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Protein act as complexes. From analysis of ~ 6200 yeast proteins

30 000 binary interactions (by focused small scale experiments) 

Affinity purification of 1732 proteins 232 complexes composed of
# 7.5 proteins per complex

# 9 partners per protein and 3.6 partners per domain (not all direct 
or  at the same time)

Distribution of protein complexes in the PDB

The challenge of myriads of complexes

Under-representation of structures from
large complexes in view of the
estimated average of 7.5 protein per
complex



Many macromolecules are recalcitrant
to main structural biology methods

Difficulty to express/reconstitute (incomplete bochemical
characterization) and poorly abundant

Conformational heterogenity (prevents cristallisation and high 
resolution cryo-EM or do not stay intact during analysis
(dissocation and/or aggregation on the EM grid) 

System complexity

Structural data on complex systems is often limited to 
isolated subunits and their domains or to low resolution
evelopes by SAXS or EM. 



Use structural information from any source

Measurements, physical principles and statistical inferences 
Resolution: low or high resolution

to obtain a set of models consistent available data

Integrative determination of macromolecular structures

Atomic positions Residue positions Member
orientations

Member
positions



Modeling from experimental structures, comparative modeling
and distance constraints

Modeling configurations from connectivity information (native, X-link-MS..)

Propose multi-scale models

Modeling genomic region from 3C data

Integrative determination of macromolecular structures

Atomic positions Residue positions Member
orientations

Member
positions



To understand and modulate cellular processes, we need their models.
These are best generated by considering all available information.



Structural data on complex systems is often limited to isolated subunits and 
their domains or to low resolution evelopes by SAXS or EM. 

Other methods and integrative 
approaches

Summarize mainstream complementary experimental and in silico methods
to provide structural information on a macromolecular complex and discuss
their pros/cons

Introduce integrative approaches which allow to combine heterogenous data 
and propose hybrid models to provide the best possible description of the 
system.



Integrative modeling platform (IMP)
Russel D, Lasker K, Webb B, Velazquez-Muriel J, Tjioe E, et al. Putting the pieces 
together:integrative modeling platform software for structure determination of macromolecular 
assemblies. PLoS Biol 2012;10, e1001244.

Inferential Structure Determination (ISD) framework
Rieping W, Nilges M, Habeck M. ISD: a software package for Bayesian NMR structure calculation. 
Bioinformatics 2008;24:1104–5.

HADDOCK 
van Zundert GC1, Rodrigues JP1, Trellet M2, Schmitz C3, Kastritis PL4, Karaca E4, Melquiond AS5, 
van Dijk M6, de Vries SJ7, Bonvin AM1. The HADDOCK2.2 Web Server: User-Friendly Integrative 
Modeling of Biomolecular Complexes. J Mol Biol. 2016 Feb 22;428(4):720-5. 

RNABuilder
Flores SC, Sherman MA, Bruns CM, Eastman P, Altman RB. Fast flexible modeling of RNA structure 
using internal coordinates. IEEE/ACM Trans Comput Biol Bioinform 2011;8:1247–57.

Integrating modelling platforms
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Integrative structure modeling of
RNA Polymerase II stalk

1/ Gathering data

2/ Representing and 
translating data into
restraints

3/ Sampling good 
scoring configurations 

4/ Analysis and 
assesment

https://integrativemodeling.org/



Integrative structure modeling of
RNA Polymerase II stalk

1/ Gathering data

2/ Representing and 
translating data into
restraints

3/ Sampling good 
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Determine the localization of two subunits of the yeast RNA Polymerase II, 
Rpb4 and Rpb7 (stalk), hypothesizing that we already know the structure 
of the remaining 10-subunit complex based on: 

- chemical cross-linking coupled with mass spectrometry (CX-MS),
- negative-stain electron microscopy (EM),
- X-ray crystallography data



Integrative structure modeling of
RNA Polymerase II stalk

RNA Pol II is a eukaryotic complex that catalyzes DNA
transcription to synthesize mRNA strands Eukaryotic RNA
polymerase II contains 12 subunits, Rpb1 to Rpb12

The yeast RNA Pol II dissociates into a 10-subunit core and a
Rpb4/Rpb7 heterodimer

Rpb4 and Rpb7 are conserved from yeast to humans, and form
a stalk-like protrusion extending from the main body of the RNA
Pol II complex

Rpb4/Rpb7

10-subunits core



Integrative structure modeling of
RNA Polymerase II stalk

Gathering data

Represent and translate 
data into restraints

Sampling good 
scoring configurations 

Analysis and 
assesment

https://integrativemodeling.org/

Experimental map of entire complex at 20.9Å resolution
(represented with Gaussan mixture models (GMMs))

50 Gaussian mixture model

Experimental map
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Experimental map of entire complex at 20.9Å resolution
(represented with Gaussan mixture models (GMMs))

RX-ray structures of the 10-subunit core of RNA Pol II 
and of parts of Rbp4 and Rbp7



Integrative structure modeling of
RNA Polymerase II stalk

Gathering data

Represent and translate 
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Experimental map of entire complex at 20.9Å resolution
(represented with Gaussan mixture models (GMMs))

RX-ray structures of the 10-subunit core of RNA Pol II 
and of parts of Rbp4 and Rbp7

Chemical cross-linking coupled with mass spectrometry (CX-MS)



Integrative structure modeling of
RNA Polymerase II stalk

Gathering data

Represent and translate 
data into restraints

Sampling good 
scoring configurations 

Analysis and 
assesment

https://integrativemodeling.org/

Experimental map of entire complex at 20.9Å resolution
(represented with Gaussan mixture models (GMMs))

Macromolecules are represented using high and low
resolution spherical beads and 3D gaussians (1 aa/bead
and 20 aa/bead). Multi-scale representation

- Missing (unresolved ) parts are modelled by low resolution beads
- Resolved regions as rigid bodies, allow unresolved regions to 

move (floppy bodies)



Integrative structure modeling of
RNA Polymerase II stalk

Gathering data

Represent and translate 
data into restraints

Sampling good 
scoring configurations 

Analysis and 
assesment

Define a scoring function, by which the individual structural
models will be scored based on the input data

A simple sum of individual restraints

Each restraint maps to one of our input experiments or other 
physical/statistical information

Excluded volume restraint: one protein cannot occupy
the same space as another

Sequence connectivity restraint: residues that are adjacent in 
sequence will also be close in space due to the peptide bond

EM restraints: A density overlap function to compare the 
GMM approximation of our model (em_components) with 
that of the EM map (target_gmm_file)

No electrostatics or stereochemistry; very different to a typical 
molecular mechanics simulation



Integrative structure modeling of
RNA Polymerase II stalk

Gathering data

Represent and translate 
data into restraints

Sampling good 
scoring configurations 

Analysis and 
assesment

Define a scoring function, by which the individual structural
models will be scored based on the input data

A simple sum of individual restraints

Each restraint maps to one of our input experiments or other 
physical/statistical information

Excluded volume restraint: one protein cannot occupy
the same space as another

Sequence connectivity restraint: residues that are adjacent in 
sequence will also be close in space due to the peptide bond

EM restraints: A density overlap function to compare the 
GMM approximation of our model (em_components) with 
that of the EM map (target_gmm_file)

Cross-linking restrains: protein and residue numbers for
each of the two linked residues (cross linker length,  



X-link/MS experiments

Juri Rappsilber, 2010, 2012



Integrative structure modeling of
RNA Polymerase II stalk
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Represent and translate 
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scoring configurations 

Analysis and 
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https://integrativemodeling.org/

Here Monte Carlo is used to sample (not minimize) 
system (generate many models that satisfy the data)

Need to define a set of movers: rigid_bodies defines the 
components that will be moved as rigid bodies (in this case, 
the parts of Rpb4 and Rpb7 for which we have atomic 
structure). Unstructured regions will move as flexible beads. 

Srb (super rigid body)
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Cluster (group by similarity) the sampled models to determine high-probability 
configurations.

- Chose a reference and align (superpose) all structures
- Calculate distances between structures (RMSD)
- Calculate localization densities for selected subunits  

Rmsd_names == Rpb4, Rbp7



Integrative structure modeling of
RNA Polymerase II stalk
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Represent and translate 
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Cluster (group by similarity) the sampled models to determine high-probability 
configurations.

- Chose a reference and align (superpose) all structures
- Calculate distances between structures (RMSD)
- Calculate localization densities for selected subunits  



A founding example: the nuclear pore 
complex (NPC)

Yeast NPCs are ~50 Mda structures built of multiple copies of some ~30 different proteins (nucleoporins),
totalling at least 456 protein molecules

Each NPC is a plastic structure embedded in the nuclear envelope and is composed of eight
morphologically similar ‘spokes’ surrounding a central Tube

cytoplasm

nuleoplasm

Filling this tube and projecting into both the
cytoplasmic and nuclear sides are flexible
filamentous domains from proteins termed FG
(phenylalanine-glycine) repeat nucleoporins;
these domains form the docking sites for
transport factors that carry macromolecular
cargoes through the NPC

Albert et al. 2007, 2008



Integrating spacial restrains from proteomic data 

1/ Gathering data

2/ Representing and 
translating data into
restraints

3/ Sampling good 
scoring configurations 

4/ Analysis and 
assesment

Albert et al. 2007, 2008



https://integrativemodeling.org/
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Integrative modeling platform (IMP)
Russel D, Lasker K, Webb B, Velazquez-Muriel J, Tjioe E, et al. Putting the pieces 
together:integrative modeling platform software for structure determination of macromolecular 
assemblies. PLoS Biol 2012;10, e1001244.

Inferential Structure Determination (ISD) framework
Rieping W, Nilges M, Habeck M. ISD: a software package for Bayesian NMR structure calculation. 
Bioinformatics 2008;24:1104–5.

HADDOCK 
van Zundert GC1, Rodrigues JP1, Trellet M2, Schmitz C3, Kastritis PL4, Karaca E4, Melquiond AS5, 
van Dijk M6, de Vries SJ7, Bonvin AM1. The HADDOCK2.2 Web Server: User-Friendly Integrative 
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RNABuilder
Flores SC, Sherman MA, Bruns CM, Eastman P, Altman RB. Fast flexible modeling of RNA structure 
using internal coordinates. IEEE/ACM Trans Comput Biol Bioinform 2011;8:1247–57.

Integrating modelling platforms



Other methods and integrative 
approaches

Summarize mainstream complementary experimental and in silico methods
to provide structural information on a macromolecular complex and discuss
their pros/cons

Introduce integrative approaches which allow to combine heterogenous data 
and propose hybrid models to provide the best possible description of the 
system.



Comparative modelling & molecular dockingX-ray NMR Cryo EM/ET

Comparative modeling and molecular docking

In silico models are not the product of experimental measurements of a physical sample.

They are generated computationally using various molecular modeling methods and
underlying assumptions: comparative modeling, virtual docking of ligand molecules to
protein targets, virtual docking of one protein to another, simulations of molecular dynamics
and motions and de novo (ab initio) protein modeling.



Structures predictions

In absence of experimental 3D structure, from a sequence (or better from a multiple sequence 
alignment)

• Secondary structure predictions

• Prediction of 3D structure : 

- With reference to a known parental architecture parente,
Homology modelling

- Without a known parental architecture (still unsolved problem)
Fold recognition  (Threading, Profile recongnition)
Prediction of a new fold



Homology modeling



http://swissmodel.expasy.org/
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Homology modeling

1 (ou several) 3D structure(s)
1 multiple sequence alignment



Similarités de séquences. 
Signification Biologique / Signification statistique

Quelques repères pour l’identité de 
séquence requise pour observer la même 
structure 3D pour un polypeptide ayant 
une longueur donnée

Sequences from single domain proteins with unrelated folds were aligned and sequence identity
plotted as a function of the aligment lenght: 



Comparaison des structures 3D de protéines homologues. Relations entre la divergence en 
séquence et la divergence en structure 3D

Relation type exponentiel % identité / déformations

Comparaisons des structures 3D de protéines homologues
Déformations autour d’un thème commun 
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Modelling structures of protein complexes

Unbound
components

Comparative modeling

Predicted
complex

Target template alignment

Protein docking

Scoring

Comparative patch analysis

Restrained docking





Comparative modeling of the Mtq2/Trm112 complex

Superimposition of of Mtq2 (red) and Trm112 (green) models 
on their respective structural homologous domains of RlmA(I).

zinc-binding (pink) and methyltransferase 
(orange) domains of RlmA(I) (PDB 1P91). 

Superimposition of Mtq2 (red) /Trm112 (green) 
models on the experimental .structure (rmsd 3.3 Å

Distance restraints derived from Ca– Ca contacts between the 
domains of RlmA(I) and mapped onto the Mtq2 and Trm112 models).

Rodrigues and Bonvin. 2013



Structural data used in integrative modeling

Atomic structures of parts of the system X-ray and neutron crystallography, NMR, Cryo-EM/ET, 
Comparative modelling and molecular docking

Atomic and protein distances NMR, FRET, EPR, X-link/ w/o MS……

Binding site mapping NMR, FRET, H-D/MS, mutagenesis

Size and shape AUC, SAS, atomic force microscopy, ion mobility MS
Fluorescence correlation spectroscopy or anisotropy

Physical proximity Co-purification of sub complexes, native MS, genetic
methods, sequence convariance, Y2H, Chromosome 
conformation Capture and other data, 

Solvent accessiblity Footprinting methods including H-DX/MS, NMR
and chemical modifications 

Composition and components positions Purification from source with gel analysis or MS, 
Electron microscopy and tomography, gold labelling, 
Super resolution microscopy, FRET imaging



Electron microscopy and tomography, Super resolution microscopy, FRET imaging

Localization of proteins by immuno-EM. 
Immuno-EM montages for Pom152–PrA nuclei 
and Ndc1–PrA nuclear envelopes with gold-
labelled antibodies. (Alber, 2007)

Observations of complexes in their native environment

Observe individual proteins with a resolution down to 20 nm in intact cells, and second-order statistics to 
study the spatial interactions of the proteins.

Super resolution microscopy: PALM (PhotoActivated Localization Microscopy), GSDim (Ground State 
Depletion imaging followed by Individual Molecule return)



Information: subunit composition and stoickiometry

Quantitative densitometry
Quantitative mass spectrometry

Method: purification (from endogenous source and analysis)

Analysis of the SEA complex relative stoichiometry by 
SYPRO Ruby staining (Algret et al. 2014)

Purification from cells and mapping

Genome editing (yeast, mammalian cells)

Dalvail et al. 2015



Measure peak intensities from
Different samples

Relative and absolute quantification

Isotope-Coded Affinity Tags
(iCAT)

Isobaric Tags for relative and
Absolute Quantification (iTRAC)

Quantitation by MS using  ion peak intensity

Thermofisher web site

Compare isotopically labelled samples 
(14N/15N)

Spiking sample with isotope-labeled 
reference peptides



Absolute quantification can be obtained estimated from analysis of several mass spectrometric signal
(TOP3 where the intensity of the selected peaks is taken into account) or the number of peptide
sequencing events (emPAI == exponentially modified Protein Abundance Index).

Label-free quantification approaches aim to correlate the mass spectrometric signal of intact proteolytic 
peptides or the number of peptide sequencing events with the relative or absolute protein quantity directly. 

Relative quantitation strategies compare the levels of individual peptides in a sample to those in an 
identical, but experimentally modified, sample. 

Label free quantitation by MS



Physical proximity of components

• Co-immunoprecipitation
• GFP, GST, His, Strep-pull down assays
• ChIPs Protein arrays
• TAP-MS

X Y

does X bind
with a protein?

Bait Prey

Bait – Prey model

In vitro

In vivo

• Yeast two-hybrid system
• Phage display

Physical interaction between protein binding domains



Pair wise analysis and purification of 
sub-complexes

Popular (Flag, HA..)  or specific epitopes
Non-Ab pull down: Affinity tags (His, Strep….)

Pull down/immuno-precipitations

Conventional resin or magnetic beads



Systematic dissection of protein-protein interactions from
recombinant proteins co-expressed in insect cells

Pair-wise

Deletion

Analysis of the protein interaction network
Identification of key regulatory interactions
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Yeast two-hybrid system

• Detecting protein-protein interactions in yeast
• Transcriptional regulator system
• “prey”-”bait” model :fusion proteins with a transcriptional activating domain (AD, prey), a DNA-

binding domain (DBD, bait)
• Term “two-hybrid” derives from these two chimeric proteins.
• Most commonly used method for large scale, high-throughput identification of potential protein-

protein interactions

DF
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Gène rapporteur

ARN rapporteur
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Native mass spectrometry of large entities

Subunit stoichiometry 
Dissociation pathways and identification of sub-complexes.

Politis et al. 2015

Radu et al., in prep



Topological models from MS-based hybrid analysis

Politis et al. 2015  (Robinson and Sali’s labs)

Build an hypothetical contact map from experimental data
Sampling/scoring (Monte Carlo search and scoring)
Clustering (and minimization) to identify most the best-scoring models



Ultra centrifugation

- micro-concentrators : 
• Microcon, Centricon, 
Amicon (Millipore)
• Vivaspin (Vivasciences)

Size exclusion chromatography Equilibrium dialysis

- gel filtration colums :
• NAP-10 et NAP-5 (GE Healthcare)

- dialysis or mini-dialysis 
units :
• Slide-A-Lyzer mini-
dialysis (Pierce)

- centrifuge

- 5 to 7 cycles at least

- takes time but very efficient 
procedure ! 

- Often 2 runs with a 
concentration step in 
between

- takes less time but dilutes 
the sample

- dilutes the samples

- very easy to perform (overnight) 

The main limitation: sample preparation
buffer exchange or desalting procedure



Covariation of RNA sequences

 RNA typically produced as a single stranded molecule (unlike DNA) 
 Strand folds upon itself to form base pairs & secondary structures
 Structure conservation is important

 RNA sequence analysis is different from DNA sequence

Variations in RNA sequence maintain base-pairing patterns for secondary structures (conserved patterns of 
base-pairing)

When a nucleotide in one base changes, the base it pairs to must also change to maintain the same 
structure

Such variation, referred to as covariation indicates base pairing (A:U, G-C or G-U (Wobbel)). 



Atomic structures of parts of the system X-ray and neutron crystallography, NMR, Cryo-EM/ET, 
Comparative modelling and molecular docking

Atomic and protein distances NMR, FRET, EPR, X-link/ w/o MS……

Binding site mapping NMR, FRET, H-D/MS, mutagenesis

Size and shape SAXS, SANS, AUC,, atomic force microscopy, ion 
mobility MS Fluorescence correlation spectroscopy or 
anisotropy

Physical proximity Co-purification of sub complexes, native MS, genetic
methods, sequence convariance, Y2H, Chromosome 
conformation Capture and other data, 

Solvent accessiblity Footprinting methods including H-DX/MS, NMR
and chemical modifications 

Composition and components positions Purification from source with gel analysis or MS, 
Electron microscopy and tomography, gold labelling, 
Super resolution microscopy, FRET imaging

Structural data used in integrative modeling



With a crystaline sample, diffraction pattern 
forms from the constructive interference of 
light passing through a crystal

With a non crystaline sample, there is no 
prefferential orientation of  the molecules and 
light is scattered in all directions resulting in 
averaged diffusion patterns

Small Angle X-ray Scattering

q = 0: Determination of I(0)

q =4πsinθ/λ

Small q     Dimension of particules
Guinier, Krazky

Larger q   Shape of particules 
(Ab-initio analysis, fitting)



Photons in interact with the electronic shell
Neutrons interact with the nucleus  

The intensity of the interaction depends on the diffusion lenght b: 

The diffusion lenght is fonction of:

the atomic number (Z) for X-ray diffusion
the spin of the nucleus for neutron scattering 

Weak negative signal from H, positive for D 

Varies as a function of the number of H/D atoms

No sample dammage

Contrast variation 

Neutron scattering (SANS)



Signal = contrast between 

macromolecule

solvent 

Contrast variation

Protein/NA interactions

Protein lipids interactions



λ

Energy

Source

X-rays

# 1.5 A

# keV

Synchrotron

1012 to 1015 ph/cm2/s

Structure

Neutrons

# 1-20 A

# meV

Reactor

104 to 108 n/cm2/s

Structure
Internal dynamics

UV/visible

# 5000 A

# 10eV

Laser

1022 ph/cm2/s

(Structure)  SLS
Dynamics  DLS



Dynamic Light scattering

D = kT/f

f = 6pηr

Vs = (M/N).[υ2 + υ1°. δ1 ]
Hydrodynamic radius



Static Light Scattering
Measurement of the average scattering intensity

( ) ( )  
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scattered θθ P
dc
dnMcI 
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The intensity is a function of the particule’s molecular weight, its concentration, 
shape (form factor) and of the refractive index increment of the solution.    



Form factor
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In general, the scattered intensity varies  with Θ, the angle between the 
incident beam and the detector. 
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The form factor, which
accounts for this dependence
is also a function of the 
wavelenght and of the 
dimensions of the particule.



Objects smaller than the wavelength of light 
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The scattered intensity not only depends on M, A2 but also varies as function of θ

( ) ( ) ( ) ( )[ ]  21 2scattered θθθθ McPAMcPKRI −=∝ ∗

When the size of objects is not negligeable



Fit of data to light scattering equation provides  
M, A2 and Rg.

q =4πsinθ/λ



SEC-MALLS combines Light Scattering with fractionation

DLS, SLS

MALLS: Multi-Angle Laser Light scattering



SEC and SLS



SEC, SLS and DLS



Analytical Ultracentrifugation



Analytical ultracentrifuge

Ultracentrifuge that posseses a detection system allowing the measure of the solute
concentration as a function of the distance to the rotation axis (optical density, 
interferrométry).

Absorbance measurement: choice of the wavelenght: 

NA and protein 260 et  280 nm

ligand eg 380

peptidic bond 220: low concentrations

Limitations: detector response: inf à 0.5 OD

Avantage: large choice in the experimental conditions: buffer and ionic strength



Sedimentation velocity

Principle: the protein migrates towards the bottom of the tube; 
The speed of the particule is measured

Determine sedimentation coefficient s (SVEDBERG) 1 S = 10 -13 s 

Speed of sedimentation v = dr/dt per acceleration unit

s = dr/dt . (1/w2r)

[MS-1 S2M-1] [S]

dr/dt = s . w2r

dr/dt = speed of the particule
r = distance of the particule to the rotation axis
w = angular speed of the rotor





In practice, one can measure how the sedimentation boundary moves 



Diffusion impacts on the shape of sedimentation boundaries
They are recorded at regular,intervals



How does the midpoint of the boundary move?

dr

r
= ω2sdt

Ln (r(t)/r(t°)) =ω2s(t-t°) 
s = dr/dt . (1/ω2r)

dr/dt = s . ω2r



Volume (occupied by the macromolecule) = Mass * Specific Volume
Mass of displaced solvant  = Volume * Volumic Mass



A real case



Equilibrium Sedimentation

At low speed, diffusion is not negligeable

The system reaches an equilibrium: centrigulation force = diffusion force



r (cm3/g) volume specific partial (hydrated) of the macromolecule 

ρ volumic mass of the solvant (g/cm3)

cr macromolecule concentration

r distance to the axis

Representation of Ln(Cx/Co) as a function of
x2-xo2 yields a linear function 

The slope is only a function of M, ω, v and ρ 



Mixture of noninteracting solutes

Self-association

Hetero-association

+

A real case



Atomic structures of parts of the system X-ray and neutron crystallography, NMR, Cryo-EM/ET, 
Comparative modelling and molecular docking

Atomic and protein distances NMR, FRET, EPR, X-link/ w/o MS……

Binding site mapping NMR, FRET, H-D/MS, mutagenesis

Size and shape SAXS, SANS, atomic force microscopy, ion mobility
MS AUC, Fluorescence correlation spectroscopy or 
anisotropy

Physical proximity Co-purification of sub complexes, native MS, genetic
methods, sequence convariance, Y2H, Chromosome 
conformation Capture and other data, 

Solvent accessiblity Footprinting methods including H-DX/MS, NMR
and chemical modifications 

Composition and components positions Purification from source with gel analysis or MS, 
Electron microscopy and tomography, gold labelling, 
Super resolution microscopy, FRET imaging

Structural data used in integrative modeling



X-link/MS experiments

Juri Rappsilber, 2010, 2012



Expansion of the genetic code and incorporation 
of non-natural amino acids

Kobbi et al. 2016

Incorporate photo-activable amino acids in proteins: 

pTefb = cdk9/cyclinT/Hexim + 7SK RNA

Map hexim peptides that bind and inhibit cdk9



H/D exchange MS experiments 

Yan X et al. Mol Cell Proteomics 2004;3:10-23

©2004 by American Society for Biochemistry and Molecular Biology

Protein unfolding, either natural or induced by denaturants
Measurement of folding or unfolding rates
Protein folding, on timescales from milliseconds to days
Binding, binding constants and interacting surfaces
DNA-protein interactions



Förster Resonance Energy Transfer (FRET) 

The mechanism of FRET involves a donor 
fluorophore (D) in an excited electronic state, 
which may transfer its excitation energy to a 
nearby acceptor chromophore (A)

Non-radiative process through long-range 
dipole-dipole interactions that results in the 
emission of light by the acceptor

The absorption spectrum of the acceptor must
overlap fluorescence emission spectrum of
the donor
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FRET strongly depends on:

- The relative orientation of the transition 
moments of the Donor and the Acceptor
- The distance between the fluorophores

Energy transfer studies give information about

• distance between groups 
• orientation of two groups and
• the refractive index between two groups 
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Screening for compounds that inhibit or modulate A/B interactions

Use or fluorescent proteins fused to the proteins of interest or of fluorescent probes 
that are chemically coupled to the donnor and to the acceptor molecules

In vivo and in vitro FRET analysis

Structural organization of the bacterial
(Thermus aquaticus) RNA polymerase-
promoter open complex obtained by
FRET (Mekler et al., 2002) was
subsequently validated by a crystal
structure (Zhang et al., 2012).



Fluorescence  properties that can be measured

• spectra (environmental effects)

• fluorescence life times 

• polarization (orientation and dynamics)

• excitation transfer (distances -> dynamics)

• location of fluorescence



Atomic structures of parts of the system X-ray and neutron crystallography, NMR, Cryo-EM/ET, 
Comparative modelling and molecular docking

3D maps, 2D images, components positions Electron microscopy and tomography, gold labelling, 
Super resolution microscopy, FRET imaging

Atomic and protein distances NMR, FRET, EPR, X-link/ w/o MS……

Binding site mapping NMR, FRET, H-D/MS, mutagenesis

Size and shape AUC, SAS, atomic force microscopy, ion mobility
Fluorescence correlation spectroscopy or anisotropy

Physical proximity Co-purification, native MS, genetic methods,
sequence convariance, Chromosome conformation
Capture and other data, Y2H

Solvent accessiblity Footprinting methods including H-DX/MS, NMR
and chemical modifications 

Composition Purification from source with gel analysis or MS

Structural data used in integrative modeling



Perrakis et al., 2011



END
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