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Summary

. Summary

For more than six decades, the ribosome has been subject of intensive research,
addressing predominantly its essential function in protein synthesis. However,
considerably less is known about how ribosomes assemble from their individual
components and how ribosome assembly is coordinated and facilitated by enzy-
matic assembly factors in vivo. Recent advances in both fluorescence microscopy
and cryogenic electron microscopy (cryo-EM) now offer tools to address the mech-
anistic details of this multilayered process. This work focusses on late processes
during the assembly of the large 50S subunit of Escherichia coli (E. coli) and provides
a systematic, functional analysis of the late acting assembly factors DbpA, EngA,

EngB, RImE and ObgE.

An RNA-antisense-based study was employed to systematically characterize the
consequences of assembly factor depletion. It was found that the absence of each
of the five investigated factors caused mild to severe growth perturbation at dif-
ferent temperatures and an accumulation of pre-50S or 50S particles, emphasizing
the central role of these five assembly factors in correct 50S maturation. Moreover,
a super-resolution fluorescence microscopic technique based on 3D-SIM was es-
tablished and revealed that assembly defective cells exhibit a specific morpholog-
ical phenotype resulting in a considerable reorganization of ribosomal particles,

reminiscent of cells treated with translation inhibitors.

This detailed phenotypic and morphological characterization was complemented
by an approach utilizing engineered E. coli strains harboring assembly factors
fused with epitope tags enabling immunodetection or purification of bona fide ri-

bosomal precursors for subsequent structural analyses. As proof of concept, the
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E. coli strain harboring Strepll-tagged GTPase ObgE was used to isolate and struc-
turally analyze native pre-50SeObgE-Strepll complexes by cryo-EM to elaborate
ObgE’s contribution to final pre-50S assembly. The data suggest a gatekeeper func-
tion for ObgE by sensing critical conformational changes within the large subunit’s
active site region that ultimately trigger GITP hydrolysis and ObgE dissociation. In
addition, this study provides ten phenotypically validated strains (five knock-
down and five knock-in strains, respectively) as toolbox for further structural and

morphological analyses of late 50S assembly.
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Il. Zusammenfassung

Seit mehr als sechs Jahrzehnten ist das Ribosom Gegenstand intensiver Forschung,
wobei vor allem seine essentielle Funktion bei der Proteinbiosynthese im Vorder-
grund steht. Vergleichsweise wenig ist allerdings tiber die Assemblierung des Ri-
bosoms und die zusétzlichen enzymatischen Faktoren bekannt, die diesen Prozess
in vivo koordinieren und erleichtern. Jiingste Entwicklungen in der Fluoreszenz-
mikroskopie und der Kryo-Elektronenmikroskopie (Kryo-EM) bieten nun jedoch
die Moglichkeit, mechanistische Einzelheiten dieses vielschichtigen Prozesses zu
untersuchen. Die vorliegende Arbeit beschaftigt sich mit der Assemblierung der
grofien 50S Untereinheit des Modellorganismus Escherichia coli und bietet eine sys-
tematische, funktionelle Analyse der spat im Prozess agierenden Assemblierungs-

faktoren DbpA, EngA, EngB, RImE and ObgE.

Hierfiir wurde zundchst eine auf RN A-Antisense basierende Studie durchgefiihrt,
um die Folgen einer Abwesenheit der verschiedenen Assemblierungsfaktoren sys-
tematisch zu untersuchen. Die Analyse zeigte, dass eine Verminderung derer zel-
luldaren Mengen sowohl bakterielle Wachstumsdefekte als auch eine Anhaufung
von pra-50S- oder 50S Partikeln verursacht und verdeutlicht damit ihre zentrale
Rolle wéahrend der Assemblierung der 50S Untereinheit. Dariiber hinaus ergaben
hochauflosende fluoreszenzmikroskopische Analysen, dass betroffene Zellen ei-
nen spezifischen morphologischen Phanotyp aufweisen, der sich in einer Umver-
teilung ribosomaler Partikel duBSert. Ahnliche Auswirkungen wurden zuvor an

Zellen beobachtet, die mit Translationsinhibitoren behandelt wurden.

Diese detaillierte phanotypische und morphologische Analyse wurde durch die
strukturelle Charakterisierung von nativen ribosomalen pra-50S Partikeln ergéanzt.

Zu diesem Zweck wurden mithilfe chromosomaler Knock-in Techniken modifi-
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zierte E. coli Stimme hergestellt, deren Assemblierungsfaktoren eine Epitopmar-
kierung tragen. Diese ermdglichen nachfolgend sowohl eine Immunodetektion der
Faktoren als auch die Reinigung von nativen ribosomalen Vorlaufern fiir Struktur-
analysen. Als Konzeptnachweis wurde der E. coli-Stamm mit der Strepll-markier-
ten GTPase ObgE zur Isolierung von nativen pra-50SeObgE-Komplexen genutzt.
Diese wurden anschliefSend mittels Kryo-EM strukturell untersucht, um die Rolle
von ObgE wiahrend der Reifung der 50S Untereinheit zu verstehen. Die Daten wei-
sen darauf hin, dass ObgE wiahrend der Reifung der 50S Untereinheit wichtige
Konformationsanderungen innerhalb des funktionellen Zentrums der grofien Un-
tereinheit erfasst, die letztendlich seine GTP-Hydrolyse und somit seine Dissozia-
tion auslosen. Entsprechend liegt eine Wachterfunktion nahe, die den korrekten
Ablauf der Assemblierung kontrolliert. Dariiber hinaus bietet diese Studie zehn
phénotypisch validierte Stamme (fiinf Knock-Down und fiinf Knock-In Stamme),
die als Grundlage fiir weitere strukturelle und morphologische Analysen der spa-

ten Assemblierung der 50S Untereinheit genutzt werden konnen.
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Introduction

1. Introduction

The discovery of the macromolecular particles nowadays known as ribosomes
dates back to the 1940s, when Albert Claude was the first to succeed in isolating
phospholipid RNA-containing granules (so-called microsomes) from the cyto-
plasm of animal cells!. During the next decade a number of laboratories described
the isolation of smaller, more compact RNA-containing particles of homogenous
size with sedimentation coefficients ranging from 30S (Svedberg™) to 100S, which
were defined as ribonucleoproteins®. By 1955, George E. Palade studied such parti-
cles in cells fixed in situ and examined them in thin sections by electron micros-
copy. He observed that they were highly abundant, could be found freely distrib-
uted throughout the cytoplasm and specifically attached to the ER membrane,
indicating that microsomes were fragments of the ER with ribonucleoprotein par-

ticles attached®.

In parallel, Littlefield et al. provided evidence that these particles are involved in
protein synthesis®. Various studies of isolated ribonucleoprotein particles from
yeast®, plants’, animals® and bacteria’ followed within the next years, culminating
in a symposium in 1958 where the crucial role of these ribonucleoprotein com-
plexes in protein synthesis was discussed and their final name was determined'.
Since then, these essential, macromolecular machineries responsible for protein
synthesis are referred to as ribosomes and numerous laboratories contributed to the

elucidation of their function, dissecting the fundamental steps of translation in-

* The Svedberg (S) unit describes the sedimentation coefficient of a particle in solution/suspension under a
centrifugal field and is defined as the ratio of the speed of a substance in a centrifugal field to its acceleration

in comparable units (given in 10-%s). In biology, it typically refers to the rate at which particles (e.g. ribosomes)

migrate to the bottom of a centrifuge tube under the g-force of a centrifuge.?
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cluding initiation, elongation and termination/recycling. In parallel, extensive ef-
fort has been dedicated to the elucidation of the ribosomes’ structure. Especially
the advances in x-ray crystallography leveraged the breakthrough in the year 2000,
when the laboratories of Ada E. Yonath'!, Thomas A. Steitz'? and Venkatraman
Ramakrishnan®® provided first atomic-resolution structures of the large and the
small bacterial ribosomal subunits. Hence, their efforts were awarded with the No-

bel Prize in Chemistry in 2009'.

1.1 The bacterial ribosome

Even though different in detail, the general design of ribosomes and their principal
modus operandi is conserved amongst archaea, bacteria and eukarya. In each do-
main of life, they are composed of two unequal subunits, which universally consist
of ribosomal RNA (rRNA) and ribosomal proteins (r-proteins). When Palade stud-
ied ribosomes of pancreatic cells, it became evident that they are particularly abun-
dant in cell types that need to synthesize a substantial amount of proteins'>. Hence,
it is not surprising that ribosomes occupy as much as 40 % of total dry cell mass,
corresponding to approximately 70,000 ribosomes per cell in exponentially grow-

ing Escherichia coli (E. coli) cultures’®?.

In bacteria, the functional 70S ribosome is formed by a small 30S subunit and a
large 50S subunit. The large 50S subunit harbors two rRNA molecules and 33 dif-

ferent r-proteins and the small 30S subunit contains one rRNA and 21 r-proteins'®.

1.1.1 Structure and function of the 50S subunit

The main function of the large ribosomal subunit is the catalysis of peptide bond
formation during protein synthesis?. To this end, the 23S and 55 rRNA together

with 33 different r-proteins form a complex 3D structure that harbors the essential
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catalytic center at its core. The 235 rRNA is a major component of this center, as

the catalytic properties reside within one of its distinct domains?®.

The traditional depiction? of the secondary structure of the 23S rRNA shows a

subdivision into six different domains** (Figure 1).

Escherichia coli
large subunit ribosomal RNA

Figure 1: Traditional presentation of E. coli 23S and 5S rRNA secondary structure. Fig-
ure republished with minor changes by permission from Oxford University Press - Jour-
nals, from Petrov et al., 2013%. doi: 10.1093/nar/gkt513., permission conveyed through

Copyright Clearance Center, Inc.

Recent advances in cryogenic electron microscopy (cryo-EM), especially the use of
direct-electron detectors (DED) and single-particle methods in combination with
in silico sorting of particles (1.4) allows near-atomic resolution of macromolecular
complexes. This data complements secondary structure modeling and is nowa-

days the predominant method to analyze the tertiary structure of ribosomes®.
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Figure 2: 3D structure of the 50S subunit. 23S rRNA (dark blue) and 55 rRNA (light blue).
Ribosomal proteins are depicted as pink colored ribbons. CP (central protuberance), uL1-
stalk and bL12-stalk base are indicated. The figure is based on PDB file 4V9D and was
generated with UCSF ChimeraX.

The 3D structure of the 50S subunit resembles a hemisphere with three prominent
features extending beyond its surface?** (Figure 2). One of them is the central pro-
tuberance (CP), which is mainly formed by the 55 rRNA and nine ribosomal pro-
teins (uL5, uL16, uL18, bL25, bL27, ul.30, bL31, bL33 and bL35)*%. The uL1 stalk
and the bL12 stalk form the other two protrusions and remind of two arms extend-
ing beyond the body on both sides when viewed from the subunit (SU) inter-

face3031,

Due to their conformational flexibility the stalks are difficult or even impossible to
resolve by x-ray crystallography or cryo-EM, but analyses like single-molecule
FRET or solution-state NMR spectroscopy allow to follow their real-time dynam-

ics?%, The uL1 stalk is composed of the uL1 protein and helices 76, 77 and 78 of
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domain V of the 235 rRNA% and it has been shown to modulate tRNA transloca-
tion and dissociation®%%. The bL12-stalk consists of protein uL10 and multiple

copies of bL12 and serves as an interaction platform for translational GTPases

(trGTPases)*042,

Further important functional sites of the 50S subunit include the peptidyl transfer-
ase center (PTC) and the whole functional core, the GTPase-associated center
(GAC), the sarcin-ricin-loop (SRL) and the polypeptide exit tunnel. The PTC is pre-
sumably the most important functional area of the 50S subunit, as it is the site of
peptide bond formation and peptide release*>*. In E. coli, it is formed by parts of
domain V of the 23S rRNA*. In a strict sense, the term PTC essentially only refers
to the central loop of domain V that harbors all catalytically relevant rRNA resi-

dues (Figure 3).

Although several proteins interact with domain V, the catalytic center is comprised

exclusively of rRNA™>#748, Thus, the ribosome is also referred to as ribozyme®*.
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¢ ¢
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Figure 3: 2D diagram of the 23S RNA at the PTC. Central loop of domain V within the

23S rRNA is depicted. Positions of helices originating from the central loop are indicated.
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Figure republished with minor changes by permission from Oxford University Press -
Journals, from Petrov et al., 2013%. doi: 10.1093/nar/gkt513., permission conveyed through

Copyright Clearance Center, Inc.

The rRNA helices directly protruding from the central loop (H73, H74, H89, H90-
92, H93) and more distant ones (H42-44, H95), constitute an interacting network in
the 3D-structure. This whole region in addition includes the r-proteins ulL6, uL16

and bL36 and has been referred to as functional core® (Figure 4).

A.ﬂ‘wﬂl\:) \
& oced ¢

Figure 4: Functional core interaction sites of the 23S rRNA. E. coli 23S and 55 rRNA sec-
ondary structures are shown. Helices interacting with the functional core are highlighted
in light blue. Figure republished with minor changes by permission from Oxford Univer-
sity Press - Journals, from Petrov et al., 2013%. doi: 10.1093/nar/gkt513., permission con-

veyed through Copyright Clearance Center, Inc.
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As the binding site for trGTPases, the GTPase-associated center is involved in
GTPase-related events and includes helices 42-44 of the 23S rRNA, as well as pro-
tein uL11, uL10 and at least one bL12 protein® 2. The sarcin-ricin-loop (SRL) is the
second site for elongation factor (EF) binding and is located within domain VI of

the 23S rRNA»2,

The polypeptide exit tunnel is located near the PTC and, with a length of 100 A
and a diameter of 25 A, spans the whole subunit’2. It is formed by domains I to V
of the 235 rRNA and the tunnel-lining proteins uL4 and uL22, which form a con-
striction. Rather than being a passive element of the 50S subunit, it was shown to
participate in co-translational protein folding>*’, regulation of elongation™*%,
stalling®, discrimination against certain sequences® and the binding of antimicro-

bial agents!!57.€061,

1.1.2 Structure and function of the 30S subunit

Although significantly smaller than the large ribosomal subunit (~1.45 MDa), the
30S subunit is a macromolecular complex of a considerable size of 0.85 MDa'!,

comprising one rRNA (16S rRNA) and 21 r-proteins (51-21).

During the 1980s, the first secondary structure models of the 165 rRNA from E. coli
were established®>*. According to these, the secondary structure is subdivided
into four domains, including the 5 domain, the central domain, the 3* domain and
the 3° minor domain (Figure 5). In contrast to the secondary structures of the 235

rRNA, these elements reflect the 3D structure of the subunit almost perfectly.



Introduction

>
>

o
- o
$ s
» 2 37 g s
0 23 ? a o
80000000088y ':::: MAR0ACOAGE  Coues vocuensuSec coetg
3
606 4 0606680000408 36 %5900 vecucs GGGY AGGAMAS AuG6 GEOGt
o ‘,. ™ 5 10m nwd Gy
o 35 78 ad"%e G
% ©ine &
22 ) 8% % 5
80 s ¢ 9, % 40
$ 2 ™ oo & e o,
[ 3] "
< § & %om % 6 o At
o ¢ s
s o
w3 & w &% a8
<
- socacane®? 4 1]
“ 24 33 : (‘\Ga: 1086 2 g
” sacvuvue
st 2 Lol an%, Von Y5 o
. 1010 », é &
wd o o Mok Gy
%0 oSy R %
" o 6f
D Sy &
ot B X2
w g s
€ G-um
R o
o
"0 s Iy M e oet® 8
s s © LRl
R o - M o o
" & o o0 s 41 atet
w o0 MgBE pMav e € . PO
AR M e
"o 26a ¢ o-g §7° Pl
. L] A v
3 30 € & nw o8 oa**
$ ¢ !
.. ° &5 % %
o RIS I
vae o
. o' PR
006 s0c’00accoaCacan® oM 0T gob
L 4 = e g €5
a0 o 26,060 pccosog ve O R
"0 & ° gu| s % 0% a2
Hooovstocescd” o - . o™, Ya iy %, %
o 140, A B "
%500 b ° &% Sy b e G
660 sco oo, o 2%, o % © e %
w 0 ) 6 o e % S % G 43 o G
15 - o° o 5% W <o
0 540 H < o e 2
5 et b $ %
14 0 o ° o o, A
PO % ‘- ® g’ 1
o 130
00, o »

] ‘

G 1

02000’
A

o
o

WAd
Figure 5: E. coli 16S rRNA secondary structure. The secondary structure comprises 4 do-
mains: central domain (C; dark yellow), 5 domain (5’; blue), 3 domain (3'M, pink) and

3" minor domain (3'm; green). This figure is licensed under CC BY 3.0.

The tertiary structure of the small subunit forms a body (5" domain) with a plat-
form (central region of the 16S rRNA), a head region (3’ end of the 165 rRNA) and
the interface, which is defined by the 3’ minor domain that runs along the body

(Figure 6).13
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Figure 6: Tertiary structure of the 30S subunit. The small 30S subunit is composed of the
16S rRNA, indicated in yellow and ribosomal proteins that are represented as red colored
ribbons. Body, platform and head region are indicated. The figure is based on PDB file
4V9D and was generated with UCSF ChimeraX.

During translation, the 30S subunit likewise contributes to the completion of spe-
cific processes, including mRNA association and decoding, as well as modulating
mRNA and tRNA translocation®. Generally, it contributes significantly to transla-
tion fidelity by controlling codon-anticodon interactions®. These interactions are
mainly regulated by the anti-Shine-Dalgarno sequence, which is located at the
3" end of the 165 rRNA®,. This region pairs with the corresponding Shine-Dalgarno
sequence on the mRNA and thereby facilitates the correct positioning of the 30S P-
site at the start codon of the transcript®*”'. However, not only the 165 rRNA, but
also various ribosomal proteins of the small subunit are reported to participate in
the processes mentioned above, as for example uS12, which is involved in decod-

ing”?, uS3, uS4 and uS5, which form the mRNA entry pore and are assumed to exert
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helicase activity on the mRNA during translation” or uS12 and uS13, which medi-

ate translocation of the mRNA/tRNA complex”.

1.2 Ribosome assembly

1.2.1 Key steps and spatial organization of ribosome assembly

The terms ribosome assembly or ribosome biogenesis both refer to all of the nu-
merous processes that lead the formation of functional subunits. Independent of
the organism, they include the synthesis of pre-ribosomal rRNA (pre-rRNA) and
r-proteins, rRNA processing, modification and folding, r-protein modification and
their association with the respective rRNA strands. Due to the complexity of this
series of events, ribosome assembly is facilitated by so-called ribosome biogenesis
or assembly factors that coordinate and mediate distinct steps during assembly

(Figure 7).167

54 ribosomal proteins
3 rRNA strands

RNA-Helicases Methyltransferases
e @
‘ GTPases .

0 Chaperones

er 8¢

oS5 -

Figure 7: Scheme of bacterial ribosome assembly. Subunits are assembled from 54 ribo-

somal proteins and precursor rRNA containing 55, 23S and 16s rRNA. Various different

assembly factors (RNA-Helicases, methyltransferases etc.) assist the assembly pathway.
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In eukaryotes, this process is not only temporally, but also spatially organized.
While pre-rRNA synthesis, processing and first folding steps occur explicitly in the
nucleolus (with exception of the 55 rRNA, which is transcribed in the nucleo-
plasm), r-protein association only happens in the nucleoplasm and later in the cy-
toplasm’®7%. Thus, not only processing, modification and folding, but also the
transport of pre-ribosomal particles from the nucleolus through the nucleoplasm
and across nuclear pore complexes into the cytoplasm has to be coordinated pre-

cisely.

Although bacteria don’t exhibit such specific subcellular compartmentalization via
intracellular organelles, ribosome assembly and translation were found to be spa-
tially organized. In prokaryotic cells such as E. coli, the so-called nucleoid region
qualifies as the equivalent to the eukaryotic nucleolus”™. The nucleoid describes the
location of the bacterial chromosome within the cell and is usually found at the cell
center in mono-nucleoid cells. Super-resolution microscopic techniques, electron
cryotomography, as well as kinetic modeling indicate that 70S ribosomes mostly
localize to the cell poles where they engage in translation”#!. Only approximately
10-15 % are found within the nucleoid region and in general, these studies indicate
strong ribosome-nucleoid segregation®, The 10-15 % of particles are thus hypoth-
esized to represent mainly free ribosomal subunits or 70S ribosomes which engage

in co-transcriptional translation or subunit precursors that are being assembled®.

1.2.2 Post-transcriptional processing and modification of rRNA and r-proteins

In bacteria, rRNA is encoded within operons (gene clusters) and is thus synthe-
sized as a single polycistronic precursor®>#. In E. coli there are seven rrn operons
(rrnA-H)¥, encoding a single copy of the 55, 16S and 23S rRNA, respectively and

one or more tRNAs in the spacer regions and the 3’ proximal region®.
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As the pre-rRNA is being transcribed, formation of local secondary structures,
binding of ribosomal proteins, chemical modification and processing already run
in parallel®. Processing is completed by various RNases, starting with processing
by RNase III. In normal growing E. coli, the earliest rRNA precursor that can be
isolated is a 275 rRNA®.

P1 P2 16S tRNA 23S 5S T1 T2

rrn operon

58

RNase Ill

Y
tRNA RNase IIl
RNase Il processing Riase Il ~~—
of primary transcript s o’ﬁ;%’

Y

Further RNase RNase G ‘hev tRNA - 5S
; ' ase
processing RNase E RNase R
RNase PH, RNase G
RNasell,  gnase p RNase T

PNPase RNase D,
RNase BN,
RNase T,
RNase PH,
RNase Il,
PNPase

Figure 8: Schematic overview of rRNA processing in E. coli. The polycistronic primary
transcript encoding 16S, 23S and 55 rRNA, as well as one or more tRNA’s is processed into
the pre-16S (17S), pre-23S (25S), pre-tRNA and pre-5S by RNase III. Cleavage sites are rec-
ognized by formation of helical stem loops. Final rRNA and tRNA processing is carried
out by a range of ribonucleases as indicated. This figure was adapted from Bennison et al.,

2019% and is licensed under CC BY 4.0.

Processing of this large precursor transcript is facilitated by the formation of local
hairpin structures comprising 16S and 23S rRNA sequences, whose double-helical
stems are recognized and cleaved by RNase III”'?, yielding the 255, 17S and 9S
rRNA and tRNA precursors (Figure 8). 255 rRNA processing further includes the

activity of RNase III for trimming of both ends®*** and exonuclease RNase T at the
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3" end”. Final processing of the 5" end is completed by a yet unknown endonucle-
ase®®. Maturation of 16S rRNA on the other hand does not depend on RNase III,
but additional RNases, including RNase E”? and RNase G*, which were shown
to be involved in the maturation of the 5° end. It is furthermore hypothesized that
the highly conserved endonuclease YbeY®, as well as RNase II, RNase R, PNPase
and RNase PH might be the involved in the final maturation of the 3" end*®'®. After
removal of the tRNA sequences by RNase P, the 9S precursor is generated and af-
terwards processed by RNase E at both ends”!. Thereafter, RNase T completes
final trimming at the 3" end'®. Again, another unknown RNase is involved in the
final processing of the 5 end!®. Completion of these steps finally yields in the for-

mation of 235, 55 and 16S rRNA sequences (Figure 8).

Apart from the complex processing events, rRNA additionally undergoes various
post-transcriptional modifications, which take place at a single nucleotide level.
They include methylation of bases, ribose methylation and pseudouridinylation.
A comprehensive overview of all known modifications of the 16S and 23S rRNA
can be found in the RNA modification database hosted by The RNA Institute, with
the initial version being published in 1994 by Limbach and colleagues'*. Accord-
ing to current understanding, the 165 and 23S rRNA in E. coli are modified at 11
and 25 residues, respectively?>1%+1%, The 55 rRNA, like most 5 and 5.85 rRNAs re-
mains unmodified. Most of the modifications are found within functional centers,
like the PTC or the decoding center or on highly conserved nucleotides’®>'®. In
general, most of these modifications were found to be important for modulating
interactions with binding partners, for ribosome assembly or can contribute to

translation and translation fidelity*110111,

The single-copy genes encoding ribosomal proteins are equally organized in oper-
ons, which in many cases also include genes encoding non-ribosomal proteins.

These additional genes encode for translation factors (EF-Ts, EF-G or EF-Tu), RNA
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polymerase subunits, components of the replication complex (DNA primase or
primosomal replication protein N), tRNA and rRNA modifying and processing
enzymes (RNase P or ribosome maturation factor rimM), membrane proteins
(YhbE) and others!'?. After translation, they similarly undergo various chemical
modifications, including methylation (uS11'%, uL3"4115, uL.11, bL12"¢, uL16"” and
bL33"8), acetylation (uS5'?, bS18'* and bL12'2122), methylthiolation (uS12!*) and
even the addition (bS6'*) or partial removal of amino acid residues (bL31'%).

As protein synthesis is initiated by formylmethionine in prokaryotes!?, removal of
this residue is the most common post-translational modification'”. After de-
formylation, the N-terminal methionine is processed by the only methionine ami-

nopeptidase MAP (MAP1)!%,

Again, these modifications in general modulate protein-protein or protein-RNA
interactions and can thus affect translation and ribosome assembly. Moreover, sev-
eral ribosomal proteins were reported to fulfil extra-ribosomal functions, e.g. acting

as autogenous regulators by controlling the expression of their own operon'®.

1.2.3 Ribosome assembly in vitro and in vivo

In the 1960s and 1970s, detailed insight into the assembly process was provided by
in vitro reconstitution experiments of both 30S and 50S subunits from purified com-
ponents. Traub and Nomura'® were the first to accomplish the reconstitution of
functional small subunits using natural 16S rRNA and a mixture of r-proteins ex-
tracted from purified 30S subunits (CP30). During the following years, several la-
boratories repeated these reconstitution experiments with individually purified'!

or recombinant r-proteins'*? and likewise achieved the in vitro reconstitution.

These first studies revealed that the binding of ribosomal proteins follows a strict
order, in which the association of primary proteins (directly binding to rRNA

strands) is indispensable for the integration of the following secondary and tertiary
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proteins. Based on this hierarchic association, in vitro ribosome assembly
maps'¥01%313 were generated, depicting the exact order and dependencies of pro-
tein binding (Figure 9, left). This was the first time that the events during assembly

were given a specific timeline, allowing a separation into early and late stages.

In 1982, R6hl and Nierhaus'® and Herold and Nierhaus™* succeeded in reconsti-
tuting fully functional 50S subunits and established a corresponding map for the

large ribosomal subunit (Figure 9, right).

5'domain Central domain 3'domain

3°

Figure 9: In vitro assembly maps of the 30S and 50S subunit. (A) The 16S rRNA with its
3 general domains: 5' domain: red, central domain: green, 3' domain: blue. The 23S rRNA
is divided into its main fragments. 5S rRNA is depicted in orange. Ribosomal proteins are
categorized as primary (1°), secondary (2°) or tertiary (3°) proteins, according to their bind-
ing order. Dashed lines emphasize the binding region of the ribosomal proteins. Arrows
indicate binding dependencies. The orange triangle encloses proteins that are essential for
integration of 5S rRNA. Figure republished by permission from Annual Review of Bio-
chemistry, from Shajani et al., 2011. doi: 10.1146/annurev-biochem-062608-160432., per-

mission conveyed through Copyright Clearance Center, Inc.

Hence, today, in vitro assembly is comparatively well understood and it builds the
basis for the elucidation of how assembly proceeds in vivo. Yet, the differences in
efficiency and time-kinetics between in vitro and in vivo production of ribosomes

are immense (assembly is >10 times faster in cells!*>1%) and also the conditions dif-
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fer greatly. While in vitro assembly depends on harsh, non-physiological condi-
tions like high salt concentrations and high temperatures and still requires hours
to be accomplished (Figure 10), the assembly of a functional ribosome in vivo hap-

pens within about just 2 minutes in wild-type bacteria at 37 °C'*.

33S 415-43S 48S
5S + 23S rRNA 0°C 44°C 44°C 50°C
o =3 Rl5(1) = Rl;(*(1) = Rl5((2) =————>50S
+22proteins 4 om so(1) 4mM so(1) 4mM s0(2) 20 mM

Mgz+ Mgz+ Mgz+ Mgz+

+11 proteins
Figure 10: In vitro reconstitution protocol. Steps of conventional in vitro reconstitution
for the 50S subunit. RI = ribosomal intermediates. Asterisks denote species that differ from
previous species by conformational change. Figure republished by permission from An-
nual Review of Biochemistry, from Shajani et al.,, 2011. doi: 10.1146/annurev-biochem-

062608-160432., permission conveyed through Copyright Clearance Center, Inc.

Thus, it is indispensable to investigate how subunit formation actually proceeds in
the living organism. However, the high efficiency of assembly in vivo inevitably
results in an extremely low abundance of available ribosomal intermediates (less
than 5 % of total ribosomes'¥) that could provide such information. Thus, current
knowledge of in vivo assembly has been mainly obtained by the analyses of pre-
cursor particles accumulating in mutant strains or cells treated with ribosome-tar-
geting antibiotics'®®142, There is one study describing the analyses of native, low-
abundant intermediates by pulse-chase and quantitative mass spectrometry
(qMS)™#3, but overall, information on precursors as they are built in unperturbed

strains is scarce”>135143,

The limited information that is available indicates that in vitro binding dependen-
cies match well with the in vivo data, but nevertheless, they do not fully corre-
spond”1%143, Recent studies suggest that assembly in vivo even proceeds via mul-

tiple pathways running in parallel, giving rise to the formation of precursor
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particles with similar sedimentation coefficients, but with differences in protein

composition!#2144,

Especially very little is known about how 50S formation proceeds in vivo. This is
not surprising, as a comparison of the two in vitro assembly maps already indicates
that the assembly of the large ribosomal subunit is much more complex (more
components and even more complex binding dependencies). Due to this complex-
ity, particularly the large subunit relies greatly on the assistance by additional fac-
tors. In vivo assembly in general is facilitated by these so-called biogenesis or as-
sembly factors, which significantly support and accelerate 30S and 50S

formation!4.

1.2.4 Assembly factors

Overall, assembly factors represent a diverse set of proteins that facilitate the mat-
uration of ribosomal subunits. They include the rRNA processing, as well as rRNA
and r-protein modifying enzymes mentioned above, but also RNA helicases,
GTPases, chaperones and various others’'4. While more than 200 assembly factors
have been proven to be involved in ribosome assembly in yeast Saccharomyces cere-
visizge and even more in mammalian ribosome assembly, comparatively few have
been identified in bacteria '#1#°. Indeed, evidence suggests that there are a lot more
factors, which have to be identified yet. Moreover, in many cases, details concern-
ing their mechanisms of action and especially the time point of their involvement
are largely unknown. Since also many of the factors are proposed to have multiple
cellular functions, it is even more difficult to identify their role in correct ribosome
assembly'®. Yet, they are known to assist numerous steps from early to late stages
and are generally thought to help avoiding and subverting kinetic traps in vivo,

which are, at least partially, overcome by thermal energy in vitro7>144145151-153,
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1.2.4.1 Assembly factors assisting late 50S maturation

Recently, particular interest has been directed towards assembly factors that assist
the maturation of functional centers and especially the PTC in eukaryotes!>1%, as
it forms one of the most critical areas of the ribosome. However, a thorough un-
derstanding of how the PTC and other functional regions are assembled in prokar-
yotes and which factors are involved, is still missing. Several analyses, however,
revealed that they form very late during in vitro'® and in vivo'>* assembly. Nev-

ertheless, the exact mechanisms remain unclear.

A small subset of assembly factors is supposed to be involved in the maturation of
the PTC in prokaryotes and although neither their concrete functions nor their
mechanisms of action have been elucidated, a direct contribution of these factors
to the maturation of the PTC and adjacent RNA moieties is highly probable!¢!-1¢,
This small subset includes the RNA helicase DbpA, the GTPases EngA, EngB,

ObgE, and the methyltransferase RImE.

1.2.4.1.1 DEAD-box helicase DbpA

RNA molecules are known to easily form non-native, but very stable competing
secondary structures and the rearrangement between these states was found to
happen very slowly at physiological temperatures'”*1”2. The formation of kinet-
ically trapped non-native rRNA structures is thought to at least partially account
for the slow assembly process in vitro, while such misfolding is assumed to pre-
vented or limited and proper folding is supported by RNA modulating factors in
vive”>151173175, DbpA is one of four RN A helicases, which are proposed to fulfill such

functions during ribosome assembly in E. coli.

All of these four RNA helicases belong to the DEAD-box family, which is involved
in numerous cellular processes, including transcription, pre-mRNA splicing,

RNA-decay, RNA transport, translation initiation and several others7*177,
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DEAD-box proteins contain nine amino acid motifs within a core domain (Fig-
ure 11) that are highly conserved from bacteria to humans”#1”. While three of the
motifs, namely motif I and II (Walker motif A and B) and the Q-motif, are involved
in ATP binding and hydrolysis, motifs Ia, Ib, III, IV and V are most likely involved
in RNA binding or are required for intermolecular rearrangements necessary for
remodeling activity’®. The flanking C- and N-terminal extensions are variable and

thought to account for substrate specificity.

DEAD-box core

Q-motif Motif | Motif la Motif Ib Motif Il Motif Il Motif IV Motif V Motif VI

S, B ] |

] ATP binding domains
- RNA interaction domains/remodeling

Figure 11: The conserved motifs of DEAD-box proteins. Schematic presentation of the
conserved motifs in DEAD-box core. Additionally, DEAD-box proteins contain a non-con-

served amino-terminal domain and carboxyl-terminal domains of variable length.

However, such sequence specificity has only been demonstrated for DbpA, which
requires hairpin 92 of the 235 rRNA (located within the functional core) for ATPase
and helicase activity in vitro'®1%, The specific targets of the other three RNA hel-

icases involved in assembly (CsdA, RhIE and SrmB) are still unknown.

Although DbpA was shown to be non-essential under various conditions, overex-
pression of the active side mutant R331A (impaired in ATPase and helicase activ-
ity) was found to cause a slow growth phenotype and an accumulation of 45S par-
ticles containing immature 23S rRNA and lacking a subset of late ribosomal
proteins!6+166186-188 Tn contrast to fully mature 50S subunits or 70S ribosomes, how-
ever, these precursors were found to stimulate the ATPase of DbpA. The assump-
tion is, that the binding site of DbpA is only accessible during 50S maturation,

while it is buried in completely maturated particles.!2181%0
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Taken together, these observations indicate that DbpA acts as a ribosome assembly

factor during the late maturation of pre-50S particles in the region of the PTC.

1.2.4.1.2 GTPases ObgE, EngB and EngA

A number of GTPases also contribute to correct RNA folding and at least seven of
them are known to be involved in prokaryotic ribosome assembly® 4191, All of
those seven GTPases belong to the TRAFAC (translation factor-related) class within
the P-loop GTPases, which are typically involved in translation, signal transduc-
tion, cell motility and intracellular transport'®2. In general, they are characterized

by a highly conserved GTPase domain, that consists of four to five motifs (Figure

12).
N-Terminus C-Terminus
G3 G4 G5
Switch ll/Walker B
GxxxxGKS/T XTx DxxG N/TKxD

Figure 12: Domain-structure of GTPase domain. The general domain structure of the

highly conserved GTPase domain is shown. Consensus sequences are indicated.

The P-loop GTPases are named according to a conserved sequence motif, the “P-
loop” (phosphate-binding loop). The P-loop is also known as Walker A motif and
contributes to phosphate binding in many ATP or GTP utilizing proteins by bind-
ing and recognizing the a- or B-phosphate. It is a glycin-rich loop with the consen-
sus sequence GxxxxGK(T/S)!%1%5, Apart from the Walker A motif, the highly con-
served GTPase-domain (G-domain) consists of the G2 and G3 muotifs, also known
as switch I and switch II, respectively, which mediate hydrolysis of GTP to GDP™.
As their name suggests, these two motifs are central to the switching mechanism
that allows GTPases in general to “switch” a signal transduction chain on and off
or in particular to regulate distinct maturation steps during assembly™'. The G4
motif comprises four hydrophobic amino acids followed by (N/T)(K/Q)XD and

confers the specificity towards guanine rings while discriminating against ATP'".
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The G5 motif is not universally conserved among the TRAFAC GTPases, but it was

shown to interact with the guanine base via hydrogen bonds™".

In contrast to the RNA helicases involved in assembly, most of the GTPases are
essential in E. coli and mutants of these all lead to reduced levels of 70S ribo-
somes'#. While their precise functions during assembly are still unknown, they are

hypothesized to participate in the following processes:

e mediate the recruitment and binding of r-proteins and other assembly fac-
tors!4

e act as a checkpoint of accurate assembly by preventing progression of the
process (further r-protein binding etc.) until correct formation of a GTPase
binding site!61!

e control the rate of ribosome production by direct sensing of GTP levels un-

der stress conditions®146.191

The three GTPases that are thought to assist the maturation of the PTC are ObgE

(CgtA or YhbZ), EngA (YphC, YfgK or Der) and EngB (YsxC or YihA).

ObgE is conserved from bacteria to humans and although it has been the subject
of numerous studies, its main function in the cell is still under debate. It is linked
to various cellular processes, like chromosome segregation'*1, stress activation?®,
persistence?!, cell division'*8?2, sporulation®*?* or the stringent response"2%,
However, several studies also clearly demonstrate a fundamental role of ObgE

during the assembly process of the large ribosomal subunit?*-°,

Co-migration with free 50S or 30S subunits has been observed in Caulobacter cres-
centus’™ and E. coli’?" and the yeast homolog Nog1l was found to be required for
60S assembly?'2. Strong evidence was moreover demonstrated by Jiang et al.?® who

extensively studied the phenotype of strains expressing a temperature-sensitive
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mutant of the ObgE protein in E. coli. They found that these cells are impaired in
ribosome assembly and accumulate free ribosomal subunits as well as 50S particles
that harbor reduced amounts of late assembly proteins uL16, bL33 and bL34. Fur-
thermore, a structure of recombinant ObgE in the presence of GMP-PNP bound to
purified 50S subunits published by Feng et al.'® demonstrated that ObgE binds to
the intersubunit face of the 50S subunit in the area of the GTPase-associated center

with its N-terminal domain protruding into the PTC.

EngB is a typical TRAFAC GTPase, containing one G-domain, as well as an extra
B-strand at the N-terminus. It is essential in E. coli?’3, B. subtilis***?*> and S. aureus®'e,
and its depletion in B. subtilis causes an accumulation of 50S precursors migrating
at 44.5S, lacking proteins uL16, bL27 and bL36'®2. Cryo-EM analyses of particles
isolated from EngB depleted cells in B. subtilis furthermore revealed that especially
the central protuberance, the GTPase-associated center and key RNA helices
within the A- P- and E-site exhibited an immature conformation. Thus, EngB sim-
ilarly seems to be involved in the maturation of functionally important areas of the
50S subunit'®. Morphologically, its depletion leads to cell elongation in E. coli and

B. subtilis?13214,

The same abnormal morphology was observed in EngA depleted cells?'*?"7. In con-
trast to the other GTPases involved in 50S assembly, the EngA protein contains
two consecutive G-domains at the N-terminus, which are connected by an acidic
linker, followed by a C-terminal KH-domain?'%2". In general, it is highly conserved
in gram-positive and gram-negative bacteria and accordingly, it was shown to be
essential in E. coli and B. subtilis and various other bacterial species?*?!720221_ Due
to its interaction with 70S ribosomes and ribosomal subunits in vitro*??, co-purifi-
cation with ribosomal proteins?*?*, co-fractionation with 50S subunits and 70S ri-
bosomes?'7?2222 and the accumulation of 30S and 50S subunits or precursors and a

decrease of 70S ribosome levels in cells depleted of EngA?7?%, it was proposed to
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be involved in ribosome assembly. Structural analyses by Zhang et al.'” described
that recombinant EngA associates with purified 50S subunits at the PTC and
thereby induces conformational changes that result in the formation of an imma-

ture state, reversing maturation.

Similar to the precursors found in EngB depleted cells, precursors found in cells
depleted of EngA migrate at 45S, lack late assembly proteins ulL.16, bL27 and bL36
and exhibit a non-native conformation of the of the CP, the GTPase-associated cen-
ter and the functional core in B. subtilis®. Particles accumulating in E. coli are pre-
sumably different, as they were shown to migrate at 50S, exhibit a higher sensitiv-
ity to reduced Mg?* concentration in comparison to wild-type 50S and show a

decreased occupancy of bL9 and uL18%.

Although numerous assembly factors have been discovered over the last few dec-
ades and although there is a lot of information on how these potentially contribute
to a specific step, the course of the assembly pathway as a whole and the spatial
dynamics of assembly in prokaryotes remain unknown. In this regard it would be
especially important to define conditions that require the presence of a specific fac-
tor and give time stamps to the underlying events that happen in living cells.
Hence, further studies that complement the current knowledge mainly obtained
from structural analysis of precursors accumulating in depletion strains are neces-
sary to put each of their roles into context. Nowadays, especially the opportunities
presented by novel methods like super-resolution fluorescence microscopy (1.3.3)
and the steady improvement of cryo-EM techniques should be seized to elucidate

ribosome assembly in vivo.

1.3 Fluorescent proteins and fluorescence microscopy

The discovery of aequorin from Aequorea victoria (A. wvictoria) by Osamu

Shimomura in the early 1960s marked the starting point of the incredible efforts
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that have been made to investigate the functions and features of photoproteins?”.
Shimomura and colleagues caught approximately 50,000 jellyfish to isolate suffi-
cient amounts of pure aequorin for the structural characterization of its chromo-
phore?®. During these studies, they found that an additional protein, the green flu-
orescent protein GFP, was the actual source of the characteristic green

biolominiscence??7.229-231,

Several years later, during the 1990s, Martin Chalfie recognized the potential of
GEFP to be used as a fluorescent marker to monitor gene expression and protein
localization and conducted first groundbreaking experiments in Caenorhabditis ele-
gans, the results of which were published in Science in 199422, In the same year,
Roger Tsien and colleagues were the first to mutagenize GFP and found that they
could generate fluorophores with altered spectra, as for example variants emitting
blue light**. With this, they provided the basis for the design of the plethora of

fluorescent proteins that are used today to address many questions in microbiol-
ogy.

This revolutionary work by Osamu Chimomura, Roger Y. Tsien and Martin Chal-

fie was awarded with the Nobel Prize for Chemistry in 2008%*.

1.3.1 Green fluorescent proteins

A further breakthrough was achieved in 1966, when the crystal structure of A. vic-
toria GFP was solved by two independent groups *?%. GFP is a 26.9 kDa protein
of 238 amino acids and its tertiary structure was found to form a p-barrel that con-
sists of eleven antiparallel strands, enclosing a central a-helix that harbors the chro-

mophore group (Figure 13).
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Figure 13: Ribbon diagram of GFP and stick representation of the chromophore. The

figure is based on PDB file IEMA and was generated with pymol.

The autocatalytic mechanism that forms the green chromophore in GFP includes
the cyclization of the three amino acid residues Ser65, Tyr66 and Gly67 of the pep-
tide by the nucleophilic attack of the amide nitrogen of Gly67 on the carbonyl car-
bon of Ser65. The formation is completed with the dehydration of the carbonyl
oxygen of Ser65 and the oxidation of the Ca-CB bond of Tyr66. These dehydration
and oxidation reactions induce the formation of a conjugated n-electron system

that allows the excitation and emission within the visible range.?3327-2%

Since their discovery, numerous mutant forms of GFP have been generated, rang-
ing from variants that differ in their maturation time, photostability, sensitivity or
brightness and excitation/emission spectra, resulting in blue, cyan or yellow fluo-

rescent proteins®.
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1.3.2 Red fluorescent proteins

In 1999, the discovery of the GFP homologue DsRed from the coral Discosoma®*!
finally opened the door for the application of fluorescent proteins that emit light
in the orange to red region of the spectrum. These variants are especially valuable,
as they are excited with longer wavelength light, which decreases the risk of pho-

tochemical damage for the cells or tissues examined dramatically*2

Figure 14: Ribbon diagram of DsRed tetramer and stick representation of the chromo-

phores. The figure is based on PDB file 1G7K and was generated with pymol.

DsRed forms a stable tetramer with monomers that are similar to GFP — they form
an 11-stranded B-barrel structure with an a-helix spanning through their interior,
bearing the chromophore (Figure 14). The critical difference, however, presents in
an extended conjugated n-system that shifts the excitation and emission spectrum
to longer wavelengths. DsRed chromophore formation has long been hypothe-
sized to proceed via a GFP-like intermediate state, followed by a second oxidation

reaction of the Ca-N bond between the backbone nitrogen and the a-Carbon of
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GIn662. More recent models suggest maturation via a blue-emitting intermediate

or in general, a branched pathway?4%,

Similar to GFP, DsRed has also been used as basis for further mutational studies,
resulting in the generation of monomeric variants that range from orange to far-

red#.

After years of engineering, the color spectrum of fluorescent proteins thus now
spans the visible spectrum from blue to far-red with differences in brightness, pho-
tostability or maturation times, and also includes fluorescent proteins with special
characteristics, like photoactivatable, photoconvertible and photoswitchable pro-
teins or even the so-called fluorescent timers that change their emission wave-

length over time*?.

1.3.3 Fluorescence microscopy

With the discovery of GFP and its potential to be used as biological marker, fluo-
rescence microscopy has become a standard tool in biological research, allowing
the visualization of protein interactions, dynamics and mobility. For a long time,
especially confocal fluorescence microscopy was the method of choice, as it had
overcome several limitations of conventional wide-field epifluorescence micros-
copy?”. While the whole specimen is exposed to a light source in wide-field fluo-
rescence microscopy, the use of point illumination and a pinhole allows elimina-

tion of out-of-focus signal, resulting in higher axial and lateral resolution®.

It was long thought that the diffraction barrier** defined the limits of resolution in
light microscopy, which is 200 nm in the lateral direction and 500 nm in the axial
direction when imaging with visible light and a common oil immersion objective

(numerical aperture = 1.4)%°%1, The use of a laser scanning confocal microscope
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was calculated to maximally add an improvement of resolution of ~ 30 % and thus,

many sub-cellular structures and processes continued to remain elusive®’.

This resolution limit was overcome with the development of the so-called “super-
resolution” techniques which allow resolutions as high as ~ 20-30 nm in the lateral
and 30-50 nm in the axial direction®'?52, With these techniques, a whole new level
of quantitative and qualitative information can be obtained, including the deter-
mination of protein copy numbers®?%, spatial distribution and co-localization
studies with ~30 nm accuracy®**%” and the determination of diffusion coefficients

on sub-second time-scales8?254,

Commonly used super-resolution techniques include “structured-illumination mi-
croscopy” (SIM), “stochastic optical reconstruction microscopy” (STORM), “stimulated
emission depletion” (STED) microscopy and “fluorescence photoactivation localization
microscopy” (fPALM). In 2014, Eric Betzig, Stefan W. Hell and William E. Moerner
were awarded with the Nobel Prize for their contribution to “the development of

super-resolved fluorescence microscopy”?*.

Consequently, several groups already used PALM and STED techniques to quan-

titively analyze the distribution of ribosomes in bacterial cells®*®.

1.3.3.1 Structured lllumination Microscopy (SIM)

When introduced in 2000, SIM was one of the first super-resolution methods*®. In
SIM, sinusoidal patterned light is used to illuminate the sample. The illumination
pattern and the structures of the specimen superimpose and interfere with each
other and this way cause the formation of a new pattern, the so-called Moiré
fringes (Figure 15). This resulting Moiré pattern “encodes” the actual high spatial
frequency pattern of the original structures as a lower spatial frequency pattern

that can be detected by the objective. For SIM, several images are recorded using
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different illumination patterns (different phases and orientations). This way, addi-
tional image information is obtained and high-resolution images can be recon-
structed. Using this method, resolutions of ~100 nm in the lateral and ~250 nm in

the axial direction are possible.?#.%5825

Sample lllumination Moiré image

ll
SSS
L B

Figure 15: Principle behind SIM. A pattern of lower spatial frequency (Moiré fringes) is

"’

]
:

rl ”\| \

generated by interference of high frequency excitation pattern and sample structure. 3D-
SIM acquisition is performed by laterally displacing the illumination pattern (five differ-
ent phases) in three orientations (angles).?” Figure republished by permission from Meth-
ods and Applications in Fluorescence, from Vangindertael et al., 2018. doi: 10.1088/2050-

6120/aaaelc., permission conveyed through Copyright Clearance Center, Inc.

The advantage of SIM over the other super-resolution techniques is, that it is the
least limited by dye/fluorescent protein or probe choice and thus is the most suited
for multicolor imaging. Additionally, it provides the best time resolution with 1-2
images per second*”’, which is a great advantage for live cell imaging. Thus, SIM
is highly suitable to study the spatial organization and dynamics of single mole-
cules or cellular structures and thus is another technique that should be considered

for high-resolution fluorescence imaging of ribosomes.
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1.4 Cryogenic electron microscopy (Cryo-EM)

The resolution achieved by imaging via light microscopy can be easily surpassed
by electron microscopy (EM), which uses an electron beam instead of visible light
to generate an image. Hence, it is not surprising that EM is the predominant

method to study ribosomes in atomic detail®.

In EM, an electron gun produces an electron beam, which is focused onto the sam-
ple. Several different possibilities exist of how these electrons can interact with
matter (Figure 16), almost all of which can be exploited to obtain information about
the specimen.

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

Characteristic X-ray (EDX)

Backscattered Electrons (SE)
atomic number and phase differences
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states mformauon

&

Inelastic Scattering
composition and bond states (EELS)

SAMPLE

Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Figure 16: Schematic overview of electron-matter interactions. This illustration is li-

censed under CC BY 4.0.

In transmission electron microscopy (TEM), mainly elastically scattered electrons
(only marginal loss of energy of incident primary electrons) and unscattered, trans-

mitted electrons contribute to image formation. Thus, the specimen needs to be
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very thin, or “electron-transparent” to allow electron penetration. An image-re-
cording system then converts the electron image into some form perceptible to the

human eye.?

Very early in the history of electron microscopy it was noticed that imaging of bi-
ological specimen is extremely challenging, as it is easily destroyed by intense
high-energy electron beams. Moreover, biological material has extremely low con-
trast since it is mainly composed of elements with low electron density and addi-
tionally, beam induced particle movement complicates the analysis. The harsh
high vacuum environment itself, that is necessary for the unimpeded travel of the
electron beam, constitutes a further problem of the imaging of biological sam-

ples.261,262

The first successful approach to overcome these problems was the use of nega-
tively stained biological material*®2¢. In this case, the specimen is embedded in a
thin film of heavy metal salt (e.g. uranyl acetate, ammonium molybdate) that scat-

ters electrons more strongly and thus provides better contrast*®.

Later, it was found that cooling of the specimen protects biological material**® and
today, a cryofixation method called plunge freezing is used to rapidly cool samples
(e.g. a blotted thin film of liquid containing suspensions of macromolecules) by
“plunging” them into a cryogenic liquid (e.g. ethane) to avoid the formation of ice
crystals which diffract electrons strongly. Dubochet and colleagues developed this
technique that allows the preservation of biological material within a thin layer of
so-called amorphous ice. This sample preparation technique in combination with

transmission electron microscopy in the 1980s marked the beginning of “Cryo-

EM” .267,268

In 1981, Joachim Frank described a novel computational method of image pro-

cessing and analysis to obtain high-resolution data using TEM under low-dose
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conditions. Briefly, randomly oriented particles (e.g. ribosomal particles) within a
sample are irradiated with a low-dose electron beam, yielding multiple 2D projec-
tions of the specimen (micrographs). Similarly oriented particles are sorted into
classes allowing the computer added calculation of a three-dimensional density
map?*?2, Such density maps often depict the structural average of a heterogene-
ous particle population (e.g. translating ribosomes in different stages of their duty
cycle). To visualize this structural heterogeneity, special computer routines were
developed to separate conformationally different sub states, a procedure termed

multiparticle refinement?”.

All of these progresses contributed to the growth in the number of high-resolution
structures within the last few years, but especially the development of direct elec-
tron detectors drove the “resolution revolution”#4%7, In 2017, the work of Jacques
Dubochet, Richard Henderson and Joachim Frank was awarded with the Nobel
Prize “for developing cryo-electron microscopy for the high-resolution structure determi-

nation of biomolecules in solution”*".

The advances in electron microscopy have always been closely linked to ribosome
research. Starting with the seminal analyses in 1955, when Palade was the first to
image “microsomes” directly in cells via electron microscopy to the numerous re-
cent studies that employ single-particle cryo-EM to obtain high-resolution struc-
tures of ribosomal particles in complex with antibiotics to capture specific states
during translation”” and of course studies that capture the distinct structural fea-
tures and composition of assembly intermediates to study ribosome assembly ex
vivo. Moreover, recent developments in cryo-electron tomography allow the 3D
visualization of biological samples at sub-nanometer resolution within their sur-
rounding cellular context?” and hence provide a powerful tool for structural anal-

yses of ribosomes in situ?’*-%1,
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2. Objectives

Six decades of research have provided important biochemical and biophysical in-
sights on ribosome assembly, which is the process of generating ribosomal subu-
nits. However, only with the advent of new technologies in both fluorescence mi-
croscopy and cryo-EM, the ribosome field is now equipped with tools to address

the mechanistic details of this multilayered process.

Even though a fundamental cellular process, most of our current understanding of
how ribosomes assemble is derived from in vitro experiments. While the artificial
assembly of ribosomal subunits in vitro requires high thermal energy (up to 50 °C)
to overcome energetic barriers, ribosome assembly in vivo employs enzymatic as-
sembly factors to facilitate the process, which is classically divided in early, inter-
mediate and late stages. This work focusses on late assembly of the large 50S sub-
unit of E. coli and shall provide a systematic, functional analysis of the late acting
assembly factors DbpA, EngA, EngB, RImE and ObgE by the following experi-

mental strategies:

1. Systematic analysis of assembly factors acting late in 50S maturation

e Depletion of the factors and phenotypic analysis of the corresponding knock
down strains (i.e. growth at different temperatures).

e Biochemical and biophysical analysis of ribosomal subunit precursors accu-
mulating in the absence of the assembly factors, using sucrose gradient cen-
trifugation analyses.

e Analysis of cellular ribosome distribution upon assembly factor depletion, us-
ing strains with fluorescently labeled ribosomes in combination with super-

resolution fluorescence microscopy (3D-SIM).
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2. Isolation and purification of bona fide 50S precursors

Generation of E. coli strains harboring assembly factors fused with affinity tags,
applying knock-in methods and subsequent phenotypic characterization.

Use of generated E. coli strain harboring Strepll-tagged ObgE to isolate the fac-
tor in complex with its bona fide precursor as a proof of principle approach.
Utilize the isolated pre-50SeObgE-Strepll complex for structural analysis (cryo-
EM) to understand how ObgE contributes to the final maturation of the 50S

subunit’s active site (i.e. the functional core).
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3. Results

3.1 Systematic knock-down of assembly factors acting late on 50S
maturation

The central reactions catalyzed by the ribosome (peptidyl transfer reaction and
peptidyl hydrolysis) happen at the subunit interface of the 50S SU, which mainly
consists of rRNA¥. In a strict sense, the catalytic center that catalyzes these reac-
tions, the peptidyl transferase center (PTC), is solely formed by the central loop of
domain V (1.1.1, Figure 3) of the 235 rRNA“. However, adjacent helices and r-pro-
teins make up a closely interacting network referred to as the “functional core”
(1.1.1, Figure 4). This highly important functional region constitutes the tRNA
binding sites and was found to form very late during the assembly pro-
cess!5015719180 indicating that the 50S SU obtains its catalytic capacity during these

last steps.

In E. coli, there is a subset of five assembly factors that is associated with the mat-
uration of the functional core, including the RNA helicase DbpA, the GTPases
EngA, EngB, ObgE, and the methyltransferase RImE'1®° (Figure 17). A substantial
amount of this information is derived from structural and biochemical analyses of
ribosomal precursor particles accumulating in the absence of these individual fac-
tors. An overview of studies indicating their involvement in late 50S assembly is
given in table A1 (Appendix). Yet, a comprehensive analysis of late 50S assembly
is still lacking. As most of these studies focus on the role of only a single, individual
factor, using both different conditions and E. coli strain backgrounds, it is difficult
to put these results into context. Moreover, an adequate phenotypic characteriza-
tion of strains lacking the individual factors is usually missing, altogether limiting

the mechanistic understanding of late 50S assembly.
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As a first prerequisite for a systematic analysis of late 50S maturation, the five late-
acting assembly factors (Figure 17A) were depleted in an otherwise identical ge-

netic background to allow a proper comparison of their phenotypes.

A
|
ObgE (e) ----<yth 1~<rpmA +<<rplu || ObgE: 43.29kD || GTPase close to A-site
EngA (e) -< bamB_| - EngA:55.04 kD || GTPase close to E-site
EngB (e) - -------- EngB: 2356 kD || GTPase 2
be—
RmE ||~ ftsH |- ﬁ ------- RIME: 23.34 kD || Methyltransferase || interacts with H92
DbpA || e [ ydnA W ....... DbpA: 49.20 kD RNA helicase interacts with H92
B

Figure 17: Overview of factors presumably involved in the maturation of the functional
core. A) Depicted are the names, the genomic organization (operon), the molecular weight
(MW), the functions and the approximate position at pre-50S/50S particles in E. coli. Col-
ored arrows represent assembly factor genes. Grey arrows represent genes in the same
operon. (e) indicates that the factor is essential. B) Approximate localization of the respec-
tive factors at 50S/pre-50S particles as described in literature!7.163107.169226.282 depicted as car-
toon. Light blue area: pre-50S/50S SU; violet area: EngA; grey area: DbpA; green area:
RImE; blue area: ObgE. Position of EngB (red area) at the SU is unclear.
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As three of the assembly factors (the GTPases EngA, EngB and ObgE) are essential
and since traditional knock-out techniques in general bear a high risk of develop-
ing suppressor mutations, an inducible RNA-antisense strategy as described by
Nakashima et al.?3?% was chosen to allow a controlled depletion of each of the
factors. This strategy provides an improved gene silencing tool for E. coli, as it
makes use of antisense RNAs (asRNAs) that contain paired termini (PT), wherein
flanking inverted repeats with high GC content create the paired double-stranded
RNA. These PT were shown to provide enhanced stability?* and thus allow to
overcome the generally low silencing efficacy in E. coli. Moreover, simultaneous
gene silencing of multiple genes is possible, allowing an investigation of functional
relationships®®. Moreover, this technique has already been successfully used to
achieve depletion of ObgE in order to investigate its role in E. coli persistence®5,

while the consequences on ribosome assembly have not been addressed.

Thus, IPTG-inducible expression vectors were generated, expressing PTasRNAs
against dbpA, obgE, engA, engB or rlmE which hybridize with the ribosomal binding
site and/or the 5" region of the target mRNA (Figure 18). This hybridization causes
an inhibition of translation of the mRNA and thus a depletion of the respective

assembly factor?32%,
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Assembli factor mRNA
3OS 50S

O ﬂ PTasRNA
8 Translation E Inhibition

Figure 18: Principle of gene silencing using PTasRNAs as described by Nakashima et
al.?8 Recognition of assembly factor mRNA by ribosomes and hence translation is pre-
vented by hybridization of PTasRNA with RBS and/or 5’ region of target mRNA, resulting

in a depletion of the respective assembly factor.

The strength of this strategy is that the same principal technique is applied to de-
plete each of the factors, using both identical strain backgrounds and growth con-

ditions to compare the associated phenotypes.
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3.1.1 Depletion of late assembly factors severely hampers cell growth

To obtain a first insight into the effects of late assembly factor depletion on overall
cell fitness, growth of the knock-down strains was tested and compared to the
wild-type strain at different temperatures (Figure 19). The strain background
MG1655 was used for the analyses, as it belongs to the most extensively character-
ized wild-type laboratory E. coli K12 strains and has only few genetic manipula-

tions from the archetypal E. coli K-12 strain®®.

A

WT

DbpAas
EngAas
EngBas
ObgEas
RImEas

20°C 30°C 37°C 42°C

DbpAas

EngAas * ~
= Y Kk k
ObgEas D | * *
)

=3 %k Kk Kk
Figure 19: Cell growth at different temperatures upon assembly factor depletion. A)
Growth comparison on solid medium: Cells of the indicated strains were spotted onto LB
agar plates (supplemented with IPTG to induce assembly factor depletion) in a serial di-
lution and incubated at the given temperatures. B) Illustration of differences in growth

behavior upon depletion of the respective assembly factors; non-quantitative. WT =

MG1655. DbpAas, EngAas, etc. indicates the depleted assembly factor. Growth behavior
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at given condition for each strain relative to wild-type strain MG1655 is depicted as col-
ored star. Fully colored stars indicate growth behavior similar to the wild-type strain. Nu-
ances in the severity of growth defects are illustrated by varying degrees of incompletely

colored stars.

Upon IPTG induction, a significantly different growth pattern for each of the de-
pletion strains could be observed. While a reduction of EngA levels was found to
be specifically perturbing at higher temperatures and ObgE depletion caused se-
vere growth defects below 37 °C, a depletion of the helicase DbpA caused a strong
reduction of cell growth at all temperatures tested. In general, the effects of EngB
and RImE depletion were only minor, but revealed a sensitivity towards higher or

lower temperatures, respectively.

Control experiments in the absence of IPTG were included and growth of all these
transformants was indistinguishable from the wild-type strain, suggesting that

side effects due to promoter leakiness can be excluded (Figure A1, Appendix).

Similar growth analyses were conducted with PTasRNAs expressed from different
antisense vector backbones (pHN1009, pHN1257 and pHN®687) that differ in their
origin of replication (ORI). Due to the different ORIs, the copy number of the plas-
mids and thus the silencing efficacy can vary. The strongest effects on growth were
observed upon expression from the backbone pHN1009, but the general trend was

similar for all the different vector backgrounds (Figure A2, Appendix).
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3.1.2 Free 50S subunits and slower migrating pre-50S particles accumulate in
assembly factor depletion strains

An important indicator for ribosome assembly defects is the accumulation of ribo-
somal precursor particles. Thus, the ribosomal composition of all of the knock-
down strains was determined by ribosome profile analysis. To visualize the nature
of the potential precursor particles more precisely and to allow a distinction be-
tween earlier and later intermediates, the assembly factors were depleted in the
background of the reporter strain MGrg*. This reporter strain comprises one fluo-
rescently labeled early assembly r-protein in each subunitt, allowing the monitor-
ing of assembly landscapes in ribosome profile analyses when combined with a
fluorometric readout of the sucrose gradient fractions (Figure 20A). The analyses
were conducted at 25 °C as ribosome assembly in general is more susceptible at
lower growth temperatures. For EngA and EngB depletion strains, absorption pro-
files were additionally recorded at 42 °C as they exhibited impaired growth at

higher temperatures.

T The strain MGrg* was designed as an equivalent of the reporter strain MCrg* published by Nikolay et al.,
2014%%% in E. coli MG1655 background.
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Figure 20: Strains depleted for late 50S assembly factors accumulate pre-50S and 50S

particles. A) Schematic drawing of the reporter strain MGrg* harboring fluorescently la-
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beled ribosomes. An early assembly protein of the small ribosomal SU (uS15) was endog-
enously labeled with mCherry and an early assembly protein of the large ribosomal SU
(uL1) was labeled with mAzami green. B) Sucrose density gradient (10-40 %) centrifuga-
tion profiles from cells derived from MGrg* or MGrg* depleted for the assembly factors
are indicated. Cells were cultured in LB medium at 25 °C in the presence or absence of
IPTG until they reached an OD ~ 0.5 or for a maximum of 4 hours. Cleared lysates were
subjected to sucrose gradient centrifugation and analyzed via A2xss detection and fraction-
ated. Sucrose gradient fractions were analyzed for mAzami- and mCherry-specific fluo-
rescence. The fluorescence intensities were normalized to the 70S peak and are depicted
in bar charts. Red bars represent mCherry-specific fluorescence; green bars represent
mAzami-specific fluorescence. Dashed lines indicate the sedimentation behavior of ma-

ture 30S and 50S subunits and 70S ribosomes.

In all of the cases, the expression of the factor-specific PTasRNAs led to alterations
of the ribosomal profile pattern when compared with the control strain MGrg*
(Figure 20B). The strains expressing antisense constructs against DbpA and RImE
resulted in additional Azss signals for particles migrating slightly slower than a ma-
ture 50S subunit. The fluorometric analysis of the corresponding sucrose fractions
revealed that these particles represent incomplete 50S precursors, as the peak of
green fluorescence was asymmetrical and exhibited a shoulder in the area of the
additional absorption signal. In the strain depleted for EngA the ratio of 50S and
30S subunits to 70S ribosomes was altered, as evident from the absorption profile
and the fluorometric readout, indicating reduced 70S formation. Cultivation of
EngA-depleted cells at 42 °C did exacerbate this effect, leading to a considerable

accumulation of free, possibly defective 50S subunits (Figure 21).
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Figure 21: Absorption profiles of cells cultivated at 42 °C depleted for EngA or EngB.
Cells were cultured in LB medium at 42 °C in the presence or absence of IPTG until they
reached an OD ~ 0.5 or for a maximum of 4 hours. Cleared lysates were subjected to su-
crose gradient centrifugation and analyzed via A2 detection and fractionated. Sucrose
gradient fractions were analyzed for mAzami- and mCherry-specific fluorescence. The
fluorescence intensities were normalized to the 70S peak and are depicted in bar charts.
Red bars represent mCherry-specific fluorescence; green bars represent mAzami-specific
fluorescence. Dashed lines indicate the sedimentation behavior of mature 30S and 50S sub-

units and 70S ribosomes.

A similar alteration of the subunit to 70S ratio was observed in the strain express-
ing the antisense construct against EngB at 25 °C. Moreover, an increased Axs4 sig-
nal was observed in the region of particles migrating between mature 30S and 50S
subunits. Additionally, the peak of green fluorescence was asymmetrical with a
steep shoulder, indicating the presence of pre-50S particles. Ribosome profile anal-

ysis of EngB-depleted cells cultivated at 42 °C could not resolve enhanced pre-50S
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accumulation (Figure 21). The strongest effect on ribosomal composition was
found upon the depletion of ObgE, leading to a pronounced accumulation of green
fluorescent particles migrating between mature 30S and 50S subunits, indicating
the presence of significant amounts of incompletely assembled large subunits.
Moreover, ObgE depletion additionally caused a severe reduction of polysomes.
A second ObgE-specific PTasRNA variant targeting a different region within the
ObgE mRNA (ObgEas_2; validated and published by Verstraeten et al., 2015%)
was tested to corroborate the findings and indeed yielded a comparable ribosome
profile with similar accumulation of immature 50S particles (Figure A3, Appen-

dix).

Importantly, when cells were cultured in the absence of IPTG and PTasRNA ex-
pression was not induced, the absorption profiles were wildtype-like (Figure A4,
Appendix). Slight discrepancies in the fluorometric readout can be explained by

leakiness of the Ptrc-promoter, causing a low basal expression of PTasRNA.

Taken together, the depletion of each of the five assembly factors using the
PTasRNA knock-down strategy provoked detectable defects in the assembly of the
large ribosomal subunit and caused a considerable accumulation of pre-50S and/or
free 50S or 30S particles in all cases. Moreover, all of the pre-50S particles were
found to migrate only slightly slower than mature 50S subunits, indicating that
they represent intermediates at late stages of 50S formation. In conclusion, these
findings suggest that the assembly factors investigated indeed act late during 50S

assembly.

It is now possible to isolate these pre-50S and 50S particles, which are all produced
within the same E. coli background using the same gene silencing strategy, for fur-

ther structural and functional analyses.
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3.1.3 Assembly defects affect the spatial distribution of ribosomal particles

Although bacteria lack intracellular organelles, the cytoplasm of most prokaryotes
exhibits some form of spatial organization. In E. coli, the nucleoid region contain-
ing chromosomal DNA is typically found in the cell center of mono-nucleoid cells,
while ribosomal particles avoid the space near the axis of the cell and occupy the
cell poles and the space near the cell wall®. Overall, previous analyses indicate that
approximately 85-90 % of ribosomal particles are found at cell poles where they
engage in translation”** and only ~10-15 % localize within the nucleoid region, in-
dicating strong ribosome-nucleoid segregation®®. It is hypothesized that the 10-
15 % of particles represent free ribosomal subunits or 70S ribosomes which engage

in co-transcriptional translation or subunit precursors that are being assem-

bled®22”.

Interestingly, treatment of E. coli cells with different classes of antibiotics was
found to cause severe redistribution of ribosomal particles. While translation in-
hibitors like chloramphenicol or tetracycline induced axial nucleoid contraction
and a stronger DNA-ribosome segregation, the transcription inhibitor rifampicin
led to nucleoid expansion and a uniform distribution of ribosomal particles®>2%,
Hence, it is conceivable that a stress situation caused by the absence of assembly

factors, could also lead to a reorganization of ribosomal particles as well.

Previous fluorescence microscopic studies of r-proteins fused to fluorescent pro-
teins allows analyzing the distribution of ribosomal particles within cells®2?%2%, To
investigate potential morphological changes upon assembly factor depletion, the
distribution of ribosomal particles was thus followed by imaging of fluorescently-
labeled ulLl and uS15 (using the reporter strain MGrg*) via 3D-SIM. DNA was

stained with DAPI to visualize the nucleoid region.
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Figure 22: Distribution of ribosomal particles and DNA in unperturbed E. coli cells im-
aged by 3D-SIM. Fluorescence microscopic images of E. coli cells expressing uL1-mAzami
and uS15-mCherry. Cells were grown at 37 °C in LB medium to ODew = 0.5. DNA was
stained with DAPI and cells were subjected to fluorescence microscopic analyses by 3D-

SIM. Distribution of ribosomal subunits (green: uL1-mAzami-specific fluorescence; red:
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uS15-mCherry-specific fluorescence) and chromosomal DNA (blue: DAPI staining) is de-
picted. An overlay was created (merge). Representative images are shown. B) Relative
axial intensity distributions (y-axis) for a representative cell in the green and the blue chan-
nel were generated along a straight line (x-axis) through the longitudinal axis of the cells

(red line in the magnification). Scale bar =3 pm.

In general, the unperturbed reporter strain showed normal cell morphology and
the expected fluorescence distribution of ribosomal particles (Figure 22A). The flu-
orescence signal indeed mainly spared the nucleoid regions (Figure 22A, merge)
and concentrated to the cell poles, forming two “ribosome-rich regions”. Gener-
ally, cells of varying length were visualized and as previously reported®’, mid-
length cells and longer cells (>3.0um tip-to-tip) exhibited a segregation of DNA
into two major nucleoid lobes, resulting in the formation of a third ribosome-rich
region in the cell center. This anti-correlation of ribosomal and nucleoid distribu-
tion was corroborated by the evaluation of axial fluorescence intensity profiles of

uL1-mAzami and DAPI fluorescence (Figure 22B).

To assess whether defective ribosome assembly caused a reorganization of riboso-
mal particles, cells depleted of ObgE were imaged, since they exhibited the most

severe defects as indicated by growth and ribosome profile analyses.
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Figure 23: ObgE depletion causes a severe redistribution of ribosomal particles. A) Flu-
orescence microscopic images of E. coli strain MGrg* harboring ObgE-specific PTasRNA

encoding plasmids were cultured in the presence or absence of IPTG and were compared
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to the unperturbed strain MGrg*. Cells were grown at 37 °C in LB medium and PTasRNA
expression against ObgE was induced at ODeo = 0.15 with 1 mM IPTG. Cells were har-
vested at ODew = 0.5, fixed and DNA was stained with DAPI for subsequent microscopic
analysis by 3D-SIM. Distribution of ribosomal subunits (green: uL1-m Azami-specific flu-
orescence; red: uS15-mCherry-specific fluorescence) and chromosomal DNA (blue: DAPI
staining) is depicted. An overlay was created (merge). Representative images are shown.
B) Magnification of ObgE depleted cells. Merge and DAPI stain are shown. Arrows high-
light foci formation. Scale bar =3 um. C) Quantification of foci formation. The ratio of cells
harboring foci relative to total cell count was determined. A number of ~200 cells was

examined.

Depletion of ObgE caused cell elongation and even stronger ribosome-nucleoid
segregation than observed in unperturbed cells. The ribosomal particles strictly
localized to the poles and the peripheral regions (Figure 23A and B and Figure
A5). Additionally, approximately 30 % of the cells exhibited compact, circular foci
of green and red fluorescence within the “toroidal-shaped” nucleoid region (Fig-
ure 23B). Importantly, such morphological changes were not observed in the ab-

sence of IPTG when PTasRNA expression was not induced (Figure 23A and C).

This redistribution is reminiscent of cells treated with translation inhibitors, such
as chloramphenicol?®#?¥, It has been described that long-time exposure of cells to
chloramphenicol induces continuous axial nucleoid contraction and a stronger
DNA-ribosome segregation and hence results in a similar phenotype as observed
in cells depleted of the late assembly factor ObgE. As aberrant translation is known
to result in defective ribosome assembly?*%, it is conceivable that cells treated

with translation inhibitors share the same aberrant morphology.

To assess whether these morphological changes could be a general phenotype of
assembly perturbation, the ribosomal protein uL3 was depleted and the distribu-

tion of ribosomal particles was analyzed. We previously showed that the absence
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causes large subunit assembly defects, resulting in reduced 70S ribosomes and pol-

ysomes and a severe accumulation of pre-50S particles**2%22% (Figure 24).
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Figure 24: Absorption profiles of cells depleted for ribosomal protein uL3. Depicted are
the absorption profiles of wild-type cells MC4100 (control) and cells depleted of uL3 (AIC).
Figure adapted from Nikolay et al. with minor changes by permission from Oxford Uni-
versity Press. doi: 0.1186/s12867-015-0031-y., permission conveyed through Copyright

Clearance Center, Inc.

In case the distinct distribution pattern observed in ObgE depleted cells should
represent a common pattern for assembly defective cells, a similar distribution
should be observed in cells depleted of uL3. For this purpose, the strain MCrg*AIC
was imaged?®?. This strain similarly expresses fluorescently-labeled uL1-mAzami
and uS15-mCherry, but the gene rplC encoding the early essential ribosomal pro-
tein uL3 was replaced by a kanamycin resistance cassette. Additionally, the strain
harbors a plasmid containing a wild-type copy of rplC under control of an IPTG
inducible promoter. Withdrawal of IPTG thus results in severe assembly defects of

the large ribosomal subunit.
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Figure 25: uL3 deletion causes strong ribosome-nucleoid segregation and ribosomal foci
formation. A) Fluorescence microscopic images of strains MCrg* and MCrg*AIC. Cells

were grown at 37 °C in LB medium in the absence of IPTG to ODew = 0.3-0.5, cells were
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fixed, DNA was stained with DAPI and ribosomal particle distribution was analyzed by
3D-SIM. Distribution of large ribosomal subunits (green: uL1-mAzami-specific fluores-
cence) and chromosomal DNA (blue: DAPI staining) is depicted. An overlay was created
(merge). Representative images are shown. Scale bar = 3 um. B) Magnification of micro-
scopic images showing DAPI signal and merge from AIC strain to illustrate ribosome-nu-
cleoid segregtion. C) Quantification of foci formation. The ratio of cells harboring foci rel-

ative to total cell count was determined. A number of ~200 cells was examined.

Similar to the morphological phenotype of ObgE depleted cells, the depletion of
uL3 caused cell elongation and a severe redistribution of ribosomal particles (Fig-
ure 25A). However, ribosome-nucleoid segregation and foci formation was even
stronger than in ObgE depleted cells with the chromosomal DNA forming a dis-
tinct toroidal shape enclosing the ribosomal foci in the cell center. Approximately

80 % of these cells exhibited such foci formation (Figure 25C).

We previously designed and validated a reporter strain harboring dual fluores-
cently labeled 50S subunits that allows the discrimination of fully and incom-
pletely assembles subunits by labeling one early (uL1) and one late (bL19) assem-
bly protein®%. While the fluorescence signal of the early assembly protein uL1 was
shown to represent both fully and incompletely assembled subunits upon uL3 de-
pletion, the fluorescence of the late assembly protein bL19 only represents fully

assembled subunits.

Interestingly, fluorescence-microscopic analyses revealed an equal distribution of
the uL1 and bL19 fluorescence signal (Figure 26A and B), indicating that precur-

sors and subunits show an equal distribution pattern.

t Nikolay, R., Schmidt, S., Schloemer, R., Deuerling, E. & Nierhaus, K. H. Ribosome Assembly as Antimicro-
bial Target. Antibiotics (Basel) 5, doi:10.3390/antibiotics5020018 (2016).20
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Figure 26: Super-resolution fluorescence microscopic images and fluorescence intensity
profiles of strain expressing bL19-mAzami and uL1-mCherry depleted of ribosomal
protein uL3. A) Cells were grown at 37 °C in M9 minimal medium to OD600 = 0.2- 0.4.
Cells were subjected to super-resolution fluorescence microscopic analyses. Distribution
of ribosomal subunits is shown (green: bL19 -m Azami-specific fluorescence emission; red:
uL2 - mCherry-specific fluorescence emission). An overlay was created (merge). Repre-
sentative images are shown. Scale bar =5 um. B) Relative axial intensity distributions (y-
axis) for a representative cell in the red and the green channel along a straight line (x-axis)

through the longitudinal axis of the cells (yellow line in the magnification).s

$ The microscopic analyses to assess the distribution of bL.19 and uL1 upon uL3 depletion were conducted
within the scope of the following work and are adapted from: Schmidt, Sabine (2016). Fluorescence-based
analysis of ribosome assembly in Escherichia coli. Master’s thesis. University of Konstanz.
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In summary, the analyses suggest that there is a common morphological pheno-
type of assembly defective cells, resulting in the formation of ribosomal foci within

a toroidal-shaped nucleoid

3.2 High-throughput screening for in vivo detection of subunit assembly
defects in E. coli

The RNA-antisense approach revealed important information on the phenotypes
of assembly defective cells. Especially the application of fluorescently labeled re-
porter strains proved to be a highly beneficial tool to confirm defective ribosomal
subunit assembly. This knowledge can now be used to identify further factors that
are involved in subunit formation. Literature already provides several potential or
validated assembly factors that can be used to study further key steps besides func-
tional core formation, but their number is inherently limited and additional tools
are required. There is a lot of experimental data of drugs interacting with the ribo-
some (e.g. NMR or crystallographic data) that provided detailed information on
the different steps of protein synthesis *2%. Similarly, it has been hypothesized
that chemical probes could benefit the investigation of ribosome assembly**2”.
However, despite universal efforts?*”, until today no direct inhibitor of ribosome

subunit assembly in bacteria and only a few for eukarya have been described>”.

To address this issue, we developed a screening setup that allows the detection of
subunit assembly defects in vivo in a high-throughput compatible format to iden-
tify substances that specifically interfere with ribosome assembly?2". The strain
MGrg used for the analyses harbors ribosomes with two labeled late assembly pro-
teins (one in the large and one in the small ribosomal subunit). As selective inhibi-
tion of the assembly of one ribosomal subunit is supposed to cause an imbalance

of the amount of 30S to 50S subunits in cells, assembly defects are detectable by

“Nikolay, R. Schloemer, R., Schmidt, S., Mueller, S., Heubach, A. and Deuerling, E. Validation of a fluores-
cence-based screening concept to identify ribosome assembly defects in Escherichia coli. Nucleic Acids Res
42, €100, doi:10.1093/nar/gku381 (2014).2%2
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monitoring the relative amounts of subunits in vivo over time. Hence, significant
changes in the fluorescence ratio compared to the unperturbed reporter strain in-
dicate defects in subunit assembly®2. In a high-throughput pre-screening (in col-
laboration with the Screening Unit of the Leibniz-Forschungsinstitut fiir Moleku-
lare Pharmakologie (FMP) in Berlin) for inhibitors of bacterial growth, 307 small
molecule inhibitors (out of ~30 000 compound library available at the FMP Screen-
ing Unit) were identified to significantly reduce the growth rate of E. coli MG1655.
A secondary screening was conducted (in collaboration with Silke Miiller, Screen-
ing Facility of the University of Konstanz) using the fluorescent reporter strain to
identify substances from the pool of 307 growth inhibitors that would additionally
cause an alteration of the fluorescence ratio indicating ribosomal assembly defects.
Compounds exhibiting both a strong growth perturbation and alteration of the ra-
tio were supposed to be validated further by ribosome profile analysis and fluo-
rescence microscopy. As these results are very premature and need substantial fur-

ther evaluation the data are given in the appendix only (Figure A8, Appendix).

3.3 Systematic analysis of affinity-tagged assembly factors acting late in

50S maturation

3.3.1 Generation of genetically modified strains harboring affinity tagged
ribosome assembly factors.

The gene silencing study confirmed that the five assembly factors DbpA, EngA,
EngB, ObgE and RImE act late during 50S formation in E. coli and provided a com-
prehensive insight into consequences of aberrant late 50S assembly. Yet, it is nec-
essary to isolate assembly factors attached to their native substrate, presumably
pre-50S particles, to obtain detailed information on their binding site and mecha-
nism of action. Thus, the second approach focused on the isolation and structural

investigation of bona fide intermediates of late 50S assembly (Figure 27). For this
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purpose, E. coli strains expressing endogenously Strepll-tagged assembly factors
were generated to affinity-purify native pre-50S particles for subsequent structural
analyses. The Strepll-tag was chosen, as the small peptide (8 amino acids) has been
described to allow the purification of complexes under mild, physiological condi-

tions with high yields>s.

physiological growth analysis

" ._ .. ——> ribosome profiles
characterization .
chromosomal fluoresce microscopy

==
= B
/__/knock-in strain affinity purification
of pre-50S*AF — Cryo EM
[

complexes

Figure 27: Schematic overview of the workflow upon generation of knock-in strains
expressing endogenously Strepll-tagged assembly factors. E. coli strains expressing en-
dogenously Strepll-tagged assembly factor (AF) were generated for subsequent affinity-
purification and structural analyses of native pre-50Seassembly factor complexes via cryo-

EM. Strains were physiologically characterized to guarantee unperturbed assembly.

3.3.2 Physiological and biochemical validation of strains harboring affinity
tagged ribosome assembly factors

To test whether tagging of the assembly factors would interfere with their regular
function, both growth and the ribosomal composition of the engineered strains

was analyzed in detail.
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Figure 28: Phenotypic characterization of strains harboring affinity tagged ribosome as-
sembly factors. A) Growth of the wild-type strain MG1655 was compared to the strains
expressing DbpA-Strepll, EngA-Strepll, EngB-Strepll, ObgE-StrepIll or RImE-Strepll.
Cells of the indicated strains were spotted onto LB agar plates in a serial dilution and
incubated at the given temperatures. B) Growth analysis in liquid medium: Cells of the
indicated strains were grown in LB medium in multiwell plates at 37 °C until stationary
phase and Aco was determined every 30 minutes. Growth rates were calculated and nor-
malized to the wild-type strain. N=8. Error bars show s.d. C) Az profiles after 10 %-40 %
sucrose gradient centrifugation of lysates derived from wild-type strain MG1655 and
strains expressing DbpA-Strepll, EngA-Strepll, EngB-Strepll, ObgE-Strepll or RImE-
Strepll.

Spot-tests revealed that growth of the affinity-tagged strains and the parental
strain were indistinguishable at all temperatures tested (Figure 28A). To analyze
their growth behavior at optimal temperature more precisely, growth of the engi-

neered strains was also tested in liquid culture at 37 °C in 96-well plate format.
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Growth rate of the Strepll-tagged strains did not differ more than 5 % from the
growth rate of the parental strain (Figure 28B). Next, ribosome profile analysis
was performed to investigate whether the tagging of assembly factors had any
influence on the ribosomal composition of the engineered strains (Figure 28C).
Cell lysates were prepared from the different strains and loaded on a sucrose
density gradient to separate ribosomal species by ultracentrifugation. Cells har-
boring the Strepll-tagged assembly factors did not show any differences in their
ribosome profiles, as evident from the overlay of Az curves. Additionally, the
polysome levels were nearly identical, indicating that translation was not im-
paired and the ribosomal particles are fully functional. Thus, it was concluded
that tagging of the assembly factors with a C-terminal Strepll epitope did not in-
terfere with their assembly specific functions. Hence, all of the affinity-tagged
strains are generally suitable for purification of pre-50Seassembly factor com-

plexes.

3.3.3 Structure function analysis of the ribosome assembly factor ObgE in
complex with a pre-50S precursor

Data of this chapter were obtained in close collaboration with Dr. R. Nikolay and
Dr. T. Hilal and are part of and adapted from the manuscript which is currently

under revision and entitled:

Snapshots of native pre-50S ribosomes reveal a biogenesis factor network and

evolutionary specialization

R. Nikolay" *, T. Hilal'?*, 5. Schmidt**, B. Qin!, D. Schwefel!, T. Mielke?*, ]. Biir-
ger'4, J. Loerke!, K. Amikura®, T. Fliigel!, T. Ueda®¢, E. Deuerling® and C.M.T

Spahn!

*These authors contributed equally to this work
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3.3.3.1 Detailed characterization of genetically modified strains harboring ObgE
conjugated with Strepll or 3x FLAG tag

As co-purification of native pre-50S particles from prokaryotes via assembly fac-
tors as bait has never been described before, it was questionable whether affinity
purification is generally possible and whether the purified amounts would be suf-
ficient for subsequent structural analysis using cryo-EM. Since assembly interme-
diates are inherently low-abundant, first analyses were conducted using affinity-
tagged ObgE, which is the most abundant of the late acting 50S assembly factors”
and thus provides a favorable basis for the analyses. To allow biochemical analyses
via western blotting, an additional strain expressing 3xFLAG-tagged ObgE was
generated. Importantly, strains harboring either a Strepll- or 3xFLAG-tag conju-
gated ObgE exhibited normal growth at all temperatures tested and displayed
wild type-like ribosomal composition (Figure 29), indicating that tagged ObgE en-

tirely fulfills its functions irrespective of the choice of the tag.
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Figure 29: Phenotypic characterization of strains harboring affinity tagged ObgE. A)
Growth of the wild-type strain MG1655 was compared to the strains expressing affinity-
tagged ObgE. Cells of the indicated strains were spotted onto LB agar plates in a serial
dilution and incubated at the given temperatures. Representative plates of three inde-
pendent experiments are shown. B) Growth analysis in liquid medium: 25 ml cell cultures
of the indicated strains were grown in LB medium at 25 °C, 37 °C or 42 °C in baffled flasks
in a water-bath shaker and ODsoo was determined every 30-60 minutes. Growth rates were
calculated and normalized to the wild-type strain. N=3. Error bars show s.d. C) A pro-
files after 10 %-40 % sucrose gradient centrifugation of lysates derived from wild-type

strain MG1655 and strains expressing affinity-tagged ObgE.
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First, the supposed interaction between ObgE and ribosomal particles was as-
sessed. For this purpose, cells harboring 3x-FLAG tagged ObgE were grown at
37 °C until early exponential phase and the cleared lysates were subjected to su-
crose gradient ultracentrifugation. The separated ribosomal populations were in-
vestigated by ribosome profile analysis and the collected fractions were assayed

for ObgE-3xFLAG by western blotting.

30S 508 70S
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Figure 30: ObgE co-migrates with the 50S subunit. Cells of the strain MG1655 ObgE-
3xFLAG were grown in LB medium at 37 °C and harvested by centrifugation. After su-
crose gradient centrifugation, the centrifugate was analyzed and by A2zss detection and
fractionated. The indicated fractions were subjected to SDS-PAGE and western blotting
and probed with anti-FLAG antibody. Red asterisks highlight fractions containing

50S/pre-50S-particles.

As reported previously?”, most ObgE was found within the cytosolic fraction (top

of the gradient) and small amounts co-fractionated with the 50S subunit (Fig-
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ure 30). This obvious co-migration with pre-505/50S particles (Figure 30, red aster-
isks) and the massive accumulation of pre-50S particles upon ObgE knock-down
(Figure 20B) suggest a direct role during 50S formation. Thus, lysates of the strain
expressing ObgE-Strepll were subjected to affinity purification to allow isolation

of these complexes.

3.3.3.2 Structural analysis of native pre-50SeObgE complexes

To purify native pre-50S particles, the lysate of the strain expressing ObgE-

Strepll was subjected to a Strep-TactinXT affinity matrix (Figure 31)*.
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Figure 31. Affinity purification of ObgE-Strepll-tagged assembly factor complexes.
A) The cell lysates of MG1655 (WT) or MG1655 ObgE-Strepll were loaded on a Strep-

TactinXT Superflow High Capacity cartridge and Strepll-tagged ObgE (in complex with

t Affinity-purification of pre-505eObgE-Strepll complexes was performed by Dr. Rainer Nikolay.
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ribosomal species) was eluted with 50 mM biotin. Plots of absorbance at 280 nm versus
time are depicted. Additionally, a magnification of the elution profile is shown. Frac-
tions that presumably contained ObgE in complex with ribosomal particles are high-
lighted in yellow. B) Analytical sucrose density gradient analysis of the fractions high-

lighted in (A). Dashed lines indicate the positions of mature 30S and 50S subunits.

Analytical sucrose density centrifugation of the eluate revealed that macromolec-
ular complexes sedimenting with approximately 50S were isolated (Figure 31B),
indicating that the purification of pre-50SeObgE-StrepIl complexes was successful.

Thus, the particles were subjected to cryo-EM analysist.

Single-particle cryo-EM analysis revealed the structure of a pre-50SeObgE-Strepll
complex with a nominal resolution of 3.4 A, which exhibited an additional density
that could be attributed to ObgE!®. In the following, the characteristics of this par-

ticle - with a focus on the functional core - are described in detail.

In general, a comparison with mature 50S subunits revealed that the precursor ex-
hibited mainly five distorted regions, including the CP, the uL1-stalk, the GTPase
associated center (GAC), Helices 69-71 and importantly, the PTC and the func-

tional core (Figure 32).

# Processing, modeling and analysis of multiple-particle cryo-EM data of pre-50S®ObgE-Strepll complexes
was conducted by Dr. R. Nikolay and Dr. T. Hilal.
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Figure 32: RMSD (root-mean square deviation of atomic positions) model highlighting
deviations in rRNA conformation the precursor particle and a mature 50S subunit (0 A
(blue) - 15 A (red)). The functional core (FC) and helices 69-71 are highlighted. GAC,

GTPase-associated center (H43, H44) and CP (central protuberance) are indicated.

Interestingly, this particle exhibited three additional regions of extra electron den-
sity, corresponding to the assembly factors YjgA, RluD and RsfS, co-localizing with

the immature areas described above (Figure 33).
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The presence of YjgA and RluD, which have been suggested to be involved in mat-
uration of the 50S subunit?73% and RsfS, which is known to act as an anti-associa-
tion factor preventing 70S formation®!, further demonstrates that indeed, native

intermediates have been purified.

top view crown

view

back view

RluD RsfS

Figure 33: A) Map of precursor particle in top, crown and back view. Proteins are depicted
in yellow, rRNA in blue. The assembly factors YjgA, RluD, RsfS and ObgE in green, orange
hot pink and red, respectively. Incompletely processed 5" and 3’ termini of the 235 rRNA
are highlighted in dark violet. B) Corresponding PDB model with the same views and

coloring. CP, central protuberance; L1, L1 stalk; sb, stalk base.

ObgE was found to be located directly below the bL12 stalk, occupying the area of
the functional core (Figure 33 and Figure 34A), indicating a direct role during its
maturation. Interestingly, density for the functional core proteins bL36 and uL16

was found to be incomplete in the pre-50SeObgE complexes.
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In fact, the N-terminal domain of ObgE was found to undergo specific interactions
with H89 (Arg60 contacts the tip of H89 (Figure 34B)), which is a central interaction
partner of proteins uL16 (Figure 34B) and bL36. The non-canonical position of H89
is accompanied by a slight displacement of uL.16 by ~2-4 A and an even more pro-

nounced shift of the CP (cf. bL25 and 55 rRNA) (Figure 34B).

A

N-domain G-domain

?— - g“}fﬁ>uz473

/~ > Arg60

Figure 34: A) Domain architecture of ObgE (red). The N-terminal domain consists of six

type-II helices connected by loops 1-3 (L1-L3), a -barrel domain and a short a-helix (gray),
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which are connected by a highly conserved linker (yellow) with the G-domain (four-
bladed beta sheet and five alpha-helices. N (N-terminus) and C (C-terminus) are indicated
as resolved. The C-terminal amino acids 339-390 are not resolved in the cryo-map. Inset
shows position of ObgE at the pre-50S particle. B) Pre-50S particle models of 55 rRNA,
H89, bL25, uL16 and ObgE are shown in blue (both RNA moieties), yellow, orange and
red, respectively. Red arrows indicate direction of a concerted movement involving all
depicted RNA and protein elements. Models derived from 50SeObgEeGMP-PNP in light
gray to illustrate conformational differences in comparison to a more mature state. Close-
up uL16 and H89: residues Arg51, Arg55 and Lys123 of uL16 interact with H89. Close-up
N-terminal domain of ObgE and H89: nucleotide U2473 interacts with Arg60 of ObgE.

3.3.3.3 Absence of bL36 or uL16 favors ObgE occupancy on pre-50S subunits

To understand how ObgE contributes to the final maturation of the functional core,
strains depleted of bL36 (knock-out) or uL16 (conditional knock-down) were gen-
erated and ObgE occupancy at 50S/pre-50S particles was analyzed. For this pur-
pose, cleared lysates of the respective strains were subjected to sucrose gradient
ultracentrifugation. The separated ribosomal populations were investigated by ri-
bosome profile analysis and the collected fractions were assayed for ObgE-

3xFLAG by western blotting (Figure 35).

The absorption profiles revealed that cells depleted of bL36 or uL16 accumulate
free 50S and/or pre-50S assembly intermediates (Figure 35B and C) and immunob-
lotting indeed showed enhanced levels of ObgE in fractions corresponding to

50S/pre-50S particles (#8-11) (Figure 35A-C).

To quantify ObgE occupancy, a reporter strain producing endogenously fluores-
cently labeled uL1 (uL1-mAzami) and ObgE (ObgE-mCherry) was generated. Im-
portantly, the unperturbed reporter strain exhibited normal growth at all temper-
atures tested and a ribosomal profile congruent with the one of the parental strain

MG1655 (Figure A7, Appendix).
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Proteins bL36 or uL16 were depleted and lysates of these strains were again sub-
jected to sucrose gradient centrifugation. The isolated fractions were analyzed flu-
orometrically and the normalized fluorescence ratios (mCherry:mAzami corre-
sponding to obgE:ul1) of each fraction were calculated. Indeed, higher occupancy
of ObgE was observed in the fractions corresponding to 50S/pre-50S particles and
the occupancy increased by up to 15-fold in the fractions #10 and #11. This suggests
that the absence of either bL36 or uL16 leads to a prolonged association of ObgE,
indicating that specific steps connected to ObgE involvement are perturbed and
prevent the dissociation of ObgE. Hence, the maturation state of the functional core

strongly affects ObgE occupancy, indicating a gatekeeper function.
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Figure 35: Absorption profiles after sucrose gradient centrifugation of lysates derived

from A) MG1655 obgE-3flag (wild type, black), B) MG1655 obgE-3flag rplP antisense (-uL16,
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green) and C) MG1655 obgE-3flag Arpm] (AbL36, blue). The indicated fractions were sub-
jected to SDS-PAGE and western blotting and probed with anti-FLAG-, anti uS2- and anti-
bL19 antibodies. D) Lysates derived from MG1655 uLI1-mAzami obgE-mCherry (control,
black), MG1655 uL1-mAzami obgE-mCherry rplP antisense (-uL16, green) and MG1655 uL1-
mAzami obgE-mCherry Arpm] (AbL36, blue) were subjected to sucrose gradient centrifuga-
tion and fractionated. The normalized ratios between red and green fluorescence emis-

sions were determined for the indicated fractions. N=2. Error bars show s.d.

Importantly, the deletion of late assembly proteins that are not part of the functional core

do not result in higher ObgE occupancy (Figure 36).

A AbL31 B AbL35

308 508 708 30S 508 708

254
254

< < ‘ |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14
ObgE  [we= s o0 - ObgE ==
uS2 - - e —— us2 -— —-—
bL19 e —— bl [ R e 1]

normalized fluorescence ratio

1 ‘ I .- .......................................
1IN

: . 1B
#7 #8 #9

#10 #11 #12
M control AbL35 W AbL31

Figure 36: Absorption profiles after sucrose gradient centrifugation of lysates derived

from A) MG1655 obgE-3flag Arpml (AbL35, orange) and B) MG1655 obgE-3flag ArpmE
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(AbL31, dark blue). The indicated fractions were subjected to SDS-PAGE and western blot-
ting and probed with anti-FLAG-, anti uS2- and anti-bL19 antibodies. C) Lysates derived
from MG1655 uL1-mAzami obgE-Cherry (control, black), MG1655 uL1-mAzami obgE-Cherry
Arpml (AbL35, orange) and MG1655 uL1-mAzami obgE-Cherry 3flag ArpmE (AbL31, dark
blue) were subjected to sucrose gradient centrifugation and fractionated. The normalized
ratios between red and green fluorescence emissions were determined for the indicated

fractions. N=2. Error bars show s.d
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4. Discussion and outlook

In general, the investigation of ribosome assembly in vivo is extremely challenging.
This is not only because of the size or complexity of the ribosome itself, but also
due to the numerous assisting factors that significantly accelerate the process.
Hence, in vivo assembly is completed within a time-scale of ~ 2 min in rapidly
growing E. coli®®®, producing highly dynamic pre-ribosomal particles. As a result,
it is difficult to isolate particles in different intermediate stages to dissect the key
steps of subunit formation. This work focused on two complementary approaches
that address the issues described above to provide a holistic view on late 50S as-

sembly in vivo.

The first approach involved a previously validated PTasRNA-based strategy to
deplete five different factors that were proposed to be involved in late 50S assem-
bly. The phenotypes of these depletion strains were systematically studied to ana-
lyze the consequences of late assembly factor depletion. It could be confirmed that
each of the factors plays a role during late 50S maturation in E. coli, as their absence
caused an accumulation of pre-50S and/or free 50S particles. Cellular growth de-
fects of the strains generally differed in severity and were strongly dependent on
temperature. Moreover, microscopic analyses revealed that assembly defective
cells, caused by depletion of either ObgE or ribosomal proteins, show a redistribu-
tion of ribosomal particles, exhibiting strong ribosome-nucleoid segregation and

the formation of ribosomal foci that are entrapped by toroidal-shaped nucleoids.

The second strategy aimed at the affinity purification of authentic ribosomal pre-
cursors using assembly factors as bait. For this purpose, strains expressing endog-
enously Strepll-tagged assembly factors were generated and phenotypically char-

acterized to ensure that each of the factors maintained its normal cellular function.
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Pre-50SeObgE-Strepll complexes were successfully purified and subsequently an-
alyzed via cryo-EM. The pre-50SeObgE-Strepll cryo-EM reconstruction exhibited
additional extra density that could be attributed to the assembly factors YjgA,
RluD and RsfS. The precursor particle exhibited five distorted areas, including the
CP, the uL1-stalk, the GTPase-associated center, Helices 69-71 and importantly, the
PTC and the functional core. As described in previous studies, ObgE was found to
bind close to the A-site, spanning the area from the PTC to GAC, indicating a direct
role during functional core formation. This was further corroborated by the finding

that the maturation state of the functional core strongly affects ObgE occupancy.

In summary, this study describes the first systematic approach to simultaneously
investigate the role of five different assembly factors acting late during 50S matu-
ration. It thus provides a comprehensive overview of the consequences of assem-
bly factor depletion on cell fitness, ribosomal composition and distribution of ri-
bosomal particles in assembly defective cells and allows a direct comparison of the

phenotypes.

Moreover, this is the first time that an affinity-tagged assembly factor was success-
fully used as bait to purify native ribosomal precursors from E. coli, allowing de-
tailed characterization of these particles via cryo-EM. Additionally, the study pro-
vides in total five phenotypically validated strains expressing endogenously
Strepll-tagged assembly factors that offer a toolbox for further structural and bio-

chemical analyses of authentic ribosomal precursors.

Hence, this work marks a starting point for further in-depth analyses of ribosome

assembly and paves the way for future perspectives that will be discussed below.
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4.1 Effects on growth and ribosomal composition upon assembly factor
depletion differ in severity

4.1.1 Systematic analysis of assembly factor depletion

Ribosomal subunits can be assembled in vitro using their purified rRNA and pro-
tein components. However, this process requires supply of thermal energy, to
overcome energy barriers and convert trapped intermediates into mature subu-
nits’23%, Assembly factors are thought to facilitate these processes in vivo”>144145151-
155, Indeed, ribosome assembly is generally susceptible to low temperatures and
thus, defects are often exacerbated below 37 °C. To assess the effects of assembly
factor depletion, growth of the knock-down strains was tested and compared at

different temperatures.

Surprisingly, cell growth of the five different depletion strains varied significantly,
with some of the strains exhibiting sensitivity towards higher temperatures (e.g.
upon depletion of EngA) and others showing cold-sensitivity (e.g. upon ObgE de-
pletion). The diverse growth pattern indicates that the five assembly factors are
required under different (stress) conditions. This agrees with earlier studies pro-
posing that there are multiple parallel assembly pathways in vivo that allow the

process to be completed in case a specific step is blocked'®.

Depletion strains of all of the five assembly factors with exception from EngB have
been investigated in previous studies in E. coli. However, it is difficult to compare
the results, as different approaches and strain backgrounds have been used for as-
sembly factor depletion. Moreover, many of these studies did not focus on their
possible role during ribosome assembly. This is especially true for ObgE which is
linked to all kinds of cellular processes. Additionally, a comprehensive phenotypic

analysis of these strains is often missing.
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Previous studies mostly used temperature-sensitive alleles to deplete functional
ObgE protein in E. coli'**?72%, causing an accumulation of pre-ribosomal particles
migrating at 505?”. Similarly, ObgE depletion induced by PTasRNA expression re-
sulted in an accumulation of particles migrating at 50S at 37 °C (Figure A6, Ap-
pendix). However, analysis at 25 °C revealed an even stronger assembly defect,
indicating that ObgE depletion causes severe cold-sensitivity that has not been

demonstrated before.

Other studies similarly focused on the role of ObgE under specific stress condi-
tions, e.g. sensitivity of mutants to the replication inhibitor hydroxyurea to deter-
mine effects on DNA replication®” or the formation of persister cells upon ObgE
depletion via PTasRNAs*>. Furthermore, a conditional knockout mutant of ObgE
was characterized with respect to chromosome segregation and cell division'®.
Yet, the consequences of ObgE depletion were often solely assessed at optimum
temperature and generally, the use of temperature-sensitive alleles does not allow
an adequate phenotypic analysis, as these mutants often exhibit complex effects on

the proteins function.

As pointed out above, ObgE depletion leads to pleiotropic effects, as does deple-
tion of various other assembly factors?”%¢3%7 Since correct ribosome assembly is
integral to maintain cell homeostasis, it is thus necessary to systematically analyze
the functions of these factors specifically with respect to ribosome assembly.
Hence, the comprehensive approach described in this work is so far unique, as it
specifically focuses on the role of each of the factors during late 50S assembly and

furthermore allows direct comparison of the phenotypes.

4.1.2 Silencing efficacy and operon structure

Interestingly, the analyses revealed that growth defects of the strains varied in se-

verity. While strong effects were observed upon depletion of DbpA, EngA and
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ObgE, they were only minor upon RImE or EngB depletion. Although such varia-
tions are generally possible, especially the mild phenotype upon EngB depletion
does not quite fit its essentiality. It is possible that the differences are rather due to
differing silencing efficacy of the PTasRNAs. Indeed, it was shown that the silenc-
ing efficacy of PTasRNAs targeting slightly different positions of the same mRNA
can vary. This was hypothesized to be due to mRNA secondary structures that
affect the accessibility of PTasRN A3, To accurately determine the efficacy of every
PTasRNA, protein levels of each of the assembly factors would have to be deter-
mined, as inhibition of translation and not mRNA degradation is the primary
knock-down mechanism. Thus, microarray analysis and qRT-PCR analyses are in-
sufficient, as expression of PTasRNA does not necessarily lead to a reduction of
target mRNA?%. To enhance the knock-down efficacy, a screening of alternative
PTasRNAs is possible. However, as all of the depletion strains exhibited perturbed
growth and importantly, also altered ribosomal composition, assembly defects can

demonstrably be induced.

Exemplarily, the knock-down efficacy of ObgE depletion was assessed in cells that
were cultivated at 25 °C (Figure A6, Appendix) by immunoblotting. Similar anal-
yses were conducted to assess the silencing efficacy for PTasRNA constructs
against the other factors, but due to their extremely low abundance, their levels
could not be determined via immunoblotting. The analyses showed that a rather
low efficacy of ~25 % was enough to provoke the severe assembly defects observed
upon ObgE depletion. Interestingly, knock-down efficacy was even higher at 37 °C
with ObgE levels decreasing by ~50 % (Figure A6, Appendix), although the assem-
bly defects as observed by ribosome profile analysis were much milder. Hence,
high knock-down efficacy does not guarantee stronger perturbation of assembly.

Consequently, growth as well as ribosome profile analyses are necessary to assess
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the general consequences of assembly factor depletion under specific stress condi-
tions. However, these analyses emphasize that ObgE indeed is essential to main-

tain the integrity of ribosome assembly especially at low temperatures.

Another possible consequence of PTasRNA mediated knock-down is that its ex-
pression can exhibit polar silencing effects on downstream genes**3%, causing de-
creased levels of not only the target protein, but also additional proteins from the
same operon. However, such polar effects can also be caused by knock-outs and
hence, cannot be completely ruled out when conducting genetic studies. Moreover,
most of the assembly factors investigated are encoded by the most promoter-distal
gene (Figure 17), inherently reducing the risk of such polar effects. Generally, the
assembly-specific phenotypes of the depletion strains hence indicate an efficient
downregulation of the assembly factors. However, global changes in protein levels
upon assembly factor depletion should be analyzed by quantitative mass spec-

trometry (qMS).

4.1.3 Assembly perturbation leads to strong ribosome-nucleoid segregation and
foci formation

The spatial organization of ribosomes throughout bacterial cells has been investi-
gated under varying conditions using fluorescently labeled ribosomal fusion pro-
teins and confocal, as well as super-resolution methods®>?®%. It was found that the
treatment with different classes of antibiotics caused distinct redistribution of ri-
bosomal particles in cells®>?8. Although some studies describe morphological
changes in bacteria upon interference with the ribosome assembly process, the dis-
tribution of ribosomal particles under these specific stress conditions has never
been addressed in detail so far and high-resolution data is scarce. Several studies,
however, describe the formation of elongated cells upon ObgE depletion with

large expanding nucloids!*819:2%,
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To obtain high-resolution data, a fluorescence microscopic method based on 3D-
SIM was established that allows the visualization of ribosomal particles and the

nucleoid in fluorescently labeled E. coli.

This way, the consequences of assembly perturbation upon ObgE depletion could

be visualized with high spatial resolution using the reporter strain MGrg*.

The analyses revealed that assembly stress results in the formation of a number of
elongated cells with large nucleoids. Moreover, ribosomal particles dramatically
redistributed, exhibiting even stronger segregation from the nucleoid with most of
them localizing towards the cell poles and along the membrane. Earlier studies
suggested that the central region of the toroidal nucleoids contained cytoplasmic
inclusions”%31°, but interestingly, 3D-SIM images revealed additional infor-
mation that has not been resolved before. This is most likely due to the higher spa-
tial resolution (xy-direction: ~130 nm for mAzami and 150 nm for mCherry) that
can be achieved using this super-resolution technique. Distinct foci of mCherry-
and mAzami-specific fluorescence from ribosomal particles were observed within
the DAPI-stained nucleoids. Filamentous cells even exhibited multiple of these ri-

bosomal foci within elongated DNA-structures.

A similar phenotype was observed upon the conditional knock-out of rpIC encod-
ing ribosomal protein uL3. In this case, ribosome-nucleoid-segregation was
stronger than in the ObgE depleted cells and more, even larger foci were observed,
with the nucleoids forming distinct toroidal shapes, strictly avoiding the ribosomal
particles within their center. This agrees with the Azeo profiles that reveal a more

severe assembly defect upon deletion of this early assembly protein.

Although continuous axial nucleoid contraction and strong ribosome-DNA segre-

gation have been described upon long-time exposure of translation inhibitors, this
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is the first time that ribosomal foci within the nucleoids could be resolved via flu-
orescence microscopy. However, very early electron microscopic studies also de-
scribed such toroidal-shaped nucleoids upon chloramphenicol treatment and thus
further corroborate the findings, emphasizing that the foci formation is not artifac-
tual®®31%, They also observed the formation of chains of multiple toroidal nucleoids
resembling the elongated DNA-structures with multiple foci in ObgE depleted
cells®™®. These chains are thought to arise due to incomplete chromosome segrega-
tion upon completion of replication’%3'2, Indeed, these early studies suggest that
ribosomal particles localize to the center of those toroidal nucleoids®'?, but in-depth
analysis has been missing and is now provided using the fluorescently labeled re-

porter strains in combination with high-resolution 3D-SIM.

4.1.4 Factors determining the spatial organization of ribosomes and the
nucleoid in E. coli

In general, the mechanisms by which the cytoplasm is arranged and the nucleoid
is formed are not completely understood, but they are proposed to involve bal-
anced compacting and expanding forces, like confinement by the cell envelope or
general macromolecular crowding, amongst others®'3315, 70S ribosomes and poly-
somes are thought to be generally excluded from penetrating the DN A-mesh®® due
to their mere size and thus mainly localize to the cell poles, where the majority of
translation is happening. As the nucleoid is described to be present in a state of
intermediate density in normal growing, unperturbed cells, the smaller free ribo-
somal subunits, however, can penetrate this region and simultaneously represent
one of the expanding forces on the nucleoid®?”. In general, 10-15 % of ribosomal
particles can be found within the nucleoid, where they are thought to engage in

co-transcriptional translation®”.
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But what causes the severe redistribution and foci formation of ribosomal particles
in assembly defective cells that resembles the phenotype observed upon chloram-
phenicol treatment? Indeed, treatment of cells with translation inhibitors in gen-
eral (e.g. tetracycline, streptomycin) and even stationary phase cells were described
to exhibit a similar phenotype, indicating that the redistribution is a general con-
sequence of cessation of global translation®®. Since assembly and translation are
tightly coupled, it is conceivable that the same mechanisms cause their similar

morphological phenotypes.

Generally, ribosome-nucleoid segregation, even in normal growing cells, is
thought to be caused by “excluded volume effects” and the “maximal total en-
tropy” of the DNA-ribosome system®31. According to this theory, the DNA is hy-
pothesized to localize to the center of the cell avoiding the walls as this positioning
allows maximum conformational entropy, while the ribosomes occupy the ex-
cluded volume to maximize translational entropy®. Correspondingly, it is known
that additional ribosome-rich regions appear in the cell center when the two major
nucleoid lobes are built before cell division in log phase cells*®?¥, indicating that
the mere additional space within the nucleoid region allows ribosomes to diffuse
towards the cell center. Hence, it is possible that spatial confinement is not only
the reason for general ribosome-nucleoid segregation, but also for the formation of
foci. As ObgE depleted cells were described to exhibit polyploid DNA contents,
it is indeed conceivable that ribosomal particles are entrapped within the toroidal-

shaped nucleoid due to spatial limitations.

In agreement with the entropy-based theory, it is hypothesized that the general
decrease of free ribosomal subunits (e.g. upon chloramphenicol treatment) reduces
the expanding force within the DNA mesh and thus enhances a compaction of the

nucleoid®®. Moreover, co-transcriptionally translating ribosomes are thought to be
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released from the nucleoid, as soon as transcription is completed®®, further en-
hancing the relaxation of the nucleoid into a fully condensed state causing even
stronger compaction and consequently even an exclusion of free ribosomal subu-
nits from the dense DN A-mesh??%7318, Although ribosome assembly rather causes
an accumulation of free subunits and subunit precursors than a conversion into
70S ribosomes and polysomes, it is conceivable that the perturbation of transcrip-

tional and translational processes leads to a similar phenotype.

Interestingly, microscopic analyses using a reporter strain producing a fluores-
cently labeled early and a labeled late assembly protein of the large ribosomal sub-
unit suggest that both immature pre-50S and mature 50S particles show the same
distribution pattern, occupying both the polar regions and the region enclosed by
the toroidal nucleoid. Hence, it is conceivable that the foci formation results from
accumulated ribosomal precursors and subunits that simply remain trapped
within the cell center where they are normally synthesized. Hence, foci formation

could thus be a direct measure to determine the integrity of ribosome assembly.

Another possibility is that the fluorescence signal within the foci stems from free
ribosomal proteins that cannot be incorporated into ribosomal particles upon as-
sembly perturbation. However, the ribosomal proteins uS15 and uL1 are known to
be feedback-regulated by autogenous control’*** and ribosome profile analysis
shows that the amounts of both proteins in the soluble fractions are comparably
low. Hence, it is more likely that the fluorescence signal indeed stems from pro-

teins that are already incorporated into the respective subunit.

4.1.5 Colocalization of assembly factors with ribosomal particles

In normal growing cells, assembly factors can be assumed to be found in the vicin-
ity of the 10-15 % of ribosomal particles that localize within the nucleoid region, as

this is where ribosome assembly takes place. Previously, the cellular localization
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of ObgE was followed by immunofluorescence using anti-ObgE™®. Yet, it was
found to mainly avoid the nucleoid region, indicating that it primarily acts as a
cytoplasmic protein. However, ObgE is generally proposed to be involved in nu-
merous cellular processes®!' and the number of ObgE proteins specifically dedi-
cated to ribosome assembly in rapidly growing E. coli is likely to be very small.
Another study described the fluorescence imaging of EngB*? and also found that
it distributed evenly throughout the cytoplasm. Yet, the spatial resolution achieved
in this study is presumably quite low, with the DAPI staining spreading evenly
throughout the cell, occupying the entire space, although the nucleoid is known to
exhibit distinct sub-structures and preferably localizes to the cell center (see Figure

22).

Generally, the low abundance of assembly factors severely complicates colocaliza-
tion studies (typically ~40-times less than ribosomal proteins*?) and the resolution
and sensitivity achieved by 3D-SIM was indeed not high enough to obtain reliable

information on the distribution of ObgE-mCherry.

One possible approach to enhance the resolution would be to employ single-mol-
ecule localization techniques like PALM or STORM. However, these methods re-
quire special photoactivatable or photoswitchable fluorescent proteins to obtain
the optimal results®. The design of an additional strain with alternative fluores-
cent proteins can be circumvented using DNA-PAINT (DNA Point Accumulation
for Imaging in Nanoscale Topography)**. This technique generally applies pri-
mary antibodies that associate with the protein of interest and bind to secondary
antibodies that carry one or more so-called “docking strands” (single stranded
DNA oligonucleotides)®®. The specimen is then incubated with a solution of com-
plementary “imager strands” that bear a fluorophore that is used for imaging. Due
to thermal fluctuations, imager strands constantly bind and unbind docking

strands, resulting in “blinking” fluorescence detection events, with the solution
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providing a constant exchange of new imager strands®®. In the end, these events
can then be reconstructed to obtain super-resolution images with resolutions down
to 10 nm within cells’®3%. Instead of using antibodies specific for the protein of
interest which are often not easily available, nanobodies against fluorescent pro-
teins can be used for DNA-PAINT®”32, This indirect visualization of FPs using
imager strands that are coupled to organic dyes provides higher spatial resolution
and sensitivity due to the photophysical properties of the dye and the single-mol-

ecule based approach in general®.

This technique is thus the most promising approach to study the distribution of
ribosomal precursors and assembly factors simultaneously and importantly, the

fluorescently labeled reporter strains can be used for these analyses.

4.1.6 Multiple gene-silencing of assembly factors

Genetic approaches have been employed to determine possible functional relation-
ships between different assembly factors. For example, overexpression of the
GTPases ObgE or EngA was found to rescue the severe growth defect and restore
impaired ribosome assembly in rImE null mutants?'’. Moreover, RImE was de-
scribed to accumulate in immature 50S particles that are formed in an ObgE mu-

tant strain?”, suggesting a direct link between the three factors.

The generation of knock-out mutants in E. coli to determine synthetic interactions
between different factors is often problematic, especially when the specific factor
of interest is essential for growth, as it is the case for the GTPases EngA, EngB and
ObgE. Despite considerable efforts, it was not possible to generate a conditional
AobgE knock-out strain using A-red recombineering and data obtained from pub-
lished AobgE knock-out mutants!® was inconclusive (data not shown). Thus, the
RNA-based antisense approach appears to be the most feasible and reliable strat-

egy to achieve depletion of ObgE.
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In addition, the conditional knock-down strategy that was used for single-factor
depletions (see 3.1) is ideally suited to achieve multiple-gene silencing, as three
different PTasRNA expression vectors (pHN678, pHN1009 and pHN1257) are
available for gene silencing (Figure 37). These vectors are possess IPTG-inducible
promoters, but harbor different ORIs and resistance cassettes, which allows co-

transformation in any desired combination®”.

.

pBR322 T pSC101"

pHN1009 PHN1257

Figure 37: Scheme of vector backbones suitable for multiple-gene silencing of assembly
factors. Backbones contain combinable ORIs (green; pBR322, pSC101" and paCYC) and
resistance cassettes for individual antibiotics: Ampicillin (Amp¥, red), Kanamycin (Kan?¥,
blue) and Chloramphenicol (Cam®, purple). asRNA coding sequence (“asDNA”) of inter-
est was cloned into each vector backbone via restriction cloning. Inverted repeats coding

for paired termini (PT) are indicated as white segments.

As growth perturbation upon PTasRNA expression against assembly factors was
achieved independent of the vector backbone (Figure A2, Appendix), these can
now be used for multiple gene silencing to determine possible functional relation-
ships between the five factors. Preliminary analyses have been conducted by dou-
ble gene-silencing of ObgE and DbpA at the same time and as expected, additive

effects on growth were observed at all temperatures tested (Figure A9, Appendix).

Interestingly, growth of the double mutant was almost completely abolished at
42 °C, while the single mutant exhibited only minor growth perturbation, indicat-

ing a functional relationship between DbpA and ObgE. However, further in-depth
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analyses are necessary to corroborate such findings. For example, precursor parti-
cles isolated from such depletion strains could be isolated and their composition
could be analyzed and compared to particles accumulating in the single-depletion

strains.

4.2 High-throughput screening for in vivo detection of subunit assembly
defects in E. coli

The fluorescently labeled reporter strain MGrg was employed to screen 307 small
molecules for their effect on growth and the ratio of ribosomal subunit to specifi-
cally detect assembly inhibitors. Compounds that lead both to a significant altera-
tion of the fluorescence ratio and inhibition of bacterial growth can now be further
validated. However, multidimensional evaluation of the high-throughput data,
like multidimensional scaling (visualization of the level of similarities/dissimilari-
ties between data sets) and hierarchical clustering, will be necessary to find the
most promising lead compounds by assigning functional relationships. Further-
more, so-called Pan-assay interference compounds (PAINS) which tend to react
nonspecifically with a variety of biological targets and other compounds that give
false positive results (e.g. due to auto-fluorescence) have to be identified and care-

fully evaluated.

Lead compounds will then be reexamined using the same fluorescence-based in
vivo assay to obtain a series of dose-response relationships that allow the calcula-
tion of the respective ICso. Effects on assembly will be evaluated with appropriate
drug concentrations by ribosome profile analysis and fluorescence microscopy us-
ing the fluorescently labeled reporter strains. However, further analyses like mi-
croscale thermophoresis (MST) or pull-down assays are necessary to identify the

specific target of the chemical probe.

Another possibility to identify specific inhibitors of assembly includes structure-
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based drug design. Especially the structural information of the pre-50SeObgE-
Strepll complex, as well as additional data from precursors that will be obtained
from the other knock-in and knock-down strains provided in this work can serve

as a basis for structure-based design of small molecule inhibitors.

Moreover, the screening approach can readily be used to screen knock-out or

knock-down libraries to detect novel factors involved in ribosome assembly.

4.3 Structural analysis of native pre-50S particles via assembly factors as
bait

In addition to multiple-gene silencing studies, structural data of precursor parti-
cles can reveal spatial relationships or overlapping binding sites of different factors
and thus provide insight into how the different steps of assembly at different con-
struction sites are synchronized (see 4.3.2). Hence, the structural analysis of 50S
precursors via assembly factors as bait is presumably the method of choice to ob-
tain information on such functional interactions. Moreover, this approach elimi-
nates the risk of investigating off-pathway particles that are products of perturba-

tions or pleiotropic effects.

4.3.1 Design of endogenously Strepll-tagged factors for the purification of
native pre-50S particles

Multiple studies describe the use of affinity-tagged assembly factors as bait to pu-
rify native ribosomal precursors in yeast®33!. However, this technique has not
been successfully transferred to prokaryotes so far. As E. coli does not allow effi-
cient recombination of exogenous linear DNA fragments into its chromosome, A-
red recombineering was used to generate endogenously Strepll-tagged versions of
the assembly factors of interest. Importantly, all of the strains were phenotypically
validated with respect to cell growth and integrity of ribosome assembly. Hence,

they now offer a toolbox for the purification of native pre-50S complexes.
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4.3.2 Proof of principle: Purification of authentic pre-50SeObgE-Strepl|
complexes

To provide proof of principle, pre-50SeObgE-Strepll complexes were purified from
rapidly growing E. coli cultures and indeed could be isolated in sufficient amounts
for subsequent structural and biochemical analyses. Although structural data of
assembly factors in complex with ribosomal particles is already available, these
previous studies relied on the reconstruction of complexes in vitro from purified,
mature subunits in combination with recombinant assembly factors in the pres-
ence of GMP-PNP, as described for EngA and ObgE!¢71¢. Albeit they can provide
initial insight into the interactions of the respective factor with a 50S subunit, they
do not describe the interaction with its actual substrate, which is a precursor par-

ticle. Hence, understanding of the actual maturation processes is limited.

Thus, the structural analysis of authentic pre-50S complexes purified by ObgE-
Strepll provides a first insight into how these precursor particles mature into func-
tional subunits in vivo. This successful purification strategy can now be transferred
to the whole subset of 50S assembly factors that participate in the maturation of
the functional core using the generated reporter strains. Additionally, the assem-
bly factors that were found to facilitate the maturation of the 50S interface (Yjga,
RluD and and RsfS) and act in a concerted fashion with ObgE, can also be used to

isolate pre-50S particles in related stages of late 50S maturation.

4.3.3 Role of ObgE during functional core formation

The analysis of authentic purified pre-50S®ObgE-Strepll complexes yielded a high
resolution cryo-EM reconstruction and hence provided detailed insight into the
composition and conformation of the functional core and adjacent regions during

50S formation. Especially interesting is the structural relationship of ObgE with the
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functional core proteins uL16 and bL36. The structural data suggests that the sim-
ultaneous presence of ObgE with a mature positioning of both proteins is pre-
cluded and indeed, the absence of either protein resulted in increased ObgE occu-
pancy on pre-50S particles. This indicates that a fully mature functional core acts
as a signal for ObgE dissociation. Hence, ObgE presumably fulfils a gatekeeper

function.

Further analyses to dissect the functional role of ObgE during 50S formation in-
volve the mutation of ObgE residues that were found to specifically interact with
helices of the functional core to dissect the structural signals that trigger GTPase
activity and hence ObgE dissociation. Moreover, pre-50S particles affinity-purified
in complex with other assembly factors could provide further insight into the im-
portance of ObgE, as different intermediate states can be assumed capture differ-
ent states of ObgE interaction. Additionally, the knock-down mutants provide a
large range of precursor particles that can be isolated and analyzed in detail struc-

turally.

In general, this study provides a useful toolbox that can be employed for further
in-depth analysis of late 50S maturation. The combination of systematic genetic
studies using assembly factor depletion in combination with the purification of
authentic in vivo intermediates will allow a characterization of key steps during
50S formation and provide deepening mechanistic insights into the dynamic pro-

cess of late 50S assembly.
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5. Material and methods

5.1 Chemicals, material and instruments

5.1.1 Chemicals

Table 1: Chemicals

Common chemicals were ordered from Sigma-Aldrich, Merck or Carl Roth, respectively. All additional chemicals are listed below.

Chemicals Supplier

Acrylamide Carl Roth GmbH & Co.KG
Ammonium chloride Riedel-de Haén AG
- Ammonium persulfate (APS) Carl Roth GmbH & CoKG
Ampicilin AppliChem, USA
Bacto™agar Becton, Dickinson and Company, USA
Bacto™peptone Becton, Dickinson and Company, USA
Bacto ™tryptone Becton, Dickinson and Company, USA

Complete EDTA-free protease inhibi-
tor cocktail (TM complete)

Deoxyribonucleotidetriphosphase
(dNTPs)

Isopropyl-p-D-1-thiogalactopyra-
noside (IPTG)
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Isopropyl alcohol Fisher Scientific
Kamamycin Carl Roth GmbH & CoKG
LBmedium Carl Roth GmbH & CoKG
Midori Green ] NIPPON Genetics EUROPE GmbH
Monopotassium phosphate Sigma-Aldrich Chemistry GmbH
BMercaptoethanol ~~~ Merck
Magnesium chloride ~~~~~ Acros Organics, USA
Magnesiumsulfate ~~~~ RiedeldeHatn AG
Ncol-HF restriction enzyme | New England Biolabs, USA
4%Paraformaldehyde in PBS  BosterBio,USA
Potassiumchloride ~ AcrosOrganics, USA
FastAP Phosphatase ~ ThermoFisher Scientific USA
Rifampicin Sigma-Aldrich Chemistry GmbH
Sodiumazide  Meck
Sodium chloride ~~ VWRInterational GmbH
Sodium dodecyl sulfate (SDS) Carl Roth GmbH & CoKG
Sucrose Carl Roth GmbH & CoKG
TaLigase ] New England Biolabs, USA
Tetramethylendiamine (TEMED) ~ Carl Roth GmbH & CoKG

Tris base (2-amino-2-hydroxymethyl-  Carl Roth GmbH & Co.KG
propane-1,3-diol) (

5.1.2 Buffer and solutions

Table 2: Buffer and solutions

Buffer/Solution Composition/Supplier
BCA working solution bicinchoninic acid solution with
0.08 % (w/v) CuSOs
TAEbuffer ~ 2MTrsHClpHSO
1 M acetic acid
50 mM EDTA
6xDNA loadingdye ~ 30% (w/v)glycerol
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Thermo-Pol reaction buffer (Tag-  New England Biolabs GmbH, USA
DNA polymerase buffer, 10x)

Phusion reaction buffer (10x) 100 mM Tris-HCL pH 8.8
500 mM KCl
20 mM MgCl
1 % (v/v) Triton X-100

BCA working solution Bicinchoninic acid solution with 0.08 % (w/v)
CuSOs

1x SDS running buffer 25 mM Tris
200 mM glycerol
1 % (w/v) SDS
5x SDS sample buffer 255 mM Tris-HCl pH 6.8
5 % SDS
715 mM B-mercaptoethanol
42.5 % glycerol

0.35 % (w/v) bromphenol blue

SDS Separation gel buffer 1.5M Tris-HCI pH 8.8
0.4 % (w/v) SDS
Separation gel (13 %) 10 ml separation gel buffer
17.2 ml acrylamide
12.6 ml H20
40 ul TEMED
200 pl APS (10 % w/v)

SDS Stacking gel buffer 0.5 M Tris-HCl pH 6.8
0.4 % (w/v) SDS
Stacking gel 3 ml stacking gel buffer
1.3 ml acrylamide
7.8 ml H.O
20 ul TEMED
100 pl APS (10 % w/v)
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250 mM Tris base
5mM EDTA
0.5 % SDS

TAE buffer (50x) 2 M Tris-HCl pH 8.0
1 M acetic acid
50 mM EDTA

TBS-T 20 mM Tris-HCI pH 8.0
137 mM NaCl
0.1 % (v/v) Tween-20

1x Western blot transfer buffer 25 mM Tris
190 mM glycine
0.35 mM SDS
20 % (v/v) methanol

Enhanced chemiluminiscence so-  Solution A:
lution (ECL) 0.1 M Tris-HCl pH 8.6
25 mg luminol
ad. 100 ml a.aH20
Solution B:
11 mg p-hydroxycoumaric acid
ad. 10 ml DMSO
Solution C: H20: (30 %)

Mixing ratio: 1 ml sol. A +100 plsol. B+1 pl
sol. C

Buffer A 10 mM Tris-HCI pH 7.5
10 mM MgClz
100 mM NHa4Cl
250 pg/ml chloramphenicol

10 %/25 %/40 % (w/v) sucrose
0.5 mM DTT
1x TM Complete

Lysis buffer Buffer A
0.5mM DTT
1 mM PMSF
1x TM Complete
250 pg/ml Chloramphenicol
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5.1.3 Antibodies

Table 3: Antibodies

Antibody Supplier/Source

bL19, uLl and uS2 specific sheep  Dr. Knud Nierhaus
antibodies

uS15 specific rabbit antibody

Peroxidase conjugated rabbit anti- Dianova GmbH (313-035-003)
sheep antibody

Peroxidase conjugated donkey Dianova GmbH (711-035-151)
anti-rabbit antibody

Peroxidase conjugated donkey Dianova GmbH (715-035-151)
anti-mouse antibody

5.1.4 DNA and protein markers

Table 4: DNA and protein markers

DNA marker Supplier
GeneRuler 1 kb DNA ladder Fermentas, St. Leon-Rot
BlueStar Prestained Protein Marker Fermentas, St. Leon-Rot

5.1.5 Molecular biology kits

Table 5: Molecular biology kits

Kit Supplier
QIAprep Spin Miniprep Kit Qiagen
QIAprep Gel Extraction Kit Qiagen
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5.1.6 Software

Table 6: Software

Software Provider
Chimera X Wayne Rasband (National Institutes of
Health)
Fiji (Image]) Wayne Rasband (National Institutes of
Health)
PyMol 2.3 Schrodinger, LLC
PeakTrakVL1 ~ Teledynelsco,Inc.
Prism fiir macOS (Version8.0.1) ~ GraphPad Software, Inc.
SnapGene, Version3.21 ~ GSLBiotech LLC, Chicago

5.1.7 Culture media

Table 7: Culture media

Culture medium Composition
Lysogeny broth liquid medium 0.5 % (w/v) Bacto ™Yeast Extract
(LB medium) 1 % (w/v) Bacto ™ Tryptone

0.5 % (w/v) NaCl
Concentration of added antibiotics/sub-

stances:
Ampicillin 100 pg/ml
Chloramphenicol 25 pg/ml
Kanamycin 50 pg/ml
PTG M
LB plates 0.5 % (w/v) Bacto ™ Yeast Extract
1 % (w/v) Bacto ™ Tryptone
0.5 % (w/v) NaCl
1.5 % Bacto™ Agar
Concentration of added substances:
Ampicillin 100 pg/ml
Kanamycin 50 pg/ml
wG oM
SxM9Salts 64 g NaHPO:7HO
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15 g KH2POx

2.5 g Na(Cl

5 g NH4Cl

ad. 1000 ml ¢aH20

M9 minimal medium 1 x MO salts
2 mM MgS0Ox
0.1 mM CaCl:

5.1.8 Expendable materials

Table 8: Expendable materials

Expendable materials Supplier
_Centrifuge tubes 12ml Seton Scientific USA
Centrifuge tubes, 1ml Beckman Coulter, USA
Electroporation cuvettes (2 mm Peqlab Biotechnologie GmbH
) o)
_Falcon™ tubes (15ml) Sarstedt .
_Falcon™tubes S0ml) Sarstedt .
_Screw-cap tubes20ml Alphalaboratories
_Glass beads, 0.25-0.5mm Carl Roth GmbH & CoKG
High precision cover glasses Paul Marienfeld GmbH and Co. KG

18x19 mm (thickness No. 1.5H
(170 um + 5 uM)

Microplate, PS, 384 well, black, Corning, Glendale, USA
clear bottom

Quartz cuvette, layer thickness: Hellma
O
Semi-Micro-cuvettes Greiner Bio-One

Whatman® Protran® Nitrocellu- GE HEalthcare, USA
lose Transfer Membrane
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Table 9: Instruments

Instrument Model Manufacterer
Centrifuges Avanti J-265 XPI, rotor JLA- Beckman Coulter, USA
10.500
Multifuge 4KR (rotor Heraeus
LH400)
Cryofuge 85001 Heraeus
Confocal fluorescence Leica TCS SP8 Leica Microsystems, Switzer-

microscope

Super-resolution
microscope

Bio-Rad Gene Pulser Elec-
troporation System

Infors Multitron II
MaxQ 8000

Ultraspec 3100 pro,
Nano Vue™ Plus,

NanoPhotometer NPP80

iCycler
TAdvanced Thermal Cycler

Pico 21 Microcentrifuge, ro-
tor 24 x 1.5/2.0 ml
Centrifuge 5427 R, rotor
F45-48-11

Optima L-90K (Beckman ro-
tor SW-41 Ti)

Optima LE-80K (Beckman
rotor SW-41 Ti)
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Discovery M150SE Micro- Thermo Scientific, USA
ultracentrifuge (rotor S140

AT)
Vortexer Vortex Genie2 Scientific Industries, USA
Water bath shaker Classic Series C76 Water New Brunswick, USA
_____________________________________ Bath Shaker .
5.1.10 Strains
Table 10: Strains
Name Genotype Reference/Source
DH50Z1 F- ®80lacZAM15 A(lacZY A-argF) Invitrogen
U169 recAl end Al hsdR17(rk-, mk+)
_____________________________________ phoA supE4d thi-l gyrA96relAlA-
DY330 W3110 AlacU169 gal490 AcI857 A (cro- Yu et al., 2000%2
_____________________________________ L
MC4100 F- [araD139]B/r A(argF-lac)169* Casadaban, 1967%%
&lambda- e14- flhD5301 A(fruK-
yeiR)725 (fruA25)f relAl
rpsL150(strR) rbsR22 A(fimB-
_____________________________________ AmE)632(:1S1) deoC
MCAIC MC4100 ArplC pTRC-rpIC Nikolay et al.,
_________________________________________________________________________________________ 2015
MCrg* MC4100 rpsO-mcherry rplA-mazami Nikolay et al.,
_________________________________________________________________________________________ 2015
MCrg*AlC MC4100 rpsO-mcherry rplA-mazami Nikolay et al.,
_____________________________________ ArplC pTRCrplC 201
MGrg® MG1655 rpsO-mcherry rplA-mazami ____ thiswork
- MGI1655 ObgE-3xFLAG  MGI1655 obgE-3xflag 1 thiswork
- MGI1655 DbpA-Strepll - MG1655 dbpA-strepll 1 thiswork
_MGI1655 EngA-Strepll | MGl655 engA-strepll thiswork .
- MGI655 EngB-Strepll  MG1655 engB-strepll 1 thiswork
- MGI1655 ObgE-Strepll _ MG1655 obgE-strepIl 1 thiswork
MG1655 RImE-Strepll MG1655 rlmE-strepll this work

MG1655 uL1-mAzami MG1655 rplA-mAzami obgE-mCherry this work
ObgE-mCherry

MG1655 uL1-mAzami MG1655 rplA-mAzami obgE-mCherry this work
(ObgE-mCherry Arpmj ___Arpmj

MCrgLAIC MC4100 rplA-mcherry rplS-mazami Nikolay et al.,
ArplC pTRC-rplC 20162%
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5.1.11 Primers

Table 11: Primers

Gene Name Sequence

dbpA 5 dbpA-strepll KI ggcgggaagattaaaggaaaaacgtgecgggtecggat-
tattaaatggtcccatcctcagttt-
gaaaaataagtgtaggctggagctgcttc

3" dbpA KI gcaatcccgaataagatgtttactcttgcacccggcaattcaacattt-
caatgaatatcctecttagttc

engA 5" engA-strepll KI atgcgtaaacgtaagcgtctgatgaagcacatca-
agaaaaataaatggtcccatcctcagtt-
tgaaaaataagtgtaggctggagctgcttc

3’ engA KI attccctctacattcatagagggaatggcagataaaatacttacg-
gataaatgaatatcctccttagttc

engB 5 engB-strepll KI tggtttagcgagatgcagectgtagaagaaacgcag-
gacggcgaatggtcccatectcagtt-
tgaaaaataagtgtaggctggagctgcttc

3" engB K1 atttacgggccg-
gatacgccacatccggcacaagceattaaggcaagaaaaatgaa-
.. L oo 2 1 U
obgE 5" obgE-strepll KI tgggacgaagacgacgaagaaggcgttgagttcattta-

caagcgttggtcccatcctcagtt-
tgaaaaataagtgtaggctggagctgcttc

5" obgE-3xflag KI tgggacgaagacgacgaagaaggcegttgagttcattta-
caagcgtgattacaaggatgat-
gacgacaaggattacaaggatgatgacgacaaggattacaagga
tgatgacgacaagtaagtgtaggctggagctgcttc

3" obgE KI ggcctgataagegtagegcatcaggcetgatttggcgtttatcatca-
gtgaatgaatatcctecttagttc

rlmE 5 rIlmE-strepll KI gcacgttcgcgggaagtgtatattgtagegaccgggcgtaaac-
cctggteccatectcagtt-
tgaaaaataagtgtaggctggagctgcttc
3 vImE K1 aggatactctatatccagcatctttcaaactttcgtct-
gaaatctcccggatgaatatectecttagtte

obgE 5" obgE-mCherry KI acgactgggacgaagacgacgaagaaggcgttgagttcattta-
caagcgtgggacgtcgggtgoaagc
3’ obgE mCherry KI ggcctgataagegtagegcatcaggcetgatttggcgtttatcatca-
gtgaatgaatatcctecttagttc

rpm] 5 rpm]-KO ctaatctagccagctcaacccaactttgcaagaaaaa-
tatgcgaaaaaaatgaatatcctccttagttc

gaaaggctacggccgataattggtcegeccgagaagttacgga-
3" rpm]-KO gagtaaaagtgtaggctggagctgcttc
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dbpA 5 dbpAas ccgctcgaggtgaccgctttttctaccetg
_________________ 3 dbpdas . catgccatgggeatcaattigetgtaacaag
engA 5 engAas ccgetcgaggaggctttaaacatggtacc
_________________ Sengdas _ catgecatggegtacttacggtcacgagte
engB 5 engBas ccgctcgagttgactaatttgaattatcaac
_________________ 3engBas _catgecatggaggtigataagetgggtgeg
obgE 5 obgEas: ccgctcgagatgaagtttgttgatgaagea
3’ obgEas: catgccatgggcacggaaagatttttcaaaacg
5 obgEas: caccctcgagecgegeaggcegaatgatttacggag
_________________ 3'obgkas: _actgceatgggcteacgeaaccattaccgeeate
rlmE 5 rlmEas ccgctcgagatgacaggtaagaagegttct
_________________ 3 rimEas _atgecatggtgtgaccaaccacccggage
rplP 5" rplPas ccgctcgagatgttacaaccaaagegtac
_________________ 3 rplPas _ catgeeatggacacggatccagatcttacc
dbpA 5 dbpA upstream tatttgcaaattcctgtccc

3 dbpA downstream  gcgtgctggcagecagaaga

engA 5 engA upstream ttccagactgaaccggttgc
3" engA downstream acacctgcaacggttgatgg

engB 5 engB upstream gcaattcactgatttatata

3’ engB downstream  ccttttacttcacgtaatcg

obgE 5" obgE upstream actggcctggcccgatttct

3’ obgE downstream agtcaaaaagaaaccccggc

rlmE 5 rIlmE upstream gccaagcagaacaactggct

3’ rImE downstream  atccaccttacggccattag

rpmE 5 rpme upstream catcctgacttgaaattcgg

3’ rpme downstream cacaagttcaggcaaagctc

rpml 5 rpml upstream cgtgaaagacgatttgcaag
3 rpml downstream  ggtcacggtaagcatactga

rpm] 5 rpm] upstream ggagttcatgcgtgatgcaa
3 rpm] downstream  gcgattacggcatgcttatg

5.1.12 Plasmids

Table 12: Plasmids

Name Description Reference
CP20 9400 bp; Flp protein encoding; ampi- Cherepanov and
P p; Fip p & amp P
cillin and chloramphenicol resistance =~ Wackernagel,
cassettes 199533
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pKD4 3267bp; ampicillin and kanamycin re- Datsenko and
sistance cassette; FRT sites for Flp Wanner, 20003%
e Dased cassette removal
pHN678 4043 bp; lacl repressor encoding; chlo- Nakashima et al.,
__________________________________ ramphenicol resistance cassette _ 2012°%
pHN1009 4086 bp; lacl repressor encoding; am-  Nakashima et al.,
e PACllin resistance cassette 20122
pHN1257 4073 bp; lacl repressor encoding; kan- Nakashima et al.,
amyecin resistance cassette 201228

pHN1009-DbpAas derived from pHN1009; expressing this work
dbpA-specific PTasRNA

pHN1009-EngAas derived from pHN1009; expressing this work
e engAspedfic PTasRNA
pHN1009-EngBas derived from pHN1009; expressing this work

engB-specific PTasRNA

pHN1009-ObgEas_1 derived from pHN1009; expressing this work
obgE-specific PTasRNA (primers 5 ob-
gEas2and 3’ obgEas1 were used for
generation of PTasRNA expressing
construct)

pHN1009-ObgEas_2  derived from pHN1009; expressing this work, de-
obgE-specific PTasRNA (primers 5 ob- signed according

gEas2and 3’ obgEas:2 were used for to Verstraeten et
generation of PTasRNA expressing al.?s
__________________________________ oMt
pHN1009-RImEas derived from pHN1009; expressing this work

rImE-specific PTasRNA

pHN1257-DbpAas derived from pHN1257; expressing this work
dbpA-specific PTasRNA

pHN1257-EngAas derived from pHN1257; expressing this work
e engAspedfic PTasRNA
pHN1257-EngAas derived from pHN1257; expressing this work
e engBospedfic PTasRNA
pHN1257-ObgEas derived from pHN1257; expressing this work
e Ob8Especific PTasRNA
pHN1257-RImEas derived from pHN1257; expressing this work
__________________________________ rimE-specific PTasRNA
pHNG687-DbpAas derived from pHNG687; expressing this work
__________________________________ dbpA-specific PTasRNA
pHN687-EngAas derived from pHN687; expressing this work
e engAspedfic PTasRNA
pHN687-EngBas derived from pHN687; expressing this work

engB-specific PTasRNA
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pHN687-ObgEas derived from pHN1009; expressing this work
_________________________________ obgE-specific PTasRNA
pHN687-RImEas derived from pHN687; expressing this work

rImE-specific PTasRNA

5.2 Methods

5.2.1 Plasmid DNA isolation

Plasmid DNA from liquid E. coli culture was isolated using a commercial DNA-
spin™ Plasmid DNA Purification Kit (iNtRON) according to the manufacturer’s
instructions. DNA concentration was determined photometrically at an absorb-
ance of 260 nm using a photometer (Nano Vue™ Plus, GE Healthcare or Nano-

Photometer NP80, Implen).

5.2.2 PCR and colony-PCR

Polymerase chain reaction was employed to amplify specific DNA fragments of
interest. Sequences for A Red Recombineering were generated using Phusion
DNA-Polymerase. 50 pul PCR reaction mixtures were prepared as follows: 100 ng
of DNA template were mixed with 200 uM dNTP mix (10 mM stock), 0.4 uM of
forward and reverse primer (10 uM stock), 1x Phusion buffer and 0.5 ul Phusion
DNA-Polymerase ad. 50 ul of «aH20. Conditions for PCR reactions using Phusion
DNA-Polymerase are listed in table 13.

Table 13: Cycling conditions for PCR reactions using Phusion DNA-Polymerase

Amplification Step Cycle(s) Temperature Time

Initial Denaturation 1x 98 °C 2 min
Denaturaton 98°Cc 30s

Annealing 35x 55 °C 30s

Elongation 72°C 60 s
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Tag DNA-polymerase was used for colony-PCR. PCR reactions were prepared as
follows: material of one single colony was picked from an agar plate using a sterile
toothpick. It was dipped into a reaction tube containing 40 ul of «aH>O until the
solution became turbid. 200 uM dNTP mix (10 mM stock), 0.4 uM of each primer
(forward and reverse, 10 uM stock), 5 pl 10x ThermoPol® reaction buffer and 0.5 ul

Taq Polymerase were added. PCR conditions are listed in table 14.

Table 14: Cycling conditions for PCR reactions using Taq-Polymerase

Amplification Step Cycle(s) Temperature Time

Initial Denaturation 1x 95 °C 5 min
Denaturaton 95°C 30s

Annealing 35x 55 °C 30s

Elongation 68 °C 2 min
Final Elongation x 68°C 10min
Coolingdown x 15°C °

5.2.3 Agarose gel electrophoresis and gelextraction

DNA fragments of interest were separated by agarose gel electrophoresis. 1 %
(w/v) of agarose was dissolved in 1x TAE buffer to prepare 1 % gels. The gels were
supplemented with Midori Green Nucleic Acid Staining Solution for visualization
of DNA using a UV light imaging system. Samples were mixed in a 5:1 ratio with
6x loading dye and loaded onto the gel. Separation was performed at a current of
120 V in 1x TAE buffer. A 1 kb DNA ladder (Fermentas) was used to determine the

fragment size. DNA fragments of the appropriate size were excised from the gel
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and purified using the DNA QIAquick Gel Extraction Kit (Qiagen) according to

the manufacturer’s instructions.

5.2.4 A Red Recombineering

A Red Recombineering (homologous recombination-mediated genetic engineering) is a
standard technique to endogenously modify genes (replace DNA segments or in-
sert recombinant DNA) in E. coli. Homologous recombination is achieved by intro-
ducing linear DNA fragments of interest into cells which harbor a defective A pro-
phage on their chromosome (e.g. helper strain DY330%2). Alternatively, the
proteins encoded by the defective A prophage can be expressed from the helper
plasmid pKD46%%. In short, homologous recombination is mediated by the pro-
teins Bet, Gam and Exo, encoded by the genes bet, gam and exo on the prophage
DNA. The Gam protein inhibits the E. coli RecBCD exonuclease, enabling the trans-
formation by linear DNA fragments without their rapid degradation. Exo is pro-
posed to degrade dsDNA (5'>3’) into DNA with a double-stranded region that is
flanked by 3’ overhangs, allowing the Beta protein, an ssDNA annealing protein,
to perform recombination with a complementary target.3%3% According to an al-
ternative theory, Exo completely degrades the dsDNA into a single-stranded in-
termediate that recombines at the replication fork mediated by annealing by the

Beta protein®”.

In the following, the procedures necessary for homologous recombineering via the
A Red system are illustrated by describing the generation of a strain endogenously
expressing a Strepll-tagged version of the assembly factor ObgE (Figure 38). For
this purpose, the linear DNA fragment encoding the epitope-tagged assembly fac-
tor was generated by PCR (5.2.2). The corresponding fragment was purified by

agarose gel electrophoresis and gel extraction (5.2.3). For selection of positive
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transformants, the fragment was designed to additionally harbor a resistance cas-
sette, flanked by frt sites (from plasmid pKD4**). Homologous recombination was
achieved by introducing 45 bases of homology for 3’ insertion in frame obgE. Via
electroporation the PCR fragment was transformed into competent DY330 cells
that have been induced for the recombineering system (5.2.4.1). After selecting pos-
itive transformants, the sequence of interest was brought into target strains by P1
Phage transduction (5.2.4.2) and the resistance cassette was eliminated using a FLP

recombinase expressing plasmid pCP20 (5.2.4.3).
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obgE stop
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T MG1655 PCR amplification of knock-in construct
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- obgE strepll FRT| kanR  FRTstop
Transformation of strain expressing A Red Recombinase
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Figure 38: Gene disruption strategy for A Red Recombineering. FRT = Flp recombinase

target. HR = homologous regions. Ampr = Ampicilin resistance cassette.
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Table 10 lists the deletion and fusion strains that were generated using this tech-

nique.

5.2.4.1 A Red Recombineering via helper strain DY330

DY330 is a helper strain that harbors the defective A prophage in its genome. In
this strain, the expression of the recombination genes is under control of a temper-
ature-sensitive A cl-repressor. This repressor represses the expression of genes
from lambda promoters at low temperatures (28-30 °C)*?, while expression of tar-

get genes is derepressed at a temperature of 42 °C.

Consequently, E. coli DY330 cells were cultured at 200 rpm and 30 °C in a water
bath shaker until they reached an ODsw of 0.5-0.8. To deactivate the repressor and
induce temperature-sensitive expression of the prophage genes, the temperature
was shifted to 42 °C for 15 minutes. Subsequently, cultures were immediately
cooled down in an ice bath to stop the expression of the recombination genes. One
culture was kept at 30 °C as a negative control. Cultures were sedimented at
4.4 krpm and 4 °C (Heraeus Multifuge 4KR) and washed three times using ice cold
4dH20 to lower the salt concentration. After the washing steps, cell pellets were
resuspended in an appropriate amount of 4aH2O for electroporation (100 ul ¢aH20
were used per 10 ml culture). 50 ul of this cell suspension were used for individual

transformation reactions by electroporation (5.2.4.2).

5.2.4.2 Electroporation

For transformation, 100 ng of donor DNA were mixed with 50 ul of competent
DY330 cells (5.2.4.1) in an electroporation cuvette with 2 mm gap width (Peqlab).
After electroporation at 2.5kV (Bio-Rad Gene Pulser Electroporation System,
25 yF and Pulse controller set to 200 ohms), 1 ml of ice-cold LB medium was
added. For phenotypic expression, the mixture was transferred into a test tube and

incubated at 30 °C for 1 hour in a roller drum. Non-induced cells were transformed
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as negative control. As a second negative control, a corresponding volume of 4aH=0
was added to induced cells instead of donor DNA. Cells were sedimented at
13 krpm for 1 minute (Heraeus Pico 21 microfuge), plated on selective LB-agar
plates and incubated at 30 °C for a maximum of 48 hours. Successful deletions or
insertions were verified by colony PCR and sequencing. Genetic modifications of

interest were transferred into the target strain by P1-phage transduction (5.2.4.3).

5.2.4.3 P1 Phage Transduction

A stationary pre-culture of the donor strain was diluted 1:100 in 5 ml of fresh LB
medium and incubated at the appropriate temperature while shaking until early
log phase. 1 mM CaCl: (1 M stock) was added to facilitate transduction of the do-
nor strain by P1 phages. Either 50 or 100 pl of P1 starter lysate added to the cul-
tures, respectively. They were incubated at 30/ 37 °C (depending on the strain re-
quirements) under constant shaking until lysis occurred. To ensure complete
elimination of the donor cells, 3 drops of CHCls were added to each sample and
vortexed for 15 seconds. After incubation at room temperature for 10 minutes the
supernatant was stored at 4 °C in a screw cap tube in the dark. Before transduction,
cell debris were sedimented at 13 krpm (Heraeus Pico 21 microfuge) for 10 min
and the donor lysate was filter-sterilized using a 0.2 um filter to produce bacterial-

free phage suspensions.

For transduction, stationary E. coli cells of the target strains were diluted 1:100 in
5 ml fresh LB medium and cultured until early log phase. 1 mM CaClz (1 M stock)
was added to allow infection of the acceptor strain. For one transduction reaction,
1 ml of cell culture was mixed with appropriate amounts of P1 lysate (50-100 pl),
respectively and incubated for 15 min at RT. To minimize secondary infection, so-
dium citrate (1 mM) was added for chelation of calcium. Subsequently, the sam-

ples were incubated at 37 °C for 1 hour in a roller drum for phenotypic expression.
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Cells were sedimented at 13 krpm for 1 minute (Heraeus Pico 21 Microfuge) and

plated on selective plates, supplemented with 20 mM sodium citrate.

5.2.4.4 FLP Recombination to eliminate kanamycin resistance cassette

For elimination of the kanamycin resistance cassette, target strains were trans-
formed with plasmid pCP20°* (encodes FLP recombinase (thermally induced),
possesses a temperature-sensitive origin of replication and confers ampicillin re-
sistance). Incubation of the transformed strains at 42 °C for approximately 15 hours
led to FLP recombinase expression and the loss of pCP20. Elimination of the plas-
mid and the resistance cassette was confirmed by the failure to grow on ampicillin

and kanamycin plates.

5.2.5 Cloning of plasmids expressing PTasRNA

The oligonucleotides that were used to amplify asRNA sequences from the ge-
nomic DNA of the MG1655 strain by PCR are shown in table 11. The PCR frag-
ments were digested with Ncol and Xhol and cloned into the NcoI-Xhol opened
plasmids pHN678, pHN1009 and pHN1257%%, respectively. For standard digestion
reaction, ~2-4 ug of either plasmid was digested in a final reaction volume of 20-
30 pl and incubated for 2-4 hours at 37 °C according to the manufacterer’s instruc-
tions. PCR fragments were purified by gel by gel extraction (5.2.3), eluted in 20 ul
4dH20 and digested as described above. Heat inactivation of restriction enzymes
for 20 min at 80 °C was used to terminate the restriction reaction. FastAP Thermo-
sensitive Alkaline Phosphatase was used for dephosphorylation of the vectors. For
this purpose, 25 ul of the restriction reactions were mixed with 3.5 pl FastAP, 3.5 ul
of FastAP buffer in a total volume of 35 pl at 37 °C for 20 min. FastAP was heat
inactivated for 5 min at 75 °C. For ligation with T4 Ligase, 150 ng of linearized vec-
tor were mixed with the respective insert in a 1:3 or 1:2 molar ratio (total reaction

volume of 20 pl) and incubated for 30 min at RT. A religation control was included.
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After heat inactivation of T4 Ligase at 65 °C for 10 min, 10ul of the ligase reaction
was immediately transformed into competent DH5a cells. PTasRNA expressing

plasmids were brought into MCrg* by electroporation.

5.2.6 Transformation into chemically competent DH5a

100 pl of chemically competent DH5a cells were thawed on ice and mixed with
10 pl ligation reaction (5.2.5). Cells were incubated on ice for 30 min, heat-shocked
for 90 s at 42 °C and subsequently cooled on ice for additional 90 s. 900 pl fresh LB
medium were added, followed by phenotypic expression at 37 °C for 1 hour. Even-

tually, cells were plated on selective plates.

5.2.7 TSS Transformation

A stationary pre-culture of the target strain was diluted 1:100 in 5 ml of fresh LB
medium and incubated at the appropriate temperature while shaking until early
log phase. Cells were chilled on ice for 30 min and an aliquot was mixed 1:1 with
2xTSS. For transformation, 100 ng of plasmid DNA were mixed with 100 ul of com-
petent cells and incubated on ice for 20 min. 900 ul fresh LB medium were added
and the cultures were incubated at 37 °C for 1 hour to allow phenotypic expression.
Cells were sedimented at 13 krpm for 1 minute (Heraeus Pico 21 Microfuge) and

plated on selective plates.

5.2.8 Spot test analyses and growth tests in liquid medium

To test growth on solid media, stationary pre-cultures of the individual strains
were diluted in fresh LB medium to a cell density of ODew ~ 0.025. Five-fold serial
dilutions were prepared and transferred onto LB agar plates using a plating stamp.
The plates were supplemented with IPTG or antibiotics when necessary. Plates
were incubated at 20 °C, 30 °C, 37 °C and 42 °C until single colonies of each dilu-

tion were visible.
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For testing growth in liquid medium, stationary E. coli cells of the individual
strains were diluted to an ODsw of 0.025 for incubation at 42 °C and to an
ODeoo = 0.05 for incubation at 37 °C and 20 °C. Cell suspensions of 25 ml were in-
cubated in baffled flasks in a water bath incubator with a shaking frequency of
200 rpm until stationary phase was reached or a maximum of 10 hours had passed.
ODsowwas measured every 30 min or hourly using a Ultrospec 3100 pro photometer
(GE Healthcare). Growth rates were calculated for periods of exponential growth

and normalized to the wild-type strain.

To test growth and fluorescence of the strains in multiwell-format, stationary E.
coli cells of MGrg in LB medium were diluted to an ODew of 0.05 in LB medium.
80 ul aliquots (n=8) were pipetted manually into 384-multiwell plates and culti-
vated at 37 °C under constant shaking until stationary phase. Aeso was determined
every hour using Infinite F500 microplate reader (Tecan). Growth rates were cal-

culated for periods of exponential growth and normalized to the wild-type strain.

5.2.9 Analytical sucrose gradient ultracentrifugation

Analytical sucrose gradient centrifugation was employed to separate different ri-
bosomal populations (30S subunit, 50S subunit, 70S ribosome and polysomes). Sta-
tionary pre-cultures of the strain MG1655 and the epitope-tagged strains were di-
luted in fresh LB medium to ODeoo = 0.05 and cultured to ODesw ~ 0.5-0.6. Five
minutes before harvesting, chloramphenicol (250 ug/mL) was added. The cultures
were immediately cooled down in an ice water bath and harvested at 5.5 krpm at
4 °C for 10 minutes (Rotor JLA-10.500). The pellets were flash-frozen in liquid ni-

trogen and stored at — 80 °C.

MGrg* strains transformed with PTasRNA expressing plasmids were cultivated
differently. Stationary E. coli cells of these pre-cultures were diluted to ODew= 0.1

and cultured at 120 rpm and 25 °C until ODew = 0.15. To induce the expression of
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PTasRNA, 1mM of IPTG was added and cells were further cultivated at 25 °C to
ODeoo= 0.3-0.5 before harvesting. For cultivation at 42 °C, stationary E. coli cells of
these pre-cultures were diluted to ODewo=0.05 and cultured at 120 rpm and 42 °C

in the presence of ImM of IPTG. Cells were to ODsw= 0.3-0.5 before harvesting.

To analyze co-fractionation of ObgE with ribosomal particles, cells of the individ-
ual strains were cultured in LB medium at 37 °C until stationary phase. Pre-cul-
tures were diluted in fresh LB medium to ODeowo = 0.05 and cultured to ODeoo = 0.5-
0.6 at 37 °C. Expression of rplP-specific PTasRNA was induced at an ODeoo=0.1.
Harvesting and the preparation of cleared lysates was conducted as described
above, with the exception that Chloramphenicol was neither added before harvest-

ing nor added to the lysis buffer (5.2.10).

For further preparation, pellets were resuspended in 1 ml lysis buffer (table 2) and

mechanically disrupted using FastPrep®-24.

5.2.10 Cell lysis using FastPrep®-24

For this purpose, cell suspensions were transferred into 2 ml screw-cap tubes, con-
taining 1 g of acid washed glass beads (pre-equilibrated in 1 ml of lysis buffer) and
homogenized at 5 m/s for 20 seconds. Homogenization was repeated three times
with incubation on ice for 2 minutes in between. Samples were sedimented at
12.7 krpm and 4 °C (Eppendorf centrifuge 5427 R) for 7 min to pellet cell debris
and lysing matrix. The supernatant was transferred into a new 2 ml reaction tube
and centrifuged again at 12.7 krpm at 4 °C (Eppendorf centrifuge 5427 R) for 25
minutes. Concentrations of cleared lysates were adjusted to Az =20. 500 ul of the
lysates were loaded on 11 ml of linear 10-40 % (w/v) sucrose gradients and sedi-
mented at 17.5 krpm at 4 °C for 14:40 h in a SW41-Ti rotor (Beckmann). 10 % - 25 %

sucrose gradients were used to analyze co-fractionation of ObgE with ribosomal
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particles. The sucrose gradient was prepared using a gradient mixer (Gradient

Master 107).

To assess the knock-down efficacy, protein concentration of the cleared lysate was
determined via the BCA assay using the PierceTM BCA Protein Assay Kit. To cal-
culate the standard curve 0-20 ug BSA were adjusted in a total volume of 50 ul
(with lysis buffer), respectively. Protein samples were diluted (1:10 and 1:25) in
lysis buffer and standard, as well as protein samples were mixed with 1 ml BCA
working solution (table 2). Samples were incubated at 60 °C and 500 rpm for
15 minutes. After incubation on ice for 2 minutes, absorbance of the reaction mix-
tures was measured at 562 nm. Protein concentrations were adjusted to 20 ug total

protein.

5.2.11 Polysome profile analyses and fluorometric analyses

Sucrose gradient centrifugates were analyzed using a Teledyne Isco gradient
reader (Teledyne ISCOr, Lincoln, Nebraska, USA). Az profiles were recorded and
fractions were collected in 96-well plates (5 drops per well) for the following fluo-
rometric analyses. mAzami and mCherry specific fluorescence emissions were de-
termined using Infinite F500 fluorescence microplate reader (Tecan). The parame-
ters are listed in table 15. Fluorescence intensities were normalized to the first

polysome peak.

For analyzing ObgE co-fractionating with ribosomal particles, fractions of ~ 500 ul
were collected for time intervals of 22 s each. Fluorometric analyses was performed

with 200 pl aliquots in individual wells of 96-well plates.

Table 15: Parameters for fluorometric analyses by Tecan Infinite F500

Parameter Value

114



Material and methods

mAzami specific Fluorescence  excitation: 485 nm + 20 nm band width
emission: 535 nm + 25 nm band width
gain: 40

number of reads: 10

mCherry specific Fluorescence  excitation: 535 nm + 25 nm band width
emission: 635 nm + 35 nm band width
gain: 50

number of reads: 10

Shaking parameters 3 seconds, linear mode, amplitude: 2 mm, fre-
quency: 610.2 rpm

5.2.12 SDS-PAGE

To detect ObgE in sucrose gradient fractions, 32 pl of the collected fractions were
resolved by 12 % Bis-Tris gels. Samples were mixed with 5x sample buffer (table 2),
incubated for 5 minutes at 95 °C to denature proteins and loaded onto the gel. Elec-
trophoresis was performed in 1x MOPS buffer (table 2). After concentrating the
samples in the stacking gel with a current of 150 V, separation was conducted at

250 V for 2 hours and 30 min.

5.2.13 Western blot analysis

Proteins separated by SDS-PAGE were electroblotted onto a nitrocellulose mem-
brane (250 mA for 2 hours and 45 min). After transfer, the membrane was incu-
bated in 5 % (w/v) milk powder in 1x TBS-T to prevent unspecific binding of anti-
bodies. First and secondary antibodies, as well as Strep-Tactin HRP conjugate were
used at 1:10,000 dilution (monoclonal anti-FLAG M2 antibody and Strep-Tactin
HRP conjugate: 1:10,000 in TBS-T; uS2 and bL19-specific antisera: 1:10,000 in TBS-
T + 3% (w/v) milk powder HRP-conjugated donkey anti-mouse or rabbit anti-

sheep secondary antibodies in combination with ECL Western Blotting Detection
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Reagent were used for immunodetection. Chemiluminescence was monitored us-

ing the chemiluminescence system FUSION SL (Analis).

5.2.14 Super-resolution fluorescence microscopy

Stationary E. coli cells of the strain MGrg* and the individual assembly factor de-
pletion strains, were diluted in 25 ml fresh LB medium (supplemented with the
respective antibiotics) to an initial ODew of 0.1 and cultured 200 rpm and 37 °C un-
til ODeoo= 0.15. After addition of 1 mM IPTG to induce PTasRNA expression, cells
were further cultured until ODew = 0.3-0.5. 1 ml of cell suspension was centrifuged
for 1 min at 13 krpm (Heraeus Pico 21 microfuge) and the pellet was resuspended
in 1 ml or 100 pl of 4 % paraformaldehyde solution in 1x PBS and incubated for 30-
60 min at 37 °C for fixation. Cells were sedimented and resuspended in 1xPBS +
Glycine (1.5 mM) and incubated for 10 min at 37 °C. Cells were washed twice with
PBS-G (1x PBS + 20 mM Glucose) and resuspended in 50-100 ul of PBS-G. For DNA
staining, 0.5-1 ul of DAPI (0.1 pg/ul stock) was added and cells were incubated for

at least 5 min.

3 ul of cell suspension were directly pipetted onto a high precision cover slip
(18x18 mm, 17045 uM) and covered with a 3 mm agarose pad with 0.5 cm edge
length (0.5 % (w/v) agarose in PBS). The cover slip was placed headlong onto a
5 mm silicon imaging spacer, which was placed onto a microscope slide (Fig-

ure 39).

Cell suspension

Cover slip
Agarose pad ;-“—-/7 Imaging spacer

Microscope slide

Figure 39: Sample preparation for microscopic analyses

3D SIM super resolution images were taken with a DeltaVision OMX Blazev4 mi-

croscope (GE Healthcare). Multichannel stacks (21 sections with 0.125 nm spacing
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and a sample thickness of 2.5 um) were recorded using a PlanApo N Olympus 60x
1.42 oil immersion objective (oil with refractive index of 1.516) and a sSCMOS cam-
era (512x512 pixels SIM). DAPI-stained DNA was monitored with 504 nm laser
excitation (diode laser, exposure time: 100 ms, intensity: 10 or 31.3 %, gain: 1).
mAzami-specific fluorescence was monitored using a 488 nm excitation laser (di-
ode, exposure time: 50 ms, intensity: 1 %, gain: 1) and mCherry-specific fluores-
cence was monitored using 586 nm laser excitation (diode, exposure time: 80 or
20 ms, intensity: 10 %, gain: 1). Images were reconstructed using the SoftWorX
package from GE Healthcare. From the structured illumination data image stacks
with increased resolution were calculated and the different channels were regis-
tered. Pictures of mCherry-, mAzami- and DAPI-specific fluorescence of the same

cut-out were adjusted to the appropriate dynamic range and merged using Fiji.

5.2.15 Isolation of pre-50S ®* ObgE complexes and cryo-EM

This part of ,,Material and methods” is quoted verbatim from the manuscript:

Snapshots of native pre-50S ribosomes reveal a biogenesis factor network and

evolutionary specialization

R. Nikolay" *, T. Hilal'?*, 5. Schmidt**, B. Qin!, D. Schwefel!, T. Mielke?*, ]. Biir-

ger'4, J. Loerke!, K. Amikura®®, T. Fliigel!, T. Ueda®”, E. Deuerling® and C.M.T

Spahn!

*These authors contributed equally to this work

1. Institut fiir Medizinische Physik und Biophysik, Charité — Universitatsmedizin Ber-
lin, corporate member of Freie Universitat Berlin, Humboldt-Universitat zu Berlin,
and Berlin Institute of Health, Berlin, Germany

2. Freie Universitat Berlin, Research centre for electron microscopy, Fabeckstr. 36a,
14195 Berlin, Germany

3. Molekulare Mikrobiologie, Universitit Konstanz, Germany

4. Microscopy and Cryo-Electron Microscopy Service Group, Max Planck Institute for
Molecular Genetics, IThnestr. 63-73, 14195 Berlin, Germany
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5. Department of Computational Biology and Medical Sciences, Graduate School of
Frontier Sciences, The University of Tokyo, FSB-401, 5-1-5, Kashiwanoha, Kashiwa,
Chiba 277-8562, Japan.

6. Present address: Department of Molecular Biophysics and Biochemistry, Yale Uni-
versity, New Haven, CT 06511, USA

7. Present address: Department of Integrative Bioscience and Biomedical Engineering,
Graduate School of Science and Engineering, Waseda University, 2-2 Wakamatsu-
cho, Shinjuku-ku, Tokyo 162-8480, Japan

“Isolation of pre-50S * ObgE-Strepll complexes
Two liters 2xYT cultures in 5-liter flasks (batch 1, 16 liters; batch 2, 32 liters in
total) were inoculated with MG1655-0bgE-strepll cells from a stationary culture to
a start ODeoo of 0.05. Cells were incubated at 140 rpm and 37 °C to an ODeow of
0.5-0.6. Cell suspensions were sedimented in a JLA 9.1000 rotor (Beckman Coulter)
for 15 min at 5.5 krpm and 4 °C, subsequently pellets were flash-frozen in liquid
nitrogen and stored at -80 °C. Pellets were resuspended in lysis buffer (50 mM
TRIS pH 7.8, 100 mM KCl, 10 mM MgClz, 1 mM DTT, TM Complete) on ice and
cells were lyzed by two cycles in an ice-cooled microfluidizer device (Microfluidics).
The cell lysate was centrifuged in a [LA25.50 rotor for 30 min at 22.5 krpm and
4 °C. The cleared lysate was loaded on a 1 ml Strep-TactinTM XT SuperflowTM
high capacity column (iba-lifesciences) equilibrated with buffer A (50 mM TRIS pH
7.8, 100 mM KCI, 10 mM MgCl>, 1mM DTT), using Akta pure FPLC (GE
Healthcare Life Sciences). The column was washed with 10 column volumes buffer
A and bound protein complexes were eluted with buffer B (50 mM TRIS pH 7.8,
100 mM KCl, 10 mM MgClz, 1 mM DTT, 50 mM biotin). Fractions with highest
protein content were pooled and concentrated three-fold, using a spin concentrator
(Amicon ultra-15 30,000 MWCO, Millipore). Both, samples for cryo-EM analysis
and for analytical sucrose gradient runs were applied freshly without prior freezing.
For control purpose, a MG1655 wild type culture was subjected to the same purifi-
cation procedure and the eluate of the Strep-Tactin column (unspecific background)

was concentrated three-fold, as well.

[...]

Analytical sucrose gradient ultracentrifugation of pre-50S* ObgE-Strepll
0.6 Az (batch 1) and 0.8 Aseo (batch 2) of pre-50S®ObgE-Strepll particles were

loaded on a 10-30 % sucrose gradient (in 50 mM TRIS pH 7.8, 100 mM KClI, 10
mM MgCl,, 1 mM DTT) and subjected to ultracentrifugation in a SW40 rotor for

16 hours at 26 krpm and 4°C.

[...]
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Cryo-electron microscopy

3.5 ul of freshly isolated pre-50S®ObgE-Strepll particles (8 Axso/ml) were applied to
glow-discharged R2/4 holey carbon grids with 2 nm continuous carbon film on top
(Quantifoil MicroTools GmbH) and cryo plunged in liquid ethane (-157 °C) after
blotting using a Vitrobot device (FEI) operated at 7 °C and set to 100 % humidity.
Data were collected on a FEI Tecnai G2 Polara equipped with a Gatan K2 Summit
detector operated in super-resolution mode at 300 kV at a calibrated pixel size of 0.62
A: Movies were acquired for 5 s applying a total electron dose of 30 e/A2. In vitro
reconstituted 505S®*ObgE®GMP-PNP complexes (20 Azso/ml) were applied to glow-
discharged R1/4 holey carbon grids (Quantifoil MicroTools GmbH) and cryo-
plunged using a Vitrobot Mark IV (FEI) at 10 °C and 100 % humidity. Imaging was
performed on a FEI Talos Arctica equipped with a Falcon3EC operated at 200 kV
with a calibrated pixel size of 0.85 A. Movies were recorded for 0.35 s with a total

electron dose of 60 e/ A? in linear mode.

Data processing

K2 super-resolution movies were aligned and dose-weighted with MotionCor2
(Zheng et al., 2017'3411). Estimation of defocus values was achieved with Getf (Zhang,
20163#1). Gautomatch (developed by K. Zhang) was applied for reference-free pick-
ing of particle coordinates. Particle images were extracted and normalized with
Relion 2.1 (Kimanius et al., 20165%!) using a box size of 540 and Fourier cropped to
90 for further processing. Cryosparc v2 (Punjani et al., 2017541) was employed to
remove bad particles after reference-free 2D classification and for initial estimation
of orientational parameters by homogenous refinement using a low-pass filtered
(40A) 508 reference map. Subsequent iterative classification of particle images was
accomplished with Frealign/cisTEM (Grant et al., 20185%%; Zeng et al., 2007!34),
After completion of particle classifications, particle images were re-extracted and
cropped to a box size of 270. Per particle defocus estimation and high-resolution re-
finement was finally done with cisTEM. Falcon3EC movies were processed in a sim-
ilar manner with the exception that particle picking was achieved template-based
with Cryosparc. Extraction was done with a box size of 400 and particle images were
initially cropped to 100 for 2D and 3D classifications. For the final refinement steps

unbinned particles were used.

Model building

Initial modeling of the ribosome was achieved by rigid body docking of a 50S subunit
from a 70S crystal structure (PDB-ID 3R8S (Dunkle et al., 20115341)) in Chimera
(Pettersen et al., 2004!341). Flexible fitting of ribosomal RNA was achieved by MD-
simulation with MDFit (Whitford et al., 2011541). Extensively altered regions, e.g.
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H69 of the 23S rRNA, were tentatively modeled manually using coot-0.8.9 (Emsley
and Cowtan, 20045%1). The unprocessed RNA of the precursor was modeled as ide-
alized RNA helix based on the sequence given in (Gutgsell and Jain, 20121351), Ri-
bosomal proteins, whose densities were absent in our maps were deleted. ObgE was
modeled by individual rigid body docking of the N- and C-terminal domain from the
crystal structure PDB-ID 5M04 (Gkekas et al., 2017201). Disordered regions of the
reference were modeled de novo and altered regions were manually adjusted in coot.
YjgA was homology modeled based on the Pseudomonas syringae crystal structure
PDB-ID 2P0T with minor modifications and RluD was modeled by rigid-body dock-
ing of the Escherichia coli crystal structure (PDB-ID 2IST) followed by manual ad-
justments. RsfS was homology modeled based on the Mycobacterium tuberculosis
crystal structure PDB-ID 4WCW (Li et al., 20158%21). A final real-space refinement
was implemented using Phenix 1.13 (Adams et al., 201003%!) to improve model sta-
tistics, carefully monitoring overfitting. Modeling of the in vitro reconstituted
50S°ObgE complex was achieved similarly with the exception that the pre-
50S*ObgE-Strepll derived ObgE-model served as starting point for MDFit, fol-

lowed by Phenix real-space refinement.”

5.2.16 High-throughput screening

To test growth and fluorescence of the strains in multiwell-format, stationary E. coli
cells of MGrg in LB medium were washed twice, diluted in M9 minimal medium
and cultured again until stationary phase. They were then diluted to an ODsw of
0.05 in M9 minimal medium. 80 pl aliquots were pipetted manually into 384-mul-
tiwell plates using a multichannel pipette (Intron). Before compound transfer, cells
were pre-incubated at 30 °C in a tower shaker for 10 minutes (shaking frequency:
8.5 Hz). A pipetting robot (Tecan Freedom EVO Workstation) was employed to
transfer the appropriate amount of each compound or DMSO at time point to(final

compound concentration 10uM).

After compound transfer, both absorption at 650 nm and mAzami- and mCherry-

specific fluorescence intensities were measured fully automated every hour in a
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microplate reader (Tecan Infinite F500) for a time span of 12 hours. Between meas-
urements, cells were incubated at 30 °C in a tower shaker (shaking frequency:

8.5 Hz). The parameters are listed in table 16.

Afterwards, fluorescence ratios were calculated by dividing the mAzami-specific
fluorescence emission by the one of mCherry. Ratios were normalized to the mean

value of the untreated reporter strain (control: n=22).

Table 16: Parameters for fluorometric analyses by Tecan Infinite F500

Parameter Value

mAzami specific Fluorescence  excitation: 485 nm + 20 nm band width
emission: 535 nm + 25 nm band width
gain: 40

number of reads: 10

mCherry specific Fluorescence  excitation: 535 nm * 25 nm band width
emission: 635 nm + 35 nm band width
gain: 50

number of reads: 10
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6. Abbreviations

Ao
°C
Hg

aa

e.g.
et al.

EGFP

FC
FP
fwd

Na2HPOu4

Angstrém unit
Absorption at 260 nm
Degrees celsius
Microgram

Amino acid

Ampicillin

Microliter

Calcium chloride
Chloramphenicol

cryogenic electron microscopy
Dalton/Kilodalton

Dimethyl sulfoxide
Deoxyribonucleic acid
Desoxyribonucleosidtriphosphate
Dithiothreitol

Escherichia coli

Exempli gratia

And others, lat: et alii

Green Fluorescent Protein

Functional core
Fluorescent protein

forward

Disodium phosphate

123

GAC
GFP
H20:
HCl
HRP
IPTG

KCl
kDA
KH2POu4

krpm

LB

mA
MgClz
MgSOs
min
mM
MOPS

mRNA

NaCl

rRNA

GTPase-associated center
Green Fluorescent Protein
Hydrogen peroxide
Hydrochloric acid
Horseradish peroxidase

Isopropyl (3-D-1-thiogalac-
topyranoside

Potassium chloride
Kilodalton
Monopotassium phosphate
Kilo rotation per minute
Liter
Lysogeny broth
Molar
Milliampere
Magnesium chloride
Magnesium sulfate
Minute/s
Millimole

3-(N-morpholino)propane-
sulfonic acid

Messenger ribonucleic acid
Nitrogen

Sodium chloride

Ribosomal ribonucleoic
acid



NH:Cl
ODesoo
PBS
PCR

pmol

PMSF

PTC

RNA

rev

rpm

RP

Abbreviations

Ammonium chloride
Optical density at 600 nm
Phosphate buffered saline

Polymerase chain
reaction

Picomole
Phenylmethylmulfonylfluorid
Peptidyl transferase center
Ribonucleic acid

reverse

rounds per minute

Ribosomal protein
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Sol.
SDS

SDS-
PAGE

TBS

Tris

tRNA

v/v

w/v

Svedberg Constant
Second/s
Solution

Sodium dodecyl sulfate

SDS polyacrylamide gelelec-
trophoresis

Tris buffered saline

Tris(hydroxymethyl)amino-
methane

Transfer ribonucleic acid
Volt
Volume per volume

Weight per volume
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9. Appendix

Table Al: Overview of precursor particles accumulating in assembly factor mutant or
depletion strains

Factor = Organism Mutation/Depletion  Precursors Ref
DbpA  E. coli overexpression of ac- e 45§ particles of hetero- 1o4
tive site mutant R331A genous composition
e reduced levels of ul.16,
bL25, bL27, bL28, bL33,
bL34 and bL35
EngA  E. coli conditional depletion e 50S particles 226
e reduced levels of bL9 and
ul18

e dissociates into 40S particle
under low Mg?* conditions

EngB B. subtilis conditional depletion e 44.5S, lacking proteins 162
uL16, bL27 and bL36

ObgE  E. coli G80E D85N e accumulation of 50S parti- 207
cles

e reduced levels of ul.16,
bL33 and bL34

e dissociates into 40S particle
under low Mg?* conditions

temperature-sensitive e accumulation of 50S parti- 208
mutant (5314P point cles at 42 °C
mutation in G5 motif) e reduced levels of S1, S14,
S21 and L10
RImE knockout e accumulation of 50S parti- 157,354
(ArlmE::Cm» cles

e dissociates into 45S particle
under low Mg?* conditions

e reduced levels of uL5,u L6, 7
uL16, bL18, bL19, bL25,
uL2, bL35 and bL36

e reduced levels of uL5, uL16, 3%
uL18, bL25, bL27, bL28,
uL.30, bL33, and bL35
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Figure Al: Growth comparison on solid medium. Cells of the wild-type strain MG1655
and the strains harboring the respective assembly factor-specific PTasRNA encoding plas-
mid (backbone pHN1009) were spotted onto LB agar plates in the absence of IPTG in a

serial dilution and incubated at the given temperatures.
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Figure A2: Growth comparison on solid medium. Cells of the wild-type strain MG1655
and the strains harboring the respective assembly factor-specific PTasRNA encoding plas-
mid backbones A) pHN1257 or B) pHN678 were spotted onto LB agar plates in the absence

or presence of IPTG in a serial dilution and incubated at the given temperatures.
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wt

[/\\]\/\/\ﬂ ObgEas_2

10% 40%
Figure A3: Sucrose density gradient (10-40 %) centrifugation profiles from cells derived
from MGrg* or MGrg* depleted for ObgE. ObgE-specific PTasRNA as described by Ver-
straeten et al.?®>3% was used (ObgEas_2). Cells were cultured in LB medium at 25 °C in the
presence or absence of IPTG until they reached an OD~ 0.5. Cleared lysates were subjected
to sucrose gradient centrifugation and analyzed via A2 detection and fractionated. Su-
crose gradient fractions were analyzed for mAzami- and mCherry-specific fluorescence.
The fluorescence intensities were normalized to the 70S peak and are depicted in bar
charts. Red bars represent mCherry-specific fluorescence; green bars represent mAzami-
specific fluorescence. Dashed lines indicate the sedimentation behavior of mature 30S and

50S subunits and 70S ribosomes.
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Figure A4: Sucrose density gradient (10-40 %) centrifugation profiles from cells derived

10% 40%

from MGrg* or MGrg* harboring PTasRNA against the assembly factors indicated.
Cells were cultured in LB medium at 25 °C in the absence of IPTG until they reached an
OD~ 0.5. Cleared lysates were subjected to sucrose gradient centrifugation and analyzed
via A2s detection and fractionated. Sucrose gradient fractions were analyzed for mAzami-
and mCherry-specific fluorescence. The fluorescence intensities were normalized to the

70S peak and are depicted in bar charts. Red bars represent mCherry-specific fluorescence;
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green bars represent mAzami-specific fluorescence. Dashed lines indicate the sedimenta-

tion behavior of mature 30S and 50S subunits and 70S ribosomes. Ctrl = control.

A

uS15-mCherry uL1-mAzami

control

ObgEas_2-IPTG

ObgEas_2+IPTG

ObgEas_2+IPTG
merge DAPI

Figure A5: Figure 23: ObgE depletion upon expression of ObgE-specific PTasRNA con-

struct ObgEas_2. A) Fluorescence microscopic images of E. coli strain MGrg* harboring
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ObgE-specific PTasRNA expressing plasmids were cultured in the presence or absence of
IPTG and were compared to the unperturbed strain MGrg*. Cells were grown at 37 °C in
LB medium and PTasRNA expression against ObgE was induced at ODsw = 0.15 with
1mM IPTG. Cells were harvested at ODeoo = 0.5, fixed and DNA was stained with DAPI
for subsequent microscopic analysis by 3D-SIM. Distribution of ribosomal subunits
(green: uL1-mAzami-specific fluorescence; red: uS15-mCherry-specific fluorescence) and
chromosomal DNA (blue: DAPI staining) is depicted. An overlay was created (merge).
Representative images are shown. B) Magnification of ObgE depleted cells. Merge and

DAPI stain are shown. Arrows highlight foci formation. Scale bar = 3um.

A B
37°C 25°C

o (> o
K ,{2« Xé&

ObgE-3xFLAG

=]

ObgE-3xFLAG

BCCP

Hi

-IPTG -IPTG

rel. ObgE levels
rel. ObgE levels

Figure A6: Comparison of knock-down efficacy in ObgE depleted cells at 25 °C and
37 °C. Cells were cultured in LB medium at 25 °C or 37 °C in the presence or absence of
IPTG until they reached an OD~ 0.5. IPTG expression was induces at ODew=0.1 for cells

cultivated at 25 °C. Cells cultivated at 37 °C were repeatedly diluted in the presence of
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IPTG (3x) to the initial ODewo to achieve growth perturbation similar to cells cultivated at
25 °C. Cleared lysates were subjected to sucrose gradient centrifugation and analyzed via
Aozss detection. 20 ug of total protein content of lysates were analyzed by immunoblotting
and probed with anti-FLAG, anti-uS2 antibody or Strep-Tactin HRP-conjugate. Appropri-

ate loading controls (BCCP or uS2) were used to determine relative ObgE levels.

A
7
¢ == MG1655
== MG1655 L1mzamiQbgEmchemy
5 /
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Figure A7: Phenotypic characterization of reporter strain MG1655 uL1mAzmiQbgEmCherry
expressing fluorescently labeled uL1-mAzami and ObgE-mCherry. (A) Growth curve of
MG1655 and MG1655 ObgEredL1sr: strains were grown in LB medium at 37 °C and 200

rpm, ODswo was determined every 30min, error bars show s.d. (n=3); (B) Growth rate of
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strain MG1655 ObgEredL1# was calculated and normalized to wild-type strain MG1655
at 25 °C, 37 °C and 42 °C, error bars show s.d. (n=3);

157



Appendix

t=0h t=3h
@ control @ control
0.6 1 0.6 4
© DMSO @ DMSO
® compound ® compound
0.5 A 0.5 4
0.4 1 0.4
2 2
o 034 5 0.3
8 8
0.2 4 (] 0.2 4
@ ®
0.1 1 0.1
"3 il
0.0 4 0.0 4
-05 00 0.5 1.0 15 20 25 3.0 -05 0.0 0.5 1.0 15 20 25 3.0
normalized ratio (mAzami / mCherry) normalized ratio (mAzami / mCherry)
t=6h t=9h
0.6 1 @ control 0.6 - @ control
© DMSO © DMSO
® compound ® compound
0.5 1 0.5 4
0.4 1 0.4
2 2
a 034 5 0.3 4
8 8
0.2 1 4 0.2 4
()
0.1 1 o 0.1 4
o %
0.0 0.0
-0.5 0.0 0.5 1.0 1.5 20 25 3.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 3.0
normalized ratio (mAzami / mCherry) normalized ratio (mAzami / mCherry)
t=12h
_ @ control
06 ®© DMSO
® compound
0.5 4
0.4 1
2
a 034
(o]
0.2 1
0.1 1
@ 0®
0.0 1
1.0 15 20 25 3.0

-0.5 00 0.5
normalized ratio (mAzami / mCherry)

158

Figure A8: Scatter plots depicting the ODeo and normalized ratio mAzami/mCherry of
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reporter strain MGrg* in the absence or presence of 10 uM compounds or DMSO at
timepoints t=2, 3, 6, 9 and 12. Cells of the reporter strain MGrg* or MG1655 were cultured
in 384-multiwell plates at 30 °C in the absence or presence of 10 uM compounds or DMSO
for 12 hours. Hourly, Aeso and mCherry- and mAzami-specific fluorescence intensities

were determined. Ratios cells were normalized to the mean value of the untreated reporter

cells.

MG1655 MG1655

DbpAas DbpAas

ObgEas ObgEas

DbpAas + ObgEas DbpAas + ObgEas

MG1655 MG1655
DbpAas DbpAas
ObgEas ObgEas
DbpAas + ObgEas DbpAas + ObgEas

Figure A9: Growth comparison on solid medium. Cells of the wild-type strain MG1655
and the strains harboring the respective assembly factor-specific PTasRNA-expressing
plasmids (pHN1257-ObgEas and/or pHN1009-DbpAas) were spotted onto LB agar plates

in the absence of IPTG in a serial dilution and incubated at the given temperature.
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