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Abstract  
Feline coronavirus (FCoV) infection is ubiquitous in domestic cats, and up to 12% of 

FCoV-infected cats may succumb to Feline Infectious Peritonitis (FIP). FIP is a highly lethal 

infectious disease caused by FIP virus (FIPV), the virulent biotype of FCoV. It is difficult to 

properly diagnose FIP, and to this date, there is no effective FCoV vaccine nor licensed therapeutic 

for FIPV. Considering the threat FIP poses to feline health, there is a demand from both owners 

and veterinarians for a proper therapeutic to effectively treat the infection. 5-aminolevulinic acid 

(5-ALA) is a highly bioavailable amino acid that is naturally synthesized in animal cells and has 

shown significant antiviral activity against coronaviruses SARS-CoV-2 and FIPV. The inhibition 

of FIPV infection is most likely due to the intracellular accumulation of a downstream metabolite 

called protoporphyrin IX (PPIX) from 5-ALA supplementation, which can bind to G-quadruplex 

(G4) structures in the viral genome and therefore inhibit viral translation and replication processes. 

This propositional study is designed to investigate the potential stabilization of G4s in FIPV by 

PPIX and its subsequent inhibition of the viral life cycle both in vitro and in feline cells. 

 
 
 
 
 
 
 
 
 

 

 

 

 



Introduction 
FIP 

Feline Infectious Peritonitis (FIP) is an enveloped, single strand positive-sense RNA 

coronaviral disease. FIP virus (FIPV) is caused by a feline coronavirus (FCoV) which consists of 

two serotypes categorized based on the amino acid sequence of the spike (S) protein.1 Infection 

rates of FCoV I are more common than FCoV II infection, with type I FCoV strains potentially 

being more likely to cause clinical FIP.2 In spite of this, most research has focused on type II since 

it is readily propagated in vitro.3 Within each serotype, there are two biotypes divided based on 

their pathogenicity: Feline enteric coronavirus (FECV) and FIPV.4 FECV is an enteric form of 

FCoV that is ubiquitous in cats throughout the world and not in itself an important pathogen.5 FIP 

virus (FIPV) is a virulent biotype of FCoV and arises during an in vivo infection of FECV from 

genetic mutations of the S protein.6,7 FIPV and FECV differ substantially, with FECV proliferation 

confined to intestinal mucosal epithelial cells or mesenteric lymph nodes during natural infection, 

whereas FIPV infects feline peritoneal macrophages, conferring the ability for the virus to infect 

more types of cells, including monocytes, plasma cells, lymphocytes and neurocytes, thus 

producing high titers of progeny virus.8 In effect, FIPV infects other types of cells continuously 

and more efficiently in comparison to its parent biotype.  

Although cats of any age are susceptible to the virus, it is most prevalent among cats less 

than 3 years of age, especially from 4 to 16 months of age, followed by cats above 10 years of 

age.8 There is some evidence indicating that the disease is associated with sex, but the closest 

related occurrence of FIP are factors such as high breeding density and an unsanitary breeding 

environment.5,8 FIPV infection often occurs in catteries, shelters, kitten foster/rescue facilities, and 

dense free-roaming colonies, with kittens commonly becoming infected at around nine weeks of 



age.9 This aligns with the fact that FECV is shed in feces of most apparently healthy cats in large-

multi-cat environments, efficiently spread and transmitted through direct ingestion of feces or 

contaminated litter and other fomites.6,10 It is likely that the mutants of FECV capable of causing 

FIP are generated largely during the initial infection of FECV when levels of FECV replication 

are extremely high.11  

Based on the disease characteristics, FIPV can be classified as effusive and non-effusive, 

or wet and dry peritonitis. Abdominal distension with ascites, dyspnea with pleural effusion, 

jaundice, hyperbilirubinemia, discernible masses on the kidneys and/or mesenteric lymph nodes, 

uveitis and a range of neurological signs associated with brain and/or spinal cord involvement are 

all common in cats with either the effusive or non-effusive forms of FIP.9 Wet peritonitis is 

characterized by polyserositis, or the accumulation of thoracic and abdominal effusion, and 

vasculitis.3 Dry peritonitis differs in its chronic progression, often taking several weeks to months 

for the characteristic granulomas in the organs to appear.3,8 The mortality of the infection is 

extremely high once clinical signs appear, but some cats can live with the disease for weeks, 

months, or, rarely, years.5,9 Resistance to FIP involves multiple factors, including genetic 

susceptibility,11–13 age at the time of exposure,14 and a number of stressors that occur at the same 

time of infection that may assert a negative impact on the ability of the cat to eliminate the virus, 

such as husbandry procedures the type of environment, and exposure to other infectious 

agents.10,13,15,16 The time period between initial FECV exposure and clinical signs of FIP can vary, 

with some cats displaying symptoms in as short as two to three weeks, or as long as several months, 

or, even rarely, years. It is unconfirmed if this period reflects the time it takes for the mutant FIPVs 

to evolve, or for the disease to progress from a subclinical– which can either resolve or progress– 

to clinical state.17,18 The clinical onset results in death, with a return to normal health being 



extremely uncommon. In the rare event apparent recovery does occur, clinical signs recur months 

and even years later in some cats.18 Younger cats and cats with effusive disease generally 

experience a shorter disease course between onset of clinical signs and death compared to older 

cats and cats with non-effusive disease.9  

 

The widely accepted theory for FIPV pathogenesis involves internal mutation. FIPV arises 

from internal mutation of endemic FECV, which occurs in approximately 1%-5% of enteric 

infections. This mutation confers the ability of the virus to infect blood monocytes and tissue 

macrophages.7 The cell tropism transformation allows for productive infection of macrophages 

and blood monocytes, enabling systemic spread with concomitant immune-mediated events 

eventually leading to death.7,11 To explain the mechanism behind internal mutation, research at the 

molecular and genetic levels has been conducted. In early studies, the 3c genes were observed to 

be complete in FECV, while more than two-thirds of the genes were mutated in FIPV, in which 

this mutant 3c gene is unable to produce an intact 3c protein. Although the prevailing view dictates 

that these mutations do not affect FIPV virulence, the 3c protein is essential for replication of 

FECV in the gut.6 The loss of 3c function has been observed to be accompanied by mutations in 

Figure 1. A feline coronavirus virion with relative position of structural proteins and 
genomic single-stranded RNA (ssRNA) indicated. Figure adapted from Barker et al. (2020). 



the S2 domain of the S protein.19 Once the S gene is mutated, which allows the virus to infect 

macrophages and spread systemically, the accessory gene 3c becomes nonessential for 

replication.6 This shift in the biotype and altered cell tropism of FECV allows for systemic spread 

of the virus, resulting in FIPV.7,11 

The diagnosis or possibility of FIP is often met with reluctance from owners, due to the 

fact that most cats are reasonably well at the time of diagnosis, thus leading to a series of additional 

tests that claim to be highly specific and sensitive but might further cloud the diagnosis. 

Additionally, there exists a dearth of effective therapies, leading owners to research remedies and 

encounter anecdotal statements from owners who have found certain treatments to prolong life or 

even cure the disease.9 However, considering the problems with interpreting FIP diagnostic tests, 

not all cats with a positive FIP test actually have the disease. If a cat has a self-limiting condition, 

they will appear to respond well to almost any non-harmful treatment that is administered, thus 

giving credibility to a particular treatment that deserves none. 

Current FIP Therapeutics 

Antiviral agents fall into two basic categories: one targets the cellular machinery that 

viruses seize and utilize for replication, and the other targets an activity specific to infection and/or 

replication.3,9,20 Those which affect the cellular machinery tend to have a negative effect on both 

the host and virus, decreasing their efficacy.5 Targeting specific regions of the viral genome that 

regulate essential pathways in infection or replication is a more effective and successful approach.9 

Recently, research has yielded promising results from FIPV drugs similar to those which have 

proven effective against HIV-1 and hepatitis C, which target specific proteins involved in RNA 

virus replication.21 Remdesivir (GS-5374), an adenosine nucleoside monophosphate prodrug, is an 

antiviral drug developed specifically to work against emerging RNA viruses by inhibiting the 



replication of several taxonomically diverse RNA viruses.22,23 Remdesivir’s more chemically 

simple parent nucleoside analog, GS-441524, was identified as a direct acting antiviral drug for 

FIPV.21,24 Although its antiviral properties are incredibly promising, GS-441524 is expensive and 

currently unavailable for veterinary use. In response to the halted development of GS-441524, 

there is a growing at-home, unlicensed use of GS-441524-like drugs to cats who are suspected to 

have FIPV. Although these drugs are purported to be beneficial in treatment of FIPV-suspected 

cats, there still remains legal and medical risk.25 Some owners have reported paying 10,000-20,000 

USD for medication from these unlicensed sources, and the mean cost has been reported to be just 

under 5000 USD.25 These data clearly indicate there is a large population of cat owners who 

become desperate to cure their fatally-ill cats once FIPV is suspected or diagnosed. The lack of an 

available, licensed antiviral therapy necessitates research on a safe, relatively cheap, and effective 

antiviral drug for FIPV.  

G-Quadruplex Structures as Therapeutic Targets 

DNA and RNA G4 structures are the result of specific G-rich sequence(s) forming G-tracts. 

Hoogsteen hydrogen bonding between neighboring G-tracts produces a square planar guanine 

tetrad (G-tetrad) or guanine quartet (G-quartet, Figure 2A). When two or more tetrads or quartets 

are able form a planar ring by stacking on top of each other, it forms a G-quadruplex (G4, Figure 

2B). G4s are highly polymorphic structures, representing a huge family of stable structures with 

variations in strand stoichiometry, polarity, the length of loops, and their location in the 

sequence.26,27 Generally, all G4 structures possess favorable thermodynamics, with RNA G4s 

exhibiting more stability than DNA G4s.28,29 The unfolding kinetics of G4s are much slower than 

those of DNA or RNA hairpin structures, therefore, it is likely the formation of a G4 obstructs 

DNA and RNA metabolism.28 From computational analysis of the human genome, putative G4-



forming sequences (PQS) were revealed mainly cluster in multiple highly conserved regions 

throughout the genome that are involved in replication and regulation of gene expression, such as 

telomeres, gene promoters, and DNA replication origins, strongly suggesting their role in these 

biological pathways.30  

In addition to humans, PQS are found in other mammalian genomes, bacteria, and in viral 

genomes.31 A recent plethora of research has suggested PQS can be involved in viral replication 

and recombination, virulence control, and the regulation of other pivotal viral life cycle steps.27 

Additional research has introduced the use of G4-forming oligonucleotides and G4 ligands as 

potential antiviral agents against multiple families of viruses.27,32 In fact, a recent study on G-

quadruplexes in SARS-CoV-2 has predicted many putative G4-forming sequences (PQSs) in the 

SARS-CoV-2 genome, and later Qin et al. (2022) confirmed several highly conservative and stable 

G4s in SARS-CoV-2 by multiple established characterization methods.33,34 Furthermore, Qin et 

al. revealed that significant inhibition of both transcription and translation of the SARS-CoV-2 

were achieved targeting the G4 sequences in SARS-CoV-2 with the established G4-stabilizer 

Figure 2. G-quadruplex (G4) structure and motif. A. Structure of a G-quartet. B. The planar ring formed by the 
stacking of G-tetrads or G-quartets. C. A general motif for G4 forming sequences. Figure adapted from Capra et 
al. (2010). 



TMPγP4. In addition, TMPγP4 displayed better antiviral activity than the FDA-approved COVID-

19 therapeutic Remdesivir, suggesting that G4-stabilizers are promising, effective therapeutics 

against coronaviruses like FIPV. 

5-Aminolevulinic Acid (5-ALA) and its metabolite, PPIX 

5-aminolevulinic acid (5-ALA, Figure 3A), a precursor in the biosynthesis of tetrapyrroles 

such as protoporphyrin IX (PPIX, Figure 3B), is a natural amino acid that exists in animals, plants, 

fungi, and bacteria.35,36 By utilizing the photosensitivity of PPIX, 5-ALA has been employed in 

photodynamic diagnosis and therapy for cancer in both dogs and humans, and additionally has 

been clinically used for metabolic improvement in diabetes, demonstrating the multi-beneficial 

applications of 5-ALA in human health.37–39 Recent studies have revealed the in vitro antiviral 

effects of 5-ALA against Classical Swine Fever Virus, as well as positive-sense coronaviruses 

Feline Infectious Peritonitis and SARS-CoV-2, but the exact antiviral mechanism has not yet been 

elucidated.40–42 

Multiple studies have reported the antiviral effects of PPIX against pathogens such as 

Dengue virus, vesicular stomatitis virus, Zika virus, influenza A virus, and SARS-CoV-2.43–47 

Figure 3 A. Structure of 5-aminolevulinic acid (5-ALA) B. Structure of protoporphyrin IX (PPIX). 



Although PPIX presents a promising treatment for coronaviruses such as FIPV, it displays poor 

bioavailability as a result of its inefficient uptake in the intestine and incorporation into cells, 

therefore the practical medicinal use of PPIX is not realistic.48 A recent study reported that 5-ALA 

significantly inhibits FIPV infection in feline kidney cells.41 However, the mechanism by which 

FIPV infection was inhibited was not investigated further. Notably, a study investigating the 

antiviral effects of 5-ALA against Classical Swine Fever Virus observed that the intracellular 

accumulation of PPIX by 5-ALA treatment played the key role in the antiviral mechanisms of 5-

ALA, suggesting that 5-ALA can be utilized as an oral medicine or supplement to provide PPIX 

required for infection inhibition.40 The proposed mechanism behind PPIX antiviral activity is its 

potential to stabilize G4-structures in the virus genome, since PPIX is an established G4 ligand.26 

The demonstrated antiviral activity of 5-ALA in FIPV necessitates research to identify and validate 

G4-forming sequences in the FIPV genome, and evaluate if PPIX exerts a stabilizing effect on 

these sequences. Further investigation into if PPIX is inhibiting the viral replication and/or 

translation processes can establish 5-ALA as an effective therapeutic for FIPV and open up further 

avenues to investigate its antiviral potential in live cats. 

 
 
 
 
 
 

 



Experimental Proposal 
The severity of FIPV diagnoses in cats necessitates a treatment that can effectively reduce 

viral infection. Along with demonstrating that 5-ALA and PPIX affect replication of live FIP virus, 

the main focus of this study will be uncovering the antiviral mechanism that 5-ALA exerts, 

possibly by stabilizing the G4 structures in the FIPV genome through the downstream metabolite 

PPIX. Not only will this research boost the possibility of 5-ALA as an effective therapeutic for 

cats with FIPV, but also contribute research into the novel field of G4s as a drug target against 

coronaviruses like FIPV. 

Aim 1: Identify and validate PQS in the FIPV genome and demonstrate that PPIX binds and 

stabilizes a representative G4-sequence 

First and foremost, potential G-quadruplex forming sequences (PQS) in the FIPV genome 

will be identified and validated through a multitude of established methods. Considering studies 

have reported their presence in SARS-CoV-2 among many other viral genomes, it is likely the 

FIPV genome possesses a number of PQS.27,34,49,50 Several algorithms have been developed to 

identify sequences with the potential to form G4s and have previously shown success in identifying 

G4s that are likely to form in RNA.51,52 Along with computational screening of the FIPV (strain 

WSU-II 1176) genome, the PQS identified will be subject to in vitro screening techniques to 

confirm their formation along with their stability under physiological conditions.  It is expected 

that a number of PQS will be identified, and at least one PQS will demonstrate great stability and 

will be chosen as the representative to investigate the behaviors of G4s in FIPV.  

To examine if PPIX can bind and stabilize the representative G4 sequence, circular 

dichroism (CD) spectra and CD thermal melting analysis will be conducted with the representative 



PQS in the presence of PPIX. These spectra results should indicate that PPIX can bind and stabilize 

the chosen PQS. A mutant (G/A mutations) PQS will also be subjected to the same assays to serve 

as a negative control, since the mutations will disrupt the ability for the G4 to form. We should 

observe no G4 formation nor stabilization by PPIX with the PQS mutants. 

Aim 2: Examine the inhibitory function of G4s on FIP virus life cycle and the ability of PPIX to 

enhance this function via G4-specific stabilization. 

 If the most stable PQS(s) are located in the open-reading frames (ORFs) of FIPV, 

experiments are needed to investigate the possible inhibition of translation of viral RNA by the 

G4s in this location. To this end, in vitro translation (IVT) assays will be performed in the absence 

or presence of PPIX at increasing concentrations to evaluate the extent to which G4 formation 

inhibits translation of the wild type (denoted as X4-WT) or mutant (X4-Mut) PQS. Additionally, 

to examine the protein expression in living cells, the same sequences encoding X4-WT or X4-Mut 

will be cloned into a vector and transfected into Crandell Rees Feline Kidney (CRFK) cells. 

Finally, to investigate if G4 formation inhibits viral RNA replication by sterically inhibiting the 

FIPV RNA dependent RNA polymerase (RdRp), a cell-based RNA replication assay will be 

performed with treatments of PPIX at increasing concentrations in CRFK cells. The results of these 

assays will ultimately provide evidence for the potential inhibition of viral protein expression and 

viral RNA replication by PPIX. 

Aim 3: Evaluate the effects of PPIX and 5-ALA on the replication of live FIPV 

Lastly, assays will be performed on FIPV-infected CRFK cells to confirm the antiviral 

effect of 5-ALA and PPIX. Before carrying out these experiments, a cytotoxicity assay will be 

used to assess the cytotoxic effects of 5-ALA and PPIX in CRFK cells, and these results will be 



used as a guide to determine the treatment concentrations for further experiments. Two assays will 

be utilized to confidently confirm the antiviral effects of our compounds: RT-qPCR of viral RNA 

and quantification of the viral titers by the median tissue culture infectious dose (TCID50). In each 

of these assays, infected cells will be treated with 5-ALA or PPIX and cell supernatant will be 

collected and subsequently analyzed.  

Finally, we will validate that 5-ALA treatment is inhibiting FIPV infection by PPIX 

binding the FIPV genomic RNA G4s. First, an immunofluorescence assay employing a DNA/RNA 

G-quadruplex antibody will affirm the formation of viral G4 structures during viral replication. 

Then, locked nucleic acid (LNA) antisense oligonucleotides (ASOs) complementary to FIPV G4s 

will be used to “open” G4 structures in FIPV cells incubated with PPIX. Subsequent RT-qPCR of 

viral RNA and quantification of the viral titers by the TCID50 will be carried out with the 

hypothesis that 5-ALA and PPIX’s antiviral effects are negated by the destabilization of the G4s.  

 
 
 
 
 
 
 
 

 

 

 

 



Methods and Materials 

Cell cultures, Viruses, Oligomers, and Reagents 

Crandell Rees feline kidney (CRFK) (ATCC, USA) cells will be grown in Eagles’ 

Minimum Essential Medium (MEM) containing 50% Leibovitz’s L-15 medium, 5% fetal calf 

serum (FCS), 100 U/ml of penicillin, and 100 μg/ml of streptomycin. Cells will be incubated at 

37°C and 5% CO2. Maintenance of CRFK cells will be carried out in the same composition as the 

growth medium with only 2% fetal calf serum. Cell culture-adapted feline coronavirus WSU 79-

1146 (GenBank DQ010921), also known as FIPV I WSU 79-1146, will be obtained from ATCC. 

FIPV I WSU 79-1146 is the model strain for in vitro FCoV study.53 Wild-type RNA of each PQS 

and mutant PQS RNA (G/A mutations) will be ordered from Sigma of HPLC-purified grade. 5-

ALA, PPIX, and TMPγP4 will be obtained from Sigma Aldrich. GS-44154 will be bought from 

MCE. For IVT assays and CD spectra, PPIX will be dissolved in DMSO and TMPγP4 will be 

dissolved in water to the desired concentrations. For the cell-based assays, all compounds will be 

dissolved in maintenance medium to the desired concentrations. 

Bioinformatics analysis 

The complete genome of FIPV I WSU 79-1146 will be retrieved from the NCBI Genome 

database (http://www.ncbi.nlm.nih.gov/nuccore/NC_002306.3). The FASTA sequences of the 

FIPV I genome will be used for the prediction of the putative G4-forming sequences with QGRS-

mapper.54 The search is based on the following motif: 

 
G≥2N1-15G≥2N1-15G≥2N1-15G≥2 

 



In which G corresponds to guanine and N corresponds to any base including guanine. Then, to 

evaluate the G4 folding capabilities, the consecutive G over consecutive C ratio (cGcC) 49, 

G4Hunter (G4H), and G4 neural network (G4NN) scores will be assessed by the G4RNA screener 

(http://scottgroup.med.usherbrooke.ca/G4RNA_screener/). 

 cGcC is employed to address the concern of competition between G4 and Watson-Crick 

based structures.55 This ratio considers the presence of cytosine runs in the vicinity of a potential 

G4, as base pairing of those C runs with G runs can hinder potential G4 formation. Here, a ratio 

value greater than the set, arbitrary threshold of 4.5 will be considered as being accessible under 

conditions favoring G4 formation.  

G4H is designed similarly to the cGcC score but analyzes DNA sequences. Each 

contiguous G receives an increasing positive score, and each contiguous C receives an increasing 

negative score.56 The average of these values gives a score, and in this study, PQSs with a ratio 

value above the arbitrary threshold of 0.9 will be considered favorable.  

G4NN evaluates the similarity of a given sequence to known G-quadruplexes and reports 

it as a score between 0 and 1.51 In this study, PQSs with a ratio value superior to the arbitrary 

threshold of 0.5 will be considered favorable.  

Circular dichroism spectroscopy and thermal denaturation analysis 

Circular dichroism (CD) experiments will be performed using 4µM of the relevant RNA 

sample in 50 mM Tris–HCl (pH 7.5) buffer either in the absence of salt, or in the presence of 100 

mM of either LiCl, NaCl or KCl. Before taking the CD measurement, each sample will be heated 

at 70°C for 5 minutes and then slow-cooled to room temperature over a one-hour period by a 

Thermal Cycler (Thermo Fisher Scientific). Using a Jasco J-810 spectropolarimeter equipped with 

a Jasco Peltier temperature controller in a 1 mL quartz cell cuvette with a path length of 1 mm. CD 



scans, ranging from 220 to 320 nm, will be recorded at 25°C at a scanning speed of 50 nm/min 

with a two second response time, 0.1 nm pitch, and 1 nm bandwidth. The CD data will represent 

the average of three wavelength scans. A control experiment will be performed in the absence of 

RNA.  

CD thermal denaturation will be performed using the same setup. CD spectra will be 

measured at a wavelength ranging from 220 to 320 nm, with a scanning speed of 50 nm/min, and 

a temperature ranging from 25 to 95 °C at intervals of 1 °C. Molar ellipticities of the indicated 

wavelength at 25 and 95 °C will be set as 100% and 0%, respectively. The normalized molar 

ellipticities will be fitted using GraphPad Prism 7 software (GraphPad Inc.). The Tm values will be 

recorded as the temperatures at which the normalized molar ellipticity is 50%. The CD thermal 

denaturation data will represent the average of three wavelength scans. A control experiment will 

be performed in the absence of RNA. To examine G4-ligand enhanced thermal stability on our 

G4, CD spectroscopy will be carried out with 1.0 µM PPIX or TMPγP4, and CD thermal 

denaturation will be carried out with 1.5 µM PPIX or TMPγP4. 

Nondenaturing polyacrylamide gel electrophoresis experiments 

Native gel electrophoresis will be performed by acrylamide gel (15%) and run at room 

temperature, using a 1X TBE buffer containing 10 mM KCl. The gel will be silver stained. About 

2 μM RNAs will be loaded on the gel. 

1H NMR spectroscopy 

1H NMR spectra will be carried out on a Bruker Avance III 500 MHz NMR Spectrometer. 

The RNA samples will be dissolved in 10 mM phosphate-buffered saline (PBS) (pH 7.0) 

containing 100 mM KCl and 10% D2O at a final concentration of 0.3 mM in strand. 



Stopped-flow experiments 

To screen the stable G4s in vitro, N-methyl mesoporphyrin IX (NMM), a well-known G4-

specific ligand, will be used.57 Fluorescence stopped-flow experiments will be carried out by using 

an Agilent Cary spectrophotometer with a SFA-20 accessory.  NMM treated samples (NMM/F-

PQS-WT or NMM/F-PQS-Mut in 10 mM Tris-HCL buffer, 0 mM KCl, pH = 7.2) will be mixed 

with K+-containing buffer (10mM Tris-HCL buffer, 200 mM KCl, pH =7.2). The concentration of 

NMM and the RNA oligos will be fixed at 1 μM. Fluorescence changes will be monitored at a 

wavelength of 661 nm with an excitation wavelength of 395 nm, as done previously.34 

Immunofluorescence Assays 

BG4 specific antibody (anti-DNA/RNA G-quadruplex (and related small molecules) 

(BG4) Standard Size Ab00174-1.6) will be purchased from absolute antibody. Cells will be 

washed twice in 1X PBS, fixed with 4% paraformaldehyde for 10 minutes, permeabilized with 

0.5% Triton X-100-PBS for 15 minutes, incubated after with 100 mg/mL RNase A for one hour at 

37 °C, and then blocked for 30 minutes with 3% BSA-0.2% Triton X-100-PBS. Then, cells will be 

simultaneously incubated with BG4 specific antibody and viral RNA FISH probes for 16 hours at 

4 °C. Fluorescent secondary antibodies will be used in a 1:1000 dilution for 45 minutes at 37 °C. 

DAPI will be incubated for two minutes in the dark before taking images with a confocal laser-

scanning microscope. 

In Vitro Translation (IVT) Assays 

To generate the FIPV transcripts with the G4 site needed, pGEM-T Easy Vector (Promega) 

constructs that encode the FIPV genome sequence(s) with the G4 site(s) or mutant G4 site(s) will 

be created with a Flag tag at the C-terminus. Mutations will be achieved using the Stratagene 



QuikChange Site-Directed Mutagenesis kit. Following PCR amplification, these transcripts will 

be transcribed and translated using TNT® Quick Coupled Transcription/Translation System 

(Promega). Reaction contents will be subjected to SDS-PAGE and proteins will be detected by 

Bradford assay (Bio-Rad). IVT assays will be performed with PPIX or TMPγP4 in concentrations 

of 0, 1.25, 2.5, 5, or 10 μM. 

To assess the translational efficiency of the FIPV genome sequence(s) with the G4 site(s) 

or mutant G4 site(s) in CRFK cells, the FIPV I WSU 79-1146 genome sequences with our WT- 

and mutant G4 sites will be PCR-amplified and subcloned into a pCAG-Flag vector. By using the 

Stratagene QuikChange Site-Directed Mutagenesis kit, we will point mutate the G4 site to produce 

the mutant G4 sites. These plasmids will be transfected into CRFK cells using Lipofectamine 3000 

(Invitrogen), following the manufacturer's protocol. Cells will be treated with PPIX or TMPγP4 in 

concentrations of 0, 1.25, 2.5, 5, or 10 μM, and will be harvested after 48 to 72 hours. Lysates will 

be subjected to SDS-PAGE and a Western blot will be performed.  

RNA Replication Assay 

A reporter vector will be generated to encode the FIPV I WSU 79-1146 genome sequence 

for nsp12, the non-structural protein which forms the RNA dependent RNA polymerase (RdRp).58 

The FIPV I WSU 79-1146 nsp12 gene will be PCR-amplified and subcloned into pCAG-Flag 

vector. To generate the FIPV transcripts with G4 site for RNA replication assays, a sequence 

encoding the 5ʹ untranslated region (UTR)-G4 -3ʹUTR will be first synthesized, then inserted into 

a pGEM®-T easy vector system (Promega). The FIPV RNA with G4 site will be produced using 

T7 RNA polymerases from a standard in vitro transcription kit. Cells will be transfected with the 

nsp12 and G4 plasmid at a 10:1 ratio using Lipofectamine 3000 (Thermo Fisher Scientific). At 

12 hours post transfection, cells will be re-seeded in 24-well plates (4 x 104/well) and treated with 



PPIX or TMPγP4. After 48-hour incubation, cells will be collected and measured for RNA levels 

by RT-qPCR assays. 

Cytotoxic Effects of Compounds  

Cytotoxicity of 5-ALA, PPIX, TMPγP4, and GS-441524 will be assessed using a 

commercially available procedure (CellTox Green Cytotoxicity Assay, Promega). Cytotoxicity 

will be quantified by the intensity of fluorescence as the dye selectively binds the DNA of 

apoptotic/necrotic cells. CRFK cells will be seeded in 96-well plates at an initial density of 1 × 105 

cells/well in 200 μL medium. After 24-hour incubation at 37 °C in a humidified 5% CO2 

environment, 100 μL of cell suspension will be treated with 50 μL of 1000, 750, 500, 250, and 0 

μM concentrations of 5-ALA, PPIX, or GS-441524 in the appropriate wells, and allowed to 

incubate for 24 hours. After incubation, 100 μL CellTox™ Green Reagent (2X) will be added per 

well, with subsequent mixing by orbital shaking (700–900 rpm) for one minute to ensure 

homogeneity. After a 15-minute incubation period at room temperature, shielded from ambient 

light, fluorescence will be measured at 450 nm using a 96-well spectrophotometric plate reader, as 

described by the manufacturer. Absorbance of formazan will be compared to untreated CRFK cells 

(negative control), and cells treated with a cell lysing reagent provided by the manufacturer 

(positive control). Percentage cell viability will be calculated using the following formula:  

Cell viability (%) = [(OD of compound-untreated cells - compound-treated cells)/ (OD of 

compound-untreated cells)] × 100 

The 50% cytotoxicity concentration (CC50) will be defined as the cytotoxic concentration 

of each compound that reduced the absorbance of treated cells to 50% when compared with that 

of the untreated cells. 



FIPV-79-1146 inoculum and viral titer/plaque inhibition assay 

Crandell-Rees feline kidney (CRFK) cells will be propagated in 250 mL flasks with 25 mL 

DMEM/10%FBS and infected at 70% confluency with 1 mL cell-culture supernatant containing 5 

× 105 median tissue culture infectious doses (TCID50) per mL of serotype II FIPV WSU-79-1146 

and incubated for 48 hours. Flasks will be frozen at −70 °C for eight minutes and the thawed 

mixture of cells and original culture fluid will be centrifuged to remove cellular and subcellular 

debris and supernatant stored in liquid nitrogen. CRFK cells will be seeded in 96 well plates and 

then inoculated with 1 mL/well of a serial 10-fold dilution (10-1-10-12) of the frozen infected 

supernatant. Plates will be incubated for 48 hours, stained with crystal violet, and each well will 

be scored for cytopathic effect (CPE). A TCID50 will be calculated from three replicates by the 

Reed-Muench method. 

 To determine the half maximal effective concentration (EC50) of our proposed antiviral 

compounds, the CRFK cells will be grown in 24 well plates. Cells will be pre-treated with the 

different doses of the indicated antiviral compounds for 48 hours at 37°C.  Following 48-hour 

incubation, cells will be inoculated with 1 × 104 TCID50 for one hour at 37°C. The excess virus 

inoculum will be removed by washing three times with PBS. Then, 200 μL of maintenance 

medium (DMEM/2% FBS) will be added to each well, and the cells will further culture for 48 

hours. The cells will be observed daily for CPE, and the TCID50 value will be calculated with the 

Reed-Muench method. The EC50 will be defined as the effective concentration of compounds that 

reduced the virus titer in the culture supernatant of infected cells to 50% when compared with that 

of the virus control.  

Simultaneous immunofluorescence of BG4 and fluorescence in situ hybridization (FISH)  



BG4 specific antibody (anti-DNA/RNA G-quadruplex (and related small molecules) 

(BG4) Standard Size Ab00174-1.6) will be purchased from absolute antibody. Stellaris FISH 

probes will be bought from Biosearch Technologies. Cells will be washed twice in 1× PBS, fixed 

with 4% paraformaldehyde for 10 minutes, permeabilized with 0.5% Triton X-100-PBS for 

15 minutes, incubated after with 100 mg/mL RNase A for 1 h at 37 °C, and then blocked for 

30 minutes with 3% BSA-0.2% Triton X-100-PBS. Then, cells will be briefly incubated with BG4 

specific antibody (1:400) and viral RNA FISH probes (1:1000) in Hybridization Buffer consisting 

of 20 µg/mL fish sperm DNA (fsDNA), 50 µg/mL heparin, 50% Deionized formamide, 0.1% SDS, 

5 × Denhardt’s and 5 × SSC (PH = 7.0) for at least 4 hours at 37 °C. Slides will be washed three 

times and then incubated with fluorescent secondary antibodies will be used in a 1:1000 dilution 

for one hour at 37 °C. Finally, slides will be washed three times and DAPI will be incubated for 

two minutes in the dark before taking images with confocal laser-scanning microscope. 

Antisense oligonucleotides assays 

All the locked nucleic acid (LNA) antisense oligonucleotides (ASOs) targeting the FIPV 

G4s will be synthesized by Sigma-Aldrich. For ASOs treatment, CRFK cells will be pre-

transfected with a mixture of 17-mer ASOs targeting the G4s or a random 17-mer ASO for 6 hours 

prior to virus infection and PPIX treatment. At 72 hours post infection, cell supernatant will be 

collected for RT-qPCR and viral plaque inhibition assays. 

Quantitation of FIPV replication by RT-qPCR 

Viral RNA will be isolated from both the culture supernatant (QIAamp Viral RNA Mini 

Kit (Qiagen) and pelleted cells (RNAeasy, Qiagen) according to the manufacturer's instructions. 

DNase treatment of isolated RNA will be accomplished with TURBO DNase (Ambion). RNA will 



be reverse transcribed into cDNA with the Origene First-Strand cDNA Synthesis System for RT-

PCR (Origene). A control reaction excluding reverse transcriptase will be included for each 

sample. FIPV RNA copy numbers will be measured by RT-qPCR. PCR primers will be based on 

a consensus sequence of the feline coronavirus 7b gene.24 A control reaction excluding cDNA 

(water template) will be included for each assay. Quantitative PCR for the GAPDH housekeeping 

gene will be performed in parallel and results will be normalized per 106 copies of GAPDH. 

Quantification of FIPV RNA copy number will be based on a standard curve generated from viral 

transcripts prepared by in vitro transcription of a plasmid (pCR2.1, Invitrogen) containing a 112 

nucleotide-long amplicon. 

Western blotting assays  

For protein analysis of whole-cell lysates, cells will be briefly lysed in RIPA (Thermo 

Fisher Scientific) buffer. Total proteins (10 - 20 μg) will be re-suspended in Laemmli buffer (63 

mM Tris-HCl, 10% glycerol, 2% SDS, 0.0025% bromophenol blue, pH 6.8) and electrophoresed 

on SDS-polyacrylamide gels. Then, proteins will be transferred to a polyvinylidene difluoride 

membrane. After an incubation with antibodies specific for Flag (Invitrogen) or GAPDH 

(Invitrogen), the blots will be incubated with anti-mouse for FLAG and GAPDH (Invitrogen) 

secondary antibodies conjugated to horseradish peroxidase. The immunoreactive bands will be 

detected using SuperSignal™ West Pico chemiluminescent substrate kit (Thermo Fisher 

Scientific) and Western blotting detection system (BioRad). GAPDH will be used as a loading 

control for western blotting assays. 

 

 



Expected Results 
Bioinformatics analysis was carried out using G4RNA screener, resulting in the 

identification of 24 PQS in the positive strand of FIPV WSU 79-1146. Thirteen of these PQS 

displayed one or more scores above the thresholds set (Table S1). Several methods will be 

employed to characterize the 

G4 formation and stability of 

each of these thirteen PQS 

(Figure 4A-E). At least one 

of these PQS should display 

stability in physiological 

conditions. It is likely the 

chosen PQS will reside in the 

ORFs 1a or 1b, as more 

potential stable G4s were 

identified in the ORFs in 

comparison to the structural 

genes.  

A stable G4 sequence 

will be chosen if the various 

in vitro characterization 

assays display results similar 

to the characterization of a 

stable G4 sequence named 

Figure 4. Characterization of the representative G4 formation and stabilization by 
PPIX. A. The formation of X4 G4 detected by nondenaturing polyacrylamide gel 
electrophoresis (PAGE) experiments. Lane 1, DNA ladder; Lane 2, X4-WT; Lane 3, X4-
Mut. B. CD spectroscopy of X4-WT and X4-Mut. C. The kinetic folding process of X4 
G4 detected by the stopped-flow assays. D. The formation of X4 G4 detected by 1H NMR. 
E. The formation of X4 G4 in live cells detected by immunofluorescence assays 
employing BG4 antibody. Left, the white arrows indicated the colocalized foci of Cy5-
labeled RNA (red) with BG4 (green). Scale bars, 4 μM. Right, Cy5/BG4 foci number was 
quantified. ****P < 0.0001. F. Projected CD thermal melting curves of X4-WT (1.5 μM) 
with PPIX (1.5 μM) or TMPyP4 (1.5 μM). G. Projected CD spectroscopy of X4-WT 
(1.0 μM) without or with PPIX (1.5 μM) or TMPyP4 (1.5 μM). Figures B-E were adapted 
from Qin et al. (2022). 



“P4” in the SARS-CoV-2 genome (Figure 4A-E).34 Once a representative G4-forming sequence is 

chosen, the CD thermal denaturation analysis and CD spectroscopy will be performed in the 

presence or absence of PPIX. TMPγP4 will be used as a positive control, since it has displayed a 

strong ability to bind SARS-CoV-2 G4s.34 Considering that PPIX is an established G4-specific 

ligand, it is expected that it will significantly enhance the thermal stability of the chosen G4, 

denoted as X4 (Figure 4F), thus demonstrating there are strong interactions between the G4 and 

PPIX. The CD peak of the G4 

should not change in the presence 

of any of the molecules, as 

binding by the ligands is not 

expected to destroy the structure 

of the G4 (Figure 4G). With these 

results, a stable G4 will be 

identified and PPIX will be 

confirmed to bind and stabilize 

the representative G4.  

Following the verification 

of G4 formation and stabilization 

by PPIX in the FIPV genome, the 

function of the representative G4 

in the viral life cycle will be 

examined. If the most stable G4 is 

located in the ORFs, we want to 

Figure 5. PPIX inhibits FIPV viral RNA translation in vitro and in cells in a 
dose-dependent manner. A. In vitro translation (IVT) schematic. B. PPIX or 
TMPγP4 treatment inhibits the translation of mRNA in X4-WT in IVT assays. C. 
PPIX or TMPγP4 treatment inhibits the translation of X4-WT mRNA in CRFK 
cells. Results from gels will be assessed using Image J software. 



confirm that inhibition of translation of the viral proteins by G4 formation and stabilization by 

PPIX in the FIPV genome, the function of the representative G4 in the viral life cycle will be 

examined. If the most stable G4 is located in the ORFs, we want to confirm that inhibition of 

translation of the viral proteins by G4 formation is occurring. From in vitro translation (Figure 

5A), we expect that in the presence of PPIX, translational efficiency will be lower in the X4-WT 

than in the X4-Mut as a result of G4 formation inhibiting translation (Figure 5B). Results from 

CRFK cells should be consistent with the IVT assays. The translation of X4-WT should be less 

than that of X4-Mut, and PPIX should decrease the protein levels of X4-WT in a concentration-

dependent manner (Figure 5C, projected results from the 10 µM treatment are shown).  

After the FIPV viral replicase complex is assembled, FIPV negative-strand intermediates 

are synthesized by positive strand RNA. Since the RNA-dependent RNA polymerase (RdRp) is 

an essential enzyme involved in viral replication,59 and can be inhibited by the steric hindrance 

caused by G4s during the elongation phase of RNA synthesis,60 it is expected that G4 formation 

Figure 6. PPIX inhibits FIPV RNA replication in a dose-dependent manner. A. The expression vectors of the FIPV RNA-
dependent RNA polymerase complex (nsp12). The pGEMT vector carrying X4 sequences fused to FIPV 5’UTR and 3’UTR. 
B. The protein expression of nsp12 in transfected CRFK cells. C. The formation of a G4 inhibits the replication of RNA in 
CRFK cells. D. PPIX E. or TMPγP4 inhibits the replication of RNA of the G4 in CRFK cells in a dose-dependent manner. 
RNA levels quantified by RT-qPCR. Data are shown as means ± SEM of three independent experiments, two-tailed Student’s 
t-test. **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 



and stabilization by PPIX will inhibit FIPV RNA replication. To investigate this hypothesis, cell-

based RNA replication assays61,62 employing a plasmid encoding FIPV RdRp (nsp12) and an 

expression vector yielding our G4-forming sequence will be performed (Figure 6A). If the 

hypothesis is correct, X4-WT should have lower RNA levels than X4-Mut (Figure 6C), and 

stabilization by PPIX should inhibit the replication of X4-WT in a dose-dependent manner (Figure 

6D). If the results appear similar to the projected results presented here, it will indicate that G4 

formation in FIPV inhibits both the viral replication and translation processes. Additionally, it will 

demonstrate if PPIX can further inhibit the viral replication process by stabilizing the G4 regions 

in the FIPV genome. 

Next, the effects of 5-ALA 

and PPIX on the replication of live 

viruses will be evaluated. First, 

determining the toxicity of our 

compounds is a prerequisite to all 

other assays, since the 50% 

cytotoxic concentrations (CC50) will 

be used for determining the 

concentrations used in the following assays. Using the CellTox Green Cytotoxicity Kit, CRFK 

cells will be treated with varying concentrations of our compounds for 24 hours and the percent 

cell viability will be calculated (Figure 7). The positive control, GS-441524, should not display 

any cytotoxicity as demonstrated by past research.24,34 5-ALA should display minimal toxic effects 

Figure 7. Cytotoxicity of 5-ALA, PPIX, and GS-441524. Data are shown 
as means ± SEM of three independent experiments. 

 



with a CC50 around 1000 µM,41 and PPIX may decrease cell viability at concentrations greater 

than 250 μM, as reported in swine kidney line-L cells.40 

Figure 8. Inhibition of viral growth by 5-ALA and PPIX. A. Viral titers (logTCID50/mL) and B. EC50 of the antiviral compounds. 
Data are shown as means ± SEM of three independent experiments, two-tailed Student’s t-test. **P < 0.01, ***P < 0.001, 
****P < 0.0001. 

 

Figure 9. Viral replication is reduced by 5-ALA and PPIX. At 48 h post infection, viral RNA copies in A. cell lysates and in B. 
cell culture supernatants will be detected by RT-qPCR. Data are shown as means ± SEM of three independent experiments, two-tailed 
Student’s t-test. **P < 0.01, ***P < 0.001, ****P < 0.0001. 



Viral titers will be quantified by the median tissue culture infectious dose (TCID50). It is 

expected that there will be a dose-dependent reduction of viral plaques by 5-ALA and PPIX. In 

expectation with past research,40 PPIX should inhibit viral growth at concentrations lower than 5-

ALA if it is the key antiviral compound (Figure 8A), and therefore, should display a much lower 

half maximal effective concentration (EC50) compared to 5-ALA (Figure 8B).  The antiviral 

activity of our compounds will also be quantified by the viral RNA copies in cell lysates and viral 

RNA copies in the cell culture supernatants. There should be a dose-dependent reduction of viral 

RNA from 5-ALA treatment, it is expected that PPIX will reduce viral copies at lower 

Figure 10. LNA ASO treatment negates antiviral activity exerted by PPIX. A. Immunofluorescence 
of BG4 and fluorescence in situ hybridization (FISH) for viral genomic RNA (gRNA) in CRFK cells 
with or without FIPV infection. Scale bars, 10 μM. Adapted from Qin et al. (2022). CRFK cells treated 
with 100 µM PPIX will be pre-transfected with the ASOs targeting viral G4s, and then the cells will be 
infected with FIPV (104 TCID50 virus/mL). B. At 48 hours post infection, viral RNA copies in cell 
culture supernatants will be detected by RT-qPCR. C. Viral titers (logTCID50/mL) will be quantified by 
TCID50.  Data are shown as means ± SEM of three independent experiments, two-tailed Student’s t-test. 
**P < 0.01, ***P < 0.001, ****P < 0.0001. 
 
 



concentrations compared to 5-ALA, similar to the results from our viral titer assays (Figure 

9A,9B).   

It is strongly suggested from our previous results that PPIX binds the FIPV genomic RNA 

G4s. To confirm that viral G4 structures are in fact occurring during FIPV replication and 

Infection, an immunofluorescence assay employing anti-DNA/RNA G-quadruplex antibody 

(BG4) will be carried out. Co-localization between BG4 fluorescence and viral genomic RNA 

should be observed, indicating the formation of viral G4 structures during FIPV replication (Figure 

10A, Adapted from Qin et al., 2022). Antisense oligonucleotides (ASOs) complementary to the 

X4-G4 sequence will be employed to unfold viral G4 structures in FIPV infected CRFK cells 

treated with PPIX. Therefore, the antiviral activity by our compounds should be significantly 

inhibited by the ASOs (Figure 10B, 10C).  

If there are hundreds of copies of viral RNA G4s as indicated by the immunofluorescence 

results observed in Qin et al. (2022) (Figure 10A), this will suggest there are an outstanding amount 

of viral G4s in comparison to cellular G4s. Furthermore, if the antiviral effects of PPIX are 

achievable at the low micromolar concentrations proposed here, there is a smaller likelihood of 

off-target effects on host G4s. Future studies would need to explore the potential for PPIX to exert 

off-target effects and the resulting possible side effects. 

 

 

 

 

 

 



Significance and Conclusion 
 This propositional study aims to extend promising research into G-quadruplex (G4) 

binding compounds as potential drugs for coronaviruses such as FIPV. The 5-ALA metabolite, 

protoporphyrin IX (PPIX), has previously been reported to demonstrate antiviral activity against a 

number of viruses.43–45,47 Furthermore, 5-ALA supplementation has been shown to increase the 

concentration of intracellular PPIX and exert antiviral effects on Classical Swine Fever (CSF) and 

coronaviruses SARS-CoV-2 and FIPV.40–42 However, these studies do not explore the mechanisms 

in which 5-ALA is able to inhibit viral growth in infected cells. Recently, a study investigating the 

antiviral mechanisms and antiviral effects of known G4-specific stabilizer TMPγP4 in SARS-

CoV-2 revealed that the binding of this molecule to G4 sequences in the SARS-CoV-2 genome 

not only inhibits viral replication and translation, but also displays better antiviral activity than 

Remdesivir, an established SARS-CoV-2 therapeutic.34 Considering that PPIX is also a known 

G4-specific stabilizer,63 the data suggest that PPIX is the key player in inhibiting FIPV by binding 

to FIPV G4s. The prospective experiments here are designed to elucidate if PPIX is the molecule 

responsible for the antiviral activity demonstrated by 5-ALA treatment. If the projected results are 

found to be true, this would not only advance novel research into G4s as targets for antiviral drug 

design, but also demonstrate its ability to significantly inhibit FIPV infection in feline kidney cells. 

There is currently no licensed therapeutic for FIPV, and many of the drugs show poor results in 

cases with neurological manifestations,21,24,64 indicating insufficient transfer across the blood brain 

barrier. 5-ALA is a low-molecular weight amino acid that has been shown to transfer to brain 

tissue.65 Moreover, 5-ALA demonstrates high bioavailability and low cytotoxicity,41 further 

implicating its potential as a therapeutic for FIPV. Results from this study will provide the basis 

for in vivo studies on infected cats, and perhaps then observe therapeutic effects in cats as well. 



The possibility of a cat having FIPV poses a  threat to the cat’s health, causing owners to resort to 

black market medications.25 Considering the demand for FIP therapies, the development of an 

effective and safe antiviral with few side-effects is desperately needed. GS-441542 has 

demonstrated rapid reversal of disease signs and recovery in cats experimentally infected with 

FIPV, and even entered field trials, but Gilead Sciences reportedly refused to license this drug for 

use in cats.66 Not only will this research advance the possibility of 5-ALA as an effective 

therapeutic for cats with FIPV, but also contribute research into the novel field of G-quadruplexes 

as a drug target against coronaviruses like FIPV.  
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Appendix 
Table S1. Characteristics of the 24 putative G-quadruplexes.  

PQS Positiona Genea Sequences cGcCb G4Hc G4NNd 
P1 172 - GGAACGGGGTTGAGA

GAACGGCGCACCAGG 
4.5 0.8 0.5039 

B2 1053 ORF1
a-nsp2 

GGTGTTGGTGATTGGA
CTGG 

18 0.85 0.6573 

P3 2441 ORF1
a-nsp2 

GGAATTGGATTTTGGT
GCCATCTGG 

3.4 0.48 0.0094 

P4 5145 ORF1
a-nsp3 

GGTCCTGTGGTAGCG
GCACCTCTTTTGG 

1.6364 0.25 0.0061 

P5 8010 ORF1
a-nsp4 

GGTTTTTGCTTCGGTG
GCGACAACTGG 

3.6 0.481
5 

0.0023 

P6 8828 ORF1
a-nsp5 

GGAACCCTGTATTGTA
AGGGTGGCTTATGG 

2.1818 0.433
3 

0.0232 

P7 9281 ORF1
a-nsp5 

GGAATTAGGTAATGG
TTCTCATGTTGG 

8.5 0.555
6 

0.4796 

P8 10536 ORF1
a-nsp6 

GGCATTGGTGGAGG 16 1.071
4 

0.5761 

P9 11493 ORF1
a-nsp9 

GGTAAAGCGCTTATG
GCTTCTGAAGGTGG 

4.75 0.517
2 

0.0829 

P10 11886 ORF1
a-
nsp10 

GGTGCCGGTAATGGT
ATGG 

4.25 0.684
2 

0.0437 

P11 14171 ORF1
b 

GGTGGTACAACTAGT
GGTGATGG 

9 0.695
7 

0.5052 

P12 15400 ORF1
b 

GGAGGTTATCGGCCCT
AAGG 

1.4545 0.3 0.022 

P13 19243 ORF1
b 

GGCATGGAGATGGAT
GCTGTGG 

9.5 0.772
7 

0.543 

P14 20119 ORF1
b 

GGTCGTTGGATTACTA
AGGAAGGG 

11.5 0.833
3 

0.833 

P15 20374 S GGTGGTTATTACCCTA
CAGAGGTGTGG 

1.6364 0.296
3 

0.0144 

P16 23026 S GGTTCTTGGCTAGGAG
G 

8 0.823
5 

0.4494 

P17 23296 S GGTGCACTTGGTGGTG
GCGCCGTGG 

3.2857 0.64 0.4817 

P18 23431 S GGTAACATTACACAG
GCTTTTGGTAAGG 

4 0.428
6 

0.0376 

P19 24380 S GGCCTTGGTATGTGTG
GCTACTGATAGG 

3.1667 0.464
3 

0.0982 

P20 24460 S GGTTGTTGTGGATGCA
TAGGTTGTTTAGG 

20 0.655
2 

0.7277 



P21 26548 M GGTTTCAAAATGGCTG
GTGG 

8 0.7 0.0185 

P22 26962 N GGTAATAAGGATCAA
CAAATTGGTTATTGG 

8 0.466
7 

0.1667 

P23 27022 N GGCCAGCGTAAGGAA
CTCGCTGAGAGGTGG 

2.625 0.433
3 

0.1945 

P24 27112 N GGAGTCTTCTGGGTTG
CAAGGGATGG 

10 0.961
5 

0.8589 

aPositions and genes are based on FIPV 79-1146 complete genome.58 bGcCc (the consecutive G 
over consecutive C ratio) addresses the issue of competition between G4 and Watson-Crick based 
structures, and the threshold value is 4.5. cG4H (G4Hunter) analyzes DNA sequences in which 
each contiguous G receives an increasing positive score, and each contiguous C receives an 
increasing negative score, with the average of these values producing a final score. The threshold 
is 0.9. G4NN (G4 neural network) is an artificial neural network that compares the similarity of 
the given sequence to known G-quadruplexes and reports it as a score between 0 and 1. The 
threshold is 0.5. ORF, open reading frame; S, spike glycoprotein; M, membrane protein; N, 
nucleocapsid protein. Boldface type indicates that the scores of putative G-quadruplexes are above 
the threshold. 
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