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1. Introduction to
the Nucleopore
Complex




1.1 The Nucleopore complex

IMPORT EXPORT
Macromolecule

.

IMPORT: histones, DNA, RNA polymerases...

EXPORT: tRNA, mRNA...

Released
cargo

Macromolecule

Image:  https://www.the-scientist.com/?articles.view/articleNo/47560/title/Infographic--The-Nuclear-Pore-Complex/



1.2 Some characteristics

e Fundamental component of all eukaryotic
cells

e Sole gateway for import and export to and
from the nucleus

e Small molecules & ions vs large molecules

e 110 MDa structure

e C(Central aqueous translocation channel of
~60 nm in diameter

Image:  Elad N, et al. (2009)

e Octagonal symmetry



1.3 Other functions




1.4 Nucleopore structure

' i Outer nuclear

membrane

/ Inner nuclear
membrane

Basket

Image: Grossman E, et al (2012)




1.4 Nucleopore structure

Outer nuclear
membrane

Transmembrane ring Nups

Yeast: Plants: Vertebrates:
j Pom152 Gp210  Gp210
/ Inner nuclear Pom34 - -
membrane Ndc1 — Ndc1
Pom121

Basket

Image: Grossman E, et al (2012)




1.4 Nucleopore structure

Outer nuclear
membrane

-

Transmembrane ring Nups
Yeast: Plants: Vertebrates:

/ Inner nuclear

Transmembrane helices

membrane

Basket

Ndcl
Pom121

< |LNdcl

Image: Grossman E, et al (2012)




1.4 Nucleopore structure

Outer nuclear
membrane

Transmembrane ring Nups
Yeast: Plants: Vertebrates:

-

Transmembrane helices

/ Inner nuclear

membrane T3 Ndcl - Ndcl
- Pom121
Basket
Outer ring Nups

Yeast: Plants: Vertebrates:
g 40,[ Nup133  Nup133  Nup133
@47 _Nup120  Nup160  Nup160
" Nup145C Nup96 Nup96
S| Nup8s  Nup7s  Nup7s
L Nup84 Nup107 Nup107

4£0,[ Seh1 Seh1 Seh1
457 sec13 Sec13 Sec13

Nup43 Nup43

Image: Grossman E, et al (2012) Nup43
up




1.4 Nucleopore structure

Outer nuclear
membrane

, Transmembrane ring Nups
= Yeast: Plants: Vertebrates:

-

Linker Nups 4

Yeast: Plants: Vertebrates:

Cnner nucles, Transmembrane helices

g Nic96 Nup93  Nup93

\J
{?;,QNupsz Nup88  Nup88

membrane T3 Ndcl - Ndcl
- Pom121
Basket
Outer ring Nups

Yeast: Plants: Vertebrates:
g 49, Nup133  Nup133  Nupi33
@47 _Nup120  Nup160  Nup160
[ Nup145C  Nup96 Nup96
S| Nup8s  Nup7s  Nup7s
L Nup84 Nup107 Nup107
4£0,[ Seh1 Seh1 Seh1
447\ sec13 Sec13 Sec13
Nup43 Nup43
- Nup37

Image: Grossman E, et al (2012)




1.4 Nucleopore structure

Inner ring Nups
Yeast: Plants: Vertebrates:
g Nup192 Nup205 Nup205
Nup188 Nup188 Nup188

0 g[NupUO Nup155 Nup155
* Nup157 Nup155 Nup155

' ' Outer nuclear

membrane

, Transmembrane ring Nups
= Yeast: Plants: Vertebrates:

-

Linker Nups 4

Yeast: Plants: Vertebrates:

Cnner nucles, Transmembrane helices

g Nic96 Nup93  Nup93

\J
{?;,QNupsz Nup88  Nup88

membrane T3 Ndcl - Ndcl
- Pom121
Basket
Outer ring Nups

Yeast: Plants: Vertebrates:
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L Nup84 Nup107 Nup107
4£0,[ Seh1 Seh1 Seh1
447\ sec13 Sec13 Sec13
Nup43 Nup43
- Nup37

Image: Grossman E, et al (2012)




Image: Grossman E, et al (2012)

1.4 Nucleopore structure

Inner ring Nups
Yeast: Plants: Vertebrates:

j :

' ' Outer nuclear

membrane

69, |
] T T S TS

Transmembrane ring Nups

: . Yeast: Plants: Vertebrates:
Linker Nups .
O 0 R lnnernuclear | Transmembrane helices
membrane "3 'Ndcl = Ndcl
- Pom121

Basket
Outer ring Nups

Yeast: Plants: Vertebrates:
g 4%,[ Nup133 Nup133 Nup133
447 Nup120  Nup160  Nun160

g

40, Seh1 Seh1 Seh1

4“[5«13 Sec13 Sec13
Nup43 Nup43
- Nup37




1.4 Nucleopore structure

Inner ring Nups
Yeast: Plants:

j :

69, |
] T T S TS

Linker Nups J

W o A [ PR,

Vertebrates:

' ' Outer nuclear

membrane

= Transmembrane ring Nups
= . Yeast: Plants: Vertebrates:

——— Cnnernuclesr Transmembrane helices

\ membrane
Basket

Central FG-Nups

3 [ Ndc1 - Ndc1

Yeast: Plants: Vertebrates:

’gt Nup116 - -

L Nup100 - -
~ Nsp1 Nup62 Nup62
( t Nup57  Nup54  Nup54
L Nup49 Nup58 Nup58/Nup45
(S t " Nup53 Nup35 Nup35
L Nup59 =
Image: Grossman E, et al (2012)

Pom121

Outer ring Nups

Yeast: Plants: Vertebrates:
" Nup145N  Nup98 Nup98 4%,[ Nup133  Nupi133  Nup133
g"“' Nun120  Nun160  Nun160

5"‘3[ Seh1 Seh1 Seh1
455 sec13 Sec13 Sec13
Nup43 Nup43

Nup37




1.4 Nucleopore structure

Cytoplasmic FG-Nups and filaments

Yeast: Plants: Vertebrates:
Inner ring Nups - = - Nup358
Yeast: Plants:  Vertebrates: t‘ 442 Nup159  Nup214  Nup214
. t Nup42 ? Nip1
‘ - Outer nuclear

membrane

69, |
4“L$LNup157 Nup155  Nup155

Transmembrane ring Nups

: . Yeast: Plants: Vertebrates:
Linker Nups .
e i T Cinnernuclear | Transmembrane helices
membrane "3 'Ndcl = Ndcl
- Pom121

Basket

Central FG-Nups Outer ring Nups

Yeast: Plants: Vertebrates: Yeast: Plants: Vertebrates:
- " Nup145N  Nup98 Nup98 g ﬁ)‘ Nup133  Nup133  Nupi33
§ t Nupl16 - - Nup120  Nupl60  Nupl60
_Nup 100 - -
- Nsp1 Nup62  Nup62 3
( t Nup57  Nup54  Nup54
L Nup49 Nup58 Nup58/Nup45 g)‘[ Seh1 Seh1 Seh1
s t " Nup53 Nup35 Nup35 447\ sec13 Sec13 Sec13
L Nup59 - Nup43 Nup43

Image: Grossman E, et al (2012) - Nup37




1.4 Nucleopore structure

Inner ring Nups
Plants:

Yeast: Vertebrates:

j :

69, |
4“L$LNup157 Nup155  Nup155

Linker Nups J

W o A [ PR,

to—s-ttes:

Central FG-Nups

Yeast: Plants: Vertebrates:

" Nup145N Nup98 Nup98

’g t Nup116 - = Nuclear FG-Nups and the basket
L Nup 100 - - Yeast: Plants:
 Nsp1 Nup62 Nup62 Nup60 Nup136

( t Nup57 Nup54 Nup54 |:Nupl Nup1

| Nup49 Nup58 Nup58/Nup45 Nup2 Nup50

& t [ Nup53 Nup35 Nup35 l Mip1 Nua
L Nup59 - Mip2

Image: Grossman E, et al (2012)

membrane

Outer nuclear

Yeast: Plants: Vertebrates:
- - Nup358
59,
ﬂ 5%Nup159  Nup214  Nup214
t Nup42 ? Nip1

/ Inner nuclear
membrane

Basket

Transmembrane ring Nups
«  Yeast: Plants: Vertebrates:

Transmembrane helices

Vertebrates:

Nup153
Nup153
Nup50
Tpr

3 [_Ndcl - Ndcl
- Pom121
Outer ring Nups
Yeast: Plants: Vertebrates:
g 4%,[ Nup133  Nupi133  Nup133
¥4 Nup120  Nupn160  Nun160

g;‘l: Seh1 Seh1 Seh1
455 sec13 Sec13 Sec13
Nup43 Nup43

- Nup37

Cytoplasmic FG-Nups and filaments




1.4 Nucleopore structure

Cytoplasmic FG-Nups and filaments

Yeast: Plants: Vertebrates:
: 58
Inner ring Nups pr FG-repeats va
Yeast: Plants: Vertebrates: —’Am
j - Outer nuclear t P ) P

membrane

89 |
5% S 0Nup1s7 Nup1ss Nup155

Linker Nups J

W o A [ PR, l'_..A-L_jtes:

< Transmembrane ring Nups
= - Yeast: Plants: Vertebrates:

 [E—r— Transmembrane helices

membrane 3 | Ndcl - Ndcl
- Pom121
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Outer ring Nups

Central FG-Nups

Yeast: Plants: Vertebrates: Yeast: Plants: Vertebrates:
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LN FG-repeats Yeast: Plants:  Vertebrates:
-Nm Nuna&n Niin13A Niin1583 e

( t Nup57 Nup54 Nup54 |:NU FG_repeats

| Nup49 Nup58 Nup58/Nup45 Nuflll 54,,[ Seh1 Seh1 Seh1

& t " Nup53 Nup35 Nup35 { Mip1 Nua Tpr 447\ sec13 Sec13 Sec13
L Nup59 - Mip2 Nup43 Nup43

Image: Grossman E, et al (2012)
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1.4 Nucleopore structure

Cytoplasmic FG-Nups ind filaments

Yeast: Plants: R,
: 58
Inner ring Nups pr FG-repeats va
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Image: Grossman E, et al (2012)
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1.4 Nucleopore structure

-

~

Outer ring NUPs
Inner ring NUPs
Linker NUPs

Outer nuclear membrane

Inner nuclear membrane

Outer ring Nups

Inner ring Nups

Linker Nups

—_

— Scaffold NUPs




1.4 Nucleopore structure

Vs

.

~

Vs

Vs

Outer ring NUPs
Inner ring NUPs
Linker NUPs

Transmembrane (TM) NUPs

.

Outer nuclear membrane

\

T™M NUPs

Inner nuclear membrane

—_

Outer ring Nups

Inner ring Nups

— Scaffold NUPs /

Linker Nups




1.4 Nucleopore structure Central FG- NUPs
Outer ring NUPs | Barrier NUPs Cytoplasmic FG- NUPs
Inner ring NUPs ) Nuclear FG-NUPs
Linker NUPs

Transmembrane (TM) NUPs

Outer nuclear membrane Outer ring Nups

TM NUPs Innerring Nups - gcaff0ld NUPs

Inner nuclear membrane Linker Nups

—

Central FG-NUPs

Barrier NUPs _ Nuclear FG- NUPs

Cytoplasmic FG-NUPs

—




1.5 Main domains

a-solenoid

Nup188 (M. thermophila)




1.5 Main domains

Nup157 (S. cerevisiae)




1.5 Main domains

FG repeats  FGrepeats
Hydrophobic droph

e Do not have a secondary
structure

o rpess ]

FG-Repeat Domains

;3 Membrane Proteins (Poms) R
\,

),
AR

T HitHHRT

2e S
\“ll"l////////

&

=

A

GLFG  FxFG PxFG SxFG

Structural Nups

Image: Moussavi-Baygi, et al (2011)




.., 1.6 Chronology

First X-ray NUP structure

1982
First NPC model

1950 1993 2014
First description of the First cryo-electron Isolation of NUPs from a
nuclear pore microscopy map ofthe NPC thermophilic fungus

1992 2004
First three-dimensional Cryo-electron tomography
model of the NPC of the NPC from
1959 2000 Dictyostelium discoideum

Development ofa map
localizing all NUPs to
the NPC

First use ofterms like
“‘channel” and “pore
complexes”

Adapted from Beck M, et al (2017)




1.7 Difficulties in characterization

e Hxpression in model organisms

e Large, complex and flexible structure

e Membrane localization

e Conformation depending on exact region localization

e Not all the layers were predicted
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2. Scaffold Nups

Scaffold Nups

Outer ring Nups

Inner ring Nups

Linker Nups

'A’(__

Outer ring Nups
Inner ring Nups

Linker ring Nups







o

Nuclear ring ]

2.1 Outer ring: The Y-complex

Outer ring Nups

Cytoplasmic ring }

Scaffold Nups Inner ring Nups }

Linker Nups ]

e Building block of the outer ring (scaffold Nups)
e [ound both in the nuclear and cytoplasmic outer rings

e (Composed of:

o 7 different Nups in yeast

o 9 different Nups in vertebrates



2.1 The Y-complex: Outer ring wide view

e The Outer ring is formed by the repetitions in tandem of Y-complexes

PDBid = 5A9Q


https://docs.google.com/file/d/1m8C9elqAQ918EuNjCT9kyCqUbi1QDvax/preview

2.1 The Y-complex: Outer ring wide view

Cytoplasmie ring | <
( )
Outer -
. =<
ring _
. Nups |
Nuclear ring =<
PDBid = 5A9Q



2.1 The Y-complex

Outer ring wide view

Both the cytoplasmic and the nuclear
ring are composed by two concentrie
rings made by 32 repetitions of the
Y-complex

Therefore, both cytoplasmic and
nuclear rings are formed, in turn, by
inner and outer Y-complexes

Inner Y-complexes }

Outer Y-complexes }




2.1 The Y-complex: Outer ring wide view

Inner Y-complexes

Outer Y-complexes

PDBid = 5A9Q




2.1 The Y-complex

e The proteins form an
Y-shaped arrangement
e [so-stoichiometric

e The two Y-complexes

forming the dimers are

slightly shifted

Inner Y-complex

PDBid = 5A9Q




2.1 The Y-complex

e Proteins in vertebrates:
o Nupld3, Nupl07, Nup96,
Seel3, Nup85, Sehl,
, Nup37, and Nup43

B-propellers }

a-solenoid }

PDBid = 5A9Q




2.1 The Y-complex

e Proteins in vertebrates:
o Nupld3, Nupl07, Nup96,
Seel3, Nup85, Sehl,
, Nup37 and Nup43

B-propellers }

a-solenoid

PDBid = 5A9Q




2.1 The Y-complex: regions

’

o
QX @

Short arm S

Stem tip

PDBid = 5A9Q




2.1 The Y-complex: Nup160, Nup155 and %
Nup133

° , Nup155 and Nup133 contain B-propellers which bind to the

membrane

PDBid = 5A9Q




2.1 The Y-complex: Nup160, Nup155 and %
Nup133

e Nupl60, Nup155 and Nupl33 contain B-propellers which bind to the

membrane

PDBid = 5A9Q




2.1 The Y-complex: Nup160, Nup155 and
Nup133

o Nupl60, Nupl55 and Nup133 contain B-propellers which bind to the

membrane

PDBid = 5A9Q
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2.1 The Y-complex: interactions

e Outer Secld vs inner N-terminus Nup107

PDBid = 5A9Q




2.1 The Y-complex: interactions

e Inner C-terminus Nupl33 vs outer Nuplad

it

PDBid = 5A9Q



2.1 The Y-complex: interactions

e Outer and Nup43 vs inner C-terminus Nup107

LI,

3
=
v o

PDBid = 5A9Q




2.1.1 The Y - complex: Nup107 - Nup133 %
interaction

e DOMAIN interaction
® a-helices

e [-shaped arrangement

PDBid = 3CQC




2.1.1 The Y - complex: Nup107

Nup107: PSI-BLAST

Query= NU1©7_HUMAN

Length=925
Score E

Sequences producing significant alignments: (Bits) Value
3cqc_A mol:protein length:270 Nuclear pore complex protein Nup107 421 6e-141
3cqg A mol:protein length:246 Nuclear pore complex protein Nup107 363 4e-119
1vz8 D mol:protein length:393 ORNITHINE ACETYL-TRANSFERASE 280 2e-85
1vz8 C mol:protein length:393 ORNITHINE ACETYL-TRANSFERASE 280 2e-85
1vz8 B mol:protein length:393 ORNITHINE ACETYL-TRANSFERASE 280 2e-85
1vz8 A mol:protein length:393 ORNITHINE ACETYL-TRANSFERASE 280 2e-85
1vz7_D mol:protein length:393 ORNITHINE ACETYL-TRANSFERASE 280 2e-85
1vz7 C mol:protein 1ength:393 ORNITHINE ACETYL-TRANSFERASE 280 2e-85




2.1.1 The Y - complex: Nup107

Nup107 vs. Ornithine Acetyltransferase

CATH Classification

Level CATH Code Description
) 3 Alpha Beta

Ornithine

Acetyltransferase




2.1.1 The Y - complex: Nup107 - Nup133

Hinge

PDBid = 3CQC




2.1.1. The Y - complex: Nup107 - Nup133 %

Van der Waals interactions

PDBid = 3CQC




2.1.1 The Y - complex: Nup107 - Nup133 %

Nup107

L875 | W937

T T duian ‘I, ' A878 1938
1897 1941

1901 1946

P918 A965

L919 1970

Y921 1973

1976

1979

PDBid = 3CQC A980




2.1.1 The Y - complex: - Nup133 %

Hydrogen bonds / Salt bridges
; [/f"' ' ‘ y g
| ( /




2.1.1 The Y - complex: - Nup133 %

Hydrogen bonds / Salt bridges

- Y

\
————— G
| Salt bridge | ‘

S pe—] & \ A
e -
74

PDBid = 3CQC




2.1.1 The Y - complex: Nup107 - Nup133

Nup107: PFAM family and MSA

[ C-terminus }—

NU107_HUMAN
NU107_DROSO
NU107_RAT

NU107_MOUSE
NUP84_YEAST

NU107_HUMAN
NU107_DROSO
NU107_RAT

NU107_MOUSE
NUP84_YEAST

E884 K894
-ILHSTG----- QYQECLQLADMVSSERHKLYLVF-SKEELRKLLQKLRESSLM11ldqgl
-VMFKSG----- DFAGCVRLADEISSENRQLYKVY - TKHKLAELLAKIADASL-ellnsk
-ILHSTG---~-- QYQECLQLADMVSSERHKLYLVF-SKEELRKLLQKLRESSLM11ldqgl
-ILHSTG--~--- QYQECLQLADMVSSERHKLYLVF-SKEELRKLLQKLRESSLM1l1ldqgl
LVEAAKLLKIPKFISEALAFTSLVANENDKIYLLFQSSGKLKEYLDLVARTAT-1sn---
S882
dplgyeiql-
ldpwgypitt e PFAM Family: Nup84_Nup100 (PF04121)
dplgyeiqgs-
dplgyeiqgs-



2.1.1 The Y - complex: Nup107 - Nup133

Nup133: PFAM family and MSA

[ C-terminus ]~

NU133_Cterm_HUMAN
NU133_Cterm_YEAST
NU133_Cterm_MOUSE
NU133_Cterm_CELEG
NU133_Cterm_DR0OSO

NU133_Cterm_HUMAN
NU133_Cterm_YEAST
NU133_Cterm_MOUSE
NU133_Cterm_CAEEL
NU133_Cterm_DR0OSO

K966 K975

LQA-——-HEHLSWLHEINSQELEKAHATLLGLANMETRYF-——-AKKKTLLGLSKLAALAS
FQESAPKYGHVAWIQQILDGSYADAMNTLKNITVDDSKKGESLSECELHLNVAKLSSLLV
LQA-——-HEHLSWLHEINSQELEKAHTTLLGLANMETRYF-——-AKKKTLLGLSKLAALAS
LDN-——-FKELRYSREIANKQFGKAALTLMSLADAETKS——--FSKFVEFLTRAYYCACS
MRD----HPSLGWIQLIFNGDFERAAKVLYELAQCETEFV-——ARKKSMLSLAKLAAFAA

DFsE-dM-—-LQEKIEEMAEQERFLLHQETLPEQLLAEKQLN
EKdN--L—--DINTLRKIQYNLDTIDAEKNISNKLKKGEVQICKR-FK--NGSIREVFNI
DIsE-dR-—-LQEKIEAMAEQERFLLHQETLPEQLLTERQLS
SI-DgtD---VSEVLDFYKRRYPEMKHRKRIPTEILKICFGNDLDAMMSVEDMLEW———-
AE-S--D-—-LTAQVEKINADLTLVEYQSQLGHDVLESFGFD

e PFAM Family: Nucleoporin_C (PF03177)



2.1.1 The Y - complex: Nup107 - Nup133

Nup107: Clustal W sequence alignment with ConSurf

851 861 871 891
Conservationscores 7942324114 255 1377426636 4663355245
ConSurf histogram el
‘NU107_RAT VBVREDAEED ------- PER HQMVLLRKL TILHSTGQYQ
‘NU107_MOUSE VBVREDAEDD ------- PER HQMVLLRKL TILHSTGQYQ
‘NU107_HUMAN VBVREDAKED ------- HER HQMVLLRKL TILHSTGQYQ
NUP84_YEAST AlISADYElREY -------- EI ALYTPFLLM KLLKIPKFIS
‘NU107_DROSO VBPFIAKILPE NAVQLSWDHR LQMEKLRS I EVMFKSGDFA
901 911 921 941
Conservationscores 5754676478 8854678477 5 7537764674
ConSurf histogram i I N e O 2
‘NU107_RAT ECLQLADMVS DQGLDPLGYE

-NU107_MOUSE ECLQLADMVS
‘NU107_HUMAN ECLQLADMVS
-NUP84_YEAST EALAFTSLVA
-NU107_DROSO GCVRLADE IS

BNz 3 4 5 6 7 NENEN

Variable Average Conserved

DQGLDPLGYE
DQGLDPLGYE

NSKLDPWGYP




2.1.1 The Y - complex: Nup107 - Nup133

Nup133: Clustal W sequence alignment with ConSurf

1001
Conservationscores 47558665
ConSurf histogram
-NU133_YEAST VLIQEFQESA
-NU133_CAEEL RVDAYLDN - -
-NU133_DROME ALAQF
-NU133_MOUSE QLANFLQA- -
-NU133_HUMAN QLANELQA - -

1051
Conservationscores 46 55855876
ConSurf histogram
-NU133_YEAST
-NU133_CAEEL
~-NU133_DROME
~-NU133_MOUSE
-NU133_HUMAN
Bz : 4

Variable Average

1011
74675757

|8 e ]
PKYGHVAWIQ

--FKELRYSR
--HPSLGWIQ
--HEHLSWLH
--HEHLSWLH

1061
7856632757

SLLVEKDN -
ACSSIDGTD
AFAAAESD -
ALASDISED
ALASDFSED

Conserved

1021

59374576689

LDGSYAD
ANKQFGK
FNGDFER
NSQELEK
NSQELEK

zZon o A8 mmrmo

1031
5288348844

1081
3534364775

o S s
YNLDTIDAEK

RRYPEMKHRK

091

5754566432
NISNKLKKG -
REEP TE I LK 1G
QLGHDVLESF
TLPEQLLTER
TLPEQLLAEK



2.2 Inner ring

Outer ring Nups }

Scaffold Nups Inner ring Nups ]

Linker Nups ]

e Located in the central part of the main channel
e Anchor the Nucleopore complex to the membrane by

interacting with membrane proteins




2.2 Inner ring

e [ormed by Nup205, Nup188,
Nup93 and Nup35.
e Iso-stoichiometric

PDBid = 5IJN
T SSSGGSGSGSSGSSS———————————mymv:;G ;=



2.2 Inner ring

Formed by Nup93, Nup205,

Nup188 and Nup35




2.2 Inner ring

e Formed by Nup93, Nup205,
Nup188 and Nup35




2.2 Inner ring

e Linker Nup — Nup155




2.2 Inner ring

B-propellers

a-solenoid




ing

2.2 Innerr

|
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B
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a-soleno




2.2 Inner ring

e Interaction between Nup93 and Nup205




2.2 Inner ring

e Interaction between Nup93 and the barrier proteins (




2.2 Inner ring

e Interaction between Nup93 and Nup155

W




2.2 Inner ring
e Interaction between Nup155 and Nup205




2.2.1 Nup192 (h205)

Crystallization of the “curved” part of the

Alpha solenoid-like structure with
stacked pairs of alpha helices and a
short near the N-terminus

PDBid = 4IFQ




2.2.2 Nup192’s flexibility

Average B-factor:
DI =104 A °vs 74 A °of D2 and 78 A°of D3

Hinge

region Hinge

region




3. Barrier Nups

““‘A‘ Cytoplasmic FG-Nups

e

Central FG-Nups

Cytoplasmic FG-Nups ’m
® ®

Barrier Central FG-Nups

Nups

Nueclear FG-Nups (.— Nuclear FG-Nups




3.1 Nup54/58/62

complex




3.1.1 Central Transport Channel (CTC)

The CTC is one complex located in the central region of the NPC and is an
important site for shuttling of specific cargoes across the NPC

Nup58 / (Nup45)
Nup62




3.1.2 Nupd4-Nupd8-Nup62 complex

PDBid = 5C3L




3.1.3 FG-repeats

366 415
\4 \4

Nup62 ﬁ P
Nup54 ﬁ P

328 I 410
Nup58 I I T ' \

347 | 401 460 493
v v v v

Disordered region with FG repeats

:l Ordered region




>Nup62: (Ratttus norvegicus)

MSCEFNFGCTCAPAGCFTFGTAKTATTTPATCFSEFSASCGTCTCCFNFGTPSOPAATTPSTSLESLATOTSTTOTPCEFNFGTTPASGCCGTGES
LGISTPKLSLSSTAATPATANTGSFGLGSSTLTNATISGASTSSQGTAPTGEFVEGSSTTSAPSTGTTGFSFTSGSASQPGASGENIGSVGS
LAQPTALSGSPFTPATLATTTAGATQPAAATPTAATTSAGSTLFASTIAAAPASSSTTVLSLSAPATTAATPTAGTLGEFSLKAPGAAPGAS
TTSTTTTTTTTTTTASTSSSTTTTGFALSLKPLVPAGPSSVAATALPASSTAVGTTTGPAMTYAQLESLINKWSLELEDQERHEFLQOQATQ

NAWDRTLIENGEKITSLHREVEKVKLDOKRLDQELDFILSQOKELEDLLSE | 5/ 105 (1 1V LOHADEEREK YK LARN L DAOLKRY

AQDLKDITEHLNMAGGPADTSDPLOQICKILNAHMDSLOWVDOSSALLORRVEEASRVCESRRKEQERSLRIAFED

>Nup54: (Ratitus norvegicus)

MAFNFGAPSCTSCTSTATAAPAGCFGCFGTTTTTACSAFSEFSAPTNTCSTCGLLGGTONKGFGFGTCFGTSTCTCTCLGTCGLETGLCEFG
GENTOQOOOQOOQTSLGGLESQPAQAPAQSNOLINTASALSAPTLLGDERDATILAKWNQLOAFWGTGKGYEFNNNIPPVEFTOQENPECRE
KAVGYSCMPNNKDEDGLVVLIFNKKETDIRSQOQOQOLVESLHKVLGGNQTLTVNVEGIKTLPDDOQTEVVIYIVERSPNGTSRRVPATTL
YAHFEQANIKTQLOQLGVTLSMTRTELSPAQIKQLLONPPAGVDPIIWEQAKVDNPDSEKLIPVPMVGFKELLRRLKVODOMTKQHQT
RLDIISEDISELQKNQTTTMAKIAQYKRKIMDLSHRTLQVLIKQEIQRKSGYAIQAFEEQLRVOLDTIOCELNAPTOFKGRLNELMSO
IRMONHFGAVKSEEKYYIDADLLREIKQHLKQOQEGLSHLISIIKDDLEDIKLVE HCLNETIHSRCGVES

>Nup58: (Ratitus norvegicus)

MATGFSFGSGTLGSTTVAPGGTGTGSGFSFGASSTPSVGLNFGTLGSSATPASTSTSASGEFGTGLFGSKPGTGEFTLGGTSAGTTATTSA
STTGEFSLGEFSKPAASATPFALPVTSTTASGLTLSSALTSAPAASTGEFTLNNLGATPATTTAASTGLSLGGALAGLGGSLEFQSGNTATSG
LGONALSLSLGTATPTSAASSEGLGGIDFSTSSDKKSDKTGTRPEDSKALKDENLPPVICODVENLOKEFVKEQKQVOEETSRMSSKAML
KVOEDIKALKQLLSLAASGLORNTLNIDKLKLETAQELKNAETALRTQKTPPGLQHENTA
DVFEARRTEAKKWONAPRVTTGPTPESTMP
NAAAVAMAATLTOOOOPATGPOPSLGVSFGTPFGSCIGTCLOSSCLESSNLGEFGTSSCRGCCTTCASTEFGEFGT TDKPSGSLSACEGSS
STSGFNFSNPGITASAGLTFGVSNPASAGEFGTGCCOLLOLKRPPACGNKRGKR


https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116
https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116
https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116

3.1.4 Nup54-Nupd8-Nup62 complex

366 415
\4 \4

Nup62
347 401 460 493 e e

PDBid = 5C3L




C-helix

3.1.5 Nupb4/58 structure ‘ /

e LTIy

C-helix
[T~ N-helix
Head

\\,/
o/ a-hairpin

Bent helix

Straight helix

Three-helix bundle

PDBid = 3798
Tail




Nup54
(straight)

" AW Nup54
WY kw/ A P
it sy (bent)

y
) R \ b ‘_1

, - i hairpin r

w (hairpin) ™

| J | J
Asymmetric unit 1 Asymmetric unit 2

) Hexamer 1 | |
PDBid = 3T98 (assembly)

Hexamer 2

HEXAMER

DODECAMER



3.1.7 Hexamer interactions

PDBid = 3T98 (assembly)




3.1.8 Dodecamer interactions ., %

N-helix

Polar interactions Non-polar interactions
PDBid = 3T98 (assembly)




PDBid = 3798




3.1.9 - Nup58 interaction %

Hydrogen bonds / Salt bridges

‘\

PDBid = 3798




3.1.9 Nupb4 - Nupo8 interaction

Nupb4: Clustal W sequence alignment with ConSurf

(all species)
701 711 721 731 741
Conservationscores 7647576654 357 558958 4576764754 5673532653 3353543647
ConSurfhistogram el — [ . e
NUP54_HUMAN LRVQLDT QG ELN-AP GRLNELMSQ! RMQNHFGAVR SEERYYIDAD
NUP54 XENOPUS LRVQLDTIQS ELN-AP GRLNELMSQl RMQNHFGAVR SEEKYYVDAD
NUP54_DROSOPHILA LRTKLQNMLA VVS-AP GRLSELLSQM RMQRNQFAAN GGAEYALDKE
NUP54_CELEGANS | EAKADTLLA QMN -RH FYVDKFYEIL ESKPDKLQES MWKMFDMTIE
NSP1_YEAST IERQQDELEN FLDNFE ALLSDVVSTS SGAAANNNDQ KRQQAYKTAQ
=) NUP54_RAT LRVQLDTIQG ELN-AP GRLNELMSQI RMQNHFGAVK SEEKYYIDAD
mm) NUP54_MOUSE LRVQLDTIQG ELN-AP GRLNELMSQI RMQNHFGAVK SEEKYYIDAD
751 761 771 781 791
Conservationscores 3447464287 5 6643 2626355455 5563655333
ConSurfhisiogram gl H oo A e S
NUP54_HUMAN L L RIS | KQESE O EEIEE s QQEG LSHLISIIKD DLEDIKLVEH
NUP54 XENOPUS LLREIKQHEK Q- -------- -..._.. QQEG VSHLISIIKD NHEDIKLIEQ
NUP54_DROSOPHILA AEDEMKTFLT M- - - - - ---- - ----- QQRA MEVLSDTVNK DLRALDVI IK
NUP54_CELEGANS DEHYARRVT K- - ------- - ... .. FVNI CSGLYESTHQ QIESLEACRR
NSP1_YEAST TLDENLNSLS SNLSSLIVEI NNVSNTFNKT TNIDINNEDE NIQLIKILNS
NUP54_RAT LLRE | KQEEEEE O === = b Bl QQEG LSHLISIIKD DLEDIKLVEH
NUP54_MOUSE LLRE | KQEEEE N OEE e QQEG LSHLISIIKD DLEDIKLVEH
— — -
EEz s o+ s 67 NSNEN 1 st
Variable Average Conserved -

Sy i’
ASP 487 5

?&i r




3.1.9 Nupb4 - Nupo8 interaction

Nup54: Clustal W sequence alignment with ConSurf

(mammals)

NUP54_MOUSE TEVVIYVVERSPNGTSRRVPATTLYAHFEQANIKAQLQQLGVTLSMTRTELSPAQIKQLL
NUP54_RAT TEVVIYIVERSPNGTSRRVPATTLYAHFEQANIKTQLQQLGVTLSMTRTELSPAQIKQLL
NUP54 HUMAN TEVVIYVVERSPNGTSRRVPATTLYAHFEQANIKTQLQQLGVTLSMTRTELSPAQIKQLL

******:***************************:*************************
NUP54_MOUSE QNPPAGVDPIIWEQAKVDNPDSEKLIPVPMVGFKELLRRLKVQDQMTKQHQTRLDIISED
NUP54_RAT QNPPAGVDPIIWEQAKVDNPDSEKLIPVPMVGFKELLRRLKVQDQMTKQHQTRLDIISED
NUP54_HUMAN QNPPAGVDPIIWEQAKVDNPDSEKLIPVPMVGFKELLRRLKVQDQMTKQHQTRLDIISED

A A AR AT AR A I A XTI AR A IR AT IR AR AT AT I A AR hh*
NUP54_MOUSE ISELQKNQTTTMAKIAQYKRKLMELSHRTLQVLIKQEIQRKSGYAIQADEEQLRVQLDTI
NUP54_RAT ISELQKNQTTTMAKIAQYKRKLMDLSHRTLQVLIKQEIQRKSGYAIQAEEEQLRVQLDTI
NUP54_HUMAN ISELQKNQTTSVAKIAQYKRKLMDLSHRTLQVLIKQEIQRKSGYAIQADEEQLRVQLDTI

**********::***********:************************:***********

NUP54_MOUSE QGELNAPTQFKGRLNELMSQIRMQNHF GAVKSEEKYYIDADLLREIKQHLKQQQEGLSHL
NUP54_RAT QGELNAPTQFKGRLNELMSQIRMQNHFGAVKSEEKYYIDADLLREIKQHLKQQQEGLSHL
NUP54_HUMAN QGELNAPTQFKGRLNELMSQIRMQNHFGAVRSEERYYIDADLLREIKQHLKQQQEGLSHL

******************************:***:*************************



3.1.9 Nupb4 - Nupo8 interaction

Nup58: PFAM family?

Query: NUP58_HUMAN [L=599]
Scores for complete sequence (score includes all domains):
--- full sequence --- --- best 1 domain --- -#dom-
E-value score bias E-value score bias exp N Model Description

------ inclusion threshold ------

0.059 12.9 4.4 0.093 12,2 3.1 1.3% 1. PBC PBC domain

0.21 10.6 10.9 0.32 10.0 7.5 1.2 1 Exonuc_VII_L Exonuclease VII, large subunit
1.4 8.6 7.5 3.6 7.3 0.9 2.8 3 (COG2 COG (conserved oligomeric Golgi) complex compon
4.8 6.8 8.1 14 5.3 0.5 2.4 2 DUF1664 Protein of unknown function (DUF1664)
a2 4.7 14.8 6 5.0 6.9 2.1 2 DUF342 Protein of unknown function (DUF342)

E-value too
high!



3.1.10 Nup62

Nup62: PFAM family and MSA

NPP11l_CELEGANS
NSP1_YEAST
NUP62_DROSOPHILA
NUP62_HUMAN
NUP62_MOUSE
NUP62_RAT
NUP62_XENOPUS

NPP11_CELEGANS
NSP1_YEAST
NUP62_DROSOPHILA
NUP62_HUMAN
NUP62_MOUSE
NUP62_RAT
NUP62_XENOPUS

NPP11_CELEGANS
NSP1_YEAST
NUP62_DROSOPHILA
NUP62_HUMAN
NUP62_MOUSE
NUP62_RAT
NUP62_XENOPUS

tlseeeikaglggndtkaff---——————————————- TALQEVVNSYHSEIAKQERVFH
eesstgkstadvkssdslklNSKPVE-LKPVS——--LDNKTLDDLVIKWINQLTESASHFE
ggaapaptlstggafanlttETKITDsSAVSTASQLSYHQLEEHINKWILEFEEQEKVFET
ipsntaaavtappgpgaaag--——--—--—---—- AAASSAMTYAQLESLINKWSLELEDQERHFL
kplvsagpssvaatalpass-—--TA--AGTATGPAMTYAQLESLINKWSLELEDQERHFL
kplvpagpssvaatalpass-—---TA-VGTITTGPAMTYAQLESLINKWSLELEDQERHFL
kaplagtivganavgsaaat—-—----— G-IS--TATAMTYAQLENLINKWSLELEDQEKHFL

NKMLELNAYDRELITLEPKVLGLYNEMDDLSGSCKXLHFNVASMTSVLNDIEQNVVELEN
QYTKKINSWDQVLVKGGEQISQLYSDAVMAEHSQONKIDOSLOYIERQQDELENFLDNFET
EQATQINAWDKLLISNNGKIVELNDAVKKVKIDOQVLDQELEFIATQQKELEDSLGPLEK
QOATQVNAWDRTLIENGEKITSLHREVEKVKLDOKRLDOELDFILSQOKELEDLLSPLEE
QOATQVNAWDRTLIENGEKITSLHREVEKVKLDOKRLDOELDFILSQOKELEDLLSPLEE
QOATQVNAWDRTLIENGEKITSLHREVEKVKLDOKRLDOELDFILSQOKELEDLLSPLEE
QOATQVNAWDRTLMONGERITTLHREMEKVKLDOQKRLDQELDFILSQQKELEDLLTPLEE

KLS—-—===————————u lpewhtldykfpldsrfasrhdvgrvgiagmmlnvdsgmkcad
KTEALLSDVVSTSS—---gaaannndgkrggayktagtldenlnslssnlssliveinnvs
EFVNLPR-—-———==——= vdmersgtylmvenldtglkgmsedlkeiidnlneankggdtt

LVKEQSGTIYLQHADEErektyklaenidaglkrmagdlkdiiehlntsgapadtsdplg
SVKEQSGTIYLQHADEErektyklaenidaglkrmagdlkdiiehlnmaggpadtsdplg
SVKEQSGTIYLQHADEErektyklaenidaglkrmagdlkdiiehlnmaggpadtsdplg
SVKEQSGTIYLQHADEErektyklaenidaglkrmagdlkeviehlntsagpgdasnplg

PFAM Family: Nsp1_C (PF05064.8)

Coiled coil Nup62
available in PDB



3.1.11 Nup62

Homotrimer

SALT BRIDGES

- charge + charge
E381 K386
D393 R391

NON-POLAR RESIDUES

Position “a” Position “d”
1375 L378
V382 V385
L396 L392

>5H1X: (Ratttus norvegicus Nup62 coiled-coil motif)
NAWDRTLIENGEKITSLHREVEKVKLDQKRLDQELDFILSQQKELEDLLSP

ad a d a d a

£ » |
o~‘\ ‘&(‘ : ‘/4 ‘
N7

v

Interface of hydrophobic residues

e [xception of one glutamine (Q389)



https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116

3.1.11 Nup62

Homotrimer

SALT BRIDGES

>5H1X: (Ratttus norvegicus Nup62 coiled-coil motif)
NAWDRTLIENGEKITSLHREVEKVKLDQKRLDQELDFILSQQKELEDLLSP

- charge + charge
E381 K386
D393 R391



https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116

>5H1X: (Ratttus norvegicus Nup62 coiled-coil motif)
3.1.11 Nup62 NAWDRTLIENGEKITSUHREVEKVKLDQKRLDQELDFILSQQKELEDLLSP
ad a d a d a

Homotrimer

NON-POLAR RESIDUES

Position “a” Position “d”
1375 L378
/382 V385
L396 L392



https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116

3.1.12 Nup62 homotrimers and heterotrimers %

e The coiled-coil motif present in Nup62 imparts the ability
to form a homotrimer and heterotrimers

Nup62 homotrimer (5h1x)
Nup62/Nup54 heterotrimer (3t97)

RMSD = 2,02




3.1.13 - Nup6Z interaction %

Hydrogen bonds / Salt bridges

PDBid = 3T97




3.1.13 - Nup6Z interaction %

Hydrogen bonds / Salt bridges




3.1.14 Nupd4-NupbH8-Nup62 complex %

4:2:1
Nup62 /Nup54 /Nup58

- Nupo8:

mid-plane ring - Nup62 :

PDBid = 3T98 PDBid = 3T97
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3.2 Barrier Nup and Karyopherin

Importins [—— Importin-p — HEAT repeats

Karyopherins <

Exportins

Importin-p

Importin-a

(cargo)

Image:  A. http://pdb101.rcsb.org/motm/85



http://pdb101.rcsb.org/motm/85

3.2 Kap 9 5p and Nup 1 P (Saccharomyces cerevisiae)

C

Cytoplasmic
. fibrils
Importin-p —

Importin-o. PDBid = 50WU

(cargo)

Images: A http://pdb101.resb.org/motm/85
C Patel et al (2007



http://pdb101.rcsb.org/motm/85

HYDROPHOBIC
FG-repeats FG, FxF, FXFG m INTERACTIONS
WITH HELICES

Interaction based on

e

LLLKGPASTVAKTAPIQESEFVPNSERSGTPTLKKNIEPKKDKESIVLPTVEDFIKDNETPSKKTSPKATSSAGAVEKSSVEMGKTD
KSTKTAEAPTLSENFSOKANKTKAVDNTVPSTTIFNFGCGKSDTVTSASOPFKFGKTSEKSENHTESDAPPKSTAP IFSFGKOEENGD
EGDDENEPKRKRRLPVSEDTNTKPIFDFGKTGDOKETKKGESEKDASGKP FVFGASDKOAEGTPIFTFGKKADVTSNIDSSACETFE
GKAATAKETHTKPSETPATIVKKPTFTFGOSTSENKISEGSAKPTFSFSKSEEERKSSPISNEAAKPFSFPGKPVDVQAPTDDKTL
KPTFSFTEPAQKDSSVVSEPKKPEFTFASSKTSOPKPIFSFGKSDAAKEPPGSNTSFSFTKPPANETDKRPTPPEFTEGGSTTNNTT
TTSTKPSFSFGAPESMKSTASTAAANTEKLSN@ESFTKENHNKEKSNSPTSEFEFDGSASSTPIPVLGKPTDATGNTTSKSESFGTAN
TNGTNASANSTSFSFNAPATGNGTTTTSNTSGTNIAGTENVGKPDOSIASGNTNGAGSEGFSSSGTAATGAASNQS SEFNFGNNGAG
GLNPFTSATSSTNANAGLFNKPPSTNAQNVNVPSENFTGNNSTPGGGSVFNMNGNTNANTVEFAGSNNQF 4HQSQTPSFNTNSSFET
PSTVPNINFSGLNGGITNTATNALRPSDIFGANAASGSNSNVTNPSSIFGGAGGVPTTSFGQPQSAPNOMGMGTNNGMSMGGGVMAN

RKIARMRHSKR!076



3.2 Hydrophobic Interactior

Phe conforms the “core” of the interaction with help from
friends Pro or Ile.

HEA'T repeat define 3 interaction sites:

-> Site 1: HEAT 7-8
-  Site 2: HEAT 6-7
-> Site 3: HEAT 5-6




3.2.1 Slte 1 (Hydrophobic) -

Tyr315 & Phed17 (HEATS)

el
Phe977 & Pro979

N\ Met263 & Tyr268 (HEAT?)




Tmportin Kap95p_ A&
SRS

3.2.1 Site 1 (H-Bonds) 5] <3G B

Thr978

7
Glu264 (HEAT?)

"\ Ser980 (Backbone)

THR 978.B




3.2.2 Slte 2 (Hydrophqbic)

Pro983 —» Ala269 & Leu270 (HEAT?)

P Tyr262 & Ala266 (HEAT7)

Phe987 Surface bottom-view
N Met226 & GIn227 & Cys230 (HEAT6)




3.2.2 Slte 2 (H-Bonds)

V4 2
“

q\

GIn265 (HEAT7) — Asn984 GIn227 (HEAT6) — Asn986




Importin Kap95p_ ’Eﬁ:;\‘a :

“‘x‘\”;‘:.\q b

558 ¢, Y
t‘p\ o) ).

q 0
g\,, el 40000
S v

3.2.3 Slte 3 (Hydrophobic) |

/ . \\ \// "

Ile1007

N

d
Phe1008

Tyr224 (HEA'T6)

"\ Leul81, [le182 &Val185 (HEATS) Surface view from the top




3.2.3 Site 3 H-Bonds)

Glu221 (HEAT6) — Gly1009 (Backbone)




4. Conclusions




4. Conclusions

e Sequence is overall not conserved

e [Its function is essential for the existence of eukaryotes

e Complex with more than 30 different NUPs, each Nup with its own structure

e [ts characterization represents a great milestone

e Difficulties in characterization

e FHurther research is needed in order to define the interactions and the

organisation of the Nucleopore complex



9. PEM questions

1) How many proteins form the nucleopore complex?

HOQ®m >

\/I-POJ[\')D—‘

30

2) What’s the main function of the nucleopore complex?

HO QW >

Transport

RNA synthesis
Stability

Osmosis

Excretion of toxics

3) Regarding to the structure of the nucleopore, the Y-complex is:

HOQw>

The basic structural element of the outer ring

An homotrimer

A shuttle protein that mediates the nucleocytoplasmic transport
A and C are correct

All options are correct

4) The main fold/s found in the Y-complex of the nucleopore are:

HDOQw>

a-solenoid
B-propeller

A and B are correct
TIM barrel

Jelly roll



9. PEM questions

5) Which supersecondary structure (motif) is the most
important in the interactions between the proteins of the
Nup62 complex?

B-p hairpin
Greek key
Coiled coil
a hairpin
B-meander

HOQ®W>

6) In which group of NUPs should the proteins that form the
Nup62 complex be included?

Inner ring NUPs
Outer ring NUPs
Linker NUPs

Central FG-NUPs
Transmembrane NUPs

HOQw>

7) Mark the correct answer:

>

HOow

Karyopherins bind to Barrier Nups allowing the transport of
cargo through the Nucleopore.

Barrier Nups have FG repeats.

A and B are correct

Importin-beta is a type of Karyopherin.

All of the above are correct.

8) Which of the following sentence is not correct?

Saw =

&=

The Nucleopore Complex is difficult to crystallize due to its
large size and membrane location.

Karyopherins contain HEAT repeats.

Barrier Nups can be found in the Basket of the Nucleopore.
Karyopherins have FG repeats that allow them to bind to
Barrier Nups.

The Nucleopore is the only gateway between the nucleus and
the cytoplasm.



9. PEM questions

9) Mark the correct answer.

The nucleopore is a small complex

The structure of the nucleopore complex is completely characterised

The nucleopore is composed by three main types of nups: transmembrane, scaffold and barrier nups
The nucleopore is found both in the cytoplasmic and the nuclear membranes

The nucleopore complex is also found in bacteria

HY QW

10) The hinge region in the Y-complex involves proteins:

Nup133 and Nup107
Nup85 and Nup43
Nup160 and Nup37
Nup107 and Nup96
Nup1 and Nup2

HOQwE
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