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Abstract

To systematically elucidate hogellular processes are carried out it is necessary to gain insight into
how proteins are organized into protein complexes. One such complex represents one of the largest
protein assemblies in the cell called the Nuclear Pore Complex (NPC). The NPC afrisigtsple

copies of around 30 distinct peds called Nucleoporins (Nups) that are grouped into subcomplexes
whereas the largest, thecémplex is suggested to be the strugltgiven subcomplexTo emerge

insight intothe NPC subcomplexorganizationwe utilized a highthroughput Y2Hscreerto determine

binary proteirprotein interactions (PPIBesides yeast full length construtite Y2H screen included
fragments of yeast nucleoporins (nups) and several construct of human full length nlijps) iesa

network comprising 44PIs between 26 yeast nups and 16 PPIs between 15 humar meip&2H

screen revealed direct connections within and between all subcomplexes of the yeast and the human
NPC even on fragment leveWhile benchmarking the yeast Y2tthta against previous published
binary data set we confirmed highly reliable daée validatedselectedinter and intraY-complex

PPIswith cell-based and biophysical experiments (pretmmplementation assay for the human PPIs

and MST for the yeast PBIsThe obtained PPI data were used to analyze the previous rbadels

on Y-complex arrangementWe couldfit our data in the latest mod&thich arrangeseight Y-
complexes in an overlapping hetdtail orientation whereas the-domplexes argositionedin a 55°

angle to the nuclear envelgpgboughmany uncertainties remain, in particular steric constrainst may
arise that could exclude proposed interactions in the suggested arrangements. However, our validated
inter Y-complex interactions allow the cdaosion that more than two relative-6bmplex positions

within the NPC must existTaken together the Y2H data will assist further structural work on

subcomplex organization.

Keywords: Nuclear pore complex, YeasHybrid (Y2H), proteinprotein interactiongPPl),

Y-complex, PPI netwotkprotein complex
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1. Introduction

Macro-molecular protein complexesthat are involved in protein transport

Most of themechanisms that are required to drive cell functonse car ri ed out by O mc
different types of interacting ntecules, the mteins (Hartwell et al., 1999The knowledge of how

protein complexes are assembled and their tasksnjafr importancdor the basic understanding of

life on a molecular levelThe detection of protein complexes is in rapid progress. There are already

large scale approaches that are able to detect protein complexes throughout the cell. Forthestance

group around Havugimana et al. 2012 identifgbroximately8000 stably associated soluble proteins

that formapproximately620 putative protein complexes walpproximatelyl4000 highly confidential

interactions Approximately20% of all predicted human reading frames are annotated as sutfunits

protein complexesnd arereported in curated databaggsavugimana et al. 2012Even if many

protein complexes are known specific insglite their detailedarchitecture their furction and life

cycle remairelusive andlemand further investigations.

One of the largestrptein assemblies the Nuclear Pore @mplex (NPC)with an estimated molecular
weight of 60 MDa in yeast and 120 Bk in mammalian cells (Peters, 200bhe NPCis composeaf
approximately 30 proteins, called nucleoporins that occur in multiple copies totaling in at least 456
molecules per NPC (Rout et al., 2000; Cronshaw et al., 2002; Alber et al., Za67PC controls

the transport of molecules in and out of thucleus (Bagley et al., 2000). Small molecules (>40 kDa)
are able to diffuse freely through the pore whereas larger molecules are actively transported (Cook et
al., 2007 & 2010)The BBSomds a smaller protein complex (450 kDa) that@nposedf protans
encoded by BBS gen¢Katsanis et al., 200Nachury et al., 2007Homozygous mutations in any of

the 12 BBS genes lead to the muslfimptom disorder Barddiedle syndrome (BBSKatsanis et al.,

2000; Badano et al., 2003esides forming the stable seven membered protein complex BBSome
other BBSproteinsare suggested to fulfilifferentfunctions in the cellKim et al., 2004; Nachury et

al., 2007; Jin et al., 2010The NPC as well as the BBSoraee involved in proteitransportwhereby

the NPC isa fixed macreamolecular basic machinewhereas the BBSonis a highly disease related
mobile module (Bagley et al., 2000; Nachury et al., 20B8@)vever,their components are composed

of the same protein domairsd share a snilar domainarrangement suggestiregshareccommon

ancestryorigin (Obado et al., 2012)



1.1 The Nuclear Pore Complex the nuclear gate keeper

1.1.1 Functions of the NPCi1 Transport of molecules and barrier
characteristics of the NPC

The eukaryotic cell is divided in separate spatial compartments that allow different cell functions in
special environmentsThe nucleusas largest cell organelle contains the genetic matandl is
completely separatettom the rest of the cell by amtracellular membrane system, the nuclear
envelope Because ofthe separation, mechanisnsich asprotein synthesis comprisin@NA
replication DNA transcriptionand translatiortake placein the nucleusand in thecytoplasm. To
ensure the complefgroces of protein synthesjghe exchangeof moleculesbetweenthe nucleusand

the cytoplasmmust be troublefreely guaranteed.The transportof moleculesis a controlled
mechanism thabccurs via nuclear poregpanningthe inner and outer nuclear envelojéithin the
nuclear porglarge protein assemblies called nuclear pore complexes (Ale@mbeddedndact as
gatekeepergOn the one hand the major task of the NPC is the facilitation of nucleocytoplasmic traffic.
On the other hand molecules have to bellededand the separation of cytoplasm and nucleoplasm
mustbe ensuredThe major task of the NPC is timrm a selectiveexclusion barrie(Bagley et al.,
2000; D6 Angel o .&Appoximdtelyt 0@ r1000 KRLO 8r¢ distributed overall the
nucl eus (DO6Angel o and Hetzer, 2008) .

ﬂ)plasm
w O
Impp = )
Cargo \ﬂ\ Cargo

W Importin a

ImpB  Importin 3

@ Exportin

Nuclear export
sequence

Nuclear localization
sequence o

Impp

Cnis J
\ Ca rgoy

Fig 1.1 Major function of the NPC 1 Transport of molecules in and out of the nucleusimport into the nucleus: The

cargo binds via its NL&uclear localizatin sequencgpimpor tin U and b that promoviaes the i
by binding of the importins to the F@peat domains filling the inner channel of the NPC. Export: the export receptors bind

via the NES(nuclear export sequenct) the cargo promoting its export into the cytopladime directionality is controlled

by Ran (a Raselated nuclear protein) that binds to GTP (nuclear side) or GDP (cytoplasmic side).

Ran GDP

Small moleculeg< 40 kD3 are able to freely diffuse through diffaa channels with an estimated
diameter of approximately 90100 A (~ 10 nm) (Pante et al., 2002). The inner channel of the NPC is

filled with a meshwork of protein domains containing different types ofréfieats (Strawn et al.,
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2004). Larger ralecules(> 40 kD3 have to be transported actively through the NPC (Cook et al.,
2007 & 2010).Transport receptorsnable the passage of the cargo moleculagtygniing specific

short sequence elements in the cargo moleq@esk et al., 2007; Wagstaff et a2Q09) There are
specific sequences for the import in the nucleus (NLS: nuclear localization sequence) and the export
out of the nucleus (NES: nuclear export sequeCepk et al.,, 2007; McLane et al., 2009he
transport receptors belong to the fanolykaryopherins whiclare able to bind to specific domains of

the nups that fill the inner channdih e kar yopherins o6ferr wyoindinhe car
simultaneouslythe cargo andhe components of the NP(Macara et al., 2001; Cook et al.,@®

Chook et al., 2001)The whole transport process is Giliifven. Thusthe RanGTP concentration on

each side of the nuclear envelope determines the directionality of transport. While the concentration of
RanGTP is at high levels inside the nucleus, theptgtsm only containkbw concentrations (Cook et

al., 2007; Debler et al., 200€00k et al., 2010)Besides determination dhe transport directign
RanGTP is involved in the disassembly of the import complexes and assembly of the export
complexesat nudear sidewhereas the removal of RanGTP disassembles the export complexes at the
cytoplasmic sid€éCook et al., 2007; Chook et al., 2001; Hoelz et al., 2004; Debler et al., 2009; Cook
et al., 2010)The translocation capacity of the NPC isdpproximatelyLl000 molecules/s whereby a

mass flow of nearly 100 Bla/s is achieved (Ribbeck and Goérlich, 2001). addition to
nucleocytoplasmic transport components of the NPC are involveaaity other cellular functions

either as single proteins or as subcompleXégy function inchromatin organization, DNAepair

and regulation of gene expression (Galy et 2000 Feuerbach et al., 2002; Akhtar et al., 2007;
Ahmed et al., 2007Palancade et al., 200Capelson et al., 2010; Stramkde-Castillia et al., 2010
PascualGarcia et al., 2004

1.1.2 Overall structure and architecture of the NPC

The NPC is a cylindricaformationthat is embedded in the nuclear enveldpg.microscopically
observation the NPC wadentified as eightfold rotationasymmetricalalong the nucleocytoplasmic
axes with a diameter afpproximatelyl000A (Gall et al., 1967; Hinshaw et al., 2008)ine- and
tenfold rotational symmetrical NPCs waaksoobserved indicating a flexible and modudachitecture
(Hinshaw et al., 2003)n comparison to the vertebrate NPCs, the NPCs of other species are smaller.
Thusthe vertebrate NPCs reach diameteramgroximatelyl250A, heights ofapproximately950 A

and a diametefor the inner channebf approximately550 A. The yeast NPChasa dameter of
approximately960A and a height oépproximately350A. Thusthe yeast NPC has less than half the
height of its vertebrate counterpart reasoned by the different height of the nuclear envelopei (300
yeast; 600A in vertebrates) (Akey et al1993; FrenkietKrispin et al., 2010; Yang et al., 1998).

Despite different sizes the overall architecture of NPCs is well conserved throughout many species
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(Kiseleva et al., 1998; Hinshaw et al., 1992; Yang et al., 1¥8)using electron microscopy of
Xenopus oocytes envelopekwin et al., 1982 determined several distin®C constituents. They
observedwo coaxial rings, one at the nuclear side and one at the cytoplasmic side. Thdige ring
formations are connected by eight elongated siras termed spokes. &entral plug was identified
as transport channel (Jarnik et al., 1991; Stoffler et al., 2008). NPC contains attachments
extending in the cytoplasm and the nucleoplaBoth formationsare differentin structurebut are
functionally rdated in releasingargoesand providing binding sites for the transported cargGesk

et al., 200). The nucleoplasmic extensios a basketike formation providing a platform that is
suggested to be an interaction interface for multiple prot&trann et al., 2004; Cook et al., 2007
At the cytoplasmic s filamentscalled cytoplasmic fibrils are attachegtending in the cytoplasrin
summarythe NPC comprisefive main structures: the scaffolthe spokes, the central channtle
nuclear baskeand the cytoplasmic fibrils (see Fig 1.5)ructural rearrangements based mtninsic
conformational flexibility of the spokes of tHaictyostelium discoideunNPC were observed while
translocatingcargoesndicatesstructural modularity of the NPCore(Beck et al., 2004)it is formed
from eight symmetric spokes that are connected and form five coaxial maaluhesnbrane ring, two
adjacent innerings, and two outer rings namelyhe cytoplasmic and nucleoplasmic periphery
(MartinezFernendedartinez et al.,, 2012 The modularity of the NPC was confirmed in more
precise studies including integrative analyseticating that the NPC is a highly organized protein
complex(Beck et al., 2007FernandezMartinez et al., 2012 The NPC is anchored to the abear
membrane. A cry&M study of Akey and Radermacher in 1993 allowed a first insight into the
anchoring of the NPC. They identified a luminal ring that was proposed to be responsible for the
fixing the NPC to the nuclear envelope (Akey et al., 1993).

Overall NPC architecture NPC subcomplex architecture NPC subcomplexes

Cytoplasmic fibrils
/ Cytoplasmic ring

Inner NPC scaffold

Cytoplasmic
Nuclear envelope / scaffold ring Y-complex
/ ) Nic96-complex / NUP93-complex

Nspl-complex/ NUP62-complex
| | I @ Nspl-complex/ NUP62-complex
FG-repeat nups —meshwork
Transmembrane
Central chann \ complex \ Transmembrane complex

Inner scaffold
Nuclear ring complex Nuclear

Nuclear basket / Central transport channel scaffold ring

Fig 1.2 Overall NPC architecture; Shown is the schematic view of the structural building blocks oRNfP€: cytoplasmic

fibrils, cytoplasmic ring, inner NPC scaffold, transmembrane complex, nuclear ring, central channel and nuclear basket; and
the localiation of the distinct subcomplexes:c6mplex,nic96-complex/NUP93complex,nsptcomplex/NUP62complex,
Transmembrane complexdRG-repeats filling the inner channel

In 200Q Rout et al.assignedll nucleoporine®f the yeast NP@nd biochemicallyefined them into
the discretesubcomplexes (Rout ef., 2000). Cronshaw et al., 2002 investigated the vertebrate NPC

and assignedhe nucleoporins to the according subcompleidsst of the nups are organized in
12



ot discrete subcomplexes whereas the suboexesl occur in multiple copies
R Nup$ within the NPC. e NPC is highly conserved congiithg the subcomplex

"1,@ composition whereathe subcomplexes reflect the stable interactions of
"an 2% " subset of nucleoporins (Rout et al., 200Cronshaw et al., 2002The
- . symmetricalelements observed via microscopy are forrogdhe distinct
KL’ subcomplexesThe cytoplasmic and a nucleoptag ring are the major

scaffold unis and arecomposed byhe major scaffold subcomplex: the-Y
shapednupB4-complex (uplO7-complex in vertebratesMultiple copies

Fig 1.3 Thenups4 comple: Of the Y-complexare ringlike arrangedHowever the exact orientation of

of saccharomyces cerevis
(Figure of Fernandez et ¢
2012)  shown s subcomplexincluding $x protens nupl33, nupl20, nupl45C nuss,
localization density map ] ) o
the  Yshaped, sever NUPB4, secl3 and in some species sel(Siniossoglou et al., 1996;
member nup84 complex
nupl33, nup84, nupl4t
andsecl3form its base, an ; ; i

’ iesand the vertebr mplex contain itionatomponen
nupsS, sehl and nupl2C speciesand the vertebrate ¥omplex contains additionatomponents
comprise its arms NUP37, NUP43, and ELYS (Belgareh et al., 2001; Franz et al., 2007,

Loiodice et al., 2004; Rasala et al., 2006; Vasu et al., 2001).orthologous Yomplex of other

the subcomplexes is not known. Thecdmplex is the best characterized

Lutzmann et al., 2002)The Y-complex is conserved throughout different

fungis include alsdNUP37 and ELYSbut not NUP43. Several electron microscopy studies were
performedto investigate the architecture of thecgmplex (Kampmann and Blobel, 2009; Lutzmann
et d., 2002; Alber et al., 2007; Thierbach et al., 2013he overall ¥shaped structure could be
determined as well as the localization of the distinct nups withinstileomplex (Fig 1.3)
Crystallographic studies were performed leading to-higolution structuresf almost all ¥-complex
components and their interactions (Bilokapic and Schwartz, 2012b; Boehmer et al., 2008; Brohawn et
al., 2008; Brohawn and Schwar2009; Debler et al., 2008; Hsia et al., 2007; Leksa et al., 2009; Liu
et al., 2012Nagy et al., 2009; Seo et al., 2009; Whittle and Schwartz,)2009

It was proposed that between the flikg arranged Ycomplexes another scaffold compléx
embeddedbuilding the inner ringof the NPC namely thenic96complex (NUP93Zomplex in
vertebrates]Fig 1.2) The inner ring is connected withe membrane and id¢sa linked to the inner
channelbuilding the bridge bateen membrane and inner chanf\ébllmer andAntonin, 2014) The
yeastnic96-complex (NUP9Zomplex in vertebrates) contains four large nupgil92 (NUP205 in
vertebrates)nupl70 (NUP155 in vertebrates)upl88 (NUP188 in vertebrategndnic96 (NUP93 in
vertebrates)All nic96-complexmembersare highly connected with each othethereasnupl92 and
nupl88 compete foonep r e d i -lkelixaslintddaction site revealing two distinct binary subunits of
the subcomplex (Sampathkumar et al., 2083)uctural studies in a eukaryotic thermoplmtessibly
suggestthat a supercomplex comprisimic96 (NUP93 in vertebrateshupl88 andnupl92 is not
formed (Amlacher et al., 2011). Moreover NUP98c96 in invertebratesmight be part of two
distinct subcomplexes either in interaction withpl88 or withnupl92 (Theerthagiri et al., 2010

Vollmer and Antonin, 2014 In addition Amlacher at al. discovered that the structural nups of this
13



subcomplex were flexibly bridged by short linear motifs providedugyp3 andnic96. Thissuggesta

new mode of interactiothatenableghe size flexibility of the NPC while transporting large cargoes.
Crystal structures available foic96 which reveaing an unusual $ike morphology resembling in
size, shape and curvature the karyopherin transport recefoidy(and Schwiz, 2007; Schrader et

al., 2008;Amlacher et al., 2011; Flemming et al., 20$2mpathkumar et al., 2013).

Theinner mostsubcomplex which is thporefacing nsptcomplex (NUP6zZomplex in vertetates)
(Grandi et al., 1995b; Bailer et al., 2001; Schrazteal., 2008; Ulrich et al., 2014). This subcomplex
comprises three members: NUPa2sfl in invertebrates), NUP54n@@b7 in invertebrates) and
NUP58 qup49 in invertebrates) which are essential for viability (Wente et al., 1992; Grandi et al.,
1995b; Ulrch et al.,, 2014). The connection to the NPC scaffold is made by amiedlomains
connecting the binding partners (Bailer et al., 2001; Melcak et al., 2B83ides coileatoil domains

the members of thesptsubcomplex contain Nor Cterminally FGrepeat domains that fill the inner
channel and therefore ensure the selective transport through the NPC (Wente et al., 1992; Hu et al.,
1996; Ulrich et al., 2014)Approximately160 individual FG nups fill the inner channel (Alber et al.,
2007; Ulrich et al.2014). The coiledcoil domains are well conserved in c@st to the FGepeat
domains (Ulrich et al., 2014Nsplor NUP62 is part of another trimeric subcomplex comprisisgl
(NUP62 in vertebrateshup2 andnupl59 (NUP214 in vertebrateshis subcomplex was located at
the entry and exit of the central channel and at the terminal ring of the nuclear basket (Fahrenkrog et
al., 1998). Therefore it seems thaspl (NUP62 in vertebrates) is a member of two distinct
subcomplex with different kmalizations. This nspksubunit is suggested to be required for the
assembly of other subcomplexes during assembly (Bailer et al., 2001).trdifm@membrane
subcomplex comprises the nupdcl, mm34 andoom152in yeast and POM121P210, and NDC1

in mammalia cells(Wozniak and Blobel, 1994allberg et al., 199 Chial et al., 1998; Rout et al.,
2000; Mansfeld et al., 2006; Stavru et al., 20@hischenko et al., 2009Jransmembrane nups are
suggested to be crucial for NPC biogengSisntharalingam and Wente, 2008heyare supposed to
recruit the soluble NPC components to the nuclear envelSpati{aralingamand Wente, 2003;
Antonin et al., 2008; Onischenko et al., 200R)rther the yeastdtl is forming interactions with
nupb3 ard nupd9 of thenic96-complex (NUP93 in vertebrates) indicating a direct link between the
membrane and the scaffatit96-subcompleXOnischenko et al., 2009)

1.1.3 Protein composition domain architecture and origin of the
NPC

The NPC contains only a small subsetapproximately30 different protas, called nucleoporins
(nups)thatare conserved throughout distant eukaryotic species ranging from yeast to (Rouget
al., 2000; Cronshaw et al., 2003l nucleoporins occurin multiple copies totaling in at least 456

molecules per NPC (Alber et al.0@7). NPCs are quite large with a molecular mass of @fa M the
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invertebrate organism Saccharomyces cerevisae and @#id2nMhe vertebrate Xenopus laevis (Rout
et al.,, 1993; Richelt et al., 1990)Reasoned byhe localization within the complex nups can be
classified intofour categoriesscaffold nups, membrane nughannel nupgnd miscellaneous nups
comprising nuclear basket nups and cytoplasmic fibril (lgmut et al., R00; Rabut et al., 2004)
Nups contain only a small number of different domains-sdlenoid folds (38% of théotal nup
residuey FGrepeat domains (29%f the total nup residues) arfigpropeller(16% of the total nup
residues)The rest of the protein residues are composed of the cadherin fold, theccdlilEdd, the
autoproteolytimup8 domainand the RNA recognition motif (RRMdtaling in approximately5% of

al nup residues (Devos et al., 2006).

karyopherin
FG layer scaffold layer

4
77
) /
% 4 { membrane layer
h L i
N A
%

|
|
|
v‘nx \

nuclear envelope

B-propellers  P-Propeller \ipag told

a - solenoid

transmembrane
helix

a- solenoid

FG-repeats ;
coil - coiled g

Fig 1.4 Overview of thelocalizations of NPC proteins containing similar domain compositiorifmodified after Devos et

al., 2006) The NPC issupposed to ansist of several layerwith similar protein domain compositionthe FG-layer
containing proteins with F@peat domainghe scaffold layec o nt ai ns p-p o b p & h bhelial doaih® dod

the membrane layerontaining proteins with a transmembrane helix anchoring the large protein complex to the nuclear
envelopeThe nucleocytoplasmic transportidseneby proteins of the family of karyopherines.

A very small number of onlyhree nups containing transmembrane domains anchor the NPC to the
nuclear envelopand build the membrane lay@evos et al., 2006 Thereforethe major part of the

nups is solubleOnethird of all nups contaiwlisordered Nand/or Gterminal regions that are rich in

peptide stretches includirigs repeats (phenylalanine glycine repeats) resulting in a total mass of 13%

of the NPC (Brohawn et al., 2009). These-feBeats fill the inner channel forming a dense meshwork

and are rich in polar and charged residues possibly providing the biophysipatties to build the

transport barrier. Theinclude primary transport interaction sites dhdsserve as docking sites for
transport receptors (Hoelz et al., 2D1The FG repeat nups are held to the scaffold by nups composed

of c oi |-helices hat arel arrdhged in zigzag fashion which differ enormously to canonical
superhelical solenoids typically observed in transport receptors (Cook et al., 2007; Chook et al., 2002).

A large portion ofapproximatelyl5 nups contain eithed-helical regions ob-propellerswhereas

some nups include a combination of bdifpropelles areone of the most abundant clasfsproteins

and involved in many different functions (Chaudhuri et al., 2008; Paoli et al.,.2001) gener al b
propellers are four to eight blades which are circular arrangements of antipusltelr a n d s . The
propelles of the NPCare mostly severbladed and Merminal integratedBut there are unique

variations of sixblad e d-propeller proteinse.g. in secl3and sehl While protein interaction a
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seventh blade is introduced to complete the donmaitrans (Brohawn et al., 2008)b-propeller

proteins are assumed to be architectural and serve as interactiotositesd the scaffold by
connecting subcomplexes of the NPC (Brohawn et al., 2008k i n c |-pwopeillenage fobnd in

the NPC scaffold layef(Hoelz et al., 2011 In additionthe scaffold layer alsancludes proteins
containi-hgleceéedenl dne or thaenldi ecnemopediastHoetadt alpns o f
2011). More than half the mas s-helwdl doindine (Bidlifain esat.,af f ol ¢
2009;Hoelz et al., 201 T thaicallproten s  ar e ¢ o-soeoosigDkvoodt al.[R006)

Two- or three helix units are repeatedly stacked to form an elongated-befieal domains whereby

the N- and the G&erminal parts are often on opposite sides of the molecule (Kobe and Kajava, 2000;
Devos et al., 2006)Then ups conthaeilni ctanlr efeoltls t hat -sotemoiddi f f er
arrangements (Boehmer et al., 2008; Jeudy et al., 2007; Leksa et al., 2009; Schrader et al., 2008;
Whittle et al., 2009; Brohawn et al., 2009he combindt o n -porf o pbe | |-helices areaido U
found in several scaffolds such as the clathrin vesicle coats or the angmioaseting complex
(Brohawn et al., 2009)ndeed it was suggested that the NPC and the vesicle coats have a common
ancestor (Devos et.aR004). Based on theomain compositiof the NPC scaffold a lattice model

was proposedsuggestingstructural evidence for a common ancestry of the NPCtllam«€OPI and |l

vesicle coats (Brohawn et al., 2008; Brohawn and Schwartz, ZD&)e are several facts supporting

this hypothesisFirst, the occurrence f t h e -pwopeileq praeinsecl3in the NPC scaffold
Secl3wasalso found in the COPkoatamer as bona fide componefecondsecl3has thesame
interaction mode in bothoenplexes.While protein interactionbetweennupl45C with sec13the

seventh propeller bladef sec13is completed. The same occwvkile interactionof Sec31 andsec13

in the COPII coat. This interaction modealso found in the interaction betweanp85 andsehl

Third, structural analyses of four scaffold proteins revealed a conemd&Dadomain (ACE domaifi

ancestral coatamer element domain) that is also found in SEBZ81iawn et al., 2008; Brohawn and
Schwartz, 2009)Fourth, the overall proteinodnain composition of both complexes comprising a
comparabl e d-psbpkeb luisdesodsais fimildll This leads to Fftthe specific

protein domaincomposition, namely the arrangement of anrtine r mi-propdller followed by

s p e c isdlenoids ié$hared between coated vesicle proteins and proteins of-tioenlglex(Devos

et al., 2004) In summary,this hypothesidgncluding the structural analyses are not only providing
structural origin data moreover they propdsew the NPC is assembled and anchored to the
membrane by only three nups containing transmembrane dontaimas suggested that the shared
characteristics of the COPII coatamer vesicle and teenfplex form a membrarsirving module to

form a coat thastabilize the highly curved membrane and allow that the large nuclear pore complex is
hold to the membrane (Devos et al., 2004; Brohawn et al., 208B¢n togetherthe protein domain
composition and the distributioof the distinct nupswithin the NPC underline that the NPC ia

structurallyhighly organized protein complex.
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1.14 Assemblyand disassemblyof the NPC

The NPCs are embedded in the nuclear envelope. Dtimingrocess ofell proliferation the nuclear

envelope breakdown and reformsNPCs arealso affected by this procesand they assemble and
disassembleThere are two phases during cell cycle in which the NPC need to be assembled, first, at

the end of mitosisvhile nuclear envelope is reformirgyoundthe segregated chromosomasd

second during interphase while salbuble theimumber of pores as preparation for next cell division.

Both processes lead to new pores but the assembly occurs under different cofdliéangoticNPC

assembly is a highly organized stejse proess that occurs while the nuclear envelope is still broken

down (Brohawn et al., 2008¥irstly, the nuclear envelopis the invaginated what seé@mthe outer
membranewith electron microscopyKiseleva et al., 2001). When both nuclear membranes contact

they fuse This invagination is then stabilized by an electd@nse ring that might be part of the spoke
complex containing¥ o mpl ex members to form a pore probabl:
Belgareh et al., 2001; Walther et al., 2003; Theiseal., 2008)It is assumed thahe chromatin

bound intermediate O6prepored is formed that fun
and for more peripheral nups. Here structural nups of ttenyplex, a structural subcomplex, are
recruited tathe chromatin in a sequential manner starting in the early anaphase (Belgareh et al., 2001,
Walther et al., 2003; Theisen et al., 2008). It was also showrelénatondensematerial is inserted

forming the central plug, the transport channel (Kiseleva et al., 200&)NPC has already started to
transport cargoes before it is totally assembled indicating that not all nups are essential for transport
(Dultz et al., 2008; Bogbr etal., 1998). t seems that an intermediate t
andthe cytoplasmic ring is buildn top of it (Kiseleva et al., 2001). Lastly the cytoplasmic filaments

were added (Kiseleva et al., 2001). contrastthe NPC assemblguring the G1 and G2 phasd
interphaseccurs while theytoplasmis completely physically separated from the nucleoplasm by an

intact nuclear envelop®uring interphase the cell prepares foergering mitosis and therefore NPCs

were doubledThe knowledge ofthe assembly mechanism during interphase is very limited. What is
known is that RanGTP and t heandtlar nups dreeimcorporatedmp o r t
from both sides of the nuclear envelope indicating that the assembly requires caordihatclear

and cytoplasmic events ( Ry a)nThushoth askembly nie¢ch&anBdms D6 An
include different partsHowever both mechanisms involve coordinated interactions of chromatin

bound subcomplexes, transmembrane subcomplexes and cytoplasmic subcomplexes to assemble a
stable nuclear pore complex into the double nuclear envelbpedisassembly of the NH€assumed

to be the reverse process to assensilgethe same structural intermediates were observed in reverse

order (Kiseleva et al., 2001)lany nups have been shown to be phosphorylated during mitasye (

2017 Bui et al., 2013 ThusNUP98 was identified as ael target of CDK and other kinases. The
phosphorylation removedUP98 from the NPC that is followed by a stepwise ordered disassembly

process (Laurell et al., 201I)he temporal progression is unknoandonly one intermediatéme
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point could be identified(Kiselva et al., 2001)The process of disassembly seems to be more
synchronous thathat of assemblyThe mitosis anchuclear envelope breakdown is a rapid and sudden
triggered mechanism regulated by phosphorylation of nups (Macauky 1995)Thusthe order of
nup disassemblyeems to reflect their accessibility to mitotic kinases.

1.2 The BBSomei' a disease relatedransport protein complex

1.2.1 Functions of the BBS proteins

BBS describes a@enetic disordecalled BardeBiedle syndromdKatsanis et al., 2004The first BBS

case was described in 18686da relation tospecific genes wadonein the 1990 (Leppert et al.,

1994; Carmiet al.,1995a; KwitekBlack et al.,1993). There are 14 different BB§enes described
(Tobin and Beales, 20098 homozygos mutation in anyof the BBS geneswill cause a multi
symptom disease pattern including blindness, obesity, polydactyl, kidney failure, deafness and retinal
dystrophy, to name only a few (Green et al., 1988 BardetBiedle syndrome isuggested to be
caused by dysfunction of primaryliai (ciliopathies) Mykytyn et al., 2004). The primary or non

motile cilia are cell organelles extand as microtubule based protuberances from the cell body
(Greenwo0d1892).Notablycilia aresuggested to bsignaling centers during vertebrate development
setting investigations regarding cilia into spotlight of recent scientific W@dez et al., 2010)For
instance,cilia are required for hedgehog signaling whichyplan essential role in digit and limb
formation (Huangfu et al., 2003)The BBS proteins are highly conserved throughout ciliated
organisms, from the green alg@dlamydomonas to human and are absent in nonciliated organisms
such as plants, fungi ammiinoebalachury et al., 2007)A first relation between the primary cilia and

BBS proteins was observed by Kim et al. in 2004. An Y2H experiment revealed a binary interaction
between BBS4 and PCMIlpdricentriolar material 1)PCM1 is a large centrosoras®ciated
autoantigen (228 kDa) and was reported to be part of the dgependent, microtubueased
transport of proteins to the centrosome (Dammermann and Merdes, BR@2ssed truncated forms

of BBS4 lead to defectives in targeting of the pericelariproteins and further to microtubule
disorganizationndicating a relationship between BBSome proteins and the biogenesis of primary cilia
via PCM1. A more detailed link to ciliogenesis reported Nachury et al. in ZD0. Their findings
suggest theecruitment of the BBS components via Rabin8 to the centrosome or basal body and
further the activation of the GTPase Rab8 that promotes the docking and fusion of vesicles close to the
ciliary membrane. This allows the entry of Rgh8and of the BBSrotens into the cilia indicating a

role in ciliogenesis. Moreover they reported that PCM1 is transiently attached to a stable complex
comprising seven BBS components (BBS1/2/4/5/7/8/9) that form a 450 kDa ecgnigimed
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BBSome.lt is suggested that the ceptar satellites transport the BBSome within the cytoplasm and

transport is to the primary cilia where the BBSome interacts with Rabin8.

BBSome - primary cilium
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Fig 1.5 Schematicview of the localizations and tasks of the BBSomeThe BBSomecomplexis found in the
primary cilia as well as in the cytoplasm wherduifills different functions Within the cytoplasm it is suggested to be
transportedvia Rab8to the bottom of the primary cilium where it might be involved inalessheddingWithin thecilia the
BBSome is proposed to control traflagellartransport (IFT)via binding to the IFT complexes A and 8ee more details
in the text.

In 2008 Loktev et al. discovered that the BBSome subunit BBIfPHDalso located at the primary
cilium and is suggested to be part of the stable protein complex (Loktev et al., 2008; Jin et al., 2010)
They reported that BBIP10 is required for cytoplasmic microtubule polymerization and acetylation,
functionsthat arenot shared with any other BBSome sultsirtioweverthe depletion of BBSome
components yields in characteristic BBS phenotypes in zebra fish linking dysfunction of the primary
cilium to BBSome complex components. Beside ciliogenesis the BBSome has different tasks. Coat
complexes resembling CORIOPII and clathrin are suggested to be responsible for sorting membrane
proteins to cilia (Jin et al2010; McMahon and Mills, 2004J-ig. 15). It seems that the BBSome acts

as coat complex. Besides tasks within the cytoplasm the BBSomes fdfiéralfunctions within the
primary cilia. It was shown that the BBSome is part of the {ftxgella transport along the
microtubules between the tip and the base of the cilia. BBS7 and BBS8 are reported to promote the
cohesion between the IFT subcomplexag no real interaction was shown (Ou et al.,, 2005).
Moreover it seems to control the intraflagella transport (Wei et al., 2012). Taken together the BBSome

proteins fulfill different tasks in the cell but dilinctions seem to beelated tothe transport of
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moalecules.Howeverthere arefundamentalquestions to be answered such ldew is the BBSome

architectur@ Which binding partner does it have? Are there unknown tasks within tAd@ celtidress

these questions the protein complex should be investigatedmolecular level, e.g. the specific BBS

architectureshould bedetermine as well apossible proteiprotein interactionswith other cell

components.

1.2.2

The recently discoveredctamericstable protein complex comprises seven highly conserved BBS

Protein composition, domain architecture and assemblyof the
BBSome

components BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9 and the pmtein BBIP10 (Loktev
et al., 2008Nachury et al., 2007 & 2008 & 2010in et al., 2010)To investigate the BBSomeaqtein

architecture and determine similarities to coat complexes structural analyses were peusinged

sensitive structurprediction algorithmgJin et al., 2010). These investigations reveaaglatively

simple domain architecture comprising moditpropeller -séndwiches -hélices andJ solenoids
(TPR domains) (Fid..6).

Domain composition of eight BBS proteins
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Fig 1.6 Domain compositionsof eight BBSome componentgmodified after Jin et al., 2010The BBSome components
contain only as ma | |
sandwiches and PH domairBBS2, BBS7 and BBS9 share architectural similarities as well as BB&&teverBBS1 is

mi s s i n-gsandwithehatfs inserted the middle part of BBS2, BBS7 and BBEBS4 and BBS8 (TTC) contain only
TPR domains that fold into extended +ech a p-sotenoitds. BBS5 containtwo PH-d o mai n's
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adaptors and in the COPI coatareei t her al one or fused to the U/
2004) A first similarity to catamer complexes was unravel€®DPII and clathrin cages contain rigid

Us o | e n o i-mtopellen thad forn the scaffold of the vesicle coats (Stagg et al., 2007). Therefore
the occurrene and the abundance of both domain folds suggeaneientevolutionary relationship
between the BBSome and the coatamer complexes (Jin et al., R016)r BBS components (BBS1,
BBS2, BBS7 and BBS9hclude an Uhelical domain at their @rmini (Jin et al., 2010)n contrast
BBS4 and BBS8 are entirely comgedd of TPR domains that fold into extended-sod a ped U
solenoids (Jin et al., 2010).

To determinehow the BBSomas assembled several approaches were performed by Zhang et al.,
2012. By using RNAIi against BBS genesdisrupt BBSome formatioandoverexpression of certain
BBS components to asseraldnd accumulatdistinct BBSome intermediates the BBSome assembly
was characterized (Zhang et al., 2012hey reported that the BBSome assembly is an ordered
stepwise procesgirstly a ternary compleis formed consisting of BBS2, BBS7 and BBS9otably

BBS9 and BBS7 are suggested to interact not dir¢Zthang et al., 2012)This ternary complex is
suggestedto bthed6 c or e c¢c o mp | e x fecruitifg the btleer f@1BnSmeks. In factridg

the next assembly steBBS5 and BBS8 are recruitetbllowed by BBS1. The last BBS component
that is integrateéhto the stable compleis BBS4 Howeverthere remains the question of fluaction

of theBBS proteinghat are not incorporated into the stable comgdiewas shown thahe three BBS
componentBBS6, BBS10 and BBS12 share sequence homology to the CCT cofapbperonin
containing fcomplex) The CCT (also known asriC) family belongs tothe group Il dhaperonins
(Katsaniset al, 2000; Stoetzelet al, 2007). CCT proteins are forming a 900 kDa hetdigomeric
complex that mediates protein folding in an Ad&pendent manner (Kubota et al., 199piess et al.,
2004. 30% of the mutational load in BBS distributedin thesethree gene§Seo et al., 20105eo0 et

al. 2010showed that all three BBS compents are binding to each other building a ternary complex
in conjunction with six CCT chaperonin proteiff@ken togethertiwas reported thad8BS6, BBS0

and BBS12 are required to asseenlihe BBSome while sharing sequence homology to the CCT
proteinsandthusfullfil chaperoninlike function in relation to BBSome assemii8eo et al., 2010).

Taken together the knowledge about the protein dowrrainitectureof the BBSome is quite limited.
Howeverit seems thathe BBS prokins which assemble the BBSome share sequence similarities to
the vesicle coats whereas three other BBS proteins are required to assemble the BBSome and share
sequence homology chaperoninsiim et al., 2004; Jin et al., 2018go0 et al., 201&Zhang et al.,
2012)
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1.3 Mapping protein-protein interactions to investigate the
architecture of protein complexes

Most cellular processes are driven by coordinated protein actions in-matzoular assemblies, the
protein complexedt is of fundamental importance to understand the molecular architecture of those
protein complexes (Stelzl and Wanker, 2006; Vidallet2011). To identify physical interactions
between proteins several main technologies such as thesy&idm(Yeast2-Hybrid), the Co-AP
(Co-Affinity purification assay)pull downsandthe PCA (Protein Complementation Assafe used

The PCA is based ate reconstitution of either the DHFBnhzyme(dyhydofolatereductasejeading

to resistance to MTXMethotrexal or a fluorescence protein such as YFP (yellow fluorescence
protein) leading to a fluorescence readt both occuring in living cells (Sanden 2008).Co-AP
assaysand pull downscan be performed differently, namely with different tagsh asProteinA or

GST (GlutathioneStransferase)To address &ST pull down assay the protein of interest and GST

are expressed as fusion protein. The strong affinity of GST to GBHathion@ is exploited using

GSH coated bead¥he protein of interest will stick via GST to the beads and all bound proteins can
be puled down (Townsend et al., 2003)The Y2H screen is based on the reconstitutiohna
transcription factor via theroteinprotein interaction(Fig 1.7) The Y2H system was developed by
Stanley Fields in 1989 (Fieldsnd Song, 1989) and is based on the reconstitution of two separable
domains of a transcription factor. The DNA binding domain (DBD) recruits the transcription factor to
the DNA whereas the activation domain (AD) initiates the transcription of the targes, geamely the
reporter gene such as histidine that enables the yeast to grow on selective media. Both transcription
factor domains are fused to the proteins of interest resulting in DBD and AD fusion constructs, also

called bait and prey constructs, restively.

o
pDBD-X MAT a

.
D 1)
) mm— ) m— D50 TN
Transformation Interaction Reportergene
[AD ] Vv | ) ma mating

pAD-Y

MAT o

Fig 1.7 Schematic principle of the Y2H approachThe coding sequences for the proteins of interest (X and Y) are
fused to the DBD (bait) and AD (prey) of a transcription factor. Two yeast strains of opposite mating types (MATa and
MA T U) raasfoened with the bait aqutey plasmids. After mating the diploid yeast strains express both hybrids proteins.
While interaction of protein X and Y the DBD domain and the AD domain of the transcription factor come into close
proximity leading toactivation of gene activation of the reporter gene. The reporter gene activation enables the yeast to grow
on selective media, namely in the absence of selected nutrient such as histidine or uracil or both (Stelzl and Wanker, 2006).

The reconstitution of dith transcription domains occurs via the profaiotein interaction when AD

and DBD come into close proximity. In summary a proefmiotein interaction enables the yeast to
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grow on selective media by reconstitution of a transcription factor and follomangcription and
synthesis of a reporter gene, mostly an amino acid or an intermediate of an amino acid synthesis
pathway (Fig 1.7)The proteirprotein interaction detection of the Y2H screen as well as the PCA
provides heterologousenvironmeng either n yeast cells or in mammalian cells in vivdhe
determination of proteiprotein interactions withCo-AP assays occurs in vitrand thereforen a

more natural cellular environment (Chaudhary and Mann, 2@u) highly abundant proteins are

often identifed as false positiveddackay et al., 2008 Washingsteps duringo-APs and pull downs

lead to loss of weak or transient interactign®wnsend et al., 20035trong interactions can be
detected GST pull dows reach affinities of 10 mM whereas the affinity fao-APs cannot be
determined They stronglydepend a experiments conditions (Mackay et al., 2008). The Y2H
approach is much more sensitive up to an affinit§@®100 uMreasoned by the low expression levels

of the tested proteins in the according expression ve@taskay et al., 2008Moreover the proteins

used in the Y2H approach are independent of endogenous expressiofebaliaty to a preferred tool

to analyze lmary proteinprotein interactiongWorseck et al., 2012)The Y2H systemcan be
performed intwo highthroughput (HTPRpproacheshe matrix and the library approach. The matrix
approach is based on an array in which either the bait or the prey hagd pdsition in either a 96 or

384 well matrix, called bait or prey matrikhe separatdait or the prey constructs were then screened
against the whole matrix. The interaction is detected by a growing spot in a specific position according
to the interacting matrix constructhe matrix construct can be determined via its position in the
matix whereas the separate construdalieadyknown (Worseck et al., 2012)n the library approach

the baits are separately screened against a prey pool (prey library) that contains random cDNA
fragments or open reading frames (ORFs) (Chien et al., 1B9thase of an interaction the prey is
isolated from the growing yeast colonies and identified by Sanger sequencing (Chien et al., 1991). In
summary both approaches differ in their readl. While the libraryapproach resultsy a sequencing
readout the nteraction of the matrix approach is determined directly from its positidheiarray
(Worseck et al., 2@ Chien et al., 1991)The proteins that are encodey the matrix constructs are
tested with equal probability than to the random protein encolitingry constructs.The matrix
constructs were normalizeshhaning the detectioreffeciencyof interactions in the matrix screen
(Reboul et al., 2003). In addition the Y2H matrix screens can be easily repeated (Worseck et al.,
2012).Reasoned by its easandling in form of automated screens and the relatively low costs the
Y2H approach belongs to one of the most powerful tools to generate euaaditplled, proteome

wide, binay PPl data (Worseck et al., 201Zomprehensivgproteomewide screens have already
been realized for yeast, fly, worm and human (lto et al., 2001; Uetz et al., 2000; Yu et al., 2008; Giot
et al., 2003; Li et al., 2004/enkatesanet al., 2009; Bandyopadhyay et al., 2010; Rual et al.4;200
Stelzl et al, 2005. Although thereare already proteoma&vide studiesspecific knowledge about
certain protein complexes remain elusive. To address the investigation of protein assembly

architecture we performed a comprehensive well controlled Y2H matrix approach.
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1.4 Aims of this study

Elucidating biochemical processes of the cell is of crucial importance to understand life on a molecular
level. Many biochemical processes aanstituted ofproteins assembled to stable protein complexes
fulfilling several tasks such as proliferation or homeostasis. The knowledge of how the protein
complexes are formed gisensight intothefundamental principles of molecular complex architecture
Additionally, the transport of molecules between and inittell organelles is of major importante
maintain cellular functions, e.g. the transport of mMRNA, ribossuimrinits oismaller cargoes such as
proteins.The aim of this studys to map the protehprotein interactions of two transport complexes
that sem to be very differerdt first glance: the NclearPore Complex and the BBSome. Whilke
nuclear pore complex is one of the largest protein asseniliesan estimated molecular weight of

120 Mdain mammaliarcells the only recently discovered BBSonsemuch smaller with an estimated
molecular weight of 450kDaCfonshaw et al., 200Nachury et al., 2007Besides the different sizes

the NPC is when functionala relatively fixed protein assemblgmbedded in the nuclear envelope
whereas the BBSome &mobile module that is transported within cytoplasm and within the primary
cilia where it transport cargoes by itsélfi 6 An g e | o r,2008; Brehawnztal., 2008tachury

et al., 2007; Jin et al., 2010; Wei et al., 2013).

The NPC is subject of scigfic researchsince the 195@ies and much information is available
(Watson, 1959)The protein composition as well as the localization of protethiwkhe NPC could

be clarified (Rout et al., 2000; Cronshaw et al., 2002). Moreover the proteins could be asktgred
distinct subcomplexes (Rout et al., 2000; Cronshaw et al., 2002; Alber et al., Bl@dm®verthe
specific arrangement of the subcdaxes within their predicted localizations remains uncléhrs is
evidenced by the fact théttere are severaitructuralmodelsof the NPC. They are allased on the
arrangement of the largest subcomplex, namely tlomrMplex (Alber et al., 2007; Brohawet al.,
2008; Debler et al., 2008; Bui et al., 201Bhe Y-complex is arranged either in a heachead or in a
headto-tail orientation(Alber et al., 2007; Brohawn et al., 2008esides large amounts Gfo-AP
data theras alarge numbenf crystal dataf individual component§Rout et al., 2000; Cronshaw et
al., 2002; Alber et al., 2007; Bilokapic and Schwartz, 20H)wever there is little information
available regarding binary proteprotein interactions which would emerge insightoi direct
subcomplex contaceven for the Ycomplex(Amlacher et al., 2021 educq et al., 204). To address
the investigation of NPGrchitecturea comprehensive Y2H screen was performed. The screen
included almost all human and yeasicleoporins evein fragments. The Y2H screen resulted in a
very comprehensive PPl network of the NPGatcharomyces cereiag and agood PPI network of
the human NPCThe NPC is avell conserved structurandthe PPIs of the yeast network can be used
to complete the information of the human NPC &iwd versaln fact the PPl networks reveal data

regarding protein contacts within and between all subcomplexes of the U$R@. this information
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we were able to dermine inter-Y-complex contacts and therefore pap the model of an
overlapping headbo-tail arrangement based on four PPIs revealed from the human and the yeast
network: num5hupl33, nupl20hupl20, SEHYSEC13 and SEC13/SEC13. In fact we could
recapitulate these PPIs withndependent ckbased and biophysical methodsrotein
complementation assay (PCA) anttrascale thermophoresis (MST).

The BBSome is a very recently discovered protein comfchury et al., 200& 2010; Jin et al.,

2010. The domain composition of the BBSome components share sequence homology to vesicle
coatamers like the some of the NPC proteins do as well (Jin et al., 2012; Kee et al., 2013). It was
reported that there is an O0i nneBBS2 8BS and BBStpr i s i
(Zhang et al., 2012)To investigate the spedaif proteinprotein interactionsve performed an Y2H

analysis including six of the sevdtumanBBS components that are suggested to build the stable
complex (Nachury et al., 2007; Jin et,&010; Seo et al., 2012Jhe Y2H screen revealedhéghly

dense network comprising0 interactions between 1BBSome constructscombined tosix PPIs

between six BBSome componenfge were able to recapitulateeth i n n e prposed byeZldang et

al. whereas BBS9 and BBS7 are not directly connected with each RitberBBS9 and BBSTorm
honmo-dimeric arrangementsach with BBS2 asthe centraimolecule in the core complekloreover

the network indicates the more peripheral components BBS1, BBSAT&®I(BBS8) by interactions

that seem to be more transielitseems that he 6i nner cored of the BBSO0me¢
via their Gtermini whereas BBS4 and BBS8 are linked with theteNnini. Taken together our Y2H

screen emerge a very firssight into the BBSomarchitecture
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

43%-Diamidino-2-phenylindole (DAPI) (Roth, Karlsruhe)

Acetic acid (Merck, Darmstadt)

Acrylamide/Bisacrylamide 40 % (37,5:1) (Roth, Karlsruhe)

Agarose(SigmaAldrich, Taufkirchen)

Ammonium persulfate (APS) (Merck, Darmstadt)

Ammonium sulfate (Merck, Darmstadt)

Ampicillin trinydrate (Sigma, Deisenhofen)

Bacto agar (BD Biosciences, USA)

Bacto peptone (BD Biosciences, USA)

Bacto tryptone (BD Biosciences, B

Bacto yeast extract (BD Biosciences, USA)

Bovine serum albumin fraction V (Roche, Mannheim)

Calcium chloride dihydrate (Merck, Darmstadt)

Chloramphenicol (Sigmaldrich, Taufkirchen)

Coomassie Brilliant Blue @50 (Biomol GmbH, Hamburg)

Dipotassium phgshate (Acros organics part of Thermo Fisher Scientific Inc., Geel, Belgium)
Dithiothreitol (DTT) (Roth, Karlsruhe)

Dul beccobs modified eagl el (Gibad iBRUNGa{thBrsbErly) + G| ut ¢
USA)

Dul beccobs phosphate buf f dheshilrgJ8A)i ne ( DPBS) (
Ethylenediaminetetraacetic acid (EDTA) (Roth, Karlsruhe)

Ethanol (Merck, Darmstadt)

Fetal bovine serum (FBS) (qualified FBS, so2fitrate26) (Gibco BRL, Gaithersburg, USA)
Glucose monohydrate (Merck, Darmstadt)

Glycerol (Merck, Darmstadt)

Glycine (MP Biochemicals, Aurora, USA)

Glycogen (Roche, Mannheim)

Histidine (SigmaAldrich, Taufkirchen)

Isopropanol (Merck, Darmstadt)

Kanamycin sulfate (SigmaAldrich, Taufkirchen)

Leucine (SigmaAldrich, Taufkirchen)

Lithiumacetate (LiOAc) (Sigm&ldrich, Taufkirchen)

Magnesium chloride (Roth, Karlsruhe)

Magnesium sulfate (Roth, Karlsruhe)

Methanol (Merck, Darmstadt)

Monopotassium phosphate (Roth, Karlsruhe)

Opti-MEM 1 (Gibco BRL, Gaithersburg, USA)

Paraformaldehyde (PFA) (Roth, Karlsruhe)
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Polyethylenglycol (PEG) 3350 (Sigmaldrich, Taufkirchen)
Polyethylene glycol (PEG) 8000 (Sigmddrich, Taufkirchen)
Potassium acetate (Merck, Darmstadt)

Potassium chloride (Roth, Karlsruhe)

Protease inhibitor (Roche, Mannheim)

Sodium carbonate (Merck, Darmstadt)

Sadium chloride (Roth, Karlsruhe)

Sodium citrat (Roth, Karlsruhe)

Sodium dihydrogen phosphate (Merck, Darmstadt)

Sodium dodecyl sulfate (SDS) (Roth, Karlsruhe)

Sodium hydrogencarbonate (Merck, Darmstadt)

Sodium hydroxide (Roth, Karlsruhe)

Sorbitol (SigmaAldrich, Taufkirchen)

Spectinomycin dihydrochloride pentahydrate (Sight@rich, Taufkirchen)
SYBR Gold Nucleic Acid Gel Stain (Invitrogen, Darmstadt)
Tetracycline hydrochloride (Sigmaldrich, Taufkirchen)
Tetramethylethylenediamine (TEMED) (Invitrogddarmstadt)

Tris (hydroxymethyl) aminomethane (Tris Base) (Roth, Karlsruhe)
Tris (hydroxymethyl) aminomethane hydrochloride (Tris HCI) (Sightdrich, Taufkirchen)
Triton X-100 (SigmaAldrich, Taufkirchen)

Tryptophan (Sigmaldrich, Taufkirchen)

Tween 20 (8 maAldrich, Taufkirchen)

Uracil (SigmaAldrich, Taufkirchen)

Yeast nitrogen base (Difco part of BD Biosciences, USA)

= =4 =4 -4 -4 -8 -8 a o ofof o oa Ao o e

2.1.2 Lab ware

1 NanoDrop ND1000 (Thermo Fisher Scientific Inc.)

1 Mini-protean tetra cell electrophoresis system {B#ul Laboratories)

9 Sunrise 96 horizontal gel electrophoresis apparatus (Biometra GmbH)

1 Kby roboter (Cambridge, UK)

1 BiomekNX (Beckman Coulter GmbH)

1 Biophotometer plus (Eppendorf AG)

9 Thermomixer comfort (Eppendorf AG)

1 Centrifuge 5810 R (Eppendorf AG)

1 E.AS.Y 429k digital camer(Herolab GmbH Laborgerate)

1 Tetrad PTG225 thermo cycler (MJ Research Inc.)

9 Titramax 1000 (Heidolph Instruments GmbH & Co. KG)

1 Incubator 1000 (Heidolph Instruments GmbH & Co. KG)

1 Innova44 shaker (New Brunswick Scientific)

1 InfiniteM200 multimode microplateeader (Tecan Group Ltd.)

T 96well MTPs, tissue culture test plates (TPP Techno Plastic Products AG, 92096)

1 96well MTPs, PS, flat bottom, crystal clear (Greiner-Bine GmbH, 655101)

1 96well MTPs, PS, flat bottom, T@clear, black, sterile, with lid, (Greén Bio-One GmbH,
655090)

1 96well MTPs, PS, flat bottom, TC, white, sterile (Greiner-Biwe GmbH, 655073)
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96well MTPs, PS, flat bottom, lumnitrac600, high binding, white, sterile (GreineOB®

GmbH, 655074)

384well MTPs, PS, flat bottom, clear, sterith lid (Greiner BiecOne GmbH, 781186)

Tissue culture flask (TPP Techno Plastic Products AG, 90076)
Omnitrays (Nunc GmbH & Co. KG, 165218)

Agar-plates (241 x 241 x 20) (Nunc GmbH & Co. KG, 240845)
96well PCR plate (Costar part of Corning Incorporated 1551

96well deepwell plates (20@0/well) (Eppendorf AG, 0030 501.322)

Plastic tape for sealing PCR plates/MTPs

(Costar part of Corning Incorporated, 6524 or Thermo Fisher Scientific Ine555B)

Sterile breathable sealing films (Aeraseal, Excel Sciertifi., BS25)

Polyvinylidene fluoride (PVDF) membrane (BRad Laboratories, 16Q177)

Nitrocellulose membrane (BiRad Laboratories, 162115)
Glass beads, acitashed <108 m (SigmaAldrich, G4649)

Pin tools with 96 and 384 pins. The steel pins arendyiltal with a diameter of 1.3 mm and
the edge of the flat top that is touching the ag@sisate 45°at 0.2 mm. Sterilize by heating
the pins until they glow red. Let them cool in a sterile environment.

Confocal fluorescence microscope LSM700 (Zeiss)
Monolith NT.115 (microscale thermophoresis)

2.1.2.1 Enzyme, proteins, DNA, kits

=4 =4 =4 4 =4 -4 4 -8 -8 —a A -a -a o oa o

1 Kb Plus DNA ladder (Invitrogen, USA)

Prestained protein | adder, PagRotRul er E Pl us

Phusion hot start higfidelity DNA polymerase (Finnzyme¥,antaa)
QIAquick PCR purification kit (Qiagen GmbH, Hilden)
Western lightning plu&CL (PerkinElmer, Massachusetts)
PfuTurbo DNA polymerase (Stratagene, Santa Clara)
PureYield plasmid midiprep system (Promega, Madison)
QIAprep spin miniprep kit (Qiagen GrHb Hilden)
dNTP-Mix (Fermentas GmbH, St. LedRot)

Salmon sperm carrier DNA (Sigr#sdrich, Taufkirchen)
FastDigest Bsp14071 (Fermentas GmbH, St. LRot)
TrypsinEDTA (Gibco BRL, Gaithersburg, USA)
Lipofectamine 2000 (Invitrogen, USA)

BP Clonase enzymeir(Invitrogen, USA)

LR Clonase enzyme mix Il (Invitrogen, USA)

Proteinase K solution (Invitrogen, USA)

Zymolase 20T (Seikagaku Corporation)

Monolith NT™ Protein Labeling Kit BLUENHS 647
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2.1.3 Organisms

2.1.3.1 Bacteria strains

1 DH10B: FmcrAgr(mrr hsd RMSmcr BC) «80dlacAyM15 glacX74 deoR recAl araD139
gdaraleu)7697 galU galke-rpsL endAl nupG (Invitrogen)

1 BL21B (DE3)}RIL: F ompT hsd@gmg) dcm' T et 6 (D&3) endAsHte [argU ileY leuw
Camo]

2.1.3.2 Yeaststrains

1 L40ccU: MATa his 8200 trp1901 leu 23,112 LYS 2 :: (lex Aop)AHIS3 ura3:: (lex Aop)8
Tlacz
ADE 2 :: (lexAop)8URA3 GAL4 gal 80 could 1 cyh 2 (Goehler et al., 2004)

f  L40cc: MATUhis3g200 trp2910 leu23,112 ade2 LYS2(lexAop)4HIS3 URA3:(lexAop)s
lacz
GAL4 gal80 canl cyh2Goehler et al., 2004)

1 L40c MATa: MATa his3_200 trpB01 leu 23,112 ade2 lysB801lam canl LYS2lexAopy-
HIS3
URAS3::(lexAop)k-lacZ

1 L40ccU2 MATa: MATa his3 200 trp@01 leu 23,112 ade2 lys80lam gal4 gal80 cyh2
canl LYS2:(lexAopk-HIS3 ura3:(lexAopk-lacZ (Goehler et al., 2004)

I L40cc_ MAT_: MAT_ his3_200 trpP10 leu23,112 ade2 GAL4 canl cyh2
LYS2::(lexAopk-HIS3
URAZ3::(lexAop)k-lacZ (Goehler et al., 2004)

1 w303 B124: MATa/MAT_ leuz3,112 trp1l cantl100 ura3l ade2l his311,15 [phi+]
(Markus Ralser, RIser laboratory, MPI for Molecular Genetics)

213.3 Mammalian cell lines

The human osteosarcoma cell line U20S was used for the PCA assay. It was derived in 1964 from a
moderately differentiated sarcoma of the tibia of ayéarold girl. The U20S cells are characterized

by chromosomal instability, structural rearrangements altetations. Additionally the two tumor
suppressive genes p53 and pRb are functional in U20S(béitsou et al., 2008)U20S cellsare
adherent fibroblastoid cells growing as a monolayer.

2.1.4 Media
2.1.4.1 E.coli growth medium and mediumsupplements
LB-medium LB-agar
1 10 g Bacto tryptone 10 g Bacto tryptone
1 5 g Bacto yeast extract 5 g Bacto yeast extract
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2.1.4.2

10 g NaCl

pH 7.2 (with NaOH)
ad 1000 ml HO

ad 1000 ml HO

SOB-medium

20 g Bacto tryptone

5 g Bacto yeast extract
0.5 g NaCl

ad 1000 ml HO

ad after autoclaving:
10 ml 1 M MgCh

10 ml 1 M MgSQ

2YT-medium

16 g Bacto tryptone

10 g Bacto yeast extract
5 g NaCl

pH 7.2 (with NaOH)

ad 1000 ml HO

Antibiotic stock solutions
Ampicillin

Tetracycline

Kanamycin
Spectinomycin

1.25 x YPD liquid medium

=A =4 =4 4 -4 =9

1

5 g Bacto yeast extract
10 g Bacto peptone

ad 400 ml HO

ad 400 mH20

2.5x Yeast liquid medium (NB)
6.7 g Yeast nitrogen base

ad 400 ml HO

1.25x Yeast liquid medium (NB)

1 3.35g Yeast nitrogen base

1

ad 400 ml HO

10 g NaCl
pH 7.2 (with NaOH)
20 g Bacto agar

SOC-medium

99 ml SOBmedium
1 ml 20x Glucose

Transformation and storage solution (TSS)
85 % LB-medium

10 % (w/v) PEG 8000

5 % DMSO

50 mM MgCk

Filter sterilize through a 0.22m pore filter

Stock concentration

100 mg/ml in HO

12.5 mg/ml in 50% EtOH
30 mg/ml in HO

25 mg/ml in HO

S. cerevisaggrowth medium and medium supplements

Final concentration
10Ceg/mi

20eg/ml

15mg/I

50eg/ml

1.25 x YPD agars

5 g Bacto yeast extract

10 g Bacto peptone

10 g Bacto agar

2.5x Agar
10 g Bacto agar
ad 200 ml HO

1.25x Yeast storage medium (NBG)

3.35 g Yeast nitrogen base
250 ml Glycerol (99 %)

29.44 gBetain

ad 400 ml HO
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20x Glucose stock solution

1 200 g Glucose monohydrate
1 ad500 ml HO

100x Amino acid stock Stock concentration Final concentration
1 100x Leucine 10 g/L Leucine 100 mg/L Leucine
1 100x Histidine 2 g/L Histidine 20 mg/L Histidine
1 2100x Uracil 2 g/L Uracil 20 mg/L Uracil
1 100x Tryptophan 2 g/L Tryptophan 20 mg/L Tryptophan
2.1.4.3 Mammalian cell culture medium and medium supplements

9 Cell culture medium
1 Dul becco@s madife medi um {DMEM+ Gl ut a MAXE
1 10 % FBS (fetal bovine serum)

2.14.4 Solutions

21441 E.coli and yeast miniprep buffers

Buffer P1 Buffer P2

T 50 mM Tris pH 8.0 200 mM NaOH

¥ 10 mM EDTA pH 8.0 1 % (w/v) SDS

1 add 50 mg/l RNAse A afterautoclaving
Buffer P3 Buffer H1

300 ml5 M Potassium acetate pH55 0 ¢ | Zymol ase 20T (20mg/ ml)

M1 57.5 ml Acetic acid 940¢| SCEbuffer

9 adto 500 ml HO 10el 1 M DTT
SCE-buffer

91 1 M Sorbitol

1 M Sodium3litratepH 5.8

1 10 mM EDTA pH 8.0

2.14.4.2 Agarose gel electrophoresis buffers

10x Tris/Borate/EDTA (10x TBE)  10x Orange G sample buffer

108 g Tris Base 50 % (w/v) Sucrose
55 g Boric acid 0.5 % (w/v) Orange G
40 ml 0.5 M EDTA pH 8.0

pH 8.3 (with HCI)
ad to 1000 ml O

=A =4 =4 -4
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2.1.4.43 Yeast transformation

10x Tris/EDTA buffer pH 7.5 (10x TE) Carrier DNA

T 100 mM Tris pH 7.5 5 mg Salmon sperm DNA
1 10 mM EDTA pH 8.0 1mllxTE
Mix | Mix I
T 1mllM LiOAc 6 ml 1M LIOAc
1 0.5ml10x TE 6 ml 10x TE
1 5 ml2 M Sorbitol 40 m 60 % PEG 3350
1 adto 10 ml HO ad to 60 ml HO

21444 SDS polyacrylamide gel electrophoresis buffers

4x SDS gel loading buffer 10x Electrophoresis buffer
1 200 mM Tris pH 6,8 30.2 g Tris Base
T 4% SDS 144 g Glycine
1 40 % Glycerine 10g SDS
1 0,4 % Bromphenol blue ad to 1000 ml with H20
9 ad prior to use:
1 200 mM DTT
2.1.4.45 Immunofluorescence buffers

1 % Paraformaldehyde solution
1 g Paraformaldehyde
f ad to 100 ml with Dul beccods phosphate buffer

2.1.5 Vectors

2151 Entry vectors

pDONR221 pDONR223

Size: 4762 bp Size: 5005 bp

Sequencing primers M13 forward/M13 reverse Sequencing primers: M13 forward/M13 reverse
Negative selection: ccdB Negative selection: ccdB

Bacterial resistance: Kanamycin Bacterial resistance: Spectinomycin
Reference: Invitrogen Reference: Invitrogen
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2.1.5.2 Expression vectors forS. cerevisiae

pBTM116-D9

Gateway compatible

Size: 8176 bp

Promoter/terminator: Truncated ADH

DNA binding domain: LexA (Nterminal)
Selection marker: Tryptophan (TRP1)
Bacterial resistance: Tetracycline
Sequencing primers: BTMplus/BTM-3min
Properties Y2H vector:&2plasmid

Reference: Goehlat al. (Goehler, et al., 2004)

pASZ-CN-DM

Gateway compatible

Size: 8525 bp

Promoter:S. cerevisia€upl promotor
Terminator:S. cerevisia€YC1 terminator
Nuclear localization sequence-{srminal)
Selection marker: Adenine (ADE)
Bacterial resistance: Ampicillin
Sequencing primers: CUPS&g/CycT-5m
Properties Y2H vector: AREEN plasmid
Reference: modified from Stogt al.
(Stotz and Linder, 1990)

pBTMcC24-DM

Gateway compatible

Size: 10871 bp

Promoter/terminator: Truncated ADH
DNA-binding domain: LexA (&erminal)
Selection marker: Tryptophan (TRP1)
Antibiotic marker: Tetracycline

Sequencing primers: BT¥plus, BTM-3min
Properties Y2H vector:&2plasmid
Reference: Stelzl laboratory (not published)

pACT4-DM
Gateway compatible
Size: 9613 bp
Promoter/terminator: Truncated ADH
Activation domain: GAL4 (Nterminal)
Selection marker: Leucine (LEU2)
Bacterial resistance: Ampicillin
Sequencing primers: Pré&p

Properties Y2H vector:&2plasmid
Reference: Goehlat al. (GoeHer, et al.,2004)

pASZ-C-DM

Gateway compatible

Size: 8459 bp

Promoter:S. cerevisia€upl promotor
Terminator:S. cerevisia€YCL1 terminator

Selection marker: Adenine (ADE)
Bacterial resistance: Ampicillin
Sequenimg primers: CUPSe§p/CycT-5m
Properties Y2H vector: AREEN plasmid
Reference: modified from Stogt al.
(Stotz and Linder, 1990)

2153 Expression vectors for mammalian cells
pVEN-F2N-DM pVEN-F1C-DM
Gateway compatible Gateway compatible
Size: 7889 bp Size: 8092 bp

Promoter: Human cytomegalovirus (CMV)
Terminator: Bovine growth hormone (BGH)
Bacterial resistance: Ampicillin

Venus fragment 2 (@rminal) (Nagai, et al.,
Sequencing primers: Hor/BGHrev
Reference: Eduard Stefan (University of

pVEN-F2C-DM
Gateway compatible
Size: 7861 bp

Promoter: Humawytomegalovirus (CMV)
Terminator: Bovine growth hormone (BGH)
Bacterial resistance: Ampicillin

Venus fragment 1 (Merminal) (Nagaiet al.,
Sequencing primers: Hor/BGHrev
Reference: Eduard Stefan (University of

pVEN-F1N-DM
Gateway compatible
Size 8119 bp

33



Promoter: Human cytomegalovirus (CMW) romoter: Human cytomegalovirus (CMV)

Terminator: Bovine growth hormone (BGH) Terminator: Bovine growth hormone (BGH)
Bacterial resistance: Ampicillin Bacterial resistance: Ampicillin

Venus fragment 2 (Rerminal) (Nagai, et al., Venus fragment 1 (@rminal) (Nagai, et al.,
Sequencing primers: For/BGHrev Sequencing primers: For/BGHrev

Reference: Eduard Stefan Reference: Eduard Stefan

2.1.6 Oligonucleotides

2.16.1 Oligonucleotides for sequencing
Primer 5’-Sequence3d’

M13 forward GTAAAACGACGGCCAG

M13 reverse CAGGAAACAGCTATGAC

T7 forward TAATACGACTCACTATAGGG
BGHrev TAGAAGGCACAGTCGAGG
Prey5p CCAAAGCTTCTGAATAAGCC
BTM-5plus TCGTAGATCTTCGTCAGCAG
BTM-3min AGCAACCTGACCTACAGG
Barcode_Uptag GATGTCCACGAGGTCTCT

Barcode_Downtag CGGTGTCGGTCTCGTAG

2.16.2 Oligonucleotides for knockout PCR
Primer 5’-Sequence3d’

nup85f wd
ATGACAATCGATGATTCAAATCGATTACTTATGGACGTCGATCAAAGCTTGCCTTGTCCCCGCCG

PNup85rev
TTACATGAACGCTTGACATAATTTGAAATTTAGTTTCTTTCTTAAATCGACACTGGATGGCGGCGT

pnup84f wd
ATGGAATTATCCCCTACTTATCAAACAGAACGCTTCACAAAGTTCAGCTTGCCTTGTCCCCGCCG

mn u pe8 4
TCAGTTCGAAAGGGTTGCTGTGCGAGCAACGAGATCCAGATACTCTCGACACTGGATGGCGGCGT

pnup v O f
ATGGCATGCCTCTCAAGAATTGATGAAATTTGCTCCAATATATAGCGGTCCTTGTCCCCGCCG

nupl20rev
CTATAGACCTCGTAACTCATCTCTTAAATCAGTTAAAGTAACCACTCGACACTGGATGGCGGCGT

pnupl33fwd
ATGAGTGAAAAAAAAGTACATCTTCGTTTGCGGAAGGAACTTAGCAGCTTGCCTTGTCCCCGCCG
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mn u prévd 3
TTAGTATTCTACAGTGTTGGTTTCATAGTTGATGGTATAGTTTTTTGCACACGTGATGGCGGCGT

2.1.7 Databases

Swissprotttp://www.ebi.ac.uk/swissprot/

HPRD http://www.hprd.org/
Expasyhttp://us.expasy.org/tools/

MultiAlin http://multalin.toulouse.inra.fr/multalin/
PDBD http://www.rcsb.org/pdb/home/home.do

= =4 =4 -4 4

2.1.8 Software

VectorNTI Invitrogen

SnapGene

Microsoft Office (Excel, Access, PowerPoint)

Visual Grid

Adobe lllustrator

Cytoscape

yED Graph Editor

NT analysis (provided by Nanotemper technologies)
Costum made perl script (network randomiszation)
R plot
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2.2 Methods

2.2.1 Molecular biology of E.coli

2.2.1.1 Growth and storage of E. coli

In generalE.coli stocks were grown in liquid. To create a growth culture 1mL of LB medium was
inoculated with a single colony &.coliand incubated on an Incubator 1000 for20h at 37°C.

To store the E.coli stocks for lofigrm, glycerol stocks were created whereas the overnight cultures
with 50% glycerol were mixed in a rataf 1:1, e.g. 60uL overnight culture and 60uM glycerol. The
mixture should be mixed well and immediately be frozen8®/C. The shofterm storage occurs on
agar. For this purpose, thecoli strains were streaked on kBates and incubated for ®h at 37°C.

The storage occurs at 4°C.
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2.2.1.2 Preparation of competent E. coli

22121 Chemically competent cells

Chemically competent DH10B cells were generated using TSS (Transformation and storage solution).
As a start a single freshly grovithcoli colony was inoculated in 20 ml 2¥ifiedium and incubated at

37°C over night. The next day, 2000 ml 2YT medium were inoculated with the overnight culture. The
culture was grown until an Qg of 0.7-0.8 was reached and the portioned in four 500 ml flasks.
These flasks were centrifuged at 4000 rpm for 15 min at 4°C. The supernatants were removed and
each pellet was resuspended in 40mL sterile TSS. To ensure a proper storage of the cells glycerol
stocks were created by mixing the resuspended pellets witt84%mhutoclaved glycerol. The storage
occurs at80°C. In general, chemicabmpetent DH10B cells should have a transformation efficiency

of up to 1x 1@cfu/eg.

22122 Electro-competent cells

Electro competent DH10B cells were generated using cstiekile 15 % glycerol and several
incubation and centrifugation stepss a start 50 ml LB medium were inoculated with a single freshly
grown E.coli colony over night. After 120 h, 1500 ml LB medium were inoculated with 45 ml
overnight culture and the k® should grow until an OF, of 0.3-0.4 is reached. The culture was
portioned in six 250 ml flasks and incubated on ice for 30 min. Afterwards the cultures were
centrifuged at 3500 rpm for 10 min at 4°C. The supernatants were removed and each pellet was
resuspended in 100 ml cold, sterile 15% glycerol and incubated on ice for 20 min and centrifuged as
before. This procedure was repeated two times whereas the pellet was resuspended first in only 10 ml
and in the second step in 2 ml cold, sterile 15% gblderobtain the final competent cell suspension

that was aliquoted and stored-89°C.

2.2.1.3 Transformation of competent cells

2.2.1.3.1 Chemical transformation of E. coli

The protocol is adapted to a-@&ll format transformation of DH10E.coli cells. In general, LR and

BP reactions containing plasmid DNA were used to transform bacteria. To address this, a certain
amount of DNA containing solution (2i55 pl) was pipetted into each well of the-@@ll PCR plate.
Competent bacterial cells wergatved on ice and 30 pl added into each well followed by incubation

on ice for 30 min. Next, a heat shock at 42°C for 90 seconds was applied. ThélAathixture was
transferred in the according wells of a deep well plate in which 130 pl were prefilledl@6x pl
prewarmed SO@nedium. The cells were incubated at 37°C for 1 hour at 220 rpm. The solution was
then pipetted with a multipipette on selective-agar plates resulting in five or six rows of drops on
each plate. The LBgar plates were incubated3at’C for 1620h.

2.2.1.32 Electroporation of E. coli
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In general, 22 pl of a LR or BP reaction was used to transform eleatropetent DHB10 cells.
Electrocompetent cells were thawed on ice while aliquoting the BNWtion into 2 ml micre
centrifuge tibes. 30 50 pl of cells were added to the DNA solution. The mixture of cell and DNA

was then transferred into a 0.1 cm gap electroporation cuvette. With a Gene Pulser apparatus a pulse
with a field strength of 1.7 kV and a time constant of approximat&ymsec (2%F and 200) was

applied to the cuvette. Immediately after applying the pulse 200 pl of prewarmean8didm was

added. The cell suspension was transferred into a sterile 2 ml-eeictdfuge tube and incubated at

37°C for at least one hour fi&r that the cell suspension was spread on selectivadaB plates on
incubated at 37°C.

2214 Plasmid isolation ofE. coli

The protocol is adapted to a-@&ll plasmid isolation procedure d&-coli. 96-deep well plates
containing 1.2 ml LBmedium were inoculated with orte.coli colony of interest and sealed with
breathable sealing film. The plate was incubated at 37°C ##016. Afterwards it is possible to
create glycerol stocks following the pocol described in section 2.2.1.1. The remaining cell
suspension was centrifuged at (1258 x g) at 4 °C for 30 minutes to collect the cells. The supernatant
was removed and the cell pellets were resuspended in 300 pl of cold buffer P1. 300 ul Buffer P2 was
added to each well, mixed by invertingt3imes and incubated at room temperature for 5 min. 300 pl

of buffer P3 was added, mixed and centrifuged (3220 x g) for 1 h. In the meantime a new deep well
plate was filled with 530 pl isopropanol. After finiskinhe centrifugation step 750 pl of the cleared
lysate were transferred into the according wells of the new deep well plate containing the isopropanol,
mixed thoroughly and centrifuged (3220 x g) at room temperature for 1 h to precipitate the plasmid
DNA. The supernatant was removed and 1 ml 70% ethanol was added to each well and centrifuged
(3220 x g) at 4°C for 1 h. After removing the supernatant the DNA pellets were dried-60r rBh

and dissolved in 7@00 pl sterile water. The verification of the ghaid DNA occurs with BsrG |
restriction analysis.

DNA plasmid isolation of single samples were done using the commercially availablpraprikits
(Qiagen) and migbrep kits (Promega) according to the standard protocol in the manufactures
guidelines.

2.2.2 Work with DNA

2.2.2.1 Restriction digest of plasmid DNA
To perform restriction digest on DNA the restriction endonucleas8$fD14071 was used. It is a fast
digest isoschizomer of BsrGl and mostly used to verify the plasmid DNA isolatigengral, 300 ng

DNA sample were mixed with restriction endonuclease mix (1LxbEffer, 0.1 pyl FDBsp14071) and
incubated for 30 min at 37°C.

2.2.2.2 Separation of DNA fragments by agarose gel electrophoresis
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To control the plasmid insert size obtairigg the restriction digest agarose gel electrophoresis was
performed. To address this, agarose was added to 0.5 x TBE buffer to a final concentration ranging
from 1-2 % and heated up until it dissolved. According to the amount of DNA samples the size of gel
was chosenApproximatelyl00 ng of DNA are required to be visualizald 200 ng of the restricted

DNA were supplemented with Orange G Sample buffer and loaded onto the agarose gels. Additionally
to the DNA samples 5 pyl of a 1 Kb DNA ladder was loadedcestimate the DNA band size.
Electrophoresis was applied at 130 V for 1 h in 0.5 x TBE buffer as running buffer. Following the
agarose gels were stained 15 min in a 1:20000 dilution of SYBR Gold nucleic acid gel stain and were
visualized using an ultra viet light source.

2.2.2.3 Determination of DNA concentration

The concentration of DNA in samples was measured using a spectrophotometer (Nanodrop 2000) that
determined the absorbance at 260 nm. As standard nuclease free water wHseUB&A was solved
in sterile water. 1 ul DNA solution was pipetted onto the Nanodrop.

2224 Polymerase chain reaction (PCR)

To generate yeast knodut strains PCR was uset initial step (see section 2.2)3.@herefore

primer pairs were generated containing tmmplementary DNA sequence of the gene encoding
nourseothricin on both ends of the gene). Further the primer included recombination sites of the gene
region of interest of the yeast (see section 2.1.6.2). The PCR mix was pipetted for eacbuknock
following the protocol:

PCR reaction mix (Phusion reaction mix}

91 Primer (each): 1.5yl
91 Buffer (5x): 10ul
1 dNTPs: 0.5pl
9 Phusion: 0.5 ul
1 DMSO: 0.75pl
1 DNA: 1-10ng
1 HO: ad 50

PCR1 procedure:
1 Initialization step 30seconds 98°C
1 Denaturation step 8 seconds 98°C
1 Annealing step 20seconds§ 5562°C
1 Extension/elongation step 30second§ 72°C
1 Final elongation: 480seconds 72°C
1 Final hold b 4°C

The resulting PCR products were controlled using agarose gel electrophoresis (see section 2.2.2.2) and
sequencing.

2.2.25 Gateway cloning technology
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The Gateway clone technology of Invitrogen allows fast and uncomplicated cloning. A well
constructed sstem including different types of vectors allow the shuttling of the gene of interest
between these vectors depending on the use of the Teagene of interest is flanked with certain
att-sites according to the vector the gen is inserted in. With arBERoreaction the gene can be
transferred to every other vector containingsé#s.

DNA fragments from:
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Fig 2.1 The gateway cloning strategyDNA fragments of different origins can be inserted into the Entry clon¢haisd
a library can be generated. Once a gene is cloned into an Entry clone the DNA fragment can be transferred into one or more
destination vectors simultaneously; the picture was taken from Invitrogen Gateway® Recombination Cloning Technology

22251 LR Reaction

In order to transfer the NPC and BBSome cDNAs from their initial entry vector pDONR221 and
pDONR223 to the destination vectors pBTMiDKI, pBTMcC24DM and pACT4DM a LR
reaction was performed. The reaction was done as described in the manual of InVitrmmaposed

75 ng of the destination vector, 2800 ng of the entry vector containing the gene of interest and 1 pl
LR clonase enzyme mix. The reaction was incubated at 25°GZdrhl The LR reaction was either
stored at20°C or immediately used in tizrial transformations.

2.2.3 Molecular biology of saccachomyces cerevisae

2.2.3.1 Preparation of yeast media

In order to work with yeast in the lab different media has to be provided that differs in amino acid
composition. The content of amino acids is dependent on the vectors the yeast strains were
transformed with. In general, the media were named after theoaamids that are missing and added

in the medium.Thust he ami no acids are | abeled with a si
adeni ne, AnUO for uraci |, ALO for | eucin and ATO
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front. For instance adium lacking tryptophan but included all other amino acids was declared as:
/HAUL. Following medium preparations were used:

Liquid mediunmt 25 ml 20x glucose stock solution and 5 ml of each required 100x amino acid or
nucleoside stock solution weaelded to 400 ml 1.25x NB or 1.25x NBG. Liquid medium was adjusted
to a final volume of 500 ml with sterile water.

Solid medium 200 ml 2.5x NB, 25 ml 20x glucose stock solution and 5 ml of each required 100x
amino acid or nucleoside stock solution wereeatitb 200 ml 2.5x agar. Solid medium was adjusted

to a final volume of 500 ml with sterile water and dissolved using a microwave. After the medium was
cooled down to 60 °C agar plates were filled with 200 ml medium under a sterile hood.

YPD liquid medium 25 ml 20x glucose stock solution were added to 400 ml 1.25x YPD. YPD liquid
medium was adjusted to a final volume of 500 ml with sterile water.

YPD solid medium25 ml 20x glucose stock solution were added to 400 ml 1.25 x YPD agars. Solid
medium was adjusd to a final volume of 500 ml with sterile water and dissolved using a microwave.
After the medium was cooled down to 60 °C agar plates were filled with 200 ml medium under a
sterile hood.

2.2.3.2 Growth and storage ofS. cerevisae

Yeast cultures cagither be stored as liquid or on solid agar whereas the liquid storage was used for
long-term storage (many years) and the solid storage was used foteshodtorage (several days up

to four weeks).

To generate liquid storage, according amount of diguedium (NP medium) was inoculated with
yeast colonies and mixed thoroughly followed by a growing time daf 26h on a shaker (Innova44,

250 rpm) at 30°C. Before storing the yeast&Q1°C glycerol was added. Beside this it was also
possible to use med@ntaining glycerol in the first place, namely NBG medium. The glycerol stocks
are limited in thawingThuseach created glycerol stock can be thawed twice.

To store the yeast in a sheefm solid way agar was used. To address this, the yeast strams wer
streaked on agar and incubated at 30°C f6rdhys. The storage occurred in the cold room at 4°C. In
general stored yeast was on agar to have an extra generation before beginning an Y2H experiment.
Native, untransformed yeast strains were grown in XPiedium at a temperature of 30°C.

The knockout yeast strains were grown according to their temperature sensitivity (see section
2.2.3.6.

2.2.3.3 Transformation of S. cerevisasvith plasmid-DNA

The yeast strains MATa anwith Me\baiplasneds pBTM18BMn s f o r me
pBTMcC24DM or the prey plasmid pACFBDM. The following transformation is adapted to a 96

well transformation protocol whereas the transformation of oneébplate requires 60 ml of a

freshly grown yeast culture.

1 freshyeast strains were inoculated in liquid YPDA medium, vortexed and grown at 30°C for
16-20 h in a shaking incubator (Innova44, 250 rpm)

1 60 ml YPDA medium were inoculated with the overnight culture to ag,£&dd 0.107 0.15
and incubated at 30°C until arbgy,of 0.67 0.8 was reached

9 adding of 5 ul of the DNA in each well of the-9&ll plate

9 adding of 5 pul carrier DNA (10.5 mg/ml heat denatured salmon testis DNA) to each well
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1 centrifugation at 1258 x g of 50 ml of the culture for 5 min at room tempertatinarvest the
yeast cells
1 the supernatant was removed and the pellet resuspended in 20 ml sterile 1 x TE to wash the
residual medium away
centrifugation at 1258 x g for 5 min at room temperature
removing of the supernatant and resuspension of the jpeH600 ul Mix |
incubation at room temperature for 10 min
ad 22 pl of the Mix I / cell suspension to each well containing plasmid DNA and Carrier DNA
ad 120 pl of Mix Il
incubation at 30°C for 30 min
ad 16 pl DMSO to each well
incubation at 42°C for 3@nin applying a heat shock to transfer the plasmid DNA into the
yeast cells
1 mixing of the plate and stamping onto selective solid medium (bait plasmidAUL and
prey plasmid: L/IHAUT)
9 incubation for 35 days at 30°C

= =4 =4 4 -4 -8 -4 4

In order to prepare an Y2H screen ifdniological replicas were generated. To address this, the
transformed yeast was stamped four times onto different agar plates. These replicas were then used in
the screen. Besides creating replicas one copy of the transformed yeast replicas was tfseh anpe
autoactivation screen. The obtained yeast colonies were stored as glycerol stock-ferriong

2234 Auto-activation test of the baitconstructs

To avoid false positives the bait constructs have to be tested to fmutuactive The autoactivation
of the reporter gene was tested by mating the four replicas of theaWdilstrain including the bait
constructs with a MATalphastrain carrying the prey plasmid (GaMD fusion, pACT4DM) without
insert. Auteactive baits were able taayw oni HAULT andthe diploid strain is able to grow and
mediumsincethe autoactivation activated the Hi&porter gene. Following protocol was applied:

1 one day before mating 25 ml of liquid medililyHAUT was inoculated with a freshly prey
strain containing a prey plasmid without insert and incubated f@0h6

9 100 pl of the overnight culture was added to each well of&&lBMTP

9 using a pin tool the dt strains freshly grown ot T/HAUL were stirred into the MTP
containing the prey strain

1 the bait and prey strain mixture was stamped on YPD agar and incubated at 30°@4dr 36

1 when the yeast spots were grown the yeast was resuspendddHAU andtransferred ofi

HAULT (SD4) medium
1 Yeast spots including bait constructs that were still grown were removed from the screening
set up They are autoactive

2.2.3.5 Screening bait constructs against a prey matrix

The Y2H screen was done in a matrix agto by testing a yeast strain containing one bait construct
against a whole array of haploid yeast cells containing the prey constructs. To address this, a
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replication robot was used. Prey and baits were replicated inoB®6 well format to handle them
respectivel y. To create the prey matrix three o]
the prey constructs were arranged in the @6384well format. Three days before mating the prey
matrix and the baits were freshly stamped bHAUT or 1 T/HAUL. One day before mating two of

each bait constructs were inoculated in 30 ml ofiNBHAUL medium by picking two colonies of the

fresh grown baits. They were incubated for2Ph at 30°C in a shaker to the early stationary phase
(ODgpo =1.5-3). At the mating day the fresh liquid bait cultures were transferred into ther 884

well plates with the pipetting robot. The bait constructs were stamped with the replication robot over
the solid fresh grown prey matrix onto YPDA plates. The YPDA platre incubated at 30°C for 36

44 h. Yeast was resuspended ilT/HAU and transferred with the robot oritelULT agar. To control

for efficient mating some yeast plates were additionally transferred bmtélU agar. The agar plates

were incubated at 30°@if 57 days. The growth of a colony indicates an interaction between the bait
construct and the prey construct. As mentioned above over the position in the matrix the prey can be
determined.

2.2.3.6 Generation of yeast knockout strains

The gene to be knockemlit is substituted with a nourseothricin cassette that additionally allows the
selection of the altered strains. The cassette was obtained by amplifying it out of theoveetih

the primer pairsopn up 85 ,fjpwd p B v fnwdp r 20/ ,f vqod / r ev awitdPCBnup 133
The insertation of the cassette into the yeast genome occurred via homolog recombination. To ensure
that the yeast can insert a gene of interest by homolog recombination matching complementary DNA
sequences tché gene region of interest comprising ~40 bp are required. These are attached at the
according site of the primer pairs that were used to amplify the nourseothricin cassette. After
amplifying the nourseothricin cassette with the primer containing the cBddfiences of the yeast

gene region of interest a yeast transformation was performed. This yeast transformation was a standard
yeast transformatiortiowever two things were done differentlifhus the amount of initial DNA

solution was increased to 20 pdcaan incubation time of 1 h in YPDA was introduced between the
transformation procedure and spreading the transformed yeast onto agar plates enabling the yeast to
produce nourseothricin that allows growing on agar containing concentratiox aourseotkicin.

After incubation for several days-(®) at different temperatures (20237°C) the growing yeast

spots were picked and transferred to av@fl plate format. Then the knoalut yeast strains could be

used for following tansformations.

2.2.4 Molecular biology of human U20S cells

2.2.4.1 Growth of mammal cells

U20S cell s were cultured in a humidified 5 % CO2
medium (DMEM) supplemented with 4500 mg/ldlucose, 110 mg/L sodium pyruvate an#éoSetal

bovine serum. Cells were maintained by growing to ~80 % confluence in 75 cm2 flasks prior
trypsinisation and splitting at a 1:10 dilution ever 8ays as appropriate.
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2.2.4.2 Co-Transfection of U20S cells

The U20S cells were seeded eithreBbwell plates or in 24well plates on cover slips to reach0%6

confluence at the time of transfection. The cells were transiently transfected with 50 ng of each F1 and

F2 plasmid DNA per well using Lipofectamine 2000 (Invitrogen) according to the manufs r e r 0
instructions. o mixtures were combined. Mix 1 includes 30ul Gd&EM | and 1.5ul of 100 ng

plasmid DNA. Mix 2 contains 30yl OpMEM and 0.8ul Lipofectamine. Both mixtures were
incubated for 5 min and then mixed and incubated for at leasti@0After 30 min 50 ul of the

mixture is added to each well and the cells were incubated at 37°C for 24h. After 24h the transfection
medi um was removed and Dul beccods modified eagl
mg/L D-glucose, 110 mg/L sodium pyrate and 5 % fetal bovine serum was added for an additional

growth time of 24h at 37°C to ensure cell proliferation.

2243 Protein Complementation Assay (PCA)

U20S cells wereseeded either in 96well plates or in 24well plates on cover sligp-tansfeted

with 50 ng Venus F1 and 50 ng Venus F2 plasmid DNA. After the transfectiorotidiz24h with
following additional growth timef 24hthe DMEM medium was removed and the cells fixed with 2%
paraformaldehyde (PFA) in DPBS. To fix the c&ul (96 well plate) or 120 ul (24 well plate) 2%

PFA was added to each well and incubated in the dark at room temperature for 10 min. The DPBS
with 2% PFA was removed and the fixed cells were washed two times with 120ul (96 well plate) or
500 pul (24 wellplate) DPBS. To stain the nucleus DAPI was diluted in DPBS to a final concentration
of 16 pg/ml and 50 pl (96vell plate) or 200 pl (24 well plate) were added and incubated for 2 min at
room temperature. The fixed cells were washed with DPBS two timesseasksd above and stored at

4°C. To visualize the protein interactions a confocal fluorescence microscope (LSM700, Zeiss) at
excitation wave length 525 nm was used. A positive interaction was only assumed when fluorescence
was observed at the nuclear rikegative controls were done including empty vectors and construct
that are strongly assumed to not interact.

2.2.5 Work with proteins

2.2.51 Protein purification (protocol is adapted to methods of Brohawn et al., 2008)

All protein fragments fronsaccharomyces cerevisagere cloned into pEDuetderived plasmids

using the BamHI/Notl restriction sites,respectively, resulting itefxinally Histagged constructs.

The resulting plasmid was transformed into E. coli BL21 (DER) for protein expressio Cells

were grown at 30°C in LuriBertani broth supplemented with 0.4% glucose to OD600= 0.8 and
induced with 0.2 mM IPTG at 18°C for 18 hours. Cells were harvested by centrifugation, resuspended
in 40 mM potassium phosphate pH 8.0, 500 mM NaCl, 20 mhdazole, and 3 mMb-
mercaptoethanol, and lysed using a french press. The crude lysate was centrifuged at 15,0009 for 15
minutes. The soluble fraction was then incubated with 1 riINA per 1000 @s for 30 minutes at

4°C and loaded onto a disposable catufierce). The column was washed with four bed volumes of

50 mM potassium phosphate pH 8.0, 400 mM NaCl, 30 mM imidazole, and B-métcaptoethanol
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and the construct complex eluted in 4 bed volumes of 50 mM potassium phosphate pH 8.0, 250 mM
NaCl, 250 mMimidazole, and 3 mMb-mercaptoethanol. The eluted protein constructs were dialyzed
against 10 mM Tris/HCI pH 8.0, 150 mM NaCl, 0.1 mM EDTA, and 1 mM DTT and the @abis
cleaved with PreScission protease. The protein constructs were purified by antmangexc
chromatography on a HiTrapQ column (GE Healthcare) via a linear NaCl gradient and twice by size
exclusion chromatography using a Superdex S200 26/60 column (GE Healthcare) run in 10 mM
Tris/HCI pH 8.0, 150 mM NaCl, 0.1 mM EDTA, and 1 mM DTT. The pmotconstructs were
concentrated to 21629.5 mg/ml. The quality of the protein constructs was checked with SDS gels.

2.2.52 Microscale thermophoresis (MST)

Before applying the thermophoresis protocol one protein atejor constructs of the protepair to

test hagsto be labeled. The labeling procedure was performed following #reuah of Nanotemper
technology Monolith NT™™ Protein Labeling Kit BLUENHS 647. After this procedurethe
concentration of labeled protein constructaigproximately 50 100 nM. To prepare theMST
measurementsilution series of the unlabeled protein constructs including 16 dilutions steps were
created using 1:2 dilutions whereas the highest dilution step incthdadhdiluted protein construct

15 tubes were prefilled wit 10 pl of the experiment buffer (e.g. HEPES, gel filtration buffer)ulldf

the undiluted protein construct were added in the first tube and carefully mixed using the Jipeite.
were transferred in the next tube and so After the dilution the labled protein constructs were
added in an equal amount of the dilution volufh@ pl) to create again 1:2 dilution of each dilution
step The final volumeof each dilution steghould be 20ul16 capillaries were filled with thé5
diluted and the one undilutegrotein constructsand loaded into the Monolith NT.115The
thermophoresis was performed using the Monolith NT.115 of the company Nandtémper
Technology. It should be ensured that all measurements were performed at similar temeperatu
Further it should be ensured that the initial fluorescence is a certain rangg@OED@uorescence
units). Thereadout and thenalysis occurred with the NT analysis software provided by Nanotemper.
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3. Results
3.1 Identification of PPIs of the yeast and the human
Nuclear Pore Complex

3.1.1 Defining the NPC clone set

The Nuclear Pore Complex is one of the largest protein assemblies in the cell comprising ~30 distinct
proteins called nucleoporins (nups) occurring in multiple copies with a total muaibe500
molecules per NPC (Alber et al., 2007). The majority nofips are grouped into six discrete
subcomplexes building the NPC scaffold, the transport channel, the cytoplasmic fibrils and the nuclear
basket (Rout et al., 2000; Schwartz et al., 2006 NPC scaffold of the yeast and the human NPC is
constituted by three subcomplexes, namely theoplex, thenic96-complex (NUP9Zomplex in
vertebrates) and thasptcomplex (NUP6Zomplex in vertebrates) whereas the inner channel is
formedby a differantly composedisptcomplex. The inner channel is filled with several types of FG
repeat containing nups realizing the active transport of molecules above 40kDa through the NPC
(Bagley et al., 2000). The connection to the membrane presumably occurs oalgmall subset of
threenups including only one classical transmembrane domain each (Rout et al., 2000; Cronshaw et
al., 2002; Mansfeld et al., 2006).

Subcomplex S. cerevisae H. sapiens
== Cytoplasmicfibrils MIEES [} CUCES(E
nupsa | 1 NUP107 | 2
Scaffold complex nUp18sC | 5 NUP96 | 1
Scaffold ring sect3| 1 SEC13 |3
Transmembrane complex Y-complex nup120 | 3 NUP160 | 2
nupss | 3 NUPSS | 2
seh1|1 SEH1 |4
NUP43 |4
NUP37 | 4
nices | 3 NUP93 | 2
st () NUP35 | 3
nups3 | 1
nic96_NUP93 complex nup188 | 3 NUP188 | 0
nup192 |3 NUP205 | 0
Nucleoplasmicring (T [ 5 NUP155 | 3
nupls? | 4
Centraltransport channel Nuclear basket nspl|1 Nupe2| 4
nups2 | 2 NUPS8 | 1
nspl_NUP&2 complex nup159 | 2 NUP214 | 0
nups7 | 1 NUPS54 | 4
nupdd | 1 NUPIL| 0
Metazoan Yeast nup1asn | 2
linker nup100 | 2 NUP98 | 1
nupl16 | 2
cytoplasm nde1] 1 TMEMAS | 6
pom1s2 | 1
v Nup116 transmembrane nups POM34| 1
NUPg8 NUP133  NUP107 NUPG2 Nspl Nup120 Nup145C Nupl00 POM121 | 2
NUPSE ||, NUP214 | Nuptss ~ Nupi33Nupsd  Nuplash NUP210 | 2
NUP43NUP37SEC13  NUPg2 | [MNups2 paS i ::p:nl|11 i
Secl3 basket P
mip1 | 0 TR |1
NUP93 Nic96 mip2 Jo
UP15S Nupe2(| Nspl | pl7ﬂl A flet |1 GLE1] 0
up:
NUPZIONDCL [ D ¢ NUPdss [Nupsg|| Nups7| p1sy P Pomsa  Ndcl glez|1 RAE1 | 1
NUP205 NUPS4 upd9 P nupa2 | 1 NUPL2 | 2
NupS3 . mex67 |1
misc
Nup120 Nup145C mtr2 [ 1
NUP160 NUP96 NUP62 Nspl N1 S —
NUP133 NUP107  NUP214 :“";39 N"FBS : ”‘15 Nup116 yra 1
NUP98 NUPBS  NUP43 NUPS2 "Ly i s h:‘ Nup100 ARAS |5
el
NUP96 SEH1 NUP37 SEC13 Nup145N gspl]1 RAN |
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Fig 3.1 Schematic overview of the localizatioa of nucleoporins within yeast and metazoanNPC
subcomplexes.The subcomplexes are boxed and indicated by different solgreen: Ycomplex, blue: it96 NUP93
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complex, grey: apl NUP62complexes, pink: linker nups, yellow: membramgs). Thelist of all nups included in the
screen At theleft side yeast nupsat theright side: humanThe numbers declare the number of included constmdtse
Y2H screenThe Y2H screen included almost all human and yeast nups and

An extensive Y2H screen could enlighten the connections between subcongridxiberefore also

the architecture of the NPC thatvgjorously debatedl'here are only three nups in yeast and human
thatcontairs a transmembrane domgiRout et al., 2000; Cronshaw et al., 200l)e rest of the nups

are soluble making aninvestigation with the conventional Y2H approach possible. The yeast
subcomplexes are thought to be linked by multiple copies of three linker nups, whereas there are only
two in the luman NPC (Alber et al., 2007).ulds could be successfully assigned te Heveral
subcomplexes (Rout et al., 2000; Cronshaw et al., 2002)systematicallyinvestigatethe binary
interactions of the yeast NPC with an Y2H approach cDNAs of all yegstfrom Thomas Schwartz

(MIT, Dep. Biology, Boston MA) wereollected Besice full length constructs, additionally cDNA
fragments cloned according to their domain structure were obtdfnei®in interactions are often
mediated by domains and that appropriate domain constructs interact better may be due to the lack of
certain foldng restraints, in particular in the case of large protesisiii et al., 2011 Additionally,
FG-repeat amino acid stretches which are known to be aggregation prone and may disturb PPls were

removed from several fragments.

To study further the binary ieractions in the human NPC we obtained all humams as full length
cDNAs from our lab collection that is mainly composed of human ORFs from the CCSB collection
(Rual et al., 2004; Lamesch et al., 2004) or specifically purchased from the NITE consortium
(Goshima esl., 2008; Maruyama et al., 201Human full length proteins were incled in the screen
usingseveral different constructs for theps, e.g.investigated were six clones foups2 that differ in

their cDNA sequence regarding to isoforms (Fig 3.1). As described above it was possible to obtain
constructs for almost all human and yeast ni@mne human constructsere not available and
therefore not included in the screémr examge, the two human linker nups (NUP98 and NUP96),
two members of the human NUR88mplex (NUP188 and NUP205) and two members of the human
NUP62complex (NUP58 and NUP214) were not obtained. Additionally several miscellaneous nups
of the human and yeast NRGuld not be included in the screen. The yeast clone set is complete with
regards to the bona fide structunaips, the linkemups and the transmembraneps, except of gp210.
Taken together the screen included 39 yeast proteins and 25 human protesentay the bona fide

nups as well as transiently boumtips. The yeashups were represented by at least one full length
protein. In addition 27 yeast protein fragments were introduced into the PPI analysis. 72 human full
length constructs were integrdtento the Y2H analysis. At all 138 constructstioé human andhe

yeast NPC were investigated (Fig 3.1).
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3.12 Y2H systemi Approach, Setup and Workflow to analyze the protein
protein interactions of the NPC

To systematically analyze the human and yeast NPC PPIs &tamgdlblled, stringent, automated,

yeast twehybrid setup was used that allowed the generation of systematic PPl data with high
precision (Worseckt al., 2012). The quality of ¥2H screen is k&ed on the stringency of the system

that is dependent on internal system parameters like, the low expression of bait and prey fusion
proteins, a backgrourfee setup to unambiguously distinguish interaction andimenaction and the
improvement of the ata quality by using replicas (Worseck et al., 2012). To ensure a stringent Y2H
approach, a well controlled Y2H screen set up was created that included the usage of at least two
biological replicas of the bait and three of the prey constructs. Besideténeal parameters a well
designed experimental setup ensures high quality data. The experimental setup comprises the creation
of the clone set, the appropriate application of the Y2H screen, the data processing, the data validation
and finally the discussn of the obtained data in the context of the current scientific knowledge (Fig
3.2).

Cloning of 138 constructs into prey and bait
vectors

Transformation of yeast MAT alpha and MAT
astrains with prey and bait constructs

Autoactivation Assay for all biological
replicas

All replicas of non-auoactive baits were

screened against a prey matrix

Analysis of growing colonies via VisualGrid

Plat; lysis withVisual
Gr? de L ALLE Retest of selected constructs

Integration of data into Generation of the PPl data set
Access

Statistical validation via Random networks

Comprehenisve comparison toan
intergrative dataset

PPl data were used tocreate
networks with Cytoscape «
and yED Graph Editor

fittingof the Y2H data in Implementation

previousy described «
structural NPC models

Selected human PPIs: Protein

Complementation Assay

“ Selected yeast PPIs: Thermophoresis

Fig 3.2 Schematic project overview of the entire proteirprotein interaction analysis of the NPC.The
workflow indicates the experimental strategy: starting \hih creation of the NPC clone set followed the NPC Y2H screen
and by data analysiéinally leading to the implementation of the Y2H data into the current scientific background and the
experimental validtion of the resulting hypothese

After generationof an appropriate cDNA clone set 138 clomesre subclonednto the two low
expression Y2H bait and one Y2H prey destination vectors via gateway cloning (Invitrogen). The two
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bait vectors differ in arrangement of the DNMading domain with respect to tHeit ORF. In
pBTM116DM it is located Nterminal and in pBTMcC2€M it is fused to the @erminus of the

ORF. Using more than one vector combination increases the number of true podiicie increases
datacoverageThe prey vector (P ACTDM) contains he activation domain on the-fdrminus of the
ORF.A MAT alphastrain was transformed with the prey constructs and a MAT a strain with the two
bait vectors. To avoid false positives the autoactivation of the bait constructs was tested
Autoactivation is te detectable badependent reporter gene activation in the presence of any prey
plasmid, even without insert (Walhout and Vidal, 1999). To detect autoactive baits, theaMIAT

strain including the bait construct was mated with a M&ipha strain carryingthe prey plasmid
(Gal4AD fusion, pACT4DM) without insert. 68 bait constructsshowed autoactivatiofin both
vectors Thus the ratio of the autoactive baits in the NPC Y2H screeapigroximately26%. In
general, 20% of randomly selected full length aRFs tends to be autoactive (Nakayama, et al.,
2002; Uetz, et al., 2000). The autoactive bait constructs were removed from the construct list resulting
in a final bait construcidt of 208 for both bait vector&ach baitonstruct was tested twiegjains a
384-prey matrix including biologial triplicates of 128 preydhe PPI screen wasndertakerin all
possible combinations of human and yeast baits and preys. In total the number of the possible colonies
counted up to79872 After the mating the yeasiblonies were spotted on SD4 medium to detect
interactions via growing colonies resulting in 101@dwn spots (Fig 3.3).

Preys

Nup145C (606-1317)

Nup85 (1-744) Nup82(1-452)
Nup85(101-543) Nup84 (1-726)

Fig 3.3 Identification of Y2H 1 protein-protein interactions. Shown are six selective Y2H agar plateay 5) of

three bait replicas. e yeast baitaupl20 (aa 11037),nupl33 (aa 8811157) and the humapait NUP54 were mated with

the 384well prey matrix containing 128 preys in three lieps. The colonieswhich grav on Tt HAULT medium indicate a
proteinprotein interactionThe gates 1, 2: growth of colonies in position: K9, L10 and F15 indicates interaction between
nupl20 (aa 11037end andnupl45C (aa60€.317end); plate 3, 4: growth of colonies in positions: B7,B8,P17; B15,09,P10;
A11,A12,P13 and L1@20 indicate interactions betweemupl33 (aa 8811157%nd and nup5 (1-744), nup85 (101543),
nupB2 (1-452) anchupB4 (1-726end).

All plates were analyzed with Visual Grid and the resulting grid information transferred into a

Microsoft Access data basedditionally all plates were visually assessé&tie grown spots were

assigned to the constructs over the position in the matdxnakethe Y2H analysis systematically

more stringentonly two or more grown colonies of edgéit-prey construcpair were included in the

analysis. This resulted in a final colony data set of 289 colonies. To obtain a data set of interacting
48



construct pairs the grown spots of the replica were summarized. Rimall2H approach resulted in

97 interactions between 16 man and 3 yeast constructs (Fig 3.3).

3.1.3 Identification of the human and yeast NPC PPlIs

The Y2H screen resulted in 9iteractions between 4geast and 16 human construcddmost all
nucleoporins are represented by more than one constiueteforethe Y2H screenmesulted in60

PPIs between human and yeast nucleoporines (&ig 3.

Yeast Yeast Human Human
proteins constructs proteins constructs
Constructs 39 66 24 72
Interactions 44 65 16 32
Onedirected 37 55 13 23
Both-directed 5 8 1 4
Dimerization 2 2 2 5

Fig 3.4 Shown is the @erview of the yeast and human constructsand the resulting interactions Listed are

the initial numbes of yeast and human constructs and proteimsthe resulting interactionafter the transformations and
autoactivation tds The Y2H screen resulted in 4toteinprotein interactions between 26 yeast proteins and 16 protein
protein interactions between h&man proteins.

To ensure a comprehensive screening setup and decrease the number of false negatives the constructs
were tested irbaitprey and preypait configuration. This should increase the success rate like the
usage of diffeent vectors (Chen et al., 2Q1@dditionally, if an interaction occurs in both directions it

adds up to the normalized interaction count. Neverthelesslioeeted interactions are sufficient to

indicate PPIs. 37 ondirected interactions were detatttor the yeast constructs an@ iteractions

for the human constructs followed by 5 bdlihected interactions for yeast and 4 bdirected
interaction forhuman constructand finally the 2 and 5 dimers for yeast and human respectively (Fig

3.4).

Fig 3.5 Distribution of interactions with regards to
constructs and proteins of the human and yeast

70 - constructs
. screen. Shown are the number of yeast and hurr
60 - proteins ; ; X h
interaction either on construct level or on protein level. 1
50 - inclusion of yeast fragments increased thember of
2 40 interactions. In contrast even by a higher number of hur
o i full length constructs the total amount of interactions is low
S 30 -
2 20 -
£
s 10 A
¥ o0 : .

Yeast Human

Besides the usage of different vectors and screening in both configurations the incorporation of
fragments might increase the number of true positives furiiieryeastY2H screen resulted in 66
interactions between34ragments giving information aboutt£PlIsbetween 26 yeast nucleoporins. In

contrast, only 11 interactions between full length yeast proteins were defBotedcreen revealed

49



more interactions btween yeast constructs than for human construct whereby the initial amount of
human constructs wasrtger (66 yeast constructs ai@ human constructs)lhis suggestghat the
inclusion of fragments increases the success rate of the Y2H appfadein. tgether theY2H data

set comprisesélinteractons between 26 yeast nups andritéractions betweerblhuman nups.

3.1.4 Validation of the NPC Y2H data

The Y2H system is one of the most applied methods to determine PPIs (Walhout et al., 1999). It
considers a variety of advantages, e.g. it is done wivo (e.g.in saccharomyces cerevisaadthe
minimal requirement of materiab name only a fewWorseck et al., 2092 Nevertheless the Y2H
systemhasrestrictions, like a third proteicould bridge the interaction, tre high sensitivity of the
reporter system may detect weak interactions that might not have any biological re(@réickaer

etal., 2009. To avoid false positives the PPIs discovered with Y2H assay needetgpéementally
validated.lt is posdble to validate single PPISh& Y2H screen revealed a large dataaset therefore

it is, for a more global validation of the data aetsuchalsosuitableto compare the entire data sets to
previously published data sets.

3.14.1 Comparison of the Y2H data to previously published binary PPI data

To apply a first validation the literature was searched to find previously describedPRRC
Databases were mined like CPDB and PubMed. In fact, there are two large binary PPI data sets of the
NPC published (Amlachet al., 2011; Leducq et al., 2002 he goup around Amlacher performed a

Y2H screen with yeast nups and several fragmestdtieg in 18 PPIs between 13 nucleoporifRig (

6.1, appendix With an initial Y2H screen followed by affinity purification and gel filtration they
performed in vitro binding studies to reconstitute the inner pore ring consistingia®6-complex
(NUP93complex in vertebrates) membefihe aim of their study was to emerge insight into the
architecture of the NPC. Therefore they perform crystallization studies in the @imagitomium
thermophilum.The proteins of this organism seeambe meoe stable(Amlacher et al., 2011)They
investigated only structural components of the NPC, nhamely members ofdahmplex and of the
Nic93-complex (NUP6Zomplex in vertebrates). A preceding Y2H screen resulted in a binary PPI
data set osaccharomycesetevisaecomprising 19 PPIs related only to these two subcompléxes.

PPIs of the Amlacher data set are only describing-tdrmaplex connections of the nicgmplex.

The nic96complex contains seven members (nic96, nupl70, nup53, nup57, nupl57, nodl92 a
nupl188) whereas their membership was not absolute clarified unless there were several evidences. For
instance it was shown that the nup170/nup6B59 subcomplex is essential for NPC architecture and
therefore is suggested to be part of the scaffold¢Mat al., 1998; Makio et al., 2009).
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Dataset: Amlacher
Y-complex

Coverage:

7

All g

100%

Nspl-complex

12 7 33
Amlacher Apelt 0%

37% Nic96-complex

@30%

Fig 3.6a PPl network of Amlacher et al., 2011 and coverage of the whole data set and the subcomplexes to our data;
The Amlacher data set contains 19 PPIs of which we could recapitulate 7 PPIs (red linksjvarage of the PPIs of thecoémplex is

100% and 30% for the nic®mplex (NUP9Zomplex in vertebrates. In contrast there was no coverage detected between the PPls
regarding the nsptomplex (NUP62Zomplex in vertebrates).

The Amlacher data set and oM2H data set include these PPIs supporting ghggestion of a
nupl70/nup53up59 subcomplex. Fahrenkrog et al., 2000 implied a connection between nic96 and
the nupl7@&omplex via the interaction nic96/nupSdis PPl was found by Amlacher et al. as wsll a

we found this PPI. Further substoichiometric interactions were detected between nic96 and nup188 or
nic96 and nupl92 indicating a functional relationship within one subcomplex comprising nic96,
nupl70, nup53, nup57, nupl92 and nupl88 (Kosova et al.; Ned@bass et al., 1996). Interactions
between nic96, nup192 and nupl188 were detected by the Amlacher Y2H screen but not by ours. But
we were able to recapitulate two PPIs regarding nupl192 (nupl192/nup53 and nupl9Zlaem4).
Amlacher data set revealed twomodimerizations of nup53 and nup1¥@e could not find these in

our data set. In summary we were able to recapitulate three of 10 PPIs describing connections within
the nic96complex indicating average of 30% (Fig 3.6aThe data set of Amlacher did alseveal

PPI information of the Yomplex. At all four ¥complex PPIs were described (nup84/nupl45C,
nup84/nupl133, nupl45C/secl3 and nupdd). Our Y2H screen revealed all of these PPIs resulting

in coverage of 100%. In addition five PPIs were reportgdAmlacher describing intesomplex
connections between the niecéémplex and the Xomplex.Our Y2H screen revealed also two PPls
between these two complexes (see section 4t8i2none of the Amlacher PPIs were foukthwever

we were able to recapitulate seven of 19 PPIs resulting in coverage of approximately 37%.

The group around Leducq applied a systematic yeast DHFR pfaigment complementation assay
(DFHR-PCA) to show that most proteprotein interactions are highbonserved between species and
are not perturbed in hybrids. To address this feyormeda comprehensive DHFRCA screen in
saccharomyces cerevisaesulting in 225 PPIs between 15 yeast nucleoporins. An interaction score
was introduced by the authamsulting in a final data set @f4 PPIs between 13 yeast nugeons
(Fig 6.1, appendix)Theyengineered a strong PPI reporter by fusing the DHFR fragments downstream
of the coding sequence of the protein of interest. After the mating step the yeast is stamped onto
medium containing methotrexate (MTX). MTX is lethal to cellsan interaction oaars and the
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DHFR enzyme is reconstituted the yeast is able to survive on the MTX containing medium (Tarassov
et al., 2008). The assay is able to detect an interaction if-teenfni of both proteins are in closer
proximity than 80A. The PCA approactvas performed infour different yeast specieS. cerevisae

(Sce, S. paradoxugSpay, S. uvarun{Suvag andS. kudriavzevi(Skud. The strongest signal to noise

ratio of the assay was measuredSicerand Skud Therefore they focused their study threse bth

species. ey examind the robustness of protein complexes throughout close related species. To
address this, PPIs were measured within the NPC and RNAplII protein complexes within species and
their hybrids. The PPIs were identified by estimating the colony size whereby theremsasts were
performed in triplicates and averaged resulting in a mean growth signal index (Sl). To make their
system more stringent a threshold was defined that should remove the background growth of the yeast
from real interactions. The resulting datet $or the scer PPIs comprises a highly interconnected

network of 44 PPls between 14 nups.

Data set: Leducq

Y-complex
Coverage: P

all 7
3 100%

Nspl-complex

: 12 28
Apelt
30%

Nic96-complex

:0%

Fig 3.6b PPI network of Leducq et al., 2013 and coverage of the whole data set and the subcomplexes to our;daia

Leducq data set contain 44 PPIs of which weld recapitulate 12 PPIs (red links). The coverage of the PPIs oftbenjglex is 100% and

30% for the nsptomplex (NUP6Zomplex in vertebrates). In contrast there was no coverage detected between the PPIs regarding the
nic96-complex (NUP93tomplex invertebrates).

The majority 28 PPIs refer to the nsgbmplex(NUP62complex in vertebrates)3 PPIs describe
interactions within the subcomplex and PPIs between the nspdomplex and other NPC
components such as the linker and the nic@®plex (NUP93omplex in vertebrates). We could
recapitulate four of the 13 PPIs (nspl/nup57, nspl/nup82, nup82/nup49 and nup82/wiiph&9)
Leducq data seindicating ®verage of 30%between both data seffhe data of Leducq suggests
homodimerizations of all five members (nspl, nup49, nup57, nupl59 and nup82). None of these
homodimerizations were found in our data €etr entire yeast data set included only two homo
dimerizations All members of the nsptomplexin the Leducq data sare connected to at least one
of the linker nups (nup100 and nupl16) suggesting a highly interconnectedamspiexi linker
character. Indeed we could recapitulate two PPIs nup82/nigrid@up82/nupl16 showing also here
coverage. The Leducq data set includes only one-mit&6-complex connection, namely the
homodimerizations of nup192 thatas notrecapitulatd. Three connections were detected between

three members of the nspbmplex (nupl59, nup49 and nup57) and two members of the hic96

52



complex (nupl57 and nup192). None of these connections were found in our Y2H screen. The Leducq
data set reealed connections between the93-complex member nupl57 and the two linkerps

nupl00 anchupl16 that ar@ot seen in our Y2H screen. The data set comprises three PPIs between
the three Ycomplex members nupl120, nup85 and nupifdthese are intrY -complex PPIs our Y2H

screen did reveal these as well. The PPl nup120/nup85 was also fourrdYigkbgcreenAll three

intra-Y -complex connections were recapitulated indicating coverage of 100% of the Leducq data set
by our Y2H data set. In summary we could recapitulatefthe 44 PPI regarding the nspdmplex,

the Y-complex and connections bewve them and the linker nups. This results in coverage of
approximately 28% which is comparable to recapitulation rates of interactions fromogabhsl|
screens (Braun et al., @9).

Beside previous comprehensive data sets several structural analysgeenri@raeed to create crystal

data of protein contacts of the NPC (Brohawn et al., 2008 and 2009; Boehmer et al., 2008; Nagy et al.,
2009; Whittle and Schartz 2009; Yoshida et al., 2011Crystallized PPIs are considered to be a
highly trustworthy PPI information source if a crystal contact was found and the resolution is beyond a
certain threshold (& A). This is supported by lines of evidenéiest, the two proteins of interests are
mogly co-purified and therefore disturbing influences are eliminatedpnd an interaction surface is
specifically determined anthird, the resolution is high enough to determine interaction residues
resulting in specific interaction sites. Therefore weided to cura&t a binary data set based aystd
structuresWe collected all crystal information that include PPI information of the NPC resulting in a
data set of 23 crystal data (sEigy 6.2, appendix). Some of the data is redundant; five PPIs were
crystallized in different labs or at least in different approaches. For instance the PPI between the
NUP107/NUP133 was crystallized twice in the Schwartz lab but with two different fragments of
NUP133 (NUP133 (a817-1156) and NUP133 (89351156 in differentresolutions of 3.5 and

2.53A (Boehmer et al., 2008; Whittle et al., 200&ye decided to include all available data in the
table to ensure a comprehensive data®at. PPl network in Fig 8c includes only combined PPI

information.

The crystal de& give information about protejrotein interactions of five different structural
components of the NPC, namely the structured scaffold subcomplezempiex and nsptomplex
(NUP62complex in vertebrates) and the more unstructured parts of the NPQinkbe nups,
miscellaneous nups building the cytoplasmic fibrils and the basket and the family of karyopherines.
Most of the data (10 crystals) refer to thecoimplex including nup84, sec13, nup145C, nup85 and
sehl of the NPC dfaccharomyces cerevisamup37 and nup120 of the NPC®xdthizosaccharomyces
pombeand NUP107 and NUP133 of the human NPGll five of seven PPIs forming the-abmplex

were crystallized (nup84/secl3, nup84/nupl45C, nup85/sehl, NUP133/NUP107 (nupl33/nup84 in
yeast) and nup1200P37). Four cerystals comprise information about three PPIs of the outer nspl
complex including nup82(cel), nupl59 §.ced, NUP62 ¢.nor), NUP58 (rnor) and NUP54 (nor).
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Fig 3.6cOverview of all crystal data comprising PPI information of the NPC;By mining the literature we found 18 PPIs
that describe connections between 27 nups comprising thecoagdlex (NUP6Zomplex in vertebrates), the nic96
complex (NUP9Zomplex in vertebrates), the-complex, linker nups and karyopherined. df the 18 PPIs could be
included in our screen and all tould be recapitulated (red link3)hreeof the Y-complex PPIs are unpublished dafahe
Schwartzlab: nup145C/nup12tupl45/nupl20 and nupl45C/nup8Ehe coverage is for all subcomplexes %00

The Y2H screen detected the PPIs nspl/nup57 and nup57/nup49 which are the yeast interologs to the
mammalian PPIs NUP62/NUP54 and NUP54/NUP85 and also were detected in trepeoiss PPI

screen (see Fig 3.11We could recapitulate all inner nsphmplex (NUP6zZomplex in vertebrates)

with our Y2H screen also resulting in coverage of 100%ere are four crystals describing PPls
between the nspdomplex (NUP6zZomplex in vertebrates) members nspl, nup82 and Supt8

the linker nup116 o$.cer and NUP98 ofnus musculugOne linker PPIwe were able taecapitulate

was nupll6/nup82hat was suggested previously (Ho et al., 200®)e crystal data contain PPI
information about the more unstructured part of the NB@nections to miscellaneous nups (nupl,
nup2 and nup50) and karyopherines (KAP1, KAP2 and KAP95) were repArtagstal comprising

an interaction between nspda¢charomyces cerevigaend KAP1 (humanjlescribe a cross species

There are four more crigs describing three PPIs between the miscellaneous nups NUP1, NUP2,
NUP50 and the kaps KAP1, KAP2 and KAPBur Y2H screen included neither the human
karyopherines nor most of the miscellaneous nups sublui4. Therefore we could not recapitulate

any of these five PPIs. Taken together the 23 previous crystallization studies comprise information
about 18 PPIs. In summary we tested 10 of the 18 PPIs in our screen and could recapitulate all 10
resulting in coverage of 100% of the-cxystal data set.

All data sets are fossing on different subcomplexes. The Leducq data set is concentrating on data
about the nsptomplex (NUP6Zomplex in vertebrates) wherefie Amlacher data set is focussing

on data about the nica®mplex (NUP9Zomplex in vertetates).The crystal dat@ontains mostly

data regarding the -gomplex.The coverage between our data set and the Leducq data set regarding
the nic96complex is approximately 30%4Ve were able to recapitulate three of ten PPIs. The coverage
regarding the nspéomgex is much higher. Here our Y2H data set covers approximately 40% of the

Amlacher data. The coverage regarding the-cémplex is 100%.The comparison revealed high

54



coverage and therefore indicates high reliability of our Y2H screen. This shows that stuY2ela
data withstands a comprehensive comparison to single PPIs of other binary data setsrMiogeov
coverage of 100% of thecrystal data suggests indeed a remarkably high quality of our Y2H data

Fig3.6 Overlap of theyeastY2H data to the binary PPI tia
Amlacher sets of Amlacher et al., 201and Leducq et al., 2012 anc
Leducq collected CeCrystal data from PDBThe numbers indicate

the number of PRI measured in the according studiaad

33 11 therefore represent theoverlaps betweenrall three studies.
The highest overlap to our data set was found with ti
3 structural data with 11 overlapping PPIs. The Amlacher d
5 set and our data set share seven PPIs and the Leducq dat

11 PPIs.

Co-Crystal

25
Apelt

Normalized to the totatlumber of PPIs the overlap all data sets ranges from of 36 % (7 of 19 PPIs)
for the Amlacher data set, 30 % (11 of 44 PPIs) folLeducq data set and 100% for the collected co
crystal data set (Fig 3.6). In summary there is a relatively high overlap to all three datiaetser

the overlap to the crystal data set is remarkably Higjere is no binary data set for the human NPC
Hence ve were not able to perform an equal comparison with the human dadtwsetserall crystal
data of human PPIs were recapitulatBde same expenental conditions were applied for the human
screen as they were for the yeast scthereforewe assume an equal quality for the human data set.
A total of 73 PPIs were reported by the three other binary datdrdetsnation about intecomplex
connectiongncludes11 PPIs.Our Y2H screen contains 18 out of 40 PPIs that are describing inter
complex connection®ur Y2H data set compliments well the known literature with regards to inter

complex PPI data.

3.1.42 Comparison of the yeast Y2H data set to the comprehensiwe-AP data set of
Alber et al., 2007

In addition to the three previously described binary data sets, large amounts -of Co
Immunoprecipitation (CdP), pull down and affinity purification results amvailable revealing
complex data of the NPC (Rout et al., 2000; Fahrenkrog et al., 2000; Cronshaw et al., 2002; Alber et
al., 2007). To further elucidate the quality of our Y2H screen we comhplaeeY2H data set with a

large complex data sétVe chose th data set of Alber et al., 200Fo obtain the CAP data, nups

were tagged with Protein A (PrA) and then assayed which other nups couldpoeifeal. The

affinity purified PrAtagged nups and attached proteins were resolv&DISPAGE to be identified

The ceAP experiments comprise 8-&Ps contaiing 36 nups, whereby scaffold nups and more
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transiently nups are included. Each resultingABoblot of a tagged protein was called composites by

the authorsGel pictures of 71 composites were availadtd areincludedin our analysisThe raw

data were extracted directly from the-8B gelsand complex data for 435 protein constructs pairs
could be obtained. The composites include replica of tagged proteins. Therminbplicas ranges

from one ©-AP for nup192 and nup170 up to five-&Ps for nup82. 10 composites contain only one
attached proteisuggestinginary interactions. Three composites were reproducible in botipiesgit

and preybait orientation, giving seven ngadundant PPIs: gle2/nupll@n@ vice versy
nupl188/nic96nupl92/nic96sehInup85 (andrice versy, glel/nup42 (andice versgy, nup53/nupl70

and nup84/nupl45CNe could recapitulate three of the sevemotein pairs inour Y2H screen
resulting in coverage of around 40%el1nup85, glel/nup42 and nup84/nupla5Chhe other
composites include more than one attached proteinthausadesult in complex datdhe nups differ in
occurrence in the data set. Nspl waspuadfied andtagged in at all 33 composites andp82 (31
composites), mp84 (30 composites), nupl92 (29 composites) and nic96af@posites) appeared in

most ©-APs. The occurrence of several nups in many composites could indicate strong interactions
that are easy to eourify or this could be due to thdégh numberof replica for each nup. Otherwise

this could indicate that they are part of many interactions and should be reflected in our Y2H data set.
Indeed nup82 is the protein which has the most interaction partners revealed by our Y2H screen (eight
interaction paners).The most commnly identified protein in the@AP data set was nspl and it has

only three interaction partners in the Y2H network. Also the other three proteins that are mostly
identified in theco-AP data set such as nic96 (three Y2H interacpartners), nup84 (four Y2H
interaction partners) and nupl192 (five Y2H interaction partners) did not report exceptionally many
interactionpartners.Thusthe number of occurrences is only partially reflected in our Y2H data set.
The composites indicate thmomposition of nups of the distinct subcomplexes of the NA@.
attached proteins mostly belong to the same subcomplex as the tagged protein. For instance almost all
composites with tagged nups of thec¥mplex include only nups of the-dmplex.Thusthere are 10
composites with a tagged-dbmplex nup. Six of them only contain members of theolplex
whereas the other four composites include additipnmembers of other subcomplexdBinary
interactions between the tagged nups and the subcomplex meanbenst obvious. The eAPs
revealed only complex data. For an adequate comparison obhB data set with our data set we

had to transform the complex data into data that come close to binary data. To address this we
introduced a formula that was déweed by Hegele et al., 2012 and was used to assign to each protein
pair a so called GAP score. The coccurrences of two proteins in one composite were determined
and normalized for the total number of composite proteinsodCarrences in compositesntaining

fewer proteins were favoredThus the formula considers the specificity of the two proteins by
favoring the ceoccurrences of more specific proteins and weights the score by the number of co

occurrences of two proteins in all A”lBmposites.
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Protein 1 Protein2 CoCrystal Amlacher Leducq co-AP

nup145C

nup145C

nup145C
nup84
nup84
nup84
nup85
nup85

nup85
nup120

nup145C
nup120
nup133
nupl145C
nup85
nup85
nup85
nup84
nup145C
asm4
asm4
nup53

nup53
nupl188
nup188
nup192
nupl70
nupl45N

secl3 X X
nup120 X

nup85 X

nup120
nup145C
nup133
nupl33
nup120 X X

sehl X X
nup120

nup192
nup192

X

nupll6

nup100 X
nup100

ndcl

nupl192 X

nic96

nupl192

nic96

nup100

nupl16

nupl16

nupll6
nupl45N

nup100
nupll6 X
nupl45N

X X X X

gspl
gspl

0.45
0.33
0.33
0.28
0.5

0.23
0.22
0.35

0.61
nd

0.02
0.03
0.05
0.03
0.02
0.02
0
0.04
0
0.18
0.07
0.1
0.08
0.06

0.08

0.11
0.1
nd

0.09
0.28
0
0.27
0.36
0.49
0.42
0.07
0.08
0.05
0.35
0.04
0

1
nd
nd

contFreq

0.50
0.50
0.35
0.49
1.00
0.57
0.48
0.60

1.00
nd

0.29
0.26
0.21
0.17
0.19
0.05
0.02
0.03
0.11
0.56
0.44
0.28
0.23
0.45

0.22

0.23

0.10
nd

0.40
0.95
0.04
1.00
1.00
1.00
0.95
0.07
0.01
0.05
0.42
0.09
0.00

1.00
nd
nd
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Fig 3.7 Overview of all yeast Y2H PPIs with the calculated GAP scores and the assigned contact frequencie$0

Y2H PPk resulted in a CAP score and a contact frequency ranging frof) @lso shown are theverlapping PPIs that

were found in the other three data sets of Amlacher et al., 2011, Leducq et al., 2012 and the golden standard set comprising
co-crystal datalhe nups are colored according to their subcomplex membership: gremmplex, grey: nsptomplex,

blue: nic96complex, pink: lonker nups, yellow: transmembrane nups, brown: miscellenaous nups including nuclear basket
and cytoplasmic fibrils

As such higher G&\P scores are given to protein pairs involving proteins that are found rarely (i.e., in
fewer complexes) and in more stringent preparations (i.e., in complexes with fewer prns).
calculated the complex scores for each protein pair of theFCdata set, then assigned the score to all
protein pairs of our Y2H data set, ranging froml (see Fig 3.7)There is only one Y2H PPI that
resulted in a GAP score of 1, namely the PPI nup42/glel indicating@murrence as heterodimer in
every complex. In contrast the protein pairs ndcl/glel, nup85/nupl00, nup49/nupl45N and
ndc1l/nupl45C revealeal cGAP score of zero indicating that all proteins never occur in the same
composite. The cAP scores ranges fromDwith an average eAP score of the whole data set of
0.19. To assess the quality of the calculated and assigrédP Goores a basic $istical analysis was
performed based on random networks. In general random networks were used to empirically confirm
the nonrandom character of a PPI network and therefore also for the PPIs. To create a random network
the Y2H network was randomized wheyethe degrees of the nodes (number of interactions per
protein) as well as the size of the network (number of nodes) were maintained.

To ensura significantanalysis we createtD00 random networks. The-AP scores were assigned to

the PPIs of the randonetworks and the distribution obeAP scores across all 1000 random networks
defined.The CeAP scores of the random networks were depicted as a distribution with an average
Co-AP score of 0.09 (Fig 3.8). The distribution revealed a standard deviafiodl&.
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Fig 3.8 CoAP scores of real networks and of 1000 random networks of all three data seS8hown are the
distributions of the average @& scores of 1000 random networks of the different data sets represented by the bars (Y2H:
pink, Amlacher:green and Leducq: blue). The @®® scores of the Y2H network are represented by the line. T§wi&s

are depicted in each histogram and indicate the significance of the data sets to the mean of the groups of randomanetworks vi
the distance. The highdrda Zscore the higher the difference of the according data set to the random networks. The Y2H data
are the most different data compared to random networks indicated-byaeZof 6.6.
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The random network scores approximated a normal distribution; ehere® could use ascore to

test whether our score was significantly distinct or approximated random netwAik soores. The
Z-score is a statistical measurement of the relationship of a value to the mean of a distribution, taking
into account the vaaince of the data. Here it is calculated using the distance of the ¥2R soores

to the mean of the distribution, as a function of the variance of that distriblatslrawsthe distance

of a valuein form of standard deviationdf a given mean andtandard deviation of a normal
distribution determine the range of values that encompass 95% of the probab#iity dee zscore
reaches 1.960 (Woolf et al., 2004)e proposethat a zscore above 1.960 indicate significant
difference to the normal difbution of the ceAP scores of the random networkehe analysis
revealed hat the Zscore of the average®-@P score of theandom networks compared to theAP

score of the Y2H network is quite high at 6.6 indicating a significant difference betweeealties.

Taken together this difference imighat the calculation of theo-®&P scores is meaningful and
represents an opportunity to assess the quality of the Y2H PPI network with regards to a typical
statistical analysis, namely to show that the Y&tnork has nonrandom character. We performed the
same analysis with the other two binary data sets of Amlacher et al, 2011 and Leducq et al., 2012 to
compare the quality of the data sets. Therefore distributions of thPCacores of the random
networks vere created and compared to the ABb scores of the real PPI dasets. The randomly
generated @AP scores range from 0.@20 for the Amlacher data set and 60084 for the Leducq

data set. The real data sets achieved averag&PCGszores of 0.19 fohe Amlacher data set and 0.14

for the Leducq data set. Therefore the averagd\Eacore of the Leducq data set is lower than the
average CAAP scores for our Y2H data set (0.19) indicating that the protein pairs of the Leducq data
set achieved loweco-AP scores. To determine the nonrandom character of both data sets 1000
random networks were created for each the Amlacher and the Leducq data set. Also here normal
distributions were obtained with average scores of 0.13 for the Amlacher data set and th&2 for
Leducq data set. Thescores were calculated for both cases and resunltgé@ for the Amlacher data

set and 2.7or the Leducq data set. Thesscores indicate sigfidant differences between the-&P

scores of the random netvks and the reaheworks. Taken together the analysis showed that the
Y2H data set necaled protein pairs with higho@AP scores indicating eoccurrences in many
composites leading to a higher probability of interaction. Further it shows that the Y2H PPIs are
certainly disinguishable from random PPIs indicated by the nonrandom character of the whole Y2H

data set.
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3.1.4.3 Comparison of the yeast Y2H data set to the integrative data set of Alber et
al., 2007

Alber et al.,analyzed the architecture of macromolecular assemblies through performing several
experimental procedures and combining them to an integrative analysis. Because of the usage of
different methods and the resulting large data set we compared our yeasatdZétdo the final data

set of Alber et al. This comprises information about the proximities of any two proteins in the structure

in form of &écontact frequenciesd. These O6contact
have contact with eacbther in the whole NPC ensemble. The data set compr8egprétein pairs

which revealed a@ntact frequencies ranging frof-1 . Al ber et al ., hypot he
frequencies reflect the likelihood that a protein interaction is formed given theotasidered and are
calculated from the ens @&halplotein paifs that pelvdaledi azoerdact s t r u «
frequency of one should represent a binary PPI. The data set was divided into three ranges by the
authors. Most of the protein pairs fall into the low range of contact frequencies #b#5.0The

medium range frond.25-0.65 contains 79 protein pairBhe highest range from 0.45includes only

32 protein pairs whereas 13 protein pairs resulted in a contact frequency of 1. Of the 13 protein pairs

with a contact frequency of one we found six protein pairs in our Yatd det (nup8Séhl
nup84/nupl45C, nup57/nupd9, nspl/nup8pinup57 andylel/nup42)resulting in coverage of
approximately 47%. This indicates that the binary data sets are able to recapitulate protein pairs with a
contact frequency of one.

a) b)

300 protein pairs of Alber et al. Y2H literature
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number of interactions
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Fig 3.9 Distribution of the contact frequencies of the Alber data protein pairsithe Y2H PPIs and the
crystallized PPIs Shown ina)is the distribution of the contact frequencies of the protein pairs of the Alber dad#oset.
contact frequencies of the Albprotein pairsverefoundin the low range followed by the medium and lastly the high range
Shown inb) are the distributions of the contact frequencieshef Y2H protein pairs and theoecrystal protein pairs The
contact frequencies of the Y2H protgiairsaremostly found in the low range followed by the medium and the high range.
In contrastarethe contact frequencies of the-crystal protein pairdocated in the high rangas expectedNo co-crystal
protein pair was found in the low range.

To determine the quality of the wholeeastY2H data set we then made a systematic comparison
between our Y2H data and the contact frequency dé@.contact frequency data set is based on a
comprehensive and integrative experimental set up with extensilsgieal and interpretational parts
Similarities between both data sets would indicate also high quality for our data set. Therefore we
determined if both data sets share similarities in contact frequency distribution. To address this we

split our proteirpairs with the assigned contact frequencies into the three ranges given by the authors:
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high (1-0.65), medium (0.69.25) and low (0.2®). Next we determined the fractions of Y2H protein

pairs in each of the three ranges and analyzed similarities. Stnéution of the Y2H protein pairs in

each range showed that most of the protein pairs are in the low range (17 PPIs) followed by the
medium range (15 PPIs) and the low range (8 PPIs).Y2H data set includes binary PPI datée

would expect most of th# 2 H PPl s i n the high range because
Howevermost of the Y2H PPIs were found in the low range and only a few PPIs in the high range.
Contact frequencies reflect only the probability that a protein interaction is fdinged idef i ni ng
often the two proteins contTausitis motexcludedthahmotein i n
pairs with a lower contact frequency form interactions. In addition the probability that there are 17 of
324 protein pairs in the lowange that form PPIs is conceivable. Therefore to apply an adequate
comparison the total number of Alber protein pairs for each range has to be included in the analysis.
The fraction of Y2H protein pairs could be determined in each range leading to anaRrparison of

the proportions of protein pairs in each range. When considering the fractions of protein pairs, the high
range includes relatively many protein pairs indicated by a fraction of 0.27 in contrast to the low range
containing only a fractionfo0.05. The medium range included a fraction of 0.2. In summary, the
analysis shows the overall distributions of fractions in each range are similar in both data sets.
Furthermore, the Y2H data set revealed a relatively large fraction of high conta@nftispu This

shows that the Y2H data set revealed protein pairs that achieved high contact frequencies in the Alber
data set. In summary both outcomes indicate that our Y2H data set is comparable to the contact
frequency data set of Alber et al. after nalization and it is able to obtain protein pairs with high
contact frequencies.
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Fig 3.10 Fractions of contact frequencies of the protein pairs of Alber, of the Y2H screen and of the -Co
Crystal protein pairs. Shown is the ormalization of the number of Y2H interactions andd@gstal interactions with
regards to number of protein pairs of Alber in the according ranges. The highest fraction of Y2H protein pairs was found in
the high range followed by the medium and the lomgea(purple bars). Same applies for the protein pairs of toeystal

data set (dark red points).
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A contact frequency of one indicates a very high probability of a binary interaédl previously
crystallized PPIs should theoretically achieve haghtact frequencies. Indeed two of the protein pairs
mentioned above that belong to thecdmplex reached contact frequencies of 1 and were previously
crystallized (nup8%kehl and nup84/nupl45C). In addition two other-cdmplex PPIs were
crystallized befag, namely nupl45C/Secl3 and nupl33/nupl07 whereas nuplQ07 is the human
homolog to the yeast nup84 and resulted in contact frequencies of only 0.57 for nup84/nup133 and
0.50 for nup145C/Secl8ur Y2H data set includes crystal data and therefore this cosopaniould

show the quality of our data s&¥e assigned the contact frequencies to the protein pairs of the crystal
data set and split them into the three rangjesre was no protein pair in the low range but five in the
medium range followed by six prate pairs in the high range (Fig 8. This shows that the
distribution of protein pairs in the crystal data set in all three ranges is different to the distribution of
protein pairs in the Alber data sétfurther shows that the data set of Alber is reflecting real protein
contacts by means of high contact frequencies. Also by involving the total number of protein pairs of
the Alber data set this trend is observablausthe high range contains the highest frattid protein
pairs with 0.145 followed by the medi umromange w
crystal data are observable in the Alber data set by high contact frequencies.

Taken together a direct comparison between the contact frequehdies protein pairs of our Y2H

and the Al ber data set seems to be difficult be:q
i nt er aWetobserved ageneral trend between both data sets by normalization to the total number
of all proteinpairs in each range. This was also observed by comparing the contact frequencies of the
protein pairs of the corystal data set to the contact frequencies of the Alber protein pairs. This shows
that there are similarities in all three data sets indicékiagall three are comparable to each other. In
summary the comparison of the Y2H data and the Alber data is mostly meaningful by protein pairs
with a contact frequency of on&/e could recapitulate 47% of protein pairs with a contact frequency

of 1 indicating that both data sets revealed high quality data.

3.1.4.4 Validation of the yeast data set summary

As figured out above, the yeast data show agreementiwébotherbinarydata setsa cGAP data set
and a data set comprising contéretquencies. Thistarts with the overlap analysis resulting in an
overlap up tol00 % to the binary co-crystaldata set. Next, the comparison with the comprehensive
co-AP data set resulted in appropriate avereg@P score of the Y2H PPIs that was confirmed by a
statistical validation using random networkeid showed that the calculated-AB scores are
significantly different to those from 1000 random networkimally a comparison to an integrative
data set resulteth similar fractions of protein pairs with the same range afontact frequencies.

Taken together the different validation approaches revealed high confident yeashdatame Y2H
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setup was used to determine human PPIs suggestsimilar quality alg for the human network.

Nevertheless, single human and yeast PPIs were experimentally validated (see section 3.3.1.).

3.2 Characterization of PPIs within and between NPC

subcomplexes

3.2.1 The Y2H interaction mapsof the yeast and humanNPC

Basic parts of the NPC structure and the localization of the yeast and hupsaare well described,
likewise their membership to the discrete subcompléResit et al., 2000; Cronshaw et al., 2002)
Nups are largely conserved between human and yeast isramssumed that the human NPC is similar

to the yeast NPC in its structural arrangement as well as in its overall shape (Beck et al., 2004). In
addition to the Y2H data set obtained with the 66 yeast constructs of 39 yeast nups also the human
NPC compoents were investigated for protein interactions using full length construct. At all 72
human constructs of 24 humanps were screened against each other. With the obtained data of the
yeast and the human screen two networks were designed that are depidted each othreto
underline the homology ofups, PPIs and thgossible homolog functions olups. Thehuman Y2H
network consists of 18Pls betweenSL.nups and the yeast data set comprise®fRBIs between 26

nups (Fig 3.1).

o

NGPYs

sgcys—tEH]

WuPd7 Nupds

B ® @ o @\

Y-complex linker nups D include B-domain or B-propeller e Y2H PPI
. nspl/ NUP62-complex transmembrane nups 0 mostly a-helical (stacked or coiled-coil) == Y2HPPI+crystallizedyeast PPI
s Y2H PP + crystallized PP not found in yeast

nic96 / NUP93-complex basket / misc / accessory nups
/ / v nup O mostly unstructured s Y2H PPP + cross species PPl (yeast/human)

Fig 3.11Entire PPI networks of yeast andhuman NPC. The PPI network of yeast NRé@@mprises 44 PPIs between
26 rups, the humn NPC network 15 PPI between dips All subcomplexes are indicated by blue shaded areas and colored
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nodes (the Ycomplex h green, the in96_NUP93complex in blue, the twospl_NUP62complexes in lighand dark grey

and the linker ops in pnk). The shapgof t he nodes decl are roughl y-pogeler struct u
containingproteinsdiamond and circles: alpH#elical domain containing proteinghe links are colored as well: blué2H

PPIs, red links: PPIs found in either the screens and are also previously deassrdsedystals darker red lines: found in

either the screens ard cocrystalsin other organisms nan yeast or human, green links: PPIs found in either the screens

and as cross species PPI between human and ye#st yeast network all subcomplexa@gconnected whereas the human

interaction map is much sparser.

The network view includes all previously described subcomplexes indicated in the figure as blue
shades. The nodes are colored according to their membership to the discrete subcomplexes; e.g. the Y
complex in green, the nic96_NUR88mplex in blue, the twaspl NUP6zZomplexes in light and

dark grey and the linker nups in pink. The links are colored as well. Blue links indicate PPIs found in
the yeast or the human screen; red links declare PPIs found in either the screens and are also
previously described atomic resolution in carystal structures in literature (see Big, appendix)
whereas the lighter red lines indicate previously described PPIs in other organisms not in yeast or

human.

The screen recapitulated nine previously described PPls in teenetavork and two in the human
network. The faction of recapitulated PPIs (BPIs in yeast and humanhderlinesthe high quality

of the Y2H data setdduman and yeast constructs wetsoascreened against each other Bfls
found in the cross speciassreenare indicated as green lineshel Y2H screen could identify four
cross species PPlIs that ateo discussed in section 3.3T8e thickness of the links is reasoned by the
internal Y2H score that was introduced to judge a PPI with regards to thenamibgrowing spots of
one construct pair. It ranges from one to thiide Y2H screen revealed PPls between all previously
described subcomplexes in the human and yeast netwins to the membrane in both networks
could be showne.g. nup145C#icl inyeast and NUP54/POM121 and SEC13/POM121 in human.
Additionally the networks depict the connection to the basket and the cytoplasmic fibrils. Both
networks are fully connected, except for the NUP93/NUP35 PPI in huidhsubcomplexes are
linked within thenselves as well as theyeconnecéd witheach other. Nevertheless more PPIs within
the subcomplexes were found than between themleast for the Yomplex. Given the high
symmetry of the NPC hondimers may be expected but only two dimers in each nktwere found

e.g. nupl4a5N/pl45N ad nupl20/mpl20 in yeast and NUP54/NUP54 and SEC13/SEC13 in
human. This suggestaostly heterogeneous connections betweemayfs. In contrast to the dense
Y2H data set of the yeast NPC the human PPI network is spatser It contains 16 PPIs between
15 nups. However three well studied interactions were corroborated which were picked up in the
human and the yeast screérst, the Y complex interaction beeen NUP133/NUP107 (human) and
nupl33hup84 (yeast) were tmd (Belgareh et al., 2001; Boehmer et al., 20&9cond,the
NUP54NUP62 interaction in the NUP&mplex was observed (Solmaz et al., 2011) and the
homologous intexction with the yeast proteins nup57 amgph(Grandi et al., 1995 Third, the
interacton betweenNUP93 andNUP35 found with the human protein corresponds to rife®6

asm4/nup3 interactions (Fahrenkrog, et al., 2000). This suggests that reliable data are obtained in the
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human screen as wefeveralinteractions are found that complememe tyeast network because the
homologous interactions were not detected with the yeast proteins and because the interactions involve
human specific proteins such as thedmplex proteindNUP37 andNUP43.

3.2.2 Analysis of the Y2H PPIs within and between subcomplexes of the
yeast NPC

As previously described the NPC consists of several subcomptegeécomplex, the nsptomplex,
the nic96complex and the linker nups. Usirtge Y2H datawe were able to obtaispecific PPI

informaton about connections within and between them.

The nic96complex is one of the major subcomplexes of the NPC and constructs the inner scaffold
ring (Kosova et al., 1999; Alber et al., 200IT)is an evolutionarily conserved subunit containing four
architectural nucleoporingtic96, nupl57/170,nupl88, andnupl92. In additionthe more disordered
proteinsnups3 andnupb9 belong to the nic9%8omplex(Zabel ¢ al., 1996; Grandi et al., 1995 here

are different architectureoptions dscussedIt was suggested that nic96, nupl88, nupl70/nupl57,
nupl92,asm4and nup53 are organized in absomplex (Andersen et al., 2013But it was also
suggested that nic96, nup192 and nup188 are not connected directly to each other. NMuwepoeap
around Amlacher provided insight into the interactions of the large structural proteins nup192, nup188
and nupl70/nupl57 with nic96 amdip53 (Amlacher et al., 2011). Their studies sugglest a
complex consisting of nup192, nup188 and nic96 is not posdibke binding of one helix motif of

nic96 to nup192 and nupl88 is mutually exclusive (Amlacher et al., 2044y. are linked byhort

linear motifs provided by linker nups (Amlacher et al., 20Ii)contrast previous studies suggested
interactions between nic96, nup188 and nupd@2a direct link could not been showAndersen et

al., 208, Theerthagiri et al., 2030Thusthey suppose two separate modules.

\ Nup120 - Nup192
Nup145C- Nup192
nupi70
Nsp1l - complex
4 Nspl-—Asm4
Nup57 — Nic96
Aiqg Nup49 - Asm4

Nupl16 — Nupl70
Nupll6 - Nupl92
Nupl16 - Nupl88
Nup100 - Nup192

/ Nup100 - Nup188

Fig 3.12a The PPI network of the yeast nic96complex. Shown are the direct binary protginotein interactions
revealed by our extensive Y2H screen. The screen resulted in seven PPIs between six members ofctiraphc96rhe
shapes of the nodes atependent on the domain composition of each protein whéehe thickness of the lines indicates the
internal count (see Fig text 3.1The nic96complex shows direct connections to all other subcomplexes of the NPC-(the Y
complex, theasptcomplex and the linker nups).

Nic96 - subcomplex

LSI‘I‘I 4

65


http://elifesciences.org/content/2/e00745#ref-65

Our Y2H screen clearly resulted in PPkstweennic96, nupl88 andnupl92. This suggestanother
binding site anic96that enables the binding twpl92 andnupl88 simultaneously. In summary the
Y2H screen revealed aic96subcomplex consisting of all suggested nupsc9g nupl88,
nupl70hupl57, nupl92, asm4and nupb3) by connecting all of them with binary PPIKic96 is an
essential, conserved nucleoporin that is knowretwuit thensptnupd9-nupb7 complex, a module

with PheGly (FG) repeats, to the central transport channel of the NP&h{Get al., 1993; Grandi et

al., 19%; Bailer et al., 2001; Schrader et al., 2008)e found thatnic96 interacts withnupb7, a
member of this hetersimeric complex which is one of two subunits of the whogpEcomplex.

Thus we could confirm previous datdNups3 and asm4 Qupb9) are both F@epeat domain
nucleoporins and similar in structural organization (Fahrenkrog et al., 2000). They share two of at all
six interaction partners, i.aic96andnupl92. The two largest memiseof thenic96-complexnupl88
andnupl92 contain high structural domain similarities (Flemming et al., 2012; Andersen et al., 2013)
and it is assumed thdtey are most likely paralogs that originate from an early gene duplication event
(Mans et al., 2004 Neverthelesshey have evolved different functions in the NfMans et al., 2004,
Andersen et al., 2@&). Depletion ofnupl88 resulted in an increase of the size limit for molecules
transported through the NPC whereas depletion of NUP205 (homologpb®2 in vertebrates) did

not show any changes fransportimiting (Theerthagiri et al., 2010Nup192 andhupl88 seem not to
share interactors except ofipl16. Nupl88 interacts additionally withupl00. Nupl88 andnupl92
connecthenic96-complex to thdinker nups. In additionnupl92 couple th@ic96-complex to another
scaffold subbomplex, namely the Xomplex vianupl45C andnupl20. Thus nupl92 connects both
structural major subcomplexes of the NR@Gereas nupl88 is part of the connection of the Ric96
complex to the linker familyTaken together the PPIs of the96-complex members suggest that this
complex seem to act like a scaffold module (Schrader et al., 2008). Namely it looks like the different
parts of thenic96-complex are responsible for spéci€onnection with several other NPC modules,
e.g. one part (includingsm4 nupb3, nic96) are connected to thesplcomplex and the structurally
similar proteinswupl92,nupl70 anchupl88are linked tahe Y-complex.

The NPC included two hetetdmeric subunits, bth containing the nucleoporirspl.Both subunits

were classified assplcomplex but they have different localizations and tg§lehrenkrog et al.,
1998). The innermost layer of the centralwchel of the NPC comprises thepinupd9-nups7
complexi the innernsptcomplex (Belgareh et al., 1998). All three components containep€ats

which fill the inner channel and are involved in the active transport of molecules (Grandi et al., 1993;
Grandi et al., 1995). In ctrast the other subunit diie rspl-complex is localized at the cytoplaic

fibrils and comprises thesplnupl59nupB2 complex thus often also referred to nup82 complex
(Fahrenkrog et al., 1998; Yoshida et al., 2011). Apart finoipB2 all other complex members are £G

nups (Grandi et al., 1995). The function of thisptsubunit is suggested to be required for assembly

of nucleoporin subcomplexes (Bailer et al., 2001)
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Nup57 — Nic96
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Fig 3.12bThe PPI network of the nspl-complexof the yeast NPCThe innemspXtcomplex is indicated by lighter
grey whereas the outesptcomplex is colored in darkerey The Y2H screen revealed five PPIs between five members
(nspl nupB2, nupp7, nupl59 and nupd9) of both subunitsAlmost all complex members (exceptpl59) showed
connections to other subcomplexes, e.g. tredplex, thenic96-complex and the linkamups.

Although different localizations were suggestidy members of both subunits showed an interaction
nup49/nup8xuggesting eithea direct associatioof both nspisubunitsor the occurrence of nup82
or nup49 in both subunit§he innernspksubunit is known to be recruited by th&96-complex
(Bailer et al., 2001).We found several interactions of the innaspksubunit members with
components of thaic96-complex; e.g.nsplasm4 nupd9/asm4 and nupb7hic96. Thus the inner
channel of the NPC is associated with thie96-complex. The outernspXsubunit showed PPk
betweentwo members nupl59 andnupB2 an inner subunit connectiaimat was alreadyeported
before(Belgareh et al., 1998Nup82, specifically the Nerminal part, showed most of &PIs in the
network. Itsuggests theonnecion of the outernsptsubunit with the inner subunit and and imply
connectionsto members of thenic96-complex,the Y-complex and both linkenups. Therefore it
seems that the outerspltsubunit might act as an adaptor linkingseveral other subcomplexds.
summary thensptcomplexis suggested téulfill two different tasks:first, it builds the inner channel

of the NPC andecondlit acts like a scaffold which connects almost all subcomplexes with each other.
Nevertheless both subunits are associated nup49/nup2 and might form an nsptcomplex

comprising both subunits

The linker nups fill the inner cannel and are known to bind transport factors with theirep&ats

(Wente et al., 1992}t was shown thathieyareinvolved in the active transport of proteins through the

NPC (Wente et al., 1993; lovine et al., 1995). Additionadl their export task they are assumed to

link distinct subcomplexes (Wimmer et al., 1992; Bailer et al., 20089.linkernupl00 andnupl16

showed connections between all scaffold given subcomplexes whereby they partly share the same
interactors, e.gnup82 (outer nsptomplex), nup85 (¥omplex), nupl88 (nic96omplex). This is

not unlikely as they contain high domain similarities and are assumed to be evolutionarily related by
gene duplication (Wente et al.,, 199Both linker nups seem toconnect theY-complex with the

nic96-complex. While both linkernups are suggested toird to nupl88 and nup5, nupl00
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additionally bindnupB4. In contrashupl16 shows connections tim nupl92 andnupl70. Thusthey
mightlink the nic96-complex and the 3omplex withthe outer rsplcomplex bynup82.

Linker

nup170

Nupl16 - Nup85

nup192 Nupl00 - Nup84
é»—C;-tsN / Nic96 - complex
. Nup116 — Nup170

nup188
nup116 “ Nup116 - Nup192
Nupll16— Nupl83

Nup100 - Nup192
et P 100 Nup100 - Nup188
) g Nupl45N - Nup49
Nspl - complex
Nupll6 — Nup82

nup8s o Nup100 - Nup82

Fig 3.12c TheY2H interaction map of the yeast NPClinker family. The yeast linker family comprises three
members and imdicated by pink colored nodeAt all there were 11 PPI detecteddivectly interact with at least two
members of three different subcomplexes, namely teenvplex, the nicd®&omplex and both nspdomplexes.

It was siggestedhat nupl16 associates with theuB2-nsptnupl59-complex (Bailer et al., 2000).
Additionally Yoshida et al., 2011 observed the binding ofrthgB2 b-propeller to other yeastupl16
family membersnupl45Nand nupl00A binary interaction betweemupl16 andhupl00 withnupB2
could be recapitulate®Ve were able to confirm theuggestedink-function ofnupl16 andnuplOO0 to

all NPC subcomplexesAnother member of the linker family isupl45N It is derived by proteo
catalytic cleavage of the precursor proteinpl45 (Teixeira et al., 1999nd1999).The Gterminus (aa
606-1317) is part of the Xomplex whereasupl45N (aa 1605) is part of the linker family and share
structural similarity tonupl16 andnuplO0 (Ratner et al., 2007). Lutzmann et al., 2005 reconstituted
nupl45N into the Ycomplex which vas not confirmedby our Y2H screenNupl45N seems tshow

two PPIs in the screen. Firstseems tdouild a dimer and is therefore one of twops (hupl20 and
nupl45N) that showed dimerization in the screen. Second it is interacting with thexémieonplex
membernup49, a FGnup that is part of the inner channel of the NR&e suggest connection
between the linker family and the inner channel of the NPC. Taken together the results of the Y2H
screen support theuggestedunction of the linkemups thd is to connect all subcomplexes of the

NPC.The linkernups themselves showed no connectiomeach othein our Y2H screen

The subset of transmembrane domain containupg comprises threeups in the yeast NPC (Rout et

al., 2000) PPIsbetweenmembranenups and scaffold nups might emerge insight into the anchoring
Interactions of transmembrane nups were detantedr Y2H screenNdclseems to binary interact

with nupl45C, a member of the-Yomplex.t seems t hat the NBP® iod darhceh o
compl ex to the memb-ianplex.isthe Beemindl tanmeétionof the threeY Y

complex proteinsiupl45C,nup85 andnupl20 that build the hinge of the-dbmplex (Thierbach et al.,
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2013).Ndclseensto interact with members ohé nuclear basket, in fasfth glel that is localized at

the nucleoplasmic side of the NBGggestinghe connection between the NPC and the basket occurs
via the membraneWe found glel interacting withnup42 that is known to be localized at the
cytoplasmic fibrils anchup2 (Dingwall et al., 1995) that is localized at the nuclear basket. Taken
together the NPC imight befixed to the membrane via the-¥omplex. Furthermore the association
of the fibrils andhe basket are reflected in the Y2H network.

The largeseind major structural given subcompliexthe Y-complex. The Ycomplex includesix or
seven membersngpl33, nupB5, nupB4, nupl20, nupl45C, secl3 andeh) and has a molecular
weight of approximatel 450kDa (Siniossoglou et al., 2000)he stable membership ofsehl
throughout organismis discussedSehl could be identified in human and some yeast organisms such
assaccharomyces cerevisaad schizzeaccharomyces pomboweverit could not be found in all
ascomycetesat least it could not be detected (Neumann et al., 2010).

Y - subcomplex

Nic96 - complex
Nup120 - Nup192

@ Nup145C - Nup192
/
Nup116 - Nup85
“ Nup100 - Nup84
TTT— ! Nspl - complex
Nup133 — Nup82
\ / Nup145C— Nup82

Nup85 — Nup82

Fig 3.12d The PPI interaction map of the yeast Y-complex The Y-complex comprises seven members and the
screen revealed 10 PPIs between thenadulition the screen revealed direct connections to all other NPC subunits such as
the nic96complex, the nsptomplex and the linker family.

The Y-complexseems to bdighly interlinked.All members of the ¥tomplex showed at least one
interaction with anther membetin our Y2H screenThree of the seven yeast PPIs were already
described by previously reported crystallization experiméntsyeast namely nupl45Ckecl3
nupl45Chupm4 andnupB5/sehl whereas NUP107/NUBB (interolog to nup84/nupl33yas foundn
human (see Fi§.2; appendix) Other threeintra-molecular associatiacould alsobe resumed with
the Y2H screennupl45C/nupl20nupl45C/nup8sand nupl20/nup85Beside the six previously
shown interactions we received data for three novel PPIs; nup120/nup120, nup85/nupl33 and
nup84/nupl120. These PPIs are unlikely to have intramolecular character given the localization of the
according nups. Actually they seemite intermolecular which may give rise to the link between two
Y-complexes. Tie Y2H screen revealed muections to other subcomplexasch as the lirkkbetween
the Y-complex andic96-complex vianupl20hupl92 andnupl45Chupl92. Two links between the
strudural subunit of theasptcomplex and the omplexcould be suggesteda nupl33hupB2 and
nupB5hupB2. It seems that the connection to both other subcomplexes occur via seeerapléx
members but onlyo onensptcomplex and onaic96-complex membemBeside attachments between
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structural subcomplexes the netwadems taeveal connections of the-domplex to the linkenups
nupl00 anchupl16.Nup85 is interacting with both linkerups whereasiupB4 is only interacting with
nupl16. Taken together theesults showed the role of thecémplex as a structural componeimat

seems to bassociated to all structural subcomplexes building the scaffold of the NPC as well as the
connection to the linker.

In summary the Y2H screen revealed connections withisuacomplexes as well as between them.
Some of already in literature sleribed PPls could be confirmadd all of the ¥complex connections
obtained by crystallization could be recapitulated. Additionally the Y2H screen revealed
findings such as #hbridging the twansptcomplexes by members of thee96-complex @ the link to
the membrane viadtlhupl45C.

3.2.3 Analysis of the cross species PPIs in the Y2H data set

As described above the NPC might be largely conserved between human and yeast (Beck et al., 2004).
We screened human and yeasts against each other to detect possible cross species PPls that could
give insight into the conservation of PPIs or at lggise information about the functionality of
homolog proteins in the yeast and the human NPC. The entire screen re@ealess2species PPIs

(Fig 6.5 appendix) Howeverin the analysis only these cross species PPIs were included for that
additionally yeat or a human PPI could be found.

In the network view(Fig 3.1 cross species PPIs are indicated as glinen. We could recapitulate
the crystallizedcross specieBPI between the humanup SEC13 and the yeastupl45C (Nagy et al.,
2009) of which the seen also revealed the yeast PPl betwseril3and nupl45C. For another
previously described PPl between NUP58 and NUP54aitus norvegicusa cross species PPI
between the yeastupd9 (homolog of NUP58) and the human NUP54 was detedted. screen

resuled in a cross species PPI between the human NUP133 and theupsasthat could lead to the
assumption of an intenolecular Y:complex link. This PPl was also observed with the y@at

nupB5hupl 33.

Notably the screen resulted inr@ad out in whichthe interaction patterns on agar plates of the bait

constructs hNUP133mhwpl20 and hNUP107hupB5 looked very similar (Fig 33). This suggests

different homolog relationships between human and y&asbmplex members as suggested

(D6 Angel o eThis ia hot unlikely@®®tBe)domain architecture of all nucleoporins is similar

and contains only different kinds of &l h e kprogeles and FSepeat domains (Rout et al.,

2000) especially ithin subcomplexes which impeds exact structural analgs To investigate this

hypothesis knoclout strains were transformedth different human and yeast nup construeigman

proteins may rescue temperature sensitive phenotypes in so called complementation experiments
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(Osborne et al., 2007 general, knok out strains of the BY4741/BY4742 yeast library were used
(Tong et al., 2001)A U2 (p8 &nock out straincould becreatel with a nourseothricin cassette by
decreasing the growth temperature from 30°C to 24°C and prolongation of the growth time up to 12
days. The control of the knock out occurred with sequencing and with the rescue of the according
yeastnup(Fig 3.13.).

Specific interaction patterns of selective bait constructs

hNUP133 ynup120

hNUP107 ynup85(533-744end)

"HAULW / day 5 / 30°C HAULW/ day 5 / 30°C
‘hNUP133=yNup120? | IhNUP107=yNup85? |
BY4741 A120 - pGAD416 U2 A85 - pGAD416

-U/HALW -7 days - 37°C -U/HALW - 10 days —24°C

yNup120 hNUP107 hNUP133 yNup84 yNup85 hNUP133

Yeast knock-out strains with overexpressed yeastand human nup constructs

Fig 3.13 Experimental set up to investigate the same Y2H interaction patterns of yeast and human

nucleoporins Shown are thenteraction patterns ofnupl20 and nupl33 that are shared with hNUP133 and hNUP107
and he resulting homologypothesis. Blow: two agar plates are shown of knock out strains transformed with the according
yeast and human nups

After creating the knock out strains, they were transformed with all structupal of the yeast ¥
complex, namelynupl20, nupl45C, nupB4, numB5 and nupl33. Additionally the strains were
transformed with different constructs of the humarcomplex memberdNUP133, NUP107 and
NUP160.The results shoadthat the yeastupl20 can be rescued by itself but by no other yeast nup.
To support the initial finding of the similar interaction patternsw@fl20 and NUP133 it would be
expected that NUP133 would resche hupl20 knock out. This is not the case. Insteadniingl 20
knock out is rescued by the human NUP107 which is suggested to be the homolog to thepgdast

( D6 Angel 08).&tcaseadinups the itial hypothesis could also not be substantidteds

the nupB5 knock out could be rescued with the yeagt85 and with the human NUP133 whereas
NUP107 was expected from the interaction pattern. The results obtained with delta 85 are not
conclusve. Howeverthe results of rescuing the detliapl20 knockout strain are in agreement with
the | iteratur e 8)(amdefute g hypothesiBhe eesults,underlin® the complexity

of thenupfunction in contrast to their architecture inding the importance of PPI analysis.
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3.2.4 High resolution Network of the yeast Y-complex and inter complex

connections

The Y2H screen of the yeast NPC did not only include full length proteins, it also contains fragments
of all nups according to theistructural domain organization. This allows deeper insights into the
structural organization of the NPC, a high resolution view. The most structural given subcomplex of
the NPC is the ¥omplex. With the PPI fragment data we coulghmort previously desdred co

crystal dataas well as we could define novel connections between eitoemplexes or between-Y
complexes and other subcomplexes of the NPC. TFhenyplexof s.cerincludesat least sixnembers
(nupl33, nuB5, nupB4, nupl20, nupl45C andseclld. The membership of sehl is still discussed
(Neumann et al.,, 2010)With the obtained Y2H data we generated a network comprising 15
interacting fragments resulting in Beractiors (Fig3.14).

nup11{6(736-end)
nup100(560-end) nup192(1-1680)
nupﬁo(woona)
nup.m nlup85(101.543)
\ seht
nupBs(1 -7‘*006)

'nup85(533-1‘40 nd)

seci3fi { y
’ nNUPT45C(606-1317)

nup133(881-1157end)

nupf45C(735-1317)
nup84(1-726end) —
fupt4sc 783-1160),

nup145C(1140-1317)

nup145C(783:1317)

liup‘l?D

() nup120(822-1037nd
ndc1(250-655) P (s /)

nupi20(1757)

Fig 3.14 the high resolution interaction map of the Y-complex Shown areconnectionsvithin the Y-complex and
to other subcomplexe&reen nodes = Xomplex; pink = linker; blue = nic96 complex; grey spttcompkx; yellow =
transmembran@aups. The interaction map comprises 21 fragments, 15 constructs belong Yectraplex. All previous
crystallization data could be confirmed with our Y2H screen even on a fragmeniskeseéxt for details)n addition he Y-

complexshowsconnectios to the nicdécomplex member nup192 via nupl4%abdth full length) The nspiconplex is

attached via the Nerminal part of nup82 (aa-452) to the Ycomplex members nup133 (aa 8Bll75end), op85 and the
6 h unopdnupl45C T her e i sconmettisnoto tike mérhbrabedvidal (aa 250655) /nupl45C (aa735317end)

The linkernups are connected as wellhe linker nups seems to be attached via thierhinal part of nup85 (aal€s43)

The Y2H screen revealed connections to other subcomplexes. We could detect two links between the
Y-complex and thenic96-complex via nupl20(f.l.)/hupl92(f.l.) and nupld5C (f.1.)hupl92(f.l.).
Furthermore a link between the structural subunit ohgpEtcomplex was shown viaupl33 and the
N-terminal ofnupB2 (aa 1452) whereas the-@rminal part ohupB2 (aa 452713end) is linked to the
nsptconplexesand the linker (Fig 34). Beside attachments between structural subcomplexes the
network revealed novel and specific connections of Hu®Mplex to the linkenups 100 andupl16.
The Nterminal part ohup5 (aa 104543) is interacting with the -@&rminal partof both linkernups:
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nupll6 (aa 73&nd) andhuplO0 (aa 80&nd). Another novel finding is the connectionnofpl45C
(aa 7351317end) to the middle part of Ndcl (aa &85). Taken together the results showed specific

connections to other strucercomponents of the NPC at high resolution.

The high resolution data could be used to validate the three yeast and one human crystallization results

of the Schwartz lab with regards to following interacting proteins and their fragments:

Protein 1 (Ff:er;gelijlﬁition) gs)fragmeml Protein 2 I(?:?;;ctj;ltlei:aztion) éz.s)fragmem ? | PoB_Entry
nup84 1-460 1-726 () nuplds5C | 7311158 7831160 3IKO

sehl 1-349 (f1) 1-349 (f.) nup8s 1-564 1-744 (1) 3EWE
secl3 1-297(f1) 1-297 () nuplds5C | 7311158 7351317 3JRP
%Zﬁ? 9351156 881-1157 (yeast) Zﬁ?ﬁ% 658925 (1;230 1)) scac

Fig 3.14 CoCrystal data containing members of the yeast and the human -¢omplex Shown are the
interacting Y2Hfragments and the residues obtained by crystallization

The screen confirmed the three existing crystallization data of the yeamsnhpex:nupB4hupl45C,

nupB5iehl nupl4d5Checl3and the human PPl NUP133/NUP107. Moreover the Y2H interacting

fragments ofandnupl45C (aa 783160 and aa 735317) arematching tothe residues found in the
crystallization experiments, namatypl45CT aa7311158 (Fig 3.13 The interactiomupl33hupmB4

was onlycrystallizzd in humanNUP133/NUP107)However high conservatiofetween the human

and the yeadiuPC allows the comparison of the interacting yeast fragmgnt® 6 Ange |l 08).et
The fragment ohupl33 (aa 8811157) overlaps with the human residues of NUP133 (aal236).
Thuswe could confirm with perfect agreement previous crystallization results of the fourl®PPIs.

addition to the four PPIs mentioned above three otheorfplex PPIs were revealed by the Y2H
screen, namelpupl45Chupl20, nupl45ChuB5 andnupB5hupl20 (Routet al., 2000; Alber et al.,

2007).Th ey
available (Leksa et al., 2009; Schwartz et al., 20@88)veveri t

wer e

known

to

fampléxdout bitagy PR mforindtion avere rtoth e

was

assumed

t hat

of nupl45Gnupl20-nums is inked by all three @ermini of the proteins (Thierbach et al., 2013).
Indeed we found that the-€rminal fragment ohupB85 (aa 533744end) interacts with the-@rminal
fragment ofnupl20 (aa 822037). Further the @rminal part ofnupld5C (aa 114Q317end)
interacts with the full length construct efipl20 and full length construct olupl45C (aa 604.317)

is linked to the the @erminal part ofnum5 (aa 533744end). In summary at least one interacting

construct of each interaction is thet&@minal m@rt of a protein supporting the suggestion of-a C

t er mi

nal

| i n kproteins.Thusthe YRHresalts aradfsa e in perfect agreement and

al

t

confirm previous knowledge. In summary the screen revealed and confirmed all seven PPIs that build

theY-complex even on a fragment view.

Beside confirmation of previously describeteractionghe screen revealédreenovel PP$: nupl33
(aa 8811157endyiu®5 (aa 101543), nupB4aa(aa 1726end)hupl20 (aa 1757) andnupl20 (aa %
757)hupl20. The nupl20 dimerizationccurs via the Nerminus:nupl20 (f.1.)/nupl20 (aa 1757)
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whereas the connect i on-termioausnufi2d (ad 82A0ABH) Thisdndicates v i
that both parts of nup120 are involved in protein interactiohs. scree revealeddlso aconnection
betweennup4 andnupl20. Two nonoverlapping fragments ofupl20 (aa 1757 and aa822-
1037end)interact with nup84ndicatingthat there mightwo binding sites for nup84rhe interaction
between nupl133 and nup85 occurs via theemhinus of nupl33 and the-t€rminus of nup85As
described above the architecture of thedmplex is determined by seven PPIs (Alber et al., 2007;
Beck et al., 2007; Kampmann et al., 2009he three novel interactions might describe connections
between Ycomplexes and are therefore intemplex connections.

Taken together we were able to confirm all previpudescribed inneilY -complex PPIghat were
obtained byprevious studies such asystallization even at the fragment level resolution. Further we
obtained novel data that could describe im@lecular ¥complex connections.

3.2.5 NPC PPI networki summary

Taken together we obtained PPI data for 26 yeagt and 16 humanups comprising yeast 44 PPls

and 15human PPIs. By analyzing the created PPl networks it was possible to confirm previous PPI
data, e.g. the yeast intraolecular Y¥:complex connections and the connection of basket and
cytoplasmic fibrils to the NPC. In additionovel PPIs andhus connections between NPC
subcomplexes could be unraveled. By including fragments a high resolution view espethadiy+to
complex was possible confirming all previousargstal data Further novel Ycomplex PPIs were
obtained thatr@ very unlikely to be intranolecular ¥complex connections. Moreover they seem to

be intermolecular connections between two or moredrmplexes.

3.3 Confirmation of selectedsubcomplex PPIsof the yeast and the
human NPC

Our yeast data set belongs to afi¢the most comprehensiveP PPI data set$he results have to be
validated experimentally. In general the application of an independent method is necessary to
recapitulate at least some of the obtained PPIs. Different interaction assays can bedatecdt to
distinct sets of protein interactions and are of complementary nature (Stelzl and Wanker, 2006).
However different methods can be used to deteeime interactiondt is helpful to use different
protein tagsin vivoor in vitro environments and mechanisms of interaction as readout. Consequently,
each assay has its own falsesitive and fals@egative ratesThus it is not expectable that all
physiologically meaningful Y2H interactions can be detected in other biophysical-basell assays

such as surface plasma resonance (SPR) experimgois downs or protein fragment
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complementation assays (PCAs) (Braun, et al., 20d@8)vever an interaction which is seen in

different assays is less likely to be fajsssitive.

To addressthis issue, PPIs belonging to thec¥mplex were chosen as it is one of the best
characterized subcomplexes of the NPC and provides already well reporteda®Petild be used as
positive test if the method is able to detect nup interactionsontray the novel inter Ycomplex
PPIs should be experimentally validatéd described above PPls of thec¥mplex vere previously
investigated tohigh extend with crystallizatiorand with cryotomography Nagy et al., 2009
Brohawn et al., 2009; Leksa et aP008; Beck et al., 2007)Thus a high overlap to these data
supported byhe results of the validation experiments wouldicatea valid Y2H data set.

3.3.1 Micro -scale Thermophoresis (MST) enables the validation ¢tPIs of

the yeastY-complex

In addition to then silico validation of the whole yeast data set, we set out to recapitulate selected
yeast and human PPIs with independent biophysical anebas#id methods, focusing on PPIs
belonging to the Ytomplex of the yeast NPQhe Y-complex & the largest subcomplex of the NPC
building the base of NPC architecture (Alber et al., 2007; Brohawn et al., 2009; Debler et al., 2008).
The entire Y2H screen revealed 10 PPIs betvsssenY-complex nups (Fig 3.15). Seven of them
were previously descrddl as intrecomplex connections which build thgeast Y-complex:
nupl33/nup84, nup84/nuplas5C, nupld5sC/Secl3, nupld5C/nup85, nupld5C/nupl20, nup85/sehl und
nupl120/nup85 (Alber et al., 2007; Brohawn et al., 2009; Kampmann et al.,R0@ndeMartinez

etal., 2012).Three of themriup84/nup145C, nup145C/Secl3, nup85/elkn could be crystallized

(Rout et al., 2002; Alber et al., 2007; Brohawn et al., 2008 and 20@®pmann et al., 2009,
FernandeaMartinez et al., 2012)The Y2H screen revealed all previously reported connections within
the Y-complex.The Y2H screen revealed additionally three PPIs that are both unreported and, based
on the overall structure of the sabmplex, are highly unlikely to be intra-&6mplex conections:
nupl133/nup85, nupl120/nup84 und nupl20/nuph2P133 and nup85 are on the opposite sites of the

Y -complex.The architectureof the Y-complex is well definednd t is unlikely that both proteins are

in close proximity within a single sidmmplexto interact with each othgKampmann et al., 2012)

The same applies for nup84/nup120 (BigH. If the PPl nup120/nupl20 is present in oneoYrplex

it must be assumed thatip120 occurs as an irtcamplex homodimerdowever, sveral biochemical
purification studiesuggesteadnly one nup120 molecule percomplex (Leksa et al., 2009; Brohawn

et al.,, 2009).These three PPIs are the first described 4viteomplex PPIs and as such could give

hints to the arrangement and orierdatof Y-complexes.
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To validate the Ycomplex PPIs different methods were discus$am instanceSPR experiments
usingpurified proteins were performed. SPR is based on the clergaty oscillation at the interface
between two media that generate aaafplasmon wave (SPW) if two molecules of interest bind to
each other. This occurs at reéghe and in a labdiree medium and enables the detection of binding
kinetics resulting in onand offrates. To prepare the SPR measurements, a nanobody wastpvale
attached to the sensing surfatée nanobody attachment should enable the exchange of bait protein
constructsfrom the sensing surfacé bait protein construct shouldra via an integrated EPEA
(glutamic acidi prolinei glutamic acidi alanine)i tag to the nanobody to be fixed to the surface.
Finally the preyprotein construct was added. Thending of bait and prey constrsctesult ina
change in the refractive indekat should be detected resulting anshift of the reflectivity curve
versus vavelength of source light or angle of reflected lightvas not possible to remove the bait
protein constructs from the nanobody by washing. The exchange of bait protein cofsimdte
surface was not possible and for each intera@iaew chip hato be usedTherefore themethod was

not applicablébecause for financial reasodsother technigue that calibe used to validate the Y2H
PPIs with purified proteinsvas pull-down experiments on sepharose beddereforenanobodies
covalentlyboundto sepharose lalsshould be used to fix the bait protein construct to the sepharose
beads via the EPEfag. By adding the prey protein construct a protein complex should be assembled
that could be visualized with SEFSAGE. In some experiments the prey pratebnstrets bind to the
matrix or no binding between bait and prepuld be detected. Therefore also the pudiswn
experimentsvere not appropriate for the validation of the interactiémsally, a recently developed
method called thermophoresis wased(JerabekWillemsen et al., 2011)t is a physical phenomenon
observed in fluids where proteins exhibit different behavior to the force teimperature field
implemented by a lasef PPI would quite likely change the formation of the hydration sifddbund
proteins which than leads to changes in movement in comparidam tseperateinbound proteins.

An inferred laser creates a precise micro scale tempefalaravithin thin glass capillaries filled with

a solution containing the proteins ofangst in a serial dilutiofFig 3.15. One of the proteins of
interest is labeled with a fluorescence marker (NHS &fahotempér The change of movement is
detected in each of the 16 capillariggh varying amount of untagged protein Wwjth fluorescene.

The readout is shown as correlation between fluorescence of the labeled protein and the concentration
of the nonlabeled protein resulting in a binding curve. The big advantages of this metHodtathe
amount of protein input is quite low (~50 nidr the labeled protein and D0 uM for the titrated
proteinin a 5ul sample secondthe procedure is easily to handle and not time consuming (15min for
one measurement) aridird, it is a biophysical method that yisléa Ky A Kp is the Dissociation
constant that is used to describe the affinity between two molecules. The MST measurements in each
capillary were done at equilibrium state. Here the Dissociation constastdefined at half saturation

of bound and unbound fractiaf the titrated proteinThe lower the ks the stronger is the interaction
(Fig 3.179.
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3.3.1.1 Constructs and proteins used in the MST experimeist

To apply MST purified proteins were needed. To address this, the proteins of inter&1LG-igere
purified duringmy visit in the lab of Thomas Schwartz at the Mlitially SPR wadried (see section

3.3.1). Thereforean EPEAtag was introduced at thet€rminus of the DNA sequencé the protein
constructs by PCR and thit protein construs were generated. The bait construct plasmids {pET
Duet) were closed by Gibsoand conventional cloningrhe bacteriaexpressiorstrain (BL2L) was
transformed with the according plasmids. The protein constructs were purified on nickel beads,
dialyzed, fdlowed by ion exchange and gel filtration. Finally the proteins were concentrated (see
methods) Almost all proteins were not stable if they are expressed a®rseichco-expression was
necessary (Fig 3.15). The prey protein constructs were taken froprdteen bank of the&schwartz

lab.

n purified protein constucts
Bait_Ct Bait-Proteins Molecular weight | Concentration
NLSSEPEA Nup120 (1-757) 87.5KDa 3.67 mg/ml
SB142EPEA Nup8S (£.1.)/Sehl 124KDa 6.63 mg/ml
JW2EPEA ySec13 33KDa 13.12mg/ml
SB215EPEA Nup145C-Sec13 87 KDa 8.9mg/ml
yeastY-complex
MST application
SB1SEPEA hSEC13 36KDa 8.56 mg/ml
No Binding Binding
ﬁ m d“?”"m PREY_Construct Prey_Protei Molecular weight | Concentration
o = e 2 N NLBS Nup120 (1-757) 87.5KDa 12.08 mg/m!
0 5B142 Nup8S (£.)/Seh1 124KDa 14.5mg/ml
3 w2 ySec13 33KDa 12.08 mg/ml
s o pe——— NL123 Nup145C/Nup120(f.l.)/Sec13 230KDa 2.1 mg/ml
SB1S hSEC13 36KDa 29 mg/ml
SDS-gels of purified protein constucts
w2 SB15 NL88 SB142 SB215
PM  Epea EPEA EPEA EPEA EPEA PM JwW2 SB15 NL88 AU102 NL123 SB142

100
70

100
70

35
24

35
24

Fig 3.15 Overview of the MST based experimental workflowShown isY2H PPI network of the Ytomplex. The
network of the Ycomplex visualizes the connections between the proteins of interest that should be tested in fl
approach. The MST application shows the basic principle of thermophoresis (picture of Nanotempertaites
information in the text). The table contains all purified anepudfied protein constructs of the yeastc¥mplex which
were used in MST experiments. The SBPAGE gels(coomassie stain) am@dso shown that control the purified and ¢
purified prdeins according to their size.

In all five baitconstructs were purified: nup85(fdehl(f.l.) = SB142EPEA; nupl20(a@k7) =
NL88BEPEA; nupl145C(f.l.) covalently bound to sec13(f.l.) = SB215EPEA; sec13(f.l.) = JW2EPEA
alone and the human SEC13(f.£) SB15EPEA. The prey constructs include partially the same
proteins such as nup85(f:kgh1(f.l.) = SB142; nupl20(a&b7) = NL88; yeast sec13(f.l.) = JW2 and
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the human SEC13(f.l.) = SB15 but additionally different protein fragments are included in the
constructs like nupl45C(aa64317)nupl20secl3 = NL123 and nupl33(aaSPU57)nup84 =
AU102. As described above the purification occurred on nickel beads and resulted in protein
concentrations ranging from 2i129 mg/ml. The controlling SD8AGE gels lookclean with single
bands with the expected size.

3.3.1.2 Protein-protein interactions of the Y-complex tobe assayedavith MST

As described abovihe yeasty-complex PPIs should be validated including the seven-aatnaplex
connections:nuB4/mhupl33, numB4/nupld5C, nupld5Chupl20, nupld5Chups, nupld5Chkecl3
nupB5hupl20 anchupB5/sehl In addition following six intecomplex PPlsvere assayed in the MST
system nupl33hups5, nupl20hupl20, nupB4hupl20, yeassecl3secl3 yeastsehlsecl3 human
SEC13/SEC13 and human SEH1/SEC13. Notably, the SEC13 -tiomoization and the
SEH1/SEC13 PPI were found in obnman Y2H data set (see Fig J.1Additionally to the yeast
inte-complex connections these two human PPIs are suggested to bedeteular Y-complex PPIs.

Considering the available @xpressed and quurified protein constructs it was possible to tibst
6hub6é i nnamayaugBbhupl4b€ nupB4hupld5Cand nup85/nupl2QFig 3.16.).Some of
the NPC proteins do not stably e&ps alondencethree of the intracomplexconnections could not
be testednupl33hupB4, nupBsisehland nupl45Chkecl3 They are included in the same constructs,
namely constructs AU102 ngpB4-nupl33), SB142/SB142EPEA n(gm5-seh), SB215EPEA
(nupl45Gsecl3 and NL123 qupB4-nupl45Gsecly.

. constructs proteins
labeled not labeled labeled not labeled
Intra-
NL123 SB142 nup145C/sec13/nup120 nup85/sehl
— . .
com plex ‘hub’interactions SB142 NL123 nup85/sehl nup145C/sec13/nup120
H NL123 SB142EPEA nupl45C/secl3/nupl20 nup85/sehl
connections _ SB142EPEA NL123 nup85/sehl nup145C/sec13/nupl120
- NL88 NL8SEPEA nupl20 (aa 1-757) nupl20 (aa 1-757)
NL88 NL88 nup120 (aa 1-757) nup120 (aa 1-757)
nuplZO/nuplZO NL8SEPEA | NL8BEPEA nup120 (aa 1-757) nup120 (aa 1-757)
NL8SEPEA NL88 nupl20 (aa 1-757) nupl20 (aa 1-757)
AU102 SB142 nupl33 (aa571-1157)/nupss nup85/sehl
AU102 SB142EPEA | nup133(aa571-1157) /nup84 nup85/sehl
nup85/nup133 SB142 AU102 nup85/sehl nup133(aa571-1157) /nupg4d
SB142EPEA AU102 nup85/sehl nup133(aa571-1157) nups4
AU102 NL88 nupl33(aa571-1175) / nup84 nupl20 (aa 1-757)
AU102 NL88EPEA | nup133(aa571-1157)/nup84 nup120(aa 1-757)
Inter- nupl120/nup8a NL8S AU102 nup120 (aa 1-757) nup133 (aa571-1157)/nup84
NL8SEPEA AU102 nupl20 (aa 1-757) nupl33 (aa571-1157)/nup84
complex
p = JW2EPEA JW2EPEA secl3 secl3
connections JW2EPEA Jw2 secl3 secl3
ysecl3/ysecl3 w2 JW2EPEA seci3 seci3
Jw2 JW2 secl3 secl3
SB142 Jw2 Sehl secl3
SB142EPEA JW2 Sehl secl3
ysecl3/ysehl w2 $B142 seci3 Sehl
JW2EPEA |SB142EPEA secl3 Sehl
SB15EPEA | SB15EPEA hSEC13 hSEC13
SB15 SB15 hSEC13 hSEC13
hSEC13/hSEC13 SB15EPEA SB15 hSEC13 hSEC13
SB15 SB15EPEA hSEC13 hSEC13
—

Fig 3.16 Overview of constructs tested with micro sca Thermophoresis.The PPIs are divided iimtra- and
intermolecular PPIsGiven are all 30 construct combinations of 10 different constructs tested with W&T protein
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constructs includes more than one protem8 proteins are only stable while-puarification Therefore the non interacting
construct is grey whereas the interacting protein is written in bladk.e 6 hu b 6 inclnde évo passibilissn s
nupl45C/nup85 and nupl20/nup85. In addition the PPl sec13/sehl could lead to a positive MST. Heageverthis is
not distinguishable.

All intermolecular ¥complex connections could be tested in various combinations, namely:
nupl20hupl20, nuB5/mhupl33, nupl20hupB4, ysecldysecl3 ysehlysecl3and hSEC13/hSEC13
represented by the constructs: NL88, NL8BEPEA, SB142, SB142EPEA, AU102, JW2, JW2EPEA,
SB15 and SB15EPEA (Fig 3.16). In summary 10 construct in at all 30 combinaBosiested to get
information about two intreand six inter Y i complex connections (Fig 3.16).

3.3.1.3 MST enables the detection of intranolecular Y-complex PPls

First of all a method must give a positive read, here resulting in binding curves. Thereftte
intracmolecular6 h uPPI18 of the Ycomplex were chosen that are well knowmupl45Chup5 and
nupl20/nup85represented by the constructs NL123, SB142/SB142EPEA. To address this one
construct of each construgiair has to be labeledAll construct pas can be tested in two
configurations. All labeled constructs are marked with a star. The labeling occurs following a standard
labeling procedure of a kit provided by Nanotempée fluorophor NHS 647 was covalently attached

to free lysineson the protein surface. To address this, a buffer exchange was performed followed by
the labeling reaction. In a last step free fluorophor molecules were removed and the labeling controlled
on SDSgels with a fluorescence reader (Fig 3)1After confirmdion of correct labeling and
determination of the concentration of the labeled protein it could be used for measurements. To
address the measurements, the-latveled proteins were sdiia diluted (16 times) and the labeled
protein was added to each dibut. The mixture was filled into 16 capillaries and the measurements

were performed with the MST Monolith NT1{Ranotemper, Munich

Five constructs in five combinations were examined to test if MST is applicable (Fig. 3.17).
Exemplarily two bindingcurves and the determination of ong &e shown in detail in Fig. 3.17. As
mentioned above MST measurements in each capillary occur in an equilibrium state of the fractions of
bound and unbound proteins. Because of increasing concentrations of the pitcdégn construct in

each capillary there are different concentrations of bound and unbound proteins and therefore different
changes in movement of the single and assembled protein molecules that result in changes in
fluorescence by applying an inferréaser. In general the concentration of labeled protein constructs
ranges between 20 100nM. It must be ensured that the initial concentration is below theTKe
concentration of the titrated protein constructs ranges from--11fg/ml in the highestoncentrated

dilution step. The readut of the MST is given by the change of fluorescence (in fluorescence units)

in relation to the concentration of the unlabeled protein (titrated protein) where each data point

represents one capillary.
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Fig 3.17 The MST measurement workflow for the positive controls with read-out. Shown are the binding
curves ofwell characterized intraomplex interactions of the-¥omplexto deermine the applicability of MST. To test for
protein input and correct fluorescerlabeling the input was loaded on a gel. Two are exemplarily shomenMST binding
curves were obtained with the NT analysis software provided by Nanotemper.6Th uRP& nupld5Gnu®B5 and
nupl45GnumB4resuledin Kps of 0.160.17 pum(orange) PM = prdein marker

If an interaction takes place a clear distinction between bound and unbound protein fraction was seen
asacurve. To determine thepgkhe half saturation was taken (Fig 3.17). The fitting of the binding
curve and the K-calculation were donesing the Nanotemper software. In this example thefkthe

0 h uirdedaction if0.16 pM.

The obtained binding curves of the positive controls differ in directitmweverif a binding curve

was detected, saturation was achieved ang edkild be determied we considered this as a positive
readout All previously charctarized ~¢omplex interactiongesulted in a binding curvekive
construct pairs (NL123*/SB142, NL123*/SEB142EPEA, SB142*/NL1&& SB142EPEA) were

tested yielding in five binding curves re#ting int he 6 hubo6 nuppdbGhupdbcand on s :
nupl20/nup8iwith a Kp = 0.16- 0.17 uM. Both PPIs are well described in literature and confirmed

that the MST is able to detect PPIs of the NR€o¥hplex.

All constructs must be negatively controlled @avoid false positives. To address this different
constructs combinations were tested including a protein construct that might not interact, e.qg.
NL8BEPEA with SB2142EPEAnUPL20 (aa 1757)humB5-seh) or AU102 with JWEPEA (nup133
nup84/secl3)
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negative controls MST results

(1) 395

fluorescence

construct to test
labeled MST result . as0
AU102 JW2EPEA negative (1) - °
5B142 NL88 negative ° 535
SB142EPEA NL88 negative
NL88 SB142 negative (2)
NL88EPEA SB142 negative 0001 00 01 1 1w 00
Jw2 NL8BEPEA negative (2) 50
JW2EPEA NL8S8EPEA negative
SB15 NLS8SEPEA negative 85
SB15EPEA NL8SEPEA negative * "
SB215EPEA NL8SEPEA negative
335

0,001 0,01 01 1 10 100 1000

concentration of the labeled protein

Fig 3.18 Shown is the overview of the negative controls andthe according MST results Shown are
exemplarily twoMST resultsof negative controls. By testing all the listednstruct pairs no binding curve could be observed
and therefore no Kwas obtained.

We tested all ten constructs that should yield in intexosplex PPIs with constructs which are not
likely to interact. Exemplarily shown is AU102*/JWD2 that represents the interactipB4-
nupl33kecl3 Neithernup4 nornupl33 is suggested to interagith sec13 Another example is the
construct pair NL88*/SB142 that represents the interactigll20(aa 1757)hupB5-sehl Also here
neithernum5 norsehlshould interact witmupl20 (aa 1757). The MST measurements revealed for
these two construct paimnly minor changes in fluorescence that did not yield in fractions of bound
and unbound protein construchéo Kps could be obtained and no interaction was obseiestefore

we can conclude with this protein set MST isleato distinguish between intetam and non

interaction.

3.3.14 Detection of inter molecular Y-complex PPIs with MST

It was shown that MST is able to detect P&sldid not yield in false positives at least for the ten
construct pairs we tested. systematic screen was perforntédt should give information about the

six Y-complex PPIs that are suggested to be imelecular, namelynwupl20hupl20, nupl33hupEss,
nupl20hupB4, ysecldysecl3 ysecldysehland hSEC13/hSEC13 (Fig 3.19)he construct pairs
including the labeled constructs SB142, SB142EPEA and NL88 were tested three times, the labeled
construct NL88 was tested twice and the labeled construct AU102 was tested four times in
independent experiments. Some interactions couldasdy recapitulated, e.g. SB142*/AU102 and
vice versa AU102*/SB142 whereas others could only be positively tested once, e.g.
SB142EPEA*/AU102 Parameters have to be determined to distinguish between interaction and non
interaction. These parameters dnest, the fluorescence signal differs in at least five units between the
unbound and bound protein fractisecond the fluorescence signal has to be in a certain detection

range (400 1000 fluorescence unitghird, a clear saturation must be obser{#atten of the curve)
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andfourth, at least 11 of the 16 data points must be included in the analysis. To recapitulate the results
all labeled protein constructs in a positively tested construct pair were labeled again and measured
under the same conditie as in the first experiment. Thisuld be due to the ratio of active labeled
protein in the sample. Even if the concentration seems high enough, only a small fraction of the
labeled protein could be active and therefore is capable to build interachmmsasing the
concentrationof active proteinis not always possible Seven protein constructs were covalently
labeled at least two timedo create replica and provide independent experiments. In total 71
measurements were performed, with 38 experimexgsaying the three Y2H positive PPIs:
nupl20/nupl20 (13 measurements), nup84/nupl33 (14 measurements) and nup84/nupl20 (11
measurements). All included protein constructs were labéNd88, NL8BEPEA, SB142,
SB142EPEA and AU102and tested resulting in focombinations for each interaction. All four
combinations were tested three times in independent measurements. The different protein construct
combinations of the PPIs nup120/nup120 and nup84/nup120 resulted in at least three binding curves
with Kps of 0971 4 uM and 1.4- 2.3 uM. In contrast three protein construct combinations of the PPI
nupl33/nup85 revealed seven binding curves wigh &f 1.0i 4.0 uM. Overall the ks andthusthe

binding affinities of all three PPIs seem to be in a similar rangeelyamthe low puMrange. lgs can

range from fM for enzyme/inhibitor interactions to pM for transient interactions between large
proteins (Kastritis et a., 2011). The NPC as large distinct protein complex provide multivalent binding
opportunities for the ms. Multivalent binding indicates that multiple proteins interact with each other
simultaneously and therefore produce a greater biological dfidbie context of the NP@ generate

a stable but somehow flexible scaffolfu{chek et a., 20090ften mdtivalent binding results in a
remarkable increase of affinity and create additional specifigibyveverthe binding remains much

more dynamic and susceptible to competition than the corresponding tight monovalent interaction
(Ruthenburg et al., 2007). €refore the affinities of the weak interactions measured with MST could

be enhanced within the NPC structwvhile the according nups are binding to several other nups
simultaneouslyHoweverthere remains the question of why not all measurements resujpasitive

read out. Using different protein preparation the MST readouts were variable and the exact reasons for
that cannot be defined. But regarding the fact that three experiments per protein construct combination
were performed and result in only obieding curve underlines the possibility that the affinity of the

PPIs are in the sensitivity range of MST. The success of the MST measurements strongly depends on
experimental conditions like buffers, protein concentratiand temperature but also onnditions
regarding the purified proteins. For instance the proteins could aggregate and therefore inhibit
interaction forming. Additionally the active fraction of a protein is of high importaibes the
concentration of a protein construct can be higlsdlution but the active fraction is quite low and
therefore too low to form an interaction. This is very difficult to experimentally ascertain, yet could

explain why not all MST experiments result in positive reatl
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constructs proteins (1) =

labeled not labeled labeled not labeled KD (um)

NL88 NL8BEPEA nupl20 nupl20 2.9

NL88 NL88 nupl20 nupl20 4.2

NL8SEPEA NL8SEPEA nupl20 nupl20 3.27

NL8SEPEA NL88 nupl20 nupl20 3.88(1) . . .

AU102 SB142 nupl33 nup85 3.0

AU102 SB142EPEA nup133 nup85 - (2) | i EEmmE=E=rx

SB142 AU102 nup85 nupl33 2.94 s

SB142EPEA AU102 nup85 nupl33 2(2) §

AU102 NL88 nup8a nup120 13 f

AU102 NL8SEPEA nup84 nup120 - ) -

NL8S AU102 nup120 nup84 16 "

NL8SEPEA AU102 nup120 nups4 1.4(3) T e
JW2EPEA JW2EPEA secl3 secl3 - (3)

JW2EPEA Jw2 secl3 secl3

Jw2 JW2EPEA secl3 secl3

w2 w2 secl3 secl3 . -

SB15EPEA SB15EPEA hSEC13 hSEC13 I

SB15 SB15 hSEC13 hSEC13

SB15EPEA SB15 hSEC13 hSEC13
SB15 SB15EPEA hSEC13 hSEC13

Fig 3.19 MST results for the iet-complex PH of the
Y-complex Shownis the list of tested construct pairs o
the six interY-complex  PPIs  nupl20/nupl20,
nupl33/nup85, nupl20/nup84, ysecl3ysecl3
ysecl3dysehland hSEC13/hSECARBd the detected K For
each PPI one binding curveeigsemplarily shown (number in
the brackets indicate the MST curve on the right). Do
right: interaction map of the ~¢omplex: seven PPlsare
already declared as intray-complex connections wherea:
three PPIs aredetected with our Y2H screeand were Kos:3— 5 pM
validated with MST; the resulting binding affinities ranc

from 1-4 uM.

nup85

o

Through optimization of the experiments conditions and enhancing the number of experiments these
weak PPIs can be measured with MST. In addition all negative controls did not result binding curves.
In summary MST, is capable of distinguishing between agtesns and none interactions and
therefore to be applicable as detection method for PPIs. Using MST we were able to validate the three
interactionsnupl120(aa 457)/nupl20(aa -¥57), nup85/nupl33 and nup84/nupl2@Er) which

could potentially describe noections between two or morecémplexes.

3.3.2 Protein Complementation Assay (PCA) enables the validation &tPls
of the human NPC

After the validation of some yeast Y2H PPIs the focus was set on the validation of human Y2H PPIs.
Protein fragmenttomplementation assays (PCAs) are eligible in detecting transient and dynamic

protein interactions in intact living cells with sub cellular resolution (Remy, et al4) 208e PCA is
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based orthe assisted folding dfvo fragments of the yellow fluorescent protein (YFP) variant Venus
(Nagai, et al., 2002Michnick et al., 200y, For that purpose, neifuorescent F1 and F2 fragments of
Venus are fused to the coding sequence of two proteins of interest and expra@sasurialian cells,

e.g. U20S cells. In case of a protgirotein interaction, the fragmes are in such close proximity
leading to folding and reconstitution of YHi#vivo (Fig 3.21). Reasoned binability of selffolding of

both YFP domains, no fluorescenis measured without a protesnotein interactionNlagliery et al.,

2005). Even sole ctocalization does not lead to PCA based fluorescence (Lalonde et al., 2008). In
contrast, cdocalization studies performed with antibodies bound to proteins shdweckdcence

within a celocalization volume even if there is no physical interaction (Vogel et al., 2088pecific
reconstitution of the two Venus fragments can occur reasoned by high local protein concentrations
during several cellular processes, gotein degradation or endoplasmatic reticiuependent
folding. Therefore it is necessary to observe the fluorescence signal caréftithately a positive

PPl was considered when fluorescence was observed at the nuclear rim. To address this, confocal
microscopy was used’he confocal ¢onjugatedfocus) microscopy has a second focus point, the
pinhole that rejects efficiently fluorescent light that is out of focus. The practical effect is that the

image comes from a thin section of the samplerftiadear rim in our case).

3.3.2.1 Human protein-protein interactions to be assayed witiPCA

We recapitulaté all PPIsof the humanNPC scaffold.Thusthe PPk comprising miscellaneousups

wereleft asidefrom thePCA screen. The validation of the Y2H data with PCA comprises ten human

PPIs of two major scaffold subcomplexes, namely the Ntfed2dex and the Ycomplex (Fig 3.2

The Y2H screen reveal ed f our -propetleelocatadtatitho md uwidbt o f S
the Y-complex.SEC13 showed interaction witht h e r ¢ epnopeier prageths SEH1, NUP37

and SEC13 itself. In addition SEC13 showed interactions to NUP62 (nspl in invertelfratedsr

the connectiomo the membrane via POM12lastested
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PCA - Experimental SetUp

NUP62 - NUPS4 1
8 human nups

NUP133 - NUP107
positive constructs
NUP54 — NUP54 in Y2H

NUP54 — NUP133
23 constructs

NUP&2 - SEC13
4 vector variations
POM121 - NUP54 PVEN_F1/2C/N

POM121 - SEC13 92 vector-constructs

SEC13 - SEC13 ﬂ
SEC13 - SEH1
SEC13 - NUP37 400 experiments

—_—

Fig 3.20Overview of human proteins included in the PCA analysis andhe workflow of the PCA set up.
Shown is the workflow of the PCAet up.At all eight human nupgesulting in10 Y2H PPIs were tested.rly

the positively tested human construct wesed and transferred into the four PCA vectors resulting in 92 vector
constructs that werested in over 400 combinations.

PCA is accomplished with the gateway system. The vectors (pVZBNDM, pVEN-F1N-DM,
pVEN-F2GDM, and pVENF1CGDM) and their extense analysis were done by Josephine Worseck
and described in her thesM/¢rseck 2012) All 23 cDNAs were transferred from the gateway entry
vector into the Venus gateway destination vectorsrémilted in tagging the proteins on thei oy
C-terminus with the YFP fragments F1 aRa. It should be noted that OR®ithout stop codon can

be transferred o all four vectors whereas ORMith stop codon can onlpe introduced into N
terminal Venusfragment fusionsAfter subcloning of all cDNAs in the suitable destination vectors,

the plasmid DNA was used to -tansfect U20S cells. U20S cells are characterized by a relatively
large nucleus which iadvantageous when observing staining of the nuelegelopeAfter 12-24h of
transfection the transfection medium was removed, new medium was added and cells grew
additionally for 24h to ensure the breakdown and reformation of the nuclear envelope with
simultaneously assembly of the NPC and incorporatiothe YFPR tagged proteins. The cells were

fixed and stained with DAPI4( Nj;Diangidin-2-phenylindol)to visualize the nucleus. The samples
were analyzed with the confocal laser scanning microscope LSM700 (Zeiss). Several different
fluorescent signals cbd be observed in U20S cells (Fig 3.21). For instance, fluorescence could be
equally distributed through the nucleus, the cytoplasm or both. It could appear as puncta in either the
nucleus or the cytoplasm or in botHowever only if the localization ofthe fluorescence was
observed at the nuclear envelope (as rim staining) a positive PPI1 was condittestaat.the construct
combinations did not result in any fluorescence. In average one of eight vector combinations resulted

in detectable fluorescence.
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Protein Complementation Assay (PCA)

F1
a) F1C

protein. protein C
F1C

F2  —
; ; F2N

Fi F1C

F2C

FiN £ —>

F2N

a2 e Fac
protein-protein interaction
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b) = 2 NUP37 - SEH1 SEC13 - NUP62
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LT - oy

l c l protein expression microscopy

NUP133-SEH1 NUP54-NUP62

Fig 3.21 Shown is the pinciple of the PCA strategy to detect interactions in vivoa) Nonfluorescent N

terminal (£158 aa; F1) and ®rminal (159239 aa; F2) Venus fragments are fused to the coding sequence of two proteins
(indicated purple and redlf. the coding sequence contains no stop codon four fusion proteins can be created. In order to
determine a protein interaction Venus F1 and Venus F2 fusion proteins were combined up to eight combinations. b) Venus
F1 and Venus F2 fusion proteins were siantly coexpressed in U20S cells. In case of an interaction of the fusion proteins

A and C, the fragments come into close proximity and YFP is reconstituted resulting in #noeedicat can be observed

with confocal microscopy

Due to the high sensitivity the assay had to be negatively controlled caréfliligositives were
controlled using the respective constructs in other pairings. For each positive construct combination at
least one other pairing resulted in no fluorescesttewing the specificity of each positive tested
construct (Fig 3.2). Ten PPIs were investigated with at all 23 constructs in 400 tested combinations
(Fig 3.21).As a positive control we were able to visualize the #ivtreomplex PP NUP107/NUP133

that was reported several times even as crystallized(Bélgareh et al., 2001; Boehmer et al., 2008;
Whittle and Schwartz, 2009). The PPIs of SEC13 with SEH1, NUP62 and SEC13 itself could be
visualized as cdocalization at the nuclear rimin 2012 the group aund Fernandeklartinez
investigated the ¥omplex and solved its structure to a precision of 1.5 nm. The most significant
increase in precision was related to SEC13 and SEH1. They suggested a localization closer to each
other that enables a direct intefan. Therefore this PPl could also describe an iMt@omplex
connection.Unpublished data of the Schwartz lab however demonstrate that SEC13 and SEH1 are
distant pointing towards an int&icomplex interaction. The SEC13/SEC13 interaction could take
place in other subcellular structures. SEC13 is also part of the vesicle coats COPII where it interacts
with SEC31 (Brohawn et al., 20D
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positve results negative controls
NUP107 — NUP133

NUP107 — SEC13

:> no fluorescence signal

NUP133 - SEC13

SEC13 - SEC13
SEC13 - NUP107

:> no fluorescence signal

SEC13 - NUP133

SEC13 — SEH1
SEC13-NUP133

‘::> no fluorescence signal

SEH1 - NUP107

NUP85 — NUP133

NUP85 — SEC13

3 » no fluorescence signal

NUP133 - SEC13

SEC13 — NUP62

SEC13 - NUP133

::‘> no fluorescence signal

NUP62 — NUP107

Fig 3.22 Overview of the positive tested PPIs of the PCA For each positively tested PRl exemplarilya

photo shownThe measurements were done with a confocal LSM700 microscope from Zeiss, the scale bar is 4 uM; a
positively tested PPI is considered by staining of the nuclear envelope (rim staing)e right examples of negative
controls are showrevery positively tested construat was tested witka construct that is assumed to not interact.

However the SEC13/SEC13 interaction was predominantly observed in the nuclear rim indicating that
the homedimerization is stabilized within the NPC and #fere contributes to inte¥-complex
contacts. PPIs with SEC13 even with other NPC components could suggest a specific NPC
architecture. Another inteér-complex PPI which validation could be used to emerge insight into NPC
architecture is nup85/nup133 thveds detected in our yeast Y2H screen and in the biophysical method
PCA with yeast purified proteins. Assuming that the NPC is structurally conserved and therefore this
PPI may be relevant in the human NPC we include this PPI in our PCA approach. Indsestwved

a nuclear rim staining in intact human cells and therefore could validate an interaction including nups
of opposite sites of the structural given subcomplex providing a substantial constraint towards the
arrangement of the -¢omplexes with respedo each other. Taken together the PCA experiments
revealed rim staining for five, namely NUP107/NUP133, SEC13/SEC13, SEH1/SEC13,
NUP85/NUP133 and SEC13/NUP62 (Fig 3.22).

Besides staining of the rim three construct pairs resulted in staining of cyto{8&s013/NUP62),

nucleus (SEC13/SEC13) or both (NUP85/NUP133). The constructs of the PPIs NUP107/NUP133 and
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SEC13/SEH1 showed only rim staining. Regarding SEC13/SEH1 it seems that aggregated protein is
enriched in the endoplasmatic reticulum around the nscldowever a clear rim staining was
observed as wellNo rim staining was detectable for following Y2H PPIs: NUP54/NUP54,
NUP54/NUP62, NUP37/SEH1, NUP133/NUP54 and NUP62/POM121. The promiscuity of isolated
coil-coiled domains of NUP54 might be problematic in order to obtain stable NUP54 binding (Ulrich
et al, 2014). The PPIs containing constructs of NUP54 and NUPG62 resulted in puncta staining
occurring in the cytoplasm (Fig 3.22). Also for the PPI NUP37/SEC13 fluorescence was observed not
as rim staining but as puncta in the nucleus. The same fluorescetera pats observed for the PPI
between POM121 with SEC13 whereas the puncta also occur in the cytoplasm leading to the
suggestiorof subcomplex formation but no incorporation into the NPC

Taken together we were able to confirm five of the 10 initially testeman PPIs of the Y2H
approach resulting ia success rat approximatelys0 %.

Taken together all validation steps revealed the high quality of the Y2H data and allowed a detailed
view to single PPIs. With the Y2H data a detailed view into the subeasgpconnections as well as

the connections between the subcomplexes was possible. Further we could interpret the ndiel inter
complex connections and fit these data into previously published models.

3.4 Investigation of PPIs of the macromolecular protein complex
BBSome

3.4.1 Defining the BBSome clone set

The BBSome was only recently discoverad it is suggested that most of the BBS proteins are
present in a stable nplex containing seven members BBS1, BBS2, BBS4, BBS5, BBS7, BBS9 and
TTC8 (Nachury et al., 2007A suggested protein composition was already reported as well as the
assembly steps (Nachury et al., 2007; Jin et al., 2010; Zhang et al., 2012). To addinssstigation

of the proteipprotein interactions within the BBSomeY2H screenwas performedWe received
human full length proteins for six of thgeeven BBSome componentsfrom the lab of Thomas
Schwartz: BBS1, BBS2, BBS4, BBS7, BBS9 and TTC8 (BB38us one BBSome component is
missing in our clone set, namely BBSBeside human full lertg protein constructgrotein fragments
were included created according to the domain struciime structural anatomy of the BBSome was
explored by using sensitive sttuce-prediction algorithms (Jin et al., 2010jhus we obtained 27
fragments for all sixBBSome componentahich were prepared by Kevin Knockenhauer of the

Schwartz lab (Fig 3.93Consideing the analysis of Jin et al. 20k(ecame clear that BBS9, BBS2,
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and BBS7 have a shared domain architecture. Specifically, all three proteins appear to have an N
ter mipraolped | er ( WD40) dwavad wi,cf ofldlodve(dGAhAly dorbai n
domain, gpredicted coiled dband a Nterminal alpha helical domaiiio ensure that the complete

propeller folding is included in the construct, two constructs of BBS2 and BBS7 were designed

i ncludi ng tpnopellep plus dne @addidodal dtirand as well as subsequentstiarthe

protein (BBS2(1397), BBS2(1538), BBS7(1327) and BBS7(:604).BBS1 also contains a predicted

N-t e r mi-sheetl butbit has a shortert€minal domain (predicted to be a bstadwich fold)
compared to BBS9BBS2, andBBS7. It was cut accordon to this organization resulting in three
different constructs. BBS8 and BBS4 are homologous to one another and are predicted to be super
alphahelical stacks (TPR repeat protein8oth proteins were cut in half expecting to localize

interactions eithemtthe N or the @erminal half of the protein.

Protein Construct
BBS9 BBS9(1-887)
BBS9 BBS9(1-405)
BBS9 BBS9(405-890) BBS9 BBS1
BBS9 BBS9(641-748) Ppropaller £ paandwich | O [ o heica) B-propeller -m
BBS9 BBS9(405-639) o
BBS9 BBS9(745-387) 1-887 1-593
———— 1-405
BBS2 BBS2(1-721) 1-412
405-887 ——
BBS2 BBS2(1-327) —_— 639-745 412-593
BBS2 BBS2(1-397) — 405-639
BBS2 BBS2(1-583) BBS2 745-639 BBSS
BES2 BBS2(324-721) P-propeller &K ( psandwich | o EEEEEEEEEEEE
y = iEEIFEEEEEEEE
BBS2 BBS2(579-721)
1-531
BBS7 BBS7(1-672) 1-721
— 1-327 — 1271
BBS7 BBS7(1-327)
1207 — 370531
BBS7 BBS7(1-402)
1-583
BBS7 BBS7(1-504) 320921
BBS7 BBS7(327-672) —_— 70721
BBS7 BBS7(503-672) BBS7 BBS4
L T 1T R I 1 R I 11111
essa | essalt-s19 S FEEEEEEEREET
BBS4 BBS4(1-268)
BBS4 BBS4(269-519) 1-672 1519
; — 1268
BBS1 BBS1(1-593) 1527
1-202 — 269519
BBS1 BBS1(1-412)
1-504
BBS1 BBS1(412-593) 324-672
TTC8 TTC8(1-531) — 503-672
TTC8 TTC8(1-271)
TTC8 TTC8(270-531)

Fig 3.230verview of BBSome components and BBSome fragments included in the Y2H scre€ime screen
included six BBS proteins in atla27 constructsThe protein domain composition is simple and comprisdg three
different types -pfr o p e-helical domaing and TPR domains

Thus all structurally ordered parts that are suggested to build the ¢tPlke BBSomewere
investigated. The inclusion of fragments should increase the success rate of the screen and further
substantially decrease the false negative rate and gives rise to high resolution information with regards
to interacting protein fragment8aken togther the screen included six human BBSome proteins in 27

fragments (Fig 3.2).
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3.4.2 The BBSome Y2H screeii set up

The human BBSome Y2H screen sv@erformed like the NPC screemwell-controlled, stringent
automated yeast twloybrid setup was used generatisygtematic PPl data with high precisidxl
BBSome cDNAs were subcloned into both bait vectors (pBTMIDIM and pBTMcC24DM) that

differ in arrangemenof the DNA-binding domain with respect to the bait ORF (pBTMI1d: N-
terminal of the ORF; pBTMcC2BM: C-terminal of the ORF)In total the subcloning gave 81
constructs (54 bait constructs and 27 prey construdtsh could be testedd MAT alphastrain was
transformed with the prey constructs and a MAT a strain with the two bait vectors. Due to the small
clone set an autactivation test was not performed. All probable aattves were removed after the
screenAutoactive baits are detectable when all colonies on an agar plate are grown. An autoactive
prey construct can be identified when every consfpaat that included this prey resulted in a grown
colony. In the high quality interaction screening protocol each bait construct was tested twice (108
baits) against a 9prey matrix including biological triplicate@1 preys). The screen of PPIs was
perfamedin all possible combinations. At all the number of possibleries achieved 8748. After
mating of 108 liquid baits with 81 prey colonies (prey matrix) the possible yeast colonies were spotted
on SD4 medium (see methods) to detec¢ranttions via gywing colonies resulting 239 grown

spots Fig 3.24).

TTC8(1-271)

Preys e} |nteractions Prey === |[nteraction
| BBS9(1-890) BBS2(324-721) - BBS9(1-890) BBS9({1-830) TTC8(1-271) - BBS9{1-890)
i BBS9{407-890) BBS2 (324-721) - BBS9(407-890)
il BBs7(325-672) BBS2(324-721) - BBS7{325-672)
8 BBsa(1-519) BBS2{324-721)- BBS4{1-519)

Fig 3.24 Identification of the Y2H interactions of the BBSome componentsShown are twaelectiveds-well
Y2H agar plates fotwo baits: BBS2 (aa 32421) and TTC8 (aa-271). The baits were matedith a 96well prey matrix
containing 27 prey#n threereplicasgiving 72 prey constructs. Colonies growing ¢hAULT indicate a proteirprotein
interaction whichare indicated by the colored arraws

All plates were analyzed with Visual Grid and judgéslially as well. The grown spots were assigned

to the constructs over the position in the matrix. To reduce the false positive rate and stringent the
Y2H system systematically only two or more grown colonies of each prey construct were integrated
into analysisresutling in58 colonies. To get a PPI data set the colony information for all prey and bait
constructs and further for all proteins were summariZduais the final data setontained37

interactiondbetweenl6 BBSome constructd=ig 3.24).
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3.4.3 Generation of the PPI network of the BBSome

The Y2H screen resulted in 37 interactions between 16 constructs and in six PPIs between all six
BBSome components. As in the NPC Y2H scraéirconstructs were tested in both configurations
against each other, namely as bait construct as well as prey construct. Therefore it is possible to
distinguish between one directed and both directed PPIs whereas a both directed PPI occurs between
the béd and prey constructs of the same protein construct. The screen resulted in 24 one directed PPIs.
In contrast to the NPC screen the BBSome Y2H screen resulted in a much higher amount of both
directed PPIs, namely 13. This supports shggestiorof the saible complex (Nachury et al., 2007).
Theinteractions could be combined with regards to their configuration revealing a PPl network of 22
interactions between 13 constructs (Fig 3.25). All fragments belonging to one BBS protein are
indicated with the samaode color whereas the numbers in the brackets indicate the amino acid
residues. All BBS proteins revealed PPls with at least one fragment. Moreover, except BBS1 two
fragments of each BBS component gave PPI information, up to four fragndamnksbjuenodes i

BBS9).

both directed PPI

one directed PPI

dimerization

33@04)

Fig 3.25 The BBSome interactiormap. Theinteractionnetwork comprises 22 ietactions between 13 constructe
nodes are colored accordito the protein they belong:tgreen=BBS1, dark blue = BBS9, light blue = TTC8 (BBS8), brown

= BBS4,dark green = BBS2, beige = BBS7hd links are colored by their character: red: both directed, blue: one directed,
dark grey: homo dimerization; the thickness of the links indicateititeinal count.

To differentiate the PPI configurations labeled limksre used. One directed PPIs are highlighted in
blue whereas both directed PPls are highlighted in red. The screen resulted also in three homo
dimerizations (BBS7(32672), BBS9(40890) and BBS9 full length) and dimerizations between

two BBS9 constructand the full length construct of BBS9. These are highlighted in grbg.

BBSome components seem to be highly interconnd&tigd3.25) More than one PPI conne@ach
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BBSome protein with other BBS componemsdore comple&was previously suggested based on
same structural characteristics®BBS2, BBS7 and BBS9 (Nachury et al., 200y 3.23). In addition

it was shown that BBS2, BBS7 and BBS9 form the first ternary intermediate during BBSome
assembly (Zhang et al., 2018eo0 et al., 2012 The Y2H data support theuggestiorof an Gnner

cored complex comprising BBS2, BBS7 and BBSEhese three proteins are highly interconnected
with interactions occurring in both directions BBS9 and BBS7 (aa 3267/2) showed
homodimerizatins, BBS9with two constructs, BBS9 (aa-890) and BBS9 (aa 46890). This
suggests a stoichiometry ofore BBS7 and BBS9nolecules per BBSome complexNo connetion

was previously reportedbetween the BB® and BBS7constructs(Zhang et al., 2012). Thavas
reflectedin our Y2H data where no interaction between BBS7 and BBS9 could be obseB&4d
wasproposedo be the central scaffolantit showedconnections to BBS2, BBS1, BBS5 and BBS8
(TTC8) (Zhang et al., 2012 he Y2H screen revealeslsothat BBS9 is the most connected BBS
component within the PPl netwo(konnections tdour other BBS componentsTaken together the
suggestiorof a core complex of the BBSome comprising BBS2, BBS7 and BSfhang et alwas
confirmed by the Y2H results. BBS4i connected to all three O6cor et
suggested to bamong the last subunits that are incorporated into the BBSome (Zhang et al.]2012).
was alsoreportedthat BBS4 binds independent of BBS2 and BBShdeo BBSome components
underlining an adaptor function(Kim et al., 2004). fie connection of BBS4 to all three BBSome
&ored components underlines the anchorivig BBS4 of non BBSome componento the stable
BBSome compleXKim et al., 2004) None of the BBS4 constructs showeaoth directed PPIsThe
constructs of BBS1 and TTC8 seems to be attached to the inner core complex with only connections to
BBS9. These interactions were already shown in 2012 bygZéaal. It was reported that BBS1

BBS5 and BBS8 are incorporated imttch e BBSome after the Thestneenr cor e
resultedalsoin interactions between BB1 and BBS8 and therefore prewwéus could be&onfirmed
(Nachury et al., 2007; Jin et al., 2010; Zhang et al., 2012; Seo et al., Z8&03creeralsoimplies

that BBS1 and TTC8are only connected to one other proteiBBS9) whereas all other BBS
components might have connection to aistethree other BBSome proteins indicating an attachment

to the BBSome via BBS9.

Taken together the PPI data reveadetighly densesuggestinppn  6i nner cored compl
BBS2, BBS7 and BBS9. Attached to each of the 06i
the BBSome components BBS1 and TTC8 which are only litkB@S9.

3.4.4 Y2H data high resolution mapof the BBSome components

Three full length constructs gave PPI information, namely BBS9, BBS4 and TT@8.PPI
information would be much sparser by only including full length construntéuding fragments in
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the screen increadehe density of theoverall interaction mapAdditionally it was possible to obtain

specific PPI data with regards to interacting domains. With the PPI data a high resolution map was

created that allows a detailed insight into structural interaction domains.

fragment view of theY2H data of the BBSome components

N

=

: [ X I
[TTCs 2m 531 [BBS9 405 747 887 (BBS1 412 593 |
| —— \ A | e——
[ T
[ 405 747 887
< Y
I/ 1 Y
P :
(BBS?2 324 579 721
< —
) [ —1
both directed PPI (BBS4 268 519
L] | ——
one directed PPI P r N ~
— [BBS? 325 504 672
AN J
dimerization = i d
L] - £ N L | A
[ 325 504 672
X J

Fig 3.26 High resolution view of the PPIs letween BBS componentsShown arethe interacting BBSome
fragments The dimerizations are indicated o depicted BBSome componentdieTnumbers indicate the amiraid
residues of the fragmentsh@ links are coloredccording to the PPI configuration: red: both directed, blue: directed,
black: dimerization.The thickness of the links indicates the intern count of the interactiBased on the interacting

fragments it can be assumed that the BBSome is mostly caanga the @ermini of the components.

To visualize information about the interacting fragments a high resolution interaction map was created

only depicting the interacting BBSome fragments. The edges are colored according to the

configuration of the iteraction. Blue lines indicate owkirected and red lines denote both directed

interactions. Each BBSome protein thatdspictedby the same color contains the interacting

fragments whereas the hordonerized BBS components are displayed with two sefsagments in

t he map. The screen

reveal

S

h omo

di

mer i

zat.i

BBS9. BBS9 showed two hordimerizations between the full length protein BBS9(#817) and the

larger Gterminal pari BBS9(aa 40887).Additionally two dimerinteractions of different fragments

were uncoveredlhe full length construct interacted with the largete@ninal part, BBS®al-887)i1
BBS9@a405887) and further the larger-€rminal fragment BBS9(40887) interacted with the-
terminal end fragment BBS&4747-887). This suggesthat the interaction domain is thet€&minus

ons

as it is the only part of the protein that is common to all homo dimers. Another interaction site could

be possible but our data does not clarify whetirevhere it would beBBS7 shows only one homo

dimerization between BBS3§325-672) indicating an interlink of the-@rminal protein parts of two
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BBS7 proteinsThe Y2Hhomo dimerizatiordata suggests the occurrence of two or nBB&7 and

BBS9 proteingn one BBSome complex. BBS7 and BBS9 seem to be not directly connected within

the BBSome as no PPI was discovered in the screen. Moreover the saygestedhat BBS2 is

bridging BBS7 and BBS9 with at least thiageracting constructs he links of BBSZvith BBS7 and

BBS9 occur on all three proteins via at least onter@inal construct suggesting at€minal

attachment. Considering the high interconnection of the three proteins BBS2, BBS7 and BBS9 the

6i nner cored6 hypot he slhesofhoth directeg ipteractioketiveen themin | ar g e
all seven interactionsonnect the three proteins BBS4 showed five interact
cored members. Four of them we Thasthe exbctpratem gartwi t h
interacting with BBS7 remains unclear. In contrast BBS4 interacts with its full length construct as well

as with its Nterminal fragment (aa-268) with BBS9 suggesting a-fdrminal atachmentMoreover

it i s interacting with nembers and seeres toBbB Sttacmer thére © r e ¢
terminally. The investigated BBS components BBS1 and TTC8 are only attached to BBS9. The screen
revealed connections of thet€minus of BBS1 (aa 41293) with the full length construct and the

large towards the ®rminus directed construct of BBS9. Batiteractiors are both directed. TTC8 is

attached with thre interactios to BBS9. Two of three PPIs were detected between -leenNnus of

TTC8 (BBS8)with the full length construct and thetlrminus of BBS9: TT8(aal-271)1 BBS9@a

1-405) suggesting an-drminal attachment of both proteins.

Taken togetherthe high resolutionmap shows thenteractions between BBSome component
fragments resulting in four main observations due toattohitectureof the BBSomefirst, BBS9,

BBS7 and BBS2 are highly interlinked via theist€@mini. Second BBS9 and BBS7 homdimerize

also at their @ermini but are not directly connected with each otfdiird, BBS4 is attached to
BBS7, BBS9 and BBS2 with its-drminus to the @ermini of the three proteingourth, BBS1 (via
C-terminus) and TTC8 (via ferminus) are only attached to BBS9 and show no connection to any
other BBSome components in the screen. With this data and the structural information it is now

possible to creata probable BBSome composition model.
3.4.5 The interacting domains of the BBSome

The inclusion of BBSome fragments in the screen is accompanied with big advantage to obtain
specific knowledge about interacting protein parts besides increasing the succeseviates!|i? data

were published giving information about the structural organization of the BBSome components
BBS2, BBS7, BBS9, BBS4, BBS1, BBS8 (TTC8) and BBS5 (Jin et al., a8dFig 3.28 With the

high resolution Y2H data it was possible to assignRRés to the according doima and therefore
characterize the interaction sites of the BBSome components anaritigétecture To address this,

the detected interacting fragments were combined to one probable PPI (Fig Btis is only

possible if thefragments are overlapping, e.qg. if the full length construct and teen@nal part of a
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protein are interacting with a second protein this suggests -themhal connection between both

proteins.However it could not be absolutely excluded that theeetavo separate links. But based on

the assumption of one link between all BBSome components a map wesl @embining all PPIs

(Fig 3.27.

combined PPl information in structural background
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1 aehenicifiomanm ——

BBS1

i a-helidaldomant |

a-helicaldomainy | ———

both directed PPl One directed PPI

N = N-terminus
C => C-terminus

Fig 3.27 Combined PPI information in the structural background of the BBSome componentDepicted are
the interactiors between the separate domains based on PPI information obtained by including BBSome fragments in the
Y2H screenThe domainsredeclared as well as the configuration of the PPIs

As described above BBS9, BBS2, and BBS7 tehareddomain architecturérig 3.23.) The Y2H

data suggest a connection via their middle part and @ermini which contaitb-s and wi c h e s

and

helical domainsThe combinednteractiondata of BBS2 propose a connection to BBS9 and BBS7 via

their alphahelical domains. Same applies for BBS1 that is linkedBS9via its Gterminus also
containng alphahelical domains. Whereas BBS8 and BBS4 are attaithB8S2 and BBS®ia their
N-termini containing stacked alptmeelical TPR repeat domains. But while BBiS4linked to the €

terminal alphahelical containing domain of BBS2 TTCS8 is attached to therhinal betgpropeller

part of BBS9. Taken together the Y2H PPI data supporttaeCr mi n a |

components BBS2, BBS7 and BB89 a
the peripheral BBSome components BBS1
t he

i nner

Il inkage
thhlieal domalsvhereas an Nerminal attachment of

and TTC8 is sugdestetd a | s-feelical domains ef

that is attached to the-t¢rminal part of BBS9.

3.5 Investigation of the functional relationship between thehuman
NPC and thehuman BBSome

of t

U

cor e 6 .Eudhapthe éwo pedpheral BBEomB & /Rmmneats (BBS4 and
BBS1) are atched to the @erminal parts of thé i n n e BBSoneerc@amponents except of BBS8

It wasshownin a high profile reporthat the cilium is a separate cell organelle and the transport of

soluble proteins is restricted to its si¢éu et al., 201Q)The question has raised which mechanism

could be responsible for protein exclusion or in more detewl; is the protein transport between cilia
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and cytoplasm controlledt was previously shown that BBS componeats involved in vesicle
coatingand further that they share sequence homology to vesicle coats such as COPI, COPII and
clathrin (Jin et al., 20@). The group around Jin showed that BBS3, a small AGQL®ase which is

not part of the of the stable octameric BBSome complex but still belongs to the BBS gene encoding
proteins (Fan et al., 2004; Chiang et al., 2004) recruits the BBSome onto membrareshed

BBSome builds a coat complex that sorts membrane proteins toTtilie. NP CO0s caspe scaf
resembles coatamer structures that are suggested to have a common structural ancestor (Brohawn et
al., 2008).Thus the BBSome and the NPC components share key structural elements composed
entirely of ab-propellertype protein fold, ari}solenoid fold, o distinctive arrangement of both

(Brohawn et al., 2008; Jin et al., 201@)was shown that the localization wdtinitis pigmentosa 2 to

cilia is regulated by importh ( Hur d et al ., 2011) . This was one

transport process of ciliary and nucleocytoplasmic proteins.

Ciliary Membrane

Microtubulies
Transition Zone Proteins
BBSome

Cell Membrane

Transition Zone

basal body

Inner Ring Nups

Outer Ring Nups
Linker Nups
FG Nups

Fig 3.28 Schematic view of suggested mammalian Ciliary Pore Coteg (CPC) at the bottom of a primary
cilium (modified after Obado et al., 2012} is assumed that the transport of molecules in and out of the cilia is controlled
with a pore complex that contains NPC and BBS components (Kee et al., 2013).

Finally, investigations of Lee et al.,, 20lithplied a sizedependent diffusion barrier and the
localization of six human nucleoporines at the base of primary and motile cilia, namely NUP358,
NUP214, NUP35, NUP37, NUP62 and NUP93. This suggests functianallgls between nuclear

and ciliary protein transporA ciliary pore complex (CPC) was hypothesized (CPC) that is build of
BBSome and NPC comportsr(Kee et al., 2012) (Fig 3.28The question has risen if there is a direct
functional link between NPC drBBSome and further do NPC components and BBSome components
build a CPC. To address this question a Y2H screen was performed to determine possible PPIs

between nups and BBSome components.
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3.5.1 Defining the human NPGBBSome clone set

To examine the hypothesis of a ciliary pore complex comprising BBSome and NPC components a
Y2H screen was performed. Tested were human full length nucleoporines against human full length
BBSome proteins. Moreover all 21 human BBSome fragments were incltalednsure a
comprehensive analysis that includes all structurally ordered parts of the BBSome complex. Also by
increasing the number of probable true positives and decrease the number of false negatives. Taken
together 27 construct of six BBSome composeahd 72 full length constructs of 24 human

nucleoporines were examined.

3.5.2 Identification of the NPC-BBSome PPIs with Y2H

The human NP@BSome Y2H screen was performed like the NPC and the BBSome saresti-
controlled, stringent automated yeast #imdorid setup was used generating systematic PPl data with
high precision. Because all BBSome and NPC components were already subcloned into the bait and
the prey vectors and the according yeast strains wameformed with the constructs the screen could

be performed immediately. In the high quality interaction screening protocol the screen was realized
testing the BBSome baits against a NPC prey matrix and the NPC baits against a BBSome prey
matrix. Thusbait constructs of each complex were tested againstmmed6matrix including biological
duplicates of the NPC constructs or triplicates of BBSome constructs (81 preys of the BBSome and 96
of the NPC). After the mating of 222 liquid baits with the 177 pr@pries (two prey matrices) the
possible yeast colonies were spotted on SD4 medium (see methods) to detect interactions via growing
colonies. At all the number of possible colonies achieved 39294. The number of actually grown spots
was 80 (Fig 29).

Bait: BBS7(325-672) Preys Bait: Sec13

NUP37
NUP37
NUP54
NUP54 BBS7(1-327)

NUP54

V1173-15_4/SD4 / day 5

V1183_03_06/SD4 / day 5

BBS9(1-410)

not all spots are marked, but all spots were analyzed

Fig 3.29 Shown are two 9évell agar plates of the BBSoméNPC Y2H screen Two baits (BBS7325-672) and
SEC13) are interacting with six NPC prey constructs and several BBSome constructs) indicated by the different colored
arrows The plates represent the Y2ektlts at day 5 on selectivelAULT medium.

All plates were analyzed with Visual Grid and judged individually as well. The grown spots were

assigned to the constructs over the position in the matrix. To reduce the false positive rate and
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stringent the Y2Hsystem systematically only two or more grown colonies of each prey construct were

integrated into analysis. The potential integration of bait constructs into the final data set given by
grown colonies was judged individually. This resulted in a final goltata set of 40 colonies. To get

an interaction data set the colony information for all prey and bait constructs and further for all

proteins were summarize@ihusthe final data set revealed 27 interacting construct pairs.

3.5.3 Identification of the PPIs between BBSome and NPC

The Y2H screen resulted in 27 interactions between human NPC and human BBSome constructs. Like
in the previous Y2H screens all constructs were tested in both configurations against each other,
namely all NPC baits were tested aghiBBSome preys andce versaOnly one directed interactions

were detected. With the obtained data set it was possible to create a PPI (leigv8r&0.

. BBS core
. BBS peripheral

D Y-complex

. NUP62-complex
D NUP93-complex
[:] misc

Fig 3.30 PPlinteraction map of BBSome and NPC components obtained with Y2H screeriBhe Y2Hscreen

resultel in 15 interactions between eig"PC and five BBSome componeniBhe nodes are colored according to their
membershifgo subcomplexes of eagbroteincomplex.The thickness of the links indicate the intern interactionnti the

thicker thelink, the more often an interaction was found even with more different consifhetscreen showed that the core

as wel |l as peripheral B B S o mpropatles prpteim $EC13sa memberetifeascaffadd wi t h
subcomplex, the domplex of he NPC

The Y2H screen revealadteractionsbetween 16 constructs of the BBSoiind 11 constructs of the
NPC resulting in 15 PPIs between five BBSome proteins and eight NPC prd(ns$.30) No
interaction was detected in both configurations, namelygdrait and preypait direction. The number
of interacting constructs of BBSome and NPC were summarized and are indicated by the thickness of
the links, e.g. one construct of SEC13 (CCSB_4052nsde interact with four different fragments of
BBS2 but only one construct of BBS2 resulted in an interaction with a construct of NUP43.
Considering the number of interacting constructs it is obvious that SEC13 and NUP54 belong to the
constructs of the NP resulting in the largest number of interactiondicated by the thickness of their
links. Whereas only one construct of all other NPC components showed interactions to one BBSome
fragment of each BBSome proteipart of BBS8 (TTC8xll BBS componentsh®wed interactions
with NPC component®f the Y-complex, NUP9Zomplex and NUP62omplex. In addition a
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connection to a member of the inner transport chamaghely NUP5%4f the NPC was observed as

well as tomiscellaneousups, part of the nuclear baskite TPR and AAAS (Aladin) It seems that

the O6inner cored of the BBSome comprising BBS2
components whereas the more peripheral BBSome components only share two NPC interaction
partners. In detaiBBS2 and BBS7 a&rlinked to theNPC componentsvhereadBBS2 is connected to

the Y-complex member NUP43 and the N@Fcomplex member NUP158BS?7 is linkedto the Y-

complex member NUP3@nd additionally attached to the NUP@€@®mplex members NUP62 and

NUP54. Further BBS2 ahBBS9 showed connections to the miscellanenys TPR and AAAS.

AAAS is also connected with BBS9. ThecYo mp | e x me mb er -Bdpdler Broteinaof s mal |
the NPC Y¥complex seems to interact with all five BBS components. The peripheral BBSome
componerd BBS1land BBS4showed interactions to SEC1HoweverBBS4 is additionally attached

to NUP155. The connection between SEC13, t he BB
componentssuggest a link between the inner core complex and thpheeyi of theBBSome via

SEC13.

Taken together BBSome components interact with members of different parts of the NPC, namely the
NPC scaffold, the inner channel and miscellaneous. On the other hand, the interactions are
almost restricted to the core complex o BBSome. SEC13 seems to interact with both parts of the

BBSome, the inner core as well as the periphery.

3.5.4 High resolution interaction map of BBSomeand NPC components

The incorporation of BBSome fragments into the screen allows the creation of a high resolution map
emerging insight into the binding of NPC components to certain parts of the BBSome components.
Thusit enables a better characterization of the resultingractions between BBSome and NPC (Fig
3.32)). Depicted are all interacting BBSome constructs with the suggested interacting NPC
components. The nodes of thmups are colored according to their membership to the NPC
subcomplexes whereas their size indicates protein size. To determine as internal value the
reliability of the interactions an interaction score was introduced. The score was calculated by dividing
the total number of growing spots by the actual number of growing spots in all replicas. Tthamin
score ranged from 0.67 for three replicas to 0.75 for four replicas. The maximum score was 1
indicating the growth of all possible spots in the prey matrix after mating with a bait construct. More
than half of the interacting construct pairs reveaadnteraction score of 1. Only nine interacting
construct pairs resulted in the minimum interaction score of H6Wever all interactions of the

construct pairs were analyzed.
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Fig 3.31 High resolution interaction map of NPC components and BBSome fragmentshown are the
interacting fragments of the BBSome componemtsthe NPC component@\ll are colored according to their membership
The thickness of the links is according to the intern interaction score rangin®.67 to 1 TheY2H analysis revealed that
most of the NPC components bind to th¢e@nini whereas SEC13 is mostly attached to titer@ini.

The high resolution map revealed that the NPC components interact with BBSome compbnents
different sites The Y-complex members NUP43 and NUP37 showed connections to-teerivial

parts of BBS2 (32721) and BBS7 (32672). The NUP92omplex member NUP155 is also
connected tahe Nterminal or middle part oBBS2 (327721) and BBS7 (32672). Additionally
NUP155 is attached to éhfull length construct of BBS4 which makes it impossible to propose a
specific interaction site. The members of the NUB6@plex NUP54 and NUP62 are also attached to
the Niterminal part of BBS7 (32672).In contrast to the previowescribedconnectionsTPR seems

to bind the Germinal or middle part of BBS2 {879). AAAS is also attached to the middle or the N
terminal part of BBS9 and BBS7. Taken together BBS2 and BBS7 seem to prior interact with the NPC
componentswith its N-terminal part andBBS9 also show two interactiorst its Nterminal part to
AAAS. The BBSome core seems to be connected to NEx@bars The peripheral BBS components
BBS1 and BBS4 are only linked NUP155 and SEC1®ne of the mostonspicuou®bservation®f

this screerwas done egar di ng SECL13, a member of the NPC
propeller protein showed interactions to constructs of all five BBSome compo@eEm@asSEC13
construct (CCSB_4052) in one bait vector (pBTMcC24) resulted linlal interactions These
interactions could be possibly false positive or at least unspecific interactions. Neverthelessethere
lines of evidencegainst this apprehensiodfirst, the construct did not result in interactions with all
BBSome prey congicts. Thusautoactivation can be exclude8econgdthe interaction score ranges
from 0.67 to 1 showing the binding behavior is also dependent of thecpnsjyruct A higher
interaction score indicate binding to more prey construttsrd, the BBSome constructs that
interacted with the SEC13 construct are overlapping and not randomly distributed over the overall
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structure of the BBSome components suggesting a certain interaction domain in each BBS protein.
SEC13 showed interaohs to allfive BBS componentspur overlapping constructs of BBS2, three of
BBS7 and two of BBS9. Additional to the fragment constructs also the full length constructs of all
three BBS components showed interactions to SEC13. In summery the screen revealedltBas SEC
Cter minal connected to tWiet hbimegar dcsorted toHe tdhpee
components BBBS4 and BBSL1 the interaction pattern is not specific. Only the full length construct of
BBS4 interacts with the SEC13 construct and with N&BPWhich makes a specific determination of

an interaction domain impossible. Nevertheless interactions between BBS4 and SEC13 and NUP155,
both NPC scaffold components are indicated. On the other hand all three partiatlyen@apping

BBS1 constructs seeto interact with the construct of SECIhusthe full length construct, the-N
terminus BBS14a 1-412) and the @erminus 8a412593) are involved indicating the possibility of

more than one SEC13 binding site. Taken together the peripheral BBSome eatspBBS1 and

BBS4 seem to interact with two scaffold components of the NPC, SEC13 and NUP155.

combined PPl information of BBSome and NPC screens in structural background

SEC13 SEC13
C | | N
SEC13 _- P-propeller BBSL
o :
BBS9 B-propeller &  Bsandwich 1 ghelicifiomEnN| —
SEC13 TPR
I NUP43 NUP155 SEC13
N | I G |«
BBS2 B-propeller M Bsandwich |  ohelid3ldomamt L L adbadade BBS4
SEC13 NUP37 AAAS LORLS
. | BE
BBS7 =
B-propeller & B-sandwich 1 a-helicaldomain |

NUP155
NUP54

Fig 3.32 Combined interaction map of NPC components and BBSome component fragmenghown is the

domain architecturef the BBSome components, tirgra-complex binding of BBSome components and the attachment of

NPC components to the BBSome componente nups are colored according to their membership in NPC: green = Y

complex, grey = NUP62omplex, blue = NUP98omplex, brown = miscellaneous nup$ie Y2H analysis showed thtte

BBSome core compl ex s +dicalsdontaios abtieeir @iminiaTchheer de -pvapedler ibkeractions

between the N er mi ni of the BBSome core components asadtlwicBECI1 3. Al
d o ma i-helical dotains at the-@rmini or middle parts of the BBSome components.

3.55 Functional relationship between NPC and BBSomesummary

Taken together the Y2H screen revedtagary PPIsbetween NPC and BBSome componeiitise
0 i nn e rof the BBSode comprisin@BS7, BBS9 and BBSTs interconnectedwith the NPC

componerg SEC13via ther N-terminus.The Nt e r mi n i of the BBSome O0inne
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propeller domainsThe other NPC components (NUPB7 -complex, NUP155 NUP93complex,
NUP62 and NUP54 NUP62complex and miscellaneous nup®AAS and TPR) are connected to
the middle part or the -@rminus of the BBSome componenBased on the localization of NPC
comporents especially Fepeat domain containing nups a ciliary pawes proposethat controls the
transport of molecules in and out of the primary di@e et al., 2012)The distribution of the €
terminal inner BBSome complex connections and the attachohéim® NPC components partially on
the opposite parts of the BBSome proteing€hminal), especiallghose ofSEC13 indicate evidence
for a biological relevance. At a first glancecituld be suggestethats t r opropelleb interactions
seem taconnectthe Niterminal parts of the BBSonte build the scaffold of the CPT@he knowledge
about a CPC remains largely elusamthis hypothesis is not based on any additional evidénbhas
to be proven furthedVe only can conclude from our Y2H results thia¢re is at least a minimal

functional relationship between BBSome and NPC components.
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4. Discussion

4.1 Aims and Structure of the discussion

This thesis comprises the detection of prof@iotein interactions and their analysis of three known
protein assemblies: the yeast and the human nuclear pore complex (NPC) and the human BBSome.
The NPC was firstly described in 1959 (Watson, 1959) whereas the BBSome was only recently
discovered in 2007 (Nachury et al., 200J3%ing PPI data insightan begained into their architecture

To address this two large Y2H screens waggformed In order to receive the most accurate idéa
possible complex architecture via PPI information comprehené?i clone sets were generated,
including protein fragments fadboth complexes, resulting in the most comprehensive binary data sets

of the NPC and the BBSom&hus we undertook arNPCi NPC and a BBSome BBSome Y2H

screen. Key et al., 2012 suggested a ciliary pore consisting of NPC and BBSome compotiérts

saeen was realized testing human nups against human BBSome components.

The Y2H resultdor the BBSome giva first insight intoits architecture In addition the Y2H screen
revealed a initial insight into the functional relationship between NPC and BBSdrhe structural
character of the BBSome as well as the functional relationship of between BBSome and NPC is
already discussed in section 3.6However here are themajor outcomes and their implications
belonging to the BBSome are combined and summarideel NPC Y2H screegavehigh precision

data thatallow the arrangenent of subcomplexes within thBIPC. Therefore the major part of the

discussion is referring tohstructural arrangement of the NPC.

4.2 The PPIsof the BBSome and the functional relationship between
BBSome and NPC

1 The BBSome was recently discovered and thereforarithitectureis poorly annotated
(Nachury et al., 2007). Taddresghis question with PPl information a comprehensive Y2H
screen was performed including fragments that revealed specific PPl information regarding to
interacting domains. The screen resulte@{nnteractionsbhetween 1BBSome components.

The interaction éta by screening alsBBSome fragments allowed assignment of certain

interactions to specific domains
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BBS1, BBS2, BBS4, BBS7, TTC8 (BBS8) and BBS9 are connected in a highly dense network
comprising 37 interactions between 16 constructs combined to $&xeRveen six BBS
components.

There is an O0inner cored obser whdied BBS9camdnsi st i
BBS7 are not directly connected with each other.

There are also 6éperipheral &6 BBSome component
BB and TTC8 (BBSS).

The Y2H screen revealed dimerizations of BBS7 and BBS9 suggesting the occurrence of two

or more BBS7 and BBS9 proteins in each BBSome complex.

BBS4 seems to bridge the d6inner cored member
The fragment interactions revedla Gt e r mi n a | attachment of the 6
BBS1.

BBS4 and BBSS8 are attached viatheitNer mi ni  t o members of the 0i
Kee et al., 201proposed the presence afCPC(ciliary pore complexat the bottom of the

cilia comprising BB®me and NPC component$herefore a¥Y2H screen was performed

testing human NPC constructs against human BBSome constructs. Also included in the screen
are BBSome fragments revealing specific information regarding interacting BBSome
domains.Themajor outconesare as follows

The screen resulted in 15 interactions between eight NPC pro&t@d g, NUP37, NUP43,

NUP62, NUP54, NUP155, AAAS and TPR) and five BBSome components (BBS1, BBS2,

BBS4, BBS7 and BBS9).

Included areups belonging to the ¥omplex, the NUP62omplex and miscellaneounsips.

All five BBSome components interact with SEC13 moreover while the -@uingplex
connections of the BBSo Asmindthenconaectiorctw SEEBisoc c ur
made by the Nermini.

SEC13 is also attached to BBS1 and BBS4 but to ther@ini and in the case of BBS1 to

both part

All other nups except TPR are attached to thée@nini of BBS2, BBS7 and BBS4.

Taken together the Y2H screen resulted indeed in connections heBiB&ome and NPC
components. Moreover the results indicate a specific functional relationship between SEC13

and the BBSome.
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4.3 The structure of the Nuclear Pore Complex

One of the hallmarks davolution is the separation of the nucleus asutzlbrganelle. The nucleus
contains the genetic material and its separation from the rest of the cell igleastrolled handling
manifested througlseveral mechanisms. One of these mechanisms is the controlled transport of
molecules in and out of the neds such as proteins or RNA subunits. The transport occurs through
specific gateway$ the nuclear pores (Watson, 1959; Feldherr, 1965). They fuse the inner and the
outer nuclear membrane and are formed as large nuclear pore complexes with a moleduiaf weig

60 MDa in yeast and 120 MDa in mammalian céllse nuclear pore complex (NPC) is one of the
largest protein assemblies of the cell (Peters, 2005). Because of its enormous size and its exposed
localization on both sides of the nuclear envelope th€ MRs already described in the 1950th
(Watson, 1959 For along time electron microscopy was the best technique to investigate the nuclear
pores. Many different cell types were observed and it became clear that nuclear pores are conserved
throughout organisms regarding their shape, symmetry and size (Kiseley&808@). They compose
symmetrical octagonal rings surrounding a central channel showing less electron density (Watson et
al., 1959) Although they share symmetrical similarities they look distinct from the nucleoplasmic and
the cytoplasmic sideKfselevaet al., 200D. The cytoplasmic side is characterized imsketlike
structures that turned out to be cytoplasmic fibrils (Jarnik and Aebi, 1991; Goldberg and Allen, 1993).
At the nucleoplasmic side a baskike structure was observed indicated by eiglainfients that join a
platformtlike structure to the NPC. Therefore it was called nuclear basket (Goldberg and Allen, 1993,
1996; Risand Malecki, 1993; Rakowska et al., 1998; Stoffler et al., 1986)h structures were
visualized on cells in many organismi$ becameclear thatthese structural characterisscare
conserved These characteristics differ in their strength of formation (Kiselevd.e2@00, 2007).
Howeverthe resolution of electron microscopy was limited. Further studies included resati@of
electronmicroscopy increasing the resolutidrhe images of many NRQvere averaged enabling the
reconstitution of the NPC scaffold. It seemed that the scaffold ring is made by thinner and thicker
layersi it was called the spoke ring (Akey and Rawlecher, 1993)In addition by usingcryo-
tomography it turned out that the NPC scaffold is made by three main ring structures: the cytoplasmic
ring, the nucleoplasmic ring and lying in between the spoke ring (Beck et al., 2007). It appears that the
layersin between the rings have a less electron density suggesting that the rings float on each other.
Howeverthis could be due to poor resolution in this region. The central channel did not show any
structural features moreover it seemed to be filled witlagueous meshwork that was identified as

long sequences of pherglanine (FGrepeat domains of the proteins building the NPC. In parallel to

the structural studies the identification aproximately30 nucleoporines was achieved (Rout et al.,
2000; Ryanand Wente, 2000; Fahrenkrog et al., 2000; Cronshaw et al., 2002). Using immunogold
electron microscopy the molecular organization of the nucleoporins was mapped to subdomains (Rout

et al., 2000, Alber at al., 2007).
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To date many questions regarding theictiral character of the NPC could be answered such as the
actual protein compaosition, the major structural composition and the determination of its distinct
subcomplexegRout et al., 2000; Cronshaw et al., 2002; Alber et al., 208@\vever there remain
fundamental questions to be sol&drounding the basknowledge of each protein complex such as
the structural arrangement of the distinct subcomplexes. Usingl of distinctmethods including
cryo-tomography allowed the localizationof the nups and the subcomplexes (Beck et al., 2007). In
addition over the past decadesuah crystallization data wasbtained.Initially only subdomains of

nups were crystallizedbut later ternary complexes of ~ 200 kDa could be solved (Berke et &4;20
Boehmer and Schwartz, 2007; Jeudy and Schwartz, 2007; Boehmer et al., 2008; Leksa et al., 2009;
Brohawn and Schwartz, 2009; Kampmann et al., 2009; Bilokapic and Schwartz, Qoa2ntly30%

of the main scaffold comprising the -cbmplex and thenic96-complex (NUP9Zomplex in
vertebrates) has already been crystallized (Brohawn et al., ZB@®hermorefor the nsptcomplex
(NUP62complex in vertebrates) crystal data are available (Yoshida.,eGill; Montpetit et al.,
2011). The majority of crystabata (90%) referto the Y-complex This complex isin vitro most
stable(Brohawn et al., 2009)n contrast the structural characterization ofrtte®6-complex (NUP93
complex in vertebrates) is much more fragmentary (Whittle et al., 2009; Schrade2808&j.,Jeudy

and Schwartz, 2007) anthe arrangement of the subcomplexes remains unclda complete
architectureof the NPCremainselusive There ae still knowledge gapsind four models try to
combine all previous results andganizethe NPC based on the arrangement of thepiplex which

is the largest scaffold subcomplex of the NFf3t, the fence pole modetecondthe computational
model; third, the lattice model anébrth, a model based on crtomography (Alber et al., 2007;
Brohawn et al., 2008; Debler et al., 2008; Bui et al., 2013). These models were created using different
experimental approachesich asCo-APs, crystallization,cryo-electron tomographyctyo-ET) and

computational modeling.

Binary proteinprotein interactions especially those between subcomplexegide insight into the
direct connections between subcomplexXgsproaches to detect binary protgirotein interations are

rarely found in the experimental set uptost of the nups are soluble and PPI detection methods like
Y2H are applicableA comprehensive Y2H screen was performed including human and yeast NPC
constructsThe evaluation of the yea3®?H data wasdone against the data setsAsflacher et al.,
2011and Leducq et al., 2012 and against the other large data sets of Alber et al., 2007. PPI networks
were generated and connections within and between subcomplexeanadyeed SelectedPPls
identifiedin our Y2H screen could be usedhgpothesize anodelbased ontte arrangement of the-Y
complex Several PPIsvererecapitulatedising orthogonal techniquefgir thermophoresis (MSTipr

yeast PPIs andplit-fluorophor assay (PCApr the human PPIRegarding resulting experimentally
workflow the discussion comprisefirst, a detailed analysis of the obtained binary PPIs with regards
to all subcomplexes and their connectiamsl second an analysis of the obtained binary PPIs with

regards to previgsly described modelsf NPC subcomplex arrangemeiiaken together we set out
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an Y2H screen that should reveal valid binary PPl dataupportthe modeling of Ycomplex

arrangemenin the NPC

4.3.1 Binary PPIs of the yeast and the human NP@esulting in connectionsbetween

the subcomplexes

The NPC is an assembly with a dynamic character. This was firstly suggested when Akey et al.
discovered in 1995 that NPCs can occur in open and in closed conformations. Two possibilities could
lead to these two states. It was shown that some nups wecelimdd according to their current
transporting task or that they were reorganized duringcgelk specific rearrangements of the NPC

by changing their interaction partners (Fahrenkrog et al., 2002; Paulillo et al.; 2005). Another
possibility of NPCs cdiormational change could be reasoned directly by conformational changes of
the nups themselves (Makhnevych et al.,, 2003). For instance, structural studies revealed that
nup58/nup45 forms specific dimdimer interfaces that form structures allowing theutation of the
diameter of the NPC by intermolecular sliding (Melcak et al., 208#uctural studies revealed
flexibility in certain domains resulting in open and closed conformations of the nic96 complex
(NUP93 in vertebrates) (Sampathkumar et al., 203 dynamic character of the NPC was shown in
several way$utit is assumed that a fixed scaffold serves as docking unit for more transiently attached
nups. This was indicated by detection of different residue times of several nups within the NPC
ranging from seconds over minutes to more than 70 hours (Rabut et al., 2004). In addition certain
subcomplexes were suggested within the NPC scaffold component (Rout et al., 20068d

scaffold is suggested within the NR@idconnections between nups buildithis scaffold might be

easier to determine. The positions of the scaffold subcomplexes were solved to resolutioAsoof 58

32 A using cryetomography(Beck et al., 2007; Bui et al., 2013). Obviously there still remains a
resolution gap preventing thietermination of the specific subcomplex arrangentéatwever there

is already structural data based on crystal data, yet these data are limited and comprise only 23 PPIs
that are partially redundant (sé@ 6.2, Appendix). Another possibility tovercome the resolution

gap is to use additional information based on prepeatein interactions. The Y2H screen revealed

21 novel yeast PPIs and 13 novel human PPIs that can be used to directly connect the major
subcomplexes, namely the-complex, the nspkcomplex and the nic96omplex. Moreover
connections between the linker nups and all subcomplexes were detected. All subcomplexes are
assumed to be directly connected to each offfezy are arranged in spatial proximity (Alber et al.,
2007).Howeverthere is the assumption that the interactions building the NPC are mostly heterotypic.
Only a few homotypic interactions were suggeste

number of interactions betweenost other nucleoporins (Alber at alQ@). In their integrative
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studies the Alber et al. arranged the subcomplexes within several symmetrical rings. The two major
rings are based on the major symmetry el ement
ring. Each is localized both #te nucleoplasmic and cytoplasmic side of the NPC whereby the outer
ring is sandwiching the inner ring. These rings build the scaffold and contain-tbenMdex, the
nic96-complex (NUP93Zomplex in vertebrates) and one part of the agphplex (NUP6zZomgdex

in vertebratel (Rout et al., 2000; Alber et al., 2007; Sampathkumar et al., 2048)eover a
membrane ring is described that is embedded in the nuclear envelope and builds the connection to the
membrane containing nups that include a membrane doaénlinker nups are attached between
both set of outer and inner rings. The inner channel of the NPC is filled with nups containing FG
repeat domains whereas the -Fgpeats fill the inner channel and the more structural domains are
anchored to the inneimigs and some are connected directly to the outer ring (Alber et al., 20@7).
localization of the subcomplexes can be determined within certain structurgjesmemts of the NPC

but direct connections still remain uncle&inary PPI data is rare andaking it difficult to determine

the distinct orientation of the subcomplex&he Y2H screen performed in this study resulted in 11
PPIs between three major subcomplefkeg 4.3) In detail, a relationship between nie@émplex and

the nspicomplex was akady shown in 1993 by Grandi et al. They purified nic96 with the inner nspl
complex members nup49, nup57 and nspl. Moreover several studies reconstitute nic96 inte the nspl
complex (Grandi et al., 1995; Schlaich et al., 1997). The relationship betwesvotsabcomplexes

was uncovered early by affinity purification and-I€o and the Y2H screen revealed a direct
connection via the nup57/nic96 PPI suggesting that nup57 is responsible for the immunoprecipitation
of nic96 (Grandi et al., 1995; Schlaich et, @997). Two other Y2H PPIs describe connections
between both subcomplexes, namely asm4/nspl and asm4/nup49. Nspl, nup57 and nup49 are part of
the inner nspomplex and nspl is also part of the outer Asphplex. The Y2H results indicate that

the nic96complex is bridging the ¥omplex and the inner channel complex, as it was previously
proposed by Alber et al. and mentioned above (Alber et al., 208&)nic96complex does not seem

to be connected to the outer nspimplex members except of nspl itsklfs difficult to determine if

the nic96complex is linked to the outer nspbmplex. The PPIs nic96/nup57, asm4/nup49 and
asm4/nspl might imply the connection of the nic®fnplex to the inner nspdomplex whereas the

PPl asm4/nspl could suggest thaaiment of nic96 to the outer nspdmplex. The results might

imply thatasm4 (nup59) builds a connection to the inner hetéreric nspicomplex via nspl and
nup49.The connection of asm4 to nup49 and nspl could also suggest that this parnaBée
complex builds a link to both nsgbmplex subunitsBecause of lack of evidence both opportunities
remain possibleTaken together a connection between the nm@6@plex and the nspdomplex was
previously described but the direct link was unravédgdour Y2H screen (Grandi et al., 1993). It
seems that the nicG®mplex bridges the inner nspbmplex and the omplex whereas the-Y

complex bridges the nic9&mplex and the outer nsgbmplex. It was previously suggested that the

108

t



nic96-complex bridge the inner and the outer ring in the NPC arrangement proposed by Alber et al.,

2007. Considering this the Y2H results reflect very well the current described NPC architecture.

Nspl - Asm4
Nsp1l - subcomplexes Nup57 - Nic96 Nic96 - subcomplex
Nup49 — Asm4

[outer o inner \ T

nup170

N /‘ N @ )

nup100

Nup133 - Nupsl\ /
Nup145C — Nup82

Nup85 — Nup82 & @

/ ( ‘ nupas\

Nup120 - Nup192
Nup145C - Nup192

Nup133 — Nup85
Nup120 — Nup120
Nup120 — Nup84

nup133

N

nup120

Y - subcomplex

Fig 4.1 Overview of all NPC subcomplexes and their connectionShown areghe several subcomplexes (boxed)
and the PPIs linking them. All subcomplexes are connected to eachHithaverthe nic96complex is connected to inner
subunit of the nsptomplex whereas the outer subunit is connected to tbemplex. The Ycomplex is directly attached to
the nic96complex.It seems that the-¥omplex is connected to itself via three PPIs (nuplg85, nup120/nup120 and
nupl120/nup84. The linker nups are connected to all subcomplexes with at least two PPIs.

Nupl116, nup100 and nup145N are similar in structural arrangemeitisinlild a family within the

NPC nups, the linker nups. The Y2H sereevealed not only PPIs between the distinct subcomplexes
also connections between the linker nups and the subcomplexes were unraveled. The architectural
structure of these nups is made of mostly-rE@eat domains followed by alpha/be@amains
(Brohawn ¢ al., 2009). They are suggested to link the subcomplexes and therefore they are assumed to
be grouped between the other subcomplexes (Alber et al., 2007). In fact previously studies showed
that nupl1l6 was epurified with nupl70 and nupl92 (Rout et alg0Q; Alber et al., 2007). In
addition, nup116 was eourified with nup188 also in the large data set of Alber et al. 200Wever

apart from the suggested positions and therocaunoprecipitation unraveled by Alber et al. and Rout

et al., knowledge of #linker nups remains elusivehe results of the Y2H screen provide insight into

the structural arrangement of the linker nups within the NPC. First of all we could recapitulate the
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previously published GtP data of nupl16 and nupl00 that are mentioteden Furthermore the

Y2H screen resulted in binary interactions of the nic88plex members nupl70, nupl88 and
nupl92. In fact it seems that the linker nups are highly connected to thecoit@ex whereas
nupl00 and nupl116 share the interaction partnpi88. There are more shared interaction partners of
nupl00 and nupll6, namely nup85 and nup82 which are membersc@hplex and the nspl
complex.Nup116 and nup100 connect the major scaffold subcomplexes whereas nup145N is attached
to the inner nsptomplex member nup49. Therefore the linker nups seem to interact with at least one
member of each subcomplex. In total 11 PPIs describe the connections of all three linker nups to all
three major subcomplexes including both nspinplexes. Taken together thgpothesis that the

linker nups link all subcomplexes is well reflected in the Y2H network.

The Y-complex is directly connected to the nie@@mplex (NUP93omplex in vertebrates) via two

PPIs: nup192/nup120 and nup192/nup145C. Considering our Y2Hsrgsdems that the attachment
between both scaffold complexes occurs on one end oftheo¥np | e x , na mendyTheat t he
interaction nup192/nup145C was identified earlier by Alber at al. 2007 in their largd® Cata set.

Thus an attachment of tha@ic96complex to the Ycomplex was already shown but the direct
connection could not be determined with theAR data. The nup192/nup120 PPl was not described
previously. In addition neither the Leducq data set nor the Amlacher data set revealed amnectio
between the nic36omplex and the omplex. Our Y2H screen unraveled a complete new
connection. The connection between thecofplex and the nspdomplex (NUP6zZomplex in
vertebrates) is made of three PPIs all including nup82, in detail nup82/nup#®/nupl45C and
nup82/nupl133. Nup82/nup85 was already described by Leducq. The nup82/nupl33 PPl was
previously identified twice in large data sets. The first identification occurred in a genome wide
tandem affinity purification approach coupled to masgpmetry (Krogan et al., 2005). It was also
detected in the large €8P data seof Alber et al. 2007. Here several otpeoteinswere copurified

with nup133 and nup82 preventing the determination of the direct interaction betweewdhwMx

and thensptcomplex (NUP6zZomplex in vertebrates)hus our Y2H screen revealed new links
between the Yomplex and the nspdomplex.The connection to the nsgbmplex occurs via the
6end6 eodmplexhrmamely the tail, whereas the connection to the {tic8tplex (NUP93
compl ex in vertebr ahdeas Jlescribed ab@idesY-complex séemsenot dotber b 6
linked to the inner nspéomplex comprising nup49, nup57 and nspl. There are two possibilities to
explain the lack of Y2H PPIs between thde® subcomplexeskirst, the Y2H approach did not
reveal this information anthusare due to false negatives of the screesegond both subcomplexes

are really not directly linked. In the large study of Alber et al. members of the inner nspl complex are
localized around the major scaffold rings but a direct connection is also not shown. Moreover they
propose that the nic9%mplex bidges the inner and the outer ring (Alber et al., 2007). This

hypothesis is well reflected in our Y2H results.
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The Y-complex is the best characterized subcomplex of the NPC and the focus of many studies
(Siniossoglou et al., 2000; Belgareh et al., 20Bfghawn et al., 2008; Kampmann et al., 2009;
Thierbach et al., 2013). The Y2H screen recapitulated previously known PPI information and are
described as intrmolecular ¥complex connections (Rout et al., 2000; Alber et al., 2007; Brohawn et
al., 2008; hierbach et al., 2013; Bui et al., 201Bpweverthere are some PPIs that are revealed by
our screen and do not fit into previousc¥mplex architecture as intraolecular connectionse
suggest that the Y2H screen also revealed intermolecular subcoomplegctions that are made by

the subcomplexes themselv@se architecture of the other swineplexes is not well understood and
hypothesizing a distinction between intand intramolecular interactions is not possibléowever

some PPIs between subcdmp components could represent intemplex interactionsSome of

these new inter molecular-domplex PPls are of major importance to provide insight into the NPC
architecturelt was suggested that thecémplex is largely involved in building the scdfqWalther

etal., 2003, Alber et al., 200And it was shown that this subcomplex is firstly recruited to the nuclear
pore (Harel et al., 2003Novel PPIs regardimthe Y-complex could lead to a more advanddeh of

how the NPC is structurally organie

4.32 Novel PPIs in the background of two major models describing NPC structure i
Alber et al., 2007 and Brohawn et al., 2008

The detailed architecture of the NPC remaimsler discussioriBrohawn et al., 2009)Different
methods were used to emerge insigld the subcomplex arrangement suctcstallization, crye

EM and cryetomography (Brohwan et al., 2008 & 2009; Beck et al., 2007; Alber et al., 2007;
Kampmann et al., 2009; Bui et al., 2013). On the one hhatk are crystal data availalier
approximately 30% of the mass of the NPC scaffold but this is currently not enough to reveal a
comprehensive insight into the structural organization of the NPC (Bilokapic et al., 2012). On the
other hand there is cry®M and cryetomography tackling this problem from a different an@eck

et al. reported in 2007 the structure of tfeastNPC with a resolution of 5&, whereas Maimon
described the structure of themanNPC at a resolution of 68 (Beck et al., 2007; Maimon et al.,
2012). More recently Bui et al. reported themanNPC scaffold at a resolution of 32 (Bui et al.,

2013) Investigating entire NPCs and averaging of multiple assemblies its dynamic character remains
intact. An overallstructure of the NPC was delineated the arrangement of the discrete subcomplexes
could not be clarifiedeasoned byhe insufficient resolution(Hrabeet al.,2012). In generatrystal

data can be fairly reliable fitted into the cgd data that are in rge of 10i 15 A. The crye
tomography resolution is lower and therefore the data could not be matched to crystal data in atomic
resolution leaving a resolution gap between both metHeath et al., 2007; Fotin et al., 2004; Stagg

et al., 2008 Another attenpt to capture the dynamic character of the NPC and create a model which is
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also based on subcomplex arrangement took an integrative approach including several experiments
ranging from affinity purification over immurBM and also including crytomography(Beck et al.,

2007 a/b;FernandezMartinez et al., 2012 The combined results of all approaches were used to
create a model that is based on the likelihood of protein contacts. Likelihood does not describe a
constant event but reflect the dynamic character of the NPC.

In summary three models are availabldaked on divergent perspectives.

Like co-crystallization that revealed direct protein contacts Y2H screens also result in binary-protein
protein interactions. Y2H screens reveal information aimeiinteraction of two proteins or protein
fragments in ecellular environment. The weakest detectable interaction can be observegd at K
approximately 1€.00uM (Mackay et al., 2008)'he sensitivity of the Y2H could be adequate to
detect even weaker PPIs building intemplex connections thanight be not dected earlier
possiblyreasoned by their dynamic charactéhe Y2H PPIls were validated with two independent
methods to ensure thegpecificity (see section 3.4).tr8ng interactions, namely int@mplex
connections which reflect the stable charactethef NPC can be captured as well. Some of these
interactions were described before in various IP and pull down experiments (Rout et al., 2000,
Cronshaw et al., 2002; Alber et al., 2007; Onischenko et al., 2009; FerAdadarez et al., 2012).
Reasoned bijimitationseach method might unravel distiRPls. Therefore the knowledge about PPls
obtained by Y2H may help to define the molecular architecture of the NPC.

The previously described approaches of Alber eBabhawn et al. and Bui et alesulted in models

of NPC architecture based on the arrangement of subcomplexes, mostly on the arrangement of the
largest subcomplexthe Y-complex.All models are not easy to reconcileach model still supports

single features of the molecular architee that arebased on their perspectives. OurHy23creen

might reveal missing intecomplex connections that can be fitted into the models and overcome the
limitations such as the resolution gap or binding affing. a $art the models of Alber et aénd
Brohawn et al. are explained in detdihey reflect very well the different directions of the NPC
science and influenced long time the NPC field. Lastly the recently published model of Bui et al. will
be presented.

In 2007 Alber et al. performean integrative analysis bperforming different experiments such as
ultracentrifugation (determination of t he pr ot e
(protein stoichiometry), affinity purification (protein composites and connectivity), overlay assay
(protein contacts), electron microscopy (NPC symmetry amdear envelope excluded volume),
immuno-electron microscopy (protein localization), bioinformatics and membrane fractionation
(nuclear envelope surface localization and protein excluded volume) to obtain as much protein
information as possiblelo analyzethe data theyised a four step protocdirst, data generation by

the experimentsecondtranslation of the data into spatial restraitisrd, calculation of an ensemble

of structures by satisfaction of these restraintsfandh, an analysis of annsemble to produce the

final structure.They collected large amounts of data in order to obtain sufficient spatial restraints,
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introduce appropriate tolerances to avoid dwégrpretation of relatively low precision data, and
include the possibility of fae-positives. They tried to resolve in their structural interpretation the
ambiguity of the dataMultiple copies of the same protein could be present in any architecture and any
single experiment is not able to determine which of the copies of the arprdtein is responsible

for a positive resulfThe final data set comprisdd3 5 ¢ o nt a c tCoritactdregueaces reflecs  ( fi
the likelihood that a protein interaction is formed given the data considered and are calculated from the
ensemble of optimeds t r u c t uweeesassigned th eath protein pair reflecting interaction data.
The contact frequencies range from 0 to 1 whereas 32 protein pairs obtained a contact frequency of 1
indicating a highly probable physical interactidwsing the contaclrequenciestiey created a three
dimensional model that combines all their data and resulted in a draft model with an estimated 5 nm
resolution. The major subcomplexes, thecomplex and the nic96omplex (NUP6Zomplex in
vertebrates) are arranged in aribontal cytoplasmic and a nucleoplasmic ring whereby the nic96
subcomplex is arranged in two rings between the rings containing-tmenglexes. All other nups,
except the miscellaneous nups, are fitted into this model and are distributed onto and tretwiegs
composed of Yeomplex and nic38omplex. One of the restrictions of this modeling is that the Y
complex is modeled as compact rod and the coat is $iflawg with very small gaps that are in clear
contrast to previous published crystal daBrophawn et al., 2009)Alber et al. performed the
comprehensive analysis and determined the position of single nups as well as of subcdmpibges
specific orientation of the omplex remains elugé. In the publication of Fernanddzartinez et al.,

2012, the structure, function and orientation of theovhplex was analyzed based on the results of the
Alber papers and with additional integrative data. In agreement with the Alber et al. version of the

model, this revised model describes two-cdMmplexes

RF7
¥y _ interacting in a heatb-tail manner, but it is not described if the
"\;a-{ two Y-complexes are overlapping and where they touch each
K other The Y2H results could possibly determine the touching

points of the manged ¥complexes. In total there are five
—  validated PPIs that are suggested to be -iiteomplex PPIs
Fig 4.2 Density map of the NPC an and canbe fitted into the Alber modelnup120/nup120,
the Y-complex (Figure of Fernandez nup120/nup84, nup85/nup133, sec13/sec13 and SEC13/SEH1.

Martinez et al., 2012) The Y-comple )
structure was fitted into the NPC enser AS mentioned above the Alber model suggests a-twetal

Eiigin“;; i?jiogo{flzt_)er ot 2l 2007 orientdaion of the Y-complexes (Fig 4)2 By fitting our Y2H

PPIs into this model we assume twecd¥mplexes thatre
arranged behind each other. Bothcdimplexes are connected via the PPl nup85/nupl133 that was
detected in the Y2H screen and validated in MST experingsn the PCA experiments. Notably
this PPI was also determined as cross species PPl with human and yeast constructs in our Y2H screen.
The cross species PPI suggests a conserved function of thisheFiypothesis of a single ring of Y

complexes in a fe@tto-tail orientation excludes the other four detected and validated PPIs (Fig 4.3).
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The proteins are not in sufficient proximity to form interactions. If botto¥plexes are shifted upon

each other the PPl nup84/nup120 could be plausible, still degeodiaxtend of overlay. The strong
b-propeller interactions of secl13/sec13 and secl3/sehl are plausible only in a head to head overlay
which allows proximity, but this prevents the nup85/nupl33 interaction reasoned by the spatial
distance between both peats. According to the orientation of two overlappingdMmplexes also the

PPl nup120/nup120 could be possible. In summary only the PPI nup133/nup85 is plausible and the
PPI nup120/nup84 might be possible if there is a certain overlap, informationeheteistly missing.

The three other validated PPIs: nup120/nup120, SEC13/SEC13 and SEC13/SEH1 could not be fitted
into this model suggesting discordance between the model and our Y2H data.

Another model was postulated by Brohawn et al. in 2008. It is masadchitectural similarities of the

yeast proteins nic96, nup85, nup145C, nup84 and secl3. As discovered by Brohawn, Schwartz and co
workers, they all share a ACE fold with thecurrence of a characteristic tripartite structural element
consistent of cnen, trunk and tail.

Y2H Y-complex PPIs Y-complexarrangements based on the Y2H PPIs

Alber et al., 2007

\\%’ v y
o %Nupu""‘%
‘\)‘ﬂs@ %’ ) 'lﬁi‘,
Brohawn et al., 2009
Y2H PPIs fitting into the different models

PPI found with Y2H| Alber Brohawn
Nup120/Nupl120 no yes . .
Nup84/Nup120 > > Validated with MST
Nup85/Nup133 yes no
Secl3/Sec13 no yes Validated with PCA
Sec13/Sehl no yes

Fig 4.3 Overview of the inter-Y-complex PPIs between two Yomplexes and the models of Alber et al., 2007 and
Brohawn et al., 2009;Left: there are five Y2H PPIs that are suggested to be Yrmymplex PPls and were validated with
MST (blue links) or with PCA (red links). Right: Shown are twadMmplex arrangements based on the models of Alber and
Brohawn with an overview of possible Y2H PPIs according to the model. To@mylexes of the Brohawn model are
colored according to the@E1 elements described by Brohawn et al., 2008.

In an initial experiment the group around Brohawn solved the structure of nup856d3 4nd sehl
at a resolution of 3.5 A°. Both proteins form a heterodimer as distinct tight unit of 102 kDa. The
structurdh st udies reveal ed tpropdler srecture wHerelly d sentrialratisdis an o
surrounded by the six bl ad¢mplersmudtire haudhugi etal., t y pi
2008) . Bet ween t he bl apbpelierblade of the Nedrmirmus of nup86 iss e h 1
insertedin transt h at forms a three stranded -propalldreByand t h
following the Nt er mi n a l insertion of n u p 8-belices, famshveoi d st r
distinct modulescompi si ng a trunk and a c-heliceni3 (aalrld@00)t r un k |
whereas the cr owhelices 411 (@ma 36509)0 The dotmectivity as well as the
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topology of the secondary structure elements of nup85 and nup145C is remaridlbly isi contrast

to the low sequence similarity of only ~10% (Brohawn et al. 2008). Nup145C also hateanimal
three sdhaentdetdhdt i ncl udes a -prapelleroftsdtl3bTheaalatvet o c |
orientation of the domains is mestly different while the trunk and the crown modules of nup145C

and nup85 are similar. Interestingly the interaction sites of sec13 and sehl in nup145C and nup85 are
the most conserved regions, indicating another similarity between both proteins. Forghigrisiform

of domain architecture is also found in three other proteins: nic96, nup84 and Sec31. Nic96 and nup84
are also part of the NPC whereas Sec31 is a member of the COPIl coatamer. Sec31 homodimerizes
and thus creates an edge element in the CE&ali where internal domains are changed between two
crown molecules resulting in mixed crown modules. These mixed crown modules are identical in
topology to the unmixed crowns in nup85, nup145C and nic96 (Fath et al., 2007). Since nup84 also
shares modulesimilarity that is extending beyond the trunk and the crown modules and was
characterized by the Schwartz group in thee@ninus of the human homolog NUP107, the structural
prediction (Phyre) also places nup84 into the group of proteins containing sardlkitectural
modules. Because of the similarity of the architectural characteristics of crown, trunk and tail in the
three nups nupl45C, nup85 and nup84 as well as in the COPII coatamer protein SEC31 the tripartite

structural element was called ancest@dtamer element 1 (ACE1) by Brohawn et al., 2008.

JSUSuEySPEUIURUE.
Ty ooy

Fig 4.4 The lattice model of Brohawn et al., 2008Figure of Brohawn et al., 2008) The lattice model provided

by Brohawn et al. is based on structural homologies represented by the ACE elements (ancestral coatamer elements) in the
NPC and COPII coatamer. ACEL proteins are colored according to their modularity: green = tail; orangs; bluen=

crowns. Even thoughthe illustration emphasizes the opattice like organization there are no specific interaction points
implied. In addition the exact nature of the vertex elements remains to be seen.

ru..,; Cieplasmie Ring

Lattice
model

Mickoplasmic Ring e

While this evolutionary relationshipas suggested before Brohawn et al. were able to provide strong
experimental evidence (Devos et al., 2004). Predicted interaction sites (Phyre) were tested by
constructing point mutations of nup84 and nup145C and experimentally validated. They foung that th
nup84/nupl45C interaction interface is made by acrownown connect i-oeix8amnvol vi |
in the SEC31 homo dimerization. In addition the tail modules of nup145C and nup85 seem to interact

with nup120. In summary, two of the three interface syt are described in the COPII coat are also

found in the NPC coat. Based on these similar interaction interfaces, distance constraints and
stoichiometric considerations the orientation of theomplex was modeled: nup84 is linking nup133

with nup145Cand thus connect the edge element (nup1€&c13/nup84/nup88ehl) containing the

ACEL1 element with nup133 that is pointing outward and is positioned at the periphery of the pore. The
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pentamer containing nupl4&secl3/nup8sehl/nupl20 formed a symmetrictiskelion that
corresponds to the vertex elements of the polygonal cages in the vesicle coats. The triskelion has
approximately 20 nm distance between the tips, as measured by EM (Lutzmann et al., 2002), and
when the eight Ytomplexes form a ring arourtde central channel a diameter of 50 nm is reasonable

if the edges touch at the tips (Brohawn et al., 2008) (Fig 4.4). Another possibility would include a yet
unidentified adaptor protein. Because nic96 also shares an ACE1 element Brohawn et al. predicted
that the inner scaffold ring is branched and latlike, like the peripheral rings. They postulate that

the Y-complex and the nic96omplex contain vertex elements and thus build the edges in NPC
scaffold architecture. In summary twecémplexes were anged in a heathb-head orientation in a
vertical plane of the NPC (Fig 4.3). It is assumed that the NPC coat is similar to the clathrin and COP
coats and as suchda model is based on strong bptapeller interactionshat are also found in the

COPIlI coatamer (Brohawn et al., 200&onsidering ther2H and PCA results indeed these could be

built by sec13/secl13 and secl13/sehl. In the model of Brohawn the smadtdpter proteins were
localized at the tip of the “¢omplexes but it wasuggestedhats ec 13 and is |l ocated
whereas SEHl islect ed c¢ | os e t o)(Kampreanndehal.,b2009; Fdfriangdantine et

al., 2012). Therefore it is possible to arrange thephplexes in a head-head orientation but the-Y
complexes musttheoever | ap cl ose to the O6hubdo. -YWimpléx t hi s
PPIs could fairly match up with the model: the strong Hpetgeller interaction made of the BPI
secl3/secland secl3/sehtuilding the basis of the modéFig 4.3) Within this model nup120 in

two Y-complexes would overlap at their-t8rmini, therefore come into close proximity allowing
dimerization.Both N-terminal parts of nup120, aa7b7 showed dimerization in the Y2H as well as in

the MST experimentssupporting the suggéon of inter Y:complex connectionsThe PPI
nup84/nupl20 is likely if there is a large overlap between twoorviplexes. Otherwise both
molecules are too distant from each other to interact. Considering the PPI nup85/nup133 there is no
possibility that bth proteins interact indicated again by the huge distant between them. Moreover both
proteins are located on the opposite sides of the twonvplexesThe Y-complexes are orientated in

a vertical plane to the NPandnupl133 would point outwards of the NPI@ summary lireeof the

five PPIs (SEC13/SEC]13SEC13/SEHl1and nupl20/nupl20) fitn this model. Under certain
conditions regarding the ovap of two Y-complexes, the PRIup84/nup120s also possibleThe PPI
nup85/nupl133 is not plausikecauseaupl3 is directed towards the cytoplasm and nucleoplasm and

there is no possibility to connect it to nup85.

For a long time these two contrary models were used to describe the NPC subcomplex organization
but obviously could not come together. The Y2H resdikect this problem very well by providing

PPIs that support both modeldhe PPI nup85/nupl3uld be fitted into the Alber model but most of

the other PPIs support the model of Brohawn et2808. Therefore it might be possible that there

exist morethan one relative ¥omplex arrangement within the NPC.
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4.3.4 InteriY-complex interactions can contribute to 16mer inner ring formationi
Bui et al., 2013

As described above previous work provides substantial insight into the structural arrangement of the
NPC subcomplexes (Alber et al., 2007; Brohawn et al., 2088)everthe field is lacking direct
structural evidence. Bui et al. named two obstacles that should overcome the determination of the
arrangement of subcomplexes within the NR(St, the resolution of tomography of the entire NPC
should be enhanced to fit inngle particle structures obtained from isolated subcomplexes and
secondthe discrimination between inteand intrasubcomplex protein contact sites (Bui et al., 2013).

To investigate the exact 3D orientation and stoichiometry of tHoenyplex within thehuman NPC
several techniques such asryotomography, electron tomography, singfearticle electron
microscopy, and cross linking mass spectrometry were applied that should finally bridge the various
length scales of tomography and high resolution datd sgc crystallographic datdui et al.
distinguisted inter- from intracomplex connections with cross linking MS on either isolated Y
complexes or on intact NPCs. Further phosphorylation sites were identified which seem to be
responsible for NPC architectu Thesites were identified mostly at intsubcomplex interfaced.o
reconstruct the omplex a systematic, templat@atchingbased search was performed to determine

the position and orientation of the highly ordered vertex within the tomographicoelemptical
density of one subunit of the NPC. This procedure was repeated 30 000 times with random starting
positions resulting in identification of two pairs of exactly symmetric positions of the highly ordered
vertex in the nuclear and cytoplasmic ringgnally the study resulted in a model of NPC architecture
based on the arrangement of thecoMmplex. The resolution of the scaffold structure could be
enhanced down to 3R (3.2 nm). Based on their results Bui et al. places eigbonvplexes in a ring.

There are two rings of omplexes at the cytoplasmic site and two rings at the nucleoplasmic site
resulting in rings of 16 copies of-domplexes. The inner and outercsmplexes are shifted by 11 nm
along the long axis and are orientated in a 55° angleetouclear envelope plariEhe longer arm of

the Y-complex consisting of NUP160 (nupl120 in invertebrates) is pointing towards the membrane
whereas the shorter arm (NUP85) points toward the inner channel of the NPC (Fig 4.7). Notably this is
one of the fist specific models proposing touching points of theovplex. The Y-complex was

visualized via a density map viewer in the data base EMD (entry: 2445).
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Bui et al., 2013 - Integrated Structural Analysis of the Human Nuclear Pore Complex Scaffold

NPC density map Y complex arrangement— Bui et al., 2013

—> NUP160 / NUP160

NUPSS /

SEC13 /
Y-€6mplex| SEC13/

/
2
Y - - -

Fig 45 NPC density map of the cytoplasmic ring of the NPC made by Bui et al., 20IBop left: density map of the entire
NPC from the cytoplasmic side. Down left: the density map in higher resolutio® Y-complex is visible. Right: density
map with visualized Ycomplex indicated by different colors and the according nups. The propuseaction sites are
indicated by blue and red arrows and are listed in the box.

Even though the resolution is high enough to visualize tverMplex within the NPC it is not high

enough to reach atomic resolution and thus to see interaction sites. Halveymoposed orientation

is visible and connections can be suggested. The descriptions of Bui et al. sutiystbd ¥

complexes are arranged behind each other in an overlappamjo-tail orientation (Fig 4.7)The

overl|l ap occur s . @HeotsoeY-complexes lare shiftdd udwards each other by
approxi mately 11 n m.-compheeis lécatedtbéhindthe sterh ef thé outereyr Y
complex. Additionally the Ycomplexes are not planar orientated; they are at an angle of 55° to the
nuclear envelope plan®y analyzing the electron densities of the cytoplasmic side of the human NPC
scaffold the ¥complex was discernible in the map viewer. TwadMmplexes (I and Il) are shifted
towards each ot her whe-complexIlitshel dddhaitbedd old e Rtihned itnhn
complex | in the region of NUP96/secl3 (nupl45C in invertebrates). This position enables the

d e t e cpropetler ibteractions SEC13/SEH1 and SEC13/NUP37 whereas SEC13 is located at the
center of the 0 hHibré morerddtantlypésitioned direated ®vards the arms (see
dark red arrows in Fig 4.7). H o wmropdler interackonsSEC 1 3/
will likely not occur simultaneously. The arrangement of theovhplexes | and Il behind each other

brings NUP160 of the inner-¥omplex in proximity to NUP160 of the outercomplex (Y-complex |

and Y-complex Il) that could be visualized in the density map viewer (see blue arrows in Fig 4.7).

This connection is consistent with the nup120/nup120 howe PPI found in our Y2H screen and

with the MST approach with ag<f 3-5 uM. There is another PPI that is made possible by the mutual

shift of the inner and outer-¥omplex, namely NUP107/NUP160 (nup84/nup120 in invertebrates).
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This PPI was found in oyeast Y2H screen and was recapitulated in our MST experiments wih a K

of 1-2 uM. However this connection is not visible in the density map viewer since it is hidden between
the Y-complexes | and II. In summary three PPIs could be realized by the arearigenY-complex |

and Il that are both parts of two distinct rings, the inner and the outer cytoplasmic ring. However the
density map also reveals connections betweeorvplexes of the outer ring that are arranged behind
each other, namely -¥omplex | ad Ill. Thus Y-complex Il is interacting with Ycomplex | at one
visible point namely NUP85/NUP133 (green arrows in Fig 4.5). This PPI is one of the best
characterized PPIs in the entire study. It was detected in the Y2H screen, measured with a
biophysicaly method with an affinity of > 3 uM and could be visualized in intact human cells at the
nuclear rim. In the density map it seems to be the major bridge betweempiex | and IIl and likely

also between Il and IV (difficult to visualize in the map). dJammary it seems that the PPIs
NUP160/NUP160 (nupl20/nupl20 in invertebrates), SEH1/SEC13, SEC13/SEC13 and
NUP107/NUP160 (nup84/nupl120 in invertebrates) are connecting the two shifeapiexes | and

Il whereas NUP85/NUP133 connects twectymplexes | andll which are arranged behind each other

(Fig 4.5). Thus the intemolecular ¥complex interactions describe connections between three Y
complexes of the outer and inner cytoplasmic scaffold ring. Even though the' intenplex PPls

can be well fitted ito the structural model of NPC architecture proposed by Bui et al. other
configurations might also be possible considering the relatively low resolution of 32 A°. The
nucleoplasmic ring could contain a differemtc¥mplex arrangement since the electronsigrand

seems to be different in both NPC scaffold structures. This is in agreement with the previous idea of
the dynamic structure of the NPC reasoned by different local symmetry (Brohawn et al., 2009;
Grossmann et al., 2012). Taken together more canafiiguns of Y-complex arrangement might exist

than seen in the density map viewer supportiedNPC flexibility.

The model of Bui et al., builds a bridge between the fedetad model of Brohawn et al., and the
headto-tail model postulated by Alber et al. because it arranges-t@mplex in an overlapping way

where the two Ycomplexes come into close proximityatos t o t hei r losuggeststhat ( Fi g

more than two relative omplex arrangements might exist within the NPC enabeling the five
validatedhuman and yea&t2H PPls: SEC13/SEC13, SEC13/SEH1, nup85/nupl33, nup120/nupl20
and nup120/nup84.

4.3.3 Summary of the investigation of thebinary PPIs of the human and the yeasNPC

The nuclear pore complex is, with an estimated molecular weight of 60 MDa in yeast and 120MDa in
human one of the largest protein assemblies of the cell (Peters, 2005). Itsctmrdransport of

molecules between nucleoplasm and cytoplasm whereby smaller molecules (< 40 kDa) can freely
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diffuse through the pore whereas larger molecules are actively transpodeki €t al., 2007)lts
molecular organization is suggested to bgeldeon the largest subcomplex, theomplex resulting in
different models Alber et al., 2007; Brohawn et al., 2008; Bui et al., 2013). The lattice model based on
evolutionary considerations places thedmplex in a perpendicular hetmthead orientatiortio the

nuclear envelope plane whereas the Alber model proposed a horizontabtahdrrangement of the
Y-complex (Alber et al., 2007; Brohawn et al., 2008). The latest model supports neither both models
(Bui et al., 2013). Moreover it places thec¥gnplex in a 55° angle to the nuclear envelope and
combines both models indicating that both previous models contains features that might reflect certain
structural features of the dynamic NPC structure. The elusive knowledge is mostly reasoned by the
resoluton gap of previous used methods like ectgmography experiments £ nm) and
crystallization studies (atomic resolution) (Grossmann et al., 2012). To address common limitations
we applied an intense Y2H screen investigating the binary pptetrin ineractions which might
emerge insight into the direct connections between the subcomplexes (Rout et al., 2000; Cronshaw et
al., 2002; Alber et al., 2007; Brohawn et al., 2009). Besides yeast full length congteu2H

screen included fragments of yeasicleoporins (nups) and several construct of human full length
nups reslting in a network comprising4 PPIs between 26 yeast nups and 16 PPIs between 15 human
nups. While benchmarking of the yeast Y2H data set against diffeneribus published datatseve
confirmed highly reliable data. In addition several PPIs were recapitulated with independbasedl|

and biophysical experiments (prot@iomplementation assay for the human PPIs and MST for the
yeast PPIs). The Y2H screen revealed direct cororectbetween all subcomplexes and the linker
nups and even five novel int¥-complex PPIs were unraveled. The data were used to scrutinze
current structural models. We could reconcile our intezoiplex Y2H PPIs in the latest model
proposed by Bui et although many uncertainties remain, in particular steric constrainst may arise that
could exclude proposed interactions in the suggested arrangements. However, our validated inter Y
complex interactions allow the conclusion that more than two relativenylex positions within the

NPC must exist. Taken together the Y2H interaction map will assist structural work on subcomplexes
and may provide crucial information to overcome the resolution gap between the structural view at

atomic resolution and the supraeular NPC assembly.

4.3.4 Zusammenfassung derUntersuchung der binaren Protein-Proteininteraktionen
deshumanen und des Hefkernporenkomplexes

Der Kernporenkomplex isimit einer molekularen Grof3e von ca. 60 MDa in Hefen und 120 MDa in
Vertebrateneiner der grof3ten Proteinkomplexe der Zelle (Peters, 2005). Er kontrolliert den
Molekiltransport zwischen Zellkern und Zytapma wobei kleinere Molekile (40 kDa) frei

hindurch diffundieen, wahrend gréf3ere Molekile @0 kDa) aktiv transportiert werderbDer
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Kernporenkomplex ist aus mehreren Kopien dreier Subkomplexo(ivplex, NUP62Komplex und
NUP93Komplex) sowie LinkeNUPS und transient angelagerte NUPS zusammengesetzt, wobei
deren relative Position innerhalb des Komplexes noch diskutiert Wied Aufbau des gesamten
Komplexes wirdin verschiedenen Modellegiskutiert Deren Grundlagést die Position des grof3ten
Subkomplexesdes Y-Komplexes (Alber et al., 200Brohawn et al., 2008; Bui et al., 201®as

al aimbideé 6 s c hl 2 gzur Karnnmembrasapgedtdnetétopf-an-Kopf (headto-head)
Position zweier ¥Komplexe vor (Brohwan et al., 2008Alber et al. hingegen postuliertine
horizontale, Kopf-zu-Schwanz (heatb-tail) Position meherer YKomplexe Das neueste Modell
positioniert YYKomplexe in zwei horizontale Ringe, deweils aus acht XKomplexe bestehefBui et

al., 2013) Die Y-Komplexe sind in einem Winkel von 55°rzkiernmembran angeordnet. So gesehen
bildet das BuiModell eine Briicke zwischen Alber und Brohawn, da es Eigenschbéider Modelle
vereint. Alle Modelle basieren auf verschiedenexperimentellerMethoden. So wurde das Alber
Modell aufgrund eines integrativen Versuchsansatzes postuliert wahrend das Bhdbdelihauf
Kristalldaten beruhtZwischen den Ergebnissen beider Ansatze klafft eine Auflésungslicke-(Cryo
Tomographie = Hnm; Krystallographie = atomare Auflosung) (Grossmann et al., 2012). Wir haben
ein Hefe2-Hybrid Experiment ausgefihrt, welches dazu benutzt werden kann Adi#ésungslicke

zu umgehen, indem dsnareProteinProtein Interaktionen identifiziert und daniinblick in direkte
Kontakte zwischen Subkomplexgewahrt. Neben Hefaund Humanenproteinkonstrukten in voller
Lange wurden auch Hefeproteinfragemente eingeseétzin &in Netzwerk aud4 PPls zwischen 26
Hefeproteinen und 16 PPIs zwischen 15 Humanen Proteinen resuligeeWalidierung der Hefe
Proteininteraktionen gegen zwei weitere binare Netzwerke ergab ein zuverlassiges Hefeneawerk.
Hefe-2-Hybrid Versut zeigte direkte Verbindungen innerhalb einzelner Subkomplexe sowie
zwischen ihnenAusgewéhltehumane und Heferoteininteraktiongndie Verbindungen zwischen
zwei Y-Komplexen beschriebemyurden zudem experimentell mit unabhangigen-Ba#lierten bzw.
Proteinbasierten Methoden bestétigt (humane Interaktionrotein Komplementierungs Testefe-
Interaktioneni Micro-scale Thermophoresepie resultierendenDaten wurden benutzum die
bestehenden Modelle eingehend zu prufen. Dabei wurde festgestalt, die Hef@-Hybrid
Proteininteraktionen vornehmlich mit dem Bubdell (bereinstimmen. Dennoch bleiben
Ungewissheiten zuriick, insbesondbeziiglich der raumlichen Anordnung, die die vorgeschlagenen
Interaktionen ausschliel3t beziehungsweise nicht efigdemterstiitzt. Dennoch erlauben erhaltenen
Hefe-2-Hybrid Proteininteraktionen die Schlussfolgerung, dass es mehr als zwei mogliche Y
Komplexanordnungemnerhalb des NP@eben kann. Zusammengefasst unterstiitzen die gewonnen
Daten die strukturelle Arbeitam Kernporenkomplex und stellen wichtige Informationen, die die
bisherige Auflésungsliicke zwischen atomarer Auflésung und supramolekularer NPC Architektur

Uberwinderkénnen
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6. Appendix

Protein-protein interactions of the Amlacher data set and the Leducq data set

Amlacheret al., 2011 Leducqg et al., 2012
ProteinA ProteinB ProteinA ProteinB Leducq_score | ProteinA ProteinB Leducq_score
nup53 nup17o 7.756 Nup116 1.805
nup53  nupl92 4,885 Nup100 1.642
nuplS7  nupl70 4,786 Nup100 1.474
4,569 Nup100 4,159
AL S 4.299 Nup116 2.622
nuplgs  nic96 3.669 Nup157 3.602
nup53 nic96 4,081 Nup192 1.595
nup192 nic96 2.806 Nup192 2.160
nupl70  nupl70 2.613 Nup192 2.016
nup53 nup53 2.328 Nup120 3.277
nup157 nup53 2.069 Nup85 2:174
Lo o
4 up .
e nuPl3s 1.606 Nup85  Nup145 3.901
R "uP145C 1.571 Nup85  Nup120 3.234
nupS3  nup8s 5.075 Nup120 Nupl45 2.371
asm4 nup84 4.179 Nup100  Nup120 2.409
nup133 nup84 3.846 Nup100 Nup85 2.160
nup145C nup84 3.319 Nup116 Nupl120 1.493
nup145C secl3 2.978 Nup100 Nupl145 1.633
nupsS5 sahi 2.661 Nup100 Nupl 1.497
2.485 Nup60  Nup60 1.417

Figure 6.1

Shown are the binary proteprotein interactions of the yeast nuclear pore complaghefAmlacher
data set and the Leducq data 3&ie proteins are colored according to their subcomplex membership:
blue: nic96complex; green: Yomplex; grey: nsptomplex; pink: linker nups; golden brown:
miscellaneous nups. The Amlacher data set comprises 19 PPIs of two major scaffold subcomplexes of
the NPC that were obtained by Y2H. 14 PPIs describe connections within theeomnp&x (NUP93
complex in vertebrates) and within the-cgmplex. 5 PPIs revealed connections between both
subcomplexes. The Leducq data set comprises 44 PPIs that wereedbtain a protein
complementation assay (PCA). 15 PPIs describe connections within theamsplex, three within

the Y-complex, one within the nic96omplex and two between the linker nups. All oter PPIs reveal
connections between subcomplexes. Leducq.eR@l2 introduced an interaction score that is called
Leducq score.
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Crystallization data of nucleoporins collected with PDB:

ProteinA  ProteinB ProteinA_Residue ProteinB_Residu¢ Organism PDB_IC Pubmed_ID

Nup145C_Secl Nup84 731-1158 1-460 S.c. 3IKO 19855394
Nup159 Nup82 14251460 1-452 S.c. 3TKN 21930948
Nup82 Nup116 1-452 967-1113 S.c. 3PBP 21930948
Nup82 Nup159 1-452 14251460 S.c. 3PBP 22480613
Sehl Nup85 1-349 1-564 S.c. 3EWE 18974315
Nup84 Nup145C 1-460 731-1158 S.c. 3IKO 19805193
Sec13 Nup145C 1-297 731-1158 S.c. 3JRP 19855394
Nup159 Glel 2-387 244538 S.c. 3RRM 21441902
NUP133 NUP107 9351156 658925 H.s. 3CQC 18570875
NUP133 NUP107 517-1156 658925 H.s. 314R 19674973
NUP62 NUP54 362-425 346407 R.n. 3797 22036567
Nup53 kap121 401-448 1-1078 S.c. 3W3Y 23541588
NUP98 RAE1 158213 1-368 H.s. 3MMY 20498086
KAP2 NUP2 88530 1-51 H.s. 1UNO 14532109
KAP2 NUP2 88541 1-51 H.s. 2C1T 16222336
KAP95 NUP1 1-861 9741012 H.s. 2BPT 15878174
NUP54 NUP58 445494 327-415 R.N. 3798 22036567
KAP2 NUP50 75498 1-46 M.m. 2C1IM 16222336
NUP37 Nup120 1-394 1-961 Ss.p. 4FHM 22955883
NUP37 Nup120 1-393 1-950 Ss.p. 4GQ2 23019579
Nup82 NUP98 1-452 732-880 S.c/M.m. 3TKN 22480613
RAN NUP153 1-216 703754 R.n/H.s 3CH5 18611384
KAP1 Nspl 1-442 497-608 H.s./S.c. 1060 12372823
Figure 6.2

Shown are the crystallization data that were collected in the PDB data base. THB RDEpicted
for each crystallization study. In all there were 23 crystals collected that could be summarized to 19
PPlIs.
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Y2H interactions of the yeast NPC:

SymmIA SymbolB GenelDA GenelDB

nup85
nup133
nupl145C
nupl145C
nup145C
nupl145C
nup145C
nupl145C
nup145C
nupl145C
nup145C
nupl145C
nup145C
nupl145C
nup145C
nupl145C
nup145C
nup145C
nup120
nup120
nup120
nup120
nup120
nup120
nup120
nup133
nup133
nup133
nup85
nup192
nup192
asm4
nup53
nup53

secl3
secl3
nup84
nup84
nup84
nup84
nup85
nup85
nup120
nup120
nup120
nup120
nup120
nup120
nup120
nup85
nup85
nup85
nup120
nup120
nup84
nup84
nup85
nup85
nup84
sehl
asmé
asmé
nic96
nic96
nup192
nup53
asm4
asmé

853016
853016
853385
853409
853409
854691
853499
853957
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
85278802
853808
853808
853808
853808
853808
853808
853808
853957
853957
853957
853499
853410
853410
851470
855184
855184
853385
853409
852703

850552
852703
852703
853016
853385
853385
853385
853385
853385
850905
850905
851441
851441
851441
851441
853499
853499
853808
853808
853808
853808
853808
853808
853808
853499
853499
853499
853808
853808
851441
851441
853499
853499
851441
852778
851470
851470
850552
850552
853410
855184
851470
851470

ConstructA
nup57(271541)
nup57(271541)

nup82(1452)
nsp1(606823)
nspl1(606823)
nup159(11311460end)
nup85(k744end)
nup133(8811157end)
nupl45C(606.317)
nupl45C(606.317)
nupl45C(738.317)
nupl45C(783.160)
nupl45C(783317)
nupl45C(738.317)
nupl45C(606.317)
nupl45C(606.317)
nupl45C(606.317)
nupl145C(1144a317)
nupl45C(606.317)
nupl45C(738.317)
nupl45C(738.317)
nupl45C(783.160)
nupl45C(783317)
nupl45C(783.317)
nup120(f.l.)
nup120(f.l.)
nup120(8221037end)
nup120(f.l.)
nupl20(1757)
nupl120(757)
nup120(8221037end)
nup133(8811157end)
nup133(8811157end)
nup133(8811157end)
nup85(k744end)
nupl192(11133)
nupl192(11680)
nup59(f.1.)
nup53(f.1.)
nup53(f.1.)
nup82(1452)
nspl1(600823)
nup49(269472)

ConstructB
nic96(1200)
nup49(269472)
nup49(269472)
nup57(271541)
nup82(452end)
nup82(1452)
nup82(1452)
nup82(1452)
nup82(1452)
sec13(f.l.)
sec13(f.l.)
nup84(1726end)
nup84(k726end)
nup84(1726end)
nup84(t726end)
nup85(1744end)
nup85(533744end)
nup120(f.l.)
nup120(f.l.)
nup120(f.l.)
nupl20(1757)
nupl120(757)
nup120(f.l.)
nupl120(:757)
nup85(t744end)
nup85(533744end)
nup85(533744end)
nupl120(:757)
nup120(f.l.)
nup84(1726end)
nup84(t726end)
nup85(101543)
nup85(t744end)
nup84(1726end)
sehl(f.l.)
nup59(f.l.)
nup59(f.1.)
nic96(f.1.)
nic96(f.1.)
nup192(11133)
nup53(f.1.)
nup59(f.l.)
nup59(f.1.)

Ranking Count
1 2
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Config

DMPB
DMBP
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BP
\AY%
PB
PB
PB
BP
BP
BP
BP
PB
PB
BP
BP
BP
BP
\AY%
\AY%
BP
\AY%
BP
PB
PB
\AY%
PB
\AY%
\AY%
PB
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BP
BP
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BP
BP
PB
PB
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BP
PB
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