Diversity at the nuclear envelope:
transcription, laminas NPCs and
trypanosomes
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Animal and fungal nuclear pore complexes have
species specific structures, but similar protein
compositions
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Trypanosomes are highly divergent
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Nadja Neumann', Daniel Lundin', Anthony M. Poole'**

Table 1. Comparison of performance of HMMer-based Nup screen on Trypanosoma brucei by reference to published experimental

data [32].

Nucleoporins identifled
experimentally by

Nups also identified using

Returned by HMMer

DeGrasse et al. 2009 HMMer (this study) Annotation but excduded® E-value® Notes
Tb10.61.2630 + Sec13 4489

Tb11.01.5410 Seht S.1e-07
T11.02.2120 + Aladin 1.le-12
Tb09.1602360 + Rael S.de-32
Tb10.6k15.2350 - Nup155 54e-24
Tb11.02.0460 + Nup107 002
Tb10.6k15.3670 + Nup93 0.0012
Tb1927.4 2880 + Nup205 056
T011.03.0140 + Nup96/98 00012
Tb11.01.7200 + Nupé2 B82e-05
Tb927.4.5200 + Nup54 1.2e-08
Tb527.3.3180 - 0016 FG repeats
Tb527.3.3540 - - + 21 FG repeats
T811.02.0270 - 0.6 FG repeats
Tb11.01.2880 - - + 11 FG repeats
Tb927.4.4310 + 34 FG repeats
Tb927.8.8050 - - + 4 FG repeats
Tb11.01.2885 - 0.0009 FG repeats
Tb11.03.0810 - - + S8
T010.6k15.1530 - - - ND
Tb09.211.4780 - - - ND
Tb09.160.0340 ND
Tb11.01.7630 - - - ND
Tb927.7.2300 - - - ND

*Sequence present in HMMer hit list but excluded due to weak similarities (e.g. restricted FG repeats) to known Nups.

"ND: Sequence not detected in HMMer-based screen.

dok10.1371/journal.pone 00132410001
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NUP84 complex pullout
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Many subcomplexes have conserved and divergent units
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Obado et al
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Animal and fungal nuclear pore complexes have
species specific structures, but similar protein
compositions

Yeast

Rat

Akey et al
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Internal
membrane
structures

Cellular
architecture

Cellular
category

Pore architecture

How did the nuclear envelope arise”?
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internal compartments
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morphological variation
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with membrane
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Prokaryote

Simple architecture
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D) DI e
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sheets.
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Proto-eukaryote
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complexes come into
close proximity;
proto-nuclear pore

complex with no gating.

€

Proto-nuclear
pore complex with
FG-repeat proteins

acting as
partial gates.

Plasma membrane
invaginations become
independent. DNA
is now entrapped
within proto-nucleus.

FECA

») ]}[[ C

Full nuclear
pore complex with
FG-repeat proteins

acting as gates.
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The nuclear pore complex and the nuclear envelope
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TbNup92 modulates mRNA levels, but not promoter activity
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NUP-1 forms a cage

C-terminus

duBois, Horden, Field, Rout
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Nuclear pore positioning and VSG repression requires NUP-1

Oh 6h 12h 24h 48h Oh 6h 12h 24h 48h
_

Tb927.7.6020, hypothetical
Tb927.8.480, phosphatase
Tb09.v4.0020, hypothetical
Th927.5.3990, VSG
Tb09.244.1950, hypothetical
Th927.3.2520, ESAG protein
Tb09.211.4030, hypothetical
Tb11.01.3250, hypothetical
Tb927.3.2500, hypothetical
Tb927.5.4000, hypothetical
Th927.7.3480, hypothetical
Th09.v4.0185, VSG
Tb10.6k15.3540, PAG1
Tb10.6k15.0040, PAG1
Tb10.6k15.0050, PAG5
Tb10.6k15.0060, PAG2
Tb11.v4.0067, VSG
Tb11.v4.0070, VSG
Tb09.244.2230, hypothetical
Tb927.2.5710, hypothetical
Tb10.v4.0117, VSG
Tb10.v4.0058, VSG
Tb09.v4.0177, VSG
Th11.57.0084, VSG
Th927.6.5740, VSG
Tb927.7.1960, RHS protein
Tb927.7.1950, RHS protein
Tb10.6k15.0850, hypothetical
Tb11.14.0019, VSG
Tb09.244.0640, VSG
Tb10.6k15.0070, PAG4
Tb09.244.1960, hypothetical
Tb927.7.2020, RHS protein
Tb11.01.4710, hypothetical
Tb11.38.0007, VSG
Tb10.v4.0134, VSG
Th927.6.5370, VSG
Tb10.v4.0263, VSG
Tb927.4.1210, hypothetical
Tb11.57.0025, hypothetical
Th927.4.5580, VSG
Tb09.211.5010, SLACS
Tb927.4.5530, VSG
Tb10.70.6870, hypothetical
Th927.3.2540, VSG
Tb927.4.3290, hypothetical
Tb09.v4.0051, VSG
Tb10.6k15.2990, hypothetical
Tb09.244.0910, VSG
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
Th11.v4.0036, VSG
Tb11.01.3800, hypothetical
Tb09.v4.0086, hypothetical
Tb09.244.1790, VSG
Tb927.2.5700, hypothetical

/

8110
genes

VSGs

ToNUP98 2

duBois et al., PLoS Biology 2011

Hours post-induction



Nuclear pore positioning and VSG repression requires NUP-1

Oh 6h 12h 24h 48h Oh 6h 12h 24h 48h
_

Tb927.7.6020, hypothetical
Tb927.8.480, phosphatase
Tb09.v4.0020, hypothetical
Th927.5.3990, VSG
Tb09.244.1950, hypothetical
Th927.3.2520, ESAG protein
Tb09.211.4030, hypothetical
Tb11.01.3250, hypothetical
Tb927.3.2500, hypothetical
Tb927.5.4000, hypothetical
Th927.7.3480, hypothetical
Th09.v4.0185, VSG
Tb10.6k15.3540, PAG1
Tb10.6k15.0040, PAG1
Tb10.6k15.0050, PAG5
Tb10.6k15.0060, PAG2
Tb11.v4.0067, VSG
Tb11.v4.0070, VSG
Tb09.244.2230, hypothetical
Tb927.2.5710, hypothetical
Tb10.v4.0117, VSG
Tb10.v4.0058, VSG
Tb09.v4.0177, VSG
Th11.57.0084, VSG
Th927.6.5740, VSG
Tb927.7.1960, RHS protein
Tb927.7.1950, RHS protein
Tb10.6k15.0850, hypothetical
Tb11.14.0019, VSG
Tb09.244.0640, VSG
Tb10.6k15.0070, PAG4
Tb09.244.1960, hypothetical
Tb927.7.2020, RHS protein
Tb11.01.4710, hypothetical
Tb11.38.0007, VSG
Tb10.v4.0134, VSG
Th927.6.5370, VSG
Tb10.v4.0263, VSG
Tb927.4.1210, hypothetical
Tb11.57.0025, hypothetical
Th927.4.5580, VSG
Tb09.211.5010, SLACS
Tb927.4.5530, VSG
Tb10.70.6870, hypothetical
Th927.3.2540, VSG
Tb927.4.3290, hypothetical
Tb09.v4.0051, VSG
Tb10.6k15.2990, hypothetical
Tb09.244.0910, VSG
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
Th11.v4.0036, VSG
Tb11.01.3800, hypothetical
Tb09.v4.0086, hypothetical
Tb09.244.1790, VSG
Tb927.2.5700, hypothetical

/

8110
genes

VSGs

ToNUP98 2

duBois et al., PLoS Biology 2011

Hours post-induction



191

97

51

39

19

NUP-1

!

[

NUP-1 interacts with the NPC and additional IF proteins

i
.

1

M

B

-

.

/
R
'\
«—
e
‘/
—
—
———
C—
&
:§
P—
-—

NUP-2
NUP1-GFP
NUP-3
NUP-2

ThNupl32
IbNupll1Q and 109

ThNuR96.
TI),\’U‘)H')

----------------

ThNupe4. & Tb09.160.0400
Dynamin:like protein

Tubulin

ThSec13 and Th927.10.2320

Ran

Ran binding protein 1 and H2A

Maishman et al., in preparation

191

97

64

51

39

28

NUP-2

HER! 1

-

NUP-1
NUP-3
NUP-1
NUP-2-GFP

IhNupli2

IhNupl.10
TH927.8.3950 (also seen with NUP-1 and Nup1.10)

Th09.160.0400 (also seen with NUP-1 and Nupl.1Q)

Tubulin and 1gG HC

ThSec13

I8G LC



NUP-1 | NUP-2

Interphase

Interphase

Mitotic

./

P




NUP-1 | NUP-2

Interphase

Interphase

%
a )
-

P

Mitotic




Relative dimensions of human and trypanosome nuclei
and lamina proteins

Fibroblast

Trypanosome

Lamina



NPC | NUP-1| DNA

—= OMX

NPC: Nup98 C-terminus
NUP-1: C-terminus



NPC | NUP-1| DNA

—= OMX

NPC: Nup98 C-terminus
NUP-1: C-terminus



NPC | NUP-1| DNA

—= OMX

NPC: Nup98 C-terminus
NUP-1: C-terminus



Bikont 1 Unikont

Nuclear pore

complex ~_ -

LINC complex

/

— Nuclear envelope

Archaeplastida

SAR + CCTH Chloroplastida

Stramenopiles

Alveolata

Metamonad
Excavata

Jacobids

Discicristata

FECA |
\

\

Bikont Unikont

~60kDa

L12 L2 stutter NLS

CDK1 L1 LX CaaX

/
/ Opisthokonta

Rhodophyceae

Metazoa

Lamins

Fungi

Entamoebida \/Moebozoa

Slime molds

Infered presence of lamin-based lamina

Infered presence of LINC complex
Infered presence of NPC/KAPs

100 aa



NMCPs (nuclear matrix constituent proteins)

Nitella mirrabilis
Coleochaete orbicularis

rPhyscomitrella patens 1

STREPTOPHYTA ,

1000aa

CDK1 NLS CaaX )
I H Lamin

COILED-COILS NLS

Klebsormidium flaccidum =it ———

LPhyscomitrella patens 2 =i S S ————_—

Amborella trichopoda 2

Oryza sativa 2
—\V/itis vinifera 4
— Arabidopsis thaliana 4
Amborella trichopoda 1
Oryza sativa 1

—Vitis vinifera 3

— Arabidopsis thaliana 1

—\V/tis vinifera 1

_EArabidopsis thaliana 2
Arabidopsis thaliana 3

Koreny and Field (submitted)



NUP-

_1000 aa_
CDK1  NLS CaaX ,
e+ H Lamin
COILED-COILS NLS

Paratrypanosoma confusun st » =3t~

Trypanosoma cruzi

13.9 repeats
— Trypanosoma congolense — - — e — -
7.2 repeats
— Trypanosoma brucei — N el el e e el e
17.7 repeats

Angomonas deanei

4
' i
}
¥
!
¢
}
A

complex repeat pattern
Strigomonas culicis

corﬁplex répeal mne}n
> - DR — - - —

Herpetomonas muscarum

—— Phytomonas serpens

e —— - —aa—
9 repeals ‘ ‘ '

— Leishmania major

2 6 repeats
— Endotrypanum monterogeii

' 3.7 re{:eals

Leptomonas pyrrhocoris

T . con;plex rcpéal patterr;
—— Crithidia fasciculata

complex repeat pattern

Koreny and Field



Koreny and Field



TN CDK1 L1 L12 L2 stutter NLS CaaX

IF protein — Metazoa — D S — D D ]
expansion
- —— D — D S
Ioss/\ Choanoflagellates L |
of LX
Filasterea D — O - =
————— Dictyostelids —=—— -G G O o |
Haptophytes — D - — O D - L |
—— Dinoflagellates — DD G- D S ]
—— Oomycetes D - - - o |
LECA - - — A - — -4
CDK1 L1 LX L12 L2 stutter NLS CaaX

Koreny and Field



S. goreaui

P infestans

NPC

AN AN

@ -

EGFP  merge NPC EGFP merge

Dinoflagellate Symbiodinium goreaui
Oomycete Phytophthora infestans

Koreny and Field



NMCP
NUP-
Lamin

LBR

LEM-

MSC
LEM
BAF
SUN

Evolution of the nuclear envelope

1

like

O Jole] foYeYTeole

Alveolata
Stramenopiles

L JOJ01 1010101010

Rhizaria

|
SAR

-

o O @ O O O O O O O
o O O @ O O O O O O
@ O O O O O O 06 O O
o O O O O O O O O e
o O O O 0 0 0 O O O
O O @ O ® ® ®» ®» ¥ g/
o O O O O O O O O
®@ ¢ O O O O O O O e
O @@ @ O @@ ¢ O e o o
" Hapophyta PIaHtae ﬁ Heteosea Parabasalids Funéi
Cryptophyta Kinetoplastida Metamonada Amoebozoa Holozoa
A"IEHAEPLAS‘HDA F\ (’ ‘\
EXCAVATA AMOEBOZOA OPISTHOKONTA

Koreny and Field



Evolution of the nuclear envelope

Cytoskeleton Cytoskeleton

LECA 5 Vertebrates

E R C-14 sterol
reductase

ER
CYTOPLASM

ONM

LBR Man1 Emerin LapZB

LINC-complex

INM

" NUCLEOPLASM ninelf

Koreny and Field



Evolution of the nuclear envelope

Cytoskeleton

LECA Kinetoplastids

E R C-14 sterol
reductase

i CYTOPLASM

ONM

LINC-complex
INM

| Lamina ! NUP-1 Lamina
DNA _ A'LEM-like )
QT
BAF
NUCLEOPLASM

Koreny and Field



Nuclear
pore
complex

)> (- ‘ _Nuclear envelope ’ -) (
NAP-1 NAP-1

Nup92/110 Nup92/110

Chromatin



Internal
membrane
structures

Cellular
architecture

Cellular
category

Pore architecture

How did the nuclear envelope arise”?

No or limited
internal compartments

Plasma membrane
invaginations become
more pronounced.

Plasma membrane
differentiation and
morphological variation
with DNA associated
with membrane
microdomain.

(e

Prokaryote

Simple architecture
with DNA unattached
to membrane.

Sophisticated prokaryote

D) DI e

Primitive Protocoatomer
protocoatomer; complexes acting
single complex to restrict internal

present. membranes.

More extensive membrane
invaginations and connections
with chromatin

Plasma membrane
invaginations become
partly internal. DNA
association
relocates, creating a
‘bivouac’.

Fully internal membranes
and encapsulation of
chromatin

Plasma membrane
invaginations become
extensive. DNA
now entrapped
within membrane
sheets.

o\

&)

Proto-eukaryote

D) (C

Protocoatomer
complexes come into
close proximity;
proto-nuclear pore

complex with no gating.

€

Proto-nuclear
pore complex with
FG-repeat proteins

acting as
partial gates.

Plasma membrane
invaginations become
independent. DNA
is now entrapped
within proto-nucleus.

FECA

») ]}[[ C

Full nuclear
pore complex with
FG-repeat proteins

acting as gates.



Conclusions

Trypanosome NPC is symmetrical, lacking the
cytoplasmic mMRBNA 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.
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