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(1) What is the nuclear pore/what does it look like? What are the proteins that make it up? 

(2) How does the nuclear pore work?  The standard picture 

(3) Our model (Lucy Colwell & Katharina Ribbeck)   
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wikipedia 

~ 2000 NPC/membrane 
Proteins that make up NPC called nuceloporins 



Alberts—nuclear membrane continiguous with the ER???? 

Although the inner and outer nuclear 
membranes are continuous, they maintain 
distinct protein compositions. The inner nuclear 
membrane contains specific proteins that act as 
binding sites for chromatin and for the protein 
meshwork of the nuclear lamina that provides 
structural support for this membrane. The inner 
membrane is surrounded by the outer nuclear 
membrane, which is continuous with the 
membrane of the ER. Like the membrane of the 
ER that will be described later in this chapter, the 
outer nuclear membrane is studded with 
ribosomes engaged in protein synthesis. 



In animal cells, each complex has an estimated 
molecular mass of about 125 million and is 
thought to be composed of more than 50 
different proteins, called nucleoporins, that are 
arranged with a striking octagonal symmetry 

Alberts 



Nuclear Pore Complex – a supramolecular protein structure 

Nuclear Import: 
Ribosomal 
proteins, histones, 
viral genomes and 
transcription 
factors get 
imported to the 
nucleus. 

Nuclear Export: 
mRNAs, ribosome 
subunits, tRNAs 
among others need to 
be exported. 

•  The nuclear pore is the only transport route between the cytoplasm and the nucleus. 
•  Unusually, proteins are transported in their folded state. 
•  Different proteins have been found to translocate through the pore at different rates. 



Nuclear Pore Structure 
Rout et.al., Nature 2007 



In general, the more active the nucleus is in 
transcription, the greater the number of pore 
complexes its envelope contains. The nuclear 
envelope of a typical mammalian cell contains 
3000–4000 pore complexes. If the cell is 
synthesizing DNA, it needs to import about 106 
histone molecules from the cytosol every 3 
minutes to package the newly made DNA into 
chromatin, which means that, on average, each 
pore complex needs to transport about 100 
histone molecules per minute. If the cell is 
growing rapidly, each complex also needs to 
transport about 6 newly assembled large and 
small ribosomal subunits per minute from the 
nucleus, where they are produced, to the 
cytosol, where they are used. And that is only a 
very small part of the total traffic that passes 
through the pore complexes. 

Alberts 



Two modes of transport through the nuclear pore 

•  Diffusion: “Small particles” (< 40kDa) freely diffuse 

•  Facilitated Transport: Larger particles 
must bind to a nuclear transport receptor 

•   Some smaller proteins also require a 
transport receptor, for example, histones 
and ribosomal proteins. 

•   Transport through each pore is 
bidirectional. Different receptors are 
required for import and for export. 



Canonical wisdom—small things get through and big things don’t. 

E.g. alberts: 

Because many cell proteins are too large to pass 
by diffusion through the nuclear pore complexes, 
the nuclear envelope enables the nuclear 
compartment and the cytosol to maintain 
different complements of proteins. Mature 
cytosolic ribosomes, for example, are about 30 
nm in diameter and thus cannot diffuse through 
the 9 nm channels; their exclusion from the 
nucleus ensures that protein synthesis is 
confined to the cytosol. 

Alberts 



When proteins are experimentally extracted from 
the nucleus and reintroduced into the cytosol 
(e.g., through experimentally induced 
perforations in the plasma membrane), even the 
very large ones reaccumulate efficiently in the 
nucleus. The selectivity of this nuclear import 
process resides in nuclear localization signals 
(NLSs), which are present only in nuclear 
proteins. The signals have been precisely 
defined in numerous nuclear proteins by using 
recombinant DNA technology (Figure 12-12). As 
mentioned earlier, they can be either signal 
sequences or signal patches. In many nuclear 
proteins they consist of one or two short 
sequences that are rich in the positively charged 
amino acids lysine and arginine (see Table 12-3, 
p. 667), the precise sequence varying for 
different nuclear proteins. Other nuclear proteins 
contain different signals, some of which are not 
yet characterized. 

Nuclear Localization Signals 

Alberts 



The mechanism of macromolecular transport 
across nuclear pore complexes is fundamentally 
different from the transport mechanisms involved 
in protein transfer across the membranes of 
other organelles, because it occurs through a 
large aqueous pore rather than through a protein 
transporter spanning one or more lipid bilayers. 
For this reason, nuclear proteins can be 
transported through a pore complex while they 
are in a fully folded conformation. Likewise, a 
newly formed ribosomal subunit is transported 
out of the nucleus as an assembled particle. By 
contrast, proteins have to be extensively 
unfolded during their transport into most other 
organelles, as we discuss later. In the electron 
microscope, however, very large particles 
traversing the pore seem to become constricted 
as they squeeze through the nuclear pore 
complex, indicating that at least some of them 
must undergo restructuring during transport. 

Alberts 



Transport receptors 

•  Around 20 TRs in a human cell. 

•  Around 10,000 cargo proteins need to 
move through the pore. 

•  Each TR can translocate some of these 
cargoes. 

Importin beta 



Ran-GTP Cycle catalyzes binding of cargo to transport receptors 

Alberts 



Rate of transport is of order diffusion rate (when transport receptor is bound!) 
  Energy barrier < 2 kB T 

How fast is nuclear transport? 



What determines the rate of translocation? 

• Nuclear pore complex does not contain any ATPases or GTPases.  
• No energy source required for translocation.  
    Energy required for binding transport receptors but not translocation (Ran cycle) 
                (Swoebel, Engleier) 

What are the properties of the nuclear pore and  
transport receptors that set ΔG? 

What is the mechanism for selectivity? 



General Model 

Rout et al. 

What is the physics of ΔH? 



The current hypothesis: FG repeat binding   
•  Rich in FG-repeats   

Gorlich, Science 2006 



Rout et al, Ribbeck and Gorlich. 

Virtual Gating Model Selective Phase Model 

Central nucleoporin: 



Our project:  “Physically based bio-informatics”  

Evaluate biophysical properties of nuclear pore proteins, and particles that 
get through and do not get through. 

What does ΔG depend upon? 

Lucy Colwell  (SEAS, Harvard) 

Katharina Ribbeck (FAS Center for Systems Biology,  
          Harvard  MIT) 



A C D E F G H I K L M N P Q R S T V W Y 
1.8 2.5 -3.5 -3.5 2.8 -0.4 -3.2 4.5 -3.9 3.8 1.9 -3.5 -1.6 -3.5 -4.5 -0.8 -0.7 4.2 -0.9 -1.3 

  

Our Approach: Physically based bioinformatics… 

Example:  Kyte-Doolittle scale for hydrophobicity 

29 physical property scales 





A C D E F G H I K L M N P Q R S T V W Y 
1.8 2.5 -3.5 -3.5 2.8 -0.4 -3.2 4.5 -3.9 3.8 1.9 -3.5 -1.6 -3.5 -4.5 -0.8 -0.7 4.2 -0.9 -1.3 

Physically based bioinformatics… 



Can translocate 



Can translocate Can translocate Cannot translocate 



27 Hydrophobicity scales 

Principal component analysis!  

Biophysical Properties 
1.   Polarity (Grantham) 
2.   Isoelectric Point 
3.   Hydrophobicity by HPLC retention at pH2.1. 
4.   Hydrophobicity by HPLC retention at pH 7.4 
5.   Hydrophobicity by retention in HFBA. 
6.   Hydrophobicity by retention in TFA. 
7.   Hydrophobicity (Rao and Argos) 
8.   Hydrophobicity (Black and Mould). 
9.   Hydrophobicity (Breese et al). 
10.   Hydrophobicity (Chothia). 
11.   Hydrophobicity (Doolittle). 
12.   Hydrophobicity (Eisenberg et al). 
13.   Hydrophobicity (Fauchere and Pliska). 
14.   Hydrophobicity (Guy). 
15.   Hydrophobicity (Janin). 
16.   Hydrophobicity (Abraham and Leo). 
17.   Hydrophobicity (Manavalan et al). 
18.   Hydrophobicity (Miyazawa et al). 
19.   Hydrophobicity (mobility) 
20.   Hydrophobicity (Parker) 
21.   Hydrophobicity HPLC pH3.4 
22.   Hydrophobicity HPLC pH7.5. 
23.   Hydrophobicity (Rose et al). 
24.   Hydrophobicity (Roseman). 
25.   Hydrophobicity (Sweet et al). 
26.   Hydrophobicity (Welling et al). 
27.   Hydrophobicity (Wilson et al). 
28.   Hydrophobicity (Wolfenden et al). 
29.   Hydrophobicity (Hopp and Woods). 

Physical properties 



27 Hydrophobicity scales 

Principal component analysis!  

First principal component 
captures 75% of variance…..use 

this 

Biophysical Properties 
1.   Polarity (Grantham) 
2.   Isoelectric Point 
3.   Hydrophobicity by HPLC retention at pH2.1. 
4.   Hydrophobicity by HPLC retention at pH 7.4 
5.   Hydrophobicity by retention in HFBA. 
6.   Hydrophobicity by retention in TFA. 
7.   Hydrophobicity (Rao and Argos) 
8.   Hydrophobicity (Black and Mould). 
9.   Hydrophobicity (Breese et al). 
10.   Hydrophobicity (Chothia). 
11.   Hydrophobicity (Doolittle). 
12.   Hydrophobicity (Eisenberg et al). 
13.   Hydrophobicity (Fauchere and Pliska). 
14.   Hydrophobicity (Guy). 
15.   Hydrophobicity (Janin). 
16.   Hydrophobicity (Abraham and Leo). 
17.   Hydrophobicity (Manavalan et al). 
18.   Hydrophobicity (Miyazawa et al). 
19.   Hydrophobicity (mobility) 
20.   Hydrophobicity (Parker) 
21.   Hydrophobicity HPLC pH3.4 
22.   Hydrophobicity HPLC pH7.5. 
23.   Hydrophobicity (Rose et al). 
24.   Hydrophobicity (Roseman). 
25.   Hydrophobicity (Sweet et al). 
26.   Hydrophobicity (Welling et al). 
27.   Hydrophobicity (Wilson et al). 
28.   Hydrophobicity (Wolfenden et al). 
29.   Hydrophobicity (Hopp and Woods). 

Physical properties 



r2 = -0.93 

Physical properties 

Biophysical Properties 
1.   Polarity (Grantham) 
2.   Isoelectric Point 
3.   Hydrophobicity 

Hydrophobicity 

Polarity (Grantham) 



Isoelectric point 

Hydrophobicity 

Physical properties 

Biophysical Properties 
1.  Isoelectric Point 
2.   Hydrophobicity 











Yeast Nucleoporins 



Yeast Nucleoporins 

Central nups Peripheral 
nups 

The central nucleoporins 
provide selectivity 



Yeast Nucleoporins 

Central nups Peripheral 
nups 

The central nucleoporins 
provide selectivity 

What about the Nuclear 
Transport Receptors? 









The Energy Barrier 

Free energy ΔG = ΔH - T ΔS  

Here ΔH = 0 



Lowering the Energy Barrier 

Free energy ΔG = ΔH - T ΔS  

Here ΔH = 0 ΔH 

Current models posit that NTR-FG binding provides the required ΔH  



Lowering the Energy Barrier 

Free energy ΔG = ΔH - T ΔS  

Here ΔH = 0 ΔH 

Our model: 



   How large is           

Estimate using: 

    ε: dielectric constant of water 
       : typical separation between charges 

     



   How large is           

Estimate using: 

    ε: dielectric constant of water 
       : typical separation between charges 

Q: NTR charge 
            median -54e. 

QNPC: charge of NPC?? 

Counter ions screen charge, screening length ~1nm. 

So QNPC - charge in 1 nm sphere of NPC interior 

     



   How large is           

Estimate using: 

    ε: dielectric constant of water 
       : typical separation between charges 

Q: NTR charge 
            median -54e. 

QNPC: charge in 1 nm sphere of NPC interior 

NPC volume 

Volume of sphere =  

Contains 96 FG nups   0.01 FG nup per nm sphere 

     



   How large is           

Estimate using: 

    ε: dielectric constant of water 
       : typical separation between charges 

Q: NTR charge 
            median -54e. 

QNPC: charge in 1 nm sphere of NPC interior 

NPC volume 

Volume of sphere =  

Contains 96 FG nups   0.01 FG nup per nm sphere 

median charge per nup = 14e. 
   

   QNPC = 0.14e. 

     



   How large is           

Estimate using: 

    ε: dielectric constant of water 
       : typical separation between charges 

     

Using Q = -54e and QNPC = 0.14e we find 



Free energy ΔG = ΔH - T ΔS  

fold increase in rate 



Histones 1:  Q = 53e 

  

      A large energy barrier. 



Histones 1:  Q = 53e 

  

      A large energy barrier. 

Histone1 + Importinβ + Importin7:  Q = -64e, 


