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Abstract

The Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) provides open
access to experimentally-determined three-dimensional (3D) structures of biomolecules. The RCSB PDB
RCSB.org research-focused web portal is used annually by many millions of users around the world. They
access biostructure information, run complex queries utilizing various search services (e.g., full-text,
structural and chemical attribute, chemical, sequence, and structure similarity searches), and visualize
macromolecules in 3D, all at no charge and with no limitations on data usage. Notwithstanding more than
24,000-fold growth of the PDB over the past five decades, experimentally-determined structures are only
available for a small subset of the millions of proteins of known sequence. Recently developed machine
learning software tools can predict 3D structures of proteins at accuracies comparable to lower-resolution
experimental methods. The RCSB PDB now provides access to !1,000,000 Computed Structure Models
(CSMs) of proteins coming from AlphaFold DB and the ModelArchive alongside !200,000 experimentally-
determined PDB structures. Both CSMs and PDB structures are available on RCSB.org and via well-
established RCSB PDB Data, Search, and 1D-Coordinates application programming interfaces (APIs).
Simultaneous delivery of PDB data and CSMs provides users with access to complementary structural
information across the human proteome and those of model organisms and selected pathogens. API
enhancements are backwards-compatible and programmatic users can “opt in” to access CSMs with min-
imal effort. Herein, we describe modifications to RCSB PDB cyberinfrastructure required to support sixfold
scaling of 3D biostructure data delivery and lay the groundwork for scaling to accommodate hundreds of
millions of CSMs.
! 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-
mons.org/licenses/by/4.0/).
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Introduction

The Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank (PDB)
RCSB.org research-focused web portal1–3 provides
open access to a rigorously validated, expertly
biocurated collection of !200,000 experimentally-
determined 3D structures of biological macro-
molecules stored in the PDB archive.2,4 It is used
annually by many millions of researchers, educa-
tors, and students for a range of general and inves-
tigative applications. Users can directly access
deposited structures or make use of a modular,
yet fully-integrated software suite that supports
interrogation, visualization, and analyses of 3D pro-
tein structures. The RCSB.org web portal is pow-
ered by a recently redesigned, highly-flexible,
extensible search and data delivery architecture.5

Several application programming interfaces (APIs)
support comprehensive search (search.rcsb.org),
data delivery (data.rcsb.org), and sequence-
focused (1d-coordinates.rcsb.org) functionalities.
The cyberinfrastructure architecture was designed
to accommodate the ever-growing number of
deposited PDB structures, while integrating annota-
tions and other information from !50 trusted exter-
nal data resources.6,7

The PDB archive stores !200,000
experimentally-determined structures from more
than 50 years of protein structure determination
efforts by researchers working on every inhabited
continent. Notwithstanding this impressive metric,
there are in fact no experimentally-determined 3D
structure data for most of the >200 million protein
sequences represented in UniProt.8 This chasm
between known protein sequences and available
3D biostructures continues to widen despite
advances in cryo-electron microscopy,9,10 etc.
For more than 50 years, scientists have tried to

elucidate the relationship between protein
sequence and structure to predict protein
structures directly from their amino acid sequence.
Several key discoveries11–15 culminated in the
development of AlphaFold216 by John Jumper and
co-workers, which utilizes sequence and 3D struc-
ture information, coevolution data, and machine
learning (ML) methods. The success of AlphaFold2
in predicting individual protein structures was
announced at CASP14 (Critical Assessment of pro-
tein Structure Prediction).17 RoseTTAFold,18 devel-
oped subsequently by David Baker and co-workers,
supports prediction of both individual protein struc-
tures and those of binary complexes, exemplified
with 1,106 heterodimers of Saccharomyces cere-
visiae proteins.19

Recognizing the benefits of whole proteome
coverage, RCSB PDB decided to integrate the
first three AlphaFold DB (alphafold.ebi.ac.uk)10

releases (July 2021, December 2021, and January
2022) and selected RoseTTAFold predictions
stored in the ModelArchive (modelarchive.org)20

into RCSB.org. Doing so, allowed users to explore
and analyze!1 million Computed Structure Models
(CSMs) alongside experimentally-determined
structures.3 Enhancement of RCSB.org with CSMs
is particularly useful for proteins of interest not pre-
sent in the PDB. Several powerful search services
allow users to detect similarities between CSMs
and experimentally-determined PDB structures,
facilitating transfer of annotations and knowledge
available for the set of rigorously-validated and
expertly-biocurated PDB structures to (currently)
annotation-sparse CSMs. Since the advent of
AlphaFold2 we have seen advances in multimeric
structure prediction21 and those without recourse
to co-evolutionary information.22,23 For currently
available CSMs, confidently predicted polypeptide
chain segments are comparable in accuracy to
lower-resolution experimental structures (i.e.,
worse than 3.5 !A resolution).17,24

Herein, we present recent upgrades to RCSB.org
architecture (compared to our previous report in 5
and demonstrate how APIs can be leveraged to
search for and programmatically retrieve data on
!1million CSMs fromAlphaFold DB andModelArc-
hive. A related publication3 describes changes to
the RCSB.org user interface (UI) and showcases
how users can interrogate CSMs with a plethora
of browser-based tools.
The following design objectives were established

for integration of CSMs into the RCSB.org web
portal:

1. Integrate CSM data as “first class objects” and treat
them just like experimentally-determined PDB struc-
tures within RCSB PDB APIs. Doing so enables
seamless integration of CSMs into existing cyber
infrastructure. This requirement also means that
CSM data are propagated throughout the entire data
architecture and that all RCSB.org tools will work with
CSMs.

2. Maintain provenance, allowing clear differentiation
between experimentally-determined PDB structures
and CSMs. Notwithstanding tight integration (prime
objective), it must be clear when atomic coordinates
shown within the UI or returned by an API describe
experimentally-determined PDB structures or CSMs.

3. Extend RCSB PDB adherence to the FAIR principles
(Findability Accessibility Interoperability Reusability)
to CSMs, and cross-reference CSM resources in
the same way as for PDB data.

Methods

Overview of existing architecture

The research-focused RCSB.org web portal is
built on a modular microservice architecture
(depicted on the right-hand side of Figure 1). Most
users will only interact with the frontend service,
accessible from RCSB.org. The frontend requests
static files, such as 3D structure information, from
dedicated endpoints or a content delivery network
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(CDN, cdn.rcsb.org). More complex data (e.g., per-
structure meta-information or mappings between
different flavors of identifiers) can be requested
via the Data API (data.rcsb.org). Search requests
are processed by the Search API (search.rcsb.
org), which delegates subqueries to dedicated
internal search services and aggregates individual
query responses into a single query response.
Doing so effectively separates responsibilities of
the RCSB PDB search aggregator and actual
search implementations, allowing RCSB.org
architecture to follow the single responsibility
principle. Expert users can directly interact with
Data API, 1D-Coordinates API, Search API, and/
or static data. The entire frontend was built upon
public RCSB.org services.
Individual services can be accessed using REST

(representational state transfer) and/or GraphQL
(graphql.org). All services are run on geo-
redundant cyber infrastructure located in bicoastal
data centers at Rutgers, The State University of
New Jersey and the University of California San
Diego. A global DNS (domain name system)
directs users to the nearest available data center.
Data delivered by RCSB.org are updated weekly.

Every Wednesday, at 00:00 Universal Time
Coordinated (UTC), several hundred new
experimentally-determined PDB structures are
publicly released. These new PDB structures
originate from depositions made via the Worldwide
Protein Data Bank (wwPDB)25 OneDep software
system.26 They are rigorously validated and
expertly biocurated by one of the wwPDB data cen-

ters (depositions coming from the Americas &
Oceania ? RCSB PDB; Europe and
Africa ? Protein Data Bank in Europe; Asia and
theMiddle East? Protein Data Bank Japan). Every
Friday, an ETL (extract transform load) pipeline pro-
cesses all new 3D biostructure data and enriches it
with annotations from !50 external resources.6,7

Several search indices are created to facilitate dif-
ferent query styles behind the Search API (e.g.,
queries by free text, attributes, or identifiers).

Schema changes to support integration of
computed structure models

The RCSB.org web portal follows a schema-first
approach. This single source of truth simplifies
software development, prevents inconsistencies,
and improves code maintainability. Source files in
mmCIF format contain a plethora of important
annotations and metadata. This information is
propagated to each service, leveraging the PDBx/
mmCIF (Protein Data Bank Exchange (PDBx)
macromolecular Crystallographic Information
Framework (mmCIF)) data dictionary27 and a com-
patible, private schema used by all RCSB.org ser-
vices. A wwPDB PDBx/mmCIF Working Group
manages the data dictionary in collaboration with
wwPDBmembers. Their deliberations and data dic-
tionary content are published on GitHub (github.-
com/pdbxmmcifwg) and a data portal site (mmcif.
wwpdb.org), respectively. ModelCIF is a flexible
CSM-focused dictionary extension of the PDBx/
mmCIF data standard which was developed jointly
for use with CSMs by the wwPDB and stakeholders

Figure 1. Architectural overview of the RCSB.org web portal. Support for CSMs coming from AlphaFold DB and the
ModelArchive was added in September 2022.
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drawn from the structure prediction community.
CSMs from AlphaFold DB and RoseTTAFold-
generatedCSMs (freely available viaModelArchive)
conform to the ModelCIF standard,28 which both
improved data integrity and reduced efforts required
to integrate additional properties or attributes (such
as CSM-specific quality assessment categories)
into the RCSB.org cyberinfrastructure. The Model-
CIF data dictionary is available at github.com/
ihmwg/ModelCIF. Frameworks describing the
PDBx/mmCIF and ModelCIF dictionaries are regu-
lated by Dictionary Definition Language 2 (DDL2),
a generic language that supports construction of dic-
tionaries composed of data items grouped into cate-
gories.29 DDL2 supports primary data types (e.g.,
integers, real numbers and text), boundary condi-
tions, controlled vocabularies, and linking of data
items together to express relationships (e.g., par-
ent–child related data items). DDL2 is described by
its own dictionary and is, therefore, self-validating.
Some additions were made to the RCSB.org

internal schema (which can be explored using the
top-right “Docs” button at data.rcsb.org/graphql/
index.html). For example, we introduced the
“rcsb_comp_model_provenance” category, which
tracks provenance of each CSM, and the “rcsb_m
a_qa_metric_global” that captures the overall
quality of the CSM prediction. Both AlphaFold2
and RoseTTAFold predictions include pLDDT
values (predicted local distance difference test;
original lDDT score is defined in 30). In addition,
changes weremade to labels of certain data proper-
ties appearing in APIs and the UI, in order to avoid
property names that would be misleading in the
context of CSMs. For example, “PDB ID” was
rebranded as “Entry ID”, “Deposition” changed to
“Structure Details”, and “Deposition Author” was
renamed to “Structure Author”.

Integrating computed structure models from
repositories

The source of AlphaFold2 predictions is
AlphaFold DB (alphafold.ebi.ac.uk).10 Its first
release in July 2021 encompassed !360,000
CSMs covering proteomes of 21 model organisms.
In December 2021, a second set of predictions for
SwissProt database sequences31 was released,
and predictions covering 32 additional proteomes
relevant to global health were released in January
2022. MANE predictions (Matched Annotation from
NCBI and EMBL-EBI) were also integrated. These
AlphaFold2 predictions number 999,255 (excluding
redundancies), all of which are now integrated into
RCSB.org. Additionally, we included 1,106 RoseT-
TAFold predictions,19 stored in the ModelArchive
(modelarchive.org). More than 200 million Alpha-
Fold2 CSMs were released in July 2022. Their inte-
gration into RCSB.org is underway.
Local copies of the ModelCIF files were created

for both AlphaFold DB and ModelArchive CSMs,
so that underlying structure files could be

normalized as needed to ensure full compatibility
with existing cyberinfrastructure. Local storage
reduces strain on upstream repositories,
circumvents possible connectivity issues when
pulling data from external resources, and enables
better overall performance. Newer versions of
existing files and/or additional CSMs can be pulled
from upstream repositories whenever it is
warranted to do so.

Establishing unique identifiers

AlphaFold DB and the ModelArchive provide
FAIR-compatible identifiers, which are name-
spaced and indicate source repository (e.g., “AF-
A0A452S449-F1” from AlphaFold DB and “ma-
bak-cepc-0001” from ModelArchive). There is,
however, no community-wide standard to enforce
this convention of name-spaced identifiers,
composed of alphanumeric characters and dashes
(“–”). And there is no guarantee that identifiers
introduced by other CSM repositories would be
unique and/or only composed of alphanumeric
characters and dashes.
Custom identifiers were introduced to normalize

entry identifiers during loading into the RCSB PDB
Data Warehouse. During the loading process,
external identifiers are converted into RCSB.org-
specific identifiers, which follow the format
“${database}_${identifier}” (e.g., identifier “AF-
A0A452S449-F1” maps to “AF_AFA0A452S449F1
”). This practice aligns with extended PDB ID
codes (PDB_00001ABC, rcsb.org/news/
607760112786e73a79c76f9d), which will be
introduced when all 4-character PDB entry
identifiers have been exhausted. In addition, this
approach ensures uniqueness, robustness (i.e.,
protection from non-standard characters), and
functionality (i.e., regular expressions can
distinguish between experimentally-determined
PDB structures and CSMs). We also retain
original identifiers to maintain provenance, ensure
interoperability with external resources, and
support user searches with original identifiers.

Performance improvements

Weekly updates of the PDB archive typically
involve release of information for !300 new
experimentally-determined structures. These data
are loaded via the Weekly Update Workflow, a
process that starts on Fridays and is scheduled to
finish no later than 00:00 UTC on Wednesdays,
when new PDB data are made public. Sequence
clusters are re-computed weekly, including CSM
sequences to generate consistent cluster
solutions. Every week, indices are recreated for
critical information (e.g., entry identifiers, select
annotations). Even if source data remained
unchanged, external annotations could change
from week to week, requiring reindexing. The
Weekly Update Workflow runs independently in
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each of the RCSB PDB bicoastal data centers.
More than 100 individual data management tasks
are performed within the Workflow, orchestrated
by the Luigi framework (github.com/spotify/luigi).
Using Luigi worked well for our transition from
!200,000 to >1.2 million structures. Because of
the distributed design of Luigi, minimal changes in
the RCSB PDB workflow were required to scale it
horizontally utilizing additional OpenStack
instances (i.e., more CPUs and memory). These
process modifications enabled 6-fold speedup of
the usual weekly loading process.
Across the entire RCSB PDB Data Warehouse,

Elasticsearch (elastic.co) is used for text indexing,
while MongoDB (mongodb.com) serves as the
database backend of individual services. These
enterprise-grade software solutions are readily
configurable as distributed systems, facilitating
scale up of RCSB PDB operations. A similar
strategy can be applied to our scientific search
services. For further scaling, data can be divided
into shards and distinct instances could process
smaller, more manageable data batches. The
RCSB PDB microservice-based architecture
facilitates scaling of individual services, without
affecting others, and allows dynamic deployment
of additional instances of resource-strapped
services. Scaling would not have been possible

with the legacy monolithic RCSB PDB data and
software architecture.

Results

Information for >1 million CSMs is now available
via the RCSB PDB Data API. Additionally, they
can be searched via Search API. No “breaking
changes” were made and programmatic users can
tap into the potential of CSMs with minimal code
changes.

Data API: Access metadata of computed
structure models

CSMs share endpoints and query definitions with
experimentally-determined PDB structures.
Information relating to CSMs can be retrieved by
providing the corresponding entry, assembly,
entity, or instance identifier. Some properties are
not relevant for CSMs (e.g., experimental details,
PDB archive deposition details, and listings of
wwPDB validation reports). Analogously,
AlphaFold2 and RoseTTAFold CSMs possess
properties distinct from those of PDB structures
(e.g., attributes to describe provenance and
pLDDT scores). The GraphQL snippet illustrated
in Figure 2 summarizes prominent new CSM

Figure 2. Data API query for CSM metadata on the left, response on the right. (a) Indicates whether this entry is a
CSM or a PDB structure. (b) Provides the global pLDDT value. (c) Contains per-residue confidence values.
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properties: “rcsb_entry_info.structure_determina
tion_methodology” delineates experimentally-
determined PDB structures and CSMs (Figure 2
(a)), “rcsb_ma_qa_metric_global” provides per-
structure quality scores (Figure 2(b)). Per-residue
prediction confidence scores are available as
polymer instance features (Figure 2(c)).

Search API: Search by properties of computed
structure models

The RCSB PDB Search API acts as an
aggregator that bundles results from different
search services. For example, it is possible to
combine a full-text search (Figure 3(a)) with an
attribute-based predicate (Figure 3(b)), using the
full complement of Boolean operators. Queries do
not include CSMs by default (which helps to
ensure that programmatic users of RCSB PDB
APIs do not face any “breaking changes”). CSMs
can be included by specifying “experimental” and
“computational” as “results_content_type” property
(Figure 3(c)). This property is optional and
defaults to “experimental”, excluding CSMs unless
explicitly requested. The “rcsb_entry_info.struc
ture_determination_methodology” attribute can be
used to build complex queries encompassing
different criteria for experimentally-determined
PDB structures and CSMs. Range operators

(Figure 3(b)) enable filtering for CSMs with very
high confidence scores, as indicated by average
pLDDT scores >90. The “rcsb_comp_model_prove
nance.source_db” attribute captures the origin of a
CSM and allows filtering for “AlphaFoldDB” or
“ModelArchive” entries. By default, experimentally-
determined structures are prioritized over CSMs
and fine-grained sorting options are available to
adjust this behavior.
The Search API depends on several internal

scientific search services. An Elasticsearch cluster
implements text- and attribute-based searches,
allowing users to query by full text (comparable to
a Google search) and by predicates on single
attributes (e.g., length of a polymer chain between
100 and 120 residues). “Off-the-shelf”
implementations are used for chemical similarity
(OpenEye Chemical Toolkit, eyesopen.com/
oechem-tk) and sequence searching
(MMseqs2).32 Structure similarity searching is
implemented using BioZernike descriptors,33 which
capture the 3D shape of proteins using 3D Zernike
moments and enable efficient comparisons. Speci-
fic 3D arrangements of small groups of residues
(such as the Serine-Histidine-Aspartate catalytic
triad) can be detected using the structure motif
search service.34 An in-house library based on reg-
ular expressions allows searching for sequence
motifs. These internal services were adapted to

Figure 3. Search API query with predicate based on CSM metadata on the left, response on the right. (a) Text
query. (b) Filters for very high pLDDT confidence values >90. (c) Requests CSMs.
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honor the “results_content_types” property, which
reduces computational load on internal services if
a query is restricted to PDB structures.

Assessment for computed structure models

Easy access to 3D biostructure quality
assessment measures is a critical feature of the
RCSB.org web portal.24,25 Structure validation is
crucial when gauging the potential utility of PDB
structures. Experimentally-determined structures
are rigorously validated and expertly biocurated by
the global wwPDB Biocuration Team at the time of
deposition. CSMs lack this “gatekeeping” step and
low confidence predictions are inevitable. Alpha-
Fold2 and RosettaFold generate per-residue
pLDDT values (see above), which serve as predic-
tion confidence measures.
The Data API provides access to global and per-

residue pLDDT values for each integrated CSM and
each of its polymer instances, respectively (the first
in the dedicated “rcsb_ma_qa_metric_global”
category, the second as a new instance feature of
type “MA_QA_METRIC_LOCAL_TYPE_PLDDT”).
Low confidence regions of CSMs with pLDDT
values <70 are ignored by the structure similarity
and structure motif search services, which
reduces false-positives in the search result set.
Users can also sort and filter by average (“global”)
pLDDT values of CSMs and further narrow their
result set to high confidence predictions, as desired.

Documentation and help pages

A comprehensive collection of help topics (rcsb.
org/docs) describes services and views available
on the RCSB.org web portal. Extant
documentation was updated to include information
for CSMs. In parallel, dedicated help pages
pertaining to CSMs were added. Each of the
RCSB PDB public services and APIs offers
documentation for programmatic users (e.g.,
search.rcsb.org for Search API and data.rcsb.org
for Data API). These resources are regularly
updated based on user feedback and questions
coming into the RCSB.org Customer Service Help
Desk.

Availability

Referenced backend services are available at
search.rcsb.org, data.rcsb.org, and 1d-
coordinates.rcsb.org.
Many underlying projects are open-source

GitHub projects and can be used as software
dependencies. These projects may be of
assistance to users adapting codebases for use
with CSMs. Public software projects include the
Mol* 3D viewer (github.com/molstar/molstar),35 its
RCSB.org-specific flavor (github.com/molstar/
rcsb-molstar), a 2D macromolecular image ren-
derer (github.com/molstar/molrender), the Protein

Feature Viewer stack (github.com/rcsb/rcsb-
saguaro, github.com/rcsb/rcsb-saguaro-app,
github.com/rcsb/rcsb-saguaro-3d),36,37 the UI of
the Alignment application (github.com/rcsb/rcsb-
pecos-app), CIF parsers (github.com/rcsb/ciftools-
java, github.com/rcsb/py-mmcif) supporting
BinaryCIF38 and ModelCIF,28 BioJava (github.
com/biojava/biojava),39 for 3D structure manage-
ment and analysis, volume/shape-based structure
similarity search (github.com/biocryst/biozernike),33

and structure motif search (github.com/rcsb/struc-
motif-search).34

Discussion

Integration of CSMs within the RCSB.org web
portal allows users for the first time to navigate >1
million high-value CSMs coming from AlphaFold
DB and ModelArchive. RCSB.org offers unique
tools to search by sequence similarity, sequence
motif, structure similarity, or structure motif, and
detect resemblances between and among CSMs
and/or experimentally-determined PDB structures.
Several other groups have also made substantial
progress when it comes to providing some of
these search services.40–42 The unique feature of
the newly-released version of RCSB.org, however,
lies in the fact that every-one of these scientific
search services can be accessed in a one-stop-
shop. This unified functionality allows users to
define complex queries by combining multiple
search services (e.g., combining sequence similar-
ity and structure comparison). Updated RCSB PDB
APIs provide direct access to the underlying data
and require minimal adjustment by programmatic
users who want to tap into the enormous potential
of >1 million CSMs.
Going forward, our highest priority is to further

scale RCSB PDB cyberinfrastructure to integrate
the current AlphaFold DB release of !214 million
predictions. In addition, we plan to integrate
external annotations specific to CSMs43,44 and
improve RCSB.org tools available for synchronizing
annotations between experimentally-determined
PDB structures with CSMs (e.g., by implementing
such features in our structure alignment tools). In
the longer term, we will solicit input from RCSB
PDB data consumers to determine how best to con-
tinue making PDB structures available alongside
the rapidly-growing corpus of CSMs being made
available worldwide.
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