
Supporting Information: Scientific Sources 

These illustrations were produced early in the SARS-CoV-2 pandemic, so the illustrations are 

based primarily on information from SARS-CoV. Information is taken from published reports in 

peer-reviewed journals; planning for the illustration did not include personal communications 

from experts in the field.  

 

Host Cell and Respiratory Mucosa. The host cell is based on a previous panorama through a B-

cell [1]. The scene includes a small segment of the ER, with ribosomes attached to translocons, 

oligosaccharide transferase, chaperonins, etc. A simplified cytoplasm includes soluble enzymes 

and biomolecules involved in protein synthesis and a proteasome. A single actin filament is 

included near the ER. The respiratory mucosa is based on previous work with the influenza life 

cycle (https://www.3dmoleculardesigns.com/Education-Products/Flu-Fight-Panorama.htm). 

Mucin-5B is depicted based on UniProt entry Q9HC84. IgA is depicted based on Ref. [2] and 

molecules of the innate immune system [3] include beta-defensin (PDB 1e4s), lactoferrin (PDB 

1bka), interferons (PDB 1itf) and small antimicrobial peptides like cathelicidin. Note, throughout 

this publication, four-character codes like this refer to accession codes in the PDB archive, and 

full citations for the structure determinations are available at any of the partner sites of the 

wwPDB (http://www.wwpdb.org/). 

 

Membranes. Coronaviruses such as SARS-CoV extensively remodel the cellular 

endomembrane system. The illustration is based largely on the summary in Figure 9 of Ref. [4], 

along with other sources [5–7]. Soon after infection, characteristic double-membrane vesicles 

(DMV) appear. They have been shown to be continuous with the ER. The vesicles typically 

have a diameter of 200-300 nm, and the spacing of the membranes is about 20 nm [8]. In 

addition, convoluted reticular membrane structures are also formed, which are thought to be 



sites of replication. At later stages, larger membrane bounded compartments are formed and 

are the site of budding of virions. These data were incorporated into the illustration to tell a 

temporal story from top to bottom. A segment of ER is shown at the top, with connections to a 

DMV of 250 nm diameter and connected to a region with a network of membrane tubules. A 

larger endosome is shown at the bottom. No connections between the DMV and endosome 

were shown, reflecting the speculative nature of the relationship between these structures. 

 

RNA. The illustration depicts a time point when viral RNA is being actively replicated and 

translated. The site of replication is still a matter of some conjecture. Metabolic labeling and EM 

autoradiography studies see replication on/inside DMV [9] and immunoelectron microscopy 

studies see replication on the membrane structures associated with DMV and localize double-

stranded RNA inside the DMV [4]. To incorporate these data, active replication is depicted on 

the outside of DMV and on the associated membrane tubules. The DMV includes several (+) 

and (-) full genomes, partially paired to form dsRNA. No attempt was made to distinguish full 

genomes or subgenomic RNA. Coronavirus genomes are among the largest RNA virus 

genomes at ~30,000 bp, and would be roughly 10 meters long at this magnification, so showing 

an entire RNA strand is not feasible in the space of the illustration. 

 

Structural Proteins. Spike (S) protein forms a trimer with a large ectodomain, a transmembrane 

segment, and a small intravirion domain [10]. The ectodomain is extensively glycosylated 

(UniProt P59594). CryoEM structures are available for the ectodomain, showing that the small 

receptor-binding domain at the tip of the spike is mobile, adopting both a closed conformation 

and an open conformation that is required for receptor binding [11]. Electron micrographs show 

a dense packing of spikes on the surface, leading to the characteristic “crown” shape of the 

virus with 50-100 spike trimers for an averaged-size virion [12]. In the illustrations, the shape of 

the ectodomain is based on a fully-closed complex (PDB 6vxx), although current results 



hypothesize that a dynamic equilibrium between open and closed forms might be one cause of 

the virulence of these viruses [13]. 

 

The membrane (M) protein is involved in packaging the viral nucleoprotein into virions. No 

structures were available for the intact protein, so the illustration was based on structure 

predictions based on the sequence (UniProt P59596), which predict several transmembrane 

segments and an intravirion domain. This is also observed in cryoEM reconstructions, where an 

elongated domain is seen immediately inside the viral membrane [12]. Current estimates place 

roughly 1100 M proteins in the virion, which may represent dimers of the protein [14]. In the 

illustrations, M proteins were densely packed between spike proteins, and were associated with 

N proteins in the nucleoprotein to nod to their specific interaction. 

 

Envelope (E) is thought to be involved in the process of budding [15]. Structures show a 

pentameric complex that forms a viroporin through the membrane (PDB 5x29), but the specific 

role that it plays is still a matter of speculation. A small number were placed in the mature virion, 

and several copies at the site of budding of the virus into the endosome. 

 

The genomic RNA is condensed and packaged by the nucleocapsid (N) protein. Structures are 

available for the N-terminal domain (PDB 2ofz) and the C-terminal domain (PDB 2cjr), which 

forms a dimer. The C-terminal domain also forms an octamer in this crystal form, which has 

been hypothesized to be a model for a nucleoprotein filament [16]. Disordered regions link the 

domains and are present at the N- and C-terminus, and all portions show some RNA-binding 

ability, but the N-terminal domain and central linker are thought to play the major role [17]. 

Gently-isolated nucleoproteins often show a rope-like form with multiple beads, typically about 

15 nm wide [18]. Similar beads are seen to form a locally-ordered array under the layer of M 

protein in cryoEM reconstructions [12]. Current estimates place roughly 730-2200 nucleocapsid 



chains in the virion, which corresponds to about 60 RNA nucleotides per N dimer [14]. These 

data were interpreted in two slightly different ways in the illustrations. In both cases, the dimer 

was treated as the basic unit, and a simplified representation was used that has the two 

domains loosely associated with each other, not depicting the disordered regions explicitly. In 

the virion image, dimers were stacked in lines that followed the interior contour of the 

membrane. In the lifecycle image, dimers were associated into rope-like assemblies, which 

were then folded into the virion. 

 

Replicase. The viral replicase is synthesized as two variations of a long polyprotein, which are 

then clipped into functional non-structural proteins (abbreviated “nsp”) by the two viral 

proteases. The illustration is based primarily on a comprehensive review [19]. Most of these 

proteins are thought to assemble into one or more complexes that replicate and proofread the 

viral RNA and create a cap at the 5’ end. For the illustration, information on the structure and 

interactions of each component were used to define sizes and shapes, but the form of the final 

assembly is speculative. Nsp1 suppresses host gene expression and the function of nsp2 is not 

known, so they were not included in the illustration. Nsp5 is the main protease that cuts the viral 

polyproteins into functional pieces. Extensive structural information is available for this protein, since 

it is a major target for discovery of new therapeutics. It forms a heart-shaped soluble dimer (PDB 

1q2w). 

 

Nsp3 is the largest non-structural protein, with multiple functional domains [20], including two 

transmembrane segments near the C-terminus. Structures are available for many of these 

domains. Several features were included in the illustration [19]: the N-terminal Ubl1 domain 

binds to ssRNA binding and is connected with flexible linker; the NAB (nucleic acid binding 

domain) forms a dimer; the NAB-betaSM-TM1 domains interact with nsp5, 7, 8, and 12-16; and 

the C-terminal CoV-Y domain interacts with nsp9 and 12. In the illustration, the membrane-



bound dimer of nsp3 was depicted with multiple flexibly-connected domains and associated with 

other replicase components through the NAB and other C-terminal domains. Two other 

membrane-bound proteins, Nsp4 and 6, are membrane-spanning proteins that remodel the ER 

membrane and mediate the formation of DMV [8,21]. No structural information was available at 

the time, so the size of the structures and their many transmembrane segments were based on 

annotations in UniProt P0C6U8. Speculative interactions of these proteins were shown in the 

illustration bridging the two membranes in the DMV. 

 

The replicase enzymes perform the synthetic tasks of replication and capping. Nsp12, the RNA-

directed RNA polymerase, creates new viral RNA strands (PDB 6nur). Nsp13 is a helicase that 

separates strands in an RNA double helix (PDB 6jyt). Nsp14 is a guanine N7-methytransferase 

that includes an exoribonuclease involved in proofreading (PDB 5c8s). Nsp15 is a uridylate-

specific endoribonuclease that breaks RNA, the function of which is still under study. It is seen 

as a stable hexamer in PDB entry 6w01. It is included as part of the replicase in the illustration 

and also near the top of the illustration degrading excess RNA. Nsp16 is a 2’-O-

methyltransferase that is involved in formation of the RNA cap (PDB 6w61). Nsp7, 8, and 10 are 

proteins involved in organizing the replicase complex [22]. Interaction of nsp7 and nsp8 with the 

polymerase nsp12 was based on PDB entry 6nur, and interaction of nsp10 with nsp16 and 

nsp14 was based on PDB entries 6w61 and 5c8s. In the illustration, a dimer of nsp10 was 

included [23].  

 

Accessory proteins. Several accessory proteins (p6, p7a, p8ab, p9b) are also shown, based on 

a recent review [24]. These are dispensable for replication of the virus, but are involved in the 

virulence of infection. P6 is a small protein amphipathic protein that binds on the cytoplasmic 

side of ER/Golgi membranes, associated with nsp3 and nsp6. P7a is also bound to the ER with 

one transmembrane segment and a large domain on the lumenal side. P8ab is a small protein 



that forms trimers inside the ER, with one site of glycosylation. P9b is a small protein that 

interacts with several other components, including E. Other accessory proteins are thought to 

perform their jobs in other parts of the cell (Golgi, nucleolus, etc.) and are not included here. 
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