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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
(intervals of 250 residues)

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

1750 < unique residues < 2000



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) 

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



Integrative determination of macromolecular structures

Atomic positions Residue positions Member
orientations

Member
positions

Aim: combine heterogenous data (information of any
source) and propose hybrid models to provide the best
possible description of the system (a set of models
consitent with available data).



Integrative determination of macromolecular structures

Atomic positions Residue positions Member
orientations

Member
positions

Aim: combine heterogenous data (information of any
source) and propose hybrid models to provide the best
possible description of the system (a set of models
consitent with available data).

Atomic, multi-scale and topologic models Genomic region from 3C data



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



Integrative approaches

1/ Principles of integrative structure determination

2/ The example of the Nuclear Pore Complex

3/ A few experimental methods for complex analysis 



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



A Sali

1/ Gathering data

2/ Representing and 
translating data into
restraints

3/ Sampling good 
scoring configurations 

4/ Analysis and 
assesment



The four stages of integrated modelling

1/ Gathering data

2/ Representing and 
translating data into
restraints

3/ Sampling good 
scoring configurations 

4/ Analysis and 
assesment



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

1/ Gathering data

2/ Representing and 
translating data into
restraints

3/ Sampling good 
scoring configurations 

4/ Analysis and 
assesment

https://integrativemodeling.org/

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

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

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

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)

50 Gaussian
mixture model

Experimental map



Integrative structure modeling

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

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



Integrative structure modeling

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,  



Integrative structure modeling

Gathering data

Represent and translate 
data into restraints

Sampling good 
scoring configurations 

Analysis and 
assesment

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)



Integrative structure modeling

Gathering data

Represent and translate 
data into restraints

Sampling good 
scoring configurations 

Analysis and 
assesment

https://integrativemodeling.org/

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  



Examples of Recently Determined Integrative Structures

https://integrativemodeling.org/



Topological models from MS-based hybrid analysis
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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



Subunit composition and stoichiometry 
Dissociation pathways, sub-complexes.
-acceleration voltage, pressure-

Hernandez, EMBO Rep 2008

Insights into disassembly pathways 
and composition of sub-complexes



A topological model from MS data

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

Native-MS data and excluded volume restraints (r = f((MM)) are not sufficient

Additional constrains are needed 



Integrated representation of the eIF3 yeast 
initiation translation factor

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

Excluded volume restraints   

Native-MS data 

X-link-MS constrains 



Topological models from MS-based hybrid analysis
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X-link/MS experiments

Juri Rappsilber, 2010, 2012



Chen, EMBO 2010

Rappsilber, 2010, 2012

Linear and circular representation



H/D exchange

©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

Peptides that interact with a partner



Integrative approaches

1/ Principles of integrative structure determination

2/ The example of the Nuclear Pore Complex

3/ A few experimental methods for complex analysis 



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



Experimental data



Label free quantitation by MS

MaxQuant iBAQ: Schwanhäusser, B. et al. Global quantification of mammalian gene expression
control. Nature 473, 337–342 (2011).



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



Label free quantitation (MAxQuand iBAQ)
intensity-Based Absolute Quantification

QconCAT MS. 
(Internal standard = synthetic concatemer of tryptic peptides)

SILAC  MS     Relative quantification between preparations
(Stable Isotope Labelling in Culture)

In vivo Calibrated Imaging  Absolute quantification

Lipid Analysis   Membrane composition

Native MS  Absolute mass of isolated complexes

Quantitation by MS



Experimental data



Experimental data

CryoET and sub-tomogram averaging

- 3D map at approximately 28 Å resolution, 1864 sub-tomograms
- nuclear envelope membrane





Experimental data

Gaussian Mixture Models (GMMs)



Experimental data

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

SAXS analysis and Ab-initio reconstruction



Gathering data

Representing and 
translating data into

restraints

Comparative modelling



H1

H3

H4

H12

H11

H10

H9

H8

H7

H6

H5

H2

N

C

Homology modeling

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



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

Relation type exponentiel % identité / déformations

Comparaison of  3D structures from homologous proteins
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Sequence identity vs aligment lenght. 
Biologic / Statistical Significance

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



Gathering data

Representing and 
translating data into

restraints



Gathering data

Representing and 
translating data into

restraints

Sampling good 
scoring configurations 

100 455 models

5 500 good scoring



Gathering data

Representing and 
translating data into

restraints

Sampling good 
scoring configurations 

Analysis and assessment Clustering solutions and generating probability densities
Satisfaction of data and considerations that 

were used to compute structures
were not used to compute structures.



Gathering data

Representing and 
translating data into

restraints

Sampling good 
scoring configurations 

Analysis and 
assesment

52 (87) MDa
550 copies of 30 polypeptide
C8 symmetry
3082 intermolecular cross-links

Estimated resolution: 28 Å



Albert et al. 2007, 2008
Kim et al. 2018



3.1/ Immunoprecipitation assays

3.2 Two hybrid

3.3/ Analytical ultracentrifugation

3.4/ Foerster Resonnance Energy Transfer

3.5/ Fluorescence anisotropy

1/ Principles of integrative structure determination

2/ The example of the Nuclear Pore Complex

3/ Mainstream complementary experimental methods 



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

https://www.google.com/imgres?imgurl=https://www.clinisciences.com/upload/magnetic-bead-conj-kit--URqyKaNK.jpg&imgrefurl=https://www.clinisciences.com/es/leer/newsletter-26/new-magnetic-conjugation-kit-1882.html&docid=UY6aTi_1ii5vGM&tbnid=LmpdF_o1ErCa-M:&vet=10ahUKEwiok4WI1r7bAhUH4oMKHRJBDjAQMwhcKBUwFQ..i&w=1024&h=385&client=firefox-b&bih=650&biw=1326&q=Immunoprecipitation%20magnetic%20beads&ved=0ahUKEwiok4WI1r7bAhUH4oMKHRJBDjAQMwhcKBUwFQ&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https://www.clinisciences.com/upload/magnetic-bead-conj-kit--URqyKaNK.jpg&imgrefurl=https://www.clinisciences.com/es/leer/newsletter-26/new-magnetic-conjugation-kit-1882.html&docid=UY6aTi_1ii5vGM&tbnid=LmpdF_o1ErCa-M:&vet=10ahUKEwiok4WI1r7bAhUH4oMKHRJBDjAQMwhcKBUwFQ..i&w=1024&h=385&client=firefox-b&bih=650&biw=1326&q=Immunoprecipitation%20magnetic%20beads&ved=0ahUKEwiok4WI1r7bAhUH4oMKHRJBDjAQMwhcKBUwFQ&iact=mrc&uact=8


A nanobody based visible immunoprecipitation assays





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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3.1/ Immunoprecipitation assays

3.2/ Two hybrid

3.3/ Analytical ultracentrifugation

3.4/ Förster Resonnance Energy Transfer

3.5/ Fluorescence anisotropy

1/ Integrative determination of macromolecular structures 

2/ The example of the Nuclear Pore Complex

3/ Mainstream complementary experimental methods 



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

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

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiQoO-2qL_bAhUF2IMKHWjIAwsQjRx6BAgBEAU&url=https://www.coriolis-pharma.com/contract-analytical-services/analytical-ultracentrifugation-(sv-auc)/&psig=AOvVaw3KVsgugDdGP08j3hhqdamq&ust=1528384021692798
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiQoO-2qL_bAhUF2IMKHWjIAwsQjRx6BAgBEAU&url=https://www.coriolis-pharma.com/contract-analytical-services/analytical-ultracentrifugation-(sv-auc)/&psig=AOvVaw3KVsgugDdGP08j3hhqdamq&ust=1528384021692798


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

S depends on both M and f 



Characterization of Monomeric Intermediates during VSV Glycoprotein 
Structural Transition. Albertini et al. 2012 Plos Pathogens



Equilibrium Sedimentation

cx macromolecule concentration

x distance to the axis

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

ρ volumic mass of the solvant (g/cm3)

At low speed, diffusion is not negligeable

The system reaches an equilibrium: 

centrigulation force = diffusion force



Mixture of noninteracting solutes

Self-association

Hetero-association

+

A real case



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 dipole 
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 of the donor-acceptor 
intervening medium 
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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 Anisotropy
Fluorescence is measured with a linearly polarized beam

Vertical emission
Horizontal emission

The basic idea is that a fluorophore excited by polarized light will also emit polarized light. However, 
if a molecule is moving, it will tend to "scramble" the polarization of the light by radiating at a different 
direction from the incident light.

The "scrambling" effect is greatest with fluorophores tumbling in solution and decreases with 
decreased rates of tumbling ie with increased MW.



Slow rotational diffusion

Intensities of vertical and horizontal emission differ = Anisotropy



Rapid rotational diffusion

Intensities of vertical and horizontal emission almost equal
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one molecule (DNA, peptide or protein) is fused to a fluorophore

measure static fluorescence anisotropy

association results in an entity which rotates more slowly than the isolated
fluorophore and results in less scrambling of polarized light

Titration experiments for Kd measurements

Boyer et al, 2009 NAR



Estimates of the apparent molecular volume (Perrin Equation) 

 

τ F

 

τ c

Fluorescence life time

Rotation correlation time



Fluorescence labelling

- Chemical synthesis of labelled peptide or oligonucleotides

- Genetically encoded tags (EGFP, mCherry,…)

- Cys-maleimide chemistry, 
- Incorporation of non-natural reactive amino acids
- Protein tags such as Halo(haloalkane dehalogenase), SNAP/CLIP(O6-
alkylguanine-DNA alkyltransferase), 
- Peptidic tags Avi(biotin ligase recognition peptide), Sfp
phosphopantetheinyl transferase(CoA), Sortase,….



Fluorescence  properties that can be measured

• spectra (environmental effects)

• fluorescence life times 

• polarization (orientation and dynamics)

• excitation transfer (distances -> dynamics)

• location of fluorescence

Widely used for binding analysis



Super resolution microscopy

Different fluorescent probes marking the sample structure are activated at different 
time points, allowing subsets of fluorophores to be imaged without spatial overlap 
and to be localized to high precision. 

Nobel Price 2014   (Eric Betzig, Stefan W. Hell and William E. Moerner "for 
the development of super-resolved fluorescence microscopy".)

Details cannot be separated by focusing light  (diffraction limited)

But by using 2 molecular states of the fluorophore to limit the
spacial overlap between airy circles



Super resolution microscopy

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.

STED (STimulated Emission Depletion microscopy, 

PALM (PhotoActivated Localization Microscopy), 

STORM (stochastic optical reconstruction microscopy, 

(FPALM) fluorescence photoactivation localization microscopy, 

GSDim (Ground State Depletion imaging followed by Individual Molecule return).

Huang, 2009



Göttfert, Wurm et al Biophys J (2013)

Standard confocal STED



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



Hand-on workshop:

1/ Purification of complexes from engineered cell lines

2/ Production of recombinant multiprotein complexes using baculoviruses

3/ Biophysical characterization and sample optimization

Participants will have the opportunity to work with their own samples .



END
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