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Oops!!!

Overthinking/attempts to define may  
be counterproductive



The average expert is ‘roughly as accurate as a 
dart-throwing chimpanzee.’

Peter Tetlock
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ESCRT0

No or limited
internal compartments

Eukaryotic bauplan established; 
Flagellum, nuclear 

membrane,
endomembrane system

Increased sophistication, 
specialized systems, 

sculpting

Nucleus Mitochondrion Chloroplast

SNARE
ESCRTI&II
BAR

LECA

small GTPases
Protocotomer
ESCRTIII
Dynamin

Supergroup
radiation

FECA

Prokaryote
Sophisticated

prokaryote

Early
transitional 
eukaryote

Late
transitional
eukaryote

Modern
eukaryotes

Machinery

Cellular 
architecture

Cellular
category

Configuration

Rab 
Coats, NPC, HOPS/CORVET, IFT

Sali, Rout and Field JBC 2011
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Yeast

Rat

Animal and fungal nuclear pore complexes have 
species specific structures, but similar protein 

compositions

Akey et al



African American Leishmania

Trypanosomes are highly divergent

Overath, Nolan, Giant microbes.com



Trypanosomes are highly divergent

Overath, Nolan, Giant microbes.com



The nuclear pore complex and the nuclear envelope



Alber et al. 2007



deGrasse et al MCP 2009









Classes of nucleoporins 
Scaffold 
FG repeat 

Only 3 major fold types 
β-propellers 
α-solenoid  
Disordered FG-repeat



51kD -

64kD -

97kD -

191kD -

39kD -

28kD -

19kD -

14kD -

Mass
(kDa)

NucleoporinAccession no. Predicted secondary structure/No. of amino acids
500 1000 14500

(C)   

Nup41

Nup65

Nup76

Nup119

Nup152

(B) 

DNA GFP

k
n

Cytoplasmic fibrils

Nuclear basket

Core scaffold

FG Nup

Pore membrane

NUP-1 
Nup225, 181
Nup158, 152, 110‡

Nup109, 119, 110
Nup96, Kap95
Nup89, 75
Nup82, 76
Nup64, 62, 65
Nup53a

Sec13, Nup41 
Gle2, Nup48

Nup144, 132, 98 

Kap60, Mex67
Nup53b

RanBP1

(A)  

*

*

*

*

*

Nup110-GFP

Potential orthologs
Yeast     Vertebrates

Fold type

Tb927.10.2320 Nup41 41.2 Nup43Nup82β-propeller

Tb927.8.6250 Nup76 75.5 Nup82 Nup88beta sheets
alpha helices

coiled coil

Tb927.11.9780 Nup119 118.8 Nup157/170 Nup155

Tb927.10.3810 Nup65 64.8 Nup53/59 Nup35

RRM TMD

Tb927.10.9650 Nup152 152.9 Nup120/133 Nup133/160

β-propeller/α-solenoid

5µm

Obado et al in prep



β-propeller α-solenoid both

Y-shaped, 7-protein complex 

Forms the two outer rings of the NPC 

Present in 16 copies in the NPC 

Shares a common ancestor with vesicle coating 
complexes

cytoplasm

nucleus

NUP84 complex



TbNUP89-GFP

S. cerevisiae equivalents 

TbNup158 = ScNup145 
TbNup152 = to be determined 
TbNup132 = ScNup120/133 
TbNup110 = ScMlp 
TbNup98  = FG repeat, Group B 
TbNup89 = ScNup84/85 
TbNup82 = ScNup84/85 
TbSec13 =  ScSec13

191

 97

64

 51

 39

 28

 19

TbNup158 and TbNUP152

TbNup98/TbNUP89-GFP

TbNup82

TbNup132 and 110

TbSec13

TbNUP1 (lamin)

IgG HC/tubulin

IgG LC

NUP84 complex pullout

Nup84 
Nup120 
Nup85/Nup140C 

Seh1 

Sec13

Nup84

Obodo and others, Alber et al 2008, 

Nups41 and 152 appear to be trypanosome specific
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Nup225

Nup158, 152
Nup119‡, 144, 132
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(D)
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Nup76-Associated FG Repeat Nups

Nup76
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Obado et al in prep



Nup62
FG Repeat Nup

Nup119
Inner Ring Nup

Nup110
Nuclear Basket
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Affinity Captured Nucleoporins

TbNup132 Tb927.7.2300 Nup120/Nup133 Nup160/Nup133
TbNup109 Tb927.11.15990 Nup120/Nup133 Nup160/Nup133
TbNup89 Tb927.11.2950 Nup84/Nup85 Nup107/Nup75
TbNup89 Tb927.11.2950 Nup84/Nup85 Nup107/Nup75
TbNup82 Tb927.9.14240 Nup84/Nup85 Nup107/Nup75
TbNup158 Tb927.11.980 Nup145 Nup98/96
TbNup152 Tb927.10.9650 Nup120/Nup133 Nup160/Nup133
TbSec13 Tb927.10.14180 Sec13 Sec13
TbNup41 Tb927.10.2320 - Nup37/Nup43
TbNup119 Tb927.11.9780 Nup157/170 Nup155 Y
TbNup144 Tb927.10.8170 Nup170/Nup157 Nup155
TbNup225 Tb927.4.2880 Nup188/Nup192 Nup188/Nup205
TbNup181 Tb927.10.8910 Nup188/Nup192 Nup188/Nup205
TbNup65 Tb927.10.3810 Nup53 Nup35
TbNup96 Tb927.10.7060 Nic96 Nup93 Y
TbNup53a Tb927.11.15560 Nsp1/Nup57/Nup49 Nup62/Nup58/Nup54
TbNup53b Tb927.3.3540 Nsp1/Nup57/Nup49 Nup62/Nup58/Nup54
TbNup62 Tb927.4.5200 Nsp1/Nup57/Nup49 Nup62/Nup58/Nup54
TbNup76 Tb927.8.6250 Nup82 Nup88 Y
TbNup140 Tb927.11.11090 Nup159 Nup214
TbNup149 Tb927.11.11080 Nup159 Nup214
TbNup64 Tb927.4.4310
TbNup75 Tb927.8.8050
TbNup98 Tb927.3.3180
TbNup110 Tb927.11.330 Mlp1 Tpr Y
TbNup92 TB927.9.1340 Mlp2 Tpr Y
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S. cerevisiae 

Homolog

H. sapiens 

Homolog

T
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p
1
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Scaffold Connection
to Basket & FG Nups

Nup76 Complex

Outer Ring

Inner Ring

Outer Ring / Nup76 Complex 
Connection

Outer / Inner Ring 
Connection

Scaffold Connection
to Basket

Obado et al in prep



ScNup120
ScNup145

ScNup85

ScSec13 
      ✗

ScNup84

TbNup152 

TbNup82-GFP
TbNup89

TbNup132

TbSec13 + 
TbNup41

TbNup158

ScNup84 
Complex

TbNup84 
Complex

Tubulin 

ScSeh1

TbNup109
ScNup133

✗

✗TbNUP-1 (lamin)

Many subcomplexes have conserved and divergent units

191

 97

64

 51

 39

 28

Nup82-GFP                        

HsNup160/133
HsNup96/98

HsNup107/75

HsSec13 
HsNup43??

HsNup107/75

HsNup106-170 
Complex

HsSeh1

HsNup160/133

✔

✗

HsNup37
HsALADINTbALADIN

✗

✗
✗

✗

cytoplasm

nucleus

Obado et al



(B)

Sub-Complex 1

Sub-Complex 2

41 89

15
8

82

Outer ring Complex

S13

132

152

109

Nup65

Nup89

Tb927.7.4760

Sup   Pel

(i)(A)
Mass
(kDa)

Nucleoporin Domains/No. of amino acids
100 5000 200 300 400 600

HsNup35 34.7

AtNup35 35.4

ScNup53 52.6
ALPS

TbNup65 64.8
TMD

disordered regions

(ii)

Nup53/35-type RRM

Nup158
Nup152
Nup132

Nup89
Nup82

Nup41
Sec13

Nup158
Nup132

Nup89

Sec13

Sub-Complex
1        2

Obado et al in prep



Excavates
(Trypanosome)

Opisthokonts
(Yeast)

159, 42, Nsp1

Dbp5
Gle1

82

Sec13, Seh1

120,133
84, 85

100/116

Mlp1, 2

Outer Ring

Nup1, 60

145n

{

{
{

Pom34
Ndc1

Pom152

Inner
Ring

Pore
Membrane
Nups{

Cytoplasmic
Nups{

188, 192

157, 170

53/59

Nic96

49, 57, Nsp1

{

Nucleoplasmic
FG Nups

Nuclear
Basket

mRNP Remodeling
Factors{

149, 140
76

Sec13, 41

109,132, 152
82, 89

158

92, 110

Outer Ring{
{Inner

 Ring

Nup76 
Complex{

181, 225

119, 144

65

96

53a, 53b, 62

{Nuclear
Basket

*Multi Complex
FG Nups

64, 75, 98{ *

FG repeat

α-solenoid

β-propeller

β/α

Transmembrane
Nup35/53 ALPS motif

β/coiled coil

coiled coil

Asymmetric
FG Nup

{

{

Asymmetric
FG Nup

*
*

*

*
*

*

Obado et al in prep





- Low

- Moderate

- High

Cytoplasmic fibrils

Nuclear basket

Core scaffold

FG nup

Pore membrane

Transport factor

Cargo

Conservation





Yeast

Rat

Animal and fungal nuclear pore complexes have 
species specific structures, but similar protein 

compositions

Akey et al







How did the nuclear envelope arise?

Prokaryote Sophisticated prokaryote Proto-eukaryote

Simple architecture
with DNA unattached 

to membrane.

Plasma membrane
differentiation and

morphological variation
with DNA associated 

with membrane 
microdomain.

Plasma membrane
invaginations become 
partly internal. DNA 

association
relocates, creating a 

‘bivouac’.

Plasma membrane
invaginations become 

more pronounced.

Plasma membrane
invaginations become 

extensive. DNA 
now entrapped

within membrane
sheets.

Primitive
protocoatomer;
single complex 

present.

Protocoatomer
complexes acting
to restrict internal

membranes.

Protocoatomer
complexes come into

close proximity;
proto-nuclear pore

complex with no gating.

Full nuclear
pore complex with 
FG-repeat proteins 

acting as gates.

FECA

Proto-nuclear
pore complex with 
FG-repeat proteins 

acting as
partial gates.

Plasma membrane
invaginations become 

independent. DNA 
is now entrapped

within proto-nucleus.

No or limited
internal compartments

More extensive membrane
invaginations and connections

with chromatin

Fully internal membranes
and encapsulation of 

chromatin

Pore architecture

Cellular 
architecture

Cellular
category

Internal
membrane
structures



Pro Euk



LECA/post-LECA

pre-FECA/FECA



The nuclear pore complex and the nuclear envelope
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TbNup110

NUP-2
Nup110-GFP
Nup92, Nup110

TbNAP-1
Hsp70

cytoplasm

nucleus

TbNup110 interacts with TbNup92, NUP-2 and NAP-1

TbNAP1

NAP-1

TbNAP-1-GFP

α+β tubulin and llama HCs

Llama LC



TbNup92 is a cell cycle-regulated protein and 
associates with the spindle







TbNup92 modulates mRNA levels, but not promoter activity
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The nuclear pore complex and the nuclear envelope
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Rout and Field JBC 2001
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Nuclear pore positioning and VSG repression requires  NUP-1

Control

DAPI
TbNUP98

duBois et al., PLoS Biology 2011
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Tb09.211.5010, SLACS

Tb927.4.5530, VSG
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Tb927.3.2540, VSG
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Tb10.6k15.2990, hypothetical
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Tb10.v4.0196, hypothetical

Tb11.v4.0068, VSG

Tb09.244.2340, hypothetical

Tb09.354.0180, VSG

Tb09.244.1600, VSG

Tb10.v4.0122, VSG

Tb10.6k15.0020, EP1 procyclin

Tb927.6.520, EP3-2 procyclin

Tb11.v4.0036, VSG
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Tb09.v4.0086, hypothetical

Tb09.244.1790, VSG

Tb927.2.5700, hypothetical
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NUP-1 interacts with the NPC and additional IF proteins

NUP-1 NUP-2

Maishman et al., in preparation
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Fibroblast

Trypanosome

Lamina~1μm

Relative dimensions of human and trypanosome nuclei 
and lamina proteins
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Metazoa
Fungi

Excavata

Amoebozoa

Chloroplastida
Rhodophyceae

Alveolata Stramenopiles

Opisthokonta

Archaeplastida

SAR + CCTH

Metamonad

Discicristata

Jacobids
Entamoebida
Slime molds

Infered presence of lamin-based lamina
Infered presence of NUP-1-based lamina

FECA

UnikontBikont Infered presence of LINC complex
Infered presence of NPC/KAPs

LECA

Bikont     Unikont

LINC complex

Nuclear pore 
complex

Lamina

Nuclear envelope

A

B
Lamins

Metazoa

Choanoflagellates

Filasterea

Dictyostelids

Haptophytes

Dinoflagellates

Oomycetes

CDK1   L1                        L12  L2     stutter      NLS                        CaaX

loss
of LX

IF family
 expansion

LECA
CDK1   L1     LX          L12  L2    stutter   NLS                  CaaX

100 aa

~60kDa



NMCPs (nuclear matrix constituent proteins) 

Koreny and Field (submitted)
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Dinoflagellate Symbiodinium goreaui  
Oomycete Phytophthora infestans

Koreny and Field
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Evolution of the nuclear envelope
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How did the nuclear envelope arise?

Prokaryote Sophisticated prokaryote Proto-eukaryote

Simple architecture
with DNA unattached 

to membrane.

Plasma membrane
differentiation and

morphological variation
with DNA associated 

with membrane 
microdomain.

Plasma membrane
invaginations become 
partly internal. DNA 

association
relocates, creating a 

‘bivouac’.

Plasma membrane
invaginations become 

more pronounced.

Plasma membrane
invaginations become 

extensive. DNA 
now entrapped

within membrane
sheets.

Primitive
protocoatomer;
single complex 

present.

Protocoatomer
complexes acting
to restrict internal

membranes.

Protocoatomer
complexes come into

close proximity;
proto-nuclear pore

complex with no gating.

Full nuclear
pore complex with 
FG-repeat proteins 

acting as gates.

FECA

Proto-nuclear
pore complex with 
FG-repeat proteins 

acting as
partial gates.

Plasma membrane
invaginations become 

independent. DNA 
is now entrapped

within proto-nucleus.

No or limited
internal compartments

More extensive membrane
invaginations and connections

with chromatin

Fully internal membranes
and encapsulation of 

chromatin

Pore architecture

Cellular 
architecture

Cellular
category

Internal
membrane
structures



Trypanosome NPC is symmetrical, lacking the  
cytoplasmic mRNA export machinery. 

Alternative mechanisms for membrane attachment. 

Subunit flexibility within NPC substructures. 

Alternate lamina systems in trypanosomes and plants. 

Original lamina most likely lamin system.

Conclusions
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