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How to study cellular functional modules
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100 nm
Kiseleva, Nat. Cell. Biol. 6, 497, 2004.

NPC:
-50 MDa
-480 proteins
of ~30 different types
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-2 MDa
-80 proteins
-3 RNAs
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Yeast NPC 
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Protein Separation, Mass 
Spectrometric Identification

& Genomic Tagging 

Quantitative Western 
Blotting 

Immunoelectron 
Microscopy 

Electron 
Cryomicroscopy 
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Yeast FG Nucleoporins (FG NUPs)Yeast FG Nucleoporins (FG NUPs)

Consensus sequence of FG repeat region of Nsp1p:

...PSFSFGAKSDENKAGATSK
PAFSFGAKPEEKKDDNSSK
PAFSFGAKSNEDKQDGTAK
PAFSFGAKPAEKNNNETSK...
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FG NUP Characteristics:
Disordered Filaments
Found at NPC Filaments
Karyopherin Docking Sites

FG NUP Characteristics:
Disordered Filaments
Found at NPC Filaments
Karyopherin Docking Sites

FG Repeat Nups in Yeast
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1) NPC, NE, WCE
2) Haploids and diploids
3) Magnetic beads and sepharose
4) About 20 different buffers for extraction and washing conditions

Nup-PrA Pullouts
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Determining Shape of the Nups:
Sedimentation Analysis

Determining Shape of the Nups:
Sedimentation Analysis

Gives us a Rough Shape for Each Nup



Bioinformatic Methods

Modeling

NUP Localization

NUP StoichiometryOverall NPC shape

NUP Shape

NUP- NUP Interactions

Experimental Data - Spatial RestrainsExperimental Data - Spatial Restrains



NPC as a Jigsaw Puzzle



Structure Determination by Satisfaction of Spatial Restraints -
the NMR Concept

NMR Our Method



General Strategy of 
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General Strategy of 
Structure Determination  



Determining the 3D Structure of the 
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 Do this 1000s of times
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Protein Localization Probability
Given volume is occupied by a given protein.
Calculated from the structural superposition of the ensemble of 
models that satisfy all input restraints

Can See Position of Every NPC Protein



More Experimental Data 
- Better Localization

More Experimental Data 
- Better Localization



Score Distribution

• Symmetry Restraints
• Our ImmunoEM
• Our Interactions
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“Quality” of Data is Very Important“Quality” of Data is Very Important



Molecular Architecture of the NPC -
Spatial Configuration of Nucleoporins

Molecular Architecture of the NPC -
Spatial Configuration of Nucleoporins

Dictyostelium NPC ~80Å

Dictyostelium NPC ~50Å

Alber et al., Nature 2007



NPC Structure at the Molecular LevelNPC Structure at the Molecular Level

Alber et al., Nature 2007
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Comparative Protein Structure Modeling

No

Target – Template
Alignment

MSVIPKRLYGNCEQTSEEAIRIEDSPIV---TADLVCLKIDEIPERLVGE
ASILPKRLFGNCEQTSDEGLKIERTPLVPHISAQNVCLKIDDVPERLIPE

Model Building

START

ASILPKRLFGNCEQTSDEGLK
IERTPLVPHISAQNVCLKIDD
VPERLIPERASFQWMNDK

TARGET

Template Search

TEMPLATE

OK?

Model Evaluation

END

Yes

A. Šali, Curr. Opin. Biotech. 6, 437, 1995.
R. Sánchez & A. Šali, Curr. Opin. Str. Biol. 7, 206, 1997.
M. Marti et al. Ann. Rev. Biophys. Biomolec. Struct., 29, 291, 2000. 
http://salilab.org/



Protease Accessibility Laddering (PAL) 
& Fold Prediction
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Dokudovskaya et al, Structure 2006



• Alpha-Solenoid 

• Beta-Propeller

• FG Repeats

• Coiled-Coil

• Transmembrane

• Cadherin-like

• Beta-Prism

• RRM-like

~38%

~16% 

~29% 

<5%

<5% 

<5%

<5%

<5%

Fold Types in the NPC

“LEGO-like”:
Small number of repetitive motifs

Devos et al., PNAS 2006



Modular Duplication in the NPC

Alber  et al., Nature 2007



Nup84 Complex: Structure & OriginNup84 Complex: Structure & Origin

Clathrin/Adaptin Complex

Clathrin / Adaptin 
Homologs found in 

Different 
Coated Vesicles Coated Vesicles and NPCs 

Originated in a Common Precursor

Protocoatomer
Hypothesis

Devos et al, PLoS 2004



The Core Scaffold as a 
Membrane Coating Complex
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“Take Home” Messages“Take Home” Messages

Molecular Architecture of the Nuclear Pore Complex is:

Simple

 Modular

Contains coating complex

Formed by duplications and divergence
of simple ancestral module



Nup120

Nup85
Nup84

Nup145C

Nup133 Sec13

Seh1

Molecular Architecture of the NPC -
Welcome to the Legoland!



• Tagged macromolecular 
complexes

• Complexes preserved by 
freezing & cryolysis

• Rapid isolation preserves 
complexes

• Determine complex:
•COMPOSITION
•STOICHIOMETRY
•MODIFICATIONS
•INTERACTIONS
•MORPHOLOGY
•DYNAMICS

• Integration of data in 
spatial & temporal 
models

Integrative Approaches to Study Protein ComplexesIntegrative Approaches to Study Protein Complexes




