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Abstract
Summary: We introduce software for reading, writing and processing fluorescence single-molecule and image spectroscopy data and developing 
analysis pipelines to unify various spectroscopic analysis tools. Our software can be used for processing multiple experiment types, e.g. for time- 
resolved single-molecule spectroscopy, laser scanning microscopy, fluorescence correlation spectroscopy and image correlation spectroscopy. The 
software is file format agnostic and processes multiple time-resolved data formats and outputs. Our software eliminates the need for data conversion 
and mitigates data archiving issues.
Availability and implementation: tttrlib is available via pip (https://pypi.org/project/tttrlib/) and bioconda while the open-source code is available 
via GitHub (https://github.com/fluorescence-tools/tttrlib). Presented examples and additional documentation demonstrating how to implement 
in vitro and live-cell image spectroscopy analysis are available at https://docs.peulen.xyz/tttrlib and https://zenodo.org/records/14002224.

1 Introduction
Making raw intensity images accessible is an endeavor 
addressed by the tagged-image file format (TIFF), open- 
microscopy environment (OME) TIFF (Goldberg et al. 2005) 
and, more recently, by OME-Zarr (Moore et al. 2023). There 
are two challenges: (i) metadata necessary to interpret the origi
nal data must be accessible and preserved, and (ii) original data 
must be readable. The development of our software for time- 
resolved single-molecule and imaging data was motivated by in
tegrative modeling requirements (Hancock et al. 2022) and the 
need for standard data interfaces and automated analysis pipe
lines. The lack of vendor-independent time-resolved single- 
photon data formats was recognized by the FRET community 
(www.fret.community), a scientific community founded to en
hance dissemination and community-driven development of 
analysis tools (Lerner et al. 2021), as a challenge for 
fluorescence-based integrative models, as the archiving system 
for integrative models (Burley et al. 2017) recommends to ar
chive models along with relevant experimental data, metadata, 
and experimental/computational protocols (Berman et al. 2019, 
Hanke et al. 2024). In single-molecule F€orster resonance energy 

transfer experiments (smFRET) the lack of data formats was 
mitigated by a Hierarchical Data Format (HDF5) based format 
(Ingargiola et al. 2016b). In the past, our software led to publi
cations with a focus on spectroscopy (Hemmen et al. 2021, 
Balakrishnan et al. 2022) and image spectroscopy (Liu et al. 
2023). Our software provides a unified interface to diverse pro
prietary data formats. It solved archiving and storing issues at 
our imaging facility and makes data accessible to customers.

Compared to intensity-based experiments, time-resolved 
spectroscopy and spectroscopic imaging data are more complex 
since spectroscopic and image information are jointly encoded 
(Fig. 1A). Such information can be used in FRET and photo- 
induced electron transfer (PET) experiments to map distances 
between fluorophores in the range from 1 to 10 nm at 
Ångstrom resolution (Stryer 1978, Clegg et al. 1993, Bates et al. 
2005, Sahoo et al. 2007) and inform on dynamics of molecular 
processes in solution (Kalinin et al. 2012, Barth et al. 2022, 
Opanasyuk et al. 2022) and in living cells. While fluorescence 
correlation spectroscopy (FCS) (Elson and Magde 1974) com
bined with FRET or PET can map distances as a function of 
time over 10 time decades with sub-nanosecond resolution 
(B€ohmer et al. 2002, Kapusta et al. 2007, Felekyan et al. 2012), 
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fluorescence experiments are sufficiently sensitive (Moerner and 
Kador 1989, Orrit and Bernard 1990, Shera et al. 1990) to 
study single molecules for disentangling complex biomolecular 
systems (Ha et al. 1996, Weiss 1999). Fluorescence spectros
copy combined with microscopy informs on large biomolecular 
assembly structures either in vitro (Peulen et al. 2023, Kolimi 
et al. 2024) or in living cells (Jares-Erijman and Jovin 2003, 
Sakon and Weninger 2010, Fessl et al. 2012, Stahl et al. 2013, 
K€onig et al. 2015, Kravets et al. 2016) at any size, ranging from 
polyproline oligomers (Stryer 1978, Schuler et al. 2005, Best 
et al. 2007, Hoefling et al. 2011) to ribosomes (Hickerson et al. 
2005) and can map interactions in living cells at high- 
throughput (Ries et al. 2010, Wachsmuth et al. 2015).

Single molecule spectroscopy (SMS) and fluorescence imag
ing spectroscopy (FIS) rely on the time-resolved registration 
of photons. FIS and SMS data are encoded as photon streams 
(Fig. 1A). In SMS, fluorescence bursts are selected by inten
sity thresholding the background. In FIS, the data stream is 
sorted into pixels of an image. In both cases, photons 
grouped into bursts or pixels need to be analysed, e.g. by 
counting, distribution or correlation analysis. Frequently 
bursts and pixels are grouped by spatial (e.g. shapes in 
images), temporal (e.g. kymographs in time-series analysis), 
or spectroscopic features (e.g. fluorescence lifetimes) into 
sub-ensembles and regions, respectively. SMS and FIS share 
similar challenges, as the number of photons in a pixel or 
burst is low (in the order of 10’s to hundreds of photons). 

Thus, identical analysis routines are used for apparently dif
ferent tasks (Fig. 1B). Nevertheless, even though data storage 
and processing routines of SMS and time-resolved FIS are 
largely identical, to the best of our knowledge, no established 
unified framework exists for FIS and SMS data.

Therefore, we introduce a software that preserves metadata 
and gives access to raw data of proprietary data formats (e.g. 
PicoQuant, Becker&Hickl, Zeiss, Leica) via a unified interface. 
Our software reads and processes spectroscopic and image data 
for downstream processing and for integrating experimental 
data into analysis frameworks such as the Integrative Modeling 
Platform (Russel et al. 2012) (IMP) (Fig. 1C). Examples avail
able at https://docs.peulen.xyz/tttrlib illustrate how to work 
with our library. Here, we present an SMS workflow that pro
cesses human Guanylate binding protein 1 (hGBP1) single- 
molecule FRET data by burst-integrated fluorescence lifetime 
analysis (BIFL), fluorescence correlation spectroscopy (FCS) 
and photon distribution analysis (PDA) (Supplementary Fig. 
S1). Finally, we preprocess murine guanylate binding protein 
(mGBP) data in a workflow that combines classic image analy
sis with spectroscopy (Supplementary Fig. S2).

2 Implementation
tttrlib is a file format-independent interface to FIS and SMS 
data that mimics the expected behavior of common numeric 
libraries such as NumPy (https://www.numpy.org). The 

Figure 1. Time-resolved single-molecule fluorescence spectroscopy (SMS) and fluorescence image spectroscopy (FIS) share data registration and 
processing routines. (A) In time-resolved fluorescence, excitation and photon detection events are encoded using a macro and a micro time counter. In 
pulsed experiments the coarse macro time counter is synchronized to the light source. The micro time measures the time delay relative to a macro time 
event (laser pulse). Events are characterized by an identifier, usually referring to the detection channel or TCSPC board input number. (B) Confocal SMS 
registers photons of freely diffusing molecules in a stationary excitation and detection volume. Confocal FIS generates an image by sweeping an 
excitation source over a sample and registering the emitted photons over time in a photon stream. SMS and FIS process macro and micro times. In SMS, 
photons are grouped into single-molecule events. FIS groups photons into pixels. Macro/micro times of photons in a group are analysed to determine 
spectroscopic features (e.g. fluorescence lifetimes or anisotropies). (C) Our Cþþ library tttrlib is wrapped for scripting languages via the Simplified 
Wrapper and Interface Generator (SWIG) and abstracts data to provide an interface to data, methods, and algorithms for laser scanning microscopy and 
single-molecule spectroscopy. This enables fluorescence data analysis by diverse sources using other data processing and analysis libraries such as 
scikit-image and scikit-learn and integrative modeling by the Integrative Modeling Platform (IMP). The acquired information/data is interpreted by 
modeling that can consider additional information, e.g. secondary structure, excluded volume or sequence connectivity information to produce a 
structural integrative model.
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functionalities were implemented following design guidelines 
for operations on sequence and list data in scripting lan
guages such as slicing of data objects. tttrlib objects are ini
tialized via keyword arguments. This allows conveniently 
creating and archiving settings used in analysis in nonrela
tional object databases or dictionary files (e.g. JSON, YAML, 
or mmCIF).

The time-tagged time-resolved (TTTR) data is accessed by 
the TTTR class. TTTR objects can be sliced and merged to 
facilitate or distribute the processing of larger datasets. 
Slicing and merging TTTR objects allows users to build filters 
to select events by micro- or macro-time counter values, e.g. 
to discriminate depletion pulses in STED microscopy or mo
lecular aggregates in single-molecule spectroscopy. Metadata 
of TTTR objects is accessed via a Header class and dictionar
ies. Modifying the metadata and saving TTTR objects to 
other file types enables cross-compatibility of manufacture- 
specific analysis software. Selection algorithms allow defining 
ranges based on average intensities in a time window, and de
tector numbers can be used to partition data. For the com
mon operations (intensity thresholds, selection of detection 
channels, etc.) selection algorithms are predefined to select 
subsets of the data.

Requirements. tttrlib is available and tested on all major 
operating systems (Linux, macOS, and Windows). It can be 
installed in conda and scripted via Python.

Supported microscopes and data formats. tttrlib can be 
used for confocal laser scanning microscopy (CLSM) TTTR 
data and implements reading routines for the most common 
CLSM microscopes (such as the Leica SP5/SP8, Zeiss 
LSM980). So far, tttrlib supports reading of the proprietary 
data format of Picoquant (PTU/HT3), Becker&Hickl (SPC- 
130, SPC-630), Zeiss (confocor), the single-molecule SM file 
format, and the open source PhotonHDF5 format. The most 
common parameters necessary for interpreting CLSM TTTR 
data can be user-specified. Thus, tttrlib can be used to process 
arbitrary TTTR and time-resolved CLSM data.

3 Results
3.1 Spectroscopy
Our software offers high- and low-level processing and analysis 
methods that can be combined into pipelines for developing 
new ensemble fluorescence spectroscopy, SMS, and FIS method
ologies. A features subset is demonstrated in a single-molecule 
analysis of human guanylate binding protein (hGBP1) smFRET 
data (Supplementary Fig. S1). In the confocal experiments, fluo
rescence of dilute freely diffusing labeled hGBP1 was registered 
(Peulen et al. 2023). The analysis pipeline (i) reads smFRET 
data, (ii) selects single-molecule events (Fries et al. 1998, 
Schaffer et al. 1999, Maus et al. 2001), (iii) performs a burst 
analysis (computes intensity and lifetime-based FRET indica
tors), (iv) correlates photon traces, (v) generates single-molecule 
counting histograms, analyzed by (vi) photon distribution 
analysis (PDA) (Antonik et al. 2006) and burst variance analysis 
(BVA) (Torella et al. 2011), and (vii) selects molecular sub- 
ensembles. Details are described in the Supplementary Methods 
and Supplementary Results.

3.2 Image fluorescence spectroscopy
Our image spectroscopy (FIS) pipeline (Supplementary Fig. 
S2) processes time series acquired on MEF cells transfected 
with murine guanylate binding proteins 3 (mGBP3) and 

mGBP7 N-terminally tagged with mCherry and eGFP, re
spectively. GBPs localize in the cytoplasm and accumulate in 
vesicle-like structures (VLS) (Kravets et al. 2016). The pipe
line (i) groups photons into pixels of intensity images, (ii) per
forms a FLIM analysis for multiple detection channels and 
excitation sources, (iii) segments images into pixel classes, 
(iv) uses the model-free phasor approach to highlight sample 
heterogeneity (Digman et al. 2008), and (v) extracts fluores
cence decays of pixel-classes for sub-ensemble analysis. The 
details are described in the Supplementary Methods and 
Supplementary Results.

4 Discussion
We introduced open-source software for processing various 
time-resolved data via a unified interface. Our software tttrlib 
integrates into various scripting languages for simple usage 
for custom data processing pipelines and automated FIS or 
SMS data processing. Our abstraction layer to vendor- 
specific original data and metadata addresses the challenge of 
preserving and processing data independent of its origin 
(Fig. 1C). The customizable vendor-agnostic reading routines 
process data of multiple experimental setups of varying types 
without the need for data conversion. By operating on origi
nal data, we assert that metadata essential for handling mi
croscopy data is preserved. Our software is programmed in 
C/Cþþ and comes with a set of algorithms and tools that op
erate on the ingested data. It was tested for single-molecule 
(Supplementary Fig. S1) and image data (Supplementary Fig. 
S2) registered by multiple excitation and detection modali
ties, including pulsed interleaved excitation (PIE) (M€uller 
et al. 2005, Hendrix and Lamb 2013) and multiparameter 
fluorescence detection (MFD) (Sisamakis et al. 2010) for 
studying protein structures and dynamics in vitro 
(Hellenkamp et al. 2018, Lerner et al. 2021) and in living 
cells (Weidtkamp-Peters et al. 2009, Stahl et al. 2013). tttrlib 
provides the most commonly used data reduction and analy
sis algorithms of fluorescence spectroscopy such as PDA 
(Antonik et al. 2006) and correlation algorithms for FCS 
(Wahl et al. 2003) that can be used for advanced FCS techni
ques such as full-, gated-, or filtered-FCS and methods for 
time-resolved image spectroscopy and image correlation spec
troscopy (ICS) (Petersen et al. 1993). Here, we presented the 
most common single-molecule spectroscopy and imaging mo
dalities applications. Applications for less commonly used 
methods (e.g. ICS) are presented in the online repository.

We wrapped our software using the Simplified Wrapper 
and Interface Generator (SWIG) for simple integration into 
scripting and other programming languages. Currently we fo
cus on the most widely used programming language Python. 
Integrating our software into Python enables the use of time- 
resolved data in data-science software packages such as 
scikit-image (van der Walt et al. 2014), scikit-learn 
(Pedregosa et al. 2011) and the Integrative Modeling 
Platform (IMP) (Russel et al. 2012). For easy construction of 
custom analysis pipelines, we implemented our software in a 
fully modular fashion (Fig. 1C). This is illustrated by Python 
implementations of example smFRET and FIS analysis pipe
lines and more extensive documentation, benchmarks and 
examples in the online documentation. These code examples 
can serve as templates to develop custom analysis pipelines 
and data processing workflows.
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Various FIS and SMS software (lifetime fits and phasor 
analysis) exist. FLIMJ, based on the FLIMlib library, focuses 
on ease of use by providing graphical user interfaces (GUI) 
for basic FIS analysis in ImageJ for Linux, macOS and 
Windows (Gao et al. 2020). FLIMfit offers many model func
tions for FIS but lacks, as stand-alone software, a close inte
gration with image analysis (Warren et al. 2013). General 
SMS software such as PAM (Schrimpf et al. 2018) and soft
ware maintained by single-molecule labs usually offer ease- 
of-use through GUIs and a large toolbox for FIS and SMS 
(Weidtkamp-Peters et al. 2009, Sisamakis et al. 2010). This 
software is often based on closed-source programming lan
guages, lacks scripting capabilities or interfaces to other tool
boxes (e.g. for machine learning), and is tightly integrated 
with GUIs (Schrimpf et al. 2018). A collection of SMS soft
ware is compiled and maintained by the FRET community 
(see: https://fret.community/software/). More recent open- 
source SMS software such as PhotonHDF and FRETBursts 
mitigate the absence of open standards in SMS and give 
scripting capabilities and interfaces to other toolboxes; how
ever, they require a conversion of the original data to an open 
format (Ingargiola et al. 2016a) and lack imaging capabili
ties. Our modular library was developed for programming 
analysis workflows while most existing FIS and SMS soft
ware was designed for established data processing workflows 
and user-specific cases. By focusing on developers and data 
scientists, tttrlib can be closely integrated with other software 
such as NumPy/SciPy, scikit-image, or IMP.

Acknowledgements
We thank the Core Unit Fluorescence Imaging of the Medical 
Faculty of the JMU for technical support. We thank Klaus 
Pfeffer and Daniel Degrandi for providing the cells with mu
rine guanylate binding proteins 3 (mGBP3) and mGBP7.

Author contributions
Thomas-Otavio Peulen (Conceptualization [lead], Data cura
tion [lead], Formal analysis [lead], Funding acquisition [sup
porting], Investigation [lead], Methodology [lead], Project 
administration [lead], Software [lead], Validation [lead], 
Visualization [lead], Writing—original draft [lead], 
Writing—review & editing [lead]), Katherina Hemmen 
(Formal analysis [supporting], Investigation [supporting], 
Methodology [supporting], Project administration [support
ing], Software [supporting], Writing—original draft [support
ing], Writing—review & editing [supporting]), Annemarie 
Greife (Data curation [supporting], Writing—review & edit
ing [supporting]), Ben Webb (Software [supporting], 
Writing—review & editing [supporting]), Suren Felekyan 
(Software [supporting], Writing—review & editing [support
ing]), Andrej Sali (Funding acquisition [lead], Supervision 
[supporting], Writing—review & editing [supporting]), Claus 
A.M. Seidel (Resources [supporting], Writing—review & 
editing [supporting]), Hugo Sanabria (Resources [support
ing], Writing—review & editing [supporting]), and Katrin G. 
Heinze (Resources [supporting], Writing—review & edit
ing [supporting]).

Supplementary data
Supplementary data are available at Bioinformatics online.

Conflict of interest: None declared.

Funding
The Bavarian State Ministry of Science and the Arts sup
ported KGH (“Integrated Spin Systems for Quantum Sensors 
(IQ-Sense)”) and TOP (Graduate School of Life Sciences, 
PostDocPlus). H.S. acknowledges support from NIH 
[R15CA280699; R01GM151334]. Zeiss LSM980 was sup
ported by the Major Research Instrumentation program from 
German Research Foundation [DFG, INST 93/1022-1 
FUGG]. C.A.M.S. acknowledges DFG support [CRC 1208, 
ID 26720541, project A08; SE 1195/17-1]. The Abberior 
MFD-STED-microscope was supported by the DFG and the 
state NRW [INST 208/741-1 FUGG]. This work was sup
ported by the Open Access Publication Fund of the 
University of Wuerzburg.

Data availability
Presented examples and additional documentation demon
strating how to implement in vitro and live-cell image spec
troscopy analysis are available at https://docs.peulen.xyz/ 
tttrlib and https://zenodo.org/records/14002224.

References
Antonik M, Felekyan S, Gaiduk A et al. Separating structural heteroge

neities from stochastic variations in fluorescence resonance energy 
transfer distributions via photon distribution analysis. J Phys Chem 
B 2006;110:6970–8.

Balakrishnan A, Hemmen K, Choudhury S et al. Unraveling the hidden 
temporal range of fast β-adrenergic receptor mobility by time- 
resolved fluorescence. Commun Biol 2022;5:176.

Barth A, Opanasyuk O, Peulen T-O et al. Unraveling multi-state molec
ular dynamics in single-molecule FRET experiments. I. Theory of 
FRET-lines. J Chem Phys 2022;156:141501.

Bates M, Blosser TR, Zhuang X et al. Short-range spectroscopic ruler 
based on a single-molecule optical switch. Phys Rev Lett 2005; 
94:108101.

Berman HM, Adams PD, Bonvin AA et al. Federating structural models 
and data: outcomes from a workshop on archiving integrative struc
tures. Structure 2019;27:1745–59.

Best RB, Merchant KA, Gopich IV et al. Effect of flexibility and cis resi
dues in single-molecule FRET studies of polyproline. Proc Natl 
Acad Sci USA 2007;104:18964–9.

B€ohmer M, Wahl M, Rahn H-J et al. Time-resolved fluorescence corre
lation spectroscopy. Chem Phys Lett 2002;353:439–45.

Burley SK, Kurisu G, Markley JL et al. PDB-Dev: a prototype system 
for depositing integrative/hybrid structural models. Structure 2017; 
25:1317–8.

Clegg RM, Murchie AI, Zechel A et al. Observing the helical geometry 
of double-stranded DNA in solution by fluorescence resonance en
ergy transfer. Proc Natl Acad Sci USA 1993;90:2994–8.

Digman MA, Caiolfa VR, Zamai M et al. The phasor approach to fluo
rescence lifetime imaging analysis. Biophys J 2008;94:L14–6.

Elson EL, Magde D. Fluorescence correlation spectroscopy. I. 
Conceptual basis and theory. Biopolymers 1974;13:1–27.

Felekyan S, Kalinin S, Sanabria H et al. Filtered FCS: species auto- and 
cross-correlation functions highlight binding and dynamics in bio
molecules. Chemphyschem 2012;13:1036–53.

Fessl T, Adamec F, Pol�ıvka T et al. Towards characterization of DNA 
structure under physiological conditions in vivo at the single- 
molecule level using single-pair FRET. Nucleic Acids Res 2012; 
40:e121.

4                                                                                                                                                                                                                                    Peulen et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/bioinform
atics/article/41/2/btaf025/7965894 by U

niversity of C
alifornia, San Francisco user on 02 April 2025

https://fret.community/software/
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btaf025#supplementary-data
https://docs.peulen.xyz/tttrlib
https://docs.peulen.xyz/tttrlib
https://zenodo.org/records/14002224


Fries JR, Brand L, Eggeling C et al. Quantitative identification of differ
ent single molecules by selective time-resolved confocal fluorescence 
spectroscopy. J Phys Chem A 1998;102:6601–13.

Gao D, Barber PR, Chacko JV et al. FLIMJ: an open-source ImageJ 
toolkit for fluorescence lifetime image data analysis. PLoS One 
2020;15:e0238327.

Goldberg IG, Allan C, Burel J-M et al. The open microscopy environ
ment (OME) data model and XML file: open tools for informatics 
and quantitative analysis in biological imaging. Genome Biol 2005; 
6:R47.

Hancock M, Peulen T-O, Webb B et al. Integration of software tools 
for integrative modeling of biomolecular systems. J Struct Biol 
2022;214:107841.

Hanke CA, Westbrook JD, Webb BM et al. Making fluorescence-based 
integrative structures and associated kinetic information accessible. 
Nat Methods 2024;21:1970–2.

Ha T, Enderle T, Ogletree DF et al. Probing the interaction between 
two single molecules: fluorescence resonance energy transfer be
tween a single donor and a single acceptor. Proc Natl Acad Sci USA 
1996;93:6264–8.

Hellenkamp B, Schmid S, Doroshenko O et al. Precision and accuracy 
of single-molecule FRET measurements—a multi-laboratory bench
mark study. Nat Methods 2018;15:669–76.

Hemmen K, Choudhury S, Friedrich M et al. Dual-Color fluorescence 
cross-correlation spectroscopy to study protein–protein interaction 
and protein dynamics in live cells. J Vis Exp 2021;178:e62954.

Hendrix J, Lamb DC. Pulsed interleaved excitation: principles and 
applications. Methods Enzymol 2013;518:205–43.

Hickerson R, Majumdar ZK, Baucom A et al. Measurement of internal 
movements within the 30 S ribosomal subunit using F€orster reso
nance energy transfer. J Mol Biol 2005;354:459–72.

Hoefling M, Lima N, Haenni D et al. Structural heterogeneity and 
quantitative FRET efficiency distributions of polyprolines through a 
hybrid atomistic simulation and monte carlo approach. PLoS One 
2011;6:e19791.

Ingargiola A, Lerner E, Chung S et al. FRETBursts: an open source tool
kit for analysis of freely-diffusing single-molecule FRET. PLoS One 
2016a;11:e0160716.

Ingargiola A, Laurence T, Boutelle R et al. Photon-HDF5: an open file 
format for timestamp-based single-molecule fluorescence experi
ments. Biophys J 2016b;110:26–33.

Jares-Erijman EA, Jovin TM. FRET imaging. Nat Biotechnol 2003; 
21:1387–95.

Kalinin S, Peulen T, Sindbert S et al. A toolkit and benchmark study for 
FRET-restrained high-precision structural modeling. Nat Methods 
2012;9:1218–25.

Kapusta P, Wahl M, Benda A et al. Fluorescence lifetime correlation 
spectroscopy. J Fluoresc 2007;17:43–8.

Kolimi N, Ballard J, Peulen T et al. DNA controls the dimerization of 
the human FoxP1 forkhead domain. Cell Rep Phys Sci 2024; 
5:101854.

K€onig I, Zarrine-Afsar A, Aznauryan M et al. Single-molecule spectros
copy of protein conformational dynamics in live eukaryotic cells. 
Nat Methods 2015;12:773–9.

Kravets E, Degrandi D, Ma Q et al. Guanylate binding proteins directly 
attack Toxoplasma gondii via supramolecular complexes. Elife 
2016;5:e11479.

Lerner E, Barth A, Hendrix J et al. FRET-based dynamic structural biol
ogy: challenges, perspectives and an appeal for open-science practi
ces. Elife 2021;10:e60416.

Liu R, Friedrich M, Hemmen K et al. Dimerization of melanocortin 4 
receptor controls puberty onset and body size polymorphism. Front 
Endocrinol (Lausanne) 2023;14:1267590.

Maus M, Cotlet M, Hofkens J et al. An experimental comparison of the 
maximum likelihood estimation and nonlinear least-squares fluores
cence lifetime analysis of single molecules. Anal Chem 2001; 
73:2078–86.

Moerner WE, Kador L. Optical detection and spectroscopy of single 
molecules in a solid. Phys Rev Lett 1989;62:2535–8.

Moore J, Basurto-Lozada D, Besson S et al. OME-Zarr: a cloud- 
optimized bioimaging file format with international community 
support. Histochem Cell Biol 2023;160:223–51.

M€uller BK, Zaychikov E, Br€auchle C et al. Pulsed interleaved excita
tion. Biophys J 2005;89:3508–22.

Opanasyuk O, Barth A, Peulen T-O et al. Unraveling multi-state molec
ular dynamics in single-molecule FRET experiments. II. 
Quantitative analysis of multi-state kinetic networks. J Chem Phys 
2022;157:031501.

Orrit M, Bernard J. Single pentacene molecules detected by fluorescence 
excitation in ap-terphenyl crystal. Phys Rev Lett 1990;65:2716–9.

Pedregosa F, Varoquaux G, Gramfort A et al. Scikit-learn: machine 
learning in Python. J Mach Learn Res 2011;12:2825–30.

Petersen NO, H€oddelius PL, Wiseman PW et al. Quantitation of mem
brane receptor distributions by image correlation spectroscopy: con
cept and application. Biophys J 1993;65:1135–46.

Peulen T-O, Hengstenberg CS, Biehl R et al. Integrative dynamic struc
tural biology unveils conformers essential for the oligomerization of 
a large GTPase. Elife 2023;12:e79565.

Ries J, Bayer M, Cs�ucs G et al. Automated suppression of sample- 
related artifacts in fluorescence correlation spectroscopy. Opt 
Express 2010;18:11073–82.

Russel D, Lasker K, Webb B et al. Putting the pieces together: integra
tive modeling platform software for structure determination of mac
romolecular assemblies. PLoS Biol 2012;10:e1001244.

Sahoo H, Roccatano D, Hennig A et al. A 10-a spectroscopic ruler ap
plied to short polyprolines. J Am Chem Soc 2007;129:9762–72.

Sakon JJ, Weninger KR. Detecting the conformation of individual pro
teins in live cells. Nat Methods 2010;7:203–5.

Schaffer J, Volkmer A, Eggeling C et al. Identification of single mole
cules in aqueous solution by time-resolved fluorescence anisotropy. 
J Phys Chem A 1999;103:331–6.

Schrimpf W, Barth A, Hendrix J et al. PAM: a framework for integrated 
analysis of imaging, single-molecule, and ensemble fluorescence 
data. Biophys J 2018;114:1518–28.

Schuler B, Lipman EA, Steinbach PJ et al. Polyproline and the 
‘spectroscopic ruler’ revisited with single-molecule fluorescence. 
Proc Natl Acad Sci USA 2005;102:2754–9.

Shera EB, Seitzinger NK, Davis LM et al. Detection of single fluorescent 
molecules. Chem Phys Lett 1990;174:553–7.

Sisamakis E, Valeri A, Kalinin S et al. Accurate single-molecule FRET 
studies using multiparameter fluorescence detection. Methods 
Enzymol 2010;475:455–514.

Stahl Y, Grabowski S, Bleckmann A et al. Moderation of Arabidopsis 
root stemness by CLAVATA1 and ARABIDOPSIS CRINKLY4 re
ceptor kinase complexes. Curr Biol 2013;23:362–71.

Stryer L. Fluorescence energy transfer as a spectroscopic ruler. Annu 
Rev Biochem 1978;47:819–46.

Torella JP, Holden SJ, Santoso Y et al. Identifying molecular dynamics 
in single-molecule FRET experiments with burst variance analysis. 
Biophys J 2011;100:1568–77.

van der Walt S, Sch€onberger JL, Nunez-Iglesias J et al.; SCIKIT-Image 
Contributors. scikit-image: image processing in Python. PeerJ 2014; 
2:e453.

Wachsmuth M, Conrad C, Bulkescher J et al. High-throughput fluores
cence correlation spectroscopy enables analysis of proteome dynam
ics in living cells. Nat. Biotechnol 2015;33:384–9.

Wahl M, Gregor I, Patting M et al. Fast calculation of fluorescence cor
relation data with asynchronous time-correlated single-photon 
counting. Opt Express 2003;11:3583–91.

Warren SC, Margineanu A, Alibhai D et al. Rapid global fitting of large 
fluorescence lifetime imaging microscopy datasets. PLoS One 2013; 
8:e70687.

Weidtkamp-Peters S, Felekyan S, Bleckmann A et al. Multiparameter 
fluorescence image spectroscopy to study molecular interactions. 
Photochem Photobiol Sci 2009;8:470–80.

Weiss S. Fluorescence spectroscopy of single biomolecules. Science 
1999;283:1676–83.

tttrlib                                                                                                                                                                                                                                                 5 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

atics/article/41/2/btaf025/7965894 by U
niversity of C

alifornia, San Francisco user on 02 April 2025



© The Author(s) 2025. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
Bioinformatics, 2025, 41, 1–5
https://doi.org/10.1093/bioinformatics/btaf025
Applications Note

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

atics/article/41/2/btaf025/7965894 by U
niversity of C

alifornia, San Francisco user on 02 April 2025


	Active Content List
	1 Introduction
	2 Implementation
	3 Results
	4 Discussion
	Acknowledgements
	Author contributions
	Supplementary data
	Funding
	Data availability
	References


