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ABSTRACT

Proteins often act through oligomeric interactions
with other proteins. X-ray crystallography and cryo-
electron microscopy provide detailed information on
the structures of biological assemblies, defined as
the most likely biologically relevant structures de-
rived from experimental data. In crystal structures,
the most relevant assembly may be ambiguously
determined, since multiple assemblies observed in
the crystal lattice may be plausible. It is estimated
that 10-15% of PDB entries may have incorrect or
ambiguous assembly annotations. Accurate assem-
blies are required for understanding functional data
and training of deep learning methods for predict-
ing assembly structures. As with any other kind of
biological data, replication via multiple independent
experiments provides important validation for the de-
termination of biological assembly structures. Here
we present the Protein Common Assembly Database
(ProtCAD), which presents clusters of protein as-
sembly structures observed in independent struc-
ture determinations of homologous proteins in the
Protein Data Bank (PDB). ProtCAD is searchable
by PDB entry, UniProt identifiers, or Pfam domain
designations and provides downloads of coordinate
files, PyMol scripts, and publicly available assembly
annotations for each cluster of assemblies. About
60% of PDB entries contain assemblies in clusters
of at least 2 independent experiments. All clusters
and coordinates are available on ProtCAD web site
(http://dunbrack2.fccc.edu/protcad).

INTRODUCTION

Many proteins function as homo- and heterooligomers
by interacting with one or more copies of themselves or
other proteins. The three-dimensional structures of these
oligomers are referred to as biological assemblies (1). The

biological assembly of an entry in the Protein Data Bank
(PDB) (2) is often defined as the largest functional form
present in an experimental structure obtained by X-ray
crystallography, nuclear magnetic resonance (NMR), cryo-
electron microscopy (EM) or other experimental methods.
EM and NMR experimental data provide direct informa-
tion on complexes or contacts needed to build an assembly.
For crystal structures (~87% of the current PDB), the bi-
ological assembly is often ambiguous since the PDB pro-
vides several biological assemblies which are defined either
by authors of a structure or predicted by the program Pro-
tein Interfaces, Surfaces and Assemblies (PISA) (3). The er-
ror rate in biological assembly annotations in the PDB has
been estimated from 6 to 14% (4,5). The Protein Data Bank
in Europe (PDBe) lists one PDB biological assembly as the
‘preferred’ biological assembly (6).

Several computational methods have been developed to
identify the correct biological assembly within crystals. The
PISA method, developed in 2007, has been a very success-
ful program to predict biological assemblies from crystals
(3,7). It emphasizes the necessity of considering the thermo-
dynamics of the formation of entire assemblies and an eval-
uation of the chemical thermodynamics of assembly forma-
tion including entropy and desolvation. EPPIC3, developed
in 2018 by Bliven et al., rigorously implements rules for the
possible assemblies that can be found in a crystal — building
neighboring unit cells, closed assemblies with point group
symmetry, and full coverage of the crystal with a single type
of assembly (8). It uses evolutionary conservation in the
interfaces within each assembly to predict which assembly
is most likely to be biological. QSbio determines biologi-
cal assemblies in the PDB from pairwise structural align-
ments of homologous assemblies limited to the PDB’s de-
posited assemblies and predictions from PISA and EPPIC
(9). Korkmaz et al. developed a procedure to correct bio-
logical assemblies in the PDB by comparing the symmetry
and stoichiometry of an assembly with evidence from au-
thor annotations, text mining of the literature, and predic-
tions from EPPIC and PISA across homologous PDB en-
tries (10). They concluded that 83% of PDB entries may be
considered to have the ‘correct’ assembly annotation, while
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the remaining 17% can be split into 9% wrong and 8% in-
conclusive. Machine learning techniques have also been uti-
lized in biological assembly prediction. Inference of Pro-
tein Assembly in Crystals (IPAC) utilized a set of 10 fea-
tures of interfaces — based on packing, surface complemen-
tarity, surface area, and solvation energies — with a naive
Bayes classifier model to predict full quaternary structures
in crystal structures (11). They focused particularly on the
prediction of weak, transient oligomeric structures, which
are poorly predicted by most methods. Prediction of pro-
tein assembly structures has become an important part of
the CASP protein structure prediction experiments (12,13).
Numerous methods have been developed for the simpler
problem of identifying biological interfaces in crystals in-
stead of full assemblies (14-20).

A data-driven approach to this problem is the obser-
vation that biologically relevant assemblies are often ob-
served across crystal forms of the same or homologous pro-
teins (9,21,22). For example, the enzyme, porphobilinogen
synthase (PBGS), forms octamers in eight different crys-
tal forms for 8 different UniProt sequences (23). The RCSB
PDB provides a very useful service that finds similar assem-
blies for a given query in the deposited biological assem-
bly structures present in the PDB (24). In the Protein Com-
mon Interface Database (ProtCID), we have previously ap-
plied this principle by clustering both homodimeric and het-
erodimeric protein-protein (25) and domain-domain (26)
interfaces observed in crystal structures of homologous pro-
teins. In ProtCID, to provide evidence of the biological rele-
vance of interfaces, we counted crystal forms (CFs, crystals
with homologous proteins but different unit cells and/or
space groups) rather than just entries. This is because some
proteins are crystallized over and over in the same crys-
tal form, which does not provide independent data on in-
terfaces or assemblies. We have shown previously that the
probability of biological relevance of an interface is corre-
lated with the number of crystal forms in the PDB that con-
tain the interface (21). This is a principle commonly used by
crystallographers in determining the most likely assembly in
their structures.

While data on protein interfaces across the PDB is useful,
many such interfaces are clearly part of larger assemblies.
Homooligomeric protein assemblies usually have cyclic
symmetry or dihedral symmetry, and the interfaces may be
either asymmetric (heterologous) or symmetric (isologous)
(27). C2 homodimers contain one isologous interface, while
larger cycles (Cn) contain n heterologous interfaces that
produce the cycle. Dihedral symmetry structures of type Dn
are built from isologous interactions (and interfaces) of two
Cn cycles. This leads to a simple way to determine whether
two assemblies are the same or different. For example, a pair
of homologous D3 (dihedral) hexamer structures must have
at least two common interfaces, one of which is heterolo-
gous (around the cycles) and one of which is isologous (be-
tween one cycle and the other). Some assemblies may have
forms of symmetry such as tetrahedral, octahedral, or do-
decahedral. Many assemblies are asymmetric. This includes
complexes of single copies of non-homologous proteins but
also some homooligomers such as the activating homod-
imer of the EGFR kinase domain (28) and filamentous pro-
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teins such as actin (which may be considered to have helical
symmetry).

In this paper, we present the Protein Common Assembly
Database (ProtCAD), which contains clusters of assemblies
of homologous proteins observed in multiple independent
experiments, such as unique crystal forms and individual
cryo-EM and NMR experiments. We use the term ‘Crystal
forms’ (CFs) in this paper to refer to independent experi-
ments that provide evidence in favor of the structure of bi-
ological assemblies. CFs include independent cryo-EM and
NMR experiments and clusters of crystallographic struc-
tures of the same proteins in the same unit cell. This is con-
sistent with our previous nomenclature (21,25,26), since the
majority of structures are still crystallographic. We build
interactions within protein crystals using crystallographic
symmetry operators and identify all unique viable assem-
blies that can constitute the entire crystal using EPPIC. In
this way we are not reliant on the assemblies deposited by
authors in the PDB, although we do include all of the PDB-
annotated assemblies in the data set for clustering. We first
group the assemblies across crystal forms and EM/NMR
structures of homologous proteins (or protein complexes)
by stoichiometry and symmetry (e.g. we only compare C3 to
C3 assemblies and can skip comparing C3 to C4, etc.), and
then check whether the necessary isologous and heterolo-
gous interfaces are shared. We check the interfaces from
largest to smallest. This is a very fast and accurate way of
comparing and clustering assemblies, since it requires only
lists of homologous sequence positions which we derive by
aligning sequences to Pfam HMMs and pairwise interface
similarities (already available in ProtCID). It does not re-
quire structure alignment of large assemblies.

Assemblies occurring in two or more crystal forms (in-
cluding EM and NMR experiments) comprise a common
assembly cluster in ProtCAD. About 100 000 entries (59%
of all PDB entries) appear in clusters with at least two crys-
tal forms. About 65 000 are contained in clusters of at least
five crystal forms and the PDB annotations have the same
assembly in about 85% of these. In addition, the observation
of many crystal forms without a common assembly (dimer
or larger) is good evidence in favor of a monomeric protein.
We annotate whether the PDB, EPPIC, and PISA have the
clustered assembly, which may suggest that the assembly is
biologically relevant (by the criteria of author annotations,
sequence conservation in interfaces, or biophysical proper-
ties, respectively). For each UniProt sequence, we also deter-
mine what percentage of the available crystal forms of that
protein contain the same assembly, an additional indication
of the biological relevance of the assembly. With a click of a
single button, the user can download all the structures of a
particular assembly across PDB entries and PyMOL scripts
for aligning and visualizing them. All clusters and coordi-
nates are available on http://dunbrack?.fccc.edu/protcad.

MATERIALS AND METHODS

Assembly data set

EPPIC assembly files in json format were downloaded
from the EPPIC web server (https://www.eppic-web.org/)
by its REST API (rest/api/v3/job/assemblies/{PDB ID}).
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EPPIC data were parsed and inserted into a Firebird
database (https:/firebirdsql.org). EPPIC assemblies were
generated from the chain components and symmetry op-
erators defined in the json files and the coordinates in PDB
mmCIF files. We excluded those EPPIC assemblies if any
components of an assembly are not connected, which oc-
curs in at least one assembly for 24% of PDB entries. PDB
biological assemblies were added into the assembly pool if
they were not present in one of the EPPIC assemblies.

Pfam architectures

Pfam assignments for all chains in the PDB were obtained
from our PDBfam database (29). In PDBfam, we use hid-
den Markov models from Pfam (with an E-value cutoff of
10) to identify all chains in the PDB that have a partic-
ular domain and are therefore homologous. We also use
HMM-HMM alignment with HHsearch (with an E-value
cutoff of 10#) to align HMMs of PDB sequences to the
Pfam HMMs (30). Weakly-scoring Pfam hits to PDB chains
are validated by structure alignments with FATCAT (with
an E-value cutoff of 10-3) to more strongly scoring chains
(those with HMMER E-values < 10) (31). A chain of
an assembly is represented by a ‘chain Pfam architecture’,
such as ‘(Cyclin_N)_(Cyclin_C)’, with each Pfam in paren-
theses and connected by underscores. An ‘entry Pfam ar-
chitecture’ is simply the concatenation of the Pfam architec-
tures of the unique Pfam architectures in the entry, e.g. (Pki-
nase)(Cyclin_N)_(Cyclin_C). A ‘group’ of entries or crystal
forms is defined by those with the same entry Pfam archi-
tecture. An ‘assembly Pfam architecture’ is composed of
the unique chain Pfam architectures in the entry with copy
numbers (e.g. ‘(Pkinase)2’). A Pfam architecture for an as-
sembly can contain chains with a single Pfam architecture
(same-Pfam arch) or with two or more different Pfam archi-
tectures (diff-Pfam arch). A same-Pfam architecture group
can contain hetero-oligomeric assemblies. For instance, the
CI hetero-tetramer (CI-A2BC) of PDB: 7CE3 is com-
posed of four chains of three UniProts IDH3A_HUMAN
(two copies), IDH3B_.HUMAN and IDH3G_HUMAN).
All chains have one Pfam: Iso_dh domain. The assembly be-
longs to (Iso_dh) Pfam architecture and has 44 stoichiom-
etry in terms of the (Iso_dh)4 Pfam architecture.

Connecting interfaces of an assembly

All chain-chain interfaces were identified in each assembly
as chain pairs with at least ten pairs of Cg atoms with dis-
tance <12 A and at least one atomic contact within 5 A, or
at least five atomic contacts <5 A. The similarity of inter-
face pairs was calculated by the Q score described by Xu
et al. (21), which is equal to a distance-weighted count of
the common contacting residue pairs in two interfaces di-
vided by the total number of unique residue pairs within the
two interfaces (similar to a Jaccard index (32)). For each as-
sembly, we selected a list of unique connecting interfaces
to represent the assembly. For instance, for a Cn (n > 2)
homo-oligomeric assembly, there is only one type of con-
necting interface that repeats around the cycle. For an ideal
D2 homo-tetrameric assembly, there are two unique con-
necting interfaces, one within a symmetric homodimer and

one between the homodimers. The procedure to identify the
unique connecting interfaces of an assembly is described as
follows:

For each assembly:

1. Calculate all pairwise chain-chain
interfaces within the assembly

2. Calculate similarity (Q score)
pairs of interfaces

3. Cluster interfaces by pair-wise Q
score >0.75

4. select the interface with the smallest

ID in each interface cluster to define

the set {unique interfaces}

5. Sort {unique interfaces} in descending
order of surface area values
6. For each interface cluster in {unigque
interfaces}:
a) Add representative interface to
{unique connecting interfaces}
b) For each member of cluster:
i) If {connected chains} is empty:
Add two chains of interface to
{connected chains}

i) Else:

iil) If one of the chains is already in
{connected chains}: add the other
to {connected chains}

¢) If all chains are in {connected
chains}: Stop
7. Return the sets {unique interfaces}
and {unique connecting interfaces}.

of all

The If-Then-Else statement ensures that all the chains are
connected, since after the first two chains, chains can only
be added if they are connected to a chain already in the set
{connected chains}.

Binary similarity and clustering of assemblies

The symmetry of each assembly is obtained from EPPIC
but is updated with the AnAnaS program (33) for hetero-
multimers with different proteins but the same Pfam archi-
tectures. In this study, the stoichiometry of these hetero-
multimers is An, and belongs to the same assembly Pfam
architecture as 4n homo-multimers of the same Pfam. The
AnAnaS program gives the global symmetry (or pseudo-
symmetry) for a hetero-multimer, while EPPIC determines
the symmetry based on the unique sequences in each assem-
bly. For instance, the hexameric assemblies (A46) of the Pfam
architecture (AA _kinase) contain 47 homo-hexamers (46
with same UniProt) and 21 hetero-hexamers (43B3 with
two UniProts: MOSA_AZOVD and MOSB_AZOVD). EP-
PIC has C3 for these 21 hetero-hexamers and D3 for the 47
homo-hexamers, while AnAnaS has D3 symmetry for all of
the hetero-hexamers and homo-hexamers.

The similarity of two assemblies is binary: either they are
the same (1) or different (0). The algorithm for a given as-
sembly Pfam architecture and stoichiometry is as follows:

1. Calculate similarity scores between the
{unique interfaces} of two assemblies
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2. Determine whether the {unique connect-
ing interfaces} of assembly 1 are all
present in the {unique interfaces}
of assembly 2. If Yes, S12 = 1; else
S12 = 0.

3. Determine whether the {unigque connect-
ing interfaces} of assembly 2 are all
present in the {unique interfaces}

of assembly 1. If Yes, S21 = 1; else
S21 = 0.
4. The assemblies are similar if S = S12 Xx

S21 = 1.

Single linkage hierarchical clustering was used to cluster
assemblies. Assemblies with the same assembly Pfam archi-
tecture (including stoichiometry) and symmetry with mu-
tual binary similarity = 1 are placed into one cluster.

Phylogenetic trees

Phylogenetic trees are built by ArboDraw (https:
/l[dunbrack.fccc.edu/retro/ArboDraw/). The evolu-
tionary distances of UniProt sequences were gen-
erated by the Clustal Omega web server https:
/lwww.ebi.ac.uk/Tools/msa/clustalo/ with default settings.

RESULTS
Protein common assembly database (ProtCAD)

As of 28 March 2022, there are 10 677 Pfam families
(v34) represented in protein sequences in the PDB. Chains
in the PDB can be designated by their chain Pfam ar-
chitecture, such as (Cyclin_N)_(Cyclin_C). Entries may be
grouped by the ‘entry Pfam architecture,” which designates
the unique Pfam architectures of the sequences in the en-
try, e.g. (Cyclin_N)_(Cyclin_C)(Pkinase). Note that different
protein sequences in a single structure may have the same
chain Pfam architecture. An ‘assembly Pfam architecture’
includes copy numbers, when the copy number is >2, e.g.
(Cyclin_N)_(Cyclin_C)2(Pkinase)2. We refer to assemblies
with the same entry Pfam architecture, but potentially dif-
ferent stoichiometries, as a ‘group’. A group can consist of
a single Pfam architecture (‘same-PfamArch’) or more than
one distinct Pfam architectures (‘diff-PfamArch’). There
are 14 954 same-Pfam architectures and 16 766 dift-Pfam
architectures for a total of 31 720 Pfam architectures which
involve 179 228 PDB entries and 57 032 proteins (UniProts)
in the current database.

We used EPPIC (8) to derive assemblies for each struc-
ture in the PDB. EPPIC defines valid assemblies for crys-
tals as single assemblies that cover the whole crystal and
are ‘closed’ (i.e. excluding filamentous assemblies). We ob-
tained 1 452 301 assemblies for 185,085 PDB entries from
EPPIC (161 724 crystal structures; 9394 cryo-EM struc-
tures, and the rest NMR or other experimental methods).
Unfortunately, 51.4% of EPPIC assemblies are not fully
connected, with one or more chains not having any con-
tacts with other chains in multi-chain assemblies. This phe-
nomenon occurs in 69.1% of EM entries and 22.8% of crys-
tallographic entries. About a quarter of the disconnected
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assemblies are due to peptides not in contact with a folded
protein domain. We disregarded the disconnected assem-
blies from the data set. Because authors may indicate asym-
metric assemblies that EPPIC may skip, we added the bi-
ological assemblies annotated in the PDB to the assembly
data set, if they were not present in the EPPIC list for an
entry.

The assemblies of a Pfam architectures were clustered
based on symmetry, stoichiometry, and the similarity of
connecting interfaces (see Methods). So for example, for a
given Pfam architecture, D3 hexamers from two different
crystals can be compared using two interfaces: one asym-
metric interface that defines each C3 cyclic trimer; and one
symmetric interface that defines the interaction of two C3
cycles to form a hexamer. A ProtCAD cluster is defined
by stoichiometry, symmetry, the number of crystal forms
(#CFs) in the cluster. ‘Crystal forms’ are defined as the
number of independent experiments for an assembly. Multi-
ple crystallographic entries of the same Pfam have the same
crystal form if they have the same space group and similar
unit cell dimensions and angles (within 5%). We treat each
cryo-EM or NMR structure as a single independent exper-
iment and add them to the #CFs.

If a given protein or protein complex (as defined by a dis-
tinct UniProt or UniProts and the Pfam architecture of the
construct(s)) is the subject of multiple, independent experi-
ments, it is likely that most of the experiments will contain
the same assembly, represented in one of our clusters. There
are of course many exceptions due to equilibrium between
different assemblies, as well as different experimental con-
ditions, construct definitions, mutations, and ligands. For
each UniProt architecture in a cluster, we determined the
number of crystal forms in the cluster (CF_UNPclus) and
the number of crystal forms for the UniProt and architec-
ture combination across the whole PDB (CF_UNParch).
We call the ratio of these two numbers R_CF_UNPclus.
For example, the Pfam architecture (Transthyretin) con-
tains 13 UniProts and 27 CFs. The largest D2 tetramer
cluster has 12 UniProts and 21 CFs. Since the total num-
ber of CFs of these 12 UniProts in the whole PDB is
also 21, R_.CF_UNPclus is 1.0 (21/21). The second largest
D2 tetramer cluster has one UniProt (TTHY_HUMAN)
and 5 CFs; TTHY_HUMAN has 7 CFs across the PDB,
so the R_.CF_UNPclus of TTHY_HUMAN is 0.71 (5/7).
R_CF_UNPclus can be calculated for each UniProt; it can
also be calculated for each cluster as the total number of
CFs in the cluster with defined UniProts (some chains do
not have UniProts) divided by the number of CFs in the
whole PDB for those UniProts.

Higher values of R_.CF_UNPclus indicate clusters that
are more likely to represent biologically relevant assem-
blies. In many cases, a high R_CF_UNPclus may occur for
sub-assemblies of the true assembly (e.g. a homodimer that
is part of a D2 homotetramer). The common clusters in
ProtCAD with different minimum numbers of CFs and
R_CF_UNPclus >0.7 are summarized in Table 1. For ex-
ample, there are 1,838 Pfam architectures and 3,291 clusters
with at least 5 CFs and R_CF_UNPclus > 0.7, comprising
65 521 PDB entries and 19 955 UniProts. The assemblies
in these clusters are represented in the annotated biological
assemblies of 85% of the associated entries.
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Table 1. Summary of assembly clusters with R_.CF_UNPclus >0.7

#CFs_Cluster Same-PfamArch Diff-PfamArch
#Archs  #Clusters #Entries #UNPs  #PDBBAs (%) #Archs  #Clusters #Entries #UNPs  #PDBBAs (%)
>2 3731 9341 69 829 21577 53277 (76) 2720 5650 19972 10 681 18 693 (94)
>5 1285 2476 53297 15289 44 137 (83) 553 815 12281 5222 11451(93)
>10 589 1012 42128 11 564 35557 (84) 160 208 8426 3020 7798 (93)
> 20 247 408 30378 8075 25276 (83) 57 66 5849 2020 5380 (92)
%: #Entries in PDB BAs/#Entries in clusters x 100.
Table 2. Summary data of cyclic and dihedral An assemblies in common clusters (#CFs_clus > 5)
Symmetry Stoichiometry #PfamArchs #Clusters #Entries #Uniprots
Cl A2 20 20 1570 301
A3 2 2 57 31
A5 1 1 8 6
A6 1 1 5 1
C2 A2 956 1222 31739 9430
A4 13 14 841 173
Al2 1 1 5 2
C3 A3 125 126 3425 1065
A6 3 3 318 134
Al2 1 1 15 17
C4 A4 41 41 1023 244
A8 1 1 17 7
C5 A5 22 22 616 121
C6 A6 15 15 274 82
C7 A7 8 8 88 31
C8 A8 3 3 19 4
Cll1 All 1 1 12 4
C12 Al2 3 3 21 7
Cl15 AlS 1 1 6 5
Cl6 Al6 1 1 6 2
Cn 1219 1487 40 065 11 667
D2 A4 171 184 7443 2241
D3 A6 58 61 1618 596
Al2 2 2 132 81
D4 A8 21 22 636 233
D5 Al10 11 11 269 91
D6 Al2 10 10 138 56
D7 Al4 3 3 98 40
A28 1 23 8
D8 Al6 1 1 33 6
D9 Al8 1 1 5 3
D12 A24 1 1 9 3
Dn 280 297 10404 3358

*Note: An assemblies may be heterooligomers, if two different protein sequences have the same Pfam architecture.

Symmetry and stoichiometry of common assemblies

The most common form of symmetry in protein assemblies
with two or more chains is cyclic symmetry (Cn, n > 2),
which occurs in 51% of all EPPIC assemblies in crystals.
This is followed by dihedral symmetry (Dn n > 2), which
comprises 6% of assemblies. The percentage values are in-
creased to 64% and 15% for Cn and Dn in common assem-
bly clusters with #CFs_clus > 2 and R_CF_UNPclus > 0.7.
Table 2 shows the numbers of Pfam architectures, clus-
ters, entries, and UniProts in cyclic (Cn) and dihedral
(Dn) homomultimers or heteromultimers of a single Pfam
architecture, where each cluster has #CFs_clus > 5 and
R_CF_UNPclus > 0.7. Each PDB entry is counted only
once. If it has several assemblies in Pfam architecture clus-
ters, only the symmetry and stoichiometry of the largest as-
sembly of an entry is used.

Assembly evolution

Proteins in a Pfam architecture are likely to form the same
assemblies when they are closely related in evolution. We
analyzed the sequence identities within clusters and be-
tween clusters with at least three CFs in same-Pfam ar-
chitectures (Figure 1). While average sequence identities
from intra-cluster and inter-cluster protein pairs overlap,
the peak of intra-cluster sequence identities is at 50%, while
the peak of inter-cluster sequence identities is at 20%. The
intra-cluster protein pairs are more homologous than pro-
teins between clusters.

Figure 2 shows an example of Pfam: 4HBT assembly
clusters (the enzyme 4HBT synthesizes 4-hydroxybenzoate
from 4-chlorobenzoate), which has a common dimer (C2-
A2) occurring in 88 CFs, 72 UniProts and 150 entries.
This symmetric dimer also occurs in two different D2
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Figure 1. The histogram and density plots of intra-cluster and inter-cluster sequence identities. Clusters are in same-Pfam architectures and contain at
least three CFs. The Pfam architecture (V-set)_(Cl-set) group (antibodies and T-cell receptors) was excluded. Sequence identities are in [0, 100]. The
average sequence identities were used in the plots. The left panel is the histogram of intra-cluster average sequence identities, the middle panel is the
histogram of inter-cluster average sequence identities, and the right panel is the density functions of intra-cluster (in orange) and inter-cluster (in blue) with

bandwidth = 3.

tetramers and one D3 hexamer. The average intra-cluster
sequence identity is about 30% while the inter-cluster se-
quence identity is 17%. The proteins in the two tetramer
assembly clusters and the hexamer assembly cluster are
colored in green, red, and orange in the phylogenetic
tree respectively. The remaining proteins that only have
the common dimer assembly are colored in blue. The
tetramer in green branches is referred to as the a-tetramer
since it is connected by a-helices. The tetramer in red
branches is the B-tetramer since it is connected by B-
sheets (34). The hexamer is composed of three copies
of the common dimer. Two UniProts Q93CG9_9GAMM
(PDB: 4145) and Y1494_AQUAE (PDB: 2EGJ, 2EGR) have
both tetramers in their crystals, while the entry 2EGI of
Q93CGY9_9GAMM and the entry 3R87 of Y1494 _AQUAE
only have the a-tetramer (green). Evidence from the phy-
logenetic tree shows that they most likely have the «-
tetramer (green). Q2LUI2_.SYNAS (PDB: 3HDU) and
Q7NVP2_CHRVO (PDB: 4RMM) (no publication for ei-
ther entry) do not form the B-tetramer (red) in their crystals
although they are located in the red branches.

ProtCAD website

The user interface of the ProtCAD web site is presented in
Figure 3. There are three types of queries: (i) a PDB ID;
(i1) a Pfam ID or accession code (e.g. Pkinase or PF00069
and (i) UniProt ID or accession code (e.g. P15056 or
BRAF_HUMAN). A PDB ID query will return a table con-
taining the assemblies of this PDB entry, the Pfam archi-
tecture, and its clusters. Clicking on the thumbnail image
opens an NGL viewer of each assembly. Clicking the ‘+’
symbol for each assembly opens a table of interfaces within
the assembly. The Pfam architecture is clickable, which leads
to an assembly page of this Pfam architecture. Clicking the
link ‘Assembly Clusters’ at the top of the page leads to the
cluster page. Input of a Pfam ID or a UniProt ID leads to
a summary page of Pfam architectures and clusters which
contain the input Pfam or Pfams that the UniProt sequence
contains. The web table data can be export into a csv file.

Clicking a Pfam architecture leads to the cluster page. For
UniProt ID input, a web page lists all assemblies contain-
ing this UniProt protein in different symmetries and sto-
ichiometries; the coordinates of all the assemblies can be
downloaded with a link at the top of the page. A ‘Browse’
page contains all Pfams, Pfam architectures, and UniProts
in the PDB with links. Clicking a Pfam ID or a UniProt ID
is the same as inputting a Pfam ID or UniProt ID. Clicking
a Pfam architecture returns all assemblies in the Pfam ar-
chitecture. All search and browse pages will lead to the clus-
ter pages. The cluster page is the most functional web page,
providing data including clusters, assemblies, and links to
coordinates, as well as downloading, sorting, and visualiza-
tion.

As an example, inputting or browsing for the Pfam (IM-
PDH) or browsing for the Pfam architecture (IMPDH][1-
82])(CBS)_(CBS)_(IMPDH][83-345]) lead to the cluster
page of IMPDH)_(CBS)_(CBS). The assembly cluster page
for Pfam architecture (IMPDH)_(CBS)_(CBS) is shown in
Figure 4. The (IMPDH) domain is split by two (CBS) do-
mains. The Pfam architecture contains 32 CFs, 11 UniProts,
and 47 PDB entries. The user can expand and collapse
the assembly table for each cluster, download coordinates
and PyMOL scripts of each cluster, view images of clus-
ters by mousing over the thumbnail images, or view a clus-
ter assembly in NGL viewer by clicking a thumbnail im-
age. The cluster table can be sorted by selecting a header
in the dropdown box at the middle top of the page. The
data of assembly clusters in the text file (e.g. (IMPDH][I1-
82])-(CBS)_(CBS)_(IMPDH[83-345])_349.txt.gz) and a tar
file containing coordinates for all assemblies in the
cluster (e.g. (IMPDH[1-82])_(CBS)_(CBS)_(IMPDH][83-
345])_349.tar) can also be downloaded from the links at the
top right corner of the page. The IMPDH)_(CBS)_(CBS)
cluster page shows 18 clusters with each containing at least
two entries. Although a common cluster must contain at
least two CFs, a cluster page displays clusters with 1 CF
and >2 entries so that some clusters with large assemblies
can also be presented, like 424 in octahedral symmetry (O)
in this page. Generally, there are fewer large assemblies, and
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Figure 2. The phylogenetic tree of Pfam 4HBT assemblies. There are two different D2 tetramers (colored in green and red in the tree respectively), one
hexamer in D3 symmetry (colored in orange), all of which contain the cluster 1 C2 dimer (side-to-side and head-to-tail, a-helices on one side and B-sheet
on the other side, colored in blue) in 88 CFs and 72 UniProts. The tetramer in green branches is formed by a-helical interfaces while the tetramer in red
branches is connected by B-sheets. The hexamer is composed of three cluster 1 dimers. The sequence files for UniProt and assemblies can be downloaded
from ProtCAD website (http://dunbrack?2.fccc.edu/ProtCAD/Results/PfamArchClusterInfo.aspx?Groupld=2822).
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Figure 3. The user interface of ProtCAD web site. A user can input a PDB ID, a Pfam ID, or a UniProt identifier to search assembly clusters to query
the ProtCAD database, or browse lists of Pfams, UniProts and Pfam architectures in ProtCAD. ProtCAD returns a summary table of assembly clusters
of one or more Pfam architectures, which leads to the cluster page. Data export, download and visualization are provided in several web pages for the
user’s further investigation. The description of each web page and table columns is provided in the web page or the ‘Help’ section of the ProtCAD web site

(http://dunbrack?.fccc.edu/ProtCAD/Help/Help.aspx).

they are likely to form small clusters and might be interest-
ing to know.

Examples

Same-Pfam architecture. Inosine-5’-monophosphate de-
hydrogenase (IMPDH) is a key regulatory enzyme in purine
nucleotide biosynthesis, has been recognized as a target
for cancer and viral chemotherapy since its activity is
tightly linked with cell proliferation (35,36). IMPDH can
assemble filaments in response to changes in metabolic de-
mand (37). Pfam architecture (IMPDH)_(CBS)_(CBS), de-
scribed above, has two D4 octamers with >5 CFs (Fig-
ure SA and B) which are composed of the (IMPDH) fil-
ament (Figure 5C). The largest D4 octamer occurs in 23
CFs, 11 UniProts and 35 entries (Figure 5A), including
both active/extended and inactive/compressed conforma-
tions. There are five octamers (IMDH1_HUMAN: 1JCN,
7RES, 7RFH and 7RGM; Q9HSMS5_PSEAE: 4DQW) in an
active conformation. The second D4 octamer cluster com-
prises five CFs, three UniProts and six entries (Figure 5B);
among them, there are two EM structures (PDB: 7RFE and
7RGL) of human IMPDHI1. Four out of six entries (PDB:
1JCN, 5TC3, 6RFU and 6RPU) are crystals containing

both octamers, which can be used to build a model of an
IMPDH filament. The filament was built from PDB: 6RFU
by overlapping two D4 octamers. The filament model is in
an inactive/compressed conformation. The largest cluster
is a C4 tetramer (Figure 5D) which is the common sub-
structure in the two D4 octamers by face-to-face or back-to-
back interactions, the D4 hexadecamer (A16) (Figure SE),
and the octahedral A24 assembly (Figure 5F). The D4 hex-
adecamer contains eight full-length IMPDH?2 chains and
eight peptides (colored in magenta) which are fragments of
the full-length IMPDH2 chains, which is all that is observed
in the cryo-EM electron density of the filament; the global
symmetry is D4 based on the full protein octamer, which is
same as the cluster in Figure SA. IMDH_TRIFO forms a
unique octahedral 24-mer that exists in seven entries, with
two CBS domains are disordered.

Diff-Pfam architecture. ProtCAD contains 2853 diff-
Pfam architectures with clusters with at least two CFs. A
user can input a Pfam ID or select a Pfam ID in the ‘Browse’
page, to view all Pfam architectures containing the Pfam
ID, or a user can directly select a Pfam architecture in the
‘Browse’ pages, then click to go to the cluster page about
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Figure 4. Screenshot of the cluster web page for Pfam architecture IMPDH_CBS_CBS. The IMPDH domain is split by two CBS domains. The numbers in
parentheses are the ratio between the number of CFs, UniProts, and Entries in a cluster and the number each of these in the whole PDB for the same Pfam
architecture. UNPclus means the number of CFs of UniProts in a cluster (which may be less than the number of CFs in the cluster, because not all chains
and CFs have UniProts in the PDB), the ratio in parentheses is therefore the #CFs_UNPclus divided by #CFs_UNParch (the number of CFs for those
UniProts/Pfam architecture across the whole PDB). For #PDBBA, #EPPICBA and #PISABA, the ratio is #entries where the cluster assembly is same
as PDB/EPPIC/PISA biological assemblies divided by #Entries of the cluster. To view a cluster assembly in NGL viewer (https://github.com/nglviewer/

nglview), ‘Pop-ups’ must be allowed in the web browser. A link to the description of cluster tables is at the top of the page.

this Pfam architecture. As an example, if a user’s input is
the Pfam (FGF) and the Pfam architecture (FGF)(I-set)_(I-
set) is selected, it leads to the cluster page. The Pfam (I-set)
domains comprise the Ig-like 11 and Ig-like III domains of
FGFRs. FGF/FGFR signaling plays essential roles in de-
velopment, metabolism, and tissue homeostasis. Malfunc-
tion of this signaling pathway leads to various diseases in-
cluding cancers (38). FGF and FGFR extracellular regions
are known to form a minimal complex with 2:2 stoichiom-
etry (39) but are also able to form larger species in the pres-
ence of heparan sulfate (40). Figure 6 shows a 2:2 heterote-
tramer with C2 symmetry that contains two FGF chains
and two FGFR chains (Figure 6A). The cluster contains the
entries: FGF10/FGFR2 (PDB:INUN); FGF1/FGFR2
(4J23, 1E00); FGF2/FGFRI1 (1CVS, 1FQ9) in five CFs.
PDB entry 1E0O has different conformation of its Ig-like
IIT domains, as shown in Figure 6B. The known C2 het-
erotetramer in Figure 6A occurs in the PDB biological as-
semblies of two entries (FGF2/FGFR1 in 1FQ9, ICVS) but
is missing in the FGF10/FGFR2 and FGF1/FGFR2 en-
tries (INUN, 4J23, 1E0O). The only biological assembly in
the PDB for 1E0QO is the same as the asymmetric unit (Fig-
ure 6B inset), but is different from the assembly in the clus-
ter which more closely resembles other FGF/FGFR het-
erotetramers. The same set of entries contains a cluster of
octameric (4:4) assemblies with D2 symmetry with inter-
actions between the II and III domains of FGFR of one
tetramer with another. The biological relevance of this as-
sembly is not known.

UniProt search. A user can input or browse a UniProt
ID to search ProtCAD. As an example, Figure 7 presents
a Pkinase dimer cluster with 20 CFs, 13 UniProts and
51 entries containing eight entries of WEEI_HUMAN.
WEE1_HUMAN is a nuclear Ser/Thr kinase (Pfam: Pki-
nase) and is a key regulator of cell cycle progression. The N-
terminal dimer of mouse PERK (E2AK3_MOUSE, PDB:
3QD2) was reported to perform autophosphorylation by
inter-dimer interactions, and this mechanism may be shared
amongst all eIF2a family members (41). The cluster shows
that it occurs in all elF2a family entries in the PDB, in-
cluding PKR (E2AK2_HUMAN: 2 CFs, 3 entries), PERK
(E2AK3_HUMAN: 4 CFs, 10 entries; E2AK3_MOUSE: 1
CF, 1 entry) and GCN2 (E2AK4_ HUMAN: 2 CFs, 3 en-
tries). R_.CF_UNPclus is therefore equal to 1.0 for these
proteins. The average similarity Q score of the dimer of
WEE1_HUMAN with the dimers of PKR, PERK and
GCN2 is 0.68, a highly confident value, while the average
sequence identity is 24%. The RMSD is 3.618 A over 471
residues when superposing the WEE1 dimer on the E2AK3
dimer. In our phylogenetic tree for human protein kinases
based on a structurally validated multiple sequence align-
ments (42), WEEI occurs on the same branch as PKR,
PERK and GCN2.

DISCUSSION

One of the unsolved problems in structural biology is how
to determine the correct biological assembly for proteins
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Figure 5. Examples of same-Pfam architecture IMPDH_CBS_CBS clusters. (A) The largest D4-A8 cluster occurs in 23 crystal forms, 11 UniProts and 35
PDB entries. This D4 octamer is in 23 PDB biological assemblies, 25 PISA biological assemblies, and one that is marked as ‘BIO’ in EPPIC. There are five
octamers in the extended/active conformation, including four entries (PDB: 1JCN, 7RES, 7RFH and 7RGM) of IMDH1_HUMAN and 1 entry (PDB:
4DQW) of Q9HXMS5_PSEAE. Except 1JCN, each is bound with 16 ATPs (one on each CBS domain). (B) The second D4-AS8 cluster occurs in five crystal
forms, three UniProts and six PDB entries. The cluster contains two EM structures: 7RFE and 7RGL of IMDHI_HUMAN, and four crystals of PDB:
1JCN (IMDH1_HUMAN), 5TC3 (Q756Z6_ASHGO), 6RFU (IMDH_TRYBB) and 6RPU (Q756Z6_ ASHGO). (C) The structure of IMPDH filament
contains two D4-A8 clusters, built from PDB: 6RFU. (D) The C4-A4 assembly is the sub-structure of clusters in (A), (B), (E) and (F). The first D4 octamer
in (A) contains two face-to-face C4 tetramers. The second D4 octamer contains two back-to-back C4 tetramers. (E) D4-A16 cluster contains eight copies
of IMPDH peptides, the super-stoichiometry is A8, which is the same as D4-A8 in (A). (F) The octahedral-symmetry A24 cluster exists in one crystal form

of IMDH_TRIFO and seven PDB entries.

in crystallographic structures. Previous studies show the er-
ror rates are significant in three major biological assembly
sources: PDB, PISA and EPPIC. It is estimated that up to
17% of the X-ray structures in the PDB have one or more
incorrect annotations of the most likely biological assembly
(10). The error rates for PISA and EPPIC, two major bio-
logical assembly sources, are even higher: 13% and 18% for
homodimers and 16% and 32% for larger homooligomeric
complexes (9), 25% and 33% for heterodimers, and 39% and
45% for larger hetero complexes respectively (43). The in-
consistency rates for PDB, PISA and EPPIC from our Prot-
CAD common clusters with at least five CFs are 15%, 23%
and 24%, respectively. This inconsistency has been widely
acknowledged to be a very important issue that affects
structural biological analysis and computational prediction
on protein complexes. We provide ProtCAD as an alterna-

tive and complementary source of information on the bio-
logical assemblies in crystal structures. When there is some
doubt about an assembly, e.g. inconsistency among differ-
ent sources, observing the same assembly across indepen-
dent experiments of the same or homologous proteins may
provide evolutionary and physical evidence in favor of that
assembly. One important function of ProtCAD is to display
representative structures of the assembly clusters of homol-
ogous proteins on each Pfam architecture group web page.
Thus it is straightforward to view various possible assem-
blies and the independent experimental sources of those as-
semblies (different crystal forms and cryo-EM and NMR
experiments).

Since we build assemblies with the EPPIC program,
rather than taking the biological assemblies deposited in the
PDB, our data can provide information on previously un-
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Figure 6. The tetramer cluster (A2B2) of FGF and Ig domains of FGF receptor (FGFR). Heparin is colored in magenta. The FGF chains are colored
in green and light green in all panels. The FGFR Ig chains are colored in blue and yellow. (A) The C2 tetramer cluster without PDB: 1E0O. (B) The
C2 tetramer of PDB: 1E0O. The inset is the PDB biological assembly generated by the PQS program and is the same as the asymmetric unit (https:

/Iwww.rcsb.org/structure/1 E0O).

C2-A2
20 CFs, 13 UniProts, 51 entries
7 PDB BAs, 8 PISA, 36 EPPIC

WEE1_HUMAN
1/4 CF, 8/21 entries

NS N> &5 &
E2AK2_HUMAN: 2/2 CFs, 3/3 entries
E2AK3_HUMAN: 4/4 CFs, 10/10 entries

E2AK3_MOUSE: 1/1 CF, 1/1 entry
E2AK4_HUMAN: 2/2 CF, 3/3 entries

Figure 7. Pkinase dimer cluster containing a symmetric dimer of WEEI_HUMAN. A MAPK2_HUMAN dimer was removed due to poor superposi-
tion and is likely a chance similarity. The dimer occurs in all crystal forms and PDB entries of E2AK2_HUMAN (PKR), E2AK3_HUMAN (PERK),

E2AK3_.MOUSE (PERK) and E2AK4_HUMAN (GCN2).

recognized biological assemblies. For example, we observe
a common dimer in the closely related human and mouse
kinases WEEI, PKR, PERK, and GCN2 (the last three are
EIF2AK?2, EIF2AK3, EIF2AK4) (Figure 7). One paper on
mouse PERK demonstrates the biological relevance of the
dimer (41), while the rest ignore it. WEE1, which regulates
entry into mitosis, is an important therapeutic target in can-
cer (44). We also showed that some well-known assemblies,
such as the 2:2 complex of FGF and FGFR extracellular
domains, are present in some entries but not present in any
of the PDB’s biological assemblies or even shown in the rel-

evant publications. ProtCAD can be also used to combine
assemblies that may lead to the identification of larger as-
semblies or filaments. The example of IMPDH shows that
the two different D4 octamers can be combined to form an
IMPDH filament (Figure 5).

A limitation of ProtCAD is that we do not provide prob-
abilities that the assemblies in any particular cluster are the
correct biological assemblies. This is for two reasons. First,
there is simply not enough benchmark data of ‘true’ bio-
logical assemblies for protein crystal structures that is not
derived from methods related to those of ProtCID and Prot-
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CAD. To use ProtCID data might involve circular reason-
ing if it is not done carefully enough. Second, some assem-
blies may be transient but are observable at the high con-
centrations needed for X-ray crystallography. But such as-
semblies might not be scored with high probability and a
potentially valid hypothesis might be neglected. It is pos-
sible that deep learning predictors may reproduce these as-
semblies, providing two forms of evidence in their favor. Us-
ing AlphaFold-Multimer (45) on ColabFold (46), for exam-
ple, we were able to reproduce almost exactly the dimers of
WEEL, PKR, PERK and GCN2 kinases shown in Figure 7.

ProtCAD is the first comprehensive structural database
comparing and clustering potential biological assemblies
across all publicly available experimental structures of ho-
mologous proteins. Recently, our ProtCID database has
been widely used for benchmarking interface/assembly pre-
dictors in the 3D-Biolnfo community of ELIXIR (https:
/lelixir-europe.org/communities/3d-bioinfo). Similarly, we
believe the common assembly clusters in ProtCAD can also
be used for benchmark data, as well as training and test-
ing data sets for structure prediction of protein complexes,
especially in the rapidly developing field of deep learning
structure predictors (45,47,48).

DATA AVAILABILITY

The ProtCAD webserver is available at http://dunbrack?.
fcec.edu/protead.

FUNDING

National Institutes of Health [R35 GM 122517 to R.L.D.]
and [P30 CA006927 to Fox Chase Cancer Center]. Funding
for open access charge: National Institutes of Health [R35
GM122517].

Conflict of interest statement. None declared.

REFERENCES

1. Klug,A. (1983) From macromolecules to biological assemblies
(Nobel lecture). Angew. Chem. Int. Ed. Engl., 22, 565-636.

2. wwPDB Consortium (2019) Protein data bank: the single global
archive for 3D macromolecular structure data. Nucleic Acids Res., 47,
D520-D528.

3. Kirissinel,E. and Henrick,K. (2007) Inference of macromolecular
assemblies from crystalline state. J. Mol. Biol., 372, 774-797.

4. Baskaran,K., Duarte,J.M., Biyani,N., Bliven,S. and Capitani,G.
(2014) A PDB-wide, evolution-based assessment of protein-protein
interfaces. BMC Struct. Biol., 14, 22.

5. Levy,E.D. (2007) PiQSi: protein quaternary structure investigation.
Structure, 15, 1364-1367.

6. PDBe-KB consortium (2021) PDBe-KB: collaboratively defining the
biological context of structural data. Nucleic Acids Res., 50,
D534-D542.

7. Krissinel,E. (2015) Stock-based detection of protein oligomeric states
in jSPISA. Nucleic Acids Res., 43, W314-W319.

8. Bliven,S., Lafita,A., Parker,A., Capitani,G. and Duarte,J.M. (2018)
Automated evaluation of quaternary structures from protein crystals.
PLoS Comput. Biol., 14, ¢1006104.

9. Dey,S., Ritchie,D.W. and Levy,E.D. (2018) PDB-wide identification
of biological assemblies from conserved quaternary structure
geometry. Nat. Methods, 15, 67-72.

10. Korkmaz,S., Duarte,J.M., Prli¢,A., Goksuluk,D., Zararsiz,G.,
Saracbasi,O., Burley,S.K. and Rose,P.W. (2018) Investigation of
protein quaternary structure via stoichiometry and symmetry
information. PLoS One, 13, €0197176.

Nucleic Acids Research, 2023, Vol. 51, Database issue D477

11. Mitra,P. and Pal,D. (2011) Combining bayes classification and point
group symmetry under boolean framework for enhanced protein
quaternary structure inference. Structure, 19, 304-312.

12. Guzenko,D., Lafita,A., Monastyrskyy,B., Kryshtafovych,A. and
Duarte,J.M. (2019) Assessment of protein assembly prediction in
CASP13. Proteins Struct. Funct. Bioinf., 87, 1190-1199.

13. Ozden,B., Kryshtafovych,A. and Karaca,E. (2021) Assessment of the
CASP14 assembly predictions. Proteins Struct. Funct. Bioinf., 89,
1787-1799.

14. Da Silva,FE., Desaphy,J., Bret,G. and Rognan,D. (2015) IChemPIC: a
random forest classifier of biological and crystallographic
protein-protein interfaces. J. Chem. Inf. Model., 55, 2005-2014.

15. Elez,K., Bonvin,A.M.J.J. and Vangone,A. (2018) Distinguishing
crystallographic from biological interfaces in protein complexes: role
of intermolecular contacts and energetics for classification. BMC
Bioinf., 19, 438.

16. Hu,J., Liu,H.F,, Sun,J., Wang,J. and Liu,R. (2018) Integrating
co-evolutionary signals and other properties of residue pairs to
distinguish biological interfaces from crystal contacts. Protein Sci.,
27, 1723-1735.

17. Jones,D.T., Buchan,D.W., Cozzetto,D. and Pontil,M. (2012)
PSICOV: precise structural contact prediction using sparse inverse
covariance estimation on large multiple sequence alignments.
Bioinformatics, 28, 184-190.

18. Yueh,C., Hall,D.R., Xia,B., Padhorny,D., Kozakov,D. and Vajda,S.
(2017) ClusPro-DC: dimer classification by the cluspro server for
protein-protein docking. J. Mol. Biol., 429, 372-381.

19. Zhu,H., Domingues,F.S., Sommer,l. and Lengauer,T. (2006)
NOXclass: prediction of protein-protein interaction types. BMC
Bioinf., 7, 27.

20. Elez,K., Bonvin,A.M.J.J. and Vangone,A. (2020) Biological vs.
Crystallographic protein interfaces: an overview of computational
approaches for their classification. Cryst., 10, 15.

21. Xu,Q., Canutescu,A.A., Wang,G., Shapovalov,M., Obradovic,Z. and
Dunbrack,R.L. Jr (2008) Statistical analysis of interface similarity in
crystals of homologous proteins. J. Mol. Biol., 381, 487-507.

22. Bertoni,M., Kiefer,F., Biasini,M., Bordoli,L. and Schwede,T. (2017)
Modeling protein quaternary structure of homo- and
hetero-oligomers beyond binary interactions by homology. Sci. Rep.,
7, 10480.

23. Jafte,E.K. (2020) Porphobilinogen synthase: an equilibrium of
different assemblies in human health. Prog Mol. Biol. Transl. Sci.,
169, 85-104.

24. Guzenko,D., Burley,S.K. and Duarte,J.M. (2020) Real time structural
search of the protein data bank. PLoS Comput. Biol., 16, ¢1007970.

25. Xu,Q. and Dunbrack,R.L. Jr (2011) The protein common interface
database (ProtCID)-a comprehensive database of interactions of
homologous proteins in multiple crystal forms. Nucleic. Acids. Res.,
39, D761-D770.

26. Xu,Q. and Dunbrack,R.L. Jr (2020) ProtCID: a data resource for
structural information on protein interactions. Nat. Commun., 11,
711.

27. Monod,J., Wyman,J. and Changeux,J.-P. (1965) On the nature of
allosteric transitions: a plausible model. J. Mol. Biol., 12, 88-118.
28. Zhang,X., Gureasko,J., Shen,K., Cole,P.A. and Kuriyan,J. (2006) An
allosteric mechanism for activation of the kinase domain of

epidermal growth factor receptor. Cell, 125, 1137-1149.

29. Xu,Q. and Dunbrack,R.L. Jr (2012) Assignment of protein sequences
to existing domain and family classification systems: pfam and the
PDB. Bioinformatics, 28, 2763-2772.

30. Steinegger,M., Meier,M., Mirdita,M., Vohringer,H.,
Haunsberger,S.J. and S6ding,J. (2019) HH-suite3 for fast remote
homology detection and deep protein annotation. BM C Bioinf., 20,
473.

31. Li,Z., Jaroszewski,L., Iyer,M., Sedova,M. and Godzik,A. (2020)
FATCAT 2.0: towards a better understanding of the structural
diversity of proteins. Nucleic Acids Res., 48, W60-W64.

32. Jaccard,P. (1907) La distribution de la flore dans la zone alpine. Rev.
Générale Des Sci. Pures Appliqué, 18, 961-967.

33. Pages,G. and Grudinin,S. (2020) AnAnaS: software for analytical
analysis of symmetries in protein structures. Methods Mol. Biol.,
2165, 245-257.

34. Furt,F., Allen,W.J., Widhalm,J.R., Madzelan,P., Rizzo,R.C.,
Basset,G. and Wilson,M.A. (2013) Functional convergence of


https://elixir-europe.org/communities/3d-bioinfo
http://dunbrack2.fccc.edu/protcad

D478 Nucleic Acids Research, 2023, Vol. 51, Database issue

35.

36.

37.

38.

39.

40.

41.

structurally distinct thioesterases from cyanobacteria and plants
involved in phylloquinone biosynthesis. Acta Crystallogr. Sect. D
Biol. Crystallogr., 69, 1876-1888.

Markland,W., McQuaid,T.J., Jain,J. and Kwong,A.D. (2000)
Broad-spectrum antiviral activity of the IMP dehydrogenase inhibitor
VX-497: a comparison with ribavirin and demonstration of antiviral
additivity with alpha interferon. Antimicrob. Agents Chemother., 44,
859-866.

Naffouje,R., Grover,P., Yu,H., Sendilnathan,A., Wolfe,K., Majd,N.,
Smith,E.P, Takeuchi,K., Senda,T., Kofuji,S. ef al. (2019) Anti-Tumor
potential of IMP dehydrogenase inhibitors: a century-long story.
Cancers (Basel), 11, 1146.

BurrellLA.L., Nie,C., Said,M., Simonet,J.C., Fernandez-Justel,D.,
Johnson,M.C., Quispe,J., Buey,R.M., Peterson,J.R. and
Kollman,J.M. (2022) IMPDHI retinal variants control filament
architecture to tune allosteric regulation. Nat. Struct. Mol. Biol., 29,
47-58.

Xie,Y., Su,N., Yang,J., Tan,Q., Huang,S., Jin,M., Ni,Z., Zhang,B.,
Zhang,D. and Luo,F. (2020) FGF/FGFR signaling in health and
disease. Signal Transduct. Targeted Ther., 5, 181.

Plotnikov,A.N., Schlessinger,J., Hubbard,S.R. and Mohammadi,M.
(1999) Structural basis for FGF receptor dimerization and activation.
Cell, 98, 641-650.

Harmer,N.J., Robinson,C.J., Adam,L.E., Ilag,L.L., Robinson,C.V.,
Gallagher,J.T. and Blundell, T.L. (2006) Multimers of the fibroblast
growth factor (FGF)-FGF receptor—saccharide complex are formed
on long oligomers of heparin. Biochem. J., 393, 741-748.

Cui,W,, Li,J., Ron,D. and Sha,B. (2011) The structure of the PERK
kinase domain suggests the mechanism for its activation. Acta.
Crystallogr. D Biol. Crystallogr., 67, 423-428.

42.

43.

44,

45.

46.

47.

48.

Modi,V. and Dunbrack,R.L. (2019) A structurally-validated multiple
sequence alignment of 497 human protein kinase domains. Sci. Rep.,
9, 19790.

Dey,S. and Levy,E.D. (2021) PDB-wide identification of
physiological hetero-oligomeric assemblies based on conserved
quaternary structure geometry. Structure, 29, 1303-1311.
Esposito,F., Giuffrida,R., Raciti,G., Puglisi,C. and Forte,S. (2021)
Weel kinase: a potential target to overcome tumor resistance to
therapy. Int. J. Mol. Sci., 22, 10689.

Evans,R., O’Neill,M., Pritzel,A., Antropova,N., Senior,A.W.,
Green,T., Zidek,A., Bates,R., Blackwell,S., Yim,J. ez al. (2021)
Protein complex prediction with alphafold-Multimer. bioRxiv doi:
https://doi.org/10.1101/2021.10.04.463034, 10 March 2022, preprint:
not peer reviewed.

Mirdita,M., Schiitze,K., Moriwaki,Y., Heo,L., Ovchinnikov,S. and
Steinegger,M. (2022) ColabFold: making protein folding accessible to
all. Nat. Methods, 19, 679-682.

Wu,R., Ding,F., Wang,R., Shen,R., Zhang,X., Luo,S., Su,C., Wu,Z.,
Xie,Q., Berger,B. et al. (2022) High-resolution de novo structure
prediction from primary sequence. bioRxiv doi:
https://doi.org/10.1101/2022.07.21.500999, 22 July 2022, preprint: not
peer reviewed.

Baek,M., DiMaio,F., Anishchenko,l., Dauparas,J., Ovchinnikov,S.,
Lee,G.R., Wang,J., Cong.Q., Kinch,L.N., Schaeffer,R.D. et al. (2021)
Accurate prediction of protein structures and interactions using a
three-track neural network. Science, 373, 871-876.


https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1101/2022.07.21.500999

