2769),
invertebrate (2930), and plant (2484) hosts. Within these large groups, several species are well
represented. For example, in the large vertebrate group, there are numerous viruses infecting
Cercopithecidae (58), Suidae (120), Bovidae (112), Pteropodidae (158), and rats (289), and over 40 avian
viruses (Table S1, Supplementary Materials). Although the data were scarcer for protozoa and fungi
(61 and 262 viruses, respectively), the viral genome sizes are longer in protozoa and very short in fungi
and plants (Figure 1C). The PQS density is 2- to 3-fold higher in viruses infecting vertebrate hosts than
any other host (Table 3). Viruses infecting plants seem particularly G4-poor (only 261 PQSs found in over
2000 genomes), with the exception of many mosaic viruses (the okra, grapevine, and chayote mosaic
viruses carry over five PQSs in ~6 kbp genomes; Table S1, Supplementary Materials). When PQSs are
examined versus the host taxa, a significant excess of PQSs is again observed on the viral negative
(C-rich) strand for all viruses (Figure S1B, Supplementary Materials).

Table 3. Genome metrics and quadruplex sequences classified by host group.

Median Genome Total PQS Mean PQS

Host Assemblies Median % GC Size (bp) Count Density !
Vertebrates 2769 444 5079 7945 0.082
Human 2 1144 42.3 4325 1410 0.076
Invertebrates 2930 424 4534 442 0.024
Protozoa 61 46.1 6038 618 0.024
Fungi 292 49.2 3147 41 0.039
Plants 2484 43.2 2759 262 0.027

! Number of PQSs per kilo base pair (PQS/kbp); 2 Host group included in the Vertebrates group.

2.2. Thermodynamically Stable G4 Motifs are Enriched in Viral Genomes

To examine in more detail the nature of the quadruplex motifs, we inspected loop lengths and
nucleotide compositions (irrespective of their position) for the dsDNA (11,315 PQSs), ssDNA (102 PQSs),
ssRNA (553 PQSs), RT (85 PQSs), and bulk unclassified (206 PQSs) viruses. Unfortunately, the few
PQSs identified in the dsRNA and satellite viruses were insufficient to pursue such in-depth analyses.
As shown in Figure 2A,B, the PQS loop features differ. In the most represented vertebrate-infecting
viruses, we counted 2555 different loop sequences, but 393 in the invertebrates, 648 in the protozoa,
and only 66 and 52 in the fungus- and plant-infecting viruses, respectively. The median loop size is
3 nucleotides across all viral taxa, with the exception of retro-transcribing (RT) viruses which carry
slightly larger loops (4 nt, all pairwise Wilcoxon rank-sum tests adjP < 0.01; upper panel Figure 2A).
Fungus and plants viruses also bear significantly larger loop size, frequently reaching 6-7 nt (Figure 2A),
with a median value of 4 nt (all pairwise Wilcoxon rank-sum tests adjP < 0.01 except Fungi-Plants
adjP = 0.542; lower panel Figure 2A). Furthermore, these analyses indicated that retro-transcribing,
plant-infecting, and fungus-infecting viruses also show more heterogenous loop distributions than
other groups (Figure 2B). Intriguingly, as previously observed in a large spectrum of eukaryotic
species [36], quadruplex motifs with single-nucleotide loops are predominant both when scanned by
viral taxon (upper panel, Figure 2B) or host group (lower panel, Figure 2B). Quantitatively, the single
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A/T/C or G loops account for 34% of all loops when scanning by viral taxon (median value; Figure 2C)
or 31% when searching the hosts genomes (median value; Figure 2C).
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Figure 2. Quadruplex loop composition in viral genomes. (A) Boxplots show G-quadruplex (G4)
motif loop size (in nucleotides) for each group. Top panel, for different viral taxa; bottom panel, for
different host groups. Kruskal-Wallis rank sum test P = 0.0001 and P = 8.19 x 107° respectively; *, all
pairwise Wilcoxon rank-sum tests adjP < 0.01. (B) Frequencies of 1-7 nucleotide loops, irrespective
of their position within the G4 motif. Top panel, five taxa in which a significant number of G4
sequences were found: dsDNA viruses (n = 2758 assemblies, 11,315 PQSs), ssDNA viruses (n = 988
assemblies, 102 PQSs), ssRNA viruses (n = 1784 assemblies, 553 PQSs), Retro-transcribing viruses
(n =153 assemblies, 85 PQSs), and Unclassified viruses (n = 1217 assemblies, 253 PQSs). Bottom
panel, five eukaryotic host taxa used in the analyses: vertebrates (n = 2,769 assemblies, 7945 PQSs),
invertebrates (n = 2930 assemblies, 1410 PQSs), protozoa (n = 61 assemblies, 618 PQSs), fungi (n = 292
assemblies, 41 PQSs), and plants (n = 2484 assemblies, 261 PQSs). (C) Top panel and from left to
right, graphical matrix where each cell contains a dot whose size reflects the relative magnitude of
nucleotide proportions by viral taxa and mosaic plot of the contingency table used to perform a
chi-square independence test (non-significant, P = 0.681); bottom panel and for left panel to right,
similar for each host group (chi-square independence test non-significant, P = 0.789).
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Thus, based on the rather short length of the loops, there is an overall bias for the most
thermodynamically stable G4 motifs in viral genomes, similar to other genomes [31,34-36]. However,
considering this large classification level, there is no significant difference in the distribution of
single-nucleotide loop motifs between viral taxa (chi-square independence test non-significant,
P =0.681; upper panel Figure 2C) nor host group (chi-square independence test non-significant,
P =0.789; lower panel Figure 2C). Nevertheless, there is a striking resemblance in the distribution and
frequency of the loop nucleotides when comparing dsDNA viruses and their vertebrate hosts: 9 out of
the 10 most frequent loops are the same in both sets (G, C, A, TTA, T, CC, AA, AC, and CT loops), and are
distributed in similar proportions (Figure 2B). Among dsDNA viruses, herpesviruses are particularly
enriched for short-looped quadruplex motifs, which account for 35% of all PQSs (2,355 G4-L1-3 motifs,
that is, the loop size is comprised between 1 and 3 nt (Table S2, Supplementary Materials).

2.3. The PQS Loop Composition Within the Herpesviridae Family of Viruses and Their Host are Correlated

Since herpesviruses infect different animal hosts, including mammals, birds, reptiles, fish,
amphibians, and invertebrate animals [47], we examined in more detail the relationship between
the viral and host PQSs. For this purpose, we retrieved all the available herpesvirus assemblies
(n = 93 genomes). These include viruses in 65 mammals, 11 birds or reptiles, 6 fish, 4 amphibians,
and 7 invertebrates (Table S2, Supplementary Materials). The PQS genome metrics for these 93
assemblies are reported in Figure S3A (Supplementary Materials). While the PQS occurrence and
GC content remain strongly correlated (Spearman’s rho = 0.73, non-parametric test for association
between paired samples P = 1.2 x 10~1%; Figure S3B, Supplementary Materials), we found no linear
relationship between PQS content and genome size within this subset of viruses (Spearman’s rho = 0.10,
P = 0.38; Figure S3B, Supplementary Materials). However, there are significant differences in the
nucleotide loop composition depending on the animal host (Figure 3A). Furthermore, single-nucleotide
loops are unevenly distributed when looking at different host species (chi-square independence test
P =0.00619; Figure 3B). Single G loops are largely prevalent in herpesviruses infecting fish, amphibians,
and invertebrates (50%, 56%, and 63% of all single-nucleotide loops, respectively). In addition, single C
loops were undetected in the latter, and was marginal in the first two groups (9% in fish hosts and 3%
in amphibian hosts). To a lesser extent, single T loops are more frequent in viruses infecting vertebrate
hosts (on average 16% of all single-nucleotide loops) than invertebrates (8% of all single-nucleotide
loops). Interestingly, the observed trends recapitulate the same existent biases in the host species
(Figure 3, panels C,D): for instance, the analysis of the loop composition of short-looped G4 motifs in
52 eukaryote genomes (see Materials and Methods; Figure 54, Supplementary Materials) shows an
enrichment for single G loops in amphibians and invertebrates as well as an accumulation of single T
and C loops in mammals, birds, and reptiles, with the frequency of C-rich loops reaching its highest
levels in viruses infecting mammals. Overall, we observed an excess of the frequency of PQSs with
single pyrimidine loops in herpesviruses infecting vertebrate hosts. Interestingly, in vitro, these motifs
fold into the most stable G4 structures [35,36].
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Figure 3. PQS loop content in Herpesviridae viruses and in various host animal genomes. (A) Most
frequent Ny_; loops by host group. Mammals, n = 65 viruses; Birds/Reptiles, n = 11 viruses; Fish,
n = 6 viruses; Amphibians, n = 4 viruses; and Invertebrates, n = 7 viruses. (B) Single-nucleotide loop
frequencies by host group. Blue, G loops; red, A loops; orange, C loops; and green, T loops, irrespective
of their positions with the G4 sequence. Chi-square independence tests were used to evaluate the
significance of the association between loop proportions and host group. (C) Single-nucleotide loop
frequencies in 52 eukaryote genomes. Mammals, n = 18 genomes; Birds/Reptiles, n = 9 genomes; Fish,
n = 8 genomes; Amphibians, n = 3 genomes; and Invertebrates, n = 9 genomes. (D) Proportion of
single C (orange, top panel), T (green, top panel), G (blue, bottom panel), or A (red, bottom panel)
loops by eukaryote groups. Bars indicate the upper and lower bounds of the 95% confidence intervals.
Chi-square independence tests were used to evaluate the significance of the association between loop
proportions and group. All pairwise nominal independence adjusted P-values <0.05.

To further analyze this particular trend, we next performed an unsupervised classification,
by principal component analysis, of herpesvirus assemblies based on loop composition information
(Figure 4A; Materials and Methods). The first two principal components account for a restricted
fraction of the sample’s variance (x*58%); however, quadruplex loop composition information allowed
to discriminate between viruses infecting higher-order vertebrate or invertebrate hosts, mainly
driven by differences in PQS® content (Figure 4A). Indeed, we clearly observe two opposite trends
in single-nucleotide loop distributions, with a significantly higher amount of single C loops in
mammal-infecting viruses and, conversely, significantly more polyG sequences in invertebrate animals
and amphibians (Figure 4B). These trends can be extended to the comparison of quadruplexes carrying
identical loops of any size, as there is a negative correlation between G;_; loop content and C;_7 loop
content (Pearson’s r = —0.36; Figure 4C).
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Figure 4. Herpesviridae viruses infecting mammalian hosts carry preferentially C-looped motifs.
(A) Principal component analysis (PCA) performed on loop composition information (variables: PQSA,
PQST, PQSC, PQSC) for 93 herpesviruses, without using host group information. Ellipses indicate
barycenters (weighted center of mass) for each host group. (B) Proportion of single C (orange, top
panel) or G (blue, bottom panel) loops by host group. Bars indicate the upper and lower bounds of
the 95% confidence intervals. Chi-square independence tests were used to evaluate the significance of
the association between loop proportions and host group. Red arrows indicate groups with pairwise
nominal independence adjusted P-values <0.05. (C) Relationship between PQS” (PQST or PQS) motif
and PQSC motif contents. Pearson correlation coefficients are reported on each graph. Blue lines show

linear regressions (Preg, linear regression significance).
2.4. G4 Motifs in Viral Genomes Overlap Hosts” Transcription Factor Binding Sites

The prevalence of C-rich PQSs found in mammalian herpesviruses raises the question whether
their functional role(s) are related to their potential to form a G4 structure, to the fact that they
constitute a one-dimension target sequence for the binding of host’s transcription factors, or to both.
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Consistent with this view, we observed that 6 of the 10 most common viral PQS motifs matched several
vertebrate transcription factor sites, notably SP1 and SP3 (Figure 5). Although C-rich loops appear
relatively depleted in mammalian genomes, the annotation of G4 motifs, especially in humans, shows
that quadruplexes with C-rich loops (and particularly single C loops) are highly enriched at gene
promoters (Figure S5, Supplementary Materials). In silico analyses of the human genome have already
revealed that G4 motifs often overlap with zinc-finger transcription factor binding sites (Figure S5,
Supplementary Materials), such as SP1 [48]. This observation, together with the high frequency of
C-rich loops in herpesviruses infecting mammals, supports the view that the herpesviruses hijack host
transcription factors during the virus life cycle. Interestingly, human transcription factors that bind
to these motifs also play roles in viral infection processes (SP factors [49]; EGR2 [50]). Moreover, it
has been suggested that virus-associated PQSs can be recognized by human G4-binding proteins [51],
which can participate in replication associated processes.
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Figure 5. Consensus motif discovery in the quadruplex sequences found in mammalian herpesviruses.
Top motifs found within the 5767 PQSs present in the 65 assemblies of herpesviruses infecting
mammalian hosts. E-values are specified next to each sequence logo (the relative sizes of the letters
indicate their frequency in the sequences and the total height of the letters depicts the information
content of the position, in bits). The “Sites found” column indicates the number of times each particular
motif was found in all the sequences.

2.5. High Prevalence of Telomere-Like PQSs across Herpesviridae Infecting Vertebrates

Another remarkable feature of the most frequent PQS loop composition is the excess of TTA
loops that are frequent in viruses infecting mammals, birds, reptiles, and fish (Figure 3A), a loop
composition that is also frequent in their hosts (Figure S4, Supplementary Materials). Of note, the TTA
triplet is part of the TTAGGG telomere sequence in all vertebrates, able to form telomeric DNA
G-quadruplexes [52]. It is also remarkable that the human herpesvirus 6A and 6B can integrate

71



Molecules 2019, 24, 1942

their linear genome into the telomeres of infected cells [53,54]. Thus, the presence/enrichment of
these TTA-looped G4 sequences close to the viral genome extremities, their requirement for efficient
virus integration [55], and the observation that G4 ligands can interfere with virus integration [54]
point to the role played by these sequences in this crucial process that ensures virus maintenance
in latently infected human cells. This potential for telomere integration is not exclusive to human
herpesviruses, since it has been also described in the oncogenic Marek’s disease alpha-herpesvirus,
which infects chicken lymphocytes [56]. This particular virus also carries TTA-looped G4 repeats at
the ends of its linear genome, and its pathogenicity partially depends on the efficiency of telomere
integration [56]. Altogether, these observations suggest that the broad presence of viral TTA-looped
quadruplex sequences might be functionally and evolutionary related to the telomere biology of the
hosts. If so, the presence of viral G4s with TTA loops may help predict their integration potential.

3. Materials and Methods

3.1. Genome Assembly Retrieval

The full-length sequences were retrieved from the viruSITE resource [43]. A total of 7370
sequences were analyzed, including exclusively curated assemblies extracted from numerous resources
(NCBI RefSeq, UniProtKB, GO, ViralZone, PubMed). Assemblies were classified either by virus
taxonomy (dsDNA viruses, dsRNA viruses, retro-transcribing viruses, satellites, ssDNA viruses, ssSRNA
viruses, unclassified viruses, virus-associated RNAs) or by host group (Vertebrates, Invertebrates,
Protozoa, Fungi, Plants). Classification by host group was refined using the Virus-Host DB [57]
resource information.

3.2. Genome Metrics

For each of the 7370 assemblies, genome size (in base pairs, bp) and total GC content (GC content
was defined as the sum of G and C nucleotides in the respective assembly) were evaluated using
bash and Perl scripts. Spearman’s rank correlation tests were used to assess correlations between the
different variables.

3.3. G-Quadruplex Motif Identification and Loop Composition Analysis

We define a G-quadruplex motif as a sequence with at least four runs of 3+ guanines,
separated by loop sequences containing one to seven nucleotides, that may themselves be guanines.
Terminal guanines were excepted as loop sequences (i.e., the motif -GGGGGATCGCTGGGG- was
evaluated has having an ATCGCT loop sequence flanked by GGGGG/GGGG runs and not GATCGCTG
flanked by GGGG/GGG runs). Nevertheless, single G loops were allowed in the search. We searched,
by regular expression matching, for the motifs previously defined -(G{3,}[ATGC]{1,7}){3,]G{3,}- in
the fasta file of each of the retrieved assemblies, in both DNA/RNA strands, as originally described
by Huppert and Balasubramanian [5]. Then, the obtained G4 sequences were imported into the R
environment [58] for further processing: PQS density was defined as the number of G4 motifs per
kilo base pair (kbp), we then assessed motif strandness (present in the G-rich or in the C-rich strand),
split motifs into G-runs and loop sequences, and created loop repertoires (nucleotide composition,
length, number of occurrences within a given genome) by host species or by virus taxon. Chi-square
independence tests were used to evaluate the significance of the association between loop proportions
and host group/viral taxa, followed by pairwise nominal independence tests and Pearson’s standardized
residuals calculation.

3.4. Putative Quadruplex Sequence Analysis in Eukaryote Genomes

We also retrieved 52 eukaryote genome assemblies from the UCSC Genome Browser portal.
These included:

72



Molecules 2019, 24, 1942

e 18 mammals (Minke whale balAcul, Marmoset caljac3, Dog canFam3, Green monkey chlSab2,
Kangaroo rat dipOrd1, Wallaby macEug?2, Crab-eating macaque macFas5, Mouse lemur micMur2,
Mouse mm10, Gibbon nomLeu3, Bushbaby otoGar3, Baboon papAnu2, Orangutan ponAbe2, Rhesus
macaque rheMac8, Golden snub-nosed monkey rhiRox1, Squirrel monkey saiBol1, Tarsier tarSyr2,
Tree shrew fupBell);

e 9 birds/reptiles (American alligator allMis1, Chicken galGal5, Painted turtle chrPic1, Garter snake
thaSir1, Lizard anoCar2, Zebra finch taeGut2, Medium ground finch geoForl, Turkey melGal5,
Budgerigar melUnd1);

e 8 fish (Elephant shark calMill, Zebrafish danRer11, Fugu fr3, Stickleback gasAcul, Coelacanth
latChal, Medaka oryLat2, Lamprey petMar2, Tetraodon tetNig2);

e 3 amphibians (Tibetan frog nanParl, African clawed frog xenLae2, Xenopus tropicalis xenTro7);

e 9invertebrates (Apis mellifera apiMel3, Caenorhabditis elegans cell, Caenorhabditis japonica
caeJapl, Caenorhabditis brenneri caePb2, Caenorhabditis remanei caeRem3, Caenorhabditis
briggsae cb3, Ciona intestinalis ci3, Drosophila melanogaster dmé, Pristionchus pacificus priPacl).

We searched for short-looped quadruplex sequences, by regular expression matching,
-(G{3,}JATGCI{1,3})){3,})G{3,}-, in the fasta file of each of the retrieved assemblies. We performed
the same subsequent analyses as described for viral sequences. Canonical PQS content
(-(G{3,}JATGC]{1,7}){3,}G{3,}-) for the 12 species reported in Table 3 was retrieved from Marsico et al. [44]
and densities were calculated, as before, counting the number of PQSs per kilo base pair.

3.5. Loop Composition Analysis in Herpesviruses

Principal component analysis (PCA) was implemented using the FactoMineR and factoextra
packages in the R environment. The analysis was performed on loop composition information
(variables: PQS#, PQST, PQSC, PQSS; where PQSX is a quadruplex motif containing at least one X;_y
loop, X = {A,T,C, or G}), after normalizing the data matrix (variables were centered and reduced).
Correlation between PQS? (PQST or PQSC) loop content and PQSC loop content was estimated
by calculating Pearson correlation coefficients. Finally, pattern discovery within the quadruplex
sequences found in mammalian herpesviruses or in promoter regions of the human reference genome
hg38 was performed using the RSAT software suite [59] with default settings. The set of significant
motifs discovered (e-value <0.05) was compared to the JASPAR database of vertebrate non-redundant
transcription factor binding motifs [60].

3.6. Statistics

All statistical analyses were performed in R 3.4.3 for Mac OS X [58], using the built-in stats library,
and the additional pwr, rcompanion, FactoMineR and factoextra packages.

4. Conclusions

Here, we report the analyses of the putative G-quadruplex-forming sequence present in 7370
virus genome assemblies. We have used this exhaustive resource to examine the potential correlations
with the G4 motifs of their biological host(s), taking into account the number of motifs per genome,
the length of the nucleotide loops separating the G-tracks and their base composition. Remarkably,
there is a predominance of single-nucleotide loop motifs in the paired viruses and animal host genomes.
These G4s are the most thermodynamically stable quadruplexes, suggesting a high folding potential
and stabilization in cells. We had previously observed a strong compositional bias in these sequences
in eukaryotic genomes, disfavoring pyrimidine loops while resulting in the accumulation of less
stable structures (carrying single A or G loops) [36]. Here, using the G4-rich Herpesviridae family of
dsDNA viruses as a case study (6735 PQSs, representing 55% of all motifs found in the >7000 viral
genomes), we demonstrate a correlation between G-quadruplex sequence composition in viruses and
their hosts. Indeed, herpesviruses that infect mammals, birds, or fish frequently carry TTA-looped G4
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sequences, the signature of telomeric G-quadruplexes in vertebrates, which can be associated with viral
integration into the hosts” genomes [55]. Although telomeric integration of herpesviruses has been
shown to occur in two vertebrate hosts, the high prevalence of TTA-looped G4 in the vertebrate-related
Herpesviridae family suggests that this phenomenon could occur more frequently than anticipated.
Likewise, there is an accumulation of C-looped quadruplexes in viruses infecting mammals, which in
turn carry significantly more such sequences than other animals. In humans, PQSs having C-rich
loops, while globally depleted throughout the genome, are exceptionally enriched in promoters,
where they may provide transcription factor binding sites (e.g., SP1, SP2, and other zinc-finger TFs) [48]
or else promote a defined structural fold having a defined impact in transcription [61]. Thus, viral
genomes are enriched with PQSs of similar loop composition to those associated with functionally
relevant regions in their host species. We do not actually know if specific viral nucleotide loop
patterns could have been acquired accidentally from the host as a consequence of infection, or if there
are long-term virus-host co-evolution processes that influence the emergence and maintenance of
particular quadruplex sequences. If so, these sequences could regulate crucial steps in the viral cycle
and could represent relevant druggable structures for new anti-viral therapeutic approaches. However,
pursuing further analysis of the co-evolutionary aspects hinted in this study will demand additional
virus identification and sequencing, especially those infecting protozoa or plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/10/1942/s1,
Figure S1: Quadruplex motifs found by viral genome classification and by strand, Figure S2: Quadruplex
motifs found in eukaryotes, by strand, Figure S3: Genome metrics and PQS content in the Herpesviridae
family of dsDNA viruses, Figure S4: G4 motif loop content in various eukaryotes, Figure S5: Consensus motif
discovery in the quadruplex sequences found in promoter regions of the human genome, Table S1: G-quadruplex
sequences (and coordinates) found in seven viral taxa, Table S2: Genome metrics and quadruplex sequences for 93
herpesvirus genomes.
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Abstract: Protein-RNA interactions (PRIs) control pivotal steps in RNA biogenesis, regulate multiple
physiological and pathological cellular networks, and are emerging as important drug targets.
However, targeting of specific protein-RNA interactions for therapeutic developments is still poorly
advanced. Studies and manipulation of these interactions are technically challenging and in vitro
drug screening assays are often hampered due to the complexity of RNA structures. The binding of
nucleolin (NCL) to a G-quadruplex (G4) structure in the messenger RNA (mRNA) of the Epstein-Barr
virus (EBV)-encoded EBNA1 has emerged as an interesting therapeutic target to interfere with
immune evasion of EBV-associated cancers. Using the NCL-EBNA1 mRNA interaction as a model,
we describe a quantitative proximity ligation assay (PLA)-based in cellulo approach to determine
the structure activity relationship of small chemical G4 ligands. Our results show how different
G4 ligands have different effects on NCL binding to G4 of the EBNAT mRNA and highlight the
importance of in-cellulo screening assays for targeting RNA structure-dependent interactions.

Keywords: structure-activity relationship; protein-mRNA interactions; G-quadruplexes; PhenDC3;
pyridostatin; EBNA1; Epstein-Barr virus (EBV)

1. Introduction

Accumulating evidence indicates an ever-expanding role for RNAs in regulating most aspects
of cell biology that range from small non-coding RNAs to messenger RNAs (mRNAs). The more
traditional role of mRNAs as “only messengers” is changing and new knowledge is emerging showing
how the encoding sequences are taking on more diverse functions and can influence the activity of the
encoded proteins. Most, if not all aspects of mRNAs, and this is presumably true also for non-coding
RNAs, are governed by interactions with cellular proteins. These ribonucleoproteins (RNP) complexes
control RNA metabolism and form scaffolds to orchestrate and organize protein networks and complex
functional units [1]. Thus, interfering with specific protein-RNA complexes holds promise for new
therapeutic developments as well as furthering our understanding of cell biological process. However,
it is challenging to specifically target protein-RNA interactions (PRIs) for several reasons. One reason
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is that the interactions between proteins and RNAs, in particular mRNAs, are often dependent on RNA
structures. However, the folding of RNAs, the chaperones involved, and how RNA-binding protein
(RBP) specifically recognize certain RNA structures are still relatively unknown. New evidence that
follows technical developments together with studies on disease-related single synonymous mutations
have highlighted that folding of RNAs into 3D structures that serve as a protein-binding platform is
a regulated and dynamic process encompassing relatively large sequences [2-6]. Thus, RNA structures
from the same RNA sequence can be different in vitro as compared to in vivo, making it difficult to set
up in vitro-based drug screening assays to identify compounds that interfere with specific PRIs.

G-quadruplexes (G4) are non-canonical nucleic acid structures based on the stacking of several
G-quartets, further stabilized by cations positioned in the central channel of the G4 helix [7,8].
These structures are frequently found in eukaryotic transcripts [8] and their formation has been
implicated in several steps of gene expression. Indeed, a relevant number of disease-related genes
have been shown to be regulated by G4 structures and their RBP [9]. We have recently reported that
nucleolin (NCL) directly binds G4 formed in the GAr-encoding sequence of the Epstein Barr virus
(EBV) EBNAI mRNA (Figure 1A,B, see also Reference [10]). This interaction is critical for minimizing
EBNA1 mRNA translation and thereby the production of EBNA1-derived antigenic peptides for the
major histocompatibility (MHC) class I pathway, allowing EBV-infected cells to evade the immune
system [11]. As EBV is associated with several human cancers and as all EBV-infected cells express
EBNA1, the EBNA1 mRNA-NCL interaction represents an interesting target for developing drugs
that aim to induce an immune response against EBV-related diseases. It also serves as a broader
model for developing techniques required to study structured RNA-protein interactions. Here, we use
the NCL-EBNA1 mRNA interaction to illustrate how different compounds binding to the same G4
have specific effects on the interaction with NCL in cellulo. This illustrates a so far unknown role of
G4 structures in mediating specific interactions with proteins, indicating that particular G4-protein
interactions can be targeted specifically. We also report how to generate quantitative data using
proximity ligation to verify the capacity of different G4 ligands to prevent NCL-EBNAI mRNA
interactions and their role in controlling EBNAT mRNA translation.

2. Materials and Methods

2.1. Cell Culture, Transfection, and Drug Treatments

The human lung carcinoma cell line H1299 and the EBV-producing marmoset B-cell line B95-8
were cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin. H1299 transient transfections were performed
using Genejuice reagent (Merck Bioscience, Darmstadt, Germany) according to manufacturer’s
protocol. All cells were cultured at 37 °C with 5% CO,. For drug treatments, 10° B95-8 cells were
incubated with 5 uM of PhenDC3 [12] or pyridostatin (PDS, Sigma-Aldrich (now Merck), Darmstadt,
Germany) for 36 h. Drug stock solutions were prepared in DMSO (Euromedex, Strasbourg, France).

2.2. RNA In Situ Hybridization-Immunofluorescence (rISH-IF) and Immunofluorescence (IF)

H1299 cells were plated on 12-mm-diameter coverslips in 24-well plates and transfected
with 200 ng of EBNA1 construct [13]. At 24 h post-transfection, cells were fixed with PBS 4%
paraformaldehyde for 20 min and then washed with PBS for 10 min. For rISH-IF, samples
were overnight incubated in 70% (v/v) ethanol at 4 °C. After rehydration in PBS for 30 min,
samples were permeabilized with PBS 0.4% Triton X-100, 0.05% CHAPS for 10 min at room
temperature, and pre-treated with hybridization buffer (10% formamide, 2X SSC, 0.2 mg/mL E. coli
522 tRNAs, 0.2 mg/mL sheared salmon sperm DNA and 2 mg/mL BSA) for 30 min at room
temperature. Samples were then incubated overnight with 50 ng of an EBNA1-digoxigenin DNA
probe (5" CTTTCCAAACCACCCTCCTTTTTTGCGCCTGCCTCCATCAAAAA-digoxigenin 3) in a
humidified chamber at 37 °C. To avoid secondary structures, the probe was diluted in 5 puL of water,
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denaturated at 80 °C for 5 min, chilled on ice for 5 min, and resuspended in 35 uL of hybridization
buffer. After hybridization, samples were serially washed for 20 min with 2X SSC 10% formamide,
hybridization buffer (twice), 2X SSC, and PBS. Washes were carried out at room temperature, except
with hybridization buffer (37 °C). Samples were saturated with PBS 3% BSA for 30 min and incubated
with a mouse anti-digoxigenin (1/200, clone DI-22, Sigma) for 2 h at room temperature. A goat
anti-mouse immunoglobulin G (IgG) secondary antibody conjugated to Alexa Fluor® 568 (Sigma) was
used to detect immunocomplexes (1 h at 37 °C) and DAPI was used for nuclear counterstaining under
standard conditions. For IF, fixed samples were saturated with PBS 3% BSA for 30 min, incubated
with rabbit polyclonal antibody anti-NCL (1/1000, ab22758-Abcam) for 2 h and goat anti-rabbit Ig
secondary antibody conjugated to Alexa Fluor® 488 (Sigma) for 1 h at 37 °C. DAPI was used for
nuclear counterstaining.

2.3. Sequence of EBENA1 cDNA

The sequence of EBNA1 cDNA (GenBank: MG021311.1) is as follows (the GAr-encoding sequence
which forms G4 is highlighted in cyan):

ATGTCTGACGAGGGACCAGGTACAGGACCTGGAAATGGCCTAGGACAGAAGGAAGACAC
ATCTGGACCAGACGGCTCCAGCGGCAGTGGACCTCAAAGAAGAGGGGGGGATAACCATGGAC
GAGGACGGGGAAGAGGACGAGGACGAGGAGGCGGAAGACCAGGAGCTCCGGGCGGCTCAG
GATCAGGGCCAAGACATAGAGATGGTGTCCGGAGACCCCAAAAACGTCCAAGTTGCATTGGC
TGCAAAGGGGCCCACGGTGGAACAGGAGCAGGAGGAGGGGCAGGAGCAGGAGGGGCAGGA
GCAGGAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGCAGGAGGAGCAGGAGGAGGGGC
AGGAGCAGGAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAG
CAGGAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGGAGGAGGAGGGGCAGGAGCAGGA
GGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGGGGCAGGAGC
AGGAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGCAGGAG
GGGCAGGAGCAGGAGGAGGGGCAGGAGCAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGA
GCAGGAGGAGGGGCAGGAGCAGGAGGGGCAGGAGCAGGAGGGGCAGGAGCAGGAGGGGC
AGGAGCAGGAGGGGCAGGAGGAGGAGGAGCAGGAGGGGCAGGAGGGGCAGGAGCAGGAG
GGGCAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGGGGCAGGAGCAGGAGGAGGGGCA
GGAGGGGCAGGAGCAGGAGGGGCAGGAGGGGCAGGAGCAGGAGGGGCAGGAGGGGCAGG
AGCAGGAGGGGCAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGCAGGAGGGGCAGGAG
CAGGAGGTGGAGGCCGGGGTCGAGGAGGCAGTGGAGGCCGGGGTCGAGGAGGTAGTGGA
GGCCGGGGTCGAGGAGGTAGTGGAGGCCGCCGGGGTAGAGGACGTGAAAGAGCCAGGGGG
GGAAGTCGTGAAAGAGCCAGGGGGAGAGGTCGTGGACGTGGTGAAAAGAGGCCCAGGAGT
CCCAGTAGTCAGTCATCATCATCCGGGTCTCCACCGCGCAGGCCCCCTCCAGGTAGAAGGCC
ATTTTTCCACCCTGTAGGGGAAGCCGATTATTTTGAATACCACCAAGAAGGTGGCCCAGATGG
TGAGCCTGACATGCCCCCGGGAGCGATAGAGCAGGGCCCCGCAGATGACCCAGGAGAAGGC
CCAAGCACTGGACCCCGGGGTCAGGGTGATGGAGGCAGGCGCAAAAAAGGAGGGTGGTTT
GGAAAGCATCGTGGTCAAGGAGGTTCCAACCAGAAATTTGAGAACATTGCAGAAGGTTTAAG
AACTCTCCTGGCTAGGTGTCACGTAGAAAGGACTACCGATGAAGGAACTTGGGTCGCCGGTG
TGTTCGTATATGGAGGTAGTAAGACCTCCCTTTACAACCTCAGGCGAGGAATTGCCCTTGCTAT
TCCACAATGTCGTCTTACACCATTGAGTCGTCTCCCCTTTGGAATGGCCCCTGGACCCGGCCCA
CAACCTGGCCCACTAAGGGAGTCCATTGTCTGTTATTTCATTGTCTTTTTACAAACTCATATATTT
GCTGAGGGTTTGAAGGATGCGATTAAGGACCTTGTTATGCCAAAGCCCGCTCCTACCTGCAATA
TCAAGGCGACTGTGTGCAGCTTTGACGATGGAGTAGATTTGCCTCCCTGGTTTCCACCTATGGT
GGAAGGGGCTGCCGCGGAGGGTGATGACGGAGATGACGGAGATGAAGGAGGTGATGGAG
ATGAGGGTGAGGAAGGGCAGGAGTGA
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2.4. Proximity Ligation Assay (PLA)

H1299 cells were plated and fixed as previously described. For experiments using B95-8,
12-mm-diameter coverslips were coated with poly-L-lysine 0.01% (Sigma) for 30 min and air-dried
for 5 min in 24-well plates. B-cells were then resuspended in PBS, plated on pre-treated coverslips
and incubated for 2 h at room temperature. After a wash with PBS for 5 min, cells were fixed with
PBS 4% paraformaldehyde for 20 min and re-washed with PBS for 10 min. Following fixation, both
cell lines were processed for in situ hybridization according to the rISH-IF protocol. Samples were
then saturated with PBS 3% BSA for 30 min and incubated for 2 h at room temperature with a mix
of primary antibody containing the mouse anti-digoxigenin and the rabbit anti-nucleolin previously
described. Subsequently, PLA was carried out using the Duolink PLA in situ kit (Sigma), anti-rabbit
plus and anti-mouse minus probes (Sigma) following the manufacturer’s protocol.

2.5. Microscopy and Image Analysis

Samples were examined with an LSM 800 confocal laser microscope (Carl Zeiss Microlmaging,
Jena, Germany). Image] [14] was used for analysis of images. PLA signals were quantified in 100 cells
per sample according to the protocol provided as Supplementary materials. Data analysis was carried
out by ANOVA with Tukey HSD test using GraphPad Prism 5 for Windows (GraphPad Software,
San Diego, CA, USA). Data shown are mean =+ SD of three independent experiments.

3. Results and Discussion

3.1. Detection of EBNA1 mRNA and NCL by rISH-IF and IF

EBNAL1 is essential for EBV genome maintenance and, as such, is expressed in all EBV-carrying
cells, including cancers. Because EBNA1 is highly antigenic, EBV has evolved a sophisticated
strategy to evade the immune detection of latently infected cells by limiting EBNAT mRNA
translation and, as a consequence, by minimizing the production of antigenic peptides for the major
histocompatibility (MHC) class I pathway [13]. Nucleolin (NCL) directly binds G4 structures in the
GAr (the glycine-alanine rich domain of EBNA1)-coding sequence of the EBNAT mRNA and this is
essential for suppressing the translation of the EBNAI mRNA and the production of antigenic peptides
(Figure 1A,B). A small G4 ligand, PhenDC3, can displace NCL from the EBNAT message and augment
its translation, thereby increasing the production of antigenic peptides and triggering CD8* T cell
response [11]. Interestingly, another study based on in vitro translation showed that pyridostatin (PDS),
another G4-binding compound frequently used as benchmark, instead further suppressed EBNA1
mRNA translation [15]. This observation is surprising, as it has previously not been appreciated that
G4 ligands can have different effects on the function of the G4 or on their interaction with cellular
factors. In this context, G4 structures might be targeted in a specific way by therapeutic intervention,
opening a so far unknown field of drug target validation in cellulo. In order to shed light on the
apparent discrepancy between how different G4 ligands act on the NCL-EBNAT mRNA interaction
and thus their potential use as compounds that can trigger an immune reaction against EBV-carrying
cancers, we developed a protocol based on proximity ligation (Figure 1C,D). This approach allows us
to overcome difficulties with RNA folding in vitro to quantitatively study endogenous protein-mRNA
interactions in cellulo and to avoid using large tags and overexpression system. By combining in-cellulo
data with in vitro assays, this approach has the advantage of providing a straightforward and easy
confirmation of the relevance of in vitro studies based on recombinant proteins and synthetic RNAs
with in vivo data. In addition, we developed a method to quantify protein-mRNA interactions, which
could allow structure-activity relationship (SAR) studies in cellulo to be carried out on a specific
RNA-protein interaction.
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Figure 1. (A) cartoon depicting the interaction between nucleolin (NCL) and the G4 formed in
the GAr-encoding sequence of EBNAT mRNA. This interaction is crucial for EBNA1/Epstein-Barr
virus (EBV) immune evasion as it inhibits both EBNAT mRNA translation and the production of
EBNAI-derived antigenic peptides, hence limiting the production of EBNA1 to the minimal level
to fulfill its essential role in maintenance and replication of the viral genome and, at the same time,
allowing EBNAT1 to evade the immune system. (B) If the interaction between EBNA1 G4 and NCL
is compromised or lost (e.g., when EBNA1AGAr, a form of EBNA1 deleted for its GAr domain, is
expressed), then full length EBNA1AGATr protein as well as EBNA1-derived antigenic peptides are
expressed at a higher level, leading to recognition of EBV-infected cells by the immune system of the
host. (C) Schematic depicting the principle of the proximity ligation assay (PLA) between two proteins
(or two epitopes of the same protein). (D) Schematic depicting the adaptation of the PLA to visualize
protein/mRNA interactions in cellulo.

The proximity ligation assay (PLA) was originally conceived to detect proteins in close proximity.
For this, one pair of primary antibodies raised in two different species is used to target the two proteins
of interest (Figure 1C). Afterwards, DNA strand-conjugated secondary antibodies and enzymatic
reactions are employed to generate fluorescent reporter molecules [16]. Since we aimed to explore
a protein-mRNA interaction, a hybridization step was added in order to tag the mRNA of interest
with a complex recognizable by antibodies (Figure 1D). A similar approach has been reported for
DNA-protein interactions [17]. Therefore, as an initial step, EBV negative cells transfected, or not, with
an EBNAI1 construct were analyzed by RNA in situ hybridization coupled to immunofluorescence
(rISH-TF). This enabled us to first validate the hybridization conditions using the digoxigenin-labelled
EBNA1 probe and the mouse anti-digoxigenin primary antibody to be employed in the PLA (Figure 2A).
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IF was also performed to determine the appropriate conditions for detecting endogenous NCL using
a rabbit anti-NCL antibody (Figure 2B). Altogether, these assays demonstrated an accumulation of
NCL and EBNAT mRNA in the nucleus.

A. H1299 cells, rISH-IF B. H1299 cells, I[F

EBNA1mRNA Nucleolin

C. H1299 cells, PLA D. B95-8 cells, PLA

Nucleolin EBNA1 mRNA interaction Nucleolin EBNA1 mRNA interaction

Figure 2. Use of PLA for the study of a protein-mRNA interaction. (A) H1299 cells were transfected
with EBNAT and analyzed by RNA in situ hybridization-immunofluorescence (rISH-IF) to verify the
specificity of the EBNAI-digoxigenin probe and to validate the detection of probe-mRNA complexes
using a mouse anti-digoxigenin antibody. Immunocomplexes were detected using an anti-mouse
Alexa Fluor® 568-conjugated secondary antibody, revealing the accumulation of EBNAT mRNA in the
nucleus. EBNAT mRNA is depicted in red. (B) Immunofluorescence (IF) was performed in H1299 cells
using a rabbit anti-nucleolin antibody to set up the appropriate conditions for detection of endogenous
NCL. The expected labelling of NCL in the nucleolus was confirmed. (C) PLA in EBNAI-transfected
H1299 cells using mouse anti-digoxigenin and rabbit anti-nucleolin tested in (A) and (B). Anti-rabbit
and anti-mouse Ig PLA probes were used following the manufacturer’s protocol to generate PLA
complexes depicted as white dots. Each dot represents an interaction between NCL and EBNAT mRNA.
(D) The EBV-transformed B-cell line B95-8 was tested for endogenous NCL-EBNAT mRNA interaction
under the same conditions used in (C). PLA uncovered this interaction in the nuclear compartment as
in EBNAI-transfected H1299 cells shown in (C). Scale bars represent 10 um.

3.2. Analysis of NCL-EBNA1 mRNA Interactions by Proximity Ligation

PLA was then carried out to detect the NCL-EBNAT mRNA interactions in situ using either
transfected cells or EBV-infected cells. PLA complexes are depicted as white dots and each dot
represents an interaction between NCL and EBNAT mRNA. In line with rISH-IF and IF results,
interactions were uncovered in or at the close vicinity of the nuclear compartment of EBNA1-transfected
cells (Figure 2C) and EBV-transformed lymphoblastic B95-8 cells (Figure 2D), confirming that NCL
binds EBNA1 mRNA in the nucleus of virus-carrying cells. During and after transcription, mRNAs
undergo a complex maturation process relying on a large repertoire of RBP and indeed, protein-mRNA
interactions control pivotal steps of mRNA biogenesis and function [18]. In addition, evidence is
accumulating that these interactions play a broader role in cellular processes, regulating multiple
enzymatic and metabolic activities [19]. Hence, these results denote that EBV exploits host cell mRNA
maturation process/es in order to hamper translation and thus immune responses.
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3.3. Use of Quantitative PLA to Evaluate the Effect of RNA-Binding Drugs on NCL-EBNA1
mRNA Interactions

An estimated 2-3% of cancers are associated with EBV, making GAr-based EBNA1 immune
evasion an important target for therapeutic approaches against EBV-related cancers [20,21]. Therefore,
the binding of NCL to G4 in EBNAT mRNA represents a promising target for novel therapeutic
strategies aimed at stimulating immune recognition of EBV-carrying cancers. This, and the fact that
different compounds bind the G4 of the EBNAT mRNA, makes this an interesting model system for
the identification of compounds that interfere with a specific RNA-protein interaction. Since NCL
binds specifically G4 within EBNA mRNA [11], we treated, or not, B95.8 cells with the G4 ligands PDS
or PhenDC3 (Figure 3) and evaluated the effect of treatments on this interaction using PLA. Of note,
PhenDC3, but not PDS, reduced the NCL-EBNAT mRNA interaction (Figure 4A). This is surprising as
both compounds bind strongly the EBNAT mRNA G4 structure in vitro [11,22]. In addition, a previous
report has shown that PDS suppresses EBNA1 synthesis in vitro [15], while PhenDC3 increases the
levels of EBNA1 in cellulo [11]. Altogether, these contrasting results indicate that different G4 ligands
may induce distinct biological responses and complementary assays are required to determine the
activity of these compounds in the cellular context. To refine this finding, we developed a protocol to
quantify PLA results using the public domain image processing program Image] (Figure 4B and
Supplementary materials). As advantages, quantitative PLA generates information suitable for
statistical tests, avoids subjective data interpretation, and enables the estimation of differences less
evident by the comparison of single images. This approach revealed a remarkable difference between
the ability of PDS and PhenDC3 in preventing the NCL-EBNAI mRNA interaction (Figure 4C). It has
been reported that by binding to an RNA fold, small molecules can alter RNA structure, inhibiting
or enhancing protein-RNA associations [23]. Therefore, one could speculate that PDS and PhenDC3
may modify G4 structure in a different way, thereby preventing, or not, the binding of NCL, which
can help to explain the discrepancy between these two G4 ligands. Alternatively, the difference
between these two compounds in their ability to prevent NCL binding to G4 of EBNAT mRNA may be
due to differential affinities for these G4. In line with this hypothesis, we have previously observed
that PDS binding affinity for EBNA1 G4 is significantly weaker when compared to PhenDC3 as
evaluated by G4-FID assay: DCs (PDS) =~ 0.47 uM); DCs (PhenDC3) =~ 0.26 uM. This was further
confirmed by the thermal stabilization values (ATm) measured by the FRET-melting assay on EBNA1
G4 (ATm PDS = 14.3 °C; ATm PhenDC3 = 20.5 °C [11]. Although the two assays are calibrated for
selecting high affinity binders, the difference is nonetheless significant. Thus, it is tempting to deduce
that the higher affinity of PhenDC3 for the EBNA1 G4 might give it an advantage when placed in
a complex cellular milieu, thereby allowing this compound, and not PDS, to prevent NCL binding by a
competitive mechanism (Figure 4D). In support of this we have previously shown that PhenDC3 is able
to inhibit the pulldown of NCL by EBNA1 G4-coated beads, whereas PDS has no effect in the same
conditions [11]. However, one can consider this last possibility quite unlikely, as the affinity of PDS for
the EBNAT mRNA G4 structure is quite high per se, at least in vitro. Hence, PDS should also prevent
NCL binding, although less efficiently than PhenDC3. Finally, another possibility is that PDS and
PhenDC3 may have different binding sites on EBNAT mRNA G4. In particular, a ternary interaction
could exist between PDS/NCL/EBNAT1 mRNA G4 as has been observed in the case of TERRA G4,
the G4 ligand carboxypyridostatin (cPDS, a chemical derivative of PDS), and anti-G4 antibodies [24],
whereas PhenDC3 and NCL may share the same, or overlapping, binding site(s). The number of
binding sites may also strongly differ from one G4 ligand to another, especially with long G4-forming
domains like the GAr-encoding sequence of EBNAT mRNA [25]. All these possibilities highlight
the importance of methods enabling the study of RNA-protein interactions and the control of these
interactions by candidate molecules in presence of the multiple biological entities within the cell.
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Figure 4. PLA as a tool for the characterization of RNA-binding drugs. (A) B95-8 cells treated with the
G-quadruplex (G4) ligands pyridostatin (PDS) or PhenDC3 were tested for the NCL-EBNAT mRNA
interaction using PLA. PhenDC3, but not PDS, was shown to prevent the interaction, denoting that
PhenDC3 competes specifically with NCL for binding EBNAT mRNA G4. (B) Quantitative PLA
was performed to quantify the effect of PDS and PhenDC3 on NCL-EBNAT mRNA interactions.
One hundred cells from control (DMSO)-, PDS-, and PhenDC3-treated groups were imaged and the
number of interactions per cell was estimated using a customized protocol in Image]. Upper and
lower lanes depict images before and after analysis, respectively. Open circles represent the nucleus
included in the analysis and red dots depict PLA complexes. Cells located in the border of images and
dots found outside filtered nucleus were excluded from the analysis. (C) Histogram displaying the
number of NCL-EBNAT mRNA interactions per cell from control (DMSO)-, PDS-, and PhenDC3-treated
groups. Data shown are mean + SD of three independent experiments performed as described in (B).
(D) Schematic depicting the use of PLA to evaluate the effect of PDS and PhenDC3 on the NCL-EBNA1
mRNA interactions in EBV-infected B95-8 cells. PhenDC3, but not PDS, competes with NCL for binding
EBNA1 mRNA G4. One possible explanation for this difference (differential binding sites for PhenDC3
and PDS, the latter forming a ternary complex EBNA1 mRNA /NCL/PDS, whereas PhenDC3 and NCL
would share a common binding site) is shown. By preventing this interaction, PhenDC3 stimulates
the translation of the EBNAT mRNA and the production of EBNA1-derived antigenic peptides for
the MHC class I pathway. PDS and PDC3 mean pyridostatin and PhenDC3, respectively. Scale bars
represent 10 um.

4. Concluding Remarks

Protein-mRNA interactions influence multiple aspects of cellular function. However, in spite
of progress experienced over the last decades, the study of these interactions has been restricted
to assays technically demanding and unable to provide accurate information at subcellular levels.
In this context, PLA represents an attractive alternative to overcome these limitations, opening new
avenues for the study of protein-mRNA interactions in cellulo. We provided evidences that PLA can
be coupled to quantitative analysis and be successfully employed to screen molecules interfering with
target protein-mRNA interactions. Additionally, the approach described here can be adapted to other
technologies, like flow cytometry, for medium to high throughput drug screening. This highlights
the potential of mRNA-protein PLA as a tool for efforts focused not only on targeting specific G4
structures, but more generally for drug development based on disruption of specific protein-RNA
structure complexes.
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Abstract: The role of local DNA structures in the regulation of basic cellular processes is an emerging
field of research. Amongst local non-B DNA structures, the significance of G-quadruplexes was
demonstrated in the last decade, and their presence and functional relevance has been demonstrated
in many genomes, including humans. In this study, we analyzed the presence and locations
of G-quadruplex-forming sequences by G4Hunter in all complete bacterial genomes available in
the NCBI database. G-quadruplex-forming sequences were identified in all species, however the
frequency differed significantly across evolutionary groups. The highest frequency of G-quadruplex
forming sequences was detected in the subgroup Deinococcus-Thermus, and the lowest frequency in
Thermotogae. G-quadruplex forming sequences are non-randomly distributed and are favored in
various evolutionary groups. G-quadruplex-forming sequences are enriched in ncRNA segments
followed by mRNAs. Analyses of surrounding sequences showed G-quadruplex-forming sequences
around tRNA and regulatory sequences. These data point to the unique and non-random localization
of G-quadruplex-forming sequences in bacterial genomes.

Keywords: G-quadruplex; bacteria; bioinformatics; deinococcus; G4Hunter

1. Introduction

The discovery of the B-DNA structure by Crick and Watson started a rapid growth in genetic and
molecular biology research [1]. However, it is now clear that, apart from this well-known double helical
DNA structure, other forms of secondary structure participate in various basic processes [2]. The
presence of various local DNA structures including cruciforms [3], quadruplexes [4] and triplexes [5]
has been demonstrated by various methodological approaches. For example, G-quadruplexes (G4)
were studied by crystallography as far back as 1962 [6]. G4s are secondary structures formed by
guanine rich sequences which are widespread in DNA and RNA [4]. The building block for a G4 is a
guanine quartet formed by G:G Hoogsteen base pairs (Figure 1). G4 formation requires the presence of
monovalent cations such as Na* and K* [7]. Formation of this structure regulates various processes
including gene expression [8], protein translation [9] and proteolysis pathways [10] in both prokaryotes
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and eukaryotes. In human, G4s are formed in various regions including sub-telomeres, gene bodies and
gene regulatory regions [11] and in telomere regions to suppress degradation and maintain genomic
stability [12]. Formation of G4s in this region decreases telomerase activity and decreases the chances
of cancer development [13,14]. In addition, the proto-oncogene MYC is bound by nucleolin in its
hypersensitive region III and enhances G4 folding and suppresses MYC transcription [15]. Therefore,
it has been suggested that anticancer therapy will be possible by targeting G4s [16-18]. Moreover,
it has been demonstrated that G4-stabilizing ligands modulate gene transcription [11]. It is already
known that clusters of G4-forming sequences induce gene expression and that they are distributed
near promoters and 5 UTRs. Replication-dependent DNA damage evidenced by G4 ligands have also
been discovered in tumor suppressor genes and oncogenes [19]. Another potential therapeutic option
is to target G4-binding proteins. Many proteins are known to bind to G4s, including some proteins
important in cancer [20,21]. Moreover, novel G4 binding proteins have been suggested, sharing the
NIQI amino acid motif (RGRGR GRGGG SGGSG GRGRG) [22].
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Figure 1. G-quadruplexes: (A) guanine tetrad stabilized by Hoogsten base pairing and positively
charged central ion; (B) schematic drawing of intramolecular G4 structure arising from double stranded
DNA; (C) G4Hunter, a new user-friendly web server for high throughput analyses of G4-forming
sequences in DNA; and (D) 3D model of intramolecular antiparallel G4 formed from the sequence
(5’-GGGGTGTGGGGTGT GGGGTGTGGGGTGT-3’) found in Microcystis aeruginosa built using 3D-NuS
webserver [23].

Due to the roles of G4s in regulating basic cellular processes, it is essential to identify the location
of G4s in genomes. Several algorithms for detecting expected matching patterns for G4 formation
are already described. The first algorithm [GnNmGnNoGnNpGn] was created by Balasubramanian
and colleagues [24] and the second algorithm considering occurrence of repeating unit G, (n > 2) was
created by the group of Maizels [25]. Nevertheless, these algorithms only produce binary (yes/no;
match/no match) results, rather than the quantitative analyses that are mandatory for correlation with
quadruplex strength metrics. G4Hunter was developed to overcome this limitation, in which G4
propensity is calculated depending on G richness and G skewness [26].

90



Molecules 2019, 24,1711

Bacterial genetic material is stored mostly in circular chromosomes and plasmids [27]. It was
demonstrated that secondary structures in bacterial genomes are responsible for genomic stability [28].
In addition, G4 structures are more stable than double stranded DNA due to slower unfolding
kinetics [29]. Nevertheless, fewer studies on role of G4 in bacterial survival and virulence have been
carried out [30]. A comparative functional analysis by Pooja et al. revealed that open reading frame
(ORF) formulated amino acids biosynthesis and signal transduction are restrained by/controlled by G4
DNA in prokaryotes [31]. There are have been many reports on the role of G4s in eukaryotes over
many years [32], although advances in prokaryotic G4s are not fully elucidated [33].

The formation of an intramolecular G4 requires the presence of a loop sequence between
the G-tracts [34] and the density of G4 therefore broadly correlates with GC content. The GC
content in bacterial genomes varies remarkably, from 17% to 75% [35]. It was demonstrated that
G4 forming sequences are enriched and biased around transcription start sites of genes in the
order Deinococcales [36]. Another function of G-tracts is in sustaining and maintaining duplex
stability at higher temperatures in thermophiles; for example, Thermus aquaticus has a GC content of
68% [37]. Interestingly, the soil bacterium Paracoccus denitrificans contains 494 G4-forming sequences,
which play roles in digestion of NO3- through G4 formation upstream of NasT [38]. The presence
of G4-forming motifs in genes hsdS, recD, and pmrA of Streptococcus pneumoniae participate in
host—pathogen interactions [30]. Such observations show the significance role of G4 in bacteria
and also in eukaryotic cell organelles such as chloroplasts and mitochondria with circular DNAs that
originated from prokaryotic organisms. Several papers show the importance of local DNA structures
in mitochondrial DNA including G4 using G4Hunter [26] and inverted repeats [39] using palindrome
analyzer [40]. Similarly, cruciforms exist in various regulatory regions in chloroplast DNA [41].

The presence of G4 in bacteria remains poorly understood. In our study, we comprehensively
analyzed the presence and locations of G4 in 1627 bacterial genomes using G4Hunter. These data bring
more information about evolutionary changes of G4 frequency between phyla and provide evidence
for the importance of G4 in prokaryotes.

2. Results

2.1. Variation in Frequency for G4-forming Sequences in Bacteria

We analyzed the occurrence of putative G4 sequences (PQS) by G4Hunter in all 1627 known
bacterial genomes. The length of bacterial genomes in the dataset varies from 298 kbp to 20.20 Mbp.
The GC content average is 50.44%, with minimum 20.2% for Buchnera aphidicola (Gammaproteobacteria)
and maximum 74.7% for Corynebacterium sphenisci (Actinobacteria). Using standard values for
G4Hunter algorithm—window size 25 and G4Hunter score above 1.2—we found 9,202,364 PQS in all
1547 bacteria with 1627 genomes (some bacteria have two genomes). The most abundant PQS are those
with G4Hunter scores of 1.2-1.4 (97.9% of all PQS), much less abundant are PQS with G4Hunter scores
1.4-1.6 (1.96% of all PQS), followed by 1.6-1.8 (0.128% of all PQS) and 1.8-2.0 (0.0056% of all PQS)
and the lowest number of PQS is above G4Hunter score 2 (0.0009% of all PQS). In general, a higher
G4Hunter score means a higher probability of G4s forming inside the PQS [26]. A summary of all PQS
found in ranges of G4Hunter score intervals and precomputed PQS frequencies per 1000 bp is shown
in Table 1.

According to NCBI taxonomy classification, the fully sequenced organisms of Bacteria domain are
divided into 18 groups (6 with 10 or more sequenced genomes) and 39 subgroups (14 with 10 or more
sequenced genomes), as shown in the phylogenetic tree (Figure 2). For statistical analyses, we used
only groups with 10 or more sequenced genomes (highlighted by colors).

The number of all analyzed sequences in individual phylogenetic categories, together with median
genome length, shortest genome, longest genome, mean, minimal and maximal observed frequency
of PQS per 1000 bp and total PQS counts are shown in Table 2. Five subgroups (Actinobacteria,
Chloroflexi, Deinococcus-Thermus, Alphaproteobacteria and Betaproteobacteria) show >60% GC
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content. On the other side, three subgroups (Spirochaetia, Thermotogae and Tenericutes) show < 40%

GC content.

Bacteria —

(1547)

Calditrichaeota (1)

Calditrichae (1)

Synergistetes (4)

Synergistia (4)

Spirochaetes (33)

Spirochaetia (33)

Thermotogae (16)

Thermotogae (16)

Aquificae (8)

Aquificae(8)

Chrysiogenetes (1)

Chrysiogenetes (1)

PVC group (28)

Chlamydiae (12)
Planctomycetes (8)
Kiritimatiellaeota (1)
Verrucomicrobia (7)

Elusimicrobia (3)

Elusimicrobia (1)
Endomicrobia (1)
environmental samples (1)

Deferribacteres (4)

Deferribacteres (4)

FCB group (115)

Gemmatimonadetes (2)
Fibrobacteres (1)
Bacteroidetes/Chlorobi group (112)

Dictyoglomi (1)

Dictyoglomia (1)

[I LT 1 T 1T[]]]

Caldiserica (1)

Caldiserica (1)

Thermodesulfobacteria (4) l—'

Thermodesulfobacteria (4)

Acidobacteria (6)

Blastocatellia (1)
Acidobacteriia (5)

Nitrospirae (5)

Nitrospira (5)

L I L]

Fusobacteria (6)

I_
—
—

Fusobacteriia (6)

|

Terrabacteria group (650) I—

Cyanobacteria/Melainabacteria group (29)
Chloroflexi (11)

Tenericutes (52)

Armatimonadetes (1)

Actinobacteria (245)
Deinococcus-Thermus (18)

Firmicutes (292)

Coprothermobacterota (1)

unclassified Terrabacteria group (1)

—

Proteobacteria (661)

}_

Proteobacteria (3)

Oligoflexia (4)

delta/epsilon subdivisions (92)
Betaproteobacteria (96)
Alphaproteobacteria (193)
Gammaproteobacteria (273)

Figure 2. Phylogenetic tree of inspected Bacterial Groups and Subgroups.
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Table 1. Total number of PQS and their resulting frequencies per 1000 bp in all 1547 representative
bacteria, grouped by G4Hunter score. Frequency was computed by using total number of PQS in each
category divided by total length of all analyzed sequences and multiplied by 1000.

Interval of G4Hunter Score ~ Number of PQS in Dataset PQS Frequency per 1000 bp
12-14 9,009,593 1.315033
14-1.6 180,395 0.025058
1.6-1.8 11,779 0.00155
1.8-2.0 511 0.000055
2.0-more 86 0.000009

Table 2. Genomic sequences sizes, PQS frequencies and total counts. Seq (total number of sequences),
Median (median length of sequences), Short (shortest sequence), Long (longest sequence), GC %
(average GC content), PQS (total number of predicted PQS), Mean f (mean frequency of predicted
PQS per 1000 bp), Min f (lowest frequency of predicted PQS per 1000 bp), Max f (highest frequency of
predicted PQS per 1000 bp). Colors correspond to phylogenetic tree depiction.

Domain Seq Median Short Long GC% PQS Meanf Minf Maxf
Bacteria 1627 3,307,820 83,026 13,033,779  50.6 9,202,364  1.342 0.013  14.213
Group Seq Median Short Long GC% PQS Meanf Minf Maxf
Spirochaetes 38 2,646,038 277,655 4,653,970 39.7 87,109 0.809 0.079  6.668
Thermotogae 16 2,150,379 1,884,562 2,974,229 39.1 13,617 0.395 0.149  0.812
PVC group 28 2,917,407 1,041,170 9,629,675 50.7 198,358 1.646 0.388  4.802
FCB group 117 3,914,632 605,745 9,127,347 423 302,949 0.608 0.013  2.746
Terrabacteria 659 3,018,755 91,776 11,936,683 504 4,766,517  1.601 0.016  14.213
Proteobacteria 724 3,551,512 83,026 13,033,779 534 3,688,101 1276 0.025  5.507
Other 45 2,157,835 1,012,010 6,237,577  44.3 145,713 1.103 0.062  5.855
Subgroup Seq Median Short Long GC% PQS Meanf Minf Maxf
Spirochaetia 38 2,646,038 277,655 4,653,970 39.7 87,109 0.809 0.079  6.668
Thermotogae 16 2,150,379 1,884,562 2,974,229 39.1 13617 0.395 0.149  0.812
Chlamydiae 12 1,168,953 1,041,170 3,072,383 40.3 12453 0.646 0.388  0.957

Bacteroidetes/Chlorobi 114 3,878,527 605,745 9,127,347 419 282,516 0.585 0.013  2.746
Cyanobacteria/Melaine 29 5315554 1,657,990 9,673,108 42.6 193,894 1.247 0.201 6.004

Chloroflexi 12 2,333,610 1252731 5,723,298 60 62,688 1.89 1223 3222
Tenericutes 52 981,001 564,395 1,877,792 28 6460 0.136 0.016  0.834
Actinobacteria 246 3,960,961 775,354 11,936,683  66.2 3,590,884  2.821 0.143  8.556
Deinococcus-Thermus 18 2,895913 2,035,182 3,881,839 66.8 311,949 6.626 1.885 14.213
Firmicutes 298 2,835,823 91,776 8,739,048 40.8 579,740 0.56 0.064  6.587

delta/epsilon subdiv. 92 3,136,746 1,457,619 13,033,779 50 807,281 1.681 0.034 5282
Betaproteobacteria 110 3,763,620 820,037 6,987,670 60.6 585,984 1.306 0.195  4.007
Alphaproteobacteria 213 3,424,964 83,026 9,207,384 61.5 126,134 1.764 0.051  5.507
Gammaproteobacteria 302 3,777,066 298,471 7,783,862 48.8 31,686 0.799 0.025 4.264
other 75 2,406,157 1,012,010 9,629,675 484 432,683 1.406 0.0616  5.855

Mean frequency for all bacterial genomes was 1.342 PQS per 1000 bp. The lowest mean frequency
is for Thermotogae (0.395) and the highest for the PVC group (1.646), followed by Terrabacteria (1.601).
On the subgroup level, the lowest mean frequency was found in Tenericutes (0.136) and the highest in
Deinococcus-Thermus (6.626), followed by Actinobacteria (2.821). The very highest PQS frequency of
14.213 PQS/kbp was found in Thermus oshimai JL-2 (subgroup Deinococcus-Thermus) and the lowest
frequency (0.013 PQS/kbp) in Lacinutrix venerupis (subgroup Bacteroidetes/Chlorobi) containing only
40 PQS in its 31,923,99 bp genome (0.0125 PQS/kbp). Detailed statistical inter group and inter subgroup

comparisons are depicted in Supplementary Material S5 (SM_05).

Detailed statistical characteristics for PQS frequencies (including mean, variance, and outliers) are

depicted in boxplots for all inspected subgroups (Figure 3).
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Figure 3. Frequencies of PQS in subgroups of the analyzed bacterial genomes. Data within boxes span
the interquartile range and whiskers show the lowest and highest values within 1.5 interquartile range.

Black diamonds denote outliers.

We visualized the relationship between %GC content in genomes with the frequency of PQS
(Figure 4). In general, PQS frequencies usually correlate with GC content, however there are many
exceptions to this rule. Organisms with high PQS frequencies relative to their GC content (over 50% of
the maximal observed PQS frequency, Figure 4) are highlighted in color; the whole figure is separated

into smaller segments according to inspected G4Hunter score intervals. Nearly all of the 10 outliers
belong to the group Terrabacteria, except Spirochaeta thermophila DSM 6578 (group Spirochaetes).
From the Terrabacteria group, six outliers belong to the small subgroup Deinococcus-Thermus
(Thermus oshimai JL-2, Thermus brockianus, Thermus aquaticus YS51MC23, Thermus scotoductus SA-01,
Marinithermus hydrothermalis DSM 14884, and Deinococcus puniceus), two outliers belong to the subgroup
Actinobacteria (Verrucosispora maris AB-18-032 and Rubrobacter xylanophilus DSM 9941) and one outlier

comes from the subgroup Cynobacteria/Melainabacteria (Microcystis aeruginosa NIES-843).
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Figure 4. Relationship between observed frequency of PQS per 1000 bp and GC content in all analyzed
prokaryotic sequences in various G4 Hunter score intervals. In each G4Hunter score interval miniplot,
frequencies were normalized according to the highest observed frequency of PQS. Organisms with
max. frequency per 1000 bp greater than 50% are described and highlighted in color.

2.2. Localization of PQS in Genomes

,

To evaluate the position of PQS in bacterial genomes, we downloaded the described “features”
of all bacterial genomes and analyzed the presence of all PQS in each annotated sequences and its
close proximity (100 bp before and after feature annotation). PQS frequencies around annotated
genome sites are shown in Figure 5. The highest PQS frequencies are before and after transfer RNA
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(tRNA), then inside transfer-messenger RNA (tmRNA) and inside ribosomal (rRNA). The lowest PQS
frequencies were noticed before and after sequence-tagged sites (STS), then after and before rRNA and
after miscellaneous features. If we consider only “inside” regions of inspected features, the differences
between features are much smaller than within “before” and “after” regions.
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Figure 5. Differences in PQS frequency by DNA locus. The chart shows PQS frequencies according to
“gene” annotation and other annotated locations from the NCBI database. We analyzed the frequencies
of all PQS within (inside), before (100 bp) and after (100 bp) annotated locations.

As shown in Figure 5, there is no straight pattern in PQS occurrence in all annotated sequences
but, in some groups, there are certain PQS distributions. For example, inside rRNA, tmRNA, ncRNA,
misc_features, genes and repeat regions, there is higher amount of PQS in annotated sequences,
but these PQS are not frequently present in DNA situated before and after these annotated sequences.
In contrast, there is almost the same distribution of PQS before, inside and after annotated sequences
in tRNA and regulatory groups.

3. Discussion

It has been demonstrated that G4s could be used as targets for therapy [42]. G4 ligands are
suggested as a target in cancer [43] and show antiparasitic activity for Trypanosoma brucei binding to a
G4 structure [44]. Therefore, it has been proposed that G4 sequences in bacterial genomes represent
novel and promising targets for antimicrobial therapy [33], and dinuclear polypyridylruthenium(II)
complexes are active against drug-resistant bacteria including Methicillin-resistant Staphylococcus aureus
and Vancomycin-resistant Enterococcus [45,46]. Dinuclear ruthenium complexes are relatively
well-characterized G4 DNA binding agents [47-49]. Interestingly, we found large numbers of PQS with
G4Hunter scores greater than 1.8 in the cyanobacterium Microcystis aeruginosa. Microcystis aeruginosa is
a ubiquitous cyanobacterium living in eutrophic fresh water, which produces harmful hepatotoxins
and neurotoxins, and can cause economic loss and damage to the ecosystem [50]. Our analysis
indicates that this organism contains unusual and perfectly repeated PQSs (for example, DNA repeat
of (GGGGTGT)sg). Therefore, we hypothesize that this organism could be very sensitive to treatment
with specific G4 binding compounds to inhibit its growth, as a possible alternative to commonly used
algicides (the human genome does not contain these GGGGTGT repetitions). On the other hand, the
lowest mean frequency of PQS was found in Terrabacteria subgroup Tenericutes (0.136 PQS/kbp) with
the lowest average GC content (28%). The subgroup Tenericutes includes the genus Mycoplasma with
many pathogens of clinical importance. On the other hand, a G4 was found in the promoter region
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of Mycobacterium tuberculosis and G4 ligands inhibited M. tuberculosis growth in the low micromolar
range [51]. Therefore, the presence of a G4 could be important not only in antiviral [42,52] but also in
antibacterial therapy. According to a recent study by Ding et al., eukaryotic organisms have similar
PQS frequencies of 0.3 PQS per 1000 bp, whereas prokaryote frequencies are more diverse [36]. Based
on our analysis, prokaryote PQS frequencies span a range of 0.013 (Lacinutrix venerupis) to 14.213
(Thermus oshimai JL-2) PQS per 1000 bp. A similar observation was shown by Quadparser algorithm
and leads to the hypothesis that thermophilic organisms are enriched with PSQs due to their living at
high temperatures [36]. However, similar enrichment has been demonstrated also for organisms with
resistance to other stress factors such as radioresistance [53,54], thus the direct correlation between
temperature and G4 presence is not supported by these finding. Validation of the G4Hunter score
was made based on biophysical measurements at room temperature [26], therefore the number of G4
sequences in thermophiles could be overestimated, especially for those sequences with G4Hunter scores
close to 1.2. Moreover, the mostly thermophilic and hyperthermophilic bacteria in phylum Thermotogae
strains has one of the lowest PSQ frequencies. Thus, it seems that Gram-negative thermophilic bacteria
evolved according to G4 structures in a completely different way than Gram-positive thermophilic
bacteria, and that correlation among thermophiles and G4s depends on the phylum. Contrary to the
enrichment of PQS near transcriptional start sites (TSS), 5-3’UTR sequences and coding regions in
eukaryotes [36], our analyses showed the highest PQS frequencies inside tmRNA, ncRNA and rRNA
regions in prokaryotes (Figure 5). tmRNAs play a key role in the so-called ribosome rescue process,
if ribosomes cannot finish translation, e.g. due to lost stop codon in translated mRNA. The physiological
role of ncRNAs in prokaryotes is not fully elucidated, although they are considered to be important
regulators of pathogenic processes by controlling virulence gene expression in Staphylococcus aureus and
Vibrio cholerae [55]. The comparison of PQS frequencies between different studies could be complicated
due to various PQS thresholds and algorithms. In our study, we used the state-of-the-art algorithm,
G4Hunter, developed by Mergny and colleagues. This algorithm takes into account G-richness and
G-skewness and has been experimentally validated [26]. Moreover, the current G4Hunter web version
allows easy analyses of multiple genomes [56] and our comprehensive analysis showed the broad
variations of PQS frequencies and their locations in bacterial genomes.

4. Methods

4.1. Selection of DNA Sequences

The set of all complete bacterial genomic DNA sequences was downloaded from the Genome
database of the National Center for Biotechnology Information [57]. We used for our analyses
only completely assembly level and we have selected one genome (representative) for each species
(Supplementary Material S1 (SM_01)) to avoid non-complete sequences and duplications. In total,
we analyzed the presence of G4 sequences in 1627 genomes from the domain Bacteria, representing
5886 Mbp.

4.2. Process of Analysis

We used the computational core of our DNA analyzer software written in Java [40]. For these
analyses, we used the G4Hunter algorithm implementation [56]. Parameters for G4Hunter was set to
“25” for window size and G4 score above 1.2. An example of a putative G4 sequence found using such
search criteria is provided in Supplementary Material S2 (SM_02). The overall results for each species
group contained a list of species with size of genomic DNA and number of putative G4 sequences
found (Supplementary Material S3 (SM_03)). These data were processed by Python jupyter using
Pandas (contains statistical tools). Graphs were generated from the Pandas tables using “seaborn”
graphical library.
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4.3. Analysis of Putative G4 Sequences Around Annotated NCBI Features

We downloaded the feature tables from the NCBI database along with the genomic DNA sequences.
Feature tables contain annotations of known features found in the DNA sequence. We analyzed the
occurrence of G4-forming sequences inside and around (before and after) recorded features. Features
were grouped by the name stated in the feature table file. From this analysis, we obtained a file with
feature names and numbers of putative G4 forming sequences found inside and around features for
each group of species analyzed. Search for putative G4 forming sequences took place in a predefined
feature neighborhood (we used +100 bp—this figure is important for calculation of putative G4-forming
sequence frequencies in feature neighborhoods) and inside feature boundaries. We calculated the
amount of all predicted putative G4-forming sequences in regions before, inside and after features.
An example of categorizing a putative G4-forming sequence according to its overlap with a feature
or feature’s neighborhood is shown in Supplementary Material S2 (SM_02). Further processing was
performed in Microsoft Excel and the data are available as Supplementary Material S4 (SM_04).

4.4. Phylogenetic Tree Construction

Exact taxid IDs of all analyzed groups were obtained from Taxonomy Browser via NCBI Taxonomy
Database [58], downloaded to phyloT: a tree generator (http://phylot.biobyte.de) and a phylogenetic
tree was constructed using function “Visualize in iTOL” in Interactive Tree of Life environment [59].
The resulting tree is shown in Figure 2.

4.5. Statistical Analysis

Statistical evaluations of differences in G4-forming sequences in phylogenetic groups were made
by Kruskal-Wallis test in STATISTICA, with p-value cut-off 0.05; data are available in Supplementary
Material S5 (SM_05).

5. Conclusions

In this research, we analyzed the presence of PQS in bacterial genomes. PQS were identified in all
species, but the number of PQS differ remarkably among individual subgroups, showing evolutionary
adaptations connected with G4. While the highest frequency of PQS was detected in Gram-positive
extremophiles Deinococcus-Thermus subgroup, the lowest PQS frequency was found in Gram-negative
thermophilic bacteria in Bacteroidetes/Chlorobi subgroup. Thus, it seems that evolution of these
subgroups was driven by different strategies. PQS are enriched in ncRNA segments followed by
mRNAs; analyses of surrounding sequences showed PQS enrichment also around tRNA and regulatory
sequences. These data point to the unique and non-random localization of PQS in bacterial genomes.

Supplementary Materials: The supplementary material are available online. Supplementary Material S1
(SM_01): The accession codes and phylogenetic classification of all 1627 representative prokaryotic complete
genomic DNA sequences, Supplementary Material S2 (SM_02): Example putative G4 sequence and predefined
feature neighborhood, Supplementary Material S3 (SM_03): Overall results of PQS frequencies found in
each analyzed genomic sequence (group or subgroup) together with GC content, sequence length and other
parameters, Supplementary Material S4 (SM_04): Detailed results of PQS occurrence around defined genomic
features, Supplementary Material S5 (SM_05): Statistical evaluations of differences in G4-forming sequences in
phylogenetic groups
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Abstract: During translation, intracellular mRNA folds co-transcriptionally and must refold following
the passage of ribosome. The mRNAs can be entrapped in metastable structures during these folding
events. In the present study, we evaluated the conformational dynamics of the kinetically favored,
metastable, and hairpin-like structure, which disturbs the thermodynamically favored G-quadruplex
structure, and its effect on co-transcriptional translation in prokaryotic cells. We found that nascent
mRNA forms a metastable hairpin-like structure during co-transcriptional folding instead of the
G-quadruplex structure. When the translation progressed co-transcriptionally before the metastable
hairpin-like structure transition to the G-quadruplex, function of the G-quadruplex as a roadblock
of the ribosome was sequestered. This suggested that kinetically formed RNA structures had a
dominant effect on gene expression in prokaryotes. The results of this study indicate that it is critical
to consider the conformational dynamics of RNA-folding to understand the contributions of the
mRNA structures in controlling gene expression.

Keywords: conformational dynamics; co-transcriptional folding; co-translational refolding; metastable
structure; G-quadruplex; translation suppression

1. Introduction

An mRNA sequence not only determines the sequence of amino acids in protein but also controls
gene expression by the formation of secondary and tertiary structures [1-4]. Thus, RNA structures
present in the transcriptome of an organism are of interest since the structural elements formed by the
RNA directly impact gene expression [5-8].

Owing to the directional nature of the transcription reaction, RNA structure elements are folded
from 5’ to 3’ direction, a process referred to as co-transcriptional folding [9,10]. Co-transcriptional RNA
folding restricts the landscape of its structure formation, which also engages the formation of metastable
RNA structures [11]. These metastable structures are transient and show conformational transition
to thermodynamically stable ones during the directional folding or post-transcriptional organization
of the RNAs. The structures of coding regions of mRNAs are also reorganized co-translationally
following passage of the ribosome, which incorporates and discharges single-stranded mRNA as the
template strand. Thus, the intracellular RNA structures are transient and fluctuate dynamically over
time as the processes involved in gene expressions occur.

G-quadruplexes are non-canonical structure elements formed by guanine-rich (G-rich) sequences in
the DNA and RNA [12,13]. Since G-quadruplexes are stabilized under molecular crowding conditions,
which mimics intracellular molecular environment [14-16], it is speculated that these structures have
biological functions [17,18]. Previous studies have indicated that G-quadruplexes formed on the
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template strands of DNAs and RNAs become a roadblock of proteins that moves progressively on the
template strands such as DNA polymerase, RNA polymerase and ribosome [19-23]. G-quadruplexes
formed by mRNAs suppress progression of the ribosome along both non-coding (5’-untranslated)
and coding (open reading frame, ORF) regions, and reduce their levels of protein expression [23-27].
G-quadruplex-mediated suppression of elongation during translation in the coding region also affects
the ribosomal frameshift and nascent protein folding [28-30]. While multiple studies have implicated
various functions of the G-quadruplex [17,31-34], a recent study suggested that the G-quadruplexes
in eukaryotic cells are found in a globally unfolded state [35]. Additionally, an impairment in
the translation and growth of bacteria caused by the G-quadruplex suggested an evolutionary
depletion of G-quadruplex—forming sequences in prokaryotes [35]. However, we previously found
five G-quadruplex—forming sequences in the ORF of the E. coli genes, including ¢lyQ, which encodes
the glycyl-tRNA synthetases and is fundamental for gene expression [23]. Since these findings are
contradictory, to ascertain their accuracy, it would be necessary to discuss the dynamic behavior of
RNA G-quadruplexes in cells [36]. The kinetics of formation and dissociation of the G-quadruplex
are significantly slower than those of the canonical secondary structures [37-40]. The slow folding
rate of the G-quadruplex is disadvantageous for its co-transcriptional folding and increases the
possibility to form alternative metastable structures such as hairpins. When the translation reaction
progresses before the metastable mRNA structure transitions to the stable G-quadruplex, its effect as
a roadblock of the ribosome would be sequestered. Particularly, in prokaryotic systems, translation
begins during transcription immediately after the ribosomal binding site is synthesized on the mRNA
and discharged from the RNA polymerase. If metastable RNA structures are formed prior to formation
of the G-quadruplex, a balance between the rates of transition from the metastable to the G-quadruplex
structures and progress of the translation reaction may have a significant effect on gene expression.
Thus, effects of the folding dynamics of G-quadruplexes on translation reactions should be elucidated
to understand the characteristic processes involved in gene expression by co-transcriptional translation.

In the current study, we demonstrated that the metastable hairpin-like structure formed
co-transcriptionally or co-translationally and the time lag between transcription and translation
are the key factors that affect formation of the G-quadruplex, and thereby, suppression of translation
both in vitro and in E. coli cells. The rate of transition from metastable to stable structures enables
dynamic control of gene expression suggesting that a code for temporal gene expression is present in
many mRNA structures.

2. Results

2.1. Design of RNAs that Potentially Form Metastable Hairpin-Like and Stable G-Quadruplex Structures

It has been demonstrated that the G-rich sequence derived from the ORF of the E. coli EutE
gene forms a stable G-quadruplex and suppresses the process of elongation during translation in
mammalian cells [23]. The wild-type G-rich sequence contains two cytosine nucleobases at the 5
end that flanking of the G-rich region and several cytosines in regions of the loops, which connect
the guanine tracts involved in G-quartets formation. The sequence forms a metastable hairpin-like
structure with several G-C base pairs, in which the thermodynamic stability (AG°) predicted by the
Mfold program [41] is —11.3 kcal mol~! (Figure 1b). The metastable hairpin-like structure transitions to
the thermodynamically stable G-quadruplex in response to the potassium ion [42]. Thus, we expected
a dynamic behavior of the G-rich sequence during its involvement in the processes of gene expression
in the cells. Here, we designed RNA derivatives based on the wild-type G-rich sequence. Mutant
A was designed to disrupt formation of the G-quadruplex. It has five mutations from guanine to
adenine at positions involved in the formation of G-quartets. Mutant B and mutant C were designed
to destabilize the metastable hairpin-like structure, while they maintained the numbers of the guanine
tracts. Predicted hairpin-like structures in mutant B (with two mutations compared to the wild-type
sequence) and mutant C (with four mutations) are significantly less stable than those of the wild-type
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sequence (Figure 1b). All sequences encode the same amino acids to enable evaluation of gene
expression levels by analyzing the luminescence signal of the reporter protein, Renilla luciferase
(Figure 1a).

a) b)

wild-type mutant A
GA—
5 10 15 20 25 30 GG S
5 1 I | | 13 10-C &5 OR
wild-type AAAGCCGGGCUGGGGCUGGGCGGGGAAAAA 88 10-,CG
G —20
mutantA  AAAGCCGGACUAGGACUAGGCGGAGAAAAA 5\68 86,20 » NI
mutantB  AAAGCAGGGCUGGGGCUGGGAGGGGAAAAA 5/ AAAG CGGGGAARAA 3! S'AAG € GAGAAMAAS'
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H mutant B mutant C
GG -
5-UTR ine-ri 3-UTR _
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Figure 1. G-rich sequence variants designed to form metastable hairpin-like structures with different
stabilities. (a) G-rich sequence elements and reporter mRNA constructs. Guanine nucleobases expected
to be involved in the formation of the G-quadruplex structure are given in red. Nucleotides mutated
from the wild-type sequence are indicated in italics. The amino acid sequence is indicated below the
sequence of the nucleic acids and the reporter construct is shown schematically. (b) Secondary structures
of the G-rich sequence variants predicted using the Mfold program. Thermodynamic stabilities (AG®)
of the secondary structures predicted by the Mfold program are given.

Formation of G-quadruplexes by the RNA oligonucleotides (shown in Figure 1b) was evaluated
by circular dichroism (CD) spectroscopy and RNase T1 digestion after refolding in buffers containing
potassium at physiological concentrations (100 mM KCI). The CD spectra of the wild-type, mutant
B and mutant C oligonucleotides were characterized by positive and negative peaks at 265 nm and
240 nm, respectively (Supporting Figure S1a). These peaks are characteristics of parallel G-quadruplex
structures. While the CD spectrum of mutant A had peaks at around 265 nm and 240 nm, a large
negative peak at 210 nm suggested the formation of a hairpin-like structure partially forming an A-form
RNA duplex (Figure 1b) [43]. Formation of G-quadruplexes by wild-type, mutant B, and mutant C,
and hairpin-like structure by mutant A was also suggested by RNase T1 cleavage of the oligonucleotides
(Supporting Figure S1b). RNase T1 cleaved the wild-type, mutant B, and mutant C oligonucleotides at
guanines G5 and Gys, which are located at 3" positions of the tracts of four guanines. Other guanines
in the tracts were protected from the nuclease probably due to their involvement in the G-quartets.
These results suggested that wild-type, mutant B, and mutant C oligonucleotides predominantly form
parallel G-quadruplex structures containing three G-quartets in a buffer containing physiological
concentrations of potassium (Supporting Figure Slc). In contrast, significant RNase T1 cleavage was
observed at Gy3, G4, and Gys, which are locating loop and 3 tail regions of the hairpin-like structure
of mutant A (Figure 1b).

2.2. Formation of Metastable Hairpin-Like Structure during Transcription

Wild-type and mutant sequences were inserted into the 5’ region of the ORF encoding Renilla
luciferase as the reporter gene (Figure 1a). DNA templates prepared using PCR were transcribed
in vitro by T7 RNA polymerase in a buffer containing 100 mM potassium. After a transcription reaction
at 37 °C for 30 min, TURBO DNase was added to the reaction mixture to degrade the DNA templates.
Using agarose gel electrophoresis, it was confirmed that similar amounts of mRNA transcripts were
obtained from all the templates (Figure 2a). N-methyl mesoporphyrin (NMM), a fluorescence indicator
of the G-quadruplex structure [23,25,30], was added to the intact transcripts to evaluate formation of
the G-quadruplex during transcription (Figure 2b). The fluorescence signals of NMM mixed with the
mRNAs of mutant B and mutant C were significantly higher than those mixed with the control sample,
which consisted of a solution for performing the transcription reaction without the DNA template,
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and with mutant A mRNA, which does not form a G-quadruplex. In contrast, the fluorescence signal
of NMM mixed with the wild-type mRNA was almost equivalent to that of the mutant A mRNA.
These results indicated that the wild-type mRNA does not form a G-quadruplex, whereas the mRNAs
of mutant B and mutant C, which have the same guanine tracts as well as the wild-type mRNA but
contain mutations, formed G-quadruplexes during transcription.

b)

N
t
1
1
1

a)

Fluorescence intensity

2000 - 0+ . . - . . :
1550 control wild-type mutantA mutantB mutantC
1330 T - -

1000 W <)

Marker DNiAi 1. 2. 3. 4., 5.
(bp)

Fluorescence intensity

control  wild-type mutantA mutantB mutantC

Figure 2. Co-transcriptional formation of the G-quadruplex depending on the stability of metastable
hairpin-like structures. (a) mRNA transcripts of the reaction without DNA template (lane 1), with DNA
template for wild-type (lane 2), mutant A (lane 3), mutant B (lane 4), and mutant C (lane 5) were
electrophoresed on an agarose gel. mRNAs were stained with ethidium bromide and imaged at 532 nm
excitation and 575 nm emission wavelengths. (b,c) Fluorescence intensities of NMM mixed with mRNA
transcripts immediately after transcription (b) or after refolding by heating to 70 °C and then cooling
to 25 °C (c). mRNA transcripts were diluted in a buffer containing 50 mM HEPES-KOH (pH 7.6),
5 mM magnesium acetate, 100 mM potassium glutamate, 2 mM spermidine, 0.01% Tween 20, 0.01%
DMSO, and 500 nM NMM. NMM fluorescence was measured at 37 °C at 400 nm excitation and 615 nm
emission wavelengths. Values are expressed as means + S.D. of experiments performed in triplicates.

The NMM fluorescence signals were also evaluated with mRNAs that were denatured at 70 °C
and refolded by cooling to 25 °C (Figure 2¢); this treatment favors the formation of the structure that
has maximum thermodynamic stability. Fluorescence of NMM mixed with the wild-type mRNA
had increased significantly after refolding compared to that mixed with the intact wild-type mRNA
without refolding (Figure 2b,c). This indicated that the G-quadruplex was more stable than the
kinetically favored structure formed during transcription as an oligonucleotide of the wild-type G-rich
sequence formed a G-quadruplex in a buffer containing 100 mM potassium (Supporting Figure S1).
It is considered that the hairpin-like structure of wild type mRNA (as shown in Figure 1b) was formed
as a kinetically favored metastable structure during transcription and had suppressed formation of
the G-quadruplex. The fluorescence of NMM mixed with mutant B also increased after refolding of
the mRNA. The small hairpin structure of mutant B is predicted to have a AG® of —2.3 kcal mol ™
(Figure 1b). The small increase of NMM fluorescence after refolding of mutant B mRNA suggests that
some population of this mMRNA formed the small hairpin structure co-transcriptionally. The fluorescence
signals of NMM mixed with mRNAs of mutant A and mutant C were similar before and after the
refolding, suggesting that the mRNA of mutant A does not adopt a G-quadruplex structure, whereas
that of mutant C forms one irrespective of the folding conditions.

Time-course analyses of NMM fluorescence during in vitro transcription [44] were found to
support co-transcriptional folding of metastable hairpin-like structures in the wild-type and mutant B
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mRNAs (Supporting Figure S2). Although the fluorescence signal of NMM increased with the reaction
time of transcription for both mutant C and mutant B mRNAs, the rate of increase in signal in the
mRNA of mutant B was slower. This indicated that the mRNA of mutant B first formed the metastable
small hairpin structure co-transcriptionally and then transitioned to the more stable G-quadruplex.
The AG® of the predicted hairpin-like secondary structure of the mutant C oligonucleotide was positive
(Figure 1b); therefore, the mutant C mRNA had probably adopted the G-quadruplex structure during
transcription without competition from any other metastable structure. In the case of wild-type mRNA,
an increase of NMM fluorescence with the reaction time, which is slightly faster than that of mutant
A mRNA, suggested that a small population of mRNAs formed the G-quadruplex during or after
transcription. An increase in fluorescence with the mRNA of mutant A is possibly due to a non-specific
interaction of NMM with the long mRNA [30].

2.3. Effects of G-Quadruplex Sequestering on In Vitro Translation

Translation of mRNAs with and without refolding was carried out in vitro. After reactions at
37 °C for 30 min, the translation was terminated by addition of RNase A and puromycin; the nuclease
degrades the transcript and the antibiotic immediately terminates the elongation process [45]. Protein
expression levels in the E. coli S30 extract were determined based on the luminescence signal obtained
after addition of the substrate for Renilla luciferase (Figure 3a). The relative intensities of luminescence
were inversely correlated to those of the fluorescence observed when transcripts were incubated with
NMM (Figure 2b,c). There was a large difference between the levels of protein expression observed
in mRNA of the wild-type with and without refolding. When mRNAs were not refolded, the Renilla
luciferase signal obtained from the wild-type was similar to that of the mutant A. When the mRNAs
were refolded prior to translation, the level of signal from the wild-type was similar to those from
mutant B and mutant C. These results indicate that translation was suppressed by the G-quadruplex,
which is consistent with our previous reports [23,25]. Contrarily, even though the G-quadruplex is a
thermodynamically stable structure, the translation reaction was found to progress smoothly and the
level of protein expression had increased when the kinetically favored, metastable, secondary structure
was sequestering the G-quadruplex (Figure 3b).

a) b) DNA template (wild-type)
—AAAGCCGGGCTGGGGCTGGGCGGGGAAAAA - .
B —TTTCGGCCCGACCCCGACCCGCCCCTTTTT —| Renilla Luciferase
—
e
T
120 e co-transcriptional folding
mRNA mMRNA
g 100 £5% refolding 5 amecaso g
g 6 a— .{j%semm >
g . 80 ¢k — o
2 s ccommmn s
ER 50 kinetically favored thermodynamically favored
Q= ) metastable hairpin-like structure G-quadruplex structure
=
o] : , :
o« 20 continuous translation translation suppression
0 ¥
¥

control  wild-type mutantA mutantB mutantC % S
y——1 k] &
Renila Lucerase v

Figure 3. Protein expression levels from intact mRNA and after its refolding using the in vitro
translation system of E. coli S30 extract. (a) Relative luminescence intensities from Renilla luciferase
translated from mRNA transcripts with (red) and without (blue) refolding. Luminescence signals were
measured after addition of coelenterazine (5 uM) to the translated products and were normalized to the
signal obtained from mutant A mRNA. Values are expressed as mean =+ S.D. of triplicate experiments.
Asterisks indicate two-tailed P-values for Student’s t-test: * P < 0.05 and ** P < 0.01. (b) Effect of the
mRNA structure elements formed during co-transcriptional folding or refolding of wild-type G-rich
sequence on translation reaction.
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2.4. Effects of Co-Transcriptional Translation and Co-Translational mRNA Refolding on Gene Expression

To evaluate the effects of continuous co- and post-transcriptional translation systems on the
reporter gene expression, the time courses of the protein expressions were evaluated in multiple
turn-over translation reactions. Here, in vitro protein synthesis using recombinant elements (PURE)
system (PUREfrex®; GeneFrontier) [46,47] was used to circumvent the obscurant effect of degradation
of the DNA templates and mRNAs during the reaction. To mimic the co-transcriptional translation
system in prokaryotes, DNA templates were mixed with T7 RNA polymerase and a translation solution
of the PURE system. Protein expression levels in the coupled reaction were evaluated over a time
course of 120 min (Figure 4a). At 15 min, the levels of protein expression were comparable among
the sequence variants. These results suggested that translation began immediately after the mRNA
was discharged from the RNA polymerase before formation of the G-quadruplex, which suppresses
the translation. In contrast, after the 60 min reaction time point, the protein expression levels from
the mRNA of mutant C were significantly reduced compared to those of the other sequence variants.
It is expected that the mRNA of mutant C formed the G-quadruplex without the formation of any
metastable secondary structure after the ribosome had passed through the G-rich sequence region
as it efficiently formed the G-quadruplex during transcription (Figure S2). Thus, the numbers of
mutant C mRNA, which formed the G-quadruplex, possibly accumulated with the reaction time and
progressively suppressed post-transcriptional translation in the multiple turn-over system (Figure 4b).
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Figure 4. Time course of the levels of protein expression affected by co-transcriptional and
co-translational RNA conformational dynamics within the hairpin-like and G-quadruplex structures.
(a) Time course of co-transcriptional translation of reporter genes encoding wild-type (blue), mutant
A (pink), mutant B (green), and mutant C (purple) sequences. DNA templates were mixed with the
PURE system solution in the presence of T7 RNA polymerase and incubated at 37 °C. (b) Predicted
suppression of translation caused by accumulation of the mutant C mRNA, which formed the
G-quadruplex, with increasing reaction time. (c¢) Time course of translation of the refolded mRNAs
with G-rich sequence of the wild-type (blue), mutant A (pink), mutant B (green), and mutant C (purple).
Transcribed mRNAs refolded at 70 °C were mixed with PURE system solution and incubated at 37 °C.
(d) Schematic of co-translational folding of metastable hairpin-like structure in wild-type mRNA that
allows uninhibited translation by a subsequent ribosome. In (a) and (c), luminescence intensities of
Renilla luciferase are expressed as mean + S.D. of triplicate experiments.
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Time course of protein expression levels after addition of refolded mRNAs were also evaluated
(Figure 4c). After translation for 15 min, the levels of protein expression of wild-type, mutant B,
and mutant C mRNAs were found to be significantly lesser than those of the mRNA of mutant A.
We had expected these results because all mRNAs except the mutant A adopted a G-quadruplex
structure after refolding and suppressed translation (Figure 3a). Signals of relative luminescence in
mRNAs of the wild-type, mutant B, and mutant C at the 15-min time point were 46%, 37%, and 24%,
respectively, compared to that of the mutant A mRNA. Despite significant differences in the levels of
protein expression at 15 min, an increase in the rate of protein expression after 15-min time point for the
wild-type mRNA was very similar to that of the mutant A mRNA. This result suggests that wild-type
mRNA co-translationally refolded the metastable hairpin-like structure after the ribosome passed
through the G-rich sequence region and was no longer able to suppress the translation (Figure 4d).
The levels of relative protein expressions of the wild-type, mutant B, and mutant C mRNAs at the
120-min time point were 80%, 55%, and 29% compared to that of mutant A mRNA, respectively.
The metastable small hairpin structure formed during co-translational folding of the mutant B mRNA
transitioned to the G-quadruplex significantly faster than that formed by the wild-type mRNA. Thus,
in the experimental condition without additional transcription from the DNA template, it was observed
that the mRNA of mutant B caused moderate repression of translation.

2.5. Protein Expression in E. coli Influenced by the Metastable mRNA Structure

Plasmid vectors which code the reporter gene constructs were transformed into the E. coli
strain BL21(DE3). Expression of reporter proteins was induced by the addition of 100 uM isopropyl
(3-D-1-thiogalactopyranoside either in the absence or presence of 0.5 uM tetracycline. Tetracycline
prevents binding of the aminoacyl-tRNA to its ribosomal acceptor site by interaction with the 30S
ribosomal subunit [48]. After incubation for 60 min, the protein expression levels in E. coli were
evaluated based on the luminescence signals from the cell lysates. The luminescence signals were
normalized based on the optical density at 600 nm when the E. coli were lysed. In the absence of
tetracycline, the levels of protein expression were very similar among all the mRNA variants (Figure 5a).
Based on the results of the in vitro translation coupled with transcription at the 15-min time point,
it was conjectured that the levels of protein expression were similar among the variants, because the
mRNAs were translated before they formed the G-quadruplex (Figure 4a). Contrary to the normal
translation conditions, in the presence of tetracycline, the level of protein expression from the mRNA
of mutant C was significantly reduced compared to that of the other sequence variants (Figure 5b).
Reduction in the activity of the ribosome would provide a time lag between the transcription of
mRNA and initiation of the translation. Under these conditions, mutant C mRNA was expected
to form the G-quadruplex structure without formation of the metastable secondary structure and
suppressed the translation reaction in E. coli. Similar results were also observed in the presence of
2 uM chloramphenicol, which inhibits the elongation reaction during translation by binding to the 50S
ribosomal subunit (Supporting Figure S3).
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Figure 5. Gene expression in E. coli dominated by kinetically favored metastable mRNA structure.
(a,b) Normalized luminescence intensities of the E. coli lysate cultured in the absence (a) or presence
(b) of 0.5 uM tetracycline. Protein expression was induced by 100 uM (-D-1-thiogalactopyranoside
in 2X YT medium containing 100 mM potassium glutamate for 1 h. Luminescence signals were
normalized by adjusting to an optical density of 600 nm of E. coli cells. Values are expressed as mean
+ S.D. of triplicated E. coli culturing wells. Asterisks indicate two-tailed P-values for the Student’s
t-test: * P < 0.05 and ** P < 0.01. (c) Illustration of the co-transcriptional translation in usual culturing
conditions of E. coli, in which the ribosome translates a region of G-rich elements before forming the
G-quadruplex. (d) Illustration of co-transcriptional translation in the presence of tetracycline, in which
the level of protein expression is dominated by kinetically favored mRNA structures. Only mRNA of
mutant C, which forms the G-quadruplex by bypassing any metastable structure, reduces the level of
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protein expression due to the roadblock function of the G-quadruplex.
3. Discussion

The rate of folding of RNA G-quadruplexes is generally slower than other simple secondary
structures and, thus, would be influenced by their entrapment into kinetically favored metastable
structures. Here, we designed mRNA derivatives based on G-rich sequences located in the ORF
of the E. coli EutE mRNA to evaluate the effect of metastable hairpin-like structures with different
stabilities (Figure 1b) that compete with the formation of thermodynamically stable G-quadruplexes
during protein expression. To facilitate a direct comparison between the levels of protein expressions
using luminescence signals, mutations were designed without changing the sequence of their amino
acids (Figure 1a). The CD spectra and RNase T1 digestion revealed that all the designed sequences
except mutant A adopted the thermodynamically favored G-quadruplex structure after refolding
(Figure S1). In contrast, when NMM fluorescence was used as a probe for G-quadruplex formation,
it was indicated that, if the G-rich sequence has a potential to form alternative secondary structures,
kinetically favored metastable secondary structures are formed during transcription instead of the
thermodynamically stable G-quadruplex; this suppressed its function as a roadblock of ribosomes
(Figures 2 and 3). In vitro multi turnover translation also indicated that the metastable secondary
structures were co-translationally formed and consequently sequestered the G-quadruplex (Figure 4).

In E. coli, mRNAs are quickly degraded by endogenous nucleases with an average half-life of
several minutes [49,50]. It was considered that the protein expression in all the sequence variants
were similar levels in E. coli (Figure 5a) because the mRNAs were translated and degraded before the
sequences transitioned to the G-quadruplex (Figure 5c). Additionally, inhibition of ribosomal activity
by antibiotics in E. coli facilitated the suppression of translation from mutant C mRNA (Figure 5b
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and Figure S4). It is considered that a decrease in the ribosome activity provided a window time to
the mutant C mRNA to form the G-quadruplex structure that resulted in the translation suppression.
These results suggested that in prokaryotic gene expression with a co-transcriptional translation system,
the effect of RNA structure elements on the translation reaction was dominated by kinetically formed
RNA structures.

While G-quadruplex is a thermodynamically stable structure, the wild-type sequence derived from
the OREF of the E. coli EutE gene did not reduce the level of protein expression due to formation of the
kinetically favored metastable structure. Our data suggested that formation of a metastable hairpin-like
structure enables E. coli to express the EutE gene, which encodes acetaldehyde dehydrogenase, to utilize
ethanolamine as a carbon source [51]. All five G-quadruplex-forming sequences found previously in
the ORF of the E. coli genes efficiently suppressed the ribosome progression under conditions in which
the thermodynamically favored G-quadruplex was formed after refolding [23]. In each of these natural
sequences, the mRNAs are predicted to form relatively stable hairpin-like structures that potentially
sequester the G-quadruplex structure. These hairpin-like structures have AG® values ranging from —5.1
to —11.9 kcal mol~! which are more stable than those of the mutant B mRNA (Supporting Figure S4).
These metastable hairpin-like structures should form co-transcriptionally to enable efficient expression
of the genes by disrupting formation of the thermodynamically stable G-quadruplex. This may be
one of the reasons for these secondary structures to be evolutionarily conserved within the coding
regions [52,53].

Co-transcriptional folding of RNA is one of the general mechanisms to functionalize both
noncoding and coding transcripts in vivo [9]. The translation reaction in which a ribosome incorporates
and discharges the mRNA as single strand also forces directional folding of the mRNA co-translationally.
The directionality of RNA folding may lead to the formation of kinetically entrapped metastable
structures that would, in turn, influence the resulting function of the RNA [54-58]. The dynamic
features of intracellular RNAs are probably a reason why predictions of RNA structures based on
thermodynamics have a less than perfect correlation with those characterized in vivo [6]. Evidences
suggest that metastable RNA structures formed during directional folding transition rapidly to
thermodynamically stable ones in vivo [59,60]. However, as demonstrated in the present study,
if the metastable structures are sufficiently stable over a considerable timeframe from a biological
standpoint, the metastable structures existing transiently will impact the biological reactions [11].
Particularly, in microorganisms, which have a relatively short lifecycle, the influence of metastable
RNA structures would be relatively significant [54,57]. Even in eukaryotes, recent computational
studies of RNA structures have suggested that the metastable RNA structures have an impact on gene
modulations [61-63]. The impacts of the metastable RNA structure elements will vary depending on
various kinetic factors such as the rates of transcription and translation, transition of the metastable
structures, and translocation and degradation of the RNAs, respectively. Therefore, when the influence
of metastable RNA structures on gene expressions is compared between eukaryotes and prokaryotes
with different kinetic factors involved in the processes of gene expression, we will be able to provide
important findings on the role of metastable RNA structures in biological systems.

4. Materials and Methods

4.1. CD Spectrum Acquisition

RNA oligonucleotides purchased from Japan Bio Services Co., Ltd. (Saitama, Japan). were
incubated in a buffer containing 50 mM Tris-HCI (pH 7.6), 5 mM magnesium acetate, 100 mM KCl,
2 mM spermidine, and 0.01% (v/v) Tween 20 at 70 °C for 5 min and cooled to 4 °C at a rate of 1 °C
min~!. The CD spectra were collected on a JASCO (Tokyo, Japan) J-820 spectropolarimeter at 37 °C in
cuvettes of 1.0 mm path length. The CD spectra shown are averages of three scans. The temperature of
the cell holder was regulated by a JASCO PTC-348 temperature controller.
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4.2. Partial Digestion of RNA Oligonucleotide by RNase T1

RNA oligonucleotides were labelled with Alexa Fluor 546 C5-maleimide (Thermo Fisher Scientific,
Waltham, MA, USA) using the 5 EndTag Nucleic Acid Labelling System (Vector Laboratories,
Burlingame, CA, USA). Labelled RNAs were purified using a denaturing polyacrylamide gel
and precipitated with ethanol in the presence of 20 ug glycogen. Five pmol labelled RNAs in a
transcription-buffer (T-buffer) containing 50 mM HEPES-KOH (pH 7.6), 5 mM magnesium acetate,
100 mM potassium glutamate, 2 mM spermidine and 0.01% (v/v) Tween 20 were incubated at 70 °C for
5 min and cooled to 37 °C at a rate of 1 °C min~!. The samples were incubated with 0.02 U of RNase T1
(Roche, Basel, Switzerland) at 37 °C for 10 min and electrophoresed on a 20% denaturing polyacrylamide
gel at 70 °C. The fluorescence signal in the gel was imaged using a FLA-5100 fluorescence image
scanner (Fuji Film, Tokyo, Japan) with 532 nm excitation and 575 nm emission.

4.3. Construction of Reporter Plasmids

Plasmid vectors encoding wild-type or mutant A sequences in the ORF of Renilla luciferase
(PCMV-TnT-G-rich-RL) were previously constructed based on pCMV-TnT vector (Promega, Madison,
WI, USA) [19]. The reporter gene constructs on the pPCMV-TnT-G-rich-RL plasmids were digested by
EcoRI and Notl, and appropriate DNA fragments were inserted into same restriction enzyme sites of
pET21a (+) (Novagen, Madison, WI, USA). DNA fragments encoding G-rich sequences of mutant B
and mutant C (Table S1) were purchased from Hokkaido System Science Co., Ltd. (Hokkaido, Japan)
and inserted into the EcoR T and Sal I sites to yield variants of the pET21-G-rich-RL plasmids.

4.4. Preparation of the DNA Template

DNA templates encoding the G-rich sequences followed by the Renilla luciferase ORF were
amplified from the pET21-G-rich-RL plasmids by PCR using the T7 promoter and terminator
primers. Amplified DNA fragments were purified using the QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany).

4.5. In Vitro Transcription

DNA templates (20 ng/uL) were mixed with T7 RNA polymerase (2 U/uL) in T-buffer containing
1 mM rNTPs and incubated at 37 °C for 30 min. TURBO DNase (Thermo Fisher Scientific) was
subsequently added to the reaction mixture at a concentration of 0.048 U/puL and incubated at 37 °C
for 30 min. In order to refold the mRNA, transcripts were incubated at 70 °C for 3 min followed by
cooling from 50 °C to 25 °C at a rate of 1 °C min~!.

4.6. Fluorescence Analysis of NMM

Aliquots (5 uL) of mRNA transcripts with or without refolding were diluted into 50 uL of
T-buffer containing 500 nM NMM and 0.01% (v/v) dimethyl sulfoxide. Fluorescence signal of NMM
was measured using a microwell plate reader (Varioskan Flash, Thermo Fisher Scientific) at 400 nm
excitation and 615 nm emission wavelengths after incubation at 37 °C for 30 min.

4.7. In Vitro Translation

Aliquots (1 uL) of mRNA transcripts with or without refolding were diluted into 4 uL reaction
solutions of the E. coli S30 Extract System (Promega) and incubated at 37 °C for 30 min. For in vitro
translation using PUREfrex (Gene Frontier, Chiba, Japan), aliquots (0.5 uL) of intact or refolded mRNA
were diluted into reaction solutions of 2 uL and incubated at 37 °C. The translation reaction was
terminated by a 10-fold dilution of the translated product in phosphate buffered saline (PBS) containing
RNase A (20 pug/mL) and puromycin (20 uM) followed by incubation at 37 °C for 10 min. Levels
of Renilla luciferase were determined by measuring the luminescence signal after addition of 5 uM
coelenterazine (Promega) on the Varioskan Flash.
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4.8. Evaluation of Protein Expression Levels in E. coli

Cells of the E. coli strain BL21(DE3) were transformed with the pET21-G-rich-RL plasmids. The cells
were cultured over night at 37 °C in 2 X YT media containing 50 ug/mL ampicillin. The cultured cells
were diluted 200 times into fresh 2 X YT media and incubated at 37 °C. When they reached an optical
density of 0.5-1.0, the cells were transferred to the wells of a 96-well plate and diluted 2-fold with fresh
2x YT media containing final concentrations of 100 uM (3-D-1-thiogalactopyranoside and indicated
antibiotics. After incubation for 60 min at 37 °C, the optical density of E. coli was measured at 600 nm
using a microwell plate reader (Infinite M200 Pro, Tecan, Mannedorf, Switzerland). Cells were lysed in
10 uL media using 50 pL of Passive Lysis Buffer (Promega) and the luminescence signal of 2 pL aliquot
of the lysate was measured after addition of coelenterazine (5 uM) using Varioskan Flash.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/8/1613/s1,
Figure S1: CD spectra and partial digestion of RNA oligonucleotides, Figure S2: Real time monitoring of
co-transcriptional G-quadruplex formation, Figure S3: Protein expression levels in E. coli in the presence of
chloramphenicol, Figure S4: Sequences and secondary structures of G-rich elements found in open reading frames
of E. coli mRNAs, Table S1: DNA oligonucleotides for synthesis of G-rich sequence variants.
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Abstract: G-quadruplex (G4) structures are highly stable four-stranded DNA and RNA secondary
structures held together by non-canonical guanine base pairs. G4 sequence motifs are enriched at
specific sites in eukaryotic genomes, suggesting regulatory functions of G4 structures during different
biological processes. Considering the high thermodynamic stability of G4 structures, various proteins
are necessary for G4 structure formation and unwinding. In a yeast one-hybrid screen, we identified
SIx9 as a novel G4-binding protein. We confirmed that SIx9 binds to G4 DNA structures in vitro.
Despite these findings, SIx9 binds only insignificantly to G-rich/G4 regions in Saccharomyces cerevisiae
as demonstrated by genome-wide ChIP-seq analysis. However, SIx9 binding to G4s is significantly
increased in the absence of Sgs1, a RecQ helicase that regulates G4 structures. Different genetic and
molecular analyses allowed us to propose a model in which SIx9 recognizes and protects stabilized
G4 structures in vivo.

Keywords: protein-DNA interaction; S. cerevisine; G-quadruplex formation; genome stability;
RecQ helicase

1. Introduction

The observation that secondary structures within DNA or RNA can influence biological processes
had a great impact on modern biology (reviewed in [1-4]). One prominent example of such a nucleic
acid structure is a G-quadruplex (G4). G4 structures are polymorphic and thermodynamic stable
structures that can form within DNA and RNA harboring a specific guanine-rich motif (G4 motif)
(reviewed in [2,5]).

Although the in vivo existence of G4 structures was controversially discussed in the past, recent
results from computational, biochemical, molecular, and genetic studies provided essential data that
G4 structures exist in various organisms and can act as a regulatory tool [2,5-10].

G4 structures are discussed as being a regulatory tool in the cell for telomere maintenance,
transcription, translation, and even origin activation [7,10-13]. This assumption is further supported
by computational and in vitro and in vivo experiments. These data demonstrated that G4 structures
form at specific sites (e.g., promoters) and regulate a specific pathway (e.g., transcription) [6,10,14-18]
and can thereby become potential therapeutic targets. In contrast to their regulatory role, stable G4
structures can also block biological processes (e.g., replication, transcription) and, in doing so, increase
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genome instability (reviewed in [2,19]). G4 structures challenge genome stability by interfering with
the normal regulatory machinery and/or stalling of cellular processes (e.g., replication). This can
result in genomic mutations and deletions [8,20-22]. To ensure genome stability, controlled formation
and unfolding of G4 structures is essential. Cellular machinery is necessary to regulate the kinetics
of formation and unfolding of G4 structures in response to specific stimuli. To this date, multiple
helicases, like members of the RecQ (e.g., Sgs1 in yeast or WRN or BLM in human) or Pif1 family and a
few other proteins (e.g., CNBP) have been identified to support G4 unfolding [23,24]. Mutation or
dysregulation of G4-binding proteins, especially helicases, are implicated in many human diseases [25].
Most helicases exhibit the ability to unwind G4 structures in vitro [26]. Some helicases recognize
specific G4 motifs, in vivo, during certain biological processes [23,27]. How these helicases gain
specificity is still unclear. A few examples are known where an additional protein supports the function
of a given helicase. For example, in yeast, Mms1 supports the binding of Pifl to a specific subset of G4
targets—those which are located on the lagging strand [28]. Identification of G4-recognizing proteins
supports the detection of in vivo-relevant G4 structures. Additionally, the characterization of these
proteins indirectly helps to gain insights into G4 function in vivo.

In this study, we used a yeast one-hybrid approach to identify Saccharomyces cerevisiae SIx9 as
a novel G4-interacting protein. In vitro experiments confirmed the specific binding of SIx9 to G4
structures. SIx9 is a non-essential yeast protein that genetically interacts with the yeast RecQ helicase
Sgsl [29]. Sgsl is involved in various processes that are linked to genome stability, such as DNA repair
and G4 unwinding [27,30,31]. However, the functional relationship between SIx9 and Sgs1 is unclear.
To further address SIx9 function at G4 structures in vivo, we mapped SIx9-binding sites, genome-wide,
by chromatin immunoprecipitation (ChIP) followed by deep sequencing (ChIP-seq). These analyses
revealed that SIx9 does not significantly bind, genome-wide, to G4 motifs. However, in the absence of
Sgsl, SIx9 binds robustly to G4 motifs. Similarly, in the presence of hydroxyurea (HU), when more
G4 structures are detectable [32], SIx9 binding to G4 motifs is increased. Additional genetic analyses
allowed us to propose a mechanistic model addressing how SIx9 recognizes stabilized G4 structures.

2. Results

2.1. Identification of SIx9 as a Novel G4-Binding Protein in Vivo

G4 structures are evolutionary conserved, dynamic structures involved in various biological
processes [2,5,14,17]. To understand the interaction of G4 structures with various proteins in vivo,
an unbiased yeast one-hybrid (Y1H) screen was performed. A G4 motif from chromosome IX (G4;x)
and a mutated version of the same G4 motif (mut-G4;x) were cloned upstream of the aureobasidin
A resistance gene (AUR-1C) (Figure 1A). Mut-G4x served as a control to remove any non-specific
DNA-binding proteins and select for specific G4-binding proteins. A cDNA library comprising of
yeast proteins tagged with the galactose activation domain (GAL4-AD) (Dualsystems Biotech) was
transformed in the bait strain. An interaction of a protein with the G4;x motif resulted in the expression
of the AUR-1C gene and, consequently, growth on aureobasidin A medium. In two independent
screens, 156 different proteins were identified (SG, KP unpublished data). One of these proteins was
SIx9. SIx9 binding to only the G4;x motif, and not to mut-G4;x, was observed. SIx9 is a yeast-specific
protein that was demonstrated to genetically interact with the yeast RecQ helicase Sgs1 [29]. Most RecQ
helicases, including Sgs1, are potent G4 unwinders [26,31], and their function is linked to DNA repair,
telomere maintenance, and transcriptional regulation [27-34].
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Figure 1. SIx9 is a novel in vitro G4-binding protein. (A) Illustration of the yeast one-hybrid screen
experimental setup. (B) Coomassie staining and Western blot analysis of purified SIx9 protein.
The Western blot was performed using an anti-His antibody. 6xHis-SIx9 (30 kDa) was detectable
between the 25 and 35 kDa marker (arrow). (C) Quantification of SIx9 binding to different G4 structures
by filter-binding assay, plotted in log scale. SIx9 shows binding to all tested G4 structures with Ky
values of 0.55 + 0.08 uM (G4py), 0.21 = 0.04 M (G4,pna), 0.04 + 0.01 M (G1py), and 0.53 + 0.10 uM
(G4tpy). (D) SIx9 binding to a G4 structure from a selected region of chromosome IX (black) and a
mutated version of this G4 motif which cannot fold G4 structures but is 95% identical (grey). (E,F) SIx9
binding to other DNA structures such as dsDNA, bubble, forked, and 4-fork substrates. SIx9 showed
less affinity to the tested control DNA structures: Kj 15.69 + 3.57 uM (G4mut), 5.27 + 1.18 uM (dsDNA),
1.73 + 0.42 uM (bubble), 4.21 + 0.64 uM (fork), 3.72 + 0.62 uM (4-fork). Plotted results were based on
the average of three independent experiments (n = 3).

To confirm the interaction between SIx9 and G4 structures, we cloned, expressed, and purified
SIx9 from Escherichia coli (Figure 1B). Purified protein was subjected to standard filter-binding assays
to determine the affinity of SIx9 to G4 structures [35] (Supplemental Materials S5A). Binding of SIx9
to different G4 motifs (G4ix, G4tp, and G4,pna) and other DNA controls (mut-G4iy, dsDNA, forked
DNA, and 4-way junctions) was tested. SIx9 showed preferential binding to all tested G4 structures
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with binding affinity for G4 structures ranging between 210 to 550 nM. SIx9 exhibited binding to the
control sequences, but this binding was weaker and never reached 100% (Figure 1C-F, see figure
legend for K; values). The selective binding of SIx9 to G4 structures was confirmed using microscale
thermophoresis (MST) analysis (Supplementary Materials S5B-C). MST is a powerful tool to analyze
ligand-molecule interactions [36]. Fluorescently labelled G4ix and mut-G4;x were incubated with SIx9
in increasing concentrations and subjected to MST to quantify the binding affinities. MST analysis
confirmed that SIx9 binds G4;x with a better binding affinity than linear G-rich DNA (mut-G4;x)
(Supplementary Materials S5B—C). These binding studies further strengthened the Y1H data that SIx9
binds G4 structures.

So far, there are three classes of G4-interacting proteins described in the literature: proteins that
support or stabilize G4 formation, proteins that assist their unfolding, and those which recognize
formed G4 structures [23,24]. As we detected no unfolding of G4 structures in both binding analyses,
we tested whether G4 structures were stabilized by SIx9 binding. G4 structures have a characteristic
CD spectrum owing to the 7— interactions between Hoogsteen hydrogen bonds. We assessed the
effect of SIx9 on CD spectra of G4;x and mut-G4yx. If the G4 structure is stabilized due to SIx9 binding,
changes of the characteristic maxima or minima peaks should be detected after addition of the protein.
However, SIx9 titration did not result in any observable changes in the signals of G4;x and mut-G4;x
spectra, suggesting that the interaction between SIx9 and the G4 motif does not significantly alter the
structure and stability of G4 structures (Supplementary Materials SSD-E).

2.2. SIx9 Binds to G-Rich Regions Genome-Wide

To test if in vitro SIx9 binding to G4 structures could be confirmed in vivo, we performed
chromatin immunoprecipitation (ChIP) followed by genome-wide sequencing analysis (ChIP-seq) in
asynchronous yeast cultures expressing C-terminal Myc-tagged SIx9. Using MACS 2.0, we identified
205 chromosomal binding sites for SIx9 (n = 3) (see Supplementary Materials S3 for peak locations).
Peaks were compared to annotated genomic features (centromeres, ARS, promoters), previously
identified protein-binding regions (Pif1, y-H2AX, DNA Pol2), and regions that harbor annotated
G4 motifs [14,17,37,38]. SIx9 did not bind significantly to ARS, centromeres, promoters, yH2AX,
and Pifl-binding sites. However, we observed a strong correlation of SIx9 peaks to regions with
high DNA Pol2 occupancy (p = 0.0001) that indicated that the replication fork slows or stalls near
SIx9-binding sites. Surprisingly, we did not detect any overlap between annotated G4 motifs and
SIx9 peaks. Despite this data, a MEME search resulted in identification of a specific binding motif
in 32 of 205 sites (~15.5%) with high G-richness (>60%), greater than the average GC content of the
S. cerevisiae genome (38%) (Figure 2A). In the past, G4 motifs have been described with a consensus
motif G3N1_7G3N;_7G3N1_yG3. However, in recent years, alternative, more flexible G4 motifs that can
form metastable G4 structures have been described [39-42]. SIx9-bound regions contained potentially
metastable G4 structures with two guanines next to each other (Figure 2A). This indicated that SIx9 did
not bind to G4 motifs harboring a consensus sequence in vivo, but can recognize G4 motifs that form
flexible, less stable G4 structures. To note, most SIx9-binding sites were detected in non-G-rich regions.
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Figure 2. SIx9 binds, genome-wide, to G-rich regions. (A) Using SIx9-Myc, two independent ChIP-seq
analyses were obtained. Peaks were called using MACS 2.0. A G-rich binding motif was obtained by
MEME using the mean of two independent SIx9-Myc ChIP-seq experiments. The binding motif was
identified in ~16% of the peaks. (B) SIx9 binding was determined to nine endogenous regions (see
Supplementary Materials S4 for primer information) by ChIP and qPCR analysis. Selected regions
have been identified as binding and non-binding regions in ChIP-seq. Different sequence compositions
were chosen for analysis: non-G-rich (binding) and G-rich (binding) sequences, G4 motifs (no binding),
and control regions (no binding). G4 motifs contained G-tracts of 3 guanines, resulting in stable
G4 structure formation under G4-forming conditions. G-rich sequences could adopt less stable G4
structures, if at all. Binding of SIx9-Myc was monitored in wild type (light) and sgs1A (dark) cells.
Significance was calculated based on Student’s t-test (** p-value < 0.001). All depicted experiments
were performed with at least n > 3 biological replicates.

2.3. SIx9 Binds in a Sgs1-Dependent Manner to G4 Motifs

It has been discussed, in recent years, that it is unlikely that all G4 structures form simultaneously
in a cell. There would be a selective set of G4s that form during specific biological processes, e.g.,
replication control, under specific conditions (differentiation, stress, starvation) or in the absence of
regulatory proteins (e.g., helicases). The RecQ helicase Sgs1 can efficiently unwind G4 structures
in vitro [26,30]. Among other non-G4 related defects, G4-dependent transcriptional changes were
detected in Sgs1-deficient cells [14,27]. Due to the published genetic interaction between Sgs1 and
SIx9, we speculated that without Sgs1, more G4 structures persist in the cell and, consequently,
more SIx9 binds to G4 structures. Thus, we monitored SIx9 binding at G4 motifs in the absence of
Sgsl. We performed ChIP-qPCR experiments in two different strains. In the first strain, SIx9 was
endogenously Myc-tagged in a wild type background (light), and in the second strain, SIx9 was
tagged in a sgs1A (dark) background (Figure 2B). For qPCR analysis, nine different primer pairs were
selected to test SIx9 binding: two non-G-rich regions identified as SIx9-binding sites, two G-rich regions
(relaxed G4, identified as SIx9-binding sites), three regions harboring a G4 motif (no detectable SIx9
binding by ChIP-seq), and two control regions (no peaks detected by ChIP-seq). Here, and in all
subsequent ChIP and gPCR analyses, binding enrichment was plotted as IP values normalized to input
values. In concordance with our ChIP-seq results, SIx9 is significantly associated with the four putative
SIx9-binding sites (selected from ChIP-seq: non-G-rich, G-rich) in the wild type background, but did
not show significant binding to G4 regions or control regions (Figure 2B). On the contrary, in the absence
of Sgs1, SIx9 binding was enhanced at regions that could form G4 structures (Figure 2B), whereas
binding to the controls and non-G-rich targets was unaffected by the absence of Sgs1. These results
indicate that SIx9 binding to G4 structures is enhanced if they are not unfolded by the helicase Sgs1.
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2.4. SIx9 Recognizes G4 Structures That Are Stabilized In Vivo

To further investigate the connection of SIx9 and Sgs1, we analyzed the doubling time of slx9A,
sgs1A, and the double mutant (Figure 3A). Wild type yeast cells have a doubling time of 90 min,
as expected. Cells lacking Sgs1 (sgs1A) or SIx9 (six9A) showed minor growth changes in comparison
to wild type (94.5 and 97.5 min, respectively). The double mutant (sgs1A sIx9A) has a doubling
time of 110.9 min, which is slower than any of the single mutants alone (Figure 3A). Although the
differences are not huge, they support previously published data indicating that SLX9 and SGS1
genetically interact [29]. To test if G4 formation is the cause of these growth defects, we measured the
growth of wild type and s/x9A in the presence of G4-stabilizing ligands. N-methyl mesoporphyrin IX
(NMM) and Phen-DCj3 are two G4-specific ligands that have been shown to stabilize G4 structures
in yeast [14,43]. Yeast cells were incubated with the G4-specific ligand, and the doubling time was
calculated. Incubation with either G4 ligand resulted in faster growth in sIx9A in comparison to
untreated. The doubling time of slx9A cells treated with Phen-DC; was 84.8 min, and with NMM
79.2 min, indicating that the deletion of SLX9 imparts resistance to G4 stabilization (Figure 3B). Notably,
the growth of wild type cells did not change upon treatment (Figure 3B). These data are in accordance
with previously published screening results using NMM, in which SIx9 was identified as supporting
G4 resistance [14].
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Figure 3. SIx9 supports the recognition of G4 structures in vivo.
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(A) Growth curves were performed and doubling times (minutes) were calculated using the indicated
yeast strains. (B) Doubling times in the presence of 10 uM Phen-DCj3 and 8 uM NMM. (C) ChIP analysis
and qPCR of SIx9 binding in untreated (light) and in the presence of either Phen-DCj3 (grey) or NMM
(dark). (D-F) Different concentrations of yeast cells were spotted on rich media in a serial dilution to
determine growth changes and sensitivity. (D) Yeast growth on untreated YPD plates. (E) Yeast cells
spotted on rich media containing 100 mM hydroxyurea (HU). (F) Yeast cells spotted on rich media and
incubated with 25 J/m? UV light (254 nm). (G) ChIP analysis and qPCR of SIx9 binding in the presence
(dark) and absence (light—see also Figure 2B) of 50 mM HU. Significance was calculated based on the
Student’s t-test (** p-value < 0.001, * p-value < 0.01). All depicted experiments were performed with at
least n > 3 biological replicates.

SIx9 binding to G4 motifs is not detectable in wild type cells, but increased in the absence of Sgs1
(Figure 2B). To test if this enhanced binding is due to G4 structures, we measured SIx9 binding in
the presence of Phen-DC; and NMM when the formation of G4 structures is enhanced. For these
analyses, the same SIx9-Myc-tagged strains as in the previous experiment were grown in the presence
of either 10 uM Phen-DCj3 or 8 uM NMM. ChIP analysis was performed in an attempt to understand
SIx9 binding to G4 and control regions. Both G4-stabilizing ligands caused a 2- to 8-fold increase of
SIx9 binding at all tested G4 motifs (Figure 3C). This elevated binding is similar to the binding of SIx9
in the absence of the Sgs1 helicase (Figure 2B). The stronger binding of SIx9 to ligand-stabilized G4
structures supports the claim that SIx9 binds to folded G4 structures.

2.5. SIx9 Binding to G4 Structures Affects the “Repair” of These Structures

As a next step, we aimed to identify the process/pathway in which SIx9 acts at folded G4 structures.
Due to the link to Sgsl, we hypothesized that SIx9 functions similarly to Sgsl at G4s. Sgsl is a
multifunctional enzyme with proposed functions during transcription, telomere maintenance, and DNA
repair [14,27,30,31]. Cells lacking Sgs1 are HU-sensitive and have transcriptional changes in genes
with G4 motifs in their promoters [14,44-46]. We analyzed the impact of SIx9 on G4-mediated changes
during transcription. We analyzed if sIx9A cells, similar to sgs1A, show a selective downregulation of
mRNAs with G4 motifs in their promoters. To assess this, we monitored changes in mRNA levels of
11 different endogenous loci that harbor G4 motifs and one control region (actin) using qPCR. Five
out of 11 regions showed elevated mRNA levels in sIx9A cells compared to wild type (Supplementary
Materials S6A). These transcriptional changes indicated that SIx9 affected mRNA levels of a few genes,
but these changes did not directly correlate to the presence of G4 motifs in their promoter.

Sgsl has a role in homologous recombination and sgs1A cells are sensitive to HU and UV [44,47].
We tested if sIx9A cells are also sensitive to DNA damage agents. Different cell numbers were spotted in
a serial dilution on plates with 100 mM HU or were irradiated with 25 JJem? UV light (254 nm). We found
that sIx9A cells did not show any growth defect under any of the tested conditions (Figure 3D-F).
As expected, cells lacking Sgs1 (sgs1A) were sensitive to UV irradiation and HU treatment. Strikingly,
the double deletion sIx9A sgs1A showed no growth defects in either of the DNA damaging conditions,
indicating that deletions of SIx9 rescued the HU and UV sensitivity of sgs1A cells (Figure 3E,F).
Treatment of yeast cells with HU is tightly correlated with increased genome instability. To test if our
experimental observations can be explained by increased genome instability, we measured the direct
correlation between G4 motifs and genome stability in sIx9A cells. We performed a previously published
gross chromosomal rearrangement assay (GCR), which measures telomere addition, recombination,
deletions, and mutations as a result of a specific insert [48,49]. The GCR assay can quantitatively
detect complex genome rearrangements by the loss of two counter-selectable markers (URA3, CAN1).
The two markers are located downstream of the PRBI locus. If the inserted sequence increases genome
instability, the markers are lost, and the cells can grow on selective media. The growth of colonies can
be directly used as a quantitative readout for genome instability, and GCR rates can be determined
via fluctuation analysis [50]. Wild type cells have a GCR rate of 0.1 x 10~ events per generation [8].
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We monitored genome instability using either a non-G-rich, a G-rich or a G4 insert in either wild type,
sgs1A, or slx9A cells. Depicted GCR rates were normalized to wild type. No changes in GCR rates
were detected in any of the experimental conditions, suggesting SIx9 does not have a direct influence
on genome stability (Supplementary Materials S6B).

HU increases genome instability by depleting the dNTP pool of the cell, resulting in replication fork
progression changes and, consequently, genome instability [51,52]. It has been observed that HU
treatment results in elevated G4 structure formation [32]. We speculated that G4 stabilization by
HU was the reason why sgs1A cells were HU-sensitive, and SIx9 recognized these stabilized G4s.
We performed ChIP and qPCR experiments using strains with tagged SIx9 in the presence of HU. gPCR
analyses using the same primers as used above revealed that SIx9 binding to G4 targets was stimulated
in the presence of HU (Figure 3G). These observations further strengthened our previous results and
establish a link between SIx9 and Sgs1 under stress conditions.

3. Discussion

Different in vitro and in vivo experiments in various organisms demonstrated the regulatory potential
of G4 structures, but also highlight the challenges that such a structure poses for the cell [2,8,20,21,26].
Spatiotemporal regulation of the formation and unwinding of G4 structures is necessary for maintaining
genome stability. However, it is not fully understood which proteins support G4 structure formation
or recognize folded G4 structures in the cell.

In this study, we performed an unbiased Y1H screen to identify G4-interacting proteins. Among the
identified putative G4-binding proteins, SIx9 was chosen for further analysis of its role in G4-mediated
processes. SIX9 is a yeast-specific protein and has been reported to function during ribosome
biogenesis [53]. Filter-binding assays and MST was used to analyze the binding affinity of SIx9 to G4
structures in vitro. Both techniques showed a preferential binding of SIx9 to G4 structures compared
to other DNA structures (Figure 1C-F, Supplementary Materials S5B—C). The specific binding to G4
structures in vitro is interesting, and points towards a similar binding preference in vivo. However,
ChIP-seq experiments did not show a significant correlation of SIx9 binding to previously identified
G4 motifs (Figure 2) [17]. Recent findings demonstrated that G4 structures could also form within
more flexible G4 motifs [39-42]. These metastable G4 motifs have two guanines in the G-tract and
longer loop regions. Although 15.5% of all SIx9-binding sites (Figure 2A) harbor such flexible G4
motifs, the in vivo G4-specific interaction of SIx9 is rather poor. This indicated to us that SIx9 has
no or only a minor function at G4 structures in wild type yeast cells. We went on to determine the
specific conditions of G4-binding by SIx9. Due to the published connection of SIx9 and Sgs1 [29] and
the link of Sgs1 to G4 motifs [27,31], we checked if G4 structures which remain folded in sgs1A cells are
bound by SIx9. Indeed, we observed a 2- to 6-fold enrichment of SIx9 binding to these G4 structures
if Sgs1 was not present in the cell (Figure 2B). No significant changes of SIx9 binding to relaxed G4s
was determined by this method, indicating that Sgs1 did not target these regions. These data led to
the speculation that either SIx9 at G4s is displaced by Sgs1 and, therefore, little or no binding can be
observed in wild type, or that SIx9 cannot bind to G4 region because these structures are too efficiently
regulated by the cellular machinery and not stably folded enough in wild type conditions.

Since SIx9 did not alter genome stability (as measured by GCR) or cause transcriptional changes in
a G4-specific manner (Supplementary Materials S6B) we speculated that SIx9 binds to folded G4
structures. To test this hypothesis, we stabilized G4 structures by adding the G4-stabilization ligand
NMM, or Phen-DCj3, to yeast cells [14,43]. ChIP analysis showed a 2- to 8-fold enrichment in SIx9
binding to G4s, similar to sgs1A cells (Figure 3C). In addition to helicase depletion and addition of
G4-stabilizing ligand, it has been observed that HU favors G4 structure formation [32]. We speculated
that SIx9 binding will be enhanced at G4 structures after HU treatment. ChIP analyses of SIx9 binding
confirmed that SIx9 binding is enhanced at G4 motifs in the presence of HU (Figure 3G). Interestingly,
the binding of SIx9 only increased mildly at relaxed G4 motifs, which might indicate that these relaxed
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Gd4s are not affected by NMM or PhenDC3, and that their formation is only mildly stimulated under
HU conditions.

In the past, it has been demonstrated that folded G4 structures stimulate genome instability [8,19,25,
26,54-57]. A reference for genome stability is cellular fitness or doubling time. We observed that the
doubling time of wild type cells was not affected by the addition of a G4-stabilization ligand. However,
in the absence of SIx9, cells displayed a faster growth rate than wild type cells if G4s were stabilized by
G4-stabilization ligands (Figure 3B). This result was in agreement with previously published screening
result using NMM, in which SIx9 was identified to support G4 resistance [14]. In line with our model,
we speculated that SIx9 protects folded G4 structures, meaning that SIx9 blocks access to G4. This can
be further expanded to HU conditions: in the absence of Sgs1, cells are HU-sensitive. Whether this is
due to folded G4 structures or other features is not known [44]. We observed that cells lacking SIx9 and
Sgsl were not HU-sensitive (Figure 3E,F). Taking these results together, we propose that under HU
conditions, more G4 structures form, and more SIx9 proteins recognize and bind these folded structures.
In the absence of Sgs1, cells are sensitive to HU because SIx9 still binds and recognizes folded G4
structures and prevents other proteins unfolding them. In the double deletion mutant (sIx9A sgs1A),
similar to the NMM or Phen-DCj conditions, G4 structures are accessible by other proteins and can
be regulated.

From this yeast study, we gained two important insights. First, we revealed that SIx9 recognizes and
protects folded G4 structures (Figure 4). Second, although a protein is a strong G4 binder in vitro,
the in vivo binding might be different. The identification and characterization of the correct binding
condition is essential not only for understanding the correct function of the protein, but also to
understand the impact and function on G4 structures in the cell, in the case of SIx9. We speculate that
more proteins will be identified that recognize and control G4 formation only under specific conditions,
because G4 structures are highly dynamic structures that are altered during the cell cycle, different
cellular conditions, and during cellular differentiation.

WT Sgs1A WT+HU sgs1A+HU sgs1AsIx9A+HU

T g 2
LREE

SSE T

\ \Z

Fooaacoo oy X
G4-dependent G4-dependent G4-dependent Genome instability G4-dependent
genome stability genome stability genome stability genome stability

Q. s ‘3951 X?(e,g.mm

Figure 4. Model detailing how SIx9 recognizes folded G4 structures.
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4. Materials and Methods

4.1. Yeast One-Hybrid Screen

The yeast one-hybrid screen was performed using the Matchmaker™ Gold Yeast One-Hybrid Library
Screening (Clontech, Kyoto, Japan). All yeast strains used in this assay are listed in the Supplementary
Materials (Supplementary Materials S1). To construct the screening strain, a S. cerevisize G4 motif
from chromosome IX (G4ix) with short flanking regions was cloned into the S. cerevisine YIHGold
genome as described in the manual. The control bait, mut-G4;x, was cloned using the same strategy.
After determination of the minimal inhibitory concentration of aureobasidin A (AbA), screens were
performed using an S. cerevisine DUALhybrid cDNA library (Supplementary Materials) and 5 and
10 mM hydroxyurea (HU) in the plates. ¢cDNA library plasmid (7 ug) was transformed into the
screening strain bait G4 according to the manufacturer’s protocol.

After streaking out each yeast colony twice on selective plates, the library plasmids were isolated
from overnight cultures. Lysis was performed using DNA lysis buffer (2% Triton X-100, 1% SDS,
100 mM NaCl, 10 mM Tris/HCI pH 8.0, 1 mM EDTA) and glass beads in a FastPrep instrument
(MP Biomedicals, Santa Ana, CA, USA) for 1 min at 4 °C, followed by phenol/chloroform extraction and
ethanol precipitation. Plasmids were transformed in E. coli (XL-1 Blue), and overnight cultures were
used to isolate plasmids by alkaline lysis. The obtained library plasmid was sent for sequencing using
the primer GAL4ADseq (sequence from Dualsystems Biotech): 5'-ACCACTACAATGGATGATG-3'.

4.2. Cloning, Expression, and Purification of SIx9

SLX9 was amplified by PCR from S. cerevisite genomic DNA and PCR
primers  SG304  (5'-AAAAAAgGaattc ATGGTTGCTAAGAAGAGAAACA-3’) and  SG305
(5'-AAAAAAGcggecgc TCATTGTTTTTGCAGCTTGATAA-3'). SLX9 was cloned into the EcoRI and
Notl sites of a pET28a vector (Novagen, Darmstadt, Germany). The resulting construct was confirmed
by sequencing. 6xHis-tagged SIx9 was expressed in Rosetta pLysS cells grown in LB medium
supplemented with 25 pg/mL kanamycin and 30 ug/mL chloramphenicol. Expression was induced by
1 mM isopropyl 3-p-thiogalactoside (IPTG) at 18 °C overnight, following the manufacturer’s protocol
and established protocols [58].

All purification steps were carried out at 4 °C. Cell lysis was performed in lysis buffer (300 mM NaCl,
20 mM HEPES pH 7.5, 10% (v/v) glycerol, 1 mM DTT, 5 mM imidazole) by sonication (6 X 45 s, 50%
pulse intensity) using a Branson sonifier W250-D (Brandson, Danbury, CT, USA). After centrifugation of
the lysate (10,000 g, 30 min) the supernatant was applied onto a Ni-NTA agarose column (equilibrated
with two column volume lysis buffer) by gravity. After three washing steps with one column volume
wash buffer (300 mM NaCl, 20 mM HEPES pH 7.5, 10% (v/v) glycerol, 1 mM DTT, 15 mM imidazole),
the bound protein was eluted with one column volume elution buffer (300 mM NaCl, 20 mM HEPES,
pH 7.5, 10% (v/v) glycerol, 1 mM DTT, 300 mM imidazole). The eluate was separated by SDS-PAGE.
Fractions containing SIx9 were identified by Coomassie staining and Western blot analysis using an
anti-His antibody (Santa Cruz, Dallas, TX, USA). Positive fractions were combined, and the buffer was
exchanged, by dialysis, to elution buffer without imidazole. The protein was concentrated using a
Vivaspin 6 Centrifugal Concentrator (10 kDa cutoff, Sartorius, Goettingen, Germany). The protein
concentration was measured by Bradford and by SDS-PAGE using known amounts of bovine serum
albumin (BSA) as a standard.

4.3. In Vitro Folding and Analysis of G4 Structures and Annealing of Control DNA Structures

The folding of DNA oligodeoxynucleotides into G4 structures was performed as previously
described [33]. G4 structure formation was confirmed by 7% SDS-PAGE and circular dichroism
(CD) measurements. Oligodeoxynucleotides for control DNA structures were also used as previously
published [34] (Supplementary Materials S2). Annealing was performed in annealing buffer (50 mM
HEPES, 2 mM magnesium acetate, 100 mM potassium acetate) for 1 min at 98 °C, 60 min at 37 °C,
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and 30 min at 22 °C. G4 structures and annealed control DNA structures for binding studies were
desalted using illustra MicroSpin G-25 columns (GE Healthcare, Boston, MA, USA).

4.4. Binding Studies

DNA (20 pmol) was 5'-labelled with 25 uCi [y->*P] ATP by T4 polynucleotide kinase (NEB, Ipswich,
UK). G4 and G4yt structures were purified by 7 % SDS-PAGE. Control DNA (ds, bubble, fork, 4 fork)
was purified using illustra MicroSpin G-25 columns (GE Healthcare).

DNA-protein binding was analyzed by double-filter-binding assays [35] using a 96-well Bio-Dot SF
apparatus (Bio-Rad, Hercules, CA, USA) and 10 nM DNA in binding buffer (50 mM Tris/HCI pH 8.0,
125 mM KCl, 5 mM DTT, 10% (v/v) glycerol [13]). Protein concentrations increased from 0 to 65 pM
SIx9. After incubation on ice for 30 min, the reactions were filtered through a nitrocellulose and a
positively charged nylon membrane, followed by three washing steps with binding buffer with no
glycerol. The membranes were dried and analyzed by phosphorimaging on a Typhoon FLA 7000
(GE Healthcare). Percentage values of bound SIx9 were determined using ImageQuant, and were used
to obtain dissociation equilibrium constants (K;) by curve fitting using nonlinear regression (GraphPad
Prism, San Diego, CA, USA).

4.5. ChIP-Seq -and ChIP Plus qPCR Analysis

ChIP experiments were performed as previously described [8,59]. For ChIP-Seq, chromatin was
sheared to an average length of 200 bp using a 5220 focused ultrasonicator (Covaris, Brighton, UK).
For conventional ChIP, the DNA was sheared to an average length of 250 bp using a Branson sonifier
W250-D (50% amplitude, 50% duty cycle, 5 x 5 pulses). The applied parameters for Covaris were 140 W,
5% duty, and 200 cycles/burst for 20 min at 4 °C. The pulldown was performed using a c-Myc antibody
(Clontech, Kyoto, Japan). For genome-wide sequencing, DNA was treated according to manufacturer’s
instructions (NEBNext ChIP-seq Library Prep Master Mix Set for Illumina, NEB) and submitted to deep
sequencing (Illumina Nextseq500 sequencer, San Diego, CA, USA). Obtained sequence reads were
aligned to the yeast reference genome (sacCer3) with bowtie [60]. After the alignment, the number of
reads was normalized to the sample with the lowest number of reads. Binding regions were identified
by using the program ‘Model-based Analysis for ChIP-Seq” (MACS 2.0) with default settings for narrow
peaks [61]. Supplementary Materials S3 contains all SIx9 peaks. The ChIP input sample was used as a
control. MEME-based motif elicitation was used to identify a consensus motif within the FASTA file
from the binding regions identified by MACS 2.0 (Liu lab, Boston, MA, USA) [62]. Overlap of binding
sites with other genomic features and binding regions was determined using in house PERL scripts
based on a permutation analysis between query and subject features.

For ChIP-qPCR analyses, SIx9 was endogenously Myc-tagged at the C-terminal [63]. Asynchronous
cultures were grown to OD (660 nm) of 0.4-0.6 and crosslinked with 1% formaldehyde for 5 min
followed by quenching of the crosslinking by the addition of 125 mM glycine. ChIP experiments were
carried out as described above, and the immunoprecipitated sample (IP) was subjected to real-time
PCR using a SYBR green mix (Roche, Basel, Swiss). Details of the primers used in this study are
in Supplementary Materials S4. Binding was calculated as ratio of IP/Input for the specific regions.
Student’s t-test was used to calculate the statistical significance.

4.6. Growth Assay

The strains used for growth assays are listed in Supplementary Materials S1. Overnight cultures of
S. cerevisiae strains were used to inoculate YPD to a starting OD (660 nm) of 0.1. Cultures were grown at
30 °C until OD (660 nm) > 1 was reached. Measurements were taken in 60 min intervals, and doubling
times were calculated from log-phase OD (660 nm) values. Phen-DC3 (10 uM) or 8 uM N-methyl
mesoporphyrin IX (NMM) was added to the medium to perform growth assays under G4-stabilizing
conditions. Growth curves were performed in triplicates.
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4.7. Spot Assay

Yeast cultures were inoculated at an OD (660 nm) of 0.15 using a stationary S. cerevisiae culture,
and grown at 30 °C until OD (660 nm) > 0.8 was reached. All yeast cultures were diluted to OD
(660 nm) = 0.8 and a dilution series with six 1:5 dilutions were prepared in a sterile 96-well plate. From
each dilution, 3 uL were spotted on a plate, and after drying, incubated at 30 °C. After 2 days, the plates
were scanned and growth of strains on different media was compared to estimate the growth defects.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/9/1774/s1:
Supplemental File S1: Yeast and bacteria strains used in this study, Supplemental File S2: List of G4 folding
oligodeoxynucleotides, Supplemental File S3: List of peaks of ChIP-seq, Supplemental File S4: List of primers
used in this study, Supplemental File S5: Supporting information for binding analysis, Supplemental File S6: SIx9
has no G4-mediated effect on genome stability or transcriptional changes.
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Abstract: Guanine-rich DNA strands can adopt tertiary structures known as G-quadruplexes (G4s)
that form when Hoogsteen base-paired guanines assemble as planar stacks, stabilized by a central
cation like K*. In this study, we investigated the conformational heterogeneity of a G-rich sequence
from the 5" untranslated region of the Zea mays hexokinase4 gene. This sequence adopted an extensively
polymorphic G-quadruplex, including non-canonical bulged G-quadruplex folds that co-existed in
solution. The nature of this polymorphism depended, in part, on the incorporation of different sets of
adjacent guanines into a quadruplex core, which permitted the formation of the different conformations.
Additionally, we showed that the maize homolog of the human nucleoside diphosphate kinase
(NDPK) NM23-H2 protein—ZmNDPK1—specifically recognizes and promotes formation of a subset
of these conformations. Heteromorphic G-quadruplexes play a role in microorganisms’ ability to
evade the host immune system, so we also discuss how the underlying properties that determine
heterogeneity of this sequence could apply to microorganism G4s.

Keywords: G-quadruplex; G4; nucleoside diphosphate kinase; NDPK

1. Introduction

Traditionally, DNA is thought of as the genetic storage unit held in a double-stranded helical
conformation. The famous double helix structure [1] falls short in light of the observations that
guanine bases (Gs) in G-rich regions of DNA or RNA can form Hoogsteen base pairs with one another
to create a planar G-quartet [2,3]. Sequential G-quartets can stack to form G-quadruplexes (G4s).
In microorganisms, these secondary structures can play a role in antigenic variation to assist in evasion
of the host immune response and in establishing viral latency [4]. G4s have been identified in eukaryotic
nuclei using G4-specific antibody staining [5]. Further, functional roles in regulating transcription and
replication continue to be identified from bacteria to mammals [6-11]. In short, DNA G4s are now a
recognized structural form of DNA despite the initial controversy about their biological relevance.

G4s are identified throughout microorganisms—including viral, mammalian, and plant genomes—
at similar, but not identical, loci. In bacteria, G4s are enriched in regulatory sequences as well as transfer,
non-coding, and messenger RNAs [12]. In viruses, G4s that are conserved across viral classes are found
in gene promoters and long terminal repeats, implicating them in gene expression regulation and viral
latency [13,14]. In humans, G4s are enriched just upstream of transcription start sites (TSSs), as well as
in introns near intron—exon boundaries, and are more commonly found in the sense strand and thus
transcribed into mRNA [11]. Others are associated with telomeres [11] or oncogene promoters [15].
In the maize genome, G4s tend to occur just downstream of TSSs in the antisense strand (called
“A5U"-type G4s for antisense 5'-untranslated region) and putative G4s are overrepresented in promoter
regions of genes associated with energy status pathways, oxidative stress response, and hypoxia,
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suggesting a regulatory role for these elements [16]. For these reasons, G4 aptamer-based therapeutics
that can inhibit bacteria-host cell interactions [17], override transcriptional [18] or epigenetic [19]
signals, or regulate viral lifecycle [20] are an exciting avenue for drug discovery [21].

The analogy between these divergent genomes carries over into the surprising structural plasticity
of the G4s and the protein factors that regulate G4 formation and dissolution in the nucleus and/or
cytoplasm. For example, the ability for G4s in various pathogens to adopt protein-specific conformations
suggests a role in those microorganisms to evade the host immune response [4,22]. Some viral genomes
combine Watson—Crick base pairs with a G4 structure, perhaps influencing gene expression in HIV-1 [23].
Further, a number of mammalian proteins play a role in dissolving [24-29] or stabilizing [30-32] G4
interactions. Interestingly, we recently identified a nucleoside diphosphate kinase (NDPK) from maize,
ZmNDPK]I, that is analogous to the human NM23-H2, an NDPK homolog [33] (both bind the folded
form of G4 DNA). However, the nature of their interaction is not completely understood because there
is no reported three-dimensional structure of an NDPK-G4 DNA complex.

With accepting the importance of genic DNA G4s come questions about how they function. In this
realm, biochemistry and biophysics shed light on the physical properties that lay the basis for defining
these activities. To this end, various spectrophotometric and spectroscopic assays are available to assess
the structure of model oligonucleotides in solution. Nonetheless, these techniques individually fall
short of defining a single state of the oligonucleotide, and so must be used together to understand the
G4 forming potential of any given G-rich stretch of nucleic acid. Structure determination is complicated
by the innate polymorphism of even the simplest G4-forming sequences [34], formation of stable
structures with bulges in G-tracts [35], topological interconversion [36,37], and G-tract slippage [38].

In this study, we combined UV spectrophotometry, CD spectrophotometry, and DMS footprinting to
characterize the G4-forming DNA oligonucleotide hex4_A5U, which is derived from the 5" untranslated
region of the maize hexokinase4 gene [16]. Each technique has different strengths in analyzing G4
structures, so we used them together to understand the biophysical properties of this sequence [39-41].
We then applied our analysis to characterizing the interaction between ZmNDPK1 and the G4 DNA,
which form a high-affinity complex with a subset of the potential hex4_A5U G4 conformers [33]. Our
analysis shows an unprecedented level of polymorphism in the hex4_A5U sequence that can be described
by the topological isomers and G-register exchange concept [42], extended to include the non-canonical
bulged G4 conformations. We further hypothesize that such polymorphism is a universal property of
G4-forming sequences in eukaryotic as well as prokaryotic genomes.

2. Results

2.1. hex4_A5U Adopts a G4 Conformation in the Presence of Cations

We first tested the influence of different monovalent cations on the formation of G4 by the hex4_A5U
sequence using UV-Vis and CD spectrophotometry. We will refer to the stretches of Gs as tracts I-1IV,
according to their order from the 56" end of the DNA (Figure 1A). A characteristic G4 thermal difference
spectrum (TDS) with a negative peak at 295 nm was obtained only in the presence of K* ions (Figure 1B).
TDS spectra of oligonucleotides annealed with Na*, Cs*, and Li* ions were more negative at 295 nm
than those determined in the absence of cations, but none had a prominent negative peak.

We next monitored the thermal denaturation of G4 structures by recording the change in absorbance
at 295 nm (Figure 1C). A hypochromic shift at this wavelength with increasing temperature is associated
with G4 melting [43,44]. In contrast, single-stranded DNA (ssDNA) experiences a hyperchromic shift at
295 nm upon increasing temperature due solely to denaturation of any transitory secondary structures
such as ssDNA helix [45]. As expected, in the presence of K* we observed a sigmoidal decrease in
absorbance at 295 nm with increasing temperature, revealing a midpoint of transition (T5) at 58 °C.
In the presence of Na*, Li*, or Cs* ions, we saw an initial decrease in absorbance at 295 nm that
suggested melting of a G4-like structure, followed by an increase in absorbance that we attributed
to ssDNA helix denaturation. In the absence of cations, the absorbance at 295 nm steadily increased
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with increasing temperature. Further supporting our assessment that hex4_A5U forms a quadruplex
structure, CD spectra characteristic of a parallel G4 conformation [46] were visible in K*, Na*, Li*, and
Cs* (Figure 1D). In the absence of any small cation, CD spectra indicate that the oligonucleotide is
disordered (Figure 1D). Finally, analytical ultracentrifugation (AUC) showed that the DNA was folded
into a compact globular structure with an average molecular weight of 10.8 kDa (expected: 10.2 kDa)
and an average f/f0 of 1.56, indicative of a monomeric G4 (Figure 2).
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Figure 1. Spectroscopic analysis of a G-quadruplex (G4) formation by hex4_A5U. Oligonucleotides
annealed in water (black), 10 mM tetrabutyl ammonium phosphate (TBA) buffer pH 7.5 (gray), or 10
mM TBA buffer supplemented with 100 mM of KCl (red), NaCl (brown), LiCl (blue), or CsCl (green).
(A) Schematic representation of a canonical parallel unimolecular G4. Four tracts of three consecutive
guanines (spheres) form three stacked G-quartets (cyan) stabilized by a monovalent cation. L1, L2,
and L3 are lateral loops (magenta). (B) Normalized thermal difference spectra show formation of G4s,
indicated by a negative peak at 295 nm. A prominent negative peak is observed only in KCl, and is
absent in water or buffer, with intermediate values observed for NaCl, LiCl, and CsCl. (C) Thermal
melting measured the cation-dependent stability of the G4 structures. G4s formed in KCI were the most
stable, with a Ty, of 58 °C, followed by 50 °C for NaCl, 42 °C for LiCl, and <30 °C for CsCl. A linear
increase in absorbance at 295 nm for oligonucleotides annealed in the absence of cation indicates that
no G4 structures formed. (D) Circular Dichroism (CD) spectra show the formation of parallel G4s in the
presence of cations. Peak maxima at 262 nm and minima at 242 nm were the hallmarks of the parallel
G4s and were observed in KCl, NaCl, LiCl, and CsCl.
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Figure 2. Analytical ultracentrifugation (AUC) of hex4_A5U annealed in KCI shows formation of a
compact structure. (A) Raw sedimentation scans (yellow) overlaid with the calculated fit (red). (B)
Residuals between the fit and the model plot showing their random nature. (C) Relative concentration
and distribution of the species with different sedimentation coefficients. (D) Summary table of the
contents of the solution after genetic algorithm analysis as implemented in Ultrascan 3 [47,48].

The formation of G4-like structures in the presence of cations other than K* was further evidenced
by CD spectrophotometry. Samples annealed in the absence of cations had a positive peak maximum
at 255 nm and did not undergo structural transitions with an increase in temperature (Figure 3A,B).
At 25 °C, CD spectra of hex4_A5U annealed in the presence of any monovalent cation were similar to
one another, whereas they were dramatically different from the spectra of hex4_A5U in the absence of
cations. Negative ellipticity at 242 nm and positive ellipticity at 262 nm, as observed for cation-annealed
samples, are the hallmarks of a parallel G4 [46]. K*-annealed samples melted as a single species with
an increase in temperature (Figure 3C), whereas samples annealed in Na*, Li*, and Cs* displayed a
structural transition evidenced by a gradual shift of the maximum positive peak from 262 to 255 nm

(Figure 3D-F).
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Figure 3. CD thermal denaturation shows reversible structural transition of a G4 formed by hex4_A5U
with different cations. Oligonucleotides were annealed in 10 mM TBA buffer supplemented with
100 mM of KCl (A), NaCl (B), LiCl (C), CsCl (D), buffer alone (E), or water (F). In all conditions, we
observed an overall decrease in CD signal intensity with an increase in temperature. Melting G4s
annealed in KCl resulted in a sigmoidal curve with a Ty, of 58 °C. Melting in NaCl, LiCl, and CsCl
revealed a two-state behavior indicative of a structural transition from a G4 to ssDNA in which a
sigmoidal phase was followed by a linear phase. Melts for water and TBA buffer alone were linear
and represented unstacking of the ssDNA bases. Thermal unfolding of the secondary structure was
reversible, indicated by the dashed black line that corresponds to spectra collected immediately after
the samples were cooled to 20 °C. Insets: plots of molar ellipticity at 262 nm versus temperature.

2.2. hex4_A5U Oligonucleotide is a Mix of G4 Conformations

We performed DMS footprinting followed by piperidine cleavage (Figure 4) to identify the Gs
involved in G4 formation in K*, and to characterize the G4-like structures that formed in the presence of
non-K* cations. G4 prediction by the Quadparser algorithm [49] flagged G4—Gg, G14—Gi6, Gp4—G 26, and
Gos—G 30 as the four continuous G-tracts in the hex4_A5U sequence involved in G-tetrad formation [16].
A distinct footprinting pattern marked by missing products that correspond to Gs protected by G4
formation was seen only in K*-annealed samples (Figure 4A, lane 1). Specifically, bands corresponding
to cleavage at G3-Gs (G-tract I from the Quadparser model), Go5—Ggg (partial G-tract III), and Gag—Gsp
(G-tract IV) were missing, indicating that those Gs were strongly protected from being DMS-labeled.
Low intensity bands corresponding to cleavage at G and Gyy suggested weaker protection. In contrast,
bands corresponding to cleavage at G14—Gjp (G-tract II) and other discontinuous Gs (Gg, Gi1, Gg,
Gi9, Go1 and Gyy) were strong, indicating those Gs were not protected. Thus, we identified only two
complete and one partial G-tract out of four G-tracts assigned by Quadparser for samples annealed in
the presence of G4-inducing K*.

There was a similar, but much less prominent, footprinting pattern in the Na*, Li*, and
Cs*-annealed samples (Figure 4A, lanes 2, 3, and 4) visible only in the 3’ region (compare intensity of
the G31 band to G Gg3p). In contrast, there was no protection in the absence of cations (Figure 4A, lane
5), and most of the oligonucleotide was degraded in the water alone (Figure 4A, lane 6). hex4_A5U
DMS footprinting patterns in different cations agree with CD and UV-Vis melting experiments, which
showed that K*, and to a lesser degree Na*, Li*, and Cs*, supported G4 formation, whereas no
secondary structure was detectable in the absence of cations.

Despite unambiguous spectroscopic evidence of G4 formation in K*, our DMS footprinting failed
to assign all G-tract II or III Gs (Figure 4A). This raised a question about the role of the middle Gs in
the G4 structure, as well as the possibility of heterogeneous G4 structures. We first created a shorter
construct, trim_A5U, with a three-base truncation at the 5’ end and a one-base truncation at the 3’ end,
to simplify our analysis and eliminate the structures that would arise due to the G-register exchange
(Figure 4B). All further analysis was done in trim_A5U background.

DMS footprinting of trim_A5U construct showed a less complicated footprinting pattern, where
G24-Gys5 and Gyg—-Gg at the 3’ end were clearly protected. Some difference in the degree of digestion
was observed for Gys versus Gys, Gig versus Gyg, and Gy versus Gi5—Gye (Figure 4B lane 2).
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Additionally, G4—G¢ were less digested in KCI versus LiCl, indicating their involvement in G4
formation (Figure 4B, lanes 1 and 2). To verify that canonical G4 can still form, we further modified
trim_A5U construct by replacing Gg, Gis, G19, G21, and Gyp with thymidines, giving rise to a “locked”
canonical construct—A5UAH. DMS footprinting of this locked variant clearly showed protection of
12 guanines in KCl but not LiCl. These guanines formed the G4 core, whereas overdigestion of Gj;
showed that it was not involved in core formation, as predicted.
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Figure 4. Dimethyl sulfate (DMS) footprinting of hex4_A5U and its variations reveal guanines involved
in G4 core formation. (A) Missing bands on a gel indicate guanines protected from DMS labeling.
A distinct footprinting pattern is observed only for the KCl sample (lane 1). In NaCl, LiCl, and CsCl,
partial protection is observed for the GGGAGGG hairpin at the 5" end of the oligonucleotide (lanes
2-4). In TBA, all guanines are digested evenly and in water alone the sample is overdigested. Circles
(left) indicate guanines that are protected (O), partially protected (»), or overdigested (®) when treated
in KCl. (B) hex4_A5U was trimmed by removing bases 1, 2, 3, and 31, resulting in trimA5U construct.
trimA5U was further altered by substituting Gg, G1g, G19, Ga1, and Gy with thymidines, resulting in
AS5UAH construct. Both trim_A5U and ASUAH oligonucleotides were subjected to DMS footprinting in
KCl or LiCl.

Next, we employed rational mutagenesis to define the apparent heterogeneity of trim_A5U in
G-tracts I, II, and III. Despite the predictions of middle G-tract involvement in G4 formation, deletion
of the middle G-tract (G14—~Ggg) or substitution of those Gs with adenines had no effect on G4 formation
in the K* assessed by TDS (Figure 5A). We already established that G13—G19 and Gy;—Gy; could not be
exclusively involved as a bulged G-tract II, since their substitution by thymidines resulted in a sequence
that was still capable of G4 formation (Figures 4B and 5A). Point mutations that simultaneously
disrupted continuous G-tracts I, III, and IV (Gy4, Gys5, G3p) resulted in a sequence that did not form a
G4 (Figure 5B). To test the possibility of intermolecular G4 formation from a two-G-tract containing
oligonucleotide, we made an A5UR? (random 20) construct where the 5’ sequence upstream of the
GGGAGGG hairpin was replaced with 20 random non-G bases. This oligonucleotide did not form a
stable G4 (Figure 5B), although it had a CD spectrum indicative of parallel G4s when annealed with K*
or Li* (Figure 5B).
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Figure 5. Preliminary mutagenesis of the trim_A5U oligonucleotide. Oligonucleotides were annealed in
a buffer containing 10 mM TBA pH 7.5 supplemented with 100 mM KCl or LiCl. (A) trim_A5U variants
with the deletion or substitution of tract II guanines with adenines form Gé4s. (B) trim_G4-25-30T

oligonucleotide with point mutations in tracts I, III, and IV and A5UR20

oligonucleotide with a
randomized sequence upstream of G-tract II did not form stable G4s. (C) G4-characteristic CD spectrum
is observed only when ASUR? oligonucleotides are annealed in the presence of cations, but not in the

TBA buffer alone.

From this analysis, we further hypothesized that the trim_A5U sequence exists as a mix of G4

conformers in G-tracts II and III, including variants where continuous G-tracts were interrupted by

non-G bases, forming a bulge [35]. We called this central stretch of non-continuous Gs a “G-slide

”

region, which defines the G4 heterogeneity. According to this extended model, G-tracts I and IV are
fixed, but G-tracts II and III are formed by six bases from a G-slide region of 10 Gs with or without
one-base bulges (Figure 6A). Based on these assumptions we identified 13 possible variants (Figure 6B),
named according to the participating G triplets that form G-tract II and III (A-H). To test our model,
we designed “locked” sequences that enforced a single conformation (Figure 6B, Table 1).

A‘ No bulges B Tract | Tracts Il and Il Tract IV
Tract | Tract Il (A) Tractlll (H)  Tract IV éZé& 626242 ‘Z{Z 4242 424242 éZéZéZ
| | Faaal T = 2

é Z‘ Z‘ Z é Z‘ Z‘ Z ‘ Z‘ Zé Z i Z‘ Zi Z AS5U* GEETGTTGAAGEGAGGAGGAGGGAGEGE

ASU* GEETGTTGAAGEEGAGEAGGAGGGAGGE

Allowing single bulge in tracts l1&IIl D H AS5U¥ BEETGTTGAAGGGAGGAGEAGGGAGGE

Tract| pL—FC8—— Tract IV - 2

Alee—— Bt —— — A5U* BGETGTTGAAGGGAGGAGEGAGGGAGGE

ASU* GEETGTTGAAGGGAGGAGGAGGGACGE
A5U* GGETGTTGAAGGEAGGAGGAGGGAGGE
ASU® GEETGTTGAAGGEAGGAGEAGGGAGGE
AS5U® GEETGTTGAAGGEAGGAGGAGGGAGGE
ASU®" GEETGTTGAAGGEAGGAGGAGGGAGGE
A5U°° BEETGTTGAAGGEAGGAGEAGGGAGEE
A5U% GGETGTTGAAGGBAGGAGGAGGGAGCE
ASU™™ GEETGTTGAAGGGAGGAGGAGGGAGGE
AS5U™ GGETGTTGAAGGGAGEGAGGAGGGAGGE

Q Guanines involved in G4-stack formation
O Guanines not involved G4-stack formation

O Non-guanine bases

Figure 6. Extended model of G4 formation by trim_A5U allowing one bulge in G-tract. (A) Comparison
between the canonical model and the extended G4 model. The extended model allows longer loops and
a one-base-bulge interruption of G-tracts. Under the canonical model there is only one possible fold
that can be adopted by trim_A5U to form a G4 core using tracts that do not contain bulges (i.e., tracts II
(labeled A) and III (Iabeled H)). Under the extended model, trim_A5U can potentially form 13 different
G4 core folds (including a canonical fold ASUAH) with fixed tracts Iand IV and the potential of one-base
bulges in tracts II and III. (B) Guanines that can be involved in formation of the G4 core in the extended
model are highlighted.
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2.3. Locked hex4_A5U Variants Form G4s with Distinct Properties

We proceeded to characterize the ability of locked trim_A5U variants to form G4s in K* through
our series of spectroscopic assays. TDS showed that all locked variants ASUAP-A5SUFH form Gds, albeit
with variable amplitudes of the negative 295 nm peak (Figure 7A). CD spectra revealed additional
differences between the variants (Figure 7B). Specifically, ASUAD  A5UAH ASUBH A5UCF, ASUCH)
A5UPH and ASUEH had signatures of parallel G4s; ASUAE, ASUAF ASUAG, ASUBF and A5UPBG had
signatures of antiparallel hybrid (anti-h) G4s; and ASUCC had a mixed spectrum. Thermal denaturation
experiments showed that A5UAP, A5UCF, and A5SUCC formed the weakest G4 structures, followed
by A5UPBF, A5UPBS, and A5UBH, which together formed a group of G4 variants with Ty <30 °C
(Figure 7C). The remaining seven variants—A5UAF, ASUAF, ASUAG, ASUAH, ASUCH, ASUPH and
A5UFH—formed G4s that were stable at room temperature. All but ASUAH contained one or two
bulged G-tracts. Taken together, these data show that all 13 locked trim_A5U variants formed G4s but

varied in their topology and thermal stability (Table 1).
*AD
10 = AE
3 “AF
kN xAG

A. B G

-=trim
. —BF
\ —BG
—BH

AA(A95°C-A25°C)
Normalized A295

[6] (10° x mdeg x cm? x dmol')

==CF
—cG

N —CH

N [\ —oDH
5 7 EH

0.2

-0.2

-0.6 -
230 270 310 200 240 280 320

Wavelength (nm) Wavelength (nm) Temperature (°C)

Figure 7. Spectroscopic analysis of a G-quadruplex (G4) formation by trim_A5U-locked variants.
trim_A5U variants based on the extended model (derived from Figure 6B) were tested for their ability
to form G4s. Guanines were substituted with thymidines to preclude their involvement in G4 core
formation. (A) With the exception of A5UAD  ASUCF and A5UCGS, all trim_AS5U variants have a
prominent negative peak at 295 nm, indicating G4 formation. (B) Thermal meltings monitored at
295 nm show that all locked variants formed G4s with different stabilities; however, ASUAP, A5UBE,
A5UPBS, A5UBH, A5UCF, A5UCG, formed weak Gds with Ty, < 30 °C. (C) CD spectra show that locked
variants formed G4s with different topologies. Variants ASUAP, ASUAH, ASUBH | ASUCF, A5UCH,
A5UPH and ASUEH formed parallel G4s with a major peak at 262 nm. ASUAE ASUAF ASUAG | ASUBF,
and A5UPS formed antiparallel hybrid G4s with a major peak at 292 nm. A5UCC has a mixed spectra
with similar ellipticity at 262 and 292 nm.
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2.4. ZmNDPK1 Requires Two Consecutive G-Tracts with a Single One-Base Loop for Efficient Binding

Previously, we demonstrated that ZmNDPK1 binds to wild-type hex4_A5U G4 DNA with high
affinity [22]. We determined that ZmNDPK1 also binds with high affinity to trim_A5U (K4 = 16.6 nM),
as well as to the locked canonical variant ASUAH (K4 = 14.4 nM), but not to another locked variant
ASUAE (K4 = 194 nM) (Figure 8A-C). We further tested which locked variant competed with wild-type
hex4_A5U for binding to ZmNDPKI1 to assess its binding specificity. At a 100-fold excess of the
competitor, locked variants showed varying degrees of competition efficiency (Figure 8D, Table 1).
Although each of the 13 variants competed for binding, only those classified as parallel according to
CD measurements competed with greater than 50% efficiency (Figure 8D). The common feature shared
by the strong competitors (ASUAP, A5UAH, A5UBH, A5UCF, A5UCH, ASUPH, and A5UFH) was the
presence of two G-tracts connected by a single adenosine: GGGAGGG (or GGGAGA GG with a bulge
in the second G-tract as in A5UAP) (Table 1).
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Figure 8. G4-binding protein ZmNDPK1 preferentially binds to the parallel locked variants of
trim_AS5U. (A) Binding of ZmNDPK1 to the trim_A5U caused the retention of the fluorescently labeled
oligonucleotide on the nitrocellulose. (B) Binding of ZmNDPKI to the trim_AH caused the retention of
the fluorescently labeled oligonucleotide on the nitrocellulose. (C) Binding of ZmNDPKI1 to the trim_AE
caused the retention of the fluorescently labeled oligonucleotide on the nitrocellulose. (D) Competition
efficiency was calculated as the amount of the probe retained on the nitrocellulose compared to the
no-competitor control. Only parallel G4-locked variants competed with high efficiency: ASUAP,
ASUAH, A5UBH, A5UCE, ASUCH, ASUPH, and ASUEH,

2.5. ZmNDPK1 Binds Intermolecular and Intramolecular G4s

ZmNDPK1 binds to G4s that are annealed in Li* with 40-fold weaker affinity [33], but promotes
G4 folding upon binding (Figure 9A). To further explore the binding properties of ZmNDPK1 with
G-rich DNA that is not pre-formed into an intramolecular G4 conformation, we tested whether or not
ZmNDPK1 could bring together two separate DNA strands. When equimolar amounts of 5 fluorescein
(FAM)-labeled hex4_AS5U and 3" TAMRA-labeled hex4_A5U oligonucleotides were mixed and then
annealed either in K* or Li*, neither sample exhibited Forster resonance energy transfer (FRET) in the
absence of protein (Figure 9B). When ZmNDPK1 was added to the K*-annealed oligonucleotide there
was no change to the FRET signal. In contrast, the single-labeled oligonucleotides pre-annealed in Li*
exhibited FRET when mixed with ZmNDPKI1 (Figure 9B). Interestingly, when A5UR0 oligonucleotide
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(20 random bases ending with the 3" GGGAGGG hairpin) was used instead of hex4_A5U, no FRET was
observed despite ASUR?"'s signature of parallel G4 in CD experiments
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Figure 9. ZmNDPK1 binds to intermolecular and intramolecular G4s. Fluorescence emission data were
collected by exciting the FAM fluorophore, and resulting plots were normalized to the peak maxima of
1 to better visualize the changes. (A) hex4_A5U_5F3T: dual-labeled oligonucleotides. When annealed in
KCl, the FRET signal changed little with increasing protein concentration. When annealed in LiCl, the
FRET signal increased with increasing protein concentration. (B) hex4_A5U_5F/3T: two single-labeled
oligonucleotides. When annealed in KCI, FRET did not change with added protein. When annealed
in LiCl, the FRET signal increased with increasing in protein concentration. (C) ASUR20 5F/3T: two
single-labeled oligonucleotides, with 20 random non-G bases ending with a GGGAGGG hairpin. When
annealed in either KCl or LiCl, the FRET signal did not change with added protein.

2.6. ZmNDPK1 and Trim_A5U form a Heterogeneous Protein: Nucleic Acid Complex

To gain insight into the mechanism of complex formation between ZmNDPK1 and trim_A5U, we
used electron microscopy to visualize the protein alone and in the presence of the G4 oligonucleotide
(Figure 10). For ZmNDPK1 alone, we saw uniformly distributed globular protein molecules of the
expected size (Figure 10A). After ZmNDPK1 was incubated with trim_A5U we saw the formation of
filamentous structures of uniform thickness but various lengths and shapes (Figure 10B). ZmNDPK-
trim_A5U complex was then plunge-frozen and images were collected in vitrified ice under the cryogenic
conditions (Figure 10C). We saw that filaments were well preserved in ice and uniformly distributed. 2D
classification of the particles picked from cryogenic electron microscopy (cryo-EM) images confirmed
that the complex had a distinct structure over short distances but was too heterogeneous for further 3D
analysis (Figure 10D).
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Figure 10. Electron microscopy of the complex between ZmNDPK1 and trim_A5U. (A) Image of
a negatively stained ZmNDPK1 alone. (B) Image of the negatively stained ZmNDPK1 in complex
with trim_A5U. (C) CryoEM image of ZmNDPK1 in complex with trim_A5U stain in vitreous ice.
(D) Results of 2D classification of 30.000 filament segments picked from the cryoEM images.

3. Discussion

3.1. G4s in the Stress Response

G4s are now recognized as important elements in the regulation of intracellular processes related
to replication, transcription, translation, splicing, and telomere maintenance [50]. In fact, G4 formation
in the promoter of a gene can either inhibit [51,52] or facilitate its transcription [6,53]. In vivo, G4s exist
in the context of the double-stranded genome and are regulated through interaction with G4-binding
proteins like XPB and telomere end-binding proteins [50,54-56]. In vitro, G4 formation is largely driven
by the presence of K* or Na*, so in addition to possible coordination by proteins, G4 formation is
also sensitive to the ionic environment of the cell. In this study, we investigated the properties of the
hex4_A5U oligonucleotide derived from the G-rich sequence located on the template strand in the 5
untranslated region of the maize hexokinase4 gene. This gene is particularly interesting because it has
three putative G4s—two on the template strand and one on the coding strand of DNA [16].

3.2. Limitations in G4 Characterization Affect Analysis of hex4_A5U

UV-Vis spectrophotometry, CD spectrophotometry, and DMS footprinting are commonly used
techniques to verify G4 formation by a given nucleotide sequence. Each has unique strengths, but none
is able to unambiguously assess the G4 conformation, and so they must be used together to understand
the possible G4 variations of even the simplest G-rich sequence. TDS is a qualitative technique based on
UV-Vis spectrophotometry that relies on the hyperchromicity of G4s at 295 nm, but the signal changes
qualitatively with the base composition of the nucleic acid [57]. hex4_A5U shows a distinct G4 TDS
profile only in the presence of K* ions (Figure 1B), whereas the TDS profile of hex4_A5U in Na*, Li*,
and Cs™ is intermediate between K* and the absence of cations, suggesting formation of a weak G4.
Aside from TDS, UV-Vis spectrophotometry can be used to monitor the stability of the G4 by measuring
the change in absorbance at 295 nm with increasing temperature [6]. In 100 mM K*, hex4_A5U had a
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Ty of 58 C, showing that it is stable at physiologically relevant temperatures (Figure 1C). We also
observed an initial decrease in absorbance at 295 nm for all other cations, suggesting melting of a
transient G4, but not in the absence of cations. Overall, these observations show that hex4_A5U,
expectedly, forms a G4 only if stabilized by a cation, where K* >>Na* > Li* > Cs™*.

CD spectrophotometry is commonly used to assess the properties of oligonucleotides to give clues
about secondary structure. hex4_A5U has CD spectra characteristic of a parallel G4 conformation [46]
inK*, Na*, Li*, and Cs* (Figure 1D). In the absence of any small cation, CD spectra indicate that the
oligonucleotide is disordered (Figure 1D). Interestingly, CD thermal denaturation experiments show
that G4s in K* melt as a single species, whereas in Na*, Li*, and Cs* there is a structural transition
evidenced by the shift of the peak maxima from 262 to 255 nm (Figure 3). After the transition, melting
profiles for Na*, Li*, and Cs™ resemble that of the oligonucleotides annealed in the absence of cations.
The temperature at which this transition occurs is cation-dependent and matches the G4 stability order
for cations determined in UV-Vis thermal denaturation experiments: K* >> Na* > Li* > Cs™.

Lastly, DMS footprinting provides an additional insight into G4 topology by analyzing
solvent-accessible Gs. DMS footprinting showed strong protection of Gs only in K* (Figure 4A,
lane 1), whereas protection in Na*, Li*, and Cs* was limited to the GGGAGGG hairpin at the 3’ end
of the sequence (Figure 4A, lanes 2-4). All Gs were completely unprotected in absence of cations,
representing a fully unfolded state. We attribute the partial protection in Na*, Li*, and Cs* to the
formation of a weak intermolecular G4 that forms by cation stabilization of the 3 GGGAGGG hairpins
from two DNA molecules. Indeed, the A5SUR0 oligonucleotide, which has 20 random non-G bases
followed by a GGGAGGG hairpin on the 3’ end, does not have a characteristic G4 TDS spectrum
(Figure 5B), but does have a parallel G4 CD spectrum in the presence of cations (Figure 5C). We
conclude that hex4_A5U forms an intramolecular parallel G4 only in the presence of K*, whereas it
forms a weak intermolecular G4 in the presence of Na*, Li*, or Cs*

3.3. hex4_A5U and its Truncated Variant trim_A5U are Highly Polymorphic G4-Forming Sequences

G4 polymorphism is a common, complicating predicting their structures based on sequence alone.
Examples of polymorphism include extra G-tracts that can act as a “spare tire” [58]; formation of an
ensemble of structures with different topologies [59,60]; variation in number of strands (one, two, or
four) and tetrads (two or more); presence of bulges [35]; and loops longer than seven nucleotides [60].
hex4_A5U was initially predicted to form from four uninterrupted G-tracts of three sequential Gs
(Figure 6A). Instead, DMS footprinting revealed that only two G-tracts were fully protected, whereas
G-tract II was not protected and G-tract III was only partially protected (Figure 4A, lane 1). Further,
G-tract I was not strictly required for G4 formation in K* (Figure 4A, Figure 5A). To explain this
mismatch, we hypothesize that adjacent Gs can be substituted into G-tract II, forming a series of
structures with bulged G-tracts that co-exist in solution (Figure 6A). Such a polymorphic system
combines G-register exchange [42] with the formation of bulged variants and leads to the apparent
absence of protection in G-tract II and only partial protection in G-tract III over the course of DMS
labeling. DMS footprinting of trim_A5U revealed that, in this truncated construct, the strong protection
of guanines was only for tracts IIl and IV (Figure 6B, lane 2). The only sequence variant in which we
observed complete protection of all 12 guanines involved in G4 core formation was in DMS footprinting
of A5UAH construct (Figure 6B, lane 4), in which all extra guanines were substituted by thymidines.
In this case, the locked variants described only one possibility of the variations that the native DNA
sequence might adopt. We interpreted the data measured on the locked variants to inform us about
the ensemble of structures that can possibly form by the native sequence, but it could also be that
no single mutation exactly mimics the behavior of the oligonucleotide with the full-length, native
hex4_A5U sequence

An expanded definition of G4-forming sequences emerges that allows G-tracts to be interrupted
by a one-base bulge connected into a continuous region that we call a “G-slide” (Figure 6A). This
guanine-rich region can also be mathematically described as a 10-choose-6 combinatorics problem that
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results in 260 combinations, of which we explored only 13 variants by limiting ourselves to single-bulge
interruptions of G-tracts. From our formulation, trim_A5U can form at least 13 different conformers,
isolated structurally by point mutagenesis (Figure 6B, Table 1). By all measurements, each resulting
variant behaves in a sequence-specific manner that is ultimately predictive of its fold and determines
its interaction with the G4-binding protein ZmNDPKI1 (Figures 7 and 8). The CD spectrum of the
trim_A5U sequence has a minor contribution to the anti-parallel signal when compared to the locked
variants (Figures 7B and 8B). This suggests that predominantly antiparallel hybrids (ASUAE, ASUAF,
A5UAG, ASUBF and ASUBG) as well as unstable variants (ASUAD, A5UCF, and A5UCG) constitute a
small fraction of solution conformations. Therefore, the co-existence of parallel G4s with variable
G-slide picks (A5UAH, ASUBH, ASUCH, ASUPH, and A5UEH) represent the majority of conformational
states of trim_AS5U. Overall, the wild-type conformation is likely determined by the relative stability of
the fold and the presence of a GGGAGGG hairpin that favors the formation of a parallel G4 (Figure 7B,
Table 1) [61].

3.4. The G4-Binding Protein ZmNDPK1 Recognizes a Subset of Conformations Adopted by hex4_A5U DNA
and Forms Filamentous Structures upon Binding

DNA is associated with protein binding partners within the nucleus. ZmNDPKI, a plant homolog
of human NM23-H2, interacts with hex4_A5U with high affinity and specificity [33]. Despite the
analogy between plant and human NDPKs binding to G-rich DNA sequences [62-64], we do not
know how they interact or, until now, what structural motifs direct binding. ZmNDPK1 does not
have a single preferred G4 conformation, but binds more specifically to parallel G4s that contain the
GGGAGGG motif with or without bulges (Figure 8, Table 1). Additionally, ZmNDPK1 recognizes
the structural element that gives rise to weak G4 signals in sub-optimal G4-promoting ions (i.e., Li*),
perhaps a transitory guanine hairpin [65], and then facilitates bimolecular G4 formation (Figure 9A,B).

Electron microscopy of the ZmNDPK1-trim_A5U complex revealed its assembly into filamentous
structures (Figure 10B,C). These structures differed in their lengths, but not thickness. 2D classification
of particles from cryoEM images provided a low-resolution look into organization of this complex
(Figure 10D). We can see that the complex is highly flexible, and poorly resolved, which made it not
possible to distinguish between protein and DNA densities in our 2D classes. One thing was clear—the
complex of Z4sNDPK1-trim_AS5U was not as simple as two G4s per one hexamer as we predicted
from the stoichiometry determined biochemically in solution.

3.5. Generalization of G4 Heterogeneity across Domains of Life

The ability for G4 DNA to form multiple conformations with protein-binding specificity is not
unique to maize, so characterizing the range of morphologies that long, non-continuous G-rich stretches
can adopt is relevant in possibly exploiting the phenomenon for anti-microbial or anti-viral therapies.
For example, a common bacterial (G4CT)3;G4 motif associated with antigenic variation exhibits
cation-stabilizing, concentration-dependent conformational variability that is sequence dependent [66].
The striking similarity to the phenomenon we observed with the hex4_A5U motif suggests that
this conformational variability may well influence how the sequence interacts with its protein
partners in microorganisms. This idea is supported by the observation that in Neisseria gonorrhoeae, a
monomeric—but not dimeric—parallel, G4 binds RecA to direct recombination at the pilin expression
locus during antigenic switching [67]. Further, the ability for a G4 linked to nitrate assimilation in
Paracoccus denitrificans to form inter- or intramolecular G4s (i.e., G4’s insensitivity to NH;*) and a mix
of parallel and anti-parallel conformations in solution suggests plasticity could also play a role in this
microorganism [68]. This feature is not limited to microorganisms—the G-rich proviral HIV-1 U3 DNA
forms polymorphic G4 structures that have different Sp1-binding capabilities that are proposed to
fine-tune transcription [69]. Human G4s including c-myc [38], RET [70-72], VEGF [73], and BCL-2 [74]
also have the ability to form multiple conformations. Indeed, a minimal version composed of four Gs
in a single G-tract where the 5’ or 3’ G can swap into the three-G stretch of the slide region has been
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described as a slippage of the G-tract in c-myc [38]. Similarly, a specific instance of the slide can be
seen in the oxidative protection mechanism described as the spare tire, where a fifth terminal G-tract
can slide into place, positioning the fourth G-tract in a long loop that allows repair of oxidatively
damaged Gs [58]. Here, we have generalized these specific examples into a model that allows Gs from
long, non-continuous G stretches to slide into the G4 stack, creating a range of G4 conformations that
have unique properties and specific responses to a G4-binding protein (Figure 11). Such heterogeneity
in G4 formation is an innate biophysical property of G4s that is likely conserved from prokaryotes
to eukaryotes.

Canonical Non-canonical
AD ’ AE x AF ! AG ! BF ! BG x
AH
BH CF ’ CcG ! CH DH EH

Figure 11. Possible topologies that can be adopted by the trim_A5U oligonucleotides. Out of 13
conformation possibilities predicted by the extended model, only one is canonical (A5UA), while 12
others contain a bulge in G-tract II, III, or in both G-tracts. ZmNDPK1 binds to the variants with the
conserved GGGAGGG hairpin (contrasted models).

4. Materials and Methods

4.1. Oligonucleotide and Protein Preparation

All oligonucleotides were purchased from Eurofins MWG Operon LLC (Huntsville, AL, USA) as
salt-free (non-labeled oligonucleotides) or HPLC-purified (fluorescently labeled oligonucleotides) and
used without further purification. Base positions in oligonucleotide variants were numbered according
to the positions in the hex4_A5U sequence [33]. Unless indicated otherwise, oligonucleotides were
annealed by heating to 95 °C, then slowly cooled overnight to room temperature in 10 mM tetrabutyl
ammonium phosphate (TBA, pH 7.5) buffer with or without 100 mM salt (KCl, LiCl, CsCl, or NaCl), or
in water alone. Recombinant ZmNDPK1 protein was purified as previously described [33].

4.2. Absorption Spectrophotometry

Non-labeled oligonucleotides were annealed at 10 uM concentration and diluted to 2.5 uM before
data collection. All UV-Vis experiments were performed on a Cary 300 Bio UV/Vis spectrophotometer
equipped with a Peltier temperature controller (Agilent Technology, Santa Clara, CA, USA). For thermal
difference spectroscopy (TDS), a first spectrum was collected at 25 °C, samples were heated to 95 °C,
and a second spectrum was collected. TDS was calculated by subtracting the 25 °C spectrum from
the 95 °C spectrum and normalizing the maximum peak to an absorbance of 1 and the absorbance
at 330 nm to 0. For thermal denaturation experiments, the absorbance at 295 nm was monitored in
the temperature range from 25 to 95 °C at a heating rate of 0.5 °C/min. Data were normalized to a
maximum of 1.

4.3. Circular Dichroism Spectrophotometry

Non-labeled oligonucleotides were annealed at 10 uM concentration and used without further
dilution. Circular dichroism (CD) spectra were collected on an Aviv 202 CD spectrometer (Aviv
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Biomedical, Lakewood, NJ, USA). Single temperature experiments were performed at 25 °C over a
200-330 nm range with a 3-s average time. The same parameters were used for thermal denaturation
experiments in which measurements were made between 10 and 95 °C with a 5 °C increment between
measurements after a 10-min equilibration. All spectra were background corrected against blank buffer
and normalized to have zero ellipticity at 330 nm.

4.4. Dimethyl Sulfate (DMS) Footprinting

Oligonucleotides with a 5’ 6-carboxyfluorescein (FAM) modification were annealed at 10 M
concentration and diluted to 500 nM concentration prior to DMS treatment. Samples were treated with
1% DMS for 5 min at 25 °C and stopped by adding 25 uL of quench solution (1.5 M sodium acetate
pH 7.0, 1 M B-mercaptoethanol and 100 pg/mL calf thymus DNA). DNA was ethanol-precipitated
and pellets were resuspended in 100 pL of 1 M piperidine, incubated for 15 min at 95 °C, and dried
in a rotary centrifuge. Dried samples were washed with distilled water, resuspended in alkaline
sequencing dye (80% formamide, 10 mM NaOH, 0.005% bromophenol blue), and heated to 95 °C
for 3 min. Cleavage products were resolved on a 17.5% polyacrylamide denaturing gel (4 M urea,
0.5x tris-borate-EDTA, 0.4 mm thick, 33 x 39 cm, 29:1 acrylamide/bisacrylamide) run for 1.5 h at a
constant 50 W power. Glass plates were separated and the gel was imaged on a GE Typhoon scanner
(GE Healthcare Bio-Sciences, Pittsburg, PA, USA) in fluorescence mode using a 488-nm excitation
wavelength and a 520-nm band pass filter.

4.5. Nitrocellulose Filter Binding Assays for ZmNDPK1/G4 DNA Binding Affinity Analysis

For binding-affinity determination, we used a modified slot-blot binding assay as previously
described [33], substituting a 5" biotin label with a 5" carboxyfluorescein. We used the same approach to
determine the efficiency of ZmNDPK1 binding to labeled oligonucleotides in the presence of competitor
oligonucleotides. All oligonucleotides were annealed in 10 mM TBA (pH 7.5) + 20 mM KCl. Labeled
oligonucleotide at 1 nM was mixed with 100 nM competitor oligonucleotide and 5 nM ZmNDPK1.
Reactions were incubated for 60 min and applied to the slot-blot apparatus, where the solution first
passes through a negatively charged nitrocellulose membrane (Hybond-C Exatra 0.45 uM pore size,
GE Healthcare Life Sciences, Piscataway, NJ, USA) that retains protein and protein-DNA complex.
Unbound DNA was then captured by a positively charged nylon membrane (Nytran N 0.45 uM pore
size, GE Healthcare Life Sciences, Piscataway, NJ, USA). Membranes were dried and scanned on a
GE Typhoon scanner in fluorescence mode using a 488-nm excitation wavelength and a 520-nm band
pass filter. Images were background corrected and the intensities of the bands were determined in
Image]. Competition efficiency was calculated from the retention percentage of the fluorescent probe
on nitrocellulose against zero competitor control.

4.6. Analytical Ultracentrifugation (AUC)

Sedimentation experiments were carried out in a Beckman Coulter ProteomeLab XL-1 analytical
ultracentrifuge using an AN60-Ti rotor and double-sector quartz cells. We loaded 420 pL of annealed
oligonucleotides at 1 pm into sample sectors and 430 pL of corresponding annealing buffers into
reference sectors. Initial scans and rotor calibrations were performed at 3000 rpm and a 260-nm
wavelength. Data were collected at 58,000 rpm and analyzed using Ultrascan III software [48].

4.7. Fluorescence Resonance Energy Transfer (FRET)

hex4_A5U oligonucleotides were labeled with either 5" 6-carboxyfluorescein (hex4_A5U-5F) or
3’ carboxytetramethylrhodamine (hex4_A5U-3T) or both fluorophores (hex4_A5U-5F3T). Reactions
were set up in triplicate in 96-well Nunclon plates (Thermo Fisher Scientific, Waltham, MA) containing
200 nM of either hex4_A5U-5F3T or a mix of 100 nM hex4_A5U-5F + 100 nM hex4_A5U-3T annealed
in 10 mM TBA (pH 7.5) + 100 mM KCI or 100 mM LiCl. Protein was added at 0, 200 nM, 500 nM,
or 1000 nM concentrations and incubated for 1 h at 4 °C before data collection. Data were collected
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on a Spectramax M5¢ Multi-Mode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) and
processing was performed as previously described [33]. Labeling and data collection for ASUR?
oligonucleotides were done as described for hex4_A5U.

4.8. Electron Microscopy (EM)

NDPK-G4 complex was assembled by mixing 3 uM ZmNDPK1 and 6 uM hex4_A5U in a buffer
containing 10 mM Hepes pH 7.5 and 50 mM KCI. For negative staining, the mixture was applied to
plasma-cleaned CF200-Cu carbon-coated copper grids (Electron Microscopy Sciences, Hatfield, PA,
USA), incubated for 60 s, washed 3x with distilled water, and stained for 60 s with 1% uranyl-acetate.
Images were collected on a FEI/Philips CM120 Biotwin electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA) at 40,000 magnification (2.8 A/px). For cryo-electron microscopy (cryoEM)
the mixture was applied to the carbon side of the plasma-cleaned Quantifoil R2/2 grids (Electron
Microscopy Sciences, Hatfield, PA, USA) and plunged into liquid ethane using FEI Vitrobot (Thermo
Fisher Scientific, Waltham, MA, USA). Plunge-frozen grids were imaged on an FEI Titan Krios
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a DE20 direct electron detector camera
(Direct Electron, San Diego, CA, USA) at 37,000 magnification and 0.99 A pixel size. Automatic data
acquisition was set up using Leginon software [75]. Images were collected with a 1.5-3.5 um defocus
range. Particles were manually picked from the images using a Leginon particle picker. Particle
coordinates were used to create a particle stack of ~30.000 particles. Particle stack was 2D classified in
cryoSPARC [76] into 30 classes.
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Abstract: Guanine-quadruplex (G4) motifs, at both the DNA and RNA levels, have assumed an
important place in our understanding of the biology of eukaryotes, bacteria and viruses. However, it
is generally little known that their very first description, as well as the foundational work on G4s, was
performed on protozoans: unicellular life forms that are often parasitic. In this review, we provide a
historical perspective on the discovery of G4s, intertwined with their biological significance across
the protozoan kingdom. This is a history in three parts: first, a period of discovery including the first
characterisation of a G4 motif at the DNA level in ciliates (environmental protozoa); second, a period
less dense in publications concerning protozoa, during which DNA G4s were discovered in both
humans and viruses; and third, a period of renewed interest in protozoa, including more mechanistic
work in ciliates but also in pathogenic protozoa. This last period has opened an exciting prospect of
finding new anti-parasitic drugs to interfere with parasite biology, thus adding new compounds to
the therapeutic arsenal.
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1. Introduction

Traditionally DNA is viewed by the public, and indeed by the vast majority of scientists,
as a double helical structure composed of four nucleotides, pairing adenine-thymine (A-T) and
cytosine-guanine (C-G) [1], as observed by Watson and Crick in 1953. However, numerous publications
have now demonstrated that DNA can be arranged to form different secondary structures, including
secondary motifs based on non-Watson and Crick pairing. Such pairing is notable in two motifs, the
guanine-quadruplex (G4) and the i-motif composed of cytosine residues [2,3]. These structures can
form when the DNA is single stranded, thus primarily during replication, and potentially also during
transcription [4].

The G4 motif is a family of structurally-diverse four-stranded secondary structures composed
of stacks of planar guanine tetrads connected by intervening loop sequences following the general
sequence G(»2)NxG2)NxG(>2)NxGs) [5] (Figure 1). This motif is stabilised in the presence of K*, or to
a lesser extent Na*, and destabilised in the presence of Li* [6]. In the human genome, G4s are enriched
in key regulatory sites, including oncogene promoters and telomeres, as well as appearing more
generally in gene sequences and 5'UTRs [7]. Studies carried out on the functionality of G4 motifs have
implicated them in oncogenesis, telomere structure and gene expression regulation [8]. A previous
review from our group summarised the implications of G4s for the biology of many micro-organisms,
mainly viruses and bacteria as well as a few protozoans of clinical interest. It highlighted a strong
role for these motifs in immune evasion and virulence [9]. In this present review we focus first on
the historical perspective brought by the fact that G4s were originally characterised in environmental
protozoans. Then, after the first demonstration that G4s were also present in human cells, the field
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shifted towards research on human cells and viruses. It was only in the mid-2000s that G4 research
again took an interest in protozoans and began to examine their biological significance, mostly with
the idea to generate new anti-parasitic drugs (Figure 2).
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Figure 1. Schematic representations of G-quadruplex structures. (A) Schematic representation of a
parallel G-quadruplex: the three planar G-stacks are represented in yellow, the T-loops or polypurine
tracks are represented in blue and stabilising potassium cations, in orange. (B) Intramolecular G4s in
two antiparallel configurations. (C) Intermolecular G4s in both parallel and antiparallel configurations:
structures involving four DNA molecules (red, purple, blue and green) or two DNA molecules (red and
purple) are shown.
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Figure 2. Compared evolution of the number of G4 publications related to protozoa and humans
across time. Data were extracted from PubMed on 20/02/19 using the search terms “G-quadruplex
human”, “G4 humans” and “Guanine quadruplex humans”, then compared to eliminate duplicates.
The protozoan literature count is derived from the publications reviewed here, which represent the
totality of the work available so far in the field. Orange line and taxa represent the protozoan data
and the blue ones represent the human data. Underlined taxa include studies of human pathogens.
* represents clades where rG4 work is available.
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2. To Begin at the Beginning: A Free-Living Protozoan

Protozoans are ancient forms of eukaryotic life, now considered as early-diverging from more
“classical” eukaryotes. However, the original observation of the different forms of G4s, as well as
their further characterisation, was made on environmental protozoans of the Ciliophora phylum, like
Oxytricha and Tetrahymena. This was due to two genomic particularities in these organisms: (1) the
multiplicity of their genomic fragments (~16,000 different molecules of DNA for the former [10] and
more than 200 for the latter [11]), and (2) the presence of a highly guanine-rich telomeric repeat,
T4Gy, on each fragment [12]. These two features rendered the investigation of GC-rich sequences
much easier. In 1987, Oka et al. demonstrated the DNA/DNA interaction of the telomeric guanine
clusters using macromolecular genomic DNA from Oxytricha nova. They hypothesised three different
spatial conformations for this arrangement: antiparallel triplex, antiparallel quadruplex and parallel
quadruplex [6]. It was in 1989 that Williamson et al. proposed clearly “the G-quartet model” based
on their investigation of telomeric shape in Oxytricha and Tetrahymena. Using synthetic oligos of the
telomere sequence in various salt conditions they demonstrated that in the presence of K*, Na* and
Cs*, telomeres had an increase in electrophoretic mobility compared to telomeric sequences in presence
of Li* or no salt [13]. Further characterisation of the G4 motif was pursued using dimethylsulfate
(DMS), a chemical that methylates guanine residues on N7 or O6. Thus, the G-G bonding in position
N7 was characterised and the first model of an anti-parallel G4 was proposed, using two telomeric
sequences of Tetrahymena with four stacks of guanine [14].

At this time a fraction of the research turned to investigate the biological function of G4s
in telomeric sequences. Investigating the kinetics of dissociation of K*- and Na*-stabilised G4s,
Raghuraman et al. defined for the first time the period required to unfold these structures at
37 °C. The G4s had a lengthy half-life of 4 h for the Na*-stabilised and 18 h for the K*-stabilised
version, suggesting that there might be an active, protein-mediated unfolding mechanism in vivo.
They also compared the ability of Oxytricha telomere-binding-protein to bind to three different states
of DNA: fully-folded G4, intermediate G4 and non-folded DNA. Protein-binding was not observed
in the fully-folded structure, whereas the two latter structures were a good substrate for Oxytricha’s
telomere-binding protein [15]. Finally, K* was also confirmed to be the most stabilising monovalent
cation via biochemical rather than biophysical methods [16]. All this information implied the likelihood
of G4 folding in cellulo, since potassium is the most abundant cation inside the cell. It also highlighted
the high stability of the G4 structure and the need for an active unfolding mechanism allowing the
access of DNA binding proteins.

After the discovery and primary characterisation of G4 formation, the next step, from 1992 to 1994,
was to characterise the G4 at the atomic level. Several teams then either used crystallography or nucleic
magnetic resonance spectroscopy of the telomeric G4 from Oxytricha. From a modern perspective,
all this work could theoretically have been conducted on any G4-forming oligonucleotide, but since
G4s were primarily recognised at this time in ciliate telomere sequences, these remained the model
system of choice. First, using K* as the stabilising cation, the spatial organisation of the arrangement
between the different guanine residues of the quadruplex was characterised, showing that both syn-
and anti- bonding of the different guanine residues is possible [17]. This work was further supported
and deepened by the additional structures of two different forms of G4, the intermolecular G4, and
the intramolecular G4 (in which a single DNA strand encoding a canonical G4 sequence forms the
secondary structure within itself) [13]. At the same time, four different topologies of the G4 were
described, all depending on the charge, and thus the sequence, of the so-called T-loop [18,19] (Figure 1).
Later work would show that the type of conformation is also defined by the length of the T-loop [20].
The work of Schultze et al. also paved the way to the structural description of parallel and antiparallel
Gd4s. Firstly, two different conformations were described for the G4 formed from two single-stranded
DNA molecules: (1) the two molecules are oriented in the same direction (5 to 3'// 5 to 3'), thus
forming a parallel conformation, and (2) the two molecules are oriented in the opposite direction (5 to
3'// 3’ to 5’) making an anti-parallel conformation [18]. Concomitantly, Lu et al. in 1993 unravelled
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the difference in thermodynamics between parallel and anti-parallel G4s, measuring a higher stability
of the parallel G4 in the presence of Na* [21].

Finally, this flourishing period for G4 discovery and characterisation was brought to a close
with a publication on a so-far unexplored protozoan from the class of Kinetoplastida—the plant
pathogen Phytomonas serpens, a Trypanosomatid. P. serpens has a nucleus and also a kinetoplast,
which is a Kinetoplastidea-specific organelle functioning like a mitochondrion and containing the kDNA.
The kDNA is a made up of two different families of circles, the maxi- and the mini-circles [22]. Based on
oligonucleotide sequences of the minicircles exposed to DMS in G4-forming conditions, the authors
described the potential for parts of the minicircles to form intramolecular G4s [23]. This was the first
description of G4s in a protozoan outside of the Ciliophora family and it would be another 20 years
before G4s were further investigated in Kinetoplastid parasites, including those that are important
human pathogens.

3. Increased Interest in G4s in Humans Correlates with the Diminution of Attention to Protozoa

For more than ten years (1995 to 2006), only a few papers were published on G4s in protozoans.
However, after the first period of description and characterisation, a series of articles began to appear
related to the biological relevance of G4s, and some of these again took advantage of ciliate protozoa.
First, some G4 structure-specific antibodies were produced: an important new research tool for the
field. Using another Ciliophora telomeric sequence, that of Stylonychia lemnae, Schaffitzel et al. produced
two different antibodies using ribosome display: Sty3 that binds to parallel and antiparallel G4s
and Sty49 with higher specificity for antiparallel G4s. Two very interesting biological observations
were made: (1) there is no trace of staining of the replication band, indicating that, in ciliates, G4s
are resolved during replication, and (2) that G4 motifs were only present in the macronucleus of
Stylonychia and not in the micronucleus, suggesting a difference of DNA organisation between the two
nuclei [24]. This observation highlights a very unusual feature of these ciliates: Stylonychia has two
nuclei assuring two different biological functions. The macronucleus is the centre of the metabolic
activity and undergoes drastic remodelling during the reproductive life cycle, while the micronucleus
codes for the germline genetic material [25]. It is notable, however, that although Sty49 was the first
antibody to detect G4 motifs, it was not used subsequently to study G4s outside of ciliates. This fact
has some potential explanations: the number of telomeres in ciliates creates a very high density of
G4s, and the G4 sequence of the ciliate telomeres is more stable than the human one, having one more
stack of guanine. It was only in 2013 that Biffi et al. produced an antibody, BG4, binding to human G4
motifs [2].

A few years later, using the Sty49 antibody, Paeschke et al. published the first functional study on
the regulatory role of telomeric G4s in S. lemnae. They reported the essentiality of the two Telomere
End Binding Proteins, TEBPa and TEBPb, for the formation of G4s in vitro and in vivo, and further
demonstrated that TEBPb phosphorylation was necessary for G4 formation [26]. Meanwhile, working
on the interaction between telomere-associated proteins and G4 motifs, Oganesian et al. focused their
investigation on telomerase activity in two ciliates, Tetrahymena and Euplotes. In a primer extension
assay using Na*-stabilised intermolecular G4s and telomerase from both organisms, they described
the intermolecular G4 as being an excellent substrate for the enzyme, suggesting that, at least in vitro,
telomere extension is mediated by the presence of the G4 motifs [27].

Secondly during this period, more structural work was performed using NMR and
crystallography on Oxytricha and Tetrahymena sequences, changing the stabilising cations in G4s
in crystal form or in solution [28-31]. The first crystal of a G4 structure from a protozoan interacting
with a G4-binding protein was reported: Horvath and Schultz described the interaction between
Oxytricha nova TEBP and Na™-stabilised G4 telomeric sequence [32]. Thus, as widespread interest in
the G4s in human cells, and particularly in cancer cells, began its exponential growth, some important
work did continue to use protozoa as tractable model systems for the study of G4s.
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4. Biological Significance of G4s in Environmental and Pathogenic Protozoans

The third period of the history between G4s and protozoa saw the research expand to pathogenic
protozoa as well. This period can be split into two different paths. First, the characterisation of
the motif and its various biological functions was further pursued in ciliates and then extended to
eukaryotic pathogens. Second, G4s began to be pursued as a potential target for anti-parasitic drugs.

4.1. G4 Structures and Functions in Protozoa

This period opened with the discovery of a previously-undescribed form of G4: the V4-motif
introduced by Nielsen et al. To achieve this, they used the Oxytrichia T4G4 telomere repeat with the
addition of locked nucleic acids, which are analogues of nucleic acids with a locked ribose in C3'-endo,
forbidding a syn or anti conformation depending on the pre-existing chemical arrangement [33].
The authors speculated that V4 structures could form in certain conditions; however, it is yet to be
demonstrated that this fold is actually physiological, either in Oxytrichia or elsewhere. In fact, the G4
research community remains preoccupied to this day with the question of whether all motifs observed
in vitro can actually exist in vivo as well.

Secondly, the importance of sequence diversity within the G4 motif itself, which had thus far
been largely neglected, was now studied, with ciliate telomeres again being the model sequences
of choice. For this work, the highly homogenous T4Gy4 repeat was clearly an ideal model. First,
Abu-Ghazalah et al. in 2009 looked at the composition of the G-track and the T-loop of Oxytricha
G4s. Using oligonucleotide sequences of Oxytricha telomere repeats with the addition or deletion
of a G in the G-track or a T in the T-loop, they showed that stability correlates with the number of
guanine residues. They then demonstrated an effect of the T-loop length on the global conformation.
Lastly, they ran stability experiments with all residues of the T-loop replaced by adenosine, showing
different behaviours of G4s with T-loops versus A-loops [20]. Enforcing the first statement that stability
increases when more guanines are present in the motif, Demkovi¢ova et al. “humanised” the G4
sequence of Tetrahymena by changing the first guanine of the G-track to an adenine (TG4 -> ToAGg).
They showed that the substitution does not impair G4 formation but may change the topology of
the G4 and also reduce its stability [34]. This work highlights an important transition away from
studies of highly homogenous ciliate telomere sequences (which were originally chosen for their very
homogeneity), towards studies of a greater diversity of G4-forming sequences.

Indeed, the second conclusion of the work done by Abu-Ghazalah et al. opened the perspective to
study diverse, non-telomeric G4 motifs, which also occur in ciliate genomes. Ciliates like Oxytricha and
Tetrahymena restructure their somatic genome during sexual differentiation and during this process up
to a third of the genetic material is excised and lost. The lost fragments, also called internal eliminated
sequences (IES), have the particularity to be outside of the telomeric regions and flanked by cis-acting
sequences, one of the most studied being the polypurine tract (AsGs) [25,35,36]. While confirming that
A5Gs is a G4 forming sequence, Carle et al. demonstrated that the protein Lia3 was binding to parallel
Gd4s, as well as ensuring DNA cleavage. When the LIA3 gene was knocked out, excision of the IES
was prevented and the presence of the G4 was also essential for the binding of Lia3 [37]. Thus, G4s in
ciliates evidently play specific biological roles beyond those in telomere maintenance. Over the past
decade, as work on G4s has extended to pathogenic protozoa which also have unusual basic biology, it
has become increasingly clear that this is a common theme: G4s can play interesting species-specific
roles in the biology of many different protozoan parasites.

4.2. G4 Motifs in an AT-Rich Genome: The Example of Plasmodium Falciparum

Using bioinformatic tools, it was reported in 2007 that 40% of human gene promoters are carrying
a Putative G-Quadruplex Sequence (PQS), and that PQSs appear on average approximately every
kilobase in this genome [38]. This, therefore, is the PQS distribution that might be ‘expected’ in
similarly G-C/A-T balanced genomes. However, not all eukaryotes have such genomes and nucleotide
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imbalance is a particularly striking feature of some protozoan parasites: certain malaria parasites, for
example, have A-T content exceeding 80%, while Leishmania parasites are G-C-biased.

In 2009, Smargiasso et al. published the first bioinformatic PQS screen of the genome of the
malaria parasite Plasmodium falciparum, which is extremely A-T-biased. They identified only 63 PQSs
in non-telomeric sequences and, interestingly, these were concentrated in the upstream regions of
a subset of the var virulence genes (the ‘group B’ var genes). This gene family encodes the major
variant antigen of this parasite, P. falciparum Erythrocyte Membrane Protein 1 (PfEMP1), which is
expressed at the surface of the infected erythrocytes. Each parasite genome has ~60 var variants;
their expression is mutually exclusive and is regulated by epigenetic silencing and switching [39].
The authors demonstrated that G4s can indeed form within the var B upstream sequence, leading
to a new hypothesis that var gene expression might be regulated via structure-specific helicases that
can target G4s [40]. Two recent papers have now addressed this idea by knocking out one of the two
RecQ helicase homologs found in P. falciparum, called PfBLM [41,42]. Both papers reported changes
in var gene expression, but curiously Claessens et al. found that var gene expression increased in
their knockout, whereas Li et al. found that expression of the gene family was completely shut down.
The reason for this difference remains, at present, unclear.

In order for P. falciparum parasites to continually evade the immune system, antigenic switching
amongst a ~60-gene family is not enough: var genes must also recombine to create new variants [43].
In 2016, Stanton et al. implicated G4s in this process of recombination, in addition to the regulation of
var gene expression. Stanton et al. found 80 PQSs in an updated version of the P. falciparum reference
genome and reported a strong spatial association between PQSs and var gene recombination events.
Furthermore, it was again suggested that G4-targetting DNA helicases could regulate this process in
the parasite [44]. Indeed, the same group subsequently demonstrated the importance of a P. falciparum
RecQ helicase in var gene recombination. This time, the PFWRN helicase was knocked down, and
recombination events in the var gene family dramatically increased (whereas knockout of the parasite’s
only other RecQ homolog, PfBLM, had no such effect) [41]. Overall, the P. falciparum parasite has
evidently evolved to retain G4-forming sequences in a highly A-T-rich genome for a very specific
purpose: regulating both the expression and the evolution of a key virulence gene family.

Finally, in 2016, Bhartiya et al. performed another bioinformatic G4 screening on 6 different species
of Plasmodium. They included 2-quartet as well as 3-quartet motifs and therefore described a higher
number of PQSs (conventionally, three quartets are considered necessary for a stable DNA G4, but two
may be sufficient for an RNA G4 (rG4)). Concentrating on these potential rG4s, they then re-analysed
various RNA-seq datasets and ribosome footprinting studies and concluded that translation efficiency
was reduced at certain lifecycle stages in PQS-harbouring genes [45]. A mechanistic basis for this
observation has yet to emerge, but this was the first report to focus on rG4s in P. falciparum, and the
first to suggest a G4-based expression-regulating system in a protozoan.

P. falciparum has the most A-T-rich genome yet sequenced, but other protozoa do exist with
similarly biased genomes. One such organism is the environmental Mycetozoa Distyostelium discoideum.
Bedrat et al. recently developed a bioinformatic program, G4Hunter, which uses a new and more
sophisticated algorithm to detect the presence of G4 motifs based on genome sequences: they included
two A-T-rich protozoa in their analysis, D. discoideum and P. falciparum. The number of predicted
G4s from this new algorithm remained low, depending on the parameters: between 249 and 1055
for D. discoideum (and even lower for P. falciparum), but the authors hypothesised that the few PQSs
retained in the D. discoideum genome could be informative to study [7]. Therefore, the same team
solved the crystal structure of a non-telomeric G4-forming sequence (As5Gs) located in a putative
promoter of two divergent D. discoideum genes [46]. A biological function for this G4 has yet to be
established, but this last publication at least physically confirmed the presence of G4 motifs outside of
non-telomeric regions in this protozoan.
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4.3. G4 Motifs in Transcription Control and RNA Editing in Trypanosomatids

After the demonstration of G4 formation in P. serpens KDNA [23], the field remained unexplored
in the Trypanosomatid family. However, interest was raised again in Trypanosomatidae with the study
of human pathogens such as Trypanosoma brucei, two subspecies of which cause human sleeping
sickness; Trypanosoma cruzi, causing Chagas disease; and Leishmania spp, responsible for the complex
of diseases called leishmaniasis [47]. It was only in 2015 that Genest et al. performed the first SMRT
sequencing of L. tarentolae, revealing DNA sequence together with epigenetic base modifications.
They demonstrated the presence of PQSs surrounding regions of 3-D-glucosyl-hydroxymethyluracil,
or ‘base J', a Trypanosomatid-specific epigenetic modification of thymine. The Trypanosomatidae group of
protozoa is characterised by unusual poly-cistronic transcription: base J is a marker of transcriptional
strand-switching between poly-cistrons and it is also present in abundance in the telomeres (99%).
They verified their discovery using a plasmid carrying the detected PQS, (GGGTTA);, and found that
even plasmids carrying only this sequence without any coding sequence were modified to harbour
base ]. This result suggests that the presence of a G4 is a hallmark for base ] positioning [48]. Again, it
implies that G4s have evolved to play a highly specific role in this group of organisms relating to their
unique biology — in this instance, their use of polycistronic transcription and base J.

Regarding the same family of parasites, and after the discovery of G4 formation at the RNA level
in humans [49], Leeder et al., in a series of two articles, paved the road for rG4 studies in kinetoplastids.
Kinetoplastids, as previously stated, carry a kinetoplast that contains the mitochondrial DNA. The RNA
molecules transcribed from the kDNA are called kRNA and undergo a unique, complex and drastic
editing process (uracil insertion/deletion). This mechanism is driven by a mitochondrial multienzyme
complex, the editosome, guided by guide RNA encrypted on the minicircles. The editosome edits
the pre-kRNA molecule where the gRNA binds [50]. In 2015, it was demonstrated, using selective
2'-hydroxyl acylation primer extension (SHAPE) on kRNA in different stages of maturation, that
pre-kRNA molecules can form several rG4s (up to four rG4s in certain pre-kRNA). In the presence
of the editosome, up to fifty percent of the rG4 structures unwound, favouring the formation of
pre-kRNA:gRNA hybrid RNAs for maturation into fully functional kRNA [51]. In the second article,
where they included the in silico structure of the kKRNA of two other species, T. cruzi and L. tarentolae,
they made the same conclusion as previously, and finally hypothesised that kDNA replication versus
kDNA transcription is directly linked to the presence of intra-molecular G4 structures in the pre-kRNA.
When the rG4 is formed on the neo-synthetised pre-kRNA, it cannot recognise PQSs on the maxicircle,
leading to active transcription and inactive maxicircle replication. On the contrary, when the rG4 in
the pre-kRNA molecule is unwound, it allows the formation of a kDNA /kRNA hybrid, preventing
transcription and activating kDNA replication [52]. Yet again, G4s are evidently being used in
sophisticated ways to modulate a highly specific aspect of Trypanosomatidae biology.

Overall, G4 motifs have been shown to play several different roles in the biology of protozoa.
They either organise the genome, as in ciliates with germline formation or in P. falciparum with var
gene recombination, or they regulate gene expression, as in Trypanosomatids with the placement
of base J. Furthermore, the first demonstration of G4 presence at the RNA level—now reported in
T. brucei—gives a role to the rG4 in regulating transcript editing. Regarding the pathogenic species,
most of these mechanisms are essential for parasite survival and this makes G4s potential targets for
anti-parasitic drugs.

4.4. Targeting the G4 Motifs In Pathogenic Protozoan: A New Strategy in the Design of Anti-Parasitic Drugs

The second path of G4-related research that remains very active today is represented by the
discovery of new anti-protozoan drugs to fight pathogenic species. In the era of drug-resistant
pathogens, new pharmaceutical compounds are necessary to complete the pharmacopeia. In this
regard, non-pathogenic protozoa can be useful as well — before directly working on pathogenic
organisms, which require a specialised biosafety level of confinement, ciliates have sometimes been
used as models to test anti-G4 drugs [53]. In pathogenic protozoa, meanwhile, there are exciting
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prospects for the development of G4-targetting drugs, some of which are described below, or
alternatively, G4-based aptamers [54], which are as yet little-explored for protozoan parasites but are
fast becoming an established research avenue for anti-virals [55].

The very first report of compounds binding to G4s in P. falciparum telomeres was made in
2008 by De Cian et al., at the same time as the description of the structure and characteristics of
P. falciparum G4s. They showed that known G4-binding compounds, developed primarily for human
Gd4s, also bound to P. falciparum G4s more effectively than to duplex DNA. However, none of the 12
compounds tested showed a particular discrimination between Plasmodium and human G4 structures
in vitro [56]. Nevertheless, as for many good drugs, pathogen-over-host specificity isn’t always
required, particularly if the pathogen replicates faster than the host cell. Therefore, Calvo et al. tested
the telomerase activity and parasite growth of P. falciparum when exposed to two drugs previously
tested by De Cian et al., TMPyP4 and telomestatin. While the first showed the highest reduction in
telomerase activity, the second showed the highest parasite growth inhibition. It is important to note
that G4-targetting was not proven and telomestatin activity could interfere with other pathways inside
the parasite [57]. However, three other G4-binding compounds were subsequently tested by another
research group, and showed significant P. falciparum telomere erosion, suggesting a common mode of
interference with telomerase activity [58].

While the first compound screens focused entirely on molecules capable of inhibiting telomerase
activity, others focused on molecules capable of interfering with the G4s scattered across the genome
and regulating different biological functions, as described earlier in this review. Belmonte-Reche et al.
recently published a screen of seven carboxy-NDI derivatives against T. b. brucei, L. major and
P. falciparum. Amongst the seven, two derivatives showed a particular action against T. b. brucei and a
limited toxicity in human cells, making them potential drug candidates against the T. brucei subspecies
responsible for sleeping sickness [59]. Focusing on P. falciparum, Harris et al. demonstrated G4-related
anti-parasitic activity of a candidate anticancer drug, a fluoroquinolone called quarfloxin. Quarfloxin
showed rapid killing activity against the erythrocytic forms of the malaria parasite in culture and
could represent a good drug for repurposing against malaria. Unlike telomestatin, quarfloxin did not
apparently cause telomere erosion: it may instead exert its toxicity via genes encoding non-telomeric
G4s [60].

5. Conclusions

As can be observed throughout this review, the history of G4 discovery is intertwined with
protozoan biology, from the understanding of genome organisation to drug development. Looking at
the large diversity of biological systems that represent the protozoan phylum, it is safe to assume that
we still have a lot to learn from these small but far-from-simple organisms. Furthermore, the presence
of G4s within the telomeres, regulatory elements and coding regions of many pathogenic protozoa
makes them a structure of choice to develop new compounds or repurpose or modify existing ones,
thus opening new perspectives for the treatment of major parasitic diseases.
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Abstract: Guanine (G)-quadruplexes (G4s) are unique nucleic acid structures that are formed by
stacked G-tetrads in G-rich DNA or RNA sequences. G4s have been reported to play significant roles
in various cellular events in both macro- and micro-organisms. The identification and characterization
of G4s can help to understand their different biological roles and potential applications in diagnosis
and therapy. In addition to biophysical and biochemical methods to interrogate G4 formation, G4
fluorescent turn-on ligands can be used to target and visualize G4 formation both in vitro and in
cells. Here, we review several representative classes of G4 fluorescent turn-on ligands in terms of
their interaction mechanism and application perspectives. Interestingly, G4 structures are commonly
identified in DNA and RNA aptamers against targets that include proteins and small molecules,
which can be utilized as G4 tools for diverse applications. We therefore also summarize the recent
development of G4-containing aptamers and highlight their applications in biosensing, bioimaging,
and therapy. Moreover, we discuss the current challenges and future perspectives of G4 fluorescent
turn-on ligands and G4-containing aptamers.

Keywords: nucleic acids; G-quadruplex; aptamers; turn-on ligands; fluorescence; microbes

1. Introduction

Guanine (G)-rich sequences in nucleic acids have the potential to fold into structural motifs
referred to as G-quadruplexes (G4s). G4s can be intra- or inter-molecularly folded, and they are formed
by the stacking of G-quartets to form planar 2D structures between four guanosines by hydrogen bond
interactions at their Watson—Crick and Hoogsteen edges (Figure 1A). Furthermore, a monovalent cation
occupies the central cavity of the G-quartet to stabilize the structure, with a strength of stabilization in
the order of K* > Na* > NHy* > Li* [1,2]. The formation of intra-molecular canonical G4s requires
at least four regions of three consecutive Gs in a single strand, which are separated by 1-7 linking
nucleotides known as loops [3]. Inter-molecular G4s are formed by G-interactions among multiple
strands, from bimolecular (two strands) to tetramolecular (four strands). Generally, the stability of
the G4 structure decreases as loop length increases [4,5]; therefore, it was generally thought that
sequences that obey the consensus of (G3,N1.7G3.N;.7G3,N1.7G3,) can form G4s in the genome and
transcriptome [3]. More recently, non-canonical G4s were discovered [6], such as G4s with long loops [5],
bulges [7,8], 2-quartets [9], G-vacancies [10,11], duplexes [12], and triplexes [13], which broaden the
sequence definition and the structural diversity of G4s. G4s are polymorphic, meaning that the G-tracts
can be arranged into parallel, anti-parallel, or hybrid topologies [14,15] (Figure 1B). Guanosines can
also be oriented as anti- or syn- conformations based on whether the purine rings are flipped outward
or inwards with respect to the pentose sugar [14,15] (Figure 1C). Such conformational variety leads to
wide, medium, and narrow grooves that describe the spatial availability of the corresponding edge of
the G-quartet [14,15] (Figure 1A).
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G4s play significant roles in almost every cellular event, including but not limited to DNA
replication, transcription, translation, RNA metabolism, and epigenetic remodeling [16,17]. Recent
studies have also suggested that G4 structures can serve as promising cancer and anti-microbe
targets [18,19]. To identify such potential G4 targets, various computational methods such as QGRS
Mapper [20], quadparser [3], G4 Hunter [21], GANN [22], and Quadron [23] have been developed to
predict G4 formations. Spectroscopic techniques such as circular dichroism (CD) [24], UV melting [25],
mass spectrometry [26], nuclear magnetic resonance (NMR) [27], and intrinsic fluorescence [28] can
also detect G4 formation based on its physical properties in a label-free manner. In addition to
these biophysical methods, biochemical methods such as polymerase stop assay [29] and dimethyl
sulfate (DMS) footprinting [30] can interrogate DNA G4 formation by template extension stalling and
measuring the guanine nucleotide’s resistance to the attachment of a chemical probe, respectively. More
recently, in vitro methods that utilize rG4-mediated reverse transcriptase stalling have been developed
to interrogate 1G4 in low-abundance transcripts [31], and selective 2’-hydroxyl acylation analyzed
by a lithium ion-mediated primer extension (SHALIPE), and DMSLIPE [32] have been developed
to map distinctive structural patterns of rG4. Several next-generation sequencing-based approaches
such as G4-seq [33], G4-Chip [34], 1G4-seq [35], DMS-seq [36], and G4RP [37] enable the genome-wide
and transcriptome-wide profiling of G4s. Another key category for G4 detection is to use fluorogenic
G4 ligands whose fluorescence is selectively enhanced when interacting with G4s. These fluorescent
turn-on ligands can be used to track G4 formation both in vitro and in cells, and they are discussed in
detail in this review.

Besides acting as potential targets, G4s can be used as molecular tools for diverse applications.
It is worth noting that the structure of G4s has been identified in studies using combinatorial methods
and the systematic evolution of ligands by exponential enrichment (SELEX) technique with the aim of
developing aptamers for therapeutic and diagnostic purposes [38-40]. G4s provide extra chemical
and thermal stability for aptamer-based therapeutics, and such aptamers have been successfully
designed to target a number of HIV proteins [41,42], prion proteins [43], and anti-cancer targets [44,45].
In diagnostics, G4-containing aptamers have been widely applied to target a wide range of pathogenic
proteins and small molecules to emit a fluorescence-like signal [40]. In this review, we summarize
the recent development of fluorogenic G4 ligands and G4-containing aptamers, and highlight their
latest applications in vitro and in cells (Figure 1D). We will also discuss current challenges and future
perspectives for better detection and targeting of G4s in diverse organisms, as well as for designing
and developing G4-related tools for various biological applications.
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Figure 1. Overview of G4 structure, detection, and application. (A) Chemical structure of a G-quartet,
showing the interactions between H-bond donors and acceptors at the Watson—Crick and Hoogsteen
edges. K* is located at the core of G-quartet, which can provide further stabilization. (B) Parallel,
anti-parallel and hybrid topologies of G4, demonstrating its polymorphism. (C) Anti- and syn-
conformations of guanosine in a G-quartet that leads to wide, narrow, and medium grooves in (A).
(D) Review overview. Red or purple boxes are topics that will be covered, while topics in the grey
boxes were reviewed elsewhere. (see references for computational prediction [46,47], structural
probing [48,49], and biophysical characterization [46,50]).

2. Fluorescent Turn-on G-Quadruplex Ligand

The biological significance of G4s in cells has led to a quest to develop diverse ligands that could
help researchers understand their different cellular roles. On the one hand, some of these ligands are
designed as fluorescent/imaging probes to verify G4 formation. On the other hand, some ligands can
stabilize G4s and serve as chemical tools to challenge and alter G4-dependent processes. Also, it is
possible that some ligands can perform both functions. In this review, we mainly focus on the organic
G4 probes that is fluorogenic for in vitro and in cell detection of G4. As shown in Figure 2, these organic
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ligands in aqueous solvents have low fluorescence intensities; however, upon interacting with G4, an
increased fluorescence intensity is observed, making fluorescence detection and imaging of G4 in vitro
and in cells possible [51,52]. It should also be of note that there are also large repertoires of inorganic
G4 probes that are luminogenic, and they have been extensively studied and several excellent reviews
can be found elsewhere [53-56]. One representative example includes iridium (III) complex based G4s
sensing methods; luminescent G4 switch-on probe for highly selective and tunable detection of cysteine
and glutathione based on iridium (III) complex [57]. This method showed an enhanced intensity in the
presence of desired metabolites [57]. Other examples of iridium (III) complex G4s based methods have
also been reported, for instance, detection method for nicking endonuclease Nb.Bsml activity [58],
for prostate specific antigen detection [59], thymine DNA glycosylase activity detection [60], for the
detection of Siglec - 5 [61] and for ribonuclease H detection [62]. Platinum (II) complexes are another
representative example of inorganic G4 ligand; Ma et al [63] reported the synthesis of platinum (II)
complexes containing dipyridophenazine ligand as a highly sensitive luminescence probe for the
detection of G4s and also showed to inhibit human telomerase enzyme (property also seen with organic
ligands) and occur via an end stacking approach with a binding affinity of ~10”7 dm?® mol~! [63]. Other
examples of platinum (II) complexes reported includes the detection of nanomolar silver (I) ion in
solution [64], as luminescence probe for G4 and c-myc downregulation [65]. Also, terpyridine ligand
containing platinum (II) complexes have been shown by Sunthaaralingam et al. [66] to strongly binds
to G4s of hTelo and c-myc through 7-7t stacking [66], which binding affinity and selectivity influenced
by their aromatic surface [67]. Additionally, Ruthenium (II) complexes have been also reported as a
selective luminescence probe for G4 detection, and occur via stacking of the ligand onto the G-tetrad
and also based on insertion of the complex into the groove [68]. Other examples of ruthenium (II)
complexes were also reported; for instance for sensing and methylation of duplex and G4s using
Ruthenium (II) complexes containing dipyridylphenazine (dppz) ligand [69] for selective binding to
various G4s using a bromo-substituent to the dipyridylphenazine [70]. Some advantages of inorganic
fluorogenic ligands include their tunability, distinct properties (like anticancer drug development and
their ability to induce G4s), and structures [66,68,71].

Flourescence intensity

X Noligand

Wavelength(nm)

Fluorescence turned-on

o Applications
Biosensing
) o Cell imaging
kﬁ \ Enzymatic activity assays

Enzymes inhibition
e.tc

G-quadruplex

Single stranded oligo

Flourescence intensity

Fluorescence absent

Wavelength(nm)

Figure 2. Schematic representation of ligand-enhanced fluorescence of G4. In the presence of ligand
(top), it binds to G4 and results in enhancement in fluorescence. While in the absence of ligand (bottom),
there is no such G4-ligand interaction, and hence no enhancement in fluorescence. This approach has
been applied in different areas including but not limited to biosensing [72], cell imaging [51,52,73],
enzymatic activity assay [74], and detecting G4 ligand inhibition of some enzymes [75,76] such as
telomerase and ferrochelatase.
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In the following, we will focus on the organic fluorogenic ligands/probes. Several representative
classes and examples of each class are highlighted below:

2.1. Porphyrins

Porphyrins exist in nature and are utilized by living organisms as co-factors in different enzymatic
processes [77]. Ligands in this class inhibit telomerase via stacking with the G-quartet of G4 and
its subsequent stabilization [78]. As shown in Table 1, N-methyl meso porphyrin IX (NMM) is an
asymmetric anionic porphyrin and a major example of the porphyrin class of ligands. It has fluorescence
excitation and emission wavelengths of 393 nm and 610 nm, respectively. It shows favorable binding
to parallel G4s compared with anti-parallel G4s [79,80], and thus has the potential to discriminate
between different strand orientations based on its fluorescence fold enhancement [81].

2.1.1. Application of NMM and its Derivatives (TMPyP4 and TMPipEOPP)

NMM ligands have been applied in diverse applications, including enzyme activity and inhibition,
cell imaging, and microbial detection, which are discussed below.

The NMM inhibitory effect was demonstrated by Huber et al. [75], in which NMM was applied
as an inhibitor of G4 unwinding by stabilizing and preventing helicase from accessing the desired
G4 strand [75]. In 2010, Hu and coworkers [76] demonstrated a G4-based fluorescence assay that
allowed both real-time monitoring and inhibition of RNase H. This method required an RNA-DNA
substrate (with the DNA strand containing G4-forming sequences). In the presence of RNase H, the
RNA strand gets cleaved and the DNA strand gets released, which then folds into G4 and subsequently
binds with NMM and produces an enhanced fluorescence intensity [76]. Ren et al. [82] reported the
use of NMM with tetrakis(diisopropylguanidino)-zinc-phthalocyanine (Zn-DIGP) to develop a dual
fluorescent probe for the detection of nucleic acids. This approach was shown to be applicable with
urines and serum samples [82]. NMM was also applied in a live-cell imaging study. When added to
the cells, a large Stokes shift and a red-shift emission were observed, both of which were higher than
the emissions seen with a different class of ligand, thioflavin T (ThT) [83]. This could be due to the
green fluorescence emission of ThT, which can easily coincide with the intrinsic fluorescence of the
cell’s other components [83].

Interestingly, NMM was also applied to microbial pathogen detection using integrated quaternized
magnetic nanoparticles and a DNA amplification assay coupled with NMM. This method was based
on the conformational transition from hairpin to G4 (assisted by Exo III nuclease) and subsequent
specific interaction of the G4 with NMM. The method was able to detect as few as 50 cells mL ™!
and 80 cells mL! of E. coli and S. aureus, respectively [84]. In 2016, Waller et al. [85] demonstrated
ligand-specific regulation of nitrate assimilation in Paracoccus denitrificans (a Gram-negative soil
bacterium). This method was based on stabilization of the nasT gene (which contains G4) by the
5,10,-15,20-tetra-(N-methyl-4-pyridyl)porphine (TMPyP4) ligand. Although NMM is an asymmetric
porphyrin, cationic derivatives such as 5,10,15,20-tetra-4-[2-(1-methyl-1-piperidinyl)ethoxy]phenyl
porphyrin (TMPipEOPP) and TMPyP4 were also applied as significant G4 binding ligands [86].
Notably, the TMPipEOPP ligand was shown to allow visual discrimination between G4s, duplexes
and single-stranded DNA [86]. Limitation of some of these derivatives include off-target effects that
lead to cell cytotoxicity [87] and they were not shown to have inhibitory properties like NMM [87].
More studies into these aspects are needed to fast track and improve the potentials of these ligands in
live-cell investigations at both the macro- and micro-organism level.

2.1.2. Mechanism of NMM and its Derivatives (TMPyP4 and TMPipEOPP)

The mechanisms of interaction by this class of ligand were demonstrated to occur through both
direct interaction with G4 and indirect interactions such as partial charge neutralization [88]. It was
hypothesized that the interaction of porphyrin and G4s is based on intercalation with the adjacent
G-quartets [77]. It was later shown that, when bound to G4, NMM fine-tuned its shape to fit the end
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face of the G4, resulting in enhanced fluorescence [76,89,90]. Another insight into the interactions
was demonstrated in a triplet excited and decay study of zinc cationic porphyrin [5,10,15,20-tetrakis
(1-methyl-4-pyridyl)-21H, 23H-porphine] (ZnTMPyP4). The interaction was demonstrated to occur
via 71—t stacking of the G4s ([AG3(T2AG3)3, (G4T4G4)2, and (TG4T)4]) and the macrocycle of
ZnTMPyP4 [91]. The parent ligand, TMPyP4, from which ZnTMPyP4 was derived, was also shown to
inhibit telomerase via external stacking on the G-tetrads [92]. However, the mechanism of interaction
for the TMPipEOPP ligand was demonstrated to be dependent on the concentration of either the
ligand or the targeted G4. At lower concentrations, one G4 binds two TMPipEOPP ligands via an
‘end stacking and outside binding” approach [86]. Wheelhouse et al. previously demonstrated a
similar effect [92]. At higher concentrations, two G4s bind one TMPipEOPP ligand via a ‘sandwich
end-stacking” approach [86].

2.2. Benzothiozole

Thioflavin T (ThT), a 3,6-dimethyl-2-(4-dimethylaminophenyl) benzothiazolium cation, is also a
commercially available dye like NMM, but unlike NMM, ThT is cationic (benzothiozole). ThT has
excitation and emission wavelengths of 425 nm and 490 nm, respectively. It also has the advantage of
low background fluorescence intensity, which translates to a high signal-to-noise ratio [6,87]. Prior
to 2013, ThT was mainly used to bind other structures such as protein fibrils and amyloids through
extensive 7-stacking with tyrosine and tryptophan amino acids [93]. ThT was also demonstrated to
inhibit interactions between fibrils and proteins [94].

2.2.1. Application of ThT, its Derivatives (ThT-DB, ThT-HE, & ThT-NE), and IMT

Because of its high sensitivity, ThT attracts the attention of chemists and has been applied in
diverse applications, including biosensing, G4-specific probes, toxin detection, cell imaging, and
microbial detection, among others, which are discussed below.

ThT was first reported in 2013 as a G4 ligand to study the human telomere G4 22AG
[dAGGG(TTAGGG)3], and it was demonstrated to differentiate between G4, duplexes and single
strands with high fluorescence intensity [87,95]. This fluorescence turn-on ligand has been widely
applied as a sensor, for instance, for Ag* [96] and Hg* [97] detection, based on the interaction between
the ligand and G4. ThT has also been applied as a label-free fluorescent turn-on ligand for sensing
bio-thiols based on its ability to induce unique G4 structures [72], and it was demonstrated as a probing
method for structural changes in i-motif (four stranded DNA secondary structures that consist of
hemi-protonated and intercalated cytosine base pairs (C:C*)) [98]. It was applied as a highly sensitive
sensor for thrombin detection using Forster resonance energy transfer (FRET). This method is based on
the ability of ThT to induce G4, which is then used as an energy acceptor, with a conjugated polymer
on the other side as the energy donor [99]. More recently, ThT was applied as a G4-based aptasensor
for the detection of adenosine deaminase activity and inhibition [74]. ThT was also applied in toxin
detection, as demonstrated using a G4-based aptasensor that selectively quantified the amount of
toxins in food materials. This method was based on an aptamer (selected against a toxin) binding
to ThT to form a G4-ThT complex (in the absence of the target toxin). When the toxin is present,
it binds to the G4-based aptamer, which leads to the release of ThT, and a subsequent change in
fluorescence is observed [100]. As shown in Table 1, unlike NMM, some G4 studies have indicated that
ThT-induced G4s can potentially cause topological changes [101], producing false positive and false
negative results [97]. It was also shown to bind tightly to non-G4 G-A-rich containing sequences and
dimerise them into a parallel double-stranded modes [96]. Furthermore, ThT was found to be difficult
to use for effective monitoring of G4s in the chromatin of live cells because of its inability to stain the
nuclei [102]. This led to the synthesis of some ThT derivatives.

Some derivatives of ThT have been reported, such as ethyl-substituted ThT, which was applied
as a fluorescence probe with high specificity for G4 structure detection and discrimination from
other nucleic acid forms [103]. Interestingly, this method allows naked-eye visualization of G4
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in solution under ultraviolet light. In a similar study, Kataoka and coworkers [101] synthesized
two derivatives of ThT by replacing the N3 methyl on the benzothiozole ring with either a
((p-(dimethylamino)-benzoyl)-oxy)-ethyl group (ThT-DB) or a hydroxyethyl group (ThT-HE) and
applied them as parallel G4 probes. Their results showed over 200-fold enhancement in fluorescence
intensity compared with normal ThT, and also great specificity to parallel G4s. Other benzothiazoles
have been reported, such as IMT, which can selectively bind G4s in a cell’s chromatin (with negligible
cytotoxicity). It can be applied in vivo to demonstrate the changing response of G4s to different
chemicals in real time [51]. This method is simpler than the triangulenium method reported earlier [52],
which requires a longer acquisition time and specialized equipment.

Lastly, ThT has also been applied in studies of G4 prevalence in micro-organisms. For example,
in 2016, Burrows and coworkers [104] applied ThT as a fluorescence probe to study the prevalence
of G4s in the zika virus. Two years later, the same group applied ThT as a fluorescence probe for
the detection of G4s in Chlamydomonas reinhardtii [105]. That same year, Zahin et al. [106] applied
ThT for the identification of G4-forming sequences in papillomaviruses (using ThT as a fluorescence
probe to screen for G4-forming sequences). Similarly, ThT derivatives have been applied in viral
RNA genome detection and monitoring. This was demonstrated very recently by Luo et al. [107],
who developed the ligand ThT-NE, with the excitation and emission wavelengths shown in Table 1
(ThT derivative). The ligand was a cell permeable and highly specific G4-based fluorescence turn-on
probe for real-time imaging of native viral RNA in the hepatitis C virus (HCV). This method was shown
to allow subcellular monitoring and continuous live-cell monitoring of infected cells [107]. However,
the limitation of this ligand class include the fact that only few were shown to penetrate the cells [107]
and reach their desired target. The possible reasons could be due to their physical size, non-selectivity
in complex samples or conditions or the potential to form aggregates in cells [108]. Some of the other
imperative factors in designing novel fluorescence G4 probes include permeability, affinity, selectivity,
and cytotoxicity. Some G4-containing aptamers (such as Mango) have been shown to discriminate
between this class of ligands via a concerted mechanism, whereas others (such as Spinach) enhance the
fluorescence intensities of many ligands with no discriminating properties between them [109]. Hence,
there is a need for G4 ligand with higher specificity, affinity, and low toxicity for live cell application.

2.2.2. Mechanism of ThT, ThT-NE, and IMT

The mechanism of interaction between ThT and G4s was demonstrated to be ligand concentration
dependent, in which several ThT ligands bound cooperatively to the 5-G4 unit [87]. Unlike the
NMM derivative TMPipEOPP (which also depends on ligand concentration), in this case, the
fluorescence enhancement was higher when a single ThT ligand was bound to G4. The enhanced
fluorescence intensity was demonstrated to be a result of the restriction in circular movement and
subsequent conformational changes between the benzothiazole and dimethylaminobenzene rings [87].
However, the fluorescence intensity diminished when more than one ThT ligand was bound to the
rearranged/changed G4 structure [87]. It was also demonstrated that the interaction between ThT
and G4 may be due to end stacking with the upper G-tetrad of RNA G4; that is, the benzothiazole
unit stacks onto the upper G-quartet of the G4, thereby donating most of the m-stacking force in its
binding [110]. Similarly, the mechanism of interaction for ThT-NE was demonstrated to occur via pi—pi
stacking of the ligand and the ending G-quartet of the G4, resulting in rotational restriction of the
ligand. Likewise, the mechanism of IMT interaction with G4s was shown to occur via stacking to the
terminal (5’-end) G-quartet [51].

2.3. Triphenylmethane (TPM)

The TPM class of ligands has many members, including methyl violet (MV), ethyl violet (EV),
methyl green (MEG), malachite green (MG), and crystal violet (CV). This class was shown to distinguish
intramolecular from intermolecular G4s and single DNA strands from duplex DNAs [111]. For this
review, we focus on CV and MG. Prior to its application in G4 detection, CV was widely used as a
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dye for staining papers, textiles, drugs, and food materials [112]. It then began to attract enormous
attention as a stain for biological studies. It has fluorescence excitation and emission wavelengths of
540 nm and 640 nm, respectively, as shown in Table 1.

2.3.1. Application of CV and MG

Like NMM and ThT, CV has been widely applied in diverse areas, including sensing that can
distinguish single strand and duplex structures from G4 [113-115], and it preferentially binds to
intramolecular rather than intermolecular G4 [113]. It is also applied in biosensing and thrombin
detection. Other applications are discussed below.

G4-based aptasensors (discussed in detail in Section 3 of this review) are attracting enormous
scientific interest. Nonetheless, in this section, we touch on the G4 ligand-based fluorescence
turn-on aspect of some representative aptasensors. One example is an aptasensor selected through
modified-affinity chromatography to replace G4 binding [116] and subsequent detection of CV. CV
was also applied as a biosensor for the detection of Pb?* based on the electrochemical current of a
G4-CV complex [114]. He et al. [117] developed a label-free G4-based aptamer probe for the selective
detection of ATP in aqueous solution using CV as a G4 fluorescent probe. In this method, the ATP
aptamer is in a duplex format (i.e., hybridized to its complementary sequence); in the absence of
ATP, it gives a weak fluorescence intensity. However, in the presence of ATP, the duplex dissociates,
resulting in an aptamer—G4 complex via a “population shift mechanism’. The presence of CV results in
its specific binding to the G4 complex, thus enhancing the fluorescence (depicted in Figure 2). CV was
demonstrated to distinguish between parallel and anti-parallel topologies [118]; it preferentially binds
to anti-parallel G4 and produces enhanced fluorescence intensity due to the shielding effect of the G4
end-loop on CV against the solvent, whereas the parallel G4 cannot provide CV with such a shield due
to the lack of the end-loop.

Jin et al. [119] reported another G4-based aptasensor and demonstrated its ability to detect
human thrombin protein. This method was based on the enhanced fluorescence of CV as a result
of its binding to a thrombin—-G4 aptamer complex. In 2009, Kong et al. [113] demonstrated a simple
and sensitive method for discriminating between G4s, single strands and duplexes based on the
fluorescence enhancement of CV or CV energy transfer fluorescence. Interestingly, in the presence
of C-rich sequences (complementary strands to G-rich), this method was shown to measure the
amount of G-rich sequences that partake in G4 formation based on the fluorescence enrichment of
G4-CV complexes. That same year, a novel biosensor for the homogenous sensing of K* was also
reported. This biosensor was based on increasing and decreasing fluorescence intensity with increasing
K* [120]. A similar approach (of decreased fluorescence with increasing K*) for the determination
of K* was reported. However, this method was based on the interaction between G4 containing a
thrombin-binding aptamer (TBA) and CV. The interaction of TBA with CV (in the absence K*) produces
enhanced fluorescence. However, in the presence of K*, TBA-based G4 is formed, and when it interacts
with CV, the difference in fluorescence intensity is measured (depending on the K* concentration) [121].
Thus, the amount of K* can be determined. MG has also been applied as fluorescence G4-based
aptasensors for binding recognition to MG ligands. However, the limitation of this class includes the
fact that it does not allow naked-eye visualization of G4s in solution. Also, they have different binding
modes such as the stacking and end loop protection modes (as discussed in Section 2.3.2 below), and
G4 and other nucleic acid structural motifs and topologies can sometimes significantly influence the
ligand’s fluorescence enhancement [122].

2.3.2. Mechanism of CV and MG

In 2009, the mechanism of interaction was demonstrated to occur via stacking of CV to the two
outside G-quartets of G4 [118] and the binding of two CVs per one G4. This stacking increased
the rigidity of the ligand and subsequently the fluorescence intensity. In the same year, Kong et al.
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demonstrated the end-loop protection mechanism of bound ligands in an antiparallel topology [120].
The stacking mechanism was also reported for CV interactions with i-motif [123].

2.4. Other Ligands Reported in the Literature as G4 Fluorescence Turn-On Ligands

As summarized in Table 1, several fluorescence turn-on ligands were also demonstrated
to recognize G4. However, acridine-based ligands are largely used as efficient G4 stabilizers,
such as trisubstituted acridines. N,N’-[9-[[4-(Dimethylamino)phenyl]lamino]-3,6-acridinediyl]bis
[1-pyrrolidinepropanamide], known as BRACO-19, has attracted much scientific interest due to its
G4 stabilization and inhibition of telomerase enzyme activity [37,124,125]. It also shows antiviral
activity as it impairs HIV-1 long terminal repeats promoter activity, which controls the viral gene
transcription [126]. Pyridostatin (PDS) was also reported to bind to G4 with high specificity through an
end-stacking approach [127-129], but it did not fluoresce. Later they synthesized a PDS analogue which
allows the evaluation of the cellular localization of the drug (“by promoting telomere dysfunction
and long-term growth inhibition in human cancer cells”) [130], more so, they explored how PDS
interferes with the roles of proteins that operates on G4s and how that in turn affects targeting of G4s by
small molecules [131]. This changed with the very first fluorogenic acridine dyes containing cyanine,
which allowed a wide spectrum ranging from orange to the near infrared region, as demonstrated by
Mahmood and coworkers [132]. Later on, the same group (motivated again by the incredible potential
of BRACO-19) demonstrated the development of a tri-substituted (3,6,9-trisubstituted acridine; cyanine
dye 1) water-soluble acridine-based dual probe, a pH-sensitive and G4 fluorescence probe containing
monomethine cyanine dye (which has fluorescence excitation and emission wavelengths of 400 nm
and 475 nm, respectively) [133]. Cellular pH is an essential factor in cell activities, and the probe
was demonstrated to be sensitive to a pH range of 5-9. In acidic conditions, the probe showed
enhanced fluorescence due to the protonation of acridine. A positive charge delocalises between the
acridine and indole moieties and fluorescence is reduced at higher pH values (as the acridine can no
longer be protonated). The system was reported to operate based on a ‘push—pull mechanism’ [133].
The limitation of this ligand is that its application was not demonstrated in vivo. BRACO-19 was
shown to bind to G4 via three modes of interaction: stacking to the top quartet, intercalation on the
lower quartet and groove binding [124,134].

Other reports on G4 fluorescence turn-on ligands include that of Jin et al. [135]. In 2014, they
applied a BPBC ligand composed of benzimidazole and carbazole groups as a fluorescence turn-on
probe for parallel G4 detection. The ligand was shown to bind parallel G4s via an end-stacking
approach. It was also shown to have incredible selectivity towards parallel G4s due to its possession of
a ‘crescent-shaped pi-conjugated planar core’, which is bigger than the G4 plane dimension. Likewise,
Yang et al. [136] reported a new class of bis(4-aminobenzylidene)acetone derivative called GD3 as an
effective red-emitting fluorescence turn-on ligand for parallel G4s. They demonstrated the biological
application of this ligand in fixed cells and showed that it allows the visualization and monitoring of G4
structures. The mechanism of interaction was the dipole moment created in the microenvironment of the
ligand and the restriction of the fluorophores, resulting in altered charge transfer in the system and hence
enhanced fluorescence [136]. However, the limitation of this ligand is that it can only allow monitoring
of G4s in fixed cells. Other parallel G4 binding ligands were reported by Chen and coworkers [137],
who demonstrated the use of 2,4,5-triaryl-substituted imidazole IZCM-1) as an effective ligand that
binds specifically to parallel G4s without affecting their topology or thermal stability. Later, the
same team [138] synthesized another G4 fluorescence turn-on triaryl-substituted imidazole ligand called
[2-(4-(4,5-bis(4-(4-methylpiperazin-1-yl)phenyl)-1H-imidazol-2-yl)phenyl)-6-(4-methylpiperazin-1-yl)-
1H-benzo[delisoquinoline-1,3(2H)-dione] (IZNP-1) and demonstrated its application to highly and
specifically target telomeric multimeric G4 structures (i.e., it can discriminate between telomeric
multimeric G4s and monomeric G4s) through intercalation of the ligand into the ‘pocket’ of two
G-quartet units of G4. This ligand was demonstrated to induce apoptosis and senescence in cancer cells
as result of telomeric DNA damage and telomere functional disruption due to the ligand intercalation
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into the G4 structure [138]. Shavalingam et al. [52] applied a triaryl methyl carbocation (triangulenium)
derivative called DAOTA-M2 that localizes in the nuclei (with low toxicity) and interact with G4.
Also, a “one-to-one G4-specific sensor”, IZFL-2, that can distinguish between different G4s was
demonstrated [139]. This method allows the visualization of interactions between ligands and G4s by
fluorescence lifetime microscopy. The binding mechanism of this ligand occurred via 7— stacking
between the guanine moieties of the outer G-quartet and core of the ligand [140].

Most of the fluorescence turn-on probes can only accommodate one output. In 2014,
Yan et al. [141] developed a multifunctional probe called (E)-3-((7-(diethylamino)-2-oxo-2H-chromen-
3-yl)methylene)-6,7-difluoro-4-methyl-9-oxo-1,2,3,9-tetrahydropyrrolo [2,1-b]quinazolin-4-ium iodide
(ISCH-1) that utilized two different outputs (i.e., colorimetric and fluorescence). These types of probes
are reliable and applicable to diverse applications. The ligand was designed based on an isaindigotone
framework that incorporated coumarin-hemicyanine to achieve a multifunctional probe. The
application of this probe to detect G4s was demonstrated [141]. The limitation of this ligand is that it
cannot allow specific targeting of G4s at a given RNA region (such as the 5" UTR). To address this issue,
Chen et al., refined ISCH-1 by attaching an oligonucleotide (which had a complementary sequence to
an adjacent sequence of the G4 sequence of interest) that would allow subsequent fluorescence in
situ hybridization (FISH) to be performed. Hence, the probe consisted of two distinct segments, the
fluorescence turn-on and oligonucleotide hybridization segments. They referred to the probe as a
G4-triggered fluorogenic hybridization (GTFH) probe [142]. The refined ISCH-1 ligand was called
(E)-3-((7-(diethylamino)-2-oxo-2H-chromen-3-yl)methylene)-7-fluoro-4-methyl-9-oxo-6-(prop-2-yn-
1-yloxy)-1,2,3,9-tetrahydropyrrolo[2,1-b]quinazolin-4-ium (ISCH-oal) [142]. The application of
this ligand was demonstrated with 5 UTR of NRAS mRNA by incorporating an oligonucleotide
complimentary to the adjacent sequence of the NRAS G4 sequence to form ISCH-nras] ligand that
can selectively bind and uniquely allow the visualization of G4s in this region both in vitro and in
cells [142], however, this ligand has limitations of not able to detect the ‘in-situ spots” of a given RNA in
single cell and also requires RNAs to be transfected into cells to increase their concentration. Amazingly,
the same team developed yet another ligand that was also based on an isaindigoton framework,
but it contained coumarin aldehyde and an N-methylated quinoline moiety, this ligand was named
(E)-2-(2-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)vinyl)-6-fluoro-1-methyl-7-(4-methylpiperazin-1-
yl)quinolin-1-ium iodide (QUMA-1). Unlike GD3 ligand that was only shown in fixed cells, QUMA-1
was demonstrated through live-cell imaging to be a highly selective fluorescence turn-on probe for
real-time and continuous tracking and monitoring of rG4 structural dynamics in live cells. It was
also applied in the visualization of rG4s unwinding by helicase [143]. Nonetheless, the fluorescence
intensity of this ligand decreases in the presence of other competing G4s ligands. The interaction
between QUMA-1 and rG4 was demonstrated to be caused by the rotational constraint experienced by
the ligand at higher energy levels because of a conformational rearrangement [143].

Laguerre et al. [144] reported another multifunctional G4 smart probe (ligand and fluorescence
turn-on probe) developed using the template-assembled synthetic G-quartets (TASQ) method. They
used TASQ to develop pyrene template-assembled synthetic G-quartets (PyroTASQ) as both a smart
G4 ligand and a fluorescence probe. This ligand and probe were demonstrated to recognize and bind
to both DNA and RNA G4s and it was shown to occur through an interesting approach, in which the
ligand causes a ‘quadruplex-promoted conformational switch’ that leads to the assembling of four
guanines into a G-quartet. Subsequently, the pyrene’s fluorescence is released [144]. However, the
application of PyroTASQ to detect G4s in live cells proved difficult as it aggregates in the cells [108].
To address this issue, the same group demonstrated another multitasking G4 probe synthesized
in an approach similar to that of PyroTASQ but replacing the pyrene group with naphthalene to
form a Naptho-TASQ (N-TASQ) [108]. The authors were able to visualize RNA G4s in live cells
using the multi-photon microscopy method [108] and both RNA and DNA imaging using confocal
microscopy [145]. The interaction occurs through an approach similar to that of PyroTASQ [108].
However, no binding competition with other G4 ligands was shown.
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2.5. Future Perspectives of the Development and Applications of Fluorescent Turn-On Ligands

As seen from above sections, most ligands have different binding modes, and G4 and other nucleic
acid structural motifs can sometimes significantly influence the ligand'’s fluorescence enhancement [122].
This raises some concerns that need to be addressed: is the ligand-binding mechanism to G4s dependent
on the loop length, bulge, inter versus intra-molecular G4s, parallel versus antiparallel G4 topologies,
or number of G-quartets? Understanding the binding modes between the ligands and G4s, as well as
the dimensions of the G4s grooves, is critical to understanding the mechanism of interactions between
the ligands and G4s. Also, future high-resolution 3D structures with bound ligands will potentially
allow a better picture of the ligand binding modes for future ligand design and G4 targeting.

Also, some of these ligands showed a decreased fluorescent enhancement in presence of other
competing ligands, as such, ligand competition studies with other ligands are needed to fully ascertain
the selectivity of the ligands of interest, this will allow the design and development of ligands with
better fluorescent properties and this could prevent the off-target effects of some of these ligands (that
leads to cell cytotoxicity) [87], and can also address the false positive and false negative results [97]
produced by some of the ligands as a result of their abilities to induce topological changes [101]. More
so, as mentioned earlier, only few of these ligands can effectively penetrate the cells [107] and reach
their desired target [108]. Therefore, permeability, affinity, and selectivity are critical factors that need
to be further improved when designing and developing advance novel fluorescence G4 probes.

Lastly, application-wise, many of these ligands are not yet applied in vivo [133] and can only
allow monitoring of G4s in fixed cells [136], while others still requires RNAs to be transfected into
cells to increase their concentration and thus signal [142]. Therefore, more advanced ligands are
required with an improved property to reach their targets in cells and across different species, as well as
increase their potential for real-time monitoring and single G4 detection application. We anticipate that,
by addressing these issues, we could shed lights into the better understanding of the folding status,
dynamics, and localization of G4s in cells and their biological roles in different cellular processes.

3. G-Quadruplex-Containing Nucleic Acid Aptamers

While biologically-relevant G4 targets can be detected and visualized by fluorescent turn-on
ligands in vitro and in cells as described above, another exciting and emerging field of research is the
identification and development of G4-containing aptamers, which may serve as molecular tools for
diverse chemical and biological applications. Aptamers are single-stranded DNA or RNA sequences
that are able to recognize natural and synthetic targets ranging from metal ions, small molecules, dyes,
proteins, toxins, microbes, and cells [149]. The most well-established screening method for nucleic
acid aptamers is the iterative SELEX process, which selects aptamers for targets of interest from a
library of random sequences [150]. Aptamers are proposed to function as alternatives to other affinity
reagents (e.g., protein-based antibodies) owing to several key advantages, such as simple synthesis
and modification, design flexibility, high target specificity, and good stability. These properties can
be successfully exploited in drug delivery, molecular imaging, clinical diagnosis, and biochemical
research [151,152].

Aptamers can adopt various structural arrangements, which enable their recognition functionality.
Among several architectures, the G4 structures are commonly found in aptamers [153]. One possible
reason is that G4s involve sophisticated tertiary folding and display remarkable structure polymorphism
and tunable conformation depending on the oligonucleotide sequences and different conditions of
cations, ligands, or pH level [48,154], which give them strong structural discriminatory ability and
contribute to their affinity and specificity for target binding. In addition, the high negative charge
density of G4 gives them an advantage in the selection process for binding to positively charged
surfaces of targets, such as proteins with positively charged amino acids (e.g., arginine, lysine, histidine)
and metal ions via electrostatic interactions [153]. The first reported G4-containing aptamer was
a 15-nucleotide thrombin-binding DNA aptamer, with the sequence of d(GGTTGGTGTGGTTGG)
(Table 2), first selected using SELEX to bind thrombin [155]. The aptamer structure was later determined
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in NMR study to consist of two G-quartets [156]. Other G4-containing DNA aptamers have since been
reported against targets including proteins and small molecules (Table 2). RNA is also equipped to
form aptamers owing to its great structural flexibility that recognize small molecules, as exemplified in
naturally occurring riboswitches [157,158]. A list of representative G4s-containing DNA and RNA
aptamers is shown in Table 2.

The existence of G4 structures in aptamers ideally combines the superior properties of G4 and
the intrinsic binding capabilities of aptamers. These features favor the application of G4-containing
aptamers in biosensing, bioimaging, and therapeutics, as described below (Figure 3).

A
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.. —> Active G4 Inactive random coil
G4-containing aptamer e
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2 N> =
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. . %
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Figure 3. Representative applications of G-quadruplex-containing aptamers in biosensing, bioimaging
and therapeutics. (A) Biosensors based on the conformational change of G-quadruplex-containing
aptamers. Targets binding can destabilize/stabilize the G4 structure of aptamers and this conformational
change is designed to cause signal change in the system. (B) Imaging metabolite (e.g., SAM) in living
cells with fluorogenic RNA [159]. Reprinted with permission from [159]. Copyright 2012 American
Association for the Advancement of Science. (C) Proposed mechanism of a photodynamic therapy
strategy by using AS1411 as drug carrier to target cancer cells [160]. Reprinted with permission
from [160].Copyright 2010 American Chemical Society.

-TMP complex
zeted to muclzolin

Normalized fluorescence

Cytoplesm

3.1. Biosensing Applications of G-Quadruplex-Containing Aptamers

Biomolecules are of great importance in regulating various biochemical reactions and cellular
metabolic processes. Aptamer-based biosensors have been widely used for biomolecule detection
and for understanding their biological functions [151,161]. In addition, by using disease-related
biomolecules as analytes, aptamer-based biosensors have become powerful diagnostic tools [162].
Various sensing strategies and signal readout techniques are used to develop sensing systems for a
variety of targets [151]. Here, we summarize the fluorometric biomolecule aptasensors that utilize
the G4 structure of aptamers in strategic design. Most aptasensors are based on the conformational
switching of aptamers. Target binding can cause distortion on aptamers and stabilize or destabilize
the G4 structure (Figure 3A). This conformational switch can be effectively monitored by several
fluorescence signal output methods, such as nanomaterials [163,164], molecular beacons [165] and
organic dyes, especially G4-selective fluorogenic ligands [99,117,166-169], which can give a fluorescence
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response upon target binding. Examples of the use of fluorometric G4 aptamer-based biosensors
include the detection of proteins, small biomolecules and cations.

Regarding protein detection, thrombin has been employed as an analyte in some aptasensors.
Li et al. [163] developed a FRET aptasensor for thrombin in both buffer and blood serum based on
a fluorescein amidite (FAM)-labelled aptamer and graphene. A single-stranded thrombin aptamer
was absorbed onto the surface of graphene due to noncovalent assembly and the fluorescence of
FAM was quenched because of the FRET effect. With the addition of thrombin, it interacted with
the aptamer and formed a G4-thrombin complex, which had weak affinity to the graphene and thus
dissociated from the graphene, resulting in fluorescence recovery. A similar aptasensor was developed
by Chu and coworkers using MoS, nanosheets and an FAM-labelled thrombin aptamer [164]. In some
other assays, nucleic acid-interacting dyes are used to avoid labelling of aptamers. Zhou et al. [166]
designed a thrombin aptasensor based on a four-branched pyrazine derivative (TASPI). The thrombin
aptamer can eliminate the fluorescence of TASPI, whereas in the presence of thrombin, its aptamer
specifically bound to thrombin and folded into a G4 structure, releasing TASPI molecules. Liu et al. [99]
reported a FRET-based aptasensor for thrombin by using ThT as an energy acceptor and a water-soluble
conjugated polymer (CP) as an energy donor. In this approach, ThT was bound to a thrombin aptamer
(TBA) first, which induced TBA to fold into a G4 structure, forming a fluorescent ThT-TBA complex.
The electrostatic attractions between the ThT-TBA complex and CP resulted in a high FRET signal.
While in the presence of thrombin, TBA formed a G4-thrombin complex first, resulting in a longer
distance between ThT and CP, which led to a low FRET signal. This method can also be used for
human serum thrombin detection.

Regarding G4 aptamer-based fluorometric biosensors for small biomolecules, ATP has been
used as a target in many assays because of its biological significance. In these assays, G4-selective
fluorescent ligands were widely used to transduce the target binding into a fluorescence signal change.
For example, Ji et al. [167] developed an ATP detection method using an ATP aptamer and ThT. The G4
structure of the ATP aptamer allowed the intercalation of ThT to produce strong fluorescence. However,
upon ATP binding to its aptamer, a conformation change occurred in the aptamer. ThT was released
into the solution, causing drastic suppression of the fluorescence intensity. This method was capable
of detecting ATP in human serum and cell extracts. Other methods adopting similar principles have
also been reported for ATP detection by using other G4 selective fluorescent ligands, such as CV [117],
zine(I)-protoporphyrin IX [168], and berberine [169]. An alternative approach to detecting ATP was
based on a molecular beacon as the signal output. Willner et al. [165] assembled ATP aptamers into
hairpin DNA, which was modified with a fluorescent dye (FAM) as a fluorophore at its 5" terminus
and a black hole quencher (BHQ1) at its 3’ terminus. In the absence of ATP, FAM, and BHQ1 were in
close proximity, resulting in fluorescence quenching of FAM due to the FRET effect. However, in the
presence of ATP, the hairpin DNA switched to a G4 structure and was bound to ATP. The re-organized
G4 hairpin structure allowed Exo III to hydrolytically digest the 3’-end strand, and thus BHQ1 was
released into solution and the fluorescence of FAM was recovered.

Pei et al. [170] used G4 aptamer-based fluorometric biosensors for cation detection. They proposed
a sensing strategy for Pb?* based on target-induced G4 formation and found a G-rich sequence
(AGRO100) that works as a Pb>* aptamer and forms a G4 conformation induced by Pb>*. The G4-Pb?*
complex binds to NMM, giving a turn-on fluorescence response to Pb>*. Another interesting work
reported by the Wei group achieved the in vivo detection of K* in living organisms (brains and
tumors) [171]. They selected a G-rich DNA probe that was selectively induced to form a parallel
G4 by K*. The G4-K* complex can enhance the fluorescence of PPIX. Thus, the concentration of K*
could be detected by modulating the fluorescence of the system. A similar study was reported by
Tan et al. [172] for human blood K* detection using a G4 aptamer of K* and a G4-binding ligand
(EBMVC-B). This was the first attempt to exploit G4 aptamer-based fluorescent sensing for direct assay
of blood targets. This concept also holds great potential for other ions” detection by selecting their
corresponding G4-containing aptamers.
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3.2. Bioimaging Applications of G-Quadruplex-Containing Aptamers

Monitoring the distribution and tracking of intracellular biomolecules contributes to the
understanding of their cellular location, dynamics, and functions, which is vital for gene regulation,
disease diagnosis, and drug discovery [173]. Fluorescence imaging is a major technique for identifying
the expression and spatial and temporal dynamics of biomolecules [174]. A few G4-containing
aptamer-based strategies have been reported for bioimaging applications.

A particular example of this application is RNA Spinach, which is a 98nt SELEX-identified
RNA aptamer that can fold into a G4 structure and switch on the fluorescence of 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI) [175]. RNA Spinach has been demonstrated to be a
powerful bioimaging tool because of its strong resistance to photo-bleaching [175]. Spinach was
successfully implemented for RNA imaging in living mammalian cells [175] and bacteria [176],
as well for cellular metabolite [159] and protein [177] imaging in bacteria. The common strategy
of Spinach-based bioimaging is to express ‘fusion RNAs’ that comprise Spinach and an additional
RNA tag that can recognize targets and give a fluorescence response. For example, Jaffrey and
coworkers [159] established a strategy to image cellular metabolites in E. coli based on Spinach
(Figure 3B). They fused the target-binding aptamer to RNA Spinach via a transducer stem and
destroyed the G4 motif of Spinach. Target binding to the aptamer promoted stabilization of the
transducer stem, enabling Spinach to fold and activating DFHBI fluorescence. They also adapted this
approach to monitor protein levels in E. coli [177]. In addition to the original Spinach, other versions
of Spinach, like Spinach-mini [175], Spinach1.2 [178], Spinach2 [178], Spinach2-mini [179] and Baby
Spinach [180], all adopt a G4 structure. A compelling alternative to RNA Spinach has been identified
by in vitro selection, termed as Mango. Mango has a more rigid G4 structure, which activates the
fluorescence of thiazole orange derivatives [109]. RNA Mango has also been used to bioimaging
systems. For example, Jepsen et al. [181] developed a FRET sensing system by using RNA origami
scaffolds consisting of Spinach and Mango. The fluorescent aptamers Spinach and Mango were placed
in close proximity to obtain FRET and a new fluorophore was synthesized to increase the spectral
overlap. The FRET-based constructs were finally expressed in E. coli. These bioimaging applications
reveal the fact that G4-containing aptamers can provide promising platform for efficient intracellular
monitoring of biomolecules in living cells and organisms.

3.3. Therapeutic Applications of G-Quadruplex-Containing Aptamers

For therapeutic functions, several G-quartet-containing oligonucleotides have been demonstrated
to have potential as drugs, such as HIV inhibitors [182,183]. DNA sequences (termed 93del and 112del)
adopting the G4 folding topology have been reported to exhibit anti-HIV1 integrase activity in a
nanomolar range [182,183]. Another DNA aptamer (T30695) with a sequence similar to that of 93del
and 112del but with a rather different G4 folding topology has also been identified as an HIV1 integrase
inhibitor [182]. Despite the existence of quite a few anti-HIV1 integrase aptamers, delivering them
to intracellular targets is still a challenge. Jing et al. [184] developed a system to deliver an HIV1
integrase inhibitor (T40214) into the target cell nuclei, which successfully decreased HIV1 replication,
thus demonstrating the possible use of G4-containing nucleic acid aptamers as anti-HIV drugs.

The AS1411 aptamer is a 26nt G-rich DNA sequence that can fold into a G4 structures and bind
to nucleolin with strong affinity and specificity [185]. AS1411 has been widely employed to target
higher nucleolin-expressing cancer cells. For example, Shieh et al. [160] developed an aptamer-based
photodynamic therapy strategy by using AS1411 as a drug carrier to target cancer cells (Figure 3C).
Willner and co-workers [186] also designed a drug delivery method based on AS1411-functionalized
metal-organic framework nanoparticles loaded with anti-cancer drugs. AS141 was used to target the
cancer cells, and VEGF in the target cells can trigger the release of the anti-cancer drug. This concept
could be adapted to other diseases that involve cellular biomarkers and their aptamers as gating units.
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3.4. Current Challenges and Future Perspectives of the Development and Applications of
G4-Containing Aptamers

Since the thrombin-binding aptamer (TBA, Table 2) was first identified as a G4-containing aptamer,
G4 structure has been reported in a number of DNA and RNA aptamers towards various targets
(Table 2). The potential applications of these G4-containing aptamers have been illustrated in different
areas as discussed earlier. Nonetheless, the development and applications are still in the early stages
and suffer from several challenges.

Firstly, high-resolution structures of targets with and without aptamer bound are necessary to
reveal the structural basis of these complexes, which will allow development and optimization of
aptamer’s sequence and structure, and provide insights to further enhance the aptamer’s properties for
desired applications. So far, only a few G4-containing aptamers have been structurally determined (TBA,
Spinach, Mango, etc.) [156,187,188], whereas the structures of other G4-containing aptamers are still
poorly understood, making it challenging to improve the design and properties of those G4-containing
aptamers. In addition, as the number of G4-containing aptamer is still limited, identifying novel
G4-containing aptamers against new targets will broaden the scope of this research area.

Secondly, the folding of G4-containing aptamers should be experimentally investigated to ensure
their specificity both in vitro and vivo, as the aptamer structure might re-fold in cellular environment.
The selected aptamers’ folding can be inhibited by cell machinery and physiochemical environment
when used in cells/in vivo, which decrease the aptamer’s ability to bind to targets. Therefore, more tests
in different conditions are required to ensure the aptamer specificity. In addition, new experimental
structure mapping techniques [32,48] and cell imaging have been developed to examine G4 folding,
allowing us to verify the formation of G4 structure in the G4-containing aptamer in both in vitro and
in vivo settings.

Thirdly, most of the G4-containing aptamer-based systems are still proof-of-concept studies, which
were performed in vitro or in cells. The application of them from bench to diagnosis and therapy are
still elusive and need to be fully investigated. One main obstacle for therapeutic applications is the
biological barrier existing during the drug delivery process [161], such as cell membrane internalization.
In addition, the nucleases present in biological system also pose another key issue. To solve these, more
efforts should be made to develop G4-containing aptamer-based systems that can penetrate across
the biological barrier, such as the use of other biocompatible species like nanomaterials to facilitate
intracellular delivery of the therapeutic G4-containing aptamers [189]. To resist nuclease digestion and
increase G4-containing aptamer’s lifetime in cells/in vivo, unnatural nucleotide base modifications
can be used, such as 2’O-methylation, lock nucleic acids, and phosphothioate. Further improvement
in this area will facilitate the better G4-containing aptamer stability and delivery in complex system.
Taken together, with these challenges to be addressed, G4-containing aptamers will likely achieve their
diagnostic and therapeutic potential, leading to a new chapter in the application of G4-containing
aptamer research.
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4. Conclusions

Over the years, impressive progress has been made in the G4 field with respect to G4 fluorescent
turn-on ligands and G4-containing aptamers. Remarkable discoveries and applications have been
reported in these two promising fields, including the interaction mechanism and applications of several
classes of G4 fluorescent turn-on ligands (Table 1), as well as the G4-containing aptamers (Table 2) and
their uses in biosensing, bioimaging, and therapy. With such developments achieved in the investigation
and applications of G4s, the study of G4 fluorescent turn-on ligands and G4-containing aptamers is
expected to open new perspectives towards wider biological understanding and applications of G4s
both in vitro and in cells.
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