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Abstract

At present, the polybasic furin cleavage site on the spike glycoprotein of the SARS-CoV-2 is still a missing link.
Remarkably, the two arginine residues of this site are encoded by the CGG arginine codon, which is rare in
Betacoronavirus proteins. Arginine dimers are common at viral furin sites, but are not CGG-CGG encoded. The
question is: Is that genetic footprint, encoding arginine pairs, unique to the SARS-CoV-27? To address the issue,
using Perl scripts, here | dissect in detail the NCBI Virus database in order to report the arginine dimers that
exist in Betacoronavirus proteins. As main result, a set of Middle East respiratory syndrome-related coronavirus
(MERS-CoV) (isolates: camel/Nigeria/NVx/2016, host: Camelus dromedarius) have the CGG-CGG encoded
arginine pair in the spike protein polybasic furin cleavage site. In addition, CGG-CGG encoded arginine pairs
were also found in the orflab polyprotein from HKUS and HKU14 Betacoronavirus, as well as, in the nucleocapsid
phosphoprotein from few SARS-CoV-2 isolates. To quantify the presence probability of CGG-CGG arginine-
arginine in Betacoronavirus, a First-Order Markov Chain was defined. It is highly unlikely to find it in
betacoronaviruses wildlife, but it is there. Collectively, results shed light on recombination as origin of the virus CGG-
CGG arginine dimer in the S1/S2 cleavage site.
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First of all, the structure and availability of the NCBI Virus database information (1), that makes this work
possible, must be appreciated. Arginine is a polar and non-hydrophobic amino acid, with a positive charged
group a physiological pH. Arginine participates in the binding of negatively charged substrates and/or protein
actives sites (2). Consistently, arginine is involved in viral polybasic proteolytic cleavage sites, even as a dimers,
as recognition motif of the ubiquitously expressed furin serine protease (3,4).

A notable characteristic of the SARS-CoV-2, that distinguishes from the rest of Sarbecovirus, is the acquisition
of a polybasic furin cleavage site (PRRAR) at the S1-S2 boundary of the S protein (5). It greatly mediates the
fusion of human cell and viral membranes, and the rapid human-to-human virus transmission (5-7). That
acquisition was achieved through the insertion of four amino acids (PRRA) in the S protein. However, this site
is common in viral proteins, such as the hemagglutinin (H5) protein of the avian influenza viruses (3) or the S
protein of some of the seventh coronavirus known to infect humans (5): HCoV-HKU1 (RRKRR-756, coordinate
based on S protein), HCoV-OC43 (RRSRR-764) and MERS-CoV (MLKRR-700).

Another notable characteristic of the SARS-CoV-2 is the CGG-CGG coding sequence of the arginine dimer in
that polybasic furin cleavage site. In the genetic code, arginine is encoded by six codons AGA, AGG, CGC, CGA,
CGG and CGT codons. CGG is a minority arginine codon in SARS-CoV-2 (8). Consistently, CGG-CGG encoded
arginine dimers at viral polybasic furin cleavage sites have not been found (9). In this sense, SARS-CoV-2 has
the most extreme CpG deficiency in all known Betacoronavirus genomes, probably to avoid the human antiviral
defence, mediated by the zinc finger antiviral protein (ZAP) (10). On the other hand, the other thirteen SARS-
CoV-2 proteome arginine dimers, which are strictly conserved in the closest Sarbecovirus strains, are not CGG-
CGG encoded either (11).

Now the question: is the a CGG-CGG encoded arginine dimer unigque to the SARS-CoV-2 polybasic furin cleavage
site? Based on the NCBI Virus database as a source of information, through a bioinformatics approach and
using Perl scripts, all current Betacoronavirus arginine dimers and their coding regions are here reported. Full
results are available in a Google Drive Folder. Interestingly, arginine dimers were widely distributed in
Betacoronavirus proteins, about 30% of them contained one or more of the amino acid pair. These proteins
were mostly members of the non-structural orflab-polyportein complex, and also in the structural S protein
and nucleocapsid phosphoprotein. As regards the arginine codon usage focused on the Betacoronsvirus
arginine dimers, AGA was the majority (about 50%), followed by CGT (about 24%). CGG was minoritary (about
5%).

As main result, Table 1 summarizes the Betacoronavirus arginine dimers, that were encoded by CGG-CGG.
However, the most remarkable discovery was the CGG-CGG arginine dimer of the polybasic furin cleavage site
of S protein from a set of MERS-CoVs. In addition, the Betacoronavirus species MERS-CoV, Rousettus and
Eidolon helvum bat coronavirus HKU9 and Rabbit coronavirus HKU14 had CGG-CGG encoded arginine dimers
in their orflab-polyprotein. Within the SARS-CoV-2 species, only two SARS-CoV-2 isolates from North America
showed a CGG-CGG arginine dimer in the orflab-polyprotein, and few SARS-CoV-2 isolates, also from North
America, showed the first (out of four) nucleocapsid phosphoprotein arginine dimer encoded by CGG-CGG.

To quantify the probability of the presence of the CGG-CGG genetic footprint encoding arginine pairs in
Betacoronavirus, a First-Order Markov Chain was defined, based on the corresponding arginine codons. The
states of the Markov model were the arginine codons themselves. Markov nodel allowed to determine the
probability of the second arginine codon depending on the previous codon.

Since arginine has six codons, in an arginine dimer there are 36 (6 x 6) chances of finding an codon pair (like a
roll of two dice: 36 possible outcomes). In this sense, the frequencies of the arginine codons pairs could be
understood as the probability that the second codon depends on the presence of first codon. By normalizing
these frequencies, the stochastic matrix of the Markov chain could be created, whose elements are the
transition probability between codons (states). As an example, Table 2 shows a stochastic Markov matrix, based
on the arginine dimers found in a recent Asia Betacoronavirus protein sample. In this sample, if the first codon
was AGG or CGA, the second was most likely AGA. If the first codon was CGG, the second was most likely CGT.
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The elements on the main diagonal mean the probability that the second codon was the same as the first. The
significant presence of two arginine condons in a row occurred in AGA-AGA.

In this work, 9,017,367 Betacoronavirus protein sequences, and their coding regions, have been analysed. The
sample had 14,993,143 arginine dimers (RR). It is a large sample which grow day by day. Accordingly, the
present results (available in a Google Drive Folder) are also updated. Excluding the arginine dimers of the SARS-
CoV-2 furin site (PRRAR), which are encoded by CGG-CGG, the results shown here highlight that this genetic
footprint encoding arginine dimers are highly unlikely in betacoronaviruses wildlife, but they are there. Just
because that presence, recombination probably operated into the origin of the virus CGG-CGG arginine dimer
in the S1/S2 cleavage site. Recombination is the common method of viruses picking up new skills (12-15).

Full updated results:
https://drive.google.com/drive/folders/1Dp04BHDyMay1sBOGXOOOIFzfZTp_VrBu?usp=sharing
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Table 1. CGG-CGG encoded arginine dimer from Betacoronavirus protein sequences. The list is limited to records that exclude those from the SARS-CoV-2
polybasic furin cleavage site (PRRAR). The data is grouped by Geographic Regions

Species* Isolate Protein** Acession Length Dimer zz::ﬁizn Coding C;;i:;/:fizome Host

Africa

MERS-CoV camel/Nigeria/NV1787/2016 S protein AVN89398 1353 RR 700 CGGCGG 2100 Camelus dromedarius
MERS-CoV camel/Nigeria/NV1712/2016 S protein AVN89453 1353 RR 700 CGGCGG 2100 Camelus dromedarius
HKU9 PREDICT-GVF-CM-EC006464 RdARp ATU79936 112 RR 85 CGGCGG 255 Rousettus aegyptiacus
MERS-CoV camel/Nigeria/NV1673/2016 S protein AVN89387 1353 RR 700 CGGCGG 2100 Camelus dromedarius
MERS-CoV camel/Nigeria/NV1657/2016 S protein AVNB89442 1353 RR 700 CGGCGG 2100 Camelus dromedarius
HKU9 PREDICT-GVF-CM-EC006646 RdRp ATU79938 112 RR 85 CGGCGG 255 Eidolon helvum
MERS-CoV camel/Nigeria/Nv2020/2016 S protein AVN89409 1353 RR 700 CGGCGG 2100 Camelus dromedarius
MERS-CoV camel/Nigeria/Nv2040/2016 S protein AVN89420 1353 RR 700 CGGCGG 2100 Camelus dromedarius
MERS-CoV camel/Nigeria/NV1989/2016 S protein AVN89431 1353 RR 700 CGGCGG 2100 Camelus dromedarius
MERS-CoV camel/Nigeria/Nv1405/2016 S protein AVNB89376 1353 RR 700 CGGCGG 2100 Camelus dromedarius
Asia

HKU14 polyprotein AFE48811 7151 RR 6763 CGGCGG 20289 Oryctolagus cuniculus
HKU9 Rousettus spp/Jinghong/2009 ORFlab AVP25405 6920 RR 4951 CGGCGG 14853 Rousettus sp.

HKU9 ORFlab ADM33573 6923 RR 2569 CGGCGG 7707 Chiroptera

HKU14 polyprotein AFE48810 7151 RR 6763 CGGCGG 20289 Oryctolagus cuniculus
HKU14 polyprotein AFE48822 7112 RR 6724 CGGCGG 20172 Oryctolagus cuniculus
HKU14 nspl5 YP 009924422 375 RR 286 CGGCGG 858 Oryctolagus cuniculus
HKU14 ORFlab YP 005454239 7151 RR 6763 CGGCGG 20289 Oryctolagus cuniculus
HKU9 ORFlab ABN10926 6923 RR 2569 CGGCGG 7707 Chiroptera

MERS-CoV ORFlab AHY61336 7179 RR 6174 CGGCGG 18522 Vespertilio sinensis

HKU9 ORFlab ADM33557 6923 RR 2569 CGGCGG 7707 Chiroptera
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HKU14 polyprotein AFE48800 7151 RR 6763 CGGCGG 20289 Oryctolagus cuniculus
HKU9 ORFlab ADM33565 6903 RR 2041 CGGCGG 6123 Chiroptera
North America

SARS-CoV-2 NC-CDC-LC0027271 ORF9 QTG552906 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 JW0066 ORF9 QOXX31736 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 FL-BPHL-5767 ORF9 QZW21341 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 NC-CDC-STM-000025458 ORF9 QTC13492 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 NC-SLPH-0070 ORF9 QTX13191 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 NC-CDC-STM-000028277 ORF9 QTX74547 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 MI-CDC-STM-000045686 ORF9 QTW56377 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 NC-CDC-STM-000032315 ORF9 QTX83255 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 JW0864 ORF9 QXX38166 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 NC-CDC-STM-000026863 ORF9 QTC16696 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 MI-CDC-STM-000046692 ORF9 QTW59960 419 RR 41 CGGCGG 123 Homo sapiens
SARS-CoV-2 CA-CDC-ASC210119629 ORFlab UBF72283 7096 RR 5767 CGGCGG 17301 Homo sapiens
SARS-CoV-2 MD-MDH-4405 ORFlab UAB59607 7096 RR 5767 CGGCGG 17301 Homo sapiens

* Full name and taxonomic identifier of the Betacoronavirus species: SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2 (taxid:2697049); MERS-CoV,
Middle East respiratory syndrome-related coronavirus (taxid:1335626); HKU9, Rousettus bat coronavirus HKU9 (taxid:694006); HKU14, Rabbit coronavirus
HKU14 (taxid:1160968).

** Protein name: RdRp, RNA-dependent RNA polymerase; ORFlab, orflab polyprotein; nsp15, non structural protein 15; ORF9, nucleocapsid phosphoprotein.
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Table 2. Stochastic matrix of the First-Order Markov Chain defined by the arginine codon sequence
encoding the arginine dimers of the Asia Betacoronavirus protein sample.

AGA AGG CGA CGC CGG CGT Sum
AGA |0.29218655 0.18973403 0.11623226 0.01059752 0.00056244 0.39068721
AGG |0.80859016 0.00471785 0.07812021 0.00251210 0.08050977 0.02554991
CGA |0.81517094 0.00356125 0.01709402 0.05864198 0.00356125 0.10197056
CGC |0.21081081 0.35091892 0.04345946 0.07221622 0.01167568 0.31091892
CGG |0.08980123 0.00070989 0.10151443 0.01123994 0.00153810 0.79519640
CGT |0.39124861 0.27172256 0.00256375 0.02674612 0.30058204 0.00713692

I I [N RN S =

The stochastic matrix is a square matrix of transition probability between arginine codons (states). The
rows are probabilistic vectors. An element of the matrix means the probability that the second arginine
codon would be that of the column if the first is that of the row. Consequently, the sum of the elements
of a row is 1. Data used to create this Betacoronavirus-Asia stochastic Markov matrix: Total number of
analysed Betacoronavirus protein sequences, 93,977; total number of protein sequences having arginine
dimer(s), 34,346 (36.55%); total number of arginine dimers in the sample, 134,249; total number of SARS-
CoV-2 (CGG-CGG) polybasic furin cleavage site arginine dimers, 6,859 (5.11%). To avoid distortions in
calculations of transition probabilities between arginine codons, the arginine dimers of the SARS-CoV-2
furin site were excluded.
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