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Deciphering nuclear pore complex and and ribosome biogenesis

Goal

We want to find out how the nuclear pore com-
plexes and ribosomal subunits are assembled
in the cell. To unravel the underlying mecha-
nisms, we perform biochemical, structural
and genetic studies in the model organisms
Saccharomyces cerevisiae and Chaetomium
thermophilum, which gave mechanistic in-
sight in how these huge macromolecular as-
semblies are built up from smaller subcom-
plexes and how these modules are function-
ally linked together.

Background

Nucleo-cytoplasmic transport occurs through the
nuclear pore complexes (NPCs), which are huge
assemblies embedded into the nuclear envelope.
Each NPC, whose size is ca. 60 MDa in yeast and
120 MDa in human, is built up by multiple copies (8,
16, 32) of ~30 different nucleoporins (also called
Nups), which in most cases are conserved during
evolution. The overall NPC structure shows eight-
fold symmetry with a number of distinct substruc-
tures, which were later on also identified as bio-
chemical entities. Prominent structural building
blocks are the inner ring complex, which anchors
the nuclear and cytoplasmic ring, from which pe-
ripheral elements, the nuclear basket and cyto-
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plasmic filaments, emanate. Within the center of
the NPC is the transport channel, which is filled
by a network of phenylalanine-glycine (FG) rich
repeat sequences found in a number of the nu-
cleoporins that constitute the permeability barrier
of the NPC. FG repeat domains can transiently
interact with shuttling transport receptors, which
enables them to pass through the NPC either
alone or with bound cargoes. Most nucleoporins
are organized in stable subcomplexes, the build-
ing blocks of the NPC. For many years, my lab
has been studying these NPC modules in yeast,
with a focus on the conserved Y-shaped Nup84
complex, the Nsp1-Nup49-Nup57 channel com-
plex and the Nup82-Nup159-Nsp1 complex at the
cytoplasmic filaments.

The second major interest of the lab concerns the
synthesis of the ribosomal 60S and 40S subunits,
which are composed of four ribosomal RNAs
(18S, 258, 5.8S and 5S) and about 80 ribosomal
proteins. Eukaryotic ribosome biogenesis is em-
bedded into a complicated pathway of process-
ing, modification and maturation steps, in which
a myriad of non-ribosomal factors (ca. 200) form
transient interactions with the pre-ribosomal par-
ticles, thereby driving ribosome synthesis. The
earliest intermediate identified in this path is the
nucleolar 90S pre-ribosome, which later gives



raise to pre-60S and pre-40S particles. Pre-60S
particles require extensive nuclear maturation
prior to export to the cytoplasm, whilst in contrast
the simpler pre-40S particles are rapidly exported

to the cytoplasm, where maturation is completed.

Research Highlights

In the past years, we have performed structure-
function analyses of the NPC in Saccharomyces
cerevisiae and Chaetomium thermophilum by
combining, respectively, the excellent genetic and
thermophile properties of these two model organ-
isms. With the help of Chaetomium thermophilum,
we were able to reconstitute and characterize the
inner ring complex (IRC) composed of Nup192-
Nic96-Nup170-Nup53 and show that another
nucleoporin Nup145N can serve as a linker nu-
cleoporin to connect it to other NPC modules.
Specifically, the mostly unstructured Nup145N
contains several distinct short linear motifs that
enable this protein to bind specifically to the
two large structural Nups of the IRC, Nup192
and Nup170. At the same time, the Nup145N
C-terminal domain can interact with the Nup82-
Nup159-Nsp1 complex, thus connecting the IRC
with the Nup82 complex at the cytoplasmic face
of the NPC (Figure 1).

Furthermore, we could clarify how the IRC can
be physically joined to the Nsp1-Nup49-Nup57
channel complex via a short linear motif in Nic96
(Fischer et al., 2015). Finally, we were able to re-
constitute an extensive supercomplex of the NPC
consisting of three major modules — IRC, Nsp1
channel complex and Nup82 complex - contain-
ing a total of eleven Nups. In summary, all these
studies gave insight into how distinct subcom-
plexes of the NPC are interconnected to form
higher-order assemblies, which shed new light on
how the NPC can be built up from smaller build-
ing blocks, flexibly joined by short linear motifs
provided by linker Nups.

In order to obtain protein complexes of increased

stability isolated directly from Chaetomium ther-
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Figure 1: Reconstitution of the inner pore ring module
(IRC) with outer ring Nup82 complex and channel Nsp1
complex.

mophilum, we developed a transformation proce-
dure including an endogenous resistance marker
system suitable for the thermophile (Kellner et
al.,, 2016). Using this method, we were able to
generate stable transformants expressing vari-
ous nuclear pore complex proteins or ribosome
biogenesis factors fused to a ProtA-TEV-Flag
tandem affinity-tag for the purification of native
thermostable nucleoporin supercomplexes or
pre-ribosomal particles (see below).

In our research investigating the mechanism of
ribosome assembly, we were able to demonstrate
how the huge dynein-like ATPase Real and its
cofactors Rsa4 and Ytm1 are essential for the
assembly for the large subunit. A combination
of genetic and biochemical methods allowed
us to identify Nsa2 as direct binding partner of
Rsa4. Structural approaches including cryo-
EM of the Arx1 and Rix1-Rea1 particles (in col-
laboration with the Beckmann lab at the Gene
Center in Munich), crystallisation of Rsa4 and
the Rsa4-Nsa2 complex (in collaboration with I.
Sinning at the BZH) and NMR analysis of Nsa2
domains (in collaboration with E. Barbar, Oregon
State University, Corvallis) enabled us to under-

stand the molecular details of the Rsa4 - Nsa2
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interaction (BaRler et al., 2014). Altogether, these
data revealed how the Real ATPase creates a
mechano-chemical force that can be transmitted
via Rsa4 and Nsa2 towards the nascent rRNA of
the PTC, inducing rRNA relocation, as recently
revealed by cryo-EM analysis of the Rix1-Rea1
pre-60S particle (Barrio-Garcia et al., 2016). By
performing cryo-EM analysis on two similar par-
ticles that were mutated on either Rix1 or Rea1,
a mechanistic model for the transition between

these two pre-60S intermediates could be sug-

gested.
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Figure 2. Ribosome assembly factor network revealing
how the Rea1 AAA ATPase can remodel the pre-60S sub-
unit during ribosome assembly (adapted from Balller et
al., 2014).

The transport of the pre-ribosomal subunits from
the nucleus to the cytoplasm is a critical step dur-
ing eukaryotic ribosome biogenesis, making this
cascade-like process as a whole apparently irre-
versible. To migrate through the hydrophobic FG
repeat network of the central transport channel of
the nuclear pore complex, the huge hydrophilic
pre-60S subunit requires several export factors
on its surface. In the past year, we could clarify
the mechanism how the RNA export receptor
Mex67-Mtr2 can be timely recruited to the pre-
60S subunit at the ribosome PO stalk (Sarkar et
al., 2016), which on the mature 60S subunit con-
stitutes a landing platform for the translational
GTPases. Initially, a structural homologue of PO
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called Mrt4 binds to the nascent ribosome stalk
inside the nucleus, thereby blocking not only PO
but also Mex67-Mtr2 binding at this site. Later on
Yvh1 releases Mrt4 from the pre-ribosome, cre-
ating a time window for Mex67-Mtr2 association
at this temporary site, which in the cytoplasm
eventually becomes occupied by the ribosomal
PO stalk protein. Thus, a spatio-temporal mark on
the ribosomal P stalk accurately regulates timed
recruitment of nuclear export receptor to the na-

scent 60S subunit.

Figure 3. Model of the Mex67-Mtr2 recruitment ot the
pre-60S particle (adapted from Sarkar et al., 2016).

Despite the advances in our compositional un-
derstanding of pre-ribosomal particles, only little
structural data were available for the earliest pre-
ribosomes. The 90S pre-ribosome composed
of ~70 assembly factors and several snoRNAs is
the earliest intermediate formed during eukary-
otic ribosome synthesis. In collaboration with
the Beckmann lab, we could solve the cryo-EM
structure of the Chaetomium thermophilum 90S
pre-ribosome at subnanometer resolution, which
revealed how the network of biogenesis factors
surrounds the nascent pre-rRNA. One of these
key modules, the U3 snoRNP, is strategically po-
sitioned at the center of the particle to orchestrate
pre-rRNA folding and processing (Kornprobst
et al.,, 2016). Thus, by exploiting Chaetomium
thermophilum we could gain unforeseen struc-
tural insight into how the 90S pre-ribosome fa-
cilitates co-transcriptional folding of the nascent
pre-rRNA, which occurs in a mold-like scaffold,
reminiscent of how polypeptides use chaperone
chambers for their protein folding.



Figure 4. Cryo-EM structure of the 90S pre-ribosome
(adapted from Kornprobst et al., 2016).
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