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SARS-CoV-2 nonstructural protein 6 from Alpha to Omicron:
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ABSTRACT We recently reported that mutations in both the spike glycoprotein and
nonstructural protein 6 (nsp6) were associated with attenuation of the SARS-CoV-2
Omicron BA.1 variant. While mutations in spike allow evasion of neutralizing antibodies
and promote specific modes of viral entry, the role of nsp6 mutations in pathogenesis
is less clear. Nsp6 is essential for modifying the endoplasmic reticulum and generating
double-membrane vesicles, the site of viral RNA replication. To investigate the evolu-
tion of nsp6, we evaluated 91,596 high-confidence human SARS-CoV-2 whole-genome
sequences across 19 variants and lineages. While nsp6 of early variants of concern, such
as Alpha, Beta, and Gamma, carried a triple amino acid deletion (106-108, termed ASGF),
the Delta, Epsilon, and Mu lineages retained the ancestral nsp6 sequence. For nsp6 in
the emerging Omicron variants, we report a transition from an amino acid 105-107 ALSG
deletion in BA.1 to increased dominance of the ASGF in BA.2 and subsequent lineages.
Our findings indicate that deletion within nsp6 was independently selected in multiple
lineages of SARS-CoV-2, both early and late in the pandemic. Analysis of SARS-CoV-2-
related coronaviruses in bats and pangolins revealed nsp6 sequences similar to the
ancestral SARS-CoV-2 virus, indicating that the deletion in nsp6 may be an adaptation to
replication in humans. Analysis of nsp6 sequences from multiple coronaviruses predicts
a multipass transmembrane protein with a conserved C-terminal domain. Monitoring
and evaluating changes in nsp6 and other nonstructural proteins will contribute to our
understanding of factors associated with the attenuation of pandemic coronaviruses.

IMPORTANCE There is an ongoing need to evaluate genetic changes in SARS-CoV-2 for
effects on transmission and pathogenesis. We recently reported an unexpected role for
replicase component nsp6, in addition to changes in spike, in the attenuation of Omicron
BA.1. In this commentary, we document a triple-amino-acid deletion in a predicted
lumenal domain of nsp6 that was found in multiple, independent variants of SARS-CoV-2,
including all recent Omicron lineages. Furthermore, we modeled the predicted structure
of nsp6, implicating a multipass transmembrane architecture as conserved in members
of the Coronaviridae family. This information can guide future studies investigating the
role of nsp6 in the pathogenesis of existing and emerging coronaviruses. Editor J. S. Malik Peiris, University of Hong Kong,
Pokfulam, Hong Kong
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O ne major challenge of the ongoing COVID-19 pandemic is that emerging variants

of SARS-CoV-2 may escape neutralizing antibodies generated by vaccination and/or
previous infection. To date, variants of concern (VOCs) designated Alpha to Omicron Received 17 March 2023
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facilitate escape from neutralizing antibodies and can result in alternative mechanisms of
virus entry (2, 3). Additionally, changes in the nucleocapsid protein have been associated Copyright © 2023 Feng et al. This is an open-access
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Since its emergence in November 2021 in South Africa (5), the Omicron variant has
been associated with increased transmission but attenuated virulence compared to the
ancestral virus (Wuhan-Hu-1) or the Delta VOC in multiple studies of animal models
(6, 7) and human outcomes (8, 9). Prior vaccination or infection may also mitigate
the pathogenesis of emerging variants (10). However, the contributing mutations were
unknown. Recently, we reported an unexpected finding that mutations in spike and
nonstructural protein 6 (nsp6), one of the 16 non-structural proteins generated by
the proteolytic processing of the viral pplab polyprotein, were associated with the
attenuation of Omicron BA.T in K18-hACE2 mice (11). We found that the Omicron spike
alone was not sufficient to fully attenuate the virulence of SARS-CoV-2, yet the combina-
tion of both Omicron spike and Omicron nsp6 attenuated the virulence to the level
of Omicron BA.1. These findings were corroborated by a recent study that employed
chimeric combinations of Delta and Omicron variants, identifying the predominant role
of spike and nsp6 in Omicron BA.1's attenuation (12). Omicron BA.T nsp6 contains a triple
amino acid deletion (105-107, ALSG) and an amino acid substitution (1189V). Here, we
provide an updated analysis on the evolution and predicted structure and function of
SARS-CoV-2 nspé.

Nsp6 deletion mutants found in early variants enhance ER membrane
zippering

Previous studies documented a critical role of nsp6 in coronavirus replication via the
formation of an nsp3-nsp4-nsp6 complex, a pre-requisite for the biogenesis of dou-
ble-membrane vesicles (DMVs) (13-16). DMVs are the site of viral RNA synthesis for
coronaviruses (17, 18). SARS-CoV-2, like other coronaviruses, induces ER-derived DMVs as
part of the viral replication and transcription mechanisms (18-20). An elegant study by
Ricciardi and co-workers suggested that SARS-CoV-2 nsp6 is responsible for organizing
and connecting the DMVs to the ER in a process termed ER zippering (21). Interestingly,
they reported that nsp6 with a triple amino acid deletion (106-108, ASGF) found in
early VOCs (Alpha, Beta, and Gamma) conferred an increased ER-zippering activity. This
ASGF deletion partially overlaps with the 105-107 ALSG deletion in Omicron BA.1 nsp6
(Fig. 1A). We also noted that the ancestral sequence of nsp6 is maintained in the
more pathogenic Delta VOC. These observations of different nsp6 sequences in VOCs
motivated us to evaluate the evolution of nsp6 over the course of the pandemic.

Amino acid deletions in nsp6 are independently selected for human adapta-
tion

To understand SARS-CoV-2 nsp6’s evolution, we examined 91,596 human SARS-CoV-2
whole-genome sequences across 19 variants and/or lineages obtained from the Global
Initiative on Sharing Avian Influenza Data (GISAID) platform (Table S1). The nsp6 ASGF
deletion is found in early variants, including Alpha, Beta, Gamma, and later Eta, lota, and
Lambda (21), reported in 95% of the sequences. In contrast, the triple amino acid
deletion is not present in Delta, Epsilon, and Mu VOCs, where the ancestral nsp6
sequence is retained in 99.6% of these variants. The Omicron BA.1 lineage has the most
diversity in the reported sequences, with 65% ALSG, 8.5% ancestral nsp6, 0.1% ASGF, and
a surprisingly high number of sequences that would result in a frameshift in nsp6 (10.3%
5-nucleotide deletion; 4.3% 2-nucleotide deletion; 11.7% other nsp6 nucleotide changes,
n = 4,976). The 5- and 2-nucleotide deletions (~15% of BA.1 sequences) could be
sequencing or assembly errors in the consensus genomes available on GISAID. Currently,
it is unclear why these deletions are more prevalent in BA.1 genomes compared to other
Omicron sublineages. Interestingly, the ASGF nsp6 again becomes the dominant
deletion type in all Omicron VOCs from BA.2 to XBB. This deletion is reported in 78% of
BA.2, 83% in BA.2.75 sequences, and >97% in the more recent Omicron lineages. The
accession numbers for the 91,596 genomes evaluated for this study are available upon
request.
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FIG 1 Analysis of SARS-CoV-2 nsp6 reveals SGF/LSG deletions in 16 of 19 lineages. (A) Relative abundance of deletion of SGF and LSG sequences in the ancestral

SARS-CoV-2 strain (Wuhan-Hu-1) and 19 subsequent lineages. The evaluated human SARS-CoV-2 whole-genome sequences are downloaded from the Global

Initiative on Sharing Avian Influenza Data (GISAID) platform with a limit to a maximum of 5,000 sequences per variant except for Alpha and Delta, where more

(Continued on next page)
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sequences are included. Sequences are screened to be “high coverage” or “low coverage excluded,” “collection date complete,” and include those submitted from

sites around the world. The prevalence of the mutation types in each variant/lineage is shown on the right, with colors from light blue to deep pink representing

increased values. (B) Analysis using Outbreak.info documents the prevalence of mutations in the ORF1ab region across the 19 lineages (accessed on 6 January

2023). The nsp6 deletion region is highlighted in the red box. The mutation prevalence in each variant/lineage is indicated by the intensity of the purple color.

(C) Analysis of the nucleotide sequence encoding LSGF in nsp6 from viruses isolated from 19 bats and 13 pangolins. The alignment of the LSGF region is shown

in light blue. Synonymous mutations are highlighted in gray and non-synonymous in green (F to Y) and blue (F to L).

When extending our scope to evaluate all mutations in the ORFlab region, we
identified only one additional mutation retained consistently across all variants,
ORF1b:P314L in nsp12 (Fig. 1B). This mutation was reported as a co-evolution with the
spike D614G substitution (22, 23). Figure 1B also shows that Omicron variants encode
multiple mutations in ORF1ab compared to earlier lineages. The relative contribution of
individual or combined mutations in ORF1ab to the attenuation of Omicron variants
remains to be determined.

Taken together, the dominance of the nsp6 ASGF/ALSG deletion in multiple,
independent VOCs (Fig. 1; Table S1) suggests that SARS-CoV-2 nsp6 ASGF/ALSG deletions
may have been selected for viral adaptation in humans.

Nsp6 deletion mutants are not present in bat or pangolin coronaviruses

To determine if the ASGF/ALSG deletions were present in nsp6 of other SARS-like
viruses, we compared whole-genome sequences of bats and pangolins coronaviruses
to the SARS-CoV-2 reference genome (NCBI GenBank accession number NC_045512.2),
including the bat coronaviruses that share the highest nucleotide identity to human
SARS-CoV-2 (Yunnan/RaTG13/2013 and Laos/BANAL/2020) (24-27) (Fig. 1C). We show
that these bat and pangolin coronaviruses do not carry any deletion in this region of
nsp6; actually, they are quite similar to the ancestral SARS-CoV-2, with the same codons
for the 106S and 107G amino acids. Synonymous mutations at the 108" position (F) are
observed (indicated in gray color, Fig. 1C), resulting in 11 of bat (58%) and 7 of pangolin
(54%) CoV genomes with identical amino acids to that of ancestral SARS-CoV-2 nspé6. This
consistency of nsp6 in bat and pangolin coronaviruses and SARS-CoV-2 further supports
that the nsp6 deletion found in VOCs may represent an adaptation of SARS-CoV-2 to the
human host.

Predicting the topology of SARS-CoV-2 nsp6

The deletion mutations in nsp6 and its association with the attenuated Omicron
phenotype raise several questions. Exactly where is this deletion in the overall structure
of nsp6 and what function(s) are altered in the mutant? To date, there is no structural
information available for SARS-CoV-2 nsp6. Previous studies using the model murine
coronavirus, mouse hepatitis virus (MHV), revealed that nsp6 had both its termini
exposed on the cytoplasmic face of the ER membrane while spanning the lipid bilayer six
times (14, 28). Here, we analyzed the structure of nsp6 in SARS-CoV-2 with comparison
to other human coronaviruses using multiple programs: HMMTOP, SOSUI, Phobius, and
TMHMM (29-32) (Fig. 2A and C). Our analysis agreed with the six transmembrane (TM)
topologies and identified a likely hydrophobic domain (HD) as membrane-associated
in SARS-CoV-2 nsp6. All programs revealed similar helical structures for the first four
and the final TM domains. The deletion mutation (ASGF/ALSG) found in VOCs is located
within the predicted second and longest luminal loop (Fig. 2B). Further comparison
of SARS-CoV-2 nsp6 with six other human coronaviruses and MHV suggested that
the number of predicted TM domains and the likely-HD is highly conserved (Fig.
20). Interestingly, the non-SARS viruses had an overall high amino acid identity and
conserved sequence length in the C-terminal domain, while the N-terminal and middle
domains showed lower identity in amino acid sequences (Fig. 2D), suggesting that the
C-terminal domain may play an important role in nsp6 function.
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FIG 2 Analysis of predicted hydrophobic and transmembrane domains of nsp6 from seven human coronaviruses and mouse hepatitis virus (MHV).
(A) Sequences of SARS-CoV-2 nsp6 (NCBI accession number YP_009725302.1) are analyzed for the prediction of the hydrophobic domain (HD) and transmem-
brane domain (TM) using HMMTOP, SOSUI, Phobius, and TMHMM programs shown in gray boxes. The residues predicted as likely HD or TM by three of
the four programs are indicated in the yellow boxed areas. Red and green fonts represent hydrophobic and hydrophilic amino acids, respectively. (B) The
diagram illustrates a proposed model of the topology of SARS-CoV-2 nsp6. The asterisk indicates the position of LSGF residues located in between TM3
and TM4. (C) Alignment of predicted topologies for six beta coronaviruses (SARS-CoV-2, SARS-CoV [NP_828864.1], MERS-CoV [YP_009047218.1], HCoV-OC43
[YP_009924324.1], HCoV-HKU1 [YP_009944274.1], and MHV-A59 [YP_009915678.1]) and two alpha coronaviruses (HCoV-NL63 [YP_010229075.1] and HCoV-229E
[NP_073549.1]). The topologies were predicted by three of the four programs as described previously. (D) Amino acid identity in the N-terminal, middle, and

C-terminal domains of nsp6 reveals more conservation in the C-terminal domain.

Targeting nsp6 may be productive for limiting the replication of potentially emerging
coronaviruses. Previous studies point to the essential role of nsp6 in the assembly and ER
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tethering of viral replication complexes and in the recruitment of lipid droplets to DMVs,
whose association is thought to be essential for the maintenance and proliferation of
viral replication organelles (14, 16, 21). Further studies are needed to identify host factors
interacting with nsp6 during membrane zippering and DMV formation as well as to
elucidate the role of the protein C-terminal domain and luminal and cytoplasmic loops in
viral replication.

ACKNOWLEDGMENTS

This work is supported by the NIH ROT Al59945 (to S.C.B. and M.S.) and the Walder
Foundation’s Chicago Coronavirus Assessment Network (Chicago CAN) initiative (to
S.C.B.).

S.F. and A.O. collected data, performed analysis, and drafted the manuscript. All
authors critically revised the manuscript and provided intellectual contributions.

AUTHOR AFFILIATIONS

'Department of Microbiology and Immunology, Stritch School of Medicine, Loyola
University Chicago, Chicago, lllinois, USA

’Department of Biochemistry and Cell Biology, Boston University Chobanian and
Avedisian School of Medicine, Boston, Massachusetts, USA

*National Emerging Infectious Diseases Laboratories (NEIDL), Boston, Massachusetts, USA

AUTHOR ORCIDs

Shuchen Feng  http://orcid.org/0000-0002-8878-8036
Mohsan Saeed 2 http://orcid.org/0000-0001-8505-7054
Susan C. Baker (2 http://orcid.org/0000-0001-6485-8143

FUNDING

Funder Grant(s) Author(s)
HHS | National Institutes of Health Al59945 Susan C Baker
(NIH) Mohsan Saeed
The Walder Foundation Chicago Coronavirus Assess- Susan C Baker

ment Network (Chicago CAN)

AUTHOR CONTRIBUTIONS

Shuchen Feng, Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Writing — review and editing, Visualization, Writing — original draft, Writing
- review and editing | Amornrat O'Brien, Data curation, Formal analysis, Methodology,
Writing — review and editing, Visualization, Writing — original draft | Da-Yuan Chen,
Writing - review and editing | Mohsan Saeed, Writing — original draft, Writing - review
and editing | Susan C. Baker, Funding acquisition, Writing — review and editing

ADDITIONAL FILES
The following material is available online.
Supplemental Material

Table S1 (mBio00688-23-S0001.eps). Sequence types of the nsp6 deletion region across
19 SARS-CoV-2 variants and/or lineages.

REFERENCES
1. Centers for Disease Control and Prevention. 2023. SARS-CoV-2 variant 2. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison

classifications and definitions. Available from: https://www.cdc.gov/ EM, Ludden C, Reeve R, Rambaut A, , Peacock SJ, Robertson DL. 2021.
coronavirus/2019-ncov/variants/variant-classifications.html

July/August Volume 14  Issue 4 10.1128/mbio.00688-23 6


https://doi.org/10.1128/mbio.00688-23
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://doi.org/10.1128/mbio.00688-23

Observation

July/August Volume 14

SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev
Microbiol 19:409-424. https://doi.org/10.1038/541579-021-00573-0
Jackson CB, Farzan M, Chen B, Choe H. 2022. Mechanisms of SARS-CoV-2
entry into cells. Nat Rev Mol Cell Biol 23:3-20. https://doi.org/10.1038/
s41580-021-00418-x

Syed AM, Taha TY, Tabata T, Chen IP, Ciling A, Khalid MM, Sreekumar B,
Chen P-Y, Hayashi JM, Soczek KM, Ott M, Doudna JA. 2021. Rapid
assessment of SARS-CoV-2-evolved variants using virus-like particles.
Science 374:1626-1632. https://doi.org/10.1126/science.abl6184

World Health Organization (WHO). 2021 Classification of Omicron
(B.1.1.529): SARS-CoV-2 variant of concern. Available from: https://www.
who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-
sars-cov-2-variant-of-concern

Halfmann PJ, lida S, Iwatsuki-Horimoto K, Maemura T, Kiso M, Scheaffer
SM, Darling TL, Joshi A, Loeber S, Singh G, Foster SL, Ying B, Case JB,
Chong Z, Whitener B, Moliva J, Floyd K, Ujie M, Nakajima N, Ito M, Wright
R, Uraki R, Warang P, Gagne M, Li R, Sakai-Tagawa Y, Liu Y, Larson D,
Osorio JE, Hernandez-Ortiz JP, Henry AR, Ciuoderis K, Florek KR, Patel M,
Odle A, Wong L-Y, Bateman AC, Wang Z, Edara V-V, Chong Z, Franks J,
Jeevan T, Fabrizio T, DeBeauchamp J, Kercher L, Seiler P, Gonzalez-Reiche
AS, Sordillo EM, Chang LA, van Bakel H, Simon V, Consortium Mount
Sinai Pathogen Surveillance (PSP) study group, Douek DC, Sullivan NJ,
Thackray LB, Ueki H, Yamayoshi S, Imai M, Perlman S, Webby RJ, Seder
RA, Suthar MS, Garcia-Sastre A, Schotsaert M, Suzuki T, Boon ACM,
Diamond MS, Kawaoka Y. 2022. SARS-CoV-2 Omicron virus causes
attenuated disease in mice and hamsters. Nature 603:687-692. https://
doi.org/10.1038/541586-022-04441-6

van Doremalen N, Singh M, Saturday TA, Yinda CK, Perez-Perez L, Bohler
WF, Weishampel ZA, Lewis M, Schulz JE, Williamson BN, Meade-White K,
Gallogly S, Okumura A, Feldmann F, Lovaglio J, Hanley PW, Shaia C,
Feldmann H, de Wit E, Munster VJ, Rosenke K. 2022. SARS-CoV-2
Omicron BA.1 and BA.2 are attenuated in rhesus macaques as compared
to Delta. Sci Adv 8:eade1860. https://doi.org/10.1126/sciadv.ade1860
Nyberg T, Ferguson NM, Nash SG, Webster HH, Flaxman S, Andrews N,
Hinsley W, Bernal JL, Kall M, Bhatt S, Blomquist P, Zaidi A, Volz E, Aziz NA,
Harman K, Funk S, Abbott S, COVID-19 Genomics UK (COG-UK)
consortium, Hope R, Charlett A, Chand M, Ghani AC, Seaman SR, Dabrera
G, De Angelis D, Presanis AM, Thelwall S. 2022. Comparative analysis of
the risks of hospitalisation and death associated with SARS-CoV-2
Omicron (B.1.1.529) and Delta (B.1.617.2) variants in England: a cohort
study. Lancet 399:1303-1312. https://doi.org/10.1016/S0140-
6736(22)00462-7

Lewnard JA, Hong VX, Patel MM, Kahn R, Lipsitch M, Tartof SY. 2022.
Clinical outcomes associated with SARS-CoV-2 Omicron (B.1.1.529)
variant and BA.1/BA.1.1 or BA.2 subvariant infection in Southern
California. Nat Med 28:1933-1943. https://doi.org/10.1038/s41591-022-
01887-z

Wong JY, Cheung JK, Lin Y, Bond HS, Lau EHY, Ip DKM, Cowling BJ, Wu P.
2023. Intrinsic and effective severity of COVID-19 cases infected with the
ancestral strain and Omicron BA.2 variant in Hong Kong. J Infect
Dis:jiad236. https://doi.org/10.1093/infdis/jiad236

Chen D-Y, Chin CV, Kenney D, Tavares AH, Khan N, Conway HL, Liu G,
Choudhary MC, Gertje HP, O'Connell AK, Adams S, Kotton DN, Herrmann
A, Ensser A, Connor JH, Bosmann M, Li JZ, Gack MU, Baker SC, Kirchdoer-
fer RN, Kataria Y, Crossland NA, Douam F, Saeed M. 2023. Spike and Nsp6
are key determinants of SARS-CoV-2 Omicron BA.1 attenuation. Nature
615:143-150. https://doi.org/10.1038/5s41586-023-05697-2

Taha TY, Chen IP, Hayashi JM, Tabata T, Walcott K, Kimmerly GR, Syed AM,
Ciling A, Suryawanshi RK, Martin HS, Bach BH, Tsou C-L, Montano M,
Khalid MM, Sreekumar BK, Renuka Kumar G, Wyman S, Doudna JA, Ott
M. 2023. Rapid assembly of SARS-CoV-2 genomes reveals attenuation of
the Omicron BA.1 variant through NSP6. Nat Commun 14:2308. https://
doi.org/10.1038/541467-023-37787-0

Knoops K, Kikkert M, Worm S van den, Zevenhoven-Dobbe JC, van der
Meer Y, Koster AJ, Mommaas AM, Snijder EJ. 2008. SARS-Coronavirus
replication is supported by a reticulovesicular network of modified
endoplasmic reticulum. PLoS Biol 6:€226. https://doi.org/10.1371/
journal.pbio.0060226

Angelini MM, Akhlaghpour M, Neuman BW, Buchmeier MJ. 2013. Severe
acute respiratory syndrome Coronavirus nonstructural proteins 3, 4, and
6 induce double-membrane vesicles. mBio 4:e00524-13. https://doi.org/
10.1128/mBi0.00524-13

Issue 4

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

mBio

Mihelc EM, Baker SC, Lanman JK. 2021. Coronavirus infection induces
progressive restructuring of the endoplasmic reticulum involving the
formation and degradation of double membrane vesicles. Virology
556:9-22. https://doi.org/10.1016/j.virol.2020.12.007

Oostra M, Hagemeijer MC, van Gent M, Bekker CPJ, te Lintelo EG, Rottier
PJM, de Haan CAM. 2008. Topology and membrane anchoring of the
Coronavirus replication complex: not all hydrophobic domains of Nsp3
and Nsp6 are membrane spanning. J Virol 82:12392-12405. https://doi.
org/10.1128/JV1.01219-08

Gosert R, Kanjanahaluethai A, Egger D, Bienz K, Baker SC. 2002. RNA
replication of mouse hepatitis virus takes place at double-membrane
vesicles. J Virol 76:3697-3708. https://doi.org/10.1128/jvi.76.8.3697-
3708.2002

Snijder EJ, Limpens R, de Wilde AH, de Jong AWM, Zevenhoven-Dobbe
JC, Maier HJ, Faas F, Koster AJ, Barcena M. 2020. A unifying structural and
functional model of the Coronavirus replication organelle: tracking
down RNA synthesis. PLoS Biol 18:@3000715. https://doi.org/10.1371/
journal.pbio.3000715

Cortese M, Lee J-Y, Cerikan B, Neufeldt CJ, Oorschot VMJ, Kohrer S,
Hennies J, Schieber NL, Ronchi P, Mizzon G, Romero-Brey |, Santarella-
Mellwig R, Schorb M, Boermel M, Mocaer K, Beckwith MS, Templin RM,
Gross V, Pape C, Tischer C, Frankish J, Horvat NK, Laketa V, Stanifer M,
Boulant S, Ruggieri A, Chatel-Chaix L, Schwab Y, Bartenschlager R. 2020.
Integrative imaging reveals SARS-CoV-2-induced reshaping of
subcellular morphologies. Cell Host Microbe 28:853-866. https://doi.
org/10.1016/j.chom.2020.11.003

Twu W-I, Lee J-Y, Kim H, Prasad V, Cerikan B, Haselmann U, Tabata K,
Bartenschlager R. 2021. Contribution of autophagy machinery factors to
HCV and SARS-CoV-2 replication organelle formation. Cell Rep
37:110049. https://doi.org/10.1016/j.celrep.2021.110049

Ricciardi S, Guarino AM, Giaquinto L, Polishchuk EV, Santoro M, Di Tullio
G, Wilson C, Panariello F, Soares VC, Dias SSG, Santos JC, Souza TML,
Fusco G, Viscardi M, Brandi S, Bozza PT, Polishchuk RS, Venditti R, De
Matteis MA. 2022. The role of Nsp6 in the biogenesis of the SARS-CoV-2
replication organelle. Nature 606:761-768. https://doi.org/10.1038/
s41586-022-04835-6

Biswas SK, Mudi SR. 2020. Spike protein D614G and RdRp P323L: the
SARS-CoV-2 mutations associated with severity of COVID-19. Genomics
Inform 18:e44. https://doi.org/10.5808/Gl.2020.18.4.e44

Volz E, Hill V, McCrone JT, Price A, Jorgensen D, O'Toole A, Southgate J,
Johnson R, Jackson B, Nascimento FF, Rey SM, Nicholls SM, Colquhoun
RM, da Silva Filipe A, Shepherd J, Pascall DJ, Shah R, Jesudason N, Li K,
Jarrett R, Pacchiarini N, Bull M, Geidelberg L, Siveroni I, COG-UK
Consortium, Goodfellow I, Loman NJ, Pybus OG, Robertson DL, Thomson
EC, Rambaut A, Connor TR. 2021. Evaluating the effects of SARS-CoV-2
spike mutation D614G on transmissibility and pathogenicity. Cell
184:64-75. https://doi.org/10.1016/j.cell.2020.11.020

Wacharapluesadee S, Tan CW, Maneeorn P, Duengkae P, Zhu F, Joyjinda
Y, Kaewpom T, Chia WN, Ampoot W, Lim BL, Worachotsueptrakun K,
Chen V-W, Sirichan N, Ruchisrisarod C, Rodpan A, Noradechanon K,
Phaichana T, Jantarat N, Thongnumchaima B, Tu C, Crameri G, Stokes
MM, Hemachudha T, Wang L-F. 2021. Evidence for SARS-CoV-2 related
Coronaviruses circulating in bats and pangolins in Southeast Asia. Nat
Commun 12:1430. https://doi.org/10.1038/541467-021-21768-2

Zhou H, JiJ, Chen X, Bi Y, Li J, Wang Q, Hu T, Song H, Zhao R, Chen Y, Cui
M, Zhang Y, Hughes AC, Holmes EC, Shi W. 2021. Identification of novel
bat coronaviruses sheds light on the evolutionary origins of SARS-CoV-2
and related viruses. Cell 184:4380-4391. https://doi.org/10.1016/j.cell.
2021.06.008

Temmam S, Vongphayloth K, Baquero E, Munier S, Bonomi M, Regnault
B, Douangboubpha B, Karami Y, Chrétien D, Sanamxay D, Xayaphet V,
Paphaphanh P, Lacoste V, Somlor S, Lakeomany K, Phommavanh N, Pérot
P, Dehan O, Amara F, Donati F, Bigot T, Nilges M, Rey FA, van der Werf S,
Brey PT, Eloit M. 2022. Bat Coronaviruses related to SARS-CoV-2 and
infectious for human cells. Nature 607:E19. https://doi.org/10.1038/
s41586-022-05048-7

Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, Si H-R, Zhu Y, Li B,
Huang C-L, Chen H-D, Chen J, Luo Y, Guo H, Jiang R-D, Liu M-Q, Chen Y,
Shen X-R, Wang X, Zheng X-S, Zhao K, Chen Q-J, Deng F, Liu L-L, Yan B,
Zhan F-X, Wang Y-Y, Xiao G-F, Shi Z-L. 2020. A pneumonia outbreak
associated with a new Coronavirus of probable bat origin. Nature
579:270-273. https://doi.org/10.1038/541586-020-2012-7

10.1128/mbio.00688-23 7


https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1126/science.abl6184
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://doi.org/10.1038/s41586-022-04441-6
https://doi.org/10.1126/sciadv.ade1860
https://doi.org/10.1016/S0140-6736(22)00462-7
https://doi.org/10.1038/s41591-022-01887-z
https://doi.org/10.1093/infdis/jiad236
https://doi.org/10.1038/s41586-023-05697-2
https://doi.org/10.1038/s41467-023-37787-0
https://doi.org/10.1371/journal.pbio.0060226
https://doi.org/10.1128/mBio.00524-13
https://doi.org/10.1016/j.virol.2020.12.007
https://doi.org/10.1128/JVI.01219-08
https://doi.org/10.1128/jvi.76.8.3697-3708.2002
https://doi.org/10.1371/journal.pbio.3000715
https://doi.org/10.1016/j.chom.2020.11.003
https://doi.org/10.1016/j.celrep.2021.110049
https://doi.org/10.1038/s41586-022-04835-6
https://doi.org/10.5808/GI.2020.18.4.e44
https://doi.org/10.1016/j.cell.2020.11.020
https://doi.org/10.1038/s41467-021-21768-2
https://doi.org/10.1016/j.cell.2021.06.008
https://doi.org/10.1038/s41586-022-05048-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1128/mbio.00688-23

Observation

28.

29.

30.

July/August Volume 14

Baliji S, Cammer SA, Sobral B, Baker SC. 2009. Detection of nonstructural
protein 6 in murine Coronavirus-infected cells and analysis of the
transmembrane topology by using bioinformatics and molecular
approaches. J Virol 83:6957-6962. https://doi.org/10.1128/JV1.00254-09
Tusnady GE, Simon . 2001. The HMMTOP transmembrane topology
prediction server. Bioinformatics 17:849-850. https://doi.org/10.1093/
bioinformatics/17.9.849

Hirokawa T, Boon-Chieng S, Mitaku S. 1998. SOSUI: classification and
secondary structure prediction system for membrane proteins.

Issue 4

31.

32.

mBio

Bioinformatics 14:378-379. https://doi.org/10.1093/bioinformatics/14.4.
378

Kall L, Krogh A, Sonnhammer ELL. 2004. A combined transmembrane
topology and signal peptide prediction method. J Mol Biol 338:1027-
1036. https://doi.org/10.1016/j,jmb.2004.03.016

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. 2001. Predicting
transmembrane protein topology with a hidden Markov model:
application to complete genomes. J Mol Biol 305:567-580. https://doi.
org/10.1006/jmbi.2000.4315

10.1128/mbio.00688-23 8


https://doi.org/10.1128/JVI.00254-09
https://doi.org/10.1093/bioinformatics/17.9.849
https://doi.org/10.1093/bioinformatics/14.4.378
https://doi.org/10.1016/j.jmb.2004.03.016
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1128/mbio.00688-23

	SARS-CoV-2 nonstructural protein 6 from Alpha to Omicron: evolution of a transmembrane protein

