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Abstract 

The structure of the S surface protein of the Wuhan isolate of the Severe Acute Respiratory 

Syndrome (SARS) coronavirus 2 (SARS-CoV-2) is containing amino acid loops, which are introduced 

in RaTG13 (bat), and harbour in analogous position the majority of glycan interacting residues of the 

HCov-OC43 spike. In SARS-CoV-2 these could structurally transpose interacting residues and alter or 

enlarge the binding site as comparatively viewed. The sub-strains of SARS-CoV-2 were analysed to 

determine changes in 429 sequences. Interestingly, the Asp614Gly S spike protein mutant, exported 

to many countries in the pandemic spread, harbours fewer further amino acid exchanges within the 

S protein. Predicted larger spectrum of mutants found with the Asp614 sub-strains is linked to the 

patient zero and the early phase. The S protein amino acid mutation rate since the outbreak of 

6.0x10-5 may suggest that variations are more likely in the putative lectin-NTD which shows twice 

the lowest estimated frequency. A phylogenetic tree built from 3877 sequences suggests that the 

most recent common ancestor is dated to March 2018, or June 2019 when a z-score of 3 for outlier 

compensation is selected. The sporadic highly elevated mutation count in a strain from January 2020 

(MT226610) is attributed to sub-strain formation with corresponding ancestral state that may have 

been founded in humans or the animal kingdom. RNA folding prediction confirms that structural 

changes may be found in the MT226610 sub-strain that has a Δ of free energy in the SARS-CoV-2 

genome in positions 12000-13000. The affected area locates proximal to the ribosomal frame-

shifting element and forms a distinct stem-loop encompassing or sharing the "SARS-CoV-2-

conserved-structured region" (12610-12729). The extended trifoil structure may aid in viral RNA 

packaging or transcription. Protein results indicate, that the nsp8 (non-structural protein 8) primase-

nsp9 cleavage by the viral protease, host receptor binding by the S protein NTD or processivity 

provided by nsp7-nsp8 associated with the polymerase protein may be affected by mutations in 

MT226610. Previous analyses by Subissi et la. [Proc. Natl. Acad. Sci. 111, E3900–E3909 (2014)] on 

SARS-CoV-1 nsp8 and the similarity of the polymerase complex to SARS-CoV-2 (RMSD 0.67 Å aligned 

domain) already suggest, that the RNA primer extension activity of SARS-CoV-2 nsp8 could be 

strongly reduced in the mutant background. Hypotheses discussed in this work concerning sub-strain 

formation of MT226610 or hyper-mutator phenotype of MT226610/MT326179 are non-exclusive. 

 

Introduction 

The structures of the SARS-CoV-2 spike glycoprotein have recently been solved and did not visualize 

loop residues, possibly involved in the ligand interaction in the NTDs (the 6vsb or 6vyb up/open and 

6vxx down/closed structures) (1, 2). The SARS-CoV-1 and SARS-CoV-2 closely resemble SARS-like 

coronaviridae from a natural reservoir and in the recent outbreak, the RaTG13 strain was found to be 

most similar (3, 4) (a Sarbecovirus). It may show identical fuzzy or distinct binding to glycans than the 

SARS-CoV-2. For a bovine CoV the structure analysis and comparison showed that this domain was 

similar to galectin-3 (5). Here, this can be confirmed by searching PDBeFold (6) with the spike of the 

SARS-CoV-2 (6vsb modelled with loops) for galectin-1, -2, -3, -4, -7 to -10 and -13 (Q-score ∼0.2 and 

RMSD of ≥2.1 Å) and in searching with the lectin-domain of HCoV-OC43 (an Embecovirus; 6nzk) for 

galectin-1, -3, and -9 (Q-score ∼0.2 and RMSD of ≥2.7 Å). 

https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.1118391
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1074/jbc.M112.418210
https://doi.org/10.1107/S0907444904026460
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The 6acc structure of coronavirus SARS-CoV is shown with amino acids labelled in blue when not 

aligned or different from SARS-CoV-2 NTD.  

 

 

The spike S glycoprotein displays differential sialic acid affinities in different viral strains (7, 8). 

Infectious uptake has been shown to involve lectin activity combined with an esterase function for 

some but not all coronaviridae. The necessity of the esterase subsequent to lectin-carbohydrate 

interactions, has been discounted by some. The new SARS-CoV-2 virus has two additional open 

reading frames (ORF8 and 10) that have reappeared in virus evolution of this case: One of these is 

short (38 amino acids, ORF10) unlikely to form a large binding site, the other is longer (121 amino 

acids, ORF8) with a predicted classical signal-sequence and an extracellular domain) (4, 9) and could 

represent a candidate protein for an esterase. In HCov-OC43 infected tissue, cell attachment by lectin 

activity is followed by esterase cleavage of the O-acetylated group of the sialic acid. After the initial 

capturing of the virus, unknown in molecular events for SARS-CoV-2 (a Sarbecovirus), SARS-CoV-2 

Figure 1A: The SARS-CoV-1 S protein N-terminal domain. 

The 6acc structure of coronavirus SARS-CoV is shown 

with amino acids labelled in blue when not aligned or 

different from SARS-CoV-2 NTD.  

Figure 1B: Alignments of SARS-CoV-1/-2 

S protein NTDs. The structural alignment 

of SARS-CoV NTD to the trimeric 6vsb 

models of SARS-CoV-2 is shown. The 

signal sequence is indicated, residues 

missing at the N-terminus are added. 

Loops that did not align are numbered. 

The  Conservation score within this 

alignment is indicated, the RMSD (Root-

Mean Square Deviation) of the 

backbone is graphed. Sequences are 

numbered from the N-terminus towards 

the pivot area of the S glycoprotein.  

https://doi.org/10.1073/pnas.1809667116
https://doi.org/10.1093/nsr/nwaa036
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2008-3
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then binds to the ACE2 (angiotensin-converting enzyme 2) receptor (10, 11) to gain close apposition 

to the plasma membrane. S protein is cleaved by proteases (furin and TMPRSS2) which allows to 

remove the shielding S1 (N-terminal S) once the Receptor-Binding Domain (RBD) has contacted ACE2, 

as modelled (12), and then exposes the S2 fusion peptide (C-terminal S) and highly flexible coiled-coil 

fusion machinery (see also SARS-CoV). Whether the S lectin NTD responds to binding and shear in a 

catch-bond manner (13) is currently not known and I suggest that catch-bond coupled 

conformational changes may expose the RBD. 

 

 

Figure 1C: SARS-CoV-2 S protein morphing. SARS-CoV-2 NTDs modelled with the Swiss-Model server based on 6vsb from 

SARS-CoV-2 with loops introduced in analogy to other structures used as template. The Swiss-Model server was used with 

default settings. Loops are labelled in analogous position to SARS-CoV NTD and the backbone is covered with the conservation 

scores of S protein NTDs (previous panels).  

 

 

In the evolution of β-coronaviridae, the primate (humans) and/or bat order of placentalia have become 

amenable to the infection. Subtle viral changes noticed by several laboratories worldwide led to early 

transmissions with a high R0, that was followed by purifying and terminal selection that ended the 

epidemic outbreaks (14, 15, 16). In the 2019 outbreak, the receptor-binding by the RBD is shown to be 

altered in species specificity and suggests that protein-protein interactions have been adapted to the 

Macromolecular evolution could implicate bursts of alterations of protein interfaces and clustered changes 

Bursts of evolution or rapid changes are exceeding the average mutation rate of organismal changes and are 

proposed to lead to rapid adaptation. Apart from molecularly explained mutator strains these "evolutionary 

jumps" are found as stochastic events in evolution. Based on theoretical calculations by Kauffman and co-workers 

(see "The Origins of Order", Stuart Kauffman, 1993, Oxford University Press) it has been suggested that these or 

similar events can be quantified and visualized in protein adaptation. Although not directly discussed, the evolution 

of viruses and interface residues could thus follow a similar scheme wherein interacting residues are hypothesized 

to cause adaptive walks to higher fitness or increased enzymatic activities if altered in point mutations. In the 

original NK model, the immune response and affinity maturation was analysed and could accommodate previous 

experimental observations on E. coli lac repressor, for example. 40 neighbouring residues that are affected by 

mutational change were found to optimally reflect the evolutionary model and could be extrapolated to apply to 

enzymatic function. The ensuing walk to regain of fitness, if affected by mutational alteration, could implicate 

changes that most often would end in loss and is proposed to exceed previous fitness level in only approximately 

1 % of amino-acid alterations. The interrupted walk would then be what can be observed in the current SARS-CoV-

2 pandemic and select mutants. 

https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1128/JVI.00411-20
https://doi.org/10.1074/jbc.M113.461376
https://doi.org/10.1126/science.1092002
https://doi.org/10.1126/science.1087139
https://doi.org/10.3201/eid1009.040058
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new host. The swabs collected in the SARS-CoV-2 infection showed a high replication in the nasal and 

pharyngeal mucous membranes (17). To study the ways of infectious transmission, a detailed analysis 

of the S protein NTD was carried through since it may have an additional role that is not yet described. 

Results 

Structural Analyses of the Coronavirus N-terminal Domains 

The 6acc structure of SARS-CoV S protein was aligned with the SARS-CoV-2 S protein and considerable 

structural difference was found when aligned amino acids were measured. The RMSD was ∼1.23 Å 

comparing the NTDs of 6acc to 6vsb, the SARS-CoV-2 structure (2, 18). To elucidate further structural 

similarities, a Swiss-Model queue was used to establish the approximate looping of the 6vsb, a 

structural analysis that is based on template alignments (19, 20) (Fig. 1). 6vsb is trimeric and shows in 

itself RMSDs of 0.7-0.8 Å among the NTDs, which is a high deviation from the ideal trimer. The three 

models corresponding to the A/B/C structures of 6vsb are plotted in Fig. 1C in a structurally morphed 

sequence: Linear settings were chosen to show interdomain backbone movements that cause RBD 

exposure. Akin to a bolt being pulled the NTD seems to push and pull the pivot that releases the RBD 

to spring up. In the up/open conformation the receptor ACE2 is then bound. Interestingly, the loop 1 

structure of 6vsb_A shows two strands that are positioned to stabilize loop residues that are exposed. 

These are not found similarly in the models of structures B and C. Structure A is the one protomer that 

has grossly changed in conformation and exposes the RBD. 

To further understand the structural similarities and differences, alignments of structures were 

compared in Fig. 1B. The loop residues missing or shortened in the NTD of SARS-CoV (Fig. 1A) are 

labelled (loop 1, 2, 3, 4). To compare the SARS-CoV-2 of the current outbreak to S proteins found in 

coronaviridae from animals further sequences were analysed. 

Phylogenetic Analysis of SARS-Coronaviridae 

A phylogenetic tree built from the NTD is shown in Supplementary Fig. 1 which was constructed from 

a TBLASTN output (the search retrieved 429 genomic sequences with a cut-off of 33.3 identity and 

max. score of 584) (21). The present sequence analysis would assert, similar to in the previous (4, 9), 

that in a lineage from SARS-like bat (CoVZXC21) and SARS-like pangolin (MP789) to genomic SARS2-

like bat (RaTG13) the SARS-CoV-2 (Wuhan-Hu-1 or BetaCov/Wuhan/WIV) has transmuted (possibly 

including its glycoforms). To visualize the 429 S protein sequences use the sequence download and 

access the multiple sequence alignment page. The result suggests that the NTD lineage analysis alone 

without the genome analysis in full leads to a concordant result. The similarities of coronaviridae N-

terminal domains, not encompassing MERS-CoV below the TBLASTN search cut-off, is surprisingly high, 

several continents and animal species carry similar SARS-CoV viridae that moved or were carried, e.g. 

from Asia to Africa. 

Putative Carbohydrates Bound to the S-Protein 

To further understand the structural alignments and exposed loop residues, SARS-CoV-2 S protein was 

contrasted with other human coronaviruses. The 6vsb model was compared with the HCov-OC43 (22) 

https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1371/journal.ppat.1007236
https://doi.org/10.1002/(sici)1097-0134(1997)1+%3C50::aid-prot8%3E3.3.co;2-w
https://doi.org/10.1002/elps.1150181505
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2008-3
https://www.klausfiedler.ch/MSA/SARS-CoV-2.fasta
https://www.klausfiedler.ch/alignment/index.html
https://doi.org/10.1038/s41594-019-0233-y
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structure (6nzk) and gave a Q-score ∼0.4 and RMSD of 2.2 Å (23). By structural match, the bound 

carbohydrate 9-O-acetyl sialic acid (methylated) of HCov-OC43 was introduced to the SARS-CoV-2 S 

NTD (Fig. 2). These TBLASTN results were compared to the recent Wuhan outbreak SARS-CoV-2 

(MN908947) spike glycoprotein (9). MERS (Middle East Respiratory Syndrome)-CoVs (a Merbecovirus) 

did not align at the 5'-end of the encoding RNA and were not added; the structural alignment suggested 

a similarity of MERS-CoV NTDs to the SARS-CoV-2 NTD that was in the same range than the structural 

similarity of SARS-CoV-2 to galectins themselves (Q-score < 0.3). Multiple sequence alignment of the 

translated protein domain of the CoVs S glycoprotein yielded some fit with the newly described 

structure when included: The 6nzk structure, relating to HCov-OC43, and 6vsb structure of SARS-CoV-

2 (2) were added Supplementary Fig. 2 and structural overlays (Fig. 2) showed that loops in low 

conserved areas fitted the alignment. The pivot area that can be visualized in the previous structural 

analysis is located in-between the NTD and RBD (Fig. 3, Supplementary Fig. 3) and is topped by the fold 

of the NTD (1): This domain has at least three β-sheets, one plus two pleated. Apposed and connected 

is a highly variable and likely mobile molecular surface including loops, which could not be resolved 

(orange marks MN908947) and is lever-connected. The hyper-variable residues (loop of insertion 1) 

are structurally appended and C-terminal to Leu56. Leu56 is located in the amino acid residues that 

are apposed and next to the resolved β-pleated sheets and positioned towards the RBD and fusion 

machinery. Not all amino acid residues could be aligned in a structurally meaningful pattern of overlay, 

several loops in β-pleated areas were shifted. By contrast, the area proximal to the lever with β-strands 

was largely concordant, just as the loop 1 and 4 residues (Fig. 2). All loop areas of low conservation are 

coloured by the ribbon amino acids in blue (Fig. 2) and compared to the HCoV-OC43. These fall into 

the place next to or around the grafted glycan of 6nzk structure and 6vsb model. On closer inspection 

it indicates that the hyper-variable area His69-Gly75 in Fig. 2 is overlaid by the carbohydrate, and thus 

is proposed here to be involved in adaptation to glycan interaction. 

 

Figure 2: Coronavirus S protein NTDs: Would glycans interact? The TBLASTN search (22 March 2020, default parameters) 

yielded 429 coronaviridae genomic sequence hits at cut-off 33.3% identity and a maximal score for ranking. Only complete 

N-terminal domain sequences were aligned and conservation relative to MN908947 (Wuhan-Hu-1) was calculated. Structural 

residues of low conservation are indicated in dark blue. The other residues coloured in light and dark red are increasingly 

conserved (identity scale matrix). The sialylated group is grafted in analogous location to the HCoV-OC43. The structure is 

derived from 6nzk to demonstrate the surrounding amino acids of the putative ligand binding-site. Other strains 

corresponded to SARS human and Asian bat, SARS-like bat/pipistrellus and pangolin, and the SARS viridae found in civet, the 

African Zaria bat (Nigeria) similar to Ghana-CoV, BtKY72-CoV (Kenya) and Bt SARS-like CoV (Bulgaria). Key residues that were 

non-conserved (or replaced) in the proposed species barrier crossing are displayed. The isolate from the currently identified 

proximate to human RaTG13 virus (MN996532) does include all amino acid residues in the insertions/loops shown. Shown 

https://doi.org/10.1002/elps.200900140
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.cell.2020.02.058
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overlay indicates the alignment in Supplementary Fig. 2 omitting HcoVs (identity scale matrix). His69 and Ser254 are labelled 

with asterisks. The lectin domain was modelled with the Swiss-Model server and placed concatenated to the C-terminal S1 

RBD and S2 in its original position (6vsb). The conservation values are shown as in (A). Low level of conservation in 

corresponds to deletion in all or most non-Wuhan-Hu-1 strains. The receptor-binding domain is shown in both conformations 

that were determined in the following publications (1) and (11), and reconstructed for overlays linked to 6vsb.  

 

The TBLASTN search (22 March 2020, default parameters) yielded 429 coronaviridae genomic 

sequence hits at cut-off 33.3% identity and a maximal score for ranking. Only complete N-terminal 

domain sequences were aligned and conservation relative to MN908947 (Wuhan-Hu-1) was 

calculated. Structural residues of low conservation are indicated in dark blue. The other residues 

coloured in light and dark red are increasingly conserved (identity scale matrix). The sialylated group 

is grafted in analogous location to the HCoV-OC43. The structure is derived from 6nzk to demonstrate 

the surrounding amino acids of the putative ligand binding-site. Other strains corresponded to SARS 

human and Asian bat, SARS-like bat/pipistrellus and pangolin, and the SARS viridae found in civet, the 

African Zaria bat (Nigeria) similar to Ghana-CoV, BtKY72-CoV (Kenya) and Bt SARS-like CoV (Bulgaria). 

Key residues that were non-conserved (or replaced) in the proposed species barrier crossing are 

displayed. The isolate from the currently identified proximate to human RaTG13 virus (MN996532) 

does include all amino acid residues in the insertions/loops shown. Shown overlay indicates the 

alignment in Supplementary Fig. 2 omitting HcoVs (identity scale matrix). His69 and Ser254 are labelled 

with asterisks. The lectin domain was modelled with the Swiss-Model server and placed concatenated 

to the C-terminal S1 RBD and S2 in its original position (6vsb). The conservation values are shown as in 

(A). Low level of conservation in corresponds to deletion in all or most non-Wuhan-Hu-1 strains. The 

receptor-binding domain is shown in both conformations that were determined in the following 

publications (1) and (11), and reconstructed for overlays linked to 6vsb.  

Of highest interest with respect to transmissibility, are the residues in positions 252-254 Gly-Asp-Ser 

of high variability, displayed in Fig. 2. Indicated by the alignment, the TBLASTN sequence result shows 

frequently a gap of 6 amino acids in this area, these are distributed and encompass the Gly-Asp-Ser on 

closer inspection. They are adjacent to the loop residues Trp258-Thr259 of overall negligible 

conservation but are found to be conserved and mutationally inserted in the strain Wuhan-Hu-1 as 

well as in RaTG13. They may have fully switched to human adaptation: The RaTG13 virus carbohydrate 

interaction would have bridged species and order barriers since the bat host is in particular known to 

display human-like as well as non-human-like (less prevalent) glycans on the surface of the respiratory 

tract (24, 25) (SA (sialic acid) α2,6-Gal/SA α2,3-Gal). Only one residue out of eight is absolutely 

conserved in the carbohydrate-interacting residues of Wuhan-Hu-1 S NTD relative to the HCoV-OC43 

S NTD and two are replaced conservatively. Not this loop alone, but also all other altered residues 

could be directly or indirectly involved to fit an altered glycan. The distance of the Ser254 to aligned 

His69 within the putative carbohydrate binding residues is 10 Å (15 Å distance of the Cα). In influenza 

virus, as an example, mutation of these residues in the neighbourhood of the glycan binding site is 

known to affect growth and likely represents an evolutionary advantage (26). Moreover, the 

compensation of reduced replication of influenza viruses due to key residue exchange by peripheral 

mutation had previously been analysed in a laboratory (27). Whether similar replacements in SARS-

CoV-2 or in its lineage could cause altered functions is hitherto not known. 

https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1038/s41598-017-00793-6
https://doi.org/10.1038/440435a
https://doi.org/10.1128/JVI.03271-12
https://doi.org/10.1038/s41467-018-03663-5


 

8 

 

 

Figure 3: The SARS-CoV-2 S dynamics. Difference map of 6vyb and 6vxx RBD up/open and down/closed structure. Asp614 is 

indicated by a green dot. The highly mobile receptor-binding domain (RBD) and N-terminal domain (NTD) are labelled. In the 

spike protein, the receptor-binding interface is swung upwards in a hinge movement that may centre on the area including 

Asp614, the proposed pivot is labelled with red dots (residues in direct neighbourhood of and including Asp614). These can 

be seen also by structural morphing.  

 

The origin of human viral isolates used here is shown in Supplementary Fig. 4 and denotes countries 

where SARS-CoV-2 collections were started. When aligning 429 complete SARS-CoV-2 spike sequences 

by MEGA X (28) and analysing for NTD amino acid mutations (Table 1), it is found, that three small 

deletions (Gly107Del, Val143Del, Tyr145Del) in different sub-strains accumulated (Val143Del is from 

an ambiguous sequence). Moreover, several substitutions are found that co-segregate with the two 

sub-strains early derived, the Asp614 prevalent in China and the Gly614 found to some extent there 

and in other countries: The Leu54Phe and Gly107Del co-segregate with Gly614, all others with the 

Asp614 (Fig. 4). This description refers to the NTD variations that co-segregate with the change in 

residue 614 that locates to the inter-S1-RBD-S2 area (Figs. 2, 4). The sub-strains Asp/Gly 614 are not 

identical to previously described L- or S-type strains that show alterations in ORF1ab and ORF8 (8). 

Although encoded as L-type in the originating isolate MN908947/NC045512 it was not clarified 

whether the L- or S-type is more related to a common ancestor. In the representative alignment of 200 

DNAs used in the present analysis from 107 Asp614 and 93 Gly614 sub-strains from a NCBI sequence 

set, 14% of the former and all of the latter viral sub-strains remain in the L-type. This would indicate 

(molecular clock below) that the L-type, when exemplarily judged by the S protein, is correlating with 

and may form the origin of one of the latest viral sub-strains generated, the Asp614Gly (see below Fig. 

8). The Gly251Val mutants found in ORF3a (29) form 4% of the L-type strain/"clade I" as detected by 

sequence in the reference set; these sub-strains belong to the Asp614-type. To visualize these 

sequences use the sequence download and link to the multiple sequence alignment page. 

  

https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/nsr/nwaa036
https://doi.org/10.1038/s41586-020-2355-0
https://www.klausfiedler.ch/MSA/200-SARS-CoV-2.fasta
https://www.klausfiedler.ch/alignment/index.html
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S Sub-Strain Sub-Strain 

Domain Asp614 Gly614 

NTD 23 12 

RBD 8 1 

Rest 11 18 

Total 43 32 

   

S Sub-Strain  S Sub-Strain  

Domain Asp614 No. Domain Gly614 No. 

NTD Leu5Phe 5 NTD Leu54Phe 1 

NTD Ala27Val 1 NTD Gly107Del 1 

NTD Tyr28Asn 1 S2 HR1 Asp936Tyr 1 

NTD Thr29Ile 1    

NTD His49Tyr 2    

NTD Ser50Leu 1    

NTD Asn74Lys 1    

NTD Glu96Asp 1    

NTD Asp111Asn 1    

NTD Val143Del 1    

NTD Tyr145Del 1    

NTD Phe157Leu 1    

NTD Gly181Val 1    

NTD Ser221Trp 1    

NTD Thr240Ile 1    

NTD Ser247Arg 1    

RBD Ala348Thr 1    

RBD Arg408Ile 1    

RBD Gly476Ser 1    

RBD Val483Ala 1    

RBD His519Gln 1    

RBD Ala520Ser 1    

Rest S1 Ala570Val 1    

Rest S2 Phe797Cys 1    

S2 HR1 Ala930Val 1    

S2 HR2 Ala1078Val 1    

Rest S2 Asp1168His 1    

CT S2 Asp1259His 1    

 

 

The very N-terminal residues from 1 to 26 have not been structurally resolved in the SARS-CoV-2 S 

protein (6vsb). Signal-sequence cleavage would produce a mature N-terminus that extends a further 

16-39 Å. These amino acids could principally form contacts that include inter-domain interactions 

within one S protein or intra-timer interactions, but may be mobile and/or fold onto the NTD itself 

analogous to in HCoV-OC43. In the 6nzk structure of HCov-OC43 these N-terminal amino acids form or 

open up the binding site and attach N-termini of the trimers to each Val70-Asn74 loop that is 

juxtaposed in the Swiss-Model (Fig. 2). Also in SARS-CoV these residues would be similarly positioned. 

The loop 1 would, however, be short. 

Table 1: Result of 507 and summary of 1109 RNA 

sequences and amino aicd residue mutations of 

SARS-CoV-2.  Replaced amino acids in spike S-

glycoprotein identified in this study. The table 

(Result Button) shows 507 sequences analysed. 

They were selected for complete sequence reads 

and amounted to 429 aligned sequences. The 

summary (top) is derived from 1109 sequences 

that did not include short sequence reads but did 

include the ambiguous base calls (some 

sequences showed 6-8 amino acid changes that 

were ignored in this summary since likely due to 

low quantity of isolated RNA).  
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Figure 4: Amino acid changes of the SARS-CoV-2 S protein. Conservation of amino acids residues in the N-terminal lectin and 

receptor-binding domain of SARS-CoV- 2. Sequences downloaded from Genbank (507) on 14 April 2020 were analysed. The 

alignment was carried through with CLUSTAL in MEGA X (28). All conserved residues (annotated sequences) in the NTD are 

shown in red, less conserved or deleted amino acids are shown in blue (with identity scale matrix). The sialylated group is 

grafted in analogous location to the HCoV-OC43. The structure is derived from 6nzk to demonstrate the surrounding amino 

acids of the putative ligand binding-site. Below the overlay of conservation is demonstrated for the RBD with altered residues 

indicated and placed onto 6m17 (11). The number of substitutions or deletions is shown in Table 1 for both, the NTD 

(Val143Del is included although found in a sequence with ambiguities) and RBD. The Signal-Sequence (SS) residue that is 

mutated is indicated; the length of the mature N-terminus is extended by 16 - 39 Å. The phylogenetic tree is generated from 

aligned sequences of the S spike glycoprotein (429 sequences were complete). The tree was generated with MEGA X 10 using 

the Neighbour-Joining method. Bootstrapping estimates the likelihood (1000) of branch formation (50%-100%) and is 

schematically indicated next to branches; the tree was condensed. The early branch point is labelled: Asp614 (marked in A) 

is found in most isolates from China and Gly614 in a sub-group of early isolated SARS-CoV-2s, and many later forms (according 

to nextstrain.org). Whether a His substitution by Asp at position 69 (found once by GISAID) could functionally replace a 

carbohydrate-binding residue is unclear but due to a pK towards the acidic it seems conservative.  

 

Variability in the S-Protein N-Terminal Domains 

In the previous outbreak of SARS some distinct variation can be seen in the publicly available sequence 

entries of viral isolates (Fig. 2) - and antigenic drift in SARS just as in COVID-19 could be attributed to 

variability in the NTD that is now visible in the SARS-CoV-2 evolution (Fig. 4). The Asp614Gly exchange, 

that is found 124-fold, could display evolutionary advantages by amino acid replacement if these would 

functionally alter RBD and/or NTD exposure towards the cell. There kinetics and avidity of binding 

could be changed. So far, no mutation in the NTD is associated with a secondary mutation. Thus, no 

amino acid replacement compensates for altered function and can be found in proximity of the first 

altered residue (summarized replacements, Table 1). The NTD residues that are variable are unique, 

https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1126/science.abb2762
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and in the RBD, changes are neither seen to be compensated within the RBD (Fig. 4) or within the rest 

of the molecule (Fig. 5). All RBD changes co-segregate with the Asp614 sub-strain and none could be 

found in the complete sequences of the Gly614 sub-strain (Fig. 4 and 5). The Leu5Phe exchange found 

five times within the 429 genomes, is located to the cleaved signal sequence and could be of functional 

importance in protein membrane translocation. This mutation co-segregated with the Asp614 sub-

strain and twice included the Gly476Ser exchange. The N-termini of the folding polypeptide are in 

direct proximity to the RBD or lever. Apart from effects on protein translocation it is unlikely that the 

mutation has impacted on folding intermediates. 

 

Figure 5: The SARS-CoV-2 S protein: S1 and fusion apparatus of S2-domainConservation of amino acids in the inter-NTD-RBD, 

inter-S1-S2 and residual S2 domain in SARS-CoV-2. Sequences downloaded from Genbank (507) on 14 April 2020 were 

analysed. The alignment was used (CLUSTAL in MEGA X) to derive the number of mutations including deletions. All conserved 

residues in the S protein domains are shown in red, less conserved or deleted amino acids are shown in blue (non-linear, with 

identity scale matrix). The NTD and RBD are detailed in Fig. 4. SS (Signal-Sequence), S1/S2 junction, S2’ cleavage site, FP 

(fusion peptide), HR1 (Heptad-Repeat 1), CH (Central Helix), CD (Connector Domain), HR2 (Heptad-Repeat 2), TM 

(Transmembrane domain) and CT (Cytoplasmic Tail) are indicated. The codon in negative and purifying selection is labelled 

by its encoded amino acid Asn824. This locates next to the Fusion Peptide. The Thr791Ile named in positive selection is 

marked.  

 

The fusion of the coronaviridae uses a loaded spring-type (class I) fusion mechanism where a helical 

heptad-repeat domain (HR1) with an N-terminal fusion-peptide (FP) penetrates the opposing plasma 

membrane to trigger merger of virus and cell. The Phe797Cys alteration in one viral sub-strain is 

proximal to the FP, two mutations in the HR1, one mutation in the connector domain (CD) and one 

mutation in the HR2 is completed by one additional change in the cytoplasmic-tail (CT) (Fig. 5). One 

mutation, Asp936Tyr, co-segregates with the Gly614 sub-strain, the Phe797Cys, Ala930Val, 

Ala1078Val, Asp1168His, Asp1259His mutations are found in the Asp614 sub-strains that arose from 

viral exposures from the Wuhan-Hu-1 SARS-CoV-2 index patient. None of these changes is found to 

complement within the viral strain that was subjected to sequencing. As a note of caution, clinical 

variations include sequencing reads of multiple base-calls and pleomorphisms. Complexity may 

increase (8), if these were detailed to approach 20%-50% of calls in singular cases and remain to be 

determined.  

https://doi.org/10.1093/nsr/nwaa036
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Estimates of the Mutation Frequencies 

An estimate of the amino acid replacement frequency for the S protein is 6.0x10-5/5.2x10-5-3.1x10-

4/4.7x10-4, for the S protein RBD 7.3x10-5/4.2x10-5-1.8x10-4/1.1x10-4 and NTD 1.4x10-4/9.9x10-5-1.8x10-

4/1.5x10-4. This estimate is based on all 429 or 1109 amino acid sequences accumulated with the 

conservative lower estimate considering amino acid mutations only once. The lineages would be 

discerned to all be derived from the initial mutated sub-strain except for the Leu5Phe/Gly476Ser, 

which then included two to three reverted virus isolates. Several reversions are likely seen in the 1109 

sequences: In total 34 double mutants and 3 triple mutants were found. The three-fold mutated SARS-

CoV-2 sub-strains all are derived from the Gly614 sub-strains and with these, as well as with the double 

mutants, the parsimonious approach to amino acid counts is justified (Fig. 6). Cluster presentation 

shows that same mutants were derived from submission of the same centres. Two sequencing reads 

of SARS-CoV-2 showed 6 or 8 mutations each and have to be further studied. Likely the quantity was 

low and hindered the analysis of the complete RNA of the clinical isolates. 

 

 

 

The parsimonious approach yields a slightly lower mutation rate than expected from analysis of 200 

representative genomes. When these are scrutinized for pairwise distances, the sample size corrected 

yearly rate would correspond to 2.9x10-3. When analysed for the S protein encoding nucleotides alone 

it is 10 fold larger than suggested by the parsimonious count (Table 2). The controlled modelling of Li 

et al. (30) was used as the basis for the maximal generation time estimate using the combined 

infectious and latency period of 7 days. 

Comparison with Flu Virus 

To compare the SARS-CoV-2 viruses to the hemagglutinin (HA) mutation rate of flu virus, 970 

representative sequences were used in an alignment: Using the same estimated generation time for 

the influenza H1N1 of the 2009 pandemic, a sample size corrected rate of 6.1x10-2 was found. This 

compares to the estimated value of 2.0x10-3 for the SARS-CoV-2 S encoding nucleotides, both values 

are determined at 99% partial deletion cut-off to exclude ambiguous sequence calls (Table 2). The high 

mutation rate of the influenza virus in comparison to other RNA viruses is expected and is likely 

exceeded by the rate of the pandemic strain. The early determination of yearly mutation rates may 

not exactly correspond to the values that may be determined in a years' time. They may, yet, inform 

on the full spectrum of variability that is found in the infectious phase. 

 

Table 2: Predicted yearly rate of S-

protein changes. Yearly estimated 

change of genomes. SARS-CoV-1 

(SARS1), SARS-CoV-2 (COVID-19), and 

pandemic H1N1 influenza of swine flu is 

included.  

 

https://doi.org/10.1126/science.abb3221
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Figure 6: Centres of DNA analysis: Summary. Cluster analysis. Centres are indicated as Seattle (1), Richmond (2), Atlanta (3), 

Salt Lake City (4) and Gujarat (5). 1109 sequence data were analysed. 1273 amino acids with point mutations are graphed, 

the number of sequenced isolates above 1 for the same centre is indicated next to the data points. Sequences QJC20714.1 

and QIZ13371.1 are shown, but included 8 and 6 mutations, respectively, and are more likely unreliable.  

 
 

In overall comparisons of sequence codon use, the three viridae SARS-CoV-2, SARS-CoV and influenza 

H1N1 were studied for select inclusion of biased triplets. The pattern of the S gene nucleotide 

composition corresponded to an increased incorporation of the unequally used codons which were 

elevated by 3.6% in SARS-CoV and by 5.6% in SARS-CoV-2 with respect to influenza H1N1. The SARS-

CoV-2 use of codons within the 3-4 months of sequence collections has not radiated towards 

unexpected preference: 1108 sequences including sequence ambiguities resulted in a slightly different 

relative usage with AAG (Lys) switched to AAA (Lys), GAC (Asp) to GAU (Asp) and GGU (Gly) to GGA 

(Gly) (Table 3). These sequences were compared to and included sequences of the NC045512 

reference strain. The U-contents in the third position was conserved and slightly decreased (Fig. 7). 

The nucleotide substitution was analysed for the 1108 sequences in 3822 nucleotide positions and 

resulted in a distance of 25.7x10-5 in all, 9.4x10-5 in position 1, 45.2x10-5 in position 2 and 17.6x10-5 in 

position 3. Moreover, the overall composition of TCAG was determined and graphed in comparison to 

the reference isolated from the outbreak in 2019. The occurrence of T(U) contents in the 1109 

sequences of S has not changed whereas the CAG contents has altered since then. Variations in 

T(U)CAG contents are clearly biased towards the position 2. Variances graphed in Fig. 7 indicate, that 

these are highest in positions 2 and 3 of S encoding RNAs. The S genomic sequences are here found to 

be highly elevated in U contents over the entire sequence with 33.25% U, 18.92% C, 29.43% A and 

18.39% G. Compared to the summed genomic contents it differed only little. The genomic contents of 

U was 32.11%, of C 18.36%, and of A and G 29.91% and 19.63%, respectively. 



 

14 

 

 
 

Table 3: Codon usage in 1109 S sequences. Codon usage in the SARS-CoV-2 genomic S RNA. The relative synonymous codon 

use (RSCU) and variation in 1108 sequences of SARS-CoV-2 relative to the reference NC045512 is shown, codons used 

preferentially in NC045512 are labelled green, up or down changes are marked red or blue, for the RSCU one was compared 

to all. The codon positions were 1274 for the reference and 1269 on average for the 1108 sequence entries.  

 

 

SARS-CoV-2 and First Selection of Sub-Types 

The DNA analysis of 200 representative alignments of the SARS-CoV-2 genomic RNA showed that only 

one sub-strain was in positive selection. The Fisher Exact test was used with the Nei-Gojobori method 

and had not shown any selection by applying the same analysis to the 1109 S-nucleotide sequences. 

The sub-strain corresponded to the Asp614 (MT252783) and contained a Thr791Ile mutation within 

the S protein that localizes close to the fusion apparatus (Fig. 5) and is N-terminal to the S2' cleavage 

site. This status of positive selection pertains relative to 12 sequences of Asp614-type that themselves 

do not show any amino acid changes in comparison to the reference (NC045512). Within this short 

time frame of sub-strain development no other significant results were obtained. The Fisher Exact test 

also yielded two sub-strains described in negative/purified selection, i.e. the MT374101 with a 

His49Tyr and Ser884Phe mutation (Fig. 4) as well as the MT252708 without any amino acid alterations. 

Both were of the Asp614 type. The double mutants and sub-strains remain to be followed-up. 

The SLAC (Single-Likelihood Ancestor Counting) was used to determine sequence positions that would 

underlie a positive or negative selection. No codon does yet reach statistical significance at the p<0.05 

cut-off and is from the 1109 aligned S spike. It may be expected, that two codons may reach 

significance and are currently at p<0.3 (31). The Asn824 codon within the FP shows purifying selection 

with p=0.08 (dN-dS∼-66) and the Asp614 changes to Gly614 tend towards positively selected sub-

strain formation with a p=0.30 (dN-dS∼51). 

 

https://doi.org/10.1093/molbev/msi105
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Figure 7: TCAG-contents of the SARS-CoV-2 S geneTCAG-contents. The T(U), C, A, G contents of the 1108 nucleotide 

sequences of the S protein from 26 April was determined and compared to the NC045512 reference sequence. The difference 

of distances with their variance is graphed.  

 

 

Just as in SARS-CoV evolution at DNA-, SARS-CoV-2 may reach a purification at the protein-level and 

this may be an early indicator: Equilibrium of sub-strains in the later period is currently observable, at 

the time of summarizing the 507 protein and 1109 protein/DNA sequences, the odds ratio for 

mutations can presently be considered to be 0.22 (CI 95% 0.05-0.87) in the Gly614 sub-strain for the 

small sub-set of entries. Should the identical value be computed for the larger set, the odds for the 

Gly614 fall below the statistical significance. However, should the odds ratio be evaluated for the NTD 

plus RBD domain, the odds for the Gly614 sub-strain is presently low 0.40 (CI 95% 0.19-0.86). 

Phylogenetic Analyses and Molecular Clocks in SARS-CoV-2s 

Finally, a molecular model was applied to estimate the divergence of the Asp614 to Gly614 sequences 

independent of sample collections. This may also indicate whether the first sub-strains of the SARS-

CoV-2 were identified instantaneously. RaTG13 strain from bat was included to aid in calibrations. The 

molecular clock was set to December for the reference strain with a 3 months delay period and results 

in the divergence of SARS-CoV-2 MT281577 in August. This would be considered to be three to four 

months before the 2019 outbreak. Yet, the programme alignments identify the sub-group to be due 

to an amino acid reversion, i.e. Ser50Leu, as demonstrated by the ancestral sequence. The protein data 

are listed in Supplementary Table 1, Supplementary Fig. 5. Since the ancestral strain is identical to the 

arisen, the occurrence and divergence could be interchangeably used in its description; the singular 

event could not alter the hypotheses on a unique zoonotic transmission. The RaTG13 was dated back 

129.0 months in this calibration, and to further determine the age of sub-strains the clock was set to 4 

months for any SARS-CoV-2s that were hitherto sequenced: In these conditions, the RaTG13 was 

shown to be 69.2 months of age, the reference strain NC045512 was located to beginning of February 

2020 and the Gly614 substitution mutant arose in the middle of February according to these estimates. 

The Maximum-Parsimony approach in phylogenetic and time analysis did not yield the appropriate 

https://www.klausfiedler.ch/SupplementaryTable1.pdf
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result on the sub-strain formation when the RaTG13 strain was omitted, neither did the Maximum-

Likelihood approach. 

Since these results on protein level analysis did not satisfy the submission dates of sequences, further 

genomic molecular clock analyses were used to determine strain divergence. RNA (or DNA) virus 

sequence data for the S spike protein obtained for 1108 SARS-CoV-2s when set to 4 months of sub-

strain radiation show the divergence of Asp614Gly sub-strains at 2.1 months of delay (not shown). 

Moreover, the complete set of reference alignments of 200 full RNA genomic sequences resulted in 

the consistent observation that the back-dating of all G nucleotide-Gly614 sub-strains was to 2.5 

months Supplementary Fig. 6. This may be consistent with the reference strain collection and suggests, 

that the divergence of the pandemic Gly614 sub-strain according to DNA data occurred in the 

beginning and/or end of February. Stochastic spiking of sub-strains as seen in submitted DNA data 

(www.datamonkey.org) is not being accounted for. The DNA molecular clock seems to be more reliable 

than the S protein data alone. When the reference sequence NC045512 was doubled in the 

phylogenetic tree to allocate it to the outgroup and lineage tree, little changes were found for the 

back-dating. Moreover, the error bars would be indicative of that the divergence of the S-type virus 

("Clade II") could not be precisely determined and equally well could approach the root of the tree, by 

using this select method. 

 

Figure 8: Phylogenetic tree of SARS-CoV-2 using the site concordance. The set of 1109 SARS-CoV-2 sequences was applied to 

phylogenetic analysis with a Tamura-Nei +F +I model (empirical frequency, invariable sites) chosen according to the Bayesian 

information criterion with the selected set of 200 unique sequences. The L-type ("Clade I") was described as 8782 C in ORF1ab 

and 28144 T in ORF8 whereas the S-type ("Clade II") shows a 8782 T in ORF1ab and 28144 C in ORF8. Branches are colored 

according to the number of informative sites which is currently from 0.00 sites within sub-trees to maximally 7.10. The site 

concordance factor (sCF=sCF_N/sN %) is used to mark the corresponding branches with "collapsed" sub-trees, and 

background color is applied according to the sub-strain types. No gradient of colors is used.  
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Applying the site concordance test in judging the phylogenesis in the reference sequence set (used for 

handling)(Fig. 8) it can be directly demonstrated that, although a numerable number of sites is 

currently evaluated in the branches of the tree (branch color), the overall site concordance factor (sCF) 

is a low 3.7-22.9 proximate to the root. The site concordance only reaches values of 90.1-100.0 in more 

distant branches of the species tree. Moreover, the UFBoot values do not exceed 93 in the branches 

connected to the root and attain values of 100 in select sub-branches. 

Last not least, setting the zoonotic species-barrier crossing to 3 months with protein analysis will yield 

a branch point at 53.4 months prior to the present (March 2020) which is likely consistent with the 

published study of Zhou et al. (4). If a direct lineage in the bat strain to human is constructed, molecular 

time is doubled. Since recombination presumably affected the S-gene of coronaviridae, and is 

considered by Wu et al. as the most plausible explanation to the (sub-)strain propagation (9), it is not 

feasible to prove the exact order without analysis of further intermediates and current viruses in the 

molecular time-model. 

 

 

Figure 9: Mutations in 4557 (selected) SARS-CoV-2 sequences. The sequences of SARS-CoV-2 were analysed for mutations, 

sequences were selected with a cut-off for ambiguities and sequences with primers were excluded. The sequences represent 

all known open reading frames and comparison refers to the reference sequence NC045512 from Wuhan (China) including 

the nucleotides 38-29834. When the day of sampling was not known the date was set to the middle of the month, two 

samples of 2020 remained undated. MT226610 is labelled. The sequence MT326179 with the top score of 29 mutations might 

have accumulated 8 mutations within the 5' UTR (untranslated region; green asterisks) 226-241 of the conserved SARS-CoV 

5' UTR - the affected stem-loop SL5b is signified by surrounding SL5a and SL5c adjacent to the START from bases 182-268 

which in the mutant may have abolished translation and possibly replication. Changes in MT226610 are shown in Table 4 and 

in MT326179 in Table 6.  

 

https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2008-3
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Figure 10: Phylogenetic tree of SARS-CoV-2 end of May 2020. Phylogenetic trees were analysed with IQTREE. Sequences of 

SARS-CoV-2 were purified by several exclusion procedures with a cut-off for ambiguities and adaptor/primer containing 

sequence exclusion. The sequences represent all known open reading frames and analysis refers to the nucleotides 38-29834 

of the reference sequence. Dating of the viral isolates (converted from Genbank format) in the phylogenetic analysis was 

carried through by the automated procedure. A Tamura-Nei +F +I model (empirical frequency, invariable sites) was used. The 

z-score cut-off for sequence inclusions is indicated, and removal of outliers in tree estimation leads to shortening of the 

common root from March 2018 to June/July 2019. The time of viral isolation is indicated by color in branches and tips of the 

sub-species. The nodes or respective roots are labelled by branch quality tests SH-aLRT (approximate likelihood ratio test) 

and the UFBoot value (bootstrap probability method). The histogram shows the distribution of the number of mutations 

accumulated in SARS-CoV-2 relative to NC045512. In the phylogenetic tree the reference sequence NC045512 is labelled with 

a red asterisk. The SimPlot demonstrates similarity of the found MT226610 (submission from Yunnan) sub-strain to the 

reference NC045512 as well as to bat-CoV RaTG13 and bat-SL-CoV ZXC21. Note the low similarity to the reference strain in 

region 12000 to 12800.  

 

The tree searches were further completed by analysis of 4557 downloaded SARS-CoV-2 sequences. 

Quality criteria for inclusion of clinical or animal samples were a 4% cut-off of gap/ambiguity in 

nucleotide positions, a primer/adaptor exclusion and the omission of 5' 37 and 3' 69 nucleotides. The 

sequences with intra-individual polymorphisms were not evaluated and thus sequence MT372482 was 

further omitted. The few analysed animal sequences that were deposited in the current Genbank 

release were included such as SARS-CoV-2 from mink, tiger, cat and dog if selected in the previous 

step. MT226610 exceptionally showed a high mutation number of 28 nucleotides and was collected in 

January 2020 - the graph in Fig. 9 demonstrates an increasing number of mutations in the collection 

phase with further extremes of mutational changes but only one additional very rare sequence 

collected in March 2020, MT326179. This, however, occurs later in time and lacks overall sequencing 

quality with 553 undetermined nucleotides. The exceptional MT226610 "strain" is of high sequencing 

quality and would unlikely to have evolved from the reference NC045512. Molecular genetics of 

sequence comparisons does indicate large sequence differences to bat-CoV-RaTG13 or bat-SL-
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CoVZXC21. The most highly affected sequence stretch from nucleotides 12000-12800 deviates in 17 

amino acids from the NC045512 reference (Fig. 10). Also these sequences may be graphed online with 

your internet browser, yet, may require a local sequence viewer installation on your computer 

(sequence download). 

 

Table 4: Amino acid changes in the MT226610 sub-strain. The amino acid mutations are indicated in the open reading frames 

that have been described (nucleotide numbering of the NC045512 reference and MT226610), amino acid changes are 

indicated in single letter code (from - to). Silent mutations are found in the positions 8782, 11233, 12514 and in poly-A tail 

shortening in the mutant MT226610. The color corresponds to the 2 (light blue, S protein), 7 (blue, nsp3), 292 (green, nsp6) 

or 805 (orange, ORF8) select changes (certain sequence) that are detected in the set, once only occurring changes are non-

colored. The silent changes are found 802-fold (8782), or once (11233, 12514). Proteinaceous changes are as well graphed in 

Fig. 15.  

The Supplementary Fig. 7 shows comparative analyses of the virus RNAs and demonstrates sequences 

alterations, reference NC045512 is more similar to RaTG13 and ZXC21 than the MT226610 isolate. The 

phylogenetic analysis would suggest that a sequence of events could be alluded to which involved a 

common ancestor of MT226610 and the NC045512 reference strain that dates back to March 2018, 

although sequence errors and negligence of submission could have affected the outcomes. Dating was 

introduced from collection dates indicated and adjusted for computing time by introducing the 

parameters obtained from optimization with the 200 sequence runs with IQTREE (Tamura-Nei +F +I). 

The z-score was chosen so that unobstructed tree formation was visualized (Fig. 10) and the time of 

the Most Recent Common Ancestor (MRCA) was estimated from internal dates; the estimate without 

sequence exclusion was 2018-03-23 [2017-01-13; 2019-01-24], z-score filtering resulted in 2019-06-10 

[2019-01-15; 2019-10-19], 2019-06-25 [2019-01-20; 2019-10-19] and the most recent 2019-07-30 

[2019-04-28; 2019-11-19] MRCA date. Interestingly, the MT226610 strain is of the S-type similar to 

RaTG13 or ZXC21 and therewith dissimilar to the proposed reference NC045512 (Fig. 8). 

 

Figure 11: ScanFold: Stem-loops (SLs) in the genomic region 12000-13000. The genomic region was searched for SLs by 

ScanFold following a complete genomic analysis. The differences of scanning ΔGs (red), Z-scores (yellow) and P-scores (green) 

are graphed in the top line chart that includes the ScanFold output of region 12000-13000. The area is enlarged and is shown 

in the middle and bottom tracks. Base-pair arcs graphically picture the connections between base-pairs in the linear sequence 

which are exemplarily shown as SLs of the genomic sequence 12620-12755 to the right. These include the SLs scored with z-

score ≤ -1. Genomic positions are indicated. To the left, arcs are labelled in yellow for 0 ≥ z > -1, green for -1 ≥ z > -2 and blue 

for z-score ≤ -2. The track of mutations in the Yunnan (MT226610) strain is shown below for analysis. The summary of data 

for the 12381-12670 region is graphed with Z-scores, Ensemble Diversity (ED) versus ΔG.  

https://www.klausfiedler.ch/MSA/ReferenceSeqset-3877.fasta
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In a further experimental test, I investigated, whether the SARS-CoV-2 changes found in MT226610 

were related to RNA alterations (protein changes in the mutant are listed, Table 4). The protein 

changes and related functional alterations will require more studies, are summarised for nsp7-nsp8 of 

the RNA polymerase complex and will be reported later (Table 5). Here, the protein ClusPro docking 

results show, that the wildtype NC045512 nsp8 loses some interaction affinity when only Arg190 was 

exchanged with Thr and the hydrophobic interaction was increased (nsp7 remained in wildtype form). 

When Gln88His, Arg96Lys, Ala125Ser, Ala126Ser, Asp134Tyr, Asp161Tyr, Asp163Tyr, Ser164Ile, 

Ser170Asn, Arg190Thr were exchanged as in MT226610 it is observed that ClusPro results in a 12.7% 

decreased interaction energy whereas hydrophobic interaction was increased; here nsp7 included the 

Asp67His exchange. It is observed, that if Ala125 and Ala126 were not changed to Ser, the energy of 

interaction is increased by 10.8% even further increasing the hydrophobic interaction term. Also here 

the nsp7 Asp67 was changed to His. The results could suggest, that an interplay of single mutations 

that occurred which may have decreased the affinity of nsp8 and nsp7, may have been rescued by 

subsequent changes and could finally lead to loss of high affinity assembly of nsp7-nsp8 and with 

nsp12.  

 

Table 5: ClusPro docking on mutant and wildtype nsp7-nsp8. Cluspro was used to analyse the mutant changes in the 

putatively "extinct" strain MT226610 (6yyt structures). The SARS-CoV-2 viral amino acid replacements found in comparison 

to the NC045512 strain were introduced. Nsp8 chain 84 to 191 and nsp7 residues 1 to 73 were used, i.e. the N-terminal 

extension of nsp8 was not included. Mutants corresponded to the Arg190Thr (nsp8) or the full and a partial set of amino acid 
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replacements Gln88His, Arg96Lys, Ala125Ser, Ala126Ser, Asp134Tyr, Asp161Tyr, Asp163Tyr, Ser164Ile, Ser170Asn, Arg190Thr 

and Gln88His, Arg96Lys, Asp134Tyr, Asp161Tyr, Asp163Tyr, Ser164Ile, Ser170Asn, Arg190Thr, respectively. Nsp7 included the 

here found MT226610 Asp67His exchange with the latter two mutants.  

 

The ScanFold scanning of MT226610 in comparison to NC045512 resulted in an interesting output that 

included aligned, newly generated and even vanished RNA folds in the 12000-13000 genomic region. 

In particular, changes at the z-score ≤ -2 were evident in the genomic 12381-12670 sequence. A 

summary of the results of the ScanFold differences with a focus on the 12000-13000 is shown in Fig. 

11. Mutations are labelled in the bottom track, the line chart shows the differences of ΔGs, z-scores 

and p-scores that resulted from window scanning the RNA sequences with ScanFold. When visualizing 

predicted folds of the RNA stems that were found, this showed that SL III has shortened and slightly 

shifted in MT226610, number IV may form but has two more unpaired residues, number V may form 

but has lost its free energy of folding. Number II is equally forming, yet, loses free energy although not 

mutated itself. SL I is safely forming only in the mutant MT226610. VI and VII lose free energy and may 

form more often in the non-mutant reference NC045512. 

When independent evaluation of RNA structure energies showed that there were gross differences in 

predicted SLs (z-score ≤ -2) of -39.7 kcal/mol, the RNA fold of residues 12381-12670 was further tested 

by folding including all residues z > -2. Then, the overall differences reduced to -14.3 kcal/mol in the 

fold of NC045512 relative to the mutant, suggesting that not only loops III and IV had contributed to 

the overall folding energy (not shown, see Fig. 11). Genomic regions of the 5'- and 3'-UTR (untranslated 

region) have been previously shown to form structured RNA and were analysed by ScanFold (40). This 

procedure had also predicted the structure of the frame-shift element (FSE) that is adjacent to the 

genomic 12381-12670 area and found in residues 13428-13542. The coronaviridae do show a diversity 

of packaging signals that have previously been reviewed for RNA folds (41). The RNA elements 

described here could thus "in-trans" affect the FSE or may otherwise form a packaging signal. 

When further qualitatively scrutinizing bases 4152-4442, 7334-7623, 8637-8923, 11029-11318, 11982-

12271, 12272-12561, 12562-12852, 20835-21124, 21639-21928 and 27999-28288 for stuctural 

energies of the MT226610 mutational regions (window 120), primarily the elements in regions 11982-

12271, 12272-12561, 12562-12852 displayed a loss of good folded structures. The fully extended 

window, as judged by energies, would have included residues 12620-12755 and was graphed as 

structure in Fig. 11 (top right). The differentially missing population of high scoring structures in the 

scanning analysis is shown in Fig. 11 for bases 12381-12670 which was then chosen to observe the 

changes in structures 3' from loop VII. The base-pair probabilities of these bases in particular (12620-

12755) and their positional entropies are graphed in Fig. 12. These base pairs show entropies from 0-

1.9 for the NC045512 reference and 0-2.2 for MT226610. The fold energies for the former strain 

correspond to -34.3 kcal/mol whereas the latter sub-strain shows a value of -28.7 kcal/mol. 

 

Figure 12: Structure and folding of the SARS-CoV-2 genomic region 12620-12755 with 136 bases. RNAfold was used to predict 

the structure of region 12620-12755. Base pair probabilities are graphed in the top row, the bottom pictures show the 

positional entropies of the corresponding structures of SARS-CoV-2 strain NC045512 and the MT226610 sub-strain.  

https://doi.org/10.1101/2020.04.17.045161
https://doi.org/10.1016/j.virol.2019.08.031
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The seminal analysis of the MT326179 sub-strain demonstrating an elevated mutation count, yet later 

than the first discussed MT226610 "strain", shows the accumulating mutations within the 5' UTR (8 

changes, positions 226-241). Interestingly, these mutations (Fig. 9) localise to the SL5b which is 

adjacent to the SLs 5a and c and the translational START signal (sequence position 182-268). The energy 

determined by RNAfold resulted in a fold energy of -41.4 kcal/mol for the reference sub-strain and the 

MT326179 mutant scored a -38.5 kcal/mol. This suggests, that the necessary stem-loop SL5b may form 

less often or with an altered secondary structure that may translate into an altered tertiary fold. 

Altogether, the following positions show exchanges: 226 AG (1), 227 GC (1), 232Del (1), 234 TA (1), 235 

AG (2), 236 GA (2), 237 GT (2), 241 CT (2415), 1059 CT (1438), 2752 TC (1), 2952 AG (3), 2956 AT (2), 

2957 GT (2), 3037 CT (2446), 12133 TA (1), 12136 TA (1), 12139 TA (1), 13512 AT (6), 13513 GT (6), 

13514 GA (5), 14408 CT (2461), 14769 TG (1), 23403 AG (2470), 23473 TC (1), 25096 CG (1), 25563 GT 

Table 6: Amino acid changes in the MT326179 sub-strainThe amino acid mutations are indicated in the open reading frames 

that have been described (nucleotide numbering of the NC045512 reference), amino acid changes are indicated in single 

letter code (from - to). Silent mutations are found in the positions 226 AG (1), 227 GC (1), 232Del (1), 234 TA (1), 235 AG (2), 

236 GA (2), 237 GT (2), 241 CT (2415), 2752 TC (1), 3037 CT (2446), 12133 TA (1), 12136 TA (1), 13512 AT (6), 14769 TG (1), 

23473 TC (1), 25096 CG (1), 26738 AG (1), 29553 GA (223) (number of changes in the entire sequence set are shown in 

parenthesis) and in one further exchange proximal to the poly-A tail in the mutant MT326179. The last 29553 exchange 

follows a stop codon in the N protein. It is not found in ORF10. The color corresponds to the 2,3,5,6 (light blue, nsp3 or nsp12), 

1438 (blue, nsp2), 1709 (green, ORF3a), 2461 (orange, nsp12) or 2470 (red, S protein) select changes (certain sequence) that 

are detected in the set, once only occurring changes are non-colored. Changes of the 5' UTR are shown in Fig. 9.  
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(1709), 26738 AG (1), 26739 AG (1), 26740 TC (1), 29553 GA (223) (number of changes in the entire 

sequence set are shown in parenthesis). Non-synonymous changes are listed in Table 6. 

 

 

Figure 13: Structure and folding of the SARS-CoV-2 genomic region 12461-12530. The SARS-CoV-2 strain NC045512 (Wuhan) 

was compared with the MT226610 strain (Yunnan). The SLs III and IV (Fig. 11) are graphed from genomic region 12461-12530. 

The folding paths were analysed with "barriers" at rna.tbi.univie.ac.at. The web environment provided the output that is 

graphed with Varna to compare wildtype (a, b) with the mutant (c, d) and to confirm the results of the ScanFold analysis. The 

graphs of the RNA folding landscape, folding kinetics and initial structure (circular base connectome) are included. The folding 

paths free energies are indicated (kcal/mol). Further energy calculations show a ΔG = -58.9 kcal/mol for the unfolded structure 

12381-12670 (SLs I-VII) containing the highly scoring SLs alone for NC045512, but a ΔG = -19.2 kcal/mol for the highly scoring 

SLs of MT226610. Whereas after refolding by RNAstructure the ΔG of NC045512 is increased to -81.8 kcal/mol, the MT226610 

ΔG shows the increase to -67.5 kcal/mol, that is clearly different overall from the NC045512 wildtype.  

 

 

A recent preprint (42) had discussed the analysis of RNA structures conserved in SARS-CoV-2 and has 

pointed towards a window element from bases 12610-12729 as one of several conserved SARS-CoV-2 

structured regions (p=0.978, z=-1.94) - this had serendipitously been scrutinized further here and thus 

is confirmed to form trifoil structures in extended positions 12620-12755. To further confirm and test 

the ScanFold procedure, it is added that direct analysis of RNA folding paths suggests, that the 

MT226610 mutant would, for example, form close to identical shapes of adjacent SLs (see III and IV) 

(Fig. 13, c) than the wildtype (Fig. 13, b), yet, would attain only the ΔG = -7.5 kcal/mol versus ΔG = -

15.9 kcal/mol. Overall, the final folds of conformers 12461-12530 found in the in silico experiment 

differ and attain ΔG = -15.9 kcal/mol in NC045512 (b) and reach the ΔG = -8.8 kcal/mol in the MT226610 

RNA (d). When testing the same method for SLs V and VI (Fig. 14), it can be further confirmed, that the 

folding path and final conformers are consistent with the ScanFold results and show loops V and VI 

close to each other in the wildtype NC045512 strain at more favourable energy (a, b) and slightly 

separated in MT226610 (c, d). 

https://doi.org/10.1101/2020.03.27.012906
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Figure 14: Structure and folding of the SARS-CoV-2 genomic region 12527-12625 The SARS-CoV-2 strain NC045512 (Wuhan) 

was compared with the MT226610 strain (Yunnan). The SLs V and VI (Fig. 11) are graphed from genomic region 12527-12625. 

The folding paths were analysed with "barriers" at rna.tbi.univie.ac.at. The web environment provided the output that is 

graphed with Varna to compare wildtype (a, b) with the mutant (c, d). The graphs of the RNA folding landscape, folding 

kinetics and initial structure (circular base connectome) are included. The folding paths free energies are indicated (kcal/mol).  

 

Discussion 

Current evidence for the mutant MT226610 would suggest, that affected proteins could play a role in 

diminishing the replication rate, and likely transmission of the sub-strain. The polymerase protein 

nsp12 is itself not altered by mutations, yet, the associated proteins nsp7 and nsp8 are affected. The 

recently obtained nsp7-nsp8-nsp12 structures indicate that the processivity of the nsp12 enzyme may 

be detrimentally lowered by exchange of residues that are proposed to contact the RNA exiting from 

the polymerase tunnel (43, 44). Whether the gross changes at the surface of nsp8 (Fig. 15) would 

contribute to the compensatory interactions, that are decreased in mutant form, or are even increased 

to further maintain replication at a high, and mutations at a low rate, remains open to further 

investigations. So far, it could be proposed, that inter-molecular interactions of nsp7-nsp8 and nsp12 

in switching or assembling the tetrameric polymerase, hexadecameric primase and then decameric 

form of the active enzyme would be affected by surface alterations and could affect directional 

interactions of nsp7 and nsp8. Previous analysis of SARS-CoV-1 and the biochemical activity that was 

determined for the polymerase complex (45), show that exchange of Arg190 with Ala in nsp8 strongly 

decreased primer extension and interaction of the subunit with the polymerase nsp12. Interaction of 

this enzyme with nsp12 can now be structurally explained by the likely requirement of the residue 

Arg190 in interaction with nsp7 (see Table 5, Fig. 15); the salt bridge formed would be 6 Å-7 Å in length 

(nsp8 Arg - nsp7 Glu). Yet, for SARS-CoV-2 mutant MT226610 it can be shown (Table 5), that a similar 

alteration, here the mutation of Arg190 to Thr in nsp8 led to little change (-1.2%) in energy of 

interaction that may have caused and triggered the cascade of changes that could have finally 

https://doi.org/10.1038/s41586-020-2368-8
https://doi.org/10.1016/j.cell.2020.05.034
https://doi.org/10.1073/pnas.1323705111
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abolished the high affinity of interaction with nsp7. Thus, mutations of the MT226610 "strain", could 

have triggered (partial) destruction of the viral replication machinery and led to lack of further 

transmission. The changes at the extension platform of the polymerase complex, including the amino 

acid changes Glu23Asp, Lys37Asn and Lys39Asn, are found in the MT226610 mutant and due to the 

decrease of positively charged residues, could cause changes in RNA interactions that impinge on the 

entire enzymatic cycle of RNA elongation. Foremost, it should be considered, that the lack of cleavage 

of the polyprotein ORF1a/ab to several nsp factors could be diminished by exchange of residue 198 of 

nsp8 from Gln to His in the MT226610 mutant form, but this may not be the only causal effector. In 

particular this may not explain the high number of exchanges of nsp8 surface residues, since some 

main proteases of coronaviridae do accept a His in the position of the cleaved amino acid stretch and, 

moreover, only few residues may be coupled to the flexible, likely mobile proteolysed amino acid 

sequence. Other changes in nsp9, nsp16 and ORF8 may have contributed to altered activities and their 

structures should be further analysed (Fig. 15). Only a model for ORF8 based on ORF7a of SARS-CoV-1 

has been here generated: Of prime interest for further studies could be the exchange of Asn74 to Lys 

in the trimeric S (spike) protein since the amino acid is localized to a putative ligand-binding loop. 

Although currently based on negative evidence, both, the datamonkey.org server (June 7, 2020 data) 

and nextstrain.org list no other Asn74 S mutations and thus it may be speculated, that few other SARS-

CoV-2s display the same change. Only one other Asn74 S protein mutant is found in the 3887 sequence 

set. The localization of the packaging signals in SARS-CoV-2 remain a worthwhile goal of studies in a 

biochemical assay, and it would be interesting to determine, whether the changes in the nsp8 protein 

of SARS-CoV-2 including the genomic residues 12381 to 12670 in the provisionally determined extinct 

sub-strain are causally related to lack of viral packaging, propagation and transmission. The results of 

RNA structure scanning yield first data on this promising route of investigation and indicate, that SLs 

of RNA may be essential and could form differently in viral mutants. Whether interactions of nsp7-

nsp8 with the viral polymerase affected mutations of the original viral strain of Wuhan once mutated 

and introduced a mutation incidence that was highly increased, is so far unclarified (see SARS-CoV-1 

(46) and further structure data). SARS-CoV-2 may carry alternative packaging signals that have been 

previously localized, for example, to the more centrally located nsp15 in the mouse (hepatitis) 

coronavirus found at a 3' position relative to nsp8. In SARS-CoV-2 this could be sited in alternative 

genomic locations. Of high interest would also be to answer the question, whether the here newly 

described RNA trifoil at the nsp8 3' end and 5' nsp9 junction suppresses the action of polyprotein 

protease inhibitors, functionally leading to nsp 9, for example (Fig. 11). This may occur by transcription-

regulatory sequence in the leader (TRS-L) -dependent noncanonical transcription (47) and for our 

mutant extinct "clade" and nsp8-nsp9 junction remains a matter of speculation and could be studied 

by a RNA assay. 

Molecular clock analyses have recently allowed to determine the time of evolution of several species 

and were here applied to the sub-strains of the 2019 zoonotic disease (32). Recent 2019 SARS-CoV-2 

outbreak caused respiratory diseases. It is speculated, that the high reproductive rate in the upper 

respiratory tract alone could account for the deep tissue infection and that the virus would specifically 

bind to alveolar cells just as to the upper respiratory tissues. The radiological findings in patients are 

particular ground-glass opacities as well as vascular thickening. I would suggest that, just as in humans 

(25), the animals that are susceptible to deep infections present the cognate surface in the air-filled 

organs. These receptors could encompass ACE2, as shown in single-cell analyses for example in mice, 

or distinct glycans. 

https://doi.org/10.1038/s41467-019-10280-3
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1073/pnas.1213199109
https://doi.org/10.1038/440435a
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Figure 15: Protein evidence: The decreased evolutionary drive of the mutant MT226610. The structures of SARS-CoV-2 were 

taken from the PDB archive (RCSB/PDBe) or modelled with Swiss-Model. The polymerase nsp12 associated with nsp7 and 

nsp8, nsp9, nsp16, the S (spike) protein N-terminal domain (NTD) and ORF8 (modelled) are shown. Structures 6yyt and 

overlaid 6nur shown in the middle are derived from SARS-CoV-2 and -1 protein preparations, respectively. The Arg190Thr 

change in nsp8 of SARS-CoV-2, demonstrated to alter enzymatic function in SARS-CoV-1 in an Arg190Ala mutant, is discussed 

in the text. Amino acids mutated in the sub-strain MT226610 are labelled and indicated in sphere-style. The interface of nsp7-

nsp8 with nsp12 in SARS-CoV-1 and -2 may be altered due to some amino acid exchanges.  

 

In infection carbohydrates of several types could play a role, the similarity of the S NTD is but small 

when compared to galectins and falls in the range of other putative lectins that are speculated to bind 

to proteins or glycans. Carbohydrates interacting with the SARS-CoV-2 S glycoprotein could be 

presented on the N-glycan or O-glycan group of proteins or on gangliosides, prevalent viral receptors 

in the first layer are presented by O-glycans of mucins. Could the attachment to initial binding sites 

due to esterase enzymatic function or low affinity be superseded by bound carbohydrates in the 

second layer? I would like to speculate, that, foremost the recombinational power of SARS-CoVs in 

adaptation to the human host was aided by hyper-variation in the carbohydrate-binding zone (Fig. 2). 

The preponderance of present sequence adaptations and the selection of distinct viral strains with 

NTD changes could not be determined with the small sequence set of SARS-CoV-2 genomes available: 

Evolutionary selection at stages of infection and the purification of select variants, for example, Asp614 

versus Gly614 sub-strains and, moreover, compensatory changes in the RBD versus NTD, will become 

a topic of future studies. The molecular time modelling will require further analyses of coronaviridae 

from the animal kingdom. 

At the current S spike factor variability of 3.8x10-6 per generation it may take 4 years until each amino 

acid is exchanged and combined have reached 1/3 of population prevalence. Given a representative 

set of sequences has been scrutinized in both, the influenza pandemic 2009 and the SARS-CoV-2 

pandemic 2019, distinct differences seem to appear: By the earliest sequence measure that presents 
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an estimate of a yearly rate of mutations, comfortingly the SARS-CoV-2 S protein has a 30-fold lower 

DNA data, or inferred RNA variation index than the HA of influenza H1N1. When the reference period 

is changed from 4 to 6.5 months for the influenza virus sequence collection, the number is elevated by 

13%. 

In the codon use analysis, it is certainly of interest that the 1109 SARS-CoV-2 S genomic sequences can 

be found to be highly elevated in U contents similarly to HCoV-HKU with 33.25% U, 18.92% C, 29.43% 

A and 18.39% G (33). HKUs are endemic in humans and have been speculated to be U-dependent in 

evolution. It will be interesting to determine, whether in SARS-CoV-2 a similar codon usage affects the 

immune escape of the virus. Exchanges of amino acids may also be interdependent with the codon 

bias indices for SARS-CoV-2. Thus, it could generate a pattern of preferred changes in the protein that 

evolves during early viral replication. So far, third position exchanges lead to preservation of U-

contents. Whether the codon preferences determined the non-synonymous to synonymous mutations 

without selection pressure in the early phase of the SARS-CoV-2 pandemic spread remains to be seen. 

The preferred exchange from A to G in the second position is due to sub-strain formation. 

In lack of current clear evidence for selection of the Asp614Gly sub-strain, it is prudent to propose that 

it is preferred human carrier mobility that had contributed to the large SARS-CoV-2 pandemic spread 

of the Gly614-type. Yet, already available data from www.datamonkey.org and GISAID pertaining to a 

data set with approximately 10000 sequenced SARS-CoV-2 genomes suggest, that the site Asp614Gly 

is generally under positive selection (see also 49). A combination of both, mobility and selection is thus 

the most plausible scenario that now has appeared. The similarity of the "extinct" strain MT226610 to 

RaTG13 in nucleotide position 8782 (ORF1ab) and 28144 (ORF8) may suggest a preserved ancestral 

state, yet could involve reversions that have not been determined in wildlife. With the new list of 

possible targets (Fig. 9 and Table 4), drug developments in relation to the "extinct" sub-strains and 

their supposed decreased fitness may be feasible. The targeting of the 5' UTR as predicted by further 

sub-strain MT326179 scrutiny could be further considered. 

Whether the MT226610 sub-strain with clustered nsp8 mutations corresponds to classical examples 

of E. coli dnaE and T4 gene 43 or to a combination of first-hit and evolutionary changes, just as the 

MT326179 5' changes may well reflect, remains to be shown in future studies. Since the sub-strain 

MT326179 displays only 13 unique changes, whereas the MT226610 sub-strain incurred 23 unique 

mutations, the first was not listed as a distinct "clade" whereas the latter formed a uniquely rooted 

branch as determined by the exchange and phylogenesis modelling. 

In a new BLAST search carried out on 19 December 2020, neither the clustered mutations in bases 

12000 to 13000 of MT226610, nor the exchanges in the 5' UTR SL5b of MT326179 have been found in 

another SARS-CoV-2 isolate, and both sub-strains could be considered as extinct. 

Methods 

CLUSTAL X (34) or MAFFT on mafft.cbrc.jp/alignment/server was used for sequence alignment, 

PDBeFold (6) for searching the PDB structure database. The TBLASTN search (21) was conducted on 22 

March 2020 utilizing the sequence of NC045512 with the NCBI tools on the blast.ncbi.nlm.nih.gov 

website, and the further BLAST nucleotide searches were carried through on EMBL-EBI www.ebi.ac.uk. 

https://doi.org/10.1016/j.virusres.2014.11.031
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1107/S0907444904026460
https://doi.org/10.1107/S0907444904026460
https://doi.org/10.1016/S0022-2836(05)80360-2
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The NCBI virus sequence resources were queried or Genbank. Genbank was searched on 14 April 2020 

for SARS-CoV-2 for 507 S protein entries (11 February 2020 - 10 April 2020 submission dates) or for 

1109 S protein entries (11 February 2020 - 23 April 2020 submission dates) on 26 April 2020; influenza 

virus HA nucleotide sequences for comparative analysis were downloaded for the period from 1 

January 2009 - 16 July 2009 or 1 January 2009 - 30 April 2009. The downloaded sequences from 1 

January 2009 - 30 April 2009 were derived mostly from a collection in end of March and April from 

USA, United Kingdom, Canada, Mexico, France, Brazil, Netherlands, Israel, Hong Kong, Germany, 

Denmark and Spain. The large SARS-CoV-2 data set (4557 sequences) was downloaded on 26 May 2020 

and included submissions up to 21 May 2020. The SARS-CoV-1 sequences were available in partially 

annotated form and therefore a BLAST search was used to retrieve the sequences with submission or 

collections dates from 2003 - 2018. 

The Swiss-Model Server was used for modelling (23). The coverage given by the programme was 0.99 

with a QMEAN of -2.62 as indicated with a 6vsbA template. In total, 38 templates were applied for the 

models. The “grafted glycan” was visualized in UCSF Chimera 1.14 (35). The odds ratio and CI 

(confidence interval) for statistics were calculated with a calculator and Excel 2013 (Microsoft). GIMP 

2.10.14 was used for image processing. A Windows 10 (Microsoft) computer with an Intel i7-7700K or 

a Fedora 32 (Gnome 3.36.2, Wayland) laptop with an Intel i7-5500U processor were used. Estimates 

of amino acid replacement are based on the accumulated S genomic and translated amino acid 

sequences. The estimates are based on an augmented parsimonious approach of counts that may 

underestimate the rate at the lowest level, the highest level considers each replacement. Sequence 

statistics were obtained with MEGA X (28). Nucleotide composition and codon preferences were 

analysed therein. The codon preference corresponded to the expected frequency when all codons 

would be used equally. The index was derived from weighting each codon with the preference and 

dividing by the number of observed codons. The yearly mutation rate was estimated based on the 

average sequence distance assuming a generation time of 7 days (and could be multiplied if shorter 

times apply). The estimate is independent of precise sequence submission date and could introduce 

the exact pairwise timely separations. The estimate for the SARS-CoV-2 is based on clinical isolates and 

does not use tissue-cultured virus sequences. In the SARS-CoV analysis, patented sequences were 

excluded, the H1N1 sequences were restricted to the pandemic strain in the sequence download. 

Strain sub-groups were calculated in divergence from the reference with the genomic RNA sequences 

using the NC045512 sequence as an outlier. In this clock analysis all sequences similar to the reference 

were omitted. Cluster determination of sequences was carried through by extraction of sequence data 

for centre or city of data submission. Settings for the phylogenetic tree algorithms are indicated with 

each panel and applied a Poisson model for amino acid or Tamura-Nei (TN) model for nucleotide 

substitution. A molecular clock was introduced with MEGA X to analyse the sequences including 

MN996532. It was applied with the uniform rate of substitutions in a Jones-Taylor-Thornton model 

with a maximum-likelihood approach using a bootstrap. The heuristic method was set to nearest 

neighbour- interchange using all sites without branch-swap filter. Only complete entries (lacking 

unambiguous codon translations) of SARS-CoV-2 S glycoprotein were used for the alignments of the 

507 retrieved sequences. For the nucleotide Tamura-Nei (uniform rates) model a 99% cut-off for partial 

deletion of sites was set in some analyses when sequence ambiguities were determined in the 

alignment. 

https://doi.org/10.1002/elps.200900140
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1093/molbev/msy096
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Descriptions concerning the 1109 sequenced SARS-CoV-2s included the complete entries without 

omission of lower quality sequence reads. The 4557 SARS-CoV-2 sequences were filtered for 

ambiguities or gaps with a 4% cut-off and a trade-off in quality versus completeness, assuming a 

genomic variation rate of approximately 30 changes that yielded a 40-fold relaxed inclusion: Sequences 

with 5' adapters were excluded and to harmonize 5'- and 3'-ends the sequences were cut at position 

38 and 29834 (ref. seq. numbering) where sequence changes for technical reasons seemed obvious. 

Sequence qualities for "top scoring mutational count genomes" were tested for presence of adapters 

by FastQC without positive result (MT226610, MT326179). The mutation count in the 3887 sequence 

set was generated omitting deletions that are infrequently found in the SARS-CoV-2 genomes. The top 

score sequence of 29 mutations (MT326179) does contain a stretch of 7 clustered mutations and 1 del 

in position 226-241 (ref. seq. numbering) which may occur by chance in other genomes. IQ-TREE was 

used with UFBoot, and with or without the site concordance factor setting for sampling around internal 

branches (38, 39) with FigTree 1.4.4 for tree drawing. Trees were scrutinized with the command line 

version of IQ-Tree and the 'iqtree-2.0.5-Windows\bin\iqtree2.exe -s Seq.fas --date MappeDates.txt --

date-ci 100 --date-options -e 0 -B 1000 -bnni -m TN+F+I -alrt 1000 -T 4' command. Frequencies and 

rates were modelled for the reference set of 200 nucleotide sequences chosen according to the 

Bayesian information criterion and introduced to the 4557 data set. Overall, the phylogenetic dating 

procedure was tested for its sensitivity to wronly dated single sequences, two sequences inadvertently 

dated to 1907, for example, did not drastically affect the tMRCA results. SimPlot 3.5.1 was used for 

sequence comparison. Epanechnikov kernel smoothing disregarding outliers was used for some 

visualizations with SPSS (IBM). 

The estimate of non-synonymous to synonymous changes was applied with the 95% for SARS-CoV-1 

or 99% partial deletion option with all other sequence sets. Results on the neutrality of sequence pairs 

were obtained from the Fisher’s Exact test (36). All sites with less than 95% coverage were eliminated, 

200 representative nucleotide sequences were used. This representative set of 200 sequences was 

generated on 26 April 2020. Pairwise distances were determined with a 99% partial deletion cut-off. 

The Li-Wu-Luo method was used to determine the nonsynonymous to synonymous changes for the 

sequence sets. SLAC was carried out with the Datamonkey.Org servers on www.datamonkey.org/slac 

and 209 representative sequences of 1109 submitted sequences and analysed 1273 sites. 

RNA folding experiments were carried out with RNAstructure 1.0 using the search templates that were 

provided by ScanFold (Moss Lab). ScanFold was used with default settings except randomizations that 

were increased to 50. The output was collated in spreadsheets using the data in (40) as reference for 

comparison with NC045512. "Barriers" or RNAfold were accessed on rna.tbi.univie.ac.at and used to 

analyse the folding paths of RNA and intermediates of folding (49); structures were schematically 

graphed with VARNA. Further energies were calculated by RNAstructure 6.2, the MFold web-server, 

accessed on unafold.rna.albany.edu, and with LinearFold accessed on linearfold.org (50). 

ClusPro (51) was used for protein docking and to determine the inferred binding of nsp7 to nsp8 in the 

absence of other polymerase factors. Default settings on the website www.cluspro.org were used. 

https://doi.org/10.1093/nar/gkw256
https://doi.org/10.1093/molbev/msaa106
https://doi.org/10.1093/oxfordjournals.molbev.a040410
https://doi.org/10.1101/2020.04.17.045161
https://doi.org/10.1093/nar/gkn188
https://doi.org/10.1093/bioinformatics/btz375
https://doi.org/10.1002/prot.24403
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Supplementary Figures 

 

 

 

Supplementary Fig. 1: Phylogenetic Tree of TBLASTN Alignments. The ranked results were re-aligned with CLUSTAL X (cut-off 

33.3 identity) using default parameters and aligning the N-terminal domains only (NTD). The tree was generated with MEGA 

X 10 (28) using the Neighbour-Joining method. Bootstrapping indicates the likelihood of branch formation (50%-100%); the 

tree was condensed. The SARS-CoV-2 shows branching into two groups due to a His-Tyr amino acid replacement (search 22 

March 2020). Few more isolates had single amino acid changes. SARS-CoV-2 sub-strain nCoV-Fin (MT020781) was omitted 

from the alignment since partially sequenced. The same tree generated in CLUSTAL X resulted in a slightly different branch 

pattern. Species or orders are indicated (and city of find for the Zaria coronavirus similar to the GhanaBt-CoV, or country of 

find), naming of “SARS” or “SARS 2” is used as entered or implied by sequence similarity and submission details. Most isolated 

sub-strains were from Asia (China etc.), some from Africa or Europe. As expected, human SARS-CoV can be grouped with civet 

CoV which is seen here in a select sub-group for the NTD phylogenetic tree. Nf: Non-functional spike (tissue-culture variant). 

  

https://doi.org/10.1093/molbev/msy096
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Supplementary Fig. 2: Sequences of the S glycoproteins were aligned using default parameters with CLUSTAL X (amino acids 

1 - 291 of S glycoprotein of SARS-CoV-2). The sequences of MG772934, MT084071, MN996532, MN908947, 

Z32769/KY014281, AY391777/Q696P8 were marked with outlined squares (blue) for residues newly found in the Wuhan-Hu-

1 and RaTG13 insertions seen in Fig. 2. Glycan interacting residues of the 6nzk structure (OC43 virus S protein) are labelled 

with a red square. Regions of highest variability in Fig. 2 are denoted with squares in blue below the alignment and are found 

in five continuous regions; since two residues within the Wuhan-Hu-1 and RaTG13 insert 4 (previously called 3) strongly align 

the usually missing 6 amino acids in other strains distribute from residues 247-259. Identities of residues (Id) are marked with 

an *, or : for conservative replacements or . for weakly conserved residues. Missing residues that could not be resolved in the 

recent structural analysis of the Wuhan-Hu-1 S NTDs are labelled with orange boxes. The signal sequence (estimation by 

SignalP 4/5 (37)) is indicated. Apparently, the signal sequence could not fully be predicted with the SignalP 5 algorithmic 

version, structural evidence now indicates that the sequence is 13 amino acids long and was predicted correctly by the SignalP 

4.1. The Supplementary Figure was adjusted accordingly when the structural evidence (7c2l) confirmed the 4.1 version. 

 

 

Supplementary Fig. 3: S protein movie. The presentation of 6vyb and 6vxx in panel format shows the change of the receptor-

binding domain that is exposed towards the top in a pivot-like movement. Every 10th conformer of a morphed structurally 

aligned sequence of 100 structural transitions is shown, with a rotation about each group’s centre of mass and translation 

interpolation method with linear interpolation rate. 

 

https://doi.org/10.1038/nmeth.1701
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Supplementary Fig. 4: Origin of viral isolates. 507 sequences/isolations are indicated. 

 

 

Supplementary Fig. 5: Phylogenetic tree and molecular timing of sequences. The alignment of 429 and 1 RaTG13 (MN996532) 

sequence of SARS-CoV-2 retrieved from Genbank were dated with the Molecular Clock. MEGA X settings in phylogenesis 

included a Jones-Taylor-Thornton substitution in a Maximum-Likelihood protein model dated to 4 months with a bootstrap 

with 200 tests. It should be noted, that few branches reach statistical significance at the 50% level. The branches to RaTG13 

including the MT281577 reach some significance, and some other branches are also above cut-off. The branch point of 

RaTG13 and SARS-CoV-2’s was dated. The viral nucleotide replacement rate is likely elevated in the S protein and resulted in 

https://www.klausfiedler.ch/Cov-2-SupplementFig5.jpg
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the pre-dating of the RaTG13 strain (or dating to an earlier stage should a lineage have been established) that is proposed as 

a common ancestor of the 2019 outbreak. NC045512 is indicated. The dated branch is labelled with a blue square. Download 

the Figure. 

 

 

Supplementary Fig. 6: Phylogenetic tree and molecular timing of full genomic sequences. The alignment of 200 sequences 

including the reference (NC045512) sequence of SARS-CoV-2 were dated with the Tamura-Nei model. MEGA X settings in 

phylogenesis included a Maximum-Likelihood method with a bootstrap with 100 tests. The NC045512 was located to the 

outgroup, 4 months of time delay to middle of April was set for the root labelled with a blue square. NC045512 is indicated. 

Download the Figure. 

 

https://www.klausfiedler.ch/Cov-2-SupplementFig5.jpg
https://www.klausfiedler.ch/Cov-2-SupplementFig5.jpg
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Supplementary Fig. 7: Sequences were compared with SimPlot with a Kimura 2-parameter model. Step 10 bp, GapStrip and 

a Window of 1000 was used to smoothen the graphical presentation. An accumulation of mutations in the sequence 12001-

12800 with an approximately 24-fold excess may be speculated to have occurred by recombination, although this cannot be 

proven at this time. Alternatively, the prominence of mutations in this area could entail several genetic or protein-mediated 

mechanisms, one of which could involve (discussed in the text) the SARS-CoV-2 primase/processivity clamp (nsp7/8) 

interacting with the polymerase, and as a "mutator" may have affected evolution and viral genesis although a local increase 

of mutations is unexplained. 
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