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Making fluorescence-based integrative
structures and associated kinetic information

accessible

M Check for updates

luorescence — and, in particular,

Forster resonance energy trans-

fer (FRET) — experiments provide

rich insights into biomolecular

systems, including structural and
dynamic information, and are increasingly
used for integrative structure modeling of
biomolecules'” (see Supplementary Note 1
foranoverview).

In integrative structure modeling ap
proaches, data from different experimental
and theoretical techniques are combined to
maximally utilize method-specific advan-
tages and complementary information
(Supplementary Note 2)*. Making these
results publicly available following the FAIR
(findable, accessible, interoperable, reus-
able) principles — for example, in structural
biology model repositories (Supplementary
Note 3) —is crucial for advancing science>®.
The prototype PDB-Dev repository (https://
pdb-dev.wwpdb.org/)”®, which was recently
unified with the PDB archive, offers a frame-
work for deposition, curation, validation,
archiving and dissemination of integrative
structure models. PDB-Dev uses the Pro-
tein Data Bank Exchange / macromolecular
Crystallographic Information Framework
(PDBx/mmCIF) data standard’, along with
an extension developed for representing
Integrative and Hybrid Models (IHMCIF;
https://github.com/ihmwg/IHMCIF)”°
(see Supplementary Note 4 for details on
the dictionaries). IHMCIF is supported by
the python-ihm library (https://github.
com/ihmwg/python-ihm), which can be
used to read and write IHMCIF-compliant
files for PDB-Dev, and provides an applica-
tion programming interface (API) for other
software.

To support the deposition and validation
of fluorescence-based integrative structure
modelsin PDB-Dev, we present flrCIF (https://
github.com/ihmwg/flrCIF), an extension of
PDBx/mmCIF and IHMCIF. fIrCIF was devel-
oped as a method-specific extension dic-
tionary that allows seamless interoperation
of fluorescence and FRET data with PDB and

PDB-Dev data. Together with PDBx/mmCIF
and IHMCIF, fIrCIF enables deposition of
structure models, restraint data, references
toexperimental raw datainother repositories,
and additional metadata that support FAIR
principles (Fig. 1a; see Supplementary Note 5
for data definitions).

In the current version, flrCIF covers four
key workflow aspects from the fluorescence
experiment to the structure model (Fig. 1b
and Supplementary Note 6): (1) experiment
and sample descriptionincludingsetup, con-
ditions, and fluorescent probes with their
attachment; (2) analysis workflow with cor-
rection parameters and reference measure-
ments; (3) structure modeling procedure
with FRET-derived distance restraints and
modeling software settings and parameters;
and (4) assessment of structure models onthe
basis of input experimental data.

While the current version of fIrCIF is
focused on FRET experiments, the dic-
tionary is extensible and can be further
expanded to include descriptions of other
fluorescence experiments, such as fluores-
cence quenching assays or fluorescence
anisotropy measurements used to probe
thelocal dynamics, as well as other analysis
approaches (see Supplementary Note 6 for
extension plans).

In addition to creating fluorescence-
specific definitions in flrCIF, we also extended
the IHMCIF dictionary with generic defini-
tions applicable to other probe-based meth-
ods. Importantly, a model in IHMCIF can be
multi-state’ (see Supplementary Note 7 for
details on molecular kinetics and multi-state
models). This allowed us to introduce
descriptions of complex kinetic schemes
connecting multiple states, exchange kinet-
ics, and intrastate dynamics characteriz-
ing flexibility. To quantify the kinetics, we
included characteristic observables such
as equilibrium constants, population frac-
tions, relaxation times and transition rate
constants (see Supplementary Note 7 for
details and an example). The deposition
of fluorescence-aided structure models

in PDB-Dev is outlined in Fig. 1a. PDB-Dev
deposition requires an mmCIF file compli-
ant with fIrCIF, as well as the parent PDBx/
mmCIF and IHMCIF dictionaries. To facilitate
the preparation of such afile, we extended
the python-ihm library to support the new
definitions in fIrCIF (Supplementary Note 8).

To facilitate the submission of experimen-
tal information that may be conveniently
collected in a spreadsheet (see Fig. 1 for con-
tent categories, with more details in Supple-
mentary Note 8), we also created a converter
script (flr2mmcif), which uses the python-ihm
library, to convert the data captured in a
spreadsheet to fIrCIF and IHMCIF-compliant
files for submission to PDB-Dev (https://
github.com/Fluorescence-Tools/flr2mmcif).

The development of fIrCIF offers possibili-
ties for different interconnected user groups
and applications:

1. Researchers and data users:

» For scientists performing integrative
structure modeling using fluorescence
data, flrCIF provides a standardized
framework and tools for deposition of
fluorescence-assisted modelsin PDB-Dev
(examplesin Supplementary Note 9).

- Data consumers benefit from standard-
ized storage of fluorescence-based struc-
ture models and information, facilitating
accessandreuse in further studies.

» Both groups profit from links to meta-
data, protocols and experimental data
in other repositories through existing
definitions in PDBx/mmCIF and IHMCIF.

2.Software developers:

« fIrCIF and the extended python-ihm
library provide a convenient framework
for handling fluorescence-related infor-
mationin software applications.

» Access to structure models along-
side experimental data supports the
development and validation of new
computational modeling and analysis
approaches.
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Fig.1|Information in dictionary-compliant file for a FRET-assisted integrative
structure model. a, Information content of the different dictionaries supporting
deposition of FRET-based structure models in PDB-Dev. PDBx/mmCIF describes
general information about the entry, such as description of the molecular

system and atomic coordinates as well as metadata regarding authors, software
and citations. IHMCIF contains definitions related to integrative modeling and
descriptions of multi-scale, multi-state and ordered models and collections

of models. fIrCIF provides definitions for fluorescence-experiment-related
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boxes, definitions in flrCIF.
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information as shown inb. The flr2mmcif converter script uses aspreadsheet

to collectinformation ina human-readable format and converts this toa PDB-
Dev-compatible IHMCIF file using the python-ihm library (Supplementary Note
8). b, Data definitions for fluorescence and FRET-assisted structure modeling.
Components of the fIrCIF dictionary complement the PDBx/mmCIF and IHMCIF
dictionaries for the description of fluorescence-related information. The green
boxes show definitions in PDBx/mmCIF; blue boxes, definitions in IHMCIF; yellow

3. Broader scientific applications:

« flrCIF establishes data definitions
adaptable to other experimental meth-
ods, such as electron paramagnetic
resonance spectroscopy, particularly
descriptions for probe chemistry and
attachment.

« The inclusion of complex kinetic net-
works andintra-state dynamicsin IHMCIF
extendsthe applicability beyond fluores-

cencetovarioustechniquesusedininte-
grative modeling studies and facilitates
the collection and archiving of structural
dynamicsinformation.

Overall, fIrCIF contributes toward dynamic
structural biology by enabling standardized
deposition, archiving and dissemination
of information on biomolecules in their
functional context — from static structures
toward dynamic structural networks and the

connection of structures with energy land-
scapes and real time motions.

Reporting Summary

Further information on research design is
available in the Nature Portfolio Reporting
Summary linked to this article.

Code availability
The flrCIF dictionary is publicly avail-
able at https://github.com/ihmwg/fIrCIF.
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The updated python-ihmlibrary, which aids in
software access to the relevant fluorescence-
related content and for creating mmcCIF
files for PDB-Deyv, is publicly available at
https://github.com/ihmwg/python-ihm. The
spreadsheet-based tool, which can be used
to prepare dictionary-compliant mmCIF
files thatinclude fluorescence information,
is publicly available at https://github.com/
Fluorescence-Tools/flr2mmocif.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested

XX X XX s

X
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used to collect data for this manuscript.

Data analysis No software was used

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The fIrCIF dictionary is publicly available at https://github.com/ihmwg/fIrCIF. The updated python-ihm library, which aids in software access to the relevant
fluorescence-related content and for creating mmClIF files for PDB-Dev is publicly available at https://github.com/ihmwg/python-ihm. The spreadsheet-based file
generation workflow, which can be used to prepare dictionary-compliant mmClIF files including fluorescence information is publicly available at https://github.com/
Fluorescence-Tools/flr2mmcif.
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Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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