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The NPC has a modular architecture

Largest macromolecular complex in the cell
MW: ∼60 MDa in yeast, ∼120 MDa in Metazoa

Composed 30 different nucleoproteins (Nups)
Multiple copies of each Nup
Arranged in subcomplexes 

Brohawn and Schwartz., 
Nat Struct Mol Biol, 2009. 
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The NPC has a modular architecture

Brohawn and Schwartz., 
Nat Struct Mol Biol, 2009. 
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Cryo-ET can reveal the overall architecture

Two 3-D structures of the Nuclear Pore Complex

Highest resolution: ~6-7 nm
12-15 μm defocus
523 NPCs

Beck et al. Science 306,  1387-90 (2004) 
Beck et al. Nature 449, 611-615,  (2007)
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Higher Resolution: the NPC has reached the atomic age

modeled as a compact rod in the computer model and the
coat is space-filling with very small gaps, both in apparent con-
trast to results from crystallographic analyses. The exciting pos-
sibility of this combinatorial approach, however, is that it should
be possible to integrate currently available and forthcoming
high-resolution structures to further refine the model. To date,
crystal structures accounting for 23% of the mass of the NPC
scaffold are available. Integration of these data could potentially
reveal an NPC structure that would come fairly close to the
reality.

Blobel and coworkers have taken a different experimental
approach to address the subcomplex assembly problem. Their
rationale is that the subcomplexes assemble only at very high
protein concentrations as they are found in the assembled NPC
in the living cell. Such conditions are difficult to reproduce

in vitro, but they can potentially be mimicked in protein crystals
where the protein concentration is similarly very high. Thus,
crystal-packing interactions between dimeric subcomplex frag-
ments have been used to develop an assembly model for the
NPC (Debler et al., 2008; Hsia et al., 2007). Besides the overall
dimensions of the scaffold, the resulting model is drastically
different from the Alber model. Four instead of two eight-mem-
bered rings of Y-complexes are stacked on top of each other to
form a continuous membrane-proximal shell. The rings are con-
nected by alternating hetero-octameric poles of Nup145CdSec13
and Nup85dSeh1 (Figure 6A). The Nic96 complex is postulated to
form a second, inner shell within the NPC that connects to
the FG-network. Similar to the Alber model, the Y-complexes
are envisioned to directly contact the pore membrane via
membrane-inserting ALPS-motif containing amphipathic helices
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Figure 6. Assembly Models for the NPC
Three recently proposed models for the structural organization of the NPC are illustrated. The fence pole model (top row), computationally generated model
(middle row), and lattice model (bottom row) are compared in their prediction of protein interactions within one Y-complex (left column), Y-complex organization
within the NPC (middle column), and placement of Y-complexes relative to other NPC subcomplexes (right column). In the fence pole model, hetero-octameric
poles of Nup145CdSec13 and Nup85dSeh1 observed in crystal structures organize four rings of 8 Y-complexes each. These four rings form a cylinder adjacent to
the transmembrane Nups on the membrane side and layers of adaptor Nups followed by channel Nups toward the transport channel (Hsia et al., 2007; Debler
et al., 2008). The computationally generated model provides localization volumes for each Nup and shows eight Y-complexes arranged into two separate rings,
one toward the nucleocytoplasmic and the other the cytoplasmic side of the NPC. The other Nups are arranged into membrane rings, inner rings, linkers between
rings, and FG nucleoporins (Alber et al., 2007b). The lattice model is based on structural homology of ACE1 proteins in the NPC and COPII vesicle coat (Brohawn
et al., 2008). ACE1 proteins are colored by module, with tails green, trunks orange, and crowns blue. A model of a single Y-complex incorporates the demon-
strated specific interactions between domains of the seven proteins. Eight Y-complexes are assumed to form a nucleoplasmic and cytoplasmic ring, which
may or may not be connected by additional lattice elements such as Nic96 and Nup157/170 in an inner ring. The illustration is meant to emphasize the predicted
open, lattice-like organization of the NPC structural scaffold and is not meant to imply specific interactions between complexes. Although it seems likely that the
NPC lattice will be composed of ACE1-containing edge elements and vertex elements made from b-propeller interactions, as observed in the COPII vesicle coat,
the exact nature of the vertex elements in the NPC lattice remains to be seen (Brohawn et al., 2008).

1164 Structure 17, September 9, 2009 ª2009 Elsevier Ltd All rights reserved

Structure

Review

Why?
Wealth of available structural and “-omics” data

EM structure will serve as a scaffold for hybrid modeling

Discern between different models 

Structural Dynamics

How?
Cryo-electron tomography

S. cerevisiae

Thinner samples

High throughput

Computational classification of states
Brohawn and Schwartz., Nat Struct Mol Biol, 2009. 
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Three-Dimensional Cryo-Electron Microscopy

Electron crystallography
2-D crystals of membrane proteins in 

their native environment

Single-particle analysis
Purified molecules in 

solution ~200-10 MDa

Electron tomography
Pleomorphic samples, 

e.g., cells and organelles
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Subtomogram Averaging

Particles of interest can be extracted from the tomograms.  Expectation-
maximization algorithm to obtain structure. 

PyTom: 

Yuxiang Chen’s 

poster
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Regions Accessible to CET
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But some cool examples...

Architecture of the 
Actin Machinery in 
Listeria monocytogenes

Marion Jasnin
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Alternative I: 
Isolating organelles (intact nuclei from S. cerevisiae)

2-4 um in Dicty

1-1.5 um in yeast

Enriched nuclear fraction from W303a strain. 
Overlay of phase and fluorescence images DAPI-stained nuclei.
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Tomography of  Yeast Nuclei

side view
(thinner areas)

grazing view 
(thicker areas)

FEI Polara G2 @ 300 keV
-6 to -8 um defocus

-64° to 64°,  2° increment
0.57 nm/pixel  

Sample thickness: 400-600 nm
 ~35 NPC/s per tomogram

100 nm
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Alternative II: 

100 µm 100 µm 

Cryo-ultramicrotomy
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100 nmSC

PSD

SV

50 nm

100 nm

SC

PSD

SV

Synaptosomes (Fraction) Hippocamal Cryo-Section

Alternative II: 
Cryo-ultramicrotomy
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 Cryo-electron Tomography Workflow

Vitrification
Correlative 
Mircroscopy

FIB
milling cryo-ET

Identify regions of interest 
with cryo-light microscopy Thin samples

Tomography
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Focused Ion Beam – FIB

FEI Quanta 3D FEG dual beam FIB/SEM instrument as installed at the MPIB

Quorum cryo-stage&transfer

Sample thinning through FIB milling
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Lena Fitting Kourkoutis
Felix Baeuerlein

Alex Rigort
Juergen Plitzko

Sample thinning through FIB milling
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carbon film

>500 nm

Milled samples will have ideal thickness for tomography and contain NPCs in all orientations

First attempt:  Isolated nuclei 

300 nm1.4 μm
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400 nm1.4 μm

First attempt:  Isolated nuclei 
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First attempt:  Isolated nuclei 
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Fragile Specimen:  Transfers between microscopes

Transfers between different steps of the workflow: what happens when 
you multiply a handful of small probabilities
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Grid reinforcement using “auto 
grids” provides mechanical 
stability during cryo-transfers.

  The slot modification allows 
milling at parallel ion beam 
incidence. 

 Modified Autogrid
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FEI Polara 300 keV 
-8 um defocus

-60° to 60°,  2° increment
0.71 nm/pixel  

Sample thickness: ~300 nm

FEI Dual Beam SEM/FIB  
(Quanta 3D FEG)

~30 sec/nuclei
Gallium, 30 keV,  50 pA 

100 nm
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First attempt:  Isolated nuclei 
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Sample Distortions

R = 0.8 um

compressed to 30% its original thickness
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Opening Windows into the Cell
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Focused Ion Beam Milling
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Milling area

2 µm

2 µm

After

Thinned region:  Cryo-SEM (top view)

Before

Opening Windows into the Cell
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Opening Windows into the Cell
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FIB: Lamella Preparation
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TEM 2D projection (high-pass filtered)

500 nm

500
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FIB: Lamella Preparation

FEI Polara G2 @ 300 keV
 -8 μm defocus

± 60°/ 2° increment
0.71 nm/pixel  

Total Dose 160 e/A2
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FIB: NPCs in situ

200 nm
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FIB: NPCs in situ

200 nm
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Focused Ion Beam Milling of Yeast Cells

Ga+
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Focused Ion Beam Milling 

Cellular processes in situ
No compression from diamond knife
No fixing
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Opening Windows into the Cell

e-

Ga+
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Opening Windows into the Cell

SEM TEM
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Opening Windows into the Cell



MPI of Biochemistry Max Planck Society

Opening Windows into the Cell
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Particle Picking

Pick particles visually

Fit ellipsoid, calculate normals

A nuclear surface is approximated

The normals of the NPCs are 
determined.

Subtomograms are extracted, 
aligned, and averaged
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Nuclear Pore Complex Structure
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Architecture of the Nuclear Pore Complex
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Sample Distortions

R = 0.76 um
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Sample Distortions

R = 0.8 um

1/3 compression
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Sample Distortions
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Other Applications

Mammalian Cell Mithocondria

200 nm 300 nm
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What can go wrong?  

Vitrification
Size of cells
Plunging conditions
High-pressure freezing

Transfers
Autogrid
Polara cartridge

Curtaining
Platinum coating
(need rotational stage)

Working distance Goo
Leaks

Alignment Problems
Correlation-based
Hopefully no gold

Locate sample
3D Correlative LM-EM

Charging
Don’t see it.. yet
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Platinum coating to avoid beam erosion

Protective Pt coatingProgressing Beam Erosion
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Feature-tracking alignment blues
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Feature-tracking alignment blues
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0°-30° 40°

Uber-blues:  Goo, crystalline ice,  curtaining

Feature-tracking alignment blues
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centrosomeadhesion site targeting Focal adhesion 
contact

Electron-transparent membrane

Challenge:  3-D Correlation
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What can go wrong?  

Vitrification
Size of cells
Plunging conditions
High-Pressure Freezing

But when it works.. it’s all worth it

Transfers
Autogrid
Polara cartridge

Curtaining
Platinum coating
(need rotational Stage)

Working distance Goo
Leaks

Alignment Problems
Correlation-based
Hopefully no gold

Locate sample
3D Correlative LM-EM

Charging
Don’t see it.. yet
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Fat, concealed nucleus
Ion beam reveals the gate

Modeling ensues


