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1 | INTRODUCTION

The PDBsum web server was developed at University Col-
lege London (UCL) in 1995' and moved to the EMBL-EBI
in 2001 where it now resides. It provides a largely pictorial
compendium of the proteins and their complexes in the Pro-
tein Data Bank (PDB),> with analyses of protein secondary
structure, schematic diagrams for protein-ligand, protein—
DNA, and protein-protein interactions, PROCHECK ana-
lyses of structural quality, and many others.>”” The mole-
cules and their interactions can be viewed in 3D using the
molecular viewers RasMol,® Jmol,” PyMOL," Strap,"' and
the JavaScript viewer 3Dmoljs."* Users can upload their
own PDB files to receive a full PDBsum analysis. The two
most recent additions to the server are described here: pages
listing and analyzing the proteins of the SARS-CoV-2, and
pages for each of the available AlphaFold models for human
proteins.

Janet M. Thornton

The PDBsum web server provides structural analyses of the entries in the Protein
Data Bank (PDB). Two recent additions are described here. The first is the detailed
analysis of the SARS-CoV-2 virus protein structures in the PDB. These include the
variants of concern, which are shown both on the sequences and 3D structures of
the proteins. The second addition is the inclusion of the available AlphaFold
models for human proteins. The pages allow a search of the protein against exis-
ting structures in the PDB via the Sequence Annotated by Structure (SAS) server,
so one can easily compare the predicted model against experimentally determined
structures. The server is freely accessible to all at http://www.ebi.ac.uk/pdbsum.

3D protein structure, AlphaFold, PDB, PDBsum, protein database, protein structure
analysis, SARS-CoV-2, schematic diagrams

2 | SARS-COV-2 PROTEINS

Since the outbreak of COVID-19 (coronavirus disease 2019)
in China in December 2019,"* and its subsequent promotion
to a global pandemic on March 11, 2020, experimental scien-
tists around the world have been solving the structures of
the virus's constituent proteins. These consist of four struc-
tural  proteins—spike, membrane, envelope, and
nucleocapsid—16 nonstructural proteins forming its repli-
case/transcriptase complex, and nine putative accessory fac-
tors."* It has been a remarkable effort with 1,540 structures
deposited in the PDB as of October 1, 2021. Figure 1 shows
how these structures are distributed across the proteins. Not
surprisingly most of the effort has focused on the spike pro-
tein which the virus uses to enter and infect the cells of the
host organism. Also highly targeted have been NSP5 (non-
structural protein 5), which is the virus's main protease
and is crucial for its replication and transcription, and
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Histogram showing the numbers of PDB entries for each SARS-CoV-2 protein as of October 1, 2021. The 4 structural

proteins—spike (S), envelope (E), membrane (M), and nucleocapsid (N)—are labeled on the x-axis in red, the 16 nonstructural proteins

(Nsp1-16) are labeled in blue, and the 9 putative accessory factors in green. The bars in the plot are colored purple to represent structures

which contain only that protein, brown if the structures also contain another SARS-CoV-2 protein, and magenta where the structures are

complexed with a human protein. The numbers at top of the bars give the count of PDB entries containing the given protein. Note, these

numbers do not sum to 1,540 because some of the PDB entries contain two or more SARS-CoV-2 proteins in complex

NSP3 which is involved with NSP4 and NSP6 in viral
replication.

The main SARS-CoV-2 page in PDBsum can be
accessed either via the home page, https://www.ebi.ac.uk/
pdbsum, or directly via https://www.ebi.ac.uk/thornton-
srv/databases/pdbsum/covid-19.html. It lists all the SARS-
CoV-2 proteins and their corresponding PDB entries.
Figure 2a shows the first few entries for the main protease,
NSP5, together with various links to more detailed ana-
lyses. Each PDB entry in the list is represented by a purple
schematic diagram of the protein's secondary structure
which indicates the coverage provided by the structure—
for example, in the case of the larger proteins, the PDB
entry may only be of one or two domains. Also listed are
any ligands or drug molecules bound to the protein. The
structure can be displayed in 3D using one of four molecu-
lar viewers, either via the icons on the left, below the
thumbnail image, which display the top structure in the

list, or by clicking on the eye-icon next to any PDB entry in
the list. The viewers are 3Dmoljs, JSmol, RasMol, and
PyMOL. The first two are JavaScript-based so do not
require any preinstalled software, while the last two are
programs that are freely available to download and install.

2.1 | Ligand analyses

Many of the proteins have ligands bound, and there are
several pages devoted to these. The first is the ligand
clusters page, accessed by clicking on the green and
blue ligand icon below the downloadable list of struc-
tures (Figure 2a). This highlights any binding sites and
how different molecules bind within them. For each
protein, one PDB entry is selected as the reference. Its
sequence will be identical to the relevant protein
(i.e., no variants) and have the highest resolution and
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FIGURE 2 (a) An extract from the PDBsum SARS-CoV-2 page showing the virus's main protease, NSP5, and its first four PDB entries,
out of 378 (as accessed on October 1, 2021). The brown cylinder at the top illustrates the domain organization which, in this case, is just a
single domain. For each of the four listed PDB structures, the purple schematic diagram of the protein's secondary structure indicates the
PDB entry's structural coverage of the protein—in this case all four cover the entire protein. The most recent structures (i.e., released in the
current week) are marked NEW and listed first; subsequent structures are ordered by their percentage coverage of the protein and their
resolution. The first structure here, 7rcl, has only 96.1% sequence identity to the viral protein, the altered amino acid positions being
denoted by the small black crosses on the diagram. The thumbnail image in the top left corner is of this first entry and can be viewed in 3D
using any of the molecular viewers shown by the icons below it: 3Dmol.js, JSmol, RasMol, and PyMOL. The red sphere and cross icon leads
to a full structural analysis of the protein (see Figure 3). The icons below it lead to a downloadable listing of the structures, a page that
displays the ligand clusters (i.e., ligands from all the protein's PDB entries superposed to reveal common binding patterns), a page listing all
the bound ligands, and a list (shown in (b)) of the bound drug molecules and the PDB entries in which they are found. The final icon is to
SAS, which searches the protein's sequence against all structures in the PDB

best R-factor. All other structures of the protein are  the ligand clusters one. This simply lists all the ligands

then superposed onto this reference, bringing any
bound ligands with them. The net result is a superposi-
tion of the binding sites and the molecules bound to
them, which appear as clusters of ligands on the sur-
face of the reference structure. The separate ligand
clusters are color-coded and the ligands in each cluster
are listed with links to the PDB entries in which they
are found. JSmol and RasMol views can show either
individual ligand clusters or the reference structure
with all clusters superposed.

An alternative way of obtaining all the ligands that bind
to a given protein is via the black molecule icon just below

found in the PDB entries of the protein, with any drug mol-
ecules marked. A separate listing of just the drug molecules,
if any, can be seen by clicking on the green pill icon in
Figure 2a, which gives the listing shown in Figure 2b.

2.2 | Structural analysis and variants

The red sphere icon, with yellow cross, shown in
Figure 2a leads to a more detailed analysis of the pro-
tein's structure and its variants, including any variants of
concern. The main part of this analysis is shown in
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FIGURE 3 (a) A schematic diagram of part of the SARS-CoV-2 spike protein (residues 400-500) with various sequence and structural
annotations. The red cylinder at the top is part of the receptor-binding domain which binds to the host's ACE-2 receptor as the first step in
its entry into the host cell. The green bands identify the residues making up the receptor binding site. The variants of concern—Lys417Thr,
Lys417Asn, Leu452Arg, Thr478Lys, Glu484Gln, and Gly484Lys—are shown above the domain diagram and are identified by their single-
letter amino acid code, colored by residue type (blue, positive; red, negative; green, neutral). Above the protein's sequence is a line of colored
blobs of different sizes corresponding to the types and numbers of intermolecular interactions observed in the 3D structures. The larger the
blob, the more structures the interaction occurs in: red for interactions with ligand, and gray for protein—protein interactions. The “best”
PDB entry (PDB code 7e7b, chain A), in terms of closest sequence identity and best structural quality, is shown schematically in the purple
“wiring diagram”, where beta strands are represented by arrows, and alpha helices by coils. Above it is a graph of residue conservation,
computed from a sequence alignment obtained from a BLAST search against the UniProt database. The bars are colored from red for highly
conserved to purple for highly variable. The histogram above the conservation plot shows all the variants observed to date, as obtained from
the CoV-GLUE database. The colors indicate how many sequences the variant has been observed in: green, fewer than 10 sequences, to red,
more than 100,000 sequences. Clicking on the various annotations gives a pop-up window with further information. (b) The structure of the
spike protein trimer (PDB entry 7e7b) with the residues having variants of concern in (a) labeled in red. The top part of the structure binds
to the ACE 2 receptor, while the lower part is embedded in the virus's outer membrane. (c) Sequence logo showing the alternative residues
found at each position, obtained from sequence alignments of related proteins in UniProt. The plot is centered on Thr478 and obtained by
clicking on this residue's conservation bar in (a). The amino acid codes are colored by residue property: blue = positive (H,K,R),

red = negative (D,E), green = neutral (S,T,N,Q), gray = aliphatic (A,V,L,ILM), purple = aromatic (F,Y,W), brown = Pro&Gly (P,G),

yellow = cysteine (C). The variants of concern are indicated by the red lightning bolts

Figure 3a and is based on the schematic diagrams of
VarSite'> which focuses on disease-associated variants in
human proteins. Figure 3a shows part of the virus's spike
protein (residues 400-500). This segment forms part of
the protein's receptor binding domain (red cylinder),
which binds to the host's ACE-2 receptors and initiates
the virus's entry into the cell and infection of it. The
green stripes indicate residues that form the binding site.
Above the domain are shown six variants of concern.
Three of these belong to the Delta variant—Leu452Arg,
Thr478Lys, and Glu484Gln. Although none of these

variants are in the binding site, they are nevertheless
close to it.

The other schematics in Figure 3a provide additional
information. At the bottom is a purple diagram of the
protein’'s secondary structure. Clicking on it displays the
protein structure in the 3Dmol.js viewer with all the vari-
ants of concern labeled. This annotated structure can also
then be viewed in either RasMol or PyMOL. Figure 3b
shows a PyMOL image of the spike protein (which is a
trimer), with just the variants of Figure 3a marked on its
first chain.
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Above the sequence in Figure 3a is a line of colored
blobs representing contacts to other molecules: red for
ligands and gray for other proteins. The size of the blobs
indicates the proportion of PDB entries that exhibit the
interaction. Two histograms below the sequence, one
pointing up and the other down, give information on
natural variants and on residue conservation, respec-
tively. The former come from the CoV-GLUE website
(http://cov-glue-viz.cvr.gla.ac.uk)'® which maintains a
database of mutations, insertions, and deletions
observed in the virus's protein sequences as deposited in
GISAID (Global Initiative on Sharing All Influenza
Data).'” The colors of the bars indicate how many
sequences the variant has been observed in: green corre-
sponds to fewer than 10 sequences, then blue, yellow,
orange, pink, and red which signifies the variant has
been observed in more than 100,000 sequences. The
lower histogram gives the residue conservation which is
computed from a sequence alignment obtained from a
BLAST'® search of the sequence against UniProt."” The
conservation score is computed using the ScoreCons*
method. Clicking on any of the bars gives a sequence
logo,?! like that shown in Figure 3c, which displays the
alternative residues found at each position in the BLAST
output.

3 | AlphaFold MODELS
At the end of 2020, DeepMind, a London-based Al
company now part of Google's parent company,
Alphabet Inc., announced that their AlphaFold 2 sys-
tem** had significantly outperformed all other
methods in the biennial Critical Assessment of protein
Structure Prediction (CASP).?* The models it produced
were of a quality approaching that of experimental
determination. In mid-2021, they released their source
code and made public almost 350,000 protein models
from various species, including human.?* This resulted
in much excitement in the structural biology commu-
nity. A website providing access to individual models,
and to downloads of all models by species, was set up
by a collaboration between DeepMind and EMBL-
EBL>

One of the benefits of having these models is that the
hypothetical 3D structures of many proteins for which no
structural information is available—not even from very
distant homologs—can now form the basis of functional
studies.*®

The available AlphaFold models for all human pro-
teins have been added to PDBsum—23,391 models in all,
corresponding to 20,504 proteins. There are more models

than proteins because very long proteins, longer than
2,500 residues, are represented by several models, each
1,400 residues long and progressively shifted by 200 resi-
dues along the sequence. See, for example, PDBsum entry
A005.

Accommodating the new models into PDBsum
required generating a pseudo PDB identifier of four char-
acter for each, starting at A001 and incrementing via
numbers and lower- and upper-case letters to A65h. Each
model is accessible via its UniProt accession, as well as
this pseudo PDB code.

Figure 4 shows the PDBsum page for the AlphaFold
model of the human enzyme ATP-dependent
6-phosphofructokinase, muscle type (UniProt accession
P08237, pseudo PDB code Al13M). All the standard
PDBsum analyses are given apart from those that are not
relevant—that is, those involving interactions with other
molecules as all the models are of a single protein chain
with no bound ligands, DNA/RNA, or other protein chains.

The most obvious difference between the page shown
in Figure 4 and a typical PDBsum page is in the coloring
of the protein's 3D structure and secondary structure
schematic diagrams. Instead of being colored by chain,
the protein is colored using the same scheme as in the
AlphaFold website, namely by the confidence of the pre-
diction. This is quantified by the pLDDT score (predicted
local distance difference test). Regions with very high
confidence (pLDDT > 90) are colored dark blue, confi-
dently predicted regions (90 > pLDDT > 70) are light
blue, regions of low confidence (70 > pLDDT > 50) are
yellow, and very low confidence regions (pLDDT < 50)
are orange. The orange regions can, essentially, be
ignored. They are often seen as elongated strings floating
aimlessly away from the rest of the protein and are
unlikely to have any basis in reality. A number of the
very poor models resemble balls of this orange spaghetti
and do not look like viable proteins at all (e.g., A26x,
which is the model for human semenogelin-2, UniProt
accession Q02383).

One particular benefit of having the models in
PDBsum is that one can easily compare them with exis-
ting, experimentally determined structures in the PDB.
Clicking the SAS®” icon will run SAS (Sequence anno-
tated by Structure) to search the protein's sequence
against all the sequences in the PDB, including the
human AlphaFold models. From the resultant alignment
one can tell if the AlphaFold model is a novel one, or
likely based on one or more existing PDB structures. Fur-
thermore, one can superpose the AlphaFold model on
one or more of the matched PDB entries and view in
either RasMol or JSmol to see how well the model
matches the experimental structures.
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FIGURE 4 PDBsum page for the AlphaFold model of the human enzyme ATP-dependent 6-phosphofructokinase, muscle type (UniProt
accession P08237). The mail difference here from a standard PDBsum page is that the thumbnail image and schematic diagrams of the
protein's secondary structure are colored according to the pLDDT score: dark blue for regions predicted with very high confidence

(pLDDT > 90), light blue for confidently predicted regions (90 > pLDDT > 70), yellow for regions of low confidence (70 > pLDDT >50), and

orange for the regions of very low confidence (pLDDT < 50)

This will be clearer when the human AlphaFold
models are added to our VarSite'> database which is
closely linked to PDBsum. VarSite maps disease-
associated variants in human genes to the corresponding
protein sequences and structures (https://www.ebi.ac.uk/
thornton-srv/databases/VarSite). A link on each PDBsum
AlphaFold page already links to the associated VarSite
page. This currently shows the structural coverage of
each protein by existing PDB entries, but, by the time this
paper is published, will also show the AlphaFold model

coverage and hence which parts of the protein are only
available in the latter model.
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