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Abstract

IHMCIF (github.com/ihmwg/IHMCIF) is a data information framework that supports archiving
and disseminating macromolecular structures determined by integrative or hybrid modeling
(IHM), and making them Findable, Accessible, Interoperable, and Reusable (FA/R). IHMCIF

is an extension of the Protein Data Bank Exchange/macromolecular Crystallographic Information
Framework (PDBx/mmCIF) that serves as the framework for the Protein Data Bank (PDB)

to archive experimentally determined atomic structures of biological macromolecules and their
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complexes with one another and small molecule ligands (e.g., enzyme cofactors and drugs).
IHMCIF serves as the foundational data standard for the PDB-Dev prototype system, developed
for archiving and disseminating integrative structures. It utilizes a flexible data representation

to describe integrative structures that span multiple spatiotemporal scales and structural states
with definitions for restraints from a variety of experimental methods contributing to integrative
structural biology. The IHMCIF extension was created with the benefit of considerable community
input and recommendations gathered by the Worldwide Protein Data Bank (wwPDB) Task Force
for Integrative or Hybrid Methods (wwpdb.org/task/hybrid). Herein, we describe the development
of IHMCIF to support evolving methodologies and ongoing advancements in integrative structural
biology. Ultimately, IHMCIF will facilitate the unification of PDB-Dev data and tools with the
PDB archive so that integrative structures can be archived and disseminated through PDB.

Keywords

IHMCIF; PDBx/mmCIF; Data Standard; Open Access; Worldwide Protein Data Bank; wwPDB;
Integrative Modeling; PDB-Dev

INTRODUCTION

Introduction to integrative modeling

Increasingly, structures of many complex biological systems are determined using
integrative approaches that combine information from multiple experimental and
computational methods [1, 2]. Such approaches are typically used for determining
structures of complex macromolecular assemblies that cannot be solved using any one

of the traditional methods, including macromolecular crystallography (MX), Nuclear
Magnetic Resonance (NMR) spectroscopy, and three-dimensional electron microscopy
(3DEM). Integrative modeling generally combines data from these traditional methods

with information from complementary biophysical and proteomics methods, such as small
angle scattering (SAS), chemical crosslinking mass spectrometry (crosslinking-MS), Férster
resonance energy transfer (FRET) spectroscopy, electron paramagnetic resonance (EPR)
spectroscopy, hydrogen-deuterium exchange mass spectrometry (HDX-MS), and atomic
force microscopy (AFM) obtained from /n vitro, in situ or even in vivo samples. In addition,
experimental data can be combined with other information, such as structures of molecular
components determined by experimental and computational methods as well as other types
of bioinformatics analyses (e.g., predictions of binding sites and co-evolving residues); in
particular, integrative modeling of large and/or dynamic biomolecular systems benefits from
models of system components computed by emerging deep learning methods [3, 4]. The
input information gathered is converted into an integrative model by: (i) defining molecular
representation of the modeled system, (ii) constructing spatial restraints on the components,
(iii) finding a model that satisfies these restraints by structural sampling, and (iv) validating
the model (Figure 1).

Integrative modeling has been applied to determine structures of macromolecular systems
that participate in major cellular processes, such as replication, transcription, translation,
regulation of gene expression, protein degradation, mitosis, muscle contraction, signal
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transduction, cellular communication, and immune response [1]. These structures greatly
enhance our understanding of biological processes and pathways, regulatory interactions,
antibody epitopes, and disease etiology. Therefore, efforts to make the results of integrative
structure determinations publicly available are critical for advancing biological and
biomedical research.

wwPDB IHM Task Force and Working Groups

Protein Data Bank (PDB) is the single global repository for atomic structures of
macromolecules and their complexes determined using MX, NMR, and 3DEM [5, 6]. The
archive is managed by the Worldwide Protein Data Bank (wwPDB) organization [7] that
ensures open access to the structural data according to the FA/R (Findable, Accessible,
Interoperable, and Reusable) principles [8]. Recognizing the growing application of
integrative methods in structural biology, the wwPDB established an Integrative and Hybrid
Methods (IHM) Task Force (hereafter Task Force, wwpdb.org/task/hybrid) to address and
overcome challenges involved in archiving and disseminating integrative structures. The
Task Force included members from different experimental method communities, as well

as structural biologists, modelers, and data scientists. The inaugural workshop of the Task
Force was held in 2014 at EMBL-EBI in Hinxton, UK, resulting in a whitepaper describing
a series of recommendations for archiving integrative structures and associated experimental
data and metadata [9]. In addition, two Working Groups were set up to address ongoing
requirements for (a) developing model representation and validation methods for integrative
structures and (b) creating a federated network of interoperating data resources contributing
to integrative structural biology. A second meeting was organized by the Working Groups
in Baltimore, Maryland, during the 2019 Biophysical Society annual meeting, resulting

in another whitepaper [10] describing additional recommendations for developing data
standards and methods for collecting, curating, validating, and disseminating integrative
structures as well as recommendations for establishing mechanisms for interoperation
among different experimental data and structural model repositories to build a federated
network of resources. These workshops have fostered collaborative efforts across different
scientific disciplines to create benchmarks, data standards, and other means of promoting
open science and FA/R data practices [11-17]. We continue to work with a number of
scientific communities contributing data for integrative structure determination, aiming to
coordinate efforts of various data providers to develop data standards, supporting tools, and
necessary infrastructure for archiving and disseminating data in the FA/R manner.

Significance of data standards and history of PDBx/mmCIF

Data standards are technical descriptions of data and metadata definitions, along with format
specifications for encoding the data and metadata. They are the primary requirement for
collecting, archiving, and disseminating data in a standard format, and ensuring that the data
follow the FA/R principles. Scientific data standards provide definitions for representing

the results of an investigation and additional metadata, such as authors, citations, samples,
methods, software, etc. Using consistent, standard mechanisms to store this information
enables better interoperation among resources and facilitates data search, retrieval, and
reuse.
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The legacy PDB format developed in the 1970s is one of the earliest archival formats in
structural biology [18]. Due to its simplicity and popularity, the PDB format remained the
standard archival format for PDB for over forty years. However, it posed serious limitations
for archiving structures of large biomolecular assemblies due to its rigid requirements of
fixed column positions and widths and limited metadata definitions. As structural biology
evolved, a more general and flexible system for defining data standards was required to
support larger structures and new experimental methods.

The Crystallographic Information Framework (CIF) was developed as the data and
publication standard of the International Union of Crystallography (IUCr) for diffraction
experiments on small molecules [19]. Subsequently, the macromolecular CIF (mmCIF)
data representation was created to describe the structures of macromolecules and the
results of MX structure determinations [20]. mmCIF takes into account the hierarchical
representation of polymeric macromolecules and the relationship between sequence

and three-dimensional (3D) structure. Over time, the original mmCIF data standard

was extended by the wwPDB to create PDBx/mmCIF (Protein Data Bank Exchange/
macromolecular Crystallographic Information Framework) [21, 22], which added support
for archiving of structures determined using NMR and 3DEM experiments. It was officially
adopted as the master format and archiving data standard for PDB in 2014. The underlying
framework that supports PDBx/mmCIF [23] includes metadata definitions used for assessing
and maintaining data consistency, such as primary data types (e.g., integers, real numbers,
and text), controlled vocabularies, boundary conditions, and parent-child relationships
among data items. Support for parent-child relationships within PDBx/mmCIF, which are
necessary for archiving macromolecular structure data, represented a significant advance
over the original CIF standard. PDBx/mmCIF was designed to be fully extensible and

has been extended, for example, to represent small-angle solution scattering data [24, 25]
and computed structure models [26]. In addition, a suite of software tools is available

to support the PDBx/mmCIF format and its extensions (mmcif.wwpdb.org/docs/software-
resources.html).

Development of the PDB-Dev Prototype System and IHMCIF

Following recommendations of the wwPDB IHM Task Force, a prototype system called
PDB-Dev was developed to archive and disseminate integrative structures and associated
experimental data (pdb-dev.wwpdb.org) [27-29]. The PDB-Dev infrastructure consists

of a deposition and data harvesting system, methods for data processing and curation,
mechanisms for validation of experimental data and structures, tools for visualization of
integrative structures, and a website for data distribution that supports search and retrieval,
data access, dataset discovery, and download. The primary requirement for developing
PDB-Dev was the development of data standards to represent the data and metadata involved
in integrative structure modeling. The PDBx/mmCIF data representation was, therefore,
extended to create the IHMCIF data standard [28]. IHMCIF incorporated community
recommendations from the wwPDB IHM Task Force and contains specific definitions
and attributes required for describing and archiving the results of integrative structure
determination.
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IHMCIF is developed and maintained as an open-source project (github.com/ihmwg/
IHMCIF) by the Working Group on model representation and validation. This Working
Group promotes adoption of IHMCIF in the integrative structural biology community,
deposition of integrative structures to PDB-Dev, and development of software tools to
support IHMCIF, such as the python-ihm library (github.com/ihmwg/python-ihm). The
GitHub repository provides access to the IHMCIF extension dictionary as well as the
consolidated dictionary, where IHMCIF is merged with the parent PDBx/mmCIF dictionary.

RESULTS AND DISCUSSION

Data definitions from PDBx/mmCIF

As an extension of PDBx/mmCIF, IHMCIF reuses many core definitions from PDBx/
mmCIF (mmcif.wwpdb.org), including representation of polymeric macromolecules, small-
molecule ligands, biomolecular complexes, and their atomic coordinates, as well as related
metadata definitions pertaining to modeling software used, bibliographic citations, author
names, and references for macromolecular sequences and small molecule nomenclature
(Figure 2). These shared definitions facilitate interoperation of integrative structures and
those determined experimentally using MX, NMR, and 3DEM.

IHMCIF data definitions

The IHMCIF extension was implemented based on recommendations made by the wwPDB
IHM Task Force and representative integrative structures provided by Working Group
members. IHMCIF extends PDBx/mmCIF definitions to address various requirements for
archiving integrative structures (Figure 2).

(i) To accommodate the needs of integrative structural biology studies, IHMCIF allows for a
flexible model representation that supports the following four features [9]:

First, a model can be multi-scale. Multi-scaling supports representing a model as a collection
of particles at different resolutions corresponding to atoms, single or multi-residue spherical
beads, and 3D Gaussian objects. For example, a protein complex can be simultaneously
described as a low-resolution volume representation of protein subunits as well as a well-
resolved atomic representation of individual residues. Multi-scale representation allows for
optimally encoding the model such that spatial restraints from input data can be accurately
applied while retaining sufficient information to make the resulting models useful for further
research.

Second, a model can be multi-state. A set of multiple states can be used to describe a system
that exists in a mixture of multiple structural and/or compositional states that collectively
satisfy the input information. For example, a sample of enzyme molecules in solution is
structurally heterogeneous when it exists in an equilibrium between open and closed states;
it is compositionally heterogeneous when it contains enzyme molecules both with and
without a ligand.
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Third, the states in a multi-state model can be ordered in the form of a graph. This graph
can be used to represent a model of a process such as an enzymatic reaction, a biochemical
pathway, or a molecular dynamics trajectory.

Finally, IHMCIF also allows for specifying a collection of models, where each one is
consistent with given input information within an acceptable threshold. The variability
among the models in the collection helps in assessing the uncertainty of modeling and the
completeness of input data.

(ii) IHMCIF captures the many different kinds of spatial restraints used for

integrative modeling, including restraints derived from crosslinking-MS, HDX-MS,

FRET spectroscopy, SAS, EPR spectroscopy, DNA footprinting, mutagenesis, and other
biophysical techniques. To enable capture of a broad range of generic distance restraints
(e.g., those from mutagenesis, DNA footprinting, and coevolution analysis), IHMCIF
includes a general representation of distance restraints between features at various resolution
scales (e.g., between individual atoms, single or multiple amino acid residues, and
contiguous residue ranges) and the corresponding uncertainties. These definitions can be
further extended to describe dihedral and orientational restraints at different granularities if
specific requirements arise.

(iii) IHMCIF includes definitions for the starting structural models of assembly components
that are frequently used in integrative modeling. Starting models are mapped to molecular
entities and their corresponding segments in the integrative structure, if applicable.
Additionally, origins and provenance of starting models are specified, and existing structural
templates and alignments used in building starting comparative models are defined.
Representation of the spatial restraints and starting models enables validation of integrative
structures based on all available information, including data used in the modeling and

data reserved specifically for validation. Definitions are included to support preliminary
model validation data, such as fit of models to input restraints (e.g., satisfied and violated
crosslink restraints) and information regarding the precision and structural diversity of
sampled models in each collection (e.g., localization densities [30]).

(iv) IHMCIF provides generic definitions for referencing related data from external
resources via stable identifiers, such as accession codes or persistent digital object identifiers
(DOls) for data that do not have an established information repository. This approach
facilitates inclusion of external annotations and provenance information regarding diverse
sources of data and models used in integrative modeling, which is required for submission
to PDB-Dev and is obtained during deposition. References to experimental data repositories
such as BioMagResBank (BMRB [31]), Electron Microscopy Data Bank (EMDB [32]),
Small Angle Scattering Biological Data Bank (SASBDB [33, 34]), and ProteomeXchange
consortium resources [35], and 3D structural model repositories (PDB, ModelArchive
(www.modelarchive.org), and AlphaFoldDB [36]) are supported. Dictionary support can

be easily added for any new resources in the future.
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(v) IHMCIF provides simplified definitions for describing the modeling workflow. It also
includes mechanisms for linking modeling scripts and software program files, which are
intended to promote reproducibility of modeling studies.

IHMCIF definitions are maintained and extended in an ongoing manner to support the
evolving needs of integrative structural biology experiments. As spatial restraints from
emerging methods are used in integrative modeling studies and innovative modeling
algorithms are developed, new dictionary definitions are added to represent expanded

data and metadata information. For example, recently IHMCIF was extended to describe
(a) conformational dynamics and kinetic information of macromolecules obtained from
FRET spectroscopy [37] or other biophysical methods, and (b) metadata regarding

sets of entries belonging to an “investigation” or reported in a scholarly publication.

The latter was implemented to archive the collection of structures resulting from the
development of AlphaLink software [38], wherein machine learning algorithms are
combined with experimental restraints from crosslinking-MS to create new integrative
modeling applications. Because the PDB-Dev infrastructure is built atop IHMCIF, the new
definitions created in IHMCIF are automatically propagated to the tools supporting PDB-
Dev, including the deposition and data harvesting system, curation and validation pipeline,
and the search and data access services on the PDB-Dev website, to ensure comprehensive
end-to-end support for the new definitions.

Software tools supporting IHMCIF

IHMCIF is supported by the open-source python-ihm software library (github.com/ihmwg/
python-ihm), which enables reading, writing, and managing data files compliant with the
IHMCIF dictionary [39]. Python-ihm represents an integrative model as a set of interrelated
Python objects. It also provides mechanisms for converting these objects to or from IHMCIF
or BinaryCIF [40] formats. Support for BinaryCIF provides improved parsing performance
and efficient compression of IHMCIF files. Furthermore, python-ihm was designed to allow
other developers to easily add support for IHMCIF in their software without needing to

be fully aware of the underlying data model and the relationships between data items. For
example, the Integrative Modeling Platform (IMP; [41]) and HADDOCK [42] modeling
software packages currently use python-ihm to generate IHMCIF files for deposition to
PDB-Dev. ChimeraX [43] uses this same library to visualize integrative structures archived
in PDB-Dev. The python-ihm library can also be used standalone. Workflows in the PDB-
Dev system for deposition, biocuration, and validation report generation use python-ihm to
read and write IHMCIF files and validate the files against the IHMCIF dictionary.

In addition to the above tools, the Mol* [44] web application supports visualization

of integrative structures described using IHMCIF. Other modeling and visualization
applications such as ROSETTA [45], Bayesian Inference of ENsembles (BioEn [46]),
BioChemical Library (BCL [47]), FRET Positioning and Screening (FPS [48]), and Visual
Molecular Dynamics (VMD [49]) are in the process of adding support for IHMCIF.
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Advantages of IHMCIF

IHMCIF serves as the foundational data standard for archiving integrative structures.

In addition, IHMCIF enables creation of automated mechanisms for data collection,
processing, validation, and open access dissemination of integrative structures. As

an extension of PDBx/mmCIF, IHMCIF provides a number of advantages. First,

existing definitions in PDBx/mmCIF for representing the atomic structures of polymeric
macromolecules, small-molecules, and macromolecular assemblies are reused. Second,
software tools developed to support PDBx/mmCIF have been extended to support IHMCIF;
for example, IHMCIF files can be validated against the dictionary and converted to
BinaryCIF files using software applications developed for PDBx/mmCIF (e.g., github.com/
rcsh/py-mmcif and sw-tools.resh.org/apps/MMCIF-DICT-SUITE/). Third, IHMCIF can be
readily extended to support ongoing and future methodological developments. Finally,
IHMCIF enables interoperation with other structural biology data resources (e.g., PDB,
ModelArchive, AlphaFoldDB, and SASBDB).

CONCLUSION AND PERSPECTIVES

Development of IHMCIF enabled creation of the PDB-Dev prototype system for archiving
and disseminating integrative structures, thereby promoting FA/R data principles, and
providing free and open access to the results of integrative structure determinations.
PDB-Dev was implemented separately from PDB to facilitate agile development, with the
eventual goal of unifying PDB-Dev with PDB. Work is currently in progress to integrate
the structures and tools in PDB-Dev with PDB. As a result, integrative structures can be
collected, curated, validated, archived, and disseminated through PDB. This unification

is made possible by the IHMCIF extension and will expand the capabilities of the

PDB to support emerging structural biology methods and archive spatiotemporal and
dynamic biostructures spanning diverse scales. As structural biology expands its scope
from macromolecular machines to entire cells [2, 50] and beyond, the application of
integrative modeling to address future challenges will be essential. Analysis of recent
depositions in both PDB and PDB-Dev revealed increasing use of 3DEM in combination
with complementary methods such as crosslinking-MS in integrative modeling studies.
Furthermore, the much-heralded successes of machine learning algorithms, such as
AlphaFold2 [3] and Rose TTAFold [4], in predicting the structures of proteins from amino
acid sequence alone provide an enormous pool of starting component models for integrative
modeling studies of larger systems across size scales ranging from macromolecular
assemblies to whole cells. Integration of experimental technologies with machine learning-
driven structure prediction approaches will lead to novel integrative modeling methods that
will shape structural biology discovery in the next decade.
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Figurel.

Typical integrative modeling workflow. (A). First, all available information from
experiments, prior experimental or computational models, physical theories, and/or
statistical preferences, is gathered. A sample of such information is shown here. (B).
Secondly, a suitable representation for the modeled system is chosen and the information
gathered is translated into spatial restraints on the system. Some component representations
may be coarse-grained by using spherical beads corresponding to multiple amino acid
residues to reflect the lack of information and/or to increase efficiency of structural
sampling. Four example representations and restraints are shown here corresponding to the
information gathered in panel A. (C). The structure of the system is sampled to find those
models that satisfy the spatial restraints as well as possible. The goal is to find a collection
of representative models, each one of which satisfies the input data within acceptable
thresholds. (D). The sampling is then assessed for convergence and models are evaluated
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by the degree to which they satisfy the input information used to construct them, as well
as omitted information. Iterations through this workflow may be used until the models are
judged to be satisfactory, most often on the basis of their precision and the degree to which
they satisfy the data.
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Figure2.

Schematic representation of the data specifications in IHMCIF. Definitions reused

from PDBx/mmCIF are identified using labels on white background (e.g., Polymeric
Macromolecules and Atomic Coordinates) and the newly added definitions are identified
using labels on gray background (e.g., Experimental Datasets and Localization Density).
(A) Several data categories are added to describe the inputs used in integrative modeling,
including datasets from a wide range of experimental methods and starting structural
models, which can be experimentally determined or are the results of prior modeling.

Sources of experimental datasets and starting models used are also captured. (B)

Representations of molecular components and complexes are retained from PDBx/mmCIF.
(C) Definitions for atomic coordinates are taken from PDBx/mmCIF. In addition, a model
can be represented in a multi-scale fashion; it can describe more than one compositionally
and/or structurally heterogeneous state; states can be ordered; and an entry can consist of a
collection of representative models. (D) Definitions regarding how well the models fit the
input data (e.g., crosslink restraints satisfied and violated) and the variability of models in

a collection (e.g., localization densities) are included. (E) Several metadata definitions from
PDBx/mmCIF are reused. New metadata definitions regarding modeling protocols, input or
output files, as well as datasets accessible via DOIs or database accessions are added to

IHMCIF.
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