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1. Zusammenfassung

In der Vergangenheit haben Strukturbiologen hauptsdchlich zwei experimentelle Methoden zur
Strukturbestimmung von Proteinen angewandt: Rontgenkristallographie und
Kernspinresonanzspektroskopie (NMR). In jlingster Zeit wurde die Kryo-Elektronenmikroskopie
(Kryo-EM) aufgrund bedeutender experimenteller und rechnergestiitzter Fortschritte ebenfalls in
die Sammlung hiufig genutzter Strukturbestimmungsmethoden aufgenommen. Diese Methode
ermoglicht die Aufkldrung groBer makormolekularer Strukturen, die zuvor aufgrund Ihrer
Komplexitidt oder subzelluliren Lokalisierung nicht untersucht werden konnten. Trotz aller
Erfolge der Kryo-EM zeigen die meisten Strukturen grofer Proteinkomplexe, die mit Hilfe dieser
Methode aufgelost wurden, hochaufgeloste Merkmale, die sich hauptsdchlich auf den Kern des
Proteins bezogen. Gleichzeitig wurden die flexibleren peripheren Doménen in der Regel nur
unzureichend abgebildet. Solche Fille traten besonders bei Anwendungen der Kryo-
Elektronentomographie (Kryo-ET) auf, wo die geldsten Strukturen typischerweise eine mittlere
bis niedrige Auflosung aufweisen, was das Verstdndnis der Funktion dieser Komplexe auf
atomarer Ebene erschwert, insbesondere in ihrem urspriinglichen zelluldren Kontext.

Eine Methode, die zunehmend angewandt wird, um Strukturmodelle groBer Proteinkomplexe zu
erhalten, ist die computergestiitzte integrative/hybride Strukturmodellierung. Ein typischer
integrativer Modellierungs-Workflow kombiniert vorhandene Informationen aus komplementéren
Methoden wie Ronntegenstrukturanalyse, Kryo-EM, NMR, Crosslinking-Massenspektrometrie,
und Homologiemodellierung, um Ensembles von Modellen zu erstellen. Diese Modelle haben
einen hoherer Genauigkeit und Prdzision im Vergleich zu Modellen die nur durch einzelne
rechnerische oder experimentelle Ansétze bestimmt wurden. Die derzeit verfiigbare integrative
Modellierungssoftware und die entsprechenden Protokolle sind jedoch entweder auf Komplexe
mit einfacher Architektur beschrinkt oder erfordern bei der Anwendung auf komplexere
Proteinsysteme umfangreiche projektspezifische Modifikationen. Dies setzt ein grofBes
Fachwissen seitens der Benutzer voraus.

In dieser Arbeit beschreibe ich die Funktionalititen und algorithmischen Neuerungen von
Assembline, einem vielseitigen Modellierungspaket fiir die effiziente und einfach zugingliche
integrative Modellierung von Proteinkomplexen mit hochkomplexer Zusammensetzung.
Assembline wurde unter Verwendung der Software-Bibliothek “Integrative Modeling Platform”
implementiert. Auf dieser Software-Bibliothek aufbauend wurden benutzerdefinierte Algorithmen
zur effizienten suche im Konformationsraum, eine vielseitige Konfigurationssprache, und ein
grafisches Interface fiir die Eingabevorbereitung, Modellierung und Analyse entwickelt.
AuBerdem werden durch die Implementierung zusétzliche, benutzerdefinierte Randbedingungen
ermoglicht, sowie die flexible und symmetrische Modellierung unterstiitzt. Zusammengenommen
machen diese Eigenschaften Assembline zu einer der intuitivsten und am einfachsten zu nutzenden
Programme fiir die integrative Modellierung, die derzeit verfiigbar ist.

Ich habe die in Assembline gebiindelten integrativen Modellierungsmethoden erfolgreich
eingesetzt, um Strukturmodelle des Kernporenkomplexes (NPC) fiir zwei Hefearten zu erstellen.
Im ersten Fall basierten die von mir erstellten NPC-Modelle fiir S. cerevisiae in erster Linie auf
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in-cell cryo-ET-Datensétzen und zeigten auffillige strukturelle Unterschiede im Vergleich zu dem
veroffentlichten integrativen NPC-Modell, das zuvor auf der Grundlage von in vitro Daten erstellt
wurde. Die neuen, in vivo basierten NPC-Modelle erschienen im Vergleich zu den in vitro
Modellen in ihrem Durchmesser deutlich erweitert. Gleichzeitig schienen wichtige
Strukturelemente, wie die mRNA-Exportplattform, in den in vivo NPC-Modellen vollig anders
positioniert zu sein. Fiir den zweiten Fall habe ich einen deutlich weniger untersuchten NPC aus
S. pombe modelliert. Diese integrativen NPC-Modelle basierten ebenfalls auf in-cellulo Kryo-ET
daten, die unter nativen und energiearmen zelluldren Bedingungen aufgenommen wurden, um
Schnappschiisse moglicher Konformationsianderungen des NPC zu erfassen. Die NPC-Modelle
von S. pombe deuten auf die Existenz einer gespaltenen Y-Komplex-Schnittstelle am
zytoplasmatischen Ring des NPC hin, die die strukturelle Integritdt des dulleren Rings unterbricht
und somit das seit langem bestehende Dogma einer aus drei Ringen bestehende NPC-Architektur
in Frage stellt. Dariiber hinaus zeigten die NPC-Modelle aus den energiearmen Zellen einen
deutlich verringerten Durchmesser im Vergleich zu den nativen NPC-Modellen. Dies verdeutlicht
die strukturelle Plastizitdt der NPCs als Reaktion auf physikalisch-chemische Einfliisse.

Beide Modellierungsanwendungen fiir den NPC heben die Notwendigkeit, die Strukturen solch
wichtiger Proteinkomplexe in ihrem nativen zelluldren Kontext zu untersuchen, hervor. Sie sind
ein eindrucksvolles Beispiel fiir die Kombination modernster experimenteller Methoden mit den
neu entwickelten integrativen Modellierungsmethoden.

[12]



2. Abstract

Historically, structural biologists have applied mainly two experimental methods for the structure
determination of proteins: X-ray crystallography and nuclear magnetic resonance (NMR)
spectroscopy. Recently, cryo-electron microscopy (cryo-EM) was also added to the regular toolkit
of structural biologists due to significant experimental and computational-based advances. These
developments allowed the elucidation of complex structural architectures that were previously
impossible to study due to the target’s complexity or sub-cellular localization. Despite all the
recent cryo-EM successes, though, most of the structures of large protein systems that were
resolved by such experiments exhibited high-resolution features mostly towards the protein’s core.
At the same time, more flexible peripheral domains were usually poorly imaged. Such cases were
very prominent in cryo-electron tomography (cryo-ET) applications where the solved structures
typically range from mid-to-low resolution, thus hindering the process of understanding the
function of these complexes at the atomic level, especially in their native cellular context.

A state-of-the-art method that has been increasingly applied to obtain structural models of large
protein assemblies is computational integrative/hybrid structural modeling. A typical integrative
modeling workflow combines existing information from complementary techniques, such as X-
ray crystallography, cryo-EM, NMR, cross-linking mass spectrometry, or homology modeling to
produce ensembles of models with higher accuracy and precision compared to models produced
by individual computational or experimental approaches. However, the currently available
integrative modeling software and relevant protocols are either limited to complexes of simple
architectures or require extensive custom modifications, and thus major expertise from the users,
when applied to more complex protein systems.

In this Thesis, I describe the functionalities and algorithmic novelties of Assembline, a versatile
modeling package for efficient and accessible integrative modeling of protein complexes with very
complex architectures. Assembline is implemented using the Integrative Modeling Platform
library, on top of which it includes custom algorithms for efficient sampling of the conformational
space, versatile protein system configuration language, and graphical interface for input
preparation, modeling, and analysis, as well as additional custom restraints. Flexible and
symmetrical modeling are also supported, hence establishing Assembline as one of the most
straightforward and intuitive software for integrative modeling currently available.

I successfully applied Assembline functionalities to build structural models of the nuclear pore
complex (NPC) for two yeast species. In the first case, the S. cerevisiae NPC models I built were
primarily based on in-cell cryo-ET datasets and revealed striking structural differences compared
with the published integrative NPC model built earlier based on in vitro data. The new in-cell-
based NPC models appeared significantly dilated compared to their in vitro-based equivalents. At
the same time, major structural elements comprising them, such as the mRNA export platform,
seemed reoriented entirely in the in-cell NPC models. For the second case, I modeled a
significantly less studied NPC from S. pombe. These integrative NPC models were also based on
in-cell cryo-ET maps acquired under native and energy depletion cellular conditions to capture
structural snapshots of possible conformational changes. The S. pombe NPC models revealed the
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unusual cytoplasmic side of this NPC that does not form a continuous ring, which challenges the
long-standing dogma of the conserved three-ringed NPC architecture. Additionally, the NPC
models from the energy-depleted cells revealed a significantly constricted architecture compared
to the native NPCs and highlighted the structural plasticity of these complexes in response to
physicochemical cues.

Both modeling applications on the NPCs highlight the need to study the structures of such
important protein complexes in their native cellular context. They are striking examples of the
combination of state-of-the-art experimental methods with the newly developed integrative
modeling methods.

[14]



3. Introduction

3.1 The nuclear pore complex (NPC)

Eukaryotes (the term is derived from Greek, meaning “true kernel”’) emerged over one and a half
billion years ago and the exact evolutionary events that led to their occurrence are not yet fully
understood'. Unlike prokaryotes, eukaryotic cells developed a complex subcellular
compartmentalization architecture by membrane systems, such as the nucleus with surrounding
nuclear envelope (NE) and the endoplasmic reticulum (ER)2. Although this feature provided
eukaryotes with the advantage of conducting several functions in specialized organelles, it
increased the cellular “logistical” costs of precisely localizing and transporting molecules across
the organelle membranes®. An example of such precise localization and transport of molecules is
the import into the cell nucleus of chromatin-binding proteins and polymerases, which are
responsible for gene transcription.

The NE is the double-membrane defining the boundaries of the nucleus, the largest and most
distinct endomembrane compartment of the eukaryotic cell. This membrane bi-layer separates the
cellular genome (and nuclear environment in general) from the rest of the cell and serves as the
ultimate barrier for nucleocytoplasmic molecular transport. Nuclear pore complexes (NPCs) reside
within the NE where they fuse the inner- and outer nuclear membrane (INM, ONM) hence forming
a central channel-like structure*. They are the main facilitators and regulators of nucleocytoplasmic
transport.

NPCs are amongst the largest known proteinaceous assemblies in eukaryotic cells, with an
impressive molecular weight of approximately 60 MDa in yeast and up to 120 MDa in humans®.
These complexes are built from hundreds up to thousands of nucleoporin (Nup) copies, totaling
up to 1000 molecules in human NPCs. Despite this high number of Nup copies, only ~30 different
Nups comprise each NPC. The Nups assemble into functionally and structurally distinct NPC
subcomplexes. The overall structural arrangement of these subcomplexes in every NPC gives rise
to the symmetrical architecture of the latter as they form an 8-fold rotational symmetric pore®’.
Although the exact Nup subcomplex arrangement and stoichiometries may vary significantly
across eukaryotic species, all studied NPCs (prior to the work presented in this Thesis) exhibit a
common architectural “blueprint”. Essential element of this architecture is the inner ring (IR).
This ring is forming a ~50 nm wide aqueous central channel lined with phenylalanine-glycine
(FG)-rich repeat domains of the so-called FG-domains, which are establishing the pore’s
selectively permeable diffusion barrier at the plane of the NE®°. The two outer rings, namely the
cytoplasmic and nuclear ring (CR and NR) together with the IR, give rise to the 3-stacked rings
conformation of NPCs, with specific peripheral subcomplexes such as the mRNA export platform,
the nuclear basket, and cytoplasmic filaments emanating from the outer rings®!°.

In the following NPC-related sections of the Introduction, I will first describe the distinct NPC
subcomplexes. Furthermore, I will elaborate on the modes of nucleocytoplasmic transport and
possible implications in NPC conformation. Finally, in the integrative modeling-related sections

[15]



of the Introduction (section 3.2), I will provide an overview of the NPC models published before
the work that is presented in this Thesis.

3.1.1 Nucleoporins: The building blocks of NPCs

In general, Nups exhibit large molecular weights ranging from 30-358 KDa and sequences of a
few hundred up to thousands of amino acids®. Furthermore, they are roughly categorized into
scaffold Nups, which contain mostly folded protein domains forming the scaffold “protein
skeleton” of the NPC, and FG-Nups (Figure 1). The latter, include intrinsically disordered domains
rich in FG-repeats that mediate interactions with the soluble nucleocytoplasmic transport
machinery while also maintaining the diffusion barrier in the NPC channel'''>. However, this
functional categorization of Nups might not be as clear-cut as it seems since many FG-Nups are
also heavily involved in scaffolding functions by taking advantage of their structured domains and
important interaction motifs'3.

Figure 1: Conceptual localization and organization of conserved human and S. cerevisiae nucleoporins
arranged in the structural framework of the human NPC. The different Nups are colored according to the NPC
subcomplexes that they form: (blue) inner ring subcomplex, (orange) central channel complex, (yellow)
transmembrane nucleoporins, (red) Y-complex, (green) cytoplasmic filaments and mRNA export platform, (violet)
nuclear basket, (light green) disordered connector Nups. Figure adapted from®.
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Although sequence conservation of scaffold Nups across different species is poor, their structures
are highly conserved®. Three main domain folds are the most abundant in scaffold Nups, namely:
B-propeller domains (6—7 blade-shaped B-sheet subunits arranged around a central axis), elongated
a-solenoid domains (antiparallel pairs of a-helices organized to form a coil) and coiled-coil
domains (2-3 o-helices coiled and held together by hydrophobic interactions)!*!>1¢, While some
Nups are comprised by a single and complete domain, e.g. a single B-propeller'’, others include
combinations, e.g. N-terminal B-propeller followed by a carboxy-terminal a-solenoid fold'®. The
B-propeller/a-solenoid organization can be found in many membrane binding complexes such as
the coat protein complex I and II (COPI and COPII) and clathrin'®. Nups that include the
aforementioned domain organization usually bind to membranes through a-helical amphipathic
motifs in their B-propellers, called ArfGAPI lipid packing sensor motifs (ALPS)?**!. Coiled-coils
are probably the least abundant structural domains of scaffold Nups, with such domains residing
in the cytoplasmic-facing side of the NPC as parts of the mRNA export apparatus®?, in the central
channel as parts of the inner ring complex (IRC), and in the nuclear basket?’. Furthermore, three
transmembrane Nups (four in yeast) anchor the NPC scaffold to the NE?®.

In vertebrates, there are ~10 different Nups with FG-repeat domains totaling ~13 MDa of the NPC
molecular weight and summing up to ~5000 FG-repeat motifs***. Furthermore, the FG-repeats
are found in different variations in vertebrate Nups including GLFG, FxFG, or PAFG amino acid
signatures?®27-2%2% which allow them to interact with the incoming/outcoming nuclear transport
receptors (NTRs) with usually weak affinity*’. However, FG-Nups not only differ in FG-motif
constitution but also in their localization in the NPC scaffold, with both aspects shaping the
functional role of these Nups. One of the most important functional roles of FG-Nups is the
formation of a mesh-like entity in the center of the NPC which spans the central channel hence
forming a selective diffusion barrier’!*>*}. This barrier can easily be penetrated by NTRs with
their cargo, thus ensuring the regulated nucleocytoplasmic transport. FG-Nups are also involved
in mRNA export®?, chromatin remodeling, and cargo transport from the nuclear basket*,

3.1.2 The architecture of scaffold NPC subcomplexes

The transmembrane “nature” and large size of NPCs posed formidable challenges in elucidating
their structures. Despite that fact, it became apparent from early on that the NPC rings and the
Nups that constitute them are organized into distinct subcomplexes®>*%>. Some of these
subcomplexes are solely responsible for NPC scaffold support, while others are also involved in
several NPC-specific functions such as nucleocytoplasmic transport, mRNA maturation/export,
and chromatin organization.

The most thoroughly studied scaffold subcomplex to date is the so-called Y-complex (Nup107
complex in humans), named after its characteristic Y-shaped architecture. Y-complexes account
for up to ~20% of the mass of the NPC?’ and their depletion abolishes the formation of NPCs*,
These complexes adopt a head-to-tail arrangement and are the main building blocks of the NPC
outer rings®>. Across different eukaryotes, the homologous Y-complexes are assembled by varying
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numbers of Nups. For example, the human Y-complex consists of ten different Nups whereas, the
S. cerevisiae Y-complex includes only seven homologs. In both human and S. cerevisiae Y-
complexes, a conserved vertex is formed by two arms, a long and a short one, followed by a longer
structure, referred to as stem***°. The long arm, also called Nup160 arm in humans (Nup120 in
yeast), is pointing towards the outer periphery of the NPC while the short arm, also called Nup85-
Seh1 complex arm, is pointing towards the central pore channel. The stem of the Y-complex, which
consists of Nup133 and Nupl07, as well as the long arm, bind the NE membrane through
amphipathic helical motifs in p-propeller domains of Nup133 and Nup160 respectively?>*! (Figure
2). In general, Y-complexes of vertebrates and some fungal species contain additional Nups such
as Nup37 and ELYS which are binding the long arm*'*? and Nup43 which binds to the short arm*.
Sec13 and Nup96 (Nup145c in yeast) reside in the vertex of the Y-complex where the stem of the
complex is bound*,

Figure 2: Overview of the human NR Y-complex architecture. (Top) Color-coded schematic representation of the
Nup arrangement within the human NR Y-complex. (Bottom) Cartoon representation of double human NR Y-
complexes, with an inner and an outer copy per asymmetric unit of the NPC. The structures of the Y-complexes are
depicted inside the relevant NPC cryo-electron density® (grey density). The coloring of the Nups follows the same
scheme as the representation above. The asterisks (*) denote Nup structures unambiguously positioned with respect
to the overall Y-complex architecture, though their orientation remains ambiguous. Figure adapted from*.
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Another major scaffold NPC module that consists of two subcomplexes is the IR itself, with recent
findings shedding more light on its overall structural architecture*®*’. The subcomplexes that form
a single IR asymmetric unit are the IRC and the central channel Nup62 subcomplex (Nspl
subcomplex in yeast). There are four copies of each of these subcomplexes per spoke (i.e. per NPC
asymmetric unit) resulting in a C2-symmetry as two of the copies of each subcomplex face the
cytoplasmic side and two face the nuclear side. In both cytoplasmic and nuclear facing copies, the
two-member copies exhibit an outer and inner copy arrangement with respect to the plane of the
central pore channel (Figure 3). More specifically, four copies of Nup155 (Nup170 in yeast), of
which two copies each are arranged in parallel and diagonally along the nuclear-cytoplasmic axis,
tether the IRC to the INM-ONM of the NE. Additionally, four copies of Nup93 (Nic96 in yeast)
also adopt a similar parallel diagonal conformation towards the central channel, while four copies
of Nup188/Nup205 (Nup188/Nup192 in yeast) exhibit a parallel architecture residing “on top” of
the Nup93 copies®. The heterotrimeric Nup62 (Nspl in yeast) - or central channel complex — is
bound to the IRC and forms a triangulated triple coiled-coil present also in four copies. The three
Nups constituting the Nup62 complex are Nup62 (Nsp1 in yeast), Nup54 (Nup57 in yeast), Nup58
(Nup49 in yeast). They are all FG-Nups with their FG-rich repeat domains spanning toward the
central channel in order to form transient interactions with NTRs and regulate the selective
diffusion barrier of the pore®®.

Figure 3: Dissection of the human IR. (Left) Overview of the human scaffold NPC including the densities of outer
(orange) and inner (grey) Y-complexes as well as outer (orange) and inner (grey) copies of the IR core module which
comprise the IRC. The densities are shown in the context of the relevant cryo-electron density®. (Right) Zoomed in
view of the human IR core module configuration and comparison between the outer and inner copies. Notation of the
Nup-coloring scheme is also provided. Figure adapted from*’.

3.1.3 Peripheral NPC modules

The NPC scaffold subcomplexes also serve as tethering/docking hubs for peripheral modules of
the NPC. Such subcomplexes are the mRNA export platform and nuclear basket, which emanate
from the CR and NR, respectively.

More specifically, the asymmetrically localized and conserved Nup214 (Nupl59 in yeast)
subcomplex, also known as P-complex due to its characteristic overall shape®?, binds the small
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arm of cytoplasmic Y-complexes (i.e. Nup85—Sehl Y-complex arm in yeast). This module is
considered part of the cytoplasmic filaments*’ and its main constituents are Nup88 (Nup82 in
yeast), Nup62 (Nspl in yeast) and Nup214 (Nupl59 in yeast). These Nups can form many
interactions with regulatory Nups and other proteins, making this subcomplex a key “player” in
nucleocytoplasmic transport of proteins and mRNPs. To this date, there is no complete structural
analysis of this complex due to the flexibility of its subunits and the presence of intrinsically
disordered domains®?. Therefore, only fragments of some relevant domains have been solved using
X-ray crystallography®®>! while the full P-complex was imaged solely by negative stain electron
microscopy (EM)*2. The three P-complex subunits interact with each other using their C-terminal
domains (CTDs) forming coiled-coil interactions®?, presumably similar to homologous Nups from
the central channel complex>*. The most prominent Nup of the S. cerevisiae P-complex is Nup159
which is responsible for recruiting the DEAD-box RNA helicase Dbp5 (DDX19 in humans)-
important P-complex interactor for the termination of messenger RNP export™>-®. This recruitment
occurs through interactions with the Nupl59 N-terminus and its conserved B-propeller’’.
Additionally, in S. cerevisiae, Nup159 contains dynein-interacting-domains (DID) with which
dynein light chain (Dyn2) homodimers interact in order to promote dimerization and stabilization
of the P-complex by forming a dynein arm>>°® (Figure 4).

Figure 4: Structural architecture of the peripheral P-complex. (A) Visualization of a negative stain map of the S.
cerevisiae P-complex (blue density) 3 with notations for the rough localization of domains from P-complex Nups. (B)
Molecular representation of the S. cerevisiae Y-complex and P-complex (Nup82 holocomplex) models??. The
structural core of the P-complex is formed by a heterotrimeric coiled-coil arrangement of Nupl159 (Nup214 in
humans), Nup82 (Nup88 in humans) and Nspl (Nup62 in humans) while the subcomplex appears anchored at the
short arm of the cytoplasmic Y-complex and pointing towards the center of the pore channel. Each Y-complex and P-
complex Nup is denoted. Figure adapted from?2.

The predominant module in the nucleoplasmic-facing side of the NPC is the nuclear basket, which
was first observed by EM at the nuclear face of NPCs*. This assembly is formed by eight long
and flexible filaments tethered to NR scaffold complexes and projects towards the inner nuclear
side to form a distal ring-like structure®®. The nuclear basket serves different roles in the context
of the NPC, with the most important being nuclear transport and chromatin structure regulation®¢!.
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In humans, the nuclear basket consists of three nucleoporins, Nup50, Nup153, and Tpr, homologs
of which can be found across different eukaryotes®. S. cerevisiae carries two homologs of Tpr,
namely Mlpl and Mlp2, one homolog of Nup50, termed Nup2, and Nupl and Nup60 which are
functionally equivalent to Nup153 in humans®®®. Although some subunits of the nuclear basket
are FG-Nups (e.g. Nup153), the main structural constituent of the nuclear basket filaments is the
non FG-repeat containing Nup Tpr (Mlp1/Mlp2 in yeast)®*®3*, This Nup has a molecular weight
of 270 KDa and it consists of a ~1600 residue coiled-coil-rich N-terminal domain. This domain is
followed by an 800 residue C-terminal stretch which is highly acidic and considered to be mostly
disordered®. Furthermore, Tpr associates with the NPC by nuclear pore-binding motifs in the N-
terminus coiled-coil rich domain® and is recruited to the nuclear pore by Nup153. The latter Nup
is responsible for the anchoring of other nuclear basket components to the NPC as well®’. Despite
the intensive structural and biochemical studies, the structure of Tpr has not yet been solved, with
only the first ~140 residues of its N-terminal domain being experimentally determined by X-ray
crystallography®. Although this structure revealed an antiparallel tetramer of parallel dimer
coiled-coil domains, the exact homodimerization state and mechanism in vivo remain unknown as
of today (Figure 5).

Figure 5: Molecular representation of the Tpr N-terminus. The N-terminus of human Tpr (PDB id: 5TO6) is
shown in cartoon representation as an anti-parallel homotetrameric coiled-coil bundle. One of the two homodimers is
also overlaid with calculated surface electrostatic potentials (blue for positive charge and red for negative charge)
which showed a strong electrostatic dipole in this domain®. Figure adapted from®.

Furthermore, an NPC component that is separated by the nuclear membrane from all other NPC
modules is the luminal ring (LR). This assembly is localized in the lumen of the NE surrounding
the formed NPC at the plane of the fused NE membranes®®%°. The transmembrane nucleoporins
that belong (or form) to the LR are termed pore membrane proteins (POMs) and are amongst the
least conserved and structurally analyzed Nups®. The major LR subunit is the glycoprotein
POM210 (also known as GP210), which can be found across the whole eukaryotic kingdom (also
known as POM152 in yeast)’. S. cerevisiae POM152 has an N-terminal NPC-associating region
proximally to the IR followed by a single transmembrane region while in GP210 these domains
are located at the C-terminus (i.e. reversed domain organization)’"’?. Additionally, POM152
contains a large luminal domain which consists of at least eight repeated immunoglobulin-(Ig) like
domains with a head-to-tail arrangement, with the exact number of Ig-like B-sandwich domain
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repeats and architecture being unknown to date’. Currently, the role of LR and more specifically
of GP210 in proper NPC assembly and cell viability in vertebrates’™ is still under investigation,
with POM 152 knockout experiments in S. cerevisiae showing proper formation of NPCs”>.

Finally, recent biochemical studies revealed that many of the NPC subcomplexes that were
described earlier are capable of forming inter-subcomplex interactions (both scaffold and
peripheral complexes) with the result being several distinct supercomplexes*®. Interactions of this
kind are mediated by flexible rope-like linker domains contained in scaffold and FG-Nups*’6.
These Nup regions include short unstructured amino acid stretches termed short linear motifs
(SLiMs) and they are great binding candidates of structured Nups. Some important examples of
SLiM-containing Nups are Nic96, which tethers the central channel complex to the IRC via a
SLiM in its unstructured domain, and Nup145n (two homologs in S. cerevisiae, Nupl16 and
Nup100), which has been shown to interact with either Nup145c or Nup82 in a mutually exclusive

way through its C-terminal autoproteolytic domain®.

3.1.4 Nucleocytoplasmic transport and NPC constriction

As mentioned earlier, NPCs are the main facilitators of nucleocytoplasmic transport. These
transmembrane assemblies allow for both passive diffusion of ions and small molecules and active
transport of macromolecules in a bi-directional manner between the nuclear and cytoplasmic
compartments*’. As a general rule, molecules of 30-40 KDa are freely diffused across the NPC
central channel with relatively reasonable diffusion times. For larger molecules, the translocation
from/to cytoplasm to/from the nucleus is mediated by cargo-carrier proteins called karyopherins
or NTRs”’, which interact with the FG-repeats for rapid cargo translocation®>’8. This procedure is
usually, but not always, coupled with energy cues from the nuclear Ran GTPase”.

This small Ran GTPase is responsible for maintaining a GTP-GDP gradient across the NE
environments by actively shuttling through the NPC. Hence at the nuclear side, Ran is loaded with
GTP, the hydrolysis of which will happen consequently in the cytoplasmic side upon the
translocation of Ran, NTRs and the respective cargo. NTRs, which can be classified as importins
and exportins, across both sides of the NE recognize and interact with cargoes based on nuclear
localization signals (NLS) and nuclear export signals (NES). The GTP/GDP gradient together with
the Ran GTPase interactions with the NTRs and FG-repeats of the NPC are establishing the
directional and usually energy-dependent active nuclear transport through the NPCs”’.

On a different note, it has already been suggested that NPCs might be able to undergo
conformational changes in order to efficiently accommodate the transport of large cargoes or as a
response to mechanical stress®**. These changes usually result in significant increase or reduction
of the NPC diameter®®®!. More specifically, in vitro studies and super-resolution imaging
performed on Xenopus oocytes revealed the constriction of NPCs during different developmental
stages coupled with decreased nuclear transport®?. Further evidence regarding the unidentified link
between active nuclear transport and NPC dilation were provided by studies capturing the
structural architecture of the actively transporting NPC within its intact cellular environment®343,
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From the latter studies, it became evident that the NPC in cellulo exhibits a larger diameter
compared to the structures captured of non-transporting NPCs from semi-purified NE. Taken
together, the findings from the aforementioned studies suggest high flexibility of NPCs in their
native cellular context with the ability to adopt alternative conformations based on environmental
cues and active transport state. However, experimental evidence regarding the NPC dilation or
constriction directly in response to specific mechanical stresses, as well as the underlying
mechanisms of conformational change are still missing.
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3.2 Integrative structural modeling of protein assemblies

Most cellular processes are facilitated by proteins which tend to organize into macromolecular
assemblies. Therefore, elucidating the structure of such protein complexes is often the first step
towards the understanding of their mechanistic function.

Since the determination of the first protein structure back in the 1950s, two experimental methods
have “monopolized” the interest of structural biologists for such applications. These methods are
X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy. Both techniques,
helped the advancement of the structural biology field tremendously by helping to resolve
structures at atomic and/or near-atomic resolution. As a result, most of the structures in the relevant
databases were determined by these methods. Though recent advances in the experimental setup,
data acquisition and analysis in cryo-electron microscopy (cryo-EM) and especially in cryo-
electron tomography (cryo-ET) have placed this method among the most utilized techniques
together with the two aforementioned methods for structure determination nowadays, especially
for studying large protein assemblies348%86.8788,

Over the last few years, a rapidly increasing number of protein complex structures of various sizes
and flexibility was determined by integrative/hybrid computational modeling methods. These
methods are information-driven and utilize data arising from diverse experimental and/or in silico
approaches such as X-ray crystallography, EM, NMR, small-angle X-ray scattering (SAXS),
cross-linking mass spectrometry, homology models and more®**°!. By combining datasets of
high and low structural resolution, computational integrative modeling pipelines are capable of
producing more accurate and precise structural models of large protein complexes®*%?3% even at
in-cell conditions”?*?" compared to any other structure determination method when used
individually. However, the existing integrative modeling software and approaches are either
limited to modeling of protein complexes of simple architectures or require custom modifications,
and thus necessitate a major expertise when applied to more complex systems.

In the following sections of this Introduction, I will describe the fundamental principles of
integrative structural modeling approaches and provide a brief comparison of existing integrative
models of NPCs.

3.2.1 Fundamentals of integrative structural modeling methods

Integrative structure determination approaches have been applied for many decades in the field of
structural biology. Though, it was only recently that major advances in commonly used
experimental methods as well as hardware and software-related innovations gave rise to
computational protocols for integrative structural modeling in an automated fashion.

Such modeling approaches aim to utilize every available information regarding an individual
protein or a protein assembly in an attempt to increase the final model accuracy and precision®®
9192989 These methods are dependent on complementary datasets arising from various
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experimental and computational protocols with the main sources being X-ray crystallography,
NMR spectroscopy, cryo-EM, and chemical cross-linking with mass spectrometry®>*’. The
datasets produced by these methods are used as input during the integrative modeling in order for
spatial restraints to be derived from them with the aim of producing structural models with
properties that agree with the provided information as much as possible®.

Every integrative structural modeling protocol is an iterative procedure composed of four stages
(Fig. 6): 1) gathering of structural information (datasets and bibliographical knowledge) for the
protein targets of interest, 2) creating representation of the protein system to be modeled as well
as defining a scoring function, 3) sampling of models in the respective conformational space and
finally 4) validating the resulting models. An optional but strongly recommended step upon the
successful application of an integrative modeling procedure is archiving of resulting model or
ensemble of models in PDB-Dev!%%!191:102 3 standalone archiving, validating and curating system
for structures that have been determined or predicted by integrative modeling applications.

Figure 6: Schematic description of a typical integrative modeling workflow. (Left) Depiction of a typical
integrative modeling workflow consisting of the four fundamental stages, i.e. gathering of information, representation
of the system, model sampling and model validation. (Middle and right) Examples of different data sources that will
be utilized as input during integrative modeling of protein complexes, alternative system representations and
translations of the input datasets to distance restraints, sampling and filtering methods of models from final ensembles,
model validation steps including the calculation of sampling exhaustiveness and precision. Figure adapted from®.
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During the first stage of an integrative modeling protocol, available information regarding the
protein system to be modeled must be gathered, which are usually in the form of datasets. In the
case of modeling of protein complexes, if there are no experimental structural models of individual
domains or subunits of the complex, then homology models or models predicted by other methods
are utilized as input. Additionally, any prior bibliographical information regarding intra-complex
interactions, stoichiometry or domain organization that are not included in the gathered datasets
can be gathered as well under the condition that they can be converted to some type of distance
restraints during the modeling.

The gathered input information as well as their uncertainty will be used to define the representation
of the protein system before modeling. Hence, the protein system will be represented in a coarse-
grained (e.g. rigid or flexible beads per residue) or even atomistic manner with the copy number
of each protein or individual domain dictated by the input information. Other than informed
decisions regarding the proper representation of the protein system, the input information will also
guide the definition of a scoring function based on which each model will receive a numeric score
upon sampling®. Very often, the scoring function is a simple weighted linear sum of individual
scoring terms which represent the spatial restraints derived from the input datasets. Each spatial
restraint violation is basically a quantified deviation of the computed property of a model from its
experimental or predicted measurement. Therefore, it is safe to assume that the scoring function is
in other words the quantification of the degree of “match” between a tested model and input data.

The next major step for integrative modeling after the gathering of all input data and the selection
of system representation is the sampling of conformational space. Due to computational hardware
and protocol limitations, sampling of the total 3D-space for an integrative model is impossible.
Therefore, the selection of proper sampling approaches/algorithms for efficient “exploration” of
the conformational landscape, such as Markov Chain Monte Carlo sampling'®, is of crucial
importance in integrative modeling approaches”. Therefore, it quickly becomes apparent that the
implementation of stochastic algorithms for minimizing the score from the aforementioned scoring
function (i.e. minimizing the violation of spatial restraints) is of crucial importance.

As mentioned earlier, such integrative modeling methods are usually applied to model structures
of either large individual proteins or protein assemblies, the modeling of which is based on “low-
to-mid” resolution (or low-to-mid confidence) input data. Therefore, the final outcome is not a
single model rather an ensemble of models satisfying the spatial restraints to varying degrees. A
filtering step is often followed prior to the actual model validation which is the last stage during
an integrative modeling protocol. The filtering of models from the resulting ensemble can be
assisted and tested against a subset of the available input information that were not used during
modeling'®. This filtering approach is particularly useful in modeling cases where the usage of
certain datasets is computationally very expensive during the actual modeling.

Upon filtering of the resulting integrative models, the final model validation is proceeding. As in
every predictive computational method, this stage will assist in the evaluation of the overall
modeling and sampling performance in order to avoid overinterpretation of the output models
based on the input data'®. In order to quantify the modeling performance, the sampling and
individual model precision need to be determined in a similar fashion as described by’ (Fig. 7).
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In short, the sampling precision is defined as the clustering threshold at which the sampling of
models is exhaustive according to some quantitative criteria (Fig. 8). The model precision is
defined by the variability among the final acceptable models given that sufficient sampling was
performed. There are various tests that can be applied to the output model ensemble, both score-
based and structure-based in order to assess the sampling and model precision”. Though, due to
the uncertainty and alternative sources of data, there are currently no “golden standards” for
objectively quantifying the exhaustiveness of integrative modeling methods, unlike more
established experimental methods such as X-ray crystallography. Finally, the described four-stage
procedure for integrative modeling can be repeated until a sufficient number of final models
satisfying the spatial restraints is retrieved.
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Figure 7: Example results from sampling exhaustiveness assessment for PDB: 1AVX. (A) Example plot for first
score-based test assessing the score convergence of models in the final ensemble. (B) Example plot for second score-
based test assessing the similarity of score distributions between two randomly split samples of models from final
ensemble. (C) Example plot for first structure-based test assessing sampling precision based on three statistical criteria.
(D) Example plot depicting the populations of models from the two randomly split samples upon clustering and
individual cluster precision. (E & F) Depiction of localization probability densities for models from sample 1 (red)
and sample 2 (blue) for visual inspection and comparison as part of the second structure-based test. The grey density
(depicted in both E & F) belongs to the bound receptor which was kept rigid during integrative modeling!®. Figure
adapted from®.
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Over the recent years, different modeling software and computational protocols were developed
capable of performing integrative structural modeling. Some of the most widely used software for
such modeling tasks are UCSF Chimera!?’, Situs'® iMODFIT'? and MultiFit!!°. Additionally,
great modeling successes were achieved by computational protocols that were developed based on
the integrative modeling libraries: Integrative Modeling Platform (IMP)!!!!2, HADDOCK!!3, and
Rosetta''*. Despite their achievements, all these integrative modeling solutions exhibit pros and
cons in terms of the possible modeling targets and input information that can be handled.

The state-of-the-art computational package from the aforementioned modeling approaches is
considered to be IMP!'"12 which has already been successfully applied for the modeling of large
protein assemblies such as the NPC!'S, Elongator complex!'®, 26S proteasome'!” and
expressome’®. This library is an open-source computational package that allows users to define
custom spatial restraints from datasets of many different structural and biochemical methods, or
use the predefined restraint types, select or define multiple system representations, define custom
scoring functions and sampling methods while also offering modeling output analysis tools”®’.

IMP is actually at the lowest level of a multilayered platform offering a variety of “components”
for the compilation of custom modeling protocols by expert structural bioinformaticians using the
C++ and Python programming languages (Fig. 8). Furthermore, a higher-level interface called
Python Modeling Interface (PMI)'!® offers significant simplifications for the compilation of
modeling protocols using IMP. Technically, PMI is a top-down system with many predefined
macros for selecting system representations, defining scoring functions etc., all with using the
Python language. The simplified “nature” of PMI comes with the cost of reduced flexibility of
IMP for the sake of ease-of-use!'®. Moreover, at even higher abstraction levels than PMI,
inexperienced users are able to utilize several IMP and PMI functionalities through user-friendly
applications dedicated to specific modeling tasks and aspects''2.

Figure 8: Graphical summary of the multilayered organization of IMP. IMP lies at the lowest abstraction level
of the multilayered suite. At the very next abstraction level “comes” PMI with simplified IMP functionalities and
access. Finally, at the highest abstraction levels online-services and tools with limited access to IMP functionalities
are found (task-specific applications). Figure adapted from!''2.
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3.2.2 Integrative approaches for the modeling of NPCs across species

Tentative structural and biochemical research that was conducted on NPCs over the last decade
revealed that despite the commonalities across various eukaryotes, such as the overall symmetrical
architecture and existence of homologous subcomplexes, these protein assemblies exhibit striking
species-dependent differences’. Some of the differences that have been observed are the alternative
stoichiometries of Nups and different subcomplex architectures, especially between evolutionarily
distant species. Such differences became quickly apparent from the first integrative structural
models of the most studied NPCs from human, S. cerevisiae and C. reinhardtii.

More specifically, the current integrative structural model of the human NPC***7 was built based
on high resolution structures from X-ray crystallography, cryo-tomographic maps, cross-links
from mass spectrometry and homology models. This model confirmed the highly conserved
architecture of the IR with the typical 8-fold rotational symmetry sandwiched between the also 8-
fold rotationally symmetric outer rings. Furthermore, both NR and CR appeared connected to the
IR by 16 copies of the scaffold nucleoporin Nup155. Both outer rings contain 16 copies each of
the Y-complex arranged as two concentric rings with head-to-tail arrangement of 8 copies (Fig.
9).

Figure 9: Depiction of the composite human NPC model. (A) Overview of the integrative human NPC model
shown together with the unassigned protein densities (cyan). (B) Zoomed-in view of the human NPC IR with the high-
resolution structures that were used for the production of the integrative model shown as cartoon ribbons inside their
corresponding density (light cyan). The color-coding for specific Nups and subcomplexes is also provided. Figure
adapted from*’.

Another NPC architecture that was established with an integrative approach came from the
organism C. reinhardtii**. The production of this low-resolution model was based on cryo-ET
maps (~30 A), multiple sequence alignments for the detection of remote Nup homologs and
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homologous structures from human Nup subcomplexes. For this model, the integrative modeling
procedure that was applied enabled the density allocation (inside the relevant cryo-ET map) of all
major scaffold subcomplexes from the human NPC. The IR architecture as dictated by the C.
reinhardtii NPC (CrNPC) model appeared similar to the human IR conformation confirming once
again the high degree of conservation of this part of the NPC. The NR also revealed a familiar
double Y-complex arrangement similar to the human NR with probably additional copies of
Nup188/Nup205 (as in human NPC) enclosed between the two concentric Y-complex rings. A
striking difference arose in the CR side of the CrNPC which is the existence of only 8 Y-complex
copies in this outer ring. Additionally, another observable difference that was highlighted between
this algal NPC and its human counterpart was the dilated pore and more flattened conformation of
subcomplexes comprising the outer rings.

Until recently, the most complete model of the NPC from any species was the integrative structural
model of the S. cerevisiae NPC (ScNPC)*. The model was built mostly based on cryo-ET maps
from detergent-extracted ScNPCs (~28 A resolution), high resolution structures from X-ray
crystallography, prior integrative models of NPC subcomplexes?!??, homology models of
individual Nups, cross-links from mass spectrometry'!® and SAXS profiles. The IR architecture of
the ScNPC appeared identical to the human IR, confirming the high degree of conservation of
subcomplexes residing at the IR plane. On the contrary, both CR and NR seemed to include only
8 copies of the Y-complex each, which accounts for a striking difference compared to the
equivalent dimerized human outer rings subcomplexes (Fig. 10). Furthermore, the large repertoire
of diverse datasets that were utilized for the production of this integrative model enabled the
placing of models from peripheral SCNPC subcomplexes, such as the P-complex and the luminal
ring Pom152, as well as a mesh network of FG-repeats.

Figure 10: Overview of the integrative ScCNPC model. (A) Two cross-section views of three asymmetric SCNPC
units depicting the overall organization of Nup subcomplexes which are shown in cartoon representation inside the
localization probability densities (colored densities) as determined by the integrative modeling procedure*. (B)
Cytoplasmic view of the modeled ScNPC showing the same Nup subcomplexes as (A) including modeled FG-repeat
Nup regions. (C) Side view of a single SCNPC asymmetric unit. Figure adapted from®*.

Furthermore, the SCNPC model elucidated the significantly smaller overall dimensions of the
imaged NPCs compared to the algal NPC. Though, it was not clear whether this difference is a
species-specific difference or if the NPC changes its conformation upon purification. In situ or in
cellulo-based structural studies regarding the NPC architecture could provide further insights into
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the observed differences and possibly validate the physiological relevance of the aforementioned
NPC models.
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4. Research objectives and motivation

The determination of a protein’s structure is an important step for understanding how these
macromolecules function either individually or in the context of complexes. Historically, two
experimental methods have been widely used for protein structure determination, namely X-ray
crystallography and NMR spectroscopy. In the recent past, major advances in instrumentation,
data acquisition and data processing in cryo-EM have placed this method as well in the main
“arsenal” of structural biologists, especially for the study of large and complex protein assemblies.
All these cryo-EM advances coincided with crucial developments in computational hardware and
software hence giving rise to integrative computational methods for the elucidation of complex
protein architectures. The integrative modeling methods are data-driven and rely heavily on
diverse input information with the goal of increasing the accuracy, precision and completeness of
the final protein model. There is already a number of integrative structural modeling tools publicly
available that were successfully applied to various protein targets. Despite that fact, the vast
majority of such tools either lack versatility in terms of input information that can be used for the
modeling or demand a high computational expertise level from the users, thus hindering their broad
adoption by structural biologists.

Until recently, some of the most prominent applications of integrative modeling were the structural
elucidations of the human and S. cerevisiae NPC architecture. The NPCs are amongst the largest
and most studied protein assemblies in eukaryotes due to their role as the main facilitators of
nucleo-cytoplasmic transport. Both these models were able to provide crucial insight into the
structural architecture of NPCs, with the S. cerevisiae model being considered a complete
“depiction” of the SCNPC. Multiple and diverse datasets were utilized for the production of the
ScNPC model with cryo-EM maps from detergent-extracted nuclear pores, influencing the most
the integrative modeling approach. Therefore, despite the fact that the SCNPC model included all
known Nup structures, the physiological relevance of this model remained unclear. Additionally,
although a few integrative NPC models have been put forward in recent years, most of the model
organisms, such as Schizosaccharomyces pombe, are still lacking a structural nuclear pore model.

In my PhD Thesis, I aim to address the following questions:

e How feasible is the development and application of an integrative modeling approach that
can be applied to any large protein complex target with minimal user effort?

e How does the in-cell architecture of the S. cerevisiae NPC compare to the previous model
that was based on detergent-extracted NPCs?

e Whatis the S. pombe NPC scaffold architecture within intact cells and what is the structural
response of such complexes to cellular cues like energy depletion?

[33]



5. Synopsis of listed publications

As mentioned in Introduction (see section 3.1), despite the commonalities of NPCs in their overall
architecture, they exhibit striking differences in terms of Nup subcomplex organization and
relevant stoichiometries. Additionaly, despite the extensive research that was conducted on these
complexes, the exact mechanism of nucleocytoplasmic transport as well as the detailed steps for
the assembly of the NPCs remain unclear.

In the following sections of the Synopsis (section 5), I will describe how my integrative modeling
efforts, as part of large collaborative projects, contributed to the structural elucidation of NPC
architectures from different yeast species at unprecedented resolution. The integrative NPC models
that I produced in this context were based mostly on in-cell datasets and therefore, among other
results, provided answers regarding the native NPC architecture and how it can be affected under
different cellular conditions. Finally, I will present the integrative modeling tool that I co-
developed and applied for the production of the NPC models, called Assembline and briefly
mention the different modeling modes included which will enable structural biologists to “tackle”
their own complex modeling tasks.

5.1 PUBLICATION I: “In-cell architecture of the nuclear pore and snapshots of its
turnover”

Despite the exhaustive structural research that has been conducted regarding the NPC architecture
and function across different species, it was only recently that advances in experimental and
computational methods gave rise to the first structural models of NPC scaffolds and peripheral
subcomplexes. The nuclear pores are large and quite heterogeneous transmembrane assemblies.
This fact poses challenges for their structural elucidation and many diverse datasets need to be
combined to model NPCs. Among the methods that played a crucial role in modeling NPCs have
been cryo-electron tomography (cryo-ET) and integrative structural modeling (see Introduction
section 3).

The previous status quo regarding the architecture of S. cerevisiae NPC was the integrative model
produced by*®. Although this model contains most of the known S. cerevisiae Nups (ScNups), it
was substantially influenced by cryo-EM and cross-linking datasets obtained from purified NPCs
(see Introduction section), hence raising questions regarding its physiological relevance in the
native cellular context.

Matteo Allegretti and Christian E. Zimmerli from Martin Beck’s group (EMBL Heidelberg, MPI
Frankfurt) obtained cryo-ET maps of ScNPCs, resolved at ~25 A, which I received as part of our
collaboration (in the following sections these maps are referred to as in-cell SCNPC maps). By
using our integrative modeling pipeline that was bundled as a Python-based package called
Assembline'?® (see Synopsis section 5.3) together with these in-cell maps, already published X-
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ray crystallography structures and homology models as structural inputs, [ managed to produce the
first in-cell model of the ScNPC?>,

In the following sections, I will describe the integrative modeling of the in-cell SCNPCs. Compared
with the previous in vitro model by*¢, my models revealed striking structural differences in the
structure of Y-complexes in the outer rings and in the localization and orientation of the mRNA
export platform machinery in the CR.

5.1.1 Structural architecture of the S. cerevisiae NPC scaffold

The in-cell cryo-ET maps of wild type ScNPCs at a resolution of ~25 A that I received from our
collaborators revealed that in cells the SCNPCs exhibit ~100 nm diameter between the two INM
and ONM membrane fusion points and a central channel diameter of ~63 nm with the height of
the entire NPC (i.e., from outermost outer ring densities in the maps) being 56 nm. Compared with
the detergent-extracted SCNPCs by*S, the in-cell SCNPCs appear wider by ~20 nm (Fig. 11).

Figure 11: Comparative top view of the in vitro and in-cell SCNPC maps. (Left) Top view of the detergent-
extracted SCNPC cryo-ET map at ~28A%. (Right) Top view of the in-cell cryo-ET ScNPC map at ~25A (from our
study®). Pore diameters are indicated in red.

To identify locations, orientations, and stoichiometry of the main scaffold subcomplexes of the
ScNPC in the received cryo-ET maps, I first used Assembline'?° to systematically fit (see Synopsis
section 5.3) the integrative model of the SCNPC IR asymmetric unit from*® and its sub-complexes
to the in-cell maps. The complete model of the IR unit fitted with significant p-values (p-value =
1.6*107'%) with the top resulting fitted conformations explaining the main density observed
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between the outer rings (top panel in Fig. 12). At this point it has to be mentioned that the second
best IR unit fit exhibited almost identical fitting scores and p-values with the top best fit as they
differ by 180° of rotation (internal symmetries of IR unit as described in Introduction section 3.1).
Given the information of the allocated IR unit density in the in-cell SCNPC map, the refinement of
all eight copies of the IR unit was performed with Assembline (see Synopsis section 5.3) in order
to produce a model that would compensate for the dilated by ~20 nm in-cell NPCs.

On a similar note, I systematically fitted with Assembline the integrative models and the individual
rigid bodies (i.e. predefined atoms that are constrained to change coordinates all together as a
group) comprising them (e.g. the crystal structure with PDB ID 4XMM by**, of CR and NR Y-
complexes produced by*®). For both CR and NR Y-complex cases, many of the structures were
fitted with significant p-values, a fact that allowed me to unambiguously allocate the densities of
these complexes inside our in-cell SCNPC maps (Fig. 12).
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Figure 12: Systematic fitting of inner and outer ring components into the in-cell S. cerevisiae NPC map. Each
row shows the visualization of the top fits (left), the histogram of raw scores (middle), and a plot of the top five p-
values (right). In the p-value plots, the statistically significant fits are colored red (p-value < 0.05). The top fits are
indicated in the histograms with an arrow and the score value. The number of sampled fits used to calculate p-values
after clustering of similar solutions was 14,348, 1,015, 1,039, 1,479, 1,354, and 1,183 for the rows from top to bottom.
For the IR, the integrative model of the single spoke of the IR*® was used as the fitted structure. For the outer rings
(CR and NR), the crystal structure of the yeast Y-complex (PDB id 4XMM) was fitted or its parts corresponding to
subcomplexes. Figure adapted from®.

Based on these systematic fitting results, I confirmed what was also observed in the in vitro model,
that eight symmetrical copies of Y-complexes are present in each of the SCNPC outer rings (i.e.,
16 copies in total). Despite this agreement between the in vitro and in-cell results, fitting of the
complete in vitro integrative CR and NR Y-complex models from*® revealed that the curvature of
the tail and to some degree of the arms was strikingly different in the native cellular context (Fig.
13). Therefore, in order to build the CR and NR Y-complex models that would better account for
the in-cell EM densities, I performed integrative modeling with the global optimization mode from
Assembline. For this, the individual rigid bodies that were used for systematic fitting together with
the in-cell SCNPC maps were used as inputs.

For the CR Y-complex, the global optimization modeling converged to best scoring models with
a significantly more extended stem (i.e. Nup133 and Nup84) conformation compared to the in
vitro model from*® (Fig. 13). This architecture of more extended CR Y-complexes explained the
allocated density while not violating any prior structural knowledge. As the final SCNPC CR Y-
complex model, the best scoring model from the aforementioned global optimization was selected
(Fig. 13).

The global optimization for the NR Y-complex converged to best scoring models with a similar
extended stem architecture as in the CR Y-complex case. These integrative NR Y-complex models
though, were heavily clashing with neighboring Y-complexes. Moreover, the membrane binding
domains of Nup133 and Nup120 (carrying ALPS motifs, see Introduction) were not in contact
with the nuclear envelope, probably hinting towards differences in stem curvature between the CR
and NR Y-complexes (or differently resolved local features at these regions in the in-cell maps).
Thus, I selected the best scoring globally optimized NR Y-complex model and refined it with
Assembline. This approach led to NR Y-complex models with resolved clashes between
neighboring complexes thanks to simultaneous refinement with Assembline of 8 co-axial Y-
complex copies. The best scoring model out of the refined models was selected as the final SCNPC
NR Y-complex model (Fig. 13). Finally, I built the full in-cell SCNPC scaffold model by merging
the selected CR and NR Y-complex models with the refined model of the IR asymmetric unit (Fig.
13).
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Figure 13: Overview of the in-cell SCNPC architecture and comparison with the previous in vitro model. (A)
Segmentation of the entire in-cell SCNPC cryo-ET map shown in cross-section view with respect to the central axis
(left) and from the cytoplasmic (middle) and nuclear (right) perspective. The individual subcomplexes such as the
mRNA export platform (yellow), the inner ring asymmetric unit (IR asymmetric unit) (red), the outer rings (CR and
NR) (blue) and the nuclear membrane (light brown) are highlighted by the indicated colors. (B) Representative in-cell
integrative structural models of CR and NR Y-complex (blue ribbons) shown with the integrative model of P-complex
(yellow ribbons) and refined IR (red ribbons) from*® fitted to the allocated density of the in-cell map (grey density).
The in-cell Y-complexes appear more extended as compared to their in vitro counterparts. (C) Representative in vitro
integrative structural models of CR and NR Y-complex (blue ribbons), P-complex (yellow ribbons) and IR (red
ribbons) from*® fitted to the in-cell cryo-ET map (grey density) with respect to spatial reference frame from*. Figure
adapted from®.
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5.1.2 Revised conformation of the mRNA export platform

An additional prominent density in the CR seemed to most likely belong to the mRNA export
platform machinery as it resembled the characteristic P-shape of the Nup159 complex that was
shown by previous studies>2. This localization of the Nup159 complex in the CR was also included
in the in vitro model from*¢, which together with the CR Y-complex accounted for most of the
observed density in this ring.

In order to allocate this observed CR density in the in-cell EM map, using Assembline, I performed
systematic fitting of the previously published negative staining EM map of the P-shaped Nup159
complex>? to the in-cell ScNPC maps. For negative staining map fitting, I used a different fitting
score from UCSF Chimera, more suitable for such maps. The best scoring fit of the P-shaped map
was statistically significant (p-value = 0.0027) (Fig. 14), strongly suggesting that indeed this
additional CR density belonged to the Nup159 complex. As a negative control, I employed the
same systematic fitting procedure for a mirror negative staining map (mirror to the original
negative staining map) of the Nup159 complex>?. The fitting of the mirror map did not yield any
significant results, with the best scoring fits occupying partially the already allocated density of
CR Y-complex (Fig. 14). In order to validate this density assignment even further, I additionally
utilized a third-party fitting tool, called colores, which is part of the Situs software package!®®. The
best scoring fits were in complete agreement with the systematic fitting results from Assembline.

Taking into account the characterized long Nup159-Dyn2 arm from the previously published
negative staining map>? and the best scoring systematic fit of this map to the in-cell ScNPC density,
I superposed and locally refitted with the fitmap tool from UCSF Chimera a representative
integrative model of the Nup159 complex from*®*??. Compared with the previous in vitro based
orientation proposed by*®, this analysis revealed that the P-shaped complex is rotated by 180°
around the axis that points towards the central channel. In the context of this revised Nup159
complex orientation, the Nup82 B-propellers are positioned towards the IR, as opposed to the
previous suggested orientation with the Nup82 B-propellers pointing towards the cytoplasm (Fig.
14). Additionally, the Nup159 arm, clearly visible in the in-cell SCNPC map, which carries DID
domains responsible for binding multiple dimers of Dyn2 (see Introduction section 3.1), projects
towards the cytoplasm in a ~45° angle with respect to the nucleocytoplasmic axis. In contrast, in
the previously suggested orientation, the arm would face the IR*. Also, in the revised P-shaped
complex orientation, FG-repeats of the Nspl protein are placed towards the central channel and
hence being primed to form transient interactions with NTRs (Fig. 14).

Finally, as an additional validation of the revised Nup159 complex orientation, I mapped the in
vitro-based inter-crosslinks to the ScNPC model. Indeed, in this revised Nupl59 complex
orientation all four crosslinks between the P-shaped complex and the Y-complex were satisfied
(Fig. 14).
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Figure 14: Validation of the Nup159 complex positioning. (A) Systematic fitting results of the negative staining
map and the mirror image of the Nup159 complex (yellow) from3 to the in-cell SCNPC map (grey) using the
underlying functionality of UCSF Chimera'?’ in Assembline'?° and colores tool from the Situs package!'®. Each row
shows the visualization of the best scoring fits (left), the histogram of raw scores (middle), and a plot of the p-values
of the five best scoring fits (right). In the p-value plots, the statistically significant fits are colored red (p-value < 0.05).
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The top fits are indicated in the histograms with an arrow and the score value. The number of sampled fits used to
calculate p-values after clustering of similar solutions was 585, 599, and 2243, for top, middle, and bottom rows
respectively. (B) Representative integrative Nup159 complex model from*® inside the in-cell SCNPC map (grey mesh)
in the revised orientation (left) versus the in vitro determined orientation (right). The Nup159 complex model is shown
in orange ribbons within yellow localization probability density from*® locally fitted with the fitmap tool from UCSF
Chimera. The in vitro orientation was reproduced by first fitting the entire model from*® to the in-cell cryo-EM map
and then locally fitting the Nup159 complex to the density (which was needed to bring the Nup159 complex into the
density and preserve the orientation). The dashed grey line indicates the rotation axis between the two fits
(orientations). (C) Crosslinks between the Nup159 complex from* and the Y-complex support the new orientation
(left) compared to the in vitro orientation (right). Satisfied and violated crosslinks are depicted as blue and red bars
respectively, while the in vitro Nup159 and Y-complexes from*® are depicted within the relevant localization
probability densities produced by*. Figure adapted from®.

5.1.3 Integrative density allocation of the linker Nup116

Within this collaboration, I also received in-cell SCNPC maps from Nupl16A S. cerevisiae cells
under permissive (25 °C) and non-permissive (37 °C) temperatures (cryo-EM maps produced by
Matteo Allegretti and Christian E. Zimmerli). The two maps were resolved at approximately 25 A
and 50 A resolution, respectively. Since Nupl16 is considered a key CR-IR connector (see
Introduction section 3.1) by interacting with Nup82 and Nup159°? and CR Y-complex members,
these map reconstructions could confirm the density allocation of this connector Nup, thus
validating the revised orientation of the P-shaped complex.

To allocate the Nup116 density, I first superposed the crystal structure of the C-terminal domain
of Nup116 in complex with Nup159 and Nup82 (PDB id: 3PBP)*° with the respective domains of
two copies of Nup159 and Nup82 contained in the Nup159 complex in its updated orientation (Fig.
15). Additionally, I used the same crystal structure for systematic fitting with Assembline in the
wild type in-cell SCNPC maps (Fig. 15). The results from both superposition and systematic fitting
analyses indicated that two copies of the autoproteolytic C-terminal domain of Nup116 are placed
into two yet unassigned CR-IR connecting densities that are proximate to each other and project
towards the IR. In contrast, the structural analysis that I conducted based on previously published
in vitro-based crosslinks*®*? between Nup116 — Y-complex, Nupl16 — Nup159 complex and
Nup116 — IRC could not validate the revised orientation of the P-shaped complex since in both in-
cell and in vitro-based conformations the relevant crosslinks were satisfied equally (Fig. 16).
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Figure 15: Integrative density assignment of Nup116. (A) Superposition of two copies of the crystal structure with
PDB ID 3PBP* to the Nup82 B-propellers from the representative integrative Nup159 complex model from*® in the
revised orientation predicts the position of Nupl16 (green ribbons). (B) Visualization of the two best-scoring
systematic fits of the 3PBP crystal structure® to the wild type in-cell cryo-ET map confirms the positioning of Nup116
in the connecting CR-IR density proximally to Nup159-complex. (C) The Nup159 complex region of the in-cell wild
type ScCNPC map (grey mesh) superposed with the best-scoring systematic fit of the negative stained map of the
Nup159 complex>? (yellow surface). (D) Same as (C) but superposed with the in-cell ScNPC map of a Nup116A strain
grown at permissive temperature (yellow surface). Figure adapted from®.

The density allocation of Nup116 was finally validated by superposing the Nup116A ScNPC map
under permissive temperature (25 °C) (which should have a normal morphological appearance!?!
compared to the wild type SCNPC map) with the wild type map. The superposition showed that
despite the great overall similarities of the two nuclear pores, there were missing densities in the
Nupl116A ScNPC map at the positions proximally to the Nupl59 complex and Nupl88, as
predicted (Fig. 15). Interestingly, density proximally to the NR-IR connections (as observed in the
wild type ScNPC map), was also diminished. Further analysis based on the same in vitro
crosslinks*®*? concerning Nup188 and the proximal linker Nups (such Nupl116, Nupl00 and
Nup145N) hinted towards a biased cytoplasmic localization of Nup116 (Fig. 16).

Taken together, these results allowed me to unambiguously assign the linker density to Nup116
and confirm the in-cell-based orientation of the P-shaped Nup159 complex. The revised Nup159
complex conformation is spatiotemporally more in line with the extensive biochemical data
regarding the mRNP export process>>!%2,
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Figure 16: Revised positioning of Nup116 and possible Nup188 SH3-like domain interactions with linker
ScNups. (A) Revised positioning of the Nup116 versus (B), previously published integrative model from*® (right).
The two S. cerevisiae NPC models were superimposed with respect to their IR so that they are aligned to the same
reference frame. The Nupl16 position is shown either as the density assigned to Nupl16 based on the Nupll6
knockout structure in the CR (A) or as localization probability densities retrieved from* (B). The major structural
elements of the SCNPC are indicated. The Nup116 connector cable in the in-cell model (A) has been taken from*
based on its position relatively to the IR. Blue bars represent crosslinks from Nup116 to neighboring complexes. For
the in-cell model, the cryo-ET map is displayed; for the in vitro model, the localization probability densities (i.e. not
an EM map) are shown instead. (C) SH3-like domain (magenta ribbons and dotted frames) of Nup188 (yellow ribbons)
bridges the inner-outer rings interactions. The positions of Nup188 crosslinking to Nup116 (the number of times that
some Nup188 residues crosslink with more than one Nup116 residues are denoted in the labels in parenthesis), Nup100
and Nupl45N are indicated in sphere representation (red spheres) and their location suggests that they link the
connecting interfaces between the IR and the outer rings: NR brown dotted frame corresponds to an unassigned
density, CR green dotted frame corresponds to Nupl16 density, NR green dotted frame corresponds to a second
Nup116 density. Figure adapted from®.

5.1.4 Integrative models of NPCs from Nup116A S. cerevisiae cells

The in-cell SCNPC cryo-ET maps from Nupl16A S. cerevisiae cells that were produced by our
collaborators (Matteo Allegretti and Christian E. Zimmerli, Beck group in EMBL HD and MPI
Frankfurt) were utilized not only for validating the revised positioning of the Nup159 complex and
density allocation of the linker Nup116, but also for integrative modeling. In order to produce
ScNPC models from the mutant S. cerevisiae strains that were grown at permissive (25 °C) and
non-permissive (37 °C) temperature respectively, I first systematically fitted with Assembline the
integrative models of the scaffold subcomplexes that were built based on the wild type in-cell
ScNPC map. This step was conducted to unambiguously assign the densities to the main scaffold
components of the mutant SCNPCs. The density of all scaffold subcomplexes (i.e. CR and NR Y-
complexes, IR asymmetric unit) was allocated in the case of SCNPCs from Nup116A cells grown
under permissive temperature (25 °C, ~25 A) with the integrative models of the wild type-based
subcomplexes being fitted to the respective map with significant p-values. These results were well
in line with previous observations regarding the normal morphological appearance of ScCNPCs
under such conditions'?!. On a different note, superposition analysis and visual observation of the
ScNPCs from Nup116A cells grown under non-permissive temperature (37 °C, ~50 A) revealed a
missing CR and roughly half of the IR. These observations were confirmed by the systematic
fitting with Assembline which was able to confidently allocate the density of only the outer nuclear
copies of the IR asymmetric unit and the NR Y-complex. These NPCs displayed an envelope
morphology reminiscent of interphase assembly intermediates in human cells. Therefore, we
hypothesized that this in-cell ScNPC map represented a failed “inside-out” NPC assembly'%.

Starting from the best-scoring fits of the scaffold SCNPC subcomplex models to the mutant SCNPC
maps (the models built earlier based on the wild type SCNPC map), the integrative modeling of
the mutant SCNPCs was completed by using the refinement mode from Assembline. The final
refined integrative models of the mutant NPCs explained very well the observed density in both
cases. Hence, the Nupl16A ScNPC model from cells grown under permissive temperature
included the same scaffold complexes as the wild type SCNPC while the Nup116A ScNPC model
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from cells grown under the non-permissive temperature included only the outer nuclear copies of
the IR unit and the NR Y-complex (Fig. 17). Finally, to make all the three in-cell-based SCNPC
models publicly available, I developed a semi-automated computational protocol that produced
ready-to-deposit integrative models for PDB-Dev!®,

Figure 17: In-cell-based integrative models of ScNPCs built with Assembline. Overview of cytoplasmic ring (left),
inner ring (middle) and nuclear ring (right) of (A) the wild type SCNPC, (B) the ScNPC from Nup116A cells (at 25
°C) and (C) the ScNPC from Nupl16A cells (at 37 °C) where the cytoplasmic ring is entirely missing (left). Figure
adapted from'%’,
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All in all, the in-cell cryo-ET maps from wild type and Nup116A S. cerevisiae cells that I received
from our collaborators enabled me to produce the first in-cell models of SCNPCs. By applying our
own integrative structural modeling tool called Assembline, which is described in Synopsis section
5.3, I revealed the architecture of wild type ScNPCs inside the cells, which is dilated compared to
the previous in vitro studies. The unprecedented resolution of the in-cell SCNPC maps allowed for
unambiguous localization and orientation of important subcomplexes and NPC “ring linkers” such
as the P-complex and Nup116. Taken together, the integrative models of SCNPCs from either the
wild type and knock-out cells together with experiments conducted by our collaborators have shed
more light not only on the NPC-related functions such as the mRNA ex