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Abstract 
The COVID-19 pandemic spawned by SARS-CoV-2 requires quick characterisation of the           
protein structures comprising the viral proteome. As experimentally determined 3D structures           
become available, these data can be augmented by high-throughput generation of homology            
models, thereby helping researchers leverage structural data to gain detailed insights into the             
molecular mechanisms underlying COVID-19. These insights, in turn, help in generating           
hypotheses aimed at identifying druggable targets for the development of therapeutic           
interventions, including vaccines. 

We present an online resource that provides 872 structural models, derived from all current              
entries in the PDB that have detectable sequence similarity to any of the SARS-CoV-2 proteins.               
The matching of sequence-to-structure alignments were generated by aligning pairs of Hidden            
Markov Models (HMMs) via HHblits. The structures are presented in the Aquaria molecular             
graphics systems, which was designed to facilitate overlay of sequence features, e.g., single             
nucleotide polymorphisms and posttranslational modifications from UniProt. Aquaria has         
recently been enhanced to include a much richer set of sequence features from UniProt, and               
predictions from PredictProtein and CATH.  

Our resource provides researchers with a wealth of information on the molecular mechanisms of              
COVID-19; the information can easily be accessed, and, to the best of our knowledge, is               
currently not available at other resources. The resource provides an immediate visual overview             
of what is known - and not known - about the 3D structure of the viral proteome, thereby helping                   
direct future research. An accompanying video (https://youtu.be/J2nWQTlJNaY) explains how to          
used the resource and some the novel insights gained into COVID infection. The COVID-19              
models - together with 32,717 sequence features - are available at https://aquaria.ws/covid19.  

https://youtu.be/J2nWQTlJNaY
https://aquaria.ws/covid19


 

INTRODUCTION 
The COVID-19 pandemic spawned by SARS-CoV-2 (a.k.a. Human Severe Acute Respiratory           
Syndrome Coronavirus 2) requires quick characterisation of the protein structures comprising           
the viral proteome. As experimentally determined 3D structures become available, these data            
can be augmented by high-throughput generation of homology models, thereby helping           
researchers leverage structural data to gain detailed insights into the molecular mechanisms            
underlying COVID-19. These insights, in turn, help in generating hypotheses aimed at            
identifying druggable targets for the development of therapeutic interventions, including          
vaccines. 

We present an online resource that provides 872 3D structure models, derived from all current               
entries in the PDB (Berman et al. 2000) that have detectable sequence similarity to any of the                 
SARS-CoV-2 proteins. The matching of sequence-to-structure alignments were generated by          
aligning pairs of Hidden Markov Models (HMMs), using the latest version of HHblits (Steinegger              
et al. 2019). The structures are presented in the Aquaria molecular graphics system             
(O’Donoghue et al. 2015), which has been designed to facilitate the overlay of sequence              
features, e.g., Single Nucleotide Polymorphisms (SNPs) and Post-Translational Modifications         
(PTMs) annotations from UniProt (The UniProt Consortium 2019). Aquaria has recently been            
enhanced to include a much richer set of sequence features, including predictions from             
PredictProtein (Yachdav et al. 2014) and CATH resources (Dawson et al. 2017). The COVID-19              
models (Table 1) - together with 32,717 sequence features - are available at             
https://aquaria.ws/covid19. 

Our analysis method systematically identifies regions of the protein that have matching            
structures; the process also identifies so-called ‘dark’ regions or dark proteins (Perdigão et al.              
2015; Schafferhans et al. 2018). 

RESULTS 
The core of our resource is a set of 872 sequence-to-structure alignments derived by matching               
all sequences in the SARS-CoV-2 proteome against sequences of all available 3D structures in              
PDB. Of these alignments, almost all were matched to structures of viral proteins - in some                
cases, these viral proteins were in complex with host proteins, indicating potential hijacking. In a               
small number of cases, regions of the SARS-CoV-2 proteome aligned directly onto human             
proteins, indicating potential mimicry. In the text below, and in Fig. 1, we present all such cases                 
of potential hijacking or mimicry of human proteins found by our systematic analysis. For brevity,               
we have largely omitted mention of cases involving non-human host proteins; however, for             
completeness, all such cases are listed in Table 2. These matching structures were             
incorporated into the Aquaria resource, and augmented with 32,717 sequence features from            
PredictProtein, SNAP2, and CATH. Below, we highlight key findings revealed by using the             

https://www.zotero.org/google-docs/?zhC5cF
https://www.zotero.org/google-docs/?mFTIRu
https://www.zotero.org/google-docs/?mFTIRu
https://www.zotero.org/google-docs/?Ol4SRI
https://www.zotero.org/google-docs/?wcFHMr
https://www.zotero.org/google-docs/?dm5uRI
https://www.zotero.org/google-docs/?Vyjc59
https://aquaria.ws/covid19
https://www.zotero.org/google-docs/?gdtzuO
https://www.zotero.org/google-docs/?gdtzuO


 

Aquaria interface to systematically explore these matching structures in combination with these            
features. 

Polyprotein 1a (pp1a) 
Nsp1 and Nsp2. The first 180 residues of pp1a, which comprise nsp1, had no CATH               
assignments and only three matching structures. The top-ranked match (P0DTC1/2gdt from           
SARS-CoV, 85% identity, E = 10-20) spanned residues 12–126 (Almeida et al. 2007). The              
second match was to an earlier dataset from the same research team. The third match               
(P0DTC1/3ld1 from IBV, 11% identity, E = 10-32) spanned pp1ab 104–562, which also covered              
the N-terminal half of nsp2 and is the only structural match for nsp2. Of the multiple dark regions                  
found in nsp1 and nsp2, only the first region (pp1ab 1–11) is explainable by features considered                
in this study, as this region had residues with extremely high relative B-value and disorder. The                
three matching structures for nsp1 and nsp2 showed no matches to, or interaction with, human               
proteins. 

Nsp3. Residues 819–2763 of pp1a comprise nsp3, which was predicted to occur predominantly             
in the cytoplasm and had 188 matching structures that clustered to define nine distinct              
sequence regions, outlined below.  

(1) The first region (pp1a 819–929) was highly conserved and had three matching structures             
(P0DTC1/2gri from SARS-CoV, 77% identity, E = 10-23) with ubiquitin-like fold (CATH            
3.10.20.350). 

(2) This was followed by a dark region (pp1a 930–1026) with low conservation, low mutational              
sensitivity, high relative B-factor, and no CATH assignments. 

(3) Next was a macro domain region (pp1a 1027–1193; CATH 3.40.220.10) with high            
conservation and with 144 matching structures (P0DTC1/6woj, 100% identity, E = 10-24). Of             
these, 47 structures showed alignment between the viral proteome and human proteins,            
indicating that the viral macro domain may potentially mimic human proteins (Fig.1; Table             
2). The matched proteins were: GDAP2 (P0DTC1/4uml, 19% identity, E = 10-22),            
MACROD1 (P0DTC1/2x47, 25% identity, E = 10-22), MACROD2 (P0DTC1/4iqy, 24%          
identity, E = 10-22), MACROH2A1 (P0DTC1/1zr5, 19% identity, E = 10-18), MACROH2A2            
(P0DTC1/2xd7, 19% identity, E = 10-21), OARD1 (P0DTC1/2eee, 13% identity, E = 10-12),             
PARP9 (P0DTC1/5ail, 22% identity, E = 10-17), PARP14 (P0DTC1/3q6z, 25% identity, E =             
10-19), and PARP15 (P0DTC1/3v2b, 18% identity, E = 10-16). An additional 73 structures             
matched to viral proteins, two in complex with RNA (P0DTD1/4tu0, 24% identity, E = 10-17;               
P0DTD1/3gpq, 24% identity, E = 10-17). For brevity, here and in Fig. 1, we have omitted                
providing details about the remaining 41 matching structures (included in Table 2), which             
show viral proteins matched to host proteins in other organisms (including archaea,            
bacteria, yeast, and mouse). 

https://aquaria.ws/P0DTC1/2gdt/
https://www.zotero.org/google-docs/?2iVgVz
https://aquaria.ws/P0DTC1/3ld1
https://aquaria.ws/P0DTC1/2gri/A
https://aquaria.ws/P0DTC1/6woj/A
https://www.uniprot.org/uniprot/Q9NXN4
https://aquaria.ws/P0DTC1/4uml
https://www.uniprot.org/uniprot/Q9BQ69
https://aquaria.ws/P0DTC1/2x47
https://www.uniprot.org/uniprot/A1Z1Q3
https://aquaria.ws/P0DTC1/4iqy
https://www.uniprot.org/uniprot/O75367
https://aquaria.ws/P0DTC1/1zr5
https://www.uniprot.org/uniprot/Q9P0M6
https://aquaria.ws/P0DTC1/2xd7/A
https://www.uniprot.org/uniprot/Q9Y530
https://aquaria.ws/P0DTC1/2eee
https://www.uniprot.org/uniprot/Q8IXQ6
https://aquaria.ws/P0DTC1/5ail
https://www.uniprot.org/uniprot/Q460N5
https://aquaria.ws/P0DTC1/3q6z
https://www.uniprot.org/uniprot/Q460N3
https://aquaria.ws/P0DTC1/3v2b/A
https://aquaria.ws/P0DTD1/4tu0
https://aquaria.ws/P0DTD1/3gpq


 

(4) Next was another dark region (pp1a 1027–1368) with low conservation and comprising a             
short disordered region followed by another macro-like domain called SUD-N (CATH           
3.40.220.30). 

(5) The SUD-M region (pp1a 1389–1493; CATH 3.40.220.20) comprised a third macro-like           
domain called SUD-M (CATH 3.40.220.20) with seven matching structures (P0DTC1/2jzd,          
81% identity, E = 10-34), all determined using SARS-CoV nsp3. This was the first of four                
slightly overlapping regions with matching structures (Fig. 1). 

(6) The SUD-C region (pp1a 1494–1562; CATH 2.30.30.590) had high conservation and           
comprised a domain called SUD-C (CATH 2.30.30.590) that had two matching structures:            
one structure spanned the region (P0DTC1/2kqw, 76% identity, E = 10-41), while the             
second, more distant matching structure (P0DTC1/4ypt from mouse hepatitis virus strain           
A59, 28% identity, E = 10-62) also spanned the following PL-PRO region. 

(7) The PL-Pro region (pp1a 1563–1878) comprises three sub-domains: a highly conserved           
ubiquitin-like domain (CATH 3.10.20.540), a catalytic ‘thumb’ domain (CATH 1.10.8.1190)          
that is also highly conserved, and a final domain with lower conservation containing a              
‘fingers’ and ‘palm’ motif (CATH 3.90.70.90; (Wang, Hu, and Fan 2020)). The palm motif              
includes a C4-type zinc finger motif, annotated in the UniProt features (pp1a 17520–1789).             
PL-Pro had 38 matching structures (P0DTC1/6wrh from SARS-CoV-2, 100% identity), of           
which 11 feature a viral protein in complex with a human protein related to ubiquitin (Fig.1;                
Table 2). Four of these structures showed the PL-Pro region in complex with ISG15              
(P0DTC1-5tl6 from SARS-CoV, 82% identity, E = 10-70); two structures showed a complex             
with UBA52 (P0DTC1/4rf0 from MERS-CoV, 29% identity, E = 10-65); two structures            
showed a complex with UBB (P0DTC1/5e6j from SARS-CoV, 83% identity, E = 10-62); one              
structure showed a complex with UBC (P0DTC1/4mm3 from SARS-CoV, 83% identity, E =             
10-62), and one structure showed a complex with both UBB and UBC (P0DTC1/5e6j from              
SARS-CoV, 83% identity, E = 10-62). Note these identity scores and E-values do not              
indicate similarity to the human, ubiquitin-like proteins, but rather the similarity between            
SARS-CoV-2 nsp3 and the viral proteins in the matching structures (e.g., P0DTC1/4rf0 has             
29% identity as it is based on a structure determined with MERS-CoV nsp3). Two additional               
matching structures show SARS-CoV-2 nsp3 in complex with inhibitory peptides          
(P0DTC1/6wuu, 100% identity; P0DTC1/6wx4, 100% identity).  

(8) The NAB region (pp1a 1879–2020) had low conservation and only one matching structure             
(P0DTC1/2k87 from SARS-CoV; 82% identity, E = 10-24) that adopts a unique fold, not seen               
in any other structure reported to date (CATH 3.40.50.11020).  

(9) The final dark region (pp1a 2021–2763) had no CATH matches, and comprised two distinct              
segments. The first segment (pp1a 2021–2396) had overall low conversation and began            
with several disordered residues, followed by four transmembrane helices and one or two             
short sub-regions that occur in the lumen. The final segment (pp1a 2397–2763) had higher              
conservation, no disorder, no transmembrane domains, and was predicted to be fully            

https://aquaria.ws/P0DTC1/2jzd
https://aquaria.ws/P0DTC1/2kqw
https://aquaria.ws/P0DTC1/4ypt/A
https://www.zotero.org/google-docs/?dXgszT
https://aquaria.ws/P0DTC1/6wrh/A
https://www.uniprot.org/uniprot/P05161
https://aquaria.ws/P0DTC1/5tl6
https://www.uniprot.org/uniprot/P62987
https://aquaria.ws/P0DTC1/4rf0
https://www.uniprot.org/uniprot/P0CG47
https://aquaria.ws/P0DTC1/5e6j
https://www.uniprot.org/uniprot/P0CG48
https://aquaria.ws/P0DTC1/4mm3/B
https://aquaria.ws/P0DTC1/5e6j
https://aquaria.ws/P0DTC1/4rf0
https://aquaria.ws/P0DTC1/6wuu/A
https://aquaria.ws/P0DTC1/6wx4/D
https://aquaria.ws/P0DTC1/2k87
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located in the cytoplasm, along with regions 1–8 of nsp3. This segment has been assigned               
two domains, called Y1 and CoV-Y (Lei, Kusov, and Hilgenfeld 2018). 

Nsp4. Most of this protein comprised a dark region (pp1a 2764–3172) with no matching              
structures, no CATH matches, low conservation, and was predicted to have no disorder, but              
multiple transmembrane helices. The C-terminal 91 residues (pp1a 3173–3263) comprised a           
conserved domain called nsp4C (CATH 1.10.150.420) with three matching structures; none of            
which had matches to, or interactions with, human proteins. All matching structures were             
dimers, however, as reported for the best matching structure (P0DTC1/3vcb, 59% identity, E =              
10-35) derived from murine hepatitis virus nsp4, nsp4C is believed to operate primarily as a               
monomer (Xu et al. 2009). 

Nsp5. Also known as 3CL-Pro, this protein (pp1a 3264–3569) was highly conserved, matched             
two CATH families (2.40.10.10 and 1.10.1840.10), and had 256 matching structures           
(P0DTC1/5rfa; 100% identity), none with matches to, or interactions with, human proteins.            
However, 15 structures showed interaction with inhibitory peptides (Fig. 1; Table 2;            
P0DTC1/7bqy, 100% identity), including several determined with distant homologs, such as           
3CL-Pro from IBV, or infectious bronchitis virus  (P0DTC1/2q6f, 42%,E = 10-122).  

Nsp6. Amongst the non-structural proteins, nsp6 (pp1a 3570–3859) was the only one that was              
fully dark, i.e., with no structural matches in Aquaria. In addition, nsp6 had low conservation, no                
CATH matches, and was predicted to have no disorder but multiple transmembrane helices. 

Nsp7. The nsp7 protein (pp1a 3860–3942) had 15 matching structures (P0DTC1/2kys; 98%            
identity; E = 10-32), all comprising an antiparallel bundle of four helices (CATH 1.10.8.370). Two               
of the matching structures were monomeric (P0DTC1/2kys and P0DTC1/1ysy; 98% identity; E            
= 10-32), while in the remaining 13, nsp7 was bound to nps8 (P0DTC1/3ub0; 43% identity; E =                 
10-79). Of these 13 structures, six also included nsp12 as a binding partner (P0DTC1/7bv1; 99%               
identity), and in two cases RNA as well (P0DTC1/7bv2; 99% identity and P0DTC1/6yyt; 97%              
identity; E = 10-32). In these matching structures, nsp7 adopts a range of conformationally              
distinct structures, depending on the environment and on its interaction partners (Johnson,            
Jaudzems, and Wüthrich 2010). 

Nsp8. The nsp8 protein (pp1a 3943–4140) begins with a highly conserved, predominantly            
helical segment (pp1a 3943–4041) with some disordered regions (pp1a 4018–4019), and no            
CATH matches. This is followed by a ‘head’ domain (pp1a 4042–4140) with a mostly beta barrel                
fold (CATH 2.40.10.290). Of the 14 matching structures, one featured nsp8 bound to nsp12 only               
(P0DTC1/6nus; 97% identity; E = 10-78). As noted above, the remaining 13 matching structures              
all featured nsp8 bound to nsp7 (P0DTC1/3ub0) - as shown in Fig. 1, these two copies of each                  
of these proteins can form a heterotetramer, which can then form a hexadecamer             
(P0DTC1/2ahm). Six of the 13 matching structures also included nsp12, and two also included              
RNA. 

Nsp9. The nsp9 protein (pp1a 4141–4253) had intermediate to high conservation with a beta              
barrel architecture similar to thrombin subunit H (CATH 2.40.10.250). It had 14 matching             
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https://www.cathdb.info/version/latest/superfamily/2.40.10.250


 

structures (P0DTC1/6wxd; 98% identity; E = 10-44), mostly homodimers, but with no matches to,              
or interactions with, human proteins. 

Nsp10. The final pp1a protein (residues 4254–4392) had no CATH matches, yet was conserved              
and had 33 matching structures. In one of the matching structures, nsp10 was monomeric              
(P0DTC1/2fyg; 97% identity; E = 10-57), while in two of the matching structures, nsp10 was               
assembled into a dodecamer (Fig. 1; P0DTC1/2ga6; 96% identity; E = 10-72 and P0DTC1/2g9t;              
96% identity; E = 10-72), forming a hollow sphere with twelve C-terminal zinc finger motifs               
sticking out from the outer surface, and another 12 zinc finger motifs on the inner surface (Su et                  
al. 2006). In four matching structures, nsp10 was in complex with nsp14 (P0DTC1/5c8u; 97%              
identity; E = 10-68), while the remaining 26 matching structures all showed nsp10 in complex with                
nsp16 (P0DTC1/6w61; 100% identity). 

Polyprotein 1b (pp1b) 
The five proteins from polyprotein 1b were all predicted to have no regions of disorder or                
transmembrane helices. 

Nsp12. This protein spans pp1ab residues 4393–5324, and comprises nsp11, i.e., the last 13              
residues from pp1a (4393–4405), concatenated with the first 919 residues of pp1b. Aquaria             
found 47 matching structures (all of viral proteins), of which seven showed interactions with              
other viral proteins, including: one structure of nsp12 in complex with nsp8 (P0DTC1/6nus from              
SARS-CoV, 97% identity; E = 10-77), or equivalent proteins in other viruses; four structures of               
the same two proteins in complex with nsp7 (P0DTD1/7bv1 from SARS-CoV-2, 99% identity, E              
= 10-230); and two structures of these three proteins in complex with RNA (P0DTD1/6yyt from               
SARS-CoV-2, 100% identity). An additional 15 structures showed nsp12 in complex with RNA             
only (P0DTD1/3kmq from FMDV, 18% identity, E = 10-11), while one structure showed nsp12 in               
complex with both RNA and DNA (P0DTD1/4k4v, 17% identity, E = 10-11). 

Nsp13. For nsp13 (pp1ab 5325–5925), Aquaria found 64 matching structures, of which 23             
showed potential mimicry of four human proteins. This included: 11 structures showing mimicry             
of one of the three Rossman fold motifs (CATH 3.40.50.300) of AQR (P0DTD1/4pj3, 19%              
identity, E = 10-30), of which 10 also showed AQR in complex with the spliceosome               
(P0DTD1/6id0, 20% identity, E = 10-30); two structures showing mimicry of PIF1 (P0DTD1/6hpt,             
20% identity; E = 10-12); eight structures showing mimicry of UPF1 (P0DTD1/2xzo, 24% identity;              
E = 10--32), of which two also showed UPF1 in complex with UPF2 (P0DTD1/2wjy, 23% identity;                
E = 10-34); and, finally, two structures showing mimicry of IGHMBP2 (P0DTD1/4b3f, 23%             
identity; E = 10-35), of which one also showed IGHMBP2 in complex with RNA (P0DTD1/4b3g,               
25% identity; E = 10-33). An additional 41 structures showed matches to viral proteins (best               
match to SARS-CoV nsp13; P0DTD1/6jyt, 100% identity), with four also showing these viral             
proteins in complex with DNA (P0DTD1/4n0o, 22% identity, E = 10-19). For nsp13, two regions               
were identified as Rossman fold motifs (CATH 3.40.50.300); one of these (CATH functional             
family 001105) spanned most of the region matching AQR, the other (CATH functional family              
001139) spanned the region matching PIF1. The regions matching UPF1 and IGHMBP2            
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spanned both of these Rossman fold motifs. The N-terminal region of nsp14 (pp1ab             
5325–5577) had no matches in CATH. 

Nsp14. For nsp14 (pp1ab 5926–6452), Aquaria found four matching structures (P0DTD1/5nfy;           
100% identity); all matched to SARS-CoV nsp14 and all were in complex with nsp10. There are                
currently no matches for nsp14 in CATH. 

Nsp15. For nsp15 (pp1ab 6453–6798), Aquaria found 19 matching structures (P0DTD1/6wxc;           
99% identity). The N-terminal region matched a known superfamily (CATH 2.20.25.360), while            
most of the nsp15 sequence (pp1ab 6516–6798) had no matches in CATH. 

Nsp16. For nsp16 (pp1ab 6799–7096), Aquaria found 26 matching structures (P0DTC1/6w61;           
100% identity), all in complex with nsp10. The full length nsp16 sequence matched to a single                
Rossman fold motif (CATH 3.40.50.150). 

Capsid and accessory proteins 
The remaining 12 proteins encoded by the 3’ end of the genome ultimately assemble together to                
form the mature viral capsid. Remarkably, however, our analysis of all related 3D structures              
found no structures showing interactions between any of these proteins.  

Spike glycoprotein. For this protein, Aquaria found 136 matching structures (P0DTC2/6vxx from            
SARS-CoV-2, 99% identity) clustered in two regions. One region comprised 15 structures and             
matched to TM1, the C-terminal transmembrane helix (P0DTC2/2fxp from SARS-CoV, 98%           
identity, E = 10-14); four of the TM1 matching structures showed a complex with antibodies               
(P0DTC2/6pxh from MERS-CoV, 22% identity, E = 10-11). The second region comprised 121             
matching structures, of which 34 spanned nearly the full length of the spike glycoprotein              
sequence, and were assembled into a homotrimer. Of the 121 structures in this region, 68 were                
in complex with antibodies (P0DTC2/6w41 from SARS-CoV-2, 100% identity) and two structures            
were in complex with inhibitory peptides (P0DTC2/5zvm from SARS-CoV, 88% identity, E =             
10-32; P0DTC2/5zvk from SARS-CoV, 55% identity, E = 10-32). Of the remaining structures, 18              
showed the spike glycoprotein in complex with human proteins: 15 were in complex with ACE2               
(P0DTC2/6acg from SARS-CoV, 77% identity, E = 10-321); one was in complex with both ACE2               
and SLC6A19 (P0DTC2/6m17 from SARS-CoV-2, 100% identity); and, finally, three were in            
complex with DPP4 (P0DTC2/4qzv from BtCoV-HKU4, 21% identity, E = 10-45). Spike            
glycoprotein was the only capsid protein with matching structures showing binding to human             
proteins; this is consistent with the belief that much of the assembly of the capsid occurs in                 
cellular compartments, largely shielded from interaction from host proteins, host RNA, or host             
DNA. Finally, our analysis found four short dark regions in the spike glycoprotein, including one               
at each of the N- and C-terminals.  

ORF3a protein. The ORF3a protein had no matching structures, i.e., was a dark protein. 

Envelope protein. The envelope protein (a.k.a. E protein) had only two matching structures, both              
from SARS-CoV. One structure was a monomer (P0DTC4/2mm4, 91% identity, E = 10-26),             
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while in the other structure the envelope protein was assembled into a homopentamer             
(P0DTC4/5x29, 86% identity,  E = 10-27), forming a membrane-spanning ion channel. 

Matrix glycoprotein. The matrix glycoprotein (a.k.a. M protein) had no matching structures, i.e.,             
was a dark protein. 

ORF6 protein. The ORF6 protein had no matching structures, i.e., was a dark protein. 

ORF7a protein. The ORF7a protein had only three matching structures: one from SARS-CoV-2             
(P0DTC7/6w37, 100% identity) and two from SARS-CoV (P0DTC7/1yo4, 90% identity, E =            
10-59; P0DTC7/1xak, 88% identity, E = 10-59). Our analysis also found short dark regions at the                
N- and C-terminals. 

ORF7b protein. The ORF7b protein had no matching structures, i.e., was a dark protein.  

ORF8 protein. The ORF8 protein had no matching structures, i.e., was a dark protein. 

Nucleocapsid protein. The nucleocapsid protein (a.k.a. N protein) had 35 matching structures            
clustered in two regions. The region closest to the N-terminus had 24 matching structures              
(P0DTC9/6yi3 from SARS-CoV-2, 100% identity), most of which comprised a single monomer of             
the nucleocapsid protein; however five structure comprised a dimer, and one comprised a             
tetramer. The region closest to the C-terminus had 13 matching structures (P0DTC9/6wji from             
SARS-CoV-2, 98% identity), all of which comprised a dimer. Our analysis also found three short               
dark regions, two of which covered the N- and C-terminals. 

ORF9a protein. This protein had only two matching structural models, both derived from the              
same PDB entry (P0DTD2/2cme from SARS-CoV, 78% identity, E = 10-48), which included a              
lipid analog for this lipid-binding protein. 

ORF10 protein. The ORF10 protein had no matching structures, i.e., was a dark protein.  

ORF14 protein. The ORF14 protein had no matching structures, i.e., was a dark protein. 

Related resources 
Table 1 summarizes key statistics on our resource, and provides a comparison with related              
resources. The key difference in our approach is in the depth of structural modeling, which aims                
to find all related 3D models, including many remote homologs. As a result, our resource               
captures a wealth of detailed information about structural states and interactions not readily             
available from other resources. 

DISCUSSION 
Somewhat remarkably, our analysis found so few cases of viral mimicry, hijacking, or             
self-assembly with structural evidence that all cases could be conveyed via a single, fairly              
simple graph (Fig. 1). This highlights the relatively poor state of current knowledge about the               
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structural biology of SARS-CoV-2. Based on the results presented in Fig. 1, we could divide the                
27 SARS-CoV-2 proteins into four distinct categories we called teams, hijackers, mimics, and             
suspects - these categories are outlined in more detail below. 

Teams 
In our analysis, only six SARS-CoV-2 proteins had direct structural evidence of binding to other               
viral proteins (Fig. 1). These could be divided into two distinct teams, each with three proteins.                
Below, we outline how proteins in each of these teams may interact, based on the oligomeric                
states observed across all 54 matching structures found in this analysis, for these six proteins.  

Team 1. This team comprised nsp7, nsp8, and nsp12, which assemble to form the viral RNA                
synthesis complex. For nsp7, it occurred as a monomer in only two of the 15 available matching                 
structures. For nsp8, it did not occur alone as a monomer in any of the 14 matching structures,                  
but always in complex with either nsp12 only (1 structure), nsp7 only (5 structures), or both nsp7                 
and nsp12 (8 structures). By contrast, nsp12 had 38 matching structures in which it was not                
bound to either nsp7 or nsp8. This is consistent with previous studies on SARS-CoV that have                
established that nsp12 alone has RNA-dependent RNA polymerase activity, but this activity is             
greatly stimulated by cooperative interactions with nsp7 and nsp8 (Kirchdoerfer and Ward            
2019).  

Team 2. This team comprised nsp10, nsp14, and nsp16. Interestingly, of the 30 structures              
found to match either nsp14 or nsp16, all were heterodimers containing exactly one other viral               
protein, which always matched to nsp10. This is consistent with previous studies on SARS-CoV              
showing that the RNA-cap (nucleoside-2′-O-)-methyltransferase activity of nsp14 requires the          
presence of nsp10 (Decroly et al. 2011). Similarly, SARS-CoV nsp10 has also been shown to               
enhance both the 2′-O–-methyltransferase and N-terminal exoribonuclease activities of         
SARS-CoV nsp16 (Ma et al. 2015). However, for nsp10, we found four additional matching              
structures where it occurred by itself as a homooligomer. From these matching structures, we              
observed that a common region of nsp10 was used in binding to either itself, nsp14, or nsp16.                 
This suggests that interactions between nsp10, nsp14, and nsp16 are competitive - in contrast              
to the cooperative interactions seen for team 1 - and thus we speculate that nsp10 availability                
could be rate limiting for infection. 

Finally, it is noteworthy that no interactions were seen between any of the 12 viral proteins                
known to form part of the mature virus assembly (i.e., all proteins on the bottom third of Fig. 1).                   
This, again, highlights the overall poor state of knowledge about SARS-CoV-2 structural biology. 

Hijackers 
Our analysis found only two SARS-CoV-2 proteins with direct structural evidence of hijacking of              
human proteins. These hijackers are indicated in Fig. 1 as dark gray nodes connected via dark                
gray, dashed lines to green nodes (representing viral proteins), and are described in detail              
below. 
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Nsp3. Our analysis showed that the nsp3 PL-Pro domain may hijack the ubiquitin precursors              
UBB and UBC - both separately and in combination - as well as the ubiquitin-like ISG15. The                 
evidence for these interactions is quite strong, as it is based on experimentally derived 3D               
structures for the closely related SARS-CoV nsp3 (~82% sequence identity, E ~ 10-70-10-62).             
While it is useful that our resource makes clear the evidence for these hijackings, the               
deubiquitinating activity of coronavirus nsp3 is well known as a mechanism for innate immune              
suppression during infection (Barretto et al. 2005). A less obvious outcome of our analysis was               
finding evidence that the nsp3 PL-Pro domain may also hijack the ubiquitin-60S ribosomal             
protein L40, encoded by the UBA52 gene, thus suggesting a potentially novel mechanism by              
which host ribosomal functions may be hijacked during COVID-19 infection. Here, the evidence             
is based on a more remote match to MERS-CoV nsp3 (P0DTC1/4rf0, 29% identity), but with a                
comparable level of significance (E = 10-65). 

Spike glycoprotein. Our analysis found 16 structural states capturing the well-known hijacking of             
ACE2 by the spike glycoprotein (P0DTC2/6acg from SARS-CoV, 77% identity, E = 10-321); in              
one of these structures, ACE2 is also bound to SLC6A19 (P0DTC2/6m17 from SARS-CoV-2,             
100% identity). A less obvious outcome of our analysis was finding evidence that the spike               
glycoprotein may also hijack the cell surface glycoprotein receptor DPP4, which plays a key role               
in T-cell activation, thus suggesting a potential mechanism by which SARS-CoV-2 may defend             
itself against the host immune system. Here again, the evidence is based on a remote match to                 
the spike glycoprotein from BtCoV-HKU4 (P0DTC1/4rf0, 21% identity), but nonetheless is           
assessed to be highly significant (E = 10-45). Finally, a potentially useful feature of our analysis is                 
the identification of 68 matching structures showing the spike glycoprotein in complex with             
antibodies; by providing easy access to this wealth of structural detail on potential therapeutic              
agents, our resource may help researchers in developing antibody-based interventions for           
COVID-19. 

Mimics 
We found direct structural evidence for mimicry of human proteins in only two SARS-CoV-2              
proteins. These mimics are indicated in Fig. 1 using orange-colored nodes, and are described in               
detail below. 

Nsp3. Our analysis found that the macro domain of nsp3 may mimic the macro domains found                
in nine human proteins that each perform specific roles associated with the post-translational             
modification of proteins via ADP-ribosylation (Hottiger 2015; O’Sullivan et al. 2019). For            
example, PARP14, PARP15, and possibly PARP9 are ADP-ribose writers; GDAP2 is a reader,             
while MACROD1, MACROD2, and OARD1 completely remove ADP-ribose from D and E amino             
acids on proteins. Interestingly, in our analysis, the macro domains for all nine proteins had no                
structural evidence of direct interactions with any other host proteins. Nonetheless, some of             
these macro domains are part of multidomain proteins and have extensive interactions with             
other proteins. Two particularly interesting examples are the core histone macro-H2A.1 and            
macro-H2A.2 proteins (encoded by the MACROH2A1 and MACROH2A2 genes, respectively);          
we speculate that the nsp3 macro domain may mimic functions of these core histone proteins,               
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and thereby hijack regulation of histone modifications as part of COVID-19 infection. An ability              
to directly affect a cell’s epigenomic state could shed light on the highly variable response seen                
in patients, currently one of the key unanswered questions in COVID research (Callaway,             
Ledford, and Mallapaty 2020). In addition, PARP9 and PARP14 are known to cross-regulate             
macrophage activation (Iwata et al. 2016), one of the key steps in vascular disease. Given               
emerging evidence that COVID-19 often progresses from a respiratory illness to deadly vascular             
disorders (Varga et al. 2020), we speculate that the nsp3 macro domain mimicry of PARP9 and                
PARP14 may be a potential mechanism that contributes to these vascular disorders. 

Nsp13. Our analysis found that nsp13 (a.k.a. viral helicase) may mimic four human proteins.              
One of these, AQR, was most often found bound to the spliceosome complex (P0DTD1/6id0)              
where it plays a role in exon ligation (Zhang et al. 2019). A second potentially mimicked protein,                 
PIF1, was not found associated with any other host proteins, but, similar to AQR, has an                
intrinsic strand annealing activity. Interestingly, a very recent publication has found that some             
RNA viruses hijack host cells to create chimeric proteins that have both viral and host origin (Ho                 
et al. 2020); although not yet established for coronaviruses, we speculate that the creation of               
such chimeras may involve viral regions similar to nsp13, via mimicry of AQR or PIF1.               
Interestingly, AQR or PIF1 match to two separate domains on nsp13; by contrast, the other               
potentially mimicked proteins (IGHMBP2 and UPF1) match to both of these domains. The             
IGHMBP2 gene encodes a protein known as immunoglobulin mu-binding protein 2 (a.k.a.            
SMBP2); this protein, in turn, binds IGMH, which is the constant region of immunoglobulin              
heavy chains, thus suggesting another potential mechanism by which infection may hijack the             
cell’s immune response. The UPF1 gene encodes a protein known as the regulator of nonsense               
transcripts 1 (or RENT1), which is a key component of the nonsense-mediated mRNA decay              
pathway; this pathway can act directly against coronavirus infection (Wada et al. 2018), so viral               
mimicry of this protein to hijack its interactions may be a critical step during COVID-19 infection. 

Suspects 
This leaves 17 of the 27 viral proteins in a final group we could call ‘suspects’: i.e., proteins                  
believed to perform key roles in infection, but where there is currently no structural evidence               
showing the mechanism of hijacking, mimicry, or of interaction with other viral proteins. We              
further divided the suspects into two sub-groups, based on whether each protein had any              
matching structures; the sub-groups are described below. 

Sub-group 1. These are proteins where our analysis found at least one matching structure, but               
also did not find any mimicry, hijacking, or interactions with other viral proteins. This sub-group               
comprised nsp1, nsp2, nsp4, nsp9, nsp15, E, ORF7a, and ORF9a. This sub-group includes             
some very well studied proteins with well documented functional roles. For example, nsp5             
(a.k.a. 3CL-Pro or 3C-like protease) is believed to be the main protease responsible for cleaving               
the viral polyproteins. Unfortunately, however, there is currently no structural evidence showing            
how any of the suspect proteins interact with any other proteins (viral or host). From our                
analysis, we can not only say that these interactions have not been determined by structural               
biology method: we can make the much stronger statement that no protein-protein interactions             
involving any proteins detectably similar have been observed to date by experimental structure             
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determination methods - at least, based on the sequence-based homology modeling methods            
used in this analysis.  

Sub-group 2. These are proteins where our analysis found no matching structures - i.e.,              
structurally dark proteins - and did not find any evidence of mimicry, hijacking, or interactions               
with other viral proteins. This sub-group comprised nsp6, ORF3a protein, matrix glycoprotein            
(a.k.a. M protein), ORF6 protein, ORF8 protein, ORF10 protein, and ORF14 protein.  

As above, the lack of matching structures in this study does not just mean that these particular                 
proteins have not been determined by structural biology methods. From our analysis, we can              
conclude that the sequences of these proteins are not detectably similar to any protein that have                
been observed to date by experimental structure determination methods - at least, based on the               
sequence-based homology modeling methods used in this analysis. Thus, these proteins are            
ripe candidates for more sophisticated structure modelling methods, e.g., methods based on            
predicted residue-residue contacts combined with deep learning (e.g., Senior et al. 2020). 

In summary, our resource provides researchers with a wealth of information on the molecular              
mechanisms of COVID-19; the information can easily be accessed, and, to the best of our               
knowledge, is currently not available at other resources. The resource provides an immediate             
visual overview of what is known - and not known - about the 3D structure of the viral proteome,                   
thereby helping direct future research. An accompanying video (https://youtu.be/J2nWQTlJNaY)         
explains how to used the resource and some the novel insights gained into COVID infection.               
The COVID-19 models - together with 32,717 sequence features - are available at             
https://aquaria.ws/covid19. 

METHODS 
SARS-CoV-2 Sequences 
This study was based on the 14 protein sequences provided in UniProtKB/Swiss-Prot version             
2020_03 (released April 22, 2020; https://www.uniprot.org/statistics/) as comprising the         
SARS-CoV-2 proteome. Swiss-Prot provides polyproteins 1a and 1ab (a.k.a. pp1a and pp1ab)            
as two separate entries, both identical for the first 4401 residues; pp1a then has four additional                
residues (‘GFAV’) not in pp1ab, which has 2695 additional residues not in pp1a. Swiss-Prot also               
indicates residue positions at which the polyproteins become cleaved in the cell, resulting in 16               
protein fragments, named nsp1 though nsp16. The nsp11 fragment, which comprises the last 13              
residues of pp1a (4393–4405), concatenates with the first 919 residues of pp1b to form nsp12.               
Thus, following cleavage, the proteome comprises a final total of 27 separate proteins.  
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Sequence-to-Structure Alignments 
The 14 SARS-CoV-2 sequences were then systematically compared with sequences derived           
from all known 3D structures from all organisms, based on using all available PDB by May 30,                 
2020. 

At its core, Aquaria (O’Donoghue et al. 2015) relies on aligning sequences of unknown structure               
to sequences with known structure. Below, we describe the steps used to create the underlying               
database of protein sequence-to-structure homologies, PSSH2, which is based on HHblits           
(Steinegger et al. 2019), an alignment method employing iterative comparisons of hidden            
Markov models (HMMs). HHblits is the key method used in HHpred (Zimmermann et al. 2018),               
a fully automated server for template-based structure prediction, that was ranked best out of 79               
similar servers at the CASP9 competition in 2009 (http://bit.ly/hhblits-casp9). In later years the             
method has been integrated into other prediction tools and is now part of the CASP evaluation                
process (Abriata, Tamò, and Peraro 2019). Thus, we selected HHblits as it combines both              
speed and reliable detection of structural templates. Since the development of Aquaria, HHblits             
has seen a few updates (Steinegger et al. 2019) which have further increased its speed and                
sensitivity. Also, the non-redundant protein database provided by HHsuite, which is used to             
build sequence profiles, has been changed from UniProt20 to UniClust30, for which clusterings             
show a high consistency of functional annotation, owing to an optimised clustering pipeline             
(Mirdita et al. 2017). In order to ensure that PSSH2 has maintained its specificity and sensitivity                
compared to results published previously, we ran a validation of the alignments. Since the              
COPS database  (Suhrer et al. 2009) used previously has unfortunately been discontinued, we             
used CATH (Dawson et al. 2017) instead. In particular, we used a test data set comprising                
23,028 sequences from the CATH nr40 data set , built individual sequence profiles against             1

UniClust30 and used these profiles to search against “PDB_full”, a database of HMMs for all               
PDB sequences. We then evaluated how many false positives were retrieved at an E-value of               
10-10, where a false positive was seen to be a structure with a different CATH code at the level                   
of Homologous superfamily (H) or Topology (T). We compared the ratio of false positives              
received with HH-suite3 and UniClust30 with a similar analysis for data produced in 2017 with               
HH-suite2 and UniProt20, and found that in both cases the false positive rate was at 2.5% at the                  
homology level (H), and 1.9% at the topology level (T). The recovery rate, i.e. the ratio of                 
proteins from the CATH nr40 data (with less than 40% sequence identity) found by our method                
that have the same CATH code, was slightly higher with HH-suite3 (20.8% vs. 19.4%). 

For each sequence-to-structure, the Aquaria interface gives a pairwise sequence identity score,            
thus providing an intuitive indication of how closely related the given region of SARS-CoV-2 is to                
the sequence of the matched structure. However, to more accurately assess the quality of the               

1 The non-redundant data sets contain a non-redundant subset of CATH domains that: * have no pair of domains                   
(according to BLAST) with >= 20 or 40% sequence identity (depending on the data set chosen), over 60% overlap                   
(over the longer sequence * is as big as we could make it otherwise. -- see https://www.cathdb.info/download 
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match, Aquaria also gives an E-value, calculated by comparing two HMMs, one generated for              
each of these two sequences. 

PredictProtein Features 
To facilitate analysis of SARS-CoV-2 sequences, we enhanced the Aquaria resource to include             
PredictProtein features (Yachdav et al. 2014), thus providing a very rich set of predicted              
features for all Swiss-Protein protein sequences. In Aquaria, the PredictProtein feature           
collection is fetched directly by the browser via: 

    https://api.predictprotein.org/v1/results/molart/:uniprot_id 

 The PredictProtein feature sets used in the analysis presented in this work are specified below. 

Conservation. This feature set is generated by ConSurf (Ashkenazy et al. 2010; Celniker et al.               
2013) and estimates the evolutionary rate in protein families, based on evolutionary relatedness             
between the query protein and its homologues from UniProt using empirical Bayesian methods             
(Mayrose et al. 2004). The strength of these methods is that they rely on the phylogeny of the                  
sequences and thus can accurately distinguish between conservation due to short evolutionary            
time and conservation resulting from importance for maintaining protein foldability and function. 

Disordered Regions. This feature set gives consensus predictions generated by Meta-Disorder           
(Schlessinger and Rost 2005), which combines outputs of several structure-based disorder           
predictors (Schlessinger et al. 2009; Schlessinger, Yachdav, and Rost 2006; Schlessinger, Liu,            
and Rost 2007; Schlessinger, Punta, and Rost 2007). 

Relative B-values. This feature set predicts, for each residue, the B-factor (a.k.a. Debye–Waller             
factor (Debye 1913; Waller 1923)) that would be observed in an X-ray-derived structure. The              
predictions were generated by PROFbval (Schlessinger et al. 2006). Large B-factors are            
generally believed to indicate parts of a protein that are very flexible. 

Topology. This feature set is generated by TMSEG (Bernhofer et al. 2016), a machine learning               
model that uses evolutionary-derived information to predict regions of a protein that traverse             
membranes, as well as the subcellular locations of the complementary (non-transmembrane)           
regions. 

SNAP2 Features 
We further enhanced Aquaria to include SNAP2 features, which provides details on the             
mutational propensities for each residue position (Hecht, Bromberg, and Rost 2015). In Aquaria,             
the SNAP2 feature collection for each protein sequence is fetched directly by the browser via: 

    https://rostlab.org/services/aquaria/snap4aquaria/json.php?uniprotAcc=:uniprot_id 

Two SNAP2 feature sets were used in this work: 

Mutational Sensitivity. For each residue position, this feature set provides 20 scores indicating             
the predicted functional consequences of the position being occupied by each of the 20              
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standard amino acids. Large, positive scores (up to 100) indicate substitutions likely to have              
deleterious changes, while negative scores (down to -100) indicate no likely functional change.             
From these 20 values a single summary score is calculated based on the total fraction of                
substitutions predicted to have a deleterious effect on function, taken to be those with a score >                 
40. The summary scores are used to generate a red to blue color map, indicating residues with                 
highest to least functional importance, respectively. 

Mutational Score. This feature set is based on the same 20 scores above, but calculates the                
single summary score for each residue as the average of the individual scores for each of the                 
20 standard amino acids. 

UniProt Features 
UniProt features are curated annotations, and therefore largely complement the automatically 
generated PredictProtein features. In Aquaria, for each protein sequence, the UniProt feature 
collection is fetched fetched directly by the browser via: 

    https://www.uniprot.org/uniprot/:uniprot_id.xml 

CATH Features 
For this work, we further enhanced Aquaria to include CATH domain annotations (Dawson et al. 
2017). For most protein sequences, Aquaria fetches these annotations directly from the browser 
via: 

    https://github.com/UCLOrengoGroup/cath-api-docs    

For SARS-CoV-2 proteins, however, CATH annotations are not yet fully available via the above 
APIs. In this work, we used a pre-release version of these annotations, derived by scanning the 
UniProt pre-release sequences against the CATH-Gene3D v4.3 FunFams HMM library (Dawson 
et al. 2017; Lewis et al. 2018) using HMMsearch with inclusion thresholds cut-offs (Mistry et al. 
2013). Domain assignments were obtained using cath-resolve-hits and curated manually 
(Lewis, Sillitoe, and Lees 2019). For the SARS-CoV-2 sequences, these data are fetched 
fetched directly from the browser via:  

    https://aquaria.ws/covid19cath/P0DTC2 

Two CATH feature sets were used in this work: 

Superfamilies. These identify regions of protein sequences across a wide variety of organisms             
that are expected to have very similar 3D structure and to have general biological functions in                
common. 

Functional Families. Also known as FunFams, these domains partition each superfamily into            
subsets expected to have more specific biological functions in common (Dawson et al. 2017;              
Lewis et al. 2018).  

When examining a specific superfamily or functional family domain in Aquaria, the browser uses 
additional CATH API endpoints (see link above) to create compact, interactive data 

https://www.zotero.org/google-docs/?sj7DAS
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visualizations that give access to detailed information on the biological function and 
phylogenetic distribution of proteins containing this domain. 

Matrix Layout  
We created a web page featuring a matrix layout that summarizes the total number of structural                
matches found for each viral protein sequence, and allows navigation to the corresponding             
Aquaria page for each protein. The structures shown on the Matrix page are served as static,                
two-dimensional images to optimize page load time. They are created at three sizes: 2000              
pixels wide for extreme high-resolution displays, 1000, and 500 pixels wide. Images are saved              
in JPEG and WEBP formats to minimize file sizes, and the smallest appropriate versions are               
served based on the visitor’s display resolution and browser. 

Genome Layout 
We create an additional web page with a layout derived from the organization of the viral                
genome. Each viral protein or domain typically has many matching structures; from these, we              
selected one representative structure to highlight in Fig. 1 and in the Results section. This               
selection was primarily based on which structure had highest identity to the SARS-CoV-2             
sequence, or, in the case of matching identity, which structure had highest resolution. However,              
in some cases, representatives were chosen that did not have the highest identity, but best               
illustrated the consensus biological assembly seen across all related matching structures or            
showed the simplest assembly (e.g., for nsp7 in Fig. 1, we selected P0DTC1/3ub0, which              
showed two copies of nsp7 in complex with two copies of nsp8). 

Under the name of each viral protein, the total number of matching structures found in PSSH2                
(O’Donoghue et al. 2015), is indicated. The image of a single structure is displayed, which was                
manually selected as best representing the overall fold and oligomeric assembly. Below each             
structure, a tree is drawn to show the number of structures in which the viral sequence aligns                 
onto human proteins (via PSSH2). Below that, another tree shows the number of structures              
showing interactions between the viral protein and human proteins, DNA, RNA, antibodies, or             
inhibitory factors. When these trees are missing, none of the matching structures meet these              
criteria. These criteria were used to highlight structures that potentially show the viral protein              
mimicking human proteins and hijacking their interactions. 
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FIGURES 
Figure 1 | Overview 
Summary of all available 3D molecular structural knowledge for the viral proteome, as well as               
derived mimicry, hijacking, and protein interactions. 
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Protein 3D Models (grouped by sequence     

identity) 
 Interaction 

partners 
 Features 

 Database Identical 
(100%) 

Close 
(≥ 70%) 

Remote 
(< 70%) 

 Type Number   

Envelope protein 
(a.k.a. E protein, vemp, 
envelope small membrane 
protein) 

PDB: 
Swiss-Model: 
Aquaria: 

0 
0 
0 

1 
2 

0 
0 

 Proteins: 
DNA/RNA: 

0 
0  197 

Matrix glycoprotein 
(a.k.a. M protein, vme1) 

PDB: 
Swiss-Model: 
Aquaria: 

0 
0 
0 

0 
0 

4 
0 

     

Nucleocapsid protein 
(a.k.a. N protein, ncap) 

PDB: 
Swiss-Model: 
Aquaria: 

4 
2 
4 

2 
9 

0 
22 

 Proteins: 
DNA/RNA: 

0 
0  937 

ORF9b protein 
(a.k.a. accessory protein 
9b) 

PDB: 
Swiss-Model: 
Aquaria: 

0 
0 
0 1 

4 
0 
0 

 Proteins: 
DNA/RNA: 

0 
0  236 

ORF7a protein 
(a.k.a. accessory protein 
7a) 

PDB: 
Swiss-Model: 
Aquaria: 

1 
1 
1 2 

2 
0 
0 

 Proteins: 
DNA/RNA: 

0 
0  290 

ORF3a protein 
(a.k.a. accessory protein 
3a) 

PDB: 
Swiss-Model: 
Aquaria: 

0 
0 
0 0 

0 
2 
0 

     

ORF6 protein 
(a.k.a. accessory protein 
6) 

PDB: 
Swiss-Model: 
Aquaria: 

0 
0 
0 0 

0 
3 
0 

     

ORF8 protein 
(a.k.a. accessory protein 
8) 

PDB: 
Swiss-Model: 
Aquaria: 

0 
0 
0 0 

0 
2 
0 

     

ORF7b protein 
(a.k.a. accessory protein 
7b) 

PDB: 
Swiss-Model: 
Aquaria: 

0 0 0      

ORF10 protein PDB: 
Swiss-Model: 
Aquaria: 

0 0 0      

ORF14 protein 
(a.k.a. y14, 
uncharacterized protein) 

PDB: 
Swiss-Model: 
Aquaria: 

0 0 0      

Polyprotein 1a 
(a.k.a. replicase 1a, r1a) 

PDB: 
Swiss-Model: 
Aquaria: 

9 
11 

159 
18 

150 
8 

219 
 Proteins: 

DNA/RNA: 
45 (38) 

0  10,936 

Polyprotein 1ab 
(a.k.a. replicase 1ab, 
r1ab) 

PDB: 
Swiss-Model: 
Aquaria: 

137 
14 

179 29 
166 

12 
340 

 Proteins: 
DNA/RNA: 

163 (24) 
13 (0)  16,656 

Spike glycoprotein 
(a.k.a. S, spike) 

PDB: 
Swiss-Model: 
Aquaria: 

14 
0 

19 
4 

42 
0 

76 
 Proteins: 

DNA/RNA: 
60 (23) 

0  3,465 

 



 

Table 1 | Summarizes structure models and sequence feature information available in Aquaria COVID-19              
resource, compared with other related resources. In general, the strength of Aquaria is in providing a                
wealth of structures, especially for distant homologs. 


