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Macromolecular complexes are essential functional units in nearly all cellular processes, and their 
atomic-level understanding is critical for elucidating and modulating molecular mechanisms. The 
Protein Data Bank (PDB) serves as the global repository for experimentally determined structures of 
macromolecules. Structural data in the PDB offer valuable insights into the dynamics, conformation, 
and functional states of biological assemblies. However, the current annotation practices lack 
standardised naming conventions for assemblies in the PDB, complicating the identification of 
instances representing the same assembly. In this study, we introduce a method leveraging resources 
external to PDB, such as the Complex Portal, UniProt and Gene Ontology, to describe assemblies and 
contextualise them within their biological settings accurately. Employing the proposed approach, 
we assigned standard names to over 90% of unique assemblies in the PDB and provided persistent 
identifiers for each assembly. This standardisation of assembly data enhances the PDB, facilitating a 
deeper understanding of macromolecular complexes. Furthermore, the data standardisation improves 
the PDB’s FAIR attributes, fostering more effective basic and translational research and scientific 
education.

Introduction
Macromolecular complexes (or assemblies) composed of proteins and nucleic acids are integral to nearly all cel-
lular processes. Assemblies such as RNA polymerase and ribosome are key players in the transmission of genetic 
information from DNA to proteins, by transcribing genetic information stored in DNA into RNA and translat-
ing RNA-encoded information into proteins, respectively1,2. Assemblies can be broadly classified into stable and 
transient complexes3. Large assemblies, such as ribosomes, exhibit high stability, while others form transient yet 
stable assemblies depending on the cellular context, as seen in signalling pathways4 (Fig. 1). Determining the 
3D structures of these assemblies is crucial for understanding their functional mechanisms and designing novel 
therapeutics targeting these molecular machines5–7.

X-ray crystallography, cryogenic-electron microscopy (cryo-EM), and nuclear magnetic resonance spec-
troscopy (NMR) are essential techniques for experimentally determining macromolecular assembly structures. 
X-ray crystallography has elucidated structures of various assemblies, including ATP synthase8–10, membrane 
proteins11–13, proteasomes14–16, and ribosomes17–19. NMR has provided insights into structures such as the 
Hsp90-Tau complex20, the box C/D ribonucleoprotein enzyme complex21 and several molecular chaperones22,23. 
Recent advances in structural biology, particularly cryo-EM24,25 and integrative hybrid methods26 have enabled 
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routine investigation of larger macromolecular assemblies like nuclear pore complex27, BBsome complex28 and 
mammalian circadian clock complexes29.

The Protein Data Bank (PDB)30 is the unified, global repository for experimentally determined macro-
molecular structures. The worldwide PDB (wwPDB) organisation manages the archive, ensuring free and 
public access to structural data for the global community31. The Electron Microscopy Data Bank (EMDB32) 
is a public repository for cryo-microscopy electric potential maps and tomograms of macromolecular com-
plexes and subcellular structures. The Small Angle Biological Data Bank (SASBDB33) is a curated repository 
for bio-macromolecular small-angle scattering of X-rays and neutrons (SAXS and SANS) data and models. 
The Biological Magnetic Resonance Bank (BMRB34) archives spectral and quantitative data from NMR spec-
troscopic investigations of biological macromolecules. Lastly, PDB-DEV35 is a prototype archiving system for 
structural models obtained using integrative or hybrid modelling approaches.

The PDB archive may house multiple structures representing the same assembly, offering unique opportu-
nities to study structure ensembles and gain a mechanistic understanding of large macromolecular assemblies. 
Molecular structures can be determined under various conditions to explore the conformational space or obtain 
functional insights. Researchers may introduce engineered mutations, modify pH and ion concentrations, or 
add molecules ranging from ligands to antibodies. Additionally, structures may be solved at different resolu-
tions or in distinct space groups. Multiple assemblies may be derived from the same crystal form describing 
various potential quaternary structures. For instance, PDB entry 1E94 (HslV-HslU protease complex) features 
one assembly representing a homo-hexamer and another a homo-dodecamer.

To address this ambiguity, the Protein Data Bank in Europe (PDBe)36 defines the preferred assembly as the 
smallest assembly containing all polymeric entities. This approach enables users to identify the most probable 
assembly observed in the experiment represented in the PDB entry for a given macromolecule, which is also 
displayed in PDBe’s search results. In the HslV-HslU complex example, the homo-hexamer form is displayed as 
the preferred assembly.

Identifying and analysing protein assemblies involves distinguishing biologically relevant interfaces from 
protein-protein contacts caused by crystal packing37–39. Several methods have been developed to address this 
issue, such as PISA (Protein Interfaces, Surfaces, and Assemblies)37, which employs thermodynamic estimation 
of interface stability, and EPPIC (Evolutionary Protein-Protein Interface Classifier)40, which uses evolutionary 
information from protein sequences to differentiate biological interfaces from lattice contacts. Another method, 
QSalign41, identifies biologically relevant assemblies by structurally aligning quaternary structures and inferring 
ones with conserved interfaces as biologically relevant. These three methods were integrated into a single predic-
tor called QSbio, which provides a confidence score for biological relevance of given assemblies41.

Finding instances representing the same assembly in the PDB is challenging due to current annotation prac-
tices, which do not include consistent naming and analysis of observed complexes across the PDB archive. For 
instance, the assembly in PDB entry 6kat is not described as haemoglobin but as a complex of two haemoglobin 
subunit alpha chains and two haemoglobin subunit beta chains. Additionally, since a given set of coordinates 

Fig. 1 Stable and transient biological complexes. Bacterial ribosomes (PDB:5WDT) and the human 
nucleosome (PDB:5AY8) are examples of stable macromolecular machines (panel a). The clathrin adaptor AP-2 
complex (PDB:6OWT) and the calpain-calpastatin complex (PDB:3BOW) are examples of transient complexes 
(panel b).
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and space group symmetry described in a PDB entry can result in multiple assemblies with different stoichiom-
etry or components, it is not easy to identify the correct biologically relevant assembly and the entry title does 
not necessarily reflect these directly. Therefore, the lack of consistent naming makes it difficult to find whole or 
partial complexes through PDB searches.

To address this issue, we have compiled all unique assemblies in the PDB by identifying individual compo-
nents using their mappings to external resources, such as UniProt for proteins through the SIFTS resource42 
and Rfam43 for RNA molecules. We then determined the stoichiometry of individual components within a 
complex. Based on this process, we generated a list of PDB entries corresponding to each assembly with unique 
composition. Establishing this mechanism and assigning stable identifiers for each unique assembly across the 
PDB archive will promote the study and understanding of conformational changes and molecular mechanisms. 
In addition to stable identifiers, we have assigned human-readable, and in some cases, manually curated names 
and mapped the PDB assemblies to Complex Portal44 entries where possible. The assembly identification and 
the naming process are incorporated into PDBe’s weekly release cycle, ensuring data integrity, persistence and 
concurrency.

Results
Composition of assemblies in the PDB. The identification of unique assemblies in the PDB is based 
on the preferred assemblies defined using the process described in the Methods section below. These encom-
pass monomeric proteins (e.g., lysozyme) and higher-order preferred assemblies of homomeric or heteromeric 
complexes (e.g., viruses or ribosomes). Of the 97,528 unique assembly compositions in the PDB excluding those 
containing chimeric chains (as of late March 2023), 81,792 are protein-only, 11,613 are protein-nucleic acid 
assemblies, and the remaining 4,123 consist of nucleic acid only (Fig. 2). Henceforth, the term “unique assem-
blies” refers to the set of unique PDB assemblies based on the composition of each assembly. Additionally, 38,789 
of these assemblies are heteromeric assemblies, 31,526 are homomeric assemblies and the rest are monomeric 
assemblies. In 74,427 of the unique assemblies, at least one component can be mapped to a UniProt accession, and 
in 63,894 assemblies, all polymer components map to UniProt accessions.

X-ray diffraction is the most common method used to determine the structures of unique assemblies 
(77,984), followed by electron microscopy (9,369) and nuclear magnetic resonance (7,902), respectively 
(Table 1). A total of 1,556 unique assemblies have structures solved using both NMR and X-ray diffraction, 
470 using both EM and X-ray diffraction, and 41 were solved using all three different methods. Additionally, 
we identified the species for each unique assembly whenever possible. The top ten species include bacteria and 
eukaryotic organisms, with human assemblies dominating the list (Table 2).

To uniquely identify assemblies, we combined mappings to external resources with the stoichiometry of 
the components. Assemblies with components that map to the same UniProt accessions but have different sto-
ichiometries may indicate varying experimental conditions or incorrect annotation. Analysis of nearly 28,000 
homomeric protein assemblies, where all components can be mapped to UniProt, revealed 2,955 cases with 
different stoichiometries. Table 3 displays some of the proteins where the homomeric assemblies exhibit highly 
variable compositions.

The PDB is an extensive resource of protein structures, containing over 200,000 entries. However, this abun-
dance of information presents challenges in curating and annotating the data. Proteins can exist in various 
stoichiometries, such as dimers, tetramers, and larger oligomers, and thus, selecting the correct assembly state 
or more commonly known as the biological assembly in a crystal structure can be challenging as experimental 
conditions and protein constructs may alter the oligomeric state of protein during structure determination. 

Fig. 2 Assembly composition in the PDB. Protein-only assemblies dominate the macromolecular assemblies, 
and most proteins can be mapped to UniProt accessions. Example PDB entries from protein-only, protein-
nucleic acid and nucleic acid-only assemblies include PDB entries 6bxa, 6dpo and 6c8m, respectively.
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Furthermore, errors in the curation process may lead to incorrect assembly states being assigned. Our analysis 
of homomeric protein assemblies highlights several examples of proteins with different stoichiometries in the 
PDB, the challenges associated with determining the correct assembly state, and some instances of inaccuracies 
(Fig. 3).

An example of a protein with multiple stoichiometries in the PDB, explainable by experimental conditions, is 
bacterioferritin (UniProtKB:P0ABD3), which typically forms a 24-meric sphere (e.g., PDB:1BCF) but in some 
PDB entries, an engineered version forms dimers (e.g., PDB:3E2C) (Fig. 3a). However, other cases exemplify 
the challenges of automatically selecting the representative assembly for a given PDB, such as the protein uri-
dine phosphorylase (PDB:1RYZ), which includes four curated assemblies (Fig. 3b). The first two assemblies 
(PDB:1RYZ_1/2) represent different hexameric forms, while the latter two (PDB:1RYZ_3/4) represent alterna-
tive dimeric forms. The PDBe process for selecting preferred assemblies favours one of the dimeric forms, but 
the QSbio assembly predictor assigns the highest confidence to the hexamer.

The curation and annotation of PDB entries present significant challenges, as illustrated by several examples. 
For instance, the protein Histone-arginine methyltransferase CARM1 (UniProtKB:Q9WVG6) is represented 
as a homo-tetramer in 30 PDB entries (e.g. PDB:5IH3) and as a homodimer in 2 PDB entries (e.g. PDB:2V74) 
(Fig. 3c). The homodimers in PDB entry 2V74 have a 98% confidence level, according to the QSbio predictor. 
Similarly, human Pannexin1 (UniProtKB:Q96RD7) is a homo-heptamer in 18 PDB entries (e.g. PDB:6LTN) 
and a homo-tetradecamer in one example (PDB:6WBN) (Fig. 3d). The publication associated with the 
homo-tetradecamer structure suggests that this assembly arrangement does not result from incorrect curation45.

Differences in sample sequence when solving the assembly structure can also result in multiple stoichio-
metries for an assembly (Fig. 3e). For example, the mannose-binding protein forms a trimer in its active form 
(e.g. PDB:1BUU). However, PDB entry 2MSB represents a deviation from the usual stoichiometry as it forms 
a dimer due to its shorter sample sequence that does not contain the necessary helix that forms the trimer 
interface.

Our analysis revealed a few incorrect assembly annotations, such as human kynurenine aminotransferase 
II (UniProtKB:Q8N5Z0) (Fig. 3f). This protein forms a homodimer in 15 PDB entries (e.g., PDB: 2R2N), but it 
was initially annotated incorrectly as a homotetramer in PDB entry 2QLR. The QSbio predictor suggests a 98% 
confidence level for the homodimer, highlighting the importance of careful curation and annotation. We have 
corrected the assembly annotation in 2QLR as a homodimer.

Sub- and super-assemblies. Biological assemblies can have multiple components, each with varying sto-
ichiometry. The ribosome, responsible for protein synthesis in every living cell, exemplifies this variability. The 
ribosome comprises two ribosomal subunits and can bind multiple tRNAs, mRNA, and diverse protein factors. 
The binding of tRNAs and various protein factors can induce large-scale conformational changes in the ribo-
some, affecting its function46,47. The empty ribosome (e.g. PDB:4YBB which is an empty Escherichia coli 70 S ribo-
some) can be considered a subassembly compared to the ribosome with bound tRNAs and/or protein factors (e.g. 
PDB:5UYM which is an Escherichia coli 70 S ribosome bound to ternary complex consisting of aminoacyl-tRNA, 
elongation-factor Tu and GTP). Identifying sub- and super-assemblies is key to the identification of the transient 

Scientific Name Unique Assemblies

Homo sapiens 16,645

Escherichia coli 3,721

Mus musculus 2,940

Saccharomyces cerevisiae 2,778

Thermus thermophilus 1,154

Pseudomonas aeruginosa 1,086

Mycobacterium tuberculosis 1,050

Arabis thaliana 995

Mus norvegicus 989

Mycobacterium tuberculosis 900

Table 2. Top ten species from which unique assemblies are solved.

Experimental Method Unique Assemblies

X-ray diffraction 77,984

Electron microscopy 9,369

Nuclear magnetic resonance 7,902

Nuclear magnetic resonance, X-ray 
diffraction 1,556

Electron microscopy, X-ray diffraction 470

Table 1. Top five experimental methods or combinations of experimental methods used to solve structures of 
unique assemblies.
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assemblies and understanding each component’s contribution to the function of the assembly and the relation-
ships between different components.

Our proposed approach allows us to identify sub- and super-assemblies in the PDB. We found that over 
5% of assemblies in the PDB are sub-assemblies (5,099 out of 97,528). Over 40% of these sub-assemblies are 
components of two or more assemblies (2,118 out of 5,099). For example, lysozyme (e.g. PDB:6KD1), one of 
the most common proteins in the PDB, has 24 super-assemblies containing additional components that map 
to UniProt, such as fibronectin (e.g. PDB:5J7C), aspartate-tRNA ligase (e.g. PDB:4GLA), and periplasmic 
pH-dependent serine endoprotease DegQ (e.g. PDB:4A8A). Similarly, around 15% of the assemblies in the PDB 
are super-assemblies of another assembly (14,279 out of 97,528).

Human-readable names for assemblies in the PDB. The Complex Portal44 provides recommended 
names for macromolecular complexes with defined components and stoichiometry from selected model organ-
isms. Currently, the Complex Portal contains around 4,000 annotated complexes, representing over 5% of the 

Fig. 3 Examples of homomeric assemblies with different stoichiometries in the PDB. We identified five main 
reasons for observing multiple stoichiometries for an assembly. These differences can be caused by experimental 
conditions (panel a), difficulties in automated assembly assignments (panel b), challenges in the curation and 
annotation process of assemblies (panel c/d), differences in the sample, for example in the sequence length 
(panel e) and genuine errors in curation (panel f).

UniProt 
accession Protein name

Number of different 
stoichiometry

P05067 Amyloid-beta precursor 
protein 12

P68135 Actin, alpha skeletal 
muscle 10

P10636 Microtubule-associated 
protein tau 10

P10997 Islet amyloid peptide 9

P37840 Alpha-synuclein 8

B2J6D9 Phage shock protein A, 
PspA 7

P02766 Transthyretin 7

P04156 Major prion protein 7

P41784 Protein PrgI 7

Q13148 TAR DNA-binding 
protein 43 7

Table 3. Homomeric proteins with multiple stoichiometries in the PDB.
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unique complexes in the PDB (70,315). When comparing the composition of assemblies in the PDB to those 
in the Complex Portal, we found that 1,648 unique PDB complexes match the exact compositions in Complex 
Portal. Extending the mapping to include PDB assemblies with additional components increases the number of 
matches between PDB and Complex Portal to 2,099 PDB assemblies. Of these, 371 contain an additional protein 
component, 67 have an additional DNA component, and 13 include an additional RNA component.

For example, the PDB contains three assemblies of the Cyclin A2-CK2 complex with Cyclin-dependent 
kinase inhibitor 1B (PDB:1H27, PDB:1JSU, and PDB:6ATH). Since the core Cyclin A2-CK2 complex maps to 
Complex Portal ID CPX-2006, these assemblies can be labelled by combining the name in Complex Portal with 
an additional protein component (E.g. Cyclin A2-CK2 complex and Cyclin-dependent kinase inhibitor 1B). A 
further 358 assemblies contain components that match a Complex Portal definition and have additional com-
ponents mapped to other Complex Portal entries. An example is PDB entry 6r8z, which contains Nucleosome 
variant H3.1-H2A.2-H2B.1, UV DNA damage recognition assembly DBB1-DBB2 with DNA and maps to two 
Complex Portal accessions CPX-2556 and CPX-308, respectively. Following these conventions allowed us to 
name 2,457 unique PDB assemblies using names obtained from Complex Portal. We have made the generated 
mapping files available to the Complex Portal team and the broader scientific community through the public 
PDBe-KB FTP area, which is available at https://ftp.ebi.ac.uk/pub/databases/pdbe-kb/complexes/.

For protein assemblies that comprise a single component, we can use the name of that component regardless 
of stoichiometry. Since almost two-thirds of protein assemblies in the PDB are either monomeric or homomeric, 
we could use the protein name from UniProt to name these assemblies. Using this approach, we could name 
60,840 of the assemblies in the PDB. The remaining assemblies that can be mapped to a single UniProt accession 
(13,476 unique assemblies) contain additional components, such as nucleic acids, antibodies, or peptides. In 
these cases, we can assign names by combining the name of the protein with a generic component label. For 
example, the assembly in PDB entry 5HI4 can be named “Interleukin-17A, IG-heavy chain, IG-light lambda 
chain, peptide complex” by combining the Interleukin-17A name from UniProt with the antibody and peptide 
names.

We have also used the Gene Ontology (GO) cellular component terms to name complexes since they describe 
the whole complex in cases where the individual components have GO annotations. Using this approach, we can 
name an assembly if every component of the PDB assembly is annotated with a common GO term. Applying 
this approach to the PDB archive, we named 400 unique assemblies. These assemblies include 132 proteasome 
complexes, 32 photosystem II complexes, 27 photosystem I complexes, 14 haemoglobin complexes, and 8 ATP 
synthase V complexes.

We also identified and named another 259 unique PDB assemblies representing biological complexes using 
a manually curated list prepared by PDBe curators. By combining the naming approaches described above, we 
could name over 90% (90,999 out of 97,528) of assemblies in the PDB (Table 4).

In addition, we used a combination of antibody (1,555 unique assemblies) and entity (5,542 unique assem-
blies) names to name another 7,097 protein assemblies that consist of unmapped components. The remaining 
unnamed assemblies (~7,000 unique assemblies) are largely heteromeric assemblies containing both mapped 
and unmapped components that cannot be named automatically using our current process. We are working to 
create new rules and using manual curation for naming these assemblies.

Finding ribosomes in the PDB. Complexes in the PDB are often heterogeneous in the composition of 
subunits, with some instances missing components or having components that do not map to UniProt. This 
heterogeneity is most prevalent in large complexes, such as ribosomes, with various assemblies bound to diverse 
molecules.

We developed a combined approach to address this heterogeneity and enable the identification of ribosomes 
even when they lack certain ribosomal proteins or rRNA subunits. We identified ribosomes that contained 
both ribosomal RNAs mapped to Rfam and ribosomal proteins. In cases where a potential ribosome did not 
have mappings to Rfam, it was required to have both RNA and ribosomal protein components. By using this 
approach, we were able to identify a total of 1,582 unique ribosome assemblies.

To name each ribosome complex, we used either the name of the ribosomal subunit, such as 30 S ribosomal 
subunit (e.g. PDB:6V3E), or the full ribosome name if both ribosomal subunits were present, such as 70 S ribo-
some (e.g. PDB:5J7L). If the ribosome contained tRNA, identified through matching Rfam accessions RF00005 

Naming category Number of unique assemblies Number of annotated PDB entries

UniProt 74,316 179,845

Unmapped protein (excluding antibodies) 5,542 5,542

General nucleic acid name (DNA, RNA or DNA/RNA) 3,893 3,893

Complex Portal 2,457 6,746

Ribosome 1,582 1,608

Antibody 1,555 1,555

Common name from entity names 893 2,070

Gene Ontology 400 858

PDBe curated 259 616

Rfam (excluding ribosome) 102 336

Table 4. Breakdown of names assigned to unique assemblies based on our naming approach.
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or RF01852, we added that information to the name. Any additional RNA molecules that are bound to the ribo-
some are simply named as RNA including messenger RNAs (mRNAs). For example, the PDB entry 6BOK is an 
E. coli ribosome with both tRNA and mRNA bound and thus, is named as 70 S ribosome and tRNA and RNA.

Analysing the symmetry of assemblies. To infer the point-group symmetry operators of the members 
of each unique protein assembly composition based on the preferred assemblies, we used the AnAnaS software48. 
This tool can detect five symmetry groups: cyclic, dihedral, tetrahedral, octahedral, and icosahedral. Among the 
symmetrical protein assemblies with unique compositions, cyclic (Cn, n ≥ 2) and dihedral (Dn, n ≥ 2) symmetry 
groups were the most frequent in the PDB, occurring in 77% and 20% of cases, respectively. Most cyclic symme-
tries were either C2 or C3, while the most common dihedral symmetries were D2, D3, and D4, in descending 
order of frequency (Fig. 4).

Our analysis revealed that close to 6.0% (1,651 out of 28,374) of these assemblies appear to have inconsist-
ent symmetry operators among its members. For example, the PDB entry 4U7N is an inactive histidine kinase 
dimer (consists of two copies of UniProtKB: A0A0M3KKX3) that has C2 symmetry. But other instances of this 
assembly (e.g. PDB:4U7O and PDB:4ZKI) appear to lack symmetry. Individual domains of histidine kinases 
have been shown to adopt both symmetric and asymmetric conformations in different catalytic states which 
might explain the differences in the symmetry groups of these structures49.

Symmetry analysis can also help detect unlikely assembly arrangements. For instance, the cytochrome P450 
3A4 complex is formed as a homodimer in 35 PDB entries, with 29 PDB entries exhibiting C2 symmetry (e.g. 
PDB:5G5J). However, in PDB entries 7KVH, 7KVN, 7KVO, 7KVQ, and 7KVS, there is no symmetry, and the 
arrangement of the monomers is different compared to other instances of the assembly due to very different 
crystal packing leading to a lack of symmetry. Another example is the homo-tetramer of L-asparaginase 2 
(UniProtKB:P00805) in PDB entry 6PA3, the only example among 45 PDB entries that does not have D2 sym-
metry in the provided biological assembly although the symmetry can be found in the crystal indicating a possi-
ble mistake in the annotation. In a few examples, symmetry is observed in one PDB entry, but most other entries 
do not have any symmetry. For example, RNA-binding protein Hfq (UniProtKB:P0A6X3) is asymmetrical in 
PDB entry 4JRK but not in the 14 other examples of the same protein that exhibit c6 symmetry again indicating 
a probable issue with the identification of assembly that needs further investigation.

Based on our analysis, the AnAnaS software has proven useful in inferring symmetry operators for unique 
protein assembly compositions, with cyclic and dihedral symmetry groups being the most common in the PDB 
archive. A small percentage of these assemblies appear to have inconsistent symmetry operators requiring fur-
ther investigation. However, analysing symmetry can help in the identification of unlikely assembly arrange-
ments which may be biologically relevant.

Discussion
Applying common data standards is crucial for making data Findable, Accessible, Interoperable, and Reusable 
(FAIR)50. In this study, we have developed an automated process to identify over 90,000 unique assemblies in the 
Protein Data Bank by mapping individual components to external databases such as UniProt and Rfam. With 
the help of additional resources such as Complex Portal and Gene Ontology, we have assigned human-readable, 
consistent names to over 90% of these unique assemblies, addressing a significant deficiency in the curation 
process of structure data.

Our approach improves accessibility of structure data for a given complex via PDBe search mechanism. 
Previously, this type of search relied on the PDB entry title or the individual components in the assembly hav-
ing a common naming convention, e.g. both Hemoglobin assembly components have Hemoglobin in their 

Fig. 4 Frequency of cyclic and dihedral symmetries in the PDB. The PDB archive is dominated by cyclic c2 
symmetry,  with dihedral d2 symmetry and cyclic c3 symmetry being the second and third most frequent, 
respectively. The vertical axes in both plots are shown in logarithmic scale.
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name, which makes it challenging to recover all the relevant information. The standardisation of assembly 
names and unique identifiers allow users to specify the PDBe complex identifier or the complex name under 
the advanced search option to find all the relevant information for a complex of interest. As shown in Fig. 5, 
querying for Hemoglobin yields multiple variants of hemoglobin such as mutant adult human hemoglobin 
(PDBe:PDB-CPX-159518), hemoglobin from parasitic flatworm Fasciola hepatica (PDBe:PDB-CPX-163279) 
and foetal hemoglobin (PDBe:PDB-CPX-159679). By clicking on the individual complex name, users can dis-
cover the same assembly across different species. Alternatively, clicking on the PDBe complex identifier would 
enable users to easily find all PDB entries containing a given assembly with identical composition and species. 
For example, clicking on the PDBe complex identifier PDB-CPX-159519 will display all PDB entries that corre-
spond to the adult human haemoglobin (Fig. 6).

Fig. 5 Finding complexes of interest in PDBe. By integrating the unique complex identifiers and complex 
names into the search system of PDBe, researchers can find distinct complexes more consistently across the 
PDB instead of relying on searching by PDB entry titles or complex component names.
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Importantly, the consistent naming of assemblies, the assignment of stable accessions to each unique assem-
bly, and integration with external reference annotations from UniProt, Rfam, GO, and Complex Portal have 
aided in putting these molecular machines in their biological contexts, facilitating the identification of mean-
ingful relationships between function, assembly composition, and conformational heterogeneity. Our efforts 
also facilitate data interchange with the Complex Portal and, by extension, UniProt, fostering data sharing and 
reuse to support reproducible research. As integrative/hybrid methods and multi-chain protein assemblies pre-
diction methods improve over time, our innovative and regularly updated scalable approach provides a con-
sistent method for handling a growing repository of macromolecular assembly data. Finally, this high-quality, 

Fig. 6 Finding instances of the same assembly in PDBe. By clicking on the PDBe complex identifier, users can 
find all entries of an assembly with identical composition and species.
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aggregated assembly data can serve as a training dataset and facilitate efforts to investigate the dynamics of 
macromolecular complexes computationally.

We believe that the identification and biocuration of all unique assembly compositions in the PDB archive 
have addressed a long-standing limitation of the archive and greatly enhanced the findability and reusability of 
these data to gain mechanistic insights into the biological context and function of these molecular machines. 
With consistently identified, unique assemblies labelled with human-readable names and stable accessions, users 
can easily search for specific assemblies and access all the relevant structure data for their analysis, advancing 
basic and translational research in life sciences. The implementation of our approach may serve as a model for 
improving the FAIRness of structural biology data.

Methods
Identification of unique assemblies. To create distinct assembly identifiers, we begin by attempting to 
map each component in the assembly to an accession/identifier from a reference database (refer to Table 5). 
UniProt accessions are used to map protein components, while mappings from the Rfam database43 are used for 
RNA molecules. In addition, we also use antibody annotation generated by the tool ANARCI51 to identify and 
name antibodies in the PDB. These accessions/identifiers are combined with stoichiometry numbers to gener-
ate description labels. We append the unmapped component type, PDB entry-id, entity-id, and stoichiometry 
to describe components that cannot be mapped to an external reference. We continue to work on classifying 
unmapped components and identifying suitable external references.

To create a unique identifier for each complex, we combine the descriptions of the individual compo-
nents and assign a distinct ID to each unique complex description. For instance, the description “P12345_1, 
DNA_1uty_2_1” is mapped to the PDBe complex identifier PDB-CPX-100487. We then compare the composi-
tion and stoichiometry of each assembly to those of complexes in the Complex Portal44 and assign the relevant 
Complex Portal ID to the assembly whenever possible. To ensure the persistence of these IDs, we generate and 
store an md5 hash value for each unique complex composition, which serves as a reference for creating and 
maintaining persistent identifiers for all unique complexes in the PDB archive. At present, our approach only 
identifies assemblies within a given species and does not compare them across different species.

The next step in the process is to define sub-assemblies and super-assemblies based on the composition and 
stoichiometry data. We define a sub-assembly as an assembly where all its components are a subset of the compo-
nents in another larger assembly. For instance, haemoglobin (two copies of UniProtKB:P68871 and two copies of 
UniProtKB:P69905) represented by the PDB entry 7JY3 is a subassembly of the haemoglobin-iron surface deter-
minant B receptor complex (contains additional two copies of UniProtKB:Q8NX66) represented by the PDB entry 
7PCH. We define a super-assembly as an assembly containing all the components of another assembly and additional 
members. Thus, in the previous example, the PDB entry 7PCH is a super-assembly of haemoglobin (PDB:7JY3).

Naming unique assemblies. To automate the naming of unique complexes, we developed a decision tree 
(Fig. 7). First, we check if the assembly from the PDB has the same composition as a complex in the Complex 
Portal. If so, we assign the name of the Complex Portal entry to the PDB assembly. For example, the PDB entry 
4F3L consists of two chains (UniProtKB:Q9WTL8 and UniProtKB:O08785) that can be mapped to the Complex 
Portal entry, CPX-3225. Therefore, we can name this heterodimer “CLOCK-Bmal1 transcription complex” using 
the name from the Complex Portal. We use the UniProt recommended name for homomeric protein assemblies 
in the PDB since they comprise repeated units of the same subunit. For homomeric protein assemblies that con-
sist exclusively of unmapped components, we use either the entity names or the antibody names to name these 
assemblies. For example, the PDB entry 1IVI is named as dihydrolipoamide dehydrogenase while the PDB entry 
12E8 is named as IG-heavy chain and IG-light kappa chain.

However, many PDB assemblies have additional components not present in Complex Portal or UniProt 
entries. In such cases, we add names depending on the molecule type (i.e. DNA, RNA, or antibody). Nucleic acid 
assemblies that consist of a single component are named DNA, RNA, or DNA/RNA hybrid, depending on the 
polymer type of the assembly, unless they have components mapped to Rfam.

Most RNA-containing assemblies in the PDB are either ribosomes or spliceosomes, while the rest are mostly 
small assemblies that represent various small non-coding RNAs and tRNAs52. Rfam is a valuable resource for 
identifying and naming RNA-containing assemblies in the PDB since it is a database of non-coding RNA fami-
lies classified using multiple sequence alignments, consensus secondary structure, and covariance models43. For 
example, there are 102 unique assemblies in the PDB consisting exclusively of components that can be mapped 

Component type Description format Example

Protein (UniProt) [accession]_[stoichiometry] P68871_1

RNA (Rfam) [accession]_[stoichiometry] RF00177_1

Antibody antibody_[PDB]_[entity]_][stoichiometry] antibody_5mv4_1_1

Protein (unmapped) protein_[PDB]_[entity]_][stoichiometry] protein_7rx0_2_1

RNA (unmapped) RNA_[PDB]_[entity]_][stoichiometry] RNA_1un6_2_1

DNA DNA_[PDB]_[entity]_][stoichiometry] DNA_8b1t_4_1

DNA/RNA hybrid DNA/RNA_[PDB]_[entity]_][stoichiometry] DNA/RNA_8e8j_3_1

Table 5. Generating composition labels for assemblies in the PDB.
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to Rfam. These include the S-adenosylmethionine (SAM) riboswitch (PDB:2GIS), group-I intron (PDB:1GRZ), 
group-II intron (PDB:4Y1N), and glucosamine-6-phosphate ribozyme (PDB:2GCV).

After the automated naming process, we check if the assembly is in the PDBe’s manually curated list of assem-
bly names (Fig. 8), which includes selected macromolecular complexes and their mapping to UniProt for each 
component. We also verify if all components in the assembly have a consistent Gene Ontology (GO) term associ-
ated with them53,54. For complex components, the GO term describes the whole complex, such as the nucleosome 
complex, where UniProt accessions for core histone proteins contain the GO term “nucleosome” (GO:0000786). 
If we can find a consistent GO cellular component term across all components in a complex, we use it to name 
the complex. If all components in the assembly have the same common GO cellular component term, we use 
that name as the assembly name. For instance, we named the assembly in PDB entry 2C35 “DNA-directed RNA 
Polymerase II” since it consists of two chains with the same common GO cellular component term.

Fig. 7 Decision tree for automated assembly descriptions. Our process uses a decision tree to automatically 
generate descriptions for assembly components based on data from external data resources and component 
categories.

Fig. 8 Decision tree for automated assembly naming. Our process attempts to assign human-readable complex 
names to all the unique composition descriptions. The process relies on a manually curated list of complex 
names, and when unavailable, it will look for data from GO annotations and common component names.
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For ribosomal assemblies, we apply two additional steps. Since ribosomal composition can vary greatly 
between entries, we want to identify and name ribosomes even if they lack constituent protein or RNA compo-
nents. First, we map rRNA components to Rfam to identify ribosomes. Then, we identify potential ribosomal 
assemblies by assessing if the assembly has both unmapped RNA molecules and ribosomal proteins.

Data availability
The data pipeline described in this paper is integrated into the PDBe weekly release process to ensure that all 
new and updated PDB entries are assigned persistent complex identifiers. We provide public access to the data 
mapping between PDB and Complex Portal entries on our FTP area at https://ftp.ebi.ac.uk/pub/databases/
pdbe-kb/complexes/, updated quarterly. Moreover, the code we used to analyse the data presented in this paper is 
available in a Jupyter notebook at https://github.com/PDBe-KB/pdbe-assemblies-analysis.

Code availability
The source code for our data pipeline is publicly available on GitHub at https://github.com/PDBe-KB/process-
complex-data. This repository contains a Python package that aggregates data for macromolecular complexes 
from the PDBe graph database, assigns unique identifiers, and generates human-readable names. Additionally, we 
have created a demo repository that allows developers to test and benchmark the complex identifier-generating 
process. This repository is available on GitHub at https://github.com/PDBe-KB/pdbe-complex-analysis-demo.
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