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A B S T R A C T

The envelope (E) protein is present in all coronavirus genera. This protein can form pentameric oligomers with 
ion channel activity which have been proposed as a possible therapeutic target. However, high resolution 
structures of E channels are limited to those of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV- 
2), responsible for the recent COVID-19 pandemic. In the present work, we used Alphafold-2 (AF2), in ColabFold 
without templates, to predict the transmembrane domain (TMD) structure of six E-channels representative of 
genera alpha-, beta- and gamma-coronaviruses in the Coronaviridae family. High-confidence models were pro
duced in all cases when combining multiple sequence alignments (MSAs) obtained from DeepMSA2. Overall, AF2 
predicted at least two possible orientations of the α-helices in E-TMD channels: one where a conserved polar 
residue (Asn-15 in the SARS sequence) is oriented towards the center of the channel, ‘polar-in’, and one where 
this residue is in an interhelical orientation ‘polar-inter’. For the SARS models, the comparison with the two 
experimental models ‘closed’ (PDB: 7K3G) and ‘open’ (PDB: 8SUZ) is described, and suggests a ~60̊ α-helix 
rotation mechanism involving either the full TMD or only its N-terminal half, to allow the passage of ions. While 
the results obtained are not identical to the two high resolution models available, they suggest various confor
mational states with striking similarities to those models. We believe these results can be further optimized by 
means of MSA subsampling, and guide future high resolution structural studies in these and other viral channels.

1. Introduction

Coronaviruses (CoVs) have the largest genomes among vertebrate 
animal RNA viruses. CoVs belong to the order nidovirales and the family 
coronaviridae [1] and are distributed into four genera: alpha-, beta-, 
gamma- and delta-CoV. CoVs cause a variety of diseases, e.g., respira
tory, gastrointestinal and neurological, in mammalian and avian species. 
Of the seven human CoVs (hCoVs) identified, four are endemic and 
cause ~20 % of cases of common cold [2], whereas three beta-CoV are 
highly pathogenic: Severe Acute Respiratory Syndrome-CoV (SAR
S-CoV), Middle East Respiratory Syndrome-CoV (MERS-CoV) [3–5] and 
SARS-CoV-2 [6], appearing in 2003, 2012 and 2019, respectively. CoVs 
also cause severe and fatal diseases in animals such as alpha-CoV swine 
transmissible gastroenteritis virus (TGEV), feline CoV (FCoV) and 
gamma-CoV avian infectious bronchitis virus (IBV)[7]. TGEV and IBV 
are recognised as pathogens of international importance in the World 
Organization for Animal Health (WOAH) list of diseases [8].

CoVs are enveloped, non-segmented, single-stranded positive-sense 
RNA viruses with genomes 25–32 kb in length. They have six 

conserved open reading frames (ORF). The first two-thirds of the 
genome contains ORF1a and ORF1b, encoding the replicase/transcrip
tase proteins [1]. These are synthesized as two large polyproteins, pp1a 
and pp1ab, which are processed by viral proteases to generate 15 or 16 
nsps in CoVs, which form the membrane-bound replication and tran
scription complex [9]. The remaining one-third of the genome encodes 
mainly four structural proteins: spike (S), envelope (E), membrane (M), 
nucleocapsid (N), and species-specific accessory proteins [10].

CoV envelope E proteins are about 100 residues long (e.g., 75 in 
SARS-CoV-2 and 109 in IBV), have a single TM domain and form olig
omeric channels [11–25] that are potential antiviral drug targets [26]. 
In SARS, E protein localizes to the endoplasmic reticulum–Golgi inter
mediate compartment (ERGIC) of infected cells [23]. In SARS-2 and 
SARS, the single transmembrane domain (TMD) has identical sequences, 
and the N- and C-terminal tails are exposed luminally and cytoplasmi
cally, respectively. Other E proteins have a similar topology [23,27]
although in TGEV (group alpha) the topology is the opposite in infected 
cells [28–30].

In the better-studied SARS-CoV E protein (SARS E hereafter), 
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channel activity is a virulence factor, as shown by the effect of channel- 
inactivating mutations, e.g., N15A, on a mouse-adapted SARS virus, 
which increased survival and reduced lung edema and proinflammatory 
cytokine levels [17]. Enhanced membrane permeability has been 
observed in bacterial and mammalian cells, or in in vitro systems, for 
MERS E [31], MHV E [32], SARS-CoV E [33], or human coronavirus 
229E and IBV [12,13].

The SARS E-TMD forms pentameric oligomers in perfluorooctanoic 
acid (PFO) gels [34] and in ERGIC-like lipid membranes, as shown using 
19F spin diffusion solid-state NMR [35], and also in C14-betaine deter
gent [14,36–38]. More recently, the mass difference between lipidic 
nanodiscs reconstituted with full-length (FL) SARS-2 E protein and 
empty ones was reported to be consistent with an E protein pentameric 
oligomer [39].

The structure of the TMD channel of SARS-2 E protein (SARS E-TMD) 
was first obtained at high resolution in lipid membranes using solid-state 
NMR (PDB: 73KG) [40]. In this model, the channel lumen was reported 
to be dehydrated and described as being in a ‘closed’ conformation, with 
a radius of 2 Å in the narrowest section. The orientation of a pore-facing 
asparagine (Asn-15) was in agreement with previous structural models 
obtained in detergent and from lower-resolution techniques [21,41,42]
as well as with the electrophysiological findings that mutation N15A 
completely abolishes channel activity [11,19]. Another structure for the 
SARS E-TMD channel was obtained later at a relatively low pH and high 
calcium concentration (PDB: 8SUZ), which was supposed to mimic the 
ERGIC and lysosomal environment experienced by the E protein in the 
cell. The data was consistent with a more ‘open’ conformation of the 
channel [43,44], with Asn-15 facing the lipid phase. However, we note 
that black lipid membrane (BLM) measurements show that no acidifi
cation is required for the channel of both SARS-2 E and SARS E proteins 
to be functional [38]. In the closed conformation, Phe-20 and Phe-26 
interacted with residues Leu-19 and Leu-27, respectively, of neigh
bouring helices, whereas in the open conformation, the three Phe resi
dues in ETM were oriented towards the lipid phase.

Since AF2 has been used successfully to predict the structure of other 
membrane proteins [45], given the lack of structural information for 
other CoV E proteins in other coronavirus groups, in the present paper 
we have used AlphaFold-2 (AF2) to predict the structure of the coro
navirus E channel. In preliminary runs to predict oligomers, we observed 
that only the TMD showed relatively high confidence scores (not 
shown), therefore we focused on this part of the protein only. We used 
the TMD sequences equivalent to E7-K38 (32 residues) in the SARS E 
protein sequence, with the same stretch and sequence length for the 
TMD of other CoV E proteins (see Fig. 1). Prediction was helped by 
extracting large multiple sequence alignments (MSAs) using DeepMSA2, 
and combining them before assuming that in all cases the channels share 
a common backbone structure. Following this, the minimum set of 

sequences necessary to produce reliable models was obtained. The re
sults suggest that in most cases at least two conformational states are 
predicted which seem to be common to all channels tested. Comparison 
with the two SARS high resolution models available is discused.

2. Materials and methods

2.1. Sequences of TMDs used

For the AF2 predictions, we used representative TMDs for the genus 
alpha, species alphacoronavirus 1 (FCoV and TGEV), three TMDs from 
the genus beta (species MHV, MERS and SARS) and one from the genus 
gamma (species IBV) (Fig. 1). From the alpha coronavirus genus, we 
used TGEV E (82 residues, ABG89336.1) [46] and FCoV E (82 residues, 
ASU62503.1). From beta-coronaviruses, we used the subgenus Sarbe
covirus SARS-CoV E (76 residues, AAP51230.1[47]), which shares the 
same TMD with SARS-CoV-2 E (75 residues), and subgenus Merbeco
virus MERS-CoV E, 82 residues, YP_007188584.1)[48] and MHV E (83 
residues, AAC36596.1)[49]. Lastly, from the gamma-coronaviruses, we 
used IBV E (109 residues, AAO33465.1)[50]. These same E sequences 
were used as a query for DeepMSA2 [51], before extracting only the 
residues encompassing the TMD, equivalent to 7–38 in SARS-CoV E 
(Fig. 1).

2.2. Structure prediction

Structure prediction of pentameric channels encompassing the TMD 
was obtained in both a local AF2 installation and a ColabFold notebook. 
However, since no significant differences were observed between the 
results obtained with the two methods, we tested the effect of custom 
MSAs only on ColabFold.

2.2.1. Local AF2 installation
The TMD channel structure using the sequences in Fig. 1 was pre

dicted with a local installation of AF2 (commit 7c9114c, 10 August 
2023) [52] using the multimer mode [53] with full dataset and 5 seeds, 
selecting the top-ranked model.

2.2.2. ColabFold notebook
ColabFold (ColabFold v1.5.5: AlphaFold2 [52,54]) used the param

eters, unless otherwise specified: no templates, 6 recycles (forced to 
complete 6 with ‘recycle_early_stop_tolerance = 0’) and 4 seeds (5 
models each), which resulted in a total of 20 models for each prediction. 
The last model after each 6 recycles was used. For each prediction run, 
three scores were extracted from each model using a custom Perl script: 
(i) predicted local distance difference test (pLDDT), (ii) predicted 
TM-score (pTM) and (iii) interface predicted template modelling 
(ipTM). The latter measures the accuracy of the predicted interface be
tween the subunits of a complex. Since we observed a high correlation 
between pLDDT and the average between pTM and ipTM (r2 > 0.95, in 
all cases) (Supplementary Fig. S1A), the quality of the models was more 
conveniently visualized with a single score (‘score’) obtained by 
combining the three individual scores: [pLDDT/100 + (pTM +

ipTM)/2]/2. As a guideline, we established an arbitrary cut-off of 80 % 
for this score, above which models were considered ‘reliable’. With 
equal value for the three parameters, this is achieved with pLDDT of 
80 %, and pTM and ipTM of 0.8.

2.2.3. MSA-1
For ColabFold, we initially used the default MMseqs2 multiple 

sequence alignment (MSA) with the TMD sequences in Fig. 1 as input 
(the resulting MSA is referred to as ‘MSA-1’). In some cases, the number 
of sequences in the MSA was too small for a reliable prediction (<30) 
[55], but in other cases the number of sequences was sufficiently high (e. 
g., 90 sequences in the MSA for IBV TMD) (see Fig. 2).

Fig. 1. Representative CoV E TMD sequences used for AF2 prediction. 
Acidic residues (red), basic residues (blue) and a conserved polar residue 
(highlighted yellow) are indicated, to visualize the similarity between the se
quences: E proteins tend to have negatively charged residues at the N-terminal 
side, and basic residues on the C-terminal side at juxtamembrane positions. It is 
also noted that one of the two mutations that completely inactivate the channel 
is Asn-15 in SARS, and a polar residue at this or equivalent position is conserved 
in most E proteins. This residue has been used as indicator to preliminarily 
visualise the orientation of the bundles (see next sections).
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2.2.4. MSA-2
The default MMseqs2 in ColabFold was also used to generate a 

custom MSA using E-FL as input. Afterwards, the resulting E-FL MSAs 
were cropped with Jalview to include just the TMD [56]. Alignments 
were polished by removing redundant sequences and sequences having 
excessive gaps and shorter fragments accounting for less than 50 % of 
the TMD, after Muscle [57] or ClustalWS [58], used with defaults. This 
method that used E-FL as input for ColabFold produced slightly longer 
MSAs than MSA-1, and is referred to as ‘MSA-2’ (Fig. 2).

2.2.5. MSA-3
A third type of MSA was obtained from DeepMSA (version 2) [51], a 

hierarchical approach that creates high-quality MSAs using both ge
nomes and metagenomes [51,59]. Here, we used the E-FL sequences as a 
query. As with MSA-2 (2.2.2b), the MSAs were trimmed to include just 
the TMD after further alignment and removal of redundancies and 
truncated TMD sequences. This method resulted in longer MSAs than 
MSA-1 or MSA-2, and is referred to as ‘MSA-3’(Fig. 2).

2.2.6. Finally
other forms of MSA were obtained by combining the individual MSAs 

obtained for each of the six sequences (SARS, TGEV, MHV, FCoV, MERS 
and IBV), assuming the backbone structure of their channels is the same. 
For example, combining the six individual MSA-1 with the six individual 
MSA-3. This was referred to as ‘MSA-4’.

2.2.3 For each prediction, the best models were sorted by the pre
dicted template modelling (pTM) score (0− 1). pTM is based on a su
perposition of the predicted structure and an hypothetical true structure, 
where pTM > 0.5 means high similarity. The pLDDT (predicted local 
distance difference test) is a per-residue confidence score (>90 = high 
confidence, and >50 = low confidence)[60,61]. Regions with pLDDT 
> 90 are expected to be modelled with high accuracy, whereas regions 
with pLDDT < 50 may represent an unstructured region or only struc
tured as part of a complex. The predicted aligned error (PAE) (measured 
in Ångströms and capped at 31.75 Å) indicates the expected positional 
error at residue x if the predicted and actual structures are aligned on 
residue y. Thus, low PAE values (colored generally in blue in a PAE plot) 
between two domains or subunits represent well-defined relative posi
tions and orientations of these two bodies. Each model was energy 
minimized by OpenMM/Amber (relax_amber.ipynb), using default 
values 2000 max_iterations, tolerance 2.39 and stiffness 10 [54]. 
Graphical representation was performed in Chimera X [62,63] and 
channel lumenal volume and residue accessibility was obtained with the 
program HOLE [64]. From the HOLE output, a list of atoms closest to the 
pore centre were extracted and the corresponding residues were inter
preted as hole-facing after manual confirmation.

2.3. Evolutionary tree

An evolutionary tree of TMD sequences in MSA-4 was calculated in 
Jalview using neighbor joining and BLOSUM62. This tree was used to 
identify the smaller subsets of sequences that would produce optimal 
results for AF2 structure prediction in ColabFold.

2.4. Helix rotational orientation comparisons

The orientation of the different amino acids respect to the centre of 
the helical bundle (pore) was obtained using a custom Perl script. First, 
PDB files were reoriented so that the central axis of the α-helical bundle 
was fully aligned with the Z axis (coordinates 0, 0, z), where all C––O 
bonds point down. After parsing the file and recording all α-carbon (CA) 
coordinates, the orientation ω for a specific residue X with coordinate CA 
was obtained as follows. A line was obtained between the CA geomet
rical average of four residues before residue X and the following four 
residues, forming a ‘local’ helix axis. A point H along this line, sharing 
the same Z coordinate as the CA of residue X was defined as the centre of 
the local helix segment, whereas a point C along (0, 0, z) with the same Z 
coordinate, was defined as the center of the bundle. Angle ω was 
calculated between vectors H-CA and H-C. Residues with CA facing 
exactly the centre of the bundle were defined to have ω = 0◦ whereas 
residues facing away from it were defined to have ω = 180◦. A positive 
rotation was defined as being clockwise from 0◦ (see schematic in 
Fig. 5C). The angles corresponding to the same residue in the five helices 
were averaged.

3. RESULTS

3.1. Structure prediction using AF2

The structure of channels formed by E protein TMDs were predicted 
first with ColabFold. Using each representative TMD (Fig. 1) as input, a 
default MSA (MSA-1) for each sequence was generated by MMSeqs2 
(MSA_mode: mmseqs2_uniref_env) with MSA lengths shown in Fig. 2. 
However, with this approach, the quality scores for the obtained models 
were only barely acceptable for the two sequences corresponding to 
alpha-CoV (TGEV and FCoV, see Fig. 3A), and only one model (FCoV) 
attained a score higher than the 0.8 cut-off. When we used ColabFold 
with a custom MSA (MSA-2, which is derived from E-FL)(see Methods 
section), MSA length improved significantly only for TGEV (Fig. 2) but 
model quality scores only improved for FCoV and TGEV (Fig. 3B). Re
sults were not better when a local AF2 installation was used (Fig. 3C).

In an attempt to improve the confidence of the predictions, we 
assumed that all the pentameric channels formed by the sequences in 
Fig. 1 share a similar backbone structure, and thus we combined MSA-1 
for all six sequences. Using this strategy, only a marginal improvement 
was observed in MERS and MHV, but except in the case of FCoV and 
TGEV, no models reached the cut-off level of 0.8 (Fig. 3D). Nevertheless, 
this marginal improvement suggested that a combination of MSAs might 
produce optimal results.

3.2. DeepMSA2

We then used DeepMSA2 [51,59] in an attempt to use even more 
diverse sequences. In most cases, these MSAs (MSA-3) contained more 
sequences than those obtained from MMseqs2, i.e., MSA-1 or MSA-2 
(Fig. 2). Despite of this, results only improved significantly for IBV, 
with about half of the models scoring above the cut-off (Fig. 3E), 
consistent with the much larger number of sequences in MSA-3 for this 
sequence (Fig. 2). We then, as in Fig. 3D, assumed a common backbone 
structure for the channel model of all six sequences, and combined all six 
MSA-1 and all six MSA-3 to form a new MSA (MSA-4) that contained 
almost 800 sequences after removing redundancies. This combined 
MSA, common to all six sequences, produced excellent results for SARS, 

Fig. 2. Number of sequences in MSAs obtained by three different methods. 
MSA-1 (blue), MSA-2 (green) and MSA-3 (red).

J. Torres et al.                                                                                                                                                                                                                                   Computational and Structural Biotechnology Journal 23 (2024) 3730–3740 

3732 



MERS, MHV and IBV, especially for SARS and IBV where more than half 
of the models scored above the cut-off (Fig. 3F). However, results 
worsened for the alpha-CoV sequences (FCoV and TGEV, especially for 
the former). We speculate that the different behavior of these two se
quences may be related to their proposed opposed topology [28–30].

3.3. Minimal set of sequences in the MSA

Interestingly, a substantial fraction (~80 %) of the MSA-3 sequences 
derived from DeepMSA-2 were not related to CoV E proteins, or even to 
viral proteins. To test if using only sequences related to E protein would 
improve prediction quality, we extracted all E-related sequences in the 
six MSA-1 (215 sequences) and in the six MSA-3 (130 sequences). 

Fig. 3. Scores results obtained using various MSAs. (A) individual MSA-1; (B) individual MSA-2; (C) local AF2; (D) combined MSA-1; (E) individual MSA-3; (F) 
combined all MSA-1 and MSA-3 (MSA-4).
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Neither using only E-related sequences found in MSA-3 or all E-related 
sequences found in MSA-4 resulted in satisfactory results (Fig. S2). Since 
(i) a high percentage of the MSA-3 sequences are not related to E pro
teins and (ii) we obtained an optimal result using the combination MSA- 

4 (788 sequences) (Fig. 3F), we tried to identify the minimal number of 
sequences in the MSA-4 required to obtain optimal results. Thus, we 
clustered the sequences in MSA-4 based on closeness to CoV-E se
quences, and we started considering the branch of the tree containing 

Fig. 4. Prediction for increasing number of sequences in the combined MSA-4. Scores corresponding to the 20 models obtained using MSA-4 that contained an 
increasing number of sequences; from 71 (group 1, including only E sequences), and after addition of branches of the evolutionary tree that were progressively farther 
from the E sequences, from group 2 (101 sequences) to group 6 (585 sequences) for the TMDs of the representative viruses indicated in each panel. Red cross and bar 
represent average and median scores, respectively.
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only CoV E sequences (71 sequences, referred to as ‘group 1’). This was 
followed by the inclusion in that group of the closest branch to the E 
sequences in the tree. This produced a total 101 sequences, referred to as 
‘group 2’. From there, we increased the MSA progressively including 
farther branches from the E sequences, to form ‘group 3’ (257 se
quences), ‘group 4’ (445 sequences), ‘group 5’ (485 sequences) and 
‘group 6’ (585 sequences).

The structure prediction was then run again using these grouped 
custom MSAs as input (Fig. 4). For alpha-CoVs (FCoV and TGEV), none 
of these partial MSAs produced results above the cutoff, but all other 
sequences produced optimal results for the largest (group 6) MSA. For 
SARS and MERS, some models were above the cut-off with just 101 
sequences (group 2) or 257 sequences (group 3), respectively. For MHV 
and IBV this required 585 sequences (group 6). Results did not improve 
further after the addition of more branches that diverged more from the 
E sequences in the evolutionary tree (not shown).

3.4. Best model above the cut-off

For the best five models of each of the six sequences (Fig. 4) we 
obtained quality plots showing the corresponding MSA, pLDDT (but the 
scores for Figs. 3–4 used also pTM and ipTM) and PAE (Supplementary 
Figs. 3–5). The best model for each sequence is schematically shown in 
Fig. 5A. For all the sequences, the conserved polar residue (in SARS, Asn- 
15, see Fig. 1 highlighted) is oriented luminally (‘polar-in’ orientation), 
except for the MERS sequence, where this residue faces the neighboring 
helix (‘polar-inter’ orientation) (Fig. 5B). A more quantitative compar
ison between these models was obtained using the rotational orientation 
of the residues (see Methods section and Fig. 5C). The rotational 
orientation of ‘polar-in’ models (Fig. 5D) shows a very similar orienta
tion along the length of the helix and the conserved polar residue is 
exposed directly to the lumen of the channel (Fig. 5E, blue stripe). The 
IBV E model was excluded from these ‘polar-in’ plots because it deviates 
from these orientations in the C-terminal half (results for IBV are 

Fig. 5. Representative best models obtained for each of the TMD sequences. The pentameric models are represented in a side view (top row) and a view from 
the N-terminus (bottom row). To guide the eye, the side chain of the fully conserved polar residue in each sequence is shown as sticks. The models are colored 
according to pLDDT in AF2; (C) schematic representation of the way in which the rotational orientation per residue was calculated; one of the monomers in the 
pentamer shows two vectors, both coming from the centre the helix. One is directed towards the centre of the channel and the other towards the α-carbon (CA) of a 
residue. The angle between these two vectors, ω, was obtained and represented; (D) rotational orientation ω of the residues in the four ‘polar in’ orientations 
indicated; (E) residues directly exposed to the lumen of the channel (yellow) according to HOLE.
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summarized in Supplementary Figs. S6, S7).

3.5. Multiple conformational states above the cut-off

After examination of all the models above the cut-off for each 
sequence, structural heterogeneity was observed in most cases, sug
gesting possible conformational intermediates.

3.5.1. SARS sequence
For the SARS sequence, the ten good models obtained clustered in 

two groups (almost equally populated) corresponding to either ‘polar-in’ 
or ‘polar-inter’ orientations (Fig. 6A-C). The lumen in the two clusters 
appears to have a constriction at two different locations along the 
channel (Fig. 6C), which suggests these may be conformational states. 
The same figure (Fig. 6D-E) shows the two high-resolution SARS models 
obtained in lipid membranes by ssNMR: a ‘closed’ pentamer (PDB: 
7K3G) [40] and a proposed alternative ‘open’ form (PDB: 8SUZ) ob
tained using lower pH and high Ca2+ concentration [44]. The similarity 
between the AF2-predicted ‘polar-in’ model and the ‘closed’ model 
7K3G is obvious comparing the orientation of Asn-15 in the N-terminal 
half of the channel (panels B and E). However, superposition of these 
models and calculation of RMSD was not possible because in the 
AF2-predicted models helices are continuous, tilted by ~20◦ an the 
bundles are left-handed, whereas the experimentaly-derived models 
have kinks and bends around Phe-20 and almost no tilt (Fig. 6F). Thus, a 
quantitative comparison of these models was made using the rotational 
orientation of the residues relative to the channel center (Fig. 6G-H). The 
two AF2-predicted models are separated by an almost uniform ~ − 60◦

rotation. Interestingly, whereas the ‘polar-in’ model is very different 
from model 8SUZ (Fig. 6G), the latter and ‘polar-inter’ have a very 
similar orientation, especially in the C-terminal half (Fig. 6H) and share 
the same four residues exposed to the channel lumen (Fig. 6I). Overall, 
7K3G, 8SUZ and ‘polar-inter’ share a similar rotational orientation in the 
C-terminal half (Fig. 5G). In contrast, the ‘polar-in’ model differs from 
these three models in the C-terminal half, but is very similar to 7K3G in 
the N-terminal half (where Asn-15 is located). This is also supported by 
the luminally exposed residues in each case (Fig. 6I).

3.5.2. MHV sequence
For the MHV E sequence, three clusters were observed: ‘polar-in’ 

(Fig. 7, left), ‘polar-inter’ (Fig. 7, right) and a third one that seems to 
represent an intermediate structure with a larger helix tilt (Fig. 7, 
middle). In this case, the ‘polar-inter’ model channel is completely 
blocked by Trp-11 (not shown), as shown by the channel volumes 
(Fig. 7 C).

3.5.3. IBV sequence
The best models for the IBV sequence formed a single cluster in a 

‘polar-in’ orientation, with tilted helices resembling an inverted tepee 
(Fig. 5A). However, this appears to be context-dependent: a prediction 
that used a longer version of IBV E (residues 1 to 90), or one that 
removed all ‘non E’ sequences in MSA-4, produced channel structures 
with a similar low helix tilt to other sequences. This low helix tilt model 
was also ‘polar-in’(see comparison between these models in Fig. S7).

3.5.4. FCoV, TGEV and MERS sequences
For FCoV ad TGEV, the predominant model was also ‘polar-in’ 

although ‘polar-inter’ was also found in some models above the cut-off 
(not shown). Finally, for MERS, all the best models (above cut-off) had 
a ‘polar-inter’ orientation.

4. DISCUSSION

In this paper, we attempted to use AF2 to obtain model structures for 
E TMD pentameric oligomers of various representative coronaviruses. 
Full-length E sequences did not produce good models (scores typically <

0.5), either using ColabFold or a local AF2 installation, although the 
TMD region is usually the one showing the highest prediction confidence 
(not shown). Thus, we focused our efforts in this part of the E protein. 
Validation of the resulting models, at least in the case of the SARS 
sequence, was helped by the fact that (i) two structures of the SARS TMD 
channel are available obtained by solid-state NMR and (ii) the oligo
meric size of this channel has been reasonably proven to be pentameric, 
although other forms may also exist.

However, using ColabFold and MMseqs2 to produce MSAs was only 
adequate for the two alphacoronavirus sequences, FCoV and TGEV. This 
particularity may be related to the distinct reported topology for E 
protein in alpha-coronaviruses, e.g., TGEV, with CexoNendo, where the C- 
terminus is lumenal and the N-terminus is facing the cytoplasm [28–30]. 
The quality of the predictions improved when we used MSAs from 
DeepMSA2, especially for IBV E, where more than 500 sequences were 
available in MSA-3. We then reasoned that while the sequences are 
different, the backbone structure of the channel may be common to all 
these sequences, and a combination of all the individual MSA-3 align
ments, together with the MSA-1 alignments, could produce a better 
result. This was indeed the case, again except for the alpha-CoV se
quences FCoV and TGEV which in fact showed much worse results. In 
some cases (SARS, MERS, MHV and IBV E), more than half of the 20 
models had a combined score of > 80, which implies high confidence.

Incidentally, a similar assumption regarding the similarity of the 
backbone for E TMD channel in CoV E proteins mas made in a paper 
published by one of us (J.T.) about 20 years ago that used evolutionary 
conservation data [21], where the correct pentameric model could not 
be decided among two types of of bundle related by a ~45̊ rotation. 
Similar models are found by AF2 herein, which we term ‘polar-in’ and 
polar-inter’. Since the AF2-predicted models do not have a break in the 
TMD (found in the NMR experimental model), RMSD or TM-score 
cannot be used for comparison. Instead, we used a quantitative mea
sure based on the rotational orientation of each residue relative to the 
center of the channel. The ‘polar-in’ model is consistent with N-terminal 
half of 7K3G, the ‘closed’ channel structure reported previously in 
ERGIC lipids by solid-state NMR [40], as both show Asn-15 facing the 
lumen of the channel. However, in the C-terminal half, the two models 
are separated by a ~ 60̊ rotation. Interestingly, the ‘polar-inter’ model is 
almost identical in the C-terminal region to both experimental models 
7K3G and 8SUZ, another experimental model obtained at lower pH and 
a high calcium concentration [43,44]. In the N-terminal half, the 
‘polar-inter’ model is closer to 8SUZ, although the latter shows a larger 
rotation to the point that Asn-15 points to the lipid phase. We note that, 
as we have noted previously [38], the vast majority of electrophysio
logical experiments with the SARS E channel do not require either 
acidification nor calcium to produce open channels [11,13,16,18,19, 
34], and both low pH and addition of calcium over salts of monovalent 
cations have been shown to reduce channel conductance [65]. In any 
case, although we did not find such model using the techniques pre
sented here, the ‘polar-inter’ model seems to be close to that ‘open’ 
conformation.

In summary, we found that in SARS the two AF2-predicted models 
are related by an almost constant ~60̊ rotation of the helices, whereas 
the two experimental models 7K3G and 8SUZ share a similar C-terminal 
half and differ by a > 100̊ rotation in the N-terminal half. Whether these 
differences are caused by the inability of AF2 to reproduce the experi
mentally observed bends or kinks in the TMD helices, or whether the 
more straight helices predicted represent true conformational in
termediates requires further experimental validation. For several of the 
other sequences, we also obtained models that pertain to at least two 
different conformations, whereas in other sequences only one confor
mation was found (MERS and IBV, ‘polar-inter’ and ‘polar-in’, 
respectively).

Lastly, the conformational intermediates suggested by our study may 
be further defined by manipulating the MSAs. This is in a way similar to 
the strategy used here to improve reliability of the models, and would 
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Fig. 6. Comparison of AF2-predicted and experimental SARS channels. (A) AF2-predicted ‘polar_in’ and ‘polar-inter’ models colored according to the pLDDT 
score; (B) top view from the N-terminus of the models in (A), showing the orientation of the polar residue Asn15; (C) inner volume of the channel for the models in 
(A) where the most constricted region is indicated by a red rectangle; (D-E) experimental models in side (D) and top (E) views; (F) discrepancy between the AF2- 
predicted and experimental models; (G) calculated difference between ω angles of SARS ‘polar-in’ minus ‘SARS-inter’ or minus 8SUZ. The horizontal dotted line 
shows the average ω difference between the two predicted SARS models (− 62.6◦); (H) same as (G) for the differences respect to model 7K3G; (I) residues in these four 
models directly in contact with the lumen of the channel (highlighted in yellow). A more complete description of the luminal orientation in these and other models is 
shown in Fig. S6.
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involve using only a subset of MSA sequences with specific features (or 
randomly selected), avoiding templates and extensive recycling. This 
method was employed recently [66] to obtain alternative conforma
tional states of transporters and receptors. Alternative AF2-based 
methods that involve masking rows or columns in the MSA to mask 
coevolution information, subsampling, bias, and structure evaluation 
have been discussed in detail elsewhere [67].

Overall, we have shown that by restricting the sequence to the TMD 
and by using a larger dataset for MSA, very high-confidence models (as 
defined by AF2) can be obtained for the E protein TMD channel of 
coronaviruses. These may unveil or hint at mechanistic aspects that are 
hidden in experimental models.

CRediT authorship contribution statement

Konstantin Pervushin: Writing – review & editing, Project admin
istration, Funding acquisition. Wahyu Surya: Writing – review & edit
ing, Formal analysis. Jaume Torres: Writing – review & editing, Writing 

– original draft, Visualization, Validation, Supervision, Software, Re
sources, Project administration, Methodology, Investigation, Funding 
acquisition, Formal analysis, Data curation, Conceptualization.

Declaration of Competing Interest

The authors have declared no conflict of interest.

Acknowledgements

J.T. and K.P. acknowledge the generous funding of the Ministry of 
Education of Singapore MOE Tier2 grant #021410-00001.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.csbj.2024.10.021.

Fig. 7. Representative three clusters of models above the cut-off for MHV ETM pentamers. (A) Side view, (B) top view from the N-terminus, showing the 
orientation of the polar residue Q15; (C) lumenal space obtained with HOLE [64]. Models in (A-B) are colored according to the pLDDT score. Residues exposed to the 
channel are shown in Supplementary Fig. S6.
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